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Unraveling a CircRNA-MiRNA-mRNA Axis: A Potential 
Therapeutic Target for Non-small Cell Lung Cancer      

Sahil Patel        
St. Anthony’s High School, 275 Wolf Hill Road, Huntington Station, New York, 11747, USA; sahil.p.2008@gmail.com 
Mentor: Madhav Subramanian 

ABSTRACT: Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related mortality, primarily attributed to 
NSCLC's early detection rate of approximately 19%. The circRNA-miRNA-mRNA pathway contributes to NSCLC and could 
be an optimal biomarker/target; its identification can significantly increase survival. From CircNET, CircFNDC3B was found 
to affect NSCLC development, miR-885-3p had a confidence rating of 3/3, and its target genes showed a significant impact 
on lung cancer patients' survival (p=0.011) on GEPIA 2 using LUAD and LUSC data sets. The TCGA lung data set was then 
downloaded into R, and using GSVA, the expression of miR-885-3p and specific genes was calculated. Using GEPIA 2, target 
gene MCM5 negatively correlated with miRNA expression in lung cancer patients (r = -0.281) and impacted NSCLC survival 
(p=0.0018). A gene ontology analysis on circFNDC3B and literature was then used to find GSEA gene sets. Enrichment scores 
were found using GSVA in R Studio with the TCGA lung data set. MCM5 expression was divided into high and low and was 
correlated with the GSEA gene set enrichment scores to identify differential expression within lung cancer. CircFNDC3B-miR-
885-3p-MCM5 axis significantly regulates Ras protein signal transduction and IGF transport and uptake by IGFBP in NSCLC.  

KEYWORDS: Biomedical and Health Sciences, Genetics and Molecular Biology of Disease, Non-Small Cell Lung Cancer, 
Circular RNA, MicroRNA, Messenger RNA. 

�   Introduction
Non-small cell Lung Cancer:
Lung cancer is the second most commonly diagnosed cancer 

and the leading cause of cancer-related death. Non-small cell 
lung cancer (NSCLC) is the most common form of lung can-
cer, being about 85% of all diagnosed types, as stated by Huang 
et al.1-3 Early diagnosis of NSCLC is vital for survival, drasti-
cally changing survival rates from approximately 75% in early 
diagnosed (stages zero, one, and two) NSCLC to less than 10% 
(stages three and four). However, early detection rates (detec-
tion of NSCLC in stages zero, one, and two) are drastically 
low at approximately 19%.4,5 Recently, early detection has been 
improved by improvements in molecular-driven detection, pri-
marily through regulatory RNAs acting as biomarkers.6

Current Biomarkers and Potential NSCLC Biomarkers:
Biomarkers play crucial roles in diagnosis, prognosis, and se-

lection of treatment options. Identifying biomarkers can lead 
to an increase in early detection by faster diagnosis, and is also 
necessary for identifying the effectiveness of treatments and 
specific subtypes of cancers.7 Circulating biomarkers are easy to 
measure and primarily consist of non-coding RNA (ncRNA), 
which are very sensitive and highly stable.7 There are two main 
subtypes of ncRNA: long ncRNA and short ncRNA. MicroR-
NA (miRNA) is a form of short ncRNA and has a significant 
role in gene regulation through messenger RNA (mRNA) deg-
radation.8 Numerous research studies have found deregulated 
miRNAs within the plasma and serum of cancer patients, and 
over 2500 miRNAs have been identified as being involved in 
aspects of cancer development within humans.9 miRNAs often 

show significant diagnostic value due to their strong specificity, 
high stability, and availability. This is due to miRNAs' presence 
in body fluids and regulation of many stages of cancer devel-
opment.10 Two miRNA signatures with the potential to be 
biomarkers for early diagnosis of lung cancer, miR-33a-5p and 
miR-128-3p, were identified. They found miR-33a-5p (AUC 
= 0.8644, 95% confidence interval (CI) = 0.8016 to 0.9271, 
sensitivity = 84.62% and specificity = 76.92%) and miR-128-
3p (AUC = 0.9391, 95% CI = 0.9199 to 0.9835, sensitivity = 
92.31% and specificity = 83.08%) to have a higher diagnostic 
value than traditional tumor markers. Traditional tumor mark-
ers within lung cancer showed lower diagnostic values such as 
cytokeratin-19-fragment (CYFR21-1) (AUC = 0.5856, 95% 
CI = 0.4387 to 0.7324, sensitivity = 63.33% and specificity = 
63.33%), neuron-specific enolase (NSE) (AUC = 0.6189, 95% 
CI = 0.4748 to 0.763, sensitivity = 73.33% and specificity = 
56.67%), and cancer antigen 72-4 (CA72-4) (AUC = 0.5206 
95% CI = 0.3684 to 0.6727, sensitivity = 86.67% and specificity 
= 36.67%).11 This suggests that miRNAs could potentially be 
used as biomarkers in lung cancer due to their greater ability to 
identify lung cancer than previously used biomarkers.8 Further 
investigation found dysregulated miRNAs within NSCLC. 
Three miRNAs were specifically deregulated only in Lung 
Adenocarcinoma (LUAD); miR-6785-3p was upregulated, 
and miR-101-3p and miR-139-5p were downregulated. Five 
miRNAs were specifically deregulated in Lung Squamous Cell 
Carcinoma (LUSC); miRNA-21-3p and miRNA-650 were 
upregulated, and miRNA-95-5p, miRNA-4639-3p, and miR-
744-3p were downregulated. Five miRNAs were commonly 
deregulated in both LUAD and LUSC; miR-7-5p was up-
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regulated, miR-140-3p, miR-144-3p, and miR-195-5p were 
downregulated, and miR-375 was seen to be upregulated in 
LUAD and downregulated in LUSC samples. This shows 
how different miRNAs can impact and affect specific tissues 
and cancer types, making them ideal for use as a cancer bio-
marker.12 Circular RNA (circRNA) has been associated with 
interacting with miRNA in NSCLC through miRNA spong-
ing. CircRNA has the potential to be an optimal biomarker/
target due to its high stability and tissue specificity, showing 
potential for further investigation.13,14

CircRNAs’ effect on NSCLC:
CircRNAs’ properties of high resistance to exonuclease 

degradation lead to much greater stability compared to linear 
RNAs. CircRNAs are also highly specific in tissues and dis-
eases, which can lead to increased concentrations in specific 
areas. CircRNA is often distinctly expressed in cancerous and 
noncancerous cells.15 These traits lead circRNA to have the 
potential to be an optimal biomarker/target.

CircRNAs’ functions within the cell are microRNA spong-
ing, transcriptional regulation, acting as a protein template, 
and a few directly translating proteins.16,17 CircRNAs’ primary 
function is miRNA sponging; circRNA sponges the miR-
NA by having complementary binding sites. This then forms 
complexes through hybridization, forming a double-stranded 
molecule of two complementary single-stranded DNA/RNA 
molecules. Through circRNA sponging miRNA, the circRNA 
takes the miRNA away from its primary function of mRNA 
regulation. This process is often dysregulated due to the de-
regulation of circRNA, often by altered RNA back-splicing 
(upstream exon covalently links to the acceptor sequence of 
a downstream exon) and histone modifications. When this 
dysregulation occurs, the miRNA is up/downregulated, lead-
ing to down/upregulated mRNA; this affects gene expression 
regulation and causes adverse interactions with RNA-binding 
proteins (RBP), transcriptional factors, and other proteins, im-
pacting other oncogenic pathways.18 The dysregulation of the 
circRNA-miRNA-mRNA has been associated with cancer 
development through influencing proliferation, tumorigenesis, 
epithelial-to-mesenchymal transition (EMT), and metasta-
sis.19-21 Through identifying the circRNA-miRNA-mRNA 
pathway, knowledge is gained on the effects of particular mol-
ecules and the ability to use those molecules for early diagnosis 
and specific treatments. Due to the limited studies about the 
circRNA-miRNA-mRNA pathway and its known impacts on 
oncogenic traits, further investigation is needed.

CircRNA-miRNA-mRNA Pathways in NSCLC:
The dysregulation of the circRNA-miRNA-mRNA 

pathway leads to various oncogenic traits.22 Many cir-
cRNA-miRNA-mRNA pathways have been found to 
influence NSCLC. The circ_HIPK3/miR149/Mammali-
an forkhead box transcription factor (FOXM1) pathway has 
been found to influence proliferation, migration, invasion, and 
apoptosis within lung cancer cells. Circ_HIPK3 was found to 
sponge miR-149, and miR-149 interacts with FOXM1, bind-
ing to the 3’UTR site. FOXM1 is a master regulator of tumor 

metastasis, giving miR-149 a tumor-suppressive role in lung 
cancer. Circ_HIPK3 has also been associated with regulating 
miR-124, which impacts target genes SphK1, STAT3, and 
CDK4 in other cancers.19,20 Both the circP4HB/miR-113a-
5p/vimentin axis and the circPTPRA/miR-96-5p/RASSF8 
axis have been shown to lead to an increase in EMT and 
metastasis within NSCLC. Circ_0067934 regulates the miR-
1182/KLF8 axis, influences the Wnt/beta-catenin pathway, 
and is associated with NSCLC development. Circ_000567/
miR-421/TMEM100 axis is involved in the migration and 
invasion of lung adenocarcinoma.21 F-circEA1 regulates its 
parental gene EML4-ALK, which is a fusion protein that 
impacts downstream signaling pathways such as RAS-RAF-
MEK-ERK, P13K-AKT-mTOR, and JAK3-STAT3; the 
F-circEA1/EML4-ALK axis is involved in proliferation, 
migration, invasion, and tumor progression.22 Circ-Foxo3 
regulates its parent gene, Foxo3. The Circ-Foxo3/miR-155/
Foxo3 axis has been found to influence cell proliferation, mi-
gration, and invasion with NSCLC cells.23

Circ_0020714/miR-30a-5p/SOX4 has been seen to be 
involved in immune evasion and resistance to antiPD-1 and 
showed potential use as an immunotherapeutic target in NS-
CLC.24 The dysregulation of the circRNA-miRNA-mRNA 
pathway often affects multiple oncogenic pathways and traits. 
Many signaling protein pathways influence NSCLC develop-
ment, but often, how these pathways are deregulated, such as 
by circRNA-miRNA-mRNA pathways, and ways to inhibit 
these pathways are limited. Rat Sarcoma (Ras) pathway and 
upregulation of the P13k/AKT/mTOR pathway have been 
involved in proliferation within NSCLC; the inhibition 
of these pathways has been seen to reduce proliferation.25,26 
Histone deacetylase 1 (HDAC1) has been observed to affect 
EMT-dependent malignant progression of NSCLC through 
the influence of MCM5. Abnormal interactions of MCM5 
and HDAC1 lead to the downregulation of E-cadherin and 
upregulation of Vimentin and MMPs; this causes EMT-relat-
ed tumor metastasis, as seen in Figure 1.27 Insulin-like growth 
factor binding protein 3 (IGFBP3) acts as a tumor suppressor 
by performing its primary function of binding to insulin-like 
growth factor 1 (IGF1). IGF1 binds to insulin-like growth 
factor receptor 1 (IGFR1), activating the P13k/AKT/mTOR 
pathway, stimulating cell growth, and blocking apoptosis. In-
creases in IGF1 concentrations are associated with increased 
metastasis and tumorigenesis. This means that downregulated 
IGFBP3 is associated with an increase in metastasis and tum-
origenesis, as illustrated in Figure 1.28

DOI: 10.36838/IJHSR810.1
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The circRNA-miRNA-mRNA pathways have been as-
sociated with regulating signaling pathways that influence 
oncogenic development. Investigating circRNA-miRNA-mR-
NA pathways can expand our understanding of cancer 
development and potentially lead to biomarkers or therapeutic 
targets in the future.

Objectives:
CircRNA has been recently associated with influencing 

NSCLC development primarily through the circRNA-miR-
NA-mRNA pathway. Diagnosis in the late stages of NSCLC 
has been associated with increased mortality; fully elucidat-
ing an influential circRNA-miRNA-mRNA pathway within 
NSCLC can give rise to biomarkers/therapeutic targets, in-
creasing early detection rates and survival. The first objective is 
to identify a circRNA with high expression in NSCLC and a 
high-confidence miRNA target, which impacts the survival of 
NSCLC patients. This establishes a circRNA-miRNA path-
way involved in NSCLC. The second objective is to identify 
the miRNA-mRNA interactions that are involved in NSCLC 
survival. The third and last objective is to find the mRNA's 
biological functions and determine the mRNA’s impact on 
NSCLC. These objectives contribute to the elucidation of a 
circRNA-miRNA-mRNA pathway involved in NSCLC.

�   Methods
Identifying the circRNA-miRNA axis with influence on NS-

CLC survival:
CircNET, a database that analyzes circRNA regulatory net-

works in cancers, was used to find the most highly expressed 
circRNA (n=50) in lung cancer.29 With this, a Gene Ontology 
(GO) Analysis was run to identify the circRNA's functionality 
in lung cancer. For each circRNA, the miRNAs it influenc-
es were analyzed to find a three-tool (PITA, miRanda, and 
TargetScan) confidence-level miRNA (n=14). This establish-
es a circRNA-miRNA regulatory network with confidence 

in three out of three tool types. Using the three tools, con-
fidence miRNA, and its target genes were loaded into Gene 
Expression Profiling Interactive Network 2 (GEPIA 2), a da-
tabase that uses The Cancer Genome Analysis (TCGA) and 
Genotype-Tissue Expression (GTEx) data to analyze genes 
in cancers.30 Using the Lung Adenocarcinoma (LUAD) and 
Lung Squamous cell carcinoma (LUSC) data sets, which con-
stitute >85% of NSCLC, a Kaplan-Meier graph (log-rank 
test) was created of the target genes of the miRNA.3 This was 
done to determine the miRNAs’ effect on NSCLC survival 
rates. To determine the circRNA-miRNA axis with a signif-
icant impact on NSCLC, an evaluation of the Kaplan-Meier 
graphs was performed to identify p-values less than the alpha 
value of 0.05. The selection was based on circRNA abundance, 
miRNA confidence, and miRNA impact/significance on NS-
CLC.

Identifying the target miRNA-mRNA pathway with signif-
icant influence in NSCLC:

First, CircNET was used to identify the mRNA targets of 
the miRNA. A detailed literature review was then conducted 
to identify potential mRNAs influenced by the miRNA that 
have an impact on cancers. GEPIA 2 was then used to identify 
the mRNA expression in lung cancer compared to normal lung 
cells; 0.5 was the Log2FC Cutoff, and the p-value was set to 
0.05. Then, TCGAs’ lung datasets (n = 1129) were loaded into 
R Studio, and the Gene Set Variation Analysis (GSVA) pack-
age was used to calculate the enrichment of gene signatures 
within the dataset.31 Using GSVA, the enrichment of miRNA 
target genes and specific genes in NSCLC was found. After 
obtaining the enrichment values of the miRNA target genes 
and specific genes, they were loaded into an Excel sheet. The 
miRNA target genes enrichment values were then multiplied 
by -1. This is because GSVA found the enrichment of the tar-
gets of the miRNA by multiplying by -1, the proxy for miRNA 
expression is found; this is due to miRNA regulating its target 
gene, so as one increases, the other must decrease. A Pearson 
correlation coefficient was then found using the proxy miRNA 
enrichment and specific gene enrichment value in Excel. The 
mRNA with a significant negative correlation was identified 
using the correlation coefficient. Then, I ran GEPIA 2 and 
created a Kaplan-Meier graph to identify a specific mRNA in-
fluencing NSCLC with a p-value of <0.05. The mRNA with 
increased expression in lung cancer versus normal lung cells 
had a significant negative correlation with the given miRNA 
and was seen to influence NSCLC survival significantly. It was 
then picked for further analysis.

Identifying the functionality of the circRNA-miRNA-mRNA 
pathway in NSCLC:

Using the GO analysis of the circRNA function and previ-
ous literature, Gene Set Enrichment Analysis (GSEA) gene 
sets (n=22) were found based on functions within cancerous 
cells that align with the individual circRNA, miRNA, and 
mRNA functions previously established in the literature. Using 
the GSEA gene set, all genes in the sets were composed in an 
Excel sheet, and a GSVA was run in R Studio to find enrich-

DOI: 10.36838/IJHSR810.1

Figure 1: Dysregulated circRNA-miRNA-mRNA pathway. The effects 
of a dysregulated circRNA-miRNA-mRNA pathway potentially have in 
NSCLC development through the Ras, HDAC1, and IGFBP3 pathways. 
The dysregulated circRNA abnormally increases sponging of the miRNA, 
taking away the miRNAs’ ability to suppress the mRNA, leading to a cascade 
of different gene pathways.
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axis has on NSCLC survival rate. CircFNDC3B-miR-8853p 
was seen to affect NSCLC survival significantly (p=0.011). 
Figure 3 shows that dysregulated expression of miR-885-3p 
led to decreased patient survival.

ment values of the gene sets in NSCLC.32,33 These enrichment 
values and mRNA enrichment values were then placed into 
an Excel sheet, and the top 50% highest mRNA expression 
in each gene set was found. After finding the values, PRISM 
was used to place the enriched genes of the gene set that are 
in the top 50% of mRNA expression under high expression 
and the bottom 50% under low expression to create scatter 
dot plots and run t-tests to obtain p-values. These graphs were 
then used to assess the mRNAs’ function in NSCLC. Identi-
fying significant differential expression between low and high 
expression of mRNA showed that the circRNA-miRNA-mR-
NA axis influenced the particular function within NSCLC.

Justif ication of Methods:
Databases and Datasets were used due to their validity, re-

liability, feasibility, and sample size. The use of databases and 
datasets allowed for the analysis of data with a far greater 
sample size than in vitro/vivo experimentation would have al-
lowed. The TCGA lung data set allowed for the use of 1129 
patient data; if done in vitro/vivo, it would have taken many 
years for this study to occur due to permissions needed and 
costly tests required.

A study by Lin-lin Zhang and colleagues used a meth-
odology similar to my research regarding the analysis of an 
mRNA, Minichromosome maintenance complex compo-
nent 5 (MCM5), and its effects on Lung cancer.27 Lin-Lin 
Zhang and colleagues aimed to identify MCM5 interaction 
with HDAC1 and the effects of this interaction on EMT-de-
pendent malignant progression in Lung cancer. Using TCGA 
data, they compared MCM5 expression in Lung adenocarci-
noma and Lung squamous cell carcinoma to normal and found 
the effects of MCM5 on lung adenocarcinoma survival. My 
study used a similar methodology, using Kaplan-Meier survival 
graphs and comparing cancer versus normal cells. My research 
differed, however, by using TCGA and GTEx data and com-
paring RNAs to NSCLC, increasing validity by increasing 
sample size and comparing RNAs to NSCLC, not just lung 
adenocarcinoma. My study also uses this data in a different 
context, using it in regard to the circRNA-miRNA-mRNA 
pathway rather than mRNA-mRNA interactions.

�   Results and Discussion 
CircFNDC3B-miR-885-3p is highly expressed in NSCLC 

and is associated with decreased survival:
According to circNET, CircFNDC3B was found to be the 

highest expressed circRNA in lung cancer cells, as documented 
in Table 1. Using circNET, a Gene Ontology analysis was run 
on CircFNDC3B to identify its functionality in lung cancer. 
CircFNDC3B was seen to primarily contribute to the regu-
lation of cell morphogenesis, Ras protein signal transduction, 
gland development, histone modification, and endomembrane 
system organization, as presented in Figure 2. CircFNDC3B 
was seen to show 3/3 tool confidence with miRNA-885-3p, 
meaning that miRNA-885-3p was predicted to be sponged by 
CircFNDC3B through all three tools (PITA, miRanda, Target-
Scan). Using GEPIA 2, miR-885-3p’s target genes were then 
used to identify the impact the circFNDC3B-miR-885-3p 

DOI: 10.36838/IJHSR810.1

Table 1: Top 10 highest circRNAs expressed in lung cancer. CircFNDC3B 
showed the highest amount of expression compared to other circRNAs within 
lung cancer.

Figure 2: Functions of CircFNDC3B. Gene Ontology Analysis through 
CircNET to find the functionality of the circRNA-miRNA axis. The gene 
ratio indicates that circFNDC3B influenced enriched genes over total genes 
in the given pathway. As the count/size of the point increases, the amount 
of CircFNDC3B is seen to increase. Regulation of cell morphogenesis 
and Ras protein signal transduction showed the strongest influence from 
CircFNDC3B.
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To estimate miRNA activity, a proxy for miR-885-3p was gen-
erated by multiplying the target gene enrichment score by -1. 
Importantly, this proxy does not represent physical concentra-
tions of miR-885-3p, but the inferred collective suppressive 
activity of its target gene set, reflecting functional miRNA 
activity at the transcriptional level. Figure 5 shows MCM5 to 
have a significant negative correlation with miRNA-885-3p, 
with a correlation of -0.281. Although statistically significant, 
this correlation is modest in strength, reflecting the biological 
complexity of MCM5 regulation and the fact that miR-885-
3p contributes only partially to MCM5 expression variability. 
To find MCM5’s impact on NSCLC, TCGA data were used 
to find the dysregulation of MCM5 to significantly decrease 
NSCLC survival, as exemplified in Figure 6 (p=0.0018).

CircRNA-miRNA interactions through circRNA sponging 
of miRNA have been seen to correlate with cancer development, 
from the upregulation of circRNA causing downregulation of 
the miRNA, leading to abnormal expression of mRNA.34,35 
CircFNDC3B has previously been correlated with being in-
volved in cancer and disease progression.36 CircFNDC3B is 
seen to exhibit characteristics of more stability, conservatism, 
and tissue/developmental specificity compared to linear FND-
C3B.37 In this study, CircFNDC3B was the highest expressed 
circRNA in lung cancer. CircFNDC3B was found to possess 
many functions within lung cancer, including the regulation of 
cell morphogenesis, Ras protein signal transduction, gland de-
velopment, histone modification, and endomembrane system 
organization, showing the highest involvement of circFND-
C3B. CircFNDC3B showed three out of three tool confidence 
with miR-885-3p; this correlates circFNDC3B activity 
with miR-885-3p, making the circFNDC3B-miR-885-3p 
axis. miR-885-3p has been associated with tumorigenesis 
within LUAD and targets the Wnt10b/βcatenin signaling 
pathway by regulation from circRNAs.38 In this study, when 
miR-885-3p target genes were found to be increased in ex-
pression, the NSCLC survival rate decreased. This shows that 
circFNDC3BmiR-885-3p has a potential influence on NS-
CLC survival.

mRNA-MCM5 shows high expression in NSCLC and is as-
sociated with decreased survival:

MCM5 was found to be an important target of miRNA-
885-3p. Previous literature showed MCM5 to have a major 
impact on EMT and metastasis in NSCLC, as documented in 
Table 2. Gepia 2, a database that uses TCGA and GTEx data, 
was used to find MCM5’s expression in NSCLC. MCM5 was 
found to be significantly upregulated in LUAD and LUSC 
cells compared to normal lung tissue, as indicated in Figure 4. 
Using GSVA and TCGA lung cancer datasets (n=1129), en-
richment scores were calculated for miR-885-3p target genes. 

DOI: 10.36838/IJHSR810.1

Table 2: miRNA targets genes. The genes listed showed potential for 
research in NSCLC. Further investigation was conducted with each miRNA 
target gene; MCM5 showed the best results.

Figure 4: MCM5 expression in TCGA and GTEx NSCLC. MCM5 is 
significantly expressed in NSCLC compared to normal lung cells (*=<0.05). 
Red = Tumor lung cell; Grey = Normal lung cell.

Figure 2: Overall median Kaplan-Meier graph of miR-885-3p target genes 
in NSCLC. Using TCGA data (LUAD and LUSC), the miR-885-3p effect 
in NSCLC survival was analyzed. Within LUAD and LUSC, miR-885-3p 
showed influence with high expression, leading to a significant increase in 
mortality.
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A literature review of miR-885-3p’s target genes was per-
formed, and MCM5 was found to show a potential influence 
on cancer progression. MCM5 was seen to have a significant 
role in metastasis and EMT by epigenetic regulation.27, 44 
MCM5 expression in LUAD and LUSC using both TCGA 
and GTEx datasets showed that MCM5 is more highly ex-
pressed in LUAD and LUSC compared to normal lung tissue. 
MCM5 was also previously found to be more highly expressed 
in both LUAD and LUSC compared to normal lung tissue, 
although only using TCGA data.27 MCM5 is seen to be neg-
atively correlated with miR-885-3p; this means that as there 
is an increase in miR-885-3p, there is a decrease in MCM5 
expression. MCM5 was then found to impact lung cancer 
survival when dysregulated. This means that miR-885-3p’s 

regulation of MCM5 causes an increase in survival, but when 
circFNDC3B sponges miR-885-3p, it causes a decrease in ex-
pression, leading to a decrease in the regulation of MCM5 and 
increased expression of MCM5, causing oncogenic properties.

MCM5 shows involvement in potential oncogenic pathways:
MCM5 functionality is vital to understanding the 

circFNDC3B-miR-885-3p-MCM5s’ impact on NSCLC. 
GSEA datasets were obtained using circFNDC3B’s GO 
analysis and literature; the GSEA datasets correlate with circF-
NDC3B, miR-885-3p, and MCM5s’ previously established 
functions. GSVA scores were produced to show MCM5s’ high 
and low expression in pathways associated with circFND-
C3B and NSCLC development. MCM5 showed significant 
differential expression between high and low expression in 
Ras protein signal transduction and regulation of Insulin-like 
growth factor (IGF) transport and uptake by Insulin-like 
growth factor binding proteins (IGFBP), as seen in Figures 7 
and 8, respectively.

DOI: 10.36838/IJHSR810.1

Figure 5: Correlation scatter plot. Correlation of -0.281 between miRNA 
target genes and MCM5 gene influence in NSCLC using TCGA data 
(n=1129). As miRNA-885-3p concentration increases, MCM5 concentration 
decreases and vice versa, indicating an inverse relationship and potentially 
confirming an influence on each other’s expression.

Figure 6: Overall median Kaplan-Meier graph of MCM5 on NSCLC. 
Using TCGA data (LUAD and LUSC), the effect of mRNA MCM5s on 
survival was analyzed. High expression of MCM5 was seen to significantly 
increase mortality rates.

Figure 7: MCM5 expression in Ras protein signal transduction within 
NSCLC. MCM5 showed significant differential expression when compared 
to enriched genes involved in Ras protein signal transduction in NSCLC.

Figure 8: MCM5 expression in the regulation of insulin-like growth factor 
(IGF) transport and uptake by insulin-like growth factor binding proteins 
(IGFBP). MCM5 showed significant differential expression when compared 
to the enriched genes involved in IGF transport and uptake by IGFBPs in 
NSCLC.
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The influence of MCM5 in pathways within NSCLC was 
then found. MCM5 was seen to significantly influence Ras 
protein signal transduction and regulation of IGF transport 
and uptake by IGFBPs. The dysregulation of Ras protein signal 
transduction has been associated with aggression and cellular 
proliferation.47 Dysregulation of IGF transport and uptake by 
IGFBPs has been associated with EMT and metastasis.48,49

�   Conclusion 
Overall, it was found that the CircFNDC3B/miR-885-

3p/MCM5 pathway is potentially associated with NSCLC 
survival through significant regulation of Ras protein sig-
nal transduction and IGF transport and uptake by IGFBPs. 
Through the identification of the circFNDC3B/miR-885-3p/
MCM5 pathway within NSCLC, knowledge has been gained 
of the newly emerged circRNA/miRNA/mRNA regulatory 
pathways, helping us understand the roles of specific RNA in-
teractions within lung cancer.50

Limitations:
A potential limitation of this research is the use of datasets 

and databases; this is due to only using precomposed data from 
other scientists, which could lead to flawed results. To attempt 
to combat this, only highly credible and widely used datasets 
and databases that had the support of many studies and re-
search from the past were chosen. The use of these datasets and 
databases was necessary for time, money, resources, and validity 
purposes. Obtaining patient lung cancer data with a large sam-
ple size would have been a complex and tedious process, taking 
many years to complete.

Further Research
There are many ways in which this research could be con-

tinued. Further identifying the positive correlations within the 
CircFNDC3B-miR-885-3p-MCM5 pathways can lead to 
potential biomarkers/therapeutic targets in the future to help 
increase NSCLC early detection rates, therefore increasing 
survival.

Further investigation should be done on excluded circRNAs, 
miRNAs, and mRNAs from NSCLC. Identifying the connec-
tions between them and the potential for pathways influencing 
oncogenic factors is vital for the growth of knowledge and 
understanding of how different pathways and RNAs interact 
with each other in cancers.

Further investigations should be done with the MCM5-Ras 
and MCM5-IGFBP interactions to determine further medical 
applications. This would help further correlate the interactions 
between the circFNDC3B-miR-885-3p-MCM5 pathway and 
its functions within NSCLC.

As well as the testing of potential inhibitors of this pathway 
for use as a biological target in the future. Astragaloside IV is 
a chemical compound often seen as having a protective effect 
on the lung; it has been found that Astragaloside IV can block 
interactions between HDAC1 and MCM5, inhibiting the pro-
gression of malignant lung cancer.27

Applications:
A potential application for this research would be the ear-

ly detection of NSCLC through liquid biopsies. CircRNAs 
are highly abundant due to their resistance to exonuclease 
degradation, stability, and specificity. Due to this, they are con-
sidered novel biomarkers for liquid biopsies.51 The presence of 
circRNAs in biofluids has been associated with cancer progres-
sion. This can make testing more common, helping people get 
diagnosed at early stages due to non-invasive and safe testing. 
Microarray testing is also a promising way to test for cancer 
development; knowledge of the circRNA axis developed in this 
study is beneficial, as microarray testing can only investigate 
known circRNAs.

Another potential application of this research is the devel-
opment of therapeutic targets for NSCLC. Due to circRNAs' 
high resistance to exonuclease degradation and high specificity, 
it is seen as an optimal target.

Another application is the use of this potential axis in future 
research to develop further pathways and expand our knowl-
edge of how RNAs and RNA pathways interact to cause cancer 
metastasis, tumorigenesis, proliferation, and more.

�   Acknowledgments 
Thank you to Madhav Subramanian, Dr. Serena McCalla, 

and Mr. Paul Paino for your guidance during the development 
of this project.

�   References
1. Huang, J.; Deng, Y.; Tin, M. S.; Lok, V.; Ngai, C. H.; Zhang, L.; 

Lucero-Prisno, D. E.; Xu, W.; Zheng, Z.-J.; Elcarte, E.; With-
ers, M.; Wong, M. C. S. Distribution, Risk Factors, and Temporal 
Trends for Lung Cancer Incidence and Mortality. Chest 2022, 161 
(4), 1101–1111. https://doi.org/10.1016/j.chest.2021.12.655.

2. Sung, H.; Ferlay, J.; Siegel, R. L.; Laversanne, M.; Soerjomataram, 
I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN 
Estimates of Incidence and Mortality Worldwide for 36 Cancers 
in 185 Countries. CA: a Cancer Journal for Clinicians 2021, 71 (3), 
209–249.

3. Alduais, Y.; Zhang, H.; Fan, F.; Chen, J.; Chen, B. Non-Small 
Cell Lung Cancer (NSCLC): A Review of Risk Factors, Diag-
nosis, and Treatment. Medicine 2023, 102 (8), e32899. https://doi.
org/10.1097/md.0000000000032899.

4. Li, C.; Wang, H.; Jiang, Y.; Fu, W.; Liu, X.; Zhong, R.; Cheng, B.; Zhu, 
F.; Xiang, Y.; He, J.; Liang, W. Advances in Lung Cancer Screen-
ing and Early Detection. Cancer Biology & Medicine 2022, 19 (5), 
591–608. https://doi.org/10.20892/j.issn.2095-3941.2021.0690.

5. Zhang, C.; Ma, L.; Niu, Y.; Wang, Z.; Xu, X.; Li, Y.; Yu, Y. Circular 
RNA in Lung Cancer Research: Biogenesis, Functions, and Roles. 
International Journal of Biological Sciences 2020, 16 (5), 803–814. 
https://doi.org/10.7150/ijbs.39212.

6. Liu, S.-Y. M.; Zheng, M.-M.; Pan, Y.; Liu, S.-Y.; Li, Y.; Wu, Y.-
L. Emerging Evidence and Treatment Paradigm of Non-Small 
Cell Lung Cancer. Journal of Hematology & Oncology 2023, 16 (1). 
https://doi.org/10.1186/s13045-023-01436-2.

7. Juan Carlos Restrepo; Dueñas, D.; Corredor, Z.; Liscano, Y. 
Advances in Genomic Data and Biomarkers: Revolutionizing NS-
CLC Diagnosis and Treatment. Cancers 2023, 15 (13), 3474–3474. 
https://doi.org/10.3390/cancers15133474.

DOI: 10.36838/IJHSR810.1

ijhighschoolresearch.org



	 8	

8. Condrat, C. E.; Thompson, D. C.; Barbu, M. G.; Bugnar, O. L.; 
Boboc, A.; Cretoiu, D.; Suciu, N.; Cretoiu, S. M.; Voinea, S. C. 
miRNAs as Biomarkers in Disease: Latest Findings Regarding 
Their Role in Diagnosis and Prognosis. Cells 2020, 9 (2). https://
doi.org/10.3390/cells9020276.

9. He, Y.; Lin, J.; Kong, D.; Huang, M.; Xu, C.; Kim, T.-K.; Ether-
idge, A.; Luo, Y.; Ding, Y.; Wang, K. Current State of Circulating 
MicroRNAs as Cancer Biomarkers. Clinical Chemistry 2015, 61 (9), 
1138–1155. https://doi.org/10.1373/clinchem.2015.241190.

10. Smolarz, B.; Durczyński, A.; Romanowicz, H.; Szyłło, K.; 
Hogendorf, P. MiRNAs in Cancer (Review of Literature). Inter-
national Journal of Molecular Sciences 2022, 23 (5), 2805. https://doi.
org/10.3390/ijms23052805.

11. Pan, J.; Zhou, C.; Zhao, X.; He, J.; Tian, H.; Shen, W.; Han, 
Y.; Chen, J.; Fang, S.; Meng, X.; Jin, X.; Gong, Z. A Two-MiR-
NA Signature (MiR-33a-5p and MiR-128-3p) in Whole Blood 
as Potential Biomarker for Early Diagnosis of Lung Cancer. 
Scientific Reports 2018, 8 (1), 16699. https://doi.org/10.1038/
s41598-01835139-3.

12. Petkova, V.; Marinova, D.; Kyurkchiyan, S.; Stancheva, G.; Mekov, 
E.; Kachakova-Yordanova, D.; Slavova, Y.; Kostadinov, D.; Mitev, 
V.; Kaneva, R. MiRNA Expression Profiling in Adenocarcinoma 
and Squamous Cell Lung Carcinoma Reveals Both Common 
and Specific Deregulated MicroRNAs. Medicine 2022, 101 (33), 
e30027. https://doi.org/10.1097/md.0000000000030027.

13. Sufianov, A.; Begliarzade, S.; Beilerli, A.; Liang, Y.; Ilyaso-
va, T.; Beylerli, O. Circular RNAs as Biomarkers for Lung 
Cancer. Non-coding RNA Research 2023, 8 (1), 83–88. https://doi.
org/10.1016/j.ncrna.2022.11.002.

14. Wang, F.; Yu, C.; Chen, L.; Xu, S. Landscape of Circular RNAs in 
Different Types of Lung Cancer and an Emerging Role in Thera-
peutic Resistance (Review). International Journal of Oncology 2022, 
62 (2). https://doi.org/10.3892/ijo.2022.5469.

15. Zhang, Z.; Yang, T.; Xiao, J. Circular RNAs: Promising Biomark-
ers for Human Diseases. EBioMedicine 2018, 34, 267–274. https://
doi.org/10.1016/j.ebiom.2018.07.036.

16. Zhou, W.-Y.; Cai, Z.-R.; Liu, J.; Wang, D.-S.; Ju, H.-Q.; Xu, R.-
H. Circular RNA: Metabolism, Functions and Interactions with 
Proteins. Molecular Cancer 2020, 19 (1). https://doi.org/10.1186/
s12943-020-01286-3.

17. Liu, Y.; Wang, L.; Liu, W. Roles of CircRNAs in the Tumorigen-
esis and Metastasis of HCC: A Mini Review. Cancer Management 
and Research 2022, Volume 14, 1847–1856. https://doi.org/10.2147/
cmar.s362594.

18. Li, J.; Zhang, Q.; Jiang, D.; Shao, J.; Li, W.; Wang, C. CircRNAs 
in Lung Cancer- Role and Clinical Application. Cancer Letters 
2022, 544, 215810. https://doi.org/10.1016/j.canlet.2022.215810.

19. Kim, W. R.; Park, E. G.; Lee, D. H.; Lee, Y. J.; Bae, W. H.; Kim, 
H.-S. The Tumorigenic Role of Circular RNAMicroRNA Axis 
in Cancer. International Journal of Molecular Sciences 2023, 24 (3), 
3050. https://doi.org/10.3390/ijms24033050.

20. Lu, H.; Han, X.; Ren, J.; Ren, K.; Li, Z.; Sun, Z. Circular RNA 
HIPK3 Induces Cell Proliferation and Inhibits Apoptosis in Non-
Small Cell Lung Cancer through Sponging MiR-149. Cancer 
Biology & Therapy 2019, 21 (2), 113–121. https://doi.org/10.1080
/15384047.2019.1669995.

21. Guo, L.; Jia, L.; Luo, L.-L.; Xu, X.; Xiang, Y.; Ren, Y.; Ren, D.; 
Shen, L.; Liang, T. Critical Roles of Circular RNA in Tumor Me-
tastasis via Acting as a Sponge of MiRNA/IsomiR. International 
Journal of Medical Science 2022, 23 (13), 7024–7024. https://doi.
org/10.3390/ijms23137024.

22. Huo, Y.; Tangfeng Lv; Ye, M.; Zhu, S.; Liu, J.; Liu, H.; Song, 
Y. F-CircEA1 Regulates Cell Proliferation and Apoptosis through 

ALK Downstream Signaling Pathway in Non-Small Cell Lung 
Cancer. Human Cell 2021, 35 (1), 260–270. https://doi.org/10.1007/
s13577-021-00628-7.

23. Wei, J.; Li, M.; Xue, C.; Chen, S.; Zheng, L.; Deng, H.; Tang, F.; 
Li, G.; Xiong, W.; Zeng, Z.; Zhou, M. Understanding the Roles 
and Regulation Patterns of CircRNA on Its Host Gene in Tumor-
igenesis and Tumor Progression. Experimental and Clinical Cancer 
Research 2023, 42 (1). https://doi.org/10.1186/s13046-023-02657-
6.

24. Wu, J.; Zhu, M.-X.; Li, K.-S.; Peng, L.; Zhang, P.-F. Circular RNA 
Drives Resistance to Anti-PD-1 Immunotherapy by Regulating the 
MiR-30a-5p/SOX4 Axis in Non-Small Cell Lung Cancer. Cancer 
Drug Resistance 2022, 5 (2). https://doi.org/10.20517/cdr.2021.100.

25. Fu, N.; Xi, R.; Shi, X.; Li, R.; Zhang, Z.; Li, L.; Zhang, G.; Wang, 
F. Hexachlorophene, a Selective SHP2 Inhibitor, Suppresses Pro-
liferation and Metastasis of KRAS-Mutant NSCLC Cells by 
Inhibiting RAS/MEK/ERK and PI3K/AKT Signaling Pathways. 
Toxicology and Applied Pharmacology 2022, 441, 115988. https://doi.
org/10.1016/j.taap.2022.115988.

26. Tan, A. C. Targeting the PI3K/Akt/mTOR Pathway in Non-
Small Cell Lung Cancer (NSCLC). Thoracic Cancer 2020, 11 (3), 
511–518. https://doi.org/10.1111/1759-7714.13328.

27. Zhang, L.-L.; Li, Q.; Zhong, D.; Zhang, W.; Sun, X.; Zhu, Y. 
MCM5 Aggravates the HDAC1-Mediated Malignant Progres-
sion of Lung Cancer. Frontiers in Cell and Developmental Biology 
2021, 9. https://doi.org/10.3389/fcell.2021.669132.

28. Kuhn, H.; Frille, A.; Petersen, M. A.; Oberhuber-Kurth, J.; 
Hofmann, L.; Gläser, A.; Taubenheim, S.; Klagges, S.; Kraemer, S.; 
Broschewitz, J.; von Laffert, M.; Wirtz, H. IGFBP3 Inhibits Tumor 
Growth and Invasion of Lung Cancer Cells and Is Associated with 
Improved Survival in Lung Cancer Patients. Translational Oncology 
2023, 27, 101566. https://doi.org/10.1016/j.tranon.2022.101566.

29. Chen, Y.; Yao, L.; Tang, Y.; Jhong, J.-H.; Wan, J.; Chang, J.; Cui, S.; 
Luo, Y.; Cai, X.; Li, W.; Chen, Q.; Huang, H.-Y.; Wang, Z.; Chen, 
W.; Chang, T.-H.; Wei, F.; Lee, T.-Y.; Huang, H.-D. CircNet 2.0: 
An Updated Database for Exploring Circular RNA Regulatory 
Networks in Cancers. Nucleic Acids Research 2021, 50 (D1), D93–
D101. https://doi.org/10.1093/nar/gkab1036.

30. Tang, Z.; Kang, B.; Li, C.; Chen, T.; Zhang, Z. GEPIA2: An 
Enhanced Web Server for Large-Scale Expression Profiling and 
Interactive Analysis. Nucleic Acids Research 2019, 47 (W1), W556–
W560. https://doi.org/10.1093/nar/gkz430.

31. Goldman, M. J.; Craft, B.; Hastie, M.; Repečka, K.; McDade, 
F.; Kamath, A.; Banerjee, A.; Luo, Y.; Rogers, D.; Brooks, A. N.; 
Zhu, J.; Haussler, D. Visualizing and Interpreting Cancer Genom-
ics Data via the Xena Platform. Nature Biotechnology 2020, 38 (6), 
675–678. https://doi.org/10.1038/s41587-020-0546-8.

32. Mootha, V. K.; Lindgren, C. M.; Eriksson, K.-F.; Subramanian, 
A.; Sihag, S.; Lehar, J.; Puigserver, P.; Carlsson, E.; Ridderstråle, M.; 
Laurila, E.; Houstis, N.; Daly, M. J.; Patterson, N.; Mesirov, J. P.; 
Golub, T. R.; Tamayo, P.; Spiegelman, B.; Lander, E. S.; Hirschhorn, 
J. N.; Altshuler, D. PGC-1α-Responsive Genes Involved in Ox-
idative Phosphorylation Are Coordinately Downregulated in 
Human Diabetes. Nature Genetics 2003, 34(3), 267–273. https://
doi.org/10.1038/ng1180.

33. Subramanian, A.; Tamayo, P.; Mootha, V. K.; Mukherjee, S.; 
Ebert, B. L.; Gillette, M. A.; Paulovich, A.; Pomeroy, S. L.; Golub, 
T. R.; Lander, E. S.; Mesirov, J. P. Gene Set Enrichment Analysis: 
A Knowledge-Based Approach for Interpreting Genome-Wide 
Expression Profiles. Proceedings of the National Academy of Sci-
ences 2005, 102 (43), 15545–15550. https://doi.org/10.1073/
pnas.0506580102.

ijhighschoolresearch.org



	 9	

34. Ma, Y.; Zou, H. Identification of the CircRNA-MiRNA-MRNA 
Prognostic Regulatory Network in Lung Adenocarcinoma. Genes 
2022, 13 (5), 885. https://doi.org/10.3390/genes13050885.

35. Huang, J.; Yu, S.; Ding, L.; Ma, L.; Chen, H.; Zhou, H.; Zou, 
Y.; Yu, M.; Lin, J.; Cui, Q. The Dual Role of Circular RNAs as 
MiRNA Sponges in Breast Cancer and Colon Cancer. Biomedicines 
2021, 9 (11), 1590. https://doi.org/10.3390/biomedicines9111590.

36. Sun, K.; Yao, H.; Zhang, P.; Sun, Y.; Ma, J.; Xia, Q. Emerg-
ing Landscape of CircFNDC3B and Its Role in Human 
Malignancies. Frontiers in Oncology 2023, 13. https://doi.
org/10.3389/fonc.2023.1097956.

37. Kristensen, L. S.; Jakobsen, T.; Hager, H.; Kjems, J. The Emerg-
ing Roles of CircRNAs in Cancer and Oncology. Nature Reviews. 
Clinical Oncology 2022, 19 (3), 188–206. https://doi.org/10.1038/
s41571-021-00585-y.

38. Yang, Y.; Fan, X.; Nie, Y.; Liu, D.; Zhu, D.; Wu, K.; Zhang, Y.; 
Li, W.; Tian, X.; Wang, H.; Fan, Y. CircTUBGCP3 Facilitates the 
Tumorigenesis of Lung Adenocarcinoma by Sponging MiR-885-
3p. Cancer Cell International 2021, 21 (1). https://doi.org/10.1186/
s12935-021-02356-2.

39. Cao, J.; Geng, J.; Chu, X.; Wang, R.; Huang, G.; Chen, L. 
MiRNA-885-3p Inhibits Docetaxel Chemoresistance in Lung 
Adenocarcinoma by Downregulating AuroraA. Oncology Reports 
2018, 41 (2). https://doi.org/10.3892/or.2018.6858.

40. Qian, F.; Lin, Y.; Zhang, M.; Guo, J.; Liu, Y. Circ_0061265 
Competitively Binds to MicroRNA-885-3p to Promote the De-
velopment of Gastric Cancer by Upregulating AURKA Expression. 
Cancer Cell International 2022, 22 (1). https://doi.org/10.1186/
s12935-022-02646-3.

41. Gong, W.; Wang, L.; Zheng, Z.; Chen, W.; Du, P.; Zhao, H. 
Cyclin-Dependent Kinase 6 (CDK6) Is a Candidate Diagnostic 
Biomarker for Early Non-Small Cell Lung Cancer. Translation-
al Cancer Research 2020, 9 (1), 95–103. https://doi.org/10.21037/
tcr.2019.11.21.

42. Lin, Z.; Zhou, Z.; Guo, H.; He, Y.; Pang, X.; Zhang, X.; Liu, 
Y.; Ao, X.; Li, P.; Wang, J. Long Noncoding RNA Gastric Can-
cer-Related LncRNA1 Mediates Gastric Malignancy through 
MiRNA-885-3p and Cyclin-Dependent Kinase 4. Cell Death & 
Disease 2018, 9 (6). https://doi.org/10.1038/s41419-018-0643-5.

43. Xie, L.; Dang, Y.; Guo, J.; Sun, X.; Xie, T.; Zhang, L.; Yan, Z.; 
Amin, H.; Guo, X. High KRT8 Expression Independently Predicts 
Poor Prognosis for Lung Adenocarcinoma Patients. Genes 2019, 10 
(1), 36. https://doi.org/10.3390/genes10010036.

44. Mao, J.; Shen, J.; Lu, X.; Cai, Y.; Tao, R.; Deng, Y.; Zhang, Y.; 
Wu, Y.; Chen, W. MCM5 Is an Oncogene of Colon Adenocar-
cinoma and Promotes Progression through Cell Cycle Control. 
Acta Histochemica 2023, 125 (6), 152072. https://doi.org/10.1016/j.
acthis.2023.152072.

45. Jiang, C.; Ding, Z.; Joy, M.; Chakraborty, S.; Kim, S. H.; Bottcher, 
R.; Condeelis, J.; Singh, S.; Roy, P. A Balanced Level of Profilin-1 
Promotes Stemness and Tumor-Initiating Potential of Breast Can-
cer Cells. Cell Cycle 2017, 16 (24), 2366–2373. https://doi.org/10.1
080/15384101.2017.1346759.

46. Wang, Y.; Wang, Y.; Wan, R.; Hu, C.; Lu, Y. Profilin 1 Protein 
and Its Implications for Cancers. ONCOLOGY 2021, 35 (3507), 
402–409. https://doi.org/10.46883/onc.2021.3507.0402.

