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Effect of Obesity-Associated Genes on Survival Rates of Brain
Tumor Patients

Aarav Sehdev
Basis Phoenix, 13231 North 22nd St, Phoenix, AZ 85022, USA; aaravsehdev8@gmail.com

ABSTRACT: Brain tumors are a heterogeneous group of tumors, including low-grade gliomas (LGG) and glioblastoma
multiforme (GBM). Obesity increases the risk of developing cancer, including brain tumors. However, there is conflicting evidence
from epidemiological studies regarding the effect of obesity on brain tumors. We conducted a retrospective cohort study using
publicly available databases to study the effect of obesity-associated genomic alterations on overall survival (OS) and disease-
free survival (DFS) in brain tumor patients. We used the genome-wide association studies (GWAS) catalog to compile a list of
genes associated with obesity. We hypothesized that brain tumor patients with alterations in obesity-associated genes (altered
group) demonstrate better OS as compared to brain tumor patients without alterations (unaltered group). We found a significant
improvement in the OS and a suggestion of improvement in the DFS in the altered group as compared to the unaltered group.
Our study has several limitations due to its retrospective nature and the lack of availability of body mass index, thus inhibiting our
ability to directly correlate clinical obesity status with genomic findings. Our analysis highlights the need for future preclinical and

clinical research to elucidate the mechanisms of how obesity affects the survival outcomes in brain tumor patients.
KEYWORDS: Medical and Health Sciences, Oncology, Molecular Biology, Genetics, Bioinformatics.

B Introduction

Brain tumors, including low-grade gliomas (LGG) and
glioblastoma multiforme (GBM), are a heterogeneous group
of tumors that arise from different types of glial or precursor
cells, such as astrocytes, oligodendrocytes, and neural stem
cells.! There are 24,820 estimated new cases of brain tumors,
with 18,330 estimated deaths in the year 2025.2 The 5-year
relative survival is 33%.2 These tumors are more common
in males than in females due to hormonal and immunolog-
ical differences.** The World Health Organization (WHO)
classifies brain tumors into 4 grades, with grade 1 being be-
nign (e.g., pilocytic astrocytoma) and grade 4 being the most
malignant and aggressive brain tumor (e.g., glioblastoma mul-
tiforme). Grade 2 tumors are low-grade with usually a good
prognosis after surgical excision, but with a 50% probability
of anaplastic transformation (e.g., low-grade astrocytoma),
whereas grade 3 tumors are more aggressive with a median
survival of 24 months (e.g., anaplastic oligodendroglioma).®
The development and progression of brain tumors is associ-
ated with environmental exposures such as ionizing radiation,
carcinogens (such as N-nitroso compounds, pesticides, and air
pollutants), and radiofrequency electromagnetic waves.® There
is emerging evidence for an association between brain tumors
and obesity.’

Obesity is now recognized as a major public health problem
and is reaching epidemic proportions.® Obesity increases the
risk of developing cancer, including brain tumors such as GBM
and LGG; however, there is conflicting evidence from epide-
miological studies.”! Furthermore, emerging data suggest that
taking glucagon-like peptide-1 receptor agonists lowers the
risk of cancer, including meningioma, in obese or overweight

individuals.’? There is epidemiological and experimental evi-
dence suggesting that obesity, measured by body mass index
(BMI), is associated with a lower incidence and mortality from
brain tumors — described as the “obesity paradox.”**™ This is
paradoxical because obesity is a known risk factor for multiple
diseases such as diabetes, cardiovascular disease, and cancer.
There are multiple plausible explanations for this paradox,
including less aggressive cancer biology, a stronger immune
system, and better tolerance to toxic treatments such as che-
motherapy.'®® The molecular mechanisms underlying the
outcomes in obese patients with brain tumors are not well un-
derstood. Preclinical and clinical evidence suggest that obesity
promotes insulin resistance, resulting in increased levels of in-
sulin and insulin-like growth factor (IGF), which act as potent
mitogens by stimulating insulin receptor substrate (IRS).% In
addition, adipose tissue can make a variety of pro-inflammatory
cytokines and adipokines.” The altered levels of these cell-ex-
trinsic factors regulate cellular metabolism through complex
interactions with multiple signal transduction pathways.?*?!

Genome-wide association studies (GWAS) have shown sev-
eral genes to be associated with obesity.”>?* Body mass index
(BMI) was predominantly used as the proxy for obesity (BMI
2 30 kg/m?2) in these studies.”* Over the last 2 decades, more
than 1000 single-nucleotide polymorphisms have been shown
to have a significant association with obesity.”® Additionally,
several meta-analyses have further shown the strength of this
association.? Therefore, it is plausible that the molecular al-
terations in the obesity-associated genes affect the survival of
brain tumor patients.

Our hypothesis for this study is that brain tumor patients
with alterations in obesity-associated genes demonstrate better

© 2026 Terra Science and Education
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overall survival as compared to brain tumor patients without
alterations in obesity-associated genes. Therefore, we conduct-
ed a retrospective cohort study with the primary aims of: 1)
describing the prevalence of obesity-associated genomic al-
terations in patients with brain tumors (LGG and GBM);
ii) assessing the effect of obesity-associated genes on overall
survival (OS) of patients with brain tumors; and iii) assessing
the effect of obesity-associated genes on disease-free survival
(DFS) of patients with brain tumors.

B Methods

Patient Samples and Data Sources:

To test our hypothesis of correlation between obesity-asso-
ciated genes and brain tumors, including LGG (astrocytoma
grade II-III, anaplastic astrocytoma grade III, oligoastrocy-
toma grade III, anaplastic oligodendroglioma grade III, and
anaplastic oligoastrocytoma grade III) and glioblastoma mul-
tiforme (GBM), we used the Cancer Genome Atlas (TCGA)
data.’3** The TCGA data were accessed through cBioPor-
tal, which is a widely available and easily usable online tool
for clinical and genomics datasets for many different cancer
types.** ¥ The Genomic Data Commons (GDC) data of brain
tumor patients were obtained, which includes grade II to IV
brain tumors, including astrocytoma, anaplastic astrocytoma,
oligoastrocytoma, anaplastic oligodendroglioma, anaplastic
oligoastrocytoma, and GBM.¥

Using the TCGA data, brain tumor patients were analyzed
for alterations in morbid obesity-associated genes. We used
morbid obesity-associated genes instead of obesity-associated
genes because of the stronger theoretical and statistical associ-
ation, as well as the total number of genes showing association
(53 unique genes for “morbid obesity,” whereas 1122 genes for
“obesity”).

All available data, including gene mutation, copy number
variations,and mRNA gene expression, were used to categorize
the entire cohort into an altered group (those with genomic
alterations) and an unaltered group (those without genomic
alterations). Only non-synonymous mutations were used for
gene mutation analyses. Synonymous mutations are not cur-
rently available in cBioPortal. The patients were classified into
high and low mRNA expression using an RNA-seq z-score
threshold of 2. The RNA-seq z-score is a normalization meth-
od that is used to determine how many standard deviations a
gene’s expression in a sample differs from the average expres-
sion across all samples. For instance, a z-score of 2 indicates the
mean; a z-score higher than 2 indicates overexpression (high),
and a z-score lower than 2 means underexpression (low). The
final data lock date was December 6, 2025.

Primary Gene List: To identify obesity-associated genes, we
used the Human GWAS Catalog. The National Human Ge-
nome Research Institute-European Bioinformatics Institute
(NHGRI-EBI) Catalog of human GWAS was accessed using
the search term “morbid obesity” to identify the studies that
have found significant gene association with morbid obesity.*
The GWAS catalog provides both locus-level and mapped
gene-level data in a tabular format. We used the mapped
gene-level data. A total of 53 unique genes were identified,

which were used for primary survival analysis and referred to
as the “primary gene list” (Supplemental Table 1). Notably, the
NHGRI-EBI Catalog is the largest known genome-wide as-
sociation study database.

Alternate Gene Lists: To further assess the relationship be-
tween the obesity-associated genes and brain tumors, we also
compiled 3 alternate gene lists of obesity-associated genes us-
ing other GWAS databases (Supplemental Table 2). These are
described below:

i) The Centers for Disease Control and Prevention (CDC)
Public Health Genomics and Precision Health Knowl-
edge Base, version 10.0 (PHGKB).* PHGKB is based on a
searchable online database of published scientific literature
of genotype-phenotype associations. PHGKB is maintained
by the Centers for Disease Control and Prevention (CDC).
We found 15 genes showing association with obesity when
we queried the PHGKB database for the search term “morbid
obesity”.

ii) Phenome-wide association study Web (PheWeb) is based
on International Classification of Diseases (ICD) billing
codes extracted from electronic health records (EHR) for ge-
nome-wide associations.” The PheWeb primarily has White
British participants from the United Kingdom. We found 68
genes showing association with obesity when we queried the
PheWeb database for the search term “obesity”.

iii) A recent publication by Huang et al., where they ana-
lyzed 14 different tumor types using TCGA data to correlate
molecular variances by BMIL*® In this paper, they have re-
ported 82 genes to be associated with higher BMI across 14
different tumor types.

Statistical Analysis:

Baseline characteristics between the altered group (brain
tumor patients with genomic alterations in obesity-associated
genes) and the unaltered group (brain tumor patients with-
out genomic alterations in obesity-associated genes) were
compared using a chi-square test for categorical variables and
a Wilcoxon test for continuous variables. Q-value was cal-
culated where relevant to control for the false discovery rate
due to multiple hypothesis testing. Overall survival (OS) and
disease-free survival (DFS) were estimated using the Kaplan—
Meier method. The log-rank test was used to compare survival
between the two groups (brain tumor patients with and with-
out alterations in obesity-associated genes) using a P value <
0.05. A total of 10 patients who overlapped between the two
groups were excluded from patient-level analysis. All statistical
analyses were performed using cBioPortal or Microsoft® Excel

for Mac Version 16.104.

B Results

Study Participants:

A total of 530 LGG (diffuse glioma) and 539 GBM (glio-
blastoma multiforme) patients were in the study, of which
683 were in the altered and 386 were in the unaltered group.
Within the altered group, there were significantly more pa-
tients with LGG compared to the unaltered group (406 vs.
124, respectively, p < 107, q < 107). Similarly, there were more
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GBM patients in the altered group as compared to the un-
altered group (277 vs. 262, respectively, p < 107, q < 10™).
The year of diagnosis for the altered group was between 1992
and 2013 versus 1989 and 2013 for the unaltered group (p =
2.33¢™, q = 4.95¢*). The patients in the altered group had less
prior treatment compared to the unaltered group (3 vs 17, p
= 1.62¢e7, q = 4.25¢”). Altered and unaltered groups showed
no significant difference between the mean mutation count
(79.69 vs. 33.79, respectively, p = 0.94, q = 0.96) or mean frac-
tion of genome altered (0.16 vs. 0.16, respectively, p = 0.37,q =
0.53). However, there were no significant differences between
the two groups with respect to other demographic or clinical
characteristics (Table 1).

Table 1: Characteristics of brain tumor patients with and without alterations
in obesity genes. Importantly, there was no significant difference between
the altered and unaltered groups in either mean mutation count or the mean
fraction of the genome altered.

Clinical Altered | Unaltered Statistical | p-Value | g-Value
Attribute Group Group Test
(N=683) | (N=386)
Diagnosis Range 18-89 18-88 Wilcoxon | 0.24 0.39
Age " Test
Median 51 52
Mean 50.12 51.34
Ethnicity Not Hispanic or Latino 571 308 Chi- 0.71 0.81
Category Squared
NA 71 54 Test
Hispanic or Latino 31 14
Gender Female 273 159 Chi- 0.50 0.62
T Squared
Male 398 213 test
NA 2 4
Race White 600 329 Chi- 0.69 0.80
Squared
Black or African American | 42 25 Test
NA 16 17
Asian 14 5
American Indian or Alaska | 1 0
Native
Tumor TCGA-LGG (Low-grade 406 124 Chi- <1010 <10-10
Category glioma/diffuse glioma) Squared
Test
TCGA-GBM (Glioblastoma | 277 262
multiforme)
Morphology | Glioblastoma, grade 4 270 252 Chi- <10-10 <10-10
Squared
NA 2 4 test
Diffuse astrocytoma, grade | 41 24
2
Anaplastic astrocytoma, 106 25
grade 3
Oligodendroglioma, grade | 87 26
2
Oligoastrocytoma, grade 2 | 96 37
Anaplastic 7 8
oligodendroglioma, grade 3
Patient Central nervous system 401 120 Chi- <10-10 <10-10
Primary (brain, spinal cord, and Squared
Tumor site retina) test
NA 2 4
Brain 270 252
Year of Minimum 1992 1989 Wilcoxon | 2.33e* | 4.95e4
i i Test
= Maximum 2013 2013
Mutation Range 1-11177 | 1-131 Wilcoxon | 0.94 0.96
Count Test
Median 30 31
Mean 79.69 33.79
Fraction Range 0-0.95 0-0.93 Wilcoxon | 0.37 0.53
Genome n T Test
Altered Median 0.14 0.15
Mean 0.16 0.16
Prior False 665 355 Chi- 1.62e5 | 4.25e"
Treatment Squared
True 3 17 Test
NA 5 4
Prior False 400 136 Chi- 0.96 0.96
Mali Squared
True 5 1 Test
NA 268 239

Genomic Alterations:

Analyzing the genomic alterations in obesity-associated
genes, we found that 76.94% of LGG patients had alterations
in these genes as compared to 51.33% of GBM patients. Pa-
tients with GBM showed a higher percentage of mutations
(5.13% vs. 0.97%), amplifications (4.18% vs. 0.58%), and deep
deletions (1.71% vs. 0.58%) as compared to LGG patients.
However, a higher percentage of gene expression (62.4% vs.
30.23%) and multiple alterations (9.5% vs. 9.32%) were seen in
LGG patients as compared to GBM patients (Table 2; Figure
1).

m Diffuse Glioma (N=516) = Glioblastoma Multiforme (N=526)
70.00

60.00

50.00

40.00

30.00

20.00

Percentage of Genomic Alterations

10.00

| =B -_.

Mutation Amplification  Deep deletion mRNA high mRNA low Multiple
alteration

Type of Genomic Alterations

Figure 1: Cancer type and summary of genomic alterations in the altered
vs. unaltered group. GBM patients had higher percentages of mutations,
amplifications, and deep deletions, whereas LGG patients showed higher
percentages of gene expression.

Table 2: Genomic alterations in obesity genes between diffuse glioma
and glioblastoma multiforme. GBM patients showed more mutations,
amplifications, and deep deletions, while LGG patients showed higher gene
expression.

Diffuse Glioma (N=516) | Glioblastoma
Multiforme (N=526)

5.13% (27 patients)
4.18% (22 patients)
1.71% (9 patients)

Mutation 0.97% (5 patients)
0.58% (3 patients)
0.58% (3 patients)

Amplification

Deep deletion

mRNA high 62.4% (322 patients) 30.23% (159 patients)
mRNA low 2.91% (15 patients) 0.76% (4 patients)
Multiple alteration 9.5% (49 patients) 9.32% (49 patients)
Total 76.94% (397 patients) 51.33% (270 patients)

In the analysis of gene frequencies within the altered and
unaltered group (as classified by the obesity-associated genes),
we found that in the unaltered group the genes including CD-
KN2A (39.22% vs 27.29%, p = 6.80e7, q = 2.36¢), CDKN2B
(38.18%vs 25.81%, p = 3.02¢~,q = 1.26¢%), UBA52P6 (37.92%
vs 25.66%, p = 3.89¢”, q = 1.54¢?), CDKN2A-AS1 (37.40%
vs 25.81%, p = 9.40e”, q = 2.95¢%), CDKN2B-AS1 (35.32%
vs 23.89%, p = 8.99¢7, q = 2.95¢”) showed significantly greater
frequency as compared to the altered group (Table 3, Figure
2). Furthermore, we found that there were genes in the altered
group, IDH1 (45.72% vs 31.17%, p = 3.72¢*%, q = 4.95¢™),
which showed significantly greater frequency in the altered
group compared to the unaltered group (Table 3; Figure 2).
Notably, the genes shown here (Table 3; Figure 2) are the
genes with the highest frequency of alterations within these 2

DOI: 10.36838/IJHSR819.1



ijhighschoolresearch.org

groups (not obesity-associated genes but rather any gene). In
other words, after stratifying the cohort based on obesity-as-
sociated gene status, Figure 2 highlights the most frequently
mutated genes in each group.

mAltered ®Unaltered
50.00

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
& og»‘* & L V,\:v“ &,@‘ ﬁ"’ & &x&\

S
O X
O O ¥ S S &
& &
& & ¢
Gene Name

ions

Percentage of Alterati

@0

Figure 2: Genes with the highest frequency of variations in the altered and
unaltered group. CDKN2A, CDKN2B, UBA52P6, CDKN2A-AS1, and
CDKN2B-AS1 showed significantly greater frequency of modifications in
the unaltered group, whereas IDH1 showed significantly greater frequency of
modifications in the altered group.

Table 3: Genes with the highest frequency of alterations in the altered
and unaltered group. CDKN2A, CDKN2B, UBA52P6, CDKN2A-AS1,
and CDKN2B-AS1 were more frequently modified in the unaltered group,
whereas IDH1 modifications were more common in the altered group.

Gene Name Altered (N=678) Unaltered (N=385) P-value Q-value
IDH1 45.72% (310) 31.17% (120) 3.72e6 4.95e4
CDKN2A 27.29% (185) 39.22% (151) 6.80e5 2.36e3
CDKN2B 25.81% (175) 38.18% (147) 3.02e5 1.26e3
TP53 38.05% (258) 29.35% (113) 4.89e3 0.09
UBA52P6 25.66% (174) 37.92% (146) 3.89e5 1.54e3
CDKN2A-AS1 25.81% (175) 37.40% (144) 9.40e5 2.95e3
CDKN2B-AS1 23.89% (162) 35.32% (136) 8.99e5 2.95e3
ERVFRD-3 24.93% (169) 35.32% (136) 4.10e4 0.01
EGFR 25.81% (175) 33.77% (130) 7.28e 0.12
EGFR-AS1 22.42% (152) 32.21% (124) 6.10e4 0.02

Survival Analysis Using Primary Gene List:

The OS analysis included 1022 patients, 652 in the altered
group and 370 in the unaltered group (Figure 3; Table 4). The
median OS was significantly better in the altered group as
compared to the unaltered group (33.21 vs.20.37 months; HR
=0.70; 95% CI = 0.58-0.83; p = 2.76¢™; q = 5.53¢”).

100%
90%— Logrank Test P-value: 2.762e-5
©
2 80%— —— Altered group
s
70%—|
« —— Unaltered group
® 6%~
o
>
& s0%-|
5
5 0%
T 0%
©
o
O 20%-]
o
10%]

T T T T T T T T T T T T T T T 1
o 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210
Overall Survival (Months)
Number at risk (n)
Ateredgroup 652 446 277 177 114 75 58 45 3 28 16 15 13 M 7 5 3 2 1 1 1 1
Unaltered group ~ 370 252 128 75 55 32 24 21 18 14 7 6 4 4 0 0O 0 0 0 0 0 0

Figure 3: Overall survival (OS) in the altered vs. unaltered group. The
median OS was significantly better in the altered group as compared to the
unaltered group.

Table 4: Overall survival (OS) plot summary. Median OS was significantly

higher in the altered group than in the unaltered group.

Number of Cases, Total

Number of Events

Median Months Overall
(95% CI)

Altered group 652

310

33.21 (26.91-41.10)

Unaltered group 370

226

20.37 (18.33-23.49)

The DFS analysis included 133 patients, 98 in the altered
group and 35 in the unaltered group (Figure 4; Table 5). The
median DFS was not statistically different between the two
groups (median DFS not available; HR = 0.71; 95% CI = 0.27-
1.87; p = 0.45; q = 0.45). Notably, Kaplan-Meier curves provide
median DFS only when 50% of the cohort has experienced the
event. As seen in Figure 4, this threshold has not been reached
in our dataset for either group. Therefore, the median DFS
cannot be estimated.

100%—
90% —|
80% |
% 70%—
L 0%
= 0%
O 50%—]
8 Logrank Test P-value: 0.451
©  40%—
2
O 30%- Altered group
20%—| —— Unaltered group
10%—]
T T T T T T T T T T T T T T T 1
0 10 20 30 40 S0 60 70 8 90 100 110 120 130 140 150 160 170
Number at risk () Disease Free (Months)
Altered group 9% 8 5 3 15 7 4 4 2 2 2 2 2 1 1 1 1 1
Unalteredgroup 35 32 15 1 8 4 2 2 2 1 1 1 1 0 0 0 0 0

Figure 4: Discase-free survival (DFS) in the altered vs. unaltered group. The
median DFS was not statistically different between the two groups.

Table 5: Discase-free survival (DFS) plot summary. Median DFS did not
differ significantly between the two groups.

Median Months Disease
Free (95% Cl)

Altered group 98 14 NA

Number of Cases, Total | Number of Events

Unaltered group 35 7 NA

Survival Analysis Using an Alternate Gene List:

i) PHGKB: The OS analysis included 1019 patients, 389 in
the altered group and 630 in the unaltered group. The median
OS was significantly better in the altered group as compared to
the unaltered group (40.80 vs. 21.88 months; HR = 0.67; 95%
CI=0.57-0.80; p = 1.79¢7; q = 3.58¢™).

The DFS analysis included 132 patients, 75 in the altered
group and 57 in the unaltered group. The median DFS was not
statistically different between the two groups (median DFS not
available; HR = 1.08; 95% CI = 0.45-2.60; p = 0.86; q = 0.86).

ii) PheWeb: The OS analysis included 1023 patients, 716 in
the altered group and 307 in the unaltered group. The median
OS was significantly better in the altered group as compared to
the unaltered group (32.42 vs. 19.84 months; HR = 0.63; 95%
CI=0.52-0.76; p = 1.64¢7; q = 3.27¢7).

The DFS analysis included 134 patients, 113 in the altered
group and 21 in the unaltered group. The median DFS was not
statistically different between the two groups (median DFS not
available; HR = 1.75; 95% CI = 0.54-0.57; p = 0.44; q = 0.44).

iii) Huang ez al.: The OS analysis included 1032 patients,
959 in the altered group and 73 in the unaltered group. The
median OS was significantly better in the altered group as
compared to the unaltered group (27.2 ws. 17.64 months; HR
=0.57;95% CI = 0.41-0.80; p = 2.38¢%; q = 4.77¢”).
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The DFES analysis could not be done due to not enough pa-

tients in the representative groups.

B Discussion

In this large retrospective cohort study of 1069 patients with
brain tumors, we report an observation of significant improve-
ment in the OS and a suggestion of improvement in the DFS
in patients with alterations in obesity-associated genes. Our
results show that patients in the altered group have a signifi-
cantly better prognosis as compared to the unaltered group.
This has been described as the “obesity paradox” in brain
tumors as well as in other cancers.®* There are multiple
plausible explanations for why obese patients have better out-
comes. First, higher BMI in cancer patients could be reflective
of less aggressive cancer biology, leading to better outcomes.®
Second, most studies assess obesity using BMI, which can be
misleading because elevated BMI may reflect greater muscle
mass rather than increased adiposity.’’** Third, studies have
shown a stronger immune system in obese patients, resulting
in protective effects.”” Lastly, patients with higher BMI may
have greater nutrient reserves, potentially improving their tol-
erance to toxic treatments such as chemotherapy and radiation
therapy.'6*

Our results showed better OS in the altered group com-
pared to the unaltered group. One caveat in interpreting these
results is the tumor type distribution between the altered and
unaltered groups. Notably, the altered group included more
LGG patients as compared to the unaltered group (406 vs.
124); however, this is unlikely to fully account for our findings,
as the altered group also had a higher number of grade 3 brain
tumor patients as compared to the unaltered group (177 vs.
32), partially balancing differences in tumor grade distribu-
tion. Therefore, we believe the distribution of LGG vs. GBM
is probably not a significant factor by itself to account for the
OS differences.

Strengths and Limitations :

There are several strengths of our study. First, we have used
multiple gene lists that have shown association with obesity in
different GWAS databases. Notably, there is not much overlap
between these four different obesity-associated gene lists. For
instance, the GWAS Catalog-based gene list (primary gene
list) had only 7 genes in common with PHGKB, 3 genes in
common with PheWeb, and 1 gene in common with Huang
et al*® Finding significantly better OS results using different
obesity-associated gene lists from different GWAS databases
strengthens the accuracy of our findings. Second, our study is
unique as we used publicly available databases to study the cor-
relation between obesity-associated genes and brain tumors. To
our knowledge, this correlation has not been previously report-
ed. Additionally, this is the largest study examining the effect
of obesity-associated genes and brain tumors in the existing
literature. Third, we highlight the use of public databases to
conduct research by high school students. Research opportu-
nities for high-school and pre-medical undergraduate students
remain limited, and many students drop out due to declining
interest.”® Increasing the availability of research opportunities

can be a way to improve the interest of these students.” Us-
ing publicly available databases to conduct biomedical research
can lead to high-impact research, as we demonstrate here.*
Similar methods can be used to ask other important research
questions by high-school and undergraduate students.

Our study has some limitations. First, we do not have the
BMI data available on these patients, and therefore, we cannot
be certain if the obesity-associated genes were more altered in
the high BMI patients. However, there are no publicly avail-
able databases that have BMI and survival data available for
brain tumor patients. Future research will need to be conduct-
ed with the collection of height and weight to confirm our
findings. Second, this is a retrospective study and may have
limitations such as selection bias and confounding. Howev-
er, we have attempted to minimize selection bias by using a
very large cohort and including all patients with brain tumors
in the TCGA database. Third, there is potential bias from
multiple hypothesis testing. However, we have calculated the
false discovery rate and provided g-values where applicable.
Fourth, it is possible that we have not been able to account
for some of the post-translational effects of obesity on brain
tumor patients. However, these studies will require laborato-
ry experimentation and verification, which can be the next
step in this area of research. Fifth, we used the GWAS cat-
alog to identify obesity-associated genes based on mapped
associations. However, the GWAS catalog primarily reports
locus-level variant associations that are subsequently mapped
to genes; this approach may introduce annotation bias and
limit precision in gene-level analyses. Sixth, we recognize that
more comprehensive analyses, such as multivariate approaches
including the Cox proportional hazards model, could better
account for potential confounding factors as well as pleiotropic
effects of genes. However, the analyses presented in this manu-
script rely on built-in tools available within cBioPortal, which
currently do not support multivariate modeling. Nonetheless,
our findings should be considered hypothesis-generating and
may inform future investigations. Lastly, it is beyond the scope
of the current work to conduct multivariate analyses, as this
will require integrating multiple patient-level datasets and
applying advanced statistical models, requiring expertise and
resources not available for this student-led study.

Our study provides a holistic picture of the importance of
obesity-associated genes in the prognosis of brain tumor pa-
tients. Given the limitations of our study (as described above)
and the complex pathophysiology of obesity, our results are not
clinically applicable as such. However, with further prospec-
tive research using clinical and biospecimen data collection,
there will be a probable improvement in the outcomes of brain
tumor patients. Therefore, we would like to propose the col-
lection of such data in brain tumor patients. Additionally, we
believe the advent of artificial intelligence (AI) and machine
learning will tremendously improve the scope of healthcare
research using publicly available databases by high school and
undergraduate students.® Our study would not have been
possible without the available tools in cBioPortal. However,
cBioPortal only provides basic statistical tools and interactive
exploration, but does not currently implement any built-in Al
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or machine learning tools. We are hopeful that future improve-
ments in cBioPortal will make it possible to use more advanced
Al analytical tools. Using these tools will make analyses of
multi-omic datasets and identification of correlative markers
more feasible, thereby improving patient outcomes.

B Conclusion

In conclusion, in a large study using publicly available data-
bases, we demonstrate that brain tumor patients with genomic
alterations in obesity-associated genes have better overall sur-
vival than those without genomic alterations. Further preclinical
and clinical studies are needed to elucidate the mechanisms of
how obesity affects the survival outcomes in brain tumor pa-
tients. Surrogate markers for obesity (adiposity) such as BMI,
fat mass index (FMI), and waist-to-hip ratio (WHR) should
be collected during clinical studies in brain tumor patients.>
This study highlights the importance of hypothesis-generat-
ing research using publicly available databases. This study can
serve as a framework for other high-school and undergraduate
students to develop and explore meaningful research ques-
tions. Lastly, enhancements in cBioPortal with built-in Al and
machine learning tools will be immensely helpful to promote
future complex research questions.
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B Supplemental Tables

Supplemental Table 1: Genome-wide association studies (GWAS) genes

associated with morbid obesity.”

Gene Symbol | Gene Name Function

FTO Alpha-ketoglutarate- | This gene is a nuclear protein of the AlkB-related non-heme
dependent iron and 2-oxoglutarate-dependent oxygenase superfamily,
dioxygenase but the exact physiological function of this gene is not known.

Other non-heme iron enzymes function to reverse alkylated
DNA and RNA damage by oxidative demethylation. Studies in
mice and humans indicate a role in the nervous and
cardiovascular systems and a strong association with body
mass index, obesity risk, and type 2 diabetes.

TCF7L2 Transcription Factor 7 | This gene encodes a high mobility group (HMG) box-

Like 2 containing transcription factor that plays a key role in the Wnt
signaling pathway. The protein has been implicated in blood
glucose homeostasis. Genetic variants of this gene are
associated with increased risk of type 2 diabetes. Several
transcript variants encoding multiple different isoforms have
been found for this gene.

GIPR Gastric Inhibitory This gene encodes a G-protein-coupled receptor for gastric
Polypeptide Receptor | inhibitory polypeptide (GIP), which was originally identified as

an activity in gut extracts that inhibited gastric acid secretion
and gastrin release, but subsequently was demonstrated to
stimulate insulin release in the presence of elevated glucose.
Mice lacking this gene exhibit higher blood glucose levels with
impaired initial insulin response after oral glucose load.
Defects in this gene may thus contribute to the pathogenesis
of diabetes.

LINCO1875 Long intergenic Non- | LINC01875 (Long Intergenic Non-Protein Coding RNA 1875)
Protein coding RNA | is an RNA Gene, and is affiliated with the InNcRNA class.

1875

TMEM18 Transmembrane Predicted to enable DNA binding activity. Involved in cell
Protein 18 migration. Located in the nuclear membrane.

ETV5 ETS Variant Enables DNA-binding transcription activator activity, RNA
Transcription Factor 5 | polymerase II-specific, and RNA polymerase |l transcription

regulatory region sequence-specific DNA binding activity.
Involved in cellular response to oxidative stress; negative
regulation of transcription by RNA polymerase II; and positive
regulation of transcription by RNA polymerase II. Located in
the nucleoplasm.

PRDX4P1 Peroxiredoxin 4 PRDX4P1 (Peroxiredoxin 4 Pseudogene 1) is a Pseudogene.
Pseudogene 1

THAP12P9 THAP Domain THAP12P9 (THAP Domain Containing 12 Pseudogene 9) is a
Containing 12 Pseudogene.

Pseudogene 9

LYPLAL1-AS1 | LYPLAL1 Antisense LYPLAL1-AS1 (LYPLAL1 Antisense RNA 1) is an RNA Gene,
RNA1 and is affiliated with the InNcRNA class. Diseases associated

with LYPLAL1-AS1 include Developmental and Epileptic
Encephalopathy 28.

SLC39A8 Solute Carrier Family | This gene encodes a member of the SLC39 family of solute-

39 Member 8 carrier genes, which show structural characteristics of zinc
transporters. The encoded protein is glycosylated and found
in the plasma membrane and mitochondria, and functions in
the cellular import of zinc at the onset of inflammation. It is
also thought to be the primary transporter of the toxic cation
cadmium, which is found in cigarette smoke. Multiple
transcript variants encoding different isoforms have been
found for this gene. Additional alternatively spliced transcript
variants of this gene have been described, but their full-length
nature is not known.

FAIM2 Fas Apoptotic Predicted to enable calcium channel activity. Involved in the
Inhibitory Molecule 2 | regulation of the neuron apoptotic process. Acts upstream of

or within the negative regulation of the extrinsic apoptotic
signaling pathway via death domain receptors. Located in the
Golgi membrane and the membrane raft.

LINC02796 Long Intergenic Non- | LINC02796 (Long Intergenic Non-Protein Coding RNA 2796)
Protein Coding RNA | is an RNA Gene, and is affiliated with the IncRNA class.

2796

LINCO3111 Long Intergenic Non- | LINC03111 (Long Intergenic Non-Protein Coding RNA 3111)
Protein Coding RNA | is an RNA Gene, and is affiliated with the IncRNA class.

1"

RNU4-17P RNA, U4 Small RNU4-17P (RNA, U4 Small Nuclear 17, Pseudogene) is a
Nuclear 17, Pseudogene.

Pseudogene

AKAP6 A-Kinase Anchoring | The A-kinase anchor proteins (AKAPs) are a group of
Protein 6 structurally diverse proteins that have the common function of

binding to the regulatory subunit of protein kinase A (PKA)
and confining the holoenzyme to discrete locations within the
cell. This gene encodes a member of the AKAP family. The
encoded protein is highly expressed in various brain regions
and cardiac and skeletal muscle. It is specifically localized to
the sarcoplasmic reticulum and nuclear membrane, and is
involved in anchoring PKA to the nuclear membrane or
sarcoplasmic reticulum.

NYAP2 Neuronal Tyrosine- Predicted to be involved in neuron projection morphogenesis
Phosphorylated and phosphatidylinositol 3-kinase/protein kinase B signal
Phosphoinositide-3- | transduction.

Kinase Adapter 2

MIR-5702/5702

MicroRNA 5702

microRNAs (miRNAs) are short (20-24 nt) non-coding RNAs
that are involved in post-transcriptional regulation of gene
expression in multicellular organisms by affecting both the
stability and translation of MRNAs. miRNAs are transcribed
by RNA polymerase Il as part of capped and polyadenylated
primary transcripts (pri-miRNAs) that can be either protein-
coding or non-coding. The primary transcript is cleaved by the
Drosha ribonuclease Il enzyme to produce an approximately
70-nt stem-loop precursor miRNA (pre-miRNA), which is
further cleaved by the cytoplasmic Dicer ribonuclease to
generate the mature miRNA and antisense miRNA star
(miRNA*) products. The mature miRNA is incorporated into
an RNA-induced silencing complex (RISC), which recognizes
target mRNAs through imperfect base pairing with the miRNA
and most commonly results in translational inhibition or
destabilization of the target mMRNA. The RefSeq represents
the predicted microRNA stem-loop.

ADCY9

MAP2K5

Adenylate Cyclase 9

Adenylate cyclase is a membrane-bound enzyme that
catalyzes the formation of cyclic AMP from ATP. It is regulated
by a family of G protein-coupled receptors, protein kinases,
and calcium. The type 9 adenylyl cyclase is a widely
distributed adenylyl cyclase, and it is stimulated by beta-
adrenergic receptor activation but is insensitive to forskolin,

calcium, and somatostatin.

Mitogen-Activated
Protein Kinase
Kinase 5

The protein encoded by this gene is a dual specificity protein
kinase that belongs to the MAP kinase kinase family. This
kinase specifically interacts with and activates MAPK7/ERK5.
This kinase itself can be phosphorylated and activated by
MAP3K3/MEKKS3, as well as by atypical protein kinase C
isoforms (aPKCs). The signal cascade mediated by this
kinase is involved in growth factor-stimulated cell proliferation
and muscle cell differentiation. Three alternatively spliced
transcript variants of this gene encoding distinct isoforms
have been described.

LINC01741

SEC16B

Long Intergenic Non-
Protein Coding RNA
1741

SEC16 Homolog B,
Endoplasmic
Reticulum Export
Factor

SEC16Bisar ian of S.

LINCO01741 (Long Intergenic Non-Protein Coding RNA 1741)
is an RNA Gene, and is affiliated with the INcRNA class.

N Sec16 that
is required for the organization of transitional endoplasmic
reticulum (ER) sites and protein export

POM121C

DNAJB4

POM121
Transmembrane
Nucleoporin C

DnaJ Heat Shock
Protein Family
(Hsp40) Member B4

Predicted to enable nuclear localization sequence binding
activity. Predicted to be a structural constituent of the nuclear
pore. Predicted to be involved in RNA export from the nucleus
and protein import into the nucleus. Located in the nuclear
membrane and nucleoplasm.

The protein encoded by this gene is a molecular chaperone,
tumor suppressor, and member of the heat shock protein-40
family. The encoded protein binds the cell adhesion protein E-
cadherin and targets it to the plasma membrane. This protein
also binds incorrectly folded E-cadherin and targets it for

er ic reticulum- i ion. This gene is a
strong tumor suppressor for colorectal carcinoma, and
downregulation of it may serve as a good biomarker for
predicting patient outcomes. Several transcript variants
encoding different isoforms have been found for this gene.

GIPC2

TFAP2B

GIPC PDZ Domain
Containing Family
Member 2

Transcription Factor
AP-2 Beta

Enables identical protein binding activity. Located in the
extracellular exosome.

This gene encodes a member of the AP-2 family of
transcription factors. AP-2 proteins form homo- or
heterodimers with other AP-2 family members and bind
specific DNA sequences. They are thought to stimulate cell
proliferation and suppress terminal differentiation of specific
cell types during embryonic development. Specific AP-2
family members differ in their expression patterns and binding
affinity for different promoters. This protein functions as both a
transcriptional activator and repressor. Mutations in this gene
result in autosomal dominant Char syndrome, suggesting that
this gene functions in the differentiation of neural crest cell
derivatives.

MCMé

Minichromosome
Maintenance
Complex
Component 6

The protein encoded by this gene is one of the highly
conserved mini-chromosome maintenance proteins (MCM)
that are essential for the initiation of eukaryotic genome
replication. The hexameric protein complex formed by the
MCM proteins is a key component of the pre-replication
complex (pre_RC) and may be involved in the formation of
replication forks and in the recruitment of other DNA
replication-related proteins. The MCM complex, consisting of
this protein and MCM2, 4, and 7 proteins, possesses DNA
helicase activity and may act as a DNA unwinding enzyme.
The phosphorylation of the complex by CDC2 kinase reduces
the helicase activity, suggesting a role in the regulation of
DNA replication. Single-nucleotide polymorphisms in the
intron regions of this gene are associated with differential
transcriptional activation of the promoter of the neighboring
lactase gene and, thereby, influence lactose intolerance in
early adulthood.

CAST

Calpastatin

The protein encoded by this gene is an endogenous calpain
(calcium-dependent cysteine protease) inhibitor. It consists of
an N-terminal domain L and four repetitive calpain-inhibition
domains (domains 1-4), and it is involved in the proteolysis of
the amyloid precursor protein. The calpain/calpastatin system
is involved in numerous membrane fusion events, such as
neural vesicle exocytosis and platelet and red-cell
aggregation. The encoded protein is also thought to affect the
expression levels of genes encoding structural or regulatory
proteins. Alternatively spliced transcript variants encoding
different isoforms have been described.

TDRG1

Testis Development
Related 1

Predicted to be located in the cytoplasm. TDRG1 (Testis
Development Related 1) is an RNA Gene, and is affiliated
with the INcRNA class. Diseases associated with TDRG1
include Microvascular Complications of Diabetes 5 and
Cervical Cancer.

LINC00951

LINGO2

Long Intergenic
Non-Protein Coding
RNA 951

Leucine Rich
Repeat And Ig
Domain Containing
2

LINC00951 (Long Intergenic Non-Protein Coding RNA 951) is
an RNA Gene, and is affiliated with the IncRNA class.
Diseases associated with LINC00951 include
Immunodeficiency, Common Variable, 8, With Autoimmunity.

Predicted to act upstream of or within the positive regulation

of synapse assembly. Predicted to be located in the
membrane. Predicted to be active in several cellular
components, including the extracellular space, glutamatergic
synapse, and synaptic membrane.
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SF3A2

DTX2P1

Splicing Factor 3a
Subunit 2

DTX2 Pseudogene 1

This gene encodes subunit 2 of the splicing factor 3a protein
complex. The splicing factor 3a heterotrimer includes subunits
1, 2, and 3 and is necessary for the in vitro conversion of 158
U2 snRNP into an active 17S particle that performs pre-
mRNA splicing. Subunit 2 interacts with subunit 1 through its
amino-terminus, while the single zinc finger domain of subunit
2 plays a role in its binding to the 15S U2 snRNP. Subunit 2
may also function independently of its RNA splicing function
as a microtubule-binding protein.

DTX2P1 (DTX2 Pseudogene 1) is a Pseudogene.

UPK3BP1

Uroplakin 3B
Pseudogene 1

UPK3BP1 (Uroplakin 3B Pseudogene 1) is a Pseudogene.

PMS2P11

PMS1 Homolog 2,
Mismatch Repair
System Component
Pseudogene 11

Predicted to enable kinase activity. PMS2P11 (PMS1
Homolog 2, Mismatch Repair System Component
Pseudogene 11) is a Pseudogene.

LINCO1122

PPARG

Long Intergenic
Non-Protein Coding
RNA 1122

Peroxisome
Proliferator-
Activated Receptor
Gamma

LINCO01122 (Long Intergenic Non-Protein Coding RNA 1122)
is an RNA Gene, and is affiliated with the INcRNA class.

This gene encodes a member of the peroxisome proliferator-
activated receptor (PPAR) subfamily of nuclear receptors.
PPARs form heterodimers with retinoid X receptors (RXRs),
and these heterodimers regulate transcription of various
genes. Three subtypes of PPARs are known: PPAR-alpha,
PPAR-delta, and PPAR-gamma. The protein encoded by this
gene is PPAR-gamma and is a regulator of adipocyte
differentiation. Additionally, PPAR-gamma has been
implicated in the pathology of numerous diseases, including
obesity, diabetes, atherosclerosis, and cancer. Alternatively
spliced transcript variants that encode different isoforms have
been described.

Retinoic Acid
Receptor Beta

This gene encodes retinoic acid receptor beta, a member of
the thyroid-steroid hormone receptor superfamily of nuclear
transcriptional regulators. This receptor localizes to the
cytoplasm and to subnuclear compartments. It binds retinoic
acid, the biologically active form of vitamin A, which mediates
cellular signaling in embryonic morphogenesis, cell growth,
and differentiation. It is thought that this protein limits the
growth of many cell types by regulating gene expression. The
gene was first identified in a hepatocellular carcinoma, where
it flanks a hepatitis B virus integration site. Alternate promoter
usage and differential splicing result in muiltiple transcript
variants.

BDNF

Brain-Derived
Neurotrophic Factor

This gene encodes a member of the nerve growth factor
family of proteins. Alternative splicing results in multiple
transcript varlants at least one of which encodes a

1 that is pr the
mature protein. The blndlng of thls proteln to |ts cognate
receptor promotes neuronal survival in the adult brain.
Expression of this gene is reduced in Alzheimer's,
Parkinson's, and Huntington's disease patients. This gene
may play a role in the regulation of the stress response and in
the biology of mood disorders.

BDNF-AS

BDNF Antisense
RNA

BDNF-AS (BDNF Antisense RNA) is an RNA Gene, and is
affiliated with the IncRNA class. Diseases associated with
BDNF-AS include Gli bma and Multiple Myel

RAPSN

RPL35AP22

Receptor

This gene encodes a member of a family of proteins that are

d Protein
Of The Synapse

Ribosomal Protein
L35a Pseudogene
22

d proteins of the synapse. The encoded
pro(eln contains a conserved cAMP-dependent protein kinase
phosphorylation site and plays a critical role in clustering and
anchoring nicotinic Icholine receptors at ptic sites
by linking the receptors to the underlying postsynaptic
cytoskeleton, possibly by direct association with actin or
spectrin. Mutations in this gene may play a role in
postsynaptic congenital myasthenic syndromes. Alternatively
spliced transcript variants encoding multiple isoforms have
been observed for this gene.

RPL35AP22 (Ribosomal Protein L35a Pseudogene 22) is a
Pseudogene.

ASTN2

Astrotactin 2

This gene encodes a protein that is expressed in the brain
and may function in neuronal migration, based on functional
studies of the related astrotactin 1 gene in human and mouse.
A deletion at this locus has been associated with
schizophrenia. Multiple transcript variants encoding different
proteins have been found for this locus.

TMEM161B-DT

TMEM161B
Divergent Transcript

Predicted to be a structural constituent of the ribosome.
Predicted to be located in the ribosome. TMEM161B-DT
(TMEM161B Divergent Transcript) is an RNA Gene, and is
affiliated with the IncRNA class. Diseases associated with
TMEM161B-DT include Glioma.

MIR9-2HG

MIR9-2 Host Gene

This is an evolutionarily conserved gene that produces
alternatively spliced long non-coding RNAs that may be
expressed predominantly in the brain and visual cortex.
These transcripts may be involved in tumorigenesis, as
depletion by siRNA suppressed glioma cell division.
Transcripts may also bind to and regulate the activity of
miR-411-5p and argonaut 2, thereby altering the expression
of genes involved in tumor growth.

GLP1R

Glucagon-Like
Peptide 1 Receptor

This gene encodes a 7-transmembrane protein that functions
as a receptor for glucagon-like peptide 1 (GLP-1) hormone,
which stimulates glucose-induced insulin secretion. This
receptor, which functions at the cell surface, becomes
internalized in response to GLP-1 and GLP-1 analogs, and it
plays an important role in the signaling cascades leading to
insulin secretion. It also displays neuroprotective effects in
animal models. Polymorphisms in this gene are associated
with diabetes. The protein is an important drug target for the
treatment of type 2 diabetes and stroke. Alternative splicing of
this gene results in multiple transcript variants.

DNAH8

Dynein Axonemal
Heavy Chain 8

The protein encoded by this gene is a heavy chain of an
axonemal dynein involved in sperm and respiratory cilia
motility. Axonemal dyneins generate force through hydrolysis
of ATP and binding to microtubules.

MIR1915HG

MIR1915 Host Gene

MIR1915HG (MIR1915 Host Gene) is an RNA gene and is
affiliated with the IncRNA class.

SKIDA1

SKI/DACH Domain
Containing 1

Predicted to enable DNA-binding transcription factor activity.
Predicted to be involved in the regulation of transcription by
RNA polymerase 1.

AS3MT

Arsenite
Methyltransferase

AS3MT catalyzes the transfer of a methyl group from S-
adenosyl-L-methionine (AdoMet) to trivalent arsenical and
may play a role in arsenic metabolism

BORCS7- BORCS7-ASMT This locus represents naturally occurrlng read-through
ASMT Readthrough (NMD | transcription 100rf32 (ct
Candidate) 10 open reading frame 32) and ASSMT (arsenic, +3 oxidation
state, methyltransferase) genes. The read-through transcript
is a candidate for nonsense-mediated mRNA decay (NMD)
and is therefore unlikely to produce a protein product.
SH2B1 SH2B Adaptor This gene encodes a member of the SH2-domain containing
Protein 1 mediators family. The encoded protein mediates activation of
various kinases and may function in cytokine and growth
factor receptor signaling and cellular transformation.
Alternatively spliced transcript variants have been described.
LINC02790 Long Intergenic LINC02790 (Long Intergenic Non-Protein Coding RNA 2790)
Non-Protein Coding | is an RNA Gene, and is affiliated with the IncRNA class.
RNA 2790
ZRANB3 Zinc Finger Enables ATP-dependent DNA/DNA annealing activity, DNA
RANBP2-Type endonuclease activity, and K63-linked polyubiquitin
Containing 3 modification-dependent protein binding activity. Involved in
DNA repair, replication fork reversal, and response to UV.
Located in the nuclear 1 fork and r

Supplemental Table 2: Gene lists from The CDC Public Health
Genomics and Precision Health Knowledge Base, version 10.0 (PHGKB),
and Phenome-wide association study Web (PheWeb), and Huang e# a/.3%5657

PHGKB PheWeb Huang et al.
TMEM18 FTO PTEN
GNPDA2 MC4R | TXNIP
ETVS DEFB136 TGFBR2
FAIM2 TMEM18 RUNX1
MTCH2 SBK1 KIF24
NEGR1 DOCK11 PCED1A
SH2B1 SEMAS3F | LIPC
MAF SPANXB1 YTHDC1
NPC1 KCNJ15 ACTB
ENPP1 ZNF668 NUP93
BDNF FAR1 KMT2A
KCTD15 ANXA1 | MYH9
PRRC2A PINX1 cuL1
SEC16B MSRA TMCO4
PTER PRKG1 FCRL6
RGS18 MEGF8
MCHR2 IKZF2
SND1 HLA-A
EDIL3 | KLF5
KCNJ6 SLC27A5
OLFM4 DIAPH1
C150rf48 TP53
PPP3CA ARAF
TRAPPC9 | AMER1
FOXR2 PCBP1
SEL1L BRAF
WNT7A DYNC1I1
CTsC USP9X
FGF1 | CREB3
ZNF722 ELF3
XKR6 CTNNB1
EPS8L2 ATP1B4
BTBD3 DST
PCDH11X | PTPN11
LIPG FAS
BCL11B ARID1A
MRPS28 CD70
LMO3 TMEM30A
RSBN1 | CIITA
SMAD2 H1-2
NDUFS4 | DNAH10
RGS7 HLA-B
PCDH9 BIRC6
GADL1 CDC42BPA
PARK7 PZP
GPC5 | ERBB2
MRLN CuL3
PSMG1 BAP1
PLEKHM1 FAM20C
ZNF716 ASPRV1
ZNF236 | TXNIP
NALF1 KDM6A
ZNF722 GTF2E1
PTER KRAS
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FAM133A TRIM71
[ GGT1 IDE
CFAP53 PPT2
CD163 CDKN1B
PABPC1L2B ARHGEF17
KLHL1 ADAM12
[ LPP KCTD20
Cox7Cc usp7
FAM220A MFSD3
MS4A10 SIRPD
OLFM3 KDM6A
[ ZFP37 DNAH14
AlG1 RHCG
ADGRG6 ZFP36L2
TCF7L2
BCL9
CLCN5
SMAD4
PCDHGB4
PTEN
SGMS1
CDKN2A
RIPOR3
CALHM4
IDH1
TNFSF14
CFHR4
CYSLTR2

Abbreviations: PHGKB, Public Health Genomics and
Precision Health Knowledge Base; PheWeb, Phenome-wide
association study Web.
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Al-based Detection of Fully Occluded Tomatoes Empowered by
Pixel-based Lock-In-Amplifier and Synthetic Feature Injection

Aiden Xu

Winter Springs High School, 130 Tuskawilla Rd, Winter Springs, FL. 32708, USA; goaidenxu@gmail.com
Mentor:

ABSTRACT: As robotic operations emerge in agricultural fields, the limited perception capability of robots in detecting
fully occluded fruits remains a major obstacle to efficient harvesting, accurate yield prediction, and other field operations. It was
previously shown that reflected electromagnetic wave signals are different between scenarios with and without fully occluded
fruits. However, three challenges persist: the baseline scenario (i.e., the scenario without fully hidden fruits) is assumed to be
known a priori; the signal difference is very small and embedded in a high level of noise; and no visible boundary can be seen
with the unaided eye. In this paper, two image pre-processing techniques are proposed to aid classification and object detection
tasks. First, a pixel-based lock-in amplifier (PLIA) is investigated to extract weak near-infrared (NIR) signals from experimental
videos and output images. Then, the average RGB values in those images are embedded as synthetic features to enhance the
performance of the classification and object detection models. Seventy-seven experiments were conducted in a mock tomato
orchard setup, and NIR videos were collected, processed, and labeled. Two classification models (YOLOv11 and EfficientNet)
and three object detection models (YOLOv11, YOLOv12, and RF-DETR) are trained, and their performances are compared. It
is shown that all classification models achieve a precision above 70%, while the mAP50 values of the detection models exceed 50%.
The proposed PLIA and synthetic feature injection (SFI) strategies improve the classification and object detection performance,
as demonstrated in ablation tests, while the trained models are lightweight and easily deployable.

KEYWORDS: Applied AI Models, Fully Occluded Fruit Detection and Classification, Image/Video Pre-processing, Near
Infrared, Precision Agriculture.

B Introduction found that a combination of YOLOvV8 and Lightweight-Swin

Robotics has been utilized in many agricultural applications Transformer can reach an accuracy of 94.4%. Xiao ez al'®
along with the rise of Agriculture 4.0.! Tasks such as sowing,’ utilized a vision transformer (Swin Transformer) and a mul-
irrigation, monitoring,® yield prediction,* disease classifica- tilayer perceptron to identify fruit ripeness and accomplished
tion,” and harvesting,® among a myriad of other tasks, have mAP50:95 values of 46.5%, 84.7%, and 83.9%, respectively.
seen varying degrees of automation to streamline and enhance Additionally, Sa ez al." employed a YOLOV5 detection model
their processes. High-value fruit crops, like apples, strawberries, and reached an mAP50:95 of 81.2%.
and tomatoes,” in particular, have received significant research All the above-mentioned computer vision models focused on
attention for the automation of their farming processes due to finding fully exposed or partially occluded fruits. These models
their labor-intensive nature. However, in order for these robots detect and classify fruits based on the surface information of
to be effective, they need unprecedented perception capabili- an image only. However, as seen in Figure 1, relying only on
ties so that they can find fruits, either fully exposed, partially RGB images cannot detect fruits that are fully occluded. In
occluded, or fully obscured. Please note that "fully obscured" many commercial farms, such as fresh market tomato farms, a
means that a fruit is completely behind leaves and that none significant amount of fruits are hidden inside dense leaves, and
of its parts can be observed by an RGB camera from any view- only counting the fruits that are visible to RGB cameras is not
point. Finding them and in some cases classifying them are enough for many robotic operations, such as yield prediction
crucial for some robotic operations such as monitoring growth and harvesting. Additionally, the approach of using cameras
status,® managing disease conditions,” checking nutrient defi- from different angles is not feasible, as leaves outside of the
ciency,!* conducting yield prediction,' and harvesting.? fruits are densely distributed.

Computer vision has been widely used in detecting and clas- In this study, a pixel-based lock-in-amplifier (PLIA) method
sifying fruits based on RGB images.” Duong ez a/.'* compared and a synthetic feature injection (SFI) method are combined
EfficientNet, MixNet,and ConvNet, achieving an accuracy of as an image/video processing method for the captured near
99.98%, 99.97%, and 94.52%, respectively, in the task of find- infrared videos in seventy-seven experiments conducted in a
ing a variety of 25 different fruits and vegetables. As another mock tomato orchard setup. Then, two classification models
example, in,' the detection of tomatoes achieved an average (YOLOv11* and EfficientNet") and three object detection
precision of 99.4% using the modified YOLOv3 model. An- models (YOLOv11, YOLOv12®, and RF-DETR?) are cus-
other study'’ focused on determining strawberry ripeness and tom-tuned and trained based on 875 processed images, trying
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to classify whether or not there are tomatoes fully occluded by
leaves, as well as using bounding boxes to locate where they

are.

Figure 1: Two RGB images in a mock tomato orchard setup include tomatoes
fully occluded by leaves, which are invisible to the unaided human eye. There
are zero and two tomatoes hidden behind leaves in the left and right images,
respectively.

The main contributions of this study are as follows:

* PLIA is developed to address the issue of reflected
near-infrared (NIR) signals buried in a large magnitude of
noise in captured images/videos. The modulation-demod-
ulation-low pass filtering mechanism in the original lock-in
amplifier (LIA) method® can help remove noise in all har-
monic frequencies other than the DC component, which is
the actual reflected NIR signal. Here, the LIA is applied to
each pixel of a video along the temporal direction, so-called
PLIA, and the result is an image instead of a scalar value, as
shown in,” enabling the utilization of advanced convolutional
neural network (CNN) and vision transformer models for later
classification and detection tasks.

* The average RGB value of the PLIA processed image is
injected into the image as a synthetic feature, a method similar
to synthetic feature injection,? to enhance the performance of
Al models in classification and object detection.

* A total of 875 NIR images, either collected from experi-
ments or augmented via Roboflow®, are labeled and used in
the CNN and vision transformer models' training, validation,
and testing.

* CNN and vision transformer models were custom-tuned
and trained to classify and detect fully hidden fruits given
NIR images. For classification tasks, an EfficientNet and a
YOLOv11 model were customized, and for detection tasks,
a2 YOLO11, YOLOv12, and RF-DETR model were custom-
ized. Their performances are compared in terms of precision,
recall, and F1 score for classification, and precision, recall, and
mAPS50 values for object detection, respectively.

It is worth noting that this study is a significant extension
of the work presented in.”* As shown in,® the RGB values
of LIA-processed NIR images are different between scenari-
os with and without fully hidden fruits. However, the method
proposed therein is not implementable because it assumes
that the RGB value of scenarios without fully hidden fruits
is known a priori, which is not the case under real farm con-
ditions.

B Related Work

Finding fruits that are fully occluded is a very challenging
task, and there are only a few attempts in this area of interest.
These methods can be largely grouped into two categories:
mechanical approaches and electromagnetic wave approaches.

Several researchers have used mechanical approaches try-
ing to expose the fruits hidden behind. For example, Jordi
Gené-Mola ef al® tried to use leaf blowers to part the leaves
so that they could see the fully hidden fruits behind. However,
this approach was not highly effective because the leaves on
most commercial tomato farms are tightly bound by strings,
preventing the leaf blower from doing its intended purpose.

Reflected electromagnetic radiation, captured by a detector
and converted from photons into electronic signals, can be
used to determine whether fruits are fully blocked by leaves. (i)
X-rays can penetrate leaves; however, the high hardware and
software requirements, along with the associated cost, make
them impractical for farm applications.? In addition, radiation
would require safety gear to be worn, and may also damage
fruits.® (ii) Although LiDAR operates in the NIR or short-
wave infrared (SWIR) spectrum, existing products focus only
on detecting and rendering surface information and are not
capable of detecting objects behind leaves.?” (iii) Millimeter
radar may be a feasible approach, which has been proposed to
detect hidden tomatoes with limited success in a one tomato
plant setup; although this approach relies upon sophisticated
hardware and signal processing software.?® (iv) Mid-wave IR
(MWIR) and long-wave IR (LWIR), such as thermal imag-
ers, focus on finding objects that have temperature differences
from their background. This approach may not work due to
the fact that fruits and leaves do not have obvious tempera-
ture differences in general.” (v) Near infrared is shown to have
relatively high transmissivity and low absorption and reflectiv-
ity for leaves and, at the same time, relatively high reflectivity
and low transmissivity and absorption for tomato fruits.”
Therefore, as shown in,? the reflected NIR signal is different
between the scenarios with and without fully occluded fruits.
However, as shown in Figure 2, it is still a very challenging task
to detect if there are fully hidden fruits. (vi) Lastly, ultrasound,
as a mechanical wave instead of an electromagnetic wave, has
been proposed to tackle this challenging problem.* However,
ultrasound signals have an insurmountable amount of noise
from reflections off leaves and surroundings, and are also af-
fected by local humidity and temperature.®® Thus, it is not a
feasible solution.

In brief, to the best of the author’s knowledge, no effective
approach has been proposed, including mechanical approaches,
multi-angle vision systems, and electromagnetic approaches,

that can effectively identify fruits fully hidden behind leaves.

B Problem Definition

Based on the literature review, it is a challenging task to clas-
sify and detect whether there are fully occluded tomatoes. In
this study, three questions will be answered via experiments
in a mock tomato orchard setup, where the NIR emitter, the
sensor detector, and the mock tomato orchard are placed in
proximity.

* Question 1: Can we achieve a 70% or higher precision
when using the proposed methods to classify whether there
are fully hidden fruits behind leaves?
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* Question 2: Can we achieve a 50% or higher mAP50 value
when using the proposed methods to detect the number and
locations of fully hidden fruits behind leaves?

* Question 3: Can we achieve a higher performance when
incorporating the proposed PLIA and SFI methods?

The thresholds set in Question 1 and Question 2 are rel-
atively lower than those in typical classification and object
detection tasks. The reason is that the task of finding fully
hidden fruits is extremely challenging. According to the initial
study, in,”® the RGB value difference in the raw NIR imag-
es between the cases with and without fully hidden fruits is
very small, about 3% in average. Furthermore, as can be seen
in Figure 2, there are no clearly visible, distinct boundaries of

the fully hidden fruit.
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Figure 2: NIR photons were detected by a cell phone camera, which generated
the NIR images. There are two tomatoes fully hidden behind leaves in both
the left and right images. The image on the left is the raw image, in which
the fully hidden fruits cannot be seen. The center image shows the image
after the PLIA preprocessing. The image on the far right is the corresponding
RGB view of the other two images. Dotted lines on those images delineate the
approximate locations of the two hidden tomatoes.

B Overview of the Methods

The basic process of the method is shown in Figure 3. A
group of thirty 940 nm diodes emits a pulse-width-modulat-
ed (PWM) modulated NIR signal towards the mock tomato
orchard. Here, a special square PWM signal is generated in
Arduino with 50% duty cycle and an amplitude between 0 and
1. Then the NIR wave propagates through the leaves and to the
fruit(s) hidden behind if present. The NIR wave then reflects
off the fully hidden fruit(s) and propagates back through the
leaves. The photons are detected by a cellphone camera, which
converts them digitally to an RGB video. This video then goes
through the video pre-processing method of PLIA, which
returns an image. Two filters are used in this step, including
an average filter and a zero-phase low-pass filter (LPF). The
SFI method is then applied to inject an additional visual clue.
This processed image is then given to the custom-trained Al
models, which will classify and detect fully hidden fruits. The
result will determine the presence, number, and location of ful-
ly hidden fruits.

Image/Video
Preprocessing Al Model Training

and Testing

RGB Video Image with

T pLA Average SFI

« Zero-phase LPF
+ Average filter
SFI

Classification
Object Detection

Reflected NIR Signal

Figure 3: Overall description of the proposed method, including the
experiment procedure, image/video pre-processing, and Al model training
and testing.

B Pre-Processing Methods
In the mock tomato orchard experiment, the PWM signal
generation and video recording may have been slightly unsyn-

chronized. Therefore, before pre-processing, the experiment
videos should be synchronized with the reference PWM sig-

nal.

1. PLIA for video processing:

The lock-in amplifier (LIA) method has been widely used
in extracting weak signals from a noisy environment.?? Please
note that the derivation here is similar to the original LIA,*
but is custom-designed and applied to each pixel of an image
frame along the temporal direction in an experiment video.

Let us define A!(k)as the RGB intensity of the photon that
is reflected from fully occluded fruits and reaches the detector
in frame k of a video at the pixel location of (i, j). Here, the
RGB value means the sum of red, green, and blue values of
a pixel in an image. S/;(k) is A!,;(k) modulated with the PWM

signal that is generated by the Arduino board as

1

2
2t

0
n=

=~ 1.
S1(k) = Al (k) ; o sin(nwr) "

,in which the PWM signal is in its Fourier series expansion®
and #, is the time associated with frame 4. Also, let's define
X/(k) = S!(k) + ni;(k) where n; (k) is the noise captured by the
detector and x/,(k) is the photon signal detected by the camera
at frame k and pixel location of (i, j) of a video.

The first step in PLIA is to demodulate X/;(k) by multiply-
ing it with the reference PWM signal, ri,j(k), in the form of
a Fourier series for every pixel in an image frame of a video,
along the temporal direction as

Xij(k)rij(k) = [S}i(k) + nij(k)]

12 &1 )
X [+ = — sin(mwi
2 rr”:zl:mm (mot)

, the second line of which is the Fourier series of the reference
PWM signal.®! Then some trigonometric operations will be
conducted, and a zero-phase LPF is applied to remove those
non-DC terms. After that the Basel's equation® is used, the
resultant value equals to 0.54/ (k) . Thus, we can extract the re-
flected photon signals from a high-noise environment.

This process will be repeated for every pixel of the experi-
ment video. The achieved image is formed by averaging each
achieved pixel value along the temporal direction, and the pixel
value in the resultant image is

pij= Ai:(J..')Af_,(k)/N, 3)
, in which N;is the number of frames in this video. Since the
reflected NIR photon is low, the converted RGB value p;; is
small. Therefore, to enhance the image quality, each pixel value
of the image is scaled up so that the maximum pi,j in an image
is near 255. The difference between a raw image and a PLIA
processed image can be seen in Figure 2.

2. Synthetic feature injection:

As can be seen in Figure 2, the image obtained after pro-
cessing an experiment video using PLIA is still not sufficiently
distinct for reliable classification and object detection. As not-
ed in,” the number of photons captured by the detector differs
between scenarios with and without fully hidden fruits. There-
fore, this characteristic is injected into the PLIA pre-processed
NIR images.

15

DOI: 10.36838/IJHSR819.2



ijhighschoolresearch.org

Three types of SFIs were tried based on the RGB value of
an image after PLIA: average SFI (the average RGB value of
an image), maximum SFI (the maximum RGB value of an im-
age), and maximum difference SFI (the maximum RGB value
- the minimum RGB value). Among them, the average SFI is
selected because the failure rate of indicating whether there
are hidden fruits is the lowest when tried on all the collected
NIR images. Let's define the total RGB value of an image to
be V=R+B#+G,;, where i is the i pixel in the image. Then the
average SFI p is calculated as all V; summed together and
then divided by NV, where NV is the total number of pixels in
an image. Since p in all the experiments fall within a certain
range, this value is adjusted to be a[p, - py,..] to better scale the
subsequently constructed black square box. Here, p, ... and a are
tuned based on the experiment data. This value is proportional
to the side length of the black square placed at an appropriate
point in the NIR image, and in this case, the top right corner.

One resultant image after these two image/video processing
methods is shown in Figure 4. Since the average RGB value
is proportional to the number of fully hidden fruits present,
the SFI method gives additional artificial visual data injected
directly into the images, thus improving the accuracy metrics

of the AI models.

Figure 4: Images after the application of SFI. The average total RGB value
is represented by the side length of the black square in the top right corner.
This feeds additional visual information into the Al models, improving their
performance. An image with one fruit is shown on the left, and an image with
two fruits is shown on the right. There is a noticeable difference in the side
lengths of the squares between the two.

3. Image/video pre-processing:

With the PLIA and SFI methods, the pre-processing
steps are shown in Figure 5. Each video is downsized from
1920x1080 to 480x270 due to memory limits, as well as the
computational cost consideration of the low-pass filter used.
These downsized videos are converted to a 4-dimension-
al matrix for processing. Then, the signals are aligned to the
reference PWM signal and then truncated to 4 periods. To
reduce the memory needs and computational cost, only one
period of the video, about 6 seconds, is used. The signals are
passed to the PLIA method, which applies the LIA method to
each pixel in the video and returns an RGB image. Each pixel
is then multiplied by 255 over its maximum total RGB value.
Then, they go through the SFI method, which injects addi-
tional visual information into the image in the form of a black
square. The side length of this square is equal to 10 times the
quantity of the average total RGB value minus 57,i.e., p, ... =57
and a=10. One example image is shown in Figure 4.

Image Alignment
PWM reference

Truncale the video
lengths to be 4
periods and calculate
average RGB value
for each image frame

Label the
new videos
asint, In2,
In3, and Out.

Tabel the
collected
videos

Apply he pLIA
method to each pixel
of the video frames

Modulated RGB valug

Rescale the For each of the four
RGB value for images, calculate the
the generated average total RGB.

images value for each pixel.

Average the DC
components of each
pixel across the
temporal direction to

produce an image

Generate SFI using
strategy *Average”

Image with
average SFI,
named as ‘avg’

3
Zero-phase LPF

mage without
SFI, named
as ‘none”

Figure 5: Procedure for image/video preprocessing. The outputs include
eight pictures, with one set of four having 0, 1, 2, and 3 fruits, and the other
set of four each with SFI.

B Experiment and Video Collections

1. Testbed apparatus and setup:

The same apparatus as the one in® is used in this study, with
a few modifications. The detailed construction of such a low-
cost, mock tomato orchard and the emitter/detector therein
can be found in.” To increase the number of photons captured
by the camera, and meanwhile to maintain the low cost, thirty
940nm NIR diodes are integrated in the emitter, and all the
circuits are on printed circuit boards to reduce the number of
wires needed and save space. A cell phone camera is used to
detect the reflected NIR wave.

2. Video collection:

The experiment procedure is shown in Figure 6. In each
experiment, the leaves are taped to strings that go across the
front to simulate the leaf cover. Up to three tomatoes are then
placed just behind the leaf cover, with the tomatoes and leaves
adjacent to each other and at a total distance of roughly 12
cm from the emitter. When the experiment starts, the emitter
emits an NIR signal modulated with PWM. The PWM signal
has a period of 6 seconds at a duty cycle of 50%. The camera
detector (Motorola Moto G Pure®) detects the reflected NIR
photons at a frame rate of 30 frames per second and digitally
converts them into an RGB video. This experiment will repeat
four cases with 0, 1,2, and 3 fully hidden tomatoes, respectively.

A total of 77 valid experiments were conducted mainly in the
evening to reduce the noise level. These generated images are
processed with PLIA and SFI, then labeled using labellmg®.
The initial YOLO dataset was copied, and that copy was refor-
matted to be compatible with EfficientNet and RF-DETR
using the Roboflow® platform. The datasets are also augment-
ed in Roboflow® using vertical and horizontal flips, as well as

90-degree rotations.

Place 0, 1,2, 0r 3
fruits in the
“orchard”

Prepare leaves

and 0,1, 2, or
3 fruits

Align the emitter, “orchard”,
and detector at a proper
angle and location

Press “emitter” box
button and record
on the detector
simultaneously

Stop recording

after 4 PWM
periods

Figure 6: Procedure for collecting experimental data. The output includes
four videos, with 0, 1, 2, and 3 fruits in them, respectively. These videos are
passed to the image preprocessing procedure as described in Figure 5.
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B Classification and Object Detection

Pipelines

In classification, as shown in Figure 7, there will be two
classes: no fruit and fruits. For EfficientNet, hyperparameters
including the model, image size, batch size, dropout thresh-
old, learning rate, and the seed are carefully tuned; while for
YOLOv11, hyperparameters include the model, image size,
batch size, cls value, dropout threshold, learning rate, and label
smoothing value.

As shown in Figure 7, the classification pipeline starts
with setting up the dataset and output directories, and then
the GPU is activated for YOLOv11. After that, a specific
classification model is retrieved, and two classes are defined.
Hyperparameters are tuned, and for EfficientNet, a random
seed is picked. The model is then trained based on processed
images. If the precision is less than 0.7, the model will be re-
trained using new configured hyperparameters. If the precision
is equal to or higher than 0.7, the result will be compared with
the saved best training result. If the current model is not better
than the saved one, hyperparameters will be adjusted, and the
classification model will be retrained. Otherwise, the model
with the best precision value will be saved.

Retrieve classification
model and initialize
with 2 classes.

Activate
1 Loutput directories GPU

Define/Adjust
hyperparameters

A v
Figure 7: Classification pipeline for determining if there are fruits fully
hidden behind leaves. Two Al models are trained: YOLOv11 and EfficientNet.
For object detection models, as shown in Figure 8, the
base model is initialized with one class. For YOLOv11 and
YOLOV12, tuned hyperparameters include the model (nano,
small, medium, and large), image size, batch size, cls value,
dropout threshold, learning rate, and label smoothing. For
RF-DETR, hyperparameters include batch size, learning rate,
backbone learning rate, resolution, and weight decay. Those
hyperparameters are discussed in the results sections.

Retrieve
detection model

] Dataset and Activate
output directories GPU

!
. results

Initialize 1 class

Trainin l Define/Adjust .
g | hyperparameters 1

.

Figure 8: Object detection pipeline used to train a model to decide the
number and locations of possible fruits fully hidden behind leaves. Three Al
models are trained here: YOLOv11, YOLOvV12, and RF-DETR.

It is worth noting that the CPU is used to train the Ef-
ficientNet model because of the need to strictly control the

random seed value for the replicability of results. GPU is used
to train all four other Al models.

B Results and Discussion

To answer the three questions, four Al models, PLIA,
and SFI are teamed in five different combinations, and
their performance is compared. Among them, EfficientNet
and YOLOvV11 are used in classification, while YOLOv11,
YOLOV12, and RF-DETR are compared in terms of object
detection performance.

The first two sections will discuss the best results in classi-
fication and object detection, respectively. The last section will
discuss the ablation tests, demonstrating whether PLIA and
SFI improve performance.

All training, validation, and testing are conducted on a laptop
computer. Its CPU (for EfficientNet) is a 13th Gen Intel(R)
CoreTM i7-13700HX (2.10 GHz) with a RAM of 16GB,
and the GPU used in YOLOv11, YOLOv12, and RF-DE-
TR is the NVIDIA GeForce RTX 4060. The Python version
used is 3.10.19 for EfficientNet and 3.11.14 for YOLOv11,
YOLOV12,and RF-DETR.

To achieve optimal classification and/or object detection
performance, the Al models were trained across a wide range
of hyperparameter settings. For each hyperparameter setting,
performance metrics such as F1 score, mAP50, and precision
are recorded. Through extensive trials, we observed that mod-
el performance is mainly affected by three hyperparameters:
learning rate, image size, and batch size. Therefore, based on
this observation, a total of 45 hyperparameter settings are tried
for two classification and two object detection models. The
only exception is the RF-DETR model, which requires a long
training time for each hyperparameter setting. Therefore, only
a limited number of settings were evaluated for the RF-DETR
model. The 45 combinations of the hyperparameter settings
are: learning rate (0.00005, 0.0001, 0.0002), image size (224,
288,320, 480, 640), and batch size (8, 16, 24).

The images in the dataset are split into three groups: train-
ing (70%), validation (20%), and testing (10%). All images
from the same experiment are assigned to the same dataset
partition. The dataset is split at the experiment level, rather
than at the image level.

It is worth noting that approximate tomato placement is de-
termined beforehand via ordinary RGB pictures taken of the
apparatus, as shown in Figure 2. This information is utilized
to determine the ground-truth bounding boxes by noting the
approximate locations of each of the tomatoes, the number of
tomatoes in that specific experiment, and the size of the to-
matoes.

1. Classification results

‘Two Al models, EfficientNet and YOLOv11, enhanced by
PLIA and SFI, are customized for classification tasks to de-
termine whether there are tomatoes fully occluded by leaves in
the mock tomato orchard.

The hyperparameters for "EfficientNet+PLIA+SFI"
that achieved the best precision are: model (B0), image size
(224x224), batch size (8), dropout threshold (0.2), learning
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rate (0.00001), and seed value (80). In contrast, the hyperpa-
rameters for YOLOv11 that achieved the best precision are:
model ("yolovlln-cls"), image size (288), batch size (24), cls
value (1.8), dropout threshold (0.1), learning rate (0.0002), and
label smoothing value (0.2), respectively.

As shown in Table 1, for both models, the precision is well
above 70%, indicating that the models are effective at deter-
mining the presence of fully hidden fruits, thereby addressing
Question 1. The F1 scores for them are around 0.9, showing a
strong balance between precision and recall.

Table 1: Comparison of Classification Results.

Method Precision Recall F1
EfficientNet + pLIA + SFI 0.8636 1.0000 0.9157
YOLOv11 + pLIA + SFI 0.9189 0.8718 0.8947

As an example, the training results of EfficientNet are shown
in Figure 9. The plot on the top shows that the training and
validation accuracies converge over epochs, while the figure on
the bottom shows the results of the confusion matrix of the
validation.

Accuracy

— train
086 — val

g
E

0 20 40 60 80 100 120 140 Fruit Nothing

Predicted

Figure 9: An example training output from EfficientNet. On top is the
graph of model accuracy per epoch. At the bottom is the confusion matrix
associated with the dataset that the model was trained on.

2. Object detection results:

Three models, YOLOv11, YOLOv12, and RF-DETR, em-
powered by PLIA and SFI, are trained to detect fully occluded
fruits in the mock tomato orchard.

The best results achieved using these three models are shown
in Table 2. The hyperparameters used to achieve the best
YOLOv11 model are a learning rate of 0.0002, image size of
480, classification loss of 1.8, batch size of 16, dropout thresh-
old of 0.1, and label smoothing of 0.2; whereas YOLOv12
utilizes a learning rate of 0.0001, image size of 480, classifi-
cation loss of 1.8, batch size of 16, dropout threshold of 0.1,
and label smoothing of 0.2. The optimal hyperparameters for
RFE-DETR are a learning rate of 0.0002, a backbone learn-
ing rate of 0.0000001, a batch size of 4, gradient accumulation
steps of 4, an image size of 336, a weight decay of 0.0006, and
100 queries.

As shown in Table 2, the mAP50 scores of all models are
greater than 65%, which means that the models are effective
in determining the number and location of fully hidden fruits,
addressing Question 2. For YOLOv11 and YOLOvV12 cases,
their precision numbers are also higher than 70% in this very

challenging task, addressing Question 1.
Table 2: Comparison of Object Detection Results.

Method Precision | Recall | mAP50
YOLOV11 + pLIA + SFI 0.7421 1.0000 | 0.6874
YOLOv12 + pLIA + SFI 0.7683 0.9870 | 0.6583
RF-DETR + pLIA + SFI N/A N/A 0.6620

Figure 10 shows several plots generated from the train-
ing run of YOLOV12 with one hyperparameter setting. The
mAPS50 value in part (a) oscillates while gradually increasing,
and the model parameters corresponding to the best mAP50
value in these epochs are saved. Parts (b), (c), and (d) show
three bounding box examples in which tomato locations are
successfully identified. In part (e), there is only one tomato;
however, YOLOv12 produced two false positives.

metrics/mAP50(B)

0.6
0.5
0.4
0.3
0.2
0.1
0.01! . .
0 200 400
a) The mAP50 value per epoch.

tomato

tomato

¢) Two fully hidden fruits with two
bounding boxes.

b) One fully hidden fruit with a

bounding box.

tomato

d) Three fully hidden fruits with
three bounding boxes.

tomato

¢) There is only one fully hidden
fruit; however, the model fails to
find it; instead, two false positives are
identified.

Figure 10: An example of training output from the YOLOv12 detection
model.

3. Model size:

One of the hyperparameters being tuned is the image size
for each model. As shown in Table 3, the image size needed
for classification is much smaller than that of object detection.
Furthermore, the sizes of the trained models are in general
very small, ranging from 5.23MB to 19.9M], except the trained
RF-DETR model, of which the size is 352MB. This reflects
the deployability of each model on small devices. For example,
a model such as YOLOv11 for object detection, with a size
of only 5.23 MB, can be more easily deployed than a model
like RF-DETR, which has a size of 352 MB. This is due to
hardware constraints, as a model like RF-DETR may be too
computationally heavy to run on a basic Raspberry Pi™.

4. Ablation tests:

Four ablation tests are conducted, aiming to illustrate the
contributions of PLIA and SFI to the key performance of the
two classification and two object detection models. In each ab-
lation test, two hyperparameter settings are shown: the best
result reported previously and a selected (non-best) result.
Here, "baseline" refers to training an Al model using raw im-
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ages without PLIA and SFI. "PLIA" denotes the case where
the raw images are processed using the PLIA method, while
"PLIA+SFI" refers to the case when both the PLIA and SFI

video/image pre-processing methods are applied.

Table 3: Comparison of Model Complexity.

Classification Object D
YOLOv11 | EfficientNet | YOLOv11 | YOLOv12 | RF-DETR
Image Size (pixels) 288 320 480 480 336
Model Size (MB) 3.04 15.8 5.25 5.25 352

It is worth mentioning that "precision” and "mAP50" are the
primary performance metrics focused on during the training
for classification and object detection, respectively.

The ablation test result for classification using YOLOv11
is listed in Table 4. The first three rows compare the perfor-
mance improvement achieved using the proposed video/image
pre-processing methods with the hyperparameters that yield
the best precision, as discussed previously. "PLIA" outper-
forms the "baseline" across all three metrics, and "PLIA+SFI"
further improves precision and F1 score. These indicate that
the proposed methods effectively enhance the models' ability
to make more accurate predictions. The last three rows in Ta-
ble 4 show the ablation test for one selected hyperparameter
setting, in which learning rate, image size, batch size, drop rate,
and label smoothing are set to 0.0002, 640, 8, 0.1, and 0.2, re-
spectively. As shown, the "PLIA+SFI" strategy improves the
precision and F1 score, whereas "PLIA" only achieves the same
precision and F1 score as "baseline.”

The EfficientNet ablation test is shown in Table 5. The first
set of three rows represents the best results for the "baseline”,
"PLIA", and "PLIA+SFI" cases. These show that the model
improves the precision value from the "baseline" case to the
"PLIA" case, and from the "PLIA" case to the "PLIA+S-
FI" case. The second set of three rows represents the results
achieved with a set list of hyperparameters, which are a learn-
ing rate of 0.0002, an image size of 320, and a batch size of
8. This shows that the addition of "PLIA" and "PLIA+SFI"
improves both precision and F1 score.

Table 4: Ablation Test 1 — Classification (YOLOv11).

Precision | % Increase | Recall | % Increase F1 % Increase
Baseline* 0.8500 N/A 0.8718 N/A 0.8608 N/A
pLIA* 0.8750 2.9% 0.8974 2.9% 0.8861 2.9%
pLIA+SFI* 0.9189 5.0% 0.8718 -2.9% 0.8947 1.0%
Baseline** 0.7358 N/A 1.0000 N/A 0.8478 N/A
pLIA** 0.7358 0.0% 1.0000 0.0% 0.8478 0.0%
pLIA+SFI** 0.7500 1.9% 1.0000 0.0% 0.8571 1.1%

(*: The best result) (**: Another selected result)

The ablation tests for object detection are shown in Tables 6
and 7. First, the performance comparison for the YOLOv11
object detection mode is displayed in Table 6. The best results
for "baseline", "PLIA", and "PLIA+SFI" with their respective
hyperparameters listed previously are shown in the first three
rows. From these, it can be observed that "PLIA" improves
from "baseline" and "PLIA+SFI" improves from "PLIA"
across all three metrics. Therefore, the proposed methods are
effective at enhancing the model's performance. The last three
rows in Table 6 were trained with the same hyperparameters
to conduct an ablation test. The hyperparameters are learn-
ing rate 0.0002, image size 320, classification loss 1.8, batch
size 8, dropout 0.1, and label smoothing 0.2, respectively. As
shown here, the "PLIA+SFI" strategy yielded an improvement
for precision and mAP50, while the method with only "PLIA"

yielded an improvement on mAP50 but a decline in precision
from "baseline".

Second, a similar ablation test was conducted for the
YOLOvV12 model, as shown in Table 7. Rows 1-3 show the
best results for the "baseline", "PLIA", and "PLIA+SFI" cas-
es, each with its own distinct set of hyperparameters as shown
previously. These results show that each addition of the pro-
posed method improves the mAP50 of the model. Rows 4-6
show the performance of the "baseline", "PLIA", and "PLI-
A+SFI" methods on the same selected set of hyperparameters,
with 0.0002 (learning rate), 480 (image size), 1.8 (classification
loss), 24 (batch size), 0.1 (dropout threshold), and 0.2 (label
smoothing), respectively. The results unveil that the proposed
method enhances the precision, recall, and mAP50.

Table 5: Ablation Test 2 — Classification (EfficientNet).

Precision | % Increase | Recall | % Increase F1 % Increase
i 0.8478 N/A 1.0000 N/A 0.9176 N/A
pLIA* 0.8485 0.1% 1.0000 0.0% 0.9127 -5.3%
PLIA+SFI* 0.8636 1.8% 1.0000 0.0% 0.9157 3.3%
Baseline** 0.8125 N/A 1.0000 N/A 0.8966 N/A
pLIA** 0.8444 3.9% 0.9828 -1.7% 0.9084 1.3%
pLIA+SFI** 0.8636 23% 0.9744 -0.9% 0.9157 0.8%
(*: The best result) (**: Another selected result)
Table 6: Ablation Test 3 — Object Detection (YOLOv11).
Precision | %Increase | Recall | % Increase F1 % Increase
Baseline* 0.6182 N/A 1.0000 N/A 0.6190 N/A
pLIA* 0.7179 16.1% 1.0000 0.0% | 0.6648 7.4%
PLIA+SFI* 0.7421 3.4% 1.0000 0.0% 0.6874 3.4%
Baseline** 0.8167 N/A 1.0000 N/A 0.4807 N/A
pLIA** 0.6761 -14.1% 1.0000 0.0% 0.5358 5.5%
PLIA+SFI** 0.8681 19.2% 1.0000 0.0% 0.6112 7.5%
(*: The best result) (**: Another selected result)
Table 7: Ablation Test 4 — Object Detection (YOLOv12).
Precision | % Increase | Recall | % Increase F1 % Increase
i 0.6987 N/A 1.0000 N/A 0.5910 N/A
pLIA* 0.8384 20.0% 0.9091 -9.1% 0.6224 5.3%
pLIA+SFI* 0.7683 -8.4% 0.9870 8.6% 0.6583 5.8%
i 0.6279 N/A 1.0000 N/A 0.5460 N/A
pLIA** 0.7299 16.2% 1.0000 0.0% 0.5888 7.8%
pLIA+SFI** 0.8787 20.4% 1.0000 0.0% 0.6046 27%
(*: The best result) (**: Another selected result)

In summary, the proposed PLIA and SFI strategies improve
the precision and mAP50 values in classification and object
detection tasks, respectively.

B Limitations

* The current mock tomato orchard only has 1 or 2 layers
of leaves covering occluded fruits. In real farm conditions, leaf
covers can have more than 2 leaves overlapped on top of a
fruit. The used 940nm NIR diodes, which only have a 70mW
maximum power, may not penetrate thick leaf covers, and the
reflected photons may also scatter. Therefore, in real scenarios,
a more powerful NIR diode or laser, or even a millimeter ra-
dar, can be utilized. However, the image/video pre-processing
methods and the Al models should still be effective.

* The computational cost of the LPF used in PLIA is high
because it must iterate through every pixel of an image twice.
The current PLIA software is implemented in MATLAB, and
in certain scenarios, the execution time of the applied LPF can
extend to several minutes. A potential solution is to adopt a
computationally efficient LPF and mitigate any resulting per-
formance degradation in the Al models by training on a larger
image dataset.

* The performance of the current Al models, while exceeding
the thresholds, has not reached 0.95 in precision or mAP50.
The simplest way to address this issue is to increase the size
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of the image dataset. Alternatively, new SFI methods can be
developed to improve model precision. An instance of this in-
volves predicting the average RGB values of scenarios without
fully hidden fruits, which are treated as baseline numbers. The
SFI method is then to compute the difference between the av-
erage RGB value and that baseline.

B Conclusion

In this study, a combination of NIR, image/video pre-pro-
cessing approaches, and deep Al learning models is proposed
to tackle a very challenging problem: detecting and classify-
ing tomatoes that are fully hidden behind leaves. Unlike many
other object detection problems, NIR signals reflected from
fully occluded fruits are extremely weak and embedded in a
large magnitude of noise. To enhance the performance of Al
models, a PLIA is developed to extract weak NIR signals from
noise and produce an image. After that, the average RGB value
of the generated image is used as the side length of a black
square, which is injected into the image. This step provides
the subsequent Al models with an additional visual cue in-
dicating whether tomatoes are fully hidden behind leaves.
Seventy-seven experiment videos obtained in a custom-built,
mock tomato orchard are used in training the selected CNN
and vision transformer models. All these Al models are able
to tell whether there are fully occluded fruits more than 86%
of the time. The mAP50 values for object detection are above
0.65. To the best of the authors' knowledge, this approach is
low-cost and effective in determining the presence of fully
hidden fruits. The ablation tests demonstrate the effectiveness
of the proposal PLIA and SFI pre-processing methods in im-
proving the performance of the Al models for classification
and object detection.
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ABSTRACT: The growing urgency of climate action to avert the disastrous consequences of climate change has influenced the
Australian Government to announce its commitment to fighting climate change, exemplified by its net-zero emissions by 2050
commitment and the signing of the Paris Agreement. However, despite the environmental impacts of mining, the economic and
political influence of the mining industry in Australian politics has created political stagnation and climate inaction, undermining
Australia’s commitment to climate leadership and accountability. While many previous assumptions about climate inaction have
pointed towards the economic cost of a decrease in GDP, the current energy production dependence on fossil fuels, the potential
effect on national employment levels, or the defunding of climate science programs by previous governments, many omit the
political influence of the mining sector in pressuring mining-friendly legislation or approvals. This paper argues that political
spending of the Australian mining industry influences Australian climate policy outcomes. The Australian mining industry,
through spending such as political donations and advertising campaigns, has led to the lack of climate legislation and continued

mining expansion, which undermines the government’s promise of climate action.
KEYWORDS: Political Science, Public Policy, Australia, Environmental Politics, Mining Industry, Climate Change.