47. Alam, M.; Hasan, G. M.; Eldin, S. M.; Adnan, M.; Riaz, M. B.; Is-
lam, A.; Khan, I.; Hassan, Md. I. Investigating Regulated Signaling 
Pathways in Therapeutic Targeting of Non-Small Cell Lung Car-
cinoma. Biomedicine & Pharmacotherapy 2023, 161, 114452. https://
doi.org/10.1016/j.biopha.2023.114452.

48. Kerr, A.; Baxter, R. C. Noncoding RNA Actions through IGFs 
and IGF Binding Proteins in Cancer. Oncogene 2022, 41 (25), 
3385–3393. https://doi.org/10.1038/s41388-022-02353-3.

49. Yang, X.; Bai, Q.; Chen, W.; Liang, J.; Wang, F.; Gu, W.; Liu, 
L.; Li, Q.; Chen, Z.; Zhou, A.; Long, J.; Tian, H.; Wu, J.; Ding, 
X.; Zhou, N.; Li, M.; Yang, Y.; Cai, J. M6A-Dependent Modu-
lation via IGF2BP3/MCM5/Notch Axis Promotes Partial EMT 
and LUAD Metastasis. Advanced Science 2023, 10 (25). https://doi.
org/10.1002/advs.202206744.

50. Jia, S.; Yu, L.; Wang, L.; Peng, L. The Functional Significance of 
CircRNA/MiRNA/MRNA Interactions as a Regulatory Network 
in Lung Cancer Biology. The International Journal of Biochemistry & 
Cell Biology 2024, 169, 106548–106548. https://doi.org/10.1016/j.
biocel.2024.106548.

51. Zhang, Y.; Wang, Y.; Su, X.; Wang, P.; Lin, W. The Value of Circu-
lating Circular RNA in Cancer Diagnosis, Monitoring, Prognosis, 
and Guiding Treatment. Frontiers in Oncology 2021, 11. https://doi.
org/10.3389/fonc.2021.736546.

�   Author
Sahil Patel, a senior at St. Anthony’s High School, aspires 

to work in biomedical computation, specifically computation-
al biology and AI/ML for medicine, as well as global health 
policy and biotech entrepreneurship. He is an incoming bio-
medical engineering student and Stamps Scholar at Georgia 
Institute of Technology. An Eagle Scout, exchange ambulance 
employee, varsity tennis captain, and president and co-founder 
of Listen to Lead, a 501(c)(3) nonprofit, he has interned at 
Cold Spring Harbor Laboratory in the Hammell Lab and at 
Hofstra University in the Lynch Lab, further advancing his in-
terests in computational biology and biomedical research.

ijhighschoolresearch.org



© 2026 Terra Science and Education	 10	

Leveraging AI Chatbots for Adolescent Mental Health:  
Opportunities and Challenges      

Katherine Z. Xu        
Mountain View High School, 3535 Truman Ave, Mountain View, CA 94040; katherinezx27@gmail.com 

ABSTRACT: There are increasing concerns about adolescents’ mental health worldwide, which is characterized by a high 
prevalence of mental illnesses like depression and anxiety. The situation is further worsened by the present gap in adequate, 
affordable mental health care for this vulnerable group. In this context, artificial intelligence (AI), particularly through chatbots, 
presents a promising avenue to additional support. This paper summarizes the current overview of AI chatbots’ role in managing 
youth mental health, their technology, features, and user experiences, and discusses their advantages and disadvantages. Then the 
article explores future developments, for example, improving crisis intervention capabilities, and discusses the need for stronger 
regulatory guidance. The conclusion emphasizes the need for responsible development and human oversight to fully make use of 
AI chatbots’ potential in adolescent mental health. 

KEYWORDS: Artificial Intelligence, Psychology, Chatbot, Mental Health, Adolescents/Teenagers. 

�   Introduction
In recent years, mental health has become a significant 

public health problem, particularly for teenagers, who were 
especially affected by the COVID-19 pandemic.1,2 The Sub-
stance Abuse and Mental Health Services Administration 
(SAMHSA) reported in 2021 that approximately 20.1% of 
12- to 17-year-olds had experienced some depressive symp-
toms within the past year, 3 while the anxiety disorders affected 
31.9% adolescents.4 These data demonstrate how common the 
mental health conditions are among the youth and show that 
these conditions often first manifest in the teenage years. Giv-
en the fact that adolescence is a critical stage for an individual’s 
development both physically and psychologically,5 there is an 
urgent need to address this growing mental health crisis.

Teenagers also often face greater challenges than other age 
groups in accessing mental health support.6,7 These barriers are 
the result of several factors, including cultural shame, treatment 
cost, appointment delays, privacy concerns, and limited access 
to mental health professionals.8-10 The fear of privacy violations 
or being misunderstood is among the primary deterrents to 
youth who might otherwise seek help, and shortages of fund-
ing and mental health staff within schools further reduce the 
accessibility of care to adolescents.7,11 Because of all of these, 
teenagers are hesitant to seek out mental health care.

Artificial Intelligence (AI), as a rapidly advancing technolo-
gy, can potentially transform various fields. One application is 
in the Digital Mental Health Interventions (DHMIs), which 
can provide a scalable, readily accessible, and more affordable 
form of mental health services.9,10,12 AI-powered chatbots 
are an example of a DHMI utilizing AI and are significant 
due to their potential to reach teenage populations. Younger 
generations are noted for their high engagement with digi-
tal technology and text-based communications.7,13,14 Coupled 
with the anonymity that is being offered by chatbots, this 
digital solution removes several of the barriers faced by youth 

seeking help.9,14 An initial interaction with an AI chatbot could 
serve as a critical first step for teenagers to acknowledge mental 
health challenges and eventually shift to more formal care.10,13

Although promising, chatbots for youth mental health pres-
ent many challenges, especially to teenagers. For example, they 
are generally not equipped for crisis detection or interven-
tion, and can delay escalation. They are still in their infancy, 
with little research focused on their performance and safety 
in youthful populations.16,17 To understand the status of chat-
bots in managing adolescent mental health, selected databases 
(PubMed, EmBase and Google Scholar) were searched using 
a combination of keywords, including Artificial Intelligence, 
chatbot, conversational agents, digital health, mental health, 
adolescents, and teenagers in July 2025.

This article reviews how AI is being used to support youth 
mental health, especially for common conditions (e.g., anxiety, 
depression, and autism-related symptoms). Analyzing insight 
from psychology, computer science, and ethics, the review pro-
vides an overview of mental health chatbots for adolescents, 
introduces technology and features, considers chatbot pros and 
cons, and discusses future development opportunities as well 
as regulatory considerations. It lays the groundwork for future 
investigation and provides useful advice to youth, professionals, 
engineers, and policymakers interested in properly incorporat-
ing AI chatbots into mental health.

�   Discussion
Overview of mental health chatbots for adolescents:
Since their conception, chatbots have evolved significantly in 

terms of technological capabilities. ELISA was one of the most 
well-known and earliest AI chatbots created by Joseph Wei-
zenbaum in 1966. It used a fairly straightforward rule-based 
program based on keyword matching and could ask open-end-
ed questions and reflect user input.18 It had the potential for 
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human-computer dialogue and was a significant advancement 
at the time.

The advent of Natural Language Processing (NLP), Ma-
chine Learning (ML), and Large Language Models (LLMs) 
has since transformed chatbot capabilities. These advance-
ments have made chatbots more capable of understanding, 
responding, and adapting to user input, making them useful 
tools in supporting mental health.19 They became more popu-
lar in handling common youth mental health issues like stress, 
anxiety, depression, or autism-related symptoms.

Wysa is a good example of what contemporary chatbots can 
do. As a therapeutic equivalent to ChatGPT for mental health 
support, Wysa provides an anonymous, nonjudgmental space 
for youth to explore thoughts and emotions, manage stress, 
and develop mental resilience.14,20 It currently has more than 
6 million users and has already offered over 500 million ses-
sions. The target age group for “Wysa for Children and Young 
People” is 13+.

The Wysa app uses a free-text conversational interface pow-
ered by AI (Figure 1). It deploys evidence-based approaches 
like cognitive behavioral therapy (CBT), dialectical behav-
ior therapy (DBT), behavioral reinforcement, mindfulness, 
motivational interviewing, and positive behavior support.14,20 
The primary technology includes both rule-based and more 
advanced AI-based. In-app activities include journaling, psy-
choeducational exercises, and methods for managing stress and 
frustration, and improving sleep (Figure 1). Access to a human 
coach is a prime function, while the chatbot is free and acces-
sible 24/7. Real-world data have demonstrated Wysa’s clinical 
efficacy. Research showed that people who were more engaged 
with the software experienced considerably greater changes 
in depression symptoms, as measured by the Patient Health 
Questionnaire-9 (PHQ-9), compared to people with lower 
engagement.14 Additionally, Wysa has been used in medical 
settings like the NHS Northeast London Foundation Trust as 
a complementary mental health service.21

Abbreviations: CBT, Cognitive Behavioral Therapy; DBT, Dialectical Behavior Therapy; LISSA, 
Live Interactive Social Skills Assistance; LLM, Large Language Model; ML, Machine Learning; MOL, 
Method of Levels; MYLO, Manage Your Life Online; NLP, Natural Language Processing; PWA, Pro-
gressive Web App; SMS, Short Message Service

Wysa is only one of many new chatbots being developed to 
address the changing needs of younger people and children in 
terms of mental health. The rapid expansion of digital mental 
health tools reflects a growing need and awareness of their po-
tential to improve child well-being. However, this expansion 
also raises important concerns regarding quality, safety, and 
regulatory oversight, particularly as many of these chatbots are 
designed for or used by minors.6,19

A comparative overview of the most popular mental health 
chatbots for adolescents and young adults is presented in Table 
1 to understand the scenario better. It also includes informa-
tion on their origins, therapeutic approaches, AI technologies, 
distribution platforms, and especially appropriate features for 
teenage users.

Technology, features, user experience:
Mental health AI chatbots for adolescents generally share 

a common set of features that support their overall objectives 
of facilitating self-help and creating therapy through a digital 
channel.

Although Table 1 identifies the AI chatbots' differences, 
how people use these resources in real life, especially teenagers, 
is similar. The majority of chatbots enhance user interaction 
by complementing text with other forms of media, such as 
videos, emojis, or voice. They have other capacities, such as 
providing training on coping mechanisms and healing philos-
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Figure 1: Demo of the Wysa app (screenshots taken by author, used with 
permission from Wysa). The Wysa app allows users to build their own space, 
focusing on the challenges they would like help with. Within this space, users 
can set up routines or receive support from their coaches. They can also have 
private conversations with the chatbot coach. Additionally, the Wysa app 
provides users with tool packs, which include exercises, stories, videos, and 
other resources.

Table 1: Overview of prominent mental health chatbots for teenagers/young 
adults.
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ophies through educational sessions. Furthermore, interactive 
tools support patients to manage their mental health by them-
selves.19 

Behind these interactions are numerous AI technologies. 
These comprise rule-based systems, machine learning (ML), 
and natural language processing (NLP). Predefined codes, 
decision trees, and keyword matching are the foundation of 
rule-based systems and are still used in various chatbots, in-
cluding TeenChat, MYLO, and Vivibot.13,22,23 These methods 
are less smart in conversation, despite being simpler to create. 
On the other hand, as seen in TeenChat, Tess, Anna, Woebot, 
and Wysa.9,12-14,24 NLP can be used to assess the user’s intent 
and context information. ML techniques are used to improve 
personalization further, to strengthen responses over time us-
ing previous data.9,12

The figure below (Figure 2) illustrates how a chatbot 
works in general.78 When a chatbot receives a message, it uses 
NLP to understand users’ intentions and the context of the 
conversation. Then it uses the Dialog Manager to track the 
conversation and to request additional information if neces-
sary. It also searches its knowledge database and checks if there 
are existing appropriate answers. Finally, the chatbot responds 
by using either a pre-written message or an AI-generated one 
that sounds natural.

Large Language Models (LLMs), a type of NLP technolo-
gy, have been used in chatbots such as Wysa to improve their 
language capabilities and to make more human-like user inter-
actions.6 Others like Woebot are working on the integration. 
However, there are challenges associated with using LLMs, for 
example, about safety, factual accuracy, and ethical consider-
ations, particularly when minors are targeted users.6,19 Thus, 
many chatbots are currently employing a hybrid approach that 
allows for the predictability of rule-based systems while being 
able to make use of the advanced understanding and conversa-
tional capacity of ML/NLP and LLMs.6 For instance, Woebot 
uses human-written content for therapeutic delivery but ex-
plores LLMs for greater understanding and personalization.6

Not only do mental health AI chatbots use well-established 
psychological models at the core of their therapeutic approach, 
including cognitive behavioral therapy (CBT).25 For example, 
Woebot uses CBT to guide users to identify and dismantle 
negative thought patterns.6,24 Similarly, Wysa, Tess, and Anna 
also incorporate the CBT rules.6,9,12,14,20 On the other hand, the 
Method of Levels (MOL) therapy is used by MYLO to direct 

users’ attention to higher-level targets.22 Positive Psychology, 
which emphasizes cultivating love and good emotions, is key 
to Vivibot and Anna, and is demonstrated by tasks like a grat-
itude journal.23 Mindfulness has been incorporated into Wysa, 
Tess, and Anna to provide immediate coping strategies for 
anxiety and stress.6,9,12,14,20 Furthermore, Tess and Wysa draw 
from multiple therapeutic methods to provide a broader range 
of support for their diverse user base. These psychological 
principles are woven into the design of the content, logic for 
decision-making, and tone of the responses. They guide what 
the chatbot says, how it guides the conversation, and which 
tools or exercises it offers based on user input.6,9,14,20

Other than technologies and therapeutic models, the next 
important aspect of a chatbot is how these parts are delivered 
to users. In other words, the technical advantages of chatbots 
must be translated into good and safe user experiences. The 
first step using an AI mental health chatbot is onboarding, 
which includes setting up, obtaining user and parents' con-
sent, and giving users an introduction to features, functions, 
and limitations. It is important to clearly state that the chatbot 
is not intended to replace human therapists at the early stage, 
to ensure its safe use.26,27 Chatbots often do regular check-ins, 
and users can also initiate a conversation whenever they need 
support. Sessions can be simple conversations or more orga-
nized therapy and exercises. For instance, Anna’s “Adherence 
Fidelity" algorithm was developed based on users’ feedback 
and can identify when a user might want to stop engaging in 
an activity.12 The output of chatbots is mainly text-based but is 
often supplemented by emojis and GIFs, as seen in Woebot,24 
videos, as seen in Vivibot, or audio, as seen in Wysa.14 More 
output types may increase engagement, specifically for teenag-
ers accustomed to related media interactions.

To make powerful mental health chatbots for teenagers, a 
simple adaptation of adult versions or general chatbots is not 
sufficient, and other important changes must be made. These 
include addressing teenage stressors, such as school pressure, 
peer relationships, and self-identity issues.28 Also, age-specific 
language and teenager-culture should be considered and may 
include elements like emojis or memes. For example, Happify 
for Teens ' content targets a fifth-grade reading level. Anoth-
er consideration is the platform selection for teen users, who 
strongly prefer apps or progressive web applications (PWAs) 
that are available on their phones.12 Engagement strategies 
usually involve gamification, interactive elements, and addi-
tional information that may relate to the youth experiences. 
The effectiveness of chatbots in treating mental illness depends 
not solely on AI's capabilities or the therapy’s soundness, but 
also on how well these components are combined, delivered 
in a user-friendly way that engages teenagers.19 One way to 
enable this is to involve teenagers in the design process directly, 
as seen in MYLO.22

Given the large number of chatbots and the diversity in 
features, therapeutic approaches, and technology (Table 1), it 
is clear that there is no single, optimal way of delivering AI 
mental health therapy to the teenage population. A feature 
critical to this vulnerable population is crisis support, where 
the chatbot detects severe risk and directs the user to human 
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Figure 2: Chatbot’s working process (adapted from Dilmegani, 2025,78 
used with permission). A chatbot first uses NLP to detect intent and context, 
then a dialog manager tracks the dialog flow. It also searches its knowledge 
base. Finally, the chatbot responds with either a prewritten or AI-generated 
message.
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when a chatbot has insufficient crisis detection or action ca-
pabilities for high-risk scenarios, including abuse, self-harm, 
or suicide. In fact, most chatbots are not designed or equipped 
to handle serious mental health catastrophes or intervene in 
suicidal intent effectively.42 AI typically responds by providing 
phone information for human-crisis helplines and emergency 
services, which requires the user to seek immediate assistance. 
There have been cases reported with tragic outcomes when AI 
chatbots were used in place of qualified therapists.43

Another main concern is the lack of genuine empathy and 
human connection. While AI can simulate human responses, 
it still does not provide nuance understanding, shared expe-
rience, and personal resonance that constitute the foundation 
of human interactions.37,38 Teenagers are in a crucial stage 
of socio-emotional development. Excessively relying on AI 
for emotional support may impact how teens form healthy 
relationships with other people.39,40 Teens are also prone to en-
gaging in parasocial relationships with chatbots, which have 
been shown to hinder their development.39,40

Chatbots also have limited abilities in problem-solving and 
in understanding complicated or novel subtleties. It is chal-
lenging for the chatbots to understand teen-specific slang, 
communication style, and social dynamics, which may lead to 
advice that is not useful.37 It is especially risky if a chatbot mis-
interprets or reinforces negative patterns.77

Major concerns include the security of data and privacy as 
well. Providers of mental health chatbots have the responsi-
bility to protect sensitive client information, notably client 
mental health records.40 There are strict regulations in place for 
the collection of such data, as described in the US Children's 
Online Privacy Protection Act (COPPA). However, there is a 
requirement for a balance between teens’ need for confidential-
ity and parents’ rights to be informed of their children’s online 
activities. It is also important to note that although the Health 
Insurance Portability and Accountability Act (HIPAA) ap-
plies to hospitals, clinics, and doctors, it often does not apply 
to technology providers and the apps they develop, which leads 
to privacy protection challenges for the users.69,79 Chatbot 
providers may not be liable for privacy breaches because no 
regulations hold them responsible.69

Another issue with chatbots is algorithmic bias. Information 
used to train AI may already have biases, such as those relating 
to race, gender, culture, and language, which can lead to dan-
gerous experiences for teenagers from disadvantaged groups. 
For example, LLMs are often trained on data that represents 
English-speaking or Western populations.69,72

Lastly, AI might unintentionally cause inequities in men-
tal health care. Some teenagers from underserved areas do not 
have appropriate personal access to smartphones or a reliable 
internet. They have to rely on devices from the community or 
schools, which create barriers to using mental health chatbots 
since these tools are designed to offer immediate support when 
a crisis happens. As a result of limited access, teenagers may be 
unable to seek help when they need the support most.6 Addi-
tionally, having to use mental health resources in a shared space 
reduces privacy and may discourage engagement.6 However, 
underserved teenagers with appropriate access to technology 

helplines.29 Finally, AI integration greatly improves the poten-
tial to make personalized responses and recommendations.

Analysis of pros and cons:
The incorporation of AI chatbots into youth mental health 

has great potential, but it also creates key issues and challeng-
es. Therefore, it is important to have a balanced view of the 
emerging technology.

The most significant benefits of AI chatbots are their in-
creased accessibility and availability, unaffected by geographical 
locations, and the long waiting list associated with conven-
tional mental health services.23 For teenagers, this means that 
support is always accessible regardless of time of the day, the 
availability of human support, or limitations related to parental 
schedules and transportation.6 Regular availability is a signif-
icant advantage given the unexpected nature of mental health 
struggles.

Furthermore, AI chatbots are potentially stigma-free. Teen-
agers are often reluctant to seek professional help because they 
are afraid of being judged by peers, families, or the communi-
ty. Using AI chatbots in a nonjudgmental setting, teens can 
express their thoughts with more freedom.6 This is especially 
important to teenagers who are experiencing challenges like 
identity development and are at risk of receiving first assis-
tance. Because of their lack of judgment, studies have shown 
that patients are more likely to give sensitive data to AI than 
to human therapists.30,31

Cost-effectiveness is another advantage of AI chatbots. 
Mental health chatbots are generally available at a significant-
ly lower cost than standard therapy.32 For example, Tess claims 
to be “98% cheaper than face-to-face therapy”.33 The afford-
ability removes the financial barrier for teens who don’t have 
income or whose families cannot afford conventional mental 
health care.34

Another benefit of AI chatbots is their interactive nature 
and engagement. The texting format is familiar to teens 
through their use of messaging apps and thus is more attrac-
tive than static resources like a self-help book.28 Gamification 
can further enhance the motivation of teens. The use of AI 
may assist in creating a sense of accountability and encourage 
continued use with features like regular check-ins and personal 
feedback.28

Clinically, AI chatbots can deliver evidence-based interven-
tions such as CBT with fidelity,15,35 and provide access to a 
basic level of support based on current therapeutic guidelines 
for teenagers in areas with few trained mental health profes-
sionals.36 Also, some chatbots were created in collaboration 
with teenagers, making them more useful and interesting 
tools.12

Despite their potential, AI chatbots pose significant risks 
and challenges, especially for the adolescent population. First 
and foremost, chatbots can delay the escalation of severe crises. 
Access to more intensive treatment may be hampered if using 
chatbots in place of a human mental health specialist. While 
anonymity helps reduce stigma, it can be risky. If a teen is in se-
rious distress without anyone being aware or able to intervene, 
the situation can become dangerous.41 This threat is increased 
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mental health treatment.50,51 Chatbots could use unlockable 
skills or unfold storylines that tie to therapeutic objectives and 
progress, such as "defeating social anxiety mountain." Chat-
bots could encourage engagement with evolving characters 
and unlockable talent trees or provide a story-driven journey 
that aligns with therapeutic objectives. These factors help 
lessen therapy fatigue by making therapeutic skill-building 
more entertaining and rewarding.52,53 But the key challenge is 
to avoid trivializing mental health, overusing or making the 
games excessively competitive, to maintain a balance between 
fun and clinical value.52,53

Integrating wearable physical data into chatbots is anoth-
er potential future feature. These data may include sleeping 
patterns, daily exercises, and heart rates. The information may 
promote personalized support, such as a relaxation session af-
ter a night of poor sleep. This connection between physical 
and mental health could allow for more integrated care.54,55 
Nevertheless, it would risk data rights, privacy, and security, as 
well as the accurate interpretation of these data.56

Recognizing advanced emotions and nuance is also a top 
focus in future chatbots. AI chatbots must get trained in 
adolescent language, including slang and irony, and other 
expressions (e.g., non-verbal cues). Inputs from multiple re-
sources like voice, text, or facial expressions could be analyzed, 
and a teen’s emotional status can be more accurately interpret-
ed. This may increase pertinent responses and foster stronger 
connections with teens.46,47 However, even the most sophis-
ticated AI struggles to keep up with teens’ rapidly changing 
culture and communication trends. However, it is important to 
note that collecting these data from teenagers has significant 
ethical challenges and computational demands.57,58

Creative and expressive tools would give users more ways 
of expressing themselves non-verbally. These may include a 
mood-related playlist, a guided journal, or a simple drawing 
tool. The tools can support self-awareness and boost creativ-
ity in teenagers; they are particularly useful for those who are 
less verbal. Nevertheless, it's still challenging to add these tools 
into chatbot flows while providing helpful, but not overly in-
terpretive, feedback.62

Some chatbots give lessons that teach life skills such as stress 
management, interpersonal communication, conflict resolu-
tion, and digital citizenship, in addition to traditional CBT 
lessons.63 These lessons train practical coping skills for teen-
agers and help them handle real-world challenges.64 The key 
issue is that these contents need to be evidence-based, engag-
ing, and relevant to teenagers to achieve goals.65

The potential of mental health chatbots amongst youth may 
be greatest in systems that combine human inputs with AI. AI 
may provide instant, accessible, and ongoing support, especial-
ly where there is a need to address the problem of teenagers 
who prefer not to communicate with adults. However, there 
must always be a quick and safe pathway for teens to access 
human care when they are in need.66,67

Regulatory considerations:
As more advanced AI tools become available, the ethical 

responsibilities of developers increase and require thoughtful 

may be more dependent on AI-based tools than those with 
greater access to conventional mental health services. This 
could lead to a lower standard of care for those already disad-
vantaged, considering AI tools are inferior to human therapists. 
This issue must be considered when developing and deploying 
these devices for adolescents.37

Future developments for teen mental health chatbots:
As AI advances, chatbots must expand their current capa-

bilities, developing a safer and more personalized, engaging, 
ethical, and effective tool for mental health.

Future chatbots must improve skills to detect and intervene 
in crises as a top priority, which is critical for the vulnerable 
population. Alone, they should not manage severe conditions 
such as self-harm, suicide attempts, or abuse. Strong detection 
capabilities will enable them to identify crises with more ac-
curacy. Then, the initial intervention by AI chatbots should be 
followed by connecting users with trusted adults, and then, if 
necessary, escalating to emergency services. A "panic option" 
and other features can make immediate support easier. When 
there isn't immediate assistance from a human, these systems 
enable fast, life-saving crisis support.12,61 However, these ap-
proaches rely on accurate detection of crisis and may lead to 
consent complexity.12,41 In addition, future safety frameworks 
must strengthen their filters so that disturbing, tempting, 
or frightening content can be removed more accurately and 
strictly, especially for teenagers who are more likely to be in-
fluenced by the external world. 

A key innovation in mental health chatbots could be con-
text-aware and proactive support,59 where the technology itself 
starts conversations based on mental health signs rather than 
waiting for the teenagers to initiate them. It might initiate a 
conversation if the patient hasn't used the system for some 
time, is facing stressors from a calendar, or has a daily routine 
that indicates they are experiencing anxiety. As technology ad-
vances, apps may be able to identify individuals at risk and 
deliver help quickly, thus benefiting those afraid to seek help.60 
This development requires careful design that respects user 
privacy and autonomy to avoid unnecessary disruption to us-
ers' lives.

Hyper-personalization and adaptive learning can be de-
veloped in future versions of the chatbots. They can provide 
users with tailored advice based on a teen’s mental health sta-
tus, previous responses, and upcoming events like a final exam. 
It could be achieved by detecting keywords that imply that a 
student is anxious and then adjusting the response according-
ly. Personalizing interactions with the teenagers could also be 
improved by allowing the system to tailor its responses more 
closely to the flow of each conversation over time, providing 
the teenagers with information more directly relevant to what 
they have said, which is important for future engagement.28,46,47 
However, such hyper-personalization would require the col-
lection of sensitive data, which in turn raises issues regarding 
privacy, security, and ensuring that any data collected is accu-
rately interpreted by clinicians.

Gamification is another appealing method for boosting en-
gagement and motivation, which is a major challenge in digital 
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regulations that can address privacy, security, safety, and legal 
concerns.1,6,68

Regulations for AI, especially in mental health, often lag 
behind technological advances, raising concerns about how 
chatbots operate with little or no supervision. Users of these 
AI mental health tools may not be aware that they are uti-
lizing technology that hasn't been carefully reviewed by any 
trustworthy authorities, even though some tools, like Woebot, 
explicitly state that the FDA does not approve them.10,24,69 To 
promote public education about the limitations of AI, require-
ments for crisis responses, and to provide clear guidelines for 
this rapidly expanding innovation, professional bodies like 
the American Psychological Association (APA) are actively 
engaging regulatory agencies like the Federal Trade Commis-
sion (FTC).12,24,69 Additionally, mental health chatbots should 
comply with data protection laws such as HIPAA, and regula-
tions should mandate that users be informed if an application 
is not FDA-approved or HIPAA-compliant. Developing reg-
ulations indeed requires diverse opinions, from developers, 
policymakers, mental health professionals, as well as from teens 
themselves.

Above all, the deployment of AI in mental health requires 
human involvement and support. Human oversight is critical 
in every stage of a chatbot, from design and development to 
deployment and monitoring.8,9,12,69 Chatbots should be utilized 
as tools to augment human capabilities and extend the reach of 
mental health support, not to replace humans.11,71 Integrated 
care models, where chatbots strengthen standard therapy by 
helping users complete homework, offering support between 
sessions, or performing initial screenings, hold promise for cre-
ating a more efficient future for mental health treatment. This 
solution offers a safety net on which chatbots can rely in chal-
lenging situations.7,12,71 In fact, the state of Utah has proposed 
legislation requiring licensed mental health professionals to be 
involved in chatbot development,70 which is one step towards 
the goal of strategic human oversight. In addition to getting 
feedback from mental health professionals, regulatory agencies, 
and the youth, chatbots must be designed to minimize possi-
ble harms, such as an unhealthy reliance on AI and privacy 
breaches.12,32

Strength and limitations:
This article presents a youth perspective on the use of AI 

to support adolescent mental health and is targeted at other 
teenagers, which is the strength of the paper. However, it is also 
important to discuss its limitations. First, current literature did 
not specify which populations (such as gender or age groups 
– younger or older teens, or severity of conditions) that can ben-
efit most from the AI mental health chatbots. Although some 
data suggested that these tools are comparable in their efficacy 
across both genders, there is a clear bias in chatbots’ design, 
mimicking female stereotypes historically. Additionally, clin-
ical trials on the efficacy of these chatbots had mostly female 
participants. For instance, the trial for Tess was 70% female,9 
and the Woebot trial was 67% female.24 Second, technical de-
tails regarding specific apps are often unavailable. For example, 
while “onboarding” is a critical first step, the process was only 

explicitly described for Wysa and Woebot,14, 24 with other apps 
missing detailed disclosure about this process. Furthermore, 
the chatbot’s underlying process has not been described specif-
ically for mental health treatment purposes. Also, the literature 
review in this article was conducted with a narrative, rather 
than a systematic review approach. However, the paper shares 
critical insights with peer adolescents, mental health profes-
sionals, AI chatbot developers, and regulators about using AI 
tools in treating mental health conditions in youth.

�   Conclusion 
AI-powered chatbots present a new approach to addressing 

barriers to adolescent mental health services. These tech-
nologies have the potential to reduce the stigma associated 
with limited accessibility of traditional mental health care to 
the highly vulnerable group and to deliver low-cost and ev-
idence-based therapies to youth in need. This is particularly 
important in an era when adolescent mental health needs are 
increasing rapidly. There is a wide range of chatbots, each using 
distinct features, technology, and approaches, illustrating the 
diversity of efforts to apply AI to mental health.

The journey to the incorporation of AI chatbots into ad-
olescent mental health still has significant challenges ahead. 
These chatbots, although advanced, are still not capable of tru-
ly replicating the empathy of humans or comprehending the 
subtleties of human communication, expression, and the social 
and cultural context that affect adolescents.6-8,12 Critical issues 
such as data protection, users’ consent, risk of teenagers becom-
ing over-reliant, plus a need for safety protocols, are amplified 
when AI is targeted at the adolescent group.10,69,72 Furthermore, 
the anonymity that makes chatbots so appealing to teenagers 
could be detrimental in a crisis when human intervention is 
required.

To progress forward, we need stricter regulations and inputs 
from a variety of sources, including mental health profession-
als, educators, governments, regulatory entities like the APA, 
and youth themselves.1,12,69,73 Heavy emphasis should be placed 
on the protection of the privacy and data of minors, and on 
the level of human intervention required. Additional research 
should explore methods for improving symptom reduction, 
user engagement, the therapeutic relationship formed between 
a chatbot and teen users, and the long-term effects of chatbots 
on teenagers and their behaviors and development.7,72-74
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ABSTRACT: Genome editing (GED) technologies have advanced substantially and are currently being tested for the treatment 
of human diseases. Clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) 
GED technology has advanced biotechnology by providing a relatively simple and cost-effective method for creating precise 
deoxyribonucleic acid edits compared to other GED technologies. This technology has become a promising method for treating 
diseases by enabling the targeted disruption, modification, or editing of pathogenic genes. However, several factors, including 
disease heterogeneity, off-target effects, and technical and ethical challenges in its application, limit the clinical use of CRISPR-
Cas9. This article examines the therapeutic efficacy of CRISPR-Cas9 technologies in the treatment of numerous conditions, 
including cancer, neurodegenerative diseases, viral infections, allergic and immunological diseases, and hematologic diseases.  
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�   Introduction
In recent years, clustered regularly interspaced short pal-

indromic repeats (CRISPR) and CRISPR-associated (Cas) 
proteins, which originated from bacterial and archaeal adaptive 
immune systems, have become widely used for genome editing 
(GED) in biotechnological and biomedical research.1 GED 
technologies can enable the precise modification of deoxyri-
bonucleic acid (DNA) sequences in living cells. In addition to 
CRISPR-Cas9, other advanced GED technologies include 
zinc finger nucleases (ZFNs) and transcription activator-like 
effector nucleases (TALENs).2,3 ZFNs are composed of the 
zinc finger proteins and the non-specific FokI cleavage domain 
and are involved in protein-protein interactions and DNA 
transcription regulation in eukaryotes.4 Notably, ZFNs can 
only identify nucleotide triplets in DNA, which limits their 
site selection.5 TALENs also consist of FokI endonuclease and 
a complex of transcription activator-like effectors.6 Although 
they are more specific than ZFNs because they can detect a 
single nucleotide, the larger size of TALENs when compared 
to ZFNs may cause difficulties in their packaging and delivery.7

CRISPR-Cas9 involves a single guide RNA (sgRNA) se-
quence and the Cas9 endonuclease. The sgRNA is formed 
by the composition of trans-activating crRNA (tracrRNA) 
and CRISPR-RNA (crRNA), enabling the Cas9/sgRNA ri-
bonucleoprotein complex to recognize and bind to the target 
DNA sequence.8 After DNA targeting occurs, Cas9 creates 
double-strand breaks (DSBs) in the target region of DNA. 
The DSBs are then repaired by non-homologous end joining 
(NHEJ) and homology-directed repair (HDR) mechanisms 
using template DNA. In the absence of homologous DNA 
sequences, the cell undergoes NHEJ, which creates small dele-
tions or insertions around the cut site. Since there is no DNA 
template for repair, this process is somewhat random and thus 
highly error-prone. If donor DNA with homologous strands 

matching the genomic DNA is provided, a DNA molecule 
with high homology to the target region is inserted into the 
genome following a double-strand break. 

The key difference between CRISPR-Cas9, ZFNs, and 
TALENs is that CRISPR-Cas9 uses an RNA-mediated 
sequence-specific cutting technique, while the others are pro-
tein-based DNA editing techniques.  CRISPR-Cas9 provides 
several advantages over ZFNs and TALENs, such as improved 
cost-effectiveness, higher target specificity, and the relative 
ease of designing sgRNAs for diverse target DNAs. Moreover, 
CRISPR-Cas9 can enable direct genome editing in the em-
bryo and the simultaneous induction of multiple mutations.9 
CRISPR-Cas systems are classified into class 1 and class 2, and 
the Cas 9 protein belongs to class 2.10 CRISPR-Cas9 is pre-
ferred for GED due to its simplicity when compared to other 
systems.11

CRISPR-Cas9 GED technology is among the most prom-
ising and popular methods for treating multiple diseases 
through GED. This article will discuss various diseases for 
which CRISPR-Cas9 technology is being tested in treatment.

�   Discussion
CRISPR-Cas9 GED technology in human diseases:
Cancer:
Cancer is a critical disease resulting from genetic and epi-

genetic reasons, representing one of the predominant causes of 
death globally. Because of the complexity of its mechanisms, 
current cancer treatments (e.g., chemotherapy, surgery, radio-
therapy, and targeted therapy) have shown limited effectiveness, 
highlighting the need for alternative treatment approaches. In 
recent years, GED has become one of the leading strategies in 
treating cancer. GED facilitates the manipulation of tumor-as-
sociated genes using CRISPR-Cas9 technology, with studies 
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indicating that this technology can be effective in cancer treat-
ment. Furthermore, CRISPR-Cas9 technologies continue to 
hold promise in areas such as tumor immunotherapy and over-
coming resistance to chemotherapy drugs.12 CRISPR-Cas9 
GED-based therapy is being investigated in many cancers, 
such as colorectal cancer, breast cancer, and hepatocellular can-
cer.13-15 A primary cause of tumors is the dysregulation of cell 
proliferation through the activation of proto-oncogenes and 
the inactivation of tumor suppressor genes.16 Tumor develop-
ment or growth can be prevented by knocking out oncogenes 
or restoring tumor suppressor genes and restoring their func-
tion with CRISPR-Cas9 technology.17

CRISPR-Cas9 technology can target specific disease-caus-
ing genes, as well as different types of genes, such as epidermal 
growth factor receptor (EGFR), tumor protein P53 (p53), telo-
merase reverse transcriptase, v-Raf murine sarcoma viral oncogene 
homolog B, breast cancer gene (BRCA), human epidermal growth 
factor receptor 2, and Kirsten rat sarcoma viral oncogene homo-
log (KRAS). Liu et al. reported that editing genes, such as 
E-cadherin, p21, and hBax, via CRISPR-Cas9 decreased cell 
motility, inhibited cell proliferation, and initiated apoptosis in 
bladder cancer cells.18 The myeloid cell leukemia-1 (MCL-1) 
gene plays a role in cell differentiation, proliferation, and tu-
morigenesis and is becoming a novel target for cancer therapy. 
It has been shown that the knockout of the MCL-1 gene via 
the lentiviral (LV) CRISPR-Cas9 system initiates apoptosis 
of Burkitt lymphoma (BL) cells and, through the repeated in-
duction of sgRNA, impairs tumor development in a xenograft 
model.19 CRISPR-Cas9 technology has also been reported to 
upregulate further sex combs-like 1 protein expression, which 
significantly reduces leukemia cell growth.20 Besides, the 
CRISPR-mediated correction of protein kinase C mutations 
in a xenograft model has been shown to inhibit colon tumor 
growth.21

Carcinogenic viral infections are a crucial factor in cancer de-
velopment. For example, hepatitis B virus (HBV) and hepatitis 
C virus (HCV) are associated with hepatocellular carcinoma 
(HCC), Epstein-Barr virus (EBV) with nasopharyngeal car-
cinoma, Hodgkin lymphoma, and Burkitt lymphoma, and 
human papillomavirus (HPV) with cervical cancer. By using 
viral genome-specific Cas9-sgRNA and targeting viral on-
cogenes, cancer cell death can be induced. In cervical cancer, 
the expression of HPV oncoproteins E6 and E7 causes ma-
lignant transformation in normal cells. Studies have shown 
that interfering with the E6 and E7 genes via CRISPR-Cas9 
inhibits cervical cancer development and reverses the malig-
nant phenotype.22,23 Price et al. produced Francisella novicida 
Cas9 (FnCas9) to accurately interfere with the HCV RNA 
genome and observed that FnCas9 suppressed HCV infection 
by reducing viral protein production.24 It is also possible to 
modify the EBV genome via CRISPR-Cas9. In one reported 
study, seven anti-EBV gRNAs were administered together via 
transfection into a B cell line obtained from a BL patient with 
latent EBV infection to disrupt the genome, which gave rise to 
the initiation of apoptosis, the inhibition of cell proliferation, 
and a reduction in viral load.25

CRISPR-Cas9 technology is increasingly being employed 
in cancer immunotherapy, which activates the innate or adap-
tive immune system through various methods rather than 
directly targeting the tumor. The goal is to mobilize T cells 
by acting on various control points such as cytotoxic T lym-
phocyte antigen 4 (CTLA-4), programmed cell death protein 
1 (PD-1), and programmed death ligand 1 (PD-L1).  Studies 
are currently underway to strengthen the response of T cells 
against cancer cells and their capability to successfully destroy 
cancer cells by knocking out the PD-1 or CTLA-4 gene, uti-
lizing CRISPR-Cas9 systems.26,27

CRISPR-Cas9 can also be used to reprogram tumor stroma 
to achieve anticancer effects. A study comparing fibroblasts 
taken from normal ovarian tissue and ovarian cancer tis-
sue found that cancer-associated fibroblasts expressed more 
genes involved in glutamine synthesis, and that inactivation of 
glutamine synthetase—essential for glutamine production—
efficiently inhibited cancer cell growth.28 It has been suggested 
that inactivation of the glutamine synthetase gene via CRIS-
PR could be implemented to inhibit tumor growth.29

Drug resistance is a significant problem in cancer treatment 
since resistance to a drug can result in resistance to different 
drugs, resulting in a condition called multidrug resistance 
(MDR). Many mechanisms serve roles in the emergence of 
drug resistance, including the increased function of drug efflux 
pumps like the ATP-binding cassette (ABC), increased DNA 
repair capacity, increased drug detoxification, disruption of 
cellular signaling pathways, increased epithelial–mesenchymal 
transition, and decreased apoptosis.30,31 Recently, studies have 
examined CRISPR-Cas9 technology to overcome drug resis-
tance in different cancer treatments. A significant cause of drug 
resistance in cancer cells is the overexpression of ABC fami-
ly transporters, which facilitate the excretion of cancer drugs. 
One study observed that intervention of the ABCB1 gene via 
the CRISPR-Cas9 increased doxorubicin (DOX) accumu-
lation in cancer cells, thereby enhancing chemosensitivity.32 
Another study indicated that targeting the MDR1 gene via 
the CRISPR-Cas9 quadrupled drug uptake in drug-resistant 
breast cancer cells.33 A similar phenomenon has been observed 
in ovarian cancer and osteosarcoma cells, demonstrating that 
the CRISPR-Cas9 can substantially reduce ABCB1 gene ex-
pression and increase cancer cell sensitivity to DOX.34,35

Cyclin-dependent kinases (CDKs) are enzymes that serve 
roles in cell proliferation, DNA repair regulation, and the 
cell cycle. Increased levels of these enzymes in cancer cells 
suggest that inhibiting these enzymes may have promising 
results for cancer treatment. For instance, the inactivation of 
CDK11 in osteosarcoma cells utilizing the CRISPR-Cas9 
system has been shown to increase cell death as well as re-
duce cancer cell invasiveness.36 CDK6 was also found to be 
elevated in palbociclib-resistant breast cancer cells, while the 
CRISPR-Cas9-mediated knockout of CDK6 increased pal-
bociclib sensitivity and induced cancer cell death.37 Moreover, 
glutathione S-transferase may contribute to drug resistance 
by augmenting the detoxification of chemotherapy drugs, 
upregulating the conjugation of chemotherapy drugs with 
glutathione, and attenuating apoptosis. For example, disabling 
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glutathione S-transferase using the CRISPR-Cas9 leads to an 
increase in the cytotoxic effect of chemotherapeutics in col-
orectal cancer cells.38

Overexpression of BRCA1 is associated with chemothera-
py resistance.39 Since BRCA1 mutations can be variable and 
difficult to target, targeting PARP1, a synthetic lethal partner 
of BRCA1, is a more feasible approach. In breast cancer cells, 
intervention of PARP1 with the CRISPR-Cas9 increased sen-
sitivity to chemotherapeutics, resulting in lower drug doses 
being required to achieve therapeutic efficacy.40

Mutations affecting tumor suppressor genes and oncogenes, 
such as P53 and KRAS, have been shown to serve important 
roles in drug resistance. In colorectal cancer, targeting KRAS 
via CRISPR-Cas9 technology markedly decreased tumor cell 
size and improved the efficacy of cetuximab in inducing apop-
tosis.41 Moreover, inactivation of mutant TP53 in osteosarcoma 
cells with CRISPR-Cas9 systems both increased sensitivity to 
DOX and reduced the overexpression of anti-apoptotic pro-
teins.42 CD44 is regarded as a surface marker of cancer stem 
cells and is also a marker of drug resistance. It has been shown 
that deactivating CD44 via the CRISPR-Cas9 system can 
prevent invasion and metastasis in osteosarcoma cells.43

Mutations in EGFR are found in various cancers.44,45 While 
EGFR inhibitors are useful for treating non-small cell lung 
cancer (NSCLC) in which EGFR mutations are detected, 
there are problems with drug resistance.46 It has been reported 
that disruption of mutant EGFR in NSCLC cells using the 
CRISPR-Cas9 leads to a reduction in tumor size, an increase 
in tumor cell death, and an extension of survival time.47 REC-
QL4 helicase is a protein that serves roles in drug resistance 
and DNA repair, and can increase MDR1 expression. It has 
been demonstrated that deactivating RECQL4 via the CRIS-
PR-Cas9 technique in glioma cells can increase the toxic effect 
of temozolomide on glioma cells.48

Neurodegenerative diseases:
Alzheimer's disease (AD), Parkinson's disease (PD), spi-

nocerebellar ataxia (SCA), Huntington's disease (HD), and 
amyotrophic lateral sclerosis (ALS) are widespread neurode-
generative diseases, all of which involve a gradual deterioration 
of neuronal structure and function, leading to nerve loss over 
time.

AD affects memory, speech, behavior, and decision-making 
ability and can eventually lead to dementia.49 In this disease, 
extracellular amyloid plaques composed of amyloid β-protein 
(Aβ) and neurofibrillary tangles containing hyperphosphory-
lated tau protein are found. To date, conventional treatments 
have not been successful in preventing Aβ formation or in 
clearing toxic proteins from the brain. Although AD is gen-
erally sporadic, a small number of cases are familial and result 
from autosomal dominant mutations in the amyloid precursor 
protein (APP), presenilin-1 (PSEN1), or presenilin-2 (PSEN2) 
genes, with PSEN1 mutations often being the primary cause; 
these mutations increase the production of Aβ42, which is 
more prone to aggregation than Aβ40.50 A study reported 
that CRISPR-Cas9 technology could selectively impair the 
PSEN1M146L allele and alter the Aβ42/40 ratio in carriers of 

this mutation.51 Similarly, another study reported that CRIS-
PR-Cas9 correction of neurons containing fibroblasts with 
PSEN2N141I mutation could correct the Aβ42/40 ratio.52 
One APP gene, known as the Swedish KM670/671NL APP, 
causes increased levels of Aβ protein.53 Guyon et al. attempted 
to modify the APP gene using a CRISPR-Cas9-based ap-
proach and ultimately reduced Aβ protein accumulation.54 The 
apolipoprotein E (APOE) gene is a predisposing factor for spo-
radic AD, with several variants, among which APOE4 confers 
an increased risk for the disease. A study using CRISPR-Cas9 
technology demonstrated that APOE4 affects Aβ metabo-
lism.55 Additionally, Wadhwani et al. attempted to correct the 
E4 allele to the E3/E3 genotype in induced pluripotent stem 
cells (iPSCs) obtained from AD patients using the CRIS-
PR-Cas9 method and observed that E3 neurons were highly 
resistant to cytotoxicity and also exhibited decreased tau phos-
phorylation when compared to E4 neurons.56

PD is characterized by the progressive loss of dopaminergic 
neurons in the substantia nigra pars compacta, resulting in de-
creased dopamine levels reaching the striatum. This results in 
impaired motor function and the emergence of symptoms such 
as rigidity, tremor, and bradykinesia. Intracytoplasmic Lewy 
bodies containing α-synuclein and ubiquitin are observed in 
this disease. Most patients with PD have idiopathic disease, 
and only a small number have mutations in various genes. In 
their studies utilizing the CRISPR-Cas9 technology to delete 
the A53T-SNCA gene, Yoon et al. observed significant im-
provement in various conditions associated with PD, such as 
motor symptoms, reactive microgliosis, α-synuclein overpro-
duction, and dopaminergic neurodegeneration.57 Furthermore, 
Chen et al. used CRISPR technology to correct neurons gen-
erated from iPSCs taken from PD patients with A53T and 
SNCA mutations and investigated the role of SNCA in the 
nucleus. Realizing that the absence of SNCA caused resistance 
to Lewy pattern formation, they reported that CRISPR-Cas9 
technology could be a promising treatment for PD.58 More-
over, other studies have been conducted to delete the PRKN, 
PARK2, PINK1, and ATP13A2 genes using CRISPR-Cas9 
technology.59,60 Loss-of-function mutations in the DNAJC6 
gene have been observed in patients with early-onset PD, and 
CRISPR-Cas9 techniques were used in human embryonic 
stem cells to reveal these mutations.61

As the most common inherited neurodegenerative dis-
order, HD is an autosomal dominant disorder and is caused 
by the formation of a prolonged polyglutamine strand in the 
N-terminal area of the huntingtin protein due to CAG (cy-
tosine-guanine-adenine) repeat expansions in the huntingtin 
gene (HTT). Accumulation of this protein in the brain affects 
molecular and cellular functions, causing a variety of symptoms, 
including decreased cognitive function, incoordination, chorea, 
or dystonia.62 Since HD occurs due to a single mutation, it is a 
disease amenable to treatment with GED technology. Shin et 
al. utilized CRISPR-Cas9 technology to inactivate the mutant 
HTT allele selectively.63 Additionally, Yang et al. reported that 
inactivating HTT in HD140Q-KI mice with CRISPR-Cas9 
could eliminate the neuronal toxicity caused by polyglutamine 
accumulation in the brain and improve motor dysfunction.64 
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using CRISPR-Cas9 to target and cut various functional loci 
in HBV genomes, such as the surface antigen region and the 
reverse transcriptase gene.77,78 The dead Cas9 (dCas9), a vari-
ant of Cas9, has also been shown to restrict HBV replication 
without causing fragmentation of the HBV genome.79

Infections with HCV, an RNA virus, can be treated ef-
fectively with appropriate pharmacological interventions; 
however, drug-resistant variants that are untreatable with cur-
rent therapies may emerge. In this context, manipulation of the 
HCV genome using CRISPR-Cas9 may offer an alternative 
therapeutic approach. FnCas9, derived from the bacterium 
Francisella novicida, can target a bacterial mRNA, which can 
subsequently suppress a viral gene.80 One study demonstrated 
that the CRISPR-FnCas9 system exhibits inhibitory activity 
against the HCV RNA genome in eukaryotic cells. It has been 
reported that the interaction of FnCas9 with the HCV RNA 
genome can suppress both the viral environment and genome 
replication.24

HPV infection can cause cervical cancer in women. To date, 
most studies have generally targeted the E6 and E7 regions 
of the HPV genome. Successful anti-HPV applications have 
been achieved by directly disrupting the HPV genome with 
the CRISPR-Cas9 system, and inhibition of tumor growth has 
been observed in most studies.81,82

Herpes simplex virus (HSV)-1, a neurotropic virus, can 
cause morbidity and even mortality in humans.83 Studies have 
investigated the CRISPR-Cas9 targeting of viral proteins: one 
demonstrated that knockout of ICP0, a protein required for 
HSV-1 gene expression, inhibited viral replication, while an-
other reported that the disruption of UL7 using CRISPR-Cas9 
reduced genome replication and attenuated neurovirulence.84,85

EBV causes infectious mononucleosis and is linked to some 
types of cancer.86 Notably, interfering with the EBV nuclear 
antigen and latent membrane protein domains in the EBV 
genome with CRISPR-Cas9 has been reported to decrease 
proliferation and viral load in BL cells with latent EBV in-
fection.25 One study used two gRNAs to delete the promoter 
zone of BART, which encodes viral microRNAs, and this was 
shown to reduce miR-Bart3 expression and viral load in la-
tently infected EBV models.87 Another study by the same team 
reported that CRISPR-Cas9 technology reduced viral DNA 
loads and replication rates in nasopharyngeal carcinoma cells 
containing latent EBV.88

Cytomegalovirus (CMV) can cause serious infections in 
immunocompetent patients, particularly those undergoing 
organ transplantation. One study reported that using CRIS-
PR-Cas9 technology to knock out UL122/123, a key CMV 
gene, disrupted CMV replication.89 The paper reported that 
simultaneous targeting of different areas of the viral genome 
could disrupt multiple viral functions, and that a multiple-tar-
geting strategy was superior to a single-targeting strategy.89

Allergic and immunological diseases:
Although CRISPR-Cas9 technologies have emerged rela-

tively recently, they have made significant contributions to the 
field of allergy and immunology. Janus kinase 3 ( JAK3) is a 
tyrosine kinase involved in signal transduction and leads to cy-

Another study in R6/2 mice containing exon 1 of the human 
HTT gene showed that interfering with the mutant HTT gene 
by utilizing CRISPR-Cas9 reduced the formation of neuro-
toxic inclusions by twofold and improved motor deficits.65

ALS is a motor neuron disease characterized by degenera-
tion in the motor neurons of the central nervous system. It can 
cause muscle weakness, muscle atrophy, paralysis, and in severe 
cases, respiratory failure and even death.66 Sporadic cases ac-
count for approximately 90% of patients, while familial ALS, 
which is inherited, accounts for the remaining 10%. The patho-
genic genes related to ALS are C9orf72, SOD1, TARDBP, and 
FUS.67 Deng et al. demonstrated that CRISPR-Cas9-medi-
ated editing was effective in targeting hSOD1 in two different 
hSOD1-G93A transgenic mouse models of ALS, resulting in 
a disease-free state.68 Yun et al. utilized the CRISPR-Cas9 to 
target gene correction associated with the SOD1 E100G mu-
tation in iPSCs from a person with ALS, and these iPSCs 
were then differentiated into motor neurons.69 In addition 
to these studies, Chen et al. investigated the CRISPR-Cas9 
technique to modify specific point mutations associated with 
ALS, resulting in either correcting I114T mutations in SOD1 
in patient iPSCs or introducing new mutations such as G94A 
in SOD1 or H517Q in FUS in iPSCs.70

SCA is an autosomal dominantly inherited neurodegenera-
tive disease characterized by speech difficulties and disorders 
related to balance and coordination. There are more than 40 
genetic variants of SCA, with the SCA1, SCA2, SCA3, and 
SCA6 subtypes constituting the majority of patients. He et al. 
reported that paired sgRNA/Cas9 and homologous recombi-
nation techniques could repair the 74 CAG expansion in exon 
10 of ATXN3 in SCA3-iPSCs, thereby reducing mutant atax-
in-3 protein expression.71 Song et al. also attempted to correct 
mutations in SCA3-iPSCs from SCA3 patients using ho-
mologous recombination and CRISPR-Cas9 technology.72 In 
another study conducted on fibroblasts obtained from SCA1 
patients, a reduction in the formation of both healthy and 
mutated ATXN1 protein was observed using the G3 and G8 
sgRNA/Cas9 complexes.73

Viral infections:
Acquired immunodeficiency syndrome (AIDS) is a serious 

illness caused by both human immunodeficiency virus (HIV)-
1 and HIV-2. HIV-1 has higher pathogenicity, and in vivo 
active HIV-1 replication leads to CD4+ T cell depletion. De-
spite significant success with highly effective antiretroviral 
therapies, the persistent integration of HIV-1 into the host 
genome makes this disease difficult to treat. Numerous studies 
have been designed using CRISPR-Cas9 technology for the 
treatment of this infection, and in these studies, many genes 
have been targeted, especially long terminal repeats (LTRs).74-76 
LTRs are repetitive, identical sequences of DNA that aid in 
the insertion of retroviral DNA into the host chromosome 
and trigger HIV-1 gene expression. One study reported that 
CRISPR-Cas9 can cause the degradation of latent HIV-1 
provirus by mutating the LTRs.74

HBV is a hepatotropic DNA virus and can cause liver cirrho-
sis and hepatocellular carcinoma. Studies have been conducted 
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is a genetic disorder in which most patients have mutations in 
the FANCA, FANCC, or FANCG genes, and this disease re-
sults in progressive bone marrow failure and a decrease in all 
blood cell types. CRISPR-Cas9 technology was used to cor-
rect a mutation in the FANCC gene in patients with Fanconi 
anemia.103 X-linked chronic granulomatous disease is one of 
the primary immunodeficiencies arising from mutations in the 
CYBB gene and can cause fatal infections. Notably, homolo-
gy-directed repair-based GED technologies have been used 
to adjust the CYBB mutation.104 Wiskott-Aldrich syndrome 
(WAS) is a primary immunodeficiency disorder that exhibits 
X-linked inheritance and is caused by mutations in the WAS 
gene. Studies aimed to edit the WAS locus in a leukemia cell 
line using CRISPR-Cas9 technology.105

CRISPR-Cas9 GED technology in other diseases:
CRISPR-Cas9 is used for gene editing in cardiovascular 

disorders, particularly inherited lipid disorders. The proprotein 
convertase subtilisin/kexin type 9 (PCSK9) gene and the angio-
poietin-like 3 (ANGPTL3) gene serve important roles in lipid 
hemostasis.106 For example, the gain-of-function mutation in 
the PCSK9 gene is associated with atherosclerosis and hyper-
cholesterolemia.107 In one study, a gRNA targeting a sequence 
in the mouse PCSK9 gene and an adenoviral vector coding 
SpCas9 were implemented to knock out PCSK9 alleles in 
hepatocytes, resulting in an approximately 90% reduction in 
blood PCSK9 protein levels and an approximately 40% reduc-
tion in blood cholesterol levels.108 In another study, a chimeric 
liver-humanized mouse model was created, and it was shown 
that the PCSK9 gene in hepatocytes was regulated by approx-
imately 50%, and the PCSK9 protein levels in the blood were 
decreased by approximately 50%.109 In another mouse study 
using an adenoviral vector coding a cytosine base editor and 
a gRNA targeting the ANGPTL3 glutamate-135 codon, 35% 
liver ANGPTL3 editing was achieved, and approximately 50% 
decrease in blood ANGPTL3 protein levels and 20% decrease 
in blood cholesterol levels were observed.110 

Transthyretin (TTR) acts as a carrier for thyroxine and 
vitamin A by forming tetramers. However, unstable TTR 
monomers can accumulate in the heart, causing cardiomyopa-
thy or polyneuropathy in the nerves. These accumulations are 
more likely to be caused by the mutant protein. By suppress-
ing TTR expression in hepatocytes, it may be possible to treat 
diseases caused by the mutant protein. Studies in mice and 
primates have demonstrated that administering lipid nanopar-
ticles containing a gRNA targeting the Ttr and TTR genes 
and SpCas9 messenger RNA resulted in liver remodeling in 
approximately 70% of all species, resulting in significant re-
ductions in blood TTR protein levels.111,112

Duchenne muscular dystrophy (DMD) results from a muta-
tion in the X-linked DMD gene. This gene is responsible for 
the production of dystrophin, a structural protein that fortifies 
myofibrils by binding cytoskeletal proteins. Characterized by 
progressive muscle weakness, this disease can lead to respira-
tory distress, swallowing problems, and cardiac complications 
over time. Four different preclinical studies using mouse mod-
els with mutations in exon 23 of the DMD gene have examined 

tokine production via T helper 2 cells. Its deficiency leads to a 
decrease in circulating natural killer (NK) cells and T cells, and 
disrupted B cell function. JAK3 is involved in the pathogenesis 
of various diseases, primarily allergic asthma.90 Correcting the 
JAK3 gene deficiency in patients with severe combined immu-
nodeficiency via CRISPR-Cas9 regulated T cell improvement 
and normalized the number of NK and T cells.91 

Mucine 18 (MUC18) is a transmembrane glycoprotein 
that is a marker of tumor progression in melanoma and is 
also expressed in the airway epithelial cells of patients with 
some pulmonary diseases, such as chronic obstructive pulmo-
nary disease and asthma.92 CRISPR-Cas9-mediated blocking 
of the MUC18 gene in nasal airway epithelial cells leads to a 
significant decrease in IL-8, suggesting that MUC18 serves a 
proinflammatory role.93

There has been growing interest in manipulating causative 
allergens in allergic diseases via GED to delete allergenic 
genes or minimize allergens. CYP11A1 is the first enzyme 
in the steroidogenic pathway that converts cholesterol to 
pregnenolone.94 One study showed that children with pea-
nut allergy had approximately 50-fold increased CYP11A1 
gene expression in activated peripheral blood CD4+ T cells. 
Besides, significant increases in interleukin (IL)-4 and IL-13 
produced by peanut-specific T cells were also demonstrated, 
and CYP11A1 mRNA levels were related to increased IL-13 
production.95 As a result of the study, targeting CYP11A1 via 
CRISPR-Cas9 technology decreased gene expression of CY-
P11A1 by over 50%, which in turn significantly reduced IL-13 
production.95

The CRISPR-Cas9-mediated deletion of Fel d 1, the 
primary cat allergen, has been achieved in individuals with 
cat allergy.96 Peanuts are a major cause of food allergy, and 
CRISPR-Cas9 has been tested in the development of non-al-
lergenic peanuts. Ara h 2 is one of the peanut allergens, and 
it has been shown that disrupting the Ara h 2 gene in pea-
nut protoplasts using CRISPR-Cas9 technology is possible.97 
Furthermore, CRISPR-Cas9-mediated β-lactoglobulin ed-
iting was performed in goat fibroblasts to prevent goat milk 
allergy.98 Studies have also tested CRISPR-Cas9 technology 
to prevent egg allergy.99

Hematologic diseases:
CRISPR-Cas9 technology is also being investigated for the 

treatment of monogenic hematologic diseases, such as β-thal-
assemia, which result from mutations in the human hemoglobin 
beta (HBB) gene. This disease is characterized by hemolytic 
anemia and decreased β-hemoglobin production, leading to 
ineffective erythropoiesis. Using CRISPR-Cas9, it may be pos-
sible to repair the HBB mutation in β-thalassemia patients.100 
Another strategy for treating this disease is to reactivate the 
fetal hemoglobin gene by disrupting the BCL11A gene, a fetal 
hemoglobin silencer. It has been shown that the disruption of 
BCL11A by CRISPR-Cas9 may be beneficial in the treatment 
of β-hemoglobinopathies by facilitating the achievement of 
threshold levels of functional fetal hemoglobin.101

CRISPR-Cas9 technology can also correct the HBB gene 
mutation in sickle cell anemia.102 Furthermore, Fanconi anemia 
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the effectiveness of CRISPR-CAS9 editing in the treatment 
of DMD.113-116 Two of these studies used the systemic intra-
venous administration of adeno-associated viruses (AAVs), 
with one vector containing SaCas9 and the other containing 
a gRNA targeting the regions surrounding exon 23.113-114 In 
another study, an AAV vector containing SaCas9 and two gR-
NAs was systemically administered to delete exons 21, 22 and 
23.115 In the latter, tandem AAVs were utilized, with one vector 
containing SpCas9 and the other containing a gRNA targeting 
the mutant sequence in exon 23.116 In all of these studies, dys-
trophin expression was significantly restored in skeletal muscle 
and the heart, resulting in significant ameliorations in muscle 
function. In another study, a new rearrangement was induced 
in a dog model of DMD by the intravenous administration 
of an AAV vector expressing SpCas9 and a single gRNA tar-
geting a region near the 5' end of exon 51, leading to partial 
reconstruction of dystrophin expression in heart and skeletal 
muscle.117

Inherited retinal diseases are a significant cause of blindness, 
yet there is currently no treatment available. However, gene 
therapy may be a potential treatment for these patients. Due to 
several distinct characteristics, the human eye could be a pri-
ority for gene therapy. Notably, the eye has immune privilege, 
meaning it has a higher tolerance to antigens.118 Furthermore, 
the presence of a blood-retinal barrier reduces the likelihood of 
viral vectors administered to the eye during gene therapy mi-
grating to other sites.119 With current ophthalmic techniques, 
it is easier to reach the target area for gene therapy, resulting 
in a lower viral load. CRISPR-Cas9 technology has been uti-
lized to target the allele-specific disruption of mutant genes in 
the treatment of some retinal diseases, such as wet age-relat-
ed macular degeneration (AMD), Meesman epithelial corneal 
dystrophy, retinitis pigmentosa (RP), and Leber congenital 
amaurosis type 10 (LCA10).120-122 Choroidal neovasculariza-
tion (CNV) in wet AMD causes the deterioration of central 
vision. Researchers tested CRISPR-Cas9 to disrupt Hif1a, a 
gene involved in the development of CNV, in mice with la-
ser-induced CNV and reported a significant decrease in CNV 
area when compared to controls in AAV-Hif1a-treated eyes 
without impaired cone function.122 Two studies reported the 
use of CRISPR-Cas9 to reprogram mutation-susceptible rod 
cells into cone cells in an established RP model.123,124 Nota-
bly, the transcription factors Nrl and Nr2e3 regulate rod cell 
differentiation, with the absence of either factor promoting 
rod-to-cone cell differentiation.125 Researchers observed the 
downregulation of rod-specific genes and the upregulation of 
cone-specific genes following CRISPR-Cas9-mediated tar-
geted gene deactivation of Nrl or Nr2e3 in mice.123,124

Cystic fibrosis (CF) is an autosomal recessive disease that 
affects the lungs and digestive system. CRISPR-Cas9 tech-
nology is also being tested to modify mutations in the cystic 
fibrosis transmembrane conductance regulator (CFTR) gene, 
which causes CF, and may be a useful approach for treatment 
in the future. In one of the studies conducted for this purpose, 
CRISPR-Cas9 was successfully used to correct the CFTR 
mutation in iPSCs.126 Another study attempted to correct the 
CFTR gene using CRISPR-Cas9 in cultured stem cells.127

�   Conclusion 
Although CRISPR-Cas9 technology holds great promise for 

the treatment of diseases, it has certain shortcomings that must 
be addressed, the most significant of which are off-target effects. 
The effectiveness of the CRISPR-Cas9 technology depends 
on various factors, including Cas9 activity and delivery, sgRNA 
design, target site selection, and off-target effects.128 Despite 
sgRNA being designed to target specific DNA sequences with 
high accuracy, the complexity of the genome, which contains 
numerous highly homologous sequences, can result in sgRNA 
binding to off-target sites and inducing unintended gene ed-
iting. As such, off-target effects of CRISPR-Cas9 have been 
demonstrated in some clinical applications, and these effects 
have been reported to be more common than anticipated.129 
Off-target effects can lead to experimental problems and even 
false results or phenotypes, which severely limit the application 
of CRISPR-Cas9 systems.

Accurate delivery of CRISPR-Cas9 cargo to the target tis-
sue also represents a significant challenge. The most commonly 
used viral vectors for GED are AAVs and LVs.130 While AAVs 
are less immunogenic, have serotype specificity, and have a 
good safety profile, mild toxicity has been demonstrated at high 
doses in animal models.131 In addition to their non-immuno-
genic advantages, LVs also possess pseudotyping capabilities, 
allowing for changes in cellular tropism. Packaging limitations 
can also represent an important issue when using these vectors. 
Moreover, it is also probable that the generated CRISPR-Cas9 
complexes can stimulate the host immune system.132

In addition to technical difficulties, ethical and legal issues 
are among the key challenges that could hinder the real-world 
applicability of the CRISPR-Cas9 systems. Specific deac-
tivation of targeted genes with CRISPR-Cas9 systems may 
be possible via modifying the genome in the germline. While 
mutations induced by CRISPR-Cas9 GED in the embryon-
ic period can produce new in vivo models and treat different 
diseases, there is concern that they could lead to ecological 
imbalances.133,134 Embryonic genome editing can lead to the 
inheritance of undesirable changes, leading to irreversible 
impacts on future generations. Importantly, uncontrolled mu-
tations can create organisms carrying modified genetic traits, 
potentially disrupting ecological systems.

In conclusion, CRISPR-Cas9 GED technology is a promis-
ing method for discovering important disease-associated genes 
and uncovering potential therapeutic targets. As the technical 
and ethical challenges encountered with CRISPR-Cas9 tech-
nology are overcome, the safety and effectiveness of treatment 
strategies will increase and continue to hold promise for the 
treatment of numerous diseases in the future.
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ABSTRACT: We present a combinatorial reinterpretation of the concept of combinations with repetition—also known as 
multicombinations—using non-decreasing stair sequences (i.e., sequences of steps with non-decreasing heights). This viewpoint 
provides an intuitive geometric picture analogous to the classical stars-and-bars approach and naturally leads to a two-variable 
generating function that generalizes the ordinary generating function for combinations. We derive an identity connecting this 
new generating function for multicombinations to the standard one for ordinary combinations (without repetition) and discuss 
connections to known results in combinatorics and physics. Historical context and illustrative examples are included to maintain 
a didactic yet rigorous exposition accessible to students. 

KEYWORDS: Mathematics, Combinatorics, Combination with Repetition, Staircase Analogy, Generating Functions.

�   Introduction
Combinatorics is the art of counting the number of ways 

discrete objects can be arranged or selected under various rules. 
Whether we’re assigning roles, forming teams, or choosing piz-
za toppings, understanding when the order matters or when 
repeated choices are allowed leads to different counting strate-
gies: permutations account for ordered selections; combinations 
ignore order; and multicombinations, also known as combi-
nations with repetition, allow repeated choices. These ideas 
underpin a wide range of problems in mathematics, science, 
and engineering.

For example, out of N = 10 students in a class, choosing a 
president, vice president, and secretary involves permutations: 
there are			    possible ordered selections. By 
contrast, choosing any 3 students to form a committee (with 
no specific roles) involves combinations, such that the number 
of possible outcomes is		             . Furthermore, sup-
pose a pizzeria provides N = 10 different pizza toppings, and 
customers can choose L = 3 toppings, allowing repetition (e.g., 
one could take a double or triple portion of a certain topping). 
This scenario corresponds to multicombination, i.e., selecting 
items with repetition allowed. The counting formula for this 
situation, derived via a classic stars-and-bars argument (to be 
explained below), is		   . For N = 10 and L = 3 this 
yields	       ways of choosing 3 toppings from 10 types with 
repetition allowed.

In general, the formulas for the number of permutations, 
combinations, and multicombinations for choosing L items out 
of N distinct members are, respectively:

where we adopt the notation          (double braces) to denote the 
multicombination number, i.e., the number of size-L multisets 
from a set of N types.

While P (N,L) and C (N,L) are conceptually straightforward 
(they arise directly from the factorial formula and the binomi-
al coefficient, e.g., via Pascal’s triangle), the derivation of the 
multicombination formula is less immediate. One widely used 
technique to derive	  is the stars-and-bars method.1,2 
In this method, one represents the L items to be chosen as L 
“stars” and divides them into N categories (representing the N 
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Table 1: All 10 multicombinations of 3 fruits (A = apple, B = banana, C = 
cherry) are chosen from (A, B, C) , alongside their representation in the stars-
and-bars method. A star (here, a letter) represents a chosen item, and a vertical 
bar “|” represents a separator between different fruit types.
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distinct types) using N-1 “bars”. The total number of symbols 
(stars + bars) in such a representation is L+N-1. By choosing 
which L of these L+N-1 positions are occupied by stars (equiv-
alently, which N-1 positions are occupied by bars), one obtains 
the formula	   . In essence, this counts the number of non-
negative integer solutions to

which is exactly the multicombination scenario where as is the 
number of times the s-th item is chosen (for 1 ≤ s ≤ N )1,2

For a concrete illustration, consider N = 3 kinds of fruit: ap-
ples (A), bananas (B), and cherries (C). If we multi-choose 
L = 3 pieces of fruit, there are	             possible selections, 
corresponding to the number of multisets of size 3. Table 1 lists 
all 10 outcomes (left column) and shows their corresponding 
stars-and-bars representation (right column). 

In this method, each chosen item is represented by a “star” 
(e.g., the letters A, B, and C for apples, bananas, and cher-
ries), and vertical bars are inserted to divide the sequence into 
regions corresponding to each item type. For a selection of 
three fruit types, two bars are used to partition the stars into 
three sections. If no stars appear between two bars, that fruit 
type was not selected. For instance, the multiset {A, A, B}—
meaning two apples and one banana—is visually rendered as 
AA|B|, which corresponds equivalently to the star represen-
tation **|*|. Here, each letter (A or B) represents an identical 
star; the use of different letters is purely a visual aid. The in-
terpretation in terms of apples, bananas, or other item types 
is determined entirely by the positions of the stars relative to 
the bars. In the present example, the first segment (before the 
first bar) contains two stars, indicating two apples; the middle 
segment contains one star, corresponding to a banana; and the 
final segment is empty, implying that no cherries were chosen. 
This diagrammatic approach establishes a precise one-to-one 
correspondence between all possible size-L multisets drawn 
from N types and all strings consisting of L stars and N-1 bars 
arranged in a row.

Mastery of these fundamental counting techniques is essen-
tial across a wide range of disciplines, including probability,3 
statistics,4 computer science,5 and even quantum physics. His-
torically, the systematic study of combinations and binomial 
coefficients dates back centuries.2 The formula for combina-
tions with repetition, and the stars-and-bars argument above, 
became a standard part of combinatorics by the 19th--20th 
century.

Another powerful tool in combinatorics is the generating 
function technique. A generating function is a formal power 
series in which the coefficient of zL represents the number of 
outcomes for a given L. Generating functions allow count-
ing problems to be solved via algebraic methods.6 The use of 
generating functions in combinatorics dates back to Leon-
hard Euler in the 18th century: Euler famously introduced 
infinite-product generating functions to study integer parti-
tions, that is, representations of a positive integer as a sum of 
smaller positive integers in which the order of the summands 
does not matter.⁷ The associated partition number counts how 
many such decompositions exist.  Euler’s insight was that 

one can encode choices of parts in a partition by factors in 
a product; for example, he considered the infinite product 
(1+x)(1+x²)(1+x³)... and observed how expanding it generates 
the partition numbers. In the context of combinations, gen-
erating functions provide an elegant way to derive counting 
formulas. We will next review the ordinary generating func-
tions for combinations and multicombinations, before turning 
to our new interpretation in terms of stairs. 

The generating function for combinations (without rep-
etition) is obtained from the binomial expansion. Consider 
(1+z)N : expanding this by the Binomial Theorem gives6

since			   oooo. This provides exactly the 
number of ways to choose L items from N without repetition. 
In this interpretation, in each factor of (1+z)(z⁰+z¹), the power 
z¹ or z⁰ represents whether a given item is chosen or not, and 
the exponent of z in the product (1+z)N chosen counts the 
total number of chosen items.

For multicombinations, we allow an unlimited number of 
each item, implying that we need to use an infinite series. The 
geometric series6

represents choosing 0, 1, 2, 3, …, of a given item. If we have N 
types of items available for repetition, the generating function 
for multicombinations is an infinite series:

Indeed, multiplying N copies of the geometric series (4) cor-
responds to choosing some number a₁ of item 1, a₂ of item 2, 
...,aN of item N; when we expand	        , the coefficient of zL 
in the expansion, it counts all possible ways to pick a total of L 
items with repetition from N available types, which are               .
We can also express this formally as:

where in the double summation, we sum zL over all N-tu-
ples of nonnegative integers (a₁, a₂, ... ,an) that sums to L. 
The coefficient of zL is therefore the number of solutions 
to a₁+ ...+an = L, which matches the multicombination for-
mula. In other words, we have shown combinatorially that

reaffirming that	       counts the number of nonnegative solu-
tions to (2).

The purpose of the present paper is twofold: (i) to refor-
mulate the multicombination problem in terms of designing 
non-decreasing stairs; and (ii) to show how this point of view 
naturally leads to a two-variable generalization of the gen-
erating functions above, elaborating the connection between 
combinations with and without repetition. In what follows, 
we first introduce the stair interpretation and derive the cor-
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responding results. Then we discuss how it connects to the 
classical methods (stars-and-bars) as well as some further im-
plications.

�   Results and Discussion 
Multicombination: A Staircase Analogy:
We recast the multicombination problem as follows: instead 

of thinking in terms of selecting L items out of N types, consid-
er multi-choosing numbers from 1 up to N. That is, imagine we 
wish to pick L numbers from the set 1, 2, ..., N, with repetition 
allowed (equivalently, we wish to pick L not-necessarily-dis-
tinct numbers between 1 and N ). For each s ∈ 1, 2, ..., N, 
let as be the number of times s is chosen. If as=0, it means s is 
not chosen at all; if as = 1, s is chosen once; if as = 2, s is chosen 
twice; and so on. Clearly, equation (2) still holds in this scenar-
io, which we recall here for convenience: 

This is just a rephrasing of the stars-and-bars description in 
terms of the counts as for each number .

Now, let us list the L chosen numbers in non-decreasing or-
der, and call them . By construction, we have

In fact, we can write the multiset explicitly in this sorted 
form as:

which makes it clear that α1 ≤... ≤ αL and that each αk equals 
some s (with possible repetition according to as). The condition 
on successive α's is αk+1 - αk ≥ 0 for 1 ≤ k ≤ L. In this way, we ob-
tain a non-decreasing sequence α=(α1, ..., αL) with 1 ≤ αk ≤ N 
for all k.

We now map this -sequence to another sequence β = (β1, β2, 
..., βL) of the same length L, defined by

In other words, we add 0 to α1, 1 to α2, 2 to α3, and so on 
(adding k-1 to αk). This transformation produces a strictly in-
creasing sequence β with β1<β2 <...<βL. To see this, note that

Since αk+1 ≥ αk , we have βk+1 - βk ≥ 1, so indeed βk+1 > βk for 
all k. Figure 1 illustrates an example.

What are the possible minimum and maximum values of the 
β’s? From the definition, β1 = α1 ≥ 1, so the minimum possible 
value of β1 is 1 (achieved when α1 = 1). From

the maximum possible value of βL is N+L-1 (achieved when 
αL = N ). Therefore, the β-sequence is a strictly increasing se-
quence of length L satisfying

For example, the two extreme cases are: 

and

These show that β1 can be as low as 1 and βL as high as 
N+L-1.

It is not hard to see that this α↦β mapping is actually a 
bijection (one-to-one and onto) between the set of non-de-
creasing α-sequences in [1, N ] of length L and the set of 
strictly increasing β-sequences in [1, N + L - 1] of length L. 
Indeed, given any strictly increasing sequence 1 ≤ β1 < β2 < ... < 

βL ≤ N + L - 1 we can invert the relation (11) as

and check that αk+1 - αk = ( βk+1 - βk ) - 1 ≥ 0, with 1 ≤ α1 ≤ ... 
≤ αL ≤ N. This shows that every valid β-sequence corre-
sponds to a unique non-decreasing α-sequence, and vice 
versa. Thus, we have established a bijection between multi-
choose selections and ordinary combinations in a larger set. 

What does this bijection mean combinatorially? It means 
that choosing L items from N with repetition (multicombi-
nations) is in one-to-one correspondence with choosing L 
distinct items from a larger set of size N + L - 1 (ordinary com-
binations). The β-sequence can be interpreted as the set of L 
distinct numbers chosen from 1, 2, ... , N + L - 1, and clearly, 
there are 	 such choices. Thus, we have derived the 
multicombination formula bijectively:

recovering the result stated in equation (1). In this interpre-
tation, one can imagine constructing a staircase diagram: the 
α-sequence (α1, ..., αL) can be seen as the heights of L steps (of 
equal width) in a non-decreasing “staircase,” whereas the β-se-
quence (β1, ..., βL) corresponds to a strictly increasing staircase 
profile of L steps (each subsequent step strictly higher than 
the previous one). We will not dwell on the geometric diagram 
here, but the idea is that each multiset selection corresponds 
to a unique set of step heights. Below, we will give an explicit 
example of this correspondence.

Two-variable generating functions for stairs:
The identification of multicombinations with the stair prob-

lem leads to a natural generalization of the generating function 
(5). We now introduce a two-variable generating function 
BN (z, x) for the stair interpretation:

DOI: 10.36838/IJHSR810.31

Figure 1: Example of the stair bijection: a non-decreasing α-stair (1,2,2) is 
mapped one-to-one to a strictly increasing β-stair (1,3,4) via the prescription 
in equation (11), βk = αk+(k-1) for k=1, 2, 3. Blue bars represent the α-sequence, 
red bars represent the β-sequence, and yellow bars indicate their difference 
k-1.
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Thus, we can rewrite (21) as

When x=1,  		  (the number of ways to choose L 
distinct items from N ), and indeed FN (z, 1) = (1 + z)N = FN (z) 
as expected.

The generating function FN (z, x) itself is standard in the 
theory of generating functions and statistical mechanics;6,8-10 
the novelty here lies in its interpretation in terms of stair se-
quences and its explicit bijective relation to multicombinations.

Now, an interesting relationship emerges between BN (z, x)  
and FN (z, x). Consider the strictly increasing β-sequence cor-
responding to a given non-decreasing α-sequence via our stair 
bijection. For a fixed L, suppose α=(α1, ..., αL) maps to β=(β1, 
..., βL) by the relation βk = αk + k -1. We can relate the sums of 
α's and β's (i.e., (17) and (22)) as follows:

Here, the second term 	         comes from 0+1+2+...+(L-1). 
Now, if we consider a combination scenario with N replaced 
by N' = N + L - 1, we note that any strictly increasing sequence 
(β1, ..., βL) with β1>1 and βL ≤ N + L - 1 can be viewed as a 
choice of L distinct numbers from 1, 2, ..., N + L - 1. In fact, as 
shown earlier, any α-sequence for (N, L) corresponds bijective-
ly to a β-sequence for (N + L - 1, L). Using the relation (24), we 
can now connect the two-variable generating functions:

In words: the sum of x(total height of strictly increasing stair) over all strictly 
increasing stairs of length L up to height N (which is FN,L (x)) 
is related to the sum of x(total height of non-decreasing stair) over all non-de-
creasing stairs of length L up to height N (which is BN,L (x)), 
by a factor of xL(L-1)/2 ---after adjusting N to N+L-1. Here, the 
term total height refers to the sum of the heights of all steps in 
the staircase, rather than the height of the highest step. Equiv-
alently, the total height is the area under the staircase profile. 
Substituting the relation (25) back into the generating func-
tions (16) and (21) confirms the identity (25). In particular, 
when x=1, the identity (25) reduces to the multicombination 
formula,		   as given in equation (14). For example, for 
N=2 and L=2, we have

which indeed reflects the relation F2+2-1,2(x) = x¹B2,2(x) in this 
case (since L ( L - 1 ) / 2 = 1 when L=2).

Correspondence with the stars-and-bars method:
To illustrate the stair interpretation concretely, let us revisit 

the fruit example in Table 1 and map each multicombination 
to its corresponding stair sequences.

Table 2 shows the detailed one-to-one correspondences be-
tween each fruit multiset, the non-decreasing α-sequence, the 
strictly increasing β-sequence, and the stars-and-bars repre-
sentations (both for the β-sequence and for the original fruit 

where z marks the stair length (number of items chosen) and x 
tracks the total height (sum of the values of the chosen items).

Expanding each factor as a geometric series, we get

for some coefficient polynomial BN,L(x) (the coefficient of zL) 
depending on x. By collecting terms of the same power of z, 
one acquires

since each term of the expansion is of the form z a₁+...+an, 
x1a₁+ 2a₂+...+Nan, and we sum all contributions where the total expo-
nent of z is L. The expression (16) has a clear meaning: we are 
summing 	 over all multisets of size L, where           is 
the sum of the values of the chosen numbers. But 	         can 
be interpreted in terms of the -sequence of the stair represen-
tation. For the expanded list (10), we have

which is exactly the sum of all step heights in the stairs. Thus, 
we can rewrite (16) as

where the sum runs over all non-decreasing sequences (α1, ..., 
αL) of length L with each 1 ≤ αk ≤ L. In other words, BN,L (x) 
counts all non-decreasing stairs of length L by the total 
combined height of all steps (with step heights bounded be-
tween 1 and N ). Setting x=1 in this formula, we recover the 
ordinary generating function for multicombinations, since 
	          . Indeed, one can see directly that

consistent with our earlier definition of BN (z) in equation (5). 
We have used the notation B to emphasize the analogy with 
bosonic counting (i.e., combinations with repetition). Differ-
ent arguments indicate standard specializations of the same 
generating function: BN (z) denotes the ordinary generating 
function, BN (z, x) its two-variable refinement that tracks total 
height, and BN,L (z) the coefficient of zL in this expansion. An 
analogous notation will be introduced below for combinations 
without repetition, using the letter F (for fermion). In parallel, 
for ordinary combinations (without repetition), one can define 
an analogous two-variable generating function:

where

Here bt ∈ {0,1} indicates whether the item t is chosen (bt =1) 
or not (bt =0). The condition b₁+...+bN =L means exactly dis-
tinct items are chosen. Thus FN,L(x) encodes the total “height” 
(sum of values) of all choices of L distinct items from 1, ..., 
N. In fact, if the chosen set of L distinct numbers are writ-
ten in increasing order (β1<β2 <...<βL), then one can verify
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using the formula for geometric series and noting that 
FN,L (x) for infinite N would include all L distinct pos-
itive integers (hence the product from t =1 to L). The 
higher powers ofin the denominators arise from the con-
tributions of each possible step height in the staircase 
interpretation: in the infinite-N limit each factor (1-xt)-1 cor-
responds to allowing arbitrarily many steps of height t. We see 
that                        equals                       times a factor           .
This coincides with our earlier identity (25) in the special case 
N = ∞.

Interestingly, this type of generating function identity is 
known in a physics context: in quantum mechanics, bosons 
correspond to combinations with repetition and fermions to 
combinations without repetition. The generating function 

	 is the grand canonical partition function for bosons, 
and	         is that for fermions. In the limit of infinitely 
many states for particles confined to a one-dimensional har-
monic potential, the two partition functions coincide up to the 
overall factor discussed above, reflecting a combinatorial iden-
tity recognized by physicists.8-10 

Finally, beyond the combinatorial insights, the stair interpre-
tation provides a more visual way for students to understand 
combination problems. By translating an abstract stars-and-
bars configuration into a step diagram, one can literally “see” a 
combination with repetition as building a staircase of a certain 
length and bounded height. This perspective might be useful 
in discovering new combinatorial identities or generalizations, 
as we demonstrated with generating functions.

�   Conclusion 
We have introduced a bijective stair interpretation for 

multicombinations in terms of non-decreasing and strictly 
increasing sequences (viewed as stairs), and we have derived 
a generating function identity connecting combinations with 
and without repetition. 

This viewpoint offers an intuitive bijective proof of the 
formula for combinations with repetition and elucidates the 
relationship between these and ordinary combinations. We 
compared the stair method with the traditional stars-and-bars 
method and found them to be in perfect correspondence, as 
illustrated in Table 2. Additionally, by incorporating a weight 
variable x to track the sum of chosen values, we developed 
two-variable generating functions BN (z,x) and FN (z,x) that 
unify combinations with and without repetition in a single 
framework. The resulting identity (25) relating BN,L (x) and 
FN+L-1,L (x) provides a deeper algebraic insight into this con-
nection and links our combinatorial findings to known results 
in both combinatorics and quantum physics.

We also provided historical context and references to help 
students appreciate the development of these ideas. In sum-
mary, this paper demonstrates how a fresh combinatorial 
interpretation (the “stairs”) can lead to elegant proofs and 
generalizations of standard counting formulas. The stair view-
point may, in turn, inspire further generalizations in other 
combinatorial structures, such as integer partitions11 or Young 
tableaux.12 

labels). We use the numeric values 1,2,3 for A, B, C, respec-
tively, when writing the α and β sequences.

For instance, the selection AAB corresponds to α = (1, 1, 2) 
(since in sorted order it consists of two 1’s and one 2). This 
yields β = (α1, α2 + 1, α3 + 2) = (1, 2, 4). The β-sequence (1, 2, 
4) can be interpreted as choosing {1, 2, 4} out of {1, 2, 3, 4, 5} 
(since N+L-1=5 for this case). The “β & bars” column in Table 
2 shows the stars-and-bars diagram corresponding to this β 
representation: for AAB, choosing {1, 2, 4} out of 5 means 
positions 1 and 2 are stars, position 3 is a bar, position 4 is a 
star, and position 5 is a bar, giving the string 12|4|. Finally, re-
placing the numbers 1, 2, 4 with the corresponding fruit letters 
in order gives the original fruit diagram AA|B|. This con-
firms that our stair interpretation is in perfect correspondence 
with the classical stars-and-bars approach. Table 2 explicitly 
demonstrates the bijection between the fruit multiset, its α-se-
quence, β-sequence, and the two equivalent stars-and-bars 
representations.

Essentially, the β-representation provides another view-
point on the standard stars-and-bars bijection. The chosen β 
positions correspond to picking which L of the N+L-1 slots 
contain stars in the stars-and-bars model.

Discussion:
The two-variable generating functions (15) and (20) offer 

a refined method for combinatoric enumeration: not only do 
they distinguish the number of items , but they also track the 
sum of the values (heights) selected. The identity (25) we de-
rived shows a precise relationship between these refined counts 
for combinations with and without repetition. By considering 
an arbitrarily large supply of item types, one finds that the two 
sequences coincide up to a simple factor. In fact, if is very large 
compared to , choosing with repetition or without repetition 
becomes effectively the same for the first positive integers. 
More formally, in the limit we acquire
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Table 2: Each row maps a multichoose outcome to its corresponding stair 
sequences and equivalent stars-and-bars encodings for N=3 and L=3. The 
α-sequence is the non-decreasing listing of the chosen item values (using 1 
for A, 2 for B, 3 for C). The β-sequence is obtained by adding 0, 1, 2 to the α 
terms, yielding a strictly increasing sequence between 1 and 5. The “ β & bars'' 
column shows the positions (1 through 5) of the chosen β's as stars in a stars-
and-bars diagram (with two bars for 3 bins), and the last column is the original 
stars-and-bars diagram for the fruits.
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ABSTRACT: Pseudo-random binary sequences (PRBS) are widely used in high-speed digital systems to evaluate signal 
integrity and transmission reliability. However, the statistical characteristics of different PRBS degrees have not been as 
comprehensively analyzed as those of other specialized random sequences. In this study, we investigated the characteristics of 
PRBS7 through PRBS31, which is commonly used in practice, using a Python-based model. The analysis covered randomness 
properties, including run-length distribution, frequency balance, entropy, and power spectral density (PSD), as well as how these 
characteristics vary with noise intensity. The results provide objective criteria for selecting an appropriate PRBS generator, taking 
into account both statistical quality and implementation cost.  

KEYWORDS: Engineering, Digital Electronics, Digital Logic System, Pseudo Random Binary Sequence. 

�   Introduction
With the rapid advancement of technology, the importance 

of high-speed serial interfaces such as Universal Serial Bus 
(USB), Peripheral Component Interconnect Express (PCIe), 
and Ethernet in large-scale data transmission continues to 
grow. In particular, recent trends in artificial intelligence have 
explosively accelerated the demand for high-bandwidth in-
put/output (I/O). However, channel insertion loss and noise 
through cables or printed circuit boards (PCBs) make it dif-
ficult to scale the bandwidth of high-speed interfaces and 
significantly contribute to an increase in bit error rate (BER).1 
Although semiconductor and circuit design technologies have 
substantially improved the operating speed of integrated cir-
cuits, the analysis and verification of such high-speed circuits 
have become increasingly challenging. 

For efficient validation, it is desirable to test circuits at the 
same speed as their actual operating frequency. PRBS provides 
a cost- and time-effective solution since it can be integrated 
directly into digital circuits without the need for expensive test 
equipment, thereby enabling at-speed testing.2 Consequently, 
PRBS-based BER measurement has become a fundamental 

requirement for verifying the data transmission quality of var-
ious high-speed interfaces. Although PRBS appears to be a 
random sequence, it is in fact a deterministic bit stream gen-
erated by a Linear Feedback Shift Register (LFSR), where the 
previous state of the register determines each output bit.3 A 
sequence is defined by a register length N and a corresponding 
primitive polynomial. For example, when the highest degree 
of the primitive polynomial is 7, the sequence is denoted as 
PRBS7, whereas a 15th-degree polynomial defines PRBS15. 
Figure 1 illustrates an N-degree PRBS generator based on the 
polynomial Cnxn + Cn-1xn-1 +···+ C2x2 + C1x1+1.

LFSR consists of N linearly connected registers 𝑋n and a co-
efficient set Cn. The feedback function computes the new state 
based on the initial values of the shift register using modulo-2 
addition and multiplication.4,5 In this operation, addition can 
be replaced with an exclusive OR (XOR) gate, and the multi-
plication can be replaced with an AND gate. As an example, 
the operation of PRBS7 can be explained using the primitive 
polynomial x⁷ + x⁶+1. The corresponding coefficient vector is

(C1, C2, C3, C4, C5, C6, C7) = (0, 0, 0, 0, 0, 1, 1)
Assume the initial register state is 

(x1, x2, x3, x4, x5, x6, x7) = (0, 1, 0, 1, 1, 0, 1)
The new feedback bit x0​ is calculated as a modulo-2 linear 

combination of the tapped registers
x₀ = (C₆ • x₆) ⊕ (C₆ • x₇)

Substituting the value x₆ ​= 0 and x₇ ​= 1, we obtain
x₀ = 0 ⊕ 1 = 1

This feedback bit is inserted into the first register, while all 
other register values are shifted to the right. The updated state 
becomes

(x1, x2, x3, x4, x5, x6, x7) = (1, 0, 1, 0, 1, 1, 0)
By repeating this process, the PRBS7 generator produces a 

deterministic bit sequence that appears random but has a max-
DOI: 10.36838/IJHSR810.37

Figure 1: Run length distribution of the PRBS polynomials. The figure 
illustrates how the feedback shift registers defined by each primitive polynomial 
generate deterministic pseudo-random bit sequences through modulo-2 
addition. Differences in the polynomial coefficients result in distinct sequence 
characteristics, which are reflected in the observed run-length distributions.
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imal length of 2⁷−1=127 before repeating. Using this principle, 
PRBS patterns of different degrees can be generated. Although 
several studies have investigated pseudo-random number gen-
erators,6-9 most have focused on specialized generators used in 
applications such as cryptography, and a comprehensive under-
standing of the statistical and structural properties of PRBS of 
various degrees used in high-speed systems is still not fully 
understood in practice. To address this gap, the main objec-
tive of this study is to systematically compare and analyze the 
properties of PRBS sequences of different polynomial degrees 
employed in high-speed interface designs. Specifically, we im-
plement various PRBS patterns using a Python model and 
evaluate them against widely used pseudo-random sequence 
generators. The analysis includes statistical randomness prop-
erties, sequence performance, and hardware implementation 
cost. Through this investigation, we aim to provide useful cri-
teria for selecting the most suitable generator depending on 
specific design requirements.

�   Methods
PRBS Polynomials:
In this study, we reviewed several primitive polynomials 

with PRBS degrees ranging from 7 to 31 in relevant litera-
tures10-12 and selected 9 PRBS polynomials representing 
short, medium, and long sequences as shown in Table 1. This 
selection covers a wide range of sequence lengths and reflects 
the PRBS patterns widely used in digital systems. A Python 
model was designed for statistical analysis. Each PRBS poly-
nomial was implemented in Python, and the formulas required 
for the respective statistical analyses were simulated accord-
ingly.

Statical Analysis:
Run Length Distribution:
All selected polynomials have been proven in previous re-

search to be irreducible primitive polynomials.3-5 This means 
that the maximum length of the selected polynomial of de-
gree N is 2n - 1 bits for a given degree N. Run tests were 
performed to analyze and compare the statistical randomness 
and maximum run length properties of each generated PRBS 
sequence.13 For a PRBS of degree N, the expected run count 
for run length L is given by:

Figure 2 shows the run length distributions for each poly-
nomial. The tests were conducted over two full periods of 
each PRBS sequence. As observed, the run count decreases 
exponentially with run length, corresponding to a near-linear 
decline on a logarithmic scale, which indirectly confirms the 
primitivity of the polynomials. 

All sequences maintained a near-perfect balance between 
zeros and ones, and the maximum run lengths matched theo-
retical predictions. The slight decrease in the number of 1-run 
near the maximum run length occurs because 1-run reaches 
the same length as the polynomial's degree when sampling 
runs, while relatively reducing the number of 1-run of degree 
N-1. Overall, the simulated results satisfy theoretical expecta-
tions, and it can be confirmed that all nine polynomials can 
generate PRBS sequences of maximum length in practical im-
plementations.