B Introduction

The Australian Government has committed to the legal-
ly-binding Paris Agreement, which states that nations commit
“to limit global warming to 1.5°C, greenhouse gas emissions
must peak before 2025 at the latest and decline 43% by 2030,™
and has set out a clear target for net-zero emissions by 2050.
Despite its commitments to climate action, which would
require a halt of further new gas, coal or oil projects, it has
avoided major legislation that reduces or economically harms
the mining industry due to successful political lobbying. The
continued support of the mining industry and its expansion
is one of the reasons why Australia is currently not on track
to meet its climate objectives.* This contradicts the global
consensus that the mining industry is detrimental to the en-
vironment and thus active steps should be taken to switch to
renewable energy production or at least stop or rescind new
approvals for expansion.*

Even within Australia, there have been calls for urgent cli-
mate action, as many recognize the threat that climate change
poses to humanity and the Earth. Many Australian citizens
have been affected by climate change, especially through the
increasing frequency and severity of natural disasters, such as
the 2019 Black Summer Bushfires. Over 70% of Australians
said they are concerned about climate change, and a majority
of Australians (55%) said that they support Australia’s com-
mitment to global objectives of limiting global temperature rise
to 1.5°C, including the requirement to terminate new mining
projects to meet those goals. Many have also recognized the
adverse effects of mining on the environment, with 56% of
Australians being actively aware that opening new gas, coal, or
oil projects will make it more difficult for Australia to reduce

greenhouse gas emissions by 43% by 2030. Similarly, many also
agree that to better protect the environment and meet its tar-
gets, Australia cannot continue with the status quo, and 66%
of Australians think that the government should plan to phase
out coal mining and transition into other industries.’

Recent studies on the causes of climate inaction in Austra-
lia include papers discussing the various framings of climate
discourse, the role of narratives and conservatives, economic
dependence on the industry, ineffective government institu-
tions, and more. However, previous research uses frameworks
that are too narrow in scope, such that they do not always re-
flect the general patterns and causation. Also, some arguments
and trends observed no longer reflect reality due to the rap-
idly changing nature of public opinion and climate discourse.
Finally, the existing research discusses non-essential factors,
rather than the core reasons. This paper contributes to the
existing research by looking at political spending, specifically
political donations and media campaign spending by the min-
ing industry on national climate policy outcomes.

This paper aims to explore how political spending by the
mining industry has created climate policy inaction based on
the theoretical framework that politicians are disproportion-
ately influenced by financiers. It introduces a central causal
mechanism and utilizes various historical and modern exam-
ples to understand the relationship between political spending
and climate policy inaction. Through the analysis of political
donations and media spending patterns and their impact on
shaping the major parties and political outcomes, I will argue
that the political spending of the Australian mining industry
is a key factor that has influenced climate policy inaction in
Australia.

© 2026 Terra Science and Education
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In the next section, I will discuss existing literature and its
limitations. In the third section, I will explain the theoretical
framework of the paper, including the causal mechanism and
the mining industry in Australia. In the following section, I
will investigate the impact of political donations and media
spending on climate policy and the subsequent policy inaction.
Finally, I will close with a brief conclusion.

B Literature Review

Framing:

Existing studies point to the political framing of climate
discourse as the primary cause for policy inaction. These
studies assume that political discourse engaged by politicians
within policy-making bodies represents the general view of the
constituents. In particular, scholars highlight the relationship
between economic framing and the failures of both interna-
tional organizations and domestic policymaking in passing
effective regulations. Christoff argues that Australia’s policy
inaction has been caused by waning public support and aware-
ness because of failures of joint, international commitments
for urgent and domestic policy implementations.® Christoff
recognizes a shift in public recognition of climate change, and
a subsequent shift in economic discourse from “old” to “new,”
signifying an explicit recognition of climate change. However,
Christoff asserts that failures of international commitments
undermined political momentum for decisive climate policy
and discourse. The failure of international commitment, spe-
cifically through the examination of the 2009 Copenhagen
climate negotiations, has spurred political opposition against
climate-positive legislation in favor of the economic argument,
which was evident in the divisive debates for carbon pricing.
The lack of urgency in climate action suggests that the consen-
sus disregarded the exigency and that politicians acted based
on the stances of their constituents. Furthermore, media focus
on divisive domestic debates, such as Carbon Pricing, further
eroded public support for climate action.

However, since then, there has been a significant shift in
both public awareness and urgency as well as public support
for tougher regulation, particularly among the younger gener-
ations. This means that the majority of Australians no longer
disregard climate as a problem. The shift is evident in signifi-
cant civil participation by environmental activists to influence
governmental policy, significant youth protest movements such
as Fridays for Future and Extinction Rebellion, as well as other
nationwide and grassroots climate justice protest movements
that represent a shift in public opinion. This is supported by
data that suggests that over 70% of Australians are concerned
about climate change.® While applicable at the time of writing
(2013), significant shifts in public opinion and intensive civ-
il participation for stricter environmental policies mean that
such an argument is no longer as accurate.

Role of Conservatives:

Other studies also point to the power of conservatives
within Australia’s major parties, specifically within the Liber-
al-National Party Coalition, which has dominated Australian
politics in the 2000s and 2010s. Crowley argues that there is

division within both the Liberal-National Party Coalition and
the Labor Party in the stance of the dominant parties on cli-
mate action. Conservatives utilize climate policy differences
to incite internal political dissent, resulting in conservatives
who are staunchly in support of mining being able to exert
influence within the party. This has resulted in a pro-min-
ing-driven narrative, with internal party politics and warring
internal factions being more instrumental in dictating positive
climate policy. Even with public support, it has not swayed the
government from adopting climate policies.” While conserva-
tives do exert significant influence, there have been instances
where pro-climate policy has been implemented or promised
because of public support and opinion. An example is How-
ard’s 2007 electoral commitment to an Emissions Trading
Scheme, despite being historically against it and despite incur-
ring significant protest and challenges from the conservatives.®
Another example is the federal approval of Snowy Hydro
2.0 under the Turnbull government, providing clean energy,
despite facing intense resistance from conservatives due to var-
ious reasons, such as opposition to the implementation of clean
energy and the high projected cost.” This demonstrates that
while conservatives have the power to delay or hinder policies
from being introduced, ultimately, public pressure and opinion
have the power to force action. Moreover, it does not explore
the impact of external sources of influence on the views of the
conservatives, which is then reflected in their position against
climate action. In this case, mining lobby groups help sway
conservatives to continue their anti-environmental policy de-
spite mounting public pressure.

Ineffective Government Institutions:

Others point to the role of ineffective domestic institu-
tions in supporting the introduction and implementation of
effective climate policy in Australia. MacNeil defines these in-
stitutions as “formal and informal procedures, routines, norms,
and conventions embedded in the organizational structure of
the polity or economy” under the federal government. Mac-
Neil argues that Australian climate policies have been largely
hindered by the political system locked in a highly polarized
debate around anthropogenic climate change and climate
policy. This creates a limited number of institutions that lack
the agencies and resources to create decisive policy to combat
climate change. This results in weak national policy, such as
the dismantlement of various institutions under the Abbott
government. These institutions are thus unable to protect the
national climate policy against the toxic national debate on
climate change, which results in varying policies dependent on
the current party in power. MacNeil further argues that the
climate policies that have been introduced by such institutions
are unable to take decisive action as they need to appease both
individuals and groups that support climate action, but also
anti-climate constituents, especially within elements of the
conservative Liberal party.’®

However, government institutions have not been as in-
effective as they seem. They have been quick to adopt
climate-related policy, which is evident in the responses to
proposed climate legislation and requests for mining expan-
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sion. Government institutions have been favorable to the
mining industry, as can be seen by the rejection of drastic new
environmental laws and approvals of mining expansion by
both major parties. This is largely attributed to the political
influence wielded by the industry. Even if these legislations are
not pro-climate, they are cases where government institutions
have acted efficiently, influenced by the industry. Moreover,
these arguments also do not address the core reason why such
climate discourses experience such high polarization. The
polarization has caused division within both the Labor and
Liberal-National Coalition Party, with many party members
becoming more conservative. The mining industry, through
lobby groups, swiftly passed policies related to the expansion
of mining.

B Methods

Theoretical Framework:

Past studies about campaign contributions argue that people
who donate money to political parties view it as an investment
for their interests, and once the party that they supported is
elected, they will gain something in return.® These could be
more beneficial policies, an amendment of legislation, a repeal
of a law, preventing a proposed law debated in Parliament from
being passed, tax cuts, and more. Joo-Cheong Tham argues
that “when judging what is in the ‘public interest’, the minds of
politicians will be skewed towards the interests of their finan-
ciers.”? These political donations lead to higher engagement
between legislators and lobby groups, leading to the interests of
certain political groups being heard more than others, skewing
political outcomes in favor of donors. These political donations
are important resources for political parties to run campaigns
and to fund other party ventures, with parties increasingly re-
lying on them. These donations financially pressure legislators
to act in favor of donors to secure future funding, informally
binding politicians to the interests of donors. Similarly, other
types of political spending, such as public relations campaigns
and advertising investments, can shift public opinion in favor
of the view of lobbyists and directly pressure governments to
act in accordance with the interests of the lobbyists.

N
/

Figure 1: Political Spending of the Mining Industry on National Climate
Policy Inaction. It represents the causal mechanism of how political spending
by the mining industry has impacted Australian climate policy outcomes.
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Figure 1 represents the core argument of my paper, demon-
strating the causal mechanism of political spending by the
mining industry and its subsequent impact on Australian cli-
mate policy. The political spending comprises donations to
the major parties and media campaign expenditure. Political
donations increase access to the major parties and allow pref-
erential hearing of the interests of the mining industry. This
permits them to directly influence the parties’ policy stances.
At the same time, media campaign expenditure shapes the
policy preferences of constituents, which indirectly pressures

the government to introduce favorable policies to the mining
industry. The combination of political donations and media
campaign expenditure influences the climate agendas of the
major parties. This has a direct implication on national policy-
making, resulting in climate policy inaction by the Australian
Government.

Case Study: Mining Industry in Australian climate politics:

The mining sector in Australia grew considerably into large,
industrialized corporations that run massive mines. Growth in
the industry was accentuated during the energy and miner-
al demand boom of the 2000s.”* By 2020, Australia was one
of the largest producers of coal and had proven reserves of
150.227 billion tons, a staggering 37.6% of global iron ore re-
serves, around 30% of global uranium reserves, and had large
reserves of many other precious metals and minerals such as
opal and nickel. Australia also remains one of the largest nat-
ural gas and oil producers globally, with 151.7 billion cubic
meters and 140.89 million barrels produced in 2023, respec-
tively.

The profits of these companies grew considerably with
increasing global demand due to mass industrialization, espe-
cially among developing industrial economies, notably China.
Substantial profits helped investment into the industry and
supported the growth of large mining giants such as BHP
and Rio Tinto.”® Through consolidation and involvement as
a stock company, these corporations have created a very high
market capitalization, highlighting their wealth."

Currently, mining makes up around 14% of the National
GDP,"” around 12% of National Output,'® and is the most
exported product. In the 2022-2023 financial year, it reaped
a revenue of $241.9 billion, accounting for two-thirds of the
national export revenue.”” In 2025, the mining industry em-
ploys around 324,800 individuals,® making it an important
factor for consideration when approving expansions and has
been touted as a key benefit of mining by the industry.

However, mining causes significant environmental degra-
dation both in the immediate vicinity and in its contribution
to anthropogenic climate change. It results in considerable
mechanical damage to the surrounding landscape and creates
acid mine drainage. Mining activities cause substantial soil
degradation, leading to acidic soil with lower soil pH,* and
contaminating local waterways through the leaching of heavy
metals and tailings into waterways, with abandoned mines
also contributing to water quality degradation.”> Moreover,
considerable amounts of harmful particulates and gases, such
as Sulphur dioxide, degrade air quality,”® and contribute to
global emissions through significant amounts of greenhouse
gases, such as methane and carbon dioxide, released as a result
of mining operations.* This results in negative environmental
outcomes for the local and global environment.

The large profits of the industry and its impact on Austra-
lia’s economy allow it to exert large amounts of influence in the
political landscape of the country, especially among the more
conservative parties such as the Liberal-National Coalition.
This has resulted in the development of a close relationship
between the government and lobbyists, notably between the
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Liberal National Party Coalition and the industry, with great-
er government support of extraction and exploration through
subsidies.”” The State and Federal Governments have active-
ly supported the growth and development of this industry by
providing substantial financial subsidies and tax breaks. The
government has also supported the industry by granting min-
ing tenements that give companies the right to construct and
extract from mines.?® In 2015, the Australian Government
provided $4 billion in subsidies, yet that has considerably
grown in the following decade to around $14.5 billion in the
year 2023-2024 to coal mines, oil, and gas operations.”

These financial supports divert funding from other aspects
of federal spending, including climate research or response,
and make fossil fuels a cheaper option than renewable alterna-
tives, disincentivizing a national shift towards renewable and
cleaner energy sources and technologies.”® These subsidies are
also very unpopular with the Australian people, with only 7%
of Australians supporting government subsidies for mines ac-
cording to a survey conducted by the Australian Institute.’

B Results and Discussion

In Australia’s case, political spending by mining corporations
aims to exert more influence and pass new legislation that sup-
ports the expansion of mining and prevents laws that would
economically harm the industry, such as stricter regulations
on mining approvals or laws that prevent further expansion.
This highlights the relationship between the government and
the industry, where industrial lobbyists, who act in the inter-
ests of mining companies, shape policy. The vested interests
of political spending by mining corporations are economic in
nature, striving to increase their profits and benefit investors.
Such spending has allowed the industry to exert a significant
influence on the government to enact favorable legislation,
contributing to climate inaction. This directly contradicts the
government’s climate promises and the general sentiment
within the Australian population that supports stronger gov-
ernmental regulation and intervention to better protect the
environment.

Political Donations:

Mining corporations have regularly used political donations
to exercise considerable influence on parties’ policy agendas,
most notably the conservative parties, such as the pro-mining
Liberal-National Coalition. This has been possible because
political parties in Australia are primarily run by private funds,
especially for federal election campaigns. The impact of finan-
cial donations on the parties is that the interests of the mining
industry are prioritized. The mining industry uses this money
to access business forums and other political events organized
by the major parties, influencing the party’s policy.?” Political
donations by mining corporations such as Rio Tinto, Glencore,
and BHP have allowed unparalleled access to the political and
economic events of the major parties.®

Financial donations have helped secure meetings between
the mining lobby and legislators and bureaucrats, where do-
nors aim to persuade politicians to introduce or block policy
in favor of the mining industry. This allows the constant en-

gagement of politicians with issues raised by donors through
frequent interactions with politicians and mining lobby
groups.’! As a consequence, it causes preferential hearing of
the interests of political donors over other concerns raised by
non-financiers, such as environmental activists, despite public
support of environmental action. An official Senate inquiry
into the corrupting effects of political donations highlights the
issue that Australians have recognized as a threat to proper and
fair democracy and its effect on skewed policies that favor the
interests of the mining industry.?

The most influential lobby group is the Minerals Council of
Australia, which pushes for financial subsidies and approvals
for the expansion of mining. In an Australian Senate Inqui-
ry into political donations in 2018, the Minerals Council of
Australia conceded that it has made political donations to gain
access to members of Parliament and directly lobby their in-
terests.?

Donations to major parties from the resource sector 2006-2016
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Figure 2: Political donations from the mining industry to major parties
(2006-2016). Adapted with permission from reference 32. Copyright 2017
The Australia Institute. Between 2006 and 2016, the majority of political
donations from the resource (mining) sector were given to the conservative
Liberal-National Coalition, notably during federal election years.

Australia is a multi-party system, but it operates like a sys-
tem with two major parties, the Australian Labor Party and the
Liberal-National Coalition. At each election, one of the two
major parties would win a majority of seats in Parliament to
form a government. They do not need to compromise with mi-
nor parties that are against mining activity, such as the Greens,
or with independent candidates. This is why political dona-
tions are focused on the Liberal-National Coalition and the
Australian Labor Party, because it allows the maximum impact
of political donations.

Based on the 2017 discussion paper, The tip of the iceberg:
Political donations from the mining industry by the Australian
Institute (Figure 2), between 2006-2016, the mining industry
donated $16.6 million to the 3 major parties. This included
71% of donations made to the Liberal Party, with the remainder
divided between the Labor and the National Party. However,
current reporting laws allow the mining industry to conceal
political donations below a certain threshold and make multi-
ple donations of small amounts without being disclosed.** By
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making large amounts of donations to the Liberal-National
Coalition, the mining industry has influenced the stance of the
Coalition. The Liberal Party has constantly supported natural
resource exploitation on the grounds of economic growth and
energy security. In addition, the mining industry utilizes fi-
nancial donations as a way to influence the Australian Federal
Election outcome. This money is used for campaigning and to
sway the climate agenda of the incoming government.

According to Figure 2, there has been a spike in donations
in the federal election years: 2007, 2010, and 2013. This ob-
servation is consistent with findings of Tello, Hazelton, and
Leong, who noted that corporate political donations drop
significantly during non-federal election years.*® The large
amount of donations in the 2010 election highlights the mo-
tivation of the mining industry to sway political outcomes on
legislation that would harm them, especially the mining profit
supertax proposed by Labor candidate Kevin Rudd. The exact
amount of political donations is likely to be much higher than
the declared amount, because donations under $16900 are not
required to be disclosed.* In 2022-2023 alone, 42% of private
income and 22% and 27% of total income of the Liberal and
Labor Party, respectively, came from undisclosed sources.*

In Figure 2, the skewed distribution of donations towards
the Liberal-National Coalition demonstrates the mining in-
dustry’s attempt to influence the federal election through
greater funding to the conservative party. Conservatives are
generally more supportive of the mining industry because of
its emphasis on the economic benefits of mining. They are
more concerned with maintaining the status quo, rather than
environmental sustainability, which does not have an imme-
diate effect on the livelihoods of voters. There are greater
concerns over the disruption of the mining industry, which
has economic implications. By passing laws favorable to the
mining industry, the conservatives can also win the support of
constituents who are in line with their party’s ideology.*®
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Figure 3: Total annual expenditure by major parties. Reproduced from
reference 37 under a CC BY-NC-ND 3.0 AU license. Between 1998 and
2021, the annual political expenditure of major parties increased, particularly
in Federal Election years.

The impact of political donations is intensified by the re-
cent phenomenon in which election campaigns are becoming
increasingly expensive. Based on the annual expenditure by
the major parties between 1998 and 2021 (Figure 3), there is
a massive increase in party expenditure during election years.
While it is understood that costs increase during election years
to fund election campaigns, in recent years, the amount has
grown considerably. In addition, the parties need to diversify
campaign strategies to attract new types of voters. They now
have to launch social media campaigns in addition to using tra-
ditional media such as radio and television. Thus, many parties
are increasingly reliant on big donations. Those with great-
er campaign funding can increase their visibility to national
audiences, retain supporters, and attract new voters. Budget
increases allow active public relations campaigns targeting
marginal and swing seats, where competition is very tight and
can be more easily won compared to less marginal or safe seats.

Election Year Total Votes
Labor Party Liberal-National Coalition Other candidates
1975 36 91 0
1990 78 69 1
2010 72 73 5
2022 7 58 16
2025 94 43 13

Figure 4: Australian federal election results - House of Representatives,
1975-2025. Data adapted from reference 38. Since 1975, seats in the House
of Representatives have shifted away from being wholly divided between the
Australian Labor Party and the Liberal-National Coalition to a more plural
composition, with increased representation of minor parties and independent
candidates.

In recent years, the House of Representatives in federal elec-
tions has become more plural due to the rise of independents
and minor parties. The Greens Party and non-party-aligned
Independent candidates are against mining. The Mining
Industry has tried to limit its influence and ensure that the
Liberal-National Party wins most seats. Figure 4 demonstrates
the shifting voting patterns for the House of Representatives
from 1975 to 2025, particularly in the years 1975, 2022, and
2025. Figure 4 illustrates the bipartisan voting pattern in 1975
for the House of Representatives, with the vote wholly split
between the Australian Labor Party and the Liberal-National
Coalition. The bipartisan voter trend allows the parliament to
be split between the two parties, making attaining a majority
to form a government easier and less complex. However, since
the election of the first Independent member to North Syd-
ney, Ted Mack, in 1990, there has been a rise in Independent
and Minor party candidates. The major parties declined, and
the rise of these other candidates has increased competition.
Instead of major parties competing against one another, they
now contend against smaller parties and Independents, split-
ting votes more.

In the 2025 election, based on YouGov, there was a rise in
the influence of candidates not representing the Labor Par-
ty or Liberal-National Coalition, with an increased projected
vote share compared to previous elections.” This has created
tighter races in all electorates for both major parties. In the
2025 election, non-major party candidates won thirteen seats,
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creating a large crossbench of non-major party parliamentari-
ans,* with a dramatic shift from zero seats in the 1975 election
to thirteen in 2025. The 2022 election results also reflect this
trend, where non-major party candidates won sixteen seats.
This is likely to continue in future elections, making more
seats unavailable to major parties to obtain a majority to form
a government.

This pattern has significantly magnified the importance of
campaign spending. The rise of the non-major parties and In-
dependents has meant that major parties must compete with
more parties for voters. In the 2025 election of the Sydney
electorate, Bradfield, the voter margins were one of the lowest
recorded in history, with the Independent candidate winning
by 26 votes.

In sum, mining companies have used financial means to in-
fluence key parties and their stances on climate policies. They
have utilized political donations to support the party most
aligned with their interests.

Media Framing:

As climate change has become a more pressing issue, public
opinion has shifted towards greater support for environmental-
ly beneficial reforms and a transition towards renewable energy.
Public support for government action to address climate change
has been a threat to mining corporations. In a report by the
Commonwealth Scientific and Industrial Research Organiza-
tion (CSIRO),* 64% of Australians agreed, or strongly agreed,
that collective efforts can reduce the negative effects of climate
change. Furthermore, 81% were at least somewhat interested
in the energy transition. The mining corporations have tried to
sway public opinion through advertisements, public relations
campaigns, media partnerships, and social media campaigns.
Given that in a democracy, the government acts in the interests
of voters, shifting public opinion will directly influence policy
outcomes.

The mining industry has conducted advertisements that
emphasize its role in economic growth and job creation.
Advertisements create a perception of minimal effects on en-
vironmental impacts.”? For instance, Woodside Energy, one
of Australia’s largest mining corporations, framed mining as
a way to increase jobs and economically benefit communi-
ties. Subsequently, by shifting constituent policy stances, the
industry has influenced the climate agendas of the major par-
ties. It successfully brands itself as a company that engages in
carbon-reducing behavior and emphasizes continued com-
mitment to a sustainable future by setting out clear net-zero
emissions by 2050. It has continued campaigning and seeking
approval for mining expansions. It gained approval in May
2025 to extend the operation of its North West Shelf Gas
Plant in Western Australia to 2070, 20 years after its net-zero
claims.*® These advertisements attempt to address constituent
concerns by assuring people that mining activities are adapting
to net-zero goals and are transitioning towards clean mining
practices.

In 2025, the Ad Standards Community Panel, an Austra-
lian advertisement regulator, found that Hancock Prospecting,
a mining conglomerate, had intentionally misled consumers

with its unsubstantiated claim that its gas was clean, violating
environmental codes that advertisers are required to abide by.*
The use of media campaigning permits the industry to reframe
the environmental consequences of mining and create a per-
ception that mining practices are harmless.

Another instance was the mining industry’s threats towards
a proposed windfall profit tax, in the context of its increased
revenue from higher gas and coal prices following Russia’s
invasion of Ukraine. Supporters of the windfall tax, such as
Richard Denniss argue that “the fact that companies are mak-
ing these record profits while Australians struggle with the cost
of living crisis is likely why almost 9/10 Australians support
Government intervention into the energy market, according
to...certified research.”® As a response, the Mineral Council
of Australia pushed back, arguing that “we can’t afford to see
jobs go in regional Australia...we can’t afford to see invest-
ment slow down.” The spokesperson for the Minerals Council
of Australia, Tania Constable, announced the intention of the
council to start a substantial advertising campaign focused on
the economic implications, similar to the one that ended the
Mining Super Profits Tax proposed by the Rudd Government,
if such a policy were to pass. After the statement was made,
the proposal was not passed by the government after careful
consideration and consultation with the lobbyists.*

Policy Outcome: Climate Inaction:

The mining industry has continued to employ its financial
means to block any legislation that would financially affect it or
hinder its ability to obtain policy approvals. This often clashes
with public opinion, which wants the Australian government
to actively take steps to protect the environment and mitigate
any further pollution and degradation caused by the mining
industry.

Mining lobbyists have exerted significant influence on cli-
mate discourse and national policy to combat climate change
since the earliest attempts and pledges for environmental ac-
tion. The first policy promise was during the Labor government
under Bob Hawke, which agreed to international cooperation
at the 1988 Toronto Conference on Climate Change, pledging
a 20% reduction in greenhouse gases from the 1988 levels by
2005. It was followed by the proposal to the cabinet in 1989
and the subsequent failure to adopt it in 1990. Despite the
promise of change, policy inaction continued throughout the
remaining term of Hawke, the following government under
Paul Keating, and particularly during the term of the Liberal
Party under John Howard until 2007. Inaction under Keat-
ing was largely attributed to political challenges in the wake of
the 1990s recession.*” Under the Howard government, climate
policy was under significant influence of mining and energy
sector lobbyists, despite pressures from scientists, environmen-
tal organizations, and business groups such as the Business
Roundtable on Climate Change.* Pearse, in his book High and
Dry, highlights the pervasive nature of representatives of lobby
groups of major polluting industries, especially mining, which
was referred to as the ‘greenhouse mafia’, in industry and gov-
ernmental positions that dictated policy under Howard. The
political influence of the mining industry during the Howard
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government between 1996 and 2007 prevented climate action
that could negatively impact the industry. As a result, there
was a decade of significant inaction during a critical period,
and the Howard Government attempted to jeopardize inter-
national cooperation in climate change. It rejected ratification
of international climate agreements such as the 1997 Kyoto
Protocols and promised the public that no further goals were
being considered.”® This was despite extensive advocacy from
various environmental groups, members of the public, many
government personnel, and politicians.*

One of the first instances of direct political intervention by
mining companies is their response to the proposed super tax
on mining profits by Kevin Rudd. While this was not directly
related to the environmental issue, it demonstrated the power
of the mining industry. In May 2010, Prime Minister Kevin
Rudd introduced a highly debated 40% Resource Super Profits
Tax on mining companies. Government ministers supported
this proposal as it would bring greater government revenue and
distribute the benefits of the recent mining boom to citizens. It
was further supported by scholars as the key recommendation
of the 2010 Australia’s Future Tax System Review Final Report
commissioned by Treasury Secretary Ken Henry.*

The mining industry was alarmed by the prospect of a 40%
tax on its revenue. Spearheaded by the Minerals Council of
Australia and mega-mining corporations such as Rio Tinto
and BHP, the mining industry began a costly media campaign
amounting to $22.2 million, attacking the tax with contested
claims. The media campaign pressured the Labor Party to re-
place Kevin Rudd with Julia Gillard, who negotiated a much
weaker tax on mining profits.’! In their study, Bell and Hind-
moor concluded that the super tax ultimately failed because the
mining industry was able to persuade a large number of voters
that the tax would be economically deleterious.™

The mining supertax would have generated a significant
taxation income, amounting to more than $200 billion in the
following decade, for the government to spend on other ini-
tiatives. This included potential spending on environmental
protection and for climate policy implementation, with proj-
ects that would benefit Australians, especially because most of
the shares and profits of mining companies are owned by for-
eign investors. While some argued that the high amount of tax
is unsustainable, the mining industry reaped immense profits
due to the global boom, amounting to $51 billion in 2009-
2010 alone, and a continued projected growth for the coming
decade.” The high profits of the industry would have allowed
the industry to afford the tax while maintaining high profit
margins.

Moreover, the political influence of lobby groups has mar-
ginalized indigenous groups, who opposed mining activities
on sacred lands. Indigenous culture is deeply connected to the
land, which makes up a fundamental part of their spirituali-
ty. They believe in their responsibility in protecting the land
as traditional custodians.’* Indigenous groups campaigned
against the construction of the Carmichael Mine, which was
proposed by Adani Enterprises, an Indian industrial con-
glomerate, to the Queensland Government in 2010. Adani
submitted an application to construct one of the world’s larg-

est greenfield coal mines, with supporting infrastructure in the
Galilee Basin on traditional Wangan and Jagalingou lands.
From the start, the local Indigenous community vehemently
protested the construction over major environmental concerns
to their traditional homelands, affecting local groundwater,
ecosystems, and endemic species, especially with Adani’s histo-
ry of development that incurred damages to the environment.
Local groups rejected Adani’s proposed Indigenous Land Use
Agreements that would extinguish native title rights. The In-
digenous community launched a well-publicized “Adani, No
Means No” campaign and took legal action that attracted sig-
nificant public support. This created mass controversy during
the 2017 Queensland State Election, which resulted in a shift
in the government’s position by removing $1 billion in federal
funding to reduce electoral backlash. However, the government
continued to support the approval.®® The mining lobby sup-
ported the construction of the mine and sought governmental
backing of the project. They secured 191 contacts between
them and the government and around 60 meetings with senior
ministers in 2018, before the final approval.® The powerful in-
fluence of the mining lobby led to governmental support of the
project. Furthermore, Adani, mining lobbyists, and many state
officials propagated false messages on the benefits of the mine,
which claimed it would create 10,000 jobs despite the realistic
projection of 1464 jobs according to the testimony of Adani’s
own economist.”” They also disseminated false claims of “sus-
tainable mining,” despite expansive research and case studies
that contradict this.”®

In spite of the public support for decarbonization and gov-
ernment promises for action, the continued influence of the
industry is shown in the number of mining project approvals by
the Labor Government in 2024. The environmental minister
approved many proposals, including 7 major mining projects,
encompassing the expansion of four coal mines that will re-
lease more than 850 million tons of CO, over their lifetime,
close to double the amount of annual national emissions.’*?
These approvals faced public backlash and undermined Aus-
tralia’s goal of becoming a leader in global climate action and
its bid to host COP31. Furthermore, later in the year, three
more coal mine expansions were approved,” with the govern-
ment defending its decision by saying that it is in accordance
with “facts and the national environment law”. However, the
Australian Conservation Foundation estimated that the proj-
ects would generate 1.3 billion tons of greenhouse gas.®* While
the Liberal-National Party coalition, the conservative party, is
traditionally more influenced by the mining industry, the min-
ing expansion approvals reflect the influence it has on both
sides of the political spectrum. Labor contradicted its 2022
Federal Election promises, which regarded climate change as a
central issue. The outcome of the ABC Vote Compass Survey
indicated that climate change is the number one priority for
voters.®® Officially, the party’s climate commitments are against
new mine expansions, but it is evident that policy is shifting in
favor of the mining lobby.

Contrary to the previous argument on the ineffectiveness of
government institutions as a factor resulting in climate policy
inaction, government institutions have acted efficiently in cli-
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mate-related policy, especially in mining expansion approvals.
Under the Environmental Protection and Biodiversity Con-
servation Act 1999, mining expansions that affect important
national environmental outcomes, as stated in Matters of
National Environmental Significance, such as water resourc-
es that relate to unconventional gas development and major
coal mines, or threatened species and ecological communities,
require approval from the Department of Climate Change,
Energy, the Environment and Water (DCCEEW ).% In recent
years, there have been a large number of approvals by the DC-
CEEW, through the Minister of Water and Environment. This
demonstrates the efficiency of these institutions in passing cli-
mate-related policies. However, these approvals undermine
Australia’s net-zero goals and are anti-climate.

In 2025, the Labor Government abandoned ‘nature posi-
tive’ laws that would create a government agency to enforce
decisions made under environmental laws. The agency would
be able to stop mining activities and audit businesses to en-
sure compliance with laws. Due to pressure from the mining
industry before the Western Australian State Elections, these
laws were not introduced because of objections from the state
government. The environmental spokesperson of the Austra-
lian Greens Party, Sarah Hanson-Young, highlights that “the
prime minister has again caved to the vested interests of the
Western Australian mining industry.”®® These actions directly
contradicted Labor election promises, with the proposed agen-

cy being a key promise of the 2022 Federal Election.®”

B Conclusion

As the world is transitioning to a green future powered by
renewable energy and sustainable development, global efforts
are slowly phasing out high-emitting sectors, including min-
ing. The mining industry in Australia has employed significant
amounts of resources, through financial expenditure, in order
to influence major political parties through lobbies and media
campaigns. The mining industry has played a big role in pre-
venting meaningful and sustainable national policies and has
hindered Australia’s transition away from a heavy carbon econ-
omy. Australia has continued to be a leader on the global stage
in combating anthropogenic climate change, but the influence
of the mining industry undermines the government’s credi-
bility. If this continues, Australia will be unable to address its
climate goals and face global backlash by breaching the legal-
ly binding Paris Agreement. Moreover, Australia’s extractivist
economic model, characterized by the over-reliance on finite
resources in an increasingly decarbonizing world, risks its long-
term development as many other nations are transitioning
their economies to a sustainable model. One limitation of this
research is that it does not make use of originally collected data.

In future research, it can be investigated why non-profit or-
ganizations and climate activists have been overshadowed by
the interests of the mining industry. Another research study
could look at the role of supranational organizations in shifting
climate discourse and the national climate agenda. Moreover,
the mobilization of social media on the campaign against
mining expansion can be further examined. Finally, the rise

of the far-right One Nation party threatens to erode the po-
litical influence of the current conservative coalition, which
could change the current relationship with the mining indus-
try. This can profoundly alter the current political landscape
of Australia, leading to potential shifts in the attitudes of the
government on climate policy. This might further intensify the
influence of the mining industry in the future.
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B REVIEW ARTICLE

ABSTRACT: Epilepsy is a devastating neurological condition affecting an estimated 50 million individuals worldwide, arising
from neuronal hyperexcitability due to disrupted excitatory-inhibitory balance. Mutations in the LGI1 (leucine-rich glioma
inactivated 1) gene are the most common cause of Autosomal Dominant Lateral Temporal Lobe Epilepsy (ADLTE), a condition
characterized by auditory and aphasic auras, often progressing into focal seizures. Moreover, the production of anti-LGI1 antibodies,
inhibiting LGI1-ADAM22/23 interaction through blocked binding sites, causes anti-LGI1 Autoimmune Encephalitis, a distinct
AE subtype. Patients with this condition suffer from memory disturbance, seizures, and may exhibit psychiatric symptoms (e.g.,
hallucinations, delirium). These pathophysiological mechanisms of LGI1 dysfunction (genetic and autoimmune) both give rise
to epileptic conditions. Thus, it is a significant protein in understanding the molecular biology behind epilepsy and may have
implications for the future of diagnosis and treatment of epilepsy. This literature review focuses on the structure, physiological
function, and seizure-related disruption of LGI1, which regulates AMPA-R clustering through LGI1-ADAM22/23 and PSD95

interaction, linking presynaptic and postsynaptic proteins to stabilize excitatory synaptic transmission.
KEYWORDS: Medical and Health Sciences, Neurobiology, Epilepsy, Synaptic Transmission, LGI1.

B Introduction

Epilepsy is one of the oldest and most common neurologi-
cal conditions known to mankind, affecting individuals of both
sexes and all ages.» The World Health Organization estimates
that 50 million individuals worldwide have a diagnosis of epi-
lepsy at any given time.* It is a chronic disorder characterized
by recurrent, unprovoked seizures; seizures are alterations of
neurologic function caused by the excessive, hypersynchronous
discharge of neurons in the brain.** Symptoms of epilepsy in-
clude loss of consciousness, anxiety, confusion, staring spells,
muscle jerking/twitching, and muscle stiffness, as shown in

Figure 1.6

Epilepsy is a disorder involving
abnormal electrical activity in
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Figure 1: Epilepsy symptoms and neuronal role. Schematic illustration
depicting a focal region of abnormal neuronal activity within the brain, with
a simplified representation of a neuron highlighting disrupted excitatory-
inhibitory signaling. Excessive glutamatergic excitation and reduced
GABAergic inhibition increase neuronal firing through altered ion fluxes (e.g.,
Kz, CI', Na*), leading to hyperexcitability and seizures. Symptoms include: loss
of consciousness and confusion arising from disruption across many brain
regions, staring spells indicating impairments of awareness, and involuntary

muscle movement arising from abnormal neuronal activity. Created using
biorender.com.
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As depicted in Figure 1, normal neuronal function involves
receiving a mix of transmitted signals. Glutamate (released
at excitatory synapses) binds to receptors and increases the
likelihood of the neuron firing an action potential, whereas
GABA (released at inhibitory synapses) binds to receptors and
decreases the likelihood of the neuron firing an action poten-
tial.”® The excitatory/inhibitory balance determines whether a
neuron becomes active or remains silenced; in epilepsy, seizures
are caused by hyperexcitability stemming from this imbalance,
causing groups of neurons to become hyperexcitable and fire
in a hypersynchronous manner, producing sustained abnormal
discharges in the brain.*'

Most epilepsy pathophysiology mechanisms can be grouped
into channelopathies, synaptopathies, structural abnormalities
of the brain, and autoimmune mechanisms. Channelopathies,
or ion channel dysfunction, are caused by mutations in volt-
age-gated or ligand-gated ion channels, which alter neuronal
excitability, leading to repetitive firing.''* Synaptopathies, or
synaptic protein dysfunction, involve abnormalities in proteins
that govern synapse regulation, altering neuronal excitability
and disrupting the excitatory/inhibitory balance.” Structural
abnormalities causing epilepsy include malformations of corti-
cal development,'* or acquired causes such as brain tumors or
trauma. Autoimmune mechanisms arise due to autoantibodies
against synaptic proteins (e.g. anti-a-amino-3-hydroxy-5-
methyl-4- isoxazolepropionic-acid receptor (anti-AMPAR),
anti-N-methyl-D-aspartate receptor (NMDAR)), which
cause protein dysfunction, leading to hyperexcitability in auto-
immune encephalitis.’>*

Another way of categorizing epilepsy cases is by seizure type.
There are three major categories of epileptic seizure types clas-
sified by the International League Against Epilepsy (ILAE),
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most recently revised in 2017."7 The first category is epilepsy
characterized by focal (partial) seizures, which have a specific
origin in the brain; they can be further subdivided into focal
aware seizures, in which consciousness is preserved, and focal
impaired awareness seizures, in which consciousness is disrupt-
ed or lost.™®" The second category is epilepsy, characterized by
generalized seizures, which occur in both hemispheres of the
brain simultaneously.?® The third category involves seizures of
unknown onset, if there is insufficient information to classify
them."”

To understand the molecular biology of epilepsy, it is im-
portant to analyze different mechanistic categories of epilepsy
pathophysiology, especially through the lens of proteins whose
dysfunction gives rise to epileptic phenotypes. One such pro-
tein is LGI1, which is particularly relevant to epilepsy research
due to its dual vulnerability to two mechanistic categories of
epilepsy pathophysiology mentioned above: synaptopathies
and autoimmune disorders. In Autosomal Dominant Lateral
Temporal lobe Epilepsy (ADLTE), inherited mutations in the
LGI1 gene impair excitatory-inhibitory balance and synaptic
maturation.?’ In anti-LGI1 Autoimmune Encephalitis (AE),
antibodies disrupt LGI1’s extracellular interactions.” Despite
their distinct origins (genetic versus autoimmune), the mech-
anisms causing ADLTE and anti-LGI1 AE affect the same
proteins, and both produce epileptic phenotypes. Therefore,
LGI1 is shown to have a central role in maintaining synaptic
integrity and to be suitable as a model of synaptic vulnerability.
This review analyzes the molecular mechanisms underlying
ADLTE and anti-LGI1 AE through the LGI1 network, and
discusses the implications of this analysis on our understand-
ing, diagnosis, and treatment of epilepsy.

B Discussion

LGI1 (leucine-rich, glioma inactivated 1) has emerged as
a particularly suitable model of synaptic vulnerability in epi-
lepsy. LGI1 is uniquely positioned at the excitatory synapse,
where it forms trans-synaptic complexes to maintain the sta-
bility of synaptic transmission. Disruption of this role is linked
to epileptic phenotypes exhibited in ADLTE and anti-LGI1
Autoimmune Encephalitis. Therefore, a thorough analysis of
LGI1 provides an opportunity to examine the relationship be-
tween synaptic dysfunction and epilepsy.

LGI1-mediated protein interaction at the synapse:

LGI1 (leucine-rich, glioma inactivated 1) is a secreted
neuronal synaptic protein that plays key roles in excitatory
neurotransmission, synaptic maturation, and maintaining net-
work stability.”® In a study, purification of neuronal LGI1 led
to the isolation of abundant components of the LGI1-medi-
ated protein complex. The relevant proteins in understanding
LGI1 protein network function include ADAM22 and other
ADAM family members (ADAM?23, 11) and Post Synaptic
Density Proteins (PSD95, PSD93).2

ADAM22 is associated with the PSD95 complex found
in excitatory postsynaptic densities; ADAM?22 has a short
C-terminal intracellular sequence that anchors it to PSD95
through its PDZ domain.®® PSD95 anchors AMPA recep-

tors by interacting with Stargazin, a TARP (transmembrane
AMPA-R regulatory protein).?** The LGI1-ADAM?22
complex stabilizes AMPA receptors by reinforcing their con-
nection to PSD95, making it essential for efficient regulation
of excitatory neurotransmission. It has been shown that the
LGI1-ADAM22 complex forms a tether that aligns presynap-
tic glutamate release sites with postsynaptic AMPA receptors,
proving it is fundamental for transsynaptic nanoalignment, as
shown in Figure 2.% Although LGI1 has been proven to bind
ADAM23 through ELISA tests and transfected HEK cells,
there is still uncertainty surrounding their direct interaction
and physiological function.?®* However, ADAM?23 is a major
receptor of LGI1 and is likely to play an important role, pre-
sumably in regulating neurotransmission.*

. Pre-
LGI1-mediated Syn;epse

O.{ﬂ synaptic transmission

Synaptic
Terminal

/
anm |
/ ) 'Y

Post-
Synapse

Figure 2: LGI1 in the trans-synaptic space. Schematic depicting transmission
between excitatory neurons (from nerve endings of one neuron to dendrites
of another) at the synaptic terminal. Calcium ions flood into the presynaptic
terminal, causing vesicles to fuse with the membrane and release glutamate
neurotransmitters into the synaptic cleft. Glutamate diffuses across the cleft
and binds to AMPA receptors, which in turn causes an action potential in
the postsynaptic neuron. LGI1 mediates this process by binding ADAM22
(postsynaptic) and ADAM23 (presynaptic), forming a transsynaptic tether.
As ADAM?22 interacts with the PSD95 scaffolding protein, the LGI1-
ADAM?22 complex stabilizes and clusters AMPA receptors by reinforcing
their connection to PSD95 (which indirectly interacts with AMPA receptors
through stargazin, a TARP). For the sake of simplicity, this diagram does not
depict the complex 3:3 heterohexameric LGI1-ADAM22 assembly, showing
only the interaction of LGI1 molecules with ADAM22/23. Created using
biorender.com.

LGI1 protein structure:

LGI1 is a glycoprotein with a molecular mass of approxi-
mately 60-64 kDa.?”* LGI1 is a member of the leucine-rich
glioma inactivated family, which consists of secreted glyco-
proteins with a leucine-rich repeat domain, or LRR, and an
epitempin domain, or EPTP, also known as the epilepsy-as-
sociated repeat domain (EAR).*" A computational rendering
of the structure described below is depicted in Figure 3. The
LRR domain contains four LRR repeats, flanked by LR-
RNT (leucine-rich repeat N-terminal, the start of the chain)
and LRRCT (leucine-rich repeat C-terminal, the end of
the chain).*> Both the N-terminal and C-terminal are cys-
teine-rich and form intramolecular disulfide bonds that ‘cap’
the ends of the LRR solenoid, reinforcing its structural in-
tegrity, which is crucial to LGI1’s role as a secreted protein.™

The EPTP (epitempin) domain has seven EPTP repeats,
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which fold into a structure that resembles a conical doughnut,
known as a seven-bladed p-propeller; each blade is composed
of a four-stranded antiparallel B-sheet.** Notable features of
LGI1 EPTP are the disulfide bond inside the p-propeller and
a Ca? ion bound inside the central channel, which stabilize
the whole p-propeller structure and ensure correct orienta-
tion.” The name epitempin comes from the observation that
this domain is found in LGI1 and another epilepsy-associated
protein, GPRI8 (a G-protein-coupled receptor).* Mutations
in epitempin-encoding genes LGI1 and GPR98 both produce
auditory symptoms such as noise-induced seizures or deaf-
ness.’

Structure of LGI1
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Figure 3: LGI1 protein structure. (A) Computational rendering of the LGI1
structure shows a sideways view of the EPTP domain B-propeller structure;
B-pleated sheets are visible. LGI1 predominantly features f-pleated sheets in
both its EPTP and LRR domains; it features minimal to no o«-helices. (B)
Another orientation of the LGI1 protein is shown, including a front view
of the B-propeller structure consisting of seven four-stranded antiparallel
fB-sheets folded into a doughnut-like shape, as well as the LRR domain and its
fB-pleated sheet composition. Source: alphafold.com.

The LGI1-ADAM?22 complex:

ADAM family proteins consist of multiple domains, in-
cluding a metalloproteinase domain, a disintegrin domain, a
transmembrane domain, a cytoplasmic carboxy (C)-terminal
tail, and an epidermal growth factor (EGF)-like domain.?#
Eight of twenty-one ADAMs lack functional zinc metallopro-
teinase domains and are instead associated with protein-protein
interactions instead of membrane protein ectodomain shed-
ding (a type of post-translational modification).* Three
ADAM proteins (ADAM?22, ADAM23, ADAM11) bind to
LGI1 and are solely expressed in the central nervous system.*
ADAM22, the first major receptor of LGI1, has an intracellu-
lar domain that interacts with PSD-95 and AMPA receptors
in the postsynaptic density, and an extracellular domain, or
ECD, which interacts with LGI1 to govern transsynaptic na-
noalignment.** The seven-bladed p-propeller of LGI1 forms
a hydrophobic pocket, and the metalloprotease-like domain
of ADAM22 inserts into the hydrophobic pocket, forming a
tight link, but without covalent bonding, as shown in Figure
4A 3544

Structural analysis through crystallization of the LGI1-AD-
AM22 complex revealed a 2:2 heterotetrameric assembly,
meaning two LGI1 molecules and two ADAM22 molecules
form a four-part complex, where each LGI1 binds to one
ADAM22, and LGI1 molecules interact with each other.?” In
this way, it was proposed that LGI1 bridges two ADAM22

molecules through LRR-EPTP interaction of adjacent LGI1
molecules.®® This 2:2 tetrameric configuration was further
supported using cryo-electron microscopy analysis.* How-
ever, recent cryo-electron microscopy analyses have suggested
the existence of a 3:3 heterohexameric higher-order complex,
which forms a ring-like structure (where each LGI1 bridges
two ADAM?22 molecules), depicted in Figure 4B.2#* This
evolution in structural understanding suggests a more stable
and functionally relevant synaptic architecture.

ADAM23, the second major receptor of LGI1, has an
intracellular domain in the presynaptic density and an extra-
cellular domain that interacts with LGI1. It likely interacts
with LGI1 in a manner similar to ADAM?22, since the amino
acid sequence similarity between ADAM?22 and ADAM?23 is
relatively high in humans (approx. 50%)."4

SLGIM1-ADAM22 3:3
¢ heterohexameric
assembly

A LGI1-ADAM22 complex B

N/ ECD
Figure 4: LGI1-ADAM22 complex and 3:3 heterohexameric assembly. (A)
The metalloprotease-like domain (ECD) of ADAM22 interacts directly with
LGI1 EPTP by inserting into the hydrophobic pocket created by the seven-
bladed B-propeller. LGI1 LRR interacts weakly/indirectly with ADAM22
ECD, providing structural support. (B) Three LGI1 molecules associated with
three ADAM22 molecules in a symmetrical ring-like arrangement, forming
a 3:3 heterohexameric higher-order assembly. The assembly stabilizes the
LGI1-ADAM22 complex and allows it to perform its functions (organizing
AMPA  receptors via ADAM?22-PSD95 interactions, etc.). Structure
determined experimentally by cryo-electron microscopy (cryo-EM). Source:
RCSB Protein Data Bank.

LGI1 pathogenic mutations in ADLTE:

Autosomal dominant lateral temporal lobe epilepsy (AD-
LTE), also known as autosomal dominant partial epilepsy with
auditory features (ADPEAF), is a genetic focal epilepsy syn-
drome characterized by recurrent seizures with aura suggestive
of a lateral temporal lobe onset.*** The lateral temporal lobe
(especially the superior temporal gyrus and middle temporal
gyrus) houses primary and association auditory cortex and the
language comprehension area. Therefore, ADLTE symptoms
include auditory auras and aphasic auras, often progressing to
focal seizures. Visual and olfactory symptoms have also been
reported.**0

Interestingly, déja vu, defined by V.M. Neppe in 1983 as “any
subjectively inappropriate impression of familiarity of a pres-
ent experience with an undefined past”, has been reported as a
predominant feature of seizures in ADLTE patients in several
°152 The explanation can be inferred by an experiment
done by Halgren in 1978, who proved that a ‘dreamy state’,
consisting of vivid memory-like hallucinations and déja vu,
can be evoked by electrical stimulation of the lateral temporal
neocortex, as a result of spontaneous seizures.*

cases.
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ADLTE is associated with inherited mutations in the LGI1,
RELN, and MICAL1 genes.* This literature review focus-
es on the primary, most common cause of ADLTE, which is
LGI1 and its pathogenic mutations. Several secretion-positive
mutations, including R474Q_and R407C, impair LGI1’s abil-
ity to bind to neuronal receptors ADAM22/23 by altering its
EPTP domain, which is crucial for receptor binding.> The
R474Q_mutation disables the tripartite complex assembly of
ADAM22, ADAM23 and LGI1 by disrupting LGI1-LGI1
interaction. Many secretion-defective mutations cause pro-
tein misfolding, including A110D, 122K, and R136 W. Other
secretion-defective mutations cause disruption of disulfide
bonds, including C46R (disruption of the disulfide bond
with C55) and C200R (disruption of the disulfide bond with
C177).24%7% These mutations, among others, are named and
organized by location in Figure 5.

LGI1 pathogenic mutations

LRR EPTP

LRR LRR

1 -CT 7

2| (3|4 7 Secretion defective
Secretion competent
Not examined
2R

DSIG. 1827 | I122K Rid6W CITOR L2328 12081
AT10D 1122T S145R W183R F226C FCHSC TsaOA

E123K LisdP C200R E383A

Cior L214P RA407C

R47AQ

Figure 5: Pathogenic LGI1 mutations. Diagram showing known pathogenic
LGI1 mutations, separated into secretion-defective (causing misfolding or
disruption of disulfide bonds), secretion-competent (LGI1 is secreted, but
there is disruption of binding to ADAM22 or other LGI1 molecules), and
not experimentally examined. The mutations are organized by the location on
LGI1 they affect; the LRR domain is split into the N-terminal, C-terminal,
and 4 LRR repeats, & the EPTP domain is split into the 7 EPTP repeats. As
shown, all secretion-competent mutations known affect the EPTP domain.
Created using biorender.com.

Pathogenic LGI1 mutations, regardless of secretion sta-
tus, disrupt LGIT’s physiological function, which is to bind
ADAM22/23, forming a transsynaptic tether.”” Secretion-de-
fective mutations cause LGI1 to misfold and be trapped in the
endoplasmic reticulum, unable to be secreted into the synaptic
cleft to bind ADAM?22/23. Secretion-competent mutations
prevent LGI1 from properly binding to ADAM?22/23, break-
ing the transsynaptic complex.’® This causes AMPA-R
clustering to be disturbed, and the excitatory/inhibitory bal-
ance is not fully maintained, leaning towards hyperexcitability
(especially in the lateral temporal cortex, a region where audi-
tory and association processing is abundant).””*®

Beyond its central role in maintaining AMPA receptor clus-
tering in mature synapses, LGI1 is also a regulator of synaptic
maturation and participates in broader developmental process-
es.” In murine models, LGI1 mRNA and protein are expressed
during embryonic brain development, and expression persists
and often increases postnatally. Studies emphasize its func-
tional importance during the postnatal period, suggesting its
role in synaptic maturation.’®®' Expression of LGI1 during
development follows an orchestrated pattern and is regionally
specific, particularly in cortical and temporal regions (which
show seizure susceptibility). This implies that LGI1 may be
involved in shaping brain architecture and neuronal function
during brain development. Therefore, in ADLTE, patho-
genic LGI1 mutations are likely to disrupt not only synaptic

stabilization at mature excitatory synapses but also synaptic
maturation, leading to hyperexcitability in regions susceptible
to epilepsy, such as the lateral temporal cortex.

Anti-LGI1 autoimmune encephalitis:

Autoimmune encephalitis (AE) comprises a group of in-
flammatory brain disorders characterized by acute or subacute
onset of symptoms, including seizures, memory impairment,
altered consciousness, and behavioral change.®*** They are
caused by immune responses against neuronal antigens, often
autoantibodies against antigens localized on the neuronal cell
surface or at synapses, leading primarily to functional neuronal
disruption (as opposed to structural disruption).®®

Anti-LGI1 antibody-associated autoimmune encephalitis,an
AE subtype, is the second most prevalent autoimmune enceph-
alitis after anti-N-methyl-D-aspartate receptor (NMDAR)
encephalitis, accounting for 20-35% of seropositive cases.*
Other AE subtypes include anti-NMDAR, anti-CASPR2,
anti-GABAR, and anti-AMPAR.%” Patients with anti-LGI1
antibodies develop symptoms of limbic encephalitis, manifest-
ing in memory disturbance, distinct seizure types, confusion,
etc. Patients may also show psychiatric symptoms such as hal-
lucinations, delusions, and delirium with disorganized speech.®”

At the molecular level, LGI1 antibodies associated with
limbic encephalitis inhibit LGI1-ADAM22/23 interaction by
targeting the EPTP domain of LGI1, greatly reducing synap-
tic AMPA receptor clusters.® Reduced LGI1-ADAM22/23
interaction is the most reasonable pathogenic mechanism for
limbic encephalitis. This is supported by the fact that genet-
ic deletion of LGI1 or ADAM22/23 causes lethal epilepsy in
murine models and is further backed up by the presence of
secretion-defective LGI1 mutations in ADLTE.*® Although
knowledge on the precise mode of action of LGI1 antibod-
ies remains incomplete, synaptic autoimmune disorders are
thought to involve antibody-mediated dysfunction of target
ion channels and key synaptic proteins, such as NMDAR and
AMPAR, leading to network hyperexcitability, causing sei-

zures.®’

B Conclusion

Epilepsy is a common neurological condition caused by
the disruption of excitatory-inhibitory neuronal balance (hy-
perexcitability), leading to seizures. As previously discussed,
LGI1 is a fundamental regulator of synaptic transmission, as
LGI1-mediated interactions with ADAM22/23 and PSD95
are essential in AMPA-R clustering; it is uniquely positioned
to act as a transsynaptic ‘tether’, linking presynaptic and post-
synaptic proteins. ADLTE and anti-LGI AE represent two
distinct mechanisms causing epilepsy (one genetic and one
autoimmune) that converge on the same molecular pathway
involving dysfunction of LGI1-mediated synaptic stabiliza-
tion. In ADLTE, pathogenic mutations impair the secretion
of LGI1 or its ability to form a functional complex with
ADAM22/23,whereas in anti-LLGI1 AE, autoantibodies block
this interaction at the synapse. Another significant difference is
that ADLTE is a developmental disorder arising from abnor-
malities during brain development, while anti-LGI1 AE is an
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acquired disorder that develops after normal brain develop-
ment (as a result of autoantibodies). However, both conditions
destabilize AMPAR clustering and disrupt excitatory neuro-
transmission, leading to hyperexcitability in the network. This
similarity highlights LGI1 as a critical player in seizure sus-
ceptibility.

One diagnostic implication involves genetic testing for
LGI1 mutations in ADLTE; however, in practice, genetic
testing for LGI1 may not be widely performed. This may be
due to the presence of other possible gene mutations causing
ADLTE (such as RELN), although LGI1 mutations make up
most cases. It may also be due to a diagnosis based on EEG
findings and symptoms alone. Nevertheless, earlier identifica-
tion of LGI1-related ADLTE may prevent misdiagnosis from
finding no structural abnormalities; clinicians must under-
stand the genetic component of ADLTE. A second diagnostic
implication involves early testing for anti-LLGI1 antibodies in
patients with seizures, limbic symptoms, or other symptoms
relevant to autoimmune encephalitis. Consideration of an-
ti-LGI1 antibodies could prevent delayed diagnosis. Even so,
anti-LGI1 antibody testing sensitivity and specificity may not
be optimal.

Understanding LGI1 and its pathophysiology is highly rel-
evant to future implications on the treatment of ADLTE and
anti-LGI1 AE. Current treatments mostly suppress seizures
and treat symptoms rather than correcting the underlying
molecular dysfunction. For example, current treatment of AD-
LTE remains symptomatic, but gene editing may be a plausible
treatment in the future. Another future direction could be
administering drugs to stabilize synaptic transmission or mod-
erate network excitability in ADLTE, compensating for LGI1
dysfunction. In contrast, anti-LGI1 autoimmune encephalitis
is already treated, often effectively, through immunotherapy.
However, it may be useful to understand anti-LGI1 autoan-
tibody mechanisms to optimize immunotherapy in the future.
Of note, because this literature review primarily focuses on
LGI1 as a model of synaptic transmission in epilepsy, it focus-
es on excitatory synaptic dysfunction, particularly AMPA-R
clustering, whereas epilepsy arises from an excitatory-inhib-
itory imbalance in a wider neuronal network. Alterations in
inhibitory GABAergic transmission were not investigated in
depth. In addition, zooming in on a single molecular pathway
risks oversimplifying the complexity of the pathophysiology of
epilepsy; further exploration into other mechanistic categories
is needed.

In conclusion, LGI1 and its associated epilepsies illustrate
how disruption of a single synaptic protein can give rise to
diverse epileptic phenotypes, underscoring the significance of
molecular mechanisms in understanding, diagnosis, and treat-
ment of epilepsy. As our understanding of synaptic protein
networks deepens, LGI1 may serve as a reference point for an-
alyzing other epilepsy-associated synaptic proteins, paving the
way for molecular mechanism-based diagnosis and therapies.
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ABSTRACT: During the COVID-19 pandemic, severe shortages of personal protective equipment (PPE) placed significant
strain on healthcare systems across the United States. At the same time, most U.S. states enacted anti-price gouging laws in
response to health care emergencies, raising concerns about unintended effects on the availability of essential supplies such
as PPE. This study examines the association between the enforcement of anti-price gouging laws and PPE availability in the
United States in 2020. It is hypothesized that the activation of anti-price-gouging laws was associated with lower reported
PPE availability, consistent with economic arguments that price constraints during sudden demand shocks reduce incentives for
rapid supply expansion and reallocation. Using a quantitative observational design, the study analyzes aggregated national PPE
shortage indicators and state-level cumulative PPE request data derived from publicly available reports. PPE availability patterns
are examined across states based on enforcement status and relative strictness of price-gouging provisions. The findings show a
complicated relationship between anti-gouging laws and PPE availability, since the raw and normalized request counts produced
different trends among states. Although causality is not implied, the findings provide empirical evidence on how emergency price

regulations coincided with PPE availability during the early pandemic period.
KEYWORDS: Economics, Microeconomics, COVID-19, Price Controls, Personal Protective Equipment.

B Introduction

In 2020, during the COVID-19 pandemic, widespread short-
ages of PPE placed considerable strain on the U.S. healthcare
systems.! For example, “87% of nurses reported having to reuse
a single-use disposable mask or N95 respirator.”* After March
18, 2020, when COVID-19 was officially declared a national
emergency, anti-price gouging laws were activated by 37 states
in response to the pandemic.’ These laws restrict sharp price
increases during periods of crisis to protect consumers from
exploitation.* While this is the intention, economic theory
suggests that price constraints during sudden demand shocks
are likely to affect supply incentives and product availability by
weakening price signals that would otherwise encourage rapid
reallocation and expansion of supply.

Many standard models say that prices serve as signaling
mechanisms that encourage resources to be allocated to where
demand is highest. In these models, price increases may en-
courage producers and suppliers to expand output or redirect
goods to regions with shortages. They add that when prices
are constrained artificially, shortages are likely to occur due to
supply failing to adjust to the boost in demand.® On the other
hand, some argue that anti-price-gouging laws are justified on
ethical grounds because sharp price increases during emergen-
cies may undermine equity and limit access to essential goods
for disadvantaged populations.® Besides ethical aspects, some
perspectives in political economy also highlight aspects related
to how markets, during crises, may be influenced because of
aspects like institutional capacity, as well as issues of bargaining
position regarding prices.”® Notably, the majority of existing

literature explores price controls in general market settings
rather than in emergencies, which creates uncertainty in the
topic about how such laws function under severe conditions.
Previous studies have also found that price gouging regula-
tions were related to economic/behavioral outcomes during
COVID-19, like increased social contacts through search be-
havior in commercial spaces.” Other literature also looks into
shortages of other essential goods during a similar time period,
but fails to address the shortages of PPE specifically, despite
PPE being central to healthcare and worker safety during the
pandemic.!® Therefore, this paper aims to examine the rela-
tionship between the regulation of anti-price gouging laws
enforced during the initial stages (2020) of COVID-19 and
the availability of PPE during the outbreak in the U.S. This
paper is a contribution to the general scholarly debate around
the regulation of emergencies by offering state-level findings
on the link between anti-price gouging enforcement and the
association of PPE with the COVID-19 demand shock. Given
the limited pre-pandemic PPE availability data, this study fo-
cuses on variation in reported shortages during the early phase
of the COVID-19 pandemic.

Anti-price-gouging laws are a key policy used by U.S.
states in response to supply shocks, so understanding the ef-
fects of these laws during health emergencies is critical. The
COVID-19 pandemic exposed severe vulnerabilities in med-
ical supply chains, with PPE shortages directly affecting
healthcare workers’ safety. Data collected from July 28, 2020,
indicated that hundreds of medical workers in the U.S died due
to COVID-19, while many more got other sicknesses because
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of it. This emphasizes the vital role of PPE in the healthcare
sector by highlighting the “exposure to the virus” due to the
shortage.? The healthcare supply chain has continued to be
an area of concern throughout the COVID-19 pandemic,
with hospitals experiencing issues with getting PPE, even one
year into the crisis.”’ Additionally, a five-week study shared
that from their sample, “46.5% of facilities lacked PPE and/
or staff.”’? When well-meaning price controls unintentional-
ly impact the supply side during times of crisis, policymakers
might be forced to reconsider the nature of these laws during
emergency scenarios. Furthermore, little empirical evidence
exists regarding the mechanisms of anti-price-gouging laws
during times of severe demand shocks.” Moreover, state-lev-
el differences in PPE shortage data can result from other
COVID-19-related factors, like hospital density, population
size, or access to procurement strategies, rather than just from
the legal enforcement of price regulations. This study sug-
gests that the enforcement of anti-price gouging laws during
COVID-19 is associated with reduced short-run reported
availability of PPE in 2020, measured by reported shortages
and fulfillment delays. However, because the analysis is obser-
vational and descriptive, it cannot establish causality.

B Methods

This study uses a quantitative descriptive research design
with the use of secondary data to explore the relationship be-
tween the enforcement of the anti-price gouging laws in the
U.S and reported PPE availability during the early stages of
the COVID-19 pandemic. Moreover, the study combines
temporal  (August-September versus October-December
2020) as well as cross-sectional (state-level) comparisons for
the analysis. The study is observational and analyzes existing
real-world data without manipulating prices, policies, or sup-
ply conditions.

PPE availability data were primarily obtained from com-
pilations of publicly available supply-chain reports by Get Us
PPE."* While some of the underlying sources incorporated
into the dataset originate from prior empirical or experimen-
tal studies, the present analysis uses only aggregated outcome
measures and does not retain the original experimental struc-
ture. The data combines information from healthcare providers
regarding these shortages, order fulfillment delays, and other
unmet demand for PPE. The study analyzes data submitted
between August 2020 and December 2020, which includes
information on the severity of shortages and state-level in-
formation on requests and availability. This time period was
selected specifically because the Get Us PPE reporting during
this period provides consistent national coverage and captures
the persistence of the shortages during the first year of the
pandemic. Data on the enforcement of anti-price gouging laws
in U.S. states were obtained from accessible state statutes and
executive orders, which were supplemented by publicly avail-
able legal analyses and policy summaries.”>

States were categorized depending on whether an-
ti-price-gouging restrictions had been activated during the
research period and the strictness of those laws. The strict-
ness of the anti-price gouging laws in this study was measured

qualitatively through several factors, including low price in-
creases, inclusion of basic commodities, severity of penalties,
and enforcement intensity, among others. States were charac-
terized as "strict" when the laws contained several restrictive
provisions simultaneously, including low permissible price in-
creases, wide product coverage, and large penalties, while states
with fewer of these characteristics were termed as relatively
less strict. The data on these factors were also derived from
state statutes and summarized in publicly available legal analy-
ses.®20 Although such a classification is not a numerical index
for strictness, certain comparisons can still be made between
the more and less restrictive states.

PPE availability was proxied using quantitative indicators
derived from the Get Us PPE dataset, including the number
of reported PPE shortage incidents, reported fulfillment de-
lays, and the frequency of unmet PPE requests. Since there
was variability in PPE requests between states, the cumulative
PPE requests intensity was also categorized so that there is a
better comparison between states with different enforcement
intensities. The primary independent variable was the pres-
ence of anti-price gouging enforcement, operationalized as a
binary indicator (1 = enforcement active following an emer-
gency declaration; 0 = no active enforcement).

The analytical framework treats anti-price gouging en-
forcement as the independent variable and PPE availability
indicators as dependent variables. It treats price gouging en-
forcement as a policy constraint on prices, with the intensity
of PPE request serving as a proxy measure of unmet demand.
The analysis will be descriptive, focusing on correlating dif-
ferences in PPE shortages across states with price-gouging
enforcement and states without such enforcement. In order to
assess the differences in the request intensity of PPE, the states
were grouped based on ranges of PPE requests: 0-99,100-199,
200-299,300-399,400-499, and 500+. Variation over time fol-
lowing the COVID-19 emergency declaration in the U.S was
used to document the national severity and persistence of PPE
shortages during the study period. In addition, the strictness
of anti-price gouging laws was used to examine whether more
restrictive enforcement states were associated with higher re-
ported shortage intensity compared to more flexible regulatory
structures. Therefore, the analysis shows associations rather
than causality.

Data for PPE requests and shortage data are subject to
reporting limitations. This is due to submissions to public
reporting platforms being voluntary and uneven across time
periods and states as well. Therefore, the dataset is likely to
underestimate the true demand during peak periods because
the dataset might not take into account all PPE shortages and
other reported figures. In addition, even the reporting intensity
itself may be related to the size of the healthcare systems in
the states, meaning that more requests may be due to better
reporting networks as opposed to a shortage of PPE. Given
this variation, the analysis relies on reported PPE shortage
indicators and percentage-based measures rather than pop-
ulation-normalized rates. Because of this, the analysis looks
into patterns and associations rather than exact levels of PPE

availability.
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To address the potential influence of state size on raw re-
quest counts, PPE requests were also normalized by dividing
each state's cumulative request count by its estimated number
of healthcare workers (in thousands), as reported by the U.S.
Bureau of Labor Statistics Occupational Employment Sta-
tistics (2020), and multiplying by 100 to yield a rate of PPE
requests per 100,000 healthcare workers. This normalization
accounts for the fact that larger states with larger healthcare
workforces will generate more absolute requests regardless of
shortage severity, and allows for a more equitable cross-state
comparison of request intensity.

In addition to the descriptive analysis, an Ordinary Least
Squares (OLS) regression was estimated to examine the as-
sociation between enforcement status and normalized PPE
request intensity while controlling for key confounders. The
dependent variable was PPE requests per 100,000 healthcare
workers. The independent variable of interest was enforce-
ment status, operationalized as a binary dummy variable (1 =
active enforcement; 0 = no active enforcement). Control vari-
ables were included to account for three potential confounders
identified by the study's design limitations: (1) COVID-19
cumulative case rate per 100,000 population through Decem-
ber 2020, obtained from the Centers for Disease Control and
Prevention,21 to control for pandemic severity; (2) the natural
log of state population (U.S. Census 2020),22 to control for
state size; and (3) healthcare worker density, defined as health-
care workers as a percentage of state population, to control
for the scale of each state's health services infrastructure. This
model does not demonstrate causality since the observational
design prevents causal inference, but it does allow for a more
rigorous descriptive assessment of the enforcement-shortage
association while holding key confounders constant.

B Results and Discussion

This section presents descriptive and correlational results on
PPE availability during 2020.

The analysis focused on the indicators of the availabil-
ity of PPE during the period when the enforcement of
anti-price-gouging policies was active among US states. The
data were collected in aggregate form and were submitted be-
tween August and December 2020. The data were collected at
the state level where applicable. Additionally, the data high-
light the trends of PPE shortages as well as the unmet requests
over time. It also shows the comparison between states that
had active enforcement of anti-price gouging laws and those
that did not.

National PPE Shortage Trends (August-December 2020):

Before examining policy-related differences across states,
national PPE shortage trends are summarized in Table 1 to
establish the broader supply environment during the study pe-
riod.

Table 1: National PPE shortage indicators reported in the United States,
August-December 2020.

Time Reported % facilities | Cumulative PPE Reported % Reporting months
period with no PPE supply requests unmet PPE
(March-month) requests
(cumulative)

Aug-Sep 77%-80% 16,404 - 16,654 ~88% August, September
2020
Oct-Dec 63%-70% 16,808 - 19,981 >85%-88% October, November,
2020 December

Table 1 presents the cumulative PPE shortage indicators that
were reported by Get Us PPE between August and December
of 2020. Throughout this study period, a clearly high propor-
tion of reporting facilities indicated having no available PPE
supply. However, the reported percentages did decline mod-
estly over time. Even with this decline, the cumulative unmet
PPE request rates remained above 85% throughout the study
period. The total cumulative PPE requests increased across re-
porting months, therefore reflecting sustained demand during
the pandemic. These indicators collectively suggest that PPE
scarcity remained an issue in late 2020 as well, which provides
a baseline context to interpret variations in request intensity
between states.

PPE Request Intensity by Enforcement Status:

Table 2: Distribution of U.S. states by cumulative PPE request category and
anti-price gouging enforcement status.

PPE R Category States | Non-Enforcement States
(Cumulative) (1) (0)
0-99 6 7
100-199 10 2
200-299 5 1
300-399 3 1
400-499 3 1
500+ 10 1
Total states 37 13

Table 2 shows that enforcement states are overrepresented
in the higher PPE request categories. Enforcement states have
10 states among the 500+ requests per state category, while
only one non-enforcement state is represented in that same
category. Furthermore, non-enforcement states are represent-
ed almost entirely within the 0-99 requests per state category.
The size of the enforcement states' healthcare workforce
is substantially larger than that of non-enforcement states,
however. Thus, it is likely that this raw distribution of PPE
requests in Table 2 reflects a bias towards overestimating the
PPE shortage in enforcement states relative to non-enforce-
ment states.

To address this, Table 3 presents the distribution of states
when the number of PPE requests is normalized by the size of
each state's healthcare workforce. The mean value for PPE re-
quests per 100,000 healthcare workers is calculated using 2020

Bureau of Labor Statistics data on healthcare employment.
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Table 3: Distribution of U.S. states by normalized PPE request intensity (per
100,000 healthcare workers) and enforcement status.

Requests per 100,000 Healthcare Enforcement States (1) | Non-Enforcement States (0)
Workers
0-49 0 2
50-99 7 2
100-149 20 4
150-199 10 0
200+ 0 5
Mean (SD) 129.8 (36.9) 339.9 (423.5)

The results of this calculation reveal that the distribution of
request rates per 100,000 healthcare workers differs from that
in Table 2. Most notably, the mean request rate for non-en-
forcement states is 339.9 per 100,000 healthcare workers,
compared with 129.8 per 100,000 healthcare workers for
enforcement states. Furthermore, a two-sample t-test reveals
that these differences in mean request rates are statistically
significant (t = -3.04, p = 0.004). These results help explain
the differences in Table 2: the non-enforcement states with
the highest PPE request rates include small states like Rhode
Island, Delaware, and New Hampshire, each of which has a
relatively low healthcare workforce by state standards.

These results are important for recognizing the confound
between population and healthcare workforce sizes in the raw
data presented in Table 2. Thus, PPE requests per 100,000
healthcare workers are a more accurate data point for enforce-
ment and non-enforcement states than raw PPE requests per
state.

To determine whether the association between enforcement
status and PPE request intensity remains after adjusting for
key confounders, an ordinary least squares (OLS) regression
was performed with PPE requests per 100,000 healthcare
workers as the dependent variable. The results are presented

in Table 4.

Table 4: OLS regression results: PPE requests per 100,000 healthcare
workers on enforcement status and controls (N = 50 states).

Variable Coefficient Std. Error t-statistic p-value

Intercept -23.25 554.75 -0.04 0.967

Enforcement (dummy) -269.00 116.44 -2.31 0.026*

COVID cases per 1,000/100k -10.67 34.93 -0.31 0.761

Log(Population) 39.45 48.64 0.81 0.422

Healthcare worker density (%) 36.06 116.09 0.31 0.758

R? 0.183

Adjusted R? 0.110

The enforcement coefficient is negative and statistically sig-
nificant (B = -269.00, p = 0.026). Controlling for pandemic
severity, state population, and healthcare personnel density,

there were 269 fewer PPE requests per 100,000 healthcare

personnel in enforcement states than in non-enforcement

states. This result is consistent with the normalized descriptive
findings in Table 3 and implies that the raw trend in Table 2
was mainly caused by the variation in the size of the states.
There is moderate explanatory power of the regression
model (adjusted R? = 0.110) with all control variables being
nonsignificant. This result is expected given a small sample (n
= 50) and high diversity across states within the country. The
coefficient on the COVID case severity variable is statistically
insignificant, meaning that the difference in normalized re-
quests cannot be explained solely by pandemic severity. It is
important to consider these conclusions cautiously as they may
be affected by several factors. In particular, an observational
study design allows making inferences about possible unob-
served factors that might be influential in the relationship in
question. These include, for instance, state-level purchasing ca-
pability, density of hospitals, and reporting structure.
Accordingly, these findings do not establish a causal rela-
tionship between anti-price gouging enforcement and PPE
availability, but offer a more methodologically rigorous de-
scriptive assessment than the raw request counts alone.

Variation in PPE Requests by Strictness of Anti-Price Goug-
ing Laws:

Within enforcement states, PPE request intensity varied
by the relative strictness of anti-price-gouging laws. Among
the 7 states that were classified as having stricter regulations,
4 of these states fell into the 500+ category, whereas 1 fell into
the 400-499 category. This suggests that stricter regulatory
environments were more frequently associated with the high-
est levels of reported PPE request intensity. Therefore, states
classified as having stricter regulations were more frequent-
ly represented in higher cumulative PPE request categories,
including the 300+ and 500+ groups. These differences are de-
scriptive and reflect observed variation within the enforcement
group.

Beyond the differences between active enforcement and
non-enforcement states, additional variation in PPE request
intensity could be seen within the active enforcement states,
primarily due to the design of anti-price gouging provisions.
States that were classified as having stricter regulations, such
as low price increase thresholds or substantial penalties, were
more frequently represented in higher cumulative PPE request
categories than those with more flexible laws and standards.
While the noted patterns are descriptive, they suggest that,
rather than the enforcement status alone, legal design features
could also be a factor that is related to differences in reported
supply constraints in response to extreme demand shocks. This
is an important observation because it implies that regulatory
intensity may shape the degree to which price adjustments are
constrained during emergencies.

These patterns, however, may also reflect other state-lev-
el differences like COVID-19 case severity, hospital density,
population size, procurement strategies, and reporting intensity
rather than the laws themselves.
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Interpretation Through Economic Theory:

The findings of the study indicate a clear association be-
tween the enforcement of anti-price gouging laws and reported
PPE shortages during 2020, during the COVID-19 pandemic
in the U.S. Specifically, states with active enforcement were
disproportionately represented in higher cumulative PPE
request categories compared to states without active enforce-
ment. It could be seen in the results that states that had active
enforcement of these laws had a higher number in the high-
er cumulative PPE request categories compared to the states
with no active enforcement. These specific state-level patterns
occurred within a broader and pervasive PPE shortage na-
tionwide, which suggests that the differences across the policy
environments come under the sustained supply constraints as
a whole rather than isolated disruptions. Even a year into the
COVID-19 pandemic, supply chain shortages and demand
surges for PPE continued to be a problem."* Moreover, nation-
al surveys, like one conducted by the APIC, confirmed PPE
supply shortages in the U.S. during the COVID-19 pandemic,
supporting that the high levels of unmet demand observed in
this study were not just due to reporting.*

The observed correlation is consistent with key economic
frameworks that emphasize the role of prices as signals for
allocating scarce resources during times of sudden demand
shocks. When prices are constrained, suppliers would be less
incentivized in the short run to either expand production, en-
ter markets, or quickly reallocate resources towards specific
goods and services that are facing shortages. In the context of
the pandemic, where PPE demand rose sharply, and supply
chains faced significant production constraints and logistical
disruptions, restrictions on price adjustments may have con-
tributed to shortages, which were expressed through unmet
requests rather than higher prices.*? From this perspective,
anti-price-gouging laws may reduce the effectiveness of mar-
ket coordination during emergency resource distribution as
they reduce the potential for profits to incentivize rapid scaling
and allocation. This mechanism is, however, only theoretical
within the context of this study, as the descriptive method does
not allow for direct measurement.

Ethical and Political Economy Considerations:

At the same time, these findings should not be interpret-
ed as a normative critique of anti-price-gouging laws. Such
regulations are usually justified on ethical grounds related to
issues of fairness and equity, especially in situations where
emergency goods are being supplied. The fear that price goug-
ing could deny vulnerable groups access to certain goods has
been a key factor in justifying price gouging restrictions.®?
Additionally, some researchers believe that emergency markets
could also be subject to panic buying, information asymme-
tries, and bargaining power imbalances, suggesting the price
increases observed might not necessarily lead to efficiency and
equilibrium.?® This implies that, in such situations, alternative
non-price systems to ensure the availability of critical products
during a crisis may be necessary.

Alternative Explanations and Study Limitations:

In this study, several limitations should be acknowledged.
Shortage and request data for PPE were collected from vol-
untary reporting platforms, which might not reflect actual
shortage and request numbers and might have some incon-
sistencies in terms of reporting patterns across states and time.
There might have been differences in population, healthcare
facilities, pandemic spread, and timings of outbreaks, which
could have also affected demand for PPE, irrespective of the
price-gouging policies. These factors suggest that enforcement
status may be correlated with underlying structural differenc-
es that also influence PPE availability, making it difficult to
isolate the role of anti-price-gouging laws. Furthermore, con-
sidering the fact that the study is based on an observational
cross-sectional design and does not involve randomization or
pre-interventional baselines, it cannot support causal claims
even if statistical tests were applied. Associations may result
from hidden confounders, without a need for an actual caus-
ative role played by anti-price-gouging intervention measures.
Therefore, the results should be interpreted as indicative as-
sociations rather than definitive estimates of policy effects. In
the current study, partial correction for these confounders has
been achieved by means of standardizing with respect to the
number of healthcare workers and OLS regression analysis,
controlling for the severity of COVID-19 cases, state popula-
tion, and healthcare workers' density. At the same time, some
additional variables, such as the development of procurement
systems at the state level, political economy, and voluntary
reporting, have yet to be considered. Further research could
focus on panel regressions and differences in differences using
variations within states and between times.

Implications and Directions for Future Research:

Despite these limitations, this study can be seen as a con-
tribution to empirical literature as it offers a descriptive
relationship between emergency enforcement of price gouging
and the availability of PPE during an unprecedented public
health crisis. It stresses the need to examine how regulatory
interventions may interact with supply-side incentives and
distribution constraints during emergencies, not just theoret-
ically or normatively, but also empirically. These findings can
be used as a guide for future evaluations of emergency price
regulations by emphasizing the value of taking into account
supply-side considerations as well as consumer protection ob-
jectives. More broadly, the research contributes to the policy
debate by suggesting that emergency market interventions
may need to be accompanied by additional measures, includ-
ing coordination of procurement efforts, the provision of rapid
production scaling subsidies, or increases in strategic stocks,
in order to alleviate shortages and protect consumers. The
study also shows the value of making use of real-world data on
shortages and requests as a way of evaluating emergency poli-
cies, which provides a foundation for future research aimed at
finding out mechanisms by which emergency policies interact
with the supply chain and impact access to essential medical

products like PPE.
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® Conclusion

This study aimed to explore the association between an-
ti-price gouging enforcement and PPE supply, as indicated
by PPE availability reports, during the early phase of the
COVID-19 pandemic in the United States. Using aggregat-
ed U.S. shortage indicators and state-level cumulative PPE
requests, the study found that although states implementing
an active policy of price-gouging enforcement appeared to be
more likely to be found among the high raw PPE requests, the
opposite situation occurred when taking into account the num-
ber of healthcare personnel. States with an enforcement policy
demonstrated significantly fewer requests for personal protec-
tive equipment per 100,000 healthcare personnel compared
to states without any enforcement policies (129.8 vs. 339.9;
p=0.004). This effect was confirmed by the results of OLS
regression analysis. Moreover, there was evidence of differenc-
es within states with anti-price-gouging enforcement itself,
showing a relation to the legal design of the policies classified
by their strictness, implying that the structure of price-gouging
provisions may also be relevant to reported supply outcomes.

While the study did not establish causal effects, the out-
comes contribute to the literature by providing descriptive,
empirical evidence on the association between emergency price
regulation and PPE supply during a large-scale health crisis.
By focusing on state-level variation during an extreme demand
shock, this analysis extends the existing debates over price con-
trols beyond purely theoretical and opinion-based discussions.
It points out the need to understand the significance of as-
sessing emergency market interventions in real-life contexts,
where ethical goals such as consumer welfare need to be traded
off with the need to ensure that adequate supplies of critical
goods are maintained. This may be of use to policymakers and
researchers dealing with future health crises, where they may
benefit from combining price controls with other supply-side
policies and monitoring of critical health resources.
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B Introduction motor-related, other non-motor-related symptoms include
Every six minutes, an American is diagnosed with Par- behavior and mood changes, cognitive impairment, and sleep
kinson’s disease, making it the fastest-growing neurological disturbances.”> While novel therapies are not completely devel-
condition globally. Parkinson’s disease (PD) is a progressive oped, they have the potential to improve PD patients’ quality
neurodegenerative disorder characterized by the degeneration of life by personalization, effectively slowing symptom progres-
of dopaminergic neurons in the substantia nigra, a group of sion and decreasing side effects. Moving forward, researchers
nuclei part of the basal ganglia that regulates voluntary motor and clinicians should respectively focus on addressing therapy
control.? In a healthy individual, dopamine removes inhibitory concerns, such as the irreversibility of gene therapy, and closely
signals in the basal ganglia, allowing for voluntary movement. follow these emerging therapies in order to offer their patients
However, in PD patients, the gradual loss of dopaminergic the best possible treatments.
neurons over time results in insufficient levels of dopamine,
ultimately leading to bradykinesia and a struggle to initiate B Genes associated with Parkinson'’s
voluntary movements. While the cause of Parkinson’s disease Disease
is still unknown, one cause that is currently the subject of in- 1.1. SNCA:

tensive research is Lewy bodies, intraneuronal proteinaceous
inclusions which are primarily made up of alpha-synuclein, in
the neurons of the substantia nigra, disrupting nerve transmis-
sion and ultimately damaging nerves and even leading to cell
death.??

The most common characteristics individuals with Par-
kinson’s disease suffer from are motor symptoms, collectively
called Parkinsonism. Parkinsonism can be caused by a variety
of factors, such as drugs, toxins, and other diseases, which must
be excluded before diagnosing a patient with PD. Parkinson-
ism motor symptoms include hand tremors, slow movements,
limb rigidity, and problems with gait and balance. Additional
motor symptoms often found in PD patients but not associ-

As previously stated, the cause of PD is unknown. How-
ever, through ongoing research, some potential causes have
emerged. The most significant potential cause that this re-
search paper will explore is genetics. The SNCA gene, the first
gene discovered to be related to PD, controls the production
of alpha-synuclein.** Alpha-synuclein is most abundant in the
brain, specifically at the presynaptic terminals of neurons.* In
1997, researcher Roger Duvoisin from the Parkinson’s Founda-
tion first discovered this gene to be related to PD.* More than
30 SNCA variants have been identified. These variants are in-
herited in an autosomal-dominant pattern, meaning only one
SNCA gene variant is needed to significantly increase the risk

of developing PD. SNCA variants also tend to cause young-on-

ated Wi_th Parkin‘sonism are sh‘lrre‘d speech and reduced facial set Parkinson’s disease (YOPD), which is PD occurring before
expressions. While the most significant symptoms of PD are
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age 50. Disease progression may also be faster in genetically
related cases. While research is still ongoing, researchers have
discovered that SNCA variants can lead to the accumulation
of Lewy bodies through two mechanisms.® First, the alpha-sy-
nuclein proteins do not fold or clump together properly.* This
is due to the amino acid alanine being replaced with the amino
acid threonine or proline, ultimately leading to an incorrect
3-dimensional shape.* Second, the variants cause an overpro-
duction of alpha-synuclein proteins through excess copies in
gene replication that cannot be destroyed fast enough, leading
to clumping.*’

1.2. GBA:

The GBA or GBA-1 gene is the most common PD-related
gene.” The GBA gene codes for the lysosomal enzyme glu-
cocerebrosidase (GCase), which maintains glycosphingolipid
homeostasis.® Variants of this gene are found in 5-15% of peo-
ple with PD.*> Compared to other primary gene mutations of
PD, variants of the GBA are considered only to increase the
chances of an individual getting PD, not necessarily being a
definitive cause. The majority of carriers of the GBA variant,
even those with a family history of PD with the GBA variant,
will not develop PD. Other risk factors in addition to the GBA
variant, such as age or environment, are needed to significantly
increase the risk of developing PD. Carrying a single hetero-
zygous GBA increases the risk of developing PD, but having
both genes, a homozygous variant, further increases the risk.
Researchers are currently exploring the specifics of how GBA
variants increase PD risk in brain cells.* They hypothesize
that GBA variants cause a loss of GCase activity and lyso-
somal dysfunction, impairing alpha-synuclein metabolism and
leading to aberrant lipid metabolism and an accumulation of
waste.® Currently, pharmaceutical companies are testing drugs
through clinical trials to target GBA to slow or even stop PD
progression.’

1.3. LRRK2:

The LRRK2 gene is the second most common PD-related
gene.’ It is a large protein, about 2527 amino acids.® Its vari-
ants are found in 1% of people with PD and 5% of people
with a genetic history.® Although LRRK2 genes are generally
considered causative of PD, some people who carry these vari-
ants will not develop PD. Similar to some other variants, the
risk of developing PD increases with age and has a dominant
inheritance pattern. Unlike other gene variants, certain eth-
nic groups have a higher prevalence of LRRK2 variants, such
as Ashkenazi Jews (about 15%) and North African Berbers
(about 40%). People with the LRRK2 variant-caused PD may
experience less frequent motor difficulties and slower disease
progression compared to other variants. Ongoing research ex-
plores how LRRK2 specifically leads to PD.° Scientists believe
mutations in the LRRK2 gene may cause an accumulation of
a-synuclein, which is one of the main stimulants of microgli-
al activation.® This activation is also believed to contribute to
neuroinflammation and neuronal death in PD.°

B Gene Therapy
2.1. Dopamine-Related Gene Therapy:

( Viral Vector Design )
YORNONON GBA-1

YWOVNOVNON SNCA AAV Vector

YOQOVOK LRRK2

( Genes Within Vectors )

( PD Gene Therapy )

24

:"4@

#

Figure 1: Adeno-associated viral (AAV') vectors carry PD-associated genes:
GBA-1, SNCA, and LRRK2, for targeted delivery. The loaded AAV vectors
are injected into the putamen, a motor-functioning area of the brain, to
improve motor control for patients with Parkinson’s disease. (Created with
BioRender).

Putamén

Gene therapy in the context of Parkinson’s disease is the
process of introducing genetic material into the brain to tar-
get specific molecular pathways that have been damaged by
PD.” It is an emerging and promising approach to promot-
ing dopaminergic growth and reducing neurodegeneration. It
addresses both symptomatic relief and disease modification.
Gene therapy will typically use viral vectors to deliver thera-
peutic genes directly to affected brain regions (Figure 1). One
main approach in PD gene therapy is Dopamine Synthesis
Enhancement, which converts L-DOPA to dopamine more
efficiently, addressing a primary symptom of PD: loss of do-
paminergic neurons. Aromatic L-amino acid decarboxylase
(AADC), an enzyme part of the dopamine synthetic appa-
ratus, is used in Dopamine Synthesis Enhancement by being
delivered to the striatum or putamen (motor-functioning areas
of the brain). Human trials showed reduced "off" time, lower
need for L-DOPA doses, and improved motor function spe-
cifically in early-phase trials. L-DOPA is the primary clinical
approach for PD treatment because of its ability to cross the
brain barrier, thus enabling oral treatment and making it eas-
ier for PD patients to take. While L-DOPA can address the
loss of dopaminergic neurons in PD patients, there are some
drawbacks. First, L-DOPA is only a symptomatic treatment,
meaning it cannot stop disease progression, thus limiting
its scope of effectiveness. Additionally, severe side effects of
L-DOPA include “OFF-states™: periods of immobility and
incapacity often followed by depression or hypomania due to
inconsistent function of the drug. These “OFF-states” have
been attributed to unpredictable gastric emptying, an over-
load of the blood-brain barrier carrier system which transports
L-DOPA, and insufficient aromatic L.-amino acid decarboxy-
lase (AADC) levels. However, new formulations of L-DOPA
have improved drug absorption. Many rodent studies found
striatal vector-mediated AADC overexpression to be well
tolerated and cause symptom improvement. Several non-hu-
man primate studies support this, showing that once a certain
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level of transfection was reached, there was a decreased need
for medication and improvement of motor control when off
medication. Additionally, human trials (AAV2-AADC in the
putamen of severe PD patients) showed safe results, an im-
provement in motor symptoms, and reduced UPDRS scores.
Ongoing studies now aim to optimize the delivery and dosage

of L-DOPA.

2.2. Neuroprotection and Growth Factor Approaches:

Furthermore, more research is being conducted on growth
factors as a treatment target for neurodegenerative diseases
such as PD. The primary focus has been on the glial cell-line
derived neurotrophic factor family of ligands (GFL) that en-
compasses glial cell-line derived neurotrophic factor (GDNF),
neurturin (NRTN), artemin (ARTN), and persephin (PSPN).
The GFL signals via activation of the RET receptor complex
and cofactor GFRa, initiating MAP kinase and PI3-kinase
pathways, which support neuron survival and neuritogenesis.
Several studies have shown that direct delivery of GDNF into
the SN and the striatum reduces Parkinsonian behavior and
improves neuritogenesis in toxin models of PD and phase 1
trials. However, phase 2 trials have failed due to poor drug dis-
tribution and an insufficient number of residual neurons for
GDNTF to affect. Due to phase 2 failure, other gene therapies
are being explored, such as AAV-GDNE, which was success-
fully injected into the caudate nucleus. Similar to L-DOPA
delivery, a new approach of AAV-GDNF vectors in the
putamen is safe and effective at treating Parkinsonian behavior
in murine PD models.”

2.3. Genetic Mutation-Targeted Therapies:

2.3.1. GBA:

Another primary approach to correcting genetic mutations,
specifically GBA, is GCase enzyme replacement therapy.8
While its recombinant form was not initially able to be used
for PD due to its inability to cross the BBB, viral vectors of
GBA are now being directly injected into the midbrain. Sever-
al mouse studies have shown that this restores GCase activity,
thus reducing waste, neuroinflammation, gliosis, and prevent-
ing cognitive and motor deficits. Different virus types, such as
AAV9, AAV2/5, AAV1, and promoters, had the best results.
Due to success in animal trials, the PROPEL study, a 2020
phase 1/2a clinical trial sponsored by Prevail Therapeutics,
is testing AAV9-GBA1 (PR001/LY3884961) in individuals
with moderate to severe PD who carry at least one GBA1 mu-
tation. This study enrolled 20 patients who were separated into
low and high dose groups (exact dose not disclosed) where
PRO01 was administered only once through intracisternal in-
jection in cisterna magna.® Close monitoring, blood and urine
tests will start from Day 2 of administration to month 18, then
a follow-up from month 18 to month 60.° This study is cur-
rently ongoing and recruiting but results are said to be released

in 2029.810

2.3.2. SNCA:
Another upcoming experiment relies on the development of

CRISPR-based technologies, specifically dCas9, to decrease

SNCA gene expression, leading to lower alpha-synuclein pro-
tein levels.!* By lowering alpha-synuclein protein levels, this
form of gene therapy may be able to slow or halt PD pro-
gression. Scientists will use CRISPR to alter precise locations
of the genome and penetrate the neuronal cells derived from
induced pluripotent stem cells, which this research paper will
dive into further in cell therapy. In the future, the outcomes of
these pre-clinical models will be observed for their long-term
effects. If the outcome of these preclinical models is favorable,
then the Michael ] Fox Foundation will plan on performing
clinical trials and ultimately seeking regulatory approval."*

2.3.3. LRRK2:

The last main new approach to gene therapy targets the
LRRK2 gene. A company called Denali Therapeutics, based in
South San Francisco, partnered with Biogen to create drugs in
pill form called DNL201 and DNL151, also known as BII122.
These are kinase inhibitors, in hopes of delaying progression
of PD in early-stage patients with the LRRK2 gene mutation
by reducing the activity of LRRK2 proteins, thus improving
the function of lysosomes.? In a press release from January
2020, Denali Therapeutics announced that both compounds
have shown little to no side effects.” Later that year, in August,
it was announced that while both compounds can advance to
clinical trials, DNL151 is preferred as it has more flexible dos-
ing regimens. Currently, one of the ongoing and seemingly
successful Phase 2 clinical studies is LUMA, which started
in April 2022 with study completion estimated in December
2025.This study is large, global, and placebo-controlled in the
hopes of decreasing PD symptom progression. It enrolled 650
patients with early-stage PD aged 30 - 80 who were diagnosed
with PD within 2 years of starting the study, and people with
LRRK2 gene mutation and those with idiopathic PD."

2.4. Gene Therapy, Conclusion:

Overall, gene therapy offers a promising symptomatic solu-
tion for PD. While mainly being a symptomatic treatment, it
has the potential to improve the quality of life of PD patients
with a variety of genetic mutations, with decreased progression
of symptoms and increased dopamine production, meaning
more motor control. If gene therapy can stop PD disease pro-
gression and not just treat symptoms, that is a huge potential
benefit for patients. On the other hand, researchers should be
extremely cautious when using CRISPR technology as the
changes are irreversible.

B Deep Brain Stimulation

3.1. Traditional Deep Brain Stimulation:

Deep-brain stimulation is the most commonly performed
surgical treatment for PD." It is the implantation of wires
called electrodes in specific regions of the brain to deliver elec-
trical pulses, helping to regulate abnormal brain signals often
found in PD that cause motor symptoms. Since its approval
from the U.S. Food and Drug Administration (FDA) in 2002
for Parkinson’s, DBS has helped reduce medication needs and
motor symptoms.”® DBS is only available for those who have
had PD for 4 years or more and who benefit from medication
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but still struggle with motor control, such as significant “off
times” and dyskinesia.'* DBS usually only works on lessening
motor symptoms and involuntary movements such as stiffness,
slowness, and tremors, but cannot significantly help imbalance,
gait, or any non-motor symptoms. DBS has also been shown
to worsen memory, so DBS is not recommended for those
with dementia.’*

( Deep Brain Stimulation for Parkinson's Disease )

Globus
pallidus

.-Electrode

Subthalamic
nucleus -

Figure 2: An clectrode placed within the basal ganglia is connected to a
neurostimulator implanted under the collarbone. Electrical impulses are
delivered to the globus pallidus internus and subthalamic nucleus to regulate
abnormal neural activity and restore motor control in patients with Parkinson’s

disease. (Created with BioRender)

In DBS surgery, a surgeon inserts thin electrodes into areas
of the brain that control movement, commonly the subtha-
lamic nucleus or globus pallidus interna.'* While some clinics
allow the use of brain imaging to position the electrodes cor-
rectly while a patient is asleep, most patients are forced to stay
awake and answer questions and perform common tasks. Once
the electrodes are in place, it is connected to a neurostimula-
tor implanted under the collarbone, which delivers continuous
electrical pulses. The settings of the neurostimulator will lat-
er be adjusted post-surgery to optimize symptom control and
adjust to new medications. After DBS, most people have been
able to decrease the use of medication for PD. However, the
downside to traditional DBS is that the right combination of
drugs and personalized DBS settings to offer the most benefits
and least side effects can take several months to a year to be
determined, making it less ideal for PD.™ Another downside
to traditional DBS is that it provides constant electrical stim-
ulation, meaning for those whose symptom severity fluctuates
throughout the day, DBS can sometimes be too much or too
little, limiting its overall effectiveness.’

3.2. Adaptive Deep Brain Stimulation:

One ongoing small study from Nature Medicine tested
adaptive DBS, which has the potential to personalize PD
symptom treatment.” By using custom computer algorithms
and artificial intelligence, adaptive DBS can detect symptom
fluctuations by monitoring the brain activity of each patient.
When it detects a change in symptom severity, it will coun-
teract by delivering a precisely calibrated electrical pulse. Not
only can adaptive DBS adjust to symptom severity, but spe-
cific motor issues, such as more stimulation for bradykinesia

and less for dyskinesia. Moreover, it adjusts to the effectiveness
of medication, providing more stimulation when medica-
tion wears off and less when it's active. This study enrolled
PD patients undergoing deep-brain stimulation in the sub-
thalamic nucleus (STN) and ten PD patients with a globus
pallidus (GPi) target, and performed traditional DBS surgery
on them.’ Collecting each patient’s brain activity, they used
the data to personalize algorithms for adaptive DBS and sur-
gically switched to adaptive DBS.” To compare the traditional
form of DBS with adaptive DBS, patients switched between
those two forms every two to seven days over two months, a
total of 1 month spent on each. To keep the study constant, the
patients and most of the researchers didn’t know which type
of stimulation was being delivered, called the double-blinded
study, thus eliminating the placebo effect. Every day, patients
report their symptoms. This study was able to provide an ad-
vanced version of DBS to improve motor symptoms in PD
patients and is expected to be completed by 2028. With more
clinical testing and widespread technology availability, adaptive
DBS could become the new standard for PD motor symptom
treatment.15 Because the selection of traditional DBS param-
eters is often based on trial-and-error experimentation, which
could take months, adaptive DBS has given hope to the PD

community.

3.3. Connectomic Deep Brain Stimulation:

The next solution is connectomic DBS, a type of DBS to
improve tremor control while avoiding side effects by using
connectomic imaging models to optimize stimulation of the
cerebellothalamic and pallidothalamic tracts.”” This form uses
connectomic imaging models to make more precise parame-
ters for certain disease phenotypes, increasing personalization
for each PD patient. In a recent 2025 study sponsored by
Duke University, people 18 years or older diagnosed with PD
who have had bilateral subthalamic nucleus DBS for at least
3 months and suffer from tremors or motor control are cur-
rently being recruited. Similar to the adaptive DBS study, this
connectomic DBS study is randomized, double-blinded, and
crossover. By comparing pathway-targeted stimulation strat-
egies, this trial has the potential to increase DBS precision,
target symptoms without causing side effects, and advance
personalized care in Parkinson’s disease.!”

3.4. Deep Brain Stimulation, Conclusion:

Looking ahead, scientists are focusing on expanding clinical
trials and refining algorithms. In the future, they hope to make
these advanced forms of DBS more widely available. If suc-
cessful, they could become the standard of care, offering people
with Parkinson’s more precise, effective, and individualized
treatment.

m Cell Therapy

4.1. Types of Stem Cells Used:

The last therapy discussed in this research paper is cell ther-
apies. Research into stem cell therapies has expanded, showing
itself to be a promising solution for PD. Cell therapy is a stem
cell-derived treatment aimed at replacing damaged neurons
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and restoring dopaminergic function, thus decreasing the se-
verity of motor symptoms.

( Stem Cell-derived Neural Grafting Approaches )

Embryonic stem cells

Early blastocyst (ESCs)

Induced pluripotent

Adult fibroblast stem cells (iPSCs)

A

<3

q kAN In vitro differentiation into
In vivo maturation into 4 7 .
dopaminergic neural progenitors

dopaminergic neurons

Grafting into striatum

Figure 3: Two approaches for stem cell-derived neural grafting: embryonic
stem cells (ESCs) derived from blastocysts and induced pluripotent stem
cells (iPSCs) derived from adult fibroblasts. Each cell type is differentiated in
vitro into dopaminergic neural progenitors and subsequently grafted into the
patient’s striatum, where the cells mature in vivo into functional dopaminergic
neurons, restoring the patient’s lost dopamine production. (Created with
BioRender)

Stem cells are undifferentiated cells that are precursors to a
specialized cell determined by growth factors.18 One type of
stem cell used for PD is embryonic stem cells (ESCs). ESCs
are isolated from the inner cell mass of an early blastocyst
and generated from excess embryos from in vitro fertiliza-
tion. Scientists are now able to turn embryonic stem cells into
dopaminergic neuron progenitors that closely resemble the
authentic nigral neurons lost in Parkinson’s disease. How-
ever, even with improved models, results are inconsistent. A
large study of over 500 grafts showed that success depended
on having many tyrosine hydroxylase (TH) positive cells, a
key enzyme in dopamine production, in the grafts that con-
tained neural progenitors with caudal midbrain markers such
as CNPY1 and EN1. Now, researchers can generate dopa-
minergic progenitors with much higher purity and reliability.
Progress with ESC therapy has been iterative and has led to
many new findings in neurodevelopmental biology. Now that
scientists have successfully developed dopaminergic neuron
progenitors in the lab, the next focus of ESC therapy will be
testing clinical efficacy, with many new clinical trials begin-
ning to test this.

Induced pluripotent stem cells are another type of cell of-
ten used for PD. iPSCs are created by “reprogramming” an
adult somatic cell into a stem cell through the use of transcrip-
tion factors that induce pluripotency when expressed. Similar
to ESCs, the iPSCs can be differentiated into dopaminergic
neurons once “reprogrammed.” One potential advantage to iP-
SC-derived grafts is that autologous grafts can be made using
a patient’s own fibroblast, meaning the neural grafting prod-
uct would not be suppressed by the immune system, unlike

ESC-derived grafts.'®

4.2. Stem Cells Clinical Trials:

In one 2018 phase I/II clinical trial conducted by Kyoto
University Hospital in Japan, six patients aged 5069 received
bilateral transplantation of dopaminergic progenitors from in-
duced PS cells in the putamen.” In another recent phase 1/11
clinical trial published by Nazure conducted in the U.S. and
Canada, twelve participants received transplantation of a hu-
man embryonic stem cell (ESC).%

Both studies divided the participants in half: one group with
a higher dose of cells, the other with a lower dose.** All partic-
ipants were given immunosuppressive medication to prevent
their immune systems from attacking the new dopamine-pro-
ducing cells. Results showed no serious adverse events after
transplantation in either study. MRI scans have also shown no
signs of tumor formation.

Among the six participants of the iPSC study, four showed
improvement on a standard scale used to measure Parkinson’s
motor symptoms when they were off their traditional PD
medication, and five showed improvement when on medica-
tion. Additionally, brain scans using a specialized tracer that
detects dopamine production showed an average of 44.7%
increase in dopamine activity in the putamen, with an even
greater increase in those who were on a higher dose of trans-
planted cells.

The results of the ESC study were similar to the results of
the study involving iPSC, as signs of improvement were evi-
dent. Brain scans taken 18 months after the transplant showed
increased activity in the putamen, indicating that the trans-
planted cells had survived and were potentially functioning.?!
Moreover, those who received a higher dose of cells showed an
average of 23 points higher on the Movement Disorder Soci-
ety Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)

when they were off their medication.?

4.3. Cell Therapy, Conclusion:

Although these studies show promising results, there are
some disadvantages to stem cell therapies.’® Specifically for
ESC therapy, there is an ethical concern regarding cell graft-
ing techniques as they involve the destruction of an embryo,
which continues to be a concern for many. Contrastingly, be-
cause iPSCs use an adult cell, this makes iPSC therapy also
disadvantaged, as adult cells are less differentiated than em-
bryonic cells. Because of multifaceted approaches, it cannot yet
be determined which therapy is better without more advanced
clinical trials. Another concern regarding stem cell therapies
involves the safety of the treatment, specifically the potential
for tumor formation, which can form due to graft overgrowth
or mutations in the cell culture. However, some recent studies,
such as the ones discussed above, have changed their differ-
entiation methods, leading to more refined cell products of
increased purity, thus not causing tumors.’ And while more
research is needed to confirm the safety and effectiveness
of this treatment, particularly in larger and longer studies, it
suggests the possibility that stem cell therapy can provide a
solution to PD motor symptoms without causing severe ad-
verse side effects.?!
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® Conclusion

Even though Parkinson’s Disease is the fastest-growing
neurological condition in the world, because there has been
no solution to cure or prevent PD, it costs families and the
U.S. government $52+ billion annually. Meeting this chal-
lenge necessitates federal research funding for Parkinson’s. A
$600 million annual federal investment in Parkinson s-specific
research at the National Institutes of Health by 2028 could
potentially turn mere discoveries into cures, helping to save or
improve millions of lives.

Gene therapy offers a promising symptomatic solution for
PD for those with a variety of genetic mutations by slowing the
progression of symptoms and increasing dopamine production,
meaning more motor control. Deep brain stimulation, while
still early in clinical development, also holds the potential to
be the standard of care for PD patients by offering more pre-
cise, effective, and individualized treatment. Lastly, if scientists
address safety and ethical concerns, cell therapy can also help
PD patients by providing a solution to PD motor symptoms
without causing severe adverse side effects.

An estimated 1.1 million people in the U.S live with PD,
demonstrating an urgent need for treatments that slow or stop
the progression of PD with fewer side effects.22 DBS has the
highest potential of being the most accurate PD treatment as
it is already FDA-approved for PD and is personalized to each
patient, ensuring that each patient receives the care they need.
Gene therapy is also promising; however, understanding side
effects is critical, as this process is irreversible. Cell therapy has
the most barriers, as ESC therapy has ethical concerns over the
destruction of an embryo, whereas adult cells in iPSC therapy
are less differentiated than embryonic cells, making the therapy
less effective. By being extremely cautious with gene therapy,
personalizing deep brain stimulation, and finding solutions
to the ethical concerns of cell therapy, the treatment of PD is
promising. In this review, we discussed the treatments of PD:
gene therapy, deep brain stimulation, and cell therapy, and the
pros and cons of these treatments. Moving forward, researchers
and clinicians should respectively focus on addressing therapy
concerns, such as the irreversibility of gene therapy, and closely
follow these emerging therapies in order to offer their patients
the best possible treatments to improve their quality of life.
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ABSTRACT: Internet of Things devices have become a staple of our society, whether that be possessions that you have in your
household, such as NEST Smart Thermostats, or industrial and military products that are more widely applicable. Regardless of
the context, these items must be secured promptly, given the ever-evolving field of quantum computing. Current cryptographic
methods in IoTs rely on fundamental cryptographic principles, adopting an algorithmic approach to implement key distribution
between an IoT device and a trusted medium. Research has suggested a new approach to ensure the confidentiality, integrity, and
availability (CIA Triad) of data transmitted between devices: Quantum Key Distribution (QKD). Such protocols include Bennett
and Brassard 84 (BB84) and Ekert 91 (E91), both of which use quantum principles to secure the key being transmitted. These two
protocols can help secure IoTs. This paper analyzed both fundamental Quantum Protocols and examined their implementation
in a realistic Implantable Medical Device (IMD) setting. It is found that, although both protocols have advantages, BB84 is the
more optimal protocol due to a lower Quantum Bit Error Rate (QBER) over distances of 10 meters than E91, although E91 has
a higher detection rate of eavesdroppers.

KEYWORDS: IoT, Quantum Cryptography, BB84, E91.

B |Introduction other hand, eavesdropping can be prevented.® Eavesdropping,

IoT devices transmit highly sensitive data daily and are in particular, is a key aspect of the protection that protocols
implemented throughout our lives; however, existing securi- BB84 and E91 protect against-E91 through photon entan-
ty methods may become insufficient over the next 5-10 years glement and BB84 through photon polarization.* This paper
as quantum computing advances. Many IoT security proto- will directly look at the feasibility, along with the practicality
cols rely on classical cryptographic techniques, such as RSA of implementing the two aforementioned methods in IMD,
and elliptic curve cryptography, being more algorithm-based. such as Pacemakers and Injectable Insulin pumps; IoTs that
Quantum computing, however, is specifically designed to solve need the utmost security. These two protocols have been se-
hard problems such as these efficiently, posing a threat to this lected due to their foundational applications into other QKDs,
widely utilized system.>” However, due to their overall limited with BB84 being simpler, easier to accomplish, and E91 being
power and constraints regarding usable circuitry, the optimi- more complex, safer, but more energy-constrained. BB84 re-
zation of implementing QKDs is limited. The reason that lies on the transmission of quantum bits (qubits) encoded into
quantum techniques have been proposed as a solution for key different polarization bases, where, when intercepted allow the
distribution is that anyone eavesdropping on a communication detection of eavesdropping by enabling the sender to detect it
channel will affect the photon distribution or photon status. by using measurement properties of the quantum states of the
This is due to the Heisenberg uncertainty principle, where a qubits.®* E91 utilizes quantum entanglement and Bell Inequal-
measurement cannot be made without noticeably affecting the ity violations, where, when intercepted, the sender can utilize
system. Researchers have found methods of applying quan- Bell’s inequality to see if there is a violation; meaning no in-
tum cryptography, where they present a security blockchain terception due to quantum properties, while when there is no
intrusion detection system (IDS) for industrial IoT networks, violation, it means there are no quantum properties—meaning
demonstrating how this can be optimized into industrial en- interception.’
vironments.>* The issue with this, however, is that industrial
IoTs have significantly fewer constraints regarding a multitude B Methods
of sources compared to IMDs; this thereby limits the applica- Programming tools:
bility of implementation into practical usages. To implement this simulation, we used a Python-based

The main identified issues regarding the feasibility of these model that leveraged the Matplotlib and NumPy APIs for
implementations have been broad, including items such as data mathematical calculations and plotting, respectively. This
leakage and other attacks that are often overlooked.? To defend enables us to determine the total amount required for the
against attacks such as these, as aforementioned, implement- 1000-bit transmission while also providing an estimate of the
ing QKDs has been considered. Some attacks, however, such demands on the IMDS when implementing these two proto-
as long-term device non-updating, cannot be avoided; on the cols under varying atmospheric conditions.
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Cryptographic Protocols Tested:

Two distinct cryptographic protocols were used to perform
the tests: E91 and BB84. BB84 is a quantum cryptographic
protocol that uses quantum mechanics to establish a shared
key between a sender and a receiver, while ensuring that an
eavesdropper is detected. Information is encoded in two dis-
tinct bases, as seen in Figure 1, rectilinear (Z) or diagonal (X).
This property allows a sender to detect when a photon's base is
measured, as it measures the photons; it creates a discrepancy,
allowing any eavesdropper to be detected, creating a quantum
bit error (QBE).3 A large number of these errors then lead to
an increased QBER, demonstrating eavesdropping.
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Figure 1: Working Diagram for BB84 Protocol, used along with text for
interpretation.®
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E91, although based on the fundamentals of quantum
mechanics, is similar to that of BBS, but it does work us-
ing different protocols. As seen in Figure 2, E91 uses Bell's
inequality: by sending entangled photons, it can detect eaves-
dropping. When an entangled photon is looked at, you can
utilize Bell's Inequality Theorem to see if it violates the prin-
ciples of it, then if it does that means that the Entangled
Photon still has quantum properties meaning it is not looked
at; however, in the opposite case where it doesn't violate it,
eaves dropping is present, leading to a more accurate reading

than that of BB84.3 (See Figure 2)

Entanglement
Pairs

Alice'’s

Eve measurements

Bob’s
measurements
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ool n—— i
ol &

1 El
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Figure 2: Working Diagram for E91 Protocol, used along with text for
interpretation.’

Dewvice Models:

The devices that were modeled in this study include IMDs,
which include IoTs such as pacemakers and injectable insulin
pumps, both extremely resource-constrained. These models
utilize realistic constraints to closely copy the conditions un-
der which real IMDs operate. Atmospheric impedance was
also utilized in the model, as it affects the energy required to
transmit the keys over a distance of 10 meters. We used the
wavelength of infrared photons (1550 nm) as a baseline for

both of the models—BB84 and E91- which therefore accounts

for a more realistic approach to the sending of photons, as
most already applicable IoTs, such as Televisions (T'Vs), utilize
this in the communication between remotes and themselves.
In this simulation, only a fraction of the original qubits truly
reach the receiver, as most are lost, requiring a larger amount
of energy utilized to send the same number of qubits, which
is our goal of 1000 qubits to create a sufficiently complex key.

Model for Atmospheric Attenuation: Probability of a photon
being lost over a distance. a = atmospheric attenuation coef-
ficient and d = transmission distance. Used in BB84 and E91.
However, in E91, both pairs need to survive, so that is account-
ed for by

p(survive) = (1-p,,. ).

Patm =1 - e~

Regquired Amount of Photons Sent by Sender: To make sure
that the receiver receives a target number of usable photons.
Used in BB84.

_ Ntarget
(1 - patm)(l - pEue)

No

Calculation For Total Energy Used:

Plancks Relation: used to model infrared photons, where h
= Planck constant, ¢ = speed of light, A = wavelength, in which
case wavelength is 1550 nm to simulate infrared photons. Used
in both simulations. Used in both to calculate the amount of

energy required. (Doubled due to pairs of photons in E91).
Etotar = NoEo

Matching Basis for BB84 + E91: Only retains the matching
basis to form the key.

=l 1)

OBER Threshold: Used in both simulations to test QBER
and to check if it passes a threshold.

Experimental Procedure:

Using a Python program with the application programming
interface of numpy, matplotlib, and seaborn, we ran two ver-
sions of the simulation, both sending a 1000-qubit-long key.
In both, these photons are sent to a receiver, with increasing
rates of atmospheric attenuation, along with eavesdropper
strength. In the BB84 simulation, the sender encodes a ran-
dom sequence of bits into photon polarization states according
to randomly selected bases; the receiver measures each photon
and keeps the corresponding bases. Eavesdropping is then in-
troduced through “eavesdropper strength,” which then allows
an adversary to intercept and measure the photos being sent,
which causes QBE, therefore increasing QBER. Then, using
the raw key and the received true key, QBER is calculated; if
it exceeds the designated threshold of 11%, the key is subse-
quently discarded.

The E91 protocol builds on the same framework; however,
it utilizes entangled photon pairs. Then the sender and receiver
measure their entangled photons with the randomly chosen
bases, and only keep those that still contain quantum mechan-
ics. Just as in BB84, the QBER is then calculated regarding
the original sent key to the key that is truly used, where the
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threshold for discarding a key is the same as in BB84 — 11 %.
Just as BB84, this program also accounts for fluctuation values
of atmospheric attenuation, looking at different atmospheric
conditions, calculated using an atmospheric attenuation co-
efficient (o), ranging from clean air, 0.1, to contaminated air,

0.30.

B Results

BB84:

The results of the BB84 simulation demonstrate the capa-
bilities of BB84 regarding atmospheric conditions; they do not
include eavesdropping conditions. In Figure 3, for the case of
an adversary, the QBER of BB84 is zero when the adversary
is absent (assuming no atmospheric attenuation). This then al-
ters to a QBER of 0.26% when an adversary is introduced, due
to the hypothesized disturbance of the quantum states when
an adversary tries to read the qubits. Figure 4 reinforces this,
as it demonstrates a direct relationship between the adversary's
interception strength and QBER: increasing the strength sub-
sequently also increases the QBER, with a max QBER of 0.25
when at full strength, just as the previous bar graph. Figure 5
demonstrates a final quantitative idea: as the attenuation coef-
ficient increases, the number of photons that the sender must
send to deliver one thousand photons starts to grow exponen-
tially. This occurs because the higher atmospheric loss causes
more photons to be lost, or their path is altered due to other
particles in the air. The maximum value of photons required is
twenty-five thousand to send one thousand qubits at an atmo-
spheric attenuation coefficient of 0.3.

BB84: QBER With and Without Eavesdropping
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Figure 3: Simulated comparison of Quantum Bit Error Rate with and
without adversary (Eve) (1.0 Strength) when using the BB84 cryptographic
protocol.
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Figure 4: Simulated Comparison of the Eavesdropper Interception
Probability v.s. QBER in BB84.

BB84: Photon Requirement vs Atmospheric Loss
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Figure 5: Atmospheric Attenuation Coefficient (a) v.s. Photons Required to
Send One Thousand to the Receiver in BB84.

E91:

The results of the E91 simulation, although demonstrating
similar patterns to those of the BB84 protocol, show different
quantitative values, those of a large caliber. Similar to BB84,
when there is no adversary present, the QBER is zero. When
this changes to a full-strength adversary, the QBER jumps to
0.5, double that of BB84. In Figure 6, this jump is also seen,
where the values of QBER are significantly higher than those
of BB84, although both do have a direct relationship be-
tween Eavesdropper Strength and QBER, as seen in Figure
7. Another significant change is the difference in photon pairs
required to send one thousand over the atmosphere compared
to that of BB84, seen in Figure 8. These values are doubled
due to the reason that both photons are required to survive the
transaction, and if one doesn't, that qubit must be discarded,
and that would be registered as a QBE, further increasing the
QBER. Otherwise, the graph also increases exponentially as
the Atmospheric Attenuation Coefficient increases, just as in
BB84.

E91: QBER With and Without Eavesdropping
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Figure 6: Simulated comparison of Quantum Bit Error Rate with and
without adversary (Eve) (1.0 Strength) when using the E91 cryptographic
protocol.
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Figure 7: Simulated Comparison of the Eavesdropper Interception
Probability v.s. QBER in BB84.
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E91: Entangled Pair Requirement vs Atmospheric Loss

400000

350000

300000 +

250000

200000

150000

100000 -

Entangled Photon Pairs Required

50000 +

0

0.05 0.10 0.15 0.20 0.25 0.30

Atmospheric Attenuation Coefficient (o)

0.00

Figure 8: Atmospheric Attenuation Coefficient () v.s. Photons Required to
Send One Thousand to the Receiver in E91.

B Discussion

From our study, it is concluded that although our hypothesis
was partially correct, as BB84 is feasible for implementations
over IoT networks and E91 is not, it is true that these QKDs
could have been more optimized for specific needs, for IMDs.
Considering the alignment that is required with these pro-
tocols, and with many other technologies that tend to send
photons, such as these, which require direct alignment, this is
not applicable within certain IoT frameworks. These proto-
cols, specifically that of BB84 due to its smaller photon loss
rate, would be more practical in Industrial IoTs and stand-
alone IoTs that don't require movement, such as Pacemakers
and Injectable Insulin Pumps.5 Although both protocols are
sufficient for detecting eavesdropping regarding the sharing
of encryption keys, this is not pertinent due to the required
alignment. It is helpful to understand that these protocols
are applicable in the frameworks, just not in widely regard-
ed frameworks, such as those mentioned and per se “Smart
Home” appliances.

B Conclusion

In this paper, we have examined two distinct QKD proto-
cols, BB84 and E91, and, based on our resource-constrained
models, concluded that the more stable protocol for IoT appli-
cations to be implemented in the near future would be BB84.
This is the case because it loses less energy when transmitted
through the atmosphere due to atmospheric attenuation, while
still maintaining a stable detection rate of eavesdroppers, with
a QBER greater than 0.25. This value has been chosen because
it is easy to discern whether there has been an eavesdropper,
and it is not so low as to be negligible. To reach this conclusion,
we have used a Python simulation to ensure that both proto-
cols work as expected and are feasible to implement in a world

dominated by IoT devices.

Future Work:

Many items are missing from today’s implementations of
BB84 and E91. One might look to improve both BB84 and
E91 by testing these protocols with other security methods,
such as AES, to help create a compromise and get the best
of both protocols. This can be further improved by devel-
oping a method to send photons in a wider beam, helping
extend the range while also increasing the angle of alignment

that is required for these protocols, and implementing other
post-quantum cryptography methods.®” Other protocols, more
complex ones, could also be tested to see their applicability in
IoT frameworks as well. Finally, as long as improved engineer-
ing comes along in the next 5 - 10 years, using these procedures
may become a very real solution to address post-quantum secu-
rity issues associated with classical key distribution.
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ABSTRACT: Rising house prices and housing affordability are key issues that affect US households and the economy. Previous
research already highlighted rising concerns about US housing affordability, and since 2021, housing has become unaffordable for
the median US household, as more than 30 percent of their income is spent on housing. This article takes a more in-depth look
at US housing affordability at the metropolitan area level and finds a wide variation in affordability across metro areas. Although
no single driver fits all, a case study of 7 metro areas finds that elevated interest rates and high building costs play a major role, in
addition to strict regulations and some location-specific factors, such as the makeup of the metro area's economy, demographic
changes, agglomeration effects, and income inequality. The importance of these factors, especially agglomeration effects, supply
costs, and regulatory constraints, is confirmed by a panel econometric study of all 381 metro areas.

KEYWORDS: Economics, Real Estate Markets, Housing Supply and Markets, Housing Affordability, Housing Policy.

B Introduction

Rising house prices and worsening housing affordability are
key issues that affect US households and the economy. At the
national level, the median house price increased by 85 per-
cent, from $222,900 in 2010 to $405,300 by the end of 2025,
according to the St. Louis Federal Reserve.! Affordability
deteriorated, as evidenced by the increase in the cost of home-
ownership, rising from 30 percent of median income in 2010 to
42 percent in December 2025, according to the Atlanta Federal
Reserve.? If the annual cost of homeownership exceeds a 30
percent share of the annual median household income, home-
ownership is considered unaffordable.* The latter has been
the case since May 2021. Worsening housing affordability ad-
versely affects economic development and growth, as people
may not be able to afford to live in an area with higher wages
and need to move further out, which may hurt their chances to
work there and impede local businesses from hiring workers
and growing.* Hsieh and Moretti estimated that such spatial
misallocation of labor across US cities lowered aggregate US
growth by 36 percent from 1964 to 2009.°

The housing market and housing affordability are, by them-
selves, very important for policymaking. Monetary policy
decisions by the Federal Reserve may impact housing afford-
ability and housing activity: when the Fed raises interest rates,
homeowners with low fixed rates may become more reluctant
to sell, thus constraining the housing supply and causing af-
fordability to worsen.® In macroeconomic policy terms, more
affordable housing translates into greater tax generation, job
creation, economic development, and an ability to address
inequality.” Affordable housing is also a recurrent political
campaign issue and a top concern for voters across all age
groups—as illustrated in a survey by Redfin on the 2024 pres-
idential election—and by recent policy debates on this issue in
the US government and Congress.®

Previous research has highlighted rising concerns about

housing affordability in the U.S. Anthony noted the chronic

shortage of reasonably-priced housing, as about 30 percent of
all US households, comprising both homeowners and renters,
have been cost-burdened over the past 25 years.* Richardson
found that in 2012, 78 percent of new and existing home sales
were affordable for a typical family based on incomes and pre-
vailing interest rates, but in 2018, only 56 percent of homes on
sale were affordable.’ By 2024, that share decreased to less than
25 percent.” Moreover, metro area data reveal wide differences
in affordability across the United States, with San Jose, CA, the
most cost-burdened market, where 93 percent of a household's
income is needed to make mortgage payments, and Decatur,
IL, where typical households need to spend only 17 percent
of their income for a mortgage in Q2 2025." Glaeser and
Gyourko found that the main explanation for this intensify-
ing affordability crunch is that housing cost increases outpace
income growth."” Some studies also point to the importance
of local factors, such as the role of overtourism, out-of-town
buyers, and housing supply constraints in mountain towns and
coastal areas, and broader macroeconomic conditions, such as
elevated mortgage interest rates and economic uncertainty.’>"

The main contribution of this article is to examine the evo-
lution of US housing affordability and its main drivers at a
granular geographical level. While the majority of past re-
search focused on cross-country comparisons and national or
state-level housing affordability, this article analyzes housing
affordability at the metropolitan statistical area (IMSA) level.’®
This will allow more in-depth investigation of all the local fac-
tors underpinning housing affordability and price trends across
different geographical parts of the United States, drawing on a
comprehensive conceptual framework. This includes the role of
government policy, factors that affect the housing supply and
housing demand, and household characteristics.

The literature on housing affordability has emphasized
several distinct theories, although an all-encompassing theo-
ry remains lacking. The major theory of housing affordability
focuses on the supply side, gauging whether the housing market

© 2026 Terra Science and Education

57

DOI: 10.36838/IJHSR819.8



ijhighschoolresearch.org

is delivering appropriately priced units. Glaeser and Gyourko
found that about 75 percent of US housing markets were
priced near or below minimum profitable production costs in
2013.2 However, subsequent work indicated that the intensi-
ty of new housing production dropped substantially over time
across the entire US, while housing prices hit historic highs,
which suggests that there has been an economically important
flattening of the empirical housing supply curve, contributing
to unaffordability.’” Regulatory theories argue that construc-
tion and zoning restrictions may heighten construction costs
and dampen supply.’® Gyourko, Hartley, and Krimmel found
further evidence of large differences in the land use regula-
tory environment in the US housing market.” Baum-Snow
and Duranton argue that land use regulation has grown more
stringent as there is less land available for development in the
most productive and highest-amenity locations.?® This in-
centivizes incumbent property owners in the best locations
to enact land use regulations to protect their property values,
while at the same time prompting a decline in affordabili-
ty. Such established residents' use of power is referred to in
the literature as 'NIMBYism' for the 'not in my backyard'
sentiments and has been found to constrain much-needed
housing supply.?! Growth theories attribute increased demand
to demographic changes and migration. Anthony found
that MISAs with high population growth rates from 1990 to
2000 experienced greater increases in the number of hous-
ing-cost-burdened households.”> Gong and Yao showed that
demographic changes can account for 40 percent of observed
US house price growth from 1970 to 2010, through rising life
expectancy, increased urbanization, and international immi-
gration, more than offsetting the negative effect from lower
fertility over this period.” Income inequality theories hold that
widening disparities exacerbate housing inaccessibility by
causing a concentration of purchasing power among high-in-
come households, which are able to absorb escalating housing
expenses and outbid others.!*?* Agglomeration theories contend
that larger cities boost worker productivity, increasing hous-
ing demand, and induced migration theories explore how better
amenities attract new residents and contribute to worsening
affordability, in the absence of increased supply.?® Combes and
Gobillon reviewed the empirical evidence on urban agglomer-
ation economics and found that average agglomeration effects,
measured by the elasticity of productivity or wages with re-
spect to density, are typically in the range of 1-8 percent.

The outline of this article is as follows. First, it presents the
data and methodology and some broad trends in house pric-
es and affordability across MSAs. Then, it takes an in-depth
look at seven MSAs experiencing different house price and
affordability developments to identify the different driving
factors, including socio-economic, regulatory, demand, and
supply-side factors. The next section provides a quantitative
analysis to determine the relevance of the various factors iden-
tified from the case studies across all MSAs between 2006 and
2025. The last section concludes and offers suggestions for
policy and further research.

B Methods

This section describes the data used to assess housing affordabil-
ity and the main drivers. It also outlines the methodology to assess
housing affordability and presents the broad evolution of housing
affordability across the 381 US metro areas.

Housing affordability is typically measured by income-based
measures, most notably the share of income that households
spend on housing.* Lenders usually require housing costs to
be less than 30 percent of monthly gross income. Anything
higher would characterize a household as housing cost-bur-
dened, and housing affordability problems arise if the median
household, or a large share of households in a particular re-
gion, is housing cost-burdened.* An alternative affordability
measure is the house price to income (HPI) ratio. Typically,
banks consider a good HPI for most homebuyers between two
and three, and no more than three to five, but note that this
depends on a household's personal situation, including income
stability, monthly expenses, expected future earning power, and
overall debt-to-income. As noted by Meen and Whitehead,
the distinction between cost-to-income and HPI affordability
in relation to home ownership reflects an emphasis on, respec-
tively, repayment affordability—i.e., the proportion of income
required for mortgage repayments plus other costs— and pur-
chase affordability—i.e., the borrowing capacity and access to
credit.”” Both indicators focus on the economic dimension of
affordability and are used widely due to their ease of computa-
tion. However, they ignore other aspects of affordability, such
as social and environmental criteria, such as evolving quality
standards, and neighborhood and transportation issues.?®

This article compiles house price and housing affordability
indicators at the metro area level, using data from Zillow, the
Census Bureau, the Bureau of Economic Analysis (BEA), and
the Bureau of Labor Statistics (BLS). MSA-level data allow
zooming in on specific trends in narrow geographical areas
and provide the finest possible breakdown of economic sta-
tistics compiled by BEA and BLS. More specifically, Zillow
compiles monthly housing affordability data starting in 2012
and house price data from the early 2000s onward for over
900 MSAs, while the Census Bureau's American Community
Survey (ACS) publishes detailed annual housing indicators for
508 MSAs from 2006 onward. This survey also collects de-
tailed socio-economic data at the MSA level that can be used
to explain cross-sectional differences in MSA housing trends.
The Census Bureau also undertakes decadal studies since
1940, which allow for the detection of longer-term trends at
the state level, and since 1990, at the MSA level. BEA and
BLS compile detailed data on income and household expen-
ditures, employment, GDP, and prices for 384 MSAs starting
in the early 2000s. Given the focus on metro area compari-
sons, this article combines data from these different sources,
resulting in a matching data set of 381 MSAs with continuous
data from 2006 onwards. Missing data points were backfilled
using the variables' development at the state level or the aver-
age from other MSAs in the same state. Data for 2020 from
the Census Bureau are missing since the census was canceled
due to the pandemic, and census data for 2020 are averaged

using observations from 2019 and 2021. Table 1 provides more
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details on the explanatory variables used to study housing af-
fordability and house prices, drawing on the various theories
of affordability, reviewed above, and the conceptual frame-
work from Galster and Lee.”” The latter identified nine key
relationships that shape urban housing affordability and their
respective drivers, including not only housing supply, housing
demand, household demographics and productivity, but also
land, construction and other development costs, labor supply
and labor demand, and market expectations.

Table 1: Variables included in this study of US housing affordability for each
metro area.

Housing affordability
Zillow cost-income ratio!  Share of income that the median household would spend on a newly purchased
home that falls in the 35th to 65th percentile range, comprising mortgage payments,
homeowner insurance, property taxes, and maintenance costs. Monthly data (since
2012) averaged over the year. The series is backfilled using the Census cost-income
trend.

Census costincome ratio2  Selected monthly owner cost (SMOC) divided by median household income,
available on an annual basis (2024 data released in October 2025). Census
affordability comprises both existing and newly purchased homes, with and without a
mortgage, and is not confined to homes that fall within the median range.

House price-income ratio’2  Zillow house price data comprises current-month sales prices, whereas Census
Bureau house price data comprises valuations from both current sales and existing

home prices based on their tax valuation.

Housing cost-burdened
households

Share of households with SMOC exceeding 30 or 35 percent of the median income.

Soci i and cost

Local housing construction
costindex3#

Leland-Saylor national cost index of materials and labor, adapted to local cost by
multiplication with the BEA regional price parity for goods (index = 100 in 2010)

Population growth2s Index for annual population growth (index = 100 in 2010)

Population density?3 Population per square km

Share of non-white
households?

The complement of the share of the total population that identifies as white, non-
Hispanic. Possible indicator to study the effect of race and/or migration

Median age? Median age of the homeowner

Household mobility? The share of households that moved in the last 2 and 3-5 years as a percentage of

all households that occupied housing units

Local GDP and sector- Real gross domestic product (2017 prices) and shares of specific sectors
specific GDP shares® i health, ar i

Productivity35 Real GDP (in 2017 prices) divided by the labor force.

Commuting time? Average commuting time to work (in minutes)

Gini coefficient? Measure of income inequality (from 0: perfect equality, to 1: perfect inequality)

College population? Share of the over-25-year-old population with a bachelor's or higher degree

L rate? L

rate for the population 16 years and over
Poverty rate? Percentage of families and people whose income in the past 12 months is below the
poverty line

Proxies for housing policy strictness

Average age of the housing  Weighted average age of housing, using total housing units built in each decade

stock? starting from the 1930s. A gradual increase over time in the average age of the
housing stock may be indicative of metro area housing policies that restrict new
housing development.

Share of housing units that are not occupied. A low vacancy rate may point to a
housing (supply) shortage.

Vacancy rate?

Density of 1-unit structures?  Number of one-unit structures (detached and attached) as a share of total housing
units. This indicator may capture the (change i) importance of zoning restrictions

that favor low-rise, single housing development.

Sources: 'Zillow Research, *Census Bureau’s American Community Survey,
SBureau of Economic Analysis, ‘Leland-Saylor cost of construction labor/
materials, *Bureau of Labor Statistics, and author’s computations.

To analyze changes in US housing affordability, this arti-
cle adopts both a qualitative and a quantitative approach. The
qualitative approach consists of detailed case studies of seven
MSAs to analyze differences in affordability in different parts
of the US and examine housing market, socio-economic, and
regulatory policy factors. These seven MSAs are selected to
cover different geographical parts of the US and to reflect dif-
ferent housing affordability environments. They include coastal
areas in the East and West (New York and San Francisco), the
capital (Washington, DC), the Midwest/Rust Belt (Detroit),
the Pacific Northwest (Bend, OR), and the Sun Belt in the
South (Miami, FL, and Austin, TX). These are mostly larg-
er metro areas that account for 15 percent of US households
and likely reflect important tendencies that extend to adjacent
metro areas. Bend is included to reflect typical affordability
challenges of smaller mountain towns and tourism-dependent
metro areas stemming from the influx of wealthy second-home
buyers.®* The qualitative case study aims to illustrate the
relevance of various factors derived from the affordability the-

ories in the previous section. The quantitative analysis in the
next section will examine more systematically the relevance of
various housing factors for all 381 metro areas over the past 20
years (2006-2025), using a panel regression approach.

Before examining the 7 metro areas in detail, the rest of this
section discusses broad trends in house prices and affordabil-
ity across the 381 metro areas over 2006-2025. House prices
increased in phases between 2006 and 2025 and show substan-
tial variation across US metro areas. Between 2006 and 2011,
the median house price across US metro areas declined slight-
ly, from $158,000 in 2006 to $137,000, while the compression
of house prices in the upper tail of the distribution was sub-
stantially stronger, from $434,000 to $$302,000 at the 95th
percentile (Figure 1.A). After 2011, the median house price
increased strongly, initially gradually until 2019 to $191,000,
followed by a steep rise during the pandemic to $261,000 in
2022, and a more modest rise, up to $292,000 in 2025. After
2011, the dispersion in house prices became more pronounced,
as evidenced by the difference between the low end and the
high end of the distribution, especially after the end of the
financial crisis in 2011-2012, and during and after the pan-
demic, between 2022 and 2025.
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Source: Zillow Research, Census Bureau, author's computations.

Note: Panel figures show fan charts with the median for each variable (blue
line) and the distribution around the median in different shades of red, with
the middle third (35-65th percentile) in dark red, the 10th and 5th percentile
range in medium and light red. Panel A shows the evolution of period-average
US house prices for 381 metropolitan statistical areas (MSAs) identified by
BEA and BLS using Zillow's smoothed, seasonally adjusted ZHVT series.
Panel B shows the Zillow housing cost-to-income ratios for 381 MSAs. Panel
C shows the evolution of an alternative affordability metric, house prices to
median household incomes.

C. House price to
income

Figure 1: House price and affordability developments across US metro areas,
2006-2025.

Housing affordability, as measured by the housing cost-
to-income ratio, deteriorated most notably in 2022 and 2023
(Figure 1.B). Median housing affordability was well below
the 30 percent affordability limit until 2021 and crossed the
30 percent limit in 2023, implying that affordability concerns
have affected half of all the US metro areas since 2023. In con-
trast, 10 percent of all metro areas experienced affordability
concerns already starting in 2013, when their cost-to-income
ratio passed the 30 percent threshold. Over time, the medi-
an housing cost-to-income ratio distribution also shifted
upwards, with the range between the lowest and highest 1
percent affordability shifting from 14-33 percent in 2006 to
22-52 percent in 2025, and the middle third of the distribu-
tion increasing from 19-22 percent in 2006 to 29-34 percent
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in 2025. This confirms earlier research raising the alarm over
housing affordability.**

The worsening housing affordability is also reflected in the
house price to income (HPI) ratio. The median HPI remained
in the 3 to 3.3 range between 2006 and 2020 but sharply in-
creased in 2021 to 3.6 and to 3.9 afterward (Figure 1.C). Thus,
the median HPI followed a broadly similar trend as the me-
dian cost-income ratio and suggests widespread affordability
concerns since 2021 across the majority of US metro areas.
Also notable is the sharp decline in the top 5th and top-10th
percentile HPI ratios between 2006 and 2012, from 7 to 4.8
and from 5.7 to 4.0, respectively, and their subsequent increase,
to 6.1 and 5.3 in 2020, and to 7.7 and 6.5 in 2022, before re-
ceding a bit to 6.7 and 5.7 in 2025. Thus, for 10 percent of the
metro areas, affordability concerns based on the HPI seem to
be even more prevalent and for a longer period of time com-
pared to an assessment based on cost-income. These shifts in
the distribution of the HPI and down- and uptrends appear to
broadly mirror the acceleration and deceleration of house price
increases across these various subperiods, suggesting that in-
comes developed more slowly. This finding will become more
evident in the next section.

B Results and Discussion

Housing affordability in seven US metro areas:

This section examines housing affordability in seven MSAs
from across the US and local authorities’ responses. It finds that
affordability issues are due to a combination of factors unique fto
each metro area.

Housing affordability deteriorated across all seven metro
areas, especially after 2020, and notwithstanding some dif-
ferences, each one has declared a housing affordability crisis.
The ratio of housing expenditures to median household in-
come was initially below 30 percent in all metro areas except
San Francisco and New York (Figure 2.A). Over time, in all
MSAs except Detroit, this affordability ratio crossed the 30
percent threshold, first in Bend in 2010, then Miami in 2012,
and during or after the pandemic in the other three MSAs.
Housing costs to income in all these MSAs except Washing-
ton, DC, and Detroit far exceed the US average. That said,
the share of households with a housing cost burden exceed-
ing 30 percent of their income fell between 2006 and 2019
in all MSAs, before increasing again in subsequent years, and
appears to be correlated with affordability: the three most un-
affordable MSAs (San Francisco, New York and Miami) also
have the highest share of households with excessive housing
cost burden (Figure 2.B). The alternative affordability indi-
cator, the house price to income ratio, shows a very similar
evolution as the housing cost to income ratio, ranking the sev-
en MSAs broadly similarly, and with the same large variation
between MSAs, ranging from 2.7 to 8.2 in 2006 and from 3.2
to 7.8 in 2025 (Figure 2.C). This means that the average home
in San Francisco costs nearly 8 times the median household's
annual income in 2025, whereas it would cost only about 3.4
times a median household's income in Detroit. Despite these
differences, authorities in each metro area have declared a

housing affordability crisis and announced plans to address this
problem (see further below).

2010 2015 200 2025 2010 2015 200 2025 2010 2015 200 2025

B. Households with
over 30 percent housing
cost burden (%).

A. Housing
affordability (%).

C. House price to
income ratio.
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Source: Zillow Research, Census Bureau, authors' computations. See also
Table 1 for data description. Note: Figures 2.A to 2.C show worsening
housing affordability ratios and figures 2.D to 2.F show the underlying
elements (indexed with 2010=100), with increases in house prices and cost of
housing exceeding households' income growth.

Figure 2: Housing affordability in 7 metro areas.

Across all seven MSAs, the main reason for the deterioration
of housing affordability appears to be the inability of incomes
to keep up with house prices and costs. House prices and costs
on average rose much more than incomes in each of the 7 met-
ro areas, which can be seen from Figures 2.D to 2.F, which
index house prices, costs, and incomes with 2010 as a base year.
By 2025, house prices rose to around 300 (tripling) in Bend,
Miami, and Detroit, and increased the least, by 60 percent, in
DC and NY (Figure 2.D). Housing costs followed that trend,
or increased even more, by up to 3.5 times in Bend and Miami,
and more than doubled in DC and New York (Figure 2.E).
Household incomes, on the other hand, increased much less
across all metro areas (Figure 2.F). They rose the most in Bend,
doubling, and by about 80 percent in San Francisco, Miami,
and Austin, while rising by the same amount as house prices
in DC and New York, but less than the housing cost increase.

Financial factors appear to play a large role in the housing
cost increase. In general, the increase in the cost of housing
from 2021 onwards seems related to sharply rising mortgage
rates (Figure 3), as interest-sensitive principal and interest pay-
ments represent the bulk of monthly housing costs, between 70
and 85 percent in these MSAs. To illustrate further, a 50-ba-
sis-point decrease in the 30-year mortgage interest rate, from
6.6 percent (in 2025) to 6.1 percent, would improve affordabil-
ity by between 1 and 2.5 percentage points across these seven
MSAs, and the number of households with unaffordable hous-
ing cost burden would fall by about 185,000, consistent with
calculations by Zhao.® This also ties in with a recent US gov-
ernment proposal to lengthen the maturity of mortgage loans
from 30 to 50 years, which would have qualitatively similar
effects on affordability, reducing monthly payments, but at the
same time lengthening the payback period by another 20 years.
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2010 2015

Source: St. Louis Federal Reserve.

Figure 3: The 30-year mortgage interest rate (%).

2020

2025

Table 2: Affordability impact of lower interest rates.

House Price
(%)

Cost-burdened

Cost-

Impact the interest rate
drop (-50 bps) on

Cost-

HH cost

households Income ratio income burdened
New York, NY 687,917 2,400,137 56.7 54.6 -88,543
Washington, DC 567,064 551,764 343 33.0 -21,932
Miami, FL 476,792 856,924 49.8 48.0 -30,745
San Francisco, CA 1,102,835 506,832 59.7 57.2 -20,840
Detroit, MI 250,514 379,657 26.7 257 -14,174
Austin, TX 431,284 236,602 36.7 35.4 -8,490
Bend, OR 661,252 25,157 494 47.4 -1,050
Total 7 MSAs 567,064 4,957,072 494 47.4 -185,774
All 381 US MSAs 356,484 27,129,798 33.9 32.6 -1,041,249

Source: Zillow Research, Census Bureau, author's computations.
Note: Table computes the impact of a 50 basis point (bps) interest rate
decline from 2025 levels on the housing cost-income ratio and the associated
reduction in housing cost-burdened families. HH = households.

In most of these metro areas, house prices have become
high relative to production costs. This confirms the results by
Glaeser and Gyourko that these housing markets are generally
not delivering appropriately priced housing units.!” This can
be seen from the correlation between our composite measure
for the cost of housing, proxied by the Leland-Saylor labor/
materials cost index, and house prices, in each of the MSAs
(Figure 4.A). Following Lynch, we assumed that the cost of
labor and materials represented 50 percent of the house price
in 2006, indexed the Leland-Saylor cost series to that level
in each metro area, and let it grow over time by the BEA's
regional price parity series for goods, which measures differ-
ences in goods price levels across metro areas for a given year.*
For the US as a whole (black dots and line), the cost of supply
increased by 63 percent, but house prices more than doubled
between 2010 and 2025. For DC (in yellow) and New York (in
blue), on the other hand, housing costs track prices relatively
well over this period, each increasing by around 70-80 percent.
In all other metro areas, the increase in house prices is much
stronger than can be justified by the increase in the cost curve,
as evidenced by the steeper slopes in Figure 4A.

Strict housing market regulations may explain why construc-
tion costs generally pass through imperfectly to house prices.
Glaeser and Gyourko explain the generally loose link between
costs and prices by the (in)elasticity of the housing supply: in
metro areas where housing supply cannot bring on new sup-
ply, due to strict regulation of housing construction, the price
of housing can be considerably above the minimum profitable
production cost, and the shift in demand for housing affects

prices more than quantities.’? This hypothesis is also support-
ed by survey data on the strictness of land use regulations.
Gyourko, Hartley, and Krimmel show that a stricter regulatory
regime is associated with higher house values, and the most
highly regulated markets in the US are situated along either
the northeast coast from Boston down through Washington,
DC, or the west coast of the country, from Seattle to Portland,
San Francisco, and Los Angeles.”” A relation between regu-
latory strictness and affordability can be inferred, indirectly,
from indicators of the housing stock, which tell how much
new supply becomes available over time. Figure 4B shows
that metro areas such as Austin, which has a relatively young
housing stock and kept its average age constant, appears to
have better affordability for most of the time, compared to San
Francisco or New York, which have an old and aging housing
stock, which suggests that not enough new supply is added
to their existing housing stock or restrictive policies, in line
with views expressed by real estate reporters.®>** Similarly, in
Miami, only 4 percent of the metro's housing units have been
built since 2010, and housing regulations, especially to increase
affordable housing options, seem restrictive and have only re-
cently become responsive to the Miami affordability crisis.**
DC has seen relatively little change in average age of housing,
reflecting several large housing developments that have taken
place to expand the supply, including downtown and through
office-to-residential conversions, which has gained in popu-
larity across the US.*? Detroit, on the other hand, which also
has an old housing stock, does not fit this pattern, as it suffered
from a foreclosure crisis between 2005 and 2015 which severe-
ly limited new construction.®
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Source: Author's computations, based on data described in Table 1. The line
represents linear regression for the cross-sectional data in each figure. The
Leland Materials & Labor Index is a proxy for construction costs, and the
average age of the housing stock and density of single-family housing units are
taken as regulatory housing proxies. House prices are shown to rise more than
the Leland housing cost index, and regulatory stringency appears positively
associated with lower housing affordability across metro areas.

Figure 4: Housing affordability, construction costs, and regulatory proxies
in select MSAs.

The density of single-family housing units is another proxy
for housing regulatory policy, which seems related to afford-
ability. The rationale is that metro areas with high density may
be unwilling and/or unable to expand the housing stock in a
significant way or may face opposition from existing home-
owners when attempting to free up more space (the so-called
NIMBY movement), which may put upward pressure on prices
and affordability. This can be seen from the contrast in afford-
ability between high-density MSAs such as New York and
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San Francisco versus low-density MSAs such as Austin (Fig-
ure 4C). In Austin's case, density bonuses encouraged housing
construction, and its affordable-housing program added to the
overall supply, whereas metro areas like San Francisco had an-
ti-density policies in place for 50 years.”* In Miami's case,
where density bonuses are also available, the housing supply
did not expand as local developers felt insufficiently incentiv-
ized.’** Bend seems to be an outlier in this relation, as it has
a low density but a very high unaffordability, which may be
linked to characteristics of mountain towns, which have less
habitable space and more supply constraints by the nature of
their location, among other factors.

Demographic factors also appear to play a key role in hous-
ing affordability in all seven metro areas. Population growth
is positively correlated with affordability (Figure 5A). This is
consistent with Harvard's Joint Center for Housing Studies
2025 report, noting various demographic headwinds to hous-
ing demand, including a slowdown in household formation
due to a drop in immigration and less household formation
by younger adults, a fall in household mobility, and projected
increases in older households due to population aging.’ Austin
and Bend experienced some of the highest population growth
and also saw affordability worsen the most, as their median
incomes rose less than house prices or costs (Figures 2D-2F).
Over time, the share of households that moved between houses
has fallen considerably across all metro areas, freezing up the
housing inventory-for-sale and thus reducing the supply, which
contributes to rising house prices and affordability concerns
(Figure 5B). Frey notes that long-distance moves have picked
up since 2022, while local moves reached a historic low.* The
decline in mobility may also partly be attributed to mort-
gage lock-in, as existing homeowners are unwilling to give up
low-rate mortgages at a time when interest rates increased con-
siderably, leading to a spatial lock-in.*** Equally, record-high
house prices may keep people from buying their first homes. In
turn, when housing is limited, an unwillingness to move out on
the part of current residents will hinder outsiders from moving
in.** There also seems to be some cross-sectional relationship
between the racial makeup of these metro areas and housing
affordability, as the decline in the share of households identi-
fying as white seems negatively correlated with affordability.
This may reflect the large immigration and growth of Hispan-
ic households over the past 20 years, which led to increased
demand for housing in each metro area against a constrained
supply, leading to higher house prices and worse affordability,
in line with Gong and Yao and as projected by Masnick and
Di.%4 It also follows from the literature on racial disparities in
homeownership and housing returns, pointing to worse hous-
ing outcomes for non-white households.*

Agglomeration effects impact housing affordability across
the seven metro areas. Earlier findings on productivity and af-
fordability by Glaeser and Gottlieb and by Van Nieuwerburgh
and Weill are confirmed by our data, showing that differences
in productivity across metro areas drive differences in afford-
ability (Figure 6A).»* San Francisco and New York stand
out for their high GDP per worker. In turn, this allows paying

higher wages, which attracts more workers to these places, but

also results in more competitive housing demand against an
inelastic supply, and thus leads to worse housing affordability.
Productivity is also rising in the other metro areas and coin-
cides with decreased housing affordability.
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Figure 5: Demographics and housing affordability in select MSAs.

Economies of density, measured by population density, are
another broad proxy for agglomeration effects, as it influences
firms' location decisions.* Moving to higher-density areas cor-
relates with worse affordability in our sample of seven metro
areas, albeit more on a cross-sectional basis than within each
metro area (Figure 6B). Housing affordability problems also
seem correlated with longer (willingness to) commute across
these metro areas, likely due to the separation of home and
workplace, which adds to living costs. Long commutes appear
most severe in New York, San Francisco, and DC metro areas,
as workers are attracted by higher wages in these metro areas
(Figure 6C). However, there has been a reset in commuting in
most metro areas after the pandemic, evident from the leftward
move in the last three commuting data points (2022-2024), as
teleworking took off, whilst affordability concerns continued
to rise—possibly due to higher-income households looking for
new residences fitting their new lifestyle. The latter may be
related to spatial and income inequality, discussed next.
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Figure 6: Agglomeration effects and housing affordability in select MSAs.

It is worth noting that these agglomeration effects are re-
flected in various surveys of livability and city performance.
For example, DC is ranked number one on livability in 2025
by Rentcafe.com, based on a combination of socioeconomics,
quality of life, and community metrics, far ahead of the next
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of our 7 MSAs, New York at 22, and San Francisco at 33"
place.” A different report, by the Milken Institute, ranked
Bend as the fourth-best performer among small cities and
Austin as number 9 in the list of large cities, based on metrics
from labor market trends, performance of high-tech industries,
and shared access to economic opportunities.*
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line represents linear regression for the cross-sectional data in each figure.
Higher income and education inequality appear to go hand in hand with less
affordable housing across metro areas.

Figure 7: Inequality and housing affordability in 7 MSAs.

Inequality seems intertwined with affordability across all
seven metro areas. The cross-section shows a positive relation
between Gini coefficients and affordability, although only in
Bend, Austin, and San Francisco did income inequality in-
crease noticeably as housing affordability deteriorated. For
Bend, this is confirmed by city reports stating that about one-
in-six households cannot afford to purchase a home at current
market rates, which is attributed to rising income inequality, as
the local economy is heavily influenced by service and seasonal
jobs that offer low- to moderate-wage jobs that do not keep up
with the rising cost of living.** In Austin, the rising income dis-
parity reflects an influx of out-of-state households with higher
incomes, like tech workers from LLA and San Francisco, and
the area is disproportionately adding more low- to moderate-
ly-paying jobs.”>** For San Francisco, this relation is confirmed
by Verma, Rinzler, and Zuk, who found that, between 2000
and 2015, increases in house prices and affordability problems
were correlated with shifts in where low-income households
live.>* Inequality is also stark in Miami, where housing afford-
ability varies sharply across neighborhoods, with high-income
households packed along the region's coastline and in some
affluent inland suburbs, and low-income areas sandwiched
in between.® Another proxy for inequality, the share of col-
lege-educated, seems even more strongly correlated with
affordability, with marked increases in educational attainment
across all seven metro areas, and high house prices crowding
out lower-income and lower-skilled households as whole met-
ro areas are auctioned off to the highest bidder.”

In sum, a multi-factor explanation seems warranted to ex-
plain the housing affordability crisis across these seven metro
areas. The above analysis made clear that affordability pressures
are different across the various MSAs, and the importance of
the various affordability theories/drivers differs across metro
areas, as summarized in Figure 8. Some factors have a more se-
vere impact in some MSAs, such as housing cost pass-through
in Austin, Bend, and Detroit, demographic factors in Austin,

Bend, and Miami, and agglomeration effects in San Francisco
and New York. Other factors, such as the single-family hous-
ing density regulatory proxy and population density, seem more
relevant to explain differences between MSAs than within
MSAs, potentially because they are slow-moving indicators,
whereas affordability changes have occurred in a shorter time
span.

@ s> e 5 &
& NS S S P S
« & > § 3 &
Theories: © > o <® & ¢
= - °
2 o g = £ 8
g g &% g 23 E ) g
g £ g £ Z5 z E E 3
3 8 2 o238 2¢ 5 g £ g
Metroareas: S & & 8 A38s s & 3 3
SanFra
NY
DC
Mami
Austin
Bend
Detroit

unrelated  red = laled red= red=

red=most  red = rd= red= green= M orange  red =
specifc,  more speciic, increase  rapid

costpass- igher PELE TOF less  more hops R R BL o more

trough  age PP robiity migrale  aford 9 unequal  grads

overall overal  fme  prod

Note: in red = negative effect, green positive, orange and yellow in between,
white no effect on affordability. Dashed squares reflect mostly a cross-sectional
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Figure 8: Summary of metro area evidence on affordability factors and
theories.

In response, each local metro area authority has undertaken
efforts to combat its housing affordability crisis (Table 3). A
survey of the metro areas' housing authorities reveals that many
stress the underproduction of housing units in the past 10-15
years and the fear that unaffordability may drive the workforce
away, pointing to negative agglomeration effects. Some finan-
cially stronger metro areas have been able to secure funding to
invest in affordable homes, while others rely on public-private
or philanthropic partnerships. Most metro areas also started
to have inclusionary housing mandates, provide incentives for
developers to include affordable housing in their projects, or
encourage commercial-to-residential conversions.

Table 3: Metro area authorities' plans to make housing more affordable.

bat e dobla b

Metro area | Main measures to

Austin Voters approved affordable housing bonds to buy land, build housing, and help with repairs in
2018 and 2023. Austin Strategic Housing Blueprint (2017) set a 10-year goal to create 60,000
affordable housing units through land acquisition and development. Zoning code revisions to

enable greater housing density.

Bend City has a de» fee to pay for housing; adopted a system development charge
exemption for mixed-income development projects; annexed urban reserve land to build

affordable homes.

Detroit City invests in r ion to improve t hasat s' property tax assistance
program, adopted a preservation action plan to preserve affordability of housing units, and
adopted an Inclusionary Housing Ordinance to develop affordable homes. Philanthropic strategic

neighborhood fund finances infrastructure and housing development.

[2]e] City set a target to create 36,000 new housing units in 6 years (2019-2025), with one-third for low-
income earners, il ling through office-te i i i d finance for

builders. Montgomery County increased financial investments in affordable homes.

Miami HOMES plan (2022) to preserve/renovate housing, provide mortgage relief, increase the supply of

affordable and workforce housing, etc. The Florida Live Local Act offers tax and zoning incentives.

New York Between 2014 and 2021, NYC financed preservation and new construction of 200,000 affordable
homes, passed mandatory inclusionary housing, and various rezoning efforts. New housing plan
in 2024 includes significant changes to restrictive zoning rules and a $5 billion commitment to
support affordable homeownership, preservation, and infrastructure, while the 2026 housing plan
includes the development of public land and 200,000 rent-stabilized units over 10 years.

San Francisco | Developed housing plan (Housing Element) in 2023 for meeting housing needs over the next 8
years (2023-2031), i i implification of itting and appi Is, funding for

large-scale projects, and easing zoning restrictions. R; d barriers for office-t

conversions and reformed inclusionary housing and fee system to improve the feasibility of mixed-
income projects.

Source: Author's research of metro area housing authority departments.

Quantitative analysis:

This section uses panel regressions to examine housing af-
fordability for all 381 metro areas. This statistical technique
finds the common factors driving a specific variable, in this case
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affordability, over time and across a set (a panel) of metro areas.
A panel regression can be written in general as:
Yie=o+ X p+8 + v+

where Y, is the dependent variable, and X;; is a k-vector of
regressors (which may include a lagged dependent variable
to reflect path dependence), and € are the error terms for
cross-sectional units observed for 7 = 1, 2, ..., M, cross-sec-
tional units observed for dated periods # =1, 2, ..., 7. The «
parameter represents the overall constant in the model, while
the §; and vy, represent cross-section and period-specific effects.
The P coefficients are assumed to be common across all met-
ro areas and time periods. Least-squares regression is used to
estimate these coefficients. To account for the correlation be-
tween the residuals and obtain robust estimators, we correct for
heteroskedasticity using White two-way clustering of errors.”
We follow Hendry's general-to-specific estimation approach,
starting with an equation that includes all possible regressors,
and eliminating one by one those that are insignificant, as
judged by t-statistics and other information criteria.””

The results show that housing affordability cannot be re-
duced to a single explanation or single theory. In fact, elements
of all five theories of affordability are reflected in the estimated
cost-income and HPI panel regression models (Table 4). All
variables come with the expected sign, but the LDV in mod-
els B and D takes away the explanatory power of some of the
variables in models A and C, as expected. The goodness-of-fit,
measured by the adjusted R?, is very high, around 90 percent
or more, and the unexplained part of the model is rather small,
as measured by the size of the average residual relative to the
mean affordability ratio (between 5 and 11 percent). Two
variables that measure agglomeration effects are present in all
models. Most notably, across all specifications, a higher share of
tourism and recreation appears to significantly correlate with
unaffordability, likely reflecting the attractiveness of coast-
al, mountain, and other tourist-rich MSSAs for out-of-town
buyers."*** In model A, a one-percent increase in the share of
tourism in local GDP is associated with a half a percentage
point higher housing cost-income ratio. Another agglomera-
tion factor, higher productivity, is also positively correlated with
unaffordability in all four models, in line with Baum-Snow and
Duranton's model of housing supply.® A $10 increase in pro-
ductivity is associated with a 0.4 percentage point increase in
the cost-income ratio in model A.

Greater inequality, measured by the Gini coefficient, is also
positively correlated with unaffordability: a 4-percentage-point
increase in the Gini coefficient is associated with a half per-
centage point worsening of affordability. This is in line with
Adabre, Chan, and Darko, who associate rising inequality with
greater residential segregation arising from big income gaps
between high-income earners and middle- and low-income
earners, through gentrification or the development of gated
communities.”® Among the demographic factors, higher popu-
lation growth appears to correlate with less affordable housing
across all models, as it leads to increasing demand for housing
against a relatively fixed supply, in line with the framework of
Galster and Lee.” The coefficient size suggests that a 10-point
increase in the population index is associated with a 0.4 per-

centage point increase in the housing cost-income ratio. The
cost of supply (Leland-Saylor index) and regulatory proxies
(age of housing stock) are statistically significant in three of the
four models as well, and their inclusion in the LDV-enhanced
models B and D suggests they are equally important to under-
stand housing affordability across US metro areas, in line with
Glaeser and Gyourko and Snow-Baum and Duranton.'>® A
10-point increase in the supply cost index is associated with
the cost-income ratio rising by more than 1 percent, and an
increase in the average age of the housing stock by one year
would raise the cost-income ratio by about a quarter of a per-
cent.

Table 4: Panel estimation of housing affordability for 381 US metro areas,
2006-2025.

Cost-Income ratio
(A) no LDV (B) with LDV
Coef (tstaf) _ Coef (tstaf)
0129 (3.23) 0063 (2.11)
0106 (245)
0262 (3.57)
0042 (197)
-0.195 (-3.24)

Dependent variable: House price-income ratio

(C)no LDV (D) with LDV

Coef (tstaf) _ Coef (tsta)
0.006 (2.59)

Regressors
Leland-Saylor index
Post-2000 housing
Age housing stock
Paopulation index
Mobility

Edu, health

Rec and tourism
Pop density
Gommuting time
Productivity

Gini coefficient
Lagged dependent variable (LDV)

0060 (2.11)
0018 (191

0.020 (2.02)

0010(294) 0003 (229)
0032 (-20)

0500 (194 0,052 (1.76)

0049 (333

) 0260 (259)
)
0098 (187)
)
)

0011 (191)

0036 (241
0.003 (2.38;
0.008 (1.68;

)

)

0.020 (1.76) )
0.003 (263)
)

)

0,008 (268)
0,009 (147)

0042 (232
0126 (284

0018 (217)
0099 (217)
0820 (171)

R?adj 0891 0961 0911 0.974
N observations 7230 6849 1238 1238
M cross-sections 381 381 381 381
T periods 19 18 19 19
F-statistic 1463 4173 1834 6333
Average residual 26 16 04 02
Mean affordability 242 243 3.6 3.6
Panel regression estimated with least squares. Standard error and t-statistics are adjusted for clustering

White two-way cluster standard errors & covariance (degrees of freedom corrected) method is applied.
Cross-section and period fixed effects are included in all models.

0013 (365,
0760 (153

One concern with these estimates may be that they are
affected by an endogeneity bias, i.e., the fact that no single vari-
able may be strictly exogenous — think of population growth in
a metro area being impacted by housing affordability or being
jointly determined. This could be solved by using a more so-
phisticated econometric technique like the generalized method
of moments estimator from Arellano-Bond, which estimates
the model in first differences and uses lagged (pre-determined)
variables as instruments.”” Although not reported here, such
estimation does not qualitatively change the results: housing
affordability is still explained by a combination of factors from
these different theories, although in more complex ways, with
some non-linear effects.

In terms of economic significance, supply cost, agglomera-
tion effects, and regulatory constraints appear most important.
While statistical significance establishes whether coefficient
estimates for variables are non-zero, economic significance tells
which variables have the most important impact on affordabil-
ity. This article follows Liu and Winegar to calculate economic
significance by multiplying the regression coefficients by their
within-group standard deviation as the scaling variable.® Figure
8 shows that a one standard deviation shock to the supply cost
factor raises affordability concerns the most, by 1.5 percentage
points immediately and by 8 percentage points in the long run.
Agglomeration effects, through the combined effect of shocks
to productivity, tourism, and population density, would worsen
affordability by 2 percentage points in the long run (by 40 ba-
sis points immediately). Regulatory effects, through a shock to
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the age of the housing stock, would worsen affordability by 1.1
percentage points in the long run (by 20 basis points immedi-
ately). Lastly, a one standard deviation shock to demographics
(population growth) and inequality (Gini coefficient) would
worsen affordability the least, by 0.7 percentage points in the
long run (12-13 basis points immediate impact).

mlmmediate mLong term

Leland-Saylor index E———

Age housing stock 1
Praductivity 1

Pop growth indes 1
Gini coefficient L

Rec and tourism L

Pop density
0 2 4 § ]

Source: Author's calculation based on Table 4, model B. Impact shows the
coefficient x within-group (mean) standard deviation, following Liu and
Winegar (2025). Long-term = immediate impact divided by (1-LDV
coefficient).

Figure 9: Economic significance of model B variables on housing cost-
income ratio (%).

B Conclusion and policy recommendations

This article documented the escalating housing affordabil-
ity crisis across US metro areas over the period 2006-2025,
confirming prior academic studies and recent commentaries
on this topic, through in-depth qualitative analysis of seven
metro areas and an econometric study of all 381 metro areas.
The article focused on affordability from a homebuyer's per-
spective, sidestepping the issue of rental affordability, which
deserves a separate analysis. The analysis showed that the mag-
nitude of the affordability crisis varies by metro area, and in
some, housing is still relatively affordable, albeit increasingly
less so. In both the qualitative and quantitative analyses, the
increased unaffordability appears to be caused by house prices
and housing costs exceeding income growth, a substantial un-
derproduction of new housing, and a rising housing price-cost
ratio. In turn, this may be caused by strict housing regulations,
as confirmed by our empirical proxies and by the case study
evidence. Against insufficient supply, demand factors such as
agglomeration effects, demographic factors such as population
growth and race, and income inequality also appear to play a
role, as metro areas that offer higher wages, afforded by higher
productivity, better amenities, and higher population density
grow stronger and create demand pressures between different
categories of homebuyers, such as between high and low-in-
come earners, and between residents and out-of-town buyers.

Our research has clear implications for housing policies and
for future research. Based on our empirical results, the policy
focus should be on expanding supply in a cost-efficient way,
such as through cheaper manufactured and modular homes,
more commercial-to-residential conversions, and efforts to
ease regulatory constraints. Some of the demand-side factors
that are found to be important, relating to agglomeration ef-
fects, point to the importance of industrial policies to create
attractive living conditions for households across all metro ar-

eas, so that the incentive to move to so-called superstar cities
is mitigated.” Finally, macroeconomic and social policies also
impact housing affordability through their impact on income
inequality and racial disparities in housing. Future research on
housing affordability could examine how the various theories fit
together in one large theoretical model, e.g., building on Favi-
lukis, Mabille, and Van Nieuwerburgh.®! Furthermore, changes
in housing affordability could be examined over the very long
term by exploiting decadal housing surveys going back to 1940,
although the data richness may be more limited in the earlier
surveys. Finally, an in-depth study of rental affordability, which
has worsened alongside homeowners' affordability, and asso-
ciated policies, would be opportune to accompany the current
study, which focused on homeowners' affordability.

At present, housing affordability is receiving wide attention
from local authorities, the federal government, and Congress.
Many local metro housing authorities have declared a housing
affordability crisis and already implemented various measures,
including accommodating commercial-to-residential conver-
sions, expanding incentives for developers of affordable housing
projects, enhancing mortgage relief, and tapping philanthropic
support, etc., as discussed in the case study section. The federal
government already supports the US housing market through
many initiatives, including housing subsidies, tax relief, mort-
gage insurance, and housing development incentives, but more
may be needed.®” The US government is now considering de-
claring a national housing emergency, and its most recent plans
from January 2026 include the creation of 50-year mortgages,
portable mortgages, directing Fannie Mae and Freddie Mac to
buy large amounts of mortgage bonds, allowing people to bor-
row from their 401(k) to use for a down payment, and banning
large financial investors from buying single-family homes.®
The first four proposals could help lower interest rates and/
or increase demand, but in the face of limited housing supply,
might cause further house price increases, while the latter may
expand the supply of homes-for-sale, but could have negative
spillovers onto the rental market. In February 2026, Congress
passed some major bills aimed at solving the US housing cri-
sis, including by pushing cities to build more and transferring
federal funding away from those that fall behind their target,
streamlining federal environmental reviews, relaxing building
codes to make it easier to build manufactured homes, and ex-
panding mortgage access.** In any case, a solution to the US
housing affordability crisis will have to involve a multi-pronged
and coordinated response by all levels of government, in coor-
dination with the private sector, banks, and builders, foremost,
to tackle supply and regulatory constraints and boost housing
demand.® The expansion of commercial-to-residential conver-
sion programs seems like a good start to boost supply, possibly
in combination with other local efforts and some of the feder-
al proposals listed above, to support both housing supply and
demand, in addition to policies that boost household incomes
and encourage savings for downpayments.
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ABSTRACT: The gut microbiome is a biome of organisms shaped by diet and environment. Humans provide food and shelter
to gut microbes, which in turn help with digestion and nutrient absorption. In this review, I discuss the symbiotic relationship
between exercise and the increasingly studied gut microbiome. This paper covers: (1) an overview of the gut microbiome, (2) the
microbiome’s effects on athletic performance, (3) exercise’s influence on the microbiome, and (4) future directions and limitations.
A diverse microbiome can improve endurance and reduce fatigue, whereas exercise can increase short-chain fatty acid (SCFA)
levels and microbial diversity. There is a cooperative relationship between physical activity and the gut microbiome. Increased
microbiota diversity benefits sports performance, but misunderstandings persist regarding probiotics. Probiotics are currently
viewed as a universal supplement to boost energy and activity. However, this review demonstrates that standardized probiotics are
not beneficial because each individual’s microbiome is unique. Therefore, this review proposes a transition beyond palliative care
to personalized supplementation enabled by omics-based technologies.

KEYWORDS: Medical and Health Sciences, Gut-Muscle Axis, Short-Chain Fatty Acids, Omics-based Precision Nutrition,
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B Introduction

The gut microbiome is a growing subject in research, func-
tioning as a unique microbial ecosystem essential for digestion,
immunity, and vitamin synthesis. It is largely influenced by
diet, antibiotics, and the environment.! The gut microbiota
comprises four phyla,? which aid in fermentation and metabo-
lite production.? “Gut-on-a-chip” technology helps clarify the
microbiome’s role: it actively guides the immune system toward
tolerance.* Specifically, these microfluidic models simulate the
physical environment of the human intestine, including fluid
flow and mechanical stretching that mimics peristalsis (con-
tractions and relaxations of the digestive tract muscle to move
food, waste, and water forward). This is relevant because it al-
lows researchers to observe how the intestinal barrier reacts to
the physical stress of exercise in a controlled setting, showing
how a healthy microbiome maintains tight junctions between
cells to prevent systemic inflammation.” Gut bacteria prevent
inflammatory molecules from crossing the gut barrier and trig-
gering immune responses. By stabilizing this barrier, the gut
not only aids digestion but also helps maintain and regulate
the immune system.

In this paper, we discuss how the gut microbiome is increas-
ingly recognized as a key factor in athletic performance and
health, the symbiotic relationship between exercise and the
gut microbiome, and how this relationship can be leveraged to
improve athletic performance. The gut microbiome is becom-
ing an increasingly major component of an athlete’s capacity.
The “gut-muscle axis” suggests that microbial health directly
impacts physical output. This axis represents a bidirectional
pathway where microbial metabolites influence skeletal mus-
cle function. At the molecular level, this axis functions via the
systemic circulation of short-chain fatty acids (SCFAs), which

act as signaling molecules that cross the gut-blood barrier to
reach muscle tissue.6 This systemic connection is vital for
athletes, because impaired gut motility and poor nutrient ab-
sorption—which stem from a lack of stable microbiota—can
lead to reduced energy. In the context of this review, an “ath-
lete” is defined using the McKinney ez al. classification, which
categorizes individuals based on their training volume (210
hours/week) and commitment to formal competition. This
encompasses a wide range of athletes, from professionals to
recreational athletes, who engage in structured, high-intensi-
ty physical activity.” Furthermore, the microbiome can protect
against physiological stress. High-performance training can
cause inflammation, often referred to as a “leaky gut,” in which
the intestinal barrier is compromised, leading to muscle fatigue
and longer recovery times. Instead, a diverse microbiome can
strengthen the intestinal barrier, thereby reducing these symp-
toms.® Physical activity increases microbial diversity and SCFA
production, regardless of diet.” These SCFAs, such as butyrate,
act as a critical histone deacetylase inhibitor, which downreg-
ulates pro-inflammatory pathways and ensures the intestinal
epithelium can withstand the “leaky gut” stress of high-in-
tensity training. This interaction demonstrates that a diverse
microbiome is a requirement for peak efficiency. Other bac-
terial species can recycle waste products into fuel.’® Therefore,
the gut microbiome ensures that nutrients are converted with
maximum efficiency.

Despite the numerous benefits of a robust microbiome, pro-
biotics are currently used inconsistently and ineffectively due
to the lack of a personalized approach. The goal of this review
is to synthesize the current understanding of the gut micro-
biome and its two-way relationship with sports performance
(Figure 1). This paper moves beyond symptom management
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and suggests a proactive, molecularly optimized approach. I
will evaluate precision nutrition, in which dietitians shift from
generalized probiotic use to individualized, omics-based pre-
scriptions.’ By identifying specific genetic markers, dietitians
can maximize each athlete’s metabolic uniqueness.
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Figure 1: The Gut-Muscle Axis: A Positive Feedback Cycle for Athletes.
With increased physical activity, such as running or training, the gut microbial
diversity increases. This is indicated by increased production of Short-Chain
Fatty Acids (SCFA), including butyrate and propionate. These SCFAs support
nutrient absorption, muscle repair, endurance, and reduced inflammation,
allowing athletes to continue exercising and further reinforcing the diverse
microbial ecosystem. Created using Biorender.

Owverview of Gut Microbiome:

The gut microbiome refers to the microbiota (the communi-
ty of microorganisms) within the gastrointestinal tract (GI).*2
These microbiota aid digestion and nutrient absorption. This
leads to fermentation that produces important metabolites,
such as SCFAs, lactate, and branched-chain fatty acids. These
are essential for athletes.? The gut microbiome comprises tril-
lions of microorganisms in the digestive tract.”® The human
gut microbiota contains four phyla: Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria.? Specifically, Bacteroidetes
and Firmicutes are the two dominant phyla, accounting for
over 90% of the gut’s bacteria.’* When examining these phy-
la within athletic populations, it is important to distinguish
between “elite” athletes—those competing at national or in-
ternational levels— and “recreational” athletes—those who do
not meet the 10-hour-per-week training threshold described
in the previous McKinney ez a/. definition. This distinction is
necessary because exercise volume creates a distinct perfor-
mance microbiome that may not be present in sedentary or
moderately active individuals.” In athletic populations, greater
diversity of these phyla and a specific increase in the genus Ak-
kermansia have been linked to improved metabolic markers.*
Many are not host-associated but are distinct microbial spe-
cies. This microbiome supports various functions, including
digestion, nutrient absorption, immune function, regulation of
inflammation, and gut-brain communication.'

To specifically evaluate the resilience of an athlete’s diges-
tive tract under physical strain, researchers created a “human
gut-on-a-chip.”® This miniature device mimicked a human
intestine. The chip contained human gut cells and good bac-
teria, simulating a real digestive system. During this study,
they examined gut bacteria, immune cells, and muscle-like

movement without harming real-life humans or animals.'
In the experiment, the transcriptomes of VSL #3, a mix-
ture of 8 probiotic strains (Lactobacillus casei, Lactobacillus
plantarum, Lactobacillus acidophilus, Lactobacillus delbrueckii
subspecies bulgaricus, Bifidobacterium longum, Bifidobacterium
breve, Bifidobacterium infantis, and Streptococcus tbermp/)ilus),
were analyzed to observe their interaction with the host. The
probiotics were co-cultured with human gut microbes. After
transcriptomic analysis, gene expression patterns in healthy
human ileal tissue were identified.!® The ileum contains more
gut microbes than nearby regions and plays a key role in im-
mune function. This shows that the microbiome instructed the
immune system to be more tolerant.

Building on this tolerance, commensal bacteria promote
the development of anti-inflammatory immune cells, such as
regulatory T cells, which then secrete signals, including Inter-
leukin-10 (IL-10), a potent anti-inflammatory cytokine that
dampens inflammatory responses.’® Therefore, due to the mi-
crobiome’s direct influence, there is a less inflammatory state.
Kim ez al. found that the inflammatory toxin lipopolysaccha-
ride (LPS) failed to breach the gut barrier in the model."® LPS
is a pro-inflammatory endotoxin found in the cell walls of
Gram-negative bacteria that can trigger systemic inflamma-
tion if it enters the bloodstream. The microbiome maintains
tight junctions between gut cells by producing SCFAs, there-
by strengthening the physical barrier.’® This barrier prevents
pro-inflammatory molecules, such as LPS, from entering the
bloodstream and triggering the body’s immune system. The
gut microbiota regulates the balance between pro-inflam-
matory cytokines, such as Tumor Necrosis Factor alpha and
Interleukin-6 (IL-6), and anti-inflammatory cytokines like
IL-10 and Transforming Growth Factor-beta, thereby affect-
ing inflammation and the autoimmune system."”

The functional impact of this regulation is further clari-
fied by Schrimer ez a/., who identified a link between the gut
and the immune system's inflammatory response: the gut
microbiota composition determines the secretion of specific
cytokines (chemical signals) into the bloodstream, depend-
ing on the bacteria present.’® During this process, they used
in vitro simulation with human immune cells (monocytes and
lymphocytes) and exposed them to three separate bacterial
challenges (Lipopolysaccharide, Bacteroides fragilis, and Staph-
ylococcus aureus). Then, after the immune cells interacted with
the bacteria for a specific period, they measured the concen-
tration of cytokines produced. The results demonstrated that
each bacterium had a distinct response.’® Specifically, certain
bacteria induced high levels of Interleukin-1 beta(pro-inflam-
matory), while others favored an IL-10 response, proving that
the host immune profile is highly dependent on individual mi-
crobial presence.’®

The clinical efficacy of these interactions has been demon-
strated in trials. For instance, a randomized, double-blind trial
showed that daily supplementation with Lactobacillus helve-
ticus significantly reduced the duration of Upper Respiratory
Tract Infections in athletes by modulating T-cell activity. This
effect is likely driven by the strain’s ability to enhance Interfer-
on-gamma secretion and stimulate T-cell activation, thereby
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buttressing the first line of defense against viral pathogens
during post-exercise immunosuppression.”’