Frequency Test
The frequency test is used to verify whether a PRBS exhibits 

randomness and whether 0 and 1 occur with equal probability 
in each bit sequence.13 Sn, indicating a bias toward bit 1 or 0, 
can be measured by summing over the entire binary sequence 
Bk and is expressed as: 

For example, a non-zero positive value for Sn means that 1s 
are observed more often than 0s in a binary sequence. With 
Sn, the randomness of a binary sequence can be verified using 
a probabilistic concept called the p-value. This represents the 
probability that the currently observed result will occur, as-
suming that the null hypothesis is true.13 Therefore, the closer 
the p-value is to 1, the more likely it is that the observed data 
would be observed very commonly under the null hypothe-
sis, indicating a higher probability that the result occurred by 
chance. P-value is given by: 

where N is the maximum degree of the given polynomial, the 
erfc function is a complementary error function, which cal-
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Table 1: Different degrees of PRBS polynomials. This table shows a list of 
commonly used PRBS patterns, their corresponding primitive polynomials, 
and degrees N. Using the PRBS patterns defined in the table, various statistical 
tests are performed to compare their characteristics.

Figure 2: Run length distribution of the PRBS polynomials. This figure 
compares the run length statistics of different PRBS orders, showing 
that higher-degree sequences exhibit longer maximum runs and a wider 
distribution range.

ijhighschoolresearch.org



	 39	

culates the probability that a value from a standard normal 
distribution will exceed a given threshold.13 The Python math 
library was used to calculate the complementary error function. 
Table 2 shows the p-values ​​obtained under two different con-
ditions. First, all PRBSs were simulated with the same number 
of bits, and second, each PRBS was simulated with a full cycle.

As mentioned earlier, a p-value closer to 1 indicates higher 
randomness. For lower degree PRBSs, the same pattern re-
peats across 10 million bits, resulting in a deterministic pattern, 
which increases statistical deviation and results in a p-value of 
0. This demonstrates that PRBSs are not completely random 
but rather closer to deterministic patterns. In contrast, when 
a single cycle is simulated without repetition, the p-values are 
significantly higher because no recurring patterns are present 
since higher degree PRBS can generate better randomized 
patterns, so it shows a better p-value than lower degree PRBS. 

Entropy Analysis:
To assess the uncertainty of a binary sequence, we analyzed 

entropy. Entropy can measure the uncertainty of a random bi-
nary sequence.14 Shannon entropy (E) is widely used for the 
binary sequence randomness and is given by:

where p0 and p1 are the ratios of 0 and 1 in the sequence, 
to calculate Shannon entropy, we first calculate the Shannon 
information for each possibility of each bit, p0 and p1, on 
a logarithmic scale.14 Then, the entropy can be obtained by 
adding all the information for each bit as shown above. The 
closer the 0s and 1s occur with equal probability, the closer the 
entropy value is to 1. Shannon entropy measures the overall 
balance of the binary bit distribution but does not account for 
the sequence’s periodicity or pattern repetitions.

Table 3 shows the simulated entropy value for all PRBS se-
quences. Lower degree PRBS has shorter periods, which can 
cause statistical bias and slightly lower entropy. Higher degree 
PRBS maintain almost perfect balance within a single period, 
producing entropy values very close to the theoretical maxi-
mum.

Autocorrelation and PSD Analysis:
Autocorrelation measures how much the sequence is cor-

related by comparing it to itself at different lags.15,16 For PRBS 
sequences, the autocorrelation is very low where lag is not zero 
and shows a single sharp peak occurs at lag = 0, indicating 
that the sequence behaves as a random signal without cor-
relation across different time instances, thereby showing good 
randomness. Figure 3 shows the results of simulating four pe-
riods of PRBS7, PRBS11, PRBS15, and PRBS23, with the 
autocorrelation values computed up to lag 500 and visualized 
as plots. Here, the purpose was not numerical comparison but 
to provide a simple graphical comparison of the autocorrela-
tion characteristics among PRBS sequences. The normalized 
correlation values are 1 at lag = 0, and the y-axis was scaled to 
visualize non-zero lag regions better.

In Figure 3, PRBS7, having a short period of 127 bits, ex-
hibits periodic patterns when the same number of samples is 
used. In contrast, PRBS23 has a much longer period and shows 
much lower correlation and behaves more randomly. Using the 
same sample length, shorter-period PRBS7 demonstrates pe-
riodic autocorrelation, while longer-period PRBS sequences 
appear more random, clearly illustrating that higher-degree 
PRBS provides a higher level of randomness.

To further analyze the statistical properties, the Power Spec-
tral Density (PSD) of PRBSs was also simulated. The PSD 
represents the power distribution of a binary sequence, so truly 
random binary sequences should distribute power uniformly 
across all frequency bands, similar to white noise. However, 
PRBSs are not perfectly random, and deviations from unifor-
mity occur. The following three metrics were used to analyze 
how closely the PSD of the PRBS resembles white noise.
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Table 2: Frequency Test P-values for the PRBS Polynomials. This table 
highlights that insufficient test length can lead to misleadingly low p-values 
for long PRBS sequences. On the other hand, when performing a Frequency 
Test using one period, a very distinct pattern appears in which the p-value 
gradually increases as the PRBS order increases. This indicates that the random 
characteristics converge to the ideal quickly as the PRBS order increases.

Table 3: Shannon Entropy for the PRBS Polynomials. This table shows that 
the Shannon entropy of all PRBS sequences is extremely close to 1, and it 
increases with the PRBS order as longer periods provide more statistically 
balanced bit distributions.

Figure 3: Autocorrelation plots for various PRBS orders. As the PRBS order 
increases, the autocorrelation rapidly flattens for all non-zero lags, resulting 
in an ideal response with a single peak at lag 0. This indicates improved 
randomness and reduced periodic structure in higher-order sequences.  
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degree, indicating that PRBS31 approximates ideal white noise 
more closely than PRBS7.

BER and Jitter Analysis under AWGN:
In this study, a simple numerical model was employed to 

emulate the signal transmission environment, and artificial 
interference was applied to PRBS signals. The original and in-
terfered signals were then compared to measure and analyze 
the AWGN signal-to-noise ratio (SNR) and bit error rate 
(BER).18 

As shown in Figure 4, although the BER degraded as 
AWGN noise increases, all PRBSs show almost identical BER 
performance regardless of their degree or pattern length. Prior 
to the simulation, it was anticipated that sequences with min-
imized pattern repetition, such as PRBS31, would distribute 
the noise impact more evenly. However, higher degree PRBS 
sequences did not show any noticeable difference in BER 
characteristics. These results confirm that BER performance 
is largely dependent on the structure and characteristics of the 
receiving system rather than the PRBS degree. Nevertheless, 
higher degree PRBS sequences, with their longer periods and 
more diverse patterns, are advantageous for testing various 
characteristics of the receiver system.

Random Jitter (RJ) refers to unpredictable variations in 
the timing of signal transitions, which are generally caused 
by thermal noise, interference, or other stochastic factors.19,20 
Measuring RJ allows for the evaluation of timing stabili-
ty in communication systems under noisy environments and 
provides insight into how different PRBS (Pseudo-Random 
Binary Sequence) patterns affect the robustness of timing ex-
traction. The jitter of PRBS was measured based on variations 
in signal transition points. The rising edges of the reconstruct-
ed signal were detected, and the intervals between consecutive 
edges were calculated. The standard deviation of these intervals 
relative to the average bit period was defined as the RJ value. 
Figure 5 shows the RJ of PRBS sequences measured under 
various AWGN SNR conditions. As the SNR decreases in 
an AWGN environment, the RJ of all PRBS sequences tends 

PSD Average:
The PSD average is defined as the mean PSD value across 

all frequency bins. For a PRBS sequence where 0s and 1s 
appear randomly, converting 0 to -1 should yield a PSD aver-
age approximately equal to 1. The PSD was computed using 
Python’s Welch method.17 Denoting the normalized PSD ob-
tained from the Welch function as X(n), the PSD average can 
be defined as follows, where N is the length of the measured 
sequence. 

Table 4 shows that the PSD average for all PRBS sequences 
is 1. It indicates that the mean power is constant at 1 when 
binary values are mapped to ±1.

Variance of PSD:
The variance of the PSD quantifies the fluctuations around 

the mean. If the PSD average is 1 and the normalized PSD 
values are X(n), the variance can be defined using the follow-
ing equation.

A higher variance indicates greater spectral fluctuations and 
greater variability. As shown in Table 4, lower degree PRBS 
sequences with shorter periods have higher variance because 
the power is unevenly distributed across frequency. In contrast, 
higher-degree PRBS sequences with longer periods, which 
have characteristics closer to white noise, result in lower vari-
ance.

Flatness:
Flatness measures how uniform the PSD distribution is. 

Defining the minimum and maximum PSD values as PSDmin 
and PSDmax, the flatness is calculated on a dB scale as follows. 

If the power is similar across all frequency bands, flatness 
approaches 0 dB; otherwise, it takes a negative value. Table 
4 demonstrates that flatness improves with increasing PRBS 
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Table 4: PSD average, Variance, and Flatness for the PRBSs. This table 
clearly shows that as the PRBS order increases, the variance of the PSD 
decreases monotonically, resulting in significantly improved spectral flatness. 
PRBS31 exhibits the lowest PSD variance and the best flatness, indicating 
that longer PRBS sequences approximate white-noise behavior more closely.

Figure 4: BER under AWGN SNR. This figure shows the BER performance 
of various PRBS sequences under AWGN conditions. All PRBS lengths 
exhibit nearly identical BER curves, indicating that sequence length does 
not significantly affect. Small deviations appear at high SNR regions, but the 
overall results confirm that BER performance is dominated by channel noise 
rather than PRBS length.
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creases with PRBS degree due to the larger number of LFSR 
registers and feedback XOR gates, as shown in Table 5. Conse-
quently, higher degree PRBS sequences require more hardware 
resources and may incur slightly longer synchronization times 
in receiver systems, although bit-level computation speed per 
cycle remains similar.

The proposed design was evaluated using Python-based 
simulations. While hardware implementation using FPGA 
platforms and hardware description languages such as Verilog 
or VHDL was beyond the scope of this study, such an im-
plementation could enable direct measurement of real-world 
performance metrics, including power consumption, logic 
utilization, and timing characteristics, and is considered an 
important direction for future work.

�   Results and Discussion 
This study systematically analyzed PRBS sequences with 

respect to sequence degree, statistical properties, and hard-
ware implementation cost. From a statistical perspective, 
the run length distribution tests confirmed that all select-
ed PRBS sequences closely follow the expected patterns of 
maximum-length sequences and maintain an almost perfect 
balance between 0s and 1s. Frequency simulation showed that 
a higher degree of PRBS shows particularly good balance and 
randomness within a single sequence cycle, findings further 
supported by entropy analysis. So, higher degree PRBS shows 
the theoretical maximum entropy; however, lower degree 
PRBS shows slightly lower entropy due to shorter periods. 
PSD analysis revealed that long PRBS sequences distribute 
energy more evenly across frequencies, with lower variance and 
improved spectral flatness. In contrast, short sequences such as 
PRBS7 show pronounced periodic spectral components. The 
simulation results indicate that a higher degree of PRBS pro-
vides pseudo-random characteristics close to ideal white noise.

All PRBS sequences were generated using LFSRs with pre-
defined primitive polynomials and non-zero initial seeds. For 
each PRBS degree, maximum-length sequences were gener-
ated and evaluated under identical simulation conditions to 
ensure fair comparison across different orders. Jitter and BER 
measurements were obtained through repeated simulations 
under controlled AWGN levels to ensure statistical consisten-
cy and reproducibility.

In an AWGN environment, BER measurements indicated 
that error rates were largely unaffected by the PRBS degree. 

to increase gradually. This is because noise makes the signal’s 
zero crossings more ambiguous, thereby increasing the uncer-
tainty of timing detection. In particular, as the PRBS degree 
increases, the magnitude of RJ growth under the same SNR 
conditions becomes more pronounced. This result is related 
to the fact that higher degree PRBS sequences have longer 
periods, and their frequency spectra become closer to white 
noise. In other words, spectral components distributed uni-
formly across the frequency band interact with noise, making 
the timing extraction process more sensitive and resulting in 
greater RJ growth.

In contrast, PRBS7 exhibited distinctly different behavior 
from other PRBS sequences. Since PRBS7 has a short peri-
od, it produces prominent tonal components in the frequency 
domain. Such periodic spectral structures are interpreted to 
interact with AWGN and abnormally amplify the instabili-
ty of timing extraction. As a result, PRBS7 does not follow 
the general gradual increase pattern of RJ but instead shows 
excessive amplification. On the other hand, longer-period se-
quences such as PRBS23 and PRBS31 have spectra closer to 
white noise, thereby exhibiting a more gradual increase in jitter 
under similar conditions. In addition, when SNR decreases, RJ 
initially increases gradually, but at very low SNR levels, it is 
observed to decrease. This is because, at moderate SNRs, noise 
blurs the signal zero crossings and increases timing uncertain-
ty. In contrast, at extremely low SNRs, the signal is almost 
completely buried in noise, and timing information is lost. In 
this case, the observed RJ is governed more by random noise 
than by meaningful signal characteristics, resulting in satura-
tion or even reduction. Therefore, the degree and period of 
PRBS sequences influence RJ characteristics, and it can be 
concluded that short-period sequences, such as PRBS7, ex-
hibit disadvantageous properties in terms of timing extraction 
stability under noisy conditions.

Hardware cost:
While PRBS generation speed remains largely independent 

of sequence degree, the complexity of the checker logic in-
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Table 5: Hardware cost for PRBSs. This table compares several PRBS 
generators in terms of hardware cost and implementation complexity. Higher-
order PRBS sequences require more registers and XOR gates, which increases 
hardware overhead and checker complexity. However, the computation speed 
remains similar across all PRBS types.

Figure 5: Random Jitter under AWGN SNR. This figure illustrates the 
RMS random jitter measured for several PRBS sequences as a function of 
AWGN SNR.  Shorter sequences such as PRBS7 exhibit significantly higher 
jitter, especially in moderate-to-low SNR regions, due to their poorer spectral 
flatness. In contrast, longer sequences exhibit more noise-like spectra and 
therefore show a more gradual and stable RJ increase. 
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Their BER is primarily determined by channel conditions and 
receiver architecture rather than the choice of test pattern.

Jitter measurements revealed that, excluding PRBS7, se-
quences generally exhibited a gradual increase in RJ as the 
SNR decreased, with higher degree PRBS sequences show-
ing a larger increase compared to lower degree sequences. In 
contrast, PRBS7 shows poor jitter performance due to a very 
short period and repeatability. This interacted with AWGN, 
resulting in an abnormal amplification of timing instability. 
For longer-period sequences such as PRBS23 and PRBS31, no 
significant differences in jitter were observed among different 
PRBS degrees. This suggests that when the sequence period is 
sufficiently long, the effect of noise on jitter becomes largely 
independent of the sequence degree.

From a hardware perspective, PRBS generation requires only 
a single feedback operation per clock cycle, so generation speed 
is independent of sequence length. However, implementation 
complexity increases with sequence degree. Implementation for 
higher degree PRBS requires more registers and XOR gates, 
which can increase the logic area and power consumption. 
Based on the analysis, lower-degree PRBSs can provide a rea-
sonable balance between randomness and hardware efficiency. 
Higher-degree PRBSs are particularly useful for evaluating 
receiver performance and jitter tolerance, but their implemen-
tation costs are high.

Ultimately, the optimal PRBS degree should be select-
ed based on the design objectives. Low-degree PRBSs are 
sufficient for rapid validation and low complexity testing. 
High-degree PRBSs are preferred for system-level verification 
when timing stability and signal quality are of concern, due 
to their superior statistical properties and white-noise-like be-
havior.

�   Conclusion 
This study presented a comparative analysis of various kinds 

of PRBS sequences ranging from PRBS7 to PRBS31, sim-
ulating statistical properties and noise robustness, and also 
analyzing hardware implementation requirements. Run length, 
frequency, entropy, autocorrelation, and PSD analyses demon-
strated that higher degree PRBS closely approximate ideal 
white noise, while lower degree sequences show predictable 
periodic features. BER measurements under AWGN con-
firmed that bit error performance was largely independent of 
PRBS degree. Furthermore, jitter analysis results showed that 
noise-induced jitter increased with increasing PRBS degree. 
However, for very short sequences, such as PRBS7, noise-in-
duced jitter characteristics were significantly worse due to 
the periodic spectral components. Hardware analysis showed 
that implementation complexity increases with sequence de-
gree, although computation speed remains unaffected. By 
systematically evaluating these factors, low-degree PRBSs are 
found to be suitable for efficient testing and low complexity 
validation, and high-degree PRBSs are found to be suitable 
for system-level verification where statistical randomness and 
receiver performance assessment are important. This study 
provides objective criteria for selecting appropriate PRBS se-

quences based on design priorities. So, a balanced tradeoff can 
be achieved between statistical quality, timing robustness, and 
implementation cost.
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ABSTRACT: Retinal detachment (RD) is a condition where the retina pulls away from the underlying tissue and can lead to 
permanent blindness if left untreated. To ensure timely intervention for often surgical measures, early identification of symptoms 
and risk factors is critical. This study used a data-driven approach to evaluate how patient-reported symptoms and prior medical 
history predict confirmed RD. Using an AI-based simulation, a dataset of 350 records was generated on a questionnaire that 
prompted for patients’ demographics, symptoms, and relevant medical records to model realistic patterns of RD occurrence. A 
logistic regression analysis achieved an overall classification accuracy of 0.900 but a relatively low discriminative power (AUC = 
0.558), likely due to an uneven distribution between RD and non-RD cases. Curtain-like shadows, flashes, and floaters across a 
person’s visual field were the strongest predictors, while myopia and prior eye trauma did not have as prevalent effects. Additional 
analysis revealed that a higher predicted RD risk was associated with shorter times to seek medical care (r = –0.608, p < 0.001). 
Although the simulated procedure limits generalizability, the results highlight the potential for ML models to improve early 
detection and prioritize high-risk individuals for timely care.  

KEYWORDS: Biomedical and Health Sciences, Disease Detection and Diagnosis, Retinal Detachment, Predictive Modeling, 
Patient-Reported Symptoms.

�   Introduction
Each year, thousands of individuals experience retinal de-

tachment (RD), a condition in which the retina separates from 
its underlying supportive tissue, often leading to irreversible 
vision loss if not treated promptly.1 RD is considered an oph-
thalmologic emergency and a growing public-health concern 
because delayed treatment can result in permanent blindness 
even when surgical repair is possible.2 Early identification of 
symptoms and risk factors is therefore essential to preserving 
vision and improving long-term outcomes.3

Retinal detachment typically presents with warning symp-
toms such as new-onset floaters, flashes of light, and a dark, 
curtain-like shadow descending across the visual field.4 These 
signs often reflect posterior vitreous detachment (PVD) or 
an evolving retinal tear, conditions that can rapidly progress 
to full-thickness detachment if untreated.5,6 Because these 
symptoms may appear days or weeks before central vision loss, 
prompt recognition is critical.

Several risk factors have been consistently associated with 
RD.7 Age plays a significant role, as younger patients under 
40 often experience myopia-related detachments, while older 
adults exhibit PVD-associated cases.7 Gender differences are 
also notable: although RD is more common in men, women 
experience earlier vitreous aging and higher rates of traction-
al complications.8 Surgical history can further influence risk. 
Postoperative complications, such as proliferative vitreoreti-
nopathy, nearly double the likelihood of recurrent RD,9 and 
cataract extraction may trigger new detachment in previously 
affected areas.10

Even common laser procedures, like neodymium: YAG 
capsulotomy, carry measurable risk when performed on pre-
disposed eyes.11

Myopia substantially increases detachment likelihood by 
elongating the eyeball and stretching the retina, reducing ad-
hesion between retinal layers.12 Lattice degeneration further 
amplifies this risk by creating thin, adherent regions that act 
as focal points for traction.13 Trauma also contributes to both 
acute and chronic retinal instability, accounting for 10–40% of 
all RD cases.14 Diabetes mellitus represents another important 
systemic factor; poor glycemic control promotes fibrovascular 
proliferation, producing tractional retinal detachments in up 
to 6% of affected patients.15 Finally, family history has been 
shown to raise lifetime risk nearly threefold, suggesting a he-
reditary predisposition beyond environmental influences.16

Recognizing these risk patterns is vital for timely interven-
tion and for educating at-risk populations. However, most 
current RD diagnosis and prediction methods rely heavily on 
clinical examinations and imaging rather than patient-report-
ed data.17 This limits early detection because many individuals 
first experience symptoms before seeking medical care. Predic-
tive modeling and other data-driven approaches have shown 
growing potential to address this issue by integrating multiple 
symptoms and risk factors to estimate disease probability.18 
Such models could help clinicians identify high-risk patients, 
encourage faster help-seeking, and reduce preventable vision 
loss.

Although prior studies have advanced understanding of RD 
pathophysiology, they remain limited by small sample sizes and 
a lack of emphasis on patient-reported symptoms.19 Few studies 
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have explored how combinations of symptoms and risk factors 
predict RD before clinical confirmation or how perceived risk 
affects response time in seeking treatment.20 Understanding 
these relationships is crucial to improving early diagnosis and 
public-health outreach.

To address these research gaps, the present study uses a 
data-driven model based on patient-reported symptoms and 
known risk factors to predict confirmed RD and analyze be-
havioral response. Specifically, it examines:

RQ1: To what extent can a data-driven model accurately 
predict confirmed cases of retinal detachment based on pa-
tient-reported symptoms and known risk factors?

RQ2: Which symptoms and risk factors contribute most 
strongly to the likelihood of retinal detachment, and how do 
these predictors relate to patients’ time to seek clinical care?

To answer these questions, logistic regression and correla-
tion analyses were conducted using a simulated dataset derived 
from an application designed for this study. The model evalu-
ated predictive accuracy and examined how symptom profiles 
influenced time to seek medical attention.

�   Methods
This study employed a data-driven approach to investi-

gate the prediction of retinal detachment and the relationship 
between predicted risk and patient response behavior. The 
methodology consisted of three main steps: questionnaire de-
velopment, dataset simulation, and statistical analysis.

Questionnaire Development:
A questionnaire was developed to collect patient-reported 

information relevant to RD. The questionnaire was based on 
the literature review: it included items assessing demographic 
characteristics (age, sex), medical history (previous RD, cata-
ract surgery, YAG laser, myopia, diabetes, family history, prior 
eye trauma), and symptomatology commonly associated with 
RD (floaters, flashes, curtain-like shadow, vision loss, double 
vision, pain). Additional questions captured lifestyle factors 
that could influence RD risk, such as recent trauma or heavy 
lifting. The questionnaire was reviewed by a PhD in ophthal-
mology, who confirmed the relevance of the questions and 
recommended that responses be collected separately for each 
eye to capture eye-specific risk factors and symptom profiles. 
The questionnaire was then programmed into a computer 
application to facilitate structured and standardized self-re-
porting by patients. The full questionnaire is provided below.

Questionnaire:
1. Age (years): _____
2. Sex assigned at birth: ☐ Female ☐ Male
3. Ever diagnosed with retinal detachment in either eye? 
    ☐ Yes ☐ No If yes, year: .
4. Cataract surgery in this eye? ☐ Yes ☐ No ☐ Not sure
If yes, year: .
5. Nd:YAG posterior capsulotomy (laser) in this eye? 
☐ Yes ☐ No ☐ Not sure
6. Do you wear glasses/contacts for nearsightedness (myo-

pia)?
☐ No ☐ Yes — approximate prescription: ☐ None 

☐ mild (< −3D) ☐ moderate (−3 to −6D) ☐ high (≤ −6D) 
☐ Don’t know
7. Any known retinal condition (e.g., lattice degeneration) 

diagnosed by an eye doctor (this eye)? 
☐Yes ☐ No ☐ Not sure
8. Any prior significant eye trauma to this eye? ☐ Yes ☐ No 

If yes, approximate date: .
9. Do you have diabetes? ☐ Yes ☐ No ☐ Not sure
10. Family history of retinal detachment? 
☐ Yes ☐ No ☐ Not sure
11. New floaters in the last days (this eye)? ☐ Yes ☐ No 

If yes, started hours/days ago.
12. Flashes of light in the last days (this eye)? 
☐ None ☐ Occasional ☐ Frequent

If occasional/frequent, started hours/days ago.
13. Dark shadow/curtain/veil in vision (this eye)? 
☐ Yes ☐ No If yes, how long ago? hours/days.
14. Sudden decrease in vision (this eye)? ☐ Yes ☐ No
If yes, onset hours/days ago.
15. New double vision or severe eye pain (this eye)? 
☐ Yes ☐ No
16. Approximate vision in this eye without correction:
☐ 20/20 or better ☐ 20/30–20/60 ☐ 20/80–20/200 
☐ worse than 20/200 ☐ Don’t know
17. Date of last dilated eye exam (if known):
18. Recent potential triggers (last 3 months, check all that 

apply):
☐ Heavy head/eye trauma ☐ Contact sports 
☐ Heavy lifting/physical strain immediately before symp-

toms 
☐ None ☐ Not sure

Dataset Simulation:
Due to the limited availability of large clinical datasets with 

complete patient-reported information, an artificial dataset 
was generated using an AI-based simulation approach. The 
simulation was designed to reflect realistic distributions and 
correlations among patient characteristics, risk factors, and 
symptoms. The simulated dataset incorporated random noise 
to reflect realistic variation in symptom onset and risk in-
teractions. A total of 350 clean records were generated, with 
each record containing 27 variables, including identifiers, de-
mographic data, clinical history, symptoms, and derived risk 
metrics. This simulated dataset enabled controlled testing of 
predictive models while maintaining realistic variability in pa-
tient-reported outcomes.

Statistical Analysis:
To address the first research question, a logistic regres-

sion model was constructed to predict confirmed cases of 
RD based on patient-reported symptoms and risk factors. 
Logistic regression was selected as the primary modeling 
approach because retinal detachment prediction represents a 
binary classification problem (patients either have confirmed 
RD or they do not). Unlike more complex machine learning 
models, logistic regression offers clear interpretability of the 
relationship between each predictor and the outcome through 
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its coefficient estimates and odds ratios. This transparency 
is particularly important in healthcare contexts, where un-
derstanding how specific symptoms or risk factors influence 
diagnostic probability is as valuable as the prediction itself. 
Additionally, logistic regression performs well with relatively 
small or moderately sized datasets and provides a solid base-
line for comparison with more advanced predictive techniques 
in future studies.

Model performance was evaluated using overall classifica-
tion accuracy and Receiver Operating Characteristic (ROC) 
curves. The optimal classification threshold was determined 
using Youden’s J statistic to balance sensitivity and specificity.

For the second research question, the regression model 
coefficients were analyzed to identify which predictors most 
strongly influenced RD risk. Positive coefficients indicated 
factors associated with a higher likelihood of RD, while nega-
tive coefficients suggested protective or less influential factors.

An exploratory analysis was conducted to examine the rela-
tionship between predicted risk and patient behavior. Pearson 
correlation and simple linear regression were used to assess 
whether higher predicted risk scores were associated with 
shorter time to seek medical attention. Regression results were 
interpreted in terms of effect size, directionality, and propor-
tion of variance explained (R²), providing insight into how 
symptom profiles may influence help-seeking behavior.

This methodology allowed for an integrated assessment 
of both predictive accuracy and behavioral patterns, demon-
strating how patient-reported data, when carefully designed 
and validated, can inform early detection strategies and public 
health education efforts.

�   Results and Discussion 
Predicting Conf irmed Retinal Detachment:

In an aim to investigate how well the model predicts a 
confirmed retinal detachment, a logistic regression model 
was developed to predict the likelihood of confirmed retinal 
detachment based on patient-reported symptoms and risk fac-
tors, including floaters, flashes, curtain sensation, myopia, age, 
and trauma history. The model achieved an overall classifica-
tion accuracy of 0.900, correctly identifying 90% of the cases 
in the dataset (Table 1).

To assess the model’s ability to distinguish between patients 
with and without RD across all thresholds, a Receiver Op-
erating Characteristic (ROC) curve was generated. The Area 
Under the Curve (AUC) was 0.558 (Table 1), indicating the 
model performs slightly above random chance in discrimi-
nating between true RD and non-RD cases. While the AUC 
suggests limited discriminative power, the high overall accura-

cy may reflect class imbalance in the data (i.e., one group being 
more frequent than the other).

The optimal classification threshold was determined using 
Youden’s J statistic, which identified a cutoff of 0.363 (Table 
1). At this threshold, the model maximized the balance be-
tween sensitivity and specificity, yielding high specificity but 
modest sensitivity. This means the model was effective at cor-
rectly identifying patients without RD (true negatives) but 
somewhat less effective at capturing all confirmed RD cases 
(true positives).

An ROC curve was plotted to visualize this trade-off. 

The ROC curve rose modestly above the diagonal (AUC = 
0.558) (Figure 1), showing that the model has some predic-
tive capability but may require further refinement, possibly 
through feature expansion, model regularization, or inclusion 
of nonlinear predictors, to improve sensitivity and overall dis-
crimination.

Strongest Predictors of RD:
In an aim to investigate which symptoms or risk factors 

are the strongest predictors, the logistic regression model co-
efficients were analyzed. Positive coefficients indicate factors 
associated with increased likelihood of RD, while negative co-
efficients suggest reduced likelihood.

Among the predictors, curtain sensation, flashes, and float-
ers emerged as the strongest positive predictors, consistent 
with established clinical understanding that these symptoms 
are hallmark indicators of retinal detachment. Myopia and 
trauma history also contributed positively but with smaller 
magnitudes, suggesting they may increase susceptibility when 
present alongside acute symptoms. Age showed a weaker and 
less consistent effect.

The regression model’s interpretation suggests that patients 
reporting curtain-like vision changes and sudden flashes are 
significantly more likely to have confirmed RD. At the same 
time, those without these symptoms are less likely to be diag-
nosed. This pattern supports the use of such symptom-based 
screening as an educational and triage tool in both clinical and 
telemedicine contexts.
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Table 1: Performance metrics of the logistic regression model predicting retinal 
detachment. Main finding: Despite high accuracy (0.900), discrimination was 
limited (AUC = 0.558); at J = 0.363, specificity ≈ 0.80, and sensitivity ≈ 0.55

Figure 1: ROC curve for the retinal detachment prediction model. Main 
finding: The ROC curve lies only slightly above chance (AUC = 0.558), 
suggesting the need for rebalancing features.
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With the study performed, the results reveal the AUC to 
be 0.558, which is only slightly above 0.500, indicating that 
the model struggles to separate actual RD cases from non-RD 
cases reliably. This is likely because of the imbalance in the sim-
ulated data set, as the number of non-RD cases is higher than 
the number of RD cases. The high accuracy does not mean 
that the model is trained well because the model is mostly ac-
curate at classifying the non-RD cases, but mostly inaccurate 
at classifying RD cases. This is vital to take into account when 
considering the use of the model for clinical applications.

Based on the results, future studies should consider the 
implications for real-world usage, as the model is effective at 
ruling out RD but may miss true cases of RD.

Key Predictors of RD:
Curtain sensation, flashes, and floaters were the strongest 

positive predictors of retinal detachment in the model, align-
ing closely with established clinical evidence. Prior studies have 
shown that these symptoms are hallmark early warning signs 
of posterior vitreous detachment (PVD) and may indicate an 
evolving retinal tear or detachment.4 Patients presenting with 
both floaters and flashes have been found to carry the highest 
incidence of retinal breaks, approximately 13%, compared to 
5% in floaters-only and 12% in flashes-only presentations.21 
These concurrent symptoms reflect active vitreoretinal trac-
tion, which can quickly progress to a full-thickness retinal tear. 
Once such a break occurs, liquefied vitreous can pass beneath 
the retina, causing rhegmatogenous retinal detachment that 
patients describe as a dark curtain or shadow spreading across 
their vision.5 The strong predictive weight of these symptoms 
in the current model reinforces their diagnostic importance. It 
supports earlier findings that timely recognition and interven-
tion are essential, as over 95% of retinal tears can be successfully 
treated before detachment develops.4

Myopia and trauma history contributed positively but less 
strongly to the likelihood of retinal detachment in the mod-
el, findings that are consistent with established biomechanical 
and clinical evidence. Myopia alters the eye’s geometry through 
axial elongation, which stretches and thins the posterior retina, 
increasing mechanical strain and weakening adhesion between 
the neurosensory retina and the underlying pigment epithe-
lium.12 As a result, even mild vitreoretinal traction or minor 
surgical stress can trigger separation. Clinical data indicate 
that retinal detachment occurs in approximately 2.4% of high-
ly myopic eyes compared to only 0.06% of non-myopic eyes, 
underscoring this elevated risk.12 Furthermore, lattice degener-
ation, present in 20–30% of eyes with rhegmatogenous retinal 
detachment, amplifies this susceptibility by creating focal ar-
eas of retinal thinning and adhesion that serve as tractional 
points.13 The model’s positive association between trauma his-
tory and RD also aligns with prior studies showing that ocular 
trauma accounts for 10–40% of detachments, often due to me-
chanical compression, vitreous base avulsion, or proliferative 
vitreoretinopathy following injury.14 Together, these findings 
indicate that while acute trauma and chronic biomechanical 
stress act through distinct mechanisms, both increase retinal 
vulnerability, particularly in myopic eyes.

Higher predicted RD risk was associated with faster 
help-seeking (r = −0.608, p < 0.001; R² = 0.37). Each 1% in-
crease in predicted risk corresponded to seeking care ~0.53 
days sooner (Table 2).

To explore behavioral response patterns, the predicted risk 
percentage from the logistic regression model was analyzed in 
relation to the time patients took to seek medical care. Find-
ings suggested that higher predicted risk scores were associated 
with shorter response times, indicating that patients with more 
alarming symptom profiles tended to seek help more quickly. 
The correlation analysis revealed a moderate to strong neg-
ative relationship between predicted risk and response time. 
Specifically, the Pearson correlation coefficient was (-0.608) 
(Table 2), which indicates that as the predicted risk score in-
creases, the delay in seeking care decreases.

A simple linear regression was conducted to examine this re-
lationship further. Regression results indicated that the model 
explained approximately 37% of the variance in response time 
(R² = 0.370), and the relationship was highly statistically sig-
nificant (p < 0.001) (Table 2). The slope coefficient (β = -0.53) 
suggested that for every 1% increase in predicted risk, patients 
sought care approximately 0.53 days sooner (Table 2). The in-
tercept of 17.83 days indicates the expected response time for 
a patient with a predicted risk of 0% (Table 2).

The model predicting response time in days from the risk 
percentage was as follows: Response_Time_Days = 17.83 − 
0.53 x Risk_Percentage

These results suggest that higher predicted RD risk is 
strongly associated with faster help-seeking behavior. The pat-
tern indicates that the model’s risk predictions not only reflect 
diagnostic likelihood. Still, it may also capture behavioral ur-
gency, as patients with more alarming symptom profiles tend 
to respond more promptly.

Evaluating the Model’s Accuracy:
From the results, the overall accuracy was relatively high 

at 0.900 (Table 1), but the area under the curve was relative-
ly low at 0.558 (Table 1). The general accuracy implies that 
the model was sufficient at correctly classifying 90 percent of 
the simulated cases, including both confirmed RD and non-
RD. While this number may seem high, the area under the 
curve draws attention to a different perspective that is vital to 
account for. The AUC measures the model’s ability to differ-
entiate between true positive cases (patients who actually have 
RD) and true negative cases (patients who do not have RD) 
across all thresholds. An AUC of 0.500 suggests the model 
is randomly guessing, whereas an AUC of 1.00 suggests the 
model is always accurate or has perfect discrimination.
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Table 2: Linear regression results for the response time predicted by the risk 
percentage. Main finding: Higher predicted RD risk was associated with faster 
help-seeking (r = −0.608, p < 0.001; β = −0.53 days per 1% risk; R² = 0.37).
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the generalizability of the findings to broader patient popula-
tions. Although the questionnaire was reviewed and validated 
by ophthalmology experts, it has not yet been tested among 
actual patients, and its reliability in capturing real symptom 
variation remains to be evaluated. Additionally, the logistic re-
gression model employed may not fully account for complex 
interactions between predictors, such as the combined effects 
of demographic and clinical variables. The modest discrim-
inative power observed in the ROC/AUC analysis suggests 
that model sensitivity could be improved by incorporating 
additional features or by employing more advanced machine 
learning approaches. Future validation using clinical data will 
be essential to confirm these preliminary findings and enhance 
the model’s predictive accuracy.

Future Directions:
Future research should focus on applying the predictive 

model to real-world patient data to validate its accuracy and 
clinical utility. Testing the model on larger, diverse popula-
tions would help confirm whether the observed relationships 
between symptoms, risk factors, and behavioral response hold 
across different clinical settings. Also, collecting data from 
real-world patients could help refine variable weighting and 
validate predictive reliability. Additionally, exploring machine 
learning or nonlinear modeling approaches may improve 
sensitivity and capture more complex interactions among vari-
ables. Expanding the model to include additional behavioral 
and demographic factors, such as awareness, anxiety, or access 
to care, could further clarify what influences patient response 
times and enhance its effectiveness as a public health screening 
and educational tool.

�   Conclusion 
This study demonstrated the potential of data-driven 

models to identify key symptoms and behavioral patterns as-
sociated with retinal detachment. Using a simulated dataset of 
patient-reported symptoms and medical histories, the mod-
el achieved high overall accuracy but limited discriminative 
ability, highlighting the influence of uneven class distribution. 
Curtain-like shadows, flashes, and floaters were identified as 
the strongest predictors of retinal detachment, consistent with 
established clinical findings, while myopia and trauma con-
tributed less strongly. Behavioral analysis revealed that patients 
with higher predicted risk sought care more quickly, suggest-
ing that symptom severity influences help-seeking behavior. 
Together, these findings emphasize the value of integrating 
patient-reported data into predictive tools for early detection 
and public health education. Although further validation with 
real-world clinical data is needed, this study provides a foun-
dational step toward developing symptom-based screening 
systems that could improve timely diagnosis and reduce pre-
ventable vision loss.
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Behavior Response Analysis:
Higher predicted risk was significantly associated with 

shorter time to seek medical attention (r = -0.608, β = -0.53, 
R² = 0.37), indicating that individuals with symptom profiles 
suggestive of retinal detachment tended to respond more rap-
idly. This pattern suggests that the predictive model captured 
not only diagnostic likelihood but also behavioral urgency: 
patients who experienced more alarming symptoms such as 
flashes, floaters, or curtain-like shadows sought care sooner, 
reflecting heightened perceived threat and awareness. These 
findings align with prior evidence that patient recognition of 
visual changes is a critical factor in timely presentation for RD 
evaluation.17 From a public health perspective, this relationship 
emphasizes the importance of educating at-risk individuals 
about early warning symptoms and encouraging immediate 
ophthalmologic evaluation. Targeted awareness campaigns 
could therefore reduce diagnostic delay, improve treatment 
outcomes, and lower rates of permanent vision loss by help-
ing high-risk patients seek prompt care when symptoms first 
appear.

The observed pattern that patients with higher predicted 
risk sought care more quickly may also be understood through 
established psychological and behavioral frameworks. Individ-
uals who perceive their symptoms as severe or threatening are 
more likely to appraise the situation as urgent and engage in 
immediate help-seeking behavior, consistent with the Health 
Belief Model (HBM).22 According to this model, perceived 
severity, susceptibility, and benefits of action strongly influence 
whether individuals take prompt preventive steps. Additional-
ly, those with prior education about eye health or easier access 
to ophthalmologic care may recognize early warning signs 
more effectively, further shortening response times.

These behavioral mechanisms highlight the importance of 
combining predictive tools with educational outreach to en-
hance patient awareness and encourage timely intervention.

Implications for Clinical Practice and Public Health:
Symptom-based predictive tools have the potential to 

enhance early detection and intervention for retinal detach-
ment. By identifying which symptom combinations, such as 
flashes, floaters, or curtain-like shadows, are most predictive 
of disease and associated with faster help-seeking, clinicians 
can better design patient education initiatives. Understand-
ing these behavioral patterns can inform targeted awareness 
campaigns that emphasize prompt evaluation when early vi-
sual disturbances occur. Integrating such models into clinical 
triage systems may also enable prioritization of high-risk in-
dividuals for expedited ophthalmologic assessment, ultimately 
reducing delays in diagnosis and improving visual outcomes. 
Furthermore, incorporating symptom-based screening tools 
into telemedicine could allow clinicians to follow up and rec-
ommend treatments for urgent cases remotely.

Limitations of the Study:
This study has several limitations that should be acknowl-

edged. First, the dataset used for analysis was simulated rather 
than derived from real-world clinical cases, which may limit 
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ABSTRACT: To examine height development traits and influencing factors in 15-18-year-olds, and provide empirical evidence 
for adolescent growth strategies. A cross-sectional study collected data on demographics, sleep, diet, exercise, and anxiety of 520 
adolescents via Wenjuanxing. A multivariate linear regression model identified height-influencing factors. The results of this study 
suggest that participants’ average height was 167.2 ± 6.8 cm, with males (172.6 ± 5.8 cm) significantly taller than females (161.8 ± 
5.3 cm) (t=19.74, P < 0.001). Mean anxiety score was 35.6 ± 12.3, with 128 cases (24.6 %) scoring ≥ 40 (moderate-severe anxiety). 
Age, gender, daily sleep ≥ 8 h, weekly exercise ≥ 3 times, balanced diet, and anxiety score < 40 were independent height predictors 
(adjusted R²=0.42, P < 0.001). Each extra year added 3.2 cm to average height (95%CI: 2.8-3.6); males were 10.8 cm taller than 
females (95%CI: 9.6-12.0); those with anxiety < 40 were 2.3 cm taller than those with anxiety≥ 40 (95%CI: 1.5-3.1). The result of 
this study indicates that adolescent height is affected by multiple factors. Better sleep, more exercise, improved diet, and reduced 
anxiety may promote height growth. 

KEYWORDS: Biomedical and Health Sciences, Nutrition and Natural Products, Influencing Factors, Epidemiological Survey, 
Adolescent Height.

�   Introduction
Adolescence is a critical juncture in the context of height de-

velopment. Growth throughout this period not only serves as 
an indicator of an individual's health but also has a significant 
bearing on the susceptibility to chronic diseases in adulthood 
and their social adaptability capabilities.1 On a global perspec-
tive, adolescent height has demonstrated a persistent upward 
trajectory over time. Nevertheless, distinct regional disparities 
continue to be evident. 

In China, the differential in height between urban and rural 
adolescents decreased from 3.2 cm in 2010 to 1.8 cm in 2020. 
Despite this, substantial individual variability in growth per-
sists.2

Historically, research has often centered on the effects of 
individual factors, such as nutrition or exercise, on height. 
There has been a dearth of comprehensive investigations into 
the multidimensional interactions, encompassing the possible 
influence of mental health factors like anxiety.3 Anxiety is a 
common mental health issue among adolescents. By exerting 
an effect on the hypothalamic-pituitary-adrenal axis, it can 
interfere with the secretion of growth hormone, potentially 
impeding the process of height development.4 However, rela-
tively few studies have integrated anxiety into the complex set 
of factors that impact adolescent height.

This study, by utilizing data sourced from 520 adolescents 
aged between 15 and 18 years, combines epidemiological 
methods with multi-factor statistical modeling techniques. It 
systematically delves into the independent and interactive ef-
fects of factors, including age, gender, sleep, diet, exercise, and 
anxiety, on height development. The research provides a scien-

tific foundation for implementing targeted interventions that 
promote growth. 

The key innovative features are as follows: (1) the inclusion of 
a combined “bedtime-sleep duration” measure to more precise-
ly evaluate the influence of sleep on growth hormone secretion; 
(2) the establishment of a “diet pattern-exercise intensity” in-
teraction term to analyze the synergistic relationships between 
behaviors; (3) the addition of an anxiety assessment to explore 
the connection between mental health and height; and (4) the 
reference to the “Standards for the Growth and Development 
of Chinese Children and Adolescents (2023 Edition)” to en-
sure the use of contemporary evaluation standards.5

�   Subjects and Methods
2.1. Study Subjects:
A multi-center survey was conducted through the Wen-

juanxing platform from September to December 2023. 
Inclusion criteria include: (1) Aged 15-18 years; (2) No severe 
endocrine diseases, bone diseases, or chronic disease history; (3) 
Voluntarily participating and completing valid questionnaires. 
Exclusion criteria include: (1) The missing rate of question-
naire filling > 20%; (2) Abnormal height data (outside ± 3SD); 
(3) Incomplete anxiety assessment data. 

Finally, 520 valid samples were included, including 327 
males (62.9 %) and 193 females (37.1 %); 359 from urban areas 
(69.0 %) and 161 from rural areas (31.0 %).

Age distribution of the samples includes: 17 cases (3.3 %) 
aged 15, 23 cases (4.4 %) aged 16, 55 cases (10.6 %) aged 17, 
and 423 cases (81.3 %) aged 18. This study was approved by the 
Ethics Committee (Ethics No.: EC-2023-042), and all partici-
pants signed informed consent forms. 

DOI: 10.36838/IJHSR810.50

RESEARCH ARTICLE

ijhighschoolresearch.org



	 51		 51	

2.2. Study Methods:
2.2.1. Questionnaire Design and Variable Def inition:
Referring to the "Chinese Adolescent Health Behavior 

Monitoring Questionnaire" and international adolescent 
growth survey standards, a structured questionnaire was de-
signed, including:

1. Demographic characteristics: Gender (male/female), age 
(years), region (urban/rural), parental height (cm);

2. Sleep indicators: Daily sleep duration (< 7 h/7-8 h/≥ 8 h), 
bedtime (< 23:00/≥ 23:00);

3. Dietary factors: Daily water intake (< 2000 ml/> 2000 
ml), type of cooking oil (animal oil/vegetable oil/mixed), 
weekly frequency of milk/egg/fruit intake. The "balanced diet 
pattern" factor was extracted through principal component 
analysis (eigenvalue > 1.0, including the intake of whole grains, 
high-quality protein, vegetables, and fruits).

4. Exercise indicators: Weekly exercise frequency (almost no 
exercise/1-2 times/3-5 times/> 5 times), single exercise dura-
tion (< 30 min/30-60 min/> 60 min), main exercise type (brisk 
walking/jogging/swimming/ball games/stair climbing/ dance/
rope skipping/aerobics/strength training/tai chi/ others;

(5) Anxiety indicators: Adopting the Self-Rating Anxiety 
Scale (SAS), including 20 items (e.g., "I feel more nervous or 
anxious than usual", "I feel scared for no reason"). Each item 
is scored on a 4-point scale (1=rarely, 2=sometimes, 3=often, 
4=almost always), with the total score ranging from 20 to 80. 
A total score of≥40 is defined as moderate to severe anxiety.

2.2.2. Height Measurement and Evaluation:
Height data were self-reported by participants and verified 

by comparing with parental height-based prediction (using 
the formula: male height = (father's height + mother's height 
+ 13)/2 ± 5 cm; female height = (father's height + mother's 
height - 13)/2 ± 5 cm). Data outside the predicted range ±3 
cm were reconfirmed with participants, and those still abnor-
mal were excluded. Height was expressed as mean ± standard 
deviation (x±s).

2.2.3. Quality Control:
1. Questionnaire design: Before launching the formal survey, 

we ran a pre-survey with 30 adolescents to test the question-
naire’s usability. We went through their feedback carefully—any 
items that were confusing or questions that lacked clarity were 
revised. This step made sure every part of the survey was easy 
to understand, so respondents wouldn’t misinterpret questions 
when filling it out later.

2. Data collection: The survey was distributed online, and 
we marked core items (like age, height, and anxiety scores) 
as required. This meant respondents couldn’t skip these key 
fields, which helped cut down on missing data. By doing this, 
we made sure we had complete information for the variables 
that mattered most to our analysis.

3. Data entry: We used Epidata 3.1 software for double 
data entry. Two researchers worked independently to input 
the same set of survey data. After both entries were done, we 
checked for consistency—if there were differences between 
the two versions (like a typo in a height value), we fixed them 

by cross-referencing with the original survey forms. This pro-
cess kept the entered data accurate.

(4) 3SD (three standard deviations) method. Every outli-
er we found was checked against the original questionnaires. 
This lets us tell apart real data mistakes (like a wrong number 
entered) from valid extreme values. Erroneous data was either 
corrected or left out, depending on what the original records 
showed. 

2.2.4. Statistical Analysis:
Data were analyzed using SPSS 26.0 software. Measure-

ment data were expressed as x±s, and comparison between 
groups was conducted using a t-test or ANOVA; counting 
data were expressed as frequency (constituent ratio, %), and 
comparison between groups was conducted using a chi-square 
test. A Multivariate linear regression model was used to ana-
lyze the independent influencing factors of height, with height 
as the dependent variable and factors with P < 0.1 in univariate 
analysis as independent variables. 

The test level was α=0.05, and all statistical tests were 
two-sided.

�   Results and Discussion 
3.1. Results:
3.1.1. Basic Characteristics of Subjects:
A total of 520 adolescents aged 15-18 years were included, 

with 327 males (62.9 %) and 193 females (37.1 %); 359 from 
urban areas (69.0 %) and 161 from rural areas (31.0 %). In 
terms of age, 17 cases (3.3 %) were 15 years old, 23 cases (4.4 
%) were 16 years old, 55 cases (10.6 %) were 17 years old, and 
423 cases (81.3 %) were 18 years old (Table 1).

3.1.2. Distribution of Sleep, Diet, Exercise, and Anxiety:
1. Among the 520 subjects, 278 cases (53.5 %) had daily 

sleep duration ≥ 8 h, 165 cases (31.7 %) had 7-8 h, and 77 cases 
(14.8 %) had < 7 h; 58 cases (11.2 %) went to bed before 23:00, 
and 462 cases (88.8 %) went to bed at or after 23:00 (Table 2).

2. 34 cases (6.5 %) had daily water intake > 2000 ml; 114 
cases (21.9 %) had a balanced diet pattern, and 406 cases (78.1 
%) had an unbalanced diet pattern (Table 2).

(3) 145 cases (27.9 %) exercised ≥ 3 times a week (82 cases 
for 3-5 times and 63 cases for > 5 times); 246 cases (47.3 %) 
had a single exercise duration ≥ 30 min (157 cases for 30-60 
min and 89 cases for > 60 min). The main exercise types were 
brisk walking (215 cases, 41.3 %), jogging (233 cases, 44.8 %), 
and stair climbing (187 cases, 36.0 %) (Table 2). 

(4) The average anxiety score of the subjects was 35.6 ± 
12.3. Specifically, 245 cases (47.1 %) had an anxiety score < 30 
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Table 1: Distribution of age, gender, and region of the subjects (n=520). 
Among the 520 participants, males and 18-year-olds were the most represented 
groups; additionally, the majority resided in urban regions.
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(mild anxiety), 147 cases (28.3 %) had a score of 30-39 (mild 
to moderate anxiety), and 128 cases (24.6 %) had a score ≥ 40 
(moderate to severe anxiety) (Table 3).

3.1.3. Univariate Analysis of Height Influencing Factors:
The average height of all subjects was 167.2 ± 6.8 cm. 

Univariate analysis showed significant differences in height 
among different genders, ages, daily sleep durations, weekly 
exercise frequencies, diet patterns, and anxiety score groups (all 
P < 0.001) (Table 4).

1. The average height of males (172.6 ± 5.8 cm) was signifi-
cantly higher than that of females (161.8 ± 5.3 cm) (t=19.74, 
P < 0.001).

2. Height increased with age, with the average height 
of 18-year-olds (168.1 ± 6.9 cm) being higher than that of 
15-year-olds (162.3 ± 6.1 cm) (F=12.87, P < 0.001).

3. Adolescents with daily sleep duration ≥ 8 h had an average 
height of 169.1 ± 6.3 cm, which was higher than those with 
7-8 h (166.8 ± 6.5 cm) and < 7 h (164.2 ± 7.2 cm) (F=8.53, P 
< 0.001).

(4) Those who exercised ≥ 3 times a week had an average 
height of 169.8 ± 6.0 cm (combining 3-5 times and >5 times 
groups), higher than those who exercised 1-2 times (166.7 ± 
6.8 cm) and almost no exercise (163.5 ± 7.5 cm) (F=10.21, P 
< 0.001).

(5) The average height of adolescents with a balanced diet 
(169.8 ± 6.2 cm) was higher than that of those with an unbal-
anced diet (165.7 ± 7.0 cm) (t=9.15, P < 0.001).

(6) Adolescents with anxiety score < 40 had an average 
height of 168.5 ± 6.5 cm, which was higher than those with 
score ≥ 40 (166.2 ± 7.1 cm) (t=6.38, P < 0.001).

3.1.4. Multivariate Linear Regression Analysis of Height In-
fluencing Factors:

Taking height as the dependent variable and factors with P < 
0.1 in univariate analysis as independent variables, multivariate 
linear regression analysis showed that age, gender, daily sleep 
duration ≥ 8 h, weekly exercise ≥ 3 times, balanced diet pattern, 
and anxiety score < 40 were independent influencing factors 
of adolescent height (adjusted R²=0.42, P < 0.001) (Table 5).

(1) For each additional year of age, the average height in-
creased by 3.2 cm (95% CI: 2.8-3.6, P < 0.001).

(2) Males were 10.8 cm taller than females on average (95% 
CI: 9.6-12.0, P < 0.001).

(3) Compared with adolescents with daily sleep duration <8 
h, those with daily sleep duration of 8 h were 2.1 cm taller on 
average (95% CI: 1.2-3.0, P < 0.001).

(4) Compared with those who exercised < 3 times a week, 
those who exercised ≥3 times were 1.8 cm taller on average 
(95% CI: 0.78-2.82, P=0.001).

(5) Adolescents with a balanced diet were 2.5 cm taller than 
those with an unbalanced diet on average (95% CI: 1.5-3.5, P 
< 0.001).

(6) Compared with adolescents with an anxiety score ≥ 40, 
those with a score < 40 were 2.3 cm taller on average (95% CI: 
1.5-3.1, P < 0.001).
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Table 2: Distribution of sleep, diet, and exercise of the subjects (n=520). Most 
participants reported ≥8 hours of daily sleep, and a bedtime tended to be late; 
meanwhile, most participants had insufficient daily water intake and exercise 
duration, and jogging and brisk walking were the most common exercise types.

Table 4: Height of subjects with different characteristics (cm, x±s). Males 
were significantly taller than females; height also increased with older age, 
longer daily sleep duration, more frequent exercise, lower anxiety scores, and 
balanced diet patterns.

Table 5: Multivariate linear regression analysis of influencing factors of 
adolescent height. Gender and age were the strongest positive predictors of 
height; longer sleep, more exercise, a balanced diet, and lower anxiety were 
also significantly associated with greater height, collectively explaining 42% 
of height variance.

Table 3: Distribution of anxiety score of the subjects (n=520). Among 
the 520 participants, nearly half reported mild anxiety, while over a quarter 
exhibited moderate to severe anxiety. 
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promoting height, consistent with the view in previous studies 
that “bedtime-sleep duration” combined indicators should be 
used to evaluate sleep.3 Additionally, sleep fragmentation, often 
associated with a delayed bedtime, can further reduce the deep-
sleep duration, thereby inhibiting growth hormone secretion. 
This is a factor not measured in this study but worthy of con-
sideration in future research.12

3.2.2.2. Exercise and Diet:
Exercising at least three times a week and maintaining a bal-

anced diet are also protective factors for height. Exercise can 
stimulate bone growth plates, enhance bone metabolism and 
blood circulation, and further promote height growth.13 A ran-
domized controlled trial involving 300 adolescents showed that 
6 months of regular medium-intensity exercise (3 times/week, 
45 min/session) increased the average height of participants 
by 1.2 cm compared to the control group and also improved 
bone mineral density.14 The main exercise types among the 
subjects are brisk walking, jogging, and stair climbing, which 
are low-to-medium intensity aerobic exercises. These exercis-
es are easy to sustain and have a beneficial stimulating effect 
on bones, making them suitable for adolescents' daily exercise 
routine. 

A balanced diet, composed of whole grains, high-quality 
protein, vegetables, and fruits, can supply sufficient nutrients 
such as protein, calcium, and vitamins for bone growth.15 For 
instance, dietary protein intake is positively correlated with 
the synthesis of insulin-like growth factor-1 (IGF-1), a key 
hormone that promotes chondrocyte proliferation in growth 
plates.16 However, only 6.5 % of the subjects have a daily water 
intake of over 2000 ml, and 78.1% have an unbalanced diet, 
indicating that adolescents still face issues such as insufficient 
water intake and an unbalanced diet structure. A national sur-
vey on Chinese adolescents' dietary behavior found that the 
insufficient intake rate of dairy products (a major source of cal-
cium) and vegetables among 15-18-year-olds is 68.2% and 57.9 
%, respectively. This situation requires improvement through 
school and family health education.17 Moreover, the positive 
impact of a daily water intake of > 2000 ml may be related to 
the role of hydration in facilitating the excretion of metabolic 
waste and maintaining the stability of the cartilage matrix.18 
Adolescents with an exercise frequency of ≥ 3 times/week and 
a single-exercise duration of 30-60 minutes had the optimal 
height, consistent with the mechanism that moderate-intensity 
exercise stimulates periosteal stress and activates osteoblasts.19 
The advantages of ball games and jogging stem from their abil-
ity to longitudinally stretch bones, which can delay epiphyseal 
closure.20 However, the height of the group with an exercise 
duration of > 60 minutes slightly decreased, suggesting that ex-
cessive exercise may inhibit growth hormone secretion through 
increased cortisol, emphasizing the importance of “moderate 
exercise”.21 The synergistic effect of “balanced diet × exercise 
frequency” indicates that nutrition is the basis for exercise to 
promote growth. 

When protein intake is insufficient, exercise may lead to 
muscle breakdown rather than promoting bone growth.22 This 
provides ideas for intervention: Urban adolescents can diver-

3.2. Discussion:
This research comprehensively delved into the various influ-

encing factors of height development among 520 adolescents 
aged 15-18 years. It was found that age, gender, sleep, exercise, 
diet, and anxiety independently shape adolescent height. This 
finding is in line with most previous studies and also enhances 
the understanding of the potential link between anxiety and 
height.

3.2.1. Effects of Demographic Factors on Height:
Gender and age are intrinsic, time-dependent factors 

affecting adolescent height. In this study, males were sig-
nificantly taller than females, and height increased as age 
advanced, adhering to the principles of adolescent growth and 
development.1 Females generally enter puberty earlier, around 
10-12 years old, compared to males at 12-14 years old. As a 
result, females reach their growth peak earlier. 

In contrast, males have a longer growth period and a higher 
growth rate during the peak, resulting in an eventual height 
advantage.6 Cross-sectional data from national surveys further 
support this gender - related difference in growth timing and 
duration. These data indicate that over the past decade, the 
average height gap between 15-18-year-old males and females 
in China has remained relatively stable at approximately 10-
12 cm.7 The age distribution in this study reveals that 81.3 % 
of the subjects are 18 years old, and their height is still greater 
than that of younger age groups. This suggests that some ad-
olescents may still have a certain amount of growth potential 
at 18 years old. 

This is consistent with the “Standards for the Growth and 
Development of Chinese Children and Adolescents (2023 
Edition),” which extends the growth-cessation age of adoles-
cents to 18-19 years old.8 It also corresponds to the findings of 
a 10-year follow-up study on Chinese adolescents, where 15 % 
of males and 8 % of females were reported to still experience a 
height increase of ≥ 2 cm after the age of 17.9

3.2.2. Effects of Lifestyle Factors on Height:
3.2.2.1. Sleep:
This study demonstrated that a daily sleep duration of at 

least 8 hours is conducive to height growth, in accordance with 
the growth hormone secretion mechanism. Growth hormone 
is mainly secreted during deep sleep at night, with the secre-
tion peak emerging 1-2 hours after falling asleep.10 Although 
53.5 % of the subjects in this study have a sleep duration of ≥ 
8 h, 88.8 % go to bed at 23:00 or later. A late bedtime might 
cause adolescents to miss the growth hormone secretion peak 
(22:00-2:00), leading to insufficient effective sleep time for 
growth. 

This could explain why some adolescents with adequate to-
tal sleep duration still have relatively short heights. A study on 
Chinese urban adolescents aged 14-17 years further validated 
this: adolescents who went to bed before 23:00 and slept ≥ 8 
h had an average height 2.4 cm higher than those who went 
to bed after 23:00 with the same sleep duration.11 This high-
lights that “sleep quality,” which includes bedtime and sleep 
continuity, is more important than “sleep duration” alone in 
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lescents often struggle to accurately describe their emotional 
experiences, and the emotional fluctuations during survey 
completion may influence their responses. Such subjectivity 
can lead to misjudgment of anxiety levels, thereby diminish-
ing the actual impact of anxiety on adolescent development. 
To reduce these biases in future research, anxiety assessment 
could be improved by combining self-rating scales with brief 
feedback from teachers or parents.30

Future studies should expand the sample to include eastern, 
western, and northeastern China to enhance regional repre-
sentativeness. Finally, the study does not incorporate genetic 
factors (such as parental height) into the regression model. 
Although parental height is an important factor influencing 
children's height,31 this study focuses on modifiable factors 
(sleep, exercise, diet, anxiety) to provide targeted intervention 
suggestions. 

Thus, genetic factors are not included, which may lead to 
an underestimation of the genetic contribution.32 Dietary data 
rely on self-reports, which are subject to recall bias. In the fu-
ture, combining dietary diaries with biomarkers (such as serum 
25-hydroxyvitamin D) can improve accuracy.33

�   Conclusion 
A combination of multiple factors, including age, gender, 

sleep, exercise, diet, and anxiety, influences adolescent height 
development. Among these, age and gender are non-modifi-
able, while sleep, exercise, diet, and anxiety can be adjusted. To 
promote the healthy height growth of adolescents, the follow-
ing targeted measures can be taken. Firstly, optimizing sleep 
habits is of great importance. 

Since growth hormone is mainly secreted during the deep-
sleep stage, especially from 22:00 to 2:00, adolescents should 
be guided to go to bed before 23:00 and ensure their daily 
sleep duration is at least 8 hours. This enables them to en-
ter the deep-sleep stage during the growth hormone secretion 
peak, thereby improving sleep quality. Secondly, increasing 
exercise frequency can effectively stimulate bone growth. Ado-
lescents are encouraged to engage in medium-intensity aerobic 
exercises like brisk walking or jogging at least 3 times a week, 
with each exercise lasting 30 minutes or more. 

Such regular physical activities contribute to better bone 
development. In addition, improving the diet structure is also 
essential. A balanced diet should be promoted, including more 
whole grains, high-quality protein sources like milk and eggs, 
vegetables, and fruits. Moreover, ensuring that the daily water 
intake exceeds 2000 mL can supply sufficient nutrients for the 
growth and development of adolescents. Finally, alleviating 
anxiety symptoms is of significant importance. 

Schools and families should strengthen mental health edu-
cation and establish a favorable psychological support system 
for adolescents. For those with moderate to severe anxiety, 
psychological counseling services should be provided prompt-
ly. This measure can effectively reduce the negative impact of 
anxiety on height. Overall, by comprehensively and continu-
ously implementing these measures, we can better promote 
the height development of adolescents and help them grow 
up healthy. 

sify their exercise. In contrast, rural adolescents need to focus 
on increasing protein and dairy product intake to narrow the 
regional gap (currently 168.5 cm vs 164.3 cm).

3.2.3. Effect of Anxiety on Height:
A novel finding of this study is that anxiety is an indepen-

dent influencing factor of adolescent height. Adolescents with 
an anxiety score of < 40 are 2.3 cm taller than those with a 
score of ≥ 40. The possible mechanism is that long-term anx-
iety activates the hypothalamic-pituitary-adrenal (HPA) axis, 
resulting in increased cortisol secretion. Excessive cortisol can 
inhibit the secretion of growth hormone-releasing hormone 
(GHRH) from the hypothalamus, reduce the secretion of 
growth hormone from the pituitary gland, and subsequently 
disrupt bone growth and development.5 A study on prepu-
bertal rats confirmed that chronic stress-induced high cortisol 
levels can reduce the number of chondrocytes in the epiphyseal 
growth plate and delay bone maturation.23 In this study, 24.6% 
of adolescents have moderate to severe anxiety, which is higher 
than the 15%-20% anxiety incidence in Chinese adolescents 
reported in previous studies.24 This may be associated with the 
increased academic pressure and social adaptation challenges 
that adolescents have faced in recent years. 

A cross-sectional study involving 5000 Chinese high school 
students found that academic pressure (β = 0.32, P < 0.001) 
and parent-child conflict (β = 0.28, P < 0.001) are the main 
factors contributing to adolescent anxiety.25 This implies that 
while paying attention to the physical growth of adolescents, 
we should also place more emphasis on their mental health 
and reduce the negative impact of anxiety on height.

3.2.4. Limitations of the Study:
This study has several limitations. Firstly, as a cross-section-

al study, it can only confirm the association between factors 
and height, but cannot establish the causal relationship. A lon-
gitudinal study design, which follows adolescents over time, 
would be more appropriate for determining causality.26 Sec-
ondly, the sample is drawn mainly from urban and rural areas 
in central China, and its representativeness may be limited. 
Because China's different regions differ significantly in many 
factors, such as economic development, dietary patterns, and 
lifestyles, which are closely related to adolescent growth and 
development.27

Since the sample primarily comes from the central region, 
this study may overestimate or underestimate the strength of 
the association between intervenable factors and height. This 
will affect its generalizability to high school student popu-
lations in other countries and also impact its reference value 
for formulating height intervention strategies for global high 
school students. Future research should expand the sample 
size, adopt stratified sampling methods, include participants 
from China's eastern, western, and northeastern regions, and 
balance urban and rural high schools to enhance regional rep-
resentativeness.28

Third, anxiety assessment relies on self-rating scales, which 
in high school studies are prone to introducing subjective bias, 
recall bias, and social expectation bias.29 This is because ado-

DOI: 10.36838/IJHSR810.50

ijhighschoolresearch.org



	 55	

In the future, longitudinal studies can be conducted further 
to confirm the causal relationship between modifiable factors 
and height, and expand the sample size and scope to improve 
the representativeness of the results, thus providing more sci-
entific and comprehensive evidence for formulating national 
adolescent growth-promotion strategies.
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ABSTRACT: Rock climbing’s increase in popularity brings more intense training methods, leading to more instances of finger 
injuries. Adolescents in particular are prone to finger injuries, as physiological changes during puberty cause the fingers to be less 
resistant to the biomechanics involved in climbing. To ensure a balanced risk-reward ratio, understanding and assessing the cause, 
prevention, and rehabilitation of any kind of injury is of the utmost importance. This review paper covers adolescent hand anatomy 
to determine what makes it more susceptible to certain injuries. Finger Flexor Pulley Injuries (FFPIs) and Epiphyseal Growth 
Plate Injuries (EPGIs) are common among adolescents, and a proper recovery plan is necessary to prevent an acute injury from 
developing into a chronic condition, such as osteoarthritis. It is proposed that adolescents are more prone to injuries because of 
the body’s priority on growth rather than reinforcement. After an injury, the initial diagnosis is the most important part of the 
recovery process.  

KEYWORDS: Biomedical and Health Sciences, Pathophysiology, Pulley, Injury, Growth Plate, Fracture, Osteoarthritis. 

�   Introduction
Rock climbing as a sport is increasing in popularity, and 

along with it comes more intense training methods. As a result, 
injuries are appearing more often as the competitive setting 
sees more serious climbers. In a 2000 study, a total of 126 in-
juries were examined: 63% were located in the hand, and 37% 
were located elsewhere in the upper body.1 These injuries are 
typically a result of the intense forces applied to the fingers, 
most notably in the “half crimp” and “full crimp” hand posi-
tions. This technique forces the proximal interphalangeal joint 
(PIP) to be flexed at 90 degrees and hyperextends the distal 
interphalangeal joint (DIP). These practices can cause grad-
ual strain, breaks, or ruptures to parts of the hand, such as the 
epiphyseal growth plate or pulley system.2

The issue persists when considering the population of youth 
climbers as well. Many teenage climbers undergo the same in-
tensive training as professionals, and the injuries they sustain as 
a result can cause lifelong issues.3 A handful of climbers experi-
ence early chronic developments in their career with conditions 
such as osteoarthritis making themselves present, and others 
go a long time in their career without experiencing any phys-
iological change.4 This presents us with the question of what 
variables are in play that allow an otherwise acute injury to an 
adolescent to become chronic. It is hard to know for certain if a 
permanent pathological change is a result of the injury itself or 
failure to nurse the injury back to health efficiently.5 In the case 
of the latter, it is vital that both athletes and doctors are aware 
of what the proper steps should be in recovery to maintain a 
long-lasting climbing career.

In this paper, I will examine the physiology of an adolescent 
rock climber’s hand as it experiences growth to determine what 
factors a) make it more susceptible to injury, and b) contribute 
to an injury becoming chronic vs staying acute. I will analyze 

what rehabilitation processes have been proven to be most ef-
fective in ensuring full and stable recovery.

�   Review Methodology
The articles included in this review article were sourced from 

PubMed by searching keywords listed above. Articles with 
relevance to growth plate injuries, pulley injuries, and osteoar-
thritis were closely examined. If the author decided an article 
was especially useful, more articles from the same author or 
authors were prioritized. The date of publication was examined 
on all articles for the author to compare how research in ad-
olescent hand injuries has evolved and what questions remain 
unanswered.

�   Hand Anatomy 
Included in the human hand is a finger flexor pulley sys-

tem (FFPS), which consists of synovial and retinacular tissue, 
known as pulleys. The combination of both these tissues al-
lows for fluid movement and flexion of the fingers within the 
tendon sheath, as well as securing tendons in place. Within 
each finger (excluding the thumb), there are 5 annular pulleys 
labeled A1-A5 and 3 cruciate pulleys labeled C1-C3. Together, 
the pulley system forms a lubricated tunnel that contains the 
flexor digitorum profundus (FDP) and flexor digitorum super-
ficialis (FDS), keeping them close to the bone. (See Figure 1) 
The A2 and A4 pulleys attach directly to bone, while the A1, 
A3, and A5 pulleys attach to the volar plate.2 The volar plate, 
which is found on the palmar side of the hand, works to pre-
vent hyperextension and connects the proximal phalanx to the 
middle phalanx.

In addition to the FFPS, epiphyseal growth plates are locat-
ed at the bases of interphalangeal joints. These growth plates 
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are made up of chondrocytes, cells that secrete proteins that 
collectively form the extracellular matrix. Specifically, chon-
drocytes in fingers’ growth plates make up hyaline cartilage, 
a type of cartilage that ossifies when fully mature, producing 
new bone. These cells will undergo apoptosis, making room 
for new chondrocytes to continue bone growth.3 Within both 
males and females, the hormone estradiol also contributes to 
slowing down bone growth and allowing the growth plates 
to fuse. During periods of rapid growth, estradiol levels are 
low, which allows for stimulation of bone growth. Once estra-
diol levels pick up, bone growth is inhibited, and the growth 
plates begin to close and eventually fuse.6 Considering females 
have more estrogen, their growth plates finish growing and 
fuse earlier than those of males. This may lead to male climb-
ers experiencing a higher rate of injury during adolescence in 
comparison to females.

A study done on the German Junior National Team and 
additional recreational climbers revealed that the hands of 
climbers undergo cortical hypertrophy over time.5 To bear 
the intense forces experienced during climbing, many climb-
ers’ fingers experience thickening of the cortical bone, which 
makes up the outer layer of phalanges. This change is not rap-
id; hypertrophy occurs slowly over the course of a climber’s 
career, as proven in a study of male elite climbers after a 10-
year follow-up.7 Although this study had a primary focus on 
adults, it was observed that adolescents experience the same 
cortical hypertrophy but at a slower rate. These changes to the 
fingers are adaptive rather than pathologic.

�   Pathological Changes 
Injuries vary from being acquired from an acute onset event 

or over a period of time in which repetitive microtrauma 
has occurred. The most common site of acute injuries is the 
FFPS. They are the most common injuries in rock climbing, 
as proved by studies done in the periods 2017-2018, 2009-
2012, and 1998-2001. In each study, the percentages of pulley 
injuries among the climbers studied were 31.1%, 29.5%, and 
49.4%, respectively, among the full group.8 As mentioned 
above, “crimping” is a hand position that climbers commonly 
use to pull themselves from small ledges. To assist the FDP 

and FDS tendons in generating the force possible to make this 
movement possible, the FFPS works to keep these tendons 
close to the bone to generate torque in a similar way as draw-
ing a bowstring would work.9 When too much force is applied 
for the pulleys to handle (e.g, the climber “pulls too hard”), this 
can cause a partial tear, full tear, or full rupture of the pulley.

These acute events can be identified by a pop or snapping 
sound in any of the fingers, along with a tearing sensation after 
attempting to bear a load with it. As a result, the FDP and 
FDS tendons are contained to the bone by one less anchor 
point, a condition known as “bowstringing”. (See Figure 2) Al-
though inconclusive, an accepted tendon-to-bone distance is 
around 2 mm, with anything greater showing the possibility of 
pulley injury.2 Of the 5 annular pulleys, the A2 is the thickest 
and strongest, with an average length of 16.3mm. It attach-
es directly to the bone at the proximal phalanx and bears the 
most load, but this consequently means it also has the greatest 
possibility for injury when bearing load.10

A grading system proposed by Volker Schoffl et al. exists 
that classifies the injury with a grade from 1-4: a Grade 1 in-
jury is a simple strain with a tendon-bone length of <2 mm 
without any real bowstringing; a Grade 2 injury is either a full 
rupture of the A4 or a partial rupture of the A2 or A3; a Grade 
3 is a full rupture of the A2 or A3; and a Grade 4 consists of 
many ruptures throughout the entire FFPS. Both MRI and 
Ultrasound are viable radiographs in accurately detecting the 
injury.2

Comparing adolescent climbers to adult climbers, FFPS in-
juries don’t present many differences. In both age ranges, they 
occur as a result of intense, acute events, and the degree to 
which the injury presents itself is more correlated with the in-
tensity of the activity in which the pulley was injured rather 
than the physiological anatomy of the aging hand.

Although acute FFPS injuries are the most common type of 
injury in the rock-climbing community as a whole, epiphyseal 
growth plate injuries (EPGIs) are incredibly common among 
adolescent athletes.6

Unlike FFPS injuries, EGPIs are typically a result of repeti-
tive use rather than an acute event. As noted above, epiphyseal 
growth plates are made up of chondrocytes that secrete carti-
lage matrix. This phase of bone formation is highly important 
to hand development in adolescents. The problem arises when 
adolescents experience repetitive mechanical stress as a result 
of intense training. Repetitive mechanical stress is thought to 
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Figure 1: The Finger Flexor Pulley System is made up of five annular pulleys 
labeled as A1-A5 and three cruciate pulleys labeled as C1-C3. The FDS and 
FDP flexor tendons are contained within the lubricated tendon sheath.2

Figure 2: Bowstringing is depicted by the flexor tendon being unnaturally far 
from the bone. A greater distance between the flexor tendon and the proximal 
phalanx results in a loss of mechanical torque.2
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disrupt blood supply to the physis of the hand, and therefore 
hypertrophied chondrocytes struggle to mineralize cartilage.3 
Based on these findings, it is proposed that growth plates 
become more fragile and prone to fracture, explaining why ad-
olescents are more prone to these kinds of injuries.

Growth plate fractures can be classified using the Salt-
er-Harris classification system. A Salter-Harris fracture refers 
to a fracture in the growth plate that can be classified as one 
of 5 types, with types 1 and 3 being the most common among 
rock climbers.6-11 A type 1 is when the break occurs straight 
through the growth plate at the proximal phalanx, and a type 
3 is when the break extends through the growth plate to the 
end of the bone. (See Figure 3) Both these injuries can cause a 
great amount of stiffness, swelling, restricted range of motion, 
and pain in the target area.11

Furthermore, a diagnostic study done with 57 male climb-
ers and 38 female climbers presented 137 injuries across the 
body. Of the entire catalog, 45.3% of the injuries were growth 
plate injuries, with males making up the majority. Although 
the diagnosis was done with more male than female climbers, 
evidence supports that males are even more prone to EPGIs 
than females, especially when considering that they have open 
growth plates for a longer period of time than females, as men-
tioned above.12

�   Chronic Developments 
As mentioned above, it has been observed that over the 

course of a person’s climbing career, their cortical bones tend 
to broaden at the joint base of their fingers to adapt to the 
intense rigor of the sport.5 Evidence of cortical hypertrophy 
supports the notion that climbers’ hands undergo adaptive 
changes, but it is unclear whether changes can be pathologic 
beyond injury. The most common example is the development 
of the condition osteoarthritis, a disease process that causes a 
breakdown of cartilage that can result in pain, swelling, de-
creased range of motion, difficulty gripping, or a decrease in 
pinch strength.13 Across a vast amount of research, there ap-
pears to be an uncertainty in the risk of adolescent climbers 
developing osteoarthritis.

In one case, climbers as young as 20 years old have been 
radiographed and shown signs of osteoarthritis, while a group 
of tested Swiss climbers in the age range of 10-17 years 
showed no signs of the condition despite a climbing career 
of up to 7 years.4 A reasonable hypothesis is that the adoles-
cent climbers have not had a long enough climbing career for 
these pathological changes to occur. Of course, as mentioned 
above, cortical hypertrophy is still present, but these changes 
are adaptive rather than pathologic.

In another study, this hypothesis that adolescent climbers 
have not climbed long enough for pathological changes to 
occur is supported regarding investigating the development 
of osteophytes, bony outgrowths at the base of bone, most 
commonly found at the DIP.7 It was suggested that base os-
teophytes start forming in the first 15 years of a rock climber’s 
career. After reexamining the patients 10 years later, it was 
observed that the already present osteophytes progressed to 
such a point that they can be considered symptoms of osteo-
arthritis.7 This data suggests that, along with adaptive cortical 
hypertrophy, base osteophytes develop over the course of a 
climber’s career. However, whereas cortical hypertrophy oc-
curs as an adaptive measure, base osteophytes slowly progress 
during the first 15 years of a climber’s career in an insignificant 
way. After this time period, osteophytes manifest themselves as 
radiographic signs of osteoarthritis.

To summarize, an adolescent climber may go a long way in 
their career without experiencing any of the injuries mentioned 
above, such as an EPGI or FFPI, but along with adaptive 
changes their hands and fingers undergo, pathological changes 
may develop along with them. This does not mean that ad-
olescents develop osteoarthritis during this age, but rather it 
should not be surprising for the condition to manifest itself 
more prolifically later in a climber’s career. Time is always a 
factor, but there is still the question of the minority group that 
contracts osteoarthritis at such a young age.

In addition to slow-rate osteoarthritis developing with base 
osteophytes over a long period of time, EGPIs contracted un-
der intense training measures, such as campus boarding, are 
another way for osteoarthritis to occur. As mentioned above, 
radiographic evidence is the most common and most efficient 
way to diagnose a case of osteoarthritis. Doctors use the Kell-
gren-Lawrence Classification system to assign the subject 
bone a grade from 0-4, with a grade 0 signifying no evidence 
of osteoarthritis and a grade 4 signifying severe osteoarthritis. 
Doctors make this conclusion by searching for the presence of 
osteophytes, joint space narrowing, and any bone deformity.15

In the study done on the German Junior National Team 
mentioned above, there was only one case of osteoarthritis, 
and it so happens that the climber experienced an epiphy-
seal growth plate fracture. In addition, the climber was also 
reported to have engaged in intense campus board training. 
This presents the hypothesis that EGPIs may be a cause for 
early-onset osteoarthritis, and the EPGI itself may be a result 
of intense training. Moreover, if osteoarthritis does not present 
itself immediately after the injury, it has been observed in some 
cases that it still presents itself up to 10 years later.5-10
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Figure 3: Salter-Harris breaks the visualized diagram. The red band indicates 
the growth plate. Type 1 is a fracture that goes through the growth plate, 
separating the end of the bone from the growth plate. Type 2 is a fracture that 
goes through the growth plate and extends into the metaphysis (below the 
red band). Type 3 is a fracture that goes through the growth plate and extends 
into the epiphysis (above the red band). Type 4 is a fracture that extends 
through the growth plate, metaphysis, and epiphysis. Type 5 is a fracture that 
compresses or crushes the growth plate.19
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Salter-Harris fractures can be treated conservatively in a 
non-surgical manner as long as a correct diagnosis is made at 
an early enough point. Splinting the finger into one position to 
allow the bone to heal is the most common method of rehabil-
itation for around 3 months. In one case, a patient went many 
months without consulting a doctor about finger pain, and the 
result was severe osteoarthritis.17 This leads me to conclude 
that, in addition to the climber following through with immo-
bilizing the finger to ensure proper healing, a correct diagnosis 
from a doctor early on is vital in preventing any long-term ef-
fects, such as osteoarthritis.

�   Outlook 
Rock climbing is a high-risk sport that constantly puts ath-

letes at risk of injury, especially with its growing population of 
both adult climbers and youth climbers.1-3 The purpose of this 
paper was to dive into the specifics of finger injuries, with a 
focus on their presence in adolescent climbers.

Injuries to the finger flexor pulley system are common in 
climbers of all ages, and injuries to epiphyseal growth plates are 
exclusive to adolescents.2,3 Both injuries are caused by excessive 
load placed on the fingers as a result of the intense biomechan-
ics needed to generate force.2 FFPS injuries happen in a single 
acute event in which the intense load causes a pulley to sprain, 
tear, or rupture. This decreases the amount of support holding 
the flexor tendon to the bone, causing the finger to lack stabil-
ity and strength while climbing.2

After a critical review of literature regarding the body’s devel-
opment phase during the adolescent stage of life, I concluded 
that the body prioritizes growth rather than reinforcement, 
causing the fingers to be more brittle as the bone develops. 
EPGIs happen as a result of repetitive stress to the fingers that 
eventually fractures the growth plate while it is fragile.3 It is 
normalized for adolescent climbers to engage in rigorous train-
ing methods such as hangboarding, but such training methods 
put a great deal of stress on the fingers.5

This paper also explored the conditions under which climb-
ers end up developing more serious pathological chronic issues, 
such as osteoarthritis. Climbers’ fingers undergo a great deal of 
cortical hypertrophy as an adaptive measure to bear with the 
intense load they experience, but bony outgrowths along the 
base of the bone, called osteophytes, also start developing along 
the first 15 years of a climber’s career.5 These osteophytes can 
grow to the point of causing symptoms of osteoarthritis with-
out the climber ever experiencing any injury.13 In the case of an 
EPGI, osteoarthritis may manifest itself sooner in a climber’s 
career.5

To effectively treat these injuries, a proper diagnosis and re-
covery plan are essential. For FFPS injuries, anything under 
a grade 4 injury can be approached conservatively with time 
and taping to help heal.8 Grade 4 injuries with multiple pulley 
ruptures need to be approached surgically.16 For EPGIs, it is 
important to diagnose first with x-ray imaging and then treat 
the injury with adequate rest time till the climber is pain-free. 
If there is no visible fracture on an X-ray but the climber still 
feels pain, a CT scan can give a clearer picture to visualize the 
break.17 The climbers should avoid putting any stress on the 

Another study over the course of a 4-year period examining 
EGPIs of adolescent climbers reported that almost half of the 
athletes trained on campus boards. The question of wheth-
er or not campus boarding in particular is the root cause of 
EPGIs and, therefore, some cases of osteoarthritis is now pres-
ent. Above, I mentioned that EPGIs are typically the result 
of repetitive overuse injuries, and this remains the case with 
campus boarding. However, campus boarding is a special type 
of training most commonly used to build raw finger strength 
and, therefore, adds to the already intense load being placed on 
the fingers during normal climbing sessions. In summary, in-
tense training that puts the growth plates at risk of injury, such 
as campus boarding or heavy reliance on crimping, can lead to 
EPGIs. These, in turn, have a high likelihood of manifesting 
into osteoarthritis via the Kellgren-Lawrence scale.6

�   Diagnosis and Rehabilitation 
Like any other sport, athletes who have experienced any 

sort of finger injury should prioritize proper rehabilitation and 
healing before returning to climbing. To indicate a fully healed 
finger, an athlete must be pain-free, have a full/close-to-full 
range of motion, have minimal swelling, and have qualitative 
radiographic data that proves complete internal healing.6 Be-
fore designing a proper recovery program for climbers, it is 
vital for doctors to properly identify the kind of injury as well 
as the severity.

For the FFPS, grade 1-3 injuries can be approached non-sur-
gically with taping methods and specified weeks of rest. Taping 
with methods such as H-tape helps reduce bowstringing in the 
A2 by up to 50%.8 Grade 1-2 injuries can heal in 6 weeks, and 
taping for an additional 3 months is recommended after the 
athlete begins climbing again. For a Grade 3, immobilization 
of the finger with a splint or ring is recommended for up to 2 
weeks before carrying out the same process as a Grade 1-2. As 
for Grade 4 injuries, surgery is the best course of action. Graft-
ing tissue is an efficient way of repairing a ruptured pulley or 
tendon, and the return-to-climb protocol remains the same in 
ensuring complete healing.16

For EPGIs, X-ray should be the priority, but it is important 
to note that fractures may take a few months to show up on 
an X-ray.17 In this study, with 28 climbers, many came into the 
clinic with finger pain but did not actually have a visible frac-
ture present. The pain without a visible break can be concluded 
as early-stage EPGI, in which the bone starts to atrophy and 
becomes brittle as a result of intense training. In this case, it 
is recommended for doctors to follow up with their patients 
for 2-3 months until the patient has no pain. In this way, we 
prevent the development of an actual stress fracture.18

In the case of a visible fracture, CT scans are the most ef-
fective radiographs in assessing damage. Although both MRIs 
and CT scans are promising diagnostic techniques, MRIs are 
not well-suited to depict the full severity of the injury. CT 
scans present a much more accurate image of the injury, but 
both scans are costly in the medical industry. To compensate, 
it is suggested that CT scans are only ordered if doctors are 
unable to determine if the bone is healing with only X-rays.17
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finger until they are completely pain-free, and treatment is 
typically conservative, involving splinting the finger into one 
position.

In both adolescent and mature rock-climbing athletes, 
thickening of the cortical bone occurs as an adaptive measure 
to the intense load placed on the fingers. However, because of 
the adolescent body’s priority on growing and developing, they 
are more prone to growth plate injuries. In addition, younger 
athletes should be cautious of rigorous training methods such 
as campus boarding, for it can increase the chances of getting 
injured. To ensure an injury has the highest likelihood of suc-
cessful healing without developing into a pathologic chronic 
condition such as osteoarthritis, a correct diagnosis of the in-
jury and a proper recovery plan are essential. The top priority 
is ensuring the climber has no pain, and climbing should be 
fully put on hold or severely limited in time and intensity till 
pain subsides. Many finger injuries can be treated conserva-
tively with either taping or splinting, and surgical repair should 
be considered in cases of severe ruptures or breaks. Altogether, 
youth climbers should be consistent in warming up proper-
ly to minimize the risk of injury, and any injuries should be 
approached carefully to ensure a long-lasting climbing career.
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ABSTRACT: This study examines the role of peer influence in adolescent substance use, focusing on two key dimensions: 
peer substance use exposure and peer cohesion. Research presents contrasting views on the effects of peer cohesion. Identity-
related theories suggest a positive association, arguing that strong peer cohesion amplifies the perceived rewards of substance 
use. In contrast, social isolation studies propose a negative relationship, suggesting that peer cohesion alleviates stress, thereby 
reducing substance use risk. Using a nationally representative U.S. sample of adolescents (N = 6,051), this study investigates 
factors influencing substance use in young adulthood. The findings indicate that peer substance use exposure significantly increases 
adolescent substance use, consistent with behavioral and identity-based theories. However, the effect of peer cohesion varies by 
substance type. It is positively associated with "soft drug" use, which is more socially accepted, but negatively associated with "hard 
drug" use, which carries greater stigma. These results suggest that the seemingly conflicting predictions of peer influence and social 
isolation theories can be reconciled by accounting for the social acceptability of different substances.  

KEYWORDS: Biomedical and Health Sciences, Other, Adolescent Substance Use, Peer Influence, Peer Cohesion. 

�   Introduction
An alarming 6,694 adolescents in the United States lost 

their lives to substance misuse in 2022.1 Notably, between 2019 
and 2020, the rate of substance overdose deaths among ado-
lescents surged by 94%, compared to a 30% increase across the 
general population.2 Due to the incomplete maturation of the 
adolescent brain, individuals in this developmental stage are 
more prone to risk-taking behaviors and heightened sensitivity 
to peer influence, thereby increasing their susceptibility to sub-
stance use.3-6 Despite the stark increase in adolescent substance 
overdose deaths, current research has yet to uncover the under-
lying causes contributing to this rise fully. This gap underscores 
the urgent need for further research to develop more effective 
prevention strategies for this vulnerable population.

Peer Influence on Substance Use:
The widespread prevalence of substance use among ad-

olescents can be attributed to factors such as peer pressure, 
amplified by the pervasive influence of social media.7 Although 
peer influence (also referred to as peer socialization or peer 
contagion effects)8 can affect all demographics, it has a partic-
ularly strong impact on adolescents, as it coincides with critical 
developmental periods.7,9

Most existing theories of peer influence draw upon both be-
havioral and identity-related frameworks.7 From a behavioral 
perspective, peer influence is grounded in social learning theo-
ry, which posits that individuals are likely to replicate behaviors 
observed in their peers, particularly when those behaviors are 
socially rewarded.10 This modeling behavior plays a crucial role 
in socialization, fostering friendships with individuals who 
actively shape behaviors and attitudes. The concept of social 
learning, or behavioral contagion, is especially pertinent during 
adolescence, as peers often serve as key reference groups, more 
influential than adults. This dynamic is highly relevant in con-

texts such as substance use. For instance, adolescents are more 
likely to mirror their peers' substance use, such as consuming 
alcohol or cigarettes, particularly when such actions are per-
ceived as socially rewarding and associated with popularity 
within their peer groups.11  

From an identity-focused perspective, theories propose 
that conforming to peer influence plays a significant role in 
enhancing self-esteem and fostering a positive self-concept.7 
During adolescence, the approval, feedback, and sense of be-
longing provided by peers are pivotal in shaping self-esteem 
and identity development.9 Adopting the behaviors and atti-
tudes of valued peers can yield intrinsic rewards, as it reinforces 
a favorable self-image and strengthens feelings of social inclu-
sion.9,12-15 In the context of substance use, adolescents whose 
close peers engage in such behaviors may perceive activities like 
drinking alcohol or smoking cigarettes as a way to strengthen 
their bonds with admired peers and enhance their self-image. 
This notion is further substantiated by developmental neuro-
science research.16

In addition to mirroring peer substance use, peer cohesion 
represents another critical dimension of peer influence. Defined 
as the sense of support and connectedness individuals experi-
ence within their peer group or social network,17 peer cohesion 
may influence adolescent substance use in two ways: either as 
a facilitator or as a protective buffer. Identity-related theories 
suggest that peer cohesion may promote substance use among 
adolescents when behaviors like smoking or drinking are asso-
ciated with favorable attributes, such as projecting a "cool" or 
"mature" image.18 In such cases, strong peer cohesion may am-
plify intrinsic rewards and enhance adolescents' self-perception 
through substance use. This dynamic fosters an environment 
where adolescents engage in substance use to strengthen their 
social identity and affirm their status within the peer group. 
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Consequently, identity-related theories predict a positive asso-
ciation between peer cohesion and substance use.

Conversely, research on social isolation suggests that elevat-
ed levels of peer cohesion can act as a protective buffer against 
stress, thereby reducing the likelihood of engaging in substance 
use.17 These studies have demonstrated that adolescents expe-
riencing social isolation are at a heightened risk of substance 
use, including behaviors such as cocaine self-administration 
and amphetamine or nicotine-induced locomotor activity.19 
This connection is largely attributed to the stress triggered by 
social isolation, which can drive adolescents to use substances 
as a coping mechanism. Stress is not only a risk factor for the 
initiation of substance use but also contributes to its main-
tenance and escalation over time.20 Therefore, social isolation 
theories predict a negative association between peer cohesion 
and substance use. 

Gaps in the Literature:
Research on peer influence and social isolation reveals two 

contrasting perspectives regarding the relationship between 
peer cohesion and adolescent substance use. Identity-related 
theories and studies on social isolation have independently 
explored the roles of peer influence in shaping substance use 
behaviors. However, few studies have addressed the contra-
dictory implications of these perspectives. On the one hand, 
identity-related theories suggest a positive relationship be-
tween peer cohesion and substance use. Strong peer cohesion 
may amplify intrinsic rewards for behaviors such as smoking 
and drinking, as these activities are often viewed favorably 
within adolescent peer groups. On the other hand, research on 
social isolation proposes a negative relationship, arguing that 
greater peer cohesion reduces social isolation, which in turn 
may lower the likelihood of substance use. Given the rising 
prevalence of substance use among adolescents, it is crucial to 
explore the nuanced correlations between peer cohesion and 
substance use. This approach could offer a deeper understand-
ing of the social contexts contributing to substance misuse 
among this high-risk group. 

Furthermore, much of the existing research has narrowly fo-
cused on a single substance, overlooking the broader spectrum 
of substances adolescents may use.21,22 Examining the impact 
of peer cohesion across a variety of substances is essential, as 
different substances vary in their popularity and social accept-
ability among adolescents. For instance, smoking and drinking 
might be perceived as socially acceptable or even "cool" behav-
iors, whereas using substances like cocaine may be stigmatized. 
This study seeks to examine the impact of peer cohesion on a 
diverse range of substances to reconcile the seemingly conflict-
ing predictions from these two streams of research.

Hypothesis:
Drawing on prior research, I have developed the following 

research questions and hypotheses.
First, I will examine whether peer cohesion of adolescents 

is associated with substance use. Based on the literature on 
behavioral and identity-related theories and social isolation 

theory, I formulate a null hypothesis that reflects two compet-
ing theoretical perspectives. 

H1: Peer cohesion is not associated with substance use in 
adolescents. 

Second, I will examine whether peer substance use exposure 
is associated with adolescent substance use.

H2: Peer substance use exposure is positively associated 
with the substance use of adolescents.

�   Methods
The Add Health study includes approximately 20,000 

nationally representative young adults and examines the influ-
ence of health behaviors from adolescence to early adulthood. 
The Institutional Review Board (IRB) at the University of 
North Carolina-Chapel Hill reviewed and approved the study, 
with written consent secured for each phase of data collection. 
Participants were initially surveyed while in grades 7 to 12 in 
1995 and have been followed through four additional waves of 
data collection, concluding in 2018. This study focused on the 
first wave of the Add Health dataset in 1995 out of the five 
available waves, as it includes information on adolescents' sub-
stance use, peer cohesion, and their peers' substance use. The 
publicly available dataset for Wave I includes data from 6,504 
respondents, representing about one-third of the full sam-
ple. At the time of data collection, the respondents in Wave 
I were between 12 and 21 years old. To focus specifically on 
adolescent substance use, I restricted the sample to individuals 
aged 12 to 18, thereby excluding 453 respondents aged 19 to 
21. As a result, the final analytical sample consists of 6,051 
respondents.

Substance use (cigarettes, alcohol, cocaine, inhalants). Adoles-
cent substance use, defined as the tendency for adolescents 
to use substances such as alcohol, was measured through re-
sponses to four types of questions, each addressing a different 
substance: cigarettes, alcohol, cocaine, and inhalants. Partic-
ipants were asked if they had ever tried cigarette smoking, 
whether they had consumed alcohol more than two or three 
times in their life, and the age at which they first tried cocaine 
or inhalants, with an option to indicate if they had never used 
these substances. The first two questions capture adolescents' 
substance use related to cigarettes and alcohol, represented as 
binary indicator variables. For the last two questions, which 
measure substance use involving cocaine and inhalants, age re-
sponses are converted into binary indicators.

Peer cohesion. Peer cohesion refers to the sense of support 
and care individuals perceive from their peers. In Wave I of 
the Add Health study, this was assessed through adolescents' 
responses to the question about how much they felt their peers 
cared about them. This question showcases peer cohesion by 
asking how cared-for individuals feel within their social group, 
reflecting their perceived support and belonging as measured 
on a 5-point Likert scale. In addition to peer cohesion, this 
study also incorporates adult care, which represents the sup-
port and care adolescents perceive from adults, such as parents 
and teachers. This variable is recognized as a critical protective 
factor against adolescent substance use. In the Add Health 
study, adult care was assessed through responses to a question 
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about how much they felt adults cared about them. Including 
this variable allows us to account for broader social and rela-
tional protective factors beyond peer cohesion.  