Complementing this defense, clinical trials on healthy,
physically active adults using Bifidobacterium animalis subsp.
Lactis have shown a reduction in circulating systemic inflam-
mation markers, such as C-reactive protein and IL-6. These
findings reinforce the gut microbiome’s role in maintaining
gut barrier integrity by specifically upregulating tight junction
proteins, such as occludin and zonulin. These actions prevent
the translocation of endotoxins, which typically trigger sys-
temic inflammation, in highly active individuals undergoing
heat or mechanical stress on the gastrointestinal tract.?’

Gut Microbiome’s Role in Athletic Performance:

The gut microbiome plays a key role in sports. A more di-
verse microbiome often enables higher performance (Figure
2). To illustrate the necessity of these microbes, one study
compared germ-free (axenic) animals with conventionally
raised animals."”? The germ-free (GF) animals had less body
fat, reduced gut motility, and showed multiple behavioral dif-
ferences.'? These axenic animals were completely free of living
microorganisms. In Kuziel and Rakoff-Nahoum’s experiment,
the microbiome caused specific innate and adaptive immune
responses.’? The germ-free mice had a lower basal metabolic
rate (BMR), which is neither positive nor negative. A lower
BMR can lead to longer lifespans because it requires fewer
calories. However, it can also increase the risk of faster weight
gain and other health issues. This finding contradicts the ini-
tial results, as the experiment found the mice had gained less
fat, even though a lower BMR can increase weight.

This study clarifies that when germ-free mice remain lean
despite a low BMR, it means that, without a microbiome, an
organism is an inefficient nutrient processor. It cannot ef-
ficiently use the energy from its diet, which is an immense
disadvantage for high performance. While these axenic mod-
els primarily highlight fundamental metabolic pathways, the
inability to process nutrients efficiently suggests that, without
microbial aid, an athlete cannot effectively fuel the high caloric
demands of training. The performance gap is further illustrat-
ed when comparing GF mice to specific pathogen-free (SPF)
mice. SPF Mice possessed a diverse microbiota dominated by
Bacteroidetes and Firmicutes and consistently showed greater
endurance on the treadmill.?! This is due to the microbiota’s
ability to support skeletal muscle uptake of glucose and main-
tain antioxidant enzyme activity, which are severely limited in
germ-free models.

Gut motility refers to the movement of food and waste
through the digestive tract.> Impaired motility reduces
nutrient absorption. This fundamental link between the mi-
crobiome and metabolic efficiency has been demonstrated in
human trials. Athletes supplemented with a high-dose blend
of Bifidobacterium and Lactobacillus strains experienced an in-
creased VO, max and an extended exercise duration before
failure, demonstrating that optimized microbial activity di-
rectly translates into measurable aerobic gains.”® Furthermore,
professional cyclists who used a similar mixture of Bifidobacte-
rium animalis and Lactobacillus hevea reported significantly less

nausea and vomiting, suggesting that the microbiome supports
performance by maintaining the physical integrity of the GI
tract under the stress of training.*

Skeletal Muscle

Bloodstream

~R L

\
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\UOSOQ'
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@D SCFA Production SCFAs and Microbial Metabolites
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(@)
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Figure 2: The Gut-Muscle Axis in Athletic Performance. The gut microbiome
produces Short-Chain Fatty Acids, such as butyrate and propionate, which
cross the intestinal barrier and enter circulation. Additionally, Veillonella, a
Gram-negative bacterium found in the gut, metabolizes lactate, produced
during exercise, into propionate. These metabolites enter the bloodstream and
reach skeletal muscle, where they influence metabolic pathways, including
mechanistic target of rapamycin-mediated protein synthesis and muscle
repair, and adenosine monophosphate-active protein kinase-mediated energy
metabolism and fatty acid oxidation. Created using Biorender.

These findings indicate that athletes with a less diverse gut
microbiome may experience poorer athletic performance. If
reduced gut motility impairs nutrient absorption, maintaining
microbial diversity will be critical for metabolic efficiency and
energy availability during high-intensity training. Further-
more, a diverse microbiome strengthens the intestinal barrier,
thereby reducing systemic inflaimmation that often leads to
muscle fatigue and prolonged recovery times.

By connecting the nutrient-processing seen in animal
models to the increased aerobic capacity in human trials, it
is clear that a diverse microbiome optimizes energy conver-
sion. This conversion is primarily driven by SCFAs—small,
lipid-like carboxylic acids produced during the fermentation
of non-digestible carbohydrates.*® SCFAs not only provide a
supplemental energy source but also act as signaling ligands
that enter the bloodstream and bind to receptors in skeletal
muscle to regulate fatty acid oxidation and glucose homeo-
stasis.

This relationship between diversity and metabolic output is
turther supported by a study by Wiley Barton ez a/., in which
athletes had higher fecal metabolite levels—such as SCFAs,
propionate, and butyrate—than control (sedentary) groups.?’
Metabolism performs four key functions for cells: generating
ATP, converting nutrients, converting simpler structures into
macromolecules, and aiding cellular functions.”® Therefore,
with better metabolic regulation, the cell grows only when
necessary. Additionally, the enzyme mechanistic target of
rapamycin (mTOR) catalyzes anabolic processes by regulat-
ing protein synthesis and degradation. In contrast, adenosine
monophosphate-activated protein kinase (AMPK) catalyzes
catabolic processes by breaking down fats and sugars (Fig-
ure 2).2® The gut-muscle axis influences this balance because
SCFAs such as butyrate can inhibit histone deacetylases, effec-
tively upregulating the pathways required for muscle protein
synthesis via mTOR. Simultaneously, propionate serves as a
precursor for gluconeogenesis, helping maintain energy levels
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and preventing the overactivation of AMPK, which can lead
to muscle breakdown during prolonged endurance tasks.?’
When these processes are accelerated, athletes can more easily
break down nutrients and build muscle. Barton ez a/. suggest
that the high levels of SCFAs found in athletes act as primary
mediators between the gut microbiome and cellular metabolic
pathways.?’

Specifically, SCFAs such as butyrate and propionate travel
through the bloodstream to skeletal muscle, modulating the
balance between mTOR and AMPK. This is exemplified by
specific bacteria, such as Veillonella, which metabolize exer-
cise-induced lactate into propionate, thereby directly fueling
endurance performance.’® This regulation provides a stable
energy source and enables microbial metabolites to more ef-
ficiently activate mTOR for muscle repair while activating
AMPK to optimize fat oxidation and energy production. As
a result, the microbiome links nutrition and exercise, ensur-
ing that ingested energy is converted into physical power.
The synthesis of molecular signaling (mMTOR/AMPK) and
clinical performance outcomes (VO, max/fatigue resistance)
confirms that the microbiome is a non-negotiable factor in
athletic endurance. This indicates that metabolic speed in
athletes is determined not solely by training but also by the
gut microbiome. Ultimately, these findings shift from a solely
external focus on sports performance to an internal focus on
microbiome management, suggesting that an athlete’s ability is

supported by their microbial health.

How Exercise Influences the Gut Microbiome:

While the microbiome supports exercise, exercise has
likewise been shown to alter the gut microbiome. Hsu ez al.
compared germ-free (GF) mice with specific pathogen-free
(SPF) mice.*® They had each group of mice perform exercis-
es, including endurance swimming and treadmill running. In
these tests, SPF mice exhibited greater exercise capacity and
endurance than their GF counterparts.®® This suggests that a
diverse microbiota plays a prominent role in exercise and may
be required for optimal performance.

In a study by Mika ez al., the authors investigated wheth-
er exercise (wheel running) at a juvenile stage (three weeks
old) would produce a more diverse microbial community
than initiating exercise during adulthood (ten weeks old).*
Rats were placed in cages with running wheels, providing
voluntary wheel access. In their experiment, they found that
initiating exercise during the juvenile stage was associated
with increased Bacteroidetes and decreased Firmicutes.?' This
Bacteroidetes-to-Firmicutes ratio is often associated with a
lean phenotype and improved metabolic health. These mi-
crobial groups are crucial because they extract energy from
food through fermentation, enabling efficient calorie absorp-
tion. The Mika study further reveals that early-life exercise
specifically promotes the abundance of Proboscibacter and Lac-
tobacillus species, creating a microbial signature that enhances
the host’s metabolic plasticity into adulthood.*? Consequently,
this combination overall indicates a lean phenotype, which is
widely associated with regular exercise.

Furthermore, this metabolic shift can be linked with in-
creased SCFA production. SCFAs are signaling molecule that
triggers intracellular signaling cascades when bound to specif-
ic cells, such as by activating membrane receptors and directly
modulating enzymes and transcription factors.* This is partic-
ularly important because SCFAs such as butyrate provide the
primary energy source for colonocytes—specialized epitheli-
al cells that line the lumen of the large intestine—therefore
strengthening the gut barrier. This overall indicates that volun-
tary aerobic exercise positively influences gut health.

In a study by Clarke, S. F. ¢z al., 40 elite male professional
rugby players were recruited.® They collected fecal and blood
samples and extracted DNA to use for the experiment. They
found that the alpha-diversity of elite athletes, a measure of
the variability of microbial species within a single fecal sample,
was significantly higher than that of the high-BMI group and
the control groups (sedentary individuals). Alpha diversity was
assessed to quantify richness and evenness within the sample.
The researchers concluded that higher alpha diversity is asso-
ciated with better health outcomes.*

Adding to the list of benefits, Candace R. Longoria e a/.
established that exercise is among the few lifestyle factors that
can independently increase SCFA levels.” A nutritious diet can
act as fuel, signaling to SCFA-producing bacteria. They found
that physical activity can eliminate metabolic waste products,
such as trimethylamine N-oxide (TMAO). After ingesting
foods high in choline or Lecithin (red meat, eggs, dairy, etc.),
certain bacteria in the body ferment them into a gas called
Trimethylamine (TMA). This gas is transported to the liver,
where an enzyme converts it to TMAQO.? Exercise reduces the
abundance of high-TMA-producing bacteria, thereby reducing
the amount of raw TMA gas secreted into the liver. Further-
more, exercise has been shown to downregulate FMO3 activity.
This ensures that TMAQO production would be slower and
TMAO concentration would drop, regardless of diet changes.’

Parallel to these findings in elite athletes, there was also an
increase in SCFA producers among non-athletes with increas-
ing physical activity.®* Faecalibacterium, a SCFA-producing
bacterium, showed higher population levels in relatively ac-
tive individuals.®® This is critical because SCFAs can reduce
inflammation through signaling pathways, regulate immune
function, and modulate obesity.*

Future Directions and Limitations:

Probiotics are microorganisms that modulate the microbi-
ome and confer benefits on the host, thereby supporting gut
health after antibiotic therapy.*” Athletes often use them to
improve markers of oxidative or inflammatory stress. However,
probiotics have not been shown to improve performance.? In
a group of 24 recreational runners, they were given probiotic
supplements (Lactobacillus acidophilus, Bifidobacterium bifi-
dum, and Bifidobacterium animalis subsp lactis) 28 days before
a marathon. Compared with the control group (recreational
runners who did not receive probiotic supplementation), the
experimental group experienced less severe gastrointestinal
symptoms and a modest decrease in average speed. Unfortu-
nately, the finishing times did not differ significantly.? This
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finding indicates that probiotics did not affect performance
but rather helped minimize physical symptoms that would
otherwise impair a runner’s experience.

Since probiotic effects are highly strain-specific, their effica-
cy must be evaluated at both the strain and species levels rather
than in a broad category.*® Different strains have different ef-
fects on elite athletes. In a study testing Lactobacillus rhamnosus
(L. rhamnosus) strain ATCC 53103 in marathon runners, Kek-
konen ez al. found that the probiotic had no effect on the total
incidence or number of respiratory infections, nor did it reduce
the number of GI symptom episodes.*” However, the duration
of GI episodes was reduced. These GI symptoms were defined
as flatulence, abdominal pain, loose stools, or diarrhea, and par-
ticipants reported their severity on a scale.*” Conversely, Shing
et al. had male runners use a multistrain probiotic supplement
(Lactobacillus acidophilus, L. rhamnosus, Lactobacillus casei, Lac-
tobacillus plantarum, Lactobacillus fermentum, Bifidobacterium
lactis, Bifidobacterium breve, and Streptococcus ﬂ.}ermop/}ilm).“o
This study concluded that GI discomfort was minimally re-
duced, but supplementation significantly increased running
time to fatigue.* These discoveries indicate that different
probiotic strains affect athletes differently: L. rbamnosus had
a negligible effect on marathon runners,* whereas multistrain
supplementation had a significant effect on male runners.*’
Given that the L. rhamnosus strain does not exhibit a signifi-
cant effect, combining multiple strains might improve athletic
performance. This raises a critical question for future research:
whether there is an optimal threshold for strain diversity or a
point beyond which adding more strains no longer provides
additional benefit.

In response to these challenges, precision nutrition, in-
formed by omics technologies and gut microbiome research,
offers a new approach to enhancing athletic performance
through individualized interventions. Penggalih ez al. found
that precision nutrition can optimize athletic performance
by using omics technologies (nutrigenomics, metabolomics,
proteomics, and transcriptomics) to dive into an athlete’s mo-
lecular and metabolic nuances.™ By identifying specific genetic
markers, doctors can create appropriate diets to potentially
reduce injury risk or increase endurance. For example, me-
tabolomics can help identify metabolic responses to exercise,
aiding dietitians in developing recovery strategies.” As shown
by Li ez al., the future of sports nutrition lies in sports-specific
probiotic strategies.*’ This evolution highlights a shift from
generalized supplements to a sharper focus on the “gut-muscle
axis,” where specific microbial metabolites directly influence
muscle recovery and energy availability. This research relies
heavily on multi-omics, as stated in Penggalih ez al,' to bring
together “responders” and “non-responders.” By combining
metagenomic screening with metabolomics, future studies can
identify which probiotic strains would benefit an athlete. Ul-
timately, researchers should go beyond symptom management
and work toward identifying molecular thresholds at which
strain diversity and personalized nutrition plans ensure mea-
surable improvements in athletic power and endurance.

To achieve this, future reserach my implement longitudi-
nal monitoring frameworks that utilize wearable biosensors

and ingestible “smart pills” to track real-time microbial fluc-
tuations during high-intensity phases.” By mapping these
fluctuations, researchers can identify windows of vulnerability
in the gut barrier where targeted interventions may be more
effective. Furthermore, interventional studies should transition
from traditional randomized controlled trials to randomized,
blinded, multiple-crossover clinical trial designs that prioritize
the individual’s unique baseline microbiome and metabolic re-
sponses over broad population averages.® This will ensure the
data is accurate, and any benefits will not be hidden as they
might be in a larger group. To incentivize this work, the sci-
entific community should establish open-access “Performance
Microbiome” biobanks.* These platforms can allow for the
sharing of multi-omics data across institutions, encouraging
the validation of strain-specific claims through large-scale
meta-analyses and reducing the financial burden on indi-
vidual researchers. Moreover, by encouraging and rewarding
researchers for debunking, the field of microbial research will
maintain its integrity.

However, knowledge of the gut microbiome is limited due
to inconsistent research.* Many athletes suffer from gas-
trointestinal infections due to prolonged, intense exercise.*
O’Brien believes that this inflammation is due to changes in
the microbiome.* Although the use of probiotics is increas-
ingly common, the American Gastroenterological Association
states that assessing their benefits is difficult due to differences
in methodologies, specimens, and participants.* For instance,
although the L. rhamnosus strain had little effect on perfor-
mance,” multiple-strain supplements have been shown to
decrease fatigue time.*® Additionally, Kekkonen ez a/. included
participants of both genders, with a sample of 114 marathon
runners,*” whereas Shing e al. tested only 10 male runners.*
This discrepancy underscores that athletes cannot rely on
standardized probiotics, as few studies have demonstrated
their benefits.

B Conclusion

This review of the intersection of sports science and micro-
biology confirms that the human gut is not merely a digestive
organ but an increasingly dominant component of an athlete’s
performance. As shown by the distinct physiological advan-
tages of axenic versus conventionally raised animals, a diverse
microbiota is crucial for efficient nutrient absorption and for
regulating systemic inflammation.’” The relationship is sym-
biotic: a diverse microbiome fuels endurance by producing
metabolites such as SCFAs,'® while physical activity enhanc-
es microbial richness and flushes metabolic waste, such as
TMAO.’ This is significant because it highlights how athletes
should be more mindful of their gut microbiome through their
diet and environment.

Despite this association, the current application of probiot-
ic supplementation remains inconsistent. While single-strain
probiotics were ineffective at improving runners’ endurance,*
the multi-strain formula provided fatigue-reducing benefits.*
These disparities highlight that standardized supplementation
is no longer a viable solution for future athletes. Instead, dieti-
tians and researchers should prioritize precision nutrition over
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symptom management. This can take the form of omics-based
technologies, such as nutrigenomics and metabolomics, used
to optimize athletic performance through molecular individ-
ualization.!!

Ultimately, while exercise has been shown to benefit gut
health, further optimizing performance and endurance requires
mapping and manipulating the microbiota at the molecular
level. With this manipulation, athletes are not limited to gen-
eralized estimates; instead, they can use data and molecular
studies to identify specific strains and effective doses. There
needs to be an interdisciplinary effort among sports nutrition-
ists, immunologists, and data specialists to translate omics into
real-world solutions. This approach will ensure that research
is inclusive and diverse, including underrepresented groups.
Future research should focus on developing personalized pro-
biotic supplementation tailored to the person’s microbiome.
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B REVIEW ARTICLE

ABSTRACT: Biological field-effect transistors (Bio-FETs) have demonstrated strong potential for biosensing and early disease
detection with the new advances in nanomaterials, wafer fabrication, and integrated microfluidic devices. However, the intrinsic
challenges, such as Debye length screening, electrical impedance interference, and biofouling effects from complex biological
samples still exist in conventional Bio-FETs. Among emerging strategies, magnetic microbeads offer distinct advantages for
enhancing sensing performance. Magnetic microbeads provide a high surface-to-volume ratio, enabling efficient conjugation and
active capture of target biomolecules. Magnetic microbeads possess unique magnetic properties to allow precise manipulation by
magnetic fields, such as controlled concentration, positioning, and mixing. Conjugated magnetic microbeads can be detected by
both Bio-FETs and giant magnetoresistance (GMR) sensors, with improved robustness and sensitivity. This review focuses on
Bio-FETs with magnetic microbeads, highlights key concepts, device types, manipulation, and signal detection mechanisms, and
discusses remaining challenges and future opportunities for rapid, sensitive, portable, and wearable systems in precision healthcare.

KEYWORDS: Bio-FETs, Magnetic Microbeads, Conjugation, Microcoils, Detection.

B Introduction

Over the past several decades, the semiconductor industry
has undergone continuous innovations driven by Moore’s law,
leading to modern metal-oxide-semiconductor field-effect
transistors (MOSFETs) with critical dimensions approaching
the sub-2 nm node technology. As noted in the International
Roadmap for Devices and Systems, advanced logic technology
nodes have reached gate lengths and feature sizes on the order
of a few nanometers, where atomic-scale effects increasingly
dominate device behavior.! At these dimensions, transistor
structures become comparable in size to fundamental biological
molecules. For example, the DNA double helix has a uniform
diameter of approximately 2 nm,” while single-stranded RNA
molecules typically have an effective diameter of about 1nm.?
Proteins occupy an intermediate nanoscale regime, as most
globular proteins have diameters ranging from about 2 to 10
nm,* with antibodies measuring approximately 10-15 nm in
overall dimension.’ In contrast, viruses are larger nanoscale as-
semblies; they range in size from approximately 20-300 nm in
diameter.

As MOSFET dimensions are now comparable to biological
entities, they are capable of detecting individual biomolecular
or cellular components rather than bulk-averaged signals from
large populations. Advanced 1D and 2D MOSFET layouts
enable the fabrication of dense sensor lattice arrays, making
simultaneous, massively parallel detection of millions of targets
on a single chip feasible. Most importantly, because MOSFET
operation is governed by electric-field changes of channel con-
ductivity, these devices are intrinsically sensitive to nanoscale
electrostatic and electromagnetic signals, enabling ultrafast de-
tection on ps-ns timescales. Together, MOSFET dimensional
matching, scalable array integration, and ultrafast electrical re-

sponse have driven the rapid adoption of specialized biological
field-effect transistors (Bio-FETs) for biological and biomed-
ical applications.

Bio-FETs are biosensors that utilize field-effect transistors
to convert biological recognition interactions directly into
electrical signals. The fundamental operating principle was
first introduced by Bergveld, who pointed out that changes
in the ion concentration at the gate surface cause correspond-
ing shifts of the transistor channel current.” In Bio-FETs, the
traditional metal gate is replaced or functionalized with bio-
logical recognition elements such as DNA probes, antibodies,
enzymes, or aptamers. When target biomolecules bind to the
sensing surface, such as DNA hybridization, protein binding,
or antigen-antibody interactions, their intrinsic charges change
the surface potential, leading to a measurable shift in threshold
voltage or channel conductance. Because Bio-FETs can op-
erate at the nanoscale and measure the intrinsic electrostatic
interactions without optical or chemical labels, they are partic-
ularly attractive for label-free and real-time detection.®

Despite significant advantages, Bio-FET sensors face sev-
eral fundamental and practical limitations. One of the most
critical challenges is electrostatic screening in physiological
environments, commonly described by the Debye length. The
Debye screening length in high-ionic-strength solutions can
be reduced to less than 1 nm, severely limiting the sensitivi-
ty of charge-based biosensors.” This effect makes it difficult
for Bio-FETs to detect biomolecules or binding events occur-
ring several nanometers away from the sensing surface, such
as antibody-antigen complexes. In addition, device-to-device
variation, instability of surface functionalization, biofouling,
and long-term signal drift are key engineering challenges.
While Bio-FETs demonstrate exceptional sensitivity under
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controlled conditions, reproducibility and robustness in real
biological samples remain major obstacles.'

Therefore, future developments in Bio-FETs research have
increasingly focused on engineering strategies that overcome
Debye screening and improve robustness and reproducibility,
including nanostructured and nanoporous channels," reduced
ionic strength, and signal-amplification approaches. Among
these, the integration of magnetic microbeads has emerged
as a particularly promising direction.” With a high sur-
face-to-volume ratio for bioreceptor immobilization and active
manipulation of target biomolecules using external magnetic
fields, magnetic microbeads effectively increase the amount
of molecular charges to the gate surface with pre-concentra-
tion and reduced background noise. Moreover, in addition to
charge-based detection alone, magnetic microbead-based Bio-
FETs also support hybrid sensing schemes, where electrical
readout is combined with magnetic sensors, enhancing detec-
tion reliability in complex samples. Consequently, magnetic
microbead-enhanced Bio-FET development represents a key
future trend from high-sensitivity laboratory testing toward
robust, scalable, and clinically capable biosensing platforms for
early disease detection.

This review, therefore, focuses on the integration of magnet-
ic microbeads with Bio-FET platforms, citing the capture of
extracellular vesicles and exosomes for cancer biomarker detec-
tion as a clinical application for a promising noninvasive liquid
biopsy strategy for early and sensitive diagnosis. The Bio-FET
mechanism, different types, and the Debye length concept
are introduced to establish the foundational understanding of
Bio-FET systems. The review then examines microbead-based
biosensors, with particular emphasis on available functional-
ization strategies and magnetic microbeads as mobile carriers
and mobile nets for selective target conjugation and capture.
Magnetic microbeads can be actively manipulated, especially
by using microfabricated platforms, including planar micro-
coils, PCB-based coils, and 3D micro-solenoid structures, to
achieve precise control at the targeted sensing interface. The
increased charge concentration near the Bio-FET gate surface
helps to overcome the limitations caused by Debye screening
and poor mass transport.

The review compares the major post-manipulation detec-
tion strategies that convert bead accumulation into measurable
outputs, including optical, electrochemical, electrical, and
magnetic detection. Optical methods provide simple visu-
al confirmation but are mostly qualitative. Electrochemical
techniques such as cyclic voltammetry and impedance spec-
troscopy offer high sensitivity for clinical biomarker assays, but
they often require redox-active labels, enzymes, or additional
chemical modification steps rather than being fully label-free.
They also suffer from nonspecific adsorption and unwanted
side reactions from other molecules present in complex biolog-
ical samples, as well as electrode fouling. Magnetic detection
using giant magnetoresistance (GMR) and tunnel magneto-
resistance (TMR) sensors enables highly quantitative bead
counting without being affected by Debye screening; however,
the major limitation is the complexity of device fabrication and
integration with highly specialized magnetic sensor structures.

Overall, Electrical detection using Bio-FETs and magnet-
ic microbeads enables ultrasensitive detection of targets such
as exosomal miRNA and DNA through charge-based sens-
ing, creating a highly promising platform for early disease
detection by reducing sample pretreatment, minimizing false
signals, and enabling direct analysis in minimally processed
biological samples.

B Discussion

Clinical Aspects of the Applications:

Cancer remains one of the leading causes of death world-
wide, with approximately 20 million new cases and 9.7 million
deaths reported globally in 2022."* Lung, breast, and colorec-
tal cancers are among the most common and deadliest types.
However, patient survival rates are strongly dependent on the
stage at which the disease is diagnosed. Early-stage detection
results in survival rates as high as 90% for breast and ovarian
cancer and approximately 80% for lung cancer, while survival
rates drop sharply to 15% or lower when the disease is diag-
nosed at advanced stages. This huge difference highlights the
urgent need for early, sensitive, noninvasive, and point-of-care
diagnostic methods. Improving technologies for early disease
detection, particularly through liquid biopsy approaches that
can identify biomarkers before symptoms appear, has the po-
tential to lower cancer-related deaths and help patients receive
treatment earlier and more effectively.

Extracellular vesicles (EVs), including exosomes, are na-
noscale extracellular vesicles found in bodily fluids such as
blood, saliva, urine, and breast milk. EV's contain proteins and
RNA that represent the biological state of the parent cells,
making them unique carriers of disease-related biomarkers.'
By isolating and analyzing these molecular contents, EV-based
liquid biopsy approaches can support early cancer detection,
monitor treatment response, and help predict disease pro-
gression, enabling noninvasive analysis and personalized
healthcare.

Despite significant progress, EVs/Exosomes detection using
Bio-FET sensors has encountered the electrostatic screening
of the nanometer-level Debye length.”® Magnetic microbeads
functionalized with capture probes have been proven to ef-
fectively enable selective binding and active manipulation of
EVs as an interim medium, and for low-concentration detec-
tion effectively.'®'” Solovicova ez al. provided a comprehensive
overview of magnetic-bio-affinity capture applied to the de-
tection of exosomes or exosomal cargo as disease markers using
different affinity capture ligands.”® Wu e a/. developed the
Mag-Net platform, which uses magnetic beads to capture and
enrich EVs from plasma while depleting background proteins,
thereby enabling sensitive downstream detection of EV-asso-
ciated proteins in low-concentration clinical samples."”

Fundamentals of Bio-FET and Bio-FET Types:

A Bio-FET is constructed by integrating biological detec-
tion with an FET platform. The fundamental structure of a
Bio-FET consists of the following key components: 1) Semi-
conductor Channel as the conduction pathway between the
source and drain electrodes. 2) Gate Dielectric Layer as both
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an insulating layer and a sensing interface. 3) Source and Drain
Electrodes and 4) Functionalized Sensing Surface as shown in
Figure 1.
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Figure 1: (a) Schematic illustration of the BioFET-sensing applications for
different analytes. Reprinted with permission from Electrochemical Science
Advances.” (b) Conceptual structure of potentiometric FET biosensor,
consisting of a biological sample, a signal transduction interface, and a
detection device. Reprinted with permission from Commun. Chem.?!

Pandey ez al. provided a comprehensive and up-to-date re-
view of bio-field-effect transistors (Bio-FETs), systematically
covering the fundamental operating principles of FETs, as well
as the structural design and fabrication strategies specific to
Bio-FET devices.” The review categorizes and analyzes major
Bio-FET types based on their applications, including DNA-
FETs,enzyme-FETs (ENFETs),immuno-FETs, ion-sensitive
FETs (ISFETs), and aptamer-based FETs, supported by de-
tailed comparisons of different case studies for each type. In
addition, the paper provides an in-depth discussion of the
most widely reported materials in Bio-FET development,
such as laser-induced graphene, carbon nanotubes, reduced
graphene oxide, and molybdenum disulfide (MoS,).

Instead of categorizing Bio-FETs by applications and
detection materials, this review will follow Rai ez al by struc-
turing the analysis around the various FET architectures and
their performances, as shown in Figure 2, including MOS-
FET, ISFET (Ion Sensitive Field Effect Transistor), FGFET
(Floating Gate Field Effect Transistor), EGFET (Extended
Gate Field Effect Transistor), Carbon-Based FETs (Carbon
Nanotube FET and Graphene FET), TFET (Tunnel Field
Effect Transistor).?
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Figure 2: Various architectures of FET technology. Reprinted with
permission from Talanta Open.

In biosensing applications, MOSFET-based sensors allow
small changes induced by biomolecular interactions to pro-
duce measurable current variations directly. Sadighbayan ez a/.
developed a commercial MOSFET-based biosensor to detect
C-reactive protein (CRP).?>* The device identifies CRP by
measuring changes in the drain current that occur when CRP
binds to its specific antibody. Jieun Lee ¢z a/. reported a silver
nanowire used to detect the target in Figure 3a, and a hybrid
MOSFET converted this signal into an electrical output.”
Both parts were integrated on a single chip using conventional
CMOS fabrication.

ISFETs (Ion Sensitive Field Effect Transistors) are simi-
lar to MOSFETs, except that the metal gate is replaced by a
reference electrode or sensitive membrane deposited on top
of the gate, which is used to provide bias voltage (Vg) in an
ISFET. Manimekala e# al. covered a wide range of ISFETs
on Dopamine, Glucose (non-enzymic), Nucleic Acid (DNA),
Protein, Virus, and Cancer Biomarkers detection using nano-
materials, especially 1D nanowires and nanoparticles, as well
as 2D graphene in Figure 3b.2

FGFETs (Floating Gate Field Effect Transistors) physi-
cally isolate the transistor channel from the electrolyte with
improved device robustness. Panahi ez a/ have successfully uti-
lized FGFETs for pH sensing, enzymatic reaction monitoring,
and bioelectronic recording in Figure 3¢.%’

EGFETs (Extended Gate Field Effect Transistors) are
standard MOSFETs, with the gate extended to the reference
electrode, electrolyte, and sensing layer, making them dispos-
able sensor heads, with ease of packaging, resistance to light
and temperature variations, and straightforward replacement
of sensing films. Liu e a/. presented a molecularly imprinted
polymer (MIP)-based EGFET sensing system that is used for
the measurement of CRP concentration in human serum.?
Janicijevi¢ ef al. illustrated the evolution of EGFETs in Fig-
ure 3d as an advanced class of FET biosensors that balance
the high sensitivity of field-effect transduction with practical
benefits.?

Carbon-Based FETs, including CNTFETs and GFETs,
have emerged as powerful biosensing platforms due to their
exceptional electrical, mechanical, and surface properties. Yixi
Deng et al. focus on applying CNTFET biochemical sensors
to detect biomarkers, as shown in Figure 4a.** The functional-
ization step is key to making CNTs interact specifically with
target analytes (e.g., DNA, proteins). Jiahao Li e# a/. demon-
strated an AuNP-decorated GFET nanosensor for rapid and
amplification-free SARS-CoV-2 identification, as shown in
Figure 4b.*" Importantly, the nanosensor exhibited strong an-
ti-interference capability and promising clinical applicability.

TFETs (Tunnel Field Effect Transistors) are novel biosen-
sors based on a complementary metal oxide semiconductor
(CMOS)-compatible silicon nanowire tunneling field-effect
transistor (SINW-TFET).?> A TFET works by band-to-
band tunneling instead of electrons going over a barrier. The
mechanism is illustrated in Figure 4c. Gao ef al fabricated
a “top-down” TFET with a low-cost anisotropic self-stop
etching technique.® Real-time measurements highlighted
the ability to use clinically relevant samples such as serum. A
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TFET is a special type of transistor designed to use much less
power than conventional transistors. Like other transistors, it
has a source, drain, and gate, but it works in a different way, as
shown in Figure 4d. Ongoing improvements in device struc-
ture and materials are making them promising candidates for
next-generation, energy-efficient biosensors.’**
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Figure 3: Fundamental Bio-FET types: (a) Schematic diagram of the
demonstrated biosensor composed of an n-type SINW and a MOSFET.
Reprinted with permission from Sci. Rep.”” (b) ISFET - A SiNW Bio-FET
for DA detection. Reprinted with permission from J. Electron Mater.” (c)
The FGFET structure and a real chip designed for Label-free DNA analysis.
Reprinted with permission from Biosensors.” (d) Illustration of the EG-FET
sensing concept using the example of an n-type enhancement mode MOSFET
transducer. Reprinted with permission from Next Nanotechnology.’
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Figure 4: Advanced Bio-FET types: (a) Hybridization and desalination
of CNT-FET sensors. Reprinted with permission from Biosensors.® (b)
GFET nanosensor. Reprinted with permission from Biosens. Bioelectron.’!
Copyright 2021 Elsevier. (c) An n-channel MOSFET and an n-channel
TFET turn on and off by showing their energy band diagrams. MOSFET
ON: electrons go over the barrier. TFET ON: electrons tunnel through the
barrier.?? Copyright 2016 Elsevier. (d) SINW-TFET mechanism. Reprinted
with permission from Sci. Rep.®

A summary of different types of Bio-FETs and their appli-
cations is presented in Table 1. The table compares the various
Bio-FET types, including their gate or interface structures,
key sensing mechanisms, major advantages and limitations,

and typical applications.

Table 1: Different Types of Bio-FETs and Their Applications.

Gate / Interface Key Sensing
FET Type Major Advantages | Main Limitations |  Typical Applications
Structure Mechanism
Gate-voltage-
High sensitivity, Back-gate Protein-sensing CRP
Metal gate + oxide modulated
MOSFET 2425 CMOS-compatible, | limited for Hybrid CMOS
(si0,) channel
low noise neutral species biosensors
conductivity
onic solution and lon-induced Small size, low pH sensing,
Reference
ISFET 26 membrane + surface potential | cost, scalable Enzymatic biosensors,
electrode, drift
reference electrode |  modulation arrays SoC platforms
Chemical-to- No reference PH,
Floating sensing Structural
FGFET 77 electrical signal | electrode, robust, Enzyme sensing
gate + control gate complexity
conversion | CMOS-compatible Bioelectronics arrays
Extended external Disposable head, | Limited scaling, pH,
Remote gate
EGFET 220 gate with sensing high stability, high cMmos Enzyme detection
modulation
film sensitivity integration gap Protein
Charge transfer Ultra-high
Gas sensing
Carbon-Based | CNT or graphene atthe sensitivity, fast Fabrication
Virus
FET %021 channel nanomaterial response, low variabilty
Neurotransmitter
surface power
Ultra-low power,
p-i-n structure with | Band-to-band steep sub- Low ON current,
TFET Low-power biosensors
tunneling tunneling threshold swing ambipolarity
(SS)

Debye Length:

The Debye length refers to the characteristic length scale
over which electric potentials are screened by mobile ions in
an electrolyte, and it essentially defines the thickness of the
electrical double layer adjacent to a charged surface, as pointed
out by H.-C. Chang ez a/* The Debye length is the distance
from the charged surface where the potential has decayed to
the 1/e point or 36.7% of the surface potential. Physically, it
characterizes the thickness of the diffuse part of the electrical
double layer (EDL) formed when an electrolyte solution is in
contact with a charged surface. The Debye length quantifies
how quickly the electric field is screened by ions in solution,
and it appears explicitly in the Poisson-Boltzmann model of
the EDL - a foundational concept of double layers.

Debye length A, scales inversely with the square root of con-
centration and also scales inversely with the valence of the ions
in solution for electrolytes. Therefore, the high ionic strength
subsequently leads to a short Debye length; the Debye length
Ap for a divalent ion is half that for the monovalent ion. To put
Ap into perspective for operational systems, at an electrolyte
concentration of 1 pM for a 1:1 electrolyte, A,=304 nm, but at
1M, it is 0.3 nm. For typical biological Phosphate buffer solu-
tions (PBS) containing a mixture of potassium monohydrogen
phosphate (K2HPO4) and potassium dihydrogen phosphate
(KH2PO4), in 1x PBS, the Debye length is typically ~0.7
nm or less than 1 nm, where most biomolecular charges are
screened.”” For 0.1x-1x PBS, reported Debye lengths range
from ~0.7 nm up to ~2 nm as the buffer is diluted (lower ionic
strength gives longer Debye length), as shown in Figure 5.%
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Figure 5: Debye Length Effects under different electrolyte concentrations.
Reprinted with permission from J. Am. Chem. Soc.*®

DOI: 10.36838/IJHSR819.10

78



ijhighschoolresearch.org

Zhang and Zheng discuss the reduced FET sensitivity using
the example of the negatively-charged streptavidin molecules,
which are surrounded by positively charged ions due to the
electrostatic force.’ Conventional FET sensors sense the
concentration of the target species by their intrinsic charge.
The charges of solution-based molecules, however, can be
screened by dissolved counterions in the solution. Their work
shows that the Debye length can be increased by using diluted,
low-ionic-strength buffers without significantly affecting bio-
molecular interactions such as oligonucleotide hybridization;
however, additional strategies to mitigate Debye screening are
still required to improve FET sensitivity.

Microbeads and Magnetic Microbeads: Properties and Func-
tions:

Microbead-based biosensors have emerged as a promising
platform due to their versatility, strong signal responses, and
ability to detect multiple targets simultaneously, offering sev-
eral inherent advantages such as high surface-to-volume ratio,
rapid response, high throughput, and minimal sample volume.
Hui-Pin Cheng ¢z al. compare the advantages and disadvan-
tages of microbead-based biosensors in Table 2 and categorize
different microbead-based biosensors by their different mate-
rials as shown in Figure 6, highlighting the magnetic beads for

improving specificity and reducing background noise.*

Table 2: Advantages and disadvantages of microbead-based biosensors.*

Pros Cons

High Surface to Volume Ratio
High Throughput
Fast Response
Reduced Matrix Effects
Enhanced Sensitivity and Dynamic Range
Multiplexed Detection
Minimal Sample Volume
Miniaturization and Portability

Reproducibility and Standardization
Cross-Reactivi
Instrumentation Complexity
Clinical Translation

Commonly utilized materials

Magnetic bead
e e

.—‘.

‘Quantum dot

0,

* é;_h_..‘

e

Polymer bead

Figure 6: Commonly utilized materials in microbead-based biosensors.
Reprinted with permission from Sensors.*

Silicamicrobead

Magnetic microbeads, typically composed of iron oxide or
iron oxide within embedded polymer matrices, can be precisely
controlled to mitigate Debye Length screening eftects. Un-
der an applied magnetic field, magnetic microbeads undergo
directed motion and mixing, generating localized fluid flows.
Although the Debye length remains fixed by electrolyte ionic
strength, these localized fluid flows enhance mass transport
and reduce diffusion limitations. As a result, target molecules
are delivered more efficiently to the BioFET sensing surface,
improving effective signal response despite strong Debye
screening.

In addition, magnetic microbeads have a high sur-
face-to-volume ratio, which can be biofunctionalized with
target molecules, and the conjugates can be concentrated

using magnetic fields, increasing both the sensitivity and spec-
ificity of detection in complex biological samples. Magnetic
microbeads benefit from the absence of magnetic background
signals in biological samples, resulting in inherently low noise
and high specificity. Therefore, unlike fixed sensing substrates,
magnetic microbeads act as mobile carriers and mobile nets
that transport captured biomolecules to defined sensing re-
gions, diminishing the difficulties posed by the Debye length
layer, mixing at low Reynolds numbers, or high flow resistanc-
es at small scales.

Furthermore, magnetic commercially
available in different sizes, magnetic properties, and surface
coatings, making them very versatile, indispensable tools in
biosensing, especially to realize integrated and miniaturized
technologies based on small fluid volumes.

microbeads are

Magnetic Microbead Conjugation for Biosensing Applica-
tions:

Magnetic microbead conjugation is a key step that trans-
forms simple manipulable particles into highly selective
biosensing tools. By attaching antibodies, aptamers, peptides,
or nucleic acids onto their surface, magnetic microbeads can
specifically recognize and capture target biomolecules such as
proteins, exosomes, and cancer biomarkers. This makes mag-
netic bead conjugation an important strategy for improving
sensitivity and specificity in Bio-FETs and clinical diagnostic
applications.

Modh ez al. have reviewed magnetic microbeads in bio-
sensing with different detection methods.” For selectivity,
magnetic microbeads are decorated with different biological
recognition elements, as shown in Figure 7a: (1) Antibodies
target specific protein biomarkers or pathogens in immunoas-
says. (2) Aptamers - synthetic single-stranded DNA or RNA
sequences selected by SELEX (Systematic Evolution of Li-
gands by EXponential enrichment) - offer advantages such as
ease of chemical modification, high stability, and the ability
to design unique sensing formats (e.g., structure switching,
induced dissociation). (3) Peptides and other small ligands
can also be used, depending on the target and application.
Functionalization strategies typically rely on established bio-
conjugation chemistry, e.g., covalent linking through reactive
surface groups, streptavidin-biotin interaction, or linker arms
for aptamer immobilization.

Yue ¢ al have developed a label-free electrochemi-
cal biosensor based on magnetically induced self-assembly.
Mg0.5Cu0.5Fe;O4-Au  nanocomposites are prepared and
assembled on a magnetic glassy carbon electrode (MGCE)
under a magnetic field, forming the active sensor interface.
A thiol-modified single-stranded DNA aptamer specific to
CA125 is attached to the Au surface via Au-S bonds, with-
out using a coupling agent.” The CA125 antigen, which is
an important indicator for early detection of ovarian cancer,
is captured directly by the aptamer through specific binding
(aptamer - antigen interaction). After aptamer immobilization
and antigen capture, BSA is used for surface blocking to re-
duce nonspecific adsorption.
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Xiaoxia Fang ez al. have developed a magnetic bead selective
adsorption strategy (MagExo) for easy-to-operate extracellu-
lar vesicles (EVs) isolation, as shown in Figure 7b and 7c.®
EVs can be selectively adsorbed on the surface of magnet-
ic microbeads in the presence of a hydrophilic polymer and
can be separated from biological fluids with high purity by
simple permanent magnetic separation. The MagExo proce-
dure captured 2X higher yield and comparable purity of the
harvested EVs to that obtained by ultracentrifugation (UC).
The target RNA amount of the isolated EVs by MagExo was
almost dozens and hundreds of times higher than the gold
standard Density gradient ultracentrifugation (DG-UC) and
ultracentrifugation (UC) methods, respectively. More detailed
and latest magnetic affinity-based methods for isolating and
detecting exosomes can be found in the review of Veroni-
ka Solovicovd e al., including antibody-based capture, DNA
aptamer-based capture, peptides and glycan recognition, and
other recognition schemes.'®

Lin e# a/l. addressed two main problems when using ISFETs
to detect proteins.* First, antibodies on the sensor surface are
often longer than the Debye length (~0.7 nm) in biological
solutions, which makes it difficult for the bound proteins to
be tightly attached to the sensor surface. Second, many pro-
teins carry a small electrical charge and can be easily affected by
the pH of the surrounding solution, leading to weak changes
in surface potential and poor signal response. To solve these
issues, the authors used a magnetic bead-based detection ap-
proach, as in Figure 7d, where an external magnetic field pulls
the bead-protein complexes close to the sensor surface. After
protein capture, DNA strands are attached to the microbeads
as labels. DNA carries a high and well-defined negative charge,
which is much easier for semiconductor sensors to detect than
protein charges. Their work demonstrates a hybrid system
combining magnetic microbeads, DNA-based signal amplifi-
cation, and a semiconductor sensor within a microfluidic chip,
enabling sensitive and fast protein biomarker detection while
overcoming Debye screening limitations.

Pr——

Figure 7: Magnetic microbead conjugation: (a) Composition of magnetic
microbeads (MBs) used in analytical applications. Reprinted with permission
from Sensors.”! (b) and (c) Schematics of MagExo for EV extraction.
Reprinted with permission from Acta Biomater.® Copyright 2021 Elsevier.
(d) Magnetic microbeads conjugated with multiple antibodies. Reprinted with
permission from Anal. Chim. Acta.* Copyright 2015 Elsevier.

Magnetic Microbead Manipulation in Microfabricated Sys-
tems:

Besides using permanent magnets, magnetic microbeads
can be effectively integrated with microfabricated microcoil

or micro-solenoid systems, which can be used to generate a
localized magnetic field and magnetic field gradient to attract,
trap, move, or concentrate magnetic microbeads near a sensing
region (e.g., a Bio-FET gate or microfluidic channel). Micro-
coils can be applied with different magnetic actuation modes,
including DC current for static bead trapping, AC current for
bead agitation and mixing, and pulsed current for capture -
release cycles. These actuation modes enable efficient bead
concentration, washing steps, and controlled contact between
magnetic beads and the sensing surface. This allows more pre-
cise bead manipulation and supports a wide range of magnetic
biosensors based on magnetic, electrical, optical, and electro-
chemical detection methods.

Vania Silverio ez al. have developed the manipulation of
magnetic microbeads for therapeutic drug monitoring with
thin film microelectromagnet traps, taking into consideration
both magnetic trapping and integrated efficient cooling as in
Figure 8.% Six different designs (thickness, width, number of
turns, positioning of coils, etc.) of planar microelectromagnets
traps (MEMT) with four external coils in series and one cen-
tral coil connected for an opposite direction of manipulation
of magnetic microbeads in microfluidic flows. The yield of
local concentration was highly dependent on coil design, but
the optimized design showed a 210% increase. Their work
demonstrated planar microelectromagnet can be fabricated
and utilized in magnetic microbead concentration and manip-
ulation for higher-sensitivity detection.
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Figure 8: Magnetic microbead in microfabricated systems: (a) and
(b) Microfabricated microcoil designs. (c) Experimental activation and
deactivation pulses resulting in MB concentration. Reprinted with permission
from Micromachines.*”

Planar microfabricated copper coils can be produced using
standard photolithography and electroplating processes. In
addition, printed circuit board (PCB)-based fabrication offers
a cost-effective and scalable alternative for implementing mi-
crocoils without the need for complex microfabrication steps.
Roer Eka Pawinanto e# al. have proposed using PCB technolo-
gy to fabricate planar micro-coils for driving magnetic MEMS
actuators, as shown in Figure 9a.*

3D (out-of-plane) microcoil or solenoid structures differ
from planar spiral coils and are commonly employed when
strong vertical magnetic fields and field gradients are required
for magnetic bead manipulation near sensors. Heuberger ez
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al. developed a deep-UV lithography-based 3D microform-
ing process capable of fabricating thick, high-aspect-ratio
microstructures up to 200 pm thick with steep sidewalls in
Figure 9b.“” Hoa Thanh Le ez al. have reviewed the advances
in MEMS inductor fabrication, including Planar MEMS In-
ductors, 3D MEMS Inductors, and especially 3D air-core and
magnetic-core designs as shown in Figure 9¢.*** The authors
shared the discussions on how advances in microfabrication,
materials, and 3D architectures have transformed induc-
tors from bulky passive components into high-performance,
chip-scale devices. A comparison of planar microcoil and 3D
micro-solenoid is listed in Table 3.

a

'Space
Width

Inner
Diameter

Thin-film core__~ /|
20 racelrack
windings

" 3Dsolenoidal
windings

PR 2D spiral
Insulators windings

Category () " category () " Category (i)
900 = ele
0\‘\.0\ °C“e\¢ e N wadf §

Rt

3D toroidal

2D spiral
windings

windings >
Category (v)

Conductive windings

Insulator

Magnetic material

Substrate

Figure 9: Microcoil designs (a) Microcoil for magnetic MEMS actuator by
PCB technology.46 (b) Planar gold microcoil with integrated contact bridge
with optical DUV-lithography for high microstructures.* (c) 3D illustrations
of different categories of MEMS inductors. Reprinted with permission from
Microsyst Nanoeng.*4

Table 3: Comparison of Planar Microcoil and 3D Micro-solenoid:

Feature Planar Coil 3D Solenoid

Coil geometry Flat spiral (2D) Vertical windings (3D)

Main field direction In-plane Out-of-plane (vertical)

Vertical bead force Moderate Strong

Bead localization Broad area Highly localized

Drive current Higher Lower

Fabrication complexity Low Medium - High

CMOS compatibility Excellent Partial/Hybrid

Mixing, transport, and large-area Bead capture, pre-concentration, Bio-

Best use case

trapping FET sensing

Magnetic Microbead Manipulation in Microfluidic Chips:

Precise magnetic microbead manipulation in microfluidic
chips has also been widely studied, and these systems provide
valuable design strategies for integrating microcoils with Bio-
FET sensors.

Lefebvre, O. ez al. have built a microfluidic chip with in-
tegrated planar microcoils that can effectively trap magnetic
nanobeads (~300 nm) and also track temperature rise during
operation (important because coil current causes Joule heat-
ing).*® Their work includes design, fabrication, and operation
for trapping magnetic nanobeads with embedded planar mi-
crocoils inside a microfluidic chip, providing a practical
framework to optimize planar coil geometry (e.g., line width/
spacing, inner/outer dimensions) rather than trial-and-error.
Cai et al. provide a thorough, in-depth overview of how mag-

netic microbeads are manipulated within microfluidic chips and
how these manipulation strategies are applied in biological and
diagnostic workflows.** The review provides the physical ba-
sis for magnetic manipulation, including superparamagnetism
and magnetic bead properties, magnetic forces and magneto-
phoresis, and bead surface chemistry and surface modification
methods. The review systematically explains how bead manip-
ulation techniques are used in real biological applications, such
as biomarker and analyte capture, cell sorting, immunoassays
and ELISA variants, and extraction/enrichment of nucleic ac-
ids or extracellular vesicles.

Detection Strategies for Manipulated Magnetic Microbeads:

After magnetic microbeads are concentrated, several prac-
tical detection strategies can convert the bead accumulation
into measurable signals. These approaches include simple vi-
sual observation and advanced electrical and magnetic sensing
techniques. In general, four main detection methods are used:
optical detection, electrochemical detection, electrical detec-
tion using Bio-FETs, and magnetic detection based on giant
or tunnel magnetoresistance sensors.

Optical Detection:

Optical detection is the simplest and most commonly used
method to observe magnetic microbeads after they are concen-
trated by a microcoil. After bead concentration, the region near
the coil or sensor surface can be examined using a standard
optical microscope, or a fluorescence microscope if fluorescent
microbeads are used. Bead accumulation is identified by an in-
crease in bead density or changes in brightness or fluorescence
intensity, as in Figure 10a.*! This method is very easy to im-
plement and provides direct visual confirmation; however, it is
mostly qualitative and has limited sensitivity when detecting
low numbers of microbeads. As a result, optical detection is
mostly for proof-of-concept demonstrations and microfluidic
experiments.

Electrochemical Detection:

Cyclic Voltammetry (CV) and Electrochemical Impedance
Spectroscopy (EIS) are the main electrochemical techniques,
as shown in Figure 10b. Magnetically induced self-assembly
of functionalized microbeads enables highly sensitive electro-
chemical detection of cancer biomarkers in complex samples,
where the measured current or impedance change is pro-
portional to bead concentration.’® This strategy offers high
sensitivity and robustness in real biological matrices, since
electrochemical methods are less affected by sample complex-
ity. However, because the approach relies on enzyme or redox
labeling, it is not fully label-free and requires additional chem-
ical modification steps. Therefore, electrochemical bead-based
detection is particularly well suited for clinical assays and pro-
tein biomarker detection, as discussed by Cheng, H.-P. e al*

Electrical Detection for Bio-FETs with Magnetic Microbe-
ads:

Magnetic bead-assisted Bio-FET detection represents a
highly sensitive strategy due to its superparamagnetic prop-
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erties, a key advantage for mixing, isolating, or concentrating
targets from complex samples. In the following three studies,
magnetic microbeads demonstrated their abilities to effective-
ly and selectively capture important disease biomarkers under
various situations. External magnetic fields help pull these
targets closer to the graphene FET sensing surface, which im-
proves target delivery and makes the electrical signal stronger
and easier to measure at extremely low levels like femtomolar
and picomolar concentrations.

Yu et al. have developed an integrated microsystem that
combines magnetic bead-based exosome isolation with a FET
biosensor to enable selective capture and highly sensitive de-
tection of tumor-derived exosomal microRNA (miRNA),
specifically miRNA10b.® The system uses magnetic microbe-
ads functionalized with two antibodies - GPC-1 and EpCAM
- which bind to surface proteins highly expressed on pancreat-
ic cancer-derived exosomes. These dual-antibody microbeads
selectively recognize and isolate pancreatic cancer exosomes
from plasma samples before sensing. After concentration, the
isolated exosomes are processed to release their internal miR-
NA. The released miRNA10b is then detected using a Peptide
Nucleic Acid (PNA)-functionalized reduced GFET biosensor.
PNAs hybridize selectively with the target miRNA, enabling
highly specific and sensitive electrical detection down to an
ultrasensitive detection limit of ~78 fM for miRNA10b. The
method was validated with 40 clinical plasma samples, effec-
tively distinguishing pancreatic cancer patients from healthy
controls. The detailed process is illustrated in Figure 10c.

Sun ez al. developed a GFET by transferring a chemical-va-
por-deposited graphene film onto a substrate to serve as the
conductive channel, as shown in Figure 10d.** Graphene’s
high surface area and excellent electronic properties make it
an attractive material for sensitive FET biosensing. To enable
specific DNA detection, the graphene surface was chemical-
ly modified with 1-pyrenebutanoic acid succinimidyl ester
(PBASE), which acted as an anchoring layer for immobilizing
a probe aptamer. The aptamer selectively binds complementa-
ry single-stranded DNA targets. Target complementary DNA
strands were magnetically labeled using magnetic nanobeads.
These magnetically tagged DNA targets could be manipulated
by applying an external periodic magnetic field, causing them
to interact dynamically with the graphene surface. Under the
periodic magnetic field, the impedance of the GFET exhibit-
ed periodic oscillations, and the amplitude of these impedance
changes correlated with DNA concentration. The biosensor
demonstrated high sensitivity, with a detection limit on the or-
der of ~1 pM for single-stranded DNA.

Zhu et al. developed a magnetically controlled GFET bi-
osensor for highly sensitive detection of cardiac troponin I
(cTnl), an important biomarker for acute myocardial infarc-
tion.” In this system, graphene films transferred onto Indium
Tin Oxide (ITO) conductive glass served as the conductive
channel, while a ¢Tnl-specific aptamer was immobilized on
the graphene surface using PBASE as the linker for selective
target capture. Magnetic nanobeads functionalized with ¢Tnl
antibodies were then introduced to form an aptamer/cTnl/
antibody/magnetic bead sandwich structure. By applying an

external magnetic field, the magnetic beads were actively pulled
closer to the graphene sensing surface, significantly enhancing
the electrical signal and improving detection sensitivity to a

low detection limit of 10 pM for ¢T'nl.
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Figure 10: Different detection strategies for manipulated magnetic
microbeads: (a) Fluorescence-based assays. Reprinted with permission from
Sensors* (b) CV profiles for Electrochemical Detection. Reprinted with
permission from Arab J. Chem.* (c) Integrated FET sensing microsystem
for specific detection of pancreatic cancer exosomal miRNA10b. Reprinted
with permission from Anal. Chim. Acta.”® Copyright 2023 Elsevier. (d)
Magnetic Graphene Field-Effect Transistor Biosensor for Single-Strand
DNA Detection. Reprinted with permission from Nanoscale Res. *

The research gap is that most studies either focus on mag-
netic bead-assisted Bio-FET sensing or microcoil-based bead
manipulation separately, while very few directly integrate on-
chip microelectromagnets with Bio-FET detection on the
same platform. This makes microcoil-driven magnetic bead
Bio-FET systems a strong and still novel research direction for
early disease detection. Preliminary work at Chang’s Lab has
demonstrated the feasibility of this concept. A microcoil-driv-
en magnetic bead Bio-FET system can be described as follows:
Magnetic microbeads are introduced into the biological sam-
ple with conjugation agents and act as magnetic carriers to
capture target biomolecules. When current is applied to the
on-chip microcoil, the generated localized magnetic field and
field gradient actively pull the magnetic microbeads toward
the Bio-FET sensing surface. After the beads are concentrated
near the gate region, only the correctly conjugated bead-target
complexes specifically bind (“dock”) to the functionalized Bio-
FET surface, while non-target or non-conjugated beads are
released once the magnetic field is reduced. The retained mag-
netic microbeads change the local charge environment at the
Bio-FET surface, resulting in a stronger and more measurable
electrical response through changes in gate voltage or channel
current for Bio-FET detections.

Magnetic Detection:

Magnetic detection using giant magnetoresistance (GMR)
or tunnel magnetoresistance (IMR) sensors provides a direct
and quantitative way to detect magnetic microbeads concen-
trated by a microcoil. In this approach, magnetic microbead
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core elements can be detected by a GMR or TMR device po-
sitioned above or in close proximity. The presence and number
of microbeads are reflected as a measurable change in sen-
sor resistance, enabling quantitative bead counting. Because
this method relies on magnetic signals rather than electrical
charges, it is not affected by Debye screening in physiological
solutions and offers very high sensitivity. As a result, GMR/
TMR-based detection is particularly sensitive for quantitative
bead counting and bioassays. In general, magnetic detection re-
quires integration of specialized magnetic sensors and involves
more complex device fabrication; however, it holds strong po-
tential for advanced biosensing applications.

GMR-based biosensors utilize changes in electrical resis-
tance from variations in local magnetic fields to enable highly
sensitive detection of biomolecular interactions. Sun ez a/. have
reported the development of a GIMR-based biosensing sys-
tem specifically designed for the separable detection of E. coli
0157:H7, a pathogenic strain of Escherichia coli commonly
associated with foodborne illness.*® This work, as in Figure 11a
and 11b, demonstrates how magnetic labeling and GMR sens-
ing can be combined to identify whole bacteria with improved
sensitivity and specificity.

Wang ¢f al. have focused on how GMR biosensors per-
form when combined with superparamagnetic nanoparticles
(MNPs) used as magnetic labels, as in Figure 11¢.*” They built
a GMR detection system with a 64-sensor array fabricated by
photolithography, allowing multiplexed measurements. DNA
hybridization was used as a model assay: probe DNA was im-
mobilized on the sensor surface, and target DNA hybridization
brought different types of MNPs close to the surface for GMR

measurement.

Hybridized DNA

Figure 11: GMR magnetic detections (a) and (b) Microfabricated GMR
sensor combined with double antibody sandwich immunoassay and
streptavidin-biotin binding assay. Reprinted with permission from Biosens.
Bioelectron.*® Copyright 2016 Elsevier. (c) Magnetoresistive performance and
comparison of supermagnetic nanoparticles on a GMR sensor-based detection
system. Reprinted with permission from Sci. Rep®’ (d) Typical electrochemical
delamination process of a GMR sensor. Reprinted with permission from
Microsyst. Nanoeng.*

Recent progress in giant magnetoresistance (GMR) sensors
has moved the technology beyond rigid chips toward printable,
flexible, and skin-like (eSkin) devices. New materials and fab-

rication methods now allow GMR sensors to be made thinner,
lighter, and more flexible, while still maintaining high sensi-
tivity and fast response in real-world applications. Zhang ez
al. have developed an ultrathin, flexible giant magnetoresistive
(GMR) sensor array that forms the core of a magnetoelectron-
ic e-skin, as in Figure 11d.>® An electrochemical delamination
process was used, which enables rapid, non-destructive peeling
of the ultrathin magnetic sensor array from a rigid substrate
onto a flexible platform. These ultrathin, flexible, and skin-like
GMR sensors are powerful for next-generation biosensing and
wearable diagnostics.

B Conclusion

The rapid evolution of integrated circuit (IC) fabrication
technology has fundamentally promoted the development
of biological field-effect transistors (Bio-FETs). Continuous
scaling of MOSFET dimensions, progress in EUV lithogra-
phy, and the widespread adoption of three-dimensional (3D)
device architectures such as 3D NAND have enabled unprec-
edented integration density and device performance. These
developments point toward a natural transition of Bio-FETs
from planar designs to 3D sensing architectures, where vertical
stacking and increased active surface area can further enhance
sensitivity and throughput. As device dimensions approach the
length scales of biomolecules, Bio-FETs are no longer limited to
ensemble-averaged measurements, making single biomolecular
or single-event detection increasingly feasible and establishing
Bio-FETs as a powerful platform for next-generation biosens-
ing and early disease diagnostics.

Magnetic microbead-based strategies offer significant ad-
vantages for Bio-FET applications. Magnetic microbeads
provide convenient bioconjugation and enable selective cap-
ture of target biomolecules. Their motion and spatial positions
can be precisely controlled using microcoils or microsolenoids.
Such magnetic manipulation significantly improves detection
efficiency and signal reliability, while remaining compatible
with microfluidic and on-chip integration. Developments in
the hard disk drive (HDD) industry have shown that GMR
sensors can achieve ultrahigh sensitivity, gigahertz-speed op-
eration, and large-scale manufacturability. Translating this
maturity to biosensing suggests a future in which a single chip
or “one-disk” platform could rapidly test multiple biomarkers
in parallel, using magnetic beads as universal labels and GMR
or Bio-FET readout for quantitative detection. Such conver-
gence of semiconductor electronics, magnetic sensing, and
biofunctional materials points toward scalable and program-
mable biosensing architectures with transformative potential
in precision early disease detection.
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ABSTRACT: Recent growth in Artificial Intelligence (Al) systems has caused an unprecedented demand for large-scale, high-
speed computing resources. This has led to increased concerns about the sustainability of Al development and its environmental
impact. This study examines different strategies through a literature review and uses key metrics such as efficiency, cost, and
feasibility to compare them. The findings revealed that software solutions such as algorithm optimization, the use of small
language models, and data curation achieve the highest efficiency by reducing computational demand. Hardware solutions
provide a baseline level of efficiency while workload optimization minimizes energy consumption through distributed learning
and energy-aware scheduling. Finally, infrastructure solutions offer a downstream option to minimize energy use in data centers
through efficient thermal management. The study also emphasizes challenges in standardizing carbon reporting and establishing
enforceable regulatory systems and stresses that Al researchers, data center engineers, and energy policy experts must collaborate
to translate technical efficiency gains into real-world emissions reductions for sustainable Al development.

KEYWORDS: Green Al, Hardware Optimization, Algorithm Optimization, Small Language Model, Data Curation,

Workload Optimization, Grid Optimization.

B Introduction

Al has become an important component of modern soci-
ety. As Al capabilities evolve, the power required to train large
models has increased faster than improvements in energy effi-
ciency, causing a significant impact on the environment.!

This paper addresses the critical question: Can we keep up
with the growing demand for Al without negatively impacting
the environment?

Green Al has emerged as the field to address this challenge.
It refers to the development and use of Al systems that reduce
energy consumption, carbon emissions, and computational
waste while maintaining strong performance. It aims to ad-
dress the rising environmental and economic costs of training
and deploying large Al models. Although Green Al is still
an emerging field, it has gained increasing attention from re-
searchers, technology companies, and policymakers.

The present study aims to investigate various green Al strat-
egies by comparing them against key metrics such as efficiency,
cost, and feasibility. By synthesizing current strategies and
reviewing their merits and shortcomings, this work will con-
tribute to current efforts in Green Al. While previous literature
has extensively discussed each strategy in isolation, this study
aims to provide a comparative analysis of the strategies through
both literature review and qualitative diagnostics, to examine
their combined benefits in reducing energy consumption.

By analyzing these approaches alongside macro- and poli-
cy-level discussions, this study aims to emphasize the distinct
natures of Green Al strategies and their collective contribution
to sustainable Al development.

B Green Al Solutions
Sustainable Al development is a multi-solution approach
built on different concepts and technologies. They can be

categorized into three main areas: technical, operations, and
infrastructure. We will look at the different options under each
category and compare them.

Technical Solutions:
Technical solutions include a combination of hardware and
software solutions that can provide significant energy savings.

1. Hardware Optimization:

Hardware optimization covers efficiency techniques such
as specialized accelerators, low-power Al chips, and applica-
tion-specific integrated circuits (ASICs).

Specialized Hardware Accelerators:

Special hardware accelerators, like Tensor Processing Units
(TPUs), achieve much higher performance per watt than regu-
lar GPUs by optimizing the matrix-multiplication architecture.
Experimental and production deployments have shown that
TPUs can improve inference performance per watt by up to
15x, with gains of 25-30x TOPS/Watt across different neural

network architectures.?

Low-Power AI Chips and Edge Accelerators:

Low-power Al hardware such as NVIDIA’s Jetson Nano
and Google’s Coral Edge TPU can do about 4 trillion opera-
tions per second (TOPS) while using only 2 watts of power.?
Compared to regular 64-bit ARM CPUs, Edge TPUs con-
sume less energy while keeping good classification accuracy for
deep feedforward neural networks.

Application-Specific Integrated Circuits (ASICs):
ASICs are custom-made for specific Al tasks, enabling
significant improvements in both performance and power con-
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sumption. ASICs use much less energy than GPUs for steady,
repetitive Al tasks.*

Table 1 provides a comparison of different hardware op-
timization strategies. Hardware optimization by itself only

In the next section, we will discuss small language models for
specific tasks, which may significantly limit the scope of train-
ing by restricting the model's size.

Table 2: Comparison of different training and inference strategies.

provides baseline efficiency. We will discuss next the different Phase Optimization Technique Primary Objective Energy
. Efficienc
software solutions that reduce the need for general-purpose i
. . . Training Stochastic Mini-Batch Dropping (SMD) | Reduce the number of training Medium
computation and make hardware solutions more effective. samples per teration
Table 1: Comparison of different hardware optimization strategies. Training | Selective Layer Update (SLU) Avoid unnecessary layer updates | High
N - _ Training Predictive Sign Gradient Descent Simplify gradient computation Medium
Hardware Type Primary Use Case Energy Efficiency Flexibility Cost (PSG)
GPU Training & inference Low High Medium Inference | Parameter Pruning Remove redundant weights High
TPU / Accelerator Al-specific workloads High Medium Medium Inference | Quantization Reduce numerical precision High
Edge Al Chips On-device inference Very High Low Low Inference | Knowledge Distillation Transfer knowledge to smaller High
i Fixed Al workloads Very High Verylow | Very High Table 2 - Primary objective and energy efficiency of different

Table 1 - Trade-off between energy efficiency, flexibility,
and cost for different hardware optimization solutions. ASICs
and edge accelerators deliver the highest energy efficiency.
However, they offer limited flexibility and are mainly used for
well-defined workloads. GPUs, on the other hand, offer high

flexibility but incur significant energy costs.

2. Algorithm Optimization:

As Al systems continue to scale, algorithm-level optimiza-
tion, for both training and inference, has emerged as a critical
pathway toward sustainable Al.

Training Optimization:

Energy efficiency during the training phase can be improved
through data-level, model-level, and algorithm-level optimi-
zation strategies.’” At the data level, Stochastic mini-batch
dropping (SMD) reduces computational overhead by selec-
tively skipping less informative mini-batches during training.
At the model level, Input-dependent selective layer update
(SLU) minimizes redundant computation by updating only
the most relevant layers for a given input. At the algorithm
level, Predictive sign gradient descent (PSG) reduces train-
ing energy costs by approximating gradient directions rather
than computing exact gradient values.” Complementary tech-
niques, such as Adaptive learning rate scheduling and Early
stopping, further reduce energy usage by avoiding unnecessary
computation.’

Inference Optimization:

Inference optimization strategies include Parameter prun-
ing, which removes redundant or low-importance weights
from neural networks. Quantization lowers numerical pre-
cision, enabling faster execution with minimal impact on
accuracy. Additional techniques, such as Convolutional
filter compression and Matrix factorization, simplify net-
work operations, while Network architecture search (NAS)
automatically identifies model structures optimized for effi-
ciency.* Knowledge distillation further improves efficiency by
transferring knowledge from large “teacher” models to smaller
“student” models, enabling comparable performance at a frac-
tion of the computational and energy cost.®

Table 2 provides a comparison of the different algorithm
optimization solutions. While algorithm optimization is bene-
ficial, it is still extensive in the context of large language models.

training and inference optimization solutions. Most strategies
provide significant energy savings when properly implemented
and when the primary objective is clear.

3. Small Language Models:

Small language models reduce computing power, memory
use, and training time by reducing the number of parameters
and optimizing architectural design. DistilBERT, a distilled
version of BERT, is 40% smaller and retains 97% of its lan-
guage understanding while being 60% faster.7 SLMs are
increasingly being used in on-device intelligence systems, re-
quiring less data transfer and thereby using less energy and
providing better data protection.

Training Efficient Models from Scratch:

One approach to obtaining SLMs involves training models
from scratch using efficiency-oriented architectures. There are
three strategies: 1. Efficient feed-forward networks (FFNs),
which reduce parameter redundancy in dense layers; 2. Effi-
cient attention mechanisms, which mitigate the quadratic
complexity of standard self-attention through sparse or linear
approximations; and 3.Attention-free architectures, which
replace attention mechanisms with alternative sequence mod-
eling techniques.®

Model Compression from Large Language Models:

An alternative approach derives SLMs from pretrained
LLMs using model compression techniques such as Quanti-
zation, Pruning, and Knowledge Distillation, as discussed in
the Algorithm Optimization section.®

Collaborative SLM—-LLM Frameworks:

SLMs and LLMs can be combined, with LLMs providing
general thinking and language knowledge, while SLMs act as
experts for domain-specific tasks.® This division reduces the
need for repeated fine-tuning of large models and lowers over-
all computational cost.

Optimizing training and limiting model size can save sig-
nificant computing power. In the next section, we will review
another strategy for curating training data and reducing its
size to improve training efficiency.
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4. Data Curation:

Large Language Models (LLMs) are commonly trained
on massive web-scale corpora such as C4, Refined Web, and
The Pile. However, prioritizing data quality through curated,
smaller datasets can enable effective LLM training with lower
energy consumption.’

Data Curation as an Energy Saving Strategy:

Data curation focuses on extracting high-quality and infor-
mative subsets from large corpora. By doing so, models can
be trained on smaller yet more representative datasets that
facilitate learning important linguistic patterns without un-
necessary tokens. Subramanyam ez a/.'° through experimental
work, proposed a new quality-aware scaling law that extends
the widely used Chinchilla framework, predicting pretraining
loss as a joint function of model size, data volume, and data
quality.

Table 3 compares the size and the number of hours needed to
train a model. Approximately 15 to 20 domain-specific models
can be trained with the same amount of energy needed to train
a single LLLM. Focusing on building smaller, domain-specific
models rather than general-purpose LLMs can result in sig-
nificant energy savings.

Table 3: Comparison of hours and energy needed to train models of different
sizes.

Dataset Type Size (B | GPU Estimated Model Type
Tokens) | Hours | Energy (MWh)
Large-scale Web Dataset 300 50,000 | 2,500 Full C4/Pile-style corpora
(Uncurated)
Curated High-Quality Subset 50 8,000 | 400 SLM-evaluated, smaller but
informative
Task-Specific Curated Dataset | 20 3,000 |150 Domain-specific, highly filtered

Table 3 - Estimated GPU hours and associated energy us-
age for training different types of datasets. Large-scale web
datasets are typically used to train LL.Ms like GPT-3 (300B
tokens). SLMs and other domain-specific models need much
smaller datasets and considerably less energy for training.

Operations Solutions:

In this section, we will discuss the benefits of distributed
learning and proactive scheduling to maximize the efficiency
of training models.

1. Workload Optimization:

Federated Learning:

Federated Learning (FL) creates machine learning models
from data distributed across many devices. Each device uses
its local data to update the model, and only that update is sent
back to the server.™ FL also makes it simpler to follow data
privacy and security rules as data stays localized."

Energy-Aware Scheduling:

Energy-aware scheduling techniques consider power con-
sumption, cooling requirements, and workload characteristics
to optimize energy use.” They maintain workload profiles to
schedule tasks during periods when energy demand is low
or when large amounts of renewable energy are available. P.
Krishnaram did a study where, at a peak utilization setting
of 0.69%, the proposed workload optimization framework

achieved a 13% time-saving efficiency compared to static
scheduling, corresponding to an estimated energy savings of

364 MW for LLMs with over 10 billion parameters.**

Infrastructure Solutions:

Infrastructure solutions provide the most downstream
optimization solution in the Green Al framework. In the
following sections, we will discuss strategies that can provide
efficient solutions for managing the increasing workload in Al
data centers.

1. Efficient Heat Management:

Cooling systems at data centers consume nearly 50% of
electricity. Techniques such as immersion and liquid cooling
are increasingly being adopted in place of traditional air-cool-
ing systems to manage the high cooling requirements and
associated power demand in Al data centers.

Cooling Strategies:

Immersion cooling submerges servers or components in
a thermally conductive, electrically insulating dielectric fluid.
Heat is directly absorbed by the fluid, eliminating the need for
fans or air-based heat removal. Immersion cooling can offer
energy efficiency gains of 40% compared to conventional air
cooling.™

Liquid cooling circulates a coolant, often a mixture of eth-
ylene glycol and deionized water, directly to heat-generating
components via cold plates. Heat generated by the equipment
is efficiently conducted through the liquid, which is then
transported to the heat exchanger, where it is dissipated via
the external cooling system. Liquid cooling can offer energy
efficiency gains of 60-90% compared to conventional air cool-
ing.®

Other Heat Management Strategies:

Microfluidic cooling delivers coolant directly inside sili-
con chips via etched microchannels. By removing heat at its
source, it dramatically reduces thermal resistance compared
to conventional cold-plate solutions. Rajan ez a/'” used an In-
tel Core i7-8700K CPU with micropin fins etched directly
on the back and overclocked it to dissipate up to 215W of
power while cooled by room-temperature de-ionized (DI) wa-
ter. The experiment demonstrated up to 44.4% reduction in
junction-to-inlet thermal resistance while using only 0.3x of
volumetric coolant flow per Watt of power dissipated in the
CPU compared to a conventional cold plate."”

Waste Heat Reuse (WHR), on the other hand, improves
data center sustainability by redirecting excess heat to exter-
nal applications, such as district heating, hot water supply, or
industrial processes.'® Case studies like Stockholm Data Parks
(Sweden) and the University of Notre Dame (USA) demon-
strate that WHR not only reduces environmental impact but
also creates economic value from otherwise wasted thermal
energy.

The largest gains in cooling efficiency come from more
advanced techniques, such as liquid and immersion cooling,
as shown in Table 4. However, they provide diminishing re-
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turns when considered in isolation, as these gains come with
increased system complexity and deployment challenges.
Cooling in general is a downstream optimization layer whose
effectiveness depends on upstream computational demand.
Table 4: Comparison of different data center cooling strategies.

solution across efficiency, cost, and feasibility. Rather than
competing, these approaches provide the best results when ap-
plied collectively within a Green Al framework.

Table 6 compares all major Green Al strategies across mul-
tiple dimensions. To maximize overall system sustainability, a

Cooling Efficiency Complexity | Sustainability | Typical Use Case layered optimization framework is needed in which software
Method . .
etho efficiency reduces demand and enables more effective use of
Air Cooling Low Low Minimal Standard servers . .
hardware and infrastructure solutions.
Liquid Cooling Very High (approx. 60% energy | Medium Moderate Al racks Table 6: Comparison of different Green Al strategies.
savings,
Immersion High (20-40% energy savings) Medium Moderate Al clusters Solution Efficiency | Feasibility A Cost Complexity | Current References
Cooling Adoption
Microfluidic Very High High Moderate Next-gen Al chips Hardware High High Medium- | Medium—- | Growing [2], 3], [4]
Cooling Optimization High High (production
. TR . (GPUs, TPUs, use)
Table 4- Complexity and Sustainability of various data cen- ASICs)
ter cooling strategies. Liquid Cooling and Immersion Cooling Algorithm High High Low- | Medum | Moderate-  [5], [6]
ptimization Medium High
provide the best balance of complexity and sustainability, (rning
whereas next-generation solutions like Microfluidic Cooling Small Language | Very High | High Low— | Medum  Growing  [7 8]
. . . . Models (SLMs) (task- Medium
are still technically complex and difficult to implement at scale. specific)
Data Curation Medium— High Low— Medium Early 91, [10]
. High Medium Growing
2 * Alternate Strateg es: WOI“klt.Jad' Medium Mpdium— Medium High Early [111, [12],
As rack power densities in Al data centers continue to in- Optimization High (131, [14]
. . . Efficient Heat High Medium— | High High Moderate [15], [16],
crease, alternative approaches that completely reimagine data Management High {171, (18]
center placement and cooling environments are gaining at- Altenate Strategies | Very High | Low— Very High | Very High | Experimental  [19]. [20],
A (theoretical) Medium [21], [22]
tention. 1. Underwater data centers leverage the naturally

low and stable temperatures of deep ocean environments to
dissipate their heat efficiently.’” 2. Space-based data centers
deploy computational infrastructure into Earth's orbit using
solar power as a primary energy source and radiative cooling
to dissipate heat directly into space.® 3. High-altitude plat-
forms benefit from passive thermal dissipation due to low
ambient temperatures, as they operate in the stratosphere at
altitudes of 18-25 km.?! 4. Intelligent control mechanisms
reduce cooling energy consumption by using machine learning
models to predict thermal behavior.*?

Table 5 illustrates a clear distinction between theoretical
efficiency and deployment feasibility for alternate infrastruc-
ture solutions. Solutions that can be integrated within existing
infrastructure constraints provide the best path to sustainable
Al when compared with the most extreme or novel solutions.

Table 5: Comparison of different alternate infrastructure strategies.

Approach Cooling Demand Energy Deployment Feasibility
Efficiency

Conventional Terrestrial DC High Low High

Underwater DC Very Low High Medium

Space-Based DC Minimal Very High Low

High-Altitude DC Low Moderate Medium

Al-Driven Cooling Moderate High High

Table 5 - Energy efficiency and deployment feasibility for
various alternate infrastructure solutions. Space-based and un-
derwater data centers offer extremely high cooling efficiency.
However, they are unlikely to make a significant contribution
to near-term sustainability goals due to their low feasibility
and high cost. In contrast, Al-driven cooling and high-altitude
platforms offer more balanced trade-offs between efficiency

and deployability.

B Comparative Trade-Off Analysis
Each Green Al strategy presents distinct benefits and lim-
itations, and no single approach provides the best optimization

Table 6 - Green Al strategies compared against efficiency,
feasibility, cost, and complexity. Hardware optimization, algo-
rithm optimization, and efficient heat management provide
the best near-term benefits with a moderate to high level of
adoption. Data curation and workload optimization show early
promise and are expected to be increasingly adopted. Alternate
strategies provide the best efficiency benefits but are limited by
extremely high complexity and cost.

B Macro Analysis

This section analyzes sustainability challenges at the macro
level by comparing current and future energy use for the two
global Al powers, the US and China.

Table 7 and Figure 1 show the current and projected data
center energy consumption in the U.S. and China. In both
countries, increased scale and adoption of Al are projected to
outpace efficiency gains. The primary energy source in the US
is natural gas, and in China it is coal. The same computation-
al workload, therefore, can yield significantly different carbon
emissions in these two countries based on their underlying
energy infrastructure. The adoption of renewable energy and
grid optimization, therefore, must be integrated with technical
efficiency to enable sustainable Al in both countries.

Table 7: Annual electricity consumption of data centers in the US and China.
Data sourced from Pew Research Center and Bloomberg NEF-reported
capacity estimates.

Metric United States China

2024 Base Energy Use | 183 TWh (Approx. 4% of U.S.

total)

Approx. 20 GW aggregate (national)

2030 Projection Approx. 426 TWh (approx. Approx. 40 GW (approx. +100% from
+133%) 2024)

Share of Electricity Potentially 8-12% by late Approx. 3-6% of the national grid by 2030

Demand decade (industry estimates) (industry & policy forecasts)

Contribution to Global
Demand Growth

Largest single national driver Second largest driver
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Table 7 - Energy consumption by U.S. and China data cen-
ters. In both countries, the energy usage is projected to more
than double by 2030. The share of overall electricity demand is
still low, but is expected to increase by 2030 in both countries.

US Energy Mix

China Energy Mix

Natural Gas

Nuclear
Nuclear

bl
Natural Gas Renewables

Renewables.

Coal

Figure 1: Energy source mix for data centers in the US and China reported
by the Pew Research Center and the IEA.

Figure 1 - US data centers get 25% of their energy from re-
newable sources, while data centers in China get 20%. Natural
gas is the largest source of power for US data centers at 40%,
while in China, it's coal at 70%. Both countries plan to invest
heavily in renewables and nuclear energy for powering Al data
centers in the future.

US Strategy:

US energy companies and data center businesses are wor-
ried about the strain on the power grid. Delays in upgrading
transmission lines are a major obstacle to increasing capacity
to support Al data centers. Large companies like Microsoft
are promising to pay full energy rates and replace the water
used for cooling their data centers. Google and other compa-
nies have agreed with energy providers to reduce data center
power use during periods of high grid demand. There is grow-
ing interest in increasing nuclear and renewable energy use in

the US.

China Strategy:

China is focusing on quickly building energy grids and infra-
structure to support energy-intensive Al data centers, without
incurring long delays due to regulations. Regional plans are
increasingly linking data center growth with local renewable
energy sources. Areas with abundant renewable energy are
given priority for large-scale facilities. Data centers in China
are aiming for Power Usage Effectiveness (PUE) benchmarks
(e.g., <1.25) to improve energy efficiency compared to global
standards.

B Results and Discussion

Implementation of a sustainable Al strategy involves the
integration of multiple complementary strategies rather than
the deployment of any single solution. Tables 1 to 4 list the
different optimization strategies along with their merits and
shortcomings. Hardware optimization improves performance
per watt and provides baseline efficiency, but is constrained
by flexibility and cost. Algorithmic optimization and small
language models provide better scalable efficiency gains by
directly reducing computational demand. Data curation re-
duces unnecessary training overhead by prioritizing quality

over quantity. Workload optimization extends efficiency into
deployment. Cooling and infrastructure strategies act as down-
stream enablers whose effectiveness depends on the upstream
computational workload.

Table 5 highlights that at the macro level, rising global Al
energy demand will outpace isolated efficiency gains. Green
Al, therefore, must be understood as a unified framework
where grid optimization and increased use of renewable en-
ergy are as important as software, hardware, and infrastructure
optimizations.

Future studies are needed to assess the real-world feasibility
and to quantify the combined effects of multiple Green Al
strategies deployed simultaneously. Additional research is also
needed on standardized reporting of energy and carbon costs.
Al researchers, data center engineers, and energy policy ex-
perts need to collaborate to translate technical efficiency gains
into real-world emissions reductions.

B Conclusion

The paper is primarily based on a literature synthesis from
previous work in this field. Green Al is an evolving field, and
sufficient empirical data from experiments is not available to
analyze the combined effect of multiple Green Al strategies in
real-world settings. Hence, most of the comparative analysis in
this paper is based on qualitative diagnostics. The optimization
solutions listed mainly focus on technical and infrastructure ef-
ficiencies and do not fully quantify lifecycle carbon emissions
or economic trade-offs. In addition, rapidly evolving hardware
and Al models may render some findings outdated and pose
new challenges. Finally, regional comparisons are limited to
the U.S. and China, the two major Al powerhouses. Increased
AT adoption globally may need a more holistic evaluation of
broader energy usage and policy environments.

B Conclusion

The rapid expansion of Al has placed considerable compu-
tational and energy demands, raising major concerns about the
sustainability of current Al development practices. Hardware
and algorithm optimization, small language models, data cura-
tion, workload management, and advanced thermal regulation
systems provide distinct but complementary approaches to
reducing the environmental impact of Al The best approach
involves implementing a layered optimization framework that
incorporates all the solutions discussed, with software effi-
ciency providing the maximum benefit by reducing overall
computational demand.

Though progress has been made in the Green Al initiative,
major challenges remain in standardizing carbon reporting,
ensuring accuracy with efficiency, and establishing enforceable
regulatory systems.

Governments, industry, and academia are all investing
significant time and effort in Green Al. Al workload will con-
tinue to increase, but with the combined effort from all parties,
the challenge for sustainable Al development can be met, and
future Al growth can be achieved without negatively impact-
ing the environment.
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ABSTRACT: Systemic Lupus Erythematosus (SLE) is a challenging chronic autoimmune disease that affects patients with
a wide range of symptoms, including life-threatening complications. It is difficult to treat because of its heterogeneous nature.
Despite available treatment options, there is no cure currently. Over the last few decades, tremendous efforts have been made
to understand the biologic mechanisms causing SLE and to explore novel and effective treatment options to better control and
eventually cure the disease. In recent years, therapeutic advancements in SLE, particularly the use of diverse biologic modalities,
have been exciting and offer new hope for patients. In this review, emerging treatment options in clinical trials using biologic
modalities such as therapeutic proteins, cell therapies, and mRNA-LNP are discussed. Meanwhile, representative manufacturing
processes for each modality are described along with the associated considerations, which are important for maintaining a robust
and reliable supply chain to ensure patient access. The aim is to provide a comprehensive overview, from exciting biological
hypotheses to eventual patient usage.
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B Introduction

Systemic lupus erythematosus (SLE) is one of the most dif-
ficult-to-treat autoimmune diseases. Due to loss of immune
tolerance, SLE patients’ immune systems mistakenly attack
their own cells and tissues, significantly impacting their health.
Individuals with this disease experience a lower quality of
life, often suffering from symptoms such as fatigue and pain.
Furthermore, it can affect multiple organ systems, present-
ing a wide range of signs and symptoms that could become
life-threatening.™?

Clinical heterogeneity makes it hard to diagnose and manage
SLE because patients can experience very different symptoms
and disease courses.® For example, a defining feature of lupus
is the presence of antinuclear antibodies (ANA). However,
although more than 97% of cases have a positive ANA test,
the specificity of this test is only 20%, making it an unreliable
marker for confirming SLE on its own.* Despite diagnostic
challenges, the 2019 EULAR/ACR classification system is
generally considered a valuable tool, which has shown high
sensitivity and specificity.” Using this evaluation system, pa-
tients with 10 or more points and meeting at least one clinical
criterion are identified as having SLE. Globally, an estimated
3.4 million people are living with SLE.® Statistically, SLE pri-
marily affects females, particularly those of childbearing age.’

Considering that SLE has no cure currently, there is a sig-
nificant unmet medical need. Progress in developing effective
treatments for SLE has been slow and challenging. To date,
only a limited number of drugs have been specifically ap-
proved for the treatment of SLE. Similar to other autoimmune
diseases, the standard treatment for SLE relies on immuno-
modulatory drugs, such as antimalarial therapies. Among these,

hydroxychloroquine (HCQ), approved by the FDA in 1955, is
currently considered one of the primary drugs for SLE treat-
ment.? Next, belimumab was approved in 2011 as the first new
lupus drug in over 50 years, which selectively inhibits B-cell
activating factor (BAFF), also known as BlyS.” SLE patients
have an elevated level of this protein in their bodies. Belimum-
ab can neutralize soluble BAFF and then disrupt the survival
and maturation signals required for B cells, effectively reduc-
ing the population of autoreactive B cells and the subsequent
production of harmful autoantibodies. Then, anifrolumab was
approved in 2021, which works by binding to the type I in-
terferon receptor (IFNAR1).® Most SLE patients tend to
overproduce interferons, the signaling proteins that trigger
immune system overactivity and persistent inflammation. By
blocking this receptor, anifrolumab suppresses the inflammato-
ry signals that lead to organ damage, decreasing the frequency
of exacerbations and alleviating symptoms, particularly in the
skin and joints. In addition to these three drugs approved for
SLE, voclosporin and obinutuzumab were approved for the
treatment of lupus nephritis, a major complication of SLE, in
2021 and 2025, respectively.

Despite significant challenges, substantial efforts continue
across both academic research and industry to develop new
therapies for patients with SLE. In recent years, an upward
trend in SLE clinical trial activity has been observed.'"!? As
of February 8, 2026, a search of ClinicalTrials.gov identified
approximately 327 active clinical trials related to SLE, includ-
ing 70 in Phase 2 and 29 in Phase 3. Most recently, one of the
leading emerging strategies for treating SLE is known as im-
mune reset or immune reprogramming, which has shown very
promising early clinical results.'
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With improved understanding of the underlying biological
mechanisms causing SLE, scientists can now design diverse
therapeutic modalities to slow or stop disease development and
progression. As one of the most well-established therapeutic
modalities, small-molecule drugs have played an important
role in medical treatment since the early 1900s and continue to
make significant contributions today.** Subsequently, advances
in biotechnology, particularly recombinant DNA technology
in the 1980s, enabled the development and widespread use
of biologic drugs. Among these, monoclonal antibodies have
gained particular interest due to their high target specificity
and therapeutic versatility. To date, the FDA has approved
more than 100 monoclonal antibody therapies for commercial
use. 1516

Over the last 20 years, new modalities such as cell therapy
and gene therapy have emerged and advanced significantly.
Cell therapies use living cells, such as immune cells or stem
cells, to repair tissues or modify the body’s immune system to
better fight disease.”” Gene therapies utilize state-of-the-art
technologies to regulate gene activity within cells, offering
long-lasting therapeutic effects.’® More recently, messenger
RNA (mRNA) therapies delivered using lipid nanoparticles
(LNPs) have gained attention because they enable the body
to produce useful proteins without permanently changing
DNA.Y

Despite the urgent need for more effective therapies for SLE,
drug development and regulatory approval must go through
rigorous processes to ensure patient safety and therapeutic
efficacy. To enable clinical evaluation and eventual regulatory
approval, the manufacturing strategy is a critical component
of the drug development process, ensuring consistent product
quality and compliance with regulatory expectations. Nota-
bly, the manufacturing processes differ substantially across
therapeutic modalities. As therapeutic approaches become
increasingly complex, a robust manufacturing process has be-
come essential not only for regulatory approval but also for
patient access.

In this review, we focus on several emerging biologic drug
candidates currently in clinical trials for the treatment of SLE.
They are categorized by their specific modalities (i.e., recombi-
nant protein, cell therapy, and mRNA-LNP) followed by their
associated manufacturing processes. By connecting therapeu-
tic innovation with their production requirements, we provide
an integrated perspective from scientific hypothesis to supply
chain for industrial application.

B Discussion

Recombinant Proteins — Clinical Advances:

Due to advancements in recombinant DNA technology,
therapeutic proteins have become a major modality for dis-
ease treatment, including SLE. In addition to belimumab,
anifrolumab, and obinutuzumab mentioned above, a consider-
able number of protein candidates are being tested in clinical
trials, particularly monoclonal antibodies (mAbs) or mAb-like
proteins. Below are a few highlights of these candidates in
late-stage clinical development.

Ianalumab: Ianalumab is a humanized IgG1 monoclonal
antibody currently in phase 3 development (SIRIUS-SLE
1 and SIRIUS-SLE 2), which targets the BAFF receptor
(BAFF-R).* While belimumab targets the ligand by neu-
tralizing soluble BAFF, ianalumab blocks the BAFF receptor
(BAFF-R) expressed on the surface of B cells, thus inhibiting
pro-survival and differentiation signals that are important for
autoreactive B cells.In addition,ianalumab engages immune ef-
fector cells to induce antibody-dependent cellular cytotoxicity
(ADCC), resulting in direct depletion of BAFF-R-expressing
B cells. Especially, ianalumab is an afucosylated antibody, a
protein structural modification designed to enhance ADCC
activity.? The combination of functional pathway blockade
and active B cell depletion can lead to a more profound and
sustained reduction of pathogenic B cell populations.

Litifilimab: Litifilimab is a humanized IgG1 monoclo-
nal antibody in Phase 3 clinical trials for SLE (TOPAZ-1
and TOPAZ-2), which targets blood dendritic cell antigen
2 (BDCA2), an inhibitory receptor selectively expressed on
plasmacytoid dendritic cells (pDCs).? In SLE, immune com-
plexes containing self-derived DNA or RNA can activate
endosomal Toll-like receptors, particularly TLR7 and TLR9Y,
in pDCs, resulting in excessive production of type I interferons.
When litifilimab binds to BDCAZ2, it triggers an intracellu-
lar inhibitory signaling cascade that suppresses TLR7 and
TLRY-mediated pathways.” Specifically, it reduces the acti-
vation of downstream transcription factors and decreases the
production of type I interferons and other pro-inflammatory
cytokines.” The mechanism of litifilimab is to reduce pDC
responses rather than depleting these cells, which can help
preserve broader immune function.

Dapirolizumab pegol: Dapirolizumab pegol is a pegylated,
Fe-free monoclonal antibody fragment currently in Phase 3
studies (PHOENYCS GO and PHOENYCS FLY), which
targets CD40 ligand (CD40L), a key costimulatory path-
way involved in immune activation.” In SLE, CD40L is
overexpressed on activated T cells and promotes pathogenic
interactions with CID40 on B cells, dendritic cells, and other
antigen-presenting cells, causing autoantibody production and
inflammatory cytokine release. By blocking the CD40-CD40L
interaction, dapirolizumab pegol inhibits T-cell-dependent
B-cell activation and downstream inflammatory signaling.?
The absence of an Fc region reduces the risk of Fc-mediated
platelet activation and associated adverse events observed with
earlier anti-CD40L antibodies, enabling safer modulation of
this immune pathway in patients with SLE. However, without
an Fc domain, the remaining Fab fragments will be quickly
cleared. Therefore, a 40 kDa PEG chain is added to increase
the hydrodynamic radius.?® This design slows clearance and
extends the half-life while preserving the intended safety pro-
file.2527

Telitacicept: Telitacicept is a recombinant, fully human fu-
sion protein approved in China and is currently being evaluated
in a Phase 3 global clinical program for SLE (REMESLE-2).
It consists of the extracellular domain of TACI (Transmem-
brane Activator and CAML Interactor) fused to the Fc

portion of human IgG. It acts as a soluble binding receptor
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that can simultaneously neutralize two key B-cell survival fac-
tors, BAFF and a proliferation-inducing ligand (APRIL).* In
SLE, elevated BAFF and APRIL levels promote the antibody
production of autoreactive B cells. By binding and neutralizing
both ligands important for B-cell maturation and plasma cell
survival, telitacicept can reduce autoantibody production and
immune-mediated inflammation.?

In addition to the late-stage drug candidates discussed
above, a significant number of innovative therapeutic proteins
are currently under early-stage evaluation. We highlight sev-
eral of these molecules, focusing on their diverse biological
pathways and targets as well as unique molecular design.

CM313: CM313 is a humanized IgG1 monoclonal anti-
body targeting CD38, a surface marker highly expressed on
plasma cells and certain activated immune cells.*® In SLE,
long-lived plasma cells play an important role in sustaining
autoantibody production and disease activity, which are also
relatively resistant to conventional B-cell directed therapies.
By binding CD38, CM313 is intended to reduce pathogenic
plasma cell populations, which may lead to decreased auto-
antibody levels and downstream immune complex-mediated
inflammation. Unlike anti-CD38 antibodies developed for
multiple myeloma (e.g., daratumumab), CM313 is designed
for autoimmune applications, where modulation of immune
balance is critical. It has been reported that CIM313 possesses a
significantly higher binding affinity for the CDD38 antigen and
demonstrates enhanced complement-dependent cytotoxicity
(CDC).%®

Amulirafusp Alfa: Amulirafusp Alfa is a first-in-class
bispecific fusion protein that simultaneously targets CD47
and CD20 on B cells.’* CD20 targeting enables selective bind-
ing to B cells, while CD47 blockade disrupts the “don’t eat
me” signal that normally protects cells from macrophage-me-
diated phagocytosis. By combining these two mechanisms in
a single molecule, Amulirafusp Alfa enhances the clearance of
pathogenic B cells while maintaining high target specificity.
Therefore, more effective and sustained B-cell depletion, re-
sulting in a deeper immune reset, can be achieved.

A-319: A-319 is a CD19 x CD3 bispecific T cell engag-
er (T'CE), which contains an anti-CD3 single-chain variable
fragment (scFv) linked to the N-terminal of the heavy chain
of an anti-CD19 Fab fragment.*> By simultaneously binding
CD3 on T cells and CD19 on B cells, A-319 brings T cells
into proximity to pathogenic B cells, leading to T-cell activa-
tion and targeted elimination of CD19-positive cells. However,
TCE is also known to potentially trigger cytokine release syn-
drome (CRS), which could be dangerous. Therefore, a balance
must be achieved between the desired deep immune reset and
unwanted excessive immune activation. Preliminary results in-
dicate that A-319 is well tolerated, with no cases of high-grade
CRS or neurotoxicity observed. The initial data demonstrat-
ed rapid B-cell depletion and a reduction in autoantibodies
alongside measurable improvements in organ function.*®

Last but not least, a recent report showed a promising result
of the off-label use of teclistamab, a TCE targeting BCMA
and CD3 to deplete plasma and B cells, currently approved

for relapsed or refractory multiple myeloma.** This case in-

volves a 23-year-old woman with refractory SLE unresponsive
to multiple conventional therapies.* Following a five-week
step-up dosing regimen, the patient achieved rapid and com-
plete drug-free remission. This was marked by a SLEDAI-2K
score of zero (indicating no active lupus disease) by week six,
alongside normal kidney function, the disappearance of an-
ti-dsDNA autoantibodies, and the resolution of all other
clinical symptoms.* Although mild CRS and hypogamma-
globulinemia occurred, both were manageable, and remission
remained sustained at the 16-week follow-up.®

In summary, a wide array of therapeutic proteins, especial-
ly mAbs and mAb-like proteins, are being actively explored
as potential treatments for SLE. A significant recent trend is
the increased interest in bispecific and multispecific antibody
modalities, which are specifically engineered to facilitate more
sophisticated immune modulation.* Notably, several of these
candidates are being repurposed from hematological oncology
for application within the autoimmune space.

Recombinant Proteins — Manufacturing Process:

Since recombinant tissue plasminogen activator (rtPA) be-
came the first mammalian cell-derived therapeutic protein
approved in 1987, large-scale cell culture has evolved into the
primary platform for biopharmaceutical manufacturing.’” To-
day, the field has reached a high level of technological maturity,
characterized by robust and high-yield production systems
along with established regulatory pathways. These platforms
now dominate the global biopharmaceutical landscape, in-
cluding the manufacturing of several blockbuster oncology
and immunology drugs.*®

Cell Line: The first step in preparing for a manufactur-
ing process is to generate a product-specific cell line, which
involves engineering a host cell, most commonly a Chinese
Hamster Ovary (CHO) cell, to stably and efficiently express
the desired therapeutic protein. Over the years, tremendous
efforts have been directed toward constructing high-perfor-
mance host cell lines to maximize productivity and stability.*
For example, host cells can be engineered to reduce or eliminate
their ability to produce the endogenous glutamine synthetase
(GS) enzyme. Since glutamine is critical for cell survival and
growth, only cells that successfully incorporate the expression
plasmid, which carries both the GS gene and the gene of inter-
est (GOI), can survive in glutamine-free media. This method
allows for the rapid identification of high-producing clones,
significantly shortening timelines and increasing product ti-
ters.*

A recent advancement in this field is the transition from
random integration toward semi-targeted systems using trans-
posases, or to targeted integration (T1), by directing the GOI
to "hotspots”, transcriptionally active regions of the genome.
High expression levels and greater genetic stability can be
achieved.”*? These strategies have demonstrated the capabil-
ity to increase product titers and significantly reduce the time
and resources required for cell line development.

To ensure product consistency, regulatory agencies require
that all cell banks used for the production of therapeutic pro-
teins originate from a single cell. Therefore, single-cell cloning
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and imaging have become industry standard practices to follow
the guidance and provide documented evidence of clonality.
Once the desired product-specific clone is identified, it is used
to generate a GMP-compliant Master Cell Bank (MCB) and
a subsequent Working Cell Bank (WCB). These banks must
undergo rigorous qualification testing, such as identity veri-
fication, genetic stability analysis, and comprehensive safety
assessments, including sterility, mycoplasma, and adventitious
virus testing. GMP cell banks are typically stored long-term
in the vapor phase of a liquid nitrogen tank to maintain max-
imum stability.

Cell Culture: The manufacturing process begins with thaw-
ing a vial from a stored cell bank, followed by a seed train using
a series of culture vessels with increasing size to expand the
biomass. Finally, the cultures are transferred to a large-scale
stirred-tank bioreactor for protein production. To achieve high
titers and desired product quality, both cell culture conditions
and media components are studied and optimized. For biore-
actor operations, process parameters such as agitation speed,
temperature, dissolved oxygen (DO) levels, pH setpoints and
bandwidth, and cultivation duration are controlled.* In addi-
tion, the dissolved CO; level (pCO,) can significantly impact
cell culture performance, particularly during scale-up, where
gas mass transfer becomes more complex.* Therefore, the
pCO; levels in the bioreactor are closely monitored and adjust-
ed as needed by optimizing aeration and agitation strategies.

Cell culture media provide the essential nutrients, such as
amino acids, glucose, vitamins, and trace metals, required for
cell growth and high-quality protein production. The exact
composition and concentration of these components are crit-
ical. Even minor changes can significantly influence product
quality attributes, such as the glycosylation patterns on the pro-
tein.* These attributes may have an impact on the safety and
efficacy of the product for patients. The majority of industrial
mammalian cell culture processes are operated in fed-batch
mode. In this approach, concentrated feed media are added
periodically to the bioreactor while a lean basal media is used
at the start of the culture. This strategy prevents nutrient de-
pletion and extends the culture's longevity, ultimately leading
to significantly higher product titers compared to simple batch
processes. Nowadays, chemically defined and protein-free bas-
al and feed media are commonly used to enhance performance
and batch-to-batch consistency.”

Downstream: Following cell culture production, the se-
creted protein in the culture supernatant is harvested by
centrifugation or membrane separation, and then purified
through a sequence of downstream unit operations.”® This
process typically begins with affinity chromatography with
high selectivity for primary capture, such as Protein A chro-
matography for monoclonal antibodies. To further refine the
product, subsequent polishing steps, such as ion-exchange
(IEX) or hydrophobic interaction chromatography (HIC), are
incorporated to remove host cell proteins (HCPs), residual
DNA, high molecular weight (HMW) aggregates, and other
impurities.* These chromatography steps are operated using
either bind-and-elute or flow-through modes, depending on
the specific impurity profile and the intended purpose. Process

parameters defining these chromatography unit operations
typically include dynamic binding capacity, residence time,
flow rate, buffer pH, and conductivity, and gradient slopes.***!
The overall objective of downstream purification is to achieve
the target purity and quality attributes while maximizing over-
all yield.

In addition, the downstream process must incorporate an
effective viral clearance strategy to reduce risks from both en-
dogenous retrovirus-like particles and potential adventitious
viral contaminants, ensuring the safety of therapeutic proteins
derived from a biologics system. The use of multiple unit op-
erations that employ orthogonal mechanisms of action based
on distinct physical or chemical principles is required.”? These
operations typically include viral inactivation, such as low pH
incubation or detergent treatment, and viral removal, such as
nanofiltration and chromatography. The effectiveness of these
steps is quantified by the Log Reduction Value (LRV). The
cumulative LRV across the entire downstream process must
demonstrate a substantial safety margin for both enveloped
and non-enveloped viruses, covering a broad range of physical
sizes and biochemical characteristics.”

At the end of the manufacturing process, the purified pro-
tein material is concentrated and exchanged into the defined
formulation buffer using ultrafiltration/diafiltration (UF/DF).
The formulation is established based on development studies
demonstrating long-term stability under storage conditions.**

The typical manufacturing process for therapeutic proteins
with the fed-batch cell culture mode takes 6-8 weeks from
vial thaw to completion. Industrial cell culture production
bioreactors range from 2,000L to 15,000L. Although specif-
ic process definitions vary by product, the fundamental unit
operations remain highly similar, enabling the efficient use of
existing GMP facilities and common equipment through a
platform-based approach.

In recent years, an increasing number of bispecific antibod-
ies are entering clinical trials for potential treatment for SLE,
such as amulirafusp alfa, A-319, and teclistamab. Compared
to standard monoclonal antibodies, bispecific formats exhibit
significant structural diversity. Due to the inherent complexity
of assembling two distinct antigen-binding functions within a
single molecule, product-related impurities present a signifi-
cant hurdle for process development. Specifically, downstream
purification is more challenging and often requires compre-
hensive chromatographic strategies to effectively separate
assembled bispecific molecules from impurities such as ho-
modimers, half-antibodies, and other misassembled species.*
Therefore, manufacturing considerations should be integrated
into molecular design at an early stage to minimize the forma-
tion of challenging impurities.®

Dapirolizumab pegol, mentioned above, uses PEGylation
technology in its molecule design. From the manufacturing
point of view, PEGylation adds extra unit operations to the
workflow. The process parameters, such as PEG reagent purity,
molecular weight distribution, and reaction stoichiometry and
duration, as well as pH and temperature, are controlled to ob-
tain the desired conjugation efficiency and manage the degree
of product heterogeneity.”” Furthermore, specialized down-
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stream purification steps are developed to separate the target
conjugate from unconjugated PEG, sub-optimal PEGylated
species, and other process-related byproducts. These steps are
essential for achieving the high level of molecular homogene-
ity and purity demanded by regulatory standards.*®

Overall, the manufacturing processes of therapeutic proteins
for SLE follow established industrial platforms developed
over the last 30 years. Utilizing these standardized workflows
provides a clear, well-defined path through late-stage develop-
ment, regulatory approval, and ultimately commercial usage.

Cell Therapy — Clinical Advances:

Cell therapy has been extensively investigated and suc-
cessfully applied in oncology, particularly in hematologic
malignancies, over the past 15-20 years.”” Until recent years,
its application in severe autoimmune diseases, including SLE,
has begun to emerge.”” Early clinical experiences, primari-
ly from case reports in patients with refractory disease, have
demonstrated encouraging efficacy and durable immunologic
responses. These initial results have sparked a growing wave of
investigations into diverse cell-based therapeutic strategies.®!
In this section, we highlight several of the main cell therapy
modalities currently under evaluation in this field.

Autologous CAR-T cells: The landmark report of the first
successful autologous CAR-T cell therapy for SLE emerged
in 2021.°* In this case, autologous CD19-directed CAR-T
cells were used to treat a patient with severe, refractory dis-
ease, resulting in profound B-cell depletion, normalization of
autoantibody and complement levels, and encouraging clinical
improvement within weeks. The therapy was generally well
tolerated with manageable acute toxicities. This work pro-
vided proof of concept that CAR-T therapy can function as
an immune reset in autoimmune disease and laid the foun-
dation for subsequent studies. Follow-up cases published
later expanded on this initial finding by reporting treatment
of multiple patients with refractory SLE.®* Meanwhile, multi-
ple CD19-directed autologous CAR-T candidates have been
rapidly developed by other groups and have advanced into
clinical trials, including CC-97540, Relma-cel, and CABA-
201 (Rese-cel).** This therapeutic approach is also being
explored in pediatric patients with remarkable efficacy.®”

In addition, dual-target CAR-T strategies are being devel-
oped to achieve broader and more durable immune reset in
SLE by simultaneously eliminating multiple pathogenic B-cell
populations, which is similar to the bispecific antibody strategy.
For example, AZD0120, a dual-target CAR-T therapy direct-
ed against CD19 and B cell maturation antigen (BCMA),
is being evaluated.®® Meanwhile, C-CAR168, a dual-target
CAR-T therapy targeting CD20 and BCMA, is also under
investigation in another clinical study.®” Collectively, these
dual-target CAR-T programs highlight a next-generation
strategy designed to prolong immunologic remission by more
comprehensively disrupting autoreactive B-cell populations.

On the other hand, the dual-CAR approach can also be
achieved by a co-infusion strategy. Co-infusion of autologous
CD19 and BCMA CAR-T cells is feasible and clinically ac-

tive in patients with severe and refractory SLE.” It is worth

noting that this strategy introduces additional manufacturing
complexity, as it requires two separate processes for the pro-
duction and release of two distinct CAR-T cell products, one
for each target.

Allogeneic CAR-T cells: Another landmark study pub-
lished in 2025 provides early clinical evidence that allogeneic
anti-CD19 CAR-T cells can achieve meaningful disease con-
trol in patients with SLE.” Treatment with gene-engineered
allogeneic CAR-T cells resulted in rapid and profound de-
pletion of CD19-positive B cells, along with reductions in
autoantibody titers and normalization of complement levels.
Clinical remission was observed in several patients. Meanwhile,
side effects consistent with known adverse events related to
CAR-T were observed and manageable.” These data provide
early proof-of-concept that allogeneic CAR-T therapy may
offer a scalable option other than autologous approaches for
immune reset in SLE. On the other hand, further studies are
needed to understand response durability, immune rejection
risk, and long-term safety.

Most recently, a phase 1 study of CB-010, a CRISPR-edit-
ed allogeneic anti-CD19 CAR-T cell therapy, was initiated in
patients with refractory autoimmune diseases, including SLE,
and has been granted Fast Track designation by the FDA.™
BMS-986515 is another investigational, healthy donor—de-
rived allogeneic CD19-targeted CAR-T cell therapy currently
in phase 1 clinical development (NCT07115745).

Similar to autologous approaches, dual-target CAR-T strat-
egies are also being explored in the allogeneic setting. For
example, Allo-329 is an investigational allogeneic dual-target
CAR-T cell therapy designed to simultaneously target CD19
and CD70.” CD70 is an inducible costimulatory ligand ex-
pressed on activated immune cells, including subsets of T' cells
and antigen-presenting cells. It is upregulated in inflammatory
and autoimmune settings, including SLE. By targeting both
antigens, Allo-329 aims to achieve broader immunomodula-
tion and more effectively control immune escape or incomplete
immune reset compared to single-target CAR-T therapies.

CAR-NK cells: While T-cell-based cell therapies remain
the dominant approach, natural killer (NK) cells represent
another viable option for CAR engineering and disease treat-
ment. KN5501 is an investigational allogeneic anti-CD19
CAR-NK cell therapy being evaluated for the treatment of
SLE.™ In the ongoing phase 1 study, KN5501 was generally
well tolerated, with low-grade CRS observed in some patients
and no cases of other adverse events or infections. Most treated
patients achieved meaningful disease improvement associated
with rapid and complete depletion of CD19-positive B cells
and normalization of immunologic markers.”* These findings
provide early clinical evidence that allogeneic CAR-NK cell
therapy may represent a promising off-the-shelf alternative to
autologous CAR-T approaches for immune reset in SLE. A
similar study was conducted with LB0009 CAR-NK cells.” In
addition, the dual-target CD19/BCMA CAR-NK (KN5601)
is being tested in a clinical trial (NCT06792799).
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Cell Therapy — Manufacturing Process:

As a “living drug,” the manufacturing process for cell ther-
apies is inherently complex. However, since the approval of
the first therapy in 2017, these processes have become more
streamlined and better defined, particularly for autologous cell
therapies. Their indications have also moved toward front-
line treatment, benefiting a larger patient population. There
are clear signs that this modality, including the manufacturing
component, is becoming manageable.

For the autologous CAR-T cell therapy manufacturing pro-
cess, it begins with leukapheresis, in which white blood cells are
collected from the patient's blood and transported to a manu-
facturing facility. These cells are shipped either fresh or frozen
under stringent logistics to ensure cell viability and sample
traceability. At the facility, specific immune cells are isolated
and then activated with stimulatory reagents to prepare them
for genetic modification.” During the genetic engineering step,
a viral vector, mainly a lentivirus or retrovirus vector, is used to
introduce the genetic material that encodes a CAR into the
cells, effectively “reprogramming” them to recognize and target
specific markers such as CD19.7 Then these genetically mod-
ified cells are expanded in culture vessels over several days to
achieve a sufficient therapeutic dose. Following that, the cells
are harvested, formulated, and cryopreserved as drug products.
Finally, these drug products are returned to the clinical site for
reinfusion into the patient after passing stringent quality-con-
trol testing to verify their identity, purity, and potency. In this
scenario, each patient has specific CAR-T batch(s) originating
from their own cells. The overall process time, called the “vein-
to-vein” journey, could take 3-5 weeks.”

Next-generation autologous CAR-T  manufacturing is
shifting toward a shortened ex vivo cell culture timeline, of-
ten reduced from the traditional 9-14 days to as few as 24-48
hours, to improve product quality and patient outcomes.” By
eliminating or significantly abbreviating the ex vivo expansion
phase, manufacturers can produce "younger" T-cells that retain
a less-differentiated, memory-like phenotype. These minimally
cultured cells show enhanced stemness and lower levels of T-cell
exhaustion, leading to superior iz vive expansion and greater
anti-tumor potency compared to cells subjected to long-term
culture.® This accelerated workflow not only addresses the risk
of disease progression during the "vein-to-vein" waiting period
but also simplifies the manufacturing process by reducing the
need for larger culture capacity and expensive culture media.
Several CAR-T programs using a rapid ex vivo manufacturing
strategy are being evaluated in clinical trials, such as rapcabta-
gene autoleucel (Y'TB323) (NCT05798117).

Allogeneic cell therapy manufacturing represents a paradigm
shift from the personalized "scale-out" approach of autolo-
gous therapies to a standardized "scale-up" model. It relies on
healthy donor—derived cells and a scalable production model
rather than patient-specific manufacturing.®® In allogeneic
processes, cells are collected from selected healthy donors and
are used as the starting material for multiple patients after ex-
tensive characterization. The manufacturing process typically
includes genetic modification of donor cells followed by cell
expansion and cryopreservation.®? Because allogeneic therapies

use donor cells, the risks of immune rejection and graft-ver-
sus-host disease (GvHD) must be mitigated through genetic
modifications, such as deletion of human leukocyte antigen
(HLA) molecules or T-cell receptors.® Logistically, the alloge-
neic model eliminates the extreme time sensitivity and complex
tracking required for individual patient lots. This transition not
only significantly reduces the cost per dose through economies
of scale but also allows for more sophisticated genetic engi-
neering when needed.

CAR-NK cell manufacturing involves several specific re-
quirements and challenges that distinguish it from T-cell-based
processes.® First, NK cells are more difficult to expand ex vivo,
requiring carefully optimized cytokines in culture media, and
in some cases, feeder cells have been used. It adds complexity to
process control, including the removal of residual feeder cells.®
Second, genetic modification of NK cells is less efficient than
inT cells, as NK cells are relatively resistant to viral transduc-
tion and electroporation. Higher vector doses must be used, or
alternative gene-delivery platforms are needed, to achieve the
desired CAR percentage while maintaining cell viability and
function.®®%” Third, NK cells are sensitive to over-activation
and exhaustion. Therefore, tight control of activation status
during manufacturing is required to balance cytotoxic effica-
cy and premature apoptosis or functional decline. In addition,
cryopreservation and thaw recovery present unique challenges
for NK cells, as post-thaw viability and functional activity can
be more variable than for CAR-T products.®® Given the chal-
lenges, scientists and researchers have established various ways
to optimize the process, enabling CAR-NK cell therapies to
advance to clinical trials.8>%

The integration of automation into autologous cell therapy
manufacturing is essential for transitioning from manual, la-
bor-intensive processes to a scalable, robust industrial model.”
Currently, most of the cell therapy manufacturing workflows
involve open-system manual interventions in many steps,
which increases the risk of human error and contamination. By
implementing closed and automated systems such as integrat-
ed modular robotic units, greater consistency can be achieved
while significantly reducing the cleanroom footprint and ad-
dressing capacity challenges. These automated platforms often
incorporate real-time monitoring and advanced sensors to
capture process parameters so that better control over the com-
plex biological variability coming from patient-derived starting
materials can be achieved.” Ultimately, shifting toward an au-
tomated component can also reduce manufacturing and release
resources and timelines, making these lifesaving "living drugs"
more accessible to a larger patient population. Tremendous ef-
forts are being made in this area to dramatically change the
landscape of autologous cell therapy manufacturing. This strat-
egy has the potential to become mainstream in the future once
compliance with regulatory requirements is demonstrated and
robust manufacturing processes are established.

mRNA-LNP - Clinical Advances:

Another emerging and rapidly advancing modality for SLE
treatment is mRNA-LNP. Inspired by the strong efficacy of
conventional CAR-T therapies, the mRNA-LNP approach
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similarly aims to redirect T cells to eliminate pathogen-
ic immune cell populations, such as autoreactive B cells.””*
However, important differences exist between the two strat-
egies. Traditional CAR-T cell therapies, which rely mostly
on viral vector-mediated gene transfer and ex vivo T-cell ex-
pansion, produce long-lived and proliferative CAR-T' cells.
In contrast, mRNA-LNP technology generates CAR-T cells
directly within the patient, so-called in vivo CAR-T. Because
mRNA expression is transient, which only lasts for several days
and does not trigger genomic integration, it provides a poten-
tially safer and more controllable method for modulating the
immune system in chronic conditions such as SLE. Different
from the systems utilized as COVID-19 vaccines, the applica-
tion of mRNA-LNP in SLE treatment requires a high level
of specificity through active delivery mechanisms. This can be
achieved by decorating the nanoparticle surface with T cell tar-
geting ligands to create a targeted nanoparticle (TNP), which
can selectively engage T' cells rather than relying on passive
tissue distribution.”

Given the great potential of mRNA-LNP platforms in au-
toimmune diseases, numerous efforts are underway to advance
these approaches into clinical trials for systematic evaluation
of safety and efficacy. Among these, HN2301 represents the
first wave of in vivo mRNA-LNP CAR-T candidates enter-
ing clinical trials with SLE patients.” HN2301 encapsulates
CD19 CAR encoding mRNA within a proprietary T-cell
targeted lipid nanoparticle (EnC-LNP), enabling direct repro-
gramming of CD8* T cells into functional anti-CD19 CAR-T
cells following intravenous administration without the need
for lymphodepleting chemotherapy. From a product design
perspective, HIN2301 incorporates a proprietary anti-CD8
antibody fragment for T-cell targeting and a proprietary ion-
izable lipid.”

According to early clinical data for HN2301, single or re-
peated administration at the 2 mg per infusion level induced
measurable CAR-T cell formation and B-cell reduction. At
the 4 mg per infusion level, up to 60% of circulating CD8"
T cells were converted into CAR-expressing cells within six
hours, resulting in complete depletion of circulating B cells
that persisted for approximately 7-10 days.” Preliminary
clinical observations also indicated meaningful reductions in
SLEDAI-2K scores at three months post-infusion. HN2301
was generally well tolerated, with no grade >3 CRS, no neuro-
toxicity, and no other severe treatment-related adverse events
reported.”

CPTX2309 is another investigational in vivo mRNA-LNP
CAR-T therapy currently in Phase I clinical development
for the treatment of SLE.” It also uses a CD8-targeted lipid
nanoparticle, composed of a proprietary lipid and a humanized
anti-CD8 targeting binder, to deliver anti-CD19 CAR-en-
coding mRNA directly into cytotoxic T cells, enabling them
to express a CAR and deplete CD19+ B cells. Preclinical
studies, including those conducted in non-human primates
(NHP), demonstrated robust preferential engineering of CD8*
CAR-T cells, rapid and profound B-cell depletion in blood and

tissues, and subsequent repopulation with predominantly naive

B cells, suggestive of an immune reset similar to that observed
with conventional CAR-T cell therapies.”

Compared to other therapeutic modalities, in vivo mR-
NA-LNP platforms for the treatment of SLE remain in the
very early stages of clinical development. Nevertheless, the
field is gaining significant momentum and attracting substan-
tial interest from both academia and industry. It is driven by
the platform's potential to achieve the immune reset observed
in successful conventional CAR-T treatments, while offering
a more convenient alternative that bypasses the complexities
of ex vivo manufacturing of cell therapy. The question and po-
tential hurdle for in vivo CAR technology is its capability of
delivering the CAR gene to the right cells in the human body
safely. Driving up transfection efficiency and specificity will be
the key to lowering the required dose and expanding the safety
window. Consequently, further NHP and human clinical trial
data are essential to address these questions and gain a deeper
understanding of the overall potential and relative standing of
this approach compared with others.

mRNA-LNP — Manufacturing Process:

The manufacturing process of mRNA-LNP therapeutics
begins with plasmid DNA (pDNA) production. First, an E.
coli host strain is used to generate a product-specific cell bank,
similar to a mammalian cell bank for protein production. A vial
from that microbial cell bank is then thawed and expanded,
followed by bioreactor fermentation to produce pDNA en-
coding the target mRNA sequence. The intracellular pPDNA
is then harvested through cell lysis, purified, and linearized via
restriction enzyme digestion.”® In addition to microbial-based
production systems, cell-free DNA synthesis has also emerged
in recent years as another option.”

Once the purified linear pPDNA is available, mRNA can be
manufactured through in vitro transcription (IV'T) using it as
a template. IV'T is a rapid enzymatic reaction that synthesizes
the desired mRINA in 2 to 3 hours.

Key process parameters for IV'T include the concentration
and purity of the pPDNA template, T'7 polymerase concentra-
tion and activity, nucleotide composition and ratios, reaction
temperature, pH, magnesium ion concentration, and reaction
duration. These parameters directly influence mRNA yield,
integrity, and impurity levels, and therefore must be tightly
controlled to ensure consistent and high-quality mRNA pro-
duction. %1% Then, the synthesized mRNA is subsequently
purified, typically using chromatography and tangential flow
filtration, to remove impurities.

One of the critical impurities to control in mRNA-based
products is double-stranded RNA (dsRNA), which is generat-
ed as a byproduct during the IVT process. dsRNA is a strong
activator of innate immune receptors, leading to type I inter-
feron production and pro-inflammatory signaling. dsRNA
levels can be minimized through a holistic control strategy. It
includes the optimization of IV'T reaction conditions as well
as plasmid template design and linearization process to mini-
mize aberrant transcription.’®® In addition, the pDNA quality
and T7 enzyme characteristics play an important role and can
affect the dsRNA level in IVT.%!% Downstream purification
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steps, both chromatography and tangential flow filtration, can
also be optimized to reduce residual dsRNA levels following
IVT in the manufacturing process development.'®

The LNP manufacturing process is based on the rapid and
controlled mixing of an mRNA solution with lipids. Both
impingement jet mixing (IJM) and microfluidic mixing tech-
nologies are commonly used in the industry.!® During the
manufacturing process, two solutions are prepared first: the
first one is the mRNA solution in an acidic aqueous buffer,
and the other is the lipid solution in ethanol containing four
components (i.e., ionizable lipid, phospholipid, cholesterol, and
PEG-lipid). Rapid mixing at the microscale induces sponta-
neous self-assembly of LNPs through electrostatic interactions
between the protonated ionizable lipid and the negatively
charged mRNA. Process parameters such as flow rate ratio, to-
tal flow rate, buffer pH, and temperature are tightly controlled
to achieve reproducible product quality (e.g., particle size, nar-
row polydispersity, and high encapsulation efficiency).!%1"”
After the encapsulation process, the crude LNP suspension has
to go through a series of downstream processing steps such as
buffer exchange, concentration, and sterile filtration.

The incorporation of targeting moieties to generate TNPs
increases the complexity compared to the traditional LNP
manufacturing process and presents unique challenges. For ex-
ample, it requires conjugating T-cell targeting ligands to the
nanoparticle surface. This step requires great control of ligand
density and orientation to ensure consistent target function
without negatively impacting particle integrity or mRNA
encapsulation.’® From a process standpoint, how to achieve
consistent product quality becomes more challenging because
surface modification can alter nanoparticle assembly and col-
loidal stability. Additional risks include increased aggregation
and interference with sterile filtration.'” Given the structural
complexity of this type of mRNA-LNPs, advanced analytical
tools and robust methods are important to understand the im-
pact of manufacturing processes on product quality, ultimately
enabling an effective control strategy that ensures batch-to-
batch consistency.

Table 1: The Status of Different Biologics Modalities in Clinical Trials for
SLE. The promising new biologic modalities are primarily in the early stages
of clinical development, and their manufacturing processes are being further
improved.

Modality Approved drug Approved drug for | Clinical Stage For Manufacturing
{General) SLE SLE Process
Therapeutic Yes Yes Early and late Well-established,
protein stages large-scale
production
Cell therapy — Yes No Early-stage Established, one
Autologous CAR-T batch per patient
Cell therapy — No No Early-stage In development
Allegenic CAR-T
Cell therapy — No No Early-stage In development
CAR-NK
mRNA-LNP Yes No Early-stage Established for
mRNA-LNP;
In development for
mRNA-TNP

Table 1 summarizes and compares the current status of each
modality described above. With a strong interest in finding
better treatments for SLE, it is no surprise to see other new
modalities or new manufacturing strategies emerging. It is

worth noting that although some initial and limited data from
the new modalities are very promising, late-stage clinical trials
with large patient populations are needed to demonstrate their
true potential.

B Conclusion

It is exciting to see that the SLE treatment landscape is rap-
idly advancing after many years of stagnation. The number of
clinical trials is growing due to a better understanding of dis-
ease biology and a broad range of therapeutic strategies aimed
at modulating various immune pathways. Different modalities,
from therapeutic proteins to cell therapies to mRNA-LNDP, are
currently being explored in clinical trials to improve disease
control. Importantly, early clinical signals from one modality
can rapidly inform and inspire exploration of others. For exam-
ple, soon after the promising results from autologous CAR-T
cell therapies in SLE were published, other modalities, such as
bispecific antibodies and mRNA-LNP-based approaches, were
developed that seek to achieve similar clinical benefits through
distinct and potentially more scalable technologies. Many of
these approaches are still in early clinical development, waiting
for more clinical data demonstrating overall benefits. On the
other hand, differentiation has already extended beyond bio-
logical efficacy to the maturity of manufacturing platforms and
supply-chain robustness, which are likely to become critical
determinants of long-term benefit for patients. Overall, this
review highlights the complexity of developing new treatments
for patients and the importance of holistic consideration across
separate but interconnected areas.
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ABSTRACT: The human gut houses roughly 38 trillion microbes and contains about 1.3 times more microbial cells than the
entire human body, making it an epicenter of revolutionary science. A growing body of research has demonstrated that intestinal
microbiota not only modulates the human body’s immune and neural systems, but also forms a close relation with circadian
rhythm, which is predominantly regulated by the suprachiasmatic nucleus (the Central biological clock system) and peripheral
clock systems. This paper aims to discuss the effects of feeding patterns, dietary interventions, and supplementation on sleep
quality, thereby creating a bidirectional pathway governed by circadian rhythm. This provides a more effective way for shaping

sleep structure and quality, including paradoxical sleep.
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B Introduction

Studying sleep disorders has become a physiological and
psychological priority given their prevalence in today’s popula-
tion. Difficulty sleeping or insomnia symptoms are among the
most common medical complaints affecting nearly a third of
the adult population.! Short sleep has been linked with various
adverse effects, such as mortality rate, diabetes mellitus, hyper-
tension, cardiovascular disease, and obesity.? A Latin American
Survey outlined that strategies patients used to cope with sleep
problems included specific behaviors such as taking a warm
bath, reading or watching TV (44 %), taking herbal beverages
(17 %), or taking sleeping pills (10%).3

Although such practices have temporary symptomatic im-
provements due to increasing parasympathetic activity and
reducing sleep onset latency, emerging evidence acknowledges
that gut microbiota, particularly the interaction between circa-
dian processes and microbial diversity, significantly affect sleep
quality. This occurs through a bidirectional path, where circa-
dian rhythmicity and sleep architecture function in symbiosis.
Studies exploring the proliferation dynamics of gut microbiota
are therefore essential not only for the regulation of sleep quali-
ty but also because sleep may modulate microbial balance itself.

Historically, mammalian physiology has adapted to periods
in which mammals either forage and feed or sleep and fast.*
The adaptation of physiology to these oscillations is controlled
by a timekeeping system, which primarily encompasses the
synchronization between light-dark signals from the eye with
peripheral systems, including muscle, adipose tissue, liver, and
intestine. It is also influenced by the gut-brain axis through
the involvement of the neurotransmitters serotonin, melatonin,
and the immune system. The key control for synchronizing ex-
ternal light cues with internal rhythm is the suprachiasmatic
nucleus (SCN), sometimes referred to as the central circadian
pacemaker, which is located in the hypothalamus and is respon-
sible for this coordination of tissue-specific rhythms according

to the light input it receives from the outside world.* The SCN
utilizes a 24-hour pacemaking rhythm that is maintained by
the cycling of a transcriptional-translational loop of CLOCK
genes (Circadian Locomotor Output Cycles Kaput).

The clock gene mechanism is also present in cells through-
out the brain and the body,® with genes such as Perl, Per2,
and Bmall that regulate their own transcription by a negative
feedback loop, generating cyclical inhibition of transcription
factors. These act as timing signals in the gut, allowing certain
microbial species to align their growth and metabolic patterns
with the host’s sleep-wake cycle.” In essence, the circadian
rhythm in our bodies is directly associated with the light-dark
cycle, which coordinates with metabolic rhythms that are pri-
marily controlled by host signaling pathways and microbial
activity in the gut.

Explorations into how sleep deprivation disrupts the im-
mune system have blossomed into the discovery that it also
promotes bacterial translocation and gut dysbiosis.® Today, it
is well-established that a healthy gut microbiota is important
for maintaining a healthy host and promoting optimal physio-
logical function.’ This will, in turn, aid in shaping the cyclical
pattern of restorative sleep throughout a sleep period, which is
known as sleep architecture. Sleep itself can be broken down
into REM (rapid eye movement) and NREM (non-rapid eye
movement) stages, which cyclically alternate throughout the
night in a predictable structure known as sleep architecture,
transitioning from lighter stages of NREM to deep slow-wave
sleep before entering REM sleep.’® The induction of many
sleep disorders begins with the disorganization of this healthy
structure and alternation of these stages.!!

Many doctors have begun prescribing targeted probiotics for
gut health as a way to manage certain sleep disorders. For ex-
ample, according to a 2017 study, Lactobacillus gasseri CP2305
supplementation has improved the PSQI (Pittsburgh Sleep

Quality Index) score by targeting stress-related insomnia.
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This growing trend fortifies connections between gut micro-
biota and sleep architecture, which this review will explore by
evaluating patterns of feeding and dietary supplements with
their effect on circadian rhythm.

More broadly, this review examines the ways in which gut
microbiota influence circadian rhythm and sleep through in-
teractions with intestinal clock genes and feeding patterns,
thus depicting the importance of microbial synchronization
for effective regulation of sleep.

B Discussion

For more than half a century now, researchers have investi-
gated the paradox that the brain's pacemaking center, despite
occupying so little space, exerts influence over nearly every
physiological process tied to timekeeping. Each cell in the
SCN contains an autonomous molecular clock, and the SCN
is composed of multiple of these single-cell oscillators, which
can govern behavioral and physiological rhythmicity and be
reset by environmental light. The key is that the heterogeneous
network formed by the cellular clocks within the SCN must
synchronize to maintain timekeeping activity."

Host Pacemaking Mechanisms:

The discovery that the SCN contains tissue necessary for
the generation of circadian rhythmicity was made through
autoradiographic tracing methods in 1972.* The study found
that specialized retinal ganglion cells (ipRGCs) in the eye con-
tain melanopsin, a light-sensitive pigment that sends signals
via the nerve fibers from the retina, which terminate at a spe-
cific region in the Hypothalamus- the SCN.

In the SCN, transcription factors are used to operate in a
cyclical manner involving core clock genes (such as CLOCK,
BMALL, PER, and CRY) that regulate their own expression
in a negative feedback loop.

The pioneering research that investigated the nature of this
underlying feedback loop was first published in 1971 and used
Drosophila Melanogaster (fruit fly) as the primary subject.
The method consisted of isolating the three distinct mutations
that disrupted the flies’ normal ~24-hour circadian rhythms:
an arrhythmic mutant, a mutant with a shortened period of
approximately 19 hours, and one with a lengthened period of
approximately 28 hours. When these X-linked mutations were
mapped in male offspring, all three different clock mutants
always tracked to the same functional gene. This was termed
the period “PER” gene, but it was still widely unknown how
it worked until the late 1980s, when scientists discovered that
PER protein levels cycle in ~24 h cycles and PER mRNA lev-
els also cycle,'® though delayed, suggesting a negative feedback
mechanism."”

It turned out that CLOCK (CLK) forms a complex with
CYCLE (CYC) and activates transcription of PER. Subse-
quently, PER, along with another protein, CRY, enters the
nucleus and represses this transcription factor (CLK-CYC
complex).’”® The mammalian functional equivalents of CLK
and CYC are CLOCK and BMALI1, which form a het-
erodimer that binds to E-box elements in DNA, activating
transcription of PER and CRY genes. This activation typically

occurs in the morning, and repression (negative peak) occurs
at night.®

Additionally, it is important to note that this is a two-loop
tfeedback system, with core genes being PER/CRY, which
control CLOCK expression; and secondary genes being
REV-ERB/RORa, wherein REV-ERBa represses BMALL
expression, and RORa activates BMAL1 expression.®

CLOCK and BMALI regulation in the SCNN:

W<\

{
Plneal gland
Suprachiasmatic Nucleus 7\
LIGHT \
[SCN]
" @ Suprachiasmatic Nucleus [SCN]
Peripheral systems @ Hypothalamus.
Pineal Gland
Pituitary gland
Central Clock gene activation

(Per1 and Per2 expression)

Figure 1: Light input from the retina reaches the SCN via the RHT, where it
entrains central clock gene expression (Per1, Per2) and synchronizes circadian
rthythm in peripheral bodily systems. Reproduced from: Matenchuk ez al.
2020; 53:101340. doi:10.1016/j.smrv.2020.101340- Figure 2. Figure created
with with canva.com

In order for the SCN to coordinate these peripheral molec-
ular clocks via the RH'T, external light cues must cause a rapid
increase in PER1 and PER?2 transcription in SCN neurons
(see Figure 1), which causes a circadian clock reset each day.19

A 2002 study outlined that this aforementioned process
requires neither rods nor cones, which were the only known
retinal photoreceptors from previous publications. Instead, the
study suggested the importance of specialized retinal ganglion
cells that are intrinsically photosensitive to depolarization in
response to light.?* Thus, the retinal ganglion cells (ipRGCs)
act as primary photoreceptors and fire action potentials via the
RHT to the SCN through glutamate intersynaptic signaling
upon light input to the retina. Within the SCN, glutamate
binds to ionotropic glutamate receptors: AIMPA Receptors
(AMPARs) and NMDA Receptors (NMDARs). The by-
product of this is a Ca®* influx, which activates intracellular
signaling cascades (such as CaMK and PKA), and promotes
PER1 and PER2 transcription. Transcription of the PER gene
will then repress the CLOCK: BMAL1 complex (which ties
to the same cycle mentioned above), hence delaying PER1 and
PER?2 expression.

This process highlights the importance of timely light sig-
nals when it comes to circadian rhythm. Furthermore, since
the PER gene expression oscillates across an approximate 24-
hour period, light-induced changes or irregular light cues can
alter the biological rhythm. This alteration is most apparent in
conditions like jet lag, night-shift work, or chronic sleep dis-
orders.” Such disruptions not only impair sleep and alertness
but also extend to metabolic health and gut misalignment. For
example, a 2018 study conducted among nursing staft revealed
that the prevalence of metabolic syndrome (MetS: a cluster of
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conditions that increase the risk of heart disease, stroke, and
type 11 diabetes) in workers exposed to night shifts for up to 10
years was 37.5% higher when compared to diurnal workers.*

This establishes a clear relation between night work and
metabolic syndrome as well as inflaimmatory dysfunction,
which can be caused by gut dysbiosis (increased gut permea-
bility), allowing bacterial components to translocate out of the
gut and into the body, initiating low-grade systemic inflam-
mation.?

CLOCK and BMALI regulation in the gut:

We have discussed how the SCN is a master regulator of
circadian rhythm and acts to synchronize light exposure with
peripheral clocks in the rest of the body, like the gut. Grow-
ing evidence pertaining to diurnal rhythmicity has revealed a
strong bidirectional connection with the SCN and the micro-
biome situated in the gut, mediated through feeding-fasting
cycles and microbial activity.

CLOCK and BMALL1 are expressed in intestinal epithe-
lial cells (IECs), which was first discovered in 2007, when
the effects of timed feeding and vagotomy were measured in
mice.” The vagotomy, which consists of the removal of the
vagus nerve, thus removing the connection between the gas-
trointestinal tract and SCN, showed that clock genes were
expressed rhythmically throughout the gastrointestinal tract.
Timed feeding shifted clock gene expression at the RNA
and protein level but did not shift clock gene expression in
the central clock. Thus, it is deduced that daytime feeding in
nocturnal rodents is a strong synchronizer of gastrointestinal
clock genes, but this synchronization occurs independently of
the central clock. Furthermore, gastric clock gene expression is
not mediated through the vagal nerve. The experiment proved
the involvement of separate peripheral gastrointestinal clock
genes, but their definite functions were not yet determined.
However, subsequent research has revealed that this gastro-
intestinal clock was closely linked to feeding patterns, which
act as a dominant external time cue, or zeitgeber, for the gut.”

Clock genes can affect a variety of functions in the gut. For
example, BMAL1 and CLOCK increase expression of tight
junction proteins, bolstering epithelial barrier function and al-
lowing diurnal changes in intestinal permeability.?® Expression
of the nutrient transporters PEPT1 and SGLI1 is also con-
trolled by clock gene oscillations. Furthermore, immune and
inflammatory gene signatures are regulated by central tran-
scription factors such as NF-kB, thus regulating inflammation
according to feeding cycles.?’

An example of this can be seen in a Circadian Rhythm
Disruption (CRD) mouse model, along with induced down-
regulation of BMAL1, which was found to exhibit more severe
colitis, accompanied by decreased tight junction protein lev-
els and increased apoptosis of IECs compared with wild-type
mice. This further suggests the tight link between clock genes
like BMAL1, intestinal barrier function, and the expression of
immune-related genes (apoptotic IEC’s). %

Dietary Regimens and their influence on microbial rhythms:

Rhythmic food intake not only synchronizes the intestinal
clock but also drives microbial oscillations, which illustrates
the interdependence of host behavior and microbiota function
within the diurnal framework.”’ A deeper dive into barrier in-
tegrity and permeability in the context of feeding patterns can
facilitate a more complete understanding of this framework.

This rhythmic opening and tightening of the barrier may be
adaptive: During the day, increased feeding promotes a con-
trolled increase in permeability, allowing nutrient exchange
and strengthening of immune barriers such as inflammatory
cytokines. However, at night, tightening prevents inflamma-
tion and bacterial translocation.

Figure 2 captures information obtained from Scanning
Electron Micrographs (SEMs) in mice,* which are nocturnal
and have a dark phase (ZT12-Z7T18) that corresponds to their
active feeding period, whereas the light phase (ZT0-ZT6) is
their resting or fasting period. Keeping this in mind, we can
infer that during the feeding phase, the surfaces show dense
bacterial adherence and microvilli crowding, as depicted in
Figure 2. Along with this, the mucosal surface is coated with
filamentous or rod-like microbial structures.
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(ZT0- ZT6)

FASTING/ RESTING PHASE

=
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colonization

. — Apparent TJ
regions

Reduced intestinal permeability and

inflammation
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Figure 2: Model showing circadian variation in colonic epithelial adherence
of mice. Bacterial attachment is markedly higher during the dark phase
(ZT12-7ZT18) compared to the light phase (ZT0-ZT6). Reproduced from
Thaiss ez al., 2016 (Cell, 167(6), 1495-1510.¢12)- Figure 2. Figure created
with with BioRender.com

This indicates increased epithelial adherence and correlates
with high nutrient availability due to feeding activity. During
the fasting phase, the epithelial surface topography becomes
visible and tight junctions are more apparent, appearing
smoother and cleaner, with less bacterial colonization. This vi-
sually indicates less epithelial adherence, likely due to reduced
nutrient availability.

Even if total bacterial numbers don’t fluctuate dramatically,
the genes expressed by microbes show evident oscillation. For
example, carbohydrate metabolism enzymes (like glycosidases,
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polysaccharide-degrading enzymes) peak during feeding times
when nutrient availability is highest. On the other hand, genes
for flagellar motility (to move towards nutrient-rich areas) and
host mucin degradation (enzymes like sialidases, fucosidases)
peak during fasting times, when bacteria may need to move
further for nutrients or consider other carbohydrate sourc-
es like mucin.? Another change is seen in the oscillation of
SCFA (Short Chain Fatty Acid) production, which forms di-
urnal metabolites. These microbial metabolites then feed back
into host circadian pathways by modulating histone acetyla-
tion, and thus regulating PER/ CRY/ CLOCK/ BMAL1
expression in gut epithelial cells.*

This proves how different food-intake patterns (feeding and
fasting cycles) can affect bacterial populations in the gut. This
rhythmic switching is exactly what intermittent fasting (IF)
and time-restricted feeding (TRF) are based on. IF schemes
have mainly two types, which have been applied to rodents,
namely, daily fasting (DF) (e.g., 16:8,20:4) and Alternate-Day
Fasting (ADF). These methods restrict the timing of eating,
not necessarily the content of the diet. IF triggers evolution-
arily conserved cellular responses such as improved glucose
regulation, stress resistance, and reduced inflammation by
mimicking periods of scarcity (as in evolutionary history). A
diet program of fasting every other day increased Firmicutes
in male mice, while increasing Lactobacillus and Bacteroides in
females. IF treatment in diabetic mice enriched beneficial

bacteria like Lactobacillus and reduced harmful ones such as
Akkermansia.®!

On the other hand, High-Fat Diets (HFD) can increase
the prevalence of metabolic diseases such as obesity, diabetes,
non-alcoholic fatty liver disease, hypertension, and hyperurice-
mia. It is characterized by a significant intake of fats, typically
comprising 60% or more of total daily calories, often with
low carbohydrate intake. HFD-fed mice were observed to
have a decrease in Bacteroidetes and an increase in Firmicutes
(which break down complex carbohydrates into SCFAs), thus
increasing the absorption of calories from food, contributing
to obesity via adipose tissue inflammation.*? Furthermore, an
HFD has also been linked to disruptions in circadian rhythm,
where mice on a regular chow diet maintained a normal
free-running circadian rhythm (~23.6 hours), but consump-
tion of an HFD lengthened their circadian period within just
one week.® Interestingly enough, differences in mean body
weight did not occur until the third week of HF feeding. Thus,
the increase in period length was independent of body weight
and overall activity levels.

While intermittent fasting affects the dynamics of when and
how our gut microbes work by creating feeding windows, an-
other daily behavior plays an important role in shaping the gut
microbiome: sleep. Changes in sleep duration or quality can
alter the balance of microbial species over the course of a day.

Dietary supplements and their impact on sleep and disorders:
Tononi and Cirelli’s synaptic homeostasis hypothesis -
“Sleep is the price the brain pays for plasticity”- suggests that
disturbances in the brain's restorative processes can disrupt
diurnal metabolic systems. Sleep is widely said to be directed

by 2 processes: Sleep/wake homeostasis (regulating sleep needs
based on the duration of wakefulness) and the circadian clock.
The SCN acts as the primary circadian clock in this case, since
it distinguishes between light-dark cues and also dictates hor-
monal fluctuations. For example, norepinephrine is present at
higher levels in the morning, while melatonin and serotonin
peak during the phase of darkness.* These hormonal timings
help construct sleep’s internal structure, which consists of alter-
nating cycles of NREM and REM cycles. NREM is typically
longer (75-80% of total sleep) and is categorized by parasym-
pathetic activation, such as low blood pressure, low heart rate,
and decreased temperature. REM, on the other hand, con-
sists of shorter periods (20-25%), with a decrease in muscle
tone, which is the continuous passive muscle contraction that
provides resistance to passive stretch during a resting state.10
REM also causes greater sympathetic activation, such as in-
creased heart rate, breathing, blood pressure, and temperature.
REM sleep has more structured dreams, while NREM sleep
has more unstructured “bizarre” dreams.*

Today, with a significant rise in irregular circadian timings,
insomnia is affecting 11-16% of the global population.® It
is characterized by decreased slow wave sleep due to reduced
REM latency and increased REM density, implying that
though the time taken to enter REM sleep is less, the num-
ber of rapid eye movements per minute is above average. This
increased REM density is observed in eating disorders, narco-
lepsy, presenile dementia, and other neuropsychiatric diseases
due to reduced or absent REM inhibition.?” This imbalance of
REM sleep stages has recently been linked to the impairment
of intestinal permeability, causing a “leaky gut,” through which
bacteria and their end products have been found to translo-
cate to the mesenteric lymph nodes, liver, and the brain. In
Poroyko et al.,*® mice were exposed to sleep fragmentation (SF)
for 4 weeks, which caused increased food intake and reversible
changes in gut microbiota composition, such as an increase in
Lachnospiraceae and Ruminococcaceae and a decrease in Lac-
tobacillaceae families. Excess Lachnospiraceae is known for
impairment of glucose metabolism,* leading to inflammation,
obesity, and promoting the onset of Type 1 diabetes,” depict-
ing how sleep disruption can have vast effects on the gut.

However, the gut-brain axis can also impact sleep because
a powerful innate sleep-inducing mechanism occurs via gut
microbiota. Microbial activity, driven by feeding and fasting
cycles, produces neuroactive metabolites such as Short-Chain
Fatty Acids (SCFAs) or Gamma-aminobutyric acid (GABA).
GABA acts as an inhibitory neurotransmitter that slows down
neural signaling by acting as an anti-fight-or-flight chemical
messenger.*! Naturally produced from glutamate, GABA facil-
itates cross-barrier communication between the intestinal clock
genes and central sleep-regulating centers, thereby affecting
sleep onset latency and circadian regulation.* When this sym-
biotic relationship is disrupted through circadian misalignment
or dietary regimens, it often manifests as sleep disorders such
as insomnia or sleep fragmentation.® Thus, GABA can direct-
ly impact sleep quality as well as the GI tract. This connection
has been evident in studies that revealed diminished levels of

GABA in IBS-D patients as compared to controls.* GABA
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also reduced the expression of proinflammatory cytokines,
thus linking GI problems with disruptions in GABA sig-
naling. Consequently, targeted dietary supplementation with
probiotics or amino acids may serve as a strategy for restoring
the structural integrity of sleep and mitigating disorders.

This means that exogenous supplementation may serve as a
strategy to mend microbial diurnal oscillations that were bro-
ken due to jet lag, shift work, or sleep fragmentation. These
interventions generally target the gut-brain axis through two
distinct pathways: regulating the SCN and peripheral micro-
biome modification.

Primarily targeting the SCN, one of the most extensively re-
searched and prescribed dietary supplements impacting sleep
is Melatonin (MLT'). MLT is a hormone naturally synthesized
by the pineal gland, which acts via MT1 & MT?2 receptors in
the SCN. When it becomes dark, the SCN sends signals to the
pineal gland to make melatonin, a hormone that promotes re-
laxation and reduced alertness by decreasing body temperature,
thus aiding in sleep onset.* Patients with chronic insomnia
were found to have significantly lower nighttime melatonin
levels, with peak melatonin concentrations averaging 82.5 pg/
mL, compared to 116.8 pg/mL in healthy sleepers.* MLT
supplements are often utilized to manage sleep-related is-
sues and have been purported to regulate sleep patterns and
alleviate sleep disorders such as insomnia. More specifically,
they’re often prescribed to shift workers who have irregular
sleep-wake schedules due to working at night, or patients with
intense jet lag.*’

Clinical trials have shown mixed results in humans, with a
general decrease in sleep latency, but no consistent effect on
sleep quality. Melatonin is known to be soporific, since it sig-
nals biological night to the SCN by telling it when to sleep;
it is not restorative since it doesn’t signal how much to sleep.

In animals, however, though melatonin is species & time-de-
pendent, it can control architecture, such as reducing REM
sleep after MLT during the dark period in nocturnal animals.®
For example, Wang ¢z al. outline that supplementation with
melatonin ameliorates disturbances in the circadian rhythm
homeostasis of the gut microbiota due to sleep restriction, by
rescuing families like Muribaculaceae and Lachnospiraceae,
which are sensitive to SF.* This suggests that supplementation
can restore circadian rhythm as well as microbial diversity, and
is likely why exogenous melatonin is commonly administered
orally in cases of sleep disorders.”

Other than supplementation with melatonin itself, dietary
strategies to enhance endogenous melatonin synthesis, partic-
ularly through tryptophan-rich foods, have been examined for
their effects on sleep. According to a meta-analysis,” Trypto-
phan (Trp) supplementation has been found to shorten wake
after sleep onset (-81.03 min/g).

Trp typically becomes Serotonin (see Figure 3), which con-
verts to melatonin once triggered by darkness.!

Trp, being an essential amino acid, breaks down to form
its metabolite, Tryptamine, which has been linked to the in-
duction of melatonin synthesis in the past. In Lee ez al,”* a
study measuring melatonin synthesis in 10-week-old wild-
type male C57BL/6 mice, Tryptamine was found to increase

sleep duration to 31.6 + 5.6 min compared to 18.6 + 3.4 min
in the control group. However, sleep onset latency and blood
melatonin concentrations showed no significant increase for
orally administered Tryptamine trials in the mice. This aligns
with the aforementioned meta-analysis, which concluded that
though Trp can increase sleep duration, Trp supplementation
did not affect other sleep components like sleep efficiency or
REM/NREM ratios. On the other hand, ITE, which is formed
from the methylation of another metabolite of Trp (Indolo-
kine AS5), increased the expression of key genes for melatonin
biosynthesis (Tphla, Aadc, Aanatl, Aanat2, and Hiomt) in
zebrafish embryos.”
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Figure 3: Biosynthetic pathway from L L-tryptophan to serotonin, which is
subsequently converted to melatonin. ITE showed an incr ease in expression
levels of key enzymes in this pathway. Reproduced from Lee ef al, ACS
Omega, 2024, 9, 43875 43875-43883. Copyright 2024.

Emerging evidence suggests that other amino acids, such
as phenylalanine, may exert even more pronounced effects on
sleep. This is supported by Lee ez al., where phenylalanine’s
metabolite, phenethylamine, not only showed one of the lon-
gest sleep durations at 36.2 = 3.4 min, but it also increased
blood melatonin concentrations. The study thus concluded by
restating phenethylamine’s and I'TE’s potent role as a poten-
tial therapeutic agent for sleep disorders due to their role in
melatonin synthesis. Despite these promising findings, it is
important to remember that though melatonin in humans can
decrease sleep latency and affect wake after sleep onset, there
are much milder impacts on overall sleep efficiency and REM/
NREM architecture.*

While melatonin and amino acid precursors primarily target
central sleep architecture and neurotransmitter synthesis from
the top down, an alternative strategy involves modulating the
system from the bottom up via the gastrointestinal tract. This
involves the employment of the gut-brain axis, specifically pro-
biotics, for sleep regulation. Probiotics are living nutraceutical
microorganisms, such as bacteria or yeast, that aid in digestion
and supplement gastrointestinal flora.> Of the probiotics as-
sociated with sleep regulation, the Lactobacillus species have
been of particular interest because they can produce neuroac-
tive compounds that dictate sleep-wake rhythmicity.

Lactobacilli are characterized by their gram-positive rods
and are the most common genus in the lactic acid bacteria
(LAB) category.”® LAB species can decarboxylate glutamate
to produce y-aminobutyric acid (GABA).

Though this production of GABA primarily occurs in the
brain, the Enteric Nervous System (which governs the GI
tract) is lined with GABA receptors, indicating GABA secret-
ed by gut bacteria can be sensed locally by cells of the intestinal
epithelial tract.>* This is what connects Lactobacilli with sleep
quality, as seen in Yu e al, where milk was fermented with
Lactobacillus brevis DL1-11, a strain with high GABA-pro-

ducing capacity, and administered in different concentrations
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to mice (the highest concentration was termed high-dose
GABA fermented milk (HGFM, 33.33 mg/kg.bw)).” The re-
sults indicated decreases in anxiety behavior after oral HGFM
administration. Moreover, mice in the HGFM group exhibit-
ed a significantly prolonged sleep time and a shortened sleep
latency. These results demonstrate a beneficial effect of Lac-
tobacillus brevis on sleep. Additionally, significant increases in
the relative abundances of Ruminococcus, Adlercreutzia, and
Allobaculum, and the levels of certain SCFAs such as butyric
acid were observed in the HGFM group.

This suggests that GABA-fermented milk and oral con-
sumption of Lactobacillus strains with high GAD activity may
improve sleep and regulate gut microbiota as well as SCFAs
levels. The same is supported by various studies, such as one
measuring sleep deprivation (SD) in Rhesus Monkeys, which
speculated that SD-induced gut dysbiosis might be an out-
come of reduced gut-derived GABA absorption.*® The study
thus stated that GABA-producing Lactobacillus supplemen-
tation might be beneficial for the treatment of SD-induced
intestinal dysfunction.

Alongside Lactobacilli, Bifidobacteria, and similar psychobi-
otics can also influence sleep efficiency via stress modulation.
They are gram-positive, nonmotile, and often branched anaer-
obic bacteria that are administered as dietary supplements for
their probiotic properties.

A study measuring sleep efficiency (SE) found that higher
SE, specifically by decreased Wake after sleep onset (WASO),
is associated with higher levels of two Bifidobacterium species,
breve and saguini.>’

Targeting the gut microbiome as a therapeutic strategy for
psychological disorders has shown promising outcomes in
recent years.”® This is why bifidobacteria are present in probi-
otics as well as psychobiotics. Species such as Bifidobacterium
longum 1714 have been shown to influence stress responses
and modulate neural responses during social stress, thereby
impacting sleep quality.*” In a study measuring eighty-nine
adults with impaired sleep quality, B. longum 1714 significant-
ly improved the PSQI component of sleep quality and daytime
dysfunction due to sleepiness after 4 weeks and social func-
tioning and energy/vitality after 8 weeks.®* B. longum 1714
may modulate the HPA axis, and the SCFAs produced by the
strain could influence melatonin synthesis, which emphasizes
the multidirectional ability of certain probiotics to modulate
neural activity, stress, mood, sleep and microbial diversity.

Overall, the evidence suggests that no single intervention
fully restores circadian rhythm homeostasis, sleep architecture,
and microbial rhythmicity simultaneously. Current evidence
suggests that melatonin-based therapies possess the strongest
translational capacity for circadian realignment, since mela-
tonin supplementation remains the most clinically established
intervention discussed. Unlike peripheral microbiome inter-
ventions, melatonin acts centrally, making it the most effective
in disorders characterized primarily by circadian misalignment,
such as jet lag, delayed sleep phase syndrome, or shift-work.*!
However, though the ability of exogenous melatonin to reduce
sleep onset latency is consistently supported across human
trials, recent studies have emerged suggesting that melatonin

primarily functions as a chronobiotic rather than a restorative
hypnotic agent.* This means that it cant efficiently improve
total sleep efficiency, change NREM/REM ratios, or alter
underlying sleep architecture in healthy adults compared to
traditional hypnotic drugs such as benzodiazepines.

At the same time, the overall evidence supporting amino acid
precursor therapies remains comparatively weak. Although
certain metabolites increased sleep duration and melatonin
concentrations in animal studies, many failed to significantly
improve sleep onset latency, sleep efficiency, or REM/NREM
architecture. Additionally, much of the current evidence
derives from murine or zebrafish models, whose neuroendo-
crine regulation differs substantially from that of humans.®
The mechanistic complexity of tryptophan metabolism also
presents limitations, since tryptophan is diverted into multi-
ple competing pathways, such as the kynurenine pathway.®
Around 95% of tryptophan is processed via the kynurenine
pathway, while only a small fraction (1%—2%) goes toward
serotonin and melatonin synthesis,* which reduces the pre-
dictability of therapeutic outcomes.

Among microbiome-targeted therapies, psychobiotics such
as Bifidobacterium longum 1714 may currently possess the
greatest long-term promise because, unlike melatonin, which
only affects the circadian rhythm, psychobiotics are able to
affect the HPA axis, inflammation signaling, mood regula-
tion, and neurotransmitters produced through SCFAs. This
is particularly relevant because chronic insomnia in humans
is frequently associated with hyperarousal, stress dysregula-
tion, and anxiety rather than circadian misalignment alone.
The observed improvements in PSQI scores, daytime dys-
function, energy levels, and social functioning following B.
longum 1714 supplementation provides stronger human trans-
lational evidence than many other probiotic interventions.
However, although psychobiotics may represent the future of
sleep therapeutics, they are not yet as clinically standardized.
Hence, further research should focus on optimizing such psy-
chobiotic-based interventions through the identification of
standardized dosages, treatment durations, and emphasis on
specific probiotic strains. Greater emphasis will also likely be
placed on determining how inter-individual gut microbiota
variations influence therapeutic responsiveness,65 which could
allow psychobiotic treatments to become more personalized
and clinically reliable for the management of sleep disorders.

B Conclusion

This paper primarily explored the interconnectedness be-
tween three mechanisms in the human body: gut microbiota,
CLOCK gene expression, and sleep architecture, as seen in
Figure 4.

Specifically, it discussed how gut-driven processes can af-
fect sleep architecture. While central regulation of REM and
NREM sleep is primarily governed by the brainstem and hypo-
thalamic networks, peripheral signals originating from the gut
can modulate sleep onset latency and quality. Microbiota-driven
changes in GABAergic signaling, serotonergic—melatonergic
pathways, and immune mediators are examples of mechanisms
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by which IECs’ clocks can shape sleep. This is further strength-
ened by research on dietary supplements, with compounds like
exogenous Melatonin, Tryptophan, and Phenylalanine, which
can induce sleep-like symptoms. The review highlights the
importance of understanding how probiotic and psychobiotic
supplementation, such as Lactobacillus and Bifidobacterium
strains, can improve GABA secretion, thus supporting the idea
that targeting the gut microbiota may offer a more holistic
approach to circadian as well as sleep regulation compared to
existing hormonal supplementation.

'SCN controls Melatonin, Serotonin, GABA and other
sleep regulatory systems.

SLEEP LATENCY, QUALITY
AAND ARCHITECTURE

Improvement through

SF or circadian misalignment can

In the SCN, Clock gene oscillations create
the primary ~24 hour cycle. By doing so,
they determine hormone and
neurotransmitter diurnal expression.

CLOCK GENE
EXPRESSION

causing aleaky qut!

REM NREM

NEGATIVE FEEDBACK LOOP:

BMAL1( CLOCK

Probiotics
(Lactobacill)

Melatonin (MLT)
Tryptophan (Trp)

Phenylelanine (Bifidobacterium)
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al the

qu v
balance of microbial species
over the course of a day.

This feedback loop dictates
cellular circadian rhythm,
specifically in IEC's. It controls
oscillations in intestinal

functions:

What you eat and when you eat affects microbial
numbers, bacterial colonization, and SCFA production.

GUT MICROBIOTA
‘These diurnal changes (as well as bacterial

populations) are also affected by food intake
and dietary patterns

Nutrient Absorption

Intestinal Permeabilty

TRF (Time-restricted)

Immune and inflammatory genes HED (High-fat)

Figure 4: Summary of relationship between gut microbiota, sleep quality and
clock gene expression.

Overall, this research highlights how gut microbiota and
intestinal CLOCK genes interact with central neural path-
ways to influence sleep timing and architecture. These findings
imply that optimization of sleep patterns requires targeting
nutritional and microbiome-related factors rather than only
focusing on central nervous system regulation. This perspective
could enable the development of personalized chrononutrition
strategies that focus on meal timing, dietary composition, and
probiotic supplementation with an individual’s endogenous
circadian phase. This can be increasingly beneficial for overall
human health because of the growing trends of sleep depri-
vation, shift work, and jet lag due to vast urbanization and
globalization. Future research in this field should prioritize
this kind of systems-level perspective, linking gut microbio-
ta to sleep disorder therapies through well-controlled human
studies and longitudinal monitoring studies, which have the
potential to create interventions that can practically integrate
chronobiological systems and the microbiome.
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ABSTRACT: Since the dawn of the rapid expansion of generative Artificial Intelligence (AI) technologies in 2022, companies
have started using generative machine learning (ML) Al systems in the workplace for various tasks. Due to the surge in Al usage,
many people have grown skeptical of Al, viewing it as a threat to unemployment and human contribution in the workplace.
This creates a dilemma where Al is limited in its capabilities to assist people in the workforce, as it is widely viewed as a form
of human replacement. In this article, I will explore the extent to which Al constitutes an existential threat to employment and
whether Al can be structured to augment and assist rather than replace human workers. I will conduct a secondary analysis of
post-2022 labor-market data. Some studies argue that while Al exacerbates existential unemployment through task substitution
and labor displacement, its long-term impact is contingent upon policy creation aiming at employing ethical Al in the workplace
and effective human—AlI collaboration structures. By identifying gaps in current research and integrating ethical and existential
perspectives with past labor metrics, this study reframes Al not as an inevitable replacement for human labor but as a technology
whose employment effects remain fundamentally malleable and contingent upon its ethical application.

KEYWORDS: Intelligent Machines, Cognitive Systems, Ethical AT Governance.

B Introduction curate representation of Al’s influence and requires the use of
The generative Al expansion that dawned in late 2022, such task-level metrics to assess its influence.
as ChatGPT artificial intelligence (Al), has transitioned from Three quantitative metrics will be used throughout this paper
a niche computational system to a force of change in the world. to accurately assess this. The metrics include the Task Automa-
Firms have accelerated their development of machine learning tion Exposure Indices developed by Eloundou ez al,* which
(ML) Large Language Models (LLM’s) capable of performing measure the proportion of job duties theoretically susceptible
jobs once thought to be exclusive to human workers.! These to Al augmentation. These rely on the structure of tasks within
Al systems are now used for tasks such as writing, coding, data specific occupations. Skill Obsolescence rate, which is ground-
analysis, and more. While this creates optimism about pro- ed in longitudinal labor research like that done by Deming and
ductivity, AT simultaneously exists as a growing concern as a Noray,® measures the rate at which once-valuable human skills
potential threat to existential unemployment and the erosion decline in relevance as Al capabilities expand. Labor Market
of human contribution in the workforce. Polarization Metrics, which build on work done by Autor,
This paper examines the extent to which generative Al ex- Levy, and Murnane,® reveal how employment and wage dis-
ists as an existential threat to employment and whether the tributions are shifting across skill and occupation categories
use of ethical Al and institutional Al policies can promote in response to technological change, suggesting that high-skill
human-AT collaboration instead of human replacement. This and low-skill jobs are affected differently. This pattern shows
paper will use post-2022 economic and labor-market studies, uneven effects across occupations. As automation advances, in-
alongside Al ethics and policy literature, to assess Al's impact come gaps may widen alongside employment trends. Though
on unemployment. not all regions experience this equally, the overall distribution
Some empirical studies indicate Al is altering how the reflects structural change.
workforce is structured, either by augmenting or replacing hu- These three metrics will be used as an analytical framework
mans. Eloundou e a/. estimate that approximately 80% of U.S. rather than independent datasets. Task exposure indices will
workers could see at least 10% of their tasks affected by large be used to evaluate which job categories are most vulnerable
language models, with around 19% potentially experiencing to Al substitution, while skill obsolescence rates will be used
impacts on more than half of their job, particularly in text- to assess how quickly human competencies lose relevance over
based and data-analytical roles.> Global patterns mirror this time. Finally, Labor market polarization metrics are to be used
trend, as evidence from the International Labor Organization to interpret wage distribution and employment shifts across
shows that a substantial part of global employment is at risk of skill groups. Together, they allow cross-comparison of structur-
being affected by generative Al at varied levels, emphasizing al labor-market change rather than simple employment-level
AT’s influence on job transformation rather than job elimina- effects. This creates a more detailed analysis of Als effect.
tion.>* These findings show that evaluating AT’s effect on labor Recent research papers support this structural change by
markets based on aggregate employment metrics is not an ac- using these metrics, which they position as fundamental in de-
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termining Al influence. Originally done by Eloundou ez aZ,
then improved upon by the ILO, the task automation exposure
index combines task-specific data to measure Al’s influence
across different jobs and countries.* The skill obsolescence
rate metric: Over time, shifting demands for certain abilities
are captured using extended workforce studies revealing Als
influence on human-based competencies. The Labor polar-
ization metric features both employment analysis and wage
distribution tests to measure structural changes in job stan-
dards and pay gaps that emerge through methods like those
applied by Ganuthula and Balaraman,” who examine hiring
patterns alongside income spread between high-skill and low-
skilled workers. When combined, such metrics reveal how Al
may be having a multifaceted effect on transformations in job
structures, with some positions becoming less important and
others adapting or emerging.*’

However, analyses including reports by the OECD with
broader labor demand data indicate that human dependency
has not dropped sharply due to artificial intelligence.® Instead,
variations start to emerge when examining specific indus-
tries and professions, where impacts cluster around distinct
worker categories and narrowly defined automated activities.
In contrast, early studies based on digital trace data and re-
al-world experiments reveal improved output in select work
environments while also detecting shifts replacing people with
algorithms during elementary composition and linguistic con-
version duties.” These complexities and frankly contrasting
findings clarify that it is insufficient to view Al’s impact based
solely on employment counts. Over the course of this paper, I
will prove how detailed task-level metrics and exposure indices
are essential to understanding the nuances of Al’s influence.

This paper asserts that Al can exacerbate existential un-
employment through task substitution, but its long-term
employment effects are contingent upon institutional design,
ethical Al application, and Al-policy frameworks, such as the
EU AI Act and the NIST AI Risk Management Framework.
The Theoretical Framing section will outline the foundations
of this argument, followed by a dedicated methodology sec-
tion which will provide insight into the paper’s structure. In
choosing to anchor this analysis in labor metrics and ethical
Al policymaking, we aim to clarify whether Al's long-term
impact is a technologically deterministic threat to human em-
ployment or contingent upon ethical Al application.

B Theoretical Framing

The debate surrounding Al and employment is not purely
empirical but also theoretical. An interesting and influential
perspective comes from Penrose, who argues that human
cognition involves non-computable processes that cannot be
completely replicated by machines.”® His claim suggests that
logical reasoning, specifically intuition, consciousness, and
deep understanding, may remain resistant to automation.

In contrast, task-based economic models of automation
conceptualize Al as a system capable of substituting specific
tasks rather than entire jobs. Acemoglu and Restrepo argue
that technological change restructures labor demand by re-
allocating tasks between humans and machines rather than

eliminating work." These frameworks align with empirical
findings showing that Al redistributes labor rather than fully
replacing it.

This paper adopts a hybrid perspective: while Al may repli-
cate structured cognitive tasks, there remain specific aspects of
human labor, such as judgment, adaptability, and ethical rea-
soning, that are less susceptible to automation. This theoretical
framing supports this paper’s central claim that Al’s impact on
employment is not technologically deterministic but contin-
gent on how technological capabilities interact with human
and institutional factors.

B Methodology

In this paper, I will analyze and review whether this state-
ment is true. In Section 1, we will conduct a secondary analysis
on Al’s negative impact on employment, with Section 1.1 ex-
amining task automation exposure, Section 1.2 analyzing skill
obsolescence trends, and Section 1.3 assessing labor-market
polarization effects. Section 2 evaluates how ethical Al policies
and human-dependent work policies influence employment
outcomes, while the Discussion will outline how this research
helps policymakers, educators, employers, and technology de-
velopers make decisions that could shape future labor markets
and Al ethics to further the development of Al. Furthermore,
the findings will help inform workers, especially in the younger
generation, of Al’s impact on whether employment remains a
consistent form of income, social stability, and human depen-
dency or whether alternative models of human contribution
must be developed.

Previous studies around automation concentrated on re-
placing repetitive tasks and repolarizing the workforce due
to computerization and industrial automation. A number of
these studies, however, have been done before the advent of
generative artificial intelligence (AI) systems that are now
being developed to execute cognitive or language-based func-
tions previously thought to be unachievable automatically. In
the same way, when measuring skill obsolescence, some cur-
rent research does not account for the role of Al exposure in
the task, nor for the impact of an increasing number of agentic
Al systems with some level of autonomy. In turn, the previous
models and frameworks might underestimate how much gen-
erative Al will impact professional and cognitive work. In this
paper, we aim to overcome these limitations by integrating the
notion of polarization, skill obsolescence, and Task Automa-
tion Exposure measures in a single framework. As a result, the
methodology allows a more comprehensive assessment of the
impact of Al on the traditional and thinking man’s jobs.

The three selected metrics were chosen because together
they capture different dimensions of Al-driven labor transfor-
mation with respect to overlooked yet crucial statistics. Labor
market polarization metrics explain long-term structural shifts
in wages and employment distribution,® the skill obsoles-
cence rates measure how rapidly worker competencies lose
relevance in changing industries.” and the Task Automation
Exposure metrics were selected because they directly evaluate
how generative Al affects individual job tasks rather than en-
tire occupations. This is particularly important as it highlights
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which specific aspects of the workspace Al influences more
than others.? Past research was targeted on the impact of Al
on the labor market in one area only, which is restrictive for a
more comprehensive study. However, this paper brings togeth-
er the three metrics for comparing the vulnerability of tasks,
workforce adaptability, and restructuring of employment. The
analysis is broken down by Levels of skill, Automation risk,
and Human Oversight of the work performed. High-skilled
jobs include those involving in-depth critical thinking, like a
software analyst, and medium-skilled jobs include people in
administration or working in a call center: low-skill jobs in-
clude workers on a construction site or factory. While every
metric focuses on a different dimension of the changing course
of the job market, the combination helps provide a larger con-
text for understanding the impact Al is having on existential
unemployment. Labor polarization indicators provide an in-
sight into the structure of employment and wage distribution,
and skill obsolescence measures uncover the dynamics of the
loss of vital skills due to technological progress. Additionally,
Task Automation Exposure metrics can be used in conjunc-
tion with either approach to help determine the tasks within
an occupation that are most vulnerable to augmentation or au-
tomation. There are, however, conflicting signals among these
indicators: the level of employment appears to be unchanged,
while disruptions and restructuring among the tasks in which
workers engage increase. There are lots of interesting com-
ments. There are some interesting comments here. All three
methods are integrated into the paper, which provides a more
comprehensive evaluation of Al than studies focused on a sin-
gle measure, by considering it at three different levels (the task,
the skill, and the job market). Therefore, this three-layer struc-
ture will support the conclusions that were made in the paper
and will lead to a stronger conclusion.

B Section 1: Al's Impact on the Job Market

Owverview:

The current job market is faced with a potential threat
from task-level automation and how its implementation in
the workforce causes people to be seen as having skills that
are easily replaceable. As a result, this forces a change in la-
bor markets. Thus, we see transformations in job structures
with some positions fading and others adapting or emerging.
Whether this change is positive or negative is up for debate,
but the consensus thus far is that Al is undoubtedly sparking a
change in global job structures, potentially being a catalyst for
the fourth industrial revolution.’

Section 1.1.: How Much AI Can Automate Tasks:

Job Task automation has become more viable and applica-
ble in recent years due to the rapid advances in generative Al.
Research shows that automation effects are limited to specific
job tasks, not entire jobs, and that differences between the two
are seen when comparing the differences between high-skill,
mid-skill, and low-skill jobs.

Task Automation Exposure provides quantitative evidence
effectively proving that Al affects occupations differently
depending on task structure. According to Eloundou ez al,

high-skill jobs such as software developers and financial ana-
lysts show exposure rates above 40% because many analytical
and coding tasks can be augmented by generative Al. Mid-
skill occupations, such as administrative assistants, experience
similarly high exposure because repetitive documentation and
scheduling tasks can be automated. These classifications are
supported by the OECD’s occupational frameworks, which
categorize occupations according to educational requirements,
task complexity, and adaptability.® This demonstrates that Al
vulnerability depends less on job titles themselves and more
on whether the occupation relies on repetitive cognitive tasks.

LLM’s demonstrate significant capacity with job-related
task records. Recent scholarship results indicate 80% of Amer-
ican jobs include at least 10% of duties exposed to automated
handling; furthermore, 19% face over half their jobs within
reach of such systems. This shows that tasks exposed to poten-
tial automation are centered on segmented activities, examples
such as Al writing emails or documents, condensing and an-
alyzing data, or assisting with programming.? This highlights
that Al affects specific tasks within a profession but not the
whole profession. Due to this pattern, jobs involving menial
tasks, data analysis, or any form of procedural tasks show high-
er susceptibility to replacement. Thus, generative Al appears
better suited to alter job structures rather than replace entire
positions.

Global evidence backs a focus on task-level automation
when assessing how Al supports human work. According to
the International Labor Organization, job transformation
and the shift of menial tasks to be automated happen more
frequently than outright job replacement, especially in admin-
istrative positions involving repetitive cognitive analysis.>* A
detailed worldwide measure of occupational exposure shows
how most jobs combine both automatable tasks and tasks that
are human-dependent, effectively creating an ecosystem of hu-
man-Al collaboration.

However, research now shows an opposite trend where jobs
that once required advanced skills may be able to resist general
replacement but face a growing risk of partial augmentation by
Al The 2023 OECD Employment Outlook highlights how
progress in understanding human language has enabled LLM’s
to start to oversee complex thinking tasks once exclusive to hu-
mans. Instead of Al fully replacing humans in their professions,
certain duties or tasks shift to being task-automated, especially
in fields like finance, law, management, and engineering. The
work that humans do does not vanish, but rather it moves to-
ward human-dependent competencies such as integration and
judgment. Tasks end up changing rather than disappearing or
being completely automated by Al This reinforces the claim
that Al functions as a task-changing technology rather than a
mechanism for complete human replacement.

Additionally, labor market evidence reflects the reality that
job tasks end up changing rather than being replaced. From
an analysis of millions of digital job postings by Mikeld and
Stephany," they discovered evidence not only of automatable
tasks but also a rising need for advanced human skills tied to Al
The study shows that tasks such as troubleshooting, data col-
lection, and organizing gain importance as efficiency improves
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across sectors. This effect appears strongest in roles requiring
advanced expertise, where technology serves alongside workers
rather than substituting them, especially regarding generative
systems. This demonstrates that Al creates a parallel demand
for complementary human skills, supporting the augmenta-
tion hypothesis rather than full automation.

Low-skilled jobs face a much greater risk of being replaced
by Al A study by Zhang ez al. shows that when companies
introduce Al into low-skill work environments, they often re-
structure tasks into rigid, standardized procedures and subject
them to potential automation.” As a result, worker autonomy
declines even when jobs are not fully automated. Generative
Al affects labor across all skill levels, but displacement risk falls
unevenly. It strongly concentrates among low-skilled workers,
while higher-skilled workers typically adjust by integrating Al

into their workflows rather than being eliminated.

Section 1.2.: Skill Obsolescence Rates:

Continuing from the analysis of task-level automation im-
pacts mentioned in Section 1.1, another way that generative
Al contributes to shifts in the workforce is due to the fad-
ing relevance of specified abilities, particularly those involving
structured thinking or consistent logical processes. Rather
than eliminating positions, Al alters what skills are valuable
across roles. Some rapidly lose importance, whereas others can
gain prominence and perceived value. Dynamics such as this
can play a central role in reshaping how occupations evolve
by continuously redefining what skills retain or lose economic
value.

From long-term workforce research, signs of change emerge.
As shown by OECD data from 2023, when jobs involve Al
more frequently, the needed skills shift at a similar pace, espe-
cially where standard analytical or administrative tasks begin
fading. Instead of enduring value, competencies now fade
sooner once tools take over. Skills lose relevance faster under
Al integration, reshaping what workers must know well before
mastery becomes outdated.

This perspective is backed by established economic research.
Workers who specialize in fast-changing technological ar-
eas face faster skill depreciation, according to Deming and
Noray,5 which leads to lower earnings if knowledge remains
static. Although their analysis came before the surge of Al,
it holds relevance today because such technologies accelerate
obsolescence by overseeing narrow objectives and tasks. As a
result, the ability to learn and adjust gains greater value. In
parallel, Acemoglu and Restrepol1 have observed that when
Al takes over certain job functions, employment shifts toward
different activities — ones requiring new competencies. With-
out movement into these emerging positions, expertise loses
usefulness and risks becoming redundant.

Evidence that ties closely to Al, reinforcing earlier conclu-
sions from Mikeld and Stephany,12 shows a rising need in
employment for abilities that go alongside Al, such as solving
complex issues or navigating digital tools, while requirements
for routine, rule-based competencies shrink. What stands out
is how outdated skills emerge unevenly within economies

shaped by automation, falling hardest on those whose expertise
mirrors what machines now oversee.

When viewed collectively, these studies show how Al enables
one set of abilities to replace others, leading to faster changes
in such competencies instead of simple job loss. Such patterns
reinforce the idea that introducing Al into work environments
acts as a trigger for deeper shifts across job structures, thus
prompting a need for adaptation in human capabilities and
task assignments to better suit human competencies that Al
cannot replicate. This shift forms the idea of whether Al has
the potential to be a catalyst for a fourth industrial revolution.