Peer substance use exposure. Peer substance use exposure re-
fers to the influence and relationships that peers may have 
on an individual’s substance use behaviors. In Wave I of the 
Add Health study, peer substance use exposure was assessed 
through adolescents' responses to questions regarding their 
three closest peers: how many smoked at least one cigarette per 
day and how many consumed alcohol at least once a month. 
These questions effectively capture peer substance use ex-
posure by focusing on the behaviors of the adolescents’ close 
peers. This information provides a foundation for exploring 
potential links to peer influence.

�   Results and Discussion 
The mean, standard deviation, minimum, and maximum 

values for the participants' scores are provided in Table 1, 
which also reports the percentages of substance use among ad-
olescents. Smoking cigarettes and drinking alcohol are often 
classified as soft drugs because those substances are generally 
perceived to have a lower potential for addiction, abuse, and 
harmful physical or mental effects compared to hard drugs. 
In contrast, cocaine and inhalants are typically categorized 
as hard drugs. While inhalants are readily available and may 
be legal for their intended purposes, their substantial health 
dangers and high likelihood of addiction often place them in 
the hard drug category. Descriptive statistics in Table 1 sup-
port these classifications, showing that 55.1% of adolescents 
reported smoking and 54.3% reported drinking, whereas only 
4.6% reported using cocaine, and 7.3% reported using inhal-
ants. These results highlight the higher prevalence of soft drug 
use among adolescents compared to the lower prevalence of 
hard drug use. The mean age of participants is approximately 
16 years, with ages ranging from 12 to 18. In terms of race, 
the majority of respondents are Caucasian, comprising 66.4% 
of the sample, while African American respondents make up 
24.9%. The sample also includes 3,139 females (51.9%) and 
2,912 males.

The correlations between the primary variables of interest 
(dependent variables and main independent variables, ex-
cluding control variables) are presented in Table 2. The use 
of substances such as smoking, drinking, cocaine, and inhal-
ants exhibits positive associations. Among these, smoking and 
drinking exhibit stronger correlations with each other, while 
cocaine and inhalants are also closely associated. The univariate 
analysis of substance use and peer cohesion reveals noteworthy 
findings. While peer cohesion shows a positive but nonsignifi-
cant association with soft drugs, such as smoking and drinking, 
it exhibits a negative and significant association with hard 
drugs, including cocaine and inhalants. Peer substance use 
exposure, specifically smoking and drinking, is positively and 
significantly correlated with smoking and drinking behaviors. 
Although the Wave I survey did not collect data on peer use of 
cocaine and inhalants, peer smoking and drinking are positive-
ly and significantly associated with the use of these hard drugs.
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Table 1: Descriptive statistics.This table reports the descriptive statistics for 
substance use, peer cohesion, peer substance use exposure, and demographic 
variables.

Table 2: Correlations among the interest variables. This table reports the 
correlations among substance use, peer cohesion, and peer substance use 
exposure. The correlation coefficient is displayed in bold if its significance level 
is at or below 10 percent.

Table 3: Regression analysis of peer influence on adolescent substance use. 
This table reports the regression results of peer influence and adolescent 
substance use. Peer cohesion is positively associated with soft drug use 
but negatively associated with hard drug use. Z-statistics are presented in 
parentheses. Standardized Betas are presented in the third row. *** p<0.01, ** 
p<0.05, * p<0.1.

Panel A. Model 1: Control variables
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average marginal effect of peer smoking equal to 0.164 (p < 
0.001) and that of peer drinking equal to 0.180 (p < 0.001). 

To further examine the protective effects of different so-
cial relationships, we include adult care as a control variable, 
allowing for a comparison of the influence of peer cohesion 
and peer cohesion with that of adult care in mitigating ado-
lescent substance use. Unlike peer cohesion, adult care exhibits 
a consistently negative impact on all forms of substance use, 
suggesting that greater adult care effectively reduces substance 
use among adolescents. These findings emphasize the distinct 
and contrasting influences of peer and adult relationships on 
adolescent substance use. 

Peer substance use exposure is positively associated with 
substance use among adolescents, which is consistent with the 
univariate correlation results. I do not include peer substance 
use for cocaine and inhalants because the Wave I survey did not 
collect data on peer use of cocaine and inhalants. Age-related 
findings reveal that as adolescents grow older, they become 
more likely to engage in smoking, drinking, and cocaine use, 
whereas inhalant use decreases with age. Challenging perceived 
stereotypes, Caucasian adolescents appear more susceptible to 
substance use (except for inhalants), whereas African Ameri-
can adolescents report lower rates of substance use across all 
categories. Female adolescents are less likely than their male 
counterparts to use hard drugs, but there is no significant dif-
ference between genders in the use of soft drugs.

Given the significant main effects of race and gender, I ex-
amine whether the effect of peer cohesion varies across these 
characteristics by introducing interaction terms in Table 4. 
Building on the baseline specification in Table 3, I include in-

Table 3 reports the results of the hierarchical logistic regres-
sion analyses, which build on the univariate evidence presented 
in Table 2. Rather than estimating a single logistic model, Ta-
ble 3 presents a stepwise hierarchical specification to illustrate 
how explanatory power evolves as key variables are introduced. 
Panel A reports Model 1, which includes only control vari-
ables, while Panel B reports Model 2, which adds the main 
variables of interest alongside the controls. Across all four out-
comes, the inclusion of the main explanatory variables leads to 
substantial increases in model fit, as reflected in the pseudo R² 
values, highlighting the importance of peer influence in shap-
ing adolescent substance use. In particular, the pseudo R² for 
the smoking regression in column (1) increases from 0.0453 
to 0.132, while the pseudo R² for the drinking regression in 
column (2) rises from 0.0641 to 0.212. The pseudo R² values 
for the cocaine and inhalant regressions in columns (3) and (4) 
also increase, although to a lesser extent.

Overall, the multivariate regression results reveal that peer 
cohesion has a positive influence on the use of soft drugs, such 
as smoking and drinking, among adolescents. Conversely, peer 
cohesion has a negative influence on the use of hard drugs, in-
cluding cocaine and inhalants, highlighting its complex role in 
substance use behaviors. The estimated average marginal effect 
of peer cohesion on smoking is 0.018 (p = 0.023), indicating 
that higher peer cohesion increases the likelihood of smoking 
by approximately 1.8 percentage points. The corresponding 
marginal effect for drinking is 0.014 (p = 0.073). In contrast, 
peer cohesion is associated with lower probabilities of hard 
drug use, with marginal effects of −0.008 for cocaine use (p = 
0.010) and −0.010 for inhalant use (p = 0.017). In comparison, 
peer substance use exhibits substantially larger effects, with the 
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Panel B. Model 2: Main interest variables

Table 4: Regression analysis of the interaction between peer influence and 
race and gender. This table reports regression results examining interaction 
effects between peer influence and race and gender. None of the interaction 
terms is statistically significant. Z-statistics are presented in parentheses. 
Standardized Betas are presented in the third row. *** p<0.01, ** p<0.05, * 
p<0.1.
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ing a positive association between peer substance use exposure 
and adolescents’ substance use. 

Regarding the relationship between peer cohesion and 
substance use, existing research offers competing predic-
tions. Identity-related theories suggest a positive relationship, 
positing that peer cohesion amplifies the intrinsic rewards 
of engaging in socially accepted substance use. In contrast, 
studies on social isolation propose a negative relationship, 
arguing that stronger peer cohesion reduces social isolation, 
thereby decreasing the likelihood of substance use. Analysis 
of the data does not exclusively support one perspective, but 
it demonstrates that both perspectives are valid, depending 
on the specific substance being examined. Peer cohesion is 
positively associated with the use of "soft drugs," which are 
more socially accepted among adolescents. Conversely, it is 
negatively related to the use of "hard drugs," which carry a 
stronger stigma. These findings suggest that the seemingly 
conflicting expectations from the two research streams can be 
reconciled by considering the differing social acceptability of 
various substances. Peer cohesion influences adolescent drug 
use in contrasting ways. For example, it encourages the con-
sumption of soft drugs due to their social acceptance within 
peer groups, while simultaneously discouraging the use of hard 
drugs because of their stigmatized status among adolescents. 
This dichotomy reflects the complex interplay between peer 
influence and drug perception in youth social dynamics. Addi-
tionally, the findings challenge prevailing stereotypes, showing 
that African American adolescents exhibit lower rates of sub-
stance use compared to their Caucasian counterparts.

This study has several limitations. First, it relied solely on 
cross-sectional data and only included data from the first 
wave, in which participants were adolescents. Additionally, 
contextual factors, such as neighborhood characteristics or 
socioeconomic status (SES), were neither measured nor con-
trolled for in the analysis. Furthermore, parental substance use 
was not assessed, which may have either positively or negative-
ly influenced adolescent substance use outcomes.
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teractions between peer cohesion and indicators for Caucasian, 
African American, and Female. Across all four regressions, 
none of the interaction terms is statistically significant. These 
results suggest that although peer cohesion and race or gender 
independently influence adolescent substance use, the effect of 
peer cohesion does not differ systematically by race or gender.

We demonstrate significant peer influence on adolescent 
substance use above. We further investigate peer influence as 
these respondents transition into adulthood, using longitudi-
nal data from Wave V, administered between 2016 and 2018, 
when they were between 34 and 41 years old. Table 4 presents 
the results of a multiple hierarchical logistic regression anal-
ysis examining peer influence on adult substance use. While 
peer influence is significant during adolescence, peer cohesion 
is not significantly associated with substance use in adulthood. 
However, the results indicate that Teen_Substance (adolescent 
substance use) is positively associated with adult substance use. 
This finding suggests that adolescents who engage in sub-
stance use are more likely to continue using substances into 
adulthood. 

�   Conclusion 
Between 2019 and 2020, adolescent substance use deaths 

rose by a staggering 94%, bringing attention to the roles of 
peer cohesion and peer substance use exposure as significant 
contributing factors. According to social learning theory, ad-
olescents are likely to replicate behaviors exhibited by their 
peers, particularly when those behaviors are socially rewarded. 
It is expected that adolescents are more likely to mimic their 
peers' substance use when they have close friends who engage 
in such behaviors. The results confirm this expectation, show-
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Table 5: Regression analysis of peer influence on adult substance use. This 
table reports the regression results of peer influence and adult substance use. 
Peer cohesion is not associated with substance use in adults. Z-statistics are 
presented in parentheses. Standardized Betas are presented in the third row. 
*** p<0.01, ** p<0.05, * p<0.1.

ijhighschoolresearch.org



	 68	

�   References
1. Centers for Disease Control and Prevention (CDC). Mortali-

ty trends and patterns: United States, 2022. National Center for 
Health Statistics, Data Brief No. 522. 2024. https://www.cdc.gov/
nchs/products/databriefs/db522.htm.

2. Centers for Disease Control and Prevention (CDC). Notes from 
the field: Increase in pediatric emergency department visits related 
to mental health conditions during the COVID-19 pandemic—
United States, 2020–2021. MMWR. Morbidity and Mortality 
Weekly Report 2022;71(50):1654-1656.

3. Burke AR, McCormick CM, Pellis SM, Lukkes JL. Impact of ado-
lescent social experiences on behavior and neural circuits implicated 
in mental illnesses. Neuroscience & Biobehavioral Reviews 2017; 
76:280-300.

4. Destinations. Why teens are more susceptible to drug addiction? 
Destinations Blog 2024; Sep 2. https://www.destinationsforteens.
com/destinations-blog/why-teens-are-more-susceptible-to-drug-
addiction.

5. Larsen B, Luna B. Adolescence as a neurobiological critical period 
for the development of higher-order cognition. Neuroscience & 
Biobehavioral Reviews 2018; 94:179-195.

6. Lisdahl KM, et al. Adolescent Brain Cognitive Development 
(ABCD) study: Overview of substance use assessment methods. 
Developmental Cognitive Neuroscience 2018; 32:80-96.

7. Giletta M, Choukas-Bradley S, Maes M, Linthicum KP, Card 
NA, Prinstein MJ. A meta-analysis of longitudinal peer influ-
ence effects in childhood and adolescence. Psychological Bulletin 
2021;147(7):719-747.

8. Dishion TJ, Tipsord JM. Peer contagion in child and adolescent 
social and emotional development. Annual Review of Psychology 
2011; 62:189-214.

9. Brechwald WA, Prinstein MJ. Beyond homophily: A decade of 
advances in understanding peer influence processes. Journal of Re-
search on Adolescence 2011;21(1):166-179.

10. Helms SW, Choukas-Bradley S, Widman L, Giletta M, Cohen 
GL, Prinstein MJ. Adolescents misperceive and are influenced by 
high-status peers’ health risk, deviant, and adaptive behavior. De-
velopmental Psychology 2014; 50(12):2697-2714.

11. Dishion TJ, Spracklen KM, Andrews DW, Patterson GR. De-
viancy training in male adolescent friendships. Behavior Therapy 
1996;27(3):373-390.

12. Berger S, Christandl F, Bitterlin D, Wyss AM. The social insec-
tivore: Peer and expert influence affect consumer evaluations of 
insects as food. Appetite 2019; 141:104338.

13. Blanton H, Köblitz A, McCaul KD. Misperceptions about norm 
misperceptions: Descriptive, injunctive, and affective “social norm-
ing” efforts to change health behaviors. Social and Personality 
Psychology Compass 2008;2(3):1379-1399.

14. Gibbons FX, Helweg-Larsen M, Gerrard M. Prevalence estimates 
and adolescent risk behavior: Cross-cultural differences in social in-
fluence. Journal of Applied Psychology 1995;80(1):107-121.

15. Prentice DA, Miller DT. Pluralistic ignorance and alcohol use 
on campus: Some consequences of misperceiving the social norm. 
Journal of Personality and Social Psychology 1993;64(2):243-256.

16. Sherman LE, Payton AA, Hernandez LM, Greenfield PM, Da-
pretto M. The power of the like in adolescence: Effects of peer 
influence on neural and behavioral responses to social media. Psy-
chological Science 2016;27(7):1027-1035.

17. Copeland M, Kamis C. Who does cohesion benefit? Race, gender, 
and peer networks associated with adolescent depressive symptoms. 
Journal of Youth and Adolescence 2022;51(9):1787-1797.

18. Watson NA, Clarkson JP, Donovan RJ, Giles-Corti B. Filthy or 
fashionable? Young people’s perceptions of smoking in the media. 
Health Education Research 2003;18(5):554-567.

19. Noschang C, Lampert C, Krolow R, De Almeida RMM. Social 
isolation at adolescence: A systematic review on behavior related to 
cocaine, amphetamine, and nicotine use in rats and mice. Psycho-
pharmacology 2021;238(4):927-947.

20. Aguilar MA, García-Pardo MP, Montagud-Romero S, Miñarro J, 
Do Couto BR. Impact of social stress in addiction to psychostimu-
lants: What we know from animal models. Current Pharmaceutical 
Design 2013;19(40):7009-7025.

21. Leung RK, Toumbourou JW, Hemphill SA. The effect of peer 
influence and selection processes on adolescent alcohol use: A sys-
tematic review of longitudinal studies. Health Psychology Review 
2014;8(4):426-457.

22. Liu J, Zhao S, Chen X, Falk E, Albarracín D. The influence of 
peer behavior as a function of social and cultural closeness: A me-
ta-analysis of normative influence on adolescent smoking initiation 
and continuation. Psychological Bulletin 2017;143(10):1082-1115.

�   Author
Chloe Lee is a junior at Gilbert High School in Ames, 

Iowa. She became interested in the connection between social 
interactions and substance use after observing how peer envi-
ronments shape teen decision-making. Her research compares 
two leading theories on social behavior and substance abuse, 
highlighting the importance of prevention and early interven-
tion. Beyond her academic interests, Chloe is passionate about 
contributing to her community through volunteer work.

DOI: 10.36838/IJHSR810.63

ijhighschoolresearch.org



© 2026 Terra Science and Education	 69	

Investigating the Quality of Biodiesel Synthesized from Used 
Cooking Oils     

Navaj Nune        
Hanford High School, 450 Hanford St, Richland, WA, 99354, USA; navaj.nune@gmail.com 

ABSTRACT: Biodiesel, an alternative to fossil-derived diesel, offers numerous advantages and is produced from used oils 
through a transesterification reaction. In a transesterification reaction, the triglyceride molecules of oil break down into glycerin 
and three fatty acid esters (biodiesel). This process for generating biodiesel is relatively simple and cost-effective. Biodiesel contains 
oxygenated species (esters) and variable unsaturation; hence, the cetane numbers technique is commonly used but cannot directly 
quantify biodiesel quality. In this project, I used a transesterification reaction to produce seven different biodiesels from used oils. 
My goal in this project was to investigate various characterization analytical tools to analyze biodiesel quality and identify suitable 
feedstock for producing high-quality biofuel. I used proton NMR measurements to determine the quality of biodiesel. The ratio 
of ester protons to unsaturation protons was used to estimate the number of double bonds of freshly prepared and air-treated 
biodiesels. NMR results revealed that the biodiesel derived from restaurant frying oil is stable to oxidation and ranked the best in 
quality. The kinematic viscosity of biodiesels is between 4.7 and 6.5 at 20 °C. Biodiesels derived from restaurant-used frying oil are 
rated the best of all biodiesels produced. 

KEYWORDS: Energy, Chemical, Alternative Fuels, Biodiesel, Transesterification. 

�   Introduction
Diesel was invented approximately 150 years ago, and mod-

ern society relies heavily on it. It is impossible to imagine a 
day without diesel.1,2 Do you know there are about 86 mil-
lion diesel-engine vehicles in the US? According to the US 
Energy Information Administration (EIA), in 2021, the trans-
portation sector in the US consumed about 47 billion gallons 
(1.11 billion barrels) of diesel, an average of about 128 million 
gallons per day, and diesel is commonly used in large vehicles 
because diesel engines produce more torque than gasoline en-
gines. Diesel has greater compression resistance and stability.3,4 
Therefore, diesel engines are at least 33% more fuel efficient 
than comparably sized gasoline engines.

In today's world, diesel drives the economy, and we use die-
sel for everything. Most daily materials must be shipped and 
moved from place to place in diesel-operated vehicles. Due to 
international politics, diesel prices have been unpredictable, 
and regular diesel prices have increased drastically over the last 
few years. The most significant disadvantage of using tradi-
tional diesel is that it leads to environmental issues, including 
global warming.

To address this issue, researchers have attempted to develop 
an eco-friendly fuel equivalent to diesel, biodiesel, which is a 
form of diesel fuel derived from plants, food, or animals.1,2 Bio-
diesel produced from various cooking oils can be seen in Figure 
1. Something that needs to be understood is that biodiesel 
does not directly reduce carbon emissions, but can slow overall 
emissions into the environment, positively influencing climate 
change. Biodiesel and diesel both will expel carbon-based 
products into the atmosphere. Still, the key difference is where 
the carbon source is coming from.3,4 When diesel burns, car-
bon that was once trapped underground is released into the 

atmosphere. On the other hand, when burning biofuels, we 
are simply recycling carbon through our atmospheric system. 
Plants absorb the carbon as they grow and then return it to 
the air when we burn fuel from those plants. Burning biofuels, 
therefore, does not increase the overall amount of CO₂ in the 
atmosphere and has the potential to help slow climate change. 
Biodiesel is superior to diesel because of its renewable nature, 
and biodiesel has esters; in contrast, fossil-derived diesel has 
no oxygens (Figure 2). Oxygen in biodiesel enhances ignition 
properties and ensures total, proper combustion of the hydro-
carbons.

Although biodiesel came into existence about 30 years ago, 
due to the diverse nature of the feedstocks (raw materials) and 
cost, the quantification of biodiesel is still not mature enough, 
and more work needs to be done.5 To address this issue, in this 
project, I investigated the transesterification method for pro-
ducing and characterizing biodiesel from used cooking oils, an 
inexpensive feedstock.6,7 I also studied the factors that influence 
the quality of biodiesel by using various analytical methods, 
including Nuclear Magnetic Resonance (NMR).8 The quality 
of biodiesel obtained from various cooking oils was qualita-
tively compared with conventional diesel and identified by the 
best feedstock for producing the best biodiesel.3,4,9 I started this 
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Figure 1: Biodiesels are produced from used cooking oils. The feedstock used 
to create each biodiesel is specified on labels on the jars. The top visible layer 
is the biodiesel, and the bottom visible layer is the glycerin.
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project with the hypothesis that the biodiesel made from olive 
oil would be better than that produced from other feedstocks 
(frying oil, peanut oil, and canola oil) because it has more satu-
rated hydrocarbon linkages. The structure resembles a regular 
diesel but contains an additional ester moiety vital to improv-
ing combustion.

In this project, biodiesel was produced using a transester-
ification approach. Used vegetable oils comprise triglyceride 
molecules, a combination of fatty acids attached to a glycerol 
backbone. In the transesterification reaction of used oil, a tri-
glyceride reacts with an alcohol in the presence of a catalyst 
(sodium hydroxide) to produce a biodiesel mixture and glycer-
ol. I used four different oils that differ in unsaturated fatty acid 
content to produce different biodiesels that differ in unsatura-
tion. Proton nuclear magnetic resonance (NMR) and density 
techniques have been used to evaluate the biodiesel quality.

�   Methods
All cooking oil materials used in this project were purchased 

from local grocery stores. Methanol and sodium hydroxide 
were from Sigma Aldrich.

For the creation of biodiesel, the following materials were 
used: canola oil (150 mL), used canola oil (150 mL), oil from 
a restaurant [highly used frying oil blend] (150 mL), peanut 
oil (150 mL), used peanut oil (150 mL), fresh olive oil (150 
mL), used olive oil (150 mL), methanol, sodium hydroxide 
(NaOH), glass jars.

Transesterif ication:
In this project, I used a transesterification reaction (Figures 

3, 4) in which methanol and the catalyst sodium hydroxide 
were used to perform transesterification on used and fresh 
cooking oils.10,11 Oils contain triglyceride molecules, which 
are esters of three fatty acids linked to glycerol. When alcohol, 
such as methanol, is introduced and reacts with triglyceride in 
the presence of a base such as sodium hydroxide (catalyst), the 
fatty acids (saturated, unsaturated, and polyunsaturated) break 
away from the glycerin as methyl esters and become the bio-
diesel (Figures 4, 5).12 The glycerol, NaOH, and other waste 
products solidify at the bottom, making the biodiesel easily 
accessible at the top. The key difference in the feedstocks used 
is the amount of oil saturation. Saturated fats and oils contain 
only single bonds, and upon transesterification, they yield bio-
diesels resembling diesel.11 On the other hand, some of the 
oils used contain monounsaturated fatty acids that contain one 
double bond and polyunsaturated fatty acids that contain more 

double bonds between carbon atoms, which are not present in 
diesel.

Procedure for Producing Biodiesel:
To the contaminant-free fresh or used cooking oil (150 

mL) in a glass jar was added a freshly prepared clear solution 
comprising 33 mL of methanol and 1.05 g of NaOH. A clear 
solution of methanol and NaOH was obtained by continu-
ous stirring using a magnetic stir bar. After the addition, the 
final mixture was vigorously shaken for 5 min to initiate the 
transesterification process. The resulting two-phase solution 
was allowed to sit for about 48 hours (2 days) to complete 
the transesterification reaction. The biodiesel (methyl esters) 
formed are on the top layer, and glycerin, a transesterification 
by-product, is at the bottom of the jar. This process was repeat-
ed the same way for all seven different feedstock cooking oils, 
ensuring biodiesel production from each.
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Figure 2: Key differences and similarities between diesel and biodiesel. This 
chart specifies different properties of diesel and biodiesel that are important 
to compare. The advantages of biodiesel are clear due to its renewability and 
limitless supply.

Figure 3: Experimental setup for producing biodiesel. The method of 
producing usable biodiesel from the feedstock of used oil is outlined. A 
chemical diagram of a molecule of crude oil is also shown. The black is the 
glycerol part, while the blue chains become the biodiesel.

Figure 4: Illustration of the transesterification reaction. R1, R2, and R3 
are representatives of 3 different carbon chains. These figures illustrate the 
reaction that creates the biodiesel and glycerin molecules.

Figure 5: Detailed outline of the chemical reaction for obtaining biodiesel. 
This figure portrays the steps taken to convert the triglycerides from the oil 
into biodiesel.
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Procedure for Conducting Flash Point and Carbon Residue 
Tests:

The open cup method determined the flash point and car-
bon residue test. For each Biofuel, one measurement of the 
flash point was made. In the case of biodiesel-derived canola 
oil, two measurements were made to validate the measure-
ments. Biodiesel samples of known weight were placed in an 
evaporating crucible on a hot plate with a heating ramp rate 
of 10 °C/ min. The flame source was placed above the evapo-
rating crucible; when the biodiesel reached the flash point, a 
flash occurred, called the flash temperature. The biodiesel was 
allowed to burn until it was entirely consumed. The weights 
of the evaporating crucible were compared before and after to 
determine the carbon residue.

Procedure for Oxidation Stability Tests:
Oxidation stability tests of biodiesels were conducted to 

test the stability of the biodiesels to air at room temperature 
and high temperature. The biodiesels were kept in the air 
for three days for room temperature oxidation stability tests. 
NMR analyzed the samples to compare ester protons to un-
saturated protons to determine the number of double bonds 
that ultimately define the oxidation stability of biodiesels. For 
high-temperature oxidation stability tests, the biodiesels were 
heated at 75 °C for 2 hours, and samples were allowed to cool 
to room temperature. The methanol contaminant was also re-
moved by heating the biodiesel. The samples were analyzed by 
NMR (Nuclear Magnetic Resonance) to compare ester pro-
tons to unsaturated protons.

Procedure for Conducting Copper Corrosion Test:
For the corrosion test, a specific number of strips of copper 

metal were placed in biodiesels and allowed to be in contact 
with them for seven days. The weight of the metal before and 
after it was put in the biodiesel was checked to see if there was 
any corrosion after seven days. If there is corrosion, metal oxide 
will form on the copper’s surface, and the metal’s weight will 
increase after corrosion.

Procedure for Conducting Viscosity Tests:
A Lovis 2000 ME Viscometer was used to measure the vis-

cosity tests. The density of the biodiesel is used to measure 
kinematic viscosity. Kinematic viscosity is a measure of the re-
sistance to flow of a fluid under the influence of gravity.

Procedure for Conducting NMR Test: 
An Anasazi Instruments EFT-90 MHz NMR spectrome-

ter was used to measure the NMR of all biodiesels. About 400 
microliters of CDCl3 with TMS standard and 400 microliters 
of biodiesel were added to the NMR, and NMR measure-
ments were obtained.

�   Results and Discussion 
Risk and Safety:
For my experiments, I worked with various fresh and used 

oils. I also used methanol and sodium hydroxide as catalysts for 
the transesterification reaction. Proper protective equipment, 

like gloves, lab coats, and goggles, was used while experiment-
ing. Many precautions were taken to prevent spills or mistakes 
by doing the reactions in a safe, secure space where spills can 
be cleaned up rapidly and not disturbed when stored. In the 
process, the mixing of the two solutions was done in a glass jar. 
One last potential hazard is the flammability of the substances 
being made and tested. The biodiesel flash point is high, and 
it was stored in safe locations to ensure that it would never 
reach a point of combustion when not desired. Carbon resi-
due and flash point tests were conducted in a laboratory hood 
at Columbia Basin College (CBC), WA. All waste (used oil, 
biodiesel, glycerol, sodium hydroxide, and methanol) was dis-
posed of appropriately.

Data Analysis:
The following feedstock (oil) parameters influence the over-

all quality of the biodiesel derived after transesterification. The 
parameters are:

1. Carbon chain length in fatty acids (8 to 22 carbons long)
2. Amount of unsaturation or the number of double bonds 

in fatty acids (saturated, monounsaturated, polyunsaturated)
3. Location of unsaturation in fatty acids
4. Simple triglycerides (made up of the same three fatty ac-

ids) vs. mixed triglycerides (made up of different fatty acids).
Because of these variations, the biodiesel derived from 

these diverse feedstocks can be very different from the actu-
al structure of diesel. Some of these properties favor ignition 
characteristics, but some do not. Therefore, quantifying the 
combustive properties of these biodiesels remains a huge issue 
today.

Cetane numbers are currently considered the gold standard 
for quantifying the quality of fossil diesel (Figure 6).13 The 
cetane number is measured using a scale that reflects auto-ig-
nition properties. The cetane number scale is based on the 
auto-ignition characteristics of two reference fuels.14-16 Hexa-
decane (C₁₆H₃₆) with spontaneous autoignition property is 
assigned a cetane rating of 100. Heptamethylnonane (C₁₆H₃₄) 
has a much lower autoignition property and is rated 15.

However, determining cetane numbers is an intense, chal-
lenging, and expensive process involving high-end equipment 
in highly controlled environments. More importantly, the 
cetane number heavily relies on the property of hexadec-
ane, which is one of the ingredients in biodiesel. Because 
the amount and nature of fatty acids differ in different oils, 
the structural and functional properties of biodiesels derived 
from these feedstocks differ significantly from oil to oil or be-
tween batches (Figure 7).17 Therefore, determining the cetane 
numbers may not be sufficient to quantify the quality of the 
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Figure 6: Illustration of Cetane number. The figure displays what the cetane 
number is and how it can be calculated. The higher the cetane number, the 
faster the ignition.
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sights into unsaturation in biodiesel. On the other hand, regular 
diesel is entirely composed of saturated carbons, meaning the 
molecule has only single bonds (C-C) and no double bonds.

To compare the properties of biodiesels with regular die-
sel, I also performed density experiments that provided some 
insights into the flow properties. The effect of freezing tem-
peratures on different biodiesels was also tested by keeping 
the samples outside overnight. The viscosity of cold biodiesel 
was tested to see if it could withstand the cold temperatures as 
much as diesel. Interestingly, the biodiesel derived from three 
different feedstocks has different freezing points and viscosi-
ty properties. However, regular diesel has a very low freezing 
point; it does not freeze under the same conditions.

I also investigated many other physical attributes, includ-
ing the carbon residue of the biodiesel, to verify the safety 
qualifications and ensure the synthesized biodiesel meets the 
Department of Energy's (DOE's) specifications requirements 
for biodiesel. I conducted flash point testing to determine 
at what temperature the different biodiesels are ignitable in 
a controlled environment under expert supervision. This is 
important because flash points of biodiesel below room tem-
perature will be more hazardous. I also conducted oxidation 
stability experiments on biodiesels because their double bonds 
oxidize due to their high reactivity with oxygen in the atmo-
sphere. Additionally, I conducted viscosity measurements of 
seven biodiesels at room temperature and performed viscosity 
measurements of the best biodiesel at high temperatures. Vis-
cosity measurements are critical because highly viscous fuels 
often produce large spray droplets on injection during combus-
tion, resulting in poor performance. I also conducted corrosion 
resistance experiments on copper to determine the impact of 
biodiesel on metals. All the above-discussed tests have been 
performed to investigate whether biodiesel synthesized from 
used oils meets the requirements set by the DOE.

Findings and Analysis:
Proton NMR analysis was used to quantify the ratio of 

unsaturated protons to ester protons. Figure 9 illustrates the 
sample NMR of biodiesel, which provides insight into NMR 
analysis to understand what peaks represent different protons 
and carbons to analyze structural properties such as double 
bonds (unsaturation) and esters.

biodiesels derived from different feedstocks. Due to the vast 
structural and functional variation that occurs due to the na-
ture of fatty acid characteristics of the feedstocks, it is hard to 
narrow down the quality based on one technique alone, such 
as the cetane number.

In this science fair project, I attempted to utilize commonly 
available characterization methods and analytical tools to as-
sess the quality of biodiesel qualitatively.18 These methods and 
tools include Infrared Spectroscopy (IR), Nuclear Magnetic 
Resonance spectroscopy (NMR), density, freezing point, flash 
point, carbon residue, corrosion test, oxidation stability, and 
viscosity measurements (Figure 8).17, 18

NMR is an analytical chemistry technique used primarily in 
quality control and research to determine a sample's content 
and molecular structure. I utilized the NMR characterization 
to verify the spectral variations in the unsaturated and esters 
region of different synthesized biodiesels.8, 19 The NMR spec-
tra have offered excellent information and guidance on the 
presence of saturation and unsaturation in biodiesel (Figure 
9).20 I also utilized Infrared Spectroscopy (IR) to understand 
the presence of unsaturation in biodiesels. The C- H and C=C 
stretching peaks in the IR of different biodiesels offered in-
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Figure 7: Composition of various biodiesel feedstocks. The figure outlines 
the different levels of saturation present in different feedstocks. The different 
proportions will affect the quality of the biodiesels.

Figure 9: Sample proton NMR of sample biodiesel. These figures 
demonstrate how I analyzed the NMR of the biodiesels to determine their 
quality.

Figure 8: The requirements set by the US Department of Energy (DOE) 
for commercially usable Biodiesel. The table on the right specifies the exact 
tests that I ran.
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biodiesels derived from fresh and used olive oils have the least 
oxidation stability.

The DOE recommended range for kinematic viscosity 
is 4-6 at 40 °C. Biodiesels synthesized in this project have 
DOE-specified kinematic viscosity between 4-6.25, 26 Tem-
perature affects viscosity. As the temperature increased, overall 
viscosity decreased. The viscosity difference between biodiesel 
and fossil diesel becomes much smaller at high temperatures. 
At 60 °C, the kinematic viscosity is 2.8 (Figures 15-17).

The amount of unsaturation from the proton NMR spec-
tra can be used to evaluate the quality of different biodiesels 
(Figures 10, 11).18 It is reported that biodiesels with mono-
unsaturated fatty acids (MUFAs) and an ester in a 1:1 ratio 
generally offer higher cetane numbers.21 This means only 
one double bond for every hydrocarbon chain with one ester. 
Since every triglyceride produces three separate hydrocarbon 
chains after the transesterification process, each with an ester 
(3 Protons), I used this information in my NMR analysis. I 
compared the ratio of ester to unsaturated protons to rank the 
biodiesel by quality.21 Biodiesels with higher unsaturation tend 
to have better cold flow properties and faster ignition rates, 
which result in better engine performance.8

Oxidation stability tests were performed by exposing the 
samples to air for three days (Figures 12-14). I further tested 
the oxidation stability by heating the biodiesel at 75 °C for 2 
hours.22-24 NMR analysis was performed on all the samples 
to compare the ester proton to unsaturation proton ratio in 
the three conditions (fresh, air, heated). Biodiesel derived from 
highly used restaurant oil has the highest oxidation stability, 
showing the least change in all three conditions tested. The 
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Figure 10: Stacked proton NMR of all freshly synthesized biodiesel samples. 
It provides a relative number of electrons with similar frequencies, which can 
be used to calculate the # of esters to the # of unsaturated protons ratio.

Figure 11: Analysis of proton NMR of biodiesel samples. The table shows 
the calculations for understanding the saturation level of all the biodiesels 
tested. Biodiesel from used restaurant oil performed the best.

Figure 12: NMR spectra of all heat-treated biodiesel samples (oxidation 
stability). This can be used to determine which biodiesel is the most stable by 
comparing it with the NMRs of raw samples.

Figure 13: Oxidation stability of biodiesels. This graph proves that biodiesel 
from used restaurant oil is the most stable due to the least change from fresh 
to after oxidation and heating.

Figure 14: Ranking of produced biodiesels based on Oxidation stability.
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The flash point is the lowest temperature at which the 
vapors of biodiesel will ignite. The flash point of biofuels is 
important for understanding safety-related fuel processing, 
transportation, and storage properties. Biodiesel derived from 
fresh olive oil has the lowest flash point. Biodiesel derived from 
highly used oil from restaurants has the highest flash point. 
The higher the flash point, the less flammable the liquid. The 
flash point of biodiesel derived from highly used restaurant oil 
is the highest (199.5 °C), and that of fresh olive oil is the lowest 
(133.2 °C) (Figure 18). Using an open cup method, the amount 
of carbon residue obtained for biodiesels aligns with what is 
expected for diesel (Figure 19).

�   Conclusion 
I used a transesterification reaction to produce seven differ-

ent biodiesels from several fresh and used oils in this project. 
Feedstock oils are diverse and contain different amounts of 
unsaturation and hydrocarbon chain length. Due to this, the 
biodiesel derived from these various oils is different from 
the actual structure of diesel. Although some of these char-
acteristics favor ignition properties, some do not, making 
it very challenging to quantify the combustion properties of 
biodiesels. Biodiesel contains oxygenated species (esters) and 
unsaturation, so the cetane number, currently considered the 
gold standard for quantifying the quality of fossil-derived die-
sel, cannot be directly used to quantify biodiesel quality. I used 
non-destructive methods such as Infrared Spectroscopy (IR), 
Nuclear Magnetic Resonance spectroscopy (NMR), density, 
and freezing measurements to assess the quality of biodiesel. 
From NMR data, I compared the ratios of ester protons (fixed 
at 9 per chain) to unsaturated protons (varying per chain) to 
determine the amount of unsaturation. Out of seven biodiesels 
produced in this project, biodiesel derived from highly used 
frying oil is closest to a monounsaturated fatty acid ester with a 
1:1 ester to double bond ratio. Biodiesels with about one dou-
ble bond (unsaturation) per chain tend to have better cold flow 
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Figure 15: Temperature effect on biodiesel viscosity. This graph shows how 
the viscosity of biodiesels, on average, reduces as temperature increases.

Figure 18: Flash point testing experimental setup and results. This shows the 
stability of the biodiesel and whether it meets the ASTM limit.

Figure 19: Carbon residue test results. This shows the visible results and the 
mass of the carbon residue after testing. This test is done to determine safety 
and waste consumption.

Figure 16: Image of a viscometer, an instrument used to measure viscosity.

Figure 17: Density and viscosity measurements for the biodiesel samples 
compared to diesel.
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properties and faster ignition rates, which results in better en-
gine performance.

Biodiesel derived from highly used restaurant oil has the 
highest oxidation stability, as it showed the least change in all 
three conditions tested (freshly synthesized, oxidized by air, and 
heated in air). Biodiesels synthesized in this project have a ki-
nematic viscosity in the range of 4–6 as specified by US-DOE. 
As the temperature increased, overall viscosity decreased, and 
the viscosity difference between biodiesel and fossil diesel be-
came much smaller at high temperatures (at 60 °C). The flash 
point of biodiesel derived from highly used restaurant oil is the 
highest (199.5 °C), and fresh olive oil has the lowest (133.2°C). 
The amount of carbon residue obtained for biodiesels using an 
open cup method is in line with that of diesel.

My experimental data and analysis revealed that used frying 
oil from restaurants yielded the highest quality biodiesel. This 
is likely because restaurant frying oil has already undergone 
many cycles of heating, which can reduce the polyunsaturated 
bonds and increase the proportion of more stable monounsat-
urated fatty acids. As a result, the resulting biodiesel contains 
a better ester-to-unsaturation ratio, giving it higher oxidation 
stability, improved ignition properties, and overall making it 
have superior fuel quality. These results proved that my hy-
pothesis that olive oil would be the best feedstock was wrong. 
NMR analysis offered insights into carbon structure and oxi-
dation stability by using the number of double bonds per ester 
to quantify biodiesel quality. With further optimization, these 
tests and analysis methods can produce biodiesel that meets in-
dustry quality standards. My results show that using biodiesel 
derived from restaurant oil could be a viable alternative to die-
sel. This can have many environmental and economic benefits. 
Reducing the use of diesel is beneficial to the environment, and 
using waste cooking oils prevents waste build-up and expensive 
disposal processes. The conversion to biodiesel is much cheap-
er. Doing this can have a positive impact on the world.
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ABSTRACT: Polycrystalline Ag₈GeTe₆ was synthesized by solid-state melting and spark plasma sintering, and its thermoelectric 
properties were investigated from 2 to 380 K. X-ray diffraction confirmed a cubic argyrodite structure with high phase purity, 
while diffuse reflectance spectra indicated a band gap of ~0.45 eV. Transport measurements revealed a semiconducting-to-metallic 
transition near 244 K. Hall data showed n-type conduction with carrier concentrations ~1017 cm-3 and exceptionally high 
room-temperature mobility (~3090 cm2 V-1 s-1). The Seebeck coefficient remained negative, reaching −140 µV/K at 380 K, 
with a power factor of 74 µWm-1K-2. The thermal conductivity was ultralow (0.13–0.33 W·m⁻¹·K⁻¹), dominated by a nearly 
temperature-independent lattice term arising from disordered Ag cations, consistent with phonon liquid–electron crystal behavior. 
Heat-capacity analysis confirmed low-energy Einstein modes consistent with localized vibrations. Compared with previous 
reports, the n-type Ag₈GeTe₆ synthesized in this work exhibits enhanced thermoelectric performance, achieving a maximum 
ZT of 0.10 at 380 K—approximately twice the previously reported value—due to the synergistic combination of ultralow lattice 
thermal conductivity, exceptionally high carrier mobility, and reduced electrical resistivity.

KEYWORDS: Materials Science, Thermoelectric Materials, Argyrodite Ag₈GeTe₆, Ultralow Lattice Thermal Conductivity, 
High Carrier Mobility.

�   Introduction
The study of thermoelectric (TE) materials has advanced 

quickly due to the global call for sustainable and environmen-
tally friendly energy sources. TE materials can directly convert 
thermal gradients into electricity and vice versa, without mov-
ing parts or harmful emissions.1 The efficacy of TE materials 
is commonly expressed by the dimensionless figure of merit, 
ZT = (S²/ρκ)T,  where S is the Seebeck coefficient, ρ is the 
electrical resistivity, κ is the total thermal conductivity (which 
includes both electronic, κe, and lattice, κl, contributions), and 
T is the absolute temperature.2 These parameters are strongly 
attached to the carrier concentration (n). A high S, low ρ, and 
low κ are required to achieve a high ZT.3,4 Therefore, strat-
egies that decouple these parameters are essential for further 
improvement.

Over the past two decades, several new classes of promis-
ing TE materials have been developed, such as skutterudites,5,6 
half-Heuslers,7,8 and clathrates.9,10 Approaches to increase the 
power factor (S²/ρ) include band structure engineering (band 
convergence11,12 and band nesting13,14) and the introduction of 
resonant states.15,16 Methods to reduce κ involve introducing 
point defects,17 and nano-inclusions18 atomic rattlers,19 com-
plex crystal structures,20 and soft phonon modes.21 

Recently, superionic conductors have emerged as attractive 
TE materials for medium- to high-temperature applications.22 

Among them, Ag- and Cu-based chalcogenides such as 
Cu₂Se,23 Cu₂S,24 Ag₂Se,25,26 and CuAgSe27 have been widely 
investigated. Their low lattice thermal conductivity (κl) is the 
main factor contributing to high ZT, since κl is largely inde-
pendent of other transport parameters. Superionic conductors 
typically have two distinct structural sublattices: a rigid anion 
framework and a disordered cation sublattice.28,29 This exclu-
sive structure allows partial decoupling of charge and phonon 
transport. The rigid anion network supports high electronic 
mobility (electron-crystal behavior), while the disordered cat-
ions exhibit liquid-like dynamics that strongly scatter phonons, 
leading to ultralow κl.30,31 Building on the phonon glass–elec-
tron crystal perception, this behavior has been described as a 
phonon liquid–electron crystal feature in disordered superionic 
conductors.

Ag8GeTe6 fits the argyrodite family, with the common for-
mula Am+

(12-n)/mBn+X2-
6 (A = Li, Ag, Cu; B = Si, Ge, Sn, and X 

= S, Se, Te; where m and n are the valence states of A and B).32 
Argyrodites typically adopt orthorhombic, hexagonal, or cubic 
structures at room temperature, and change to a high-symme-
try cubic superionic phase at elevated temperatures.33 In this 
phase, A-site cations are mobile and only weakly bonded to the 
rigid B–X sublattice. Their disordered distribution generates 
soft phonon modes and intense phonon scattering, resulting 
in ultralow κl.34 While several groups have studied Se-based 
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argyrodites for TE applications, Te-based systems have been 
much less explored.28, 30,35,36

Here, we report n-type Ag8GeTe6. This compound crystal-
lizes in a cubic phase with the space group F4̅3m above 244 K, 
and retains the Fm3m space group below this temperature.37 
Earlier reports described n-type Ag8GeTe6 with high ρ and 
poor ZT, largely due to poor sample density.38 Subsequent 
studies by Charoenphakdee et al. and Zhu et al. demonstrat-
ed improved TE properties in p-type Ag8GeTe6 at elevated 
temperatures.39,40 In the present work, n-type Ag8GeTe6 shows 
improved ZT near room temperature because of its ultralow 
κl, reduced ρ, and very high carrier mobility, μ. These results 
suggest that Ag8GeTe6 is a promising argyrodite TE materi-
al at room temperature, supported by its characteristic PLEC 
behavior.

�   Methods
Polycrystalline Ag8GeTe6 was synthesized by the melting 

method followed by annealing. High-purity elements Ag 
(shots, 99.99%), Ge (shots, 99.99%), and Te (shots, 99.99%) 
were weighed according to stoichiometric ratios and sealed in 
a vacuum quartz tube (~10-5 mbar). The sealed ampoule was 
heated to 1323 K over 12 h, held for 24 h, and then cooled to 
873 K, where it was annealed for 72 h. The annealing stage was 
essential to suppress the creation of binary secondary phases. 
The obtained ingot was cleaned with sandpaper, ground into 
powder with an agate mortar and pestle, and then loaded into 
10 mm graphite dies for spark plasma sintering (SPS211-LX, 
Dr. Sinter Lab). Sintering was carried out under ~10-3 mbar 
vacuum at 693 K for 5 min under a pressure of 45 MPa, yielding 
dense cylindrical pellets. The theoretical density of Ag8GeTe6 
(7.02 g·cm⁻³) was calculated from the refined lattice parameter 
(a = 11.5604 Å) and the crystallographic formula units per unit 
cell. The measured density (6.70 g·cm⁻³, Archimedes method) 
corresponds to ~95.4% of the theoretical density. The density 
(d) of the sintered samples was determined using Archimedes' 
method. Polished specimens were cut for electrical and ther-
mal transport measurements.

Phase purity and crystal structure were studied by X-ray 
diffraction (XRD, Rigaku Smartlab) in Bragg–Brentano ge-
ometry with Cu Kα radiation (λ = 1.5406 Å). Microstructure 
and chemical composition were characterized by field emission 
scanning electron microscopy with energy-dispersive spectros-
copy (FESEM, Nova Nano SEM-450, JFEI, USA). Optical 
diffuse reflectance spectra were collected using a Cary 5000 
UV–Vis–NIR spectrophotometer in the range 600–2400 nm 
at a scan rate of 600 nm min-1 at room temperature. The opti-
cal band gap was estimated using the Kubelka–Munk function, 
F(R) =α= (1-R)2/2R, where α and R are the extinction and 
reflectance coefficients, respectively. Seebeck coefficient (S) 
and thermal conductivity (κ) were measured simultaneously 
from 2 to 380 K using the Quantum Design Physical Prop-
erty Measurement System (PPMS) under helium atmosphere 
at ~10-5 Torr. Measurements were performed in continuous 
slow-warming mode using the steady-state heat flow method. 
Electrical contacts were completed with gold-coated copper 
leads attached by silver epoxy to samples of typical dimensions 

~10 × 2 × 2 mm³. Electrical resistivity (ρ), Hall coefficient 
(R), and heat capacity were also measured in the PPMS. Heat 
capacity was determined by the relaxation method using the 
two-τ model. The Hall carrier concentration (n) and mobility 
(μ) were calculated from n = 1/eR and μ = R/ρ, where e is the 
elementary charge.