Section 1.3.: Labor market polarization:

Labor market polarization emerges when automation at the
task level coincides with faster erosion of mid-level skills. Em-
ployment and wage growth shift toward both high-skill and
low-skill positions, whereas roles requiring moderate expertise
and capabilities shrink. Shifts such as this reveal how genera-
tive Al alters work dynamics and thus potentially boosts output
and efficiency in some sectors, which in turn widens dispari-
ties in other sectors. The outcome is fundamentally a structural
change marked by uneven rewards across different skill bands.

Research from Murnane ez a/. explains the cause for job mar-
ket splits due to technology taking over menial duties, while
also supporting roles that need critical thinking skills or physi-
cal effort, which are fundamentally human-dependent.* Where
machines once altered repetitive work, generative artificial in-
telligence has reached the ability to perform cognitive tasks
once thought safe from automation. Section 1.1 highlights
this shift, where intelligent systems can now reshape complex
thinking roles and thus increase strain on mid-level profession-
al positions that rely heavily on performing such tasks.

The expansion of Al into cognitive tasks changes the origi-
nal understanding of labor polarization because automation is
no longer limited to repetitive physical work. Generative Al
systems can now perform legal drafting, medical documenta-
tion, and data interpretation tasks once considered resistant to
automation. However, these systems still face major reliability
limitations. For example, lawyers using ChatGPT in legal re-
search have submitted hallucinated court cases generated by Al
systems, creating serious professional and ethical risks.” Simi-
larly, autonomous vehicle systems continue to require human
supervision because algorithmic errors can contribute to fatal
accidents.’ These examples show that many Al systems remain
semi-autonomous rather than fully independent. As a result,
human oversight continues to be necessary even when Al per-
forms advanced cognitive functions.

A study by Ganuthula and Balaraman,” which analyses job
trends alongside wage distribution, backs this change, as the
data reveals a link between Al integration and growing dispar-
ities in earnings across different skill groups. With workforce
statistics and measurements of wage differences, the results
show that those with advanced skills benefit more from effi-
ciency boosts tied to Al, whereas positions requiring moderate
expertise see limited growth or even shrinking opportunities.
Such findings align closely with the framework on employ-
ment distribution presented here. This indicates that Al does
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not affect all workers in the same way. It benefits high-skill
labor while compromising opportunities in mid-skill occupa-
tions.

Findings gain support from institutional research. Accord-
ing to the ILO,* clerical and administrative positions typically
held by mid-level skilled workers are more heavily impacted by
Al whereas higher-skilled roles see changes in duties instead
of job loss. On the opposite end, lower-skilled service work
continues, though pay advances are rare, contributing to a di-
vided job market. In parallel, the OECD? observes wider gaps
in earnings following Al integration, despite a minor change
in total hiring numbers.

Few roles shift as distinctly as those requiring advanced
abilities and skills. These positions do not vanish but instead
transform into a system where Al supports output and overall
efficiency while promoting and assisting human-dependent
jobs that value Al insight, decision-making, and long-term
planning. Meanwhile, routine-based occupations encounter a
greater risk of replacement or reduced responsibilities, leading
to a perception of lower uniqueness and an increase in poten-
tial replaceability in required competencies. Such differences
reveal an outcome where gains in performance coexist with
widening job disparities.

Together, this evidence suggests that shifts in job demand
and the fading relevance of certain skills show how Al affects
current work structures. Although Al may not directly cause
widespread job loss, it can alter how people find employment,
change the nature of how income is distributed, and speed up
large-scale transitions within the workforce, which highlights
its role as a major influence instead of just another technolog-
ical tool. All the data points to Al having different effects on
job markets based on the level of competency, i.e., high-skill,
middle-skill, or low-skill jobs.

Section 2.: Governance, Ethics, and Job Outcomes:

Overview:

The decisive aspect of ethical Al governance is the way in
which generative artificial intelligence will lead to existential
unemployment or help in changing jobs more adaptively. In-
stead of thinking about labor displacement as an inevitable
technology, the current policy structures and critical literature
highlight that the interaction between Al systems and human
workers depends on institutional decision-making. The gover-
nance mechanisms determine either the replacement of labor
by Al, the reorganization of duties, or the augmentation of
human input in companies.

Section 2.1. EU AI Act:

The EU AI Act is an example of a policy created to combat
the threat of Al in the workforce. It is a regulatory frame-
work that regulates high-risk Al systems regarding aspects of
employment, recruitment, and worker management to ensure
safety, transparency, and human oversight. Jobs that involve any
form of recruitment, worker appraisal, worker task assignment,
and performance surveillance by Al tools fall under a high-risk
category of Al replacement. This triggers obligatory demands
where transparency, human control, and accountability are re-

quired from companies that utilize Al. These measures restrict
companies from employing and utilizing entirely autonomous
decision-making approaches in the management of labor
and thus can virtually guarantee that humans have final con-
trol over their employment consequences.' This reduces the
likelihood of full automation in employment decisions and re-
inforces human accountability in workplace systems.

The fact that it entails the protection of human intervention
and an ability to explicitly document the behavior of the sys-
tem lowers the chance that workers will be seen as redundant
in digitalized workplaces such as software engineering. This
type of governance changes Al applications to be more of a
contribution to jobs rather than a mechanism for replacing
human workers, which in turn supports the previous research
that Al ends up changing job structures more frequently than
it takes over jobs.>* Through this, we can see that regulation
serves as a measure to protect against existential unemploy-
ment because it maintains worker agency and occupational
identity. Furthermore, the evidence proves that human over-
sight strengthens the protection of workers but simultaneously
introduces compliance trade-offs. Therefore, employment out-
comes depend on the efficiency with which Al regulations can
balance both Al innovation and human worker safeguarding.

Section 2.2. NIST AI Risk Management Framework:

The NIST AI Risk Management Framework is another
regulatory solution to Al’s threat, as it offers a guided frame-
work to companies on the implementation of Al responsibly.
It points to the displacement of the workforce, deskilling, and
pivoting away from human control as risks that cannot be tol-
erated but must be actively addressed. The framework focuses
on accountability frameworks, situational implementation, and
ongoing examination of the impacts of Al on human value and
contribution in the workplace.”

This strategy is supported by empirical studies of labor,
indicating that productivity increases are greater when Al sup-
plements skilled labor instead of substituting it. In situations
where institutions develop Al systems that assist human judg-
ment, coordination, and long-term reasoning, human workers
continue to play a leading role in companies. On the other
hand, inefficient governance will put automation at risk of
contributing to the decline of the quality of jobs and hastening
polarization.*!? Thus, the argument that employment results
are due to governance decisions and not technological capabil-
ity alone is strengthened by this framework.

Section 2.3.: AI Policy Development and Its Implications in
the Workplace:

The creation of Al policies is at the center of the argument
on whether Al will supplement or cause existential unem-
ployment among those employed by companies utilizing Al.
Researchers have claimed that the governing structures, reg-
ulatory frameworks, and discourse surrounding Al determine
the way organizations apply Al in the workplace.'®'” Policies
that emphasize human supervision, ethical implementation,
and workplace transparency with Al minimize the threat of
existential unemployment. This shows how Ethical Al policies
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create a framework that utilizes Al to its fullest potential while
mitigating it as a threat.

Furthermore, studies show that companies viewing Al’s
threat as deterministic rather than dependent on policies are
at risk of increasing the polarization of labor and skill obso-
lescence.’® Conversely, companies that adhere to ethical Al
models place greater emphasis on human-Al partnership,
distribution of tasks, and skills acquisition, which makes the
workers complement Al instead of being replaced by it.

The discourse is also important to note, as the ways that pol-
icymakers, the media, and corporate executives define Al will
influence the degree to which the population and organiza-
tions perceive Al as a threat or a productivity tool.””

These findings support my paper’s claim that the effects of
Al on the employment sector are not deterministic but pol-
icy contingent: outcomes in the workplace are influenced by
regulatory frameworks, ethical principles, and social dialogue,
which demonstrates that existential unemployment is not so
much a consequence of Al technology but rather a product of
policy and governance decisions.'

B Discussion

Based on prior evidence analyzed in this paper, it can be
argued that Al is transforming workplace frameworks by re-
allocating tasks, not by replacing humans and causing mass
unemployment. As Al systems take the responsibility of basic
cognitive tasks, human workers are playing a more prominent
role in diplomatic thinking, synthesizing, and strategic deci-
sion-making, increasing productivity and the efficiency of their
companies and in their respective fields. These changes help
in economic expansion and a change in the definition of what
constitutes valuable labor.®

However, it is important to acknowledge the limitations of
this paper. Firstly, as a review article, it is reliant on pre-ex-
isting datasets and interpretations with differs across sources.
Moreover, a large portion of the data and analyses used in this
paper were conducted in developed economies, which hampers
the generalization of the results across the globe, particularly
in how technological impact is different in developing coun-
tries. Lastly, the rapidly evolving nature of Al also means that
current trends and research may not fully capture Al’s future
capabilities, as well as how the labor market responds.

Nonetheless, the difficulties of adapting to Al are a poten-
tially serious threat. Employees who cannot learn new skills
that are Al-complementary become less relevant, can suffer
increased task control, and are less likely to feel irreplaceable,
especially with low-skill jobs where automation consolidates
authority over employees.” This effect is uneven, with low-skill
workers facing higher displacement risk compared to high-skill
workers who benefit from Al augmentation. Meanwhile, the
wage disparity expands as productivity increases are obtained
by employees and companies that are in the best position to
adapt Al into their workforce successfully.” Additionally, across
the three metrics of task exposure, skill obsolescence rate, and
the data regarding wage distribution, the evidence suggests
that Al is more inclined to restructure tasks in the workplace

rather than independently influence employment outcomes. It
is important to note that Al will also create new job opportuni-
ties, and unemployed people will be able to relocate themselves
accordingly. Unfortunately, lower-income individuals or indi-
viduals with lower education, historically, are slower to adapt to
modern technologies or shifts in how the job market is struc-
tured.'

These findings overall underscore the importance of hu-
man oversight in the workforce; they emphasize the value of
flexibility within the workforce as technology is constantly
evolving, and the only way to ensure a company’s survival is to
adapt. For employers and developers, these findings emphasize
the importance of creating Al systems that complement hu-
man contribution rather than replace it. Finally, the evidence
presented throughout this paper proves that the question of
whether Al will create existential unemployment is not as
much about the state of technological development as the
question of whether the ethical decisions of governance will
dictate how work, human societal value, and human purpose
will change in an Al-driven economy.

B Conclusion

Throughout this paper, evidence and arguments have been
presented to determine whether Al as an existential threat to
unemployment was dependent on its ethical application rather
than its technological advancement. The data and policies used
from other research papers show that Al does not fully elimi-
nate human workers but rather reallocates which tasks are done
by humans and which ones are Al-dependent. It has also been
proven that Al has accelerated skill obsolescence in routine
tasks and reshaped job structures unevenly across skill gaps.

It has been proven that at a task-level, exposure analyses in-
dicate that Al is mostly used to automate specific cognitive
tasks instead of entire occupations, showing that Al applica-
tions currently result in job transformation rather than job loss.
However, it has been proven that many low-skill workers not
only face increased Al control but also risk of total replace-
ment due to Al making their competencies obsolete they can
be automated, which can lead to the polarization of the labor
market. Furthermore, it was shown that there is a high like-
lihood of high-skill workers benefiting due to productivity
improvements brought about by Al, as well as the erosion of
mid-skill jobs. These trends tend to be obscured by aggregate
employment statistics, which also highlights the earlier point
that task-level and distribution metrics are key in understand-
ing ATs influence.

The most crucial point made was that the review shows that
such results are not predetermined by Al’'s advanced capabil-
ities over humans, but rather its ethical implementation. The
current government frameworks presented, such as the EU Al
Act and the NIST Al Risk Management Framework, are just
two examples that demonstrate the potential for Al policies as
a catalyst to not only protect human workers but also show that
Al need not be a tool for fear-mongering but instead an inno-
vative technology with the potential for societal advancement.
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It is ethical Al policies and institutional designs that therefore
control future employment outcomes.

Overall, the effects of Al on the labor market can be viewed
not as an inevitable catalyst for existential unemployment, but
rather as a modern technology whose ethical governance is the
deciding factor of whether Als influence on the job market is
assistive or an object of replacement. Future research should
examine how Al-driven labor shifts differ across developing
and developed economies, particularly in relation to inequality
and access to reskilling opportunities.
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ABSTRACT: There has been an ongoing controversy over the so-called “bilingual advantage,”which is the advantage bilinguals
have in executive functioning compared to monolinguals. One advantage in this field is the impact of bilingualism on delaying the
onset of dementia. Many previous studies have investigated lifelong bilingualism and its advantages in this syndrome, but little
research has examined bilinguals who acquired their second language (L2) later in life. Results from several studies that focus
on this group are inconsistent due to differences in the definitions of bilingualism, making the data incomparable. Therefore, the
purpose of this review is to address whether there is evidence of a bilingual advantage in delaying the onset of dementia for late
bilinguals, and to identify potential improvements in research methods. Overall, better definitions of bilingualism, including age
of language acquisition, proficiency, language differences, and daily language use, are needed. Once researchers investigate late
bilingual advantage more and either prove or disprove it, we can get a better understanding of the bilingual advantage in cognitive
diseases and make better suggestions for L2 learning in order to eventually decrease the number of dementia patients.

KEYWORDS: Behavioral and Social Sciences, Cognitive Psychology, Bilingualism, Executive Functions, Dementia, and Age

of Acquisition.

B Introduction

Multiple studies indicate that some factors, such as a healthy
diet," cognitively stimulating activities,? and high levels of edu-
cation,’ might prevent or delay the onset of dementia. Studies
in the field have suggested that bilingualism might be one of
them.*® There is an ongoing controversy on the existence of
the so-called bilingual advantage in non-linguistic domains.®

Bilingual advantage is the advantage in executive function-
ing for those with the ability to speak and use two languages.”
Some studies report findings that support this theory,>® while
some refute or partially refute it.”’ For example, Bialystok ez
al. discovered through different tasks that lifelong bilingualism
may have an advantage in executive functioning skills such as
inhibition and working memory when compared to monolin-
guals.® Conversely, Paap and Greenberg claim that there is no
evidence of bilingual advantage over monolinguals in executive
control skills since the advantages were not consistent across
different tasks that indicate executive functioning skills.” These
inconsistencies across findings are the cause of the debate in
the research field.

One of the non-linguistic factors that bilingualism might
have a positive impact on is the onset of dementia.® It is be-
lieved that bilingualism can delay this,® but some limitations or
gaps need to be better accounted for to make this claim more
generalizable.'

One of the limitations is that existing research has main-
ly focused on lifelong bilinguals.®® Due to this, the findings
of these studies might only be generalizable to certain groups.
One of the populations that needs more attention is the group
of late bilinguals, or bilinguals who attained their second lan-
guage (L2) later in life. Increased attention on late bilinguals in

the research field will contribute to identifying what types of
bilingualism provide the benefit of a delayed onset of dementia.
This improvement will also contribute to the need for deeper
consideration of individual differences, which is suggested by
De Bruin." If future findings support the bilingual advantage,
then suggestions can be made on L2 education for young chil-
dren and older adults. Also, if these suggestions contribute to
a decrease in the number of dementia patients, then it would
benefit the global economy, since dementia care costs 1.3 tril-
lion USD in 2019, and the cost is predicted to increase as years
pass.!!

Ultimately, the purpose of this review is to summarize the
findings on one of the many proposed ways of delaying demen-
tia and to encourage accounting for different types of bilinguals
in future research. In an effort to do so, this review first dis-
cusses and provides a summary of current findings around
bilingualism and its impact on dementia. It also takes a look at
some research that incorporated late bilinguals in their studies.
The main contribution of this paper is that it offers suggestions
for improvements of research methods moving forward, such
as establishing a clear definition of the terms often used and
generally increasing the effort put into this field of bilingual
advantage.

B Discussion

Introduction to the Bilingual Advantage Theory and Its Effect
on Dementia:

Bilingual advantage influences several factors, including cog-
nitive reserve (CR), which contributes to the delayed onset of
dementia.”> However, as previously stated, this theory is highly
controversial. In order to understand the reason why this is the
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case, it is important to first clearly state the definitions of bi-
lingualism, its components, and the advantages.

What is the Bilingual Advantage? Bilingualism is the ability
to speak and use two languages. The number of people with
this skill is growing globally. Its benefits in communication
skills and other linguistic terms are obvious, but there are
non-linguistic advantages as well. In fact, bilingualism is be-
lieved to enhance executive functioning skills.”> However, this
theory, called the bilingual advantage,” is heavily debated due
to the inconsistent and contradictory findings from different
studies.

One of the executive functioning skills enhanced by bilin-
gualism is inhibition, which is the ability to direct attention to
one or a few important features of a stimulus while inhibiting
attention to misleading or unnecessary features.!* It is believed
that bilinguals have stronger inhibition skills because of their
constant need to suppress one language to focus on, better
comprehend, and be fluent in another.® Bialystok e# a/. studied
the inhibitory processes of bilinguals by assigning four trials
of the Simon task to their 94 participants, where half of them
were bilingual, and the other half were monolingual. They
reported that young monolinguals had an average of 86.4%
accuracy and 1,304 milliseconds reaction time, and that young
bilinguals had an average of 97.1% accuracy and 536 milli-
seconds reaction time.® This trend was also true, and the gap
was even greater, for older participants. This data shows that
bilinguals performed better on the task than their monolingual
counterparts, indicating that bilinguals have more efficient in-
hibitory processes than monolinguals.

Carlson and Meltzoft also studied inhibition in bilinguals
compared to monolinguals.’* They used an advanced version
of Zelazo’s Dimensional Change Card Sort (DCCS), which
is a method that can assess the executive function of people
of all ages.” Fifty kindergarten children were included in the
study. Bilingual participants in the study scored 3.26 on the
DCCS task, while the control group scored 2.12, a difference
that is statistically significant. The difference between the
scores indicates that bilinguals have better or improved ex-
ecutive function skills."* Since the Advanced DCCS requires
inhibition to complete, it was evident that bilinguals have bet-
ter inhibitory control than their monolingual peers. These two
studies,®* as well as others, support the hypothesis that bilin-
gualism leads to better inhibitory control.

Another executive function that is often studied in this field
is attention. This skill involves guiding attention to and focus-
ing on an important aspect of a stimulus, which is in part made
possible by inhibitory control, which suppresses irrelevant in-
formation.’ Thus, if bilingualism boosts inhibitory control,
then it would also benefit one’s attention.

Task switching, the process of switching mental focus from
one thing to another, is another factor of executive function-
ing that bilingualism can influence. Prior and MacWhinney
studied whether cognitive bilingual advantage included these
task-switching skills.”” Bilingual and monolingual university
students performed the task-switching paradigm, which was a
task adapted from another study.’® This task had three parts to
it: single-task blocks (identifying the color or shape of a graph-

ic), mixed-task blocks (identifying both color and shape), and
single-task blocks again. In the mixed-task blocks, participants
performed both switch (alternating between color and shape)
and non-switch trials. As a result, the average reaction time for
bilinguals was 437.97 milliseconds, and for monolinguals was
448.8 milliseconds for the single-task blocks. For mixed-block
switch tasks, bilinguals’ average reaction time was 814.16 mil-
liseconds, while that of monolinguals was 875.54 milliseconds.
The trend persisted for non-switch tasks. These data show
that the bilingual participants in the study had faster reaction
times than monolingual participants. Thus, it can be asserted
that bilinguals have lower switching costs, i.e., there is a bi-
lingual advantage in the efficiency of switching from one task
to another. Researchers attribute this advantage to bilinguals’
repeated practice of switching between languages.!”

It is also said that bilingualism may benefit one’s working
memory, which is a temporary storage for information to be
held in one's mind and used for cognitive tasks.’” Based on
the hypothesis that bilingualism affects executive functioning,
Blom ez al. studied the working memory of Turkish-Dutch
bilingual and monolingual children from ages 4 to 6. They
assigned the Dot Matrix, Odd-One-Out, and Forward and
Backward Digit Recall tasks to children aged 6 and gathered
their scores. Bilingual children' s mean scores were 16.1, 11.8,
20.0, and 7.5, respectively. Monolingual children’s mean scores
were 13.6, 9.9, 18.3, and 4.0, respectively. Comparing these
scores shows the trend that bilingual children score higher in
all tasks, indicating that they have better short-term memory.
This indicates the presence of a bilingual advantage in work-
ing memory."” Another study also showed that loss of working
memory due to old age was mitigated by bilingualism through
an assessment of the Simon task.® These findings support the
hypothesis that bilingualism impacts executive functioning.

Another component of executive functioning is cognitive
reserve (CR). CR is a hypothesis that the brain has the abil-
ity to cope with damage. It maintains the brain’s health and
prevents cognitive decline by using efficient networks and
alternative approaches to solve problems.’? One of the main
diseases that CR copes with is dementia, as it can delay the
onset of the disease, and it is argued that life experience can
impact the onset of dementia through contributing to CR.*
Researchers are exploring how bilingualism may count as one
of the experiences that delay dementia. For example, Craik and
colleagues conducted research with the hypothesis that life-
long bilingualism contributes to CR. They collected data on
the timing of onset and diagnosis of Alzheimer’s disease (AD)
from 211 monolingual and bilingual AD patients. Drawing
from each patient’s information about their occupational, ed-
ucational, and language history, 102 patients were classified as
bilingual and 109 as monolingual. Their reported data show
that bilinguals reported the onset of AD symptoms 5.1 years
later and were diagnosed with the disease 4.3 years later, com-
pared to monolinguals. As a result, researchers concluded that
lifelong bilingualism contributes to CR.® Combined with data
from another study that found the same 5-year gap in bilin-
gual and monolingual AD patients, this finding strengthens
the CR hypothesis in terms of bilingual advantage.’
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Although it seems convincing that bilingualism thus delays
the onset of dementia, not all studies could replicate these
findings. Chertkow ez a/. studied an even larger sample of 1842
monolingual, bilingual, and multilingual AD patients and
found that the onset of AD was only 1 year later for bilinguals
compared to monolinguals, a finding that is not statistically
significant.” These conflicting findings make the bilingual ad-
vantage theory on dementia highly controversial.

Thus, some studies refute this claim,”?° but it can be assert-
ed that there is at least some kind of bilingual advantage in
terms of executive functioning, as well as delaying the onset of
dementia. The extent of this advantage remains unclear. Also,
even if it is supposed that there is an advantage, the findings
of the studies that support this hypothesis are often inconsis-
tent. There are a few factors that may help explain why these
inconsistencies occur.

Factors that Define Bilingualism. One of the reasons why
the bilingual advantage theory is debatable is that different
studies use different definitions of bilingualism. Some re-
searchers use surveys to assess and categorize their bilingual
participants,®® while others use tests for it.”* The examples of
factors of bilingualism include proficiency, differences, and the
age of acquisition (AoA) of the languages.

It is believed that proficiency plays one of the largest roles in
defining bilingualism.? Despite this, contrasting definitions of
proficiency make the results of different studies incomparable.
For instance, Zied ez al. found that balanced bilinguals have
better inhibitory control when compared to unbalanced bilin-
guals.?? They measured this through the Stroop task,?* where
French- or Arabic-dominated bilinguals scored significant-
ly lower than they did in the other language, while balanced
bilinguals scored similarly on both languages. Balanced bilin-
guals are bilinguals who have similar levels of proficiency and
daily use of both of their languages.”

A different study by Yow and Li on balanced bilingualism
showed the same trend of advantage in executive function-
ing, using several tasks, including the Stroop task and the
task-switching task.*’ But these findings are not necessar-
ily replicates of each other since the researchers measured
bilingual proficiency differently. Zied ez a/.** made their par-
ticipants take the Boston Naming Test in order to measure
their proficiency, while Yow and Li*! conducted a survey where
the participants self-reported their proficiency. These differ-
ences in the methods of measuring language proficiency make
it hard to properly compare the findings, and thus, it leads to
inconsistencies between studies.

71925 note the similarities and differences

Some studies
between the languages as an important factor for defining bi-
lingualism. These similarities and differences are often defined
by which linguistic family each language belongs to. For exam-
ple, English and Spanish are in the same linguistic family in a
broad sense, since both are in a big family called the Indo-Eu-
ropean language family. In contrast, English and Turkish are in
different families since Turkish belongs to a linguistic family
called Turkic.

Petrosyan ez al.? focused on these linguistic families in their

study. They hypothesized that multilinguals who spoke similar

languages outperformed those who spoke dissimilar languages
in executive functioning. They found that among those with
education, the former group of multilinguals scored 0.2, while
the latter group scored 0.198. As a result, they concluded that
multilinguals only outperformed monolinguals, and no major
differences in executive functioning between different types of
multilinguals were found.

Another study examined bilingual advantage in phonological
awareness, which is strongly supported by executive functions.”
Researchers had three groups of participants: Spanish-English
bilinguals, English monolinguals, and Chinese-English bi-
linguals. Their interesting finding was that in the phoneme
segmentation task, where participants were required to un-
derstand the phonetic segments of words, Spanish-English
bilinguals performed the best out of all groups with a mean
score of 0.59. English monolinguals came second with 0.48,
and Chinese-English bilinguals performed most poorly with a
mean score of 0.30. Since English and Spanish are of the same
linguistic family, and English and Chinese are not, there may
be some advantages for bilinguals who speak similar languages.

Adding on, a study by Blom and colleagues mentioned pre-
viously showed a bilingual advantage in executive functioning,
especially working memory." Since Turkish and Dutch are in
different linguistic families, this finding might serve as evi-
dence for better executive functioning in bilinguals who speak
different kinds of languages, but no straightforward conclusion
can be drawn because the study did not focus on the differenc-
es between different types of bilinguals. Thus, the answer to
the question of whether similar or different languages lead to
better executive functioning remains unclear.

Another factor that defines bilingualism is the age of acqui-
sition (AoA) of the second language (L2). Different studies use
different definitions of early bilingualism. For example, Soveri
and her colleagues studied executive functioning skills in early
bilinguals, who were, in this case, bilinguals who acquired their
L2 before the age of 7. Task-switching paradigms and several
other tasks showed that younger age, earlier L2 acquisition,
combined with balanced use of languages, was associated with
a smaller mixing cost. This can be an indicator that early L2
acquisition improves inhibition skills.?

In a different study, Tao e# al. also studied executive func-
tioning in bilinguals but with a different definition of early
and late bilinguals. They stated that bilinguals who learned
their .2 at or before age 6 were early bilinguals, and those who
acquired L2 at or after age 12 were late. Similar to Soveri and
colleagues,” they found that early bilinguals showed better ex-
ecutive functioning (in this case, monitoring processes) than
late bilinguals.?”” Although their results showcase similar con-
clusions, their contrasting definitions of early bilinguals make
it challenging to compare the two findings.

In 2019, De Bruin' published a review paper, communi-
cating the need for improvements in research methods in the
studies surrounding the bilingual advantage. She conveyed to
other researchers in the field that, in order to facilitate further
advancements in the field, there needs to be a standardized
measurement of language proficiency. De Bruin also claimed
that researchers need to provide a more detailed description of
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their participants. This will allow for the opportunity to elim-
inate the inconsistencies between the studies regarding the
bilingual advantage. Furthermore, the factors of bilingualism
can help determine which groups of bilinguals can enjoy this
benefit. So, eliminating the inconsistencies will have a huge
impact on the research field. Specifically, it can determine the
benefits for late bilinguals.

How Late Acquisition of L2 Impacts the Onset of Dementia:

It can be hypothesized that if early bilinguals have the bilin-
gual advantage in delaying dementia, then late bilinguals may
also have some advantage. The reason why this is an important
topic to be discussed now is that among the studies that said
dementia onset was delayed for bilinguals, most of them have
focused on lifelong bilinguals, or bilinguals who have spoken
both of their languages their whole life. As previously stat-
ed, Craik and his colleagues demonstrated in their research
that bilinguals experienced Alzheimer’s disease (AD) symp-
toms 5.1 years later than monolinguals, but they focused on
the difference between lifelong bilinguals and monolinguals.6
Similarly, three other studies™** determined that bilinguals
reported AD symptoms around 4 years later than monolin-
guals. They also concluded that due to this, bilingualism may
serve as a cognitive reserve (CR), which is linked to delaying
dementia onset. But again, all of these studies only compared
lifelong bilinguals to monolinguals.

Because of this, there is a limitation to the generalizability of
these findings. Increased diversity in the types of participants
is needed. Specifically, a focus on AoA is needed, as many bi-
linguals these days learn their L2 at different stages in their
life.

Review of Studies with a Focus on Age of Acquisition. De-
spite what has just been stated, there are studies that compare
early and late bilinguals. One example of this is research pre-
sented by Yow and Li*' on executive functioning, specifically
inhibition. As previously stated, through the Stroop task,?
they reported that early and balanced bilinguals had better in-
hibition than late bilinguals. In a different study that studied
executive functions’ relation to CR, it was shown that inhibi-
tion is linked to CR,” which is then related to the delay of
dementia onset.”? Thus, Yow and Li’s result means that early
bilingualism benefits the onset of dementia more than late bi-
lingualism does. But it is important to note that only bilinguals
who acquired their L2 before the age of 7 were included in the
study. So, the late bilinguals in this study may still be consid-
ered early bilinguals in other settings.

Another study that compared early and late bilinguals is
by Grueso ef al*® The participants of this research included
three groups: early high-proficiency bilinguals, late high-pro-
ficiency bilinguals, and late low-proficiency bilinguals. Both
the participants’ proficiency and AoA were collected through
a survey. Bilinguals were defined as early if they acquired their
L2 before the age of 6, and late if after the age of 6. Through
various tests, including the Cognitive Reserve Questionnaire,
each participant’s cognitive abilities were measured. Research-
ers found that high proficiency bilinguals outperformed those
with low proficiency, and early AoA outperformed late AoA.

Specifically, in the WAIS-IV coding test, which was used to
measure participants’ processing speed, participants with high
proficiency performed similarly (around 0.00 to 0.15) regard-
less of their AoA, while participants with both late AoA and
low proficiency performed relatively poorly (-0.30 to 0.00).
This indicates that early high proficiency bilinguals had the
best, and late low proficiency bilinguals had the poorest cogni-
tive abilities out of the three groups. The researchers concluded
that proficiency overrides AoA and that bilingualism, especial-
ly for those with high proficiency, may serve as a CR. Since CR
may lead to a delayed onset of dementia,'? this result indicates
that earlier AoA and higher proficiency both contribute to de-
laying the onset of the disease.

Similar results were found in a study that focused on mul-
tilinguals instead of bilinguals,® and also in a study that
compared early (AoA < age 10) and late (AoA > age 10) bilin-
guals in Canada.*? In the former study, where researchers used
multilinguals as their participants, participants were classified
into either an active or a passive multilingual group with high
or low proficiency, respectively. Information on their language
history and executive functioning was collected, and the data
show that active multilinguals scored 0.22 units higher in ex-
ecutive functioning than passive multilinguals, supporting the
trend of increased bilingual advantage for multilinguals with
high proficiency.*! The latter study, which compared early and
late bilinguals in Canada, also reported similar results. Using a
questionnaire, participants were divided into early or late bi-
linguals with AoA described above. Their assessment of the
flanker task showed that early bilinguals had the earliest re-
sponse time of 557.9 milliseconds, while late bilinguals and
monolinguals performed very similarly, with 569.8 millisec-
onds and 565.2 milliseconds response time, respectively. This
indicates that early bilinguals with high proficiency have high-
er executive functioning.*> However, the methods in which
each study measured their participants are a bit different, so
the results might only be comparable in some cases.

Another study comparing early and late bilinguals was done
by Tao et al.,”” but the results were somewhat contradictory
to what has been discussed above. This study also focused on
the question of AoA, balanced bilingualism, and the impact of
these factors on executive functioning. Early bilinguals were
defined as bilinguals with their AoA of the L2 at or before
age 6, and late bilinguals were those with AoA at or after age
12.The level of proficiency was self-reported. The researchers
gathered data through the Flanker task that early bilinguals
outscored late bilinguals and monolinguals, and that late bilin-
guals performed better than monolinguals, indicating that any
extent of bilingualism had a benefit on executive functioning
over monolinguals. Adding on, and surprisingly, late bilinguals
showed better ability in conflict resolution, which involves
inhibition skills, than early bilinguals. The researchers thus
concluded that different language experiences impact execu-
tive functioning differently. These results partially contradict
what has been discussed above, indicating the fragility of this
research topic and the importance and necessity for further re-
search in the field.
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The differences in methods, measures, and results between
studies indicate that not all of the studies are comparable
or consistent with one another. Due to this, the question of
whether the AoA impacts the onset of dementia remains un-
clear. There is another topic closely related to this field, which
is the comparison solely between different types of late bilin-
guals and their advantages in executive functioning.

Review of Studies with a Focus on Late Bilinguals. Several
studies in the field only focus on late bilinguals and the differ-
ences within the population. One example of this is research
that examined how late bi- and multilinguals’ proficiency and
daily use of different languages impact executive functioning,
especially inhibition.*® Their participants included late bilin-
guals and multilinguals who acquired one or more foreign
languages at or after the age of 5. All factors, including daily
use and proficiency, were measured through a questionnaire,
and the results showed that higher mean proficiency was relat-
ed to better inhibition. This indicates how proficiency might
play a larger role than AoA or daily use in terms of its impact
on executive functioning skills.

There was another study that focused on better executive
functioning skills among late bilinguals, specifically brain
plasticity. Lin* conducted research on late bilinguals in Bei-
jing, China, to fill the gap regarding late bilinguals and how
they may affect the delay of dementia. Since neuroplasticity
is linked to CR* and thus the onset of dementia,'* Lin ques-
tioned whether late AoA of L2 affects one’s neuroplasticity.
After comparing groups with different language exposure lev-
els, she concluded that those with more exposure to English
(192 hours) had better brain plasticity than those with less ex-
posure (64 hours). These numbers of hours were equivalent to
the number of academic years of learning English, where 192
hours meant 3 years and 64 hours meant 1 year. This result in-
dicates how the time commitment to learning the L2 may also
impact the onset of dementia. However, the researcher cites
active lifestyle and social life responsibilities of the people in
the researched area as factors that might have influenced these
results, so the findings of this study may only be generalizable
to people in Beijing, China. Since generalizability is crucial
to determining the extent of bilingual advantage, this research
is insufficient to answer the question of delaying the onset of
dementia.

Another research paper that supports the bilingual ad-
vantage of late bilingualism focuses on the language control
abilities of bilinguals. Festman and her colleagues® studied
29 late bilinguals with different language control abilities and
measured the participants’ executive functioning skills. Assess-
ments through the Wechsler Adult Intelligence Scale’ and
several other executive function tasks showed that those with
strong control abilities performed better on most of the tasks,
especially in the WAIS tests, where they scored 17.2 on the
information section, while those with weaker language con-
trol abilities only scored 13.4. The same trend persisted for
all the other sections. The researchers concluded that partici-
pants with stronger language control ability have an advantage
over those with weaker language control ability in terms of
executive functioning. CR is a part of executive functioning,

so better language control may play a role in the delay of de-
mentia onset.

All of these different factors may indicate that late bilin-
guals also benefit from the bilingual advantage and the delay
of dementia. But some studies refute the overall hypothesis.
One of them is research done by Zahodne e# a/* on late bi-
linguals who acquired their L2 in adulthood. Although their
results supported that bilingualism improved basic executive
functioning, they found that it was not connected to delaying
cognitive decline and thus had no link to delaying dementia.
They only included English-Spanish bilinguals as their par-
ticipants, so their findings may not be generalizable to all, but
the extent of generalizability is unclear. They concluded their
research by hypothesizing that only bilinguals with higher ed-
ucation may exhibit an advantage in CR.

One explanation for this result differing from others may
be the research methods used by researchers. In this study,
researchers conducted a longitudinal study involving Cox
regression, which helps examine the effect of multiple vari-
ables on the onset of a disease. In contrast, in Festman and
colleagues' study, which indicated that late bilingualism may
benefit executive functioning, the researchers mainly examined
the data gathered from assigning multiple tests and tasks to
their participants.*® Since there are multiple papers mentioned
previously that support these researchers® conclusion, the ac-
tual impact of bilingualism on the onset of dementia remains
unclear.

Despite the need for further research, it can presumably be
said that there is some kind of bilingual advantage that late bi-
linguals enjoy, whether it is the actual delay of dementia onset
or some other factor of executive functioning. Due to the con-
tradicting results, though, not all research in the field supports
the hypothesis that any type of bilingualism has an advantage
in dementia; further research on this question is needed in or-
der to better define the extent of this proposed advantage.

Future Directions. No certain conclusion on the bilingual
advantage for late AoAs can be drawn because of the incon-
sistencies derived from different definitions of bilingualism.
These include measures of the AoA and the balancedness of
bilingualism, as well as the method used to measure these fac-
tors (assessment or self-report). This showcases the need for a
standard measurement of bilingualism, which is a part of the
suggestions previously addressed by De Bruin in her broader
review of bilingual advantage.’® De Bruin proposed that the
proficiency of the languages should have a standard measure-
ment. Adding on to this, there should be a standard measure
of AoA. This is the cutoff age where a bilingual person would
be defined as early or late. One possible solution would be to
determine the critical period of learning two languages si-
multaneously and to make the age at the end of that period
a cutoff.

Furthermore, it is recommended to align the definition of
L2 AoA so that it really reflects the AoA of that language. In
other words, AoA should be the age when the person began
using that language fluently and not the age when they start-
ed learning that language. Even if this was the intention for
researchers using AoA as a factor in their research, they must
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make this clear to their participants, especially when collecting
these data in a survey or some kind of self-report. This would
allow the researchers to get their desired data on their par-
ticipants. This definition of AoA was originally used by Luk
and colleagues in their research on AoA’s impact on cognitive
control.*? They used this definition because an individual can-
not be fluent in a language that they have just started learning.
This way of defining AoA should be used increasingly in future
studies so that all studies have a consistent measure of AoA
that aligns with the participants’ onset of fluency in any lan-
guage.

Also, there is a very limited amount of research that con-
siders the bilingual advantage of early and late bilinguals who
speak different kinds of languages. As mentioned previously,
the similarities and differences between the languages people
speak may have an impact on executive functioning. For this
reason, it is important to take into account various factors of
bilingualism in studies.

In general, more studies need to be conducted around late
bilinguals and their advantage in dementia onset in order to ar-
rive at a clearer conclusion. This is true with all the other types
of bilinguals as well. These people would include, for example,
bilinguals with low proficiency or those who learned their L2
in different settings, such as at school or at home. No specific
suggestions can be made since this review does not focus on
those groups of bilinguals. Going back to late bilinguals, if late
bilingualism can be proven to be one of the ways that delays
the onset of dementia to some extent, it will have a great im-
pact on a global scale. By encouraging learning of an L2 for
both children and older adults, we can aim to reduce the risk
of dementia.*** Even if the hypothesis becomes disproved, we
can still encourage early L2 learning for reduced risk of de-
mentia. Decreasing the number of dementia patients will not
only improve the lives of each individual but also benefit the
global economy. The cost of care for dementia is substantial
for each patient, and that burden added up to 1.3 trillion USD
globally in 2019, according to Wimo e a/.™ This cost is pre-
dicted to increase as time passes, so any effort to either prevent
or delay dementia would be valuable.

B Strengths and Limitations

There are several strengths to this review paper. To the au-
thor’s knowledge, this is one of the first reviews that focuses on
the relationship between late bilingualism and dementia. An-
other strength of this review is that it provides suggestions for
further research that would contribute to clarifying the extent
of the bilingual advantage.

As with all research, this review is not exempt from limita-
tions. One limitation of this review is that it references existing
literature that may not be generalizable. For example, Yijin
Lin* conducted a study on the neuroplasticity of late adult bi-
linguals in Beijing, China. Although she found that a longer
time commitment in language learning led to better neuro-
plasticity, the researcher mentioned that the findings might be
influenced by social aspects of Beijing, so it is not generalizable.

This limits the ability to review thoroughly and come to a clear
conclusion.

B Conclusion

Multiple studies indicate that bilingualism might impact
the onset of dementia.*® Among the studies that go in depth
on bilingual advantage, many of them only take into account
lifelong or early bilinguals.®'* Not so many of them put an em-
phasis on bilinguals who acquired their L2 later in their life.?
This paper summarizes the current findings on the general bi-
lingual advantage on the onset of dementia and then reviews
papers that focused on late bilingualism and dementia.***¢ In
conclusion, the extent to which late bilingualism has an impact
on the onset of dementia remains unclear and highly debatable.

In order to advance our knowledge about the bilingual ad-
vantage, a more detailed definition of bilingualism is needed,
especially the AoA. This includes both establishing the standard
age cutoff for early and late bilinguals, as well as determining
which stage of language learning should be considered as the
AoA. By improving the definition of AoA, the extent of late
bilingualism’s impact on the onset of dementia can be better
examined. This will contribute to the possibility of decreasing
the number of dementia patients because if this advantage for
late bilinguals can be proven, then L2 learning can be encour-
aged at any stage of one’s life. Even if future research disproves
this advantage, L2 education from earlier on in life can be en-
couraged more. Reducing the number of dementia cases will
decrease the hardship of both patients and caregivers, improve
public health,*! and benefit the global economy."
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ABSTRACT: Every 27 seconds, someone across the world is diagnosed with blood cancer. The global burden of leukemias
and other blood cancers has increased despite interventional therapies such as chemotherapy, immunotherapy, and adult stem cell
transplantation. This paper explores the use of precision biotechnologies such as the CRISPR-Cas gene-editing tool to improve
patients’ quality of life, refining the delivery method of regenerative blood stem cell therapies in leukemias. In allogeneic blood
stem cell transplantation, CRISPR-Cas can facilitate immune tolerance to donor hematopoietic stem cells by cleaving parts of
their Human Leukocyte Antigen (HLA) genes and by adding genes encoding protective proteins. This gene-editing technique
thereby aids in transforming the limited blood stem cell donor pool to create a safer and more effective interventional therapy
without requiring the close matching of HLA between the donor and the recipient. In contrast, it also functions to edit the
patient’s own blood stem cells in blood cell disorders like sickle cell anemias and thalassemias in order to provide long-lasting,
disease-free survival. Current advances in genetic engineering technologies are poised to revolutionize the future of regenerative
biomedicine, mobilizing the universal delivery of oft-the-shelf stem cell products.

KEYWORDS: Biology, Oncogenetics, CRISPR-Cas, Leukemia, Stem Cell Transplantation (SCT).

B Introduction Table 1: Subtypes of leukemias with associated mutations, the most affected

. population, and the percentage proportion of all major leukemia subtypes;
. created in BioRender. A chunk of rarer leukemias, such as hairy cell leukemia

Global Burden of'Le'ukemzas din BioRender. A chunk of leuke  as hairy cell leuk
Globally, leukemia is the second most common blood-re- and large granular lymphocytic leukemia, are omitted; hence, the ranges in the

lated malignancy across all ages as of 2022." Leukemia is the “Percentage of leukemias” column do not add up to 100%. Breakpoint Cluster
most common cancer among children less than 5 years old and Region - Abelson murine leukemia viral oncogene homolog 1 fusion gene

. . . . (BCR-ABL1). Philadelphia chromosome (Ph+). Fms-like tyrosine kinase 3
2 _
has the hlgheSt mortahty rate in early childhood.? In 2020, leu (FLT3). Nucleophosmin 1 (NPM1). Tumor Protein P53 (TP53). Short arm

kemias were the 11th most frequent cause of cancer-related (“p”) of chromosome 17 (17p). Data were acquired from a variety of sources.®*
mortality worldwide, causing more than 300,000 deaths.?

Subtypes of Leukemias

Defining Leukemia and the Subtypes of Leukemias: Percentage of all | peterances
Leukemia is a life-threatening blood cancer caused by the
ALL +) ( [

abnormal and uncontrolled proliferation of immature white BORANTEN pediatric 1012% 6-15]
blood cells. It is a cancer related to hematopoiesis, the produc-
tion of blood cells, and exhibits diverse genetic characteristics.?
Leukemias can be classified into subtypes based on the pro-

genitor cell type, the speed of abnormal cell growth, and the

FLT3, NPM1,
BCR-ABL1 (Ph Adults 31-35% [6-15]
+)

stage of maturation arrest.® The major subtypes include: Tres e Aulte e | b

acute lymphoblastic leukemia (ALL), acute myeloid leukemia

(AML), chronic lymphocytic leukemia (CLL), and chronic oM o (o) Adults 15% l6-15]

myeloid leukemia (CML).* Table 1 displays the characteristics

of the four major subtypes of leukemias and provides addition- Etiology and Pathophysiology of Leukemia:

al information regarding them.*"> Of these subtypes, AML is Often, leukemias can be caused by a variety of factors, in-
the most common acute leukemia among adults and has the cluding genetic mutations and environmental factors.* Genetic
highest adult mortality rate among all leukemias. AML has an mutations can be either inherited via syndromes such as Down
overall five-year survival rate of 32% for adult patients over 20 syndrome or Li Fraumeni syndrome, or acquired from unsafe
years and a five-year survival rate of 18% for elderly patients exposure to radiation or chemicals. An example of this is the
over 65 years, depicting the threat leukemia poses worldwide.’ BCR-ABL fusion gene, which arises from an acquired mu-
At the same time, ALL, the most common leukemia among tation from a chromosomal translocation identified as the
children and adolescents, accounts for the highest mortality Philadelphia chromosome (Ph), ultimately leading to the de-
rate, 14%, in that age range.’ velopment of CML and AML. Environmental factors that
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may cause leukemia include ionizing radiation from radiation
therapy or nuclear accidents, exposure to cigarette smoke, ex-
posure to chemicals such as benzene and formaldehyde, and
viruses such as Human T-Lymphotropic Virus-1 (HTLV-1)
and Epstein-Barr virus (EBV)."

Leukemic stem cells (LSCs) are abnormally mutated hema-
topoietic stem cells in the bone marrow. LSCs are a critical
component of leukemia because they trigger the onset of
AML, causing uncontrolled cancer cell growth and thereby
increasing their intrinsic resistance to chemotherapy.’” The
malignant transformation of hematopoietic progenitor cells
(HPCs) can lead to an abnormal accumulation of immature
cells in the bone marrow. This process causes an overflow of
white blood cells and interferes with regular blood cell produc-
tion." In addition, Interleukin-1 (IL-1), a group of cytokines
(signaling proteins), is overproduced in AML, while normally
they are underproduced. Interleukin-1 receptor accessory pro-
tein (IL-1RAP) overproduction has been traced to myeloid
malignancies in its signaling pathway, and it is involved in
processes such as rapid cancer cell proliferation and leukemic
cell shielding, which can further promote the progression of
AML."™® Hence, to limit the progression, it is imperative to
target IL-1RAP to rupture those downstream pathways that
would otherwise lead to cancerous transformation.'®

With these multiple mechanisms of complex interactions
triggering mutations and the proliferation of immature white
blood cells, the body’s primary immune defense becomes com-
promised and dysfunctional. Along with it, overcrowding in
the bone marrow, as seen in Figure 1, can lead to the sup-
pressed production of other cell lines like red blood cells and
platelets, leading to anemia and clotting interference, respec-
tively.>" These pathological processes may result in symptoms
such as fever, fatigue, pallor, bone pain, bleeding and easy
bruising, recurrent infections, and lymph gland enlargement,
among many others, as seen in Figure 2.

The Effects of Leukemia on the Human Body:
Pathophysiology and Symptoms of Leukemia
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Figure 1: A portrayal of the “crowding out” aspect of leukemia in which a
rapid increase in the amount of blasts and leukemic stem cells (LSCs) in the
bone marrow can lead to implications for all three blood cell lines as listed
above. This figure was made in BioRender and adapted from an image by
Hamid, 2013.7
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Figure 2: A visual depiction of the pathophysiology and common symptoms
of leukemia. This figure was made in BioRender, and the information was
gathered from Khwaja ez 4/.,2016.%
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Introduction to Leukemia Therapies:

Current leukemia treatments include standard interven-
tional therapies such as chemotherapy, immunotherapy, and
radiation therapy, as well as advanced therapies like CAR-T
cell therapy and stem cell transplantation.?’ These therapies
are discussed in more depth later in this paper, focusing both
on their clinical effectiveness and the adverse events that can
impact patients’ quality of life. Stem cell transplantation, the
Human Leukocyte Antigen (HLA), and CRISPR-Cas9 ge-
netic engineering in stem cell transplantation are introduced
below.

Stem Cell Transplantation: Advanced Therapeutic Potential
in Leukemias:

Stem cells are a subtype of self-renewing cells in our body
tissues, with the ability to differentiate into specific cell lines:
hematopoietic (blood-producing), mesenchymal (resembling
embryonic connective tissue) cells, and others.” For this re-
view, we will restrict our discussion to hematopoietic stem cells
(HSC:s), which can regenerate new healthy blood cells and re-
place the existing diseased cells. This ability of HSCs makes
them an effective therapeutic option in leukemias and blood
cell disorders such as hemoglobinopathies.

Allogeneic (allo-SCT) and Autologous (auto-SCT) Stem Cell
Transplantation:

Stem cell transplantation is a cellular therapy that can
potentially restore damaged tissue through its regenerative
properties. There are two subtypes of stem cell transplanta-
tion—autologous (auto-SCT), consisting of the individual’s
own stem cells, and allogeneic (allo-SCT), where stem cells
from a matched donor are obtained. These matched donors
may be a family member or unrelated to the patient. While
auto-SCT is more accessible and timely, it does pose a risk
of relapsed leukemia due to possible residual disease, thereby
limiting progression-free survival.?? Allo-SCT is notably more
effective in treating leukemia in contrast to auto-SCT.??
However, it requires close matching of the Human Leukocyte
Antigen (HLA), an immune-recognition marker of self versus
foreign, between the patient and the donor. HLA compatibility
helps prevent the rejection of transplanted tissue as well as re-
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duces the probability of an adverse immune response mounted
by the transplanted tissue against the patient’s normal tissues,
known as graft-versus-host disease (GVHD).** Despite these
benefits, it is critical to recognize that the process of securing
an HLA-matched donor can be time-consuming and burden-
some.

Human Leukocyte Antigen, Immune Tolerance, and Al-
lo-SCT:

HLA proteins are surface markers on leukocytes (white
blood cells) and are encoded by Major Histocompatibility
Complex (MHC) molecules, which are critical components of
our immune system. They are Class I and Class II genes locat-
ed on the short arm of chromosome 6. There are three loci
for Class I (HLA-A, HLA-B, and HLA-C); each individual
inherits A, B, and C from each parent, resulting in six allel-
ic pairs in each cell.® Whereas Class II molecules are mainly
expressed on immune cells, especially those able to present
foreign proteins (antigens). They have three loci (HLA-DR,
HLA-DQ, and HLA-DP), of which HLLA-DR is the most
prominent and polymorphic subtype. HLA proteins are re-
sponsible for initiating immune rejection of foreign pathogens
from their position on the surface of cells, because of their
ability to differentiate self from non-self.? It is imperative to
note that HLAs align more closely with other HLAs of the
same family and next with those of the same ethnicity, due to
the unique set of genes that comprise them. Each ethnicity
presents its own unique HLA profile created by varying fre-
quencies of inherited alleles.” Allo-SCT requires close HLA
matching (the process of identifying and matching all HLA
pairs) to prevent rejection of the transplant and GVHD. The
need for HLA typing and matching is currently a huge barrier

to access to stem cell therapy in leukemia.

Gene Editing Biotechnologies: TALENs, ZFNs, and CRIS-
PR-Cas:

The focus of this review is on the utilization of scientif-
ic advancements in precision medicine biotechnologies like
transcription activator-like effector nucleases (TALENS),
zinc-finger nucleases (ZFNs), and CRISPR-Cas (Clustered
Regularly Interspaced Short Palindromic Repeats - Cas en-
donuclease) for the timely and efficient delivery of stem cell
therapies.?® The revolutionary potential of such gene-editing
techniques, which are evolving to fix gene mutations and add
functional genes ex wvivo, has redefined both transplantation
and regenerative.?’

CRISPR-Cas: the Present and the Future:

Genetic editing biotechnologies, especially the more precise
CRISPR-Cas system, have shown promise to make allo-SCT
more universal, precluding the need to closely match the HLA
of the donor with that of the patients. This gene modifica-
tion tool uses the HLA-abrogation process, consisting of the
disruption and self-repair of stem cell DNA.* This precision
delivery technique would allow allo-SCT regimens with supe-
rior effectiveness to induce prolonged remission of leukemias

while also being available relatively quickly. Additionally, this

technology will help in minimizing the likelihood of adverse
events such as GVHD.*' Moreover, incorporating CRIS-
PR-Cas genome editing to repeal HLA-mediated immune
rejection will limit the need for immunosuppressive drugs
with serious side effects.*> CRISPR-Cas gene editing has also
shown great success as a therapeutic approach in the improved
delivery of autologous stem cells with the utilization of ex vivo
gene editing to “silence” or “reactivate” certain responsible tar-
get genes.® This aspect of CRISPR-Cas gene editing has been

elaborated in the discussion section of this paper.

Gene Editing, Stem Cell Transplantation, and Hemoglob-
inopathies:

Genetically inherited red blood cell disorders such as sickle
cell disease and beta-thalassemia major are the most com-
mon inherited diseases around the world, affecting 7% of the
world’s population.* Although non-cancerous, their global fa-
tality at a staggering 376,000 lives lost annually positions them
as a major global health issue.* The overall disease burden of
these conditions makes it critical to work on prevention and
therapies. CRISPR-Cas9 gene-editing technology has prom-
ise in enabling long-lasting disease-free survival for patients
with these blood cell disorders through edited autologous stem
cell transplantation.

B Discussion

Current Therapies in Leukemia:

Current interventional therapies for blood cancers include
chemotherapy, radiation therapy, targeted therapies such as
tyrosine-kinase inhibitors, novel immunotherapies such as
immune checkpoint inhibitors, natural killer-mediated im-
munotherapy, and chimeric antigen receptor (CAR) T-cell
therapy, and monoclonal antibodies. These therapies have in-
dications, advantages, and limitations, such as adverse effects
that may cause poor quality of life or failure of treatment itself.
Hence, the usage of stem cell transplantation as a therapeutic
approach for blood cancers becomes essential in refractory and
relapsed leukemias. The characteristics of and statistics related
to these therapies are displayed in Table 2.7

Chemotherapy:

Chemotherapy is the most widely used standard of care
treatment protocol for leukemias.* Chemotherapy is a thera-
peutic cancer intervention that causes genotoxicity to damage
cellular DNA.* The chemical agents produce reactive oxygen
species—unstable and reactive molecules, which have the po-
tential to cause oxidative stress and induce cellular damage to
the cancerous cells for the desired effect. Unfortunately, the
administration of chemotherapy also damages healthy tissues,
inducing a series of unwanted short-term adverse effects such
as severe fatigue, nausea, vomiting, diarrhea, headaches, and al-
opecia, as well as long-term side effects such as organ damage,
secondary malignancies (e.g., myelodysplastic syndromes), and
neurotoxicity.*
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Targeted Therapy and Immunotherapy:

The second arm of intervention in leukemias consists of im-
munotherapies, which can be systemic and targeted as well.
Immunotherapies, often used alongside chemotherapy, are a
form of therapeutic cancer intervention in which the body’s
immune cells and antibodies are used to eliminate pathogen-
ic cells.* The most common immunotherapies are chimeric
antigen receptor (CAR) T-cell therapy, natural killer-me-
diated immunotherapy with specific targeted mechanisms,
and monoclonal antibodies, including immune checkpoint
inhibitors, whereas the targeted therapy with tyrosine kinase
inhibitors is not considered to be an immunotherapy.*®

Chimericantigen receptor (CAR) T-cell therapy is a targeted
immunotherapy that works by attaching a ligand to a receptor
for the purposes of disrupting cancer-causing processes, and
then it is able to target specific cells with toxic components.?!
The efficacy of CAR T-cell therapy is notably threatened by
a phenomenon known as “low-antigen escape,” which means
the target is not immunogenic enough to be destroyed by the
T-cells delivered.* It can be affected by the on-target, off-tu-
mor toxicity as well, highlighting major deficiencies in utilizing
CAR T-cell therapy in leukemic interventions.

The other forms of immunotherapies are natural killer
(NK)-mediated immunotherapies, which are meaningful as
they have the ability to detect cells that lack MHC class I
molecules. This trait could allow the potential pairing of the
usage of natural killer (NK)-mediated immunotherapies and
CRISPR-Cas genome editing for targeted killing of cancerous
cells that remain after allo-SCT. But their use can be limited
due to their potential to induce hyperstimulated activation and
thereby weaken the cytotoxic functions of natural killer (NK)
cells.*®* This functional deficiency hinders NK cells from per-
forming their normal immunoregulatory functions, thereby
predisposing the body to infections. This leads to a potential
path to study a combination of therapeutic interventions in
blood cancers, in order to make up for the limitations of one
therapy with the advantages of another.

Monoclonal antibodies (mAbs) are another form of targeted
systemic immunotherapy in leukemias. The mAbs are glyco-
proteins targeting specific surface antigens and molecules on
tumor cells.* They are divided into four major categories: mu-
rine (omab), chimeric (xiomab), humanized (zumab), and fully
human (umab) mAbs.* Nearly half of all antibodies are used
in therapeutic cancer interventions.* MAbs have a variety of
methods by which they function, including blocking recep-
tor-ligand binding and inhibiting cell proliferation. However,
the lack of cost-effectiveness makes therapeutic antibodies
unconventional, as they limit access to a wider patient base.*

Immune checkpoint inhibitors (ICls) are a distinct type
of monoclonal antibodies (mAbs) that regulate immune cell
activation for an anti-tumor response and combat the self-im-
munity of certain cancer cell types. These cancer cells would
otherwise evade destruction by exploiting the body’s natural
immune checkpoints of preventing autoimmune attack.*! ICIs
provide a more promising and specialized therapeutic inter-
vention, yet their vulnerability to immune escape by leukemia
cells and the adverse events from possible autoimmune attack

against the body’s own tissues pose an obstacle to their incor-
poration.*

Tyrosine kinase inhibitors (TKIs) are small molecules that
target and disrupt signaling pathways that allow malignant
cell proliferation.? Molecular changes made by TKIs can
lead to cell death via various pathways.* They have been used
for the last twenty-five years and have been the cornerstone
of management of chronic myeloid and chronic lymphocyt-
ic leukemias, which are the hematologic malignancies heavily
dependent on tyrosine kinases for cellular proliferation and
survival. But many of these TKIs are not selective and may in-
hibit multiple kinases, thereby causing adverse events related to
organ damage from “off-target” effects. The limiting factor can
also be the adverse events resulting from the “on-target” effects
due to excessive inhibition of the tyrosine kinases. These can be
in the form of gastrointestinal, cardiac, and skin complications,
which can cause short-term or long-term damage.

Radiation Therapy:

Radiation therapy (RT) is another therapeutic intervention
specifically utilized for certain types of leukemias like ALL,
albeit it is a less frequently indicated treatment for leukemias
overall. RT utilizes high-energy beams to damage cancerous
cells in leukemia. RT has been used as a bridge therapy to
complement alternative cancer interventions such as chimeric
antigen receptor (CAR) T cell therapy in certain leukemias,
such as ALL, where it sensitizes tumor cells to be attacked
by T-cells.* While it is effective in damaging cancerous cells,
it can unfortunately cause an adverse reaction to healthy tis-
sues as well, creating a paradoxical response. For example, in
CAR-T cell therapy, if the RT dose is overtly robust, it can in-
duce early activation of T-cells, thereby causing destruction of
those very immune cells that were supposed to protect against
cancerous cells.” This has become a limitation in incorporat-
ing RT during therapeutic interventions.

Stem Cell Transplantation: Advanced Therapeutic Potential
in Leukemias:

Table 2: Efficacy is measured by the 5-year OS of various therapies for
ALL.The table below, created in BioRender, reviews the leading therapies for
leukemias, including chemotherapy, immunotherapy, radiation therapy, stem
cell transplantation, and targeted therapy. While ALL is most common in
pediatric populations, data for immunotherapy usage in ALL were limited to
adult populations due to the unavailability of pediatric populations. Overall
survival (OS). Leukemia-free survival (LFS). Data were acquired from a
variety of sources.*’*

Current Therapies to Treat Acute Lymphoblastic Leukemia (ALL)
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Given the limitations of the aforementioned therapies for
leukemias, it is key to explore the treatment modality of stem
cell transplantation (SCT) as one of the leading alternatives,
especially in refractory and relapsed cases, as well as for those
cases with an adverse cytogenetic profile.*** Stem cell trans-
plantation offers the potential for long-lasting remission as
well as cure in leukemias, making it the second-line treatment
for certain refractory and relapsed cases of acute myeloid leu-
kemia (AML) and acute lymphoblastic leukemia (ALL).“
“The use of bone marrow transplantation (a type of SCT)
from compatible donors is the most effective treatment for
CML"because alternative therapies might not work effectively
and cause severe side effects to patients.*

Autologous and Allogeneic SCT as Therapeutic Interventions
in Leukemias, Hemoglobinopathies, and Inberited Red Blood
Cell Disorders:

There are two distinct types of stem cell treatment based
on their source: autologous and allogeneic. Autologous stem
cell transplantation (auto-SCT) consists of transplanting the
individual’s own stem cells, in contrast to allogeneic stem
cell transplantation (allo-SCT), where the stem cells from a
matched donor are obtained from either a family member or
an individual unrelated to the patient. Their indications of use
in leukemia are based on the patient profile, type of leukemia,
and the response to available therapies.*

In autologous stem cell transplant therapy, the patient’s
intrinsic stem cells are collected and treated ex wiwo before re-
infusion into the patient’s own body to treat a condition. This
can only be done if their bone marrow is healthy enough to
obtain stem cells. Auto-SCT is more accessible, timely, and has
the advantage of better acceptance of transplanted tissue with-
out the need for any HLA matching. But auto-SCT does pose
a risk of relapsed leukemia due to possible residual disease,
thereby limiting the progression-free survival of affected pa-
tients.*? Hence, for its effective use therapeutically to treat the
disease condition, editing with genetic engineering technolo-
gies like the CRISPR-Cas9 endonuclease system can facilitate
“silencing” or “reactivating” a gene to make it functional.
Thereafter, these edited intrinsic stem cells can be reinfused in
the patient to treat their leukemia, which is considered an au-
tologous transplant.®* While this process of “cleaning out the
residual disease from harvested stem cells using gene edits” is
still undergoing clinical trials for auto-SCT in leukemias, it
has been successfully carried out for patients with inherited
red blood cell disorders—hemoglobinopathies like sickle cell
disease. An example is Casgevy, which is the first FDA-ap-
proved CRISPR-based treatment for severe sickle cell disease
and beta-thalassemia; this treatment has been successful in
clinical use as of 2023. The disadvantage of incorporating au-
tologous stem cell transplantation in the therapeutic protocol
for leukemia is that the intrinsic stem cells could be cancerous
in the affected individuals with leukemia, thereby potential-
ly causing relapse of the disease, while not helping replenish
hematopoietic (blood-producing) cells easily.’! The other ma-
jor limitation is the cost related to this modality of treatment,
thereby creating inequitable access.

An allo-SCT is the transplantation of stem cells from an-
other individual—related or unrelated—being transfused into
the patient’s body to treat the blood disorder. Such transplan-
tation needs to be matched for HLA, the immune-recognition
marker, and offers the advantage of being more efficacious in
inducing remission due to the graft-versus-leukemia (GVL)
effect. This makes it a more sought-after treatment of certain
leukemias in comparison to autologous.’** Allo-SCTs may
facilitate longer remission and prevent progression of the dis-
ease, depending on the specific leukemia and other individual
risk factors.?** However, there are limiting factors for alloge-
neic stem cell transplantation since close compatibility of the
donor’s HLA with the patient's is necessary for a successful
transplant outcome. It is also imperative to align HLA closely
to help prevent rejection of the transplanted tissue for amelio-
rating the affected patient’s condition. This would also help
minimize the risk of an adverse immune response mounted by
the transplanted donor tissue against the patient’s normal tis-
sues, graft-versus-host disease (GVHD).?**! But as evidence
shows, the process of securing a fully matched stem cell donor
can be labor-intensive and time-consuming, which can delay
the chances of a patient’s medical condition improving. In the
meantime, affected patients can continue to worsen and possi-
bly suffer complications from their disease. It takes an average
of 52 days to get to the matched donor information session for
beginning the process of allo-SCT, which is longer than the
average duration of an auto-SCT.*?

This paper investigates the progress made in the precision
delivery of effective allogeneic stem cells using the CRIS-
PR-Cas system genome editing to modify HLA genes and to
facilitate successful acceptance by the recipient.”® It is worth-
while to consider the potential success of genetic engineering
techniques like zinc-finger nucleases (ZFNs), transcription ac-
tivator-like effector nucleases (TALENSs), and CRISPR-Cas
genome editing in precision medicine for abrogating HLA
genes. These HLA-deficient or HLA-negative donor stem
cells or lymphocytes become hypoimmunogenic, thereby
evading the host immune system's detection.?** The resulting
successful allogeneic stem cell transplants potentially induce a
durable remission of the leukemia and lead to event-free sur-
vival in the affected patients.

Gene Editing Biotechnologies: TALENs, ZFNs, and CRIS-
PR-Cas:

First, we delve into the uses and limitations of ZFNs and
TALENS in this realm. Then, we will discuss the advantages
and detailed processes of utilizing the CRISPR-Cas genome
editing tool to help in rendering “universal” donor stem cells.
ZFNs and TALENSs are programmable nucleases that consist
of anonspecific DNA cleavage portion linked to sequence-spe-
cific DNA-binding modules.”” They induce these edits in
the genes by making double-stranded breaks in the DNA,
which thereafter stimulate DNA repair mechanisms in the
form of homology-directed repair (HDR) at specific genom-
ic locations or non-homologous end-joining (NHE]); these
mechanisms are also called “gene-knockins” and “gene knock-

outs”, respectively.”* Although the flexibility of this targeted
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approach has brought genome engineering to the forefront
of therapeutics in leukemias, they are more time-consuming,
costly to manufacture, and lack site-specificity at times. This
is where more efficient delivery systems like the CRISPR-Cas
(Clustered Regularly Interspaced Short Palindromic Repeats
- Cas endonuclease) gene editing system have been a better
alternative comparatively for targeted genetic modifications.?

Introduction of the CRISPR-Cas Gene Editing Tool:

CRISPR-Cas9 is an innovative gene editing tool function-
ing as a pair of molecular scissors that utilizes a single-guide
RNA (sgRNA) and Cas9 protein duplex to edit DNA.** This
is an important part of the adaptive immune system in pro-
karyotes to direct the precise removal or insertion of DNA
fragments with a bacterial enzyme. The bacterial CRISPR lo-
cus was first described by Francisco Mojica, and it is made of
viral or plasmid DNA that previously infected the microbes,
found between the array of short palindromic sequences,
called “spacers.”™ It was patented just over a decade ago by
E. Charpentier and J.A. Doudna, who repurposed the type
IT CRISPR/Cas9 system for use in therapeutics. This gene
editing tool has its roots in an adaptive bacterial immune sys-
tem—bacteria loading a portion of the attacking viral DNA
into their own genome as “memory” for the future and for pre-
vention of re-infection with the virus. Target recognition by
the Cas9 protein, an endonuclease (“the molecular scissors”),
requires an identifying sequence known as protospacer ad-
jacent motif (PAM), “the postal address,” which is upstream
of the cRNA-binding region. This allows the CRISPR-Cas
complex to be adaptive as per the necessities of gene editing by
redesigning the crRNA to cleave any DNA sequence.”® Com-
pared to ZFNs and TALEN:S, it is more effective and simpler
to produce with a short turnaround time, thereby reducing the
economic burdens involved.*** The different delivery methods
for CRISPR-Cas9 include viral gene delivery (e.g., adenovirus,
lentivirus, retrovirus) and non-viral gene delivery systems such
as DNA electroporation, transposons, nanocarriers, and cell-
squeeze techniques involving various bioactive materials.”” The
details of these delivery systems, including uses and limitations,

are beyond the scope of this paper.

CRISPR-Cas in Stem Cell Transplantation: Advantages and
Limitations:

CRISPR has evolved to help delete genes of HLA Class 1
and II antigens, which make the donor stem cells “escape” the
patient’s immune system, becoming more acceptable to the
patient’s body; Figure 3 depicts this HLA cleavage and its in-
tended effect.”” As the rejection of foreign stem cells can be
prevented, it precludes the need for closely matching the HLA
as well.3%3%°* Thhis facilitates such stem cells from the donor
to become more “universal” in nature and ready “off-the-shelf”
for the purpose of effectively treating rare and refractory che-
mo-radiation-resistant leukemias while minimizing the wait
time to find HLA-matched donors. The additional uses of
CRISPR in the arena of stem cell transplantation are the pre-
vention of automatic destruction of such HLA-deficient stem

cells by the natural killer (NK)-cell response, which does this

by overexpressing NK-inhibitory ligands.*** The other meth-
od where CRISPR is useful in allogeneic stem cell transplants
is the T-cell receptor “gene-deletion” in donor T-lymphocytes,
which can prevent them from launching an attack on the recip-
ient’s foreign cells, thereby preventing graft-versus-host disease
and related adverse events.

HLA Class | B2M gene cleavage via CRISPR-Cas9

Targeting B2M gene to switch off HLA expression in HLA Class |

Regular d surface pi
egulal F of functional HLA
Peptide-binding cleft Peptide-binding cleft
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b ®
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Figure 3: A visual depiction of the potential to reduce surface-level expression
of functional Class I HLA by targeting the beta-2-microglobulin gene via
CRISPR-Cas9. This figure was made in BioRender and adapted from a figure
made in collaboration between BioRender and the Doudna lab.*”

The CRISPR-Cas system has provided a quicker and simpler
solution to manipulate the genome for therapeutic benefits, but
it still has several limitations that need to be evaluated further
and alleviated.® Just like we need to discuss the indications
and advantages of the CRISPR-Cas system, we need to note
the limitations of this gene-editing tool as well. The limita-
tions can be the possibility of tumorigenesis through triggering
of a p53-dependent DNA damage response that induces cell
death and apoptosis of such affected cells with functional p53,
whereas the ones with p53 mutations get naturally filtered out
for survival and uncontrolled multiplication.?” This can result
in the suppression of the gene-editing tool itself due to the
arrest of the cell cycle and division, which prevents CRIS-
PR-related repair mechanisms from being successful.”” There
are also chances of genome editing by CRISPR being rendered
ineffective due to an adaptive immune reaction against it by
the host’s immune system. In addition, there is a higher risk of
off-target mutations due to genomic instability and uninten-
tional disruption of other genes, which may need a “switch-oft”
mechanism. There is promise in single-base editing or substi-
tution to minimize the off-target effects, as well as disruption
of genes, causing inadvertent mutations during repair.®

B Conclusion

Hematopoietic stem cell transplantation (HSCT) has large-
ly been successful in treating certain leukemias, the ones that
are refractory or resistant to conventional therapeutics, and in
cases where those have caused severe adverse effects for the
patients. Data shows although the disease burden of leukemias
has increased recently, the good news is that overall survival
(OS) and event-free survival (EFS) across all leukemias and
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patient populations, especially in the pediatric population,
have also increased.? We can certainly credit these to novel and
safer targeted therapies, immunotherapeutics, and stem cell
transplantation in combination with precision medicine and
gene-editing technologies. Of the current genetic engineering
tools, ZFNs and TALENs have some limitations due to their
off-target effects in their practical applications, which makes
the CRISPR-Cas system more viable as a therapeutic tool
for effective and more specifically targeted delivery in leuke-
mias. Stem cell transplantation, especially allogeneic, has more
potential for enduring remission in patients with refractory,
relapsed leukemias as compared to autologous, which has lim-
ited indications in certain acute myeloid leukemias. The need
for close HLA compatibility in allogeneic stem cell transplants
for safe and successful transplant outcomes makes it extremely
unlikely for many patients to access the limited stem cell do-
nor pool over their lifetime. Their quality of life and survival
chances are adversely affected. Hence, the use of gene-editing
techniques, especially CRISPR-Cas duplexes to deliver hypo-
immunogenic and “universal” allogeneic stem cells in a quicker
turnaround time to patients with leukemias, seems extremely
promising.

The goal of therapeutic gene editing is to make potentially
curative stem cells safer by reducing the off-target effects and
associated risks to patients.’® These processes are still evolving,
with better design of the CRISPR-Cas guide RNA, using a
variant of Cas9 nickase (Cas9n) for inducing single-strand-
ed breaks, as well as with single-base and prime editing; this
should help better accuracy, obviating the off-target effects.
Additionally, the newer technologies of direct in vivo gene-ed-
iting tools explored in other genetic musculoskeletal and solid
tissue tumors can be extrapolated to therapeutic applications
in blood cancers and blood cell disorders. However there are
some limitations of genetic engineering technologies, like the
economic burdens on the healthcare system, differential access
to resources in varied settings, and the need for solutions in
order to reduce such inequities created from the very high costs
of CRISPR-edited stem cells. Moreover, it is necessary to ad-
here to the ethical regulatory frameworks of the government
and entities about genetic modification that may inadvertently
cause long-lasting complications in recipients, including tum-
origenesis.*’

In summary, gene-editing precision tools like CRISPR-Cas
have kick-started a revolutionary transformation in the treat-
ment options for leukemias and, in the future, have the potential
to lead to improved outcomes of better quality of life for such
patients in a more equitable manner.
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ABSTRACT: Although current research on air quality reveals that certain VOCs (like formaldehyde), which have large mass
increases (>33%) during wildfire events, may be relevant for air quality prediction, they are not consistently and accurately reported
or included in AQI. These issues have also severely limited the prediction of VOCs into the future. This paper attempts to test the
accuracy of various machine learning models for predicting formaldehyde given historical AQI, month, and wildfire count data
for counties in California from 2015 to 2025. Based on experimental results, the correlation coefficient was greater than 0.3 in a
majority of cases and ranged to around 0.8, suggesting at least a moderate, positive correlation between AQI and formaldehyde.
In addition, the Gradient Boosting Regressor (GBR) model performed the best (without overfitting) for predicting formaldehyde
based on AQI, month, and wildfire count. The GBR model achieved an RMSE of 1.36 after hyperparameter tuning. This research
suggests that there is a correlation between AQI and formaldehyde that should be explored further through higher-quality
formaldehyde sensors and more consistent reporting of formaldehyde. Incorporating meteorological data and deep learning

models may improve the accuracy of formaldehyde prediction as well.
KEYWORDS: Earth and Environmental Science, Atmospheric Science, Air Quality, Volatile Organic Compounds,

Formaldehyde.

B Introduction

The Air Quality Index (AQI) is the most widely adopted
system for reporting air quality across the United States. The
Environmental Protection Agency currently calculates AQI by
selecting the highest pollutant index among 5 regulated criteria
pollutants: particulate matter (less than 2.5 and 10 microns),
ozone, carbon monoxide, sulfur dioxide, and nitrogen dioxide.
The pollutant index is defined as follows:
AQl, —AQl,

Conc, —Conc,

Pollutant Index = X (Conci - Concbow) + AQI

Low

In the equation above, Conc; refers to the measured con-
centration of the pollutant, Conc,; and Conc,,, refer to the
pollutant-specific breakpoints immediately greater than and
less than the measured concentration, respectively, and AQI,,
and AQI,  refer to the corresponding AQI value for the Hi
and Low breakpoints, respectively. The pollutant-specific
breakpoints come from the EPA National Ambient Air Qual-
ity Standards (NAAQS).!

Despite its widespread usage, the current AQI system has
several limitations. For example, the criteria pollutants used for
AQI do not include larger particles that are produced during
wildfires, including ash. In addition, these pollutants do not
include volatile organic compounds (VOCs), which are harm-
ful toxins often produced by wildfires. These omissions may
be especially important in states with historically high wild-
fire counts, such as California. One study by Jaffe e a/ notes
that in addition to particulate matter, wildfire smoke can con-
tain VOCs, including benzene, toluene, xylene, acrolein, and
formaldehyde,? which are associated with certain health risks
like cancer and neurological defects. Compared to the 5 cri-
teria pollutants measured in AQI, VOCs are often unreliably

reported due to limited monitoring frequency and poor-quality
sensors, making it difficult to obtain an accurate model for air
quality that integrates them.

Another study by Rice ez al. shows that formaldehyde in-
creased by around 34% on average during wildfires, the second
largest mean mass increase during wildfire events among all
VOC:s (second to acrolein at 43%).> These results show that
certain VOCs may be meaningful predictors of general air
quality. Since formaldehyde was also more consistently tracked
by the EPA than acrolein (although still to an irregular extent),
this paper will focus on formaldehyde as a case study.

Existing ML-based air quality forecasting studies are typi-
cally limited to AQI or the 5 criteria pollutants that are found
in AQI. For example, a study conducted by Fan e# a/. forecasted
ozone and PM, s in the Pacific Northwest,* while a study by
Raffuse ez al. forecasted PM, s in wildfire conditions.” However,
neither of these studies considers volatile organic compounds.
This highlights a clear gap in research focusing on the fore-
casting of VOC:s like formaldehyde, which can have equally
consequential health effects.

Current research on air quality reveals that while certain
VOC:s are relevant for air quality prediction and have danger-
ous health effects, they aren’t accurately reported or included
in AQI. This paper attempts to examine the relationship be-
tween AQI and formaldehyde and assess whether AQI actually
predicts formaldehyde concentration in order to measure the
efficacy of extrapolating AQI to the concentrations of harmful
VOCs.In addition, while substantial research exists attempting
to predict AQI into the future, the prediction of formaldehyde
has been severely limited due to the inadequate monitoring of

formaldehyde and the lower quality of formaldehyde sensors.
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This paper attempts to close this gap by testing the accuracy of
various machine learning models for predicting formaldehyde
given historical AQI, month, and wildfire count information
for counties in California from 2015 to 2025. Data from Cali-
fornia was specifically chosen to more accurately determine the
relevance of wildfires in formaldehyde prediction, as California
is known to be a wildfire hotspot. This paper first attempts
to establish a correlation between AQI and formaldehyde and
then trains various simple machine learning models on AQ]I,
month, and fire count (the number of wildfires in the coun-
ty of the measurement on that particular date) and attempts
to accurately predict formaldehyde. It was hypothesized that
there is a positive correlation between AQI and formaldehyde,
with AQI, month, and fire count all being important factors
for predicting formaldehyde.

B Methods

Data:

The AQI and VOC datasets® are publicly available and are
found on the EPA website, specifically under Pre-generated
Data Files on the EPA Air Quality System (AQS) page. The
specific files used are Hourly VOC data and Daily AQI data
from 2015 through 2025. The temporal range 2015 through
2025 was chosen to obtain the most recent and accurate VOC
data. Entries for VOC data are typically averages taken over 1,
3, 8, or 24 hours of a single day, while all entries for AQI data
are averages taken over the entire day. The wildfire data’ is also
publicly available and found on the CALFire website under
Incidents/Incident Data.

Materials:

Google Colaboratory, a hosted Jupyter Notebook service,
was used as the development environment and is where all of
the code for this paper was written. All of the code for this
paper was written in Python. The data downloaded from the
sources listed in the Data subsection above was stored in a
folder on Google Drive, and Google Colaboratory allowed
this drive to be mounted directly to the notebook itself. The
following Python libraries were used during code develop-
ment: pandas, sklearn, pathlib, typing, matplotlib, glob, and os.
The pandas, pathlib, typing, glob, and os libraries were used
to compile the data and build the pandas DataFrames, while
sklearn was used to build the models themselves.

Data Preprocessing:

1. AQI Data Preprocessing: First, the CSV file containing
the AQI dataset was converted to a pandas DataFrame. Then
it was filtered by state name such that only California AQI
data from 2015 to 2025 remained.

2. VOC Data Preprocessing: First, the CSV file contain-
ing the VOC dataset was converted to a pandas DataFrame.
Then the DataFrame was filtered by state name and param-
eter name such that only formaldehyde data from California
from 2015 to 2025 remained. In cases where the formaldehyde
data contained multiple entries for the same date and location,
the entries were deduplicated by keeping rows in the follow-
ing order of precedence: highest sample duration (time over

which the sample was taken), then highest arithmetic mean
(concentration of formaldehyde for that entry). Higher sam-
ple durations were prioritized because they provide estimates
that are more accurate for an entire day. The highest arithme-
tic mean was prioritized because the maximum concentration
was also the most dangerous concentration for that location
on that date.

3. Merging the Datasets: First, the AQI and VOC datasets
were merged using the columns for county name and date to
keep only entries where both AQI and VOC data were cap-
tured. Then the CALFire data was used to add a column called
“fire counts,” which counted the number of wildfires burning
in that entry’s location for that particular day.

4. AQI and VOC data were compared to establish any cor-
relation between them. This step is described in more detail in
the Data Analysis subsection.

5. Removing Outliers and Compiling the Final Dataset:
First, data where the VOC observation percent—the per-
centage of samples taken out of the total scheduled to be
taken—was less than 50% were removed to remove data that
was primarily incomplete. This step also removed all but four
of the outlier entries for the formaldehyde data because most
of the original outliers had observation percentages that were
less than 50%. Since the number of remaining outliers was ex-
tremely small compared to the number of observations, they
had a negligible impact on model performance. Finally, the
dataset was filtered to 6 columns, which comprised the final
dataset that was used to train the machine learning models:
state name, county name, date, AQI, formaldehyde, and fire
count. Training the machine learning models is described in
more detail in the Models subsection.

Data Analysis:

1. Normalizing the dataset: First, all of the columns in a
copy of the final dataset were z-score normalized using Stan-
dardScaler from the sklearn library.

2. Establishing a Relationship Between AQI and Form-
aldehyde: To identify a relationship between AQI and
formaldehyde, a dual-axis line plot was created for every entry
in the dataset with AQI and normalized formaldehyde plotted
on the y-axis (with an equal scale for both) and the date plotted
on the x-axis. The correlation coefficient between normalized
AQI and normalized formaldehyde was then calculated to
quantify the correlation between AQI and formaldehyde.

Models:

1. Splitting Feature and Target Datasets: The feature Data-
Frame, containing the AQI, month (came from date), and fire
count columns, was separated from the target DataFrame con-
taining the formaldehyde column.

2. Normalizing the Feature Dataset: All of the features in
the feature DataFrame were z-score normalized using a Stan-
dardScaler.

3. Splitting the Data into Testing and Training Datasets:
Both the feature and target DataFrames were separated into
training and testing data, using the train_test_split function
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from sklearn, such that 75% of the data was used for training
and 25% was used for testing.

4. Building and Testing the Baseline Models: First, a Linear
Regressor was built using the open-source model found in the
sklearn library. The linear regression model attempts to find
the line of best fit for data that is linearly correlated. The Lin-
ear Regressor was trained on the training set and tested using
the testing dataset. The following regression line was found
after testing:
formaldehyde = 3.0504 + 0.9221 x AQI + 0.1709 X Fire Count + 0.2814 X Month

A dummy regressor from the sklearn library was also built in
order to provide a baseline to measure how much each model
improved over a useless model. The dummy regressor always
predicts the average of the target variable.

5. Building and Testing the Models: First, the following
models were built from open-source models found in the sk-
learn library: Random Forest Regressor, Gradient Boosting
Regressor, XGBoost, LightGBM, and SVR. The Random
Forest Regressor trains many individual decision trees and
then averages the results. The Gradient Boosting Regressor se-
quences many decision trees, with each one learning from the
errors of the previous model. The XGBoost and LightGBM
models are variants of the Gradient Boosting Regressor. The
SVR model maps data into high-dimensional space and at-
tempts to find the best-fitting hyperplane to minimize loss.
Next, each of the models was trained on the training set and
tested using the testing dataset.

6. Tuning the Models: After training and testing, the hy-
perparameters of each model (where applicable) were tuned
using GridSearchCV from the sklearn library. GridSearchCV
searches through all combinations of a specified hyperparam-
eter dictionary to find the combination with the best average
R-squared score (percentage of variance in the target variable
captured by the input features). Finally, the root mean squared
error (RMSE) metric was used to assess the performance of
each model, and the best-performing model was identified by
selecting the one that improved the most over the baseline af-
ter hyperparameter tuning. Percentage improvement over the
baseline was used as the ranking metric to highlight the rel-
ative usefulness of each machine learning model over a naive
approach, even though raw RMSE after tuning would yield

the same ranking.

B Results and Discussion

Results:

First, dual-axis line plots were created showing normal-
ized AQI and formaldehyde vs date for each of the counties
in the time period from 2015 to 2025 in order to establish
a relationship between AQI and formaldehyde. Each line
plot also plotted semi-translucent orange bands in the back-
ground, which corresponded to the periods when each fire for
that county was active. After each of the plots was plotted, the
correlation coefficient between AQI and formaldehyde was
calculated for each. Three examples of these plots are shown
below.

Normalized AQI & Formaldehyde — Los Angeles, California (2018)
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Figure 1: Dual-axis line plot of normalized AQI and formaldehyde vs date for
Los Angeles County in 2018, before removing outliers, with semi-translucent
orange bands plotted in the background to represent the periods during
which each fire for 2018 in Los Angeles County was active. The correlation
coefficient between normalized AQI and normalized Formaldehyde is
approximately 0.8012.
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Figure 2: Dual-axis line plot of normalized AQI and formaldehyde vs date for
Santa Clara County in 2020, before removing outliers, with semi-translucent
orange bands plotted in the background to represent the periods during which
each fire for 2020 in Santa Clara County was active. The correlation coefficient
between normalized AQI and normalized Formaldehyde is approximately
0.8459.

2021

Normalized AQI & Formaldehyde — Riverside, California (2023)
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Figure 3: Dual-axis line plot of normalized AQI and formaldehyde vs date
for Riverside County in 2023, before removing outliers, with semi-translucent
orange bands plotted in the background to represent the periods during which
each fire for 2023 in Riverside County was active. The correlation coefficient
between normalized AQI and normalized Formaldehyde is approximately
0.3450.

After a relationship between AQI and formaldehyde was
established, the Linear Regression, Random Forest Regres-
sor, Gradient Boosting Regressor, XGBoost, Light GBM, and
SVR models were built and tested. Each of the models was
trained on the training set and tested on the testing dataset.
After this, each of the models, with the exception of the Linear
Regression, was hyperparameter-tuned using GridSearch-
CV. After this, a dummy regressor was built in to provide a
baseline, and the improvement of the hyperparameter-tuned
models over the dummy regressor was measured as a percent-
age. The results are summarized below.
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Table 1: RMSE on the testing dataset before and after hyperparameter
tuning, the percentage of RIMSE improvement over the Dummy Regressor,
and the best hyperparameters found after tuning using GridSearchCV for
each model. The Gradient Boosting Regression and XGBoost models had the
highest percent RMSSE improvement over the dummy regressor.

: Percent RMSE Best
Model HRMS"E Prnn?nr ttor H RMSE rAfr:‘ert " Improved Over Hyperparameters
odel ypeTpa_a etel ypeTrpa_a etel Dummy Found using
uning uning Regressor GridSearchCV
Dummy Regressor 1.98 N/A N/A N/A
Linear Regression 1.88 N/A 5.05 N/A
max_depth: 10,
Random Forest max_features: "sqrt”,
Regression 1.57 139 20.8 min_samples_split: 10,
n_estimators: 100
" . learning_rate: 0.1,
G'agfrfe?;’i:‘“”g 1.38 1.36 31.31 max_depth: 3,
9 n_estimators: 100
colsample_bytree: 0.7,
learning_rate: 0.05,
XGBoost 1.56 1.36 31.31 max_depth: 3,
n_estimators: 200,
subsample: 0.9
learning_rate: 0.5,
max_depth: 3,
LightGBM 1.40 137 30.81 n_sstimators: 100,
num_leaves: 20,
reg_alpha: 0.5,
reg_lambda: 0.1
C: 1, epsilon: 0.2,
SVR 1.40 1.38 30.30 Kemel: “rbf’

The percentage increase in RMSE from training to testing

for each of the models was also calculated in order to establish
which models overfit and underfit the data. These results are
summarized below.
Table 2: RMSE on the training and testing dataset after hyperparameter
tuning using GridSearchCV (when applicable) and percentage increase in
RMSE for each model. The XGBoost model had a higher percentage increase
in RMSE from training to testing than the Gradient Boosting Regression
model.