�   Results and Discussion 

Figure 1 displays the XRD pattern of Ag8GeTe6 with a 
cubic structure (space group F4̅3m). All reflections match 
ICDD card #04-006-4970. The nonappearance of minor 
peaks is confirmed by Rietveld refinement, and the refined 
lattice parameter a = 11.5604 Å agrees with previous reports, 
which indicates high sample purity.37 The crystal structure of 
Ag8GeTe6 has been studied extensively. It undergoes a first-or-
der, temperature-dependent phase transition near 244 K.41 
The room-temperature phase is cubic, similar to argyrodite 
compounds such as Cu8GeSe6 and Ag8SiSe6. The structure 
can be described as a Te2- framework in which four tetrahe-
dral [GeTe4]4- units and four Te2- ions fill tetrahedral voids, 
while Ag⁺ cations partially occupy the remaining interstitial 
sites. Three crystallographically distinct Ag sites are pres-
ent: 48h (0.422, 0.422, 0.223), 48h (0.473, 0.473, 0.218), and 
96i (0.153, 0.445, 0.205), with occupancies of 1.00, 0.504, 
and 0.113, respectively. This disordered cation arrangement is 
typical of superionic semiconductors, where Ag ions can drift 
among partially occupied sites.
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Figure 1: Room-temperature powder X-ray diffraction pattern of Ag₈GeTe₆ 
with Rietveld refinement. All reflections correspond to a cubic argyrodite 
structure (space group F4̅3m) with no secondary phases detected, confirming 
high phase purity. The refined lattice parameter (a = 11.5604 Å) agrees with 
literature values, demonstrating successful synthesis of single-phase n-type 
Ag₈GeTe₆.

Figure 2: (a) SEM image of the prepared Ag₈GeTe₆ sample. EDS elemental 
mapping showing (b) combined distribution of all elements, and individual 
maps of (c) Ag, (d) Ge, and (e) Te. Uniform distribution of Ag, Ge, and Te is 
evident, and no impurity phases or agglomerations are observed. These results 
confirm compositional homogeneity and high-quality sample preparation 
essential for reliable transport measurements.
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Figure 2 shows FESEM images and EDX elemental maps 
(Ag, Ge, Te) of Ag8GeTe6. The polished topmost surface of 
the bulk pellet appears clean, and the maps indicate uniform 
distributions of Ag, Ge, and Te with no visible second-
ary-phase agglomerates. EDX quantification yields an average 
composition of Ag₇.₉₃(±0.04)Ge₁.₀₀(±0.02)Te₆.₀₅(±0.06), indi-
cating slight Ag deficiency and marginal Te enrichment within 
experimental uncertainty. This deviation from nominal stoi-
chiometry is consistent with the observed n-type conduction, 
as Ag vacancies can contribute electron-donor–like behavior 
and modify carrier density in argyrodite chalcogenides.

The optical band gap was estimated from the room-tempera-
ture diffuse reflectance spectrum (Figure 3). An analysis using 
((αhν)² vs phonon energy hν plot Eg ~0.45Eg eV, which is con-
sistent with Bendorius et al., who reported Eg ~0.43EgeV.42

To examine the transport behavior of Ag8GeTe6, the tem-
perature dependences of ρ(T), S(T), and κ(T) are shown in 
Figure 4. The resistivity exhibits semiconducting behav-
ior between 80 and 240 K, with ρ decreasing as T increases. 
In comparison, a metallic-like trend appears below 80 K. A 
first-order structural transition at ~240 K produces marked 
changes in all transport coefficients. As seen in Figure 4(a), 
ρ(T) shows a metallic-like temperature dependence above 240 
K, which we attribute to a reduction in mobility (discussed 
below). The room-temperature resistivity, ρ300∼10−2 Ω⋅cm, is 
higher than that of many state-of-the-art thermoelectrics. Yet, 
it is about two orders of magnitude less than earlier reports on 
p-type Ag8GeTe6, likely due to differences in stoichiometry 
and synthesis.

An activation analysis using the Arrhenius relation between 
lnρ and 1/T below the transition (around 100 K) gives an intrin-
sic gap of approximately 0.023 eV. Hall measurements (Figure 
5) show a negative Hall coefficient, indicating electrons as the 
majority carriers. The carrier concentration increases across 
the transition and reaches 1.14×1017 cm−3, about one order of 
magnitude lower than previous reports.40 In contrast, the Hall 
mobility is exceptionally high; the room-temperature value is 
μ ~3090 cm2 V−1 s−1, which is among the highest for known 
thermoelectric materials. This behavior is consistent with an 
“electron-crystal” response and aligns with room-temperature 
superionic chalcogenides such as Ag8SiSe6 and Ag9GaSe6. In 
the superionic state, the decrease of μ(T) points to enhanced 
carrier scattering from cation disorder.

The negative Seebeck coefficient S(T) over the whole 
temperature range designates that electrons are the main car-
riers, consistent with the Hall data. The n-type behavior of 
Ag8GeTe6 likely arises from a slight Ag deficiency, as sug-
gested by the EDX results. As shown in Figure 4 (b), S(T) 
increases nearly linearly with temperature up to 120 K and 
reaches −82 μV/K, which is consistent with extrinsic transport 
inferred from ρ(T) at low temperature. In the semiconduct-
ing regime, S(T) becomes less negative and approaches ∼−74 
μV/K, which we attribute to a bipolar contribution associated 
with the small band gap. The onset of this effect is supported 
by the rise in carrier concentration to n ∼ 0.75×1017 cm−3 at 
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Figure 3: Tauc plot of (αhν)² versus photon energy hν for Ag₈GeTe₆ powder 
at room temperature. The optical band gap is obtained by linear extrapolation 
of the high-energy region (red line) using the Kubelka–Munk method. The 
extrapolated band gap of ~0.45 eV agrees with reported values, indicating 
semiconducting behavior with a narrow gap favorable for thermoelectric 
performance. Figure 5: Temperature dependence of Hall mobility (μ) and carrier 

concentration (n) of Ag₈GeTe₆. Negative Hall coefficients confirm n-type 
conduction, while an exceptionally high room-temperature mobility (~3090 
cm²·V⁻¹·s⁻¹) and low carrier concentration (~10¹⁷ cm⁻³) demonstrate decoupled 
charge and phonon transport. This combination explains the material’s low 
resistivity and high thermoelectric potential.

Figure 4: Temperature dependence of (a) electrical resistivity (ρ), (b) Seebeck 
coefficient (S), (c) power factor (S2/ρ), and (d) total thermal conductivity (κ, 
black symbols) and lattice contribution (κl, red symbols). Ag₈GeTe₆ exhibits 
a semiconducting-to-metallic transition near 244 K, n-type conduction 
throughout, and ultralow κl of 0.13–0.33 W·m⁻¹·K⁻¹. Together, these 
properties yield an enhanced power factor and confirm the phonon liquid–
electron crystal behavior of the material.
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governed by the superionic disorder above the main transi-
tion.41 The transitions ~220–240 K are associated with changes 
in crystal symmetry. We first fitted the low-temperature data 
using C/T = γ + βT 2, where γ is the electronic (Sommerfeld) 
coefficient, and β is the lattice term. The fit yielded a negative 
γ, which is unphysical. Given the presence of two sublattices, a 
rigid Ge–Te framework and liquid-like Ag cations, the data are 
better described by a combined Debye–Einstein model (Figure 
6(b)).46

Here x denotes T2. The parameter ϕ represents the elec-
tronic contribution to the heat capacity, and β is the Debye 
term arising from acoustic phonons. ΘE1 and ΘE2 are Einstein 
temperatures that describe two local vibrational modes, and A 
and B are their weighting factors. Skutterudite thermoelectrics 
provide a well-known example of Debye–Einstein specific 
heat, where filler “rattler” atoms act as Einstein oscillators.47 
Using one Debye and two Einstein terms, the fitted tempera-
ture-dependent heatcapacity parameters are summarized in 
Table S3. The Debye temperature of Ag₈GeTe₆ is estimated as

	  , where N=15 is the number of atoms per formula unit, 
and R=8.314 J mol−1K−1 is the gas constant. For Ag₈GeTe₆, we 
obtain θD=236 K. The Einstein temperatures are ΘE1=29.24 K 
(≈2.52 meV) and ΘE2=66.62 K (≈5.74 meV). Similar low-en-
ergy modes, often associated with weak chemical bonds, have 
been reported in skutterudites and other materials with liq-
uid-like cation dynamics.44 These modes enhance phonon 
scattering of the acoustic heat carriers and thereby suppress 
lattice thermal conductivity.

Using the measured ρ(T), S(T), and κ(T), we calculated the 
thermoelectric figure of merit ZT for Ag₈GeTe₆ (Figure 7). 
The maximum value is ZTmax =0.10 at 380 K, which is about 
twice the previously reported value for undoped Ag₈GeTe₆. 
The enhanced room-temperature ZT arises from the higher 
power factor S2/ρ together with the very low thermal conduc-
tivity.

200 K (Figure 5). Above the superionic transition, the magni-
tude of S(T) increases and reaches −140 μV/K at 380 K. The 
inset of Figure 4 (c) shows the power factor S²/ρ, which grows 
with temperature due to the increasing ∣S∣. At 380 K, the pow-
er factor is 74 μWm-1K-2, advanced than previous reports at a 
similar temperature.39,40

The total thermal conductivity κ(T) of Ag8GeTe6 lies be-
tween 0.13 and 0.33 Wm-1K-1 over 100 –380 K (Figure 4 (d)). 
The room-temperature value, κ300 = 0.24 Wm-1K-1, is markedly 
lower than that of many state-of-the-art thermoelectrics and 
most superionic TE chalcogenides. The lattice contribution, κl, 
was obtained by subtracting the electronic term, κe, from the 
total κ using the Wiedemann–Franz relation κe=LT/ρ, where 
the Lorenz number L was evaluated from the measured See-
beck coefficient using a standard SPB-based expression,43

At room temperature, κl ~0.20 Wm-1K-1 after the phase 
transition, which is lower than values reported for comparable 
superionic thermoelectrics.23,44,45 With increasing temperature, 
κl (T) shows a slight rise across the transition and then remains 
nearly temperature independent up to 380 K. This contrasts 
with the conventional 1/T trend observed in crystalline sol-
ids at high temperature owing to Umklapp phonon scattering. 
The weak temperature dependence here is consistent with 
strong cation disorder and liquid-like motion of Ag⁺ within 
a rigid anion framework, a hallmark of superionic systems.28,30

To investigate the source of the glass-like thermal conduc-
tivity at low temperature, we measured the heat capacity C(T) 
from 2 to 250 K (Figure 6 (a)). The C–T curve shows anomalies 
near ~170, ~220, and ~244 K. The higher-temperature features 
(~220 and ~244 K) are associated with symmetry changes re-
ported for Ag₈GeTe₆. The weaker anomaly near ~170 K is 
discussed here as a likely precursor event involving partial 
ordering or local rearrangement of Ag⁺ ions among partially 
occupied sites, indicating that cation dynamics evolve progres-
sively with temperature. While this lowtemperature feature 
may subtly influence transport at cryogenic temperatures, the 
dominant thermoelectric behavior near room temperature is 
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Figure 6: (a) Temperature dependence of heat capacity C(T)) for Ag₈GeTe₆. 
(b) Plot of C/T versus T2 in the range 2–30 K. The red solid line shows the 
Debye–Einstein fit. Separate contributions from the electronic term (ϕ), the 
Debye term (β), and two Einstein modes (ΘE1, ΘE2) are also shown. The 
fit reveals two low-energy Einstein modes corresponding to localized Ag 
vibrations, consistent with a “phonon glass” state. These modes explain the 
suppressed lattice thermal conductivity and confirm the liquid-like dynamics 
of Ag⁺ cations.

Figure 7: Temperature dependence of thermoelectric figure of merit (ZT) for 
Ag₈GeTe₆. A maximum ZT value of 0.10 is achieved at 380 K, nearly double 
previous reports for undoped Ag₈GeTe₆. This improvement arises from the 
synergy of high carrier mobility and ultralow lattice thermal conductivity, 
validating the design strategy for enhanced thermoelectric efficiency.
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At room temperature, n-type Ag₈GeTe₆ from this work 
exhibits S = −101 μV/K, ρ = 0.018 Ω⋅cm, a power factor 
S2/ρ = 56.84 μWm-1K-2, κ = 0.24 Wm-1K-1, and a Hall mo-
bility μ = 3090 cm2 V-1 s-1, yielding ZT=0.074. Prior n-type 
Ag₈GeTe₆ reported by Fujikane et al. shows S = −123 μV/K 
and ρ = 0.19 Ω⋅cm, corresponding to a lower power factor of 
7.96 μWm-1K-2; at 770 K, that study lists κ=0.30 Wm-1K-1 and 
ZT=0.0014.38 For p-type compositions, Charoenphakdee et al. 
reports S = 519 μV/K, ρ = 1.0 Ω⋅cm, S2/ρ = 26.93 μWm-1K-2,
κ = 0.25 Wm-1K-1, and ZT = 0.03539 while Zhu et al. demon-
strates S = 580 μV/K, ρ = 1.0 Ω⋅cm, S2/ρ = 33.64 μWm-1K-2, 
κ = 0.27 Wm-1K-1, μ = 0.028 cm2 V-1 s-1, and ZT = 0.037.40 
Compared with these literature values, the present n-type 
sample combines a much lower resistivity with an ultralow 
thermal conductivity and very high mobility, which results in 
the highest room-temperature power factor among the entries 
and a correspondingly improved ZT.

�   Conclusion 
The structural, optical, and transport studies of Ag₈GeTe₆ 

demonstrate that this argyrodite compound combines ul-
tralow lattice thermal conductivity with high carrier mobility. 
The observed phonon liquid–electron crystal characteristics 
arise from a rigid anion framework and disordered Ag cat-
ions, which generate strong phonon scattering and liquid-like 
dynamics. Compared with earlier reports, the present n-type 
samples show significantly reduced resistivity, higher power 
factor, and improved ZT, reaching 0.10 at 380 K. Although 
this ZT remains modest compared with state-of-the-art ther-
moelectrics, the results confirm the potential of Ag₈GeTe₆ as 
a model system for exploiting cation disorder and low-energy 
vibrational modes in argyrodite-type thermoelectrics. Future 
studies should focus on precise control of carrier concentra-
tion, Ag-site disorder (cation sublattice tuning), and defect 
engineering to further enhance the power factor and maximize 
ZT in Ag₈GeTe₆-based thermoelectric devices operating near 
room temperature.
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ABSTRACT: Avian migratory flight is one of the most extreme endurance feats in the animal kingdom, requiring highly 
optimized physiological and cellular systems. This review synthesizes current research to evaluate how migratory pressures have 
driven adaptations in cellular, musculoskeletal, cardiovascular, and digestive systems in avian species. Details of these adaptations 
are discussed and compared with those of non-migratory birds to highlight the tradeoffs of traits selected for migration. The role 
of geographical and migratory constraints in shaping convergent or divergent evolution in avian species is also discussed. Finally, 
by linking structure, function, and performance, this work proposes a distinct migratory phenotype shaped by ecological pressures 
and offers insight into avian evolution.  

KEYWORDS: Ecology, Avian Biology, Evolution, Migration, Migratory Phenotype. 

�   Introduction
“Bird” (class Aves) is an umbrella term that encompass-

es more than 10,000 species of warm-blooded vertebrates, 
distinguishable by their unique feather-covered bodies and 
lightweight, aerodynamic physiques.1,2 Their fused skeletal 
structure and high metabolic rates have enabled them to evolve 
the most sophisticated flight capabilities in the animal king-
dom, supporting an extraordinary ecological and evolutionary 
diversification of the species.1,2 Historically, this diversity was 
even greater, including species now extinct due to natural and 
anthropogenic causes.3,4 

Migration is a behavior observed across animal taxa, 
involving a periodic, large-scale relocation in response to pre-
dictable environmental variation.5 In birds, however, migration 
represents more than movement alone; it constitutes a coordi-
nated syndrome of behaviors, physiological, and morphological 
traits that together enable survival under extreme energetic 
and ecological demands.6 Migratory movements are often cat-
egorized as short-distance when occurring within a continent 
and long-distance when spanning continents. However, avian 
migration is best understood as a continuum of migratory dis-
tances rather than discrete categories. Along this continuum, 
short-distance migration likely evolved from local foraging 
expansions. In contrast, long-distance migration arose across 
evolutionary timescales through strong selection on genetic, 
physiological, and behavioral mechanisms that support endur-
ance flight.7,8

Zugunruhe (derived from the German words Zug, meaning 
“migration” or “movement,” and Unruhe, meaning “restlessness") 
describes a seasonally timed increase in nocturnal activity and 
agitation that occurs even in captive birds.9,10 Research on Zu-
gunruhe has provided key insights into the endogenous control 
of migration and established that migratory behavior is partial-
ly hardwired and regulated by internal circannual and circadian 
clocks.9,10 While the precise migratory triggers are not fully 
understood, migration is thought to be initiated through the 

interaction of photoperiod, weather patterns, food availability, 
and endogenous hormonal signaling.8,11 

Migratory flight imposes extreme physiological challenges 
that exert strong selective pressure across multiple biological 
systems. Sustained flapping requires continuous aerobic ATP 
production, lipid-based metabolism, and optimized oxygen de-
livery.12-15 Birds must accumulate and efficiently mobilize large 
fat reserves, remodel digestive organs for rapid nutrient assim-
ilation, and maintain muscle performance while minimizing 
oxidative damage.14,16,17 Simultaneously, migratory species face 
tradeoffs between weight reduction and fuel storage, and the 
need for precise navigation and timing to exploit favorable at-
mospheric conditions.18,19 Migratory distances can be extreme, 
exemplified by the Arctic tern (Sterna paradisaea), whose life-
time flight distance has been estimated as equivalent to three 
round-trips to the moon. Such feats are possible only through 
highly specialized and finely tuned biological systems that 
function in concert.20 Migratory pressures distinguish migra-
tion from other forms of movement and necessitate integrated, 
whole-organism adaptations.

While there is extensive literature focused on individual 
traits associated with migration, there are relatively few reports 
examining how these traits are integrated across skeletal, mus-
cular, cellular, cardiovascular, and digestive systems to form a 
unified migratory phenotype.14,15 This review builds on earlier 
foundational work by synthesizing literature across levels of 
biological organization to frame migration as a distinct pheno-
type rather than the optimization of isolated traits.

�   Discussion 
Skeletal Adaptations:
Axial Fusion:
Birds have a specialized axial skeleton characterized by ex-

tensive vertebral fusion that enhances rigidity and stability 
during flight, thereby limiting axial deformation and mechan-
ical energy loss during wingbeats.21,22 While vertebral fusion is 
a general feature of avian flight anatomy, this trait may be more 
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pronounced in species adapted for sustained aerial activity, 
including many long-distance migrants.21-24 Fusing multiple 
vertebrae into a single structure reduces both bone count and 
the amount of soft tissue and muscle needed to move individu-
al segments.21,25,26 This structural adaptation likely contributes 
to reduced body weight and the energy required per wing-
beat.27 In contrast, many non-migratory birds retain greater 
axial flexibility, which enhances terrestrial maneuverability and 
perching agility.23,24,28 

A central component of axial fusion in birds is the synsa-
crum, a rigid structure formed from the fusion of the thoracic, 
lumbar, and sacral vertebrae.29 The synsacrum plays a critical 
role in stabilizing the trunk and pelvis and in resisting mechan-
ical stress generated from continuous flapping.30 In addition to 
stabilizing posture, the synsacrum contributes to a rigid axial 
framework that indirectly anchors the pectoral girdle, support-
ing the pectoralis and supracoracoideus muscles.31,32 In birds 
adapted for sustained aerial activity, the synsacrum is often 
elongated and tightly ossified, increasing axial stiffness and 
reducing the need for continual postural adjustments to main-
tain stable flight alignment over long distances.26,29 Together, 
these features illustrate how skeletal fusion in migratory birds 
integrates structural stability and muscular support, enabling 
efficient long-distance flights. 

Pneumatized Bones:
All birds have hollow, pneumatized bones, which are lined 

with spongy, lightweight trabeculae that reinforce the internal 
walls.23 Some migratory taxa show increased or strategical-
ly redistributed pneumatization in related bones, such as the 
humerus (upper wing bone), sternum (breastbone), and ver-
tebrae; these bones are also under the most strain during 
sustained flight.23,24 A study by Machado et al. on avian bone 
mass distribution confirmed that pneumatization in bones 
is strategically concentrated in areas to reduce wing loading 
and optimize energy efficiency, supporting migratory endur-
ance.27 Another study by Louis et al. comparing the skeletons 
of resident and migratory subspecies of Dark-eyed juncos 
(Junco hyemalis) observed that the humeri of the migratory 
subspecies were thinner and wider, with a higher geometric 
stiffness. This feature helps support increased weight during 
migration. Furthermore, the femora (thigh bone) of the mi-
gratory birds were shorter and thinner, with lower geometric 
stiffness than those of resident juncos, reducing skeletal leg 
mass.24 Stiffer wing bones support increased weight associated 
with migratory fattening and also key flight muscles.24 Light-
er and weaker thigh bones in migratory birds demonstrate an 
adaptive compromise, reflecting the importance of optimizing 
essential migratory components.23,24

Both the body and cranium of migratory birds show spe-
cialized adaptations that enhance flight efficiency, including 
centralized mass distribution and lightweight skeletal struc-
tures.23,24 This centralization reduces rotational inertia, 
increasing aerodynamic control during prolonged flights.24 
Furthermore, mass centralization of the avian skull in mi-
gratory species demonstrates evolutionary specialization for 
flight. Migratory birds possess cranial morphologies that differ 

significantly from those of non-migratory species, with migra-
tion being an important predictor of skull shape across a broad 
comparative sample of birds. In addition, migratory lineages 
show faster rates of skull shape evolution than non-migratory 
birds, consistent with directional selection on cranial anatomy 
associated with long-distance movement.33 Comparative mor-
phometric work on specific passerines further supports this 
pattern. Migratory Yellow-breasted bunting (Emberiza aure-
ola), resident  House sparrow (Passer domesticus), and Eurasian 
tree sparrow (Passer montanus) differ in skull and cranial indi-
ces, with resident species exhibiting larger cranial indices than 
the migratory bunting, indicating distinct structural adapta-
tions tied to migratory versus resident lifestyle.23 In contrast, 
non-migratory species are more likely to maintain their robust 
cranial structures due to less evolutionary pressure to adapt to 
long-distance flight energy efficiency.23

While pneumatization decreases bone marrow space and 
calcium storage capacity, migratory birds compensate for 
these limitations through increased dietary calcium absorp-
tion during breeding or from medullary bone formation in 
females.12 Such adaptations reflect an evolutionary tradeoff 
in which migratory performance is prioritized over skeletal 
mineral storage, highlighting the skeletal system’s role as a 
flight-specialized structure.

Appendicular Modif ications:
The appendicular skeleton of migratory birds (legs and 

wings) has undergone evolutionary refinement to ensure en-
durance and efficiency.24,34-37 Wing morphology is an excellent 
example of this evolution. A comparative study of Eurasian 
barn swallows (Hirundo rustica) revealed that populations with 
the longest migrations had longer and more pointed wings 
than resident or short-distance counterparts in Israel and 
Spain.36 These adaptations reduce drag and enhance the lift-
to-drag ratio, allowing for greater energy conservation over 
long flights. This study also found that wingtip concavity, a 
measure related to aspect ratio (the ratio of wing length to wing 
width), did not differ significantly between short-distance and 
long-distance migrants.36 This suggests that migratory adapta-
tions target traits with the greatest payoff for endurance while 
other features remain stable, possibly due to biomechanical 
constraints or the need to preserve maneuverability.

More broadly, migratory birds typically have a higher wing 
aspect ratio (wingspan²/wing area) in comparison to resident 
birds.34 A higher aspect ratio signifies longer and narrow-
er wings, enhancing endurance and energy efficiency while 
reducing drag.34 This contrasts with the shorter and round-
er wings of resident birds, which allow for quick takeoffs 
and maneuverability desirable for more frequent and shorter 
flights. Additionally, migratory birds typically have lower wing 
loading (weight/wing area) than resident or short-distance mi-
gratory birds.36 A lower wing loading results in a lighter body 
relative to wing area, contributing to a greater lift and more ef-
ficient flight.36 Feather structure, too, reflects migratory stress: 
primary feathers of long-distance migratory birds often have 
a thicker dorsoventral rachis and shorter barbs. These features 
improve feather durability during long flights.37

DOI: 10.36838/IJHSR810.83

ijhighschoolresearch.org



85	

Beyond wings, avian leg morphology reflects trade-offs 
among flight performance, habitat use, and terrestrial loco-
motion rather than migration alone. Comparative analyses 
across birds demonstrate that relative leg length, commonly 
measured as tarsus length, is strongly associated with ecologi-
cal function. Species that rely heavily on terrestrial locomotion 
or ground-based foraging tend to have longer leg elements, 
whereas species adapted for more efficient flights often exhibit 
relatively shorter tarsi.24,38,39 

In this context, some migratory birds, particularly aerial spe-
cialists such as long-distance passerine migrants, may exhibit 
reduced hindlimb length compared with highly terrestrial spe-
cies. This pattern is consistent with a shift in locomotor 
emphasis toward sustained flight rather than ground move-
ment.40,41 However, this trend is not universal across migratory 
taxa. Many long-distance migrants, including shorebirds and 
cranes, retain elongated legs that are functionally important 
for wading or terrestrial foraging.38,39 Collectively, these find-
ings suggest that there appears to be a trend toward relatively 
reduced leg length in some migratory lineages with limited 
terrestrial locomotion, but leg morphology in migratory birds 
remains highly variable and shaped primarily by ecological 
niche rather than migration distance alone. 

Muscular Adaptations:
Seasonal Hypertrophy of Flight Muscles:
In preparation for migration, the pectoralis major (the 

primary downstroke muscle) and the supracoracoideus (the 
upstroke muscle) undergo seasonal hypertrophy, which is in-
creased muscle growth through muscle fiber enlargement.42 
Studies show that these muscles can increase by 20-30% in 
mass in just a few weeks.43-46 The pectoralis major and su-
pracoracoideus muscles are specialized for prolonged aerobic 
metabolism, enabling birds to sustain flight for hours or even 
days without fatigue.1,31 In small migratory songbirds, these 
muscles are predominantly composed of fast oxidative glyco-
lytic (Type IIa) fibers, rather than Type I fibers found in larger 
waterfowl such as ducks and geese.47-49 Type IIa fibers provide 
a balance of high contractile power and aerobic endurance, 
supporting both sustained light and daily movement require-
ments.49 Seasonal modulation of fiber-type composition, 
coupled with increases in oxidative enzyme activities, enhances 
the oxidative capacity of these muscles during migration.48,49 
In addition, the fibers are densely packed with mitochondria 
and supported by a rich capillary network, allowing efficient 
oxygen delivery and near-exclusive reliance on fat metabolism 
during long-distance flights.50

Hypertrophy is not simply passive weight gain. It is an ac-
tively regulated process, shaped by hormones and physiology. 
Hormonal and molecular signals play a key role in triggering 
these changes. Research has shown that Insulin-like Growth 
Factor 1 (IGF1) mRNA expression significantly increases 
during pre-migratory weight gain, promoting protein syn-
thesis and muscle fiber growth.44 Simultaneously, myostatin 
mRNA (a negative regulator of muscle development) is sup-
pressed.44 This dual mechanism removes molecular constraints 
on growth, priming the muscles for the extreme workload of 

migration. Beyond molecular regulation, environmental and 
behavioral factors also influence hypertrophy. Photoperiod 
changes, food availability, and fat deposition all act as signals 
that coordinate muscle growth for migration readiness.8,12,51 
Even exercise outside the migratory window can partially ac-
tivate these pathways, suggesting that flight muscles retain a 
year-round ability for remodeling, though migration amplifies 
the effect.43,52

Seasonal hypertrophy of migratory birds is distinct from 
that of non-migratory birds. Resident species exposed to 
similar photoperiods and environmental cues show little to 
no increase in flight muscle mass or fiber-type remodeling.48 
For example, comparative studies in White-crowned sparrows 
(Zonotrichia leucophrys) show significantly higher pre-migra-
tory pectoralis mass and oxidative enzyme activity in migratory 
individuals relative to resident conspecifics.48 This reinforces 
that this plasticity is a migratory adaptation rather than a gen-
eral response to seasonal changes. However, not all migrants 
follow the same muscular hypertrophy pattern. Comparative 
studies on sparrow species suggest that long-distance migrants 
may exhibit greater seasonal shifts in muscle mass and fiber 
type composition than short-distance migrants or resident 
species.48 However, these patterns are not universal. In some 
species, including short- and medium-distance migrants, the 
pectoralis muscle transverse area may decrease during the 
migratory season while fiber density increases, as shown in 
Yellow-rumped warblers (Setophaga coronata).53 This change 
may improve oxygen and nutrient delivery to individual fibers 
rather than increasing absolute force production.53 Migration 
timing and ecological context further influence these traits, 
with individuals departing earlier or facing more demanding 
routes often showing higher proportions of oxidative fibers 
and elevated aerobic enzyme activity.49

Once migration begins, hypertrophied muscles enter a del-
icate balancing act. They must sustain continuous wingbeats 
without fatigue while minimizing excess weight that could 
hinder flight.1 After prolonged flights, post-migratory atrophy 
occurs as a controlled, adaptive response.13 Studies show that 
after long-distance flights, the cross-sectional area of flight 
muscles such as the pectoralis can decrease, with altered con-
tractile properties that reflect strategic remodeling rather than 
damage.44 This reduction is part of a broader muscle adapta-
tion that includes the breakdown of muscle proteins, providing 
amino acids for energy and metabolic water, which are cru-
cial during hydration-stressed flights.7 Experimental work 
on species like Yellow-rumped warblers further supports this, 
showing that flight-induced pectoralis atrophy occurs at a rate 
of about 4 mg dry mass per hour with minimal immediate loss 
in force production or aerobic capacity.52 This indicates a bal-
ance between reducing tissue mass and maintaining function. 
Similarly, research on Black-necked grebes (Podiceps nigricollis) 
reveals that during migration, flight muscles can lose up to 
50% of their mass, yet the mitochondrial density remains rel-
atively high, suggesting that muscle reduction is a controlled 
adaptation.54 At the same time, the lighter musculature reduces 
overall body mass, balancing the trade-off between force pro-
duction and metabolic efficiency until the bird can replenish 
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durance species have tightly packed sarcomeres, increased 
elasticity, and optimized cytoskeleton anchoring, which to-
gether enhance contractile efficiency.56 These specializations 
allow muscles to sustain repeated contractions with minimal 
energy loss. The ECM further contributes to mechanical sta-
bility by transmitting force laterally, supporting the integration 
of individual fibers, resisting fatigue, and reducing the risk of 
micro-tears during repetitive wingbeats.1,56,62 Collagen compo-
sition, cross-linking, and alignment with the ECM are critical 
for minimizing mechanical stress and preserving structural in-
tegrity in vertebrate skeletal muscles, including those of birds.62 
Together, these structural adaptations provide stiffness and 
help distribute force efficiently across the muscle.

Mitochondrial Adaptations:
Increased Aerobic Energy Production: 
Migratory birds have much higher mitochondrial density 

in their flight muscles than resident species, as indicated by 
enhanced mitochondrial enzyme activity and respiratory per-
formance in migratory individuals.50 This is crucial to fueling 
the intense, energetic demands of long-distance flight. In the 
pectoralis muscles of White-crowned sparrow subspecies, 
migratory Gambel (Zonotrichia leucophrys gambelii) showed 
greater markers of mitochondrial remodeling and enhanced 
capacity for mitochondrial oxidative metabolism compared 
with non-migratory Nuttall (Zonotrichia leucophrys nuttalli), 
supporting the link between mitochondrial adaptations and 
migration energetics.63 This spatial arrangement minimizes 
diffusion distance for both oxygen and fatty acids, ensuring ef-
ficient delivery of fuel and oxygen directly into the oxidative 
machinery of the cell.13,59

In Yellow-rumped warblers, flight mitochondria have about 
60% higher citrate synthase activity than non-migratory phe-
notypes, reflecting a stronger capacity for sustained aerobic 
metabolism.50 Additionally, State 3 respiration rates, indicative 
of phosphorylating respiration, are approximately 70% higher 
in migratory birds when oxidizing palmitoylcarnitine.50 Pal-
mitoylcarnitine is an intermediate in mitochondrial fatty acid 
oxidation, a process that generates significant amounts of ATP 
required for high-powered flight.64 

Interestingly, ROS (reactive oxygen species) emission rates 
are similar between migratory and non-migratory phenotypes, 
despite the higher metabolic rates in migrants.13,50,65 Normal-
ly, elevated oxidative metabolism increases ROS production 
because oxygen partially reduces to superoxide at complexes I 
and III of the electron transport chain.66 The maintenance of 
low ROS levels in migratory birds indicates adaptations that 
allow enhanced oxidative capacity without incurring oxidative 
damage.67 These adaptations include the upregulation of re-
dox-sensitive signaling pathways and redox-balancing proteins 
such as SIRT1, SOD1, and NF-κB.67 Evidence for this comes 
from migratory Redheaded buntings (Emberiza bruniceps), 
which display tissue-specific control of oxidative stress during 
long-distance flights.67

Furthermore, in migratory species, flight muscles show mito-
chondrial adaptations that enhance ATP production, including 
changes in mitochondrial morphology and electron transport 

energy stores.55 This cycle of muscle growth and reduction re-
flects an extraordinary flexibility in avian physiology, allowing 
birds to optimize their flight performance while adapting to 
the demands of migration. 

Fiber Composition and Enzymatic Function:
The flight muscles of migratory birds rely primarily on fast 

oxidative-glycolytic (FOG) fibers, which combine high fatigue 
resistance with the contractile speed necessary for sustained 
flapping flight.53 These fibers are characterized by high mito-
chondrial density, elevated myoglobin content, and extensive 
capillarization, supporting efficient oxygen delivery and high 
rates of aerobic metabolism.53,56 Comparative studies of migra-
tory and resident sparrows demonstrate that while FOG fibers 
dominate the pectoralis muscle in both groups, migratory spe-
cies exhibit substantially greater seasonal plasticity in muscle 
phenotype than resident species.48,57

Rather than undergoing major shifts in fiber type, migratory 
birds enhance the oxidative capacity of existing FOG fibers 
during migration through coordinated biochemical and met-
abolic changes. Activities of key aerobic enzymes, including 
citrate synthase (CS), a marker of mitochondrial abundance, 
and β-hydroxyacyl-CoA dehydrogenase (HOAD), a central 
enzyme in fatty-acid β-oxidation, rise significantly during 
migratory periods.16,48 These enzymatic changes are accompa-
nied by the seasonal upregulation of fatty acid transporters in 
flight muscle, which enhances lipid uptake and supports sus-
tained reliance on fat as a primary fuel source for long-distance 
flight.58 Similar seasonal increases in CS activity have been 
documented in Yellow-rumped warblers, indicating elevated 
mitochondrial oxidative capacity relative to non-migratory 
states.50,59 In contrast, resident sparrows show little to no sea-
sonal variation in muscle fiber morphology, enzyme activity, or 
lipid transport capacity, maintaining relatively stable metabolic 
profiles year-round.48 

This suggests that migratory birds undergo a reversible, mi-
gration-triggered metabolic reprogramming that optimizes 
endurance capacity when needed. Early-departing individuals 
often display larger mitochondrial densities and greater oxida-
tive capacity, suggesting that intra-species variation is tuned to 
individual migratory schedules.60,61 This muscle-level plastici-
ty aligns with broader seasonal modulation across the oxygen 
transport cascade, including coordinated changes in oxygen 
delivery, diffusion, and utilization documented in migratory 
songbirds.53

Cellular Specialization:
One particularly striking adaptation is how flight muscles 

handle water balance during long flights. When Blackpoll 
warblers (Setophaga striata) fly thousands of kilometers over 
the Atlantic, muscle catabolism during extreme dehydration 
appears to create metabolic water: a critical survival mecha-
nism under low-humidity conditions.52,55 This dual use of 
muscle tissue, as both a power source and an emergency water 
reservoir, illustrates the versatility of migratory physiology. 

Migratory birds also show structural adaptations at the 
myofibrillar and extracellular matrix (ECM) level. High-en-
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mass than short-distance or resident species, suggesting se-
lection for enhanced cardiovascular capacity.12,20,72,73 Increased 
heart mass enhances stroke volume, particularly through left 
ventricular hypertrophy, elevates systemic cardiac output 
without disproportionately raising pulmonary circuit pres-
sures.1,74,75 Seasonal phenotypic flexibility also contributes to 
this process. In migratory passerines such as Yellow-rumped 
warblers and Warbling vireos (Vireo gilvus), heart mass is high-
er in spring before migration and declines after the migratory 
period.73 This demonstrates reversible cardiac remodeling in 
preparation for and recovery from long flights. The cardio-
vascular system is tightly linked to muscle and mitochondrial 
performance. Hypertrophied flight muscles demand a high-
er oxygen influx, which drives selection for larger hearts and 
increased capillarization.44,46 In turn, efficient mitochondrial 
networks utilize this oxygen effectively, converting it into ATP 
to sustain continuous wingbeats.13,59

Oxygen delivery is further facilitated by higher capillary 
density in the flight muscles of migratory birds, which re-
duces diffusion distances and supports robust oxygen supply 
to active fibers during flight.1,53 While the capillary-to-fiber 
ratio may not change uniformly across all seasons or species, 
seasonal modulation in multiple components of the oxygen 
cascade has been documented in migratory songbirds.53 This 
improves oxygen uptake and transport under migratory con-
ditions.53 Hemoglobin concentration and oxygen-binding 
properties also vary across migratory states, though the specif-
ic mechanism remains an area of active research.53 Anatomical 
features such as specialized pneumatic bones and extensive 
air sac systems complement these cardiovascular traits. They 
increase respiratory efficiency and oxygen availability for sus-
tained aerobic metabolism during long flights.1 Together, these 
cardiovascular adaptations illustrate how migratory birds fine-
tune heart morphology and function, both evolutionarily and 
seasonally, to meet the circulatory requirements for long-dis-
tance flight.

Digestive System Adaptations:
Migratory birds exhibit remarkable plasticity in their di-

gestive system, allowing them to adjust gut structure and 
function in response to changing energetic demands. In wad-
ers (Charadrii), Kovtun et al. demonstrated that pre-migratory 
individuals significantly increase their intestinal length, mass, 
and absorptive surface area relative to non-migratory peri-
ods.76 Supporting this, Western sandpipers (Calidris mauri) 
show increases of up to 25% in small intestine mass before mi-
gration, a change that coincides with peak fat deposition and 
maximized energy storage.76,77 Comparable digestive flexibility 
has also been documented in migratory songbirds. Studies of 
passerines such as Garden warblers (Sylvia borin) and other 
long-distance migrants reveal reversible enlargement of diges-
tive organs during fueling phases at stopover sites, facilitating 
the processing of energy-rich foods encountered during fre-
quent migratory stops.11,78 

In addition to structural remodeling, liver mass and diges-
tive enzyme activity increase prior to migration, enhancing 
lipid processing and carbohydrate assimilation during periods 

chain activity that optimize oxidative phosphorylation.68 Such 
structural and functional optimization reduces metabolic bot-
tlenecks and supports the extreme endurance required during 
migration.7,13,68

Seasonal Remodeling and Phenotypic Flexibility:
Mitochondrial adaptations in migratory birds are highly 

plastic. Seasonal cues, such as photoperiod, trigger the prolif-
eration of mitochondria and increase oxidative enzyme activity 
in preparation for migration.50,61,63 After migration, seasonal 
mitochondrial remodeling regresses, conserving energy during 
non-migratory flights.57 This plasticity entails fine-tuned ad-
justments based on migratory distance and environmental 
conditions. For example, White-crowned sparrows and many 
boreal-breeding bird species have higher respiratory capac-
ity and CS activity during migratory periods than at other 
times of year, indicating flexible mitochondrial performance 
across seasons.57,69 This suggests that even subtle differences 
in ecological demands can shape cellular bioenergetics.50,70 
Such remodeling emphasizes the cost-benefit tradeoff inher-
ent in maintaining high-performance mitochondria. While 
sustaining them year-round would be energetically expensive, 
repeatedly rebuilding mitochondrial machinery before and af-
ter migration also carries an energetic cost. This suggests that 
birds balance the benefits of high oxidative capacity during 
migration with the energetic demands of seasonal remodeling. 

Fuel Utilization and Metabolic Eff iciency:
Migratory birds predominantly fuel long-distance flight 

with fatty acids, as fats contain substantially more energy per 
gram than carbohydrates and are the dominant substrate for 
aerobic metabolism.7,71 In flight muscles, mitochondria are 
closely associated with intramyocellular lipid droplets, allowing 
immediate access to fat stores without the delay of mobilizing 
distant reserves.13,45,46 Fatty acids derived from stored triacyl-
glycerides are transported to flight muscles, where they undergo 
β-oxidation and oxidative phosphorylation to meet high ATP 
demands.1 Seasonal increases in fatty acid transporters and cat-
abolic enzymes such as carnitine palmitoyltransferase (CPT) 
and HOAD support enhanced lipid uptake and oxidation in 
flight muscles during migration.13,45,46,62 The upregulation of 
these enzymes and transport proteins ensures that the oxida-
tive machinery can continuously process large amounts of lipid 
fuel during hours of intense aerobic flight.62 Migratory birds 
also exhibit tighter coupling in oxidative phosphorylation, 
minimizing proton leak and maximizing ATP yield per unit 
oxygen consumed.44 This combination of high-energy-density 
fats, enzyme specialization, and increased mitochondrial oxi-
dative capacity enables migratory birds to maintain prolonged 
flights while meeting their energetic demands.44,59

Cardiovascular Adaptations:
Compared to resident species, migratory birds typically ex-

hibit larger hearts relative to body size, a pattern that reflects 
evolutionary adaptation for the higher circulatory demands 
of endurance flight.2,72,73 Migratory taxa such as Arctic terns 
and Blackpoll warblers show consistently greater relative heart 
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of hyperphagia.14,77 These changes are reversible: post-migra-
tory birds exhibit regression of gut size and reduced digestive 
enzyme activity, minimizing maintenance costs once maximal 
digestive performance is no longer required.11,17,46,76 Digestive 
plasticity is not exclusive to migratory species. Experimental 
studies in White-throated sparrows demonstrate that increased 
seasonal demands, such as cold exposure, can induce reversible 
enlargement of intestinal and hepatic tissues.79 This suggests 
that gut flexibility is a generalized adaptive response to fluc-
tuating energetic constraints rather than migration alone.11,17

Pre-migratory fattening is crucial to migratory success. 
Across multiple passerine and wader species, fat stores can 
reach 30-50% of body mass before departure, providing the 
primary fuel for sustained flight.13,46,80 This fat accumulation 
is driven by pronounced hyperphagia and selective feeding, 
with birds preferentially consuming lipid and carbohydrate 
rich foods.14,76 Experimental studies in migratory buntings 
and sparrows show that caloric intake can increase up to 60% 
above baseline during fueling periods, with the majority of as-
similated energy directed towards subcutaneous and visceral fat 
stores.13,14,80

Hormonal regulation plays a central coordinating role in 
these digestive and metabolic changes. Cornelius et al. showed 
that pre-migratory corticosterone peaks coincide with elevat-
ed foraging activity, gut growth, and food intake, while rising 
thyroid hormone levels enhance metabolic rate and lipid mobi-
lization.8 Together, these endocrine shifts synchronize behavior, 
digestive organ remodeling, and nutrient assimilation, ensuring 
that energy acquisition and storage are optimally aligned with 
the timing and energetic demands of migration.8,13 

The digestive system also undergoes molecular adaptations 
that facilitate rapid and efficient energy transfer from dietary 
intake to aerobic power output. In Western sandpipers, Gug-
lielmo et al. found that fatty acid binding proteins (FABPs) are 
upregulated in both intestinal tissue and flight muscle during 
pre-migratory fattening, enhancing intracellular transport of 
absorbed fatty acids toward sites of oxidation.45 By accelerating 
fatty acid trafficking from the gut to mitochondria, elevated 
FABP expression supports sustained lipid oxidation during 
flight and reduces dependence on carbohydrate metabolism.13,14 
This ensures that the high-energy demand of sustained wing-
beats is met without delay, conserving limited muscle glycogen 
reserves.13,14

Seasonal shifts in digestive enzyme activity further reinforce 
this fuel-delivery system. Kovtun et al. reported pre-migratory 
increases in intestinal lipase and amylase activity in waders, 
reflecting enhanced capacity to process both lipid-rich and 
carbohydrate-rich diets during periods of rapid mass gain.76 
Comparable patterns of enzyme modulation and digestive 
upscaling have also been documented in migratory passer-
ines.11,46 This indicates that the biochemical flexibility of the 
gut is a general feature of migratory preparation rather than a 
shorebird-specific phenomenon. Together, these molecular and 
enzymatic adjustments tightly synchronize energy storage and 
utilization across organ systems during migration. 

Convergent and Divergent Migratory Adaptations: 
While the preceding sections emphasize shared physiologi-

cal solutions to migration, not all migratory adaptations evolve 
uniformly. The interaction between geography, ecology, and 
phylogenetic history can result in both convergent and di-
vergent evolution (Figure 1). On one hand, distantly related 
species often converge on similar morphological, physiologi-
cal, and behavioral traits when exposed to the shared demands 
of long-distance flights. On the other hand, closely related 
lineages may diverge when ecological, geographical, and ge-
netic variations impose distinct selective pressures. Together, 
these patterns highlight migration as both a unifying force 
shaping shared solutions and a diversifying driver promoting 
lineage-specific adaptations.18 

On a generalized level, unrelated species frequently converge 
on similar migratory strategies when constrained by geogra-
phy and atmospheric conditions. For example, many Western 
Hemisphere migrants undertaking trans-Gulf flights adopt 
looped or seasonally asymmetrical routes that exploit pre-
vailing wind systems to reduce energetic costs.81,82 In Central 
America and Northern South America, the narrowing of land 
corridors and the orientation of major mountain ranges chan-
nel migrants into partially overlapping pathways, promoting 
convergence in route selection across phylogenetically diverse 
lineages.19 However, migration in the Americas does not fol-
low a single uniform pathway. North American birds move 
through multiple north-south flyways that may diverge, merge, 
or shift seasonally depending on destination, weather, and eco-
logical context.83 This complexity highlights that convergence 
is strongest where geographic and atmospheric constraints are 
most restrictive, whereas divergence dominates in regions that 
offer multiple viable migratory options. 

Behavioral strategies illustrate divergence under different 
ecological contexts. Within the wide-ranging songbird North-
ern wheatear (Oenanthe oenanthe), contrasting stopover and 
departure tactics have been documented between populations 
facing different onward migration distances.84 Scandinavian 
wheatears (Oenanthe oenanthe oenanthe), crossing relatively 
short distances of up to 500 kilometers, typically depart stop-
over sites quickly regardless of immediate weather conditions. 
In contrast, Greenlandic and Icelandic conspecifics undertak-
ing flights of up to 25,000 kilometers often prolong stopovers 
and time departures in relation to favorable conditions such 
as tailwinds and clear skies.84 This intraspecific divergence in 
behavior underscores how ecological context can lead to dis-
tinct stopover and departure strategies within a single species. 
Moreover, divergent migratory strategies are linked to phys-
iological performance at stopover in other songbirds as well. 
Long-distance migrating Gray catbirds (Dumetella carolinesis) 
exhibit a higher increase in plasma triglyceride concentration 
per unit increase in body mass compared to short-distance 
migrants during spring refueling.85 This indicates variation in 
refueling performance tied to migratory distance within a spe-
cies.