- . Percentage Increase
Model RMSE (E;\ :he 'It'rammg RMSE Bntthe ;I'eshng in RMgE From
atasef atase! Training to Testing
Dummy Regressor 1.90 1.98 4.04
Linear Regression 1.59 1.88 15.43
Random Forest
Regression 1.17 1.39 15.83
Gradient Boosting
Regression 1.27 1.36 6.62
XGBoost 0.97 1.36 28.68
. 1.20
LightGBM 1.37 12.41
SVR 1.36 1.38 1.45

Table 3: Mean Absolute Error (MAE) and R? on the testing dataset after
hyperparameter tuning using GridSearchCV for each model.

Mean Absolute Error (MAE) on "
Model the Testing Dataset After R °|"" therTe‘?tmgtDra.trasng:'Aﬁer
Hyperparameter Tuning lyperparameter Tuning
Random Forest Regression 1.070 0.367
Gradient Boosting Regression 0.922 0.510
XGBoost 1.031 0.375
. 0.954
LightGBM 0.495
SVR 0.917 0.498

Tree-based ensemble models like Gradient Boosting
Regressor are highly interpretable, allowing for feature im-
portance to be assessed. Below is the feature importance for
each of the features used to train the tuned Gradient Boosting
Regressor model.

Gradient Boosting Regressor Feature Importances
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Figure 4: Bar chart showing the importance of each feature for the Gradient
Boosting Regressor model after hyperparameter tuning. AQI was the most
important, the month was the second most important, and fire count was the
least important.

Finally, the Gradient Boosting Model predictions were plot-
ted on a scatterplot showing the true values for formaldehyde
for each normalized AQI value in the testing dataset. The re-
sults are shown below.

Normalized AQI vs. Formaldehyde with Gradient Boosting Regressor Predictions
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Figure 5: Scatter plot showing formaldehyde vs normalized AQI for each
entry in the testing dataset and the Gradient Boosting Regressor model’s
formaldehyde predictions in green for each entry in the testing dataset. The
Gradient Boosting Regressor model’s predictions were close to the actual
formaldehyde values.

Discussion:

A majority of the calculated correlation coefficients between
AQI and formaldehyde were greater than 0.3, indicating that
there was at least a moderate positive correlation between
AQI and formaldehyde. In some cases, for counties where a
greater amount of formaldehyde data existed, the correlation
coefficient was greater, suggesting a stronger correlation. For
example, for Los Angeles County in 2018 (Figure 1), a county
that had a high level of formaldehyde that year had a correla-
tion coefficient of approximately 0.8012, which indicated a
strong positive correlation. However, this was not always the
case, as seen in Riverside County in 2023 (Figure 3), which
had a correlation coefficient of approximately 0.3450 despite
high levels of formaldehyde reporting. Outliers in the AQI
dataset, especially the large spike in mid- to late April, may
have contributed to this weaker relationship. This conclusion
is supported by the fact that qualitatively there was a clear cor-
relation between AQI and formaldehyde. In addition, it can
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also be determined qualitatively that AQI and formaldehyde
generally had greater values when there were many fires than
when there were no fires.

Based on the results in Table 1, it can be established that
the Gradient Boosting Regression and XGBoost models per-
formed best on the testing dataset since those models had the
greatest improvement in RMSE (31.31%) over the dummy
regressor, which was the baseline model. Gradient Boosting
Regression and XGBoost are models that perform well for
complex, non-linear relationships between the features and the
target, which is exactly what was found during the data analysis
from Figures 1-3. However, after hyperparameter tuning, each
of the models, except for linear regression, performed similar-
ly overall, suggesting that if careful hyperparameter tuning is
performed, any non-linear model could be a viable one.

Based on the results in Table 2, it is likely that XGBoost
overfitted the training dataset, since its percentage increase in
RMSE was relatively high, which suggests overfitting. The
Gradient Boosting Regressor model, however, did not seem
to overfit the data because its percentage increase in RMSE
was relatively low. This suggests that the Gradient Boosting
Regressor model was able to generalize better, making it the
best overall model to predict formaldehyde based on the AQI,
month, and fire count. This conclusion is supported by Table 3,
which shows that the Gradient Boosting Regressor model had
the second-lowest MAE and the highest R* value.

From the feature importances in Figure 4, it can be seen
that AQI was the most important feature at around 0.79 im-
portance, and fire count was the least important at around
0.04. This shows that AQI was an important feature in pre-
dicting formaldehyde, which furthers the idea that AQI is a
good predictor of formaldehyde overall. The fire count was the
least important, which was surprising given that formaldehyde
tends to increase during fires. The dominance of AQI suggests
that it tracks short-term VOC fluctuations well, while fire ac-
tivity contributes only indirectly due to its primarily long-term
effects.

Based on Figure 5, it can be seen that the Gradient Boost-
ing Regression model’s formaldehyde predictions are relatively
close to the actual values in the testing data and that the pre-
dictions seem to capture the overall trend between AQI and
formaldehyde well.

Limitations:

While it can preliminarily be established that there is at least
a moderate positive correlation between AQI and formalde-
hyde, more consistent reporting and better formaldehyde data
quality are necessary to determine a more precise correlation.
Also, AQI is likely an incomplete predictor because the same
AQI] value can have different compositions of the 5 criteria
pollutants, which this experiment did not account for.

Additionally, it is important to note that there are con-
founding factors like meteorological conditions and quality
differences between AQI sensors and VOC monitors that
should be examined further to establish a more definitive
correlation or relationship. Such factors, or noise in the data,
may explain the four outliers in Figure 5, where formalde-

hyde spiked without a corresponding increase in AQI or AQI
spiked without a corresponding increase in formaldehyde.

When training each of the models, the amount of data was
only around 5000 rows, and there may still have been noise in
the data (particularly in the AQI data), both of which could
lead to overfitting. If the amount of high-quality data were
increased, it is likely that the issue of overfitting seen in most
of the models would subside, but further analysis with more
data needs to be conducted to test that conjecture.

Furthermore, the initial data split did not preserve temporal
ordering, which may have caused data leakage during training
because the model could learn from future data to predict past
observations. Any future repetitions of this experiment should
preserve temporal ordering to alleviate this risk. However,
when tested, preserving temporal ordering yielded negligible
differences in results.

Next Steps:

One step that can be taken to potentially improve the mod-
els is to incorporate meteorological data as features. This could
include wind speed, carbon monoxide, humidity, and tem-
perature, which Khan ez a/ found to be the most important
features for predicting AQI.® This suggests that these features
could be important for predicting formaldehyde as well, due to
the established relationship between AQI and formaldehyde.
In addition, training deep learning models or neural networks
should be tested as the next step to evaluate whether those
models can achieve better performance than the simpler mod-
els that were used for this paper.

® Conclusion

This paper examined the relationship between AQI, month,
wildfires, and formaldehyde by first establishing a relationship
between AQI and formaldehyde and then training 6 regres-
sion models to see how accurately AQI, month, and fire count
can predict formaldehyde using historical data from Califor-
nia. From the experiments conducted, it can be concluded
that there is at least a moderate, positive correlation between
AQI and formaldehyde. In addition, the Gradient Boosting
Regressor was the best of the models tested for predicting
formaldehyde based on AQI, month, and fire count. When
tuned properly, however, all of the non-linear models pro-
duced similar results, suggesting that, with proper tuning, any
of the non-linear models tested can be viable for predicting
formaldehyde. Surprisingly, fire count was not as important a
feature as the other two for predicting formaldehyde. With
more high-quality data, a more precise relationship between
AQI and formaldehyde can be calculated. Finally, incorpo-
rating meteorological data or deep learning models should be
tested as a next step as a potential way to improve model per-
formance.
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Applications of CRISPR/Cas9 in Modeling and Investigating
Schizophrenia
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H Introduction nia and other complex diseases are treated, shifting the focus
Schizophrenia is a crippling mental disorder that affects 1 from symptom control to true cure and prevention in the fu-
percent of the world’s population.! This illness affects an in- ture. Although this emerging technology is still grappling with
dividual’s thoughts, emotions, actions, and feelings by altering ethical concerns and scientific limitations, increased research
their perception of reality.? This psychiatric disease is polygen- and funding in the future could further develop this tool into
ic, meaning that thousands of genetic mutations are suspected a highly effective method for studying and potentially treating
of contributing to the risk. As of now, schizophrenia remains a schizophrenia. In this review, I will provide an overview of the
challenging mental disorder; a definitive cure that erases dam- CRISPR/Cas9 genome-editing tool, followed by a discussion
age on a genetic level has yet to be discovered. While current of its applications for modeling and studying schizophrenia.
treatment options can help manage symptoms and improve Finally, I will examine the therapeutic potential of CRISPR/
quality of life, they cannot remove the root cause of this disease, Cas9 in schizophrenia, along with the current limitations and
which lies in the patient's genes. The large number and com- challenges associated with its use.
plexity of the genetic factors that bring about schizophrenia
make it so difficult for researchers to study; each patient can The overview of schizophrenia:
be diagnosed with a different combination of mutations, trig- Symptoms of Schizophrenia
gering different effects. However, an emerging genome-editing B xﬁb
tool, CRISPR/Cas9, offers an opportunity to correct and rep- 2 Q -
licate genetic mutations associated with schizophrenia. Studies — A
in animal models and cell culture systems are already provid- .|z e
ing valuable insights into how CRISPR/Cas9 can be applied e O ] E = XK
safely and effectively. By precisely targeting and modifying sle 'nl w*
genes, researchers could use CRISPR/Cas9 to develop mouse % 3 Isolaton
models, epigenetic editing tools, and induced pluripotent stem Delusions €| a °
cells (iPSCs) that incorporate genetic variants identified in ( ?.)))pg V‘
patients with schizophrenia, thereby providing valuable in- Loss of Wil/Motivation
sights into disease mechanisms.’ These CRISPR/Cas9-based isorganized Speech

mechanisms will allow researchers to isolate specific linked Figure 1: Symptoms of Schizophrenia. The figure above depicts common
symptoms that are indicative of schizophrenia. The left side classifies positive

mutations and test their effects on neural function on a larger symptoms: hallucinations, delusions, and disorganized speech; and the right
scale. With a better understanding of schizophrenia, genome side classifies negative symptoms: loss of pleasure, isolation, and loss of will/
editing could potentially revolutionize the way schizophre- motivation, of schizophrenia. Created in Biorender.
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Schizophrenia is characterized by positive and negative
symptoms that can influence a patient's thoughts, perceptions,
speech, affect, and behaviors, as depicted in Figure 1.2 Positive
symptoms include hallucinations, particularly auditory hallu-
cinations involving voices that communicate with or about the
patient, and paranoid delusions. Negative symptoms include
reduced emotional expression, loss of pleasure, loss of will
and motivation, and social withdrawal.* Schizophrenia is also
characterized by disorganized thoughts, which are highlight-
ed in speech and behavior. Disorganized speech may range
from loose associations and rapid movement among multiple
topics to speech so muddled that it resembles schizophrenia
(commonly referred to as “word salad”) (add any paper?). This
disorganized behavior that schizophrenia causes may lead to
difficulties in performing daily living activities, such as pre-
paring meals or maintaining personal hygiene. It can also
manifest as childlike silliness or outbursts of unpredictable an-
ger and irritation. Schizophrenia is also associated with death
rates that are two to three times higher than those seen in the
general population. This surplus in deaths is accounted for by
a combination of an increased risk of suicide, unhealthy life-
styles, and inadequate healthcare that schizophrenia patients
go through.” Many individuals with schizophrenia experience
mood-related symptoms such as depression and anxiety, which
may contribute to the 10% lifetime incidence of suicide in
schizophrenia.*

Mutation Main Function Relation to Schizophrenia
helps regulate brain can disrupt communication
DISC1 development, neuron growth, |between neurons involved in
and neuron connection memory, emotion, and reasoning
controls synapse development | changes in the gene may affect
FMR1 and protein production at neuron communication linked to
synapses schizophrenia
involved in brain development, P
M can cause abnormal brain wiring
NRG1 myelination, and neuron " N N
- and disrupted neuron signaling
communication
contains genes involved in linked to mitochondrial inflexibilty
3929 deletion mitochondrial and neuron and increased schizophrenia risk

function

contains multiple genes
important for dopamine
regulation, neuron migration,
and synaptic communication
sets up signaling complexes
at synapses

due to malfunctioning neurons

disrupts many aspects of brain
function, greatly increasing the
risk of schizophrenia

22q11.2 deletion

may disrupt communication

CASKIN1 between neurons

can increase the risk of
schizophrenia by affecting
synapse development and brain
signaling

affects genes involved in
synapse regulation and
neuronal signaling

15q11.2 microdeletion

Figure 2: Table of Genetic Mutations Associated with Schizophrenia. The
table above lists some genes and chromosomal deletions that are associated
with schizophrenia. It explains how each gene functions normally in the
brain, along with the reason why variations in these genes contribute to
schizophrenia. Created in Google Sheets.

Schizophrenia is a complex mental disorder with no sin-
gle known cause. However, among the various contributing
factors - environmental, genetic, and psychosocial - genetics
appears to be the most significant one. An individual's like-
lihood of developing schizophrenia is six times higher if they
have a close relative with the genetic variations of this disease.?
A combination of genetic mutations called Single Nucleo-
tide Polymorphisms (SNPs) contributes to the development
of schizophrenia. Some of these SNPs are outlined in Figure
2. For example, Callicott ¢z a/. studied 12 genetic variants in
Disrupted-in-Schizophrenia 1 (DISC1), which plays a cru-

cial role in brain development.® Some DISC1 mutations can

disrupt the growth and connectivity of neurons in the hip-
pocampus and prefrontal cortex, which play crucial roles in
memory, emotion, and reasoning.”” The study found that a
common variant named Ser704Cys in DISC1 was found in
patients with schizophrenia more often.® The FIMR1 gene
works closely with the DISC1 gene to control how neurons
connect and communicate. A disruption in this gene can influ-
ence the development of schizophrenia, as many patients have
an altered amount of FMRP (a protein produced by FMR1).”
Another candidate gene is Neuregulin 1 (NRG1), which en-
codes a protein involved in multiple brain processes, including
brain development, myelination (insulating layers around
nerve fibers that speed up electrical signal transmission), and
neuronal communication.® Certain variants in the NRG1 gene
have resulted in changes in brain development, causing abnor-
mal neural wiring and disrupted neuron communication and
myelination, which are distinct characteristics of schizophre-
nia. Problems with some neurotransmitters, such as dopamine
and glutamate, which allow neurons to communicate with
each other, may also contribute to the pathophysiology of
schizophrenia.? The 3q29 deletion is another strong indicator
of an increased risk in many psychiatric disorders, including
schizophrenia.” Specifically, researchers Purcell ez al found
associated dysregulation of mitochondrial function in mouse
models. Tests showed that cells lacked mitochondrial flexibil-
ity, meaning they were unable to adapt their energy use when
conditions changed.’® Additionally, patients with a small de-
leted region on chromosome 22, called the 22q11.2 deletion,
have 30% increased risk of developing schizophrenia, as it gets
rid of many genes important for brain development. The genes
in this deleted region help break down dopamine in the brain,
regulate microRNAs (which control gene expression), play
important roles in neuronal communication, and influence
how neurons assemble during brain development.’ A protein
called CASKINT helps set up signaling pathways at synapses
(the connection points between neurons). A mutation in the
gene that codes for this protein can pose a great risk to brain
function and can aid in the development of schizophrenia.'?
Lastly, a small deletion on chromosome 15 called the 15q11.2
microdeletion is closely related to schizophrenia as it erases
genes that aid in brain development and neuron communica-
tion." Overall, the role that these mutations play in increasing
schizophrenia risk further solidifies that this psychiatric dis-
ease is polygenic.

As of now, there is no definitive cure for schizophrenia, but
it can be treated and managed in a few ways, such as anti-
psychotic medications and psychotherapy. Psychotherapy is a
form of treatment for emotional, behavioral, and mental prob-
lems in which a trained therapist works with a patient to help
them understand themselves better and develop healthy coping
strategies." One type of psychotherapy that has been prov-
en to be effective for schizophrenia is Cognitive-Behavioral
Therapy (CBT). CBT for schizophrenia is adapted to address
psychotic symptoms, especially delusions, hallucinations, and
thought disorders, and to help patients develop insight into
their condition, reduce distress from symptoms, and improve
coping skills."” Antipsychotics are medications primarily used
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to manage psychosis, especially in conditions including schizo-
phrenia and bipolar disorder. They are used to reduce positive
symptoms such as hallucinations and delusions and help
stabilize mood. Since dopamine overactivity is linked to psy-
chotic symptoms, antipsychotics work by blocking dopamine
D2 receptors in the brain.’® However, despite some of these
available treatment options, schizophrenia remains a condition
that can not be fully cured. These therapies primarily focus on
controlling symptoms and improving daily functioning rather
than studying and targeting the root genetic factors responsi-
ble for the disease. The exact cause of schizophrenia is still not
understood, involving a complex mix of genetics, which makes
developing a definitive cure challenging as of now.®

The overview of the CRISPR/Cas9 system:

CRISPR/Cas9 consists of a DNA array and Cas proteins
that cut DNA at specific sites. The CRISPR/Cas9 array con-
sists of short, palindromic repeats separated by unique spacer
sequences derived from foreign DNA.7 Different regions of
the CRISPR/Cas9 array are copied into RNA, which eventual-
ly become CRISPR/Cas9 RNA (cRNA) and trans-activating
CRISPR/Cas9 RNA(tractRNA). These two molecules guide
the CRISPR/Cas9 system to cut specific DNA sequences.®
The crRNA is a complementary strand to the spacer retrieved
from foreign DNA stored in the CRISPR/Cas9 array. The
ctRNA, tracrRNA, and Cas9 counter the DNA of attacking
viruses. The guide RNA (gRNA) is made up of crRNA and
tracrRNA.$

CRISPR/Cas9 is an immune system found in many bacteria
and archaea.” When a bacterium is infected by a bacteriophage,
the CRISPR/Cas9 system cuts a segment of viral DNA and
stores it in the CRISPR/Cas9 array as a new spacer. Each time
the same bacteriophage reinfects, the bacterium can destroy
it using its guide RNA and Cas9. The CRISPR/Cas9 system
compares the virus's DNA with all of its spacers. If the DNA
matches one of the spacers, the bacterium can identify the
invader as a threat. The guide RNA guides Cas9 to the bacte-
riophage, where it cleaves the DNA on both strands, creating a
double-strand break (DSB). DSBs eliminate the virus because

it lacks its own DNA repair mechanisms.’

Figure 3: CRISPR/Cas9 DNA Cutting and Repair Pathways. Cas9, guided
by crRNA and tractRNA, binds to a target DNA sequence next to a PAM site
and creates a double-strand break (DSB). The DNA is then repaired either by
non-homologous end joining (NHE]), which joins the broken ends together,
or by homology-directed repair (HDR), which allows the deleted DNA to be
replicated. Created in Biorender.

The CRISPR/Cas9 system, originally discovered as a bac-
terial immune response mechanism, has been adapted into a
genome-editing tool to treat genetic diseases. To apply the
CRISPR/Cas9 system in genetic engineering, scientists artifi-
cially modify the CRISPR’s guide RNA to match the targeted
cell in an organism’s genome.'® The guide RNA directs Cas9
to the location of the mutation in the organism's DNA, where
it searches for the protospacer adjacent motif (PAM), a short
sequence downstream of the target site.” When it recognizes
PAM, Cas9 checks the region above. If it locates the target
provided by the gRNA, it will create a DSB. The DNA will
then replace the missing mutated sequence with the correct
sequence, using the second strand to make a copy. DSBs
are repaired by either homologous direct repair (HDR) or
non-homologous end joining (NHEJ).> NHE] is simple and
random, while HDR is much more accurate and complex.’
HDR uses identical donor DNA to repair DNA damage, and
NHE] joins broken DNA ends, often resulting in many miss-
ing or added DNA segments."

Gene therapy has long shown potential to correct a vari-
ety of human diseases and defects. The discovery of CRISPR/
Cas9 and its use as a gene-editing tool have revolutionized the
field of gene therapy. Much of this enthusiasm stems from the
accuracy and specificity with which CRISPR/Cas9 can treat

human disease and edit the human genome.”

Application of CRISPR/Cas-9 in Schizophrenia Research:

Schizophrenia is a polygenic disorder, meaning hundreds of
genetic variants contribute to the risk together but have small
impact sizes individually.’ The sheer number and size of these
mutations hinder researchers' ability to examine their effects
and learn more about this obscure disease. The CRISPR/Cas9
system offers a solution to this problem, enabling precise and
accurate editing of genetic sequences through multiple ap-
proaches, including animal models, induced pluripotent stem
cells, and epigenome-editing tools.> With the help of these
genetically engineered tools, researchers can segregate specif-
ic genes that are suspected to increase schizophrenia risk and
study their implications individually.

Mice are commonly used to model the human genome be-
cause their genes are highly similar to those of humans, and
their brain structure closely resembles that of humans. To
replicate a schizophrenia-associated mutation in a mouse, sci-
entists use the CRISPR/Cas9 genome editing tool.

They insert a Cas9 protein, a guide RNA, and a repair
template into a fertilized mouse egg. Cas9 cuts the DNA to
produce the genetic variant, and the cell repairs it using the
repair template. The edited egg is implanted into a surrogate
female mouse to be carried to term. The first generation may
contain a mixture of edited and unedited cells, so they are of-
ten bred together to produce stable experimental outcomes. As
these mice develop, scientists carefully examine the changes in
brain structure, protein production, gene expression, and be-
havior.?? In 2019, Baba ez a/. used CRISPR/Cas9 to delete the
3g29 region in mice to replicate the schizophrenia-associated
3q29 deletion.” These edited mice showed 50% lower expres-
sion of most genes in the 3q29 region. They also exhibited a
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significant reduction in body weight, consistent with growth
deficiencies observed in humans with the same deletion. So-
cial interaction, brain function, and reaction were also skewed
within these mice.* With these engineered mouse models, re-
searchers were able to isolate the 3p29 deletion and pinpoint
its exact effects. By observing changes in behavior and func-
tion, they were able to study the direct connection between
the deletion and schizophrenia symptoms. In 2020, Saito ez a/.
conducted the same experiment using a mouse model with the
22q11.2 deletion.”* With this deletion, the mice had trouble
filtering out unnecessary sensory information, remembering
cues in fear-based tests, and processing their vision. These
behavioral changes are characteristic of individuals who have
schizophrenia.® Again, the researchers were able to narrow
their focus on the 22q11.2 deletion and directly observe its
contribution to schizophrenia on a larger scale. Mouse models
like these give researchers a better understanding of schizo-
phrenia, helping them test how specific mutations contribute
to this disorder in a controlled environment. These studies
demonstrate that CRISPR/Cas9-engineered mouse models
can effectively replicate human genetic mutations associated
with schizophrenia, thereby providing valuable tools for study-
ing the effects of specific genes.

Epigenetics is the study of how changes in gene expres-
sion occur without altering the DNA sequence itself. These
changes often involve chemical marks on DNA, such as DNA
methylation, which can turn off a gene, or histone modifica-
tions, which can make DNA easier or harder for the cell to
process.”? Epigenome editing enables precise targeting of these
switches to turn specific genes on or off. Instead of using tradi-
tional CRISPR/Cas9, scientists employ a dead CRISPR/Cas9
tool, dCas9, for epigenetic editing. dCas9 can still be guided
to a specific DNA sequence by its gRNA, but it can not cut
a nucleotide. Instead, it is fused to an epigenetic effector pro-
tein that alters the chemical marks on the target DNA. For
example, dCas9 could be fused to an activator, which turns a
gene on; a repressor, which turns a gene off; or an epigenetic
enzyme, which fine-tunes genetic activity. Since schizophrenia
is linked to SNPs that cause genes to be turned on or off at
the wrong times rather than to broken genes, scientists could
use epigenome editing to study how a gene’s activity affects
neurons and to fix abnormal gene activity in lab-grown cells,
which could lead to therapies in the future. In 2018, Liu ez
al. conducted an experiment using CRISPR/Cas9 to remove
the chemical tags on the FMR1 gene.”® The chemical tags on
this gene silence it, preventing it from making the protein the
brain needs to function properly. The researchers used the Tet1
enzyme, which can remove these chemical tags, and aimed it
directly at the silenced FMR1 gene. Soon, the chemical tags
on these genes were removed, and it began producing its pro-
tein again. ** This study showed that epigenetic editing tools
can successfully be used to reverse errors in gene regulation
and restore normal neural function. By comparing neurons
before and after editing, researchers can study how disrupted
gene expression contributes to schizophrenia symptoms. This

evidence also suggests that CRISPR/Cas9 epigenetic tools can

one day be used to correct irregular gene activity contributing
to schizophrenia on a much larger scale.

Induced pluripotent stem cells (iPSCs) are lab-created stem
cells derived from skin or blood adult cells by reprogramming
them into pluripotent cells (cells that can specialize into any
type of cell in the body).* Scientists can derive iPSCs from in-
dividuals with or without schizophrenia. Using CRISPR/Cas9,
they can precisely modify a single base pair in DNA, either by
targeting a specific SNP or by introducing a new SNP. This
approach generates two cell populations: one with the variant
and one without, both of which differentiate into neurons.?”
Scientists observe the differences in neuron behavior, and be-
cause everything else in the DNA is the same, any differences
can be attributed specifically to that single genetic variant.’®
In 2023, Wahbeh ez al. used CRISPR/Cas9 to introduce a
mutation in the CASKINT1 gene (suspected of contributing to
schizophrenia) into iPSCs, which were then differentiated into
neurons. When they compared the neuron with the mutation
with the control, they found that the expression of 368 other
genes had changed significantly. These mutant neurons fired
electrical signals at rates different from those of normal neu-
rons, affecting their development over time.* These findings
uncover the substantial effects that a single mutation can have
on otherwise healthy neurons. It solidifies our understanding
of schizophrenia as a genetic disorder, largely influenced by
errors in DNA sequences disrupting brain function. Addition-
ally, in 2014, Yoon ez al. generated iPSCs from individuals with
the 15q11.2 microdeletion, a known genetic variation associat-
ed with schizophrenia.”® The 15q11.2 microdeletion contains
a missing copy of a protein called CYFIP1, which controls the
cytoskeleton. This is especially important in neurons, which
have precise shapes and connections. Scientists observed that,
in the absence of the CYFIP1 protein, patients' cells failed
to adhere properly and were disorganized, resulting in many
neurons being mislocalized.® Again, with investigations such
as these, researchers are able to deepen their comprehension
of how specific mutations contribute to schizophrenia. These
genetic variations need to be individually dissected to obtain
a better grasp on the mechanisms of this psychiatric disorder
and the changes that need to be introduced to explore better
treatment options in the future.

These studies show that using CRISPR/Cas9 genome
editing in iPSCs can elucidate the effects of specific schizo-
phrenia-related genetic mutations.

Therapeutic Potential and Challenges:

The CRISPR/Cas9 gene-editing tool can be directly applied
to human patients for therapeutic purposes. With its ability to
precisely modify a mutated DNA sequence, CRISPR/Cas9 has
the potential to eliminate inherited genetic disorders right at
the source. It also has the potential to combat viral infections
with a higher success rate by targeting and cleaving viral genetic
material within human cells. With further research, CRISPR/
Cas9 can be leveraged to precisely correct human DNA, there-
by enabling the development of effective treatments for many
incurable genetic disorders.”
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As promising as animal models, iPSCs, and epigenome ed-
iting seem, scientists cannot overlook the potential limitations
and challenges these tools may entail. Self-evidently, animal
models can only represent the complex behaviors of psychiatric
disorders such as schizophrenia in a limited way. The mod-
eled neural responses of these cells and animal models are not
guaranteed to replicate the responses observed in patients with
schizophrenia exactly.®® Another challenge involves finding
a safe way to deliver the Cas9 protein into cells. Research-
ers typically use modified viruses, such as adeno-associated
viruses, baculoviral, and lentiviral vectors, to deliver the edit-
ing tools to target cells.** However, the body’s immune system
may recognize these viruses as threats, triggering an immune
response that rejects the treatment.®! The potential for the
complete treatment of psychiatric diseases like schizophrenia
that CRISPR/Cas9 invites is still quite far from development.
This advancement is relatively new and remains in the early
stages of research; it has been tested primarily on laboratory
animals.*> And because psychiatric diseases are influenced by
many genes, it would be almost impossible for CRISPR/Cas9
to edit every single one of these genes at the stage it is right
now.? Researchers also have concerns about the CRISPR/
Cas9 editing tool, including mosaicism, off-target effects, and
incomplete edits. Mosaicism can occur when not all mutat-
ed cells are edited the same way, resulting in different genetic
profiles within the same individual.** Off-target effects occur
when CRISPR/Cas9 accidentally cuts or edits the DNA at the
wrong location. These unintended edits can disrupt essential
genes, potentially leading to adverse effects.®® And the edits
implemented on the target can be incomplete or low-quality.*

In addition to the scientific challenges posed by the CRIS-
PR/Cas9 genome-editing tool, there are important ethical and
moral concerns regarding its use in human patients. A ma-
jor point of debate among researchers concerns the ethics of
germline alterations, which involve making genetic changes in
an embryo's DNA that can be passed down to future genera-
tions.* These changes could cause unexpected and unwanted
mutations in subsequent generations, as researchers still do
not fully understand the associated risks. According to Lan-
phier ez al., embryo editing could result in mosaic embryos,
in which not all cells share the same genetic modifications.”
In 2015, scientists in China began using CRISPR/Cas9 on
non-viable embryos under strict human research regulations,
such as the Regulation on Human Genetic Resources for Ex-
perimental Purposes.®® However, in 2019, Dr. Jiankui He went
against these regulations and edited the genes of viable embry-
os to disable the CCR5 gene, which HIV uses to infect cells.
These edited embryos were implanted despite concerns about
potential additional health risks.* This event sparked major
controversy. Overall, we still do not fully understand how the
CRISPR/Cas9 gene-editing tool might affect complex diseas-
es, such as schizophrenia, making ethical considerations even
more crucial.

B Conclusion
Schizophrenia remains a complex psychiatric disorder with
thousands of genetic links and no definite cure. This review

highlights how the CRISPR/Cas9 gene-editing tool provides
a powerful new approach to studying the genetic factors that
contribute to schizophrenia. Specifically, researchers can use
CRISPR/Cas9 in animal models, induced pluripotent stem
cells, and epigenome editing to closely examine how specif-
ic genetic mutations affect brain development and function.
Although we still need to consider major limitations, such as
off-target effects, immune reactions, and the polygenic na-
ture of schizophrenia, ongoing advances in this tool suggest
a promising future for its research contributions. The future
direction of this developing technology should include im-
proving the precision and safety to ensure its accuracy and
reliability. Specifically for the CRISPR-based mouse mod-
els, epigenetic editing, and iPSCs, a larger number of genetic
mutations should be tested to map out the contributors to
schizophrenia. Overall, CRISPR/Cas9 holds the potential to
advance schizophrenia research, improve our understanding of
its intricate genetic connections, and pave the path for future
therapeutic breakthroughs.
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ABSTRACT: Worldwide, an estimated 3540 million people require prosthetic or orthotic devices. Prosthetic devices are
categorized as traditional, myoelectric, or Al-powered. Traditional prostheses are most widely used due to affordability and
accessibility, but offer limited functional complexity. Myoelectric prostheses address some limitations by utilizing electromyographic
signals from the residual limb to enable more complex movements; however, they require substantial training and remain
constrained by needing manual mode switching. Al-powered prostheses build on myoelectric systems by applying machine
learning to interpret user intent more accurately, facilitating automatic mode switching and refined control; however, they carry
greater financial and weight-related barriers. Although each type offers advantages and drawbacks, selection ultimately depends
on user preference, social norms, and clinical feasibility. Current literature tends to focus on individual device types, lacking a
holistic, multi-factor comparison to guide informed decision-making. This study addresses that gap by analyzing and comparing
literature across five factors: (i) Control and Comfort; (ii) Adaptability; (iii) Cost and Accessibility; (iv) Emotional Benefits and
Social Preference; and (v) Durability, Robustness, and Simplicity. Overall, AI-powered devices provide the most advanced control
and adaptability, traditional prostheses remain the most durable and accessible, and myoelectric devices occupy an intermediate

position. This paper provides a centralized resource supporting evidence-based prosthesis selection.
KEYWORDS: Biomedical Engineering, Biomedical Devices, Prosthetics, Myoelectric, Artificial Intelligence.

B Introduction

A prosthetic device is any artificial body part that replaces
the function or appearance of missing anatomy.! These devices
are widely used, with over 35-40 million people globally re-
quiring prosthetic or orthotic services. Prosthetic devices can
be broadly divided into two types: traditional and digital. A
traditional prosthesis is usually a mechanical device that uses
physical power from the residual limb to facilitate movement,
replacing a body part that is missing or no longer functional.?
They could be either passive aesthetic restorations or use a har-
ness and cables for tension-based control.’ They stand within
a well-established market and consist of a range of fairly ac-
cessible products. However, due to their antiquated nature and
reliance on organic sources of force, such as the sound limb,
for example,* they have certain shortcomings. These include
limited function, given the lack of electronic components, and
lower comfort levels.” To mitigate these shortcomings, more
developed digital options are arising within the world of bio-
medical research.

Digital prostheses can be divided into two types: myoelec-
tric prostheses or Al-powered ones. Myoelectric prostheses
are externally powered and operate by interpreting electro-
myographic (EMG) signals from muscles in the residual limb
through pairs of electrodes and amplifiers to replicate natural
joint movement.® The user trains their muscles to make cer-
tain movements/contractions that correspond to actions the
prosthetic makes, such as grip changes, opening or closing the

hand, etc.” They require less organic force from the user, and
thus less energy, reducing muscle strain.®

Myoelectric prostheses use electrodes to capture EMG
signals, which can only control one degree of freedom (e.g.,
opening and closing the hand).” To control other functions,
mode switching allows users to change grip types by accurately
producing triggers with their residual limb," which can ac-
tivate other degrees of freedom." This can provide a greater
range of functionality with a limited number of electrodes, but
requires extensive training to employ the technique.

On the other hand, Al-powered digital prostheses refer to
any electrical/mechanical device that uses artificial intelligence
to interpret gathered data on the movements of a user, pro-
ducing more natural prosthetic movement. They often use
recurrent neural networks to allow real-time decoding of nerve
signals for intuitive control, with an accuracy of up to 98% for
individual finger and wrist movements of myoelectric hands.
In contrast to myoelectric prostheses, Al-powered devices
learn from the user’s EMG signal data (strength, location, etc.)
to ensure that the prosthesis can interpret the user’s intend-
ed movement more accurately, thus executing the action with
higher precision.” Digital prostheses mitigate the shortcom-
ings of traditional devices by generating their own force for
movement, having a wider range of more natural, human-like
movement, and learning from the user’s movements to provide
a more comfortable experience.’* However, they lead to addi-
tional constraints related to cost, comfort, and accessibility."”
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Both upper and lower limb prostheses are discussed similarly
in the paper, but distinctions are made where needed. Partic-
ularly in the analysis of digital devices, control discussions are
mainly confined to the upper limb where more precise control
is required (in the fingers in comparison with the toes, for ex-
ample).

Digital solutions are transforming prosthetic care, yet re-
placing traditional prostheses with their digital counterparts
presents limitations. Most of the aforementioned research is
often device-specific; those studies that do offer comparison
often focus on functional differences rather than comprehen-
sively reviewing all factors related to use. This paper addresses
this gap by evaluating traditional, myoelectric, and Al-pow-
ered prostheses across five factors: (i) Control and Comfort;
(i) Adaptability; (iii) Cost and Accessibility; (iv) Emotional
Benefits and Social Preference; and (v) Durability, Robustness,
and Simplicity. The aim is to provide a holistic comparison of
all device types, which can be further developed into a central-
ized repository for prosthesis selection, allowing clinicians and
users to make more informed choices. The findings will also
help identify future research directions where trade-offs, such
as cost and weight, can be mitigated.

B Factors Affecting Prosthesis Choice

Literature was searched to assess the factors affecting
prosthesis choice. Inclusion criteria were as follows: papers
published within the 1990-2026 period, papers published in
English, and papers directly referencing prostheses, myoelec-
tric prostheses, or Al-powered prostheses. Exclusion criteria
were papers older than 1990 and those written in other lan-
guages.

Control and Comfort:

Prosthetic control includes the methods through which a
patient can manipulate their prosthetic device for use in daily
living. Traditional prosthetic devices are typically passive, but
can use body-powered harnesses for control.'® While simple
to do, these movements can be conspicuous and unnatural.’

In contrast, myoelectric prosthetic control is neuromuscular
and uses EMG signals. Surface electrodes are placed over the
residual limb muscles;'® patients contract these muscles, and
the electrodes detect the electrical nerve impulses produced
from this movement, called EMG signals. These EMG sig-
nals are used to generate the action to be carried out within
the prosthesis.”” Further, incorporating Al into prosthetics
allows machine-learning algorithms to interpret and learn
from user data, such as EMG signals, to provide a full range of
motion, easier mode switching, and detailed variation in grip
strength,"*? thus improving control. For example, the random
forest algorithm has been used to classify additional types of
motion beyond the two co-contraction movements typically
required to ‘trigger’ actions in myoelectric prostheses, allowing
higher precision.?

While control is essential for enabling precise, reliable move-
ment, the comfort of a prosthesis is critical to ensure continued
use.” Prosthetic comfort indicates the physical ease or lack of
pain experienced during device operation.

All three prosthetic types use similar custom-fit plastic
sockets to interface between the body and device. Howev-
er, traditional sockets can be uncomfortable if they rely on
body-powered harnesses, which require high input force from
the user.** Myoelectric sockets have surface electrodes that can
feel uncomfortable against the skin and have added weight.
Al-powered sockets have the same structure as myoelectric
ones, but with added weight due to additional sensors, circuits,
and batteries. This often makes digital prostheses heavier than
traditional ones.”

Overall, digital devices offer more advanced control com-
pared to traditional ones by using EMG signaling. Further,
by improving mode switching using machine-learning algo-
rithms, Al-powered prostheses enable higher precision than
myoelectric prostheses.

Adaptability:

Prosthetic adaptability refers to the ability to modify the de-
vice's components and functions to suit the user's needs. High
adaptability enables the prosthesis to feel like an extension of
the body and maximizes functionality.

Traditional prostheses often struggle to mimic natural mo-
tion and may function only in binary states (e.g., prosthetic
hands often rely on a limited open/close function). Therefore,
for different activities, terminal devices (Figure 1) must be
used, which form the end part of a prosthesis that interacts
with the patient’s environment. Their functions vary from ac-
tivity-specific prostheses (such as for biking or push-ups) to
passive restorations that serve only aesthetic purposes.” While
they enhance functionality, frequent removal and replacement

can be tedious and expensive.
.
¢ [ 3

Figure 1: Four examples of terminal devices. (A) Split hook, (B) Adept
Prehensor, (C) CAPP hand, (D) Passive cosmesis. Reproduced from ref 26
under Creative Commons License CC BY 4.0. Copyright 2023 The Authors.
Published by MDPI.>

Myoelectric prostheses can allow users to perform varied
tasks (producing different grip types, opening or closing the
hand, etc.) through mode switching. Users will generate ‘trig-
gers’ by flexing different muscles depending on which action
they want to execute.'™? Furthermore, Al-driven prostheses
use machine learning (ML) to continuously learn and adapt to
a user’s movements over time.?”’ This facilitates more person-
alized and intuitive control, leading to a more natural feel and
improved functionality.”

Traditional prostheses typically require minimal training to
use.30 In contrast, myoelectric control is unintuitive to most
and can require extensive training and calibration; Al-based
prostheses can overcome this issue by allowing signals to be
interpreted more easily over time and progressively ‘learning’
user behavior, enabling more intuitive, fine-grained control.*
Nonetheless, there is still a learning curve involved in the
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training of muscles in the residual limb to control a limb that
is no longer there.

Overall, to vary function, traditional prostheses rely on in-
terchangeable terminal devices, while myoelectric prostheses
use mode switching. Al-powered prostheses use pattern rec-
ognition algorithms to better interpret the user’s EMG signals
over time, improving the precision of mode switching.

Cost and Accessibility:

The cost of a prosthetic device is related to several factors,
including materials, custom fabrication and fitting, technolog-
ical complexity, ongoing research and development (R&D), as
well as clinical services and follow-up care required for proper
fitting, calibration, and training. These high costs can not only
deter patients from prosthetic devices but also create barriers
to access. Since prosthetic use requires specialized services,
which are not available at all hospitals, accessibility is limit-
ed by capacity constraints at hospitals and proximity to clinics
with appropriate resources.’ A hospital visit to get a prosthetic
device prescribed is a financial burden in and of itself.**

A major cost associated with prostheses is direct attachment
to the human body using a personalized prosthetic socket.
The level of personalization required for every prosthetic arm
makes high costs inevitable.*® This raises ethical concerns, es-
pecially as those with socio-economic weakness are found to
have higher rates of lower-limb amputation, a finding that can
be extrapolated to the upper-limb cohort.*

Traditional prostheses, while less expensive than their digital
counterparts, still can cost from $3000 to $10,000, with those
that have more advanced mechanical or hydraulic systems be-
ing priced at $15,000.> However, global insurance coverage for
prostheses remains limited, with many limbs deemed ‘medical-
ly unnecessary,® despite their established role in healthcare.
This has led to only 30% of beneficiaries from 2016 to 2019
receiving a prosthetic limb via Medicare, a US-based, federal
health insurance program.”” Additionally, through legal and
ethical analyses of the reimbursement process in Germany, it
was found that the issue of coverage requires “further empirical
investigation, a stakeholder dialogue, and maybe even policy
changes."

A myoelectric prosthesis may cost between $20,000
and $30,000,* and an Al prosthesis typically costs around
$190,000.* Whilst this study is from 2016, it still serves to
exemplify the large difference in cost for Al-powered devic-
es. Thus, digital prostheses remain far more expensive, often
making them a luxury item rather than an essential medical
device due to their advanced functionality and extensive R&D
requirements. However, there have been recent changes in
Clinical Commissioning Policies in the UK’s National Health
Service (NHS) to support multi-grip myoelectric prosthetic
hands for eligible patients with congenital or acquired upper
limb loss.*

All prosthetic types face ongoing re-purchasing and mainte-
nance costs. In addition, due to growth, children need entirely
new prosthetic devices on a short cadence.* These additional
costs following the initial investment can accumulate, causing

the price of prosthetic maintenance and replacement to be-
come a lifelong burden rather than a one-off purchase.

Emotional Benefits and Social Preference:

Limb loss can be a traumatic experience;38 therefore, the
purpose of a prosthesis is often twofold: functionally replace
the missing limb and emotionally support the patient in re-
covering from their limb loss.* Social reactions from the user’s
environment strongly influence user satisfaction. Both the
emotional benefits and social preference significantly affect
how a prosthesis affects a user's self-image, social interactions,
and quality of life (QOL).%®

One study found that prosthesis use can provide ease of so-
cial interaction and evade forms of infantilization, indicating
that regular use can lead to an amputee feeling self-sufficient.*?
Another study reported numerous positive lifestyle changes
associated with prosthesis use, further evidencing its emotional
benefits.* A study in Saudi Arabia found a positive correlation
between psychological adjustment to the prosthesis and the
physical component summary and mental component summa-
ry of QOL.* Similarly, an international multicenter study of
QOL and reasons for abandonment in upper limb prosthe-
ses produced similar results; the mean QOL (measured using
the EQ-5D) was significantly higher in prosthesis users than
non-users.*

While prosthetic limbs help some ‘blend in’with their social
environment, many prefer to cover or conceal their prosthesis
for social conformity, as found in a study conducted by Mur-
ray.*>* Visible bionic devices can evoke negative reactions
among others, such as a lack of understanding or pity. However,
positive reactions are also common, such as ‘technical fascina-
tion’ or interest. Whilst positive reactions exist, many digital
prosthesis users describe a negative “dual identity” when wear-
ing their device.” Traditional passive prostheses aim to appear
natural and human-like; however, traditional body-powered
prostheses can require more pronounced and, in some cases,
unnatural movement.*’ Therefore, they may not be favored by
users in public environments. In such cases, digital prostheses
can have increased social preference. Advancements in control
technology and algorithms will only increase the ‘natural’ feel
of these devices.*

Overall, while digital devices can provide increased emo-
tional benefits through superior function, their “cyborg”-like
appearance (Figure 2) can lead to rejection. For traditional
prostheses, whilst body-powered prostheses lack functionality
and can require unnatural movement for control, passive resto-
rations can most closely resemble human anatomy.

Figure 2: Digital prostheses can have a “cyborg”-like appearance.®
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Durability, Robustness, and Simplicity :

Prosthetic durability is the ability to withstand wear and
damage during use, while robustness refers to maintaining
good condition over its lifetime. Simplicity refers to how easily
a new user can understand how to use and operate the device.

Traditional prostheses function fairly reliably in outdoor en-
vironments and are less sensitive to water, dirt, and extreme
temperatures.” They are often more durable and rugged, mak-
ing them suitable for users who operate in environments where
their prosthesis may be susceptible to damage. In contrast, due
to their electrical components, digital prostheses, particularly
those with microprocessor control, are highly vulnerable to wet
environments.’!

Digital prostheses have the added complication of charging,
leading to downtime and inconvenience, which is avoided in
traditional prostheses. Therefore, the passive nature of tradi-
tional prostheses makes them more suitable in low-resource
settings, including post-disaster areas, resource-deprived re-
gions, and areas of war.”

Traditional prostheses often excel in simplicity, mostly rely-
ing on straightforward, body-powered movement. In contrast,
digital prostheses require more complex control skills to be
gained through user training. Consequently, digital prosthetic
use may not be viable in social groups with low digital literacy
rates (such as the elderly, young children, or people in disad-
vantaged areas). Even for the digitally literate, the learning
curve associated with developing the skills required to manip-
ulate digital prostheses can still require extensive training.”

Overall, traditional prostheses are less susceptible to damage.
Digital prostheses have the impediment of charging, and their
complexity can limit accessibility for the less technological-
ly literate. However, digital prostheses have several dedicated
training programs available to mitigate this.”**

m Discussion

This study attempted to critically compare the three pros-
thetic types across five user-focused and function-related
factors. The main goal is to establish the key differences be-
tween each of the prosthetic types to provide a reference for
clinicians and users to make more informed choices when se-
lecting a prosthesis. In addition, key future research directions
are covered, with the goal of aligning expectations and areas
for improvement. Each section is summarized in a traffic light
table to make it easy to see the comparisons highlighted in
each section and which prosthetic type is the best in each cat-

egory.

Control and Comfort:

Al-powered prosthetic limbs are typically preferred in terms
of comfort due to their harness-free control, variable grip
strength, and automatic mode switching. In contrast, tradi-
tional prostheses are either body-powered or passive; for the
former, it is difficult to avoid the use of harnesses. However,
advances in custom-fit harnessing and new textile materials
are improving comfort and hygiene in body-powered models.*

As mentioned previously, a key advantage of Al-powered
prostheses over myoelectric ones is the fact that ML classifica-

tion systems eliminate manual mode switching for Al-powered
prostheses, which is far more convenient than their myoelec-
tric counterparts. Challenges exist in developing Al algorithms
for practical use in prostheses. Many factors vary between pa-
tients, such as mobility, muscle contraction force, variations in
limb position, etc. Therefore, solutions that tailor themselves
to patients are required to ensure usability between different
patients.”” Delay remains a major inconvenience for all digital
prostheses, as increased latency can lead to a sluggish user ex-
perience and higher abandonment rates. From this perspective,
one study used high-density electromyography and a convolu-
tional neural network to adapt itself to unique user voluntary
muscle contraction patterns,* leading to a reduced latency of
<116 ms. Such optimization techniques are crucial to ensure
widespread adoption of digital prostheses.

Further evaluation is required of materials and components
in myoelectric and Al-powered digital prostheses, as their
high weight can burden users. Progress includes lightweight
actuators for application in both upper- and lower-body pros-
theses.’®®? The Ossur i-Limb Quantum exemplifies material
innovation for lighter prostheses, using titanium to achieve a
weight of only 658 grams.®

Furthermore, digital prostheses can adapt to muscle signals,
allowing users to perform a wider range of tasks compared
to traditional prostheses, with a more natural and intuitive
feel. However, extensive training is required for patients to
manipulate muscles in the residual limb with such precise con-
trol. Lack of control is a key factor in prosthetic abandonment,
as evidenced by Biddiss and Chau’s study that summarized 25
years of publications, finding that the rejection rate of adult
prostheses was 26% for body-powered and 23% for myoelec-
tric, indicating that myoelectric control can slightly increase
adherence.®*? However, a much smaller, more recent study re-
ported that non-use rates can be higher for myoelectric users
compared to those using traditional prostheses, which is worth
noting. It was found that 44% of 25 users rejected their device,
with most complaining about comfort and weight.® This could
be a consequence of the aforementioned delay caused by EMG
signal processing;* research suggests an optimal delay to be ap-
proximately 100-125 ms.*® Table 1 provides a summary of the
trade-offs between different prosthesis types in terms of con-
trol and comfort. Over the five criteria, Al-powered prostheses
are superior, followed by myoelectric, and finally traditional.
Table 1: Summary of control and comfort: traditional body-powered systems
may require potentially uncomfortable harnesses and offer limited grip-
strength variation and modes. Myoelectric and Al-powered systems eliminate
harnesses and improve control capabilities, with Al enabling fine-grained grip

modulation and automatic mode switching, though both can introduce delays
from EMG processing and may increase device mass.

Control and Comfort

Traditional Myoelectric Al-Powered
Harness can include uncomfortable no harness no harness
harnesses
Mass light moderate heavy
Grip Strength nollimited variation in grip  variation in grip strength  fine-grained variation in grip
strength with training strength without training
required
Delay no delay delays due to EMG delays due to EMG signal
signal processing processing
Modes no modes available/require need to manually switch automatic mode switching
terminal devices modes possible
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Adaptability :

Overall, Al-powered prosthetic limbs have superior adapt-
ability due to their intuitive nature and support through
training programs. Furthermore, machine-learning algorithms
enable automatic mode switching and continuous adaptation
to users’ muscle signals. In contrast, traditional prostheses are
simplistic in terms of versatility and control in daily tasks.
Currently, terminal devices are employed for different activ-
ities; however, switching them out can be tedious. Alternative
adaptability methods for traditional prostheses include a
quick-disconnect wrist unit to allow for faster switching of
terminal devices.®

Furthermore, the development of improved training pro-
grams could help traditional prosthetic users adapt to their
device more effectively. For example, mobile-game-based
prosthetic training methods have already been developed for
myoelectric prostheses,*® improving control and user motiva-
tion. Translating similar game-based or interactive methods
to traditional prostheses could be valuable, as supported by
a study on the effects of targeted training for body-powered
prostheses, which showed improved functional performance
in all users.”” Another example includes a study conduct-
ed on a group of thirty-two able-bodied participants using
body-powered bypass prostheses with an augmented reality
(AR) training game, which helped participants improve their
control and speed.*®

Alongside training improvements, advancements in tradi-
tional prosthetic design are improving adaptability through
modular components. An anatomic study of sixty-five ca-
daveric humeri enabled the creation of a modular prosthesis
system, which allowed users to mix and match components,
creating prostheses that were customizable despite not being
completely bespoke.®” This modular system could extend to
other prosthetic types, facilitating cheaper production by re-
ducing detailed personalization while still maintaining an
element of user-specific tailoring.

Table 2: Summary of adaptability across prosthesis types. As the devices can
adapt to users, improving control over time, Al-powered devices are superior
in adaptability. This is furthered by automatic mode switching, allowing
prostheses to adjust their behavior to user actions automatically, rather than

using manual switching or terminal devices. Reliance on battery life can be
insignificant due to single charges being sufficient for a day’s use.

Adaptability
Traditional Myoelectric Al-Powered
Modes require terminal devices uses manual mode switching uses automatic mode
switching
Adapting to the user over no adaptation over time  calibrated to muscle signals adapt and learn from
time to perform more varied tasks muscle signals over time to

perform more varied tasks

Reliance on Battery Life no batteries required highly reliant on battery life  highly reliant on battery life

Digital prostheses heavily depend on sensors, power, and
battery life, which can pose major safety risks if power fails.
Therefore, some advancement in the battery longevity of
prostheses should be explored to minimize this issue. The
dependence on manufacturers also presents challenges. For
example, if a company goes out of business or stops updating
a prosthetic model, it can lead to a digital limb becoming use-
less.” Planned obsolescence has become increasingly common
in healthcare;” this can be an ethical concern, especially for us-
ers who are not financially capable of affording updates or new

parts. People with disabilities are often already vulnerable to
poverty; therefore, re-purchasing additional parts over time is
often not feasible.® Table 2 provides a summary of the trade-
offs between different prosthesis types in terms of adaptability.
Over the three criteria, Al-powered prostheses are superior,
followed by myoelectric, and finally traditional.

Cost and Accessibility:

Overall, traditional prostheses are the most cost-effec-
tive and accessible, especially in resource-deprived regions.
However, due to persistent insurance reluctance in prosthetic
coverage,’ even traditional prostheses can be financially inac-
cessible for many, making digital alternatives even less feasible.
Thus, the replacement of traditional prostheses with digital
alternatives is largely inhibited by the prohibitive pricing of
the industry. The World Health Organization’s Standards for
Prosthetics and Orthotics has recommended a tiered pricing
model to solve this, tailored to varied needs and country re-
sources.”

New manufacturing methods, such as 3D printing, are be-
ing tested to increase accessibility by significantly reducing
costs. This approach produces designs that can better develop
affinities for users through an iterative design approach.” By
3D scanning the residual limb and importing this data into
CAD software, we can mitigate the need for excessive labor
and allow prosthetists to focus their attention on where it is
truly needed — customization. Additive manufacturing allows
rapid prototyping, allowing for edits and customization to be
carried out more quickly, even possibly at the point of care
within the hospital.”” The combined effects of reduced labor
and improved speed of manufacture can reduce costs. These
methods of manufacture have been applied to myoelectric con-
texts, where the “Mark 5 ™, Mandro” 3D-printed myoelectric
prosthetic hand demonstrated that an affordable, reliable, and
durable design can have a “major social impact on patients.””®

The simplicity of traditional prostheses makes them more
suitable for users with lower competence due to age or other
ability-related factors. Therefore, traditional prostheses often
do not have structured support, and further research should
be conducted into developing structured training programs to
help users adapt to their traditional prostheses, particularly in
terms of proprioception and agility. Some developments have
been made in this area, with studies showing that designat-
ed training programs for traditional prosthetic users can help
improve control and speed.®” Digital prostheses require more
training, but the existence of structured training programs
helps users adapt more effectively to their devices. Further-
more, since Al-powered prostheses learn the user’s behavior
over time,” they could have a less steep learning curve com-
pared to myoelectric prostheses. Game-based and AR training
methods have been proposed to make myoelectric skill devel-
opment more engaging and accessible outside clinical settings,
helping users become accustomed to their less intuitive na-
ture.”b7”’

For those who are technologically illiterate or challenged,
such as the elderly, there is a question of whether developing
the digital literacy required to operate a digital prosthesis, as
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well as enduring the learning curve, is worth the effort. In addi-
tion, low-income countries with lower rates of education often
have lower rates of digital literacy.”® This creates a clear barrier
for digital prostheses; more rugged, simple, traditional prosthe-
ses may be more accessible to the greater population. Table 3
provides a summary of the trade-offs between different pros-
thesis types in terms of cost and accessibility. Over the three
criteria, traditional prostheses are superior, followed by myo-

electric, and finally Al-powered.

Table 3: Summary of cost and accessibility across prosthesis types.
Traditional prostheses are the cheapest option and most commonly adopted.
The moderate learning curve, while not supported by the learning programs
that myoelectric and Al models have, can be easily facilitated by regular use.

Cost and
Accessibility

Traditional Myoelectric Al-Powered
Cost cheapest
Accessibility most accessible

Learning Curve  moderate learning curve, steep learning curve, with moderate learning curve,
without support support with support

more expensive most expensive

less accessible least accessible

Emotional Benefts and Social Preference:

Overall, traditional prostheses offer greater emotional ben-
efits, user social preference, and social conformity; the bionic
nature of digital options can be discomforting, especially in
rural contexts where acceptance of amputation and prosthetic
usage is low.

Users of all types of prostheses experience some level of im-
provement in QOL; however, the “cyborg-like “dual identity”
created by digital prostheses® can be harmful to a person’s
mental state and self-perception. It is, therefore, important
to consider both the positive and unintended negative social
consequences of the augmentation of technology in digital
prostheses” and perhaps biomedical devices as a whole. This
could be changed by making digital prostheses more hu-
man-like, such as adopting human skin tones and texture for
the unit. For example, Ossur’s i-Limb skin match is a silicone
glove that fits over the i-Limb model, which has a very realistic
appearance, concealing the myoelectric prosthesis while main-
taining function.*®

For many users, the ability to conceal their prosthesis is criti-
cal for their social conformity.* This is fairly difficult for digital
prostheses, where their bionic nature is highly visible. However,
for traditional prostheses, their appearance is much simpler to
conceal, especially for passive prostheses, which are intended
to be non-functional but cosmetically identical to a real limb.

The interest or fascination that some outsiders feel when in-
teracting with a digital prosthetic user can have a positive effect
on the user themselves.” While this interest may be prevalent
in Western cultures, the digitization of prosthetics may not be
favored in rural contexts, such as in Africa or South Asia, due
to more traditional beliefs. This is exemplified by a system-
atic review, which noted that cultural barriers, including the
traditional beliefs of Sub-Saharan Africa, hindered the use of
prostheses.®! To ameliorate this, awareness efforts are crucial
for rural populations to educate them about the capabilities
and benefits of digital prostheses and prosthetics as a whole.
This could have some impact in increasing acceptance; howev-
er, aiming to change systemic traditional values and opinions
can be unfeasible.

Incorporating patient perspectives into prosthetic design can
help address social sources of dissatisfaction. Individual choice
is both emotionally beneficial to users and is necessary due
to the individuality of user needs and wants for prosthetics.
Integrating user input into prosthetic design enables the in-
corporation of social factors into Clinical Practice Guidelines,
helping reduce the negative social impacts of prosthetic use.*®
Table 4 provides a summary of the trade-offs between differ-
ent prosthesis types in terms of emotional benefits and social
preference. Over the four criteria, traditional prostheses are
superior, followed by myoelectric and Al-powered prostheses.
Table 4: Summary of emotional benefits and social preference. AI-powered
and myoelectric devices’advanced function lends a higher level of independence
and creates interest among others. However, this fascination may be limited to
Western contexts, where advancement in human body-related technology is

accepted to a greater degree than in others. Additionally, traditional prostheses
can usually be easily concealed to evade stigma.

Emotional Benefits and
Social Preference

Traditional Myoelectric Al-Powered
general improvement general improvement, but  general improvement, but
ir ‘disability-related increased ‘disabili elated

Improvement to QOL feelings of stigma’ feelings of stigma’
Level of independence  moderate to low high high

provided

Ability to conceal high for most traditional  low low
prosthesis prostheses

Technical fascination  low high, but may be limited to very high, but may be

Western contexts limited to Western contexts

Durability, Robustness, and Simplicity:

Myoelectric and Al-powered prostheses have low resistance
to adverse conditions, particularly water, whereas traditional
prostheses are less sensitive to weather and terrain. Research
into water-resistant digital prostheses is ongoing, with a study
developing an EMG sensor that can be used underwater.82
It maintained EMG signal quality above and completely sub-
merged below water, evidencing the potential for less sensitive
digital prostheses in the future.

Furthermore, charging requirements can inconvenience dig-
ital prosthetic users and limit viability in low-resource settings
with scarce electricity. Efforts to reduce the energy require-
ments of prostheses include a study in the context of a powered
prosthetic ankle; using a convex optimization formulation,
they designed the stiffness of series elastic actuators to min-
imize energy consumption.® Table 5 provides a summary of
the trade-offs between different prosthesis types in terms of
durability, robustness, and simplicity. Over the three criteria,
traditional prostheses are superior, followed by myoelectric and
Al-powered.

Table 5: Summary of durability, robustness, and simplicity. Traditional
prostheses’ low complexity and therefore resistance to adverse conditions

allow use in many climates and environments. Their lack of need to charge
maintains simplicity.

Durability, Robustness and

Simplicity
Traditional Myoelectric Al-Powered
Complexity least complex more complex more complex
Resistance to Adverse Conditions high resistance low resistance low resistance
Charging does not require charging  requires charging requires charging

Integrative Perspective:

While the five factors have been discussed separately in this
study, it is important to acknowledge that complex relation-
ships exist among them. Therefore, this section provides an
integrative perspective on these relationships, with the aim of
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allowing a user to identify which prosthesis is best suited to
their needs.

Training burden affects control, comfort, accessibility and
can cause prosthetic abandonment. Issues can arise when users
transfer between clinics, and training programs are not con-
sistent. Therefore, training programs should be mandatory
(perhaps by government legislation, with potential reimburse-
ment for time and effort) and device-specific (designed by the
prosthetic company itself, thus preventing disruption of conti-
nuity of care).

Furthermore, user preference cannot be determined by pros-
thetic function alone, as all factors interact uniquely for each
patient. User selection should not be limited by clinic-spe-
cific collections of prosthetic devices; users should be able to
self-evaluate their preferences and assess all available options
before selection. There is currently no standardized way to com-
pare all types of prosthetic modes (traditional, myoelectric, and
Al-powered) across economic, functional, and social differenc-
es. Studies such as this one are examples of current solutions to
this issue; however, such papers are not approachable for public
consumption. Therefore, a centralized, patient-facing, online
prosthesis comparison platform (with integrated user opinions,
product specifications, costs, etc.) can be an accessible way for
users to decide which model would be best for their unique
needs.

In addition, Al-powered devices have the hidden cost of
pre-training through calibration systems, as a brand-new
device will not be trained to the specific user. Since the ML
algorithms must adapt to each user, this comes at an additional
cost.

Research trends are directed towards advancing functionality
and control in these devices; however, this innovation can often
increase the cost of devices. Innovation and affordability are
viewed as separate goals in the industry. Future research should
consider whether advanced function can be developed along-
side cost reduction strategies to maximize accessibility.

Accessibility is not only financial but also technological.
Even where funding is available, devices that require charging,
updates, calibration, or high digital literacy may be unsuitable
for some users. A solution could involve adapting training pro-
grams or offering alternate training programs to accommodate
those with lower digital literacy, allowing them to access these
more advanced digital devices.

Overall, from the user’s perspective, considerations for both
upper and lower-limb devices were fairly generalizable to both
— have an agreeable appearance, be accepted socially, and func-
tion well enough to maintain QOL. The considerations are
also mostly generalizable from a clinician’s perspective, but the
design and manufacturing considerations are different, partic-
ularly since lower-limb devices are load-bearing. Prosthetists
would use different methods to make devices comfortable and
functional. Table 6 summarizes all five factors to provide a suc-
cinct summary of this review’s findings and can be used as a
ready reference for selection.

Current research directions revolve around reducing costs
through point-of-care and additive manufacturing; reducing
EMG signal processing delays; considering alternative mate-

rials to improve device weight and cost; standardizing training
programs, ensuring they are adaptable to users of all digital
literacy levels; and improving social acceptance through us-
er-centered prosthetic design 5%’

Table 6: Summary of all five factors. Depending on client choice,
socioeconomic conditions, and clinical settings, appropriate prosthesis types
can be selected. Al-powered prostheses provide the best control and comfort,
and the highest adaptability, but are the heaviest, most complex, battery-
dependent, and least accessible due to cost. Traditional prostheses are most
affordable, robust, simple, and widely accessible but offer the least control,
adaptability,and independence. Myoelectric prostheses stand as an intermediate
by improving function over traditional devices but retaining training burden,
battery reliance, and reduced robustness, despite remaining more accessible
than Al-powered systems.

Cornerstone
| Traditional Myoelectric Al-Powered
Control and | Simple control d d control, but d d control, intuitive and
Comfort supported (through training supported (through training
programs) programs and ML algorithms)
Least comfortable More comfortable Most comfortable
Adaptability | No modes, binary states Manual mode switching Automatic mode switching

Doesn't adapt to user over  Doesn't adapt to user over time  Adapts and learns from muscle

time signals over time to perform more
varied tasks

No reliance on battery life Reliant on battery life Reliant on battery life

Costand |Cheapest Expensive Most expensive

Accessibility

Most accessible Less accessible Least accessible
Moderate learning curve, Steep learning curve, with support Moderate learning curve, with
without support support

Emotional | General improvement to QOL  General improvement to QOL, but General improvement to QOL, but

Benefits and increased ‘disability-related increased ‘disability-related
Social feelings of stigma’ feelings of stigma’
Preference
Moderate to low High independence High independence
independence
Some types are easy to Difficult to conceal in public Difficult to conceal in public

conceal in public, others are
not
No technical fascination High technical fascination, may be

limited to Western contexts

High technical fascination, may be
limited to Western contexts

Durability, |Least complex More complex More complex
Robustness
and
Simplicity
High resistance to adverse Low resistance to adverse Low resistance to adverse
conditions conditions conditions
Doesn’t require charging Requires charging Requires charging
Case Study:

To exemplify the comparisons made in this paper, three flag-
ship devices, one of each prosthetic type, have been identified
and compared across the five factors.

Table 7: The Hosmer 5X Hook, Ottobock Michelangelo Hand, and the

Coapt Complete Control Gen2 systems have been compared across the five
factors highlighted in the paper.

Type Traditional Myoelectric Al-Powered
Product Hosmer 5X Hook Ottobock Michelangelo Hand ~ Coapt Complete Control Gen2 +
Name A compatible prosthetic hand®®
Controland  Body-powered cable/haress  Two electrodes capture Uses two dome electrodes with
Comfort control. contraction of forearm 8 EMG channels. Continuously
muscles.®? adapts to user through ‘Adaptive
Advance ® and ‘Control Coach
@ calibration systems.
Adaptability  Binary state — open or 7 different grips possible Uses a continuous-learning
closed.® through particular finger algorithm, ‘Adaptive Advance ®
alignment and motorized that combines previous and new
thumb.89 calibration data to adapt and
learn to the user’s natural
changes in control over time.
Cost and $679.90 (terminal device) ~$60,000-75,000 (prices not ~$70,000-100,000+ (prices not
Accessibility  only.®! available publicly). Ottobock has available publicly). Uses a
developed accompanying proprietary Al model ‘Control
exercises to train user familiarity Coach ® to analyze user's
prior to data to
use).®? which types of movement will
get the least reliable control.
Then suggests specific
calibration exercises which will
add to existing data to allow for
better control. This supports
user training.
Emotional Fairly concealable. Hook Anatomically mimics hand. Can  Dependent on which compatible
Benefits and  however does not mimic purchase cosmetic, skin-color  hand you select to use with the
Social human anatomy at all. silicone cover to conceal.?? control system.
Preference
Durability, ~ Waterproof up to 1 meter.® Must be protected from dirt and  Sensitive to ‘extreme
Robustness, humidity. Requires charging.2  temperatures’ (<-20°C, >45°C)
and Simplicity and excessive moisture and

dust. Requires charging.
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Limitations:

This study is not without limitations. Firstly, the studies ref-
erenced here are slightly biased towards upper-limb prostheses,
so their findings may not fully apply to lower-limb or mixed
amputation contexts. This is because myoelectric/Al-powered
systems are more prevalent in upper-limb devices. Secondly,
many of the studies are conducted in laboratory settings, and
the findings may not fully translate to the real world. For ex-
ample, cost reductions achieved through specific fabrication
methods could be offset by higher insurance mark-ups and
changing governance, increasing the final selling price to us-
ers. Additionally, prosthesis choice is inevitably controlled by
the individual needs of each user. However, we did not sug-
gest which type of prosthesis may be preferable for different
user groups (e.g., age, time since amputation, amputation type,
user needs). The information in this paper is only presented
as a screening tool and is not intended to replace clinician
decision-making entirely. Factors such as intended function,
age, demographic, etc. should all be taken into account by
the treating clinician. Finally, some of the studies referenced
here are not recent (median value = 2020), and many studies
are conducted in Western contexts. This leads to a bias to-
wards Western populations, which is particularly relevant to
Sec. Emotional Benefits and Social Preference, where attitudes
and beliefs towards prosthetic use differ significantly between
Western contexts and the Global South. Furthermore, more
recent technologies may be underrepresented.

® Conclusion

This paper holistically compared traditional, myoelectric,
and Al-powered prostheses on five different factors, spanning
function, use, economic impact, social impact, and longevity.

The findings of this paper showed the following:

1. Traditional prostheses: These are the cheapest option and
are currently most widely accepted, particularly in rural envi-
ronments. They are most easily adoptable, due to being the
least technically complex and having the strongest durability
against adverse conditions. However, they provide the least in-
dependence.

2. Myoelectric prostheses: Myoelectric prostheses form an in-
termediate ground between the simpler traditional prostheses
and higher-complexity Al-powered ones. They are better than
the former in terms of control but are also more expensive and
less accessible; in comparison to the latter, they have less ad-
vanced control but are more accessible and cheaper.

3. AI-powered prostheses: In comparison to the other pros-
thesis types, they excelled in control and comfort due to their
advanced control algorithms and had superior adaptability due
to their ability to adapt to users. They had some strength in
emotional benefits, mainly due to their advanced function, al-
lowing greater QOL. These devices have the greatest potential
for development, as current research is primarily directed to-
wards their improvement and advancement.

Patients may lean towards traditional prostheses when ac-
cess and costs are a concern, but they prefer myoelectric and
Al-powered ones when control and independence are of

greater concern. Future research should focus on cost-saving
efforts (e.g., greater use of additive manufacturing, on-site
manufacturing, alternate material usage, etc.) to increase ac-
cess; improved insurance and governance policies; optimized
control through Al-driven algorithms; faster EMG signal pro-

cessing; and weight reduction through material choice.
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ABSTRACT: TP53 is the most frequently mutated gene in human cancer, and its protein product, p53, serves as the cell's
primary defense against cancer proliferation. Targeting p53 therapeutically has proven remarkably difficult, since p53 dysfunction
cannot be pinpointed to a single problem. Therapies targeting p53 must be matched to specific dysfunction categories, such as
loss of function, gain of function, or negative regulator overexpression. This review investigates how the diversity of p53 mutations
necessitates targeted therapy by analyzing p53 structure, mutation types, and current therapeutic approaches, using evidence
from experimental cancer models and clinical trials. By analyzing current treatment options, we show how p53 therapy relies on
understanding mutation mechanisms. Structural mutants require reactivation drugs like APR-246 to refold the protein, while
gain-of-function mutants require degradation strategies such as the Hsp90 inhibitor 17-AAG. Using the two interchangeably
could render treatments ineffective or worsen outcomes by stabilizing oncogenic activity. This review argues that the effectiveness
of p53-targeted therapy depends on specific, categorized treatment options. Matching the right therapy to the right mutation
reduces treatment failure, improves clinical design, and could help save the lives of cancer patients with p53-altered tumors.

KEYWORDS: Cellular and Molecular Biology, Genetics; Cancer, Treatment, Therapeutic Strategies, Drugs, Tumor

Suppression, Protein p53.

B Introduction

The p53 protein is a central tumor suppressor that maintains
genetic stability in most somatic cells and is commonly known
to be a regulator of intracellular functions. Its loss of function
due to a mutation in the 7'P53 gene that allows for the pro-
liferation of faulty DNA.? It is important to understand the
structure and behavior of p53 when considering the develop-
ment and progression of cancer, as p53 plays a crucial role in
regulating the cell cycle in response to stress signals.? The pres-
ence of mutant p53 (mutp53) varies among cancer types, with
certain cancers exhibiting higher mutation rates than others.
Small cell lung cancer, colorectal cancer, ovarian cancer, and
endometrial cancer all have mutation frequencies of over 50%.
Genomic instability and increased resistance to therapies of-
ten occur as a result of high p53 mutation frequencies.® This
can be shown through research that explores how high mutp53
expression in cancer patients is correlated with reduced over-
all patient survival.® Globally, approximately 20 million new
cancer cases and 9.7 million cancer deaths were recorded in
2022 alone.* Given that TP53 mutations are present in over
50% of all human tumors, this translates to an estimated 10
million new p53-mutant cancer diagnoses annually.*® These
findings emphasize the importance of understanding the role
and behavior of p53 when considering cancer development and
progression.

Under normal conditions, p53 protein levels are kept un-
der control by one of its primary negative regulators, MDM?2.
MDM?2 and p53 form an autoregulatory feedback loop that
targets p53 for degradation, ensuring activity remains low in
healthy cells.®* Upon activation, p53 induces the expression
of genes such as p21 that mediate p53-induced G1 cell cycle

arrest by inhibiting cyclin-dependent kinases (CDXKs). This
prevents RB phosphorylation, which halts entry into the S
phase. As a result, cells are given more time to repair damaged
DNA or undergo apoptosis.” Additional studies have shown
that p53 controls many “non-classical” pathways, including
metabolic homeostasis, senescence, stem cell differentiation,
angiogenesis, and DNA repair. Wild-type p53 (wtp53) also in-
fluences metabolic processes through transcriptional activation
or by repressing target genes. p53 can suppress the expression
of glucose transporters like GLUT1 and GLUTH4 to reduce
glucose uptake, which protects cells from oxidative stress. p53
promotes mitochondrial respiration by upregulating genes that
promote oxidative phosphorylation, electron transport chain
activity, and efficient ATP production. By increasing the ex-
pression of genes that promote fatty acid oxidation (FAO), p53
helps fatty acids enter the mitochondria, where they are broken
down to produce ATP.%#

This paper will discuss how mutations in p53, such as
regulatory expression by negative modulators, aberrant pro-
tein-protein interactions, and structural missense mutations,
can contribute to cancer development and progression. We will
go over how such mutations can be therapeutically targeted
through different strategies such as reactivation therapies, in-
hibition of MDM2 and MDMX (also known as MDM4), and
deletion or degradation of mutp53 proteins. The main ther-
apeutic focus will be on small-molecule-based therapies that
aim to reactivate mutp53 to a functional state and stabilize
wtp53. Despite extensive research, p53 remains one of the most
difficult tumor suppressor proteins to target.! Recent research
shows that treating p53 dysfunctions the same regardless of the
specific mutation category is not effective, nor is it accurate.
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Different types of mutations in p53 lead to different cancer
behaviors that should not be treated interchangeably, which
raises the issue of certain therapies failing as they are unable to
account for the specific p53 mutation situation. Recent studies
in biology and pathway analysis show there is an urgent need
to distinguish between loss-of-function (LOF) and gain-of-
function (GOF) mutations and to identify when p53 should
be neutralized or reactivated.” Understanding and addressing
these points is crucial for developing new therapies and ad-
vancing oncology for p53-driven cancers in general.

B Discussion

Structure and Normal Function of p53:

p53 functions as a sequence-specific transcription factor
that uses stress signals to indicate issues such as DNA damage,
oncogene activation, ribosomal stress, and nutrient depriva-
tion. In response to these signals, it regulates genes that control
whether the cell repairs damage, stops division, or undergoes
apoptosis.'® In humans, the 7'P53 gene is located on the short
arm of chromosome 17 at position 13.1, and encodes p53 with
393 amino acid residues. The 393 amino acids that p53 con-
sists of make up its domains, which enable tumor-suppressing
functions.! p53 functions as a homotetramer because individ-
ual monomers bind DNA weakly; thus, tetramer formation is
essential for sequence-specific DNA binding."? Studies show
that the tetramerization domain (TD) in the C-terminal re-
gion and the DNA binding domain (DBD) act together to
make p53 a functional transcription factor capable of regulat-
ing genes.! Tetramer formation is essential for DNA binding
and for ensuring p53 can be properly regulated to effectively
activate its target genes in response to stress.">'* Furthermore,
studies show how minor disruptions in tetramer formation can
severely impair gene regulation.”

The p53 protein relies mainly on domains for its tu-
mor-suppressing functions. These domains allow for the
binding of p53 to other cofactors, also known as “helper pro-
teins,” that are crucial for p53 to be able to activate or suppress
genes. When these domains are missing or mutated, p53’s
tumor-suppressing function is weakened, which can lead to
cancer formation and growth.' The N-terminal region of p53
is primarily responsible for activating target gene expression.
This region contains two transcriptional activation (transacti-
vation) domains located within residues 1-61. TAD1 (residues
1-40) and TAD2 (residues 40-61) both help initiate the tran-
scription process.”'8 TADs also interact with one of p53’s
negative regulators, MIDM?2, an E3 ubiquitin ligase that marks
p53 for degradation under normal conditions, ensuring p53
levels stay low when cells are not stressed.’” Additionally, the
DNA-binding domain makes connections with both TADs by
folding back and contacting parts of the same p53 molecule.
These contacts help p53 identify target DNA sequences.?

The proline-rich domain (PRD, residues ~63-94) has a
unique flexible structure that helps stabilize p53 by regulating
interactions with proteins such as MDM?2. Through studies,
it has been demonstrated that the PRD influences how p53
binds to DNA and how effectively it activates or represses dif-
ferent target genes. Unlike the DNA-binding domain, which

is frequently mutated in cancer, the PRD is rarely mutated.”!
The central DNA-binding domain (DBD, residues ~102-293)
is the most critical region for p53 activity as a transcription
factor and tumor suppressor. The DBD is organized around an
antiparallel f-sheet scaffold and contains several flexible loop
regions, including the L1, .2, and L3 loops, which help with
DNA recognition. These loop regions make sequence-specif-
ic contacts with DNA by inserting into the major and minor
grooves of the DNA helix.”? The DBD functions as part of a
tetrameric complex, with four p53 monomers assembling to
bind DNA cooperatively (Figure 1). The three-dimensional
fold of the DBD is maintained by a zinc ion, which is coor-
dinated by conserved cysteine and histidine residues.”® Most
cancer-associated mutations occur in the DBD, with over 80%
of p53 mutations found in tumors located in this domain.*

The C-terminal regulatory domain (CTD, residues 363-
393) modulates how, when, and how strongly p53 binds DNA
and activates target genes. Flexibility and lack of three-di-
mensional structure in the CTD enable it to interact with
multiple binding partners and respond better to regulatory sig-
nals.** It is one of the p53 domains that is subject to extensive
post-translational modifications, including phosphorylation,
acetylation, and ubiquitination.” These modifications change
p53’s interaction with DNA and are crucial for determining
whether p53’s ability to bind to target sequences will be en-
hanced or inhibited. Ensuring all five domains work together
coordinatedly is essential for ensuring p53 does its job as a
tumor suppressor effectively, with each domain contributing
differently to how p53 senses stress, binds DNA, and activates
gene expression programs.

DBD

“\X

Figure 1: Structural organization of the p53 DNA-binding domain (DBD)
and tetramer. a) three-dimensional structure of the DBD in complex with
sequence-specific DNA, highlighting the p-sheet scaffold and loop regions
(L1, L2, L3) that make direct contact with DNA bases. b) Full p53 tetramer
bound to DNA, illustrating how four monomers assemble into two dimers
that each recognize one DNA half-site. This tetrameric arrangement is
essential for p53's function as a transcription factor. Minor disruptions to this
structure, such as those caused by structural hotspot mutations, can abolish
tumor suppressor activity. Reproduced from Wang e a/. 2023 under CC BY
4.0 license.!
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MDM2-mediated ubiquitination and proteasomal deg-
radation are two post-translational mechanisms that work
together to unfold and degrade the protein, keeping p53 lev-
els low.? Upon cellular stress signals such as DNA damage,
oncogene activation, or hypoxia, p53 undergoes post-transla-
tional modifications that disrupt the p53-IMIDM2 interaction.
Stress-activated kinases, including ATM, ATR, and CHK1/
CHK2, phosphorylate p53 at Serl5 and Ser20, disrupting the
p53-MDM2 interaction and allowing p53 to accumulate.?”?
These modifications allow p53 to accumulate rapidly and form
tetramers in the cell. Once in the nucleus, p53 must locate and
bind to DNA-binding sites as a tetramer.'

Once stabilized, p53 activates target genes appropriate to
the stress signal. For cell-cycle arrest, p53 strongly induces
CDKNI1A, a cyclin-dependent kinase inhibitor that codes for
p21 and blocks cell cycle progression at the G1/S checkpoint.
This halts the DNA replication process and gives cells time
to repair damage before dividing.” In the case of irreparable
damage, p53 activates pro-apoptotic genes such as BAX and
PUMA, which trigger mitochondrial membrane permeabili-
zation and caspase-mediated apoptosis.?’ For DNA repair, p53
induces genes like GADD45A, which facilitate repair pro-
cesses and assist in chromatin remodeling during repair. p53
also induces expression of DNA damage recognition proteins
DDB2 and XPC, which recognize DNA lesions and help re-
cruit repair machinery to sites of damage.*® The structural and
physiological integrity of p53 is crucial for it to carry out its
functions. The DNA-binding domain must be properly posi-
tioned and structured to enable the recognition of target DNA
sequences. Tetramer formation through the tetramerization
domain provides the stability and structure required for proper
DNA binding. Both the N-terminal and C-terminal regions
allow these domains to integrate regulatory signals that fine-

tune p53's activity (Figure 2).
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Figure 2: The p53 signaling pathway under normal and stress conditions.
Under normal conditions, MDM?2 ubiquitinates p53, targeting it for
proteasomal degradation through a negative feedback loop. Upon stress
signals, including DNA damage, ROS, UV radiation, and oncogene activation,
p53 is stabilized through phosphorylation and acetylation. This allows it to
bind DNA and activate programs including cell cycle arrest, apoptosis, DNA
repair, angiogenesis, and metabolic regulation. Reproduced from Shen e# a/.
2023 under CC BY 4.0 license.”!

Over 80% of cancer-associated p53 missense mutations
occur within the DBD, primarily clustered at specific residue
positions known as mutation hotspots.* The six most fre-
quently mutated residues are R175, G245, R248, R249, R273,
and R282. These six residues account for a disproportionate
amount of all p53 mutations across human cancers, as altering
them disrupts p53 function, which gives cancer cells a sur-
vival advantage.* These hotspot mutations can be classified
into two major categories based on their mechanisms of inac-
tivation. Contact mutations, which include R248 and R273,
occur at residues that make direct physical contact with DNA
bases or the DNA backbone. Mutations at these locations
eliminate hydrogen bonds and electrostatic interactions that
enable p53’s sequence-specific recognition abilities.**** Struc-
tural mutations, which include R175H, G245S, R249S, and
R282W, disrupt and destabilize the three-dimensional fold of
the DBD, causing conformational changes or partial unfold-
ing of the domain.>** R175, for instance, disrupts zinc-binding
site interactions and impairs loop positioning critical for DNA
recognition. It is important to note that not all mutations at
the same residue have identical effects; some mutations can
cause complete loss of function, while others retain partial ac-
tivity.® The high frequency of mutations specifically at these
hotspots demonstrates the importance of these residues for
p53's tumor suppressor activity and how their disruption pro-
motes cancer progression.

P53 Mutations and Misregulation in Cancer:

Most TP53 mutations are missense mutations, with over
80% involving single amino acid substitutions. This produc-
es full-length proteins that are structurally altered instead of
eliminating protein expression.>® The majority of these mis-
sense mutations cluster within the DNA-binding domain
between codons 125 and 300.¢ The consequences of p53
mutations can be classified based on their functional effects.
Mutations can lead to loss-of-function, where the protein los-
es its normal tumor-suppressing activities, or gain-of-function,
where the mutant protein acquires new properties that actively
promote cancer progression.**” Because p53 functions as a te-
tramer, mutp53 proteins can exert dominant-negative effects
by forming mixed tetramers with remaining wtp53 and block-
ing its function.®®

Loss-of-function mutations are the most common form of
p53 inactivation in cancer. When p53 loses the ability to ac-
tivate its target genes, cells lose access to the stress-response
programs that would otherwise protect them from accumulat-
ing genetic damage. As a result, cells are no longer able to carry
out processes such as inducing cell cycle arrest through p21,
triggering apoptosis through BAX and PUMA, or repairing
damaged DNA through genes like GADDA45A, DDB2, and
XPC.723 Without functional pathways, additional mutations
can arise and go uncorrected. Loss-of-function mutations
actively create conditions where genetically damaged cells
continue to survive and replicate, further enabling cancer de-
velopment.®

Unlike LOF mutations, which eliminate p53's normal tu-
mor-suppressing abilities, GOF mutations give mutant p53
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new cancer-promoting abilities. GOF mutp53 remains struc-
turally stable and begins interacting abnormally with other
proteins in the cell.***® One of the most commonly observed
GOF mechanisms involves mutp53 binding to and blocking
p63 and p73, two proteins from the same family as p53 that
share a similar structure and function. By interacting with
them, mutp53 prevents p63 and p73 from binding to their
DNA targets, which blocks their ability to activate genes that
suppress cell growth and trigger apoptosis.>** Gain of func-
tion mutp53 also binds with other transcription factors such
as NF-kB, ETS2, NF-Y, SREBP, and HIF-1a. The mutp53
then changes which genes get turned on or off in ways that
benefit cancer cells.? GOF mutp53 is also able to enhance the
ability of cancer cells to invade surrounding tissue and spread
to other parts of the body by turning on genes involved in cell
movement and tissue breakdown.’® It increases resistance to
chemotherapy by activating proteins that either pump drugs
out of cancer cells or break them down before they can work.*
Additionally, by interfering with DNA repair and cell division
checkpoints, GOF mutp53 can increase cell duplication and
contribute to DNA damage.

The differences between LOF and GOF mutations make
it clear that not all p53 mutations work the same way (Fig-
ure 3). Loss-of-function mutations prevent p53 from binding
to DNA and activating the genes that protect against cancer.
Typically, the protein will misfold, lose its ability to bind to
DNA, or both. Gain-of-function mutations work differently.
The mutant p53 will no longer be able to function as a normal
transcription factor, but instead of becoming inactive, it begins
interacting with other proteins in harmful ways.**** The two
types also differ in protein stability. Loss-of-function mutants
are often structurally unstable and may break down or co-ag-
gregate inside cells. Gain-of-function mutants are typically
very stable. They accumulate to abnormally high levels in can-
cer cells, often because chaperone proteins like HSP90 protect
them from degradation.? Clinically, tumors with GOF muta-
tions tend to be more aggressive, harder to treat, and associated
with worse patient outcomes.* While LOF mutations elimi-
nate p53's tumor-suppressive capacity, GOF mutations give
the protein new oncogenic properties that contribute to tumor
progression. Because of their prominent differences, making
the distinction between these two mutation types is critical for
understanding and treating p53-driven cancers.

Mutant p53 proteins can also cause additional damage by
mixing with wtp53 tetramer subunits and disrupting their
function, also known as the dominant-negative effect. In cells
that carry one mutant and one normal copy of 7P53, both types
of p53 protein are produced and can combine into the same
tetramer.*’ This means that even one mutant copy of p53 can
impair and affect the function of the remaining wtp53. Studies
have shown that cells with equal amounts of mutant and wild-
type p53 display less than 50% of normal p53 DNA-binding
activity. This further suggests that mutp53 dominant nega-
tive effects are disproportionately damaging.*! This has been
confirmed in animal studies where mice carrying one mutant
TP53 gene and one normal 7P53 gene behave similarly to
mice completely lacking p53 when exposed to DNA-dam-

aging agents.** This helps explain why the Li-Fraumeni
syndrome causes cancers at very high rates and unusually early
ages, even though they still carry one functional p53 allele.*! It
is important to understand that the dominant-negative effect
is not equally strong for all mutations and varies depending on
the specific mutation or cell type. Over 91% of p53-mutant
cancers ultimately lose both p53 gene alleles, which indicates
evolutionary pressure on the cancer cells to fully remove p53
function rather than relying on partial removal through the
dominant-negative effect.”®
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Figure 3: Functional categories of mutant p53 and their mechanisms of
tumor suppressor inactivation. Wild-type p53 activates target genes that
suppress cancer growth. Loss-of-function (LOF) mutations prevent p53 from
binding DNA, eliminating its tumor-suppressive capacity. Gain-of-function
(GOF) mutations give the mutant protein new cancer-promoting interactions
with transcription factors. The dominant-negative effect occurs when mutant
and wild-type p53 combine into mixed tetramers, impairing the remaining
functional protein. Each category represents a fundamentally different
molecular problem requiring a distinct therapeutic strategy. Reproduced from
Efe ez al. 2026 under CC BY 4.0 license.”

p53 can also be functionally silenced in cells with a com-
pletely normal, unmutated gene. One of the most common
ways this happens is through the overexpression of MDM?2
or its related protein MDMX. In normal cells, MDM?2 and
p53 exist in a balanced feedback loop that keeps p53 levels
low when cells are healthy. In certain cancers, however, the
genes encoding MDM?2 or MDMX are amplified or overex-
pressed. As a result, these proteins are produced in excess and
continuously suppress p53 activity even when the cell is under
stress.*** High-risk human papillomaviruses like HPV-16 and
HPV-18 produce a protein called E6 that directly degrades p53
through a pathway distinct from MDM2, achieving the same
functional effect as a mutation.***” p53 can also be impaired
when the cellular machinery responsible for activating it is dis-
rupted. For example, if the kinases that phosphorylate p53 at
S15 and S20 in response to DNA damage are lost or mutated,
p53 cannot be properly activated. This leaves cells functionally
p53-deficient despite having a completely intact 7P53 gene.*
These non-mutational mechanisms demonstrate that p53 dys-
function can occur through multiple pathways, each of which
may require a different therapeutic approach.
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Therapeutic Targeting of p53 Alterations:

p53 is one of the most common targets in cancer therapy,
given its tumor-suppressing role in the cell cycle and the high
frequency of its dysfunction in human cancers. However, due
to its lack of typical drug target features such as well-defined
binding pockets, p53 was considered an “undruggable” protein
for many years.”*>° The challenge is further complicated by
the fact that p53 dysfunction in cancer does not follow a sin-
gle pattern. Some tumors carry LOF mutations, while others
carry GOF mutations. wtp53 is also commonly suppressed by
regulatory mechanisms like MDM?2 overexpression.”® Each
scenario presents a different problem that cannot be addressed
by the same therapeutic approach. As a result, p53 targeted
therapies can be sorted into different categories. The most
current major approaches include reactivation of misfold-
ed mutp53 proteins, inhibition of negative regulators like
MDM2 and MDMLX, degradation of GOF mutp53 proteins,
and small-molecule strategies that can be tailored to specific
mutation contexts (Table 1).!

Overexpression of MDM?2 or MDMX presents the thera-
peutic goal of releasing and stabilizing the functional p53 that
is already present, since this type of dysfunction cannot be di-
rectly categorized as a mutation. MDM2 suppresses p53 by
blocking target gene activation, marking p53 for degradation,
and exporting p53 out of the nucleus.”” However, MDMX
works differently. Instead of degrading p53 directly, it binds
to the same transactivation domain as MDM2 and suppress-
es p53’s transcriptional activity. MDM2 and MDMX form
heterodimers to increase the efficiency of p53 ubiquitination
and degradation.* Small molecules serve as a therapeu-
tic solution for this by binding to the p53-binding pocket
of MDM2, which physically blocks it from interacting with
p53. The most well-studied examples are the Nutlin family
of compounds, including Nutlin-3 and its clinical derivatives
RG7112 and idasanutlin (RG7388). These small molecules
occupy MDM2's hydrophobic binding cleft by mimicking
three of p53's key binding residues (Phe19, Trp23, and Leu26).
MDM2 is blocked from suppressing p53 as a result, allowing
p53 levels to accumulate and its function to be restored.”

Despite their initial clinical promise, MDM?2 inhibitors
have not achieved widespread therapeutic success. This is due
to many factors, such as toxicity, side effects that limit patient
tolerance, and rapid development of resistance through ac-
quired p53 mutations. A phase I clinical trial of RG7112 (a
first-generation Nutlin compound) showed responses in AML
patients, but all patients experienced adverse events, including
dose-limiting thrombocytopenia, neutropenia, diarrhea, and
gastrointestinal toxicity.** Another RG7112 trial in 20 patients
with MDM2-amplified liposarcoma demonstrated 70% stable
disease with increased p53 expression, but late hematological
toxicity remained a significant concern.”® Resistance studies
revealed that prolonged treatment with idasanutlin (RG7388,
a second-generation MDM?2 inhibitor) led to the emergence
of p53-mutated resistant cell populations, demonstrating that
these inhibitors provide limited cancer cell elimination and
select for p53 LOF mutations.’® Additionally, MDM?2 in-
hibitors cannot fully activate p53 in tumors where MDMX

is also overexpressed. The study of dual MDM2/MDMX in-
hibitors and combination strategies that target both proteins
simultaneously has increased in popularity as a result.57 These
approaches are only effective in tumors where p53 remains
structurally intact.

For tumors carrying missense p53 mutations, the therapeu-
tic goal involves fixing the protein directly. Many missense
mutations, particularly structural ones like R175H and R249S,
cause the DNA-binding domain to lose its proper shape with-
out destroying the protein entirely. The protein is still there
and stable, but it is misfolded, which prevents DNA bind-
ing. If a small molecule can restore the protein back into its
proper shape, it might regain the ability to bind DNA.* The
most advanced drug in this category is APR-246 (also known
as eprenetapopt or PRIMA-1IMET), which is a methylated
derivative of the earlier compound PRIMA-1. Inside cells,
APR-246 converts to an active compound called methylene
quinuclidinone (MQ). MQ_works by forming covalent bonds
with cysteine residues on the p53 surface, particularly Cys124
and Cys277. These bonds stabilize the mutant protein and
shift its shape back toward a wild-type-like structure that can
bind DNA and turn on target genes.

Early clinical trials demonstrated remarkable promise in pa-
tients with 7P53-mutant myelodysplastic syndromes (MDS)
and acute myeloid leukemia (AML). In a phase Ib/II trial,
APR-246 was combined with azacitidine, the first FDA-ap-
proved treatment of MDS. The combination achieved an
overall response rate of 71% with 44% complete remission
(CR) in 55 patients with 7P53-mutant MDS or AML.*®
A similar French phase II study confirmed these results, re-
porting a 62% overall response rate in MDS patients with
a median overall survival of 12.1 months.”” The subsequent
phase III trial, however, did not provide statistical significance
even though the complete remission rate was 53% higher in
the eprenetapopt plus azacitidine arm (33.3%) compared to
azacitidine alone (22.4%).° Another phase II trial evaluating
APR-246 plus azacitidine as post-transplant maintenance
therapy in 7P53-mutant MDS and AML patients achieved
a median relapse-free survival of 12.5 months and median
overall survival of 20.6 months, a substantial improvement
compared to historical controls showing approximately 30%
one-year relapse-free survival and median overall survival of
5-8 months after transplantation.!

A related approach uses zinc metallochaperones. Struc-
tural mutations such as R175H prevent the mutant protein
from properly coordinating the zinc ion that is essential for
correct DNA-binding domain folding. Therapeutic Zinc
metallochaperones like ZMC1 (NSC319726) are synthetic
molecules that transport zinc into the cell, allowing it to bind
to the zinc-binding site of mutp53, restoring zinc coordination
and allowing the protein to refold into its normal functional
shape.®® These results demonstrate that mutp53 reactivation
is achievable through stabilization approaches like APR-246
and zinc metallochaperone strategies like ZMC1. Ongoing
trials continue to evaluate these therapies in different contexts
and new strategies for targeting missense mutations.
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Another reactivation strategy involves COTI-2, an oral-
ly available third-generation thiosemicarbazone compound.
The drug reshapes mutp53 back into wtp53 while also inde-
pendently triggering DNA damage responses that push cancer
cells toward apoptosis.®® This means COTI-2 can eliminate
tumor cells through both p53-dependent and p53-indepen-
dent pathways, which is a significant advantage in tumors
where restoring p53 function alone may not be enough to
stop cancer cell survival.®® Preclinical studies in head and neck
cancer showed that COTI-2 also increases the effectiveness
of cisplatin and radiation when used together, suggesting po-
tential combined therapeutic approaches.®® A Phase I clinical
trial evaluating COTI-2 in patients with recurrent gyneco-
logic cancers found it to be generally safe and well tolerated,
with the most common side effects being nausea, fatigue, and
gastrointestinal symptoms.64 However, like other therapeutic
approaches, COTI-2 is not a universal solution, and its effec-
tiveness varies depending on the specific mutation present.*

Under normal conditions, p53 must be present in the nucle-
us to carry out its tumor-suppressing functions, but a protein
called XPO1 acts as a nuclear export receptor that physically
transports p53 out of the nucleus and into the cytoplasm.®® In
cancer, XPO1 is frequently overexpressed, causing excessive
export of p53 and other tumor suppressor proteins away from
their targets, contributing directly to cancer progression.® This
problem is compounded by MDM?2, which not only marks p53
for degradation but also actively facilitates its nuclear export.?
Nuclear targeting strategies address this by blocking XPO1 di-
rectly, trapping p53 inside the nucleus where it can function.®
The most clinically advanced drug in this category is Selinex-
or (KPT-330), an orally available XPO1 inhibitor. Studies in
gastric cancer found that XPO1 was overexpressed in tumor
tissue compared to normal tissue and was associated with poor
patient survival, and that blocking XPO1 with Selinexor ef-
fectively caused p53 to accumulate in the nucleus.®® Selinexor
also provides opportunities for combination approaches, with
greater anti-tumor effects shown when combined with stan-
dard chemotherapy compared to either treatment alone.®
Nuclear targeting is particularly relevant for tumors where
p53 is structurally intact but kept inactive through regulato-
ry suppression, making it a complementary approach to other
reactivation drugs like APR-246, ZMC1, and COTI-2.16>¢

Gain-of-function mutp53 presents a different problem. Re-
storing wild-type shape through drugs like APR-246 will most
likely be of no help here because the main problem is not the
absence of tumor suppression, but the promotion of cancer
through aberrant protein interactions.” One major strategy
for GOF mutants is promoting degradation. In cancer cells,
chaperone proteins, including Hsp40, Hsp70, and Hsp90, bind
to and shield mutant p53 from the normal ubiquitin-protea-
some degradation machinery.” Disrupting these interactions
will re-expose mutp53 to degradation, reducing its levels and
eliminating its oncogenic activity. The Hsp90 inhibitor 17-
AAG (tanespimycin) has been shown to destabilize mutp53 in
cancer cells, with preclinical studies that demonstrate reduced
mutp53 levels and tumor growth inhibition.*” Combining it

with MDM2 inhibitors like nutlin-3a produces synergistic ef-

fects that destabilize mutp53 while activating any remaining
wtp53.* However, this combination has not yet been tested in
clinical trials.

The chaperone-associated E3 ubiquitin ligase CHIP (the
C-terminus of Hsc70-interacting protein) is also a possible
solution for targeting mutp53 for degradation. It recognizes
misfolded proteins such as mutp53 and directly ubiquitinates
them for proteasomal degradation. CHIP activity is not tran-
scriptionally regulated by p53, meaning it can function even
when the p53-MDM?2 feedback loop is broken. While this
could prove to be an effective therapy method, direct CHIP
activators do not currently exist, and this approach remains in
early preclinical stages.”” Another emerging strategy involves
disrupting the specific GOF mutant protein-protein interac-
tions. Mutant p53 binding to transcription factors such as p63,
p73,and NF-«B enables GOF mutant activity. Small molecules
that interfere with these interactions could potentially block
GOF activity without having to restore wild-type function
or degrade the protein. This approach is still in earlier stages
of development compared to other therapies, but it presents
a more targeted way to address specifically GOF mutations.*’
Table 1: Mutation-specific therapeutic strategies targeting p53 dysfunction.
Structural mutants are targeted through reactivation drugs like APR-246 and
zinc metallochaperones like ZMC1. COTI-2 offers an additional reactivation
approach with a distinct mechanism. GOF mutants are addressed through
degradation strategies, including 17-AAG and the CHIP pathway. Wild-
type p53 suppressed by MDM2/MDMX is released through inhibitors
like Nutlin-3a. Selinexor addresses nuclear export of p53 through XPO1
inhibition. Each strategy is matched to a specific type of p53 dysfunction,

as applying the wrong approach to the wrong mutation context can worsen
outcomes rather than improve them.

Method/Approach Example Drugs Clinical Status

Reactivation of structural mutant
p53 to restore wild-type
conformation

APR-246 (eprenetapopt),
MET Phase Ill (MDS/AML)

PRIMA-1

Restoration of zinc coordination

to structural mutants 2ZMC1 (NSC319726)

Preclinical

Degradation of GOF mutant p53

using HSP90 inhibitors Preclinical

17-AAG (tanespimycin)

Prevention of wild-type p53
degradation by blocking MDM2/
MDMX

Nutlin-3a, RG7112 Phase I/l

E3 ubiquitin ligase-mediated

degradation (CHIP pathway) No direct activators available

Early preclinical

Reactivation of mutant p53 plus
induction of DNA damage
responses

COTI-2 Phase |

Nuclear retention/reactivation of
p53 through XPO1 inhibition

Phase I/ll in p53-related solid

Selinexor (KPT-330) tumors

p53 alterations are so diverse that effective therapies can only
be developed if they are curated for specific types of dysfunction.
Structural mutants like R175H that cause the DNA-binding
domain to misfold are good candidates for reactivation strate-
gieslike APR-246, COTI-2,and zinc metallochaperones. Since
these mutations disrupt protein structure rather than elimi-
nating DNA-contacting residues, refolding the protein back
into its proper shape can restore its normal abilities.®® GOF
mutants are best addressed through degradation strategies or
disruption of their protein-protein interactions rather than re-
activation. Simply trying to fix the protein may not eliminate
its ability to hinder remaining healthy p53 or interact with
other cancer-promoting proteins.”” In contrast, tumors with
wtp53 that are being suppressed through MDM2 or MDMX

overexpression do not require structural repair. They instead
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need MDM2/MDMX inhibitors to release p53 from suppres-
sion.”” Tumors with intact p53 may also benefit from nuclear
retention strategies such as XPO1 inhibition, which keeps p53
in the nucleus as a transcription factor.® Choosing the right
therapeutic strategy based on the mutation context matters be-
cause using the wrong one can backfire. For example, using a
reactivation drug like APR-246 on a GOF mutant may not
be effective, since the primary problem is not misfolding but
the mutant protein's aberrant interactions with transcription
factors like p63 and p73, making degradation strategies like
17-AAG a more appropriate choice. Similarly, using MDM?2
inhibitors in tumors with mutant p53 would stabilize the mu-
tant protein instead of wild-type p53, potentially accelerating
tumor growth.”

B Conclusion

The p53 protein is essential for maintaining genetic stability
through cell cycle regulation. As this review has demonstrated,
p53’s function depends on its structural integrity. The distinc-
tion between LOF and GOF mutations is critical to maintain
this. Loss-of-function mutations eliminate tumor-suppressing
activity while gain-of-function mutations drive cancer progres-
sion through new oncogenic properties. Beyond mutations, the
overexpression of MDM?2 and the dominant negative effect
can further complicate treatment.

Promising mutation-specific therapies have begun to
emerge. Structural mutants can be treated through drugs like
APR-246, which aim to reactivate mutp53 by binding to
specific cysteine residues and restoring its wild-type conforma-
tion. GOF mutants require degradation strategies rather than
reactivation, since only refolding will not eliminate oncogenic
activity. Wild-type p53 suppressed by MDM2 needs inhibitors
to release it from suppression. Using the wrong approach can
compromise clinical efficacy. For example, MDM?2 inhibitors
in mutp53 tumors can inadvertently stabilize the mutant pro-
tein, potentially worsening outcomes.

While mutation-specific treatment is increasingly practiced
in clinical oncology, continued progress depends on expanding
the range of effective drugs available for each mutation cate-
gory. This requires several key advances. First, while molecular
testing is increasingly used in clinical trials, broader and more
consistent implementation across all p53-driven cancer types
remains an important priority to ensure that drug mecha-
nisms are matched to specific mutations. Second, combination
therapies should be an area of exploration to address multiple
aspects, such as the primary mutation and resistance pathways.
Finally, new drugs should be developed for mutation types that
currently lack effective treatments, particularly contact mutants
and GOF degradation strategies. Matching therapies to spe-
cific p53 mutation types is key to improving cancer treatment.
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B Introduction

Japan, with a third of its population over 65, has the highest
share of elderly in the world.! Moreover, more than 1 in 10
people in the country are now aged 80 or older.’ This shift in
demography is caused by the following three key factors: the
post-WWII baby boom between 1947 and 1949, when births
exceeded 2.5 million for three consecutive years;® a declining
fertility rate, which fell to a record low of 1.15 in 2024,? well
below the replacement rate of 2.1;* and a rising life expectan-
cy of their citizens, with Japanese women living an average of
87.13 years, which is the highest in the world and with men
living 81.09 years.* This rapid aging process piles pressure on
Japan’s pension system, as a shrinking working-age population
has to support a growing number of retirees’ income.

Japan’s aging population means that there will be fewer
workers supporting the pension beneficiaries, as the ratio of
working-age people to retirees has experienced a constant de-
cline from 9.5 working-age people per retiree in 1960 to 2.6 by
2009.° This placed a growing financial burden on Japan’s pay-
as-you-go pension system. Therefore, the government enacted
pension reform to the eligibility age, which aimed to reduce
the total period of benefit payouts, thus mitigating the fiscal
pressure on the system.

Japan’s pension reform was legislated in 1994 and 2000,
increasing the eligibility age from 60 to 65 for flat-rate and
wage-proportional pensions, respectively. Both reforms took
a gradual approach. The flat-rate component reform was im-
plemented in 2001 for men, with the eligible age increasing
one year every three years. However, this created a gap between
the new age for the flat-rate component of the pension and
the mandatory retirement age, which remained at 60 in most
firms, leaving workers without employment and with reduced
pension income during those years. To address this, the Elderly
Employment Stabilization Law was revised in 2006, requiring
firms to retain older workers until the new eligibility age. Un-
less otherwise specified, 'pension reform' in this paper refers to

the 1994 reform that increased the flat-rate component eligi-
bility age, implemented in 20015

This study hypothesizes that raising the pension eligibili-
ty age increased male labor force participation for ages 60-64.
The delay of eligibility reduces lifetime pension wealth and
makes leisure relatively more expensive, both of which en-
courage continued work. The theoretical framework section
develops this logic further.

Previous studies examined Japan's pension reform using
within-country comparisons.”® These studies found that the
reform had a positive impact on employment rates, especially
after the 2006 law addressed the gap between retirement age
and pension eligibility, where it increased employment rates for
men aged 60-61 by 2 to 3 percentage points,” and that combin-
ing the eligibility age increase with demand-side enforcement
raised employment at age 63 by approximately 4 percentage
points.” However, within-country comparisons may be subject
to spillover effects. For example, the same eligibility age increase
applied to women five years later, meaning that men in suppos-
edly untreated cohorts may have adjusted their labor supply in
response to the reduced household pension income from their
spouse’s delayed eligibility. Cross-country methods avoid this
possible contamination. To date, no study has used cross-coun-
try comparisons to investigate the effect of the reform. This
study addresses this absence of cross-country evidence by us-
ing synthetic control and synthetic difference-in-differences
to examine the effect of Japan’s pension reform on labor force
participation. These methods construct a counterfactual using
other countries, avoiding within-country contamination.

The pension reform and the 2006 Elderly Employment
Stabilization Law affected the labor force participation rate
in different ways. The pension reform operates on the supply
side by reducing pension wealth and increasing the incentive to
work. However, the majority of firms in Japan had their man-
datory retirement age set as 60, which created a demand-side
constraint, as employers could force workers out regardless of
their willingness to continue working.
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To disentangle supply-side from demand-side effects, this
paper additionally estimated a 2006 treatment year corre-
sponding to the Revised Elderly Employment Stabilization
Law. The key pattern is that the treatment effect flips from
negative under the 2001 treatment to positive under the
2006 treatment, a swing of nearly 11 percentage points. This
suggests that pension reform required complementary em-
ployment legislation to produce labor force participation gains.
This finding has broader policy relevance, as many developed
countries are currently considering or implementing similar
increases to pension eligibility ages.

Institutional Background:

The system:

Japan’s public pension system operates on a two-tier struc-
ture. The first tier is the National Pension Insurance (NPI,
Kokumin Nenkin), which provides a flat-rate basic benefit to
all residents regardless of lifetime earnings. The eligibility age
for NPI is 65 years old. The benefit from NPI is called the
Old-Age Basic Pension. Everyone receives the Old-Age Basic
Pension from age 65.

The second tier consists of earnings-related schemes for
employees. The Employees’ Pension Insurance (EPI, Kosei
Nenkin) provides earnings-related benefits to employees; the
eligibility age for EPI was 60 years old pre-reform. The Mu-
tual Aid Insurance (MAI) covers government employees and
private school teachers. The MAI followed the same eligibility
age reform schedule as EPI and was integrated into EPI in
October 2015.° At 65 years old, 45.5% of the population re-
ceive NPT only, 48% receive NPI plus EPI (wage-proportional
component),and 6.5% receive the Old-Age Basic Pension plus
MALI wage-proportional component.’ This study focuses on
EPI as it covers the largest share of employees. Within the
EPI, benefits are divided into two components:

1. Flat-rate component - A fixed amount of money equiva-
lent to the NPI basic pension. This component was designed
to substitute for the NPI for retirees under the age of 65. Once
they reach 65, the EPI flat-rate component stops and is re-
placed by the NPIL.

2. Wage-proportional component - based on career average
earnings. The benefit from EPI is called the Old-Age Employ-
ees' Pension. Before age 65, EPI members receive the Special
Old-Age Employees' Pension (flat-rate + wage-proportional).
From age 65, they receive the Old-Age Basic Pension (from
NPI) plus the Old-Age Employees' Pension (wage-propor-
tional component only from EPI).

Before the reforms, EPI beneficiaries could claim both
components starting at age 60 through a transitional arrange-
ment called the “Special Payment of the Employees’ Old-Age
Pension” (TOKUBETSU SHIKYUNO ROREI KOSEI
NENKIN).

The reform package (1994 and 2000):

Japan’s pension eligibility reform was implemented through
two major legislation acts, creating a phased transition that
separates the flat-rate component from the wage-proportional
component.

1994 Reform Act:

The 1994 Pension Reform Act legislated the increase in el-
igibility age for the flat-rate component of the EPI from age
60 to 65. The implementation began in April 2001 for male
workers, with the eligibility age increasing by one year every
three years, as shown in Table 1:°

Table 1: Implementation schedule for flat-rate component eligibility age
increase (1994 reform, male workers).

Birth Cohort Eligibility Age First Affected Year
Born before April 2, 1941 60
April 2, 1941 - April 1, 1943 61 2001
April 2, 1943 - April 1, 1945 62 2004
April 2, 1945 - April 1, 1947 63 2007
April 2, 1947 - April 1, 1949 64 2010
Born after April 1, 1949 65 2013

Note: This reform applied to female workers as well, with a 5-year time lag.
The flat-rate component eligibility age for females increased with the same
pattern starting in 2006.5 The flat-rate eligibility age rises in one-year steps
from 60 for cohorts born before April 1941 to 65 for those born after April

1949.

The 2000 Reform Act:

The 2000 Pension Reform Act (passed in March 2000) ex-
tended this approach to the wage-proportional component.
Implementation began in April 2013 for male workers (and
in 2018 for female workers), with the eligibility age increas-
ing by one year every three years from 60 to 65, following the
same phased pattern as the flat-rate component (completing

in 2025 for men).’

The Earnings Test (Zaishoku Rorei Nenkin):

Japan’s pension system includes an earnings test (Zaishoku
Rorei Nenkin) that reduces pension benefits for workers aged
60-64 whose combined monthly earnings and pension exceed
280,000 yen," with an effective marginal tax rate of 50%.% For
high earners, pensions are fully suspended. This mechanism
interacts with pension reform by reducing the incentive to
work while receiving pensions, but it is not the focus of this

study.

The 2006 Elderly Employment Stabilization Law:

The Gap Problem. The pension reforms created a growing
gap between the flat pension eligibility age and the mandatory
retirement age, which remained at 60 in most firms. This gap
emerged as a serious social concern,” as workers faced a period
with neither employment nor sufficient pension income.

The 2006 Legislative Response:

To address this problem, the government revised the Elderly
Employment Stabilization Law in 2004, with implementation
beginning in April 2006. Beginning with workers who turned
60 in April 2006 (those born in April 1946), employers were
legally required to take at least one of the following measures:®

1. Raise the mandatory retirement age to the pension eligi-
bility age.

2. Abolish mandatory retirement entirely.

3. Introduce a continued employment system.
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Firm Response and Employment Effects. In practice, more
than 80% of firms chose the third option,® where they offer
reemployment contracts to workers after mandatory retire-
ment. These contracts last until the workers reach the pension
eligibility age. For example, it is age 63 for those born in 1946,
age 65 for those born after April 1949. Reemployed workers
usually receive lower wages. Kondo and Shigeoka found that
this legal enforcement increased the employment rate for men
in their early 60s.”

Scenarios. To better understand how the reforms affected
different workers, four scenarios are presented below. The ex-
perience of each cohort depends on their birth year, pension
eligibility age, the gap, and the 2006 law.

The first scenario is NPI only. This applies to workers who
are not employed in the private or public sector, such as the
self~employed. They are not affected by the EPI eligibility age
reforms and receive the Old-Age Basic Pension from NPI
starting at age 65. Since they are not subject to mandatory
retirement, they do not face the gap problem.

The second scenario is EPI with reform impact but no law
addressing the gap. This represents the cohort born between
April 2, 1941, and April 1, 1946. Here we use a male born
in April 1943 as an example. He turned 60 in 2003; the flat-
rate eligibility age was 62, meaning that he could only receive
his wage-proportional component. He had to wait until 2005,
when he reached 62, to start receiving his flat-rate component.
The 2006 law was not yet legislated, so his employer was not
required to offer reemployment. This cohort faced the gap:
forced out of employment at 60 with reduced pension income
for two years.

The third scenario is EPI with reform impact and gap
addressed by the 2006 law. This represents the cohort born
between April 2, 1946, and April 1, 1949. Here we use
a male born in April 1946 as an example. He turned 60 in
April 2006 and would have faced mandatory retirement. His
flat-rate eligibility age was 63, so at 60, he could only receive
the wage-proportional component. The 2006 revision of the
Elderly Employment Stabilization Law was now in effect, re-
quiring his employer to offer reemployment until his flat-rate
eligibility age, which was 63 in his case. He was therefore re-
hired at lower wages. At 63, he received both components and
ended his reemployment contract. At 65, the flat-rate compo-
nent was replaced by the Old-Age Basic Pension.

The fourth scenario is EPI with both reforms (flat-rate and
wage-proportional delay). This represents the cohort born af-
ter April 1,1949. Here we use a male born on April 15,1953, as
an example. He turned 60 in 2013. The flat-rate eligibility age
was 65, and the wage-proportional eligibility age was 61. The
2006 law applied, and he was offered a reemployment contract
that lasted until age 65. In 2014, he turned 61 and started re-
ceiving the wage-proportional component while continuing to
work. In 2018, he turned 65 and retired. He then received the
Old-Age Basic Pension (NPI) plus the Old-Age Employees'
Pension (wage-proportional from EPI).

Across these four scenarios, the critical determinant of each
cohort's experience is the gap between mandatory retirement

at 60 and the rising pension eligibility age, and whether the

2006 law was in effect to bridge that gap through employ-

er-mandated reemployment.

Theoretical Framework:

Implicit Tax on Continued Work. Early retirement age (ERA)
is the age when Social Security benefits are first available. So-
cial Security Wealth (SSW) is the present discounted value
of all future pension benefits a worker is entitled to receive
based on their work history. When a worker considers working
one more year instead of retiring, their SSW will change. This
change is called the accrual.™*

The accrual can be either positive or negative, depending
on the country’s pension rules. If a country’s pension system
offers no reward for delayed claiming of pension, working an
additional year will imply a person has to give up one year
of pension payments without gaining higher benefits in the
future. This creates a negative accrual as SSW is reduced. A
negative accrual acts like a tax on working because it reduces
the value of an individual’s salary, which means part of what
they earn will be offset by the pension income that they have
given up. For example, a worker at age 60 who would receive
120 annually in pension benefits decides instead to work and
earn 360. Of this salary, 120 is effectively offset by the foregone
pension, which becomes an implicit tax on continued work. In
this example, the implicit tax rate is 120/360, 33% of annual
earnings.

When the accrual is expressed as a percentage of annual
earnings, it becomes the implicit tax rate. Tax force is the sum
of implicit taxes from the early retirement age to age 69."' A
country with a high tax force penalizes continued work after
the early retirement age, which means workers who delay re-
tirement will experience a loss in pension wealth. In contrast,
workers in countries with low tax force face little penalty for
working longer; therefore, they have more incentive to stay in
the workforce.

Substitution and Income Effects. When the minimum age for
pension eligibility in Japan increases, two effects operate on
labor supply: the substitution effect and the income effect.’
To illustrate, consider a 60-year-old worker deciding whether
to work or retire. Before the reform, if he retired, he received
a full pension of 100. If he works, he earns 150 in salary and
receives 100 in pension, but the earnings test reduces his pen-
sion by 50, giving him 200 total (150 salary + 100 pension - 50
reduction). The gain from working is 100. After the reform,
pension eligibility is delayed. If he retires, he receives nothing.
If he works, he earns 150 with no pension reduction. The gain
from working is 150. The reform increased the return to work-
ing from 100 to 150. Leisure (not working) became relatively
more expensive (in terms of opportunity cost); therefore, it en-
courages work. This is the substitution effect.

The income effect operates through lifetime pension wealth.
As the eligibility age increases, the total pension wealth a per-
son can receive over their lifetime is reduced, since they receive
the same annual amount but starting later. This reduction acts
as a negative income shock. Since leisure is a normal good, a
decrease in wealth leads individuals to consume less leisure,
meaning they work more.
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Japan's Position in the International Context. The NBER
International Social Security project examined pension in-
centives across 12 developed countries.’ A key finding is the
substantial variation in implicit tax rates and how it affects
the incentives for working after ERA. As Coile ez al. state:"
"Working from the ERA to age 69 results in a loss of SSW
equivalent to about 1.6 years of earnings in the US and Japan,
the two countries whose systems are the closest to neutral with
respect to work. By contrast, in Belgium, France, Italy, and the
Netherlands, working from the ERA to age 69 results in a loss
of SSW equivalent to 7.2-9.2 years of earnings.""

Japan had one of the lowest tax force values among devel-
oped countries, with 160%, compared to 800-900% in France,
Belgium, and the Netherlands.™ At 900%, nearly all of a
worker’s earnings are offset by lost pension wealth, meaning
the financial gain from continued work is close to zero. 160%
means that the cumulative pension wealth a typical worker
forgoes by working from the ERA to age 69 is equivalent to
1.6 years of his earnings. This means Japanese workers faced
relatively little penalty for working past the ERA. This low
penalty for working longer can be reflected in Japan’s relative-
ly high labor force participation rate; approximately 71-76%
of men aged 60-64 were in the labor force during the 1990s,
compared to less than 20% in France and Belgium."

The Health Capacity Ceiling. Health capacity is one of the
limiting factors for the elderly to continue to stay in the
workforce. Research on the health capacity to work provides
additional context. Wise estimated that approximately 80% of
men aged 60—-64 have sufficient health to work,! by combin-
ing the estimated effect of health on employment for younger
individuals with the actual health of older individuals in order
to predict the capacity to work. As Coile ez al. report:'! "the
estimated capacity to work (total height of the bar) of men is
fairly similar across countries, at roughly 80 percent, while the
share actually working (shaded portion) ranges from about 15
to 80 percent."! It is worth noting that the countries the quote
above is referring to are 12 Western developed countries.

Japan's pre-reform 60-64 cohort’s LEFPR of 71-76% was rel-
atively high compared to other developed countries, though
still several percentage points below this estimated health ca-
pacity ceiling.

Implications for Expected Treatment Effect. These consid-
erations suggest that Japan's pension reform may produce a
smaller effect than similar reforms elsewhere. With implic-
it tax rates already low and labor force participation already
near the health capacity ceiling, there was limited room for
improvement. This does not mean the reform had no effect;
rather, it suggests that detecting an effect requires careful con-
sideration of the counterfactual.

Furthermore, supply-side incentives only translate to higher
employment if workers can find jobs. Japan's mandatory retire-
ment system was set at age 60 before the 2006 Law, creating
a demand-side constraint where even workers who wanted to
continue working would be forced to retire. The 2006 Elder-
ly Employment Stabilization Law addressed this by requiring

firms to retain workers until the pension eligibility age. This

suggests that the pension reform's effect may depend on
whether demand-side barriers are addressed alongside.

Many developed countries also reformed their pension sys-
tems during this period. If other developed countries were
simultaneously reducing their implicit taxes, Japan's LFPR
may rise but show no differential effect relative to other re-
forming nations.

An additional contextual factor is Japan's prolonged eco-
nomic stagnation during the 1990s. The pre-treatment period
(1991-2000) coincides with the Lost Decade, during which
GDP growth stagnated, unemployment rose from approxi-
mately 2% to 5%, and deflation set in. These macroeconomic
conditions likely depressed labor force participation during the
pre-treatment period and may affect the counterfactual trajec-

tory estimated by SDID.

Literature review:

Shimizutani and Oshio examined the earnings test for work-
ers aged 65-69 by analyzing the elimination of the earnings
test in 1985 and its reinstatement in 2002.% They employed
the decomposition method proposed by DiNardo, Fortin,
and Lemieux" with bunching analysis. They found that its
elimination in 1985 increased labor supply for the elderly, es-
pecially for males, with little evidence that reinstating the test
in 2002 affected the labor supply of the elderly. Kondo and
Shigeoka focused on workers aged 60-64.” They employed a
difference-in-differences approach with varying treatment and
control cohorts to measure the impacts of the policies. They
found that the 2006 Employment Law increased employment
rates, and that the effect of raising the pension eligibility age
was larger when combined with demand-side enforcement.
Okumura and Usui examined how pension reform affected ex-
pectations about future benefits,” using survey and regression
models. They found that individuals responded to the reform
by increasing savings as it reduced expectations of future ben-
efits. This suggests that pension reform affects behavior even
before workers reach retirement age.

All of these studies used within-country comparisons - com-
paring treated units with other cohorts in the country. However,
within-country quasi-experimental approaches require strong
assumptions that policy affecting one group does not spill
over to other groups.! For example, as the reform took place,
workers expecting future pension changes may adjust their em-
ployment decisions in advance, potentially contaminating the
control group, which might distort the result.

To date, no study has used cross-country comparisons to
examine Japan's pension reform. Cross-country methods con-
struct a counterfactual using other countries by giving them
weight using data-driven optimization methods, avoiding
within-country contamination.

The International Social Security project provides important
context for interpreting pension reform effects across countries.
They discovered that reforms across developed countries since
the 1980s have generally reduced implicit taxes on continued
work,' which led to rising employment at older ages. It also
shows that these reforms explain a substantial share of the in-
crease in older worker employment. Crucially, this was a global
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phenomenon among developed nations, not unique to Japan.
This suggests that any cross-country analysis of Japan's reform
must account for the fact that control countries may also have
been reforming their pension systems during the same period.

B Methods

To implement synthetic control and synthetic differ-
ence-in-differences, a panel dataset is constructed that spans
from 1991 to 2022. The panel dataset combines data from
various sources. Male labor force participation rates (LFPR)
for ages 60-64, the outcome variable, are obtained from
ILOSTAT, the International Labor Organization's statistics
database.”” Covariates, which include GDP per capita, unem-
ployment rate, and population aged 65 and above, are drawn
from the World Bank World Development Indicators.”
ILOSTAT provides labor statistics across 189 countries. WDI
covers 217 economies.

The original datasets contained over 100 countries. How-
ever, many were dropped during data cleaning due to missing
values in the outcome variable or covariates, leaving 27 coun-
tries with complete data for the study period. The final sample
includes 27 countries: Australia, Austria, Belgium, Canada,
Chile, Denmark, Finland, France, Germany, Greece, Iceland,
Ireland, Italy, Japan, Korea, Luxembourg, Mexico, Netherlands,
New Zealand, Norway, Portugal, Singapore, Spain, Sweden,
Switzerland, Turkey, and the United States. However, not all
countries are suitable to be in the donor pool. Two synthetic
control specifications were run, one with 27 and one with 19
countries. Eight countries are excluded from the main specifi-
cation to ensure the donor pool is comparable to Japan. Chile,
Mexico, and Singapore are excluded because their pension
systems are structurally different from Japan's pay-as-you-go
system: Chile and Mexico operate privatized individual ac-
count systems,'® and Singapore uses a provident fund.'” Korea
is excluded because its pension system was only established in
1988 and did not reach universal coverage until 1999,'8 leav-
ing insufficient pre-treatment data. Turkey is excluded due to
high labor market informality. Iceland and Luxembourg are
excluded due to small populations (all under 1 million) and
distinct labor market characteristics, such as Iceland's near-full
employment. Norway is excluded due to its oil wealth. This
leaves 19 developed countries as the main donor pool. Unlike
Abadie ez al., who used SC, which used a subset of pre-treat-
ment outcome years, all pre-treatment outcome years were
used as predictors for synthetic control to maximize pre-treat-
ment fit.”

This paper focuses on males because the pension reform for
females began five years later, leaving less post-treatment data
available. The 60-64 age group is selected because this cohort
was directly affected by the increase in pension eligibility age
from 60 to 65.The treatment year is 2001, when the eligibility
age for the flat-rate component first increased from 60 to 61.

Although the reform was implemented gradually over 12
years, 2001 is used as the treatment year because it marks when
the policy first began to bind and is the first cohort to face
delayed eligibility. Anticipation effects are unlikely to threaten
pre-treatment trends because the cohorts aged 60-64 during

1991-2000 were unaffected by the reform. Workers aged
55-59 during 1994-2000 who anticipated the reform may
have adjusted their savings or employment plans in advance.
However, such anticipatory increases in labor supply would,
it anything, decrease post-treatment LFPR, biasing against
finding a positive treatment effect. Since the reform is phased
in over 12 years, the ATT averages across different treatment
intensities, which may underestimate the full reform effect if
the effect increases with the size of the eligibility age increase.
This approach follows the paper that proposed synthetic con-
trol," which similarly treated California's phased Proposition
99 tobacco control program as a single 1988 treatment.

The synthetic control method constructs a counterfactual
and compares it with the treated unit.’ The difference be-
tween them is the effect of the reform. The counterfactual is
constructed by assigning weights to donor countries to match
Japan's pre-treatment LFPR level. Weights are chosen to min-
imize the difference between Japan and the synthetic control
in pre-treatment periods, using both pre-treatment outcome
values and covariates (GDP per capita, unemployment rate,
and population aged 65+). A combination of countries often
provides a better comparison for the region exposed to the
intervention than any single country alone. However, when re-
stricted to comparable developed countries, synthetic control
fails to achieve adequate pre-treatment fit, where only Swit-
zerland remains in the donor pool with 100% weight; other
developed countries, including New Zealand and Denmark,
remained in the donor pool but received zero weight. Indicat-
ing that Japan is an outlier outside the convex hull of donor
countries. Synthetic difference-in-differences is therefore used
for further analysis.?® Unlike synthetic control, SDID uses only
the outcome variable and matches on trends rather than levels.
The SDID method reallocates weight and attempts to mimic
pre-exposure trends using a combination of countries; doing
so can weaken the reliance on the parallel trend assumption
that traditional DID relies on. The method then assumes that
Japan’s trend would have been the same as the counterfactual’s
trend. Standard errors are computed using the placebo vari-
ance estimator proposed by Arkhangelsky, Athey, Hirshberg,
Imbens, and Wager (2021), which is designed for settings with
a single treated unit.

Both methods rely on several assumptions. First, the as-
sumption of no interference between units requires that Japan’s
treatment does not affect outcomes in donor countries and that
no spillover occurs between treated and control units.” Sec-
ond, no similar treatment should be implemented in the donor
pool during the study period. For synthetic control, it requires
that the treated unit’s pre-treatment values can be matched by
a weighted combination of donors, which means Japan has to
lie within the convex hull of the donor pool. When this condi-
tion is violated, which is the case in this study, “we would not
recommend using a synthetic control” (p. 495)."

Both methods assume no similar treatment occurred in the
donor pool. However, many developed countries also reformed
their pension systems during the period of study, which affects
the interpretation of the estimates.
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B Results and Discussion

The increase in eligibility age:

This section presents the results of the synthetic control and
synthetic difference-in-differences. Two synthetic controls
were run with progressively restricted donor pools. Model 1
includes all 27 countries with complete data. Model 2 excludes
Chile, Mexico, Singapore, Korea, Turkey, Iceland, Norway,
and Luxembourg, leaving 19 developed countries. Table 2 re-
ports the donor weight for each run, and Table 3 reports the
pre-treatment fit.

Table 2: Synthetic control donor weights by model specification.

Country Model 1 (27) Model 2 (19)
Mexico 0.429 N/A
Turkey 0.246 N/A
New Zealand 0.089 0
Iceland 0.129 N/A
Chile 0.067 N/A
Norway 0 N/A
Denmark 0.04 0
Switzerland 0 1
All others 0 0

Note: N/A indicates the country was excluded from the donor pool. Weights
sum up to 1 within each model. Only countries with non-zero weights in at
least one specification are shown. Weight concentrates on emerging-market
donors in Model 1 (Mexico, Turkey, and Chile together hold 74.2%), whereas
in Model 2, all weight is placed on Switzerland, showing that no combination
of developed-country donors can reproduce Japan.

Table 3: Synthetic control pre-treatment fit.

Model Donor Pool RMSPE
1 27 countries 0.544
2 19 countries 6.156

Note: RMSPE = Root Mean Squared Prediction Error for pre-treatment
period (1991-2000). Lower values indicate a better fit. Pre-treatment RMSPE
rises from 0.54 in Model 1 to 6.16 in Model 2, confirming that the restricted
developed-country donor pool fits Japan poorly.

Table 2 shows that as the donor pool becomes more restrict-
ed, the weights concentrate on fewer countries. In Model 1,
weights concentrate on 6 countries: Mexico 42.9%, Turkey
24.6%, Iceland 12.9%, New Zealand 8.9%, Chile 6.7%, and
Denmark 4.0%. Notably, emerging markets (Mexico, Turkey,
Chile) account for 74.2% of the total weight. In Model 2, the
weight is concentrated on one country, Switzerland, with 100%,
indicating that Japan cannot be matched by a weighted com-
bination of the remaining developed donor countries. Table 3
further confirms this; it shows the RMISPE increases from 0.54
in Model 1 to 6.16 in Model 2, indicating substantially poorer
pre-treatment fit. The good fit in Model 1 (RMSPE = 0.54) is
achieved only by relying heavily on emerging markets, which
are fundamentally different from Japan in economic structure.
While pre-treatment outcome values show excellent fit, struc-
tural covariates show substantial imbalance: Japan's GDP per
capita is 67% higher than that of synthetic Japan (Model 1),
and Japan’s elderly population share is more than double that of
synthetic Japan. This suggests that Japan lies outside the con-
vex hull of developed country donors; its pre-treatment LEPR
level is too distinct to be replicated by any combination of com-

parable countries. Synthetic control is not recommended when
this condition is violated."

— o

N
1 = synithetc JPN

(b) Model 2: 19 Countries

(a) Model 1: 27 Countries
Figure 1: Synthetic control results by model specification.

Note: The solid line represents Japan. The dashed line represents synthetic
Japan. The vertical dashed line indicates the treatment year (2001). Model 1
(27 countries) closely matches Japan before 2001 but relies heavily on emerg-
ing-market donors, while Model 2 (19 developed countries) diverges across the
whole period, indicating that Japan lies outside of the convex hull of compara-
ble developed countries.

Figure 1 confirms these patterns visually. Model 1 tracks Ja-
pan closely pre-treatment, but the post-2001 divergence must
be interpreted with caution, given the emerging market com-
position. Model 2 shows a poor fit, diverging throughout the
entire period, confirming that the convex hull condition is vi-
olated. Given the convex hull violation, SDID is used as the
main estimator.

Table 4: Synthetic difference-in-differences results.

Specification ATT SE p-value 95%Cl
19 countries -8.34 6.65 0.210 [-21.37,4.70]
27 countries -5.36 7.79 0.522 [-20.64, 9.91]

Note: ATT = Average Treatment Effect on the treated unit. SE = Standard
Error. p-value = probability value for the null hypothesis that AT'T = 0.95% CI
= 95% Confidence Interval. The countries include Japan. Both specifications
yield negative AT Ts (-8.34 and -5.36 percentage points) that are not statisti-
cally significant, so no effect of the 2001 reform is detected.

Table 4 presents the SDID results. The ATT for the main
specification with 19 developed countries is -8.34 percentage
points, with a standard error of 6.65, which indicates that,
on average, Japan's LFPR was 8.34 percentage points below
what the counterfactual would have predicted after the reform.
However, the negative point estimate does not imply the re-
form reduced labor force participation. The standard error of
6.65 shows that there is uncertainty in the AT'T estimate. The
p-value of 0.210 is greater than the conventional threshold of
0.05, indicating that the effect is not statistically significant.
The 95% CI [-21.37, 4.70] includes zero, implying that the
true effect cannot be distinguished from no effect. The wide
confidence interval includes both negative and positive values,
meaning the true effect could range from a 22 percentage point
decrease to a 5 percentage point increase. The robustness check
using all 27 countries gives similar results (AT'T = -5.36, p =
0.522), confirming that the null finding is robust to a change
in the donor pool.
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(a) 19 Countries (Main result) (b) 27 Countries (Robustness check)
Figure 2: Synthetic difference-in-differences results.
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Note: The red solid line is Japan. The blue dashed line is the weighted
control. The green shaded area is the time weights. The vertical dashed line in-
dicates the treatment year (2001). In both donor pools, Japan and the weighted
control follow similar upward trends after 2001, with Japan slightly weaker,
and the estimated effect is not statistically significant.

Figure 2 depicts the SDID results. In both graphs, Japan and
control follow similar upward trends in the post-treatment pe-
riod, with Japan showing a slightly weaker upward momentum.
The two graphs show nearly identical patterns, confirming that
the null finding is robust to a change in the donor pool.
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Figure 3: Year-by-year treatment effect (27 countries SC).

Note: Effect is Japan minus synthetic Japan. The vertical dashed line indi-
cates the treatment year (2001). The effect was negative from 2001 to 2006,
then turned positive from 2008 onwards, coinciding with the implementation
of the 2006 Elderly Employment Stabilization Law.

Year-by-year effects from synthetic control show that from
2001 to 2006, Japan's LFPR was approximately 1.0 to 5.4 per-
centage points below the synthetic control. Starting in 2008,
Japan exceeded synthetic control, reaching approximately 12
percentage points above by 2022. This timing coincides with
the 2006 Elderly Employment Stabilization Law, which re-
quired firms to retain workers until the pension eligibility age.
This suggests that the pension reform alone may have had little
effect, but when combined with demand-side enforcement, it
produced positive effects. However, individual year effects are
not statistically significant (p > 0.05 for most years), so this
interpretation is suggestive rather than conclusive.
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Figure 4: Year-by-year SDID treatment effects (19 countries).

Note: ATT is the year-by-year SDID estimate for the 19-country specifica-
tion. CI_Lower and CI_Upper are the 95% confidence interval counts. Effects
fluctuate around zero with no individual year significant at the 5% level.

Year-by-year SDID estimates show that Japan's LFPR was
below the counterfactual in 2001-2003, with effects of -2.88,
-3.23, and -3.51 percentage points, respectively, though no in-
dividual year was statistically significant at the 5% level. From
2004 onwards, effects fluctuated around zero with no sustained
positive or negative trend. The closest to significance was 2012

(ATT = +4.05, p = 0.099). No individual year effect was statis-
tically significant, consistent with the overall null finding.

The year-by-year patterns differ between Figure 3 (syn-
thetic control with 27 countries) and Figure 4 (SDID with
19 countries). In Figure 3, Japan exceeded its synthetic con-
trol after 2008, while in Figure 4, effects fluctuate around zero
throughout. This discrepancy arises from two sources. Firstly,
their donor pool is different; the 27-country SC relies heavi-
ly on emerging markets (Mexico 42.9%, Turkey 24.6%), while
the 19-country SDID excludes these countries. Secondly, the
methods they used are different: SC matches on levels, while
SDID matches on trends. The SDID results with the restrict-
ed donor pool of developed countries are more appropriate for
policy interpretation.

The Elderly Employment Stabilization Law:

To test whether demand-side legislation was necessary for
the pension reform to take effect, the analysis is re-estimat-
ed using 2006 as the treatment year. This corresponds to the
implementation of the Revised Elderly Employment Stabili-
zation Law, which required firms to offer rehire contracts until
the pension eligibility age.

Synthetic control with 27 countries assigned weight to Tur-
key (37.1%), Mexico (26.9%), Iceland (21.9%), Chile (9.4%),
and Norway (3.8%), with an RMSPE of 1.09. Figure 5 shows
the SC path plot. During the pre-treatment period (1991-
2005), there was a negative impact on LFPR due to the Lost
Decade. After 2006, Japan's LEPR crossed above the synthetic
control and diverged progressively, reaching approximately 18

percentage points above by 2020.
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Figure 5: Synthetic control 2006 (27 countries).

Note: The solid line is Japan, and the dashed line is synthetic Japan. The
vertical dashed line indicates the treatment year (2006). After 2006, Japan
crossed above synthetic control and diverged, reaching approximately 18 per-
centage points above by 2020.

This sign flip is the most notable pattern in the results. Un-
der the 2001 treatment, the SDID AT is -8.34 percentage
points; under the 2006 treatment, the SDID ATT is +2.50
percentage points (SE = 7.92, p = 0.752). Although the 2006
estimate is not statistically significant on its own, the rever-
sal from negative to positive, a swing of nearly 11 percentage
points, is consistent with the interpretation that pension reform
alone was insufficient without complementary employment
legislation, where pension reform pushed labor supply without
addressing demand-side constraints, while the 2006 law pro-
vided the employment mechanism through which increased
supply-side incentives could translate into actual participation.
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It is important to note that although the sign flip is consis-
tent with the previous result, the size of the coefficients is not
significant. This suggests no effect of the policy following the
SDID. This leads us to be cautious in interpreting the results
from the synthetic control.

Synthetic control placebo-based inference for the 2006 treat-
ment (Table 5) shows effects growing from +4.12 in 2007 to
+8.66 percentage points by 2015 (standardized p = 0.208) and
+15.93 by 2022 (standardized p = 0.042), which is statistically
significant at the 5% level. The gradual emergence of the effect
is consistent with the phased implementation of both reforms
interacting over time.

Table 5: Placebo Inference for 2006 synthetic control (27 countries).

Year Effect (pp) p-value Standardised p
2006 +1.77 0.708 0.458
2007 +4.12 0.458 0.208
2008 +7.18 0.25 0.125
2009 +7.52 0.208 0.125
2010 +7.98 0.25 0.083
201 +5.99 0.458 0.167
2012 +8.83 0.375 0.125
2013 +8.39 0.33 0.125
2014 +9.44 0.375 0.167
2015 +8.66 0.417 0.208
2016 +7.86 0.458 0.167
2017 +9.24 0.333 0.208
2018 +13.49 0.167 0.042
2019 +13.28 0.125 0.125
2020 +17.92 0.083 0.000
2021 +15.92 0.083 0.000
2022 +15.93 0.083 0.042

Note: pp refers to percentage points. Standardized p-values divide each
unit's post-treatment effect by its pre-treatment RMSPE, following Aba-
die, Diamond & Hainmueller (2010). The estimated effect grows over the
post-treatment period, from +1.77 percentage points in 2006 to +15.93 by
2022, reaching significance on the standardized p-value (p = 0.042) only in

the final years.

Robustness check:
Table 6: SDID donor country reform status (male 60-64).

Reform status (during study) Countries Combined weight

46.9%

Major male 60-64 reform Denmark, France, Germany,

Italy, Sweden, Austria, Greece

No major male 60-64 reform Australia, Belgium, Canada, | 53.1%
Finland, Ireland, Netherlands,
New Zealand, Portugal, Spain,

Switzerland, USA

Note: Reform status based on whether the country implemented a major
reform directly raising the male pension eligibility age for ages 60-64 during
the study period. About 47% of donor weight comes from countries that
themselves raised the male 60-64 eligibility age during the study period, which
motivates the robustness checks that exclude them.

As Table 6 shows, approximately 46.9% of donor weight in
the main specification comes from countries that also imple-
mented major reforms raising the male pension eligibility age
for ages 60—-64 (Austria, Denmark, France, Germany, Greece,
Italy, and Sweden), with the remaining 53.1% from non-re-
forming countries. To ensure the main results are not driven
by contamination from these concurrent reforms, the SDID is
re-estimated excluding all reforming donors, leaving 12 coun-
tries (11 non-reforming donor countries plus Japan). A further
specification restricts the donor pool to five countries with no

pension reform during the study period (Belgium, Canada,
Ireland, New Zealand, and Switzerland), leaving 6 countries,
including Japan.

Table 7: SDID Robustness Test.

Specification 2001 ATT p 2006 ATT P Swing
19 countries -8.34 0.210 +2.50 0.752 +10.84
12 countries -6.13 0.472 +4.72 0.655 +10.85
6 countries -4.90 0.322 +3.87 0.454 +8.77

Note: The swing is calculated by subtracting 2001 ATT from 2006 ATT.
The countries include Japan. The negative-to-positive sign flip persists across
all three specifications, ranging from 8.8 to 10.9 percentage points, suggesting
that the pattern is not driven by concurrent reforms in donor countries.

Table 7 reports these specifications. The results across all
three specifications are consistent. Each yields negative AT'T
when the treatment year is set at 2001 and positive AT'T when
shifted to 2006, with the sign-flip ranging from approximately
8.8 to 10.9 percentage points. This consistency across progres-
sively restricted donor pools indicates that the main findings
are not driven by contamination from concurrent reforms in
donor countries.

Interpretation and Policy Implications:

Both synthetic control and synthetic difference-in-differenc-
es yield no detectable effect on male LFPR for ages 60-64 with
treatment year set as the 2001 reform. When the treatment
year is moved to 2006, the 27-country synthetic control shows
clear divergence between counterfactual and actual Japan - a
15.93 percentage point difference. And as for the SDID, nei-
ther estimate is statistically significant on its own. This pattern
is consistent with the hypothesis that supply-side pension in-
centives require complementary demand-side employment
policies to translate into gains in the labor force participation
rate. This is expected given Section 3’s prediction: Japan’s low
implicit tax force and LFPR already close to the health capaci-
ty ceiling meant there was little room for the reform to produce
a detectable effect.

As for the underlying reasons behind the null and negative
results for 2001, this paper proposes three main factors. First,
the low implicit tax force: Japan's tax force was 160%, mean-
ing Japanese workers were already facing very little penalty for
working past the Early Retirement Age. Raising the eligibility
threshold further reduced the already-small implicit tax; the
change in incentive was modest. Second, the ceiling effect: the
estimated health capacity ceiling is 80%, and Japan's pre-re-
form LFPR of 71 - 76% was already close to it. There was
comparatively little room for participation to rise compared to
other countries, where LFPR among 60-64 year-olds was 15
- 20%. Third, the demand-side constraint. The majority of cor-
porations in Japan had their mandatory retirement age remain
at 60 after the 2001 pension reform. This led to a phenomenon
where even if workers were incentivized to keep working, em-
ployers could and did force them out. Supply-side incentives
did not yield expected benefits as there was insufficient de-
mand to absorb the increased supply.

The 2006 Elderly Employment Stabilization Law removed
the demand-side constraint by requiring firms to offer re-
employment contracts until the pension eligibility age. Workers
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who were incentivized by the pension reform to keep working
after 60 now had the legal mechanism to do so. The supply-side
push could now operate alongside the demand-side pull, and
this is supported by Figure 3, which shows the year-by-year
SC results. Japan underperformed the synthetic control from
2001 to 2006, then crossed above it beginning in 2008, which
is consistent with the expected eftect of the 2006 law.

Kondo and Shigeoka reached the same conclusion as this
paper using within-country difference-in-differences,” show-
ing that the 2006 law increased employment and the pension
reform's effect was larger when combined with demand-side
enforcement. This paper provides additional suggestive evi-
dence for this finding using cross-country SC and SDID, which
are entirely different methods, and yet the same conclusion is
reached. The convergence of within-country and cross-country
evidence strengthens the credibility of the hypothesis that pen-
sion reform requires accompanying employment legislation.
Additionally, the NBER International Social Security project
noted that most developed countries had their pension systems
reformed during the study period, reducing implicit taxes and
increasing older worker employment.' This suggests that the
donor countries in this study were also changing, which helps
explain the null result for 2001; Japan’s LFPR may have im-
proved, but so did the counterfactual.

Many developed countries are currently raising pension el-
igibility ages, such as the UK, Australia, and the Netherlands.
This finding has implications for other countries: raising the
pension age alone may not work if employers can still force
workers out at 60. Governments should pair pension reform
with employment legislation that requires firms to retain or
rehire older workers.

There are several limitations to this paper. Most crucially,
neither the 2001 nor the 2006 AT'T is statistically significant
at the 5% level on the SDID model, which limits the findings
to suggestive patterns rather than confirmed effects. The do-
nor pool is comparatively small, which limits statistical power.
Among the countries in the donor pool, some also reformed
their pension systems during the study period, which may bias
the ATT toward zero by contaminating the "no treatment” as-
sumption. Additionally, only approximately half of the 6064
cohort in Japan were directly affected by the reform, as the el-
igibility age increase applied to EPI members (private-sector
employees), while NPI-only members, such as the self-em-
ployed, already faced an eligibility age of 65. The outcome
variable, however, captures aggregate male LEPR for the entire
60-64 age group, which may dilute the estimated treatment
effect.

B Conclusion

This paper used synthetic control and synthetic differ-
ence-in-differences to estimate the effect of Japan's 2001
pension reform and 2006 Elderly Employment Stabilization
Law on male labor force participation for ages 60-64. The
2001 treatment yielded no statistically significant effect across
SC and SDID. However, when the treatment year is moved to
2006, SC shows a 15.93 percentage point increase. This pat-

tern suggests that pension reform alone was insufficient and
required the 2006 Elderly Employment Stabilization Law to
translate into labor force participation gains. This provides
suggestive evidence that countries currently raising pension
eligibility age should pair reforms with employer retention
mandates or complementary employment legislation.

This paper is the first to use cross-country evaluation on this
combination of policy, and it reaches the same conclusion as
Kondo & Shigeoka’s within-country work. This strengthens
the credibility of the finding. For countries that are presently
raising or considering raising pension eligibility age to adjust
their pension system, the implication is that pension reform
without accompanying employer retention mandates risks the
same gap issue Japan experienced between 2001 and 2006.

This research is limited by the comparatively small donor
pool and by contamination from concurrent pension reforms
in donor countries, both of which reduce statistical power. Ad-
ditionally, only EPI members within the 60-64 cohort were
directly affected by the reform, while the outcome variable cap-
tures the entire age group, potentially diluting the estimated
effect. Moreover, as the reform is phased in, the effect is likely
to be diluted over time. Further research using cross-coun-
try individual-level data or a larger donor pool could provide
more precise estimates of pension reform's effect on elderly
employment. A further direction is whether the 2006 law in-
creased elderly participation at the cost of employment quality,
as reemployed workers typically accepted substantially lower
wages than in their pre-retirement positions. Moreover, the
SDID model can yield more accurate results when fed with
micro-level data, which presently cannot be obtained from the
authorities by me. We should note that because of this, this
essay’s SDID result should be interpreted with caution.
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ABSTRACT: Aircraft designs have always tried to incorporate laminar airflow in order to reduce surface drag, but the recent
shift towards sustainability has accentuated the need for reduced emissions, especially in the aviation sector. The European aviation
sector alone is expected to deplete its carbon budget compatible with the UN 1.5°C warming goal as early as 2026. Whilst many
efficiency gains have been made over the past years, namely the newer composite materials such as those used in the Boeing
787 or the next-generation engines used on Airbus’s NEO variants, there is a renewed need for a revolutionary, sector-changing
technology, and laminar flow control designs (LFCDs) may provide just this. Primary research in this field focuses on reviewing
specific technologies or design elements, such as winglets, and analyzing their effect on aerodynamic efficiency. Very few, however,
provide any reference to its maturity or ability to be implemented, where a metric such as the Technology Readiness Level (TRL)
can be used. This paper provides an updated review and determination of the feasibility and overall effectiveness of laminar flow
control designs to increase aecrodynamic efficiency, focusing on commercial aircraft in the short-term future. Although LFCDs
provide significant reductions in carbon emissions and, in turn, also decrease contrail production, an extremely harmful by-product
of flight that traps heat and is a cause of global warming, they are extremely difficult to implement effectively on a more complex

and commercial scale.

KEYWORDS: Engineering, Aerodynamics, Laminar Flow Control, Reynolds’ Number, Boundary Layer.

B Introduction

Minimizing aerodynamic drag remains one of the most
important goals in aircraft design and development, especial-
ly with the growing environmental demands on the aviation
sector.”?

With pressure being put on the aviation industry to decrease
its carbon footprint, the European sector, by the end of 2026,
is projected to deplete its allocated carbon budget compatible
with the 2050 1.5°C global warming goal,® much research has
been done in this specific field to find new, innovative ways
of decreasing aircraft emissions. For example, modern aircraft
have seen incremental improvements in materials and propul-
sion, yielding moderate efficiency improvements such as those
seen in the Boeing 787.4

However, a more favorable solution is to decrease the surface
drag on the airframe. Recent research shows that every 1% de-
crease in drag can result in a reduction of 9 million tonnes of
CO,, indicating that small reductions in drag can achieve sub-
stantial emissions results.” Consequently, laminar flow control
has surfaced as a promising research field, presenting potential
efficiency improvements that exceed those attainable through
gradual advancements in traditional turbulent-flow designs.

A strategy that has been the focus of a large quantity of re-
search for many years is the implementation of laminar flow
control designs (LFCD), a technology that looks to reduce
skin-friction drag by postponing the shift of fast-flowing air,
predominantly over the wings, from laminar to turbulent flow.

Nonetheless, in spite of years of experimental research, the
use of LFCDs in commercial aviation is still limited. A large
portion of the current literature focuses on small aircraft, such

as business jets or specific parts like wings or nacelles. It is
also important to note that LFCDs are not the only emerging
technology based on drag reduction, and many other technol-
ogies have been or are currently being implemented. Namely,
winglets or blended wingtips, as seen on newer aircraft like the
A350, have been proven to provide around 15% less drag, a
huge improvement with a fairly minor change to the actual
airframe.®

Moreover, recent environmental and aviation research has
widened its scope to include more than just fuel use, empha-
sizing how aircraft-generated contrails contribute to aviation's
environmental footprint.”

These results point to LFCDs not only enhancing efficien-
cy but also significantly decreasing non-CO2-related climate
impacts.

This paper’s main objectives are to:

i) State and explain the principles of acrodynamics related to
laminar flow that will be subsequently analyzed by focusing on
the elements that govern the technology’s airliner implemen-
tation and scalability potential.

ii) Examine the present state of laminar flow technology
within both the engineering field and the commercial aviation
sector, highlighting its real-world applications in existing air-
frames and potential implementations in conceptual aircraft.

iii) Assess the practicality of implementing laminar flow
technology in large commercial aircraft in terms of the Tech-
nology Readiness Level (TRL) framework developed by
NASA.

This evaluation examines both technological advancement
and scalability, determining if laminar flow-based designs

© 2026 Terra Science and Education

182

DOI: 10.36838/IJHSR819.22



ijhighschoolresearch.org

can become an extensively used, operational technology. This
analysis seeks to provide an assessment of the advantages and
drawbacks of laminar flow as a means of enhancing aerody-
namic efficiency in commercial aviation.

Most sources reviewed in this paper were found through
Google Scholar or digital search engines. Priority was given
to peer-reviewed papers and journal articles, whilst technical
and experimental reports were used for empirical and quan-
titative data. These include a 1945 NACA airfoil data report
and a 1965 X-21a flight test analysis. The only non-technical
source used was an Airbus BLADE program press release, cit-
ed only to report test outcomes. Sources were selected only if
they specifically applied to past or current subsonic aircraft,
and the only literature focused on non-commercial aircraft was
the X-21a report, which was included only due to its being a
test flight for specific laminar flow control technology.

It is important to emphasize that current literature often
labels laminar flow control as either hybrid (HLFC), active
(ALFC), or full (FLFC). For clarity, this paper will refer to any
non-passive laminar flow control methods, including HLFC,
as ALFC, a system that actively stabilizes the boundary layer
through suction applied through perforations in specific areas
of the airframe.

B Section 1 - Aerodynamic Principles

Section 1.1. - Skin Friction Coefficients:

As an aircraft moves through the air, skin friction arises due
to viscous shear stress within the boundary layer. To quanti-
fy this friction, a laminar skin-friction coefficient is used. For
this, an approximated Reynolds’ number of 2 x 10/ for an
airliner in a cruise state is used.® Using the formula, the average
skin-friction coefficient for laminar flow over the whole wing
can be calculated as a value of around 3 x 107,

Under the same conditions, a typical turbulent-flow value
is around 2.9 x 10" (See Appendix, Equation Al and A2).
These values are, however, derived from flat plate approxima-
tions and do not take into account crossflow instabilities or
three-dimensional pressure distributions, yet still represent the
quantitative incentive for laminar flow over aircraft surfaces.

Overall, the value for turbulent airflow is nearly one order
of magnitude greater than that of the laminar flow, meaning
that maintaining even small amounts of laminar airflow over
a section of a wing is disproportionately beneficial in reducing
total aircraft surface drag.

Section 1.2. - Reynolds’ Number:

Reynolds’ number is a fundamental tool used in the field of
aeronautical engineering, and it represents the ratio between
inertial and viscous forces in the flow of a fluid, helping to
determine whether airflow, in this case, is turbulent or laminar.

Reynolds’ number can be defined with the formula:

v
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Where p is the density of air, V is the velocity, x is the length
at which transition occurs, and y is the dynamic viscosity of air.

1

This formula can be used to determine the location of tran-
sition along the chord (the distance between the leading and
trailing edges). Using a transitional Reynolds’ number value of
around 5 x 107® and substituting with typical aircraft cruise
values:® p=0.385 kg m™,V=230ms?, u=1.45x10" kg m™s™.

Rearranging and solving for x gives a value of x ~ 0.82m.

Given that an Airbus A320's chord length is approximately
4m,” the transition to turbulent flow would take place very ear-
ly. This value results in around 20% laminar flow, highlighting
the immediacy with which airflow loses its laminar properties
on normal airliners.

Suction-based ALFC aims to achieve laminar flow over
around 45% of the chord,' which, applied to the context of
the A320, is around 1.8m along the chord. Substituting this
value into Equation 3 gives a Re of approximately 1.1 x 10/,
more than double the initial boundary layer stabilization.

Section 1.3. - Boundary Layer Thickness:
Using the previous calculations, the boundary layer thickness
at the transition point can be approximated using the formula:

491z 5
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Substituting gives a value of around 0.002 m (2 mm), in-
dicating just how prone the boundary layer is to any minimal
contamination or surface roughness.
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Section 1.4. - Pressure Gradients:

Another factor that affects the stability of the boundary lay-
er is the pressure gradient along the wing.!! Starting with the
pressure coefficient formula:

Cp = pl p;o
3PV

Where p is pressure, peo is the pressure in the freestream, p
is the air density, and V is the air velocity. Rearranging for p
and differentiating to find the pressure gradient, seeing as peo
is constant, then gives:

dp 1 _, dCp

w2V )

To illustrate this, using an author’s own estimated derivative
of Cp of -0.5/m from data about a 65-series airfoil, document-
ed graphically in a NACA report analyzing various airfoil
characteristics,? and using the constant values for air densi-
ty and velocity, the pressure gradient is roughly -5000 Pa m™
(See Appendix, Equation A3). This negative pressure gradient
is favorable, which accelerates the airflow and stabilizes the
boundary layer. This illustrative figure of -5000 Pa m™ re-
mains consistent with experimental tests such as the BLADE
demonstrator, further analyzed in Section 2.2, and with the
sustained laminar flow over 45% of the chord figure discussed
in Section 1.2.1°

Laminar flow airfoils are therefore designed with a favorable
pressure gradient in mind, meant to sustain it over much of the
forward chord. Shifting the hybrid suction systems towards
the aft section of the wing, near the trailing edge, would, in
theory, suppress instability growth by reducing the inflection
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in the velocity profile.”® However, a design such as this one
would inherently be extremely sensitive to different types of
surface contamination and imperfections, having an unin-
tended effect on the pressure gradient, potentially causing a
transition to turbulent flow, and rendering its use impractical.

Section 1.5. - Summary:

The equations and calculations presented in this section
highlight numerous implications and dependencies for ALFC
implementation:

i) There is a large difference between surface drag produced
with laminar versus turbulent airflow, explaining how even
minimal ALFC application can be extremely beneficial.

ii) The underlying importance of operational service
smoothness over surfaces that produce laminar flow, mostly
wings, is due to the minute boundary layer thickness that is
created.

iii) Laminar flow is achieved and maintained not only
through airflow manipulation but also through the creation of
pressure gradients that stabilize the boundary layer and con-
tribute to a delayed transition.

This quantitative information provides a basis for a feasibili-
ty assessment of the LFCD technologies, explored in a further
section.

B Section 2 - Design Strategies

Section 2.1. - Laminar Flow Control Technology:

The main goal of laminar flow control devices as aerody-
namic design strategies is to reduce the skin-friction drag on
certain areas of the airframe, mostly the airfoils such as the
wings or horizontal stabilizers, by either delaying or, ideally,
suppressing the transition from laminar to turbulent air, as
shown in Figure 1 below. Seeing as the air flows in layers over
the surface, the objective is to keep the boundary layer stable,
the layer of air that is in contact with the aircraft, to stop the
flow from becoming turbulent. This is done because the skin
friction drag due to this turbulent air is the main cause of air
resistance in an airliner’s cruise state. Even very small improve-
ments in delaying the transition can proportionally have much
larger effects on drag reduction due to the airliner’s greater
size, as examined in terms of Reynolds’ number in Section 1.2.

conventional airfoil
S8 80.00,
/__ R 0259% <50 Sfe‘gl%"guow. .
X 09309030300%};“{
00

laminar-turbulent
boundary layer transition

laminar airfoil
Figure 1: Laminar to turbulent transition on a laminar airfoil compared to a
conventional airfoil - adapted from “Novel aeroelastic instabilities on laminar

wings” by DLR.*

The term ‘laminar flow control’ encompasses a wide set of
different strategies. These are most often categorized into 3
different approaches: Natural Laminar Flow (NLF), Active
Laminar Flow Control (ALFC), and Full Laminar Flow Con-

trol (FLFC). They vary in both complexity and effectiveness.
NLF is on the lower end of both of these scales, due to its
nature as a passive approach, whilst active, hybrid, or fully con-
trolled designs use different mechanical systems to stabilize

the boundary layer.

Section 2.2. - Natural Laminar Flow:

Natural Laminar Flow (NLF) is the most widely imple-
mented form of LFCD, relying on passive aerodynamic design
instead of active boundary layer stabilization. The careful
shaping of airfoils helps maintain a favorable pressure gradi-
ent, where pressure decreases in the direction of the flowing
air, allowing the air to accelerate and the flow to remain at-
tached to the surface. This delays the transition to turbulent
air, prolonging laminar flow without the need for additional
mechanical systems.

The most common way to increase NLF is to keep a seam-
less aerodynamic profile across the whole airframe, so as not to
disrupt the flow of air. This can be done, for example, by inte-
grating various structural components such as rivets or seams,
requiring high-precision manufacturing. Another key element
is the wing design, as NLF-based aircraft often make use of
extended leading edges. This is because the extended section
of the rounded surface divides the airflow softly, minimizing
disruption to the boundary layer. The rounded leading edge
also allows the stagnation point (where the airflow splits) to
move as the angle of attack changes, helping it maintain at-
tached flow in a variety of flight conditions, a necessity for
commercial aircraft. It should be noted, however, that this is
only applicable to subsonic aircraft since rounded leading edg-
es are likely to cause shock waves at supersonic speeds.

Currently, NLF has been most effective when incorpo-
rated into airframes that function at relatively low Reynolds’
numbers, where the boundary layer is naturally stable. Con-
sequently, the focus on NLF is extensive in gliders, due to
their heavy reliance on aerodynamics, and on several gener-
al aviation aircraft, in order to minimize fuel burn. In these
situations, which have lower airspeeds, less turbulent atmo-
spheric conditions, and smaller surfaces, NLF has been shown
to deliver significant reductions in surface drag, translating to
improved range.

However, NLF is much easier to achieve and maintain on
these smaller scales. In the commercial aviation sector, whilst
inspiration is taken from NLF when designing certain aero-
dynamic components (wings, stabilizers, tail, etc.), NLF has
been limited to restricted surface areas, and these implemen-
tations usually only attain partial laminar flow. With larger
aircraft and faster cruise speeds, Reynolds’ numbers increase
significantly, making the boundary layer much less stable
and therefore more difficult to sustain constant laminar flow.
NLEF’s huge susceptibility to atmospheric and weather condi-
tions is another weakness. Even slight surface contamination,
such as ice accumulation or manufacturing imperfections, can
initiate the transition to turbulent air, hindering NLF’s overall
effectiveness. All of these factors restrict NLE’s use to specific
areas of the airframe.
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The most influential and groundbreaking test was the Air-
bus BLADE demonstrator program, where NLF was tested
using a modified wingtip section, integrated into an existing
airliner, the A340-300. At the termination of the project,
Airbus reported that the series of tests was highly successful,
with a 50% reduction in wing-related skin-friction, leading to
around 5% lower CO; emissions.?

Despite these constraints, NLF is still vital to the design and
development of aircraft, offering a more simplistic approach
to aerodynamic efficiency and serving as a base upon which
sophisticated laminar flow control methods can be developed.

Section 2.3. - Active Laminar Flow Control:

The inherent limitations of NLF at higher Reynolds num-
bers motivate the development of active laminar flow control
(ALFC) systems. This strategy serves as a middle ground
between passive laminar flow systems and a theoretical full
laminar flow control system. As previously mentioned in
Section 2.2., ALFC builds upon NLF designs that enhance
favorable pressure gradients, with active boundary-layer suc-
tion systems implemented through small perforations in the
airframe. These suction holes extract low-energy air from the
boundary layer, inhibiting the creation of disturbances that
cause turbulence, allowing laminar flow to be sustained over
greater areas. This area can be seen in Figure 2 by the section

labeled X...

v
Laminar boundary

layer
7

Figure 2: Illustration of the boundary layer during the laminar to turbulent
transition, adapted from Fluid Mechanics: Fundamentals and Applications
by Y. Cengel.!
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ALFC’s main benefit is the capacity to maintain laminar
flow under operating conditions where NLF fails, mostly seen
at higher Reynolds numbers common in airliners. ALFC is
appealing to airliners since NLF methods prove to be insuf-
ficient, and a full laminar flow control system would be too
complex to integrate. Additionally, the ability for ALFC to be
incorporated only in certain critical areas gives it an almost
modular nature, meaning it can adapt to various airframe de-
signs.

In practice, ALFC is still in its experimental phase. Numer-
ous flight tests have been made, each mostly concentrating on
one individual component, such as the wing leading edges or
the engine nacelles. The latter has proven to be very effective
due to its axial symmetry, leading to smoother pressure gradi-
ents that support laminar flow well.

ALFC, however, still presents considerable engineering
difficulties due to its structural weight and complexity, which
could nullify the drag reductions gained. In addition, just like
with NLF, weather-related contamination, such as ice accu-
mulation, can impair the ALFC’s performance. These issues
are the ceiling to what this technology can achieve in indi-

vidual areas; a ceiling that can be removed by applying ALFC

across greater aircraft sections to increase aerodynamic effect, a

technology known as FLFC.

Section 2.4. - Full Laminar Flow Control:

Full laminar flow control (FLFC) is the most ambitious and
advanced method of boundary-layer management, by sustain-
ing laminar flow over extensive areas of an aircraft, such as an
entire wing section. By applying suction on the whole surface,
FLFC could hugely decrease the chance of airflow disturbance
and greatly delay the turbulent air transition, especially at high
Reynolds numbers.

The closest example there has been to an FLFC-based air-
craft was the X-21a, an experimental airplane developed by
Northrop and used by NASA from 1963 to 1968. It was a
modified Douglas B66 aircraft, with replacement engines, re-
duced wing sweep, and around 800,000 slots through which
boundary-layer airflow was sucked, resulting in laminar flow
over the wings.'® Whilst it brought in new data that could not
otherwise be obtained, the project was eventually canceled due
to its sensitivity to conditions and contamination.

Given this, FLFC is yet to take concrete form. Testing so
far has consisted of wind tunnel experiments or digital sim-
ulations.” These investigations have shown that continuous
laminar flow can be attained under precisely regulated condi-
tions, confirming what was speculated. Nonetheless, practical
implementations have been limited to small-scale models or
standalone test surfaces instead of full airframe configurations.

The main challenge that FLFC faces is its own technical
demands, making it difficult to design and integrate into an
aircraft. Ongoing suction requires elaborate networks of holes,
internal piping, and pumping systems, all of which elevate
structural weight and energy usage. This is why development
so far has been confined to separate elements that have not
been incorporated into real-world aircraft.

Additionally, just like for the other laminar flow strate-
gies, the performance of FLFC is most responsive to surface
conditions, and even slight surface imperfections can greatly
interfere with the smooth airflow.

Due to these limitations, FLFC is currently seen as more of
a theoretical benchmark used to evaluate other laminar flow
approaches, rather than a short-term solution for commercial
aviation. The actual future integration of FLFC will be later
assessed in detail in terms of the TRL scale.

Section 2.5. - Application by Aircraft Component:

Laminar flow control technologies are concentrated on par-
ticular aircraft components, those where laminar flow is most
advantageous and easiest to sustain.

Specifically, the upper-wing surface during cruise conditions
presents considerable opportunities for reducing skin-friction
drag if laminar flow can be maintained over a large enough
chord distance. The leading edge tends to be the preferred
wing section for NLF and ALFC concepts, where beneficial
pressure gradients can be created. Nonetheless, wings are still
one of the most difficult elements to engineer around laminar
flow management due to the extreme aerodynamic forces and
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their large area, making it a surface that undergoes major con-
tact with precipitation and environmental contamination.

Another promising option for LFCD placement is on the
engine nacelles, especially for hybrid methods. Their smooth
and axisymmetric shape results in very stable flow conditions
compared to other surfaces, such as wings, and the pressure
gradients are often even more favorable.’® With this in mind,
nacelle NLF and ALFC have been a focal point for many
testing programs and experimental initiatives, such as those
undertaken by Hurel-Dubois and Rolls-Royce.” This makes
nacelles an appealing solution for the initial implementation of
laminar flow technologies in commercial aviation.

The empennage elements, such as horizontal and verti-
cal stabilizers, provide several advantages when compared to
other surfaces. These components function, due to their size,
at much lower lift coefficients and have decreased pressure
gradients, making them a more stable environment for the
boundary layer. Additionally, their smaller dimensions and aft
position on the airframe create a decreased risk of contamina-
tion from external sources. Whilst this makes them ideal, their
effectiveness is the least significant of the three components
that this paper presents, not only due to the reduced airflow
that the surfaces receive, but also the complications of imple-
menting flow control systems within a much smaller volume.

B Section 3 - Discussion and Feasibility

Study

Section 3.1. - The TRL Framework:

Whilst laminar flow control designs all promise drag reduc-
tion and fuel savings when compared to conventional wings
and other aerodynamic strategies, their successful implementa-
tion on full-scale airliners relies on finding the correct balance
between aerodynamic efficiency, operational reliability, and fi-
nancial feasibility. This can be evaluated using the Technology
Readiness Level (TRL) framework created by NASA during
the 1970s. The TRL structure is a systematic method to assess
and evaluate the maturity of various technologies, broadly uti-
lized in the aerospace research and development sector. The
TRL is based on a scale from 1 to 9, where TRL 1 is a mere
observation of fundamental physics principles, and TRL 9 is
a validated technology in its final form under full use in an
operational environment.” This framework relates especially
well to laminar flow control designs as it takes into account
all aspects, not just acrodynamic effectiveness. This also means
that each of the various strategies discussed in Section 1, whilst
they are based on the same physics foundations, has a different
feasibility level due to complexity and integration difficulties.
It must be noted that, even if the TRL structure does give an
overall view of technology readiness, it falls short in highlight-
ing certain elements, notably the varying cost, a factor that
affects the ability to implement the technology.

Section 3.2. - TRL Assessment of NLF:

Currently, Natural Laminar Flow (NLF) is the most ad-
vanced laminar flow design. In some cases, it could be given a
TRL level of 9, due to its present incorporation into operating
aircraft. As analyzed, NLF depends on passive acrodynamic

design techniques, making it straightforward to implement.
This should make airworthiness certification and regular
maintenance simple to achieve. NLF has been implemented
on many general aviation aircraft, such as the HondaJet, and
has been used on several components, such as engine nacelles,
of mainstream airliners such as the Boeing 737 Max and 787,
where Reynolds’ numbers remain low enough to sustain pres-
sure gradients suitable for laminar flow.?! However, whilst it
has been fairly successful in low Reynolds’ number environ-
ments and on small components, it is yet to be deployed on
extensive surfaces of large aircraft since, as demonstrated in
Section 1.2, airliner chord Reynolds’ numbers exceed 2 x 1077
leading to laminar-turbulent transition within the first 20% of
the chord. Here, passive NLF shaping is insufficient to main-
tain boundary-layer stability that would constitute meaningful
drag reduction. This element of NLF should remain at a TRL
level 7, having been demonstrated in an operational environ-
ment, such as with Airbus BLADE. Despite the aerodynamic
challenges faced and its lack of validation at a production scale
for commercial airliners, NLF has proven to be resilient in re-
al-world scenarios and has brought moderate improvements in
skin-friction drag reduction.

Section 3.3. - TRL Assessment of ALFC:

Active Laminar Flow Control (ALFC) is situated, according
to this analysis, at an intermediate stage of the TRL frame-
work, at TRL 5-6, depending on the individual system. ALFC
integrates passive acrodynamic shaping with active suction and
has been the subject of many tests both in wind tunnels and
in controlled flight conditions, confirming its aerodynamic ad-
vantages at relevant Reynolds numbers. This means it meets
TRL standards concerning functional performance. Addi-
tionally, programs like the Airbus BLADE demonstrator have
meant that ALFC has proven beneficial in an operational en-
vironment.”> However, it does not meet TRL 7 requirements
due to the system not yet being scalable, with issues through-
out the supply chain. Initially, at the manufacturing level, the
high system complexity means the production of composite
material components is intensive, considering surfaces must
be built and maintained at a near-perfect smoothness. As es-
tablished in Section 1.3, the boundary layer is approximately
2mm thick, meaning that even irregularities at a millimeter
scale are enough to trigger turbulent transitions. This requi-
site precision makes long-term reliability and maintenance
compatibility within the airline sector both complex and ex-
pensive, especially considering maintenance would need to
be more thorough and frequent, causing possible scheduling
problems across airline fleets. Due to such reasons, commercial
manufacturers, along with airlines, are yet to commit to the
implementation of such technology.*® All of these problems
have an underlying economic obstacle that hinders advance-

ment past this TRL stage.

Section 3.4. - TRL Assessment of FLFC:

Full Laminar Flow Control (FLFC), designed to sustain
laminar flow over most or all of a surface through continuous
suction, is assigned by this paper a relatively low TRL, around
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TRL 2-3. Although the fundamental principles behind FLFC
are clearly understood and have been confirmed through both
theoretical studies and experimental tests, this strategy has only
been conducted in demonstrations in a laboratory setting. The
key link that is missing in order for this technology to climb up
the TRL scale is the lack of application on real-world aircraft.
For now, the low TRL is due to outstanding issues concern-
ing suction power needs and the structural integration of such
technology. In contrast to ALFC, where active control is re-
stricted to specific areas, FLFC requires complete functionality
for the entire duration of operation to achieve notable gains in
skin-friction. As a result, even with its immense potential for
drag reduction, FLFC is still far from achieving the bench-
marks needed for a higher TRL.

Section 3.5. - Future Pathways:

Looking to the future, advancements will certainly be made
that permit the implementation of laminar flow control. For
Active Laminar Flow Control, advancing into the higher end
TRL:s relies on the technological ability for flight testing that
confirms operational durability in a working environment.
Global policy and certification changes will also be neces-
sary for ALFC technology to be utilized. However, likely, Full
Laminar Flow Control will not progress as much in the short
term. This is due to easier development routes that bring more
immediate results in reducing drag and fuel consumption,
such as winglets or surface coating, down to their lower sys-
tem complexity. Consequently, it is expected that FLFC will
remain in a research phase in restricted conditions until the
difficulties associated with its integration can be solved. Sig-
nificant certification issues also lie in the way of ALFC and
FLFC implementation, with policy changes required in order
to allow airworthiness. Most importantly, manufacturing and
maintenance quality standards would need to be introduced,
focused on maintaining minimal surface irregularities, as no
current EASA or FAA standards exist for laminar flow surface
quality. This would ensure operational reliability, something
that would have to be taken into account when considering
fuel planning and contingency regulations. Current reserve fuel
percentages are around 3-5%, inadequate to cover a potential
full loss of laminar flow over an extended cruise period.*

Addressing TRLs economic limitation, according to a
NASA computational study, a laminar flow wing design could
achieve fuel savings of up to 10% on long-range commercial
aircraft annually, equating to savings of millions of dollars per
aircraft.” The optimistic introduction of such FLFC design
would likely be similar to the increased costs of manufactur-
ing and maintenance, meaning profitability would depend on
how well controlled the operations of the industry are and how
scalable the actual technology is. ALFC designs are unlikely to
provide such large savings whilst they would still create similar
increased costs, meaning, at least during the short term, it is
improbable that their deployment would be financially advan-
tageous.

® Conclusion

This paper set out three main objectives: to explain the aero-
dynamic principles that govern laminar flow technology and
its implementation; to examine the current state of LFCDs in
commercial aviation; and to assess their readiness and scalabil-
ity for the future using the NASA TRL framework. Overall,
these objectives reveal that, whilst laminar flow control is well
proven and understood, it is not yet industrially mature enough
for commercial aviation.

Regarding the technology’s present state, after examining
the technological and aerodynamic principles behind differ-
ent laminar flow control methods and the feasibility of their
implementation in commercial aviation, this analysis confirms
that there are several meaningful advantages in terms of drag
reduction and associated fuel burn, a vital solution to reducing
aviation’s environmental footprint. Whilst these benefits have
several practical limitations due to surface and condition sen-
sitivity, when utilized effectively, they provide disproportionate
gains in aerodynamic efficiency.

Using the Technology Readiness Level metric, different
laminar flow control strategies have major distinctions. Natural
laminar flow is operationally mature and in service on sever-
al aircraft, albeit at a component level on commercial aircraft.
Active laminar flow control has shown promising performance
in full-scale testing, representing the most realistic short-term
pathway, yet its current characteristics sustain systematic,
rather than aerodynamic, barriers involving maintenance and
certification. Full laminar flow control, although it provides the
most substantial theoretical benefits in airflow management,
remains at a low TRL, with issues regarding structural imple-
mentation. There would also be the need for an introduction of
new airworthiness standards that take into account new redun-
dancies and failure behavior that such technology would create.
Maintenance standards would also have to be updated, with
strict operational procedures that prioritize safety. Only then
will it be plausible for ALFC and FLFC systems to be used in

commercial airliners.
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Figure 3: Future projection of aviation emission reductions by method.
Adapted from Waypoint 2050 by ATAG.?

Future progress within this field of technology is still likely
to be gradual, as the many systems involved are made more
effective, enabling progressive implementation into existing
aircraft. According to the third edition of Waypoint 2050, as
seen in Figure 3, without the introduction of any sustainabil-
ity-focused technology, the commercial aviation sector would
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generate approximately 2200 million tonnes of CO, emis-
sions.26 Also in Figure 3, next-generation aircraft technology,
including laminar flow control, is expected to reduce emissions
by 21% by 2050. Drawing from both of these values shows
that laminar flow control devices could contribute, alongside
the introduction of other technologies, to a total saving of 460
million tonnes of CO; emissions per year. In the context of
modern passenger jets, laminar flow control therefore provides
an appealing and credible pathway towards contributing to
increased efficiency and a reduction of commercial aviation’s
global environmental impact.
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m Appendix
Equation A1:
Using the formula for the laminar skin friction coeflicient

and using a value of 2 x 10"
1.328

Cflam. = ﬁ
C fram. ~ 3 x 107

Equation A2:
Similarly, using the turbulent skin friction coeflicient formu-

la and Re value of 2 x 1077 gives:

0.074
Cfturb. - W

C frump. = 2.9 x 1073

Equation A3:
Substituting previous values into dp/dx gives:

dp 1
d—p = 5 (0.38) (230)° (~0.5) ~ ~5000 Pa/m
i
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