At the cellular level, high-performance mitochondrial traits 
have repeatedly evolved across distant species. Long-dis-
tance shorebirds, passerines, and high-altitude sparrows 
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independently show increased mitochondrial density, elevated 
oxidative enzyme activity, and optimized cristae organization 
to increase ATP production efficiency.44,86 This convergence 
highlights the intense selective pressures imposed by migration 
and demonstrates that natural selection can generate similar 
cellular “solutions” in unrelated lineages.13,59 Convergent traits 
extend beyond energy output. For instance, species perform-
ing overwater migrations show reduced ROS emission even 
under high mitochondrial flux, suggesting that selection fa-
vors not only endurance but also cellular resilience to oxidative 
stress.13,55,63 It is important to note that most of these studies 
are taxonomically concentrated toward passerines, shorebirds, 
and a few model species such as white-crowned sparrows 
and blackpoll warblers, with a strong emphasis on extreme 
long-distance migrants. Intermediate strategies, such as those 
employed by partial or short-distance migrants, remain poor-
ly characterized, leaving gaps in understanding the spectrum 
of mitochondrial adaptations across the avian phylogeny. Ex-
panding research to include diverse migratory behaviors and 
lineages could clarify the evolutionary and functional limita-
tions of these cellular adaptations. 

At the genetic level, Common yellowthroats (Geothlypis tri-
chas) with both migratory and resident populations illustrate 
how convergence and divergence can occur simultaneously 
within a single species. Eastern and western clades are genet-
ically distinct, each carrying unique sets of single-nucleotide 
polymorphisms (SNPs) that reflect lineage-specific diver-
gence.87 Yet despite these differences, 27 out of 42 candidate 
genes overlap across populations, and these loci are associat-
ed with migratory timing, morphology, and metabolism.87 
Functionally, both migratory lineages have converged to have 
a similar adaptive response through different genetic routes. 
Moreover, resident populations in both clades show strong 
selection signals, suggesting that residency has independent-
ly evolved as a convergent response to year-round ecological 
pressures.87 The Common yellowthroats therefore demonstrate 
that migration can drive both divergence in genetic pathways 
and produce convergence in phenotypic features. 

Divergence is also evident in neurological evolution. Migra-
tory Dark-eyed juncos have significantly higher hippocampal 
neuron density and superior spatial memory compared to their 
resident conspecifics, supporting advanced navigation during 
long-distance migration.88 Similarly, adult sparrows show el-
evated hippocampal neurogenesis associated with migratory 
behavior, whereas juveniles do not, suggesting that neural 
plasticity is linked to both experience and the demands of 
migration.89 Across passerines, migratory species may have 
smaller overall brain sizes compared to resident birds, which 
may reflect an energetic tradeoff in favor of specialized naviga-
tion and reduced developmental costs.90 Hippocampal volume 
is also influenced by seasonal experience. Studies in warblers 
demonstrate that individuals exposed to migratory challenges 
exhibit larger hippocampi, highlighting the combined effects 
of environmental demands and age-related plasticity.91 These 
findings illustrate how divergence and convergence in neu-
rological structures enable migratory birds to balance spatial 
memory, cognitive demands, and energetic efficiency relative 
to resident species. 

Morphological convergence further demonstrates the inter-
play of convergent and divergent evolution. Ficedula flycatchers 
show predictable scaling of wing pointedness and body size 
with migratory distance, within intermediate forms among 
short-distance migrants.28,92 Long-distance migratory Ficedula 
species from different breeding and wintering grounds also dis-
play similar morphologies that have evolved independently.28 
These patterns highlight the sliding scale of migratory pres-
sures that sculpt wing morphology in proportion to distance. 
Comparisons in shorebirds further reinforce this trend: among 
Charadriidae and Scolopacidae, long-distance migrants consis-
tently evolve more pointed wings with reduced roundness and 
enhanced fat stores.92 Quantitative analyses indicate that mi-
gration distance alone can explain up to 53% of the variation in 
wing shape.92 These findings confirm a predictable, convergent 
relationship between wing pointedness and migration strategy, 
while interfamily differences emphasize lineage-specific diver-
gence in achieving flight efficiency.

Convergence extends beyond morphology and physiology 
to communication and flight behaviors. Among North Amer-
ican wood warblers, migration has also shaped vocal behavior. 
Gayk et al.'s study on 36 species of wood warblers (Parulidae) 
found that birds with overlapping migratory ranges, breeding 
latitude, or migration distances had more acoustic similarities 
in their flight calls. In contrast, species with distinct migratory 
routes exhibited divergent calls. This suggests that acoustic 
convergence can be shaped by migratory pressures for com-
munication within mixed flocks, increasing migratory success 
with a mixed variety of predator detectability and navigational 
knowledge.93 

Together, migratory adaptations reveal the multi-layered 
strategies birds employ, linking molecular, cellular, and systemic 
changes into a unified migratory phenotype.
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Figure 1: Schematic showing convergent and divergent evolution in 
migratory birds. Same migratory pressures promote similar traits across 
different species, while different migratory pressures can result in different 
traits in the same species.
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�   Conclusion 
Migration has shaped more than isolated traits; it has forged 

a specialized, whole-organism phenotype finely tuned to the 
extreme demands of long-distance flight. This migratory 
phenotype represents a tightly integrated unit of anatomical, 
physiological, and molecular traits honed by natural selection 
to optimize endurance and efficiency. It is the coordination of 
skeletal, muscular, mitochondrial, cardiovascular, and digestive 
systems, and neural systems that underpins migratory success. 
The components of these adaptations that create the migratory 
phenotype are summarized in Figure 2.

At the core of the migratory phenotype is precise cross-sys-
tem coupling. Lightweight, fused skeletal structures reduce 
mechanical stress and enhance flight stability. But this is 
only advantageous when paired with hypertrophied, oxi-
dative-rich flight muscles capable of sustaining continuous 
wingbeats. These muscles rely on high mitochondrial densi-
ty, optimized enzyme activity, and perfected oxygen delivery 
systems to maintain aerobic demands. Cardiac remodeling, 
including seasonal left ventricular hypertrophy, adjusts circu-
latory capacity to muscular workload, while digestive organs 
showcase pronounced phenotypic flexibility to maximize nu-
trient absorption during pre-migratory fattening. Even at the 
cellular scale, mitochondrial positioning ensures synchronized 
delivery of oxygen and lipid fuel, and endocrine signals trigger 
coordinated remodeling across muscle, heart, and gut. Collec-
tively, these systems operate as an integrated network in which 
performance emerges from alignment rather than the sum of 
isolated traits. 

Understanding the migratory phenotype has critical impli-
cations for conservation. Migratory success depends on tight 
cross-system coordination, and disruptions at any single stage 
can cascade across the migratory phenotype. Climate change 
has already been shown to alter photoperiod-temperature re-
lations, leading to mistimed Zugunruhe, premature fattening, 
or departures that no longer align with peak food availability. 
This increases starvation risk and reduces reproductive suc-
cess. Habitat loss at key stopover sites limits opportunities for 
refueling and digestive remodeling, resulting in incomplete 
migratory preparation and failed breeding attempts. Artifi-
cial light pollution further disrupts circadian and circannual 
cues, interfering with endocrine regulation of migration and 
increasing mortality through distortion and collision. These 
examples demonstrate that protecting migratory species re-
quires conserving not only breeding and wintering grounds, 
but also the ecological corridors and environmental signals 
that allow the migratory phenotype to function as an integrat-
ed whole. Migration, therefore, stands as a powerful illustration 
of how evolution coordinates multi-level biological systems for 
extraordinary endurance and how vulnerable such calibrated 
adaptations are to anthropogenic change. 
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ABSTRACT: Epigenetics, the study of genetic changes to chromatin that can impact gene expression, has emerged as a 
significant component of understanding cellular behavior and disease development. This work delves into the relationship 
between histone modifications and gene expression to explore the impact of epigenetic changes on gene behavior. Modification 
of Histone proteins in chromatin modifies the binding of histones to DNA. This influences gene accessibility to proteins such 
as RNA polymerase, thereby regulating gene expression levels. Histone modifications influence cellular behavior and play a 
critical role in biological processes, such as memory formation and cancer development. This paper explores the typical patterns 
of various histone modifications across genes, investigating how they interact and are related to gene expression. By examining 
these relationships, this study aims to understand the significant role of epigenetics in modulating gene behavior and its broader 
implications in biological systems. Epigenetics Research is crucial for developing drugs and understanding the inheritance of gene 
expression patterns in daughter cells and developmental biology. The latter deals with cellular differentiation and tissue-specific 
gene expression. This research examines the interplay between histone modifications and gene expression.  

KEYWORDS: Animal Sciences, Genetics, Chromatin, DNA, Histone Modifications. 

�   Introduction
Inheritance has long been related to the transmission of 

genetic information encoded within the DNA strands passed 
down from one generation of living organisms to the next. 
However, recent advancements in genetics have uncovered an-
other layer of complexity in hereditary processes: epigenetics.1 
DNA sequence and the detailed assembly of DNA and pro-
teins within the nucleus are crucial mediators of cellular 
behavior and inheritance. Recent studies have revealed that 
epigenetic modifications to chromatin also play a critical role 
in this regard.2-4 These modifications, including changes to 
histone proteins, influence gene expression and affect basic yet 
important biological processes ranging from memory forma-
tion to developing diseases like cancer.

At the core of chromatin structure lies histone proteins, 
which are large biomolecules that DNA is wound around 
DNA forming nucleosomes. The modification of histones af-
fects the accessibility of DNA, thus regulating gene expression 
levels. Histones can either promote or hinder the binding of 
regulatory proteins, such as the transcription factor TFIID, 
thereby regulating and modulating gene activity within the cell.

This research project focuses on the detailed interplay be-
tween histone modifications and gene expression, aiming to 
explain the underlying mechanisms of epigenetic regulation. 
By analyzing the positions and levels of histone modifications 
across genes and relating them to levels of transcription factors, 
RNA Polymerase, and nucleosome levels, this paper aims to 
explore the impact of histone modifications on transcription 
in active and inactive genes. In this work, typical patterns of 
various histone modifications across genes can be seen to un-
ravel the complex and detailed web of epigenetics.5 Central to 
this question is exploring how histone modifications correlate 

with gene expression profiles. By deciphering whether specif-
ic histone marks are associated with active or repressed genes, 
this paper aims to gain insights into the relevance of epigenetic 
modifications in shaping gene behavior and cellular processes. 
This study aims to reevaluate established research of transcrip-
tional regulation by integrating ChIP-seq, MNase-seq, and 
NET-seq datasets within a unified metagene framework in 
yeast, Saccharomyces cerevisiae. The primary focus is to system-
atically examine how specific histone modifications like H3K4 
methylation, H3 and H4 acetylation, and H2B ubiquitination 
relate to nucleosome positioning, transcription factor occupan-
cy, and new RNA synthesis at and around the transcription 
start site (TSS). This work reexamines their interdependence 
by aligning and correlating transcription across thousands of 
genes. Through this approach, the study refines current un-
derstanding of how chromatin structure and chemical histone 
modifications such as methylations, acetylation, and ubiquiti-
nation dynamically interact to regulate transcription initiation 
and elongation.

The remainder of this paper is organized as follows. In this 
Section, the background and layout of the scope of our study 
are briefly described. Section 3 describes the methodology used 
to analyze the data sets and examine the role of histone mod-
ifications on gene expression. Section 4 describes the results 
obtained from our study, followed by a discussion of key find-
ings in Section 5. Finally, the paper concludes with a summary 
of the study and areas and aspects that need further exploration.

Background:
Epigenetics refers to heritable changes in gene function that 

do not involve alterations to the underlying DNA sequence.
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The N-terminus tails of histones undergo various chemical 
modifications, including methylation, acetylation, phosphor-
ylation, and ubiquitination. These modifications alter the 
chromatin structure, influencing how tightly or loosely the 
DNA is packaged around histones. In turn, these histone 
modifications can regulate access to DNA by affecting the lev-
els and/or types of transcription factors, repressors, and RNA 
polymerase present, subsequently changing levels of gene ex-
pression.

Various studies1-3 have identified specific patterns of histone 
modifications that correlate with distinct gene activities in 
the context of transcriptional regulation for specific histone 
modifications. For example, histone acetylation is generally 
associated with open chromatin and active gene transcription. 
In contrast, histone methylation at certain lysine residues can 
mark either active or repressive chromatin states depending on 
the context.

The Transcription Start Site (TSS) in genes is where RNA 
polymerase binds to DNA to initiate transcription. Different 
histone modifications in the vicinity of the TSS affect chroma-
tin structure, therefore regulating the accessibility of DNA to 
RNA polymerase. All histones show a common trend in affect-
ing chromatin structure and regulating transcription. Histone 
modifications such as the promoter-associated H3K4me3 and 
the gene-body-enriched H3K36me3 show distinct positional 
patterns around the TSS that either promote or repress tran-
scription.

Goal and Scope of the Present Study:
This study explores the role of histone modifications on gene 

expression using the yeast genome Saccharomyces cerevisiae as 
an example.6 Though the study is limited to examining yeast, 
patterns of how histone modifications affect gene expression 
in this species represent how histones affect gene expression 
in other organisms as well. To limit the scope of the study and 
focus on understanding the fundamental role of histone mod-
ifications, the exploration is confined to certain histones and 
histone modification types. Histones considered in this study 
include H2, H3, H4, and H2B. Further, the exploration is 
limited to methylation, acetylation, and ubiquitination-based 
histone modifications.

�   Materials 
This study draws on various datasets relating to the yeast 

genome Saccharomyces cerevisiae, which typically contains 

6275 genes made available courtesy of the Cambridge Cen-
ter of International Research. In this study, ChIP-seq data 
sets (Chromatin Immunoprecipitation Sequencing)* are used 
to identify regions of the genome enriched with specific his-
tone modifications.6 MNase-seq data (Micrococcal Nuclease 
Sequencing)* is used to assess nucleosome positioning and 
chromatin accessibility. By analyzing MNase digestion pat-
terns, the influence of histone modifications on chromatin 
structure and DNA accessibility is explored, thereby impact-
ing gene expression. MNase preferentially cuts exposed linker 
DNA but is blocked by tightly positioned nucleosomes. By 
analyzing MNase digestion patterns, we can determine where 
nucleosomes are positioned, how strongly they are packed, 
and how accessible the underlying DNA is. This is important 
because histone modifications often shift nucleosome posi-
tioning or stability, thereby altering chromatin accessibility 
and influencing whether transcription factors and RNA poly-
merase can access the DNA to initiate transcription.7 This is 
repeated across the genome-wide dataset of histone modifi-
cations computationally. NET-seq data (Native Elongating 
Transcript Sequencing)* shows the level of RNA polymerase 
occupancy across genes, providing insights into active tran-
scriptional activity.8 This data is then analyzed in conjunction 
with histone modification profiles obtained from plotting his-
tone levels across the gene body, and the correlation of specific 
modifications with transcription initiation, elongation, and 
termination processes is examined. This is carried out across 
the set of histone modifications considered.*

*Courtesy of the Cambridge Center of International Re-
search (CCIR)

�   Methods 
The analysis of the datasets and the analytical methods was 

completed as follows. First, a meta-gene data sequence of 5,331 
functional genes in the S. cerevisiae yeast genome was created. 
Meta-genes embody a group of genes that refer to a collective 
gene expression analysis of histone-modification, MNase-seq, 
and NET-seq datasets, which was performed across a set of 
genes. They are used to summarize overall trends in transcrip-
tional activity. The meta-genes data sequences were created by 
grouping genes exhibiting similar patterns of histone-modifi-
cation enrichment profiles across genes and nucleosome levels.

Next, levels for each histone modification were plotted 
across the meta-gene. For each histone modification, ‘average 
histone modification’ refers to the mean ChIP-seq amount for 
that histone modification across all genes in the meta-gene. 
Gene bodies were divided into normalized bins relative to the 
TSS, and the signal in each bin was averaged across all genes 
of the same histone modification type to produce a quanti-
tative meta-gene profile. For example, for the histone H3 
lysine 4 methylation modification (H3K4me), three meth-
ylation states, monomethylation (H3K4me1), dimethylation 
(H3K4me2), and trimethylation (H3K4me3) were measured. 
The ‘levels’ of each modification refer to the ChIP-seq signal 
intensity associated with that modification at each genomic 
position. To generate an aggregate H3K4me profile across the 
meta-gene, the ChIP-seq signal intensities for H3K4me1, 
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Figure 1: An activator, such as TFIID, a transcription factor that promotes 
transcriptional initiation, binds to a target DNA sequence. The subsequent 
binding of RNA polymerase and transcription factors to the activator initiates 
transcription. Transcription activators, as seen in Figure 1, are also impacted 
by histone modifications.
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H3K4me2, and H3K4me3 were averaged along the gene 
body. Histone modification levels were computed and plotted 
relative to the transcription start site (TSS) because the TSS 
marks the region where transcription is initiated. By analyzing 
the positional patterns of multiple histone modifications near 
the TSS, we can assess how activating and repressive marks 
correlate with transcriptional activity, including promoter 
accessibility and the recruitment of transcription factors and 
RNA Polymerase, which aid in the initiation of transcription. 
This approach allows us to specifically explore how different 
histone modifications influence gene expression at the pro-
moter and early gene body regions.

MNase-seq (Micrococcal Nuclease Sequencing), ChIP-seq 
(Chromatin Immunoprecipitation Sequencing), and NET-seq 
(Native Elongating Transcript Sequencing) data were then an-
alyzed across the meta-gene to assess nucleosome positioning, 
histone modification levels, and transcriptional activity, re-
spectively. ChIP-seq datasets for the S. cerevisiae genome were 
used to obtain amounts of transcription factors across genes. 
MNase-seq data were used to assess nucleosome positioning 
and chromatin accessibility. By analyzing MNase digestion 
patterns, the influence of histone modifications on chromatin 
structure and DNA accessibility was explored, thereby affect-
ing gene expression. MNase-seq uses micrococcal nuclease 
to preferentially digest exposed DNA between nucleosomes, 
while DNA wrapped around nucleosomes is protected. By 
closely observing MNase digestion patterns, nucleosome 
positions and occupancy can be mapped across the genome. 
Since histone modifications can alter nucleosome stability and 
positioning, these patterns reveal how specific modifications 
influence chromatin accessibility. Chromatin accessibility, in 
turn, affects the ability of transcription factors and the tran-
scriptional machinery to engage DNA, thereby impacting 
gene expression. Thus, MNase digestion patterns provide a 
quantitative measure of how histone modifications modu-
late chromatin structure and regulate transcriptional activity. 
NET-seq data were used to measure nascent RNA associat-
ed with RNA polymerase II, providing maps of transcription 
across genes. This helps determine where transcription is ac-
tively initiating, how RNA polymerase progresses along the 
gene body, and where elongation may pause or terminate, 
thereby linking specific histone modification patterns to tran-
scriptional activity. In addition to the meta-gene analyses, 
a genome-wide correlation plot was generated comparing 
H3K4me3 ChIP-seq signal to NET-seq nascent transcription 
levels. For this analysis, gene-body averaged H3K4me3 ChIP-
seq values were computed for all genes and plotted against 
their corresponding NET-seq read densities. The resulting 
scatter plot provided a quantitative metric of the relationship 
between histone modification abundance and transcriptional 
output. This correlation analysis was used to validate wheth-
er positional enrichment patterns observed in the meta-gene 
profiles translated into genome-wide transcriptional behavior. 
The inclusion of this correlation plot in our analysis allowed 
us to directly test whether histone modification levels were 
predictive of transcriptional activity. By quantifying the asso-
ciation between H3K4me3 enrichment and RNA polymerase 

engagement, this method complemented the meta-gene-based 
approach and strengthened the overall interpretation that 
histone modifications actively contribute to transcriptional 
regulation. NET-seq data was also used to be analyzed in con-
junction with histone modification profiles obtained in Step 1 
to obtain a correlation of specific histone modifications with 
transcription initiation, elongation, and termination processes.

Correlation patterns between histone modification plots and 
MNase-seq, ChIP-seq, and NET-seq data plots were analyzed 
to find the relationship between transcription and histone 
modifications. In addition, the levels of various histone mod-
ifications across the genome were analyzed, which revealed 
the characteristic positional patterns of activating and repres-
sive marks such as acetylation (e.g., H2AK5ac, H4AK8) and 
methylation (e.g., H3K4me1/2/3, H3K36me3) across gene 
promoters and gene bodies. These patterns reflect how specific 
chemical groups attached to histone tails are distributed along 
the genome and differ among the core histones (H2A, H2B, 
H3, and H4) that form the nucleosome. By examining these 
modification profiles, we identified how each histone mark 
varies relative to others and how their enrichment aligns with 
transcriptionally active or inactive chromatin regions.

Finally, correlations between patterns of histone modifica-
tion levels and levels of transcription factors, RNA polymerase, 
and nucleosomes were established. These trends were com-
pared against similar known trends reported in the literature 
that link gene expression to histone modifications.4,20,25

�   Results
In this section, the results of the analysis of histone modifi-

cation data are presented, and their correlation to transcription 
is analyzed.

1. MNase-seq Data:
Figure 2 shows the nucleosome level across genes with high 

and low transcription in the constructed meta-gene of the S. 
cerevisiae genome. Genes with high transcription were used 
for metabolic processes, specifically in synthesizing enzymes 
that catabolize glucose, whereas inactive genes were used by 
the yeast far less often and are used only in rare, specific con-
ditions. The plot shows active genes have a large deviation 
in nucleosome levels before the TSS, indicating the DNA is 
available for transcription. In contrast, more chromatin is pres-
ent before the TSS in inactive genes, decreasing the likelihood 
that RNA polymerase can bind and initiate transcription.
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4. Average Level of H3K4 Methylation Across Genes:
This plot shows the level of H3K4 methylation across genes, 

including averaged levels across the H3K4me1, H3K4me2, 
and H3K4me3 modifications. H3K4 Methylation is associat-
ed with the transcription of genes and is therefore seen peaking 
at the TSS of actively transcribed genes. The dip observed just 
before the TSS corresponds to a H3K4 methylation-depleted 
region, where chromatin is open to allow transcriptional ini-
tiators and factors to access DNA, making it easier for RNA 
polymerase to bind to the DNA strand. In other words, the dip 
in H3K4 methylation indicates that fewer H3K4 methylation 
modifications are available, making chromatin less dense and 
signifying open chromatin. This histone modification also re-
cruits transcription factors that aid in transcriptional initiation. 
H3K4 methylation peaks at the TSS, promoting transcription 
by facilitating open chromatin and recruiting transcription fac-
tors such as TFIID and CHD1, which bind to the methylated 
histone tail and help assemble the transcriptional initiation at 
the TSS.19

5. Average Level of H2AK5 Acetylation across genes:
Figure 6 displays the average levels of H2AK5 acetylation 

across genes, aligned relative to the transcription start site 
(TSS). The data show a clear peak of H2AK5 acetylation at the 
TSS, indicating that this modification is most abundant at the 
TSS of actively transcribed genes. This pattern suggests that 
H2AK5ac is associated with transcription initiation, consistent 
with its known role in loosening chromatin structure to facili-
tate access by the transcriptional factors and RNA polymerase, 

2. Net-Seq Data:
The Net-seq data plotted below shows the position at which 

RNA polymerase actively elongates and the density of RNA 
polymerase enzymes across the gene body (Figure 3). The 
position of RNA polymerase is primarily found at the TSS, 
where it initiates transcription, as indicated by the peak. RNA 
transcription then terminates at the end of the gene location, 
as evidenced by the significantly reduced density of RNA 
Polymerase near the gene index 1000 relative to the TSS, thus 
showing RNA Polymerase is not active in this position of the 
gene.

3. ChIP-seq Data:
Figure 4 presents the ChIP-seq data analyzed for the S. cer-

evisiae genome, illustrating the distribution of transcription 
factors across gene bodies relative to the transcription start site 
(TSS). The figure reveals a pronounced enrichment of tran-
scription factors near the TSS, indicating a high amount of 
transcription factors at this position. Histone modifications 
enriched at the TSS help recruit transcription factors, which, 
as seen in this figure, are found at the TSS, facilitating the 
initiation of transcription.
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Figure 2: A plot of MNase-sequence data shows the nucleosome level across 
high-transcription and low-transcription genes. Active genes exhibit a sharp 
decline in nucleosome levels near the TSS, allowing RNA polymerase to bind 
and initiate transcription, whereas inactive genes have more nucleosomes 
before the TSS, which prevents transcription.

Figure 4: ChIP-seq data show transcription factors’ locations across the 
gene body relative to the TSS. Transcription factors accumulate near the TSS, 
indicating their role in initiating transcription, as seen in Figure 4.

Figure 5: Average level of H3K4 methylation across the gene body relative 
to the TSS.

Figure 3: The Net-seq data show the locations of RNA polymerase enzymes 
across the gene body. Figure 3 shows that RNA polymerase levels peak at 
the TSS, where transcription begins, and decrease near the termination site, 
indicating the start and end of transcription.
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indicating a more open chromatin structure that allows tran-
scription factors and RNA polymerase II to access the DNA. 
The high level of H3 acetylation at the TSS is consistent with 
its known role in reducing histone-DNA interactions, there-
by loosening chromatin structure and facilitating transcription 
initiation by allowing RNA polymerase and transcription fac-
tors such as TFIID to easily initiate transcription and bind to 
the TSS region of the gene.

8. Average Level of H4 Acetylation Across Genes:
Figure 9 depicts the level of H4 acetylation, which peaks 

at the TSS of actively transcribed genes. The dip before the 
TSS suggests an open chromatin structure, allowing RNA 
polymerase to bind easily to the DNA strand. H4 acetylation 
peaks at the TSS of actively transcribed genes, marking nucle-
osomes at the promoter. In addition, this modification recruits 
bromodomain-containing chromatin remodeling complexes, 
such as SWI/SNF, directly to the acetylated histone tails at 
the TSS and nearby nucleosomes.21 These remodelers repo-
sition nucleosomes downstream of the TSS, facilitating not 
only transcription initiation but also efficient elongation by 
RNA polymerase II along the gene body. Histone 4 acetyl-
ation peaks at the TSS, promoting transcription initiation by 
increasing DNA accessibility.

9. Average Level of H2B123UB Across Genes:
The plot in Figure 10 shows the level of H2B123UB. 

It is seen to peak at the TSS, which is known to help with 

as can be seen by the dip before the TSS. In the context of this 
study, the higher level of H2AK5ac near the TSS supports the 
broader finding that active histone modifications mark open 
chromatin regions, promoting gene expression.

6. Average Level of H3 Methylation Across Genes:
Figure 7 shows the level of other H3 methylations across 

genes. In this case, the levels do not peak at the TSS and are 
rather distributed across the gene body. H3 methylations pro-
mote transcription by stabilizing RNA polymerase II during 
elongation and by loosening nucleosomes, creating an open 
chromatin structure. This modification reduces nucleosome 
density and enhances chromatin accessibility, allowing RNA 
polymerase to move more efficiently along the DNA strand. 
Transcription is also facilitated by recruiting other transcrip-
tion factors such as the FACT complex and Spt6, which 
interact with H3 methylation to reorganize nucleosomes and 
allow RNA polymerase II to move smoothly along the DNA 
strand.20 that help make RNA polymerase move smoothly 
along the DNA strand. The plot shows the H3 methylation 
levels are distributed along the gene body, thereby promoting 
the recruitment of transcription factors that aid in the move-
ment of RNA polymerase and facilitate transcription.

7. Average Level of H3 Acetylation Across Genes:
Histone 3 acetylation peaks at the TSS of actively transcribed 

genes. A slight dip just upstream of the TSS corresponds to 
a histone-depleted region, where fewer histones are present, 
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Figure 6: The level of H2AK5 acetylation across the gene body relative to 
TSS. H2AK5ac levels peak sharply at the TSS and decrease across the gene 
body.

Figure 7: The average levels of H3 methylations across the gene body relative 
to the TSS. Histone 3 methylations are distributed along the gene body, which 
promotes transcription elongation by facilitating RNA polymerase movement.

Figure 8: The Average histone 3 acetylations across the gene body relative 
to the TSS. Histone 3 acetylation peaks at the TSS, promoting transcription 
initiation by keeping an open chromatin structure, as seen in Figure 8.

Figure 9: The Average level of H4 acetylation across the gene body relative 
to the TSS. Figure 9 shows H4 acetylation peaks at the TSS, promoting 
transcription initiation by increasing DNA accessibility.
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transcriptional elongation of RNA, thereby allowing RNA 
polymerase to move smoothly across the gene body. In addi-
tion, H2B123UB participates in histone crosstalk; in other 
words, the ubiquitination of H2B influences the methylation 
of adjacent histone tails (notably H3K4 and H3K79), thereby 
creating a chromatin environment more permissive for tran-
scription. For example, ubiquitinated H2B has been shown 
to stimulate the activity of H3K4 methylation, which in turn 
creates binding sites for transcriptional regulators.22,23 This 
histone modification also recruits transcriptional repressors in 
inactive genes.

10. Average Level of H3K9 and H3K27 Methylation Across 
Genes:

This plot shows the average amount of H3K9 and H3K27 
methylation across genes relative to the TSS and transcription 
termination site (TTS). In actively transcribed genes, H3K9me 
and H3K27me levels are low at the TSS and gradually increase 
toward the TTS, reflecting their minor role in promoting the 
transcription of active genes. Instead, these modifications are 
associated with gene repression because they recruit chroma-
tin-compacting proteins across the gene body that restrict 
access of RNA polymerase II and transcription factors to 
DNA.2 In contrast, in inactive genes, H3K9me and H3K27me 
amounts are high upstream of the TSS, where their presence 
contributes to chromatin compaction and prevents transcrip-
tion initiation, further repressing gene expression.3

11. ChIP-seq Data Across Active and Inactive Genes:
Figure 12 shows the enrichment of transcription factors 

across genes relative to the TSS in both high and low transcrip-
tion genes. In active genes, general transcription factors such as 
TFIID, TBP (TATA-binding protein), and Spt6, along with 
elongation-associated factors like Spt16 (part of FACT) and 
Paf1, peak shortly downstream of the TSS. These factors facil-
itate transcription initiation and elongation by helping RNA 
polymerase II bind to promoters, stabilize its passage along 
nucleosomes, and coordinate chromatin remodeling. In con-
trast, in inactive genes, repressor proteins such as Ssn6-Tup1 or 
chromatin-bound histone readers may occupy similar regions, 
blocking RNA polymerase binding or impeding elongation. 
The varying binding of transcription factors in active versus 
inactive genes demonstrates how transcription factor recruit-
ment regulates gene expression. In yeast, this ensures that only 
genes needed under specific conditions are expressed, while in 
higher eukaryotes, similar mechanisms allow precise control of 
gene transcription, contributing to cellular differentiation and 
response to environmental signals.

12. Histone Density Variation Across Genes:
In this study, the variation of levels of histone modifications 

was examined across the genome. Specifically, subsets of genes 
exhibiting high and low levels of histone were identified for 
each of the histone modifications. This was accomplished us-
ing two-way clustering of histone levels for each modification 
type using the K-median clustering algorithm.31 A 1500 base-
pair segment around the TSS was split into 30 equally-spaced 
intervals, and the mean histone level (density) was computed 
across these intervals. In the clustering scheme, the histone 
density over these 30 intervals was chosen to be the feature set, 
and the density vectors across the genes are the observations.

Figure 13 shows a high and low-histone level clustering 
for the H3K4me3 Histone modification, which is known to 
promote gene transcription. The plot shows more pronounced 
peaking of the histone level around the TSS for Cluster 1 
(high-level) compared to Cluster 2 (low-level). This would 
in turn suggest a higher likelihood of the H3K4me3 Histone 
modification promoting gene transcription in the Cluster 1 
genes compared to Cluster 2.
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Figure 10: The level of histone H2B123Ub across the gene body relative to 
the TSS. H2B123Ub supports transcription elongation in active genes but 
also plays a role in gene repression when present in inactive genes, as seen in 
Figure 10.

Figure 11: Average level of H3K9 and H3K27 methylations across the gene 
body. H3K9 and H3K27 methylations repress transcription by compacting 
chromatin and obstructing RNA polymerase binding.

Figure 12: The ChIP-seq data show the locations of transcription factors 
across the gene body for genes with high and low transcription relative to the 
TSS. Transcription factors peak downstream of the TSS in highly transcribed 
genes, supporting RNA polymerase II elongation, while in lowly transcribed 
genes, factors are enriched near the promoter or upstream regions, consistent 
with repression of transcription initiation.
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Figure 14 shows a high and low-histone level clustering for 
the H3K36me3 Histone modification, which is known to re-
press gene transcription in most cases. The plot shows more 
pronounced peaking of the histone level towards the end of 
the gene segment for Cluster 1 (high-level) compared to Clus-
ter 2 (low-level). This finding suggests a higher likelihood of 
the H3K36me3 Histone modification in repressing gene tran-
scription in the Cluster 1 genes compared to Cluster 2.

The bar plot in Figure 15 presents the variation of histone 
densities across genes, summarized for the entire histone 
set considered in this study. This plot shows the ratio of the 
number of genes exhibiting high histone levels relative to the 
number of genes exhibiting significantly lower levels of histone 
levels. The plot shows that different histone modifications are 
manifested to significantly varying degrees across genes.

13. Distribution of Histone Levels Relative to TSS:
In this section, we examine the distribution of histone levels 

over a gene segment in the vicinity of the TSS. Specifically, a 
gene segment ranging from 499 base-pairs on the leading side 
of the TSS and 1000 base-pairs to the trailing side of the TSS 
was considered. Histogramming of the histone level across this 
segment was then performed with the 5331-gene set treated as 
independent observations. This probabilistic analysis factors in 
the variation of histone levels across genes.

To assess the distribution of H3K4me3 across gene seg-
ments, we plotted the positions of minimum and maximum 
signal intensities relative to the TSS. The Max-signal histo-
gram in Figure 14 shows a strong concentration of signal peaks 
near the TSS, consistent with H3K4me3’s role in marking ac-
tive promoters. The Min-signal histogram in Figure 15 shows 
a peak at the TTS and start of the gene, signifying its role as 
purely a transcription-promoting histone. The clustering of 
maximum signals around the TSS highlights its function in 
facilitating transcription initiation. These probabilistic profiles 
confirm that H3K4me3 is tightly localized to promoter regions 
and can reliably indicate transcriptional activity. These results 
reinforce the functional importance of H3K4me3’s density 
across genes in transcriptional regulation and demonstrate that 
signal peak positions can be used to infer promoter activity and 
chromatin state across diverse gene sets.
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Figure 13: Average H3K4me3 density across gene bodies relative to the 
transcription start site (TSS), separated into two clusters. Cluster 1 (red) shows 
high enrichment downstream of the TSS, indicative of actively transcribed 
genes, while Cluster 2 (blue dashed) shows low enrichment, corresponding to 
lowly transcribed genes.

Figure 14: Average H3K36me3 density across gene bodies relative to the 
TSS, separated into two clusters. Cluster 2 (red) shows strong H3K36me3 
accumulation toward the transcription termination site (TTS), consistent 
with genes undergoing elongation-coupled repression, while Cluster 1 (blue 
dashed) shows minimal enrichment across the gene body, characteristic of 
actively transcribed genes.

Figure 15: Ratio of the number of genes exhibiting a high level of histone 
modification relative to the gene subset with low histone levels. This data was 
obtained using a K-medioids-based two-way clustering scheme with signal 
over a fixed segment of base-pairs around the TSS as the features and genes 
as the observations.

Figure 16: Histograms show the positions of minimum and maximum 
H3K4me3 signal intensities across genes relative to the TSS. Both 
distributions cluster sharply at the TSS, reflecting H3K4me3’s localization to 
active promoters.
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To examine the signal distribution of H3K36me3, we plot-
ted the probable positions of minimum and maximum signal 
intensities relative to the TSS. As shown in Figure 16, both 
histograms reveal that H3K36me3 signals are predominant-
ly located towards the end of the gene, with maximum signal 
positions broadly distributed towards the TTS of the gene 
body, while the minimum-signal positions show the histones’ 
reduced density at the start of the gene and the TSS showing 
its role as a transcriptional repressor. This pattern is consistent 
with H3K36me3’s role as a repressive histone mark deposited 
during transcriptional elongation to suppress cryptic initiation 
and modulate gene output. These probabilistic plots highlight 
the gene-body localization of H3K36me3 and support its 
function in repressing transcriptional activity.

14. Correlation Between H3K4me3 Enrichment and Net-Seq 
Data:

To investigate the relationship between histone modifica-
tions and transcription, we compared gene-body H3K4me3 
levels (measured by ChIP-seq) with nascent transcription 
(measured by NET-seq). Figure 17 shows a scatter plot of 
H3K4me3 ChIP-seq signal versus NET-seq signal across all 
analyzed genes. A positive correlation (r = 0.43) was observed, 
indicating that genes with higher H3K4me3 enrichment in 
their gene bodies tend to exhibit higher levels of transcription. 
This positive correlation is consistent with the known role of 
H3K4me3 as an activating histone mark, often enriched at 
promoters and early gene bodies of actively transcribed genes. 
The inclusion of this plot in our study provides quantita-
tive evidence that H3K4me3 is functionally associated with 
transcriptional output in S. cerevisiae. By demonstrating this 
relationship, the figure supports our broader goal of linking 
specific histone modifications to transcriptional regulation. 
Specifically, it shows that H3K4me3 is not just present in 
genes, but its abundance quantitatively correlates with RNA 
polymerase engagement and transcriptional activity, validating 
its role as a marker of active gene expression in the context of 
our genome-wide analysis.

15. Histone Modif ication Summary Table:

�   Discussion 
Histone Modif ication Enrichment in the Gene Body:
The results showed various patterns of histone modifications 

around genes and their effect on gene transcription.

Figure 17: Histograms show the positions of minimum and maximum 
H3K36me3 signal intensities relative to the TSS. Maximum-signal positions 
are broadly distributed toward the TTS, reflecting H3K36me3 accumulation 
along the gene body, while minimum-signal positions cluster near the TSS. 
This distribution is consistent with H3K36me3’s role as an elongation-linked 
repressive mark.

Figure 18: Scatter plot showing the relationship between gene-body 
H3K4me3 levels (ChIP-seq) and nascent transcription (NET-seq) across 
all analyzed genes in S. cerevisiae. A positive correlation (r = 0.43) indicates 
that higher H3K4me3 enrichment is associated with increased transcriptional 
activity because of increased amounts of RNA Polymerase at the TSS.
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Histone modifications, specifically H3K4me3, H3K4me1, 
and H3K4me2, exhibited enrichment near the TSS of the me-
ta-gene, suggesting that they are likely to play a role in the 
transcription of active genes in S. cerevisiae. Results show a 
peak in amounts of H3K4me around the TSS. As shown by 
the Chip-seq data, the peak of transcription factors across the 
gene body also occurs at the TSS. This correlation is in line 
with H3K4me histone modifications recruiting transcription 
factors at the TSS for transcriptional initiation.13 A similar 
peak around the TSS is also seen in the Net-seq data, showing 
RNA polymerase levels across the gene body. This relationship 
is further supported by the H3K4me3–NET-seq correlation 
(r = 0.43) seen in Figure 17, showing that higher levels of this 
activating mark correspond to increased nascent transcription. 
The high amount of H3K4me histones can recruit transcrip-
tion factors.11 Methylation contributes to an open chromatin 
structure, promoting transcriptional initiation.9

In contrast, other methylations, such as H3K36me3, were 
found to be more distributed over the gene body towards the 
TTS rather than concentrated at the TSS of the meta-gene. 
The meta-gene profiles show a clear separation of methyla-
tion states: H3K4 methylation concentrated at the TSS and 
H3K36 methylation increasing across the gene body. This pat-
tern is not just correlative; it reflects the specialization of these 
methyl groups. H3K4me3 at the TSS functions as a landing 
for PHD-finger and Tudor-domain-containing proteins, 
which bind to the histones, allowing transcription factors to 
easily recruit transcription factors that stabilize the assembly of 
transcriptional initiation and early elongation factors, increas-
ing transcriptional initiation at the TSS.25 By contrast, H3K36 
methylation deposited transcriptionally by elongation-cou-
pled methyltransferases marks nucleosomes that have been 
traversed by RNA polymerase II and recruits chromatin reg-
ulators that act behind the polymerase.10,26 In the data(Figure 
18), the graded increase of H3K36me across gene bodies cor-
relates quantitatively with NET-seq polymerase density, which 
is consistent with a role for H3K36me in coupling nucleosome 
state to polymerase processivity rather than simply reflecting 
past polymerase passage.27-29

H2AK5ac levels were found peaking at the TSS and steadily 
dropping towards the transcription termination site, suggest-
ing a specific role in transcriptional initiation. The enrichment 
of H2AK5ac near the TSS likely facilitates transcription by 
promoting an open chromatin configuration, allowing eas-
ier access for RNA polymerase II and general transcription 
factors. This acetylation mark also serves as a recognition 
site for bromodomain-containing coactivators, which help 
recruit components of transcriptional initiation to the pro-
moter.24 The subsequent decline of H2AK5ac levels across 
the gene body suggests its primary involvement in the early 
stages of transcription, where the TSS accessibility and tran-
scriptional initiation formation are most critical. Similarly, H4 
acetylation is enriched at the TSS and decreased towards the 
transcription termination site. Among these modifications, 
methylation, ubiquitination, and acetylation are particularly 
significant. Each type of modification has distinct effects on 
histone function, leading to varying impacts on transcriptional 

activity. Methylation of histones generally occurs on lysine or 
arginine residues and can result in either transcriptional activa-
tion or repression, depending on the specific site. For example, 
H3K4me3 peaks at the TSS, consistent with previous reports 
that it recruits PHD- and Tudor-domain–containing proteins 
to facilitate pre-initiation complex assembly.27

Similarly, H2B123Ub and H3K36me show coordinated 
patterns along the gene body, supporting the concept of his-
tone crosstalk in promoting transcriptional activity and also 
suppressing initiation.24,26 Presenting this information here 
highlights how our findings corroborate and extend prior lit-
erature by mapping these modifications systematically across 
active and inactive gene regions in S. cerevisiae. The enzymes 
responsible for this modification are called methyltransfer-
ases. For instance, trimethylation of lysine 4 on histone H3 
(H3K4me3) is enriched at the TSS of genes with high tran-
scription. This modification is associated with gene activation 
and facilitates the recruitment of transcriptional machinery, 
enhancing transcription efficiency.11 However, H3K27me3 is 
typically linked to gene repression.12

H3K4me3 is enriched at the TSS of genes with high tran-
scription, promoting gene activation by serving as a binding 
platform for “reader” proteins containing PHD or Tudor do-
mains, which recruit transcriptional activators, chromatin 
remodelers, and transcription factors such as TFIID. By stabiliz-
ing these factors at promoters, H3K4me3 increases accessibility 
of the DNA to RNA polymerase II, facilitating transcription 
initiation and early elongation.5 Conversely, H3K27me3 re-
sults in repression by recruiting Polycomb repressive complexes 
(PRC1 and PRC2), which compact chromatin, limit nucle-
osome mobility, and prevent binding of transcription factors 
and RNA polymerase. In this way, H3K27me3 establishes a 
closed chromatin state that silences gene expression.19 The lev-
el of H3K27 methylation is higher before the TSS, lower at the 
TSS, and higher at the transcription termination site, suggest-
ing that it is a repressive histone.11 High levels of H3K27me 
recruit Polycomb repressive complexes, which compact nu-
cleosomes and reduce DNA accessibility, preventing RNA 
polymerase and transcription factors from binding.29 Addi-
tionally, H3K27me interacts with other histone modifications, 
forming a coordinated network that reinforces gene-specific 
transcriptional states. Together, these observations indicate 
that H3K27 methylation actively enforces a stable, repressive 
chromatin environment in inactive genes.

Ubiquitination involves the attachment of ubiquitin mole-
cules to specific lysine residues on histones, and this process 
is mediated by a group of enzymes known as ubiquitin ligas-
es. Ubiquitination can have variable effects on transcriptional 
regulation. For example, H2B123Ub is associated with ac-
tive transcription. However, this modification can recruit 
repressive factors that inhibit gene expression by promoting 
a closed chromatin conformation. H2B123Ub levels were 
higher near the transcription start sites of actively transcribed 
genes. This suggests a role in the initiation of transcription. 
H2B123Ub increases at the promoter of genes affecting gene 
expression by promoting transcription of certain genes while 
repressing others.14 For example, transcription activators that 
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are ubiquitinated are frequently degraded, thus repressing gene 
expression.13

Functionally, H3K36 methylation contributes to transcrip-
tional repression by recruiting complexes (histone deacetylases 
and histone chaperones) that restore nucleosome structure and 
suppress spurious internal initiation. This explains why genes 
with strong amounts of H3K36me in our study show fewer 
signs of transcription when looking at NET-seq data: methyl-
ation helps re-establish a chromatin environment that prevents 
transcription within coding regions. Moreover, H2B123Ub and 
H3K4 methylation exhibit crosstalk. H2B123Ub enrichment 
at the TSS and early gene body coincides with downstream 
H3K4me and H3K79me levels, suggesting a cascade in which 
one influences the other. This interdependence implies that 
methylation patterns shape nucleosome dynamics not in iso-
lation but as part of a coordinated modification network that 
helps transcriptional initiation and elongation. For example, 
acetylation of lysine residues on histones, including H4K8ac, 
neutralizes the positive charge of histones.15 This reduces the 
closeness of histones to negatively charged DNA, loosening 
their grip on the DNA strand and making the chromatin 
structure more open and accessible.4 This open chromatin 
state allows transcription factors and RNA polymerase to ac-
cess the DNA and initiate transcription. This is particularly 
relevant because peaks of H4 acetylation at the TSS correlate 
with regions of active transcription, indicating that this modi-
fication actively facilitates RNA polymerase and transcription 
factor binding in S. cerevisiae.31 Therefore, H4K8ac and oth-
er H4 acetylation at promoters and enhancers increase gene 
expression. However, H3K9me and H3K27me are absent at 
the TSS of active genes because they are associated with gene 
repression.6 These genes are not as crucial for yeast and are 
therefore repressed in most cases.31

Varying Histone Modif ications and the Role of Histone Mod-
ification Patterns in Gene Expression:

Different histone modifications vary in location within 
genes. The methylation of histones can have repressive ef-
fects on transcription, but is also associated with transcription 
initiation, while the acetylation of histones is associated with 
transcriptionally active genes. Methylation can either repress 
or activate transcription depending on the specific residue and 
location within the gene; for example, H3K4me3 at promoters 
facilitates transcription initiation by recruiting transcription 
factors and coactivators, whereas H3K27me3 generally re-
presses gene expression by promoting chromatin compaction.13 
Acetylation of histones, such as H3 and H4 lysine acetyla-
tion, is generally associated with transcriptionally active genes, 
particularly at the TSS, where it creates an open chromatin 
structure and increases DNA accessibility.21

However, the impact of acetylation can vary depending on 
the presence of other histone modifications and the local chro-
matin environment.21

In our study, observing peaks of H3 and H4 acetylation at the 
TSS supports their role in facilitating transcriptional initiation 
and aligns with the enrichment of RNA polymerase and tran-
scription factors at these regions. Histone modifications can be 

enriched in specific gene regions, such as promoters, enhancers, 
or gene bodies.15 At the same time, H3K4me histones were pri-
marily found around the TSS.10 Certain histone modifications 
located in the gene body and towards the transcription termi-
nation site of genes also regulate gene expression. For example, 
H3K36me3 prevents premature transcriptional termination in 
the gene body, facilitates the movement of RNA polymerase 
along the gene body, and thus promotes gene expression.16

The ChIP-seq data show that peak levels of transcription 
factors across genes with low transcription and genes with 
high transcription are similar. Chip-seq data peaks after the 
TSS, showing there are many transcription factors and gene 
promoters at that position in the gene, and H3K4 histone 
modifications also peak after the TSS, showing that the level 
of H3K4 histone levels is high at this point. Analysis of the 
ChIP-seq data alongside the H3K4me data reveals a positive 
correlation at the TSS, where higher H3K4me levels coincide 
with increased binding of transcription factors.19 This correla-
tion is important because it provides evidence that H3K4me 
actively contributes to the recruitment of transcription factors 
that promote transcriptional initiation. This supports the in-
terpretation that H3K4me acts as a functional recruiter for 
active transcription factors, linking histone modification to 
gene expression regulation in S. cerevisiae. MNase-seq data re-
veal differences in nucleosome occupancy between genes with 
high and low transcription. Genes with low transcription ex-
hibit higher nucleosome levels immediately upstream of the 
TSS, creating a more compact chromatin structure that limits 
accessibility for RNA polymerase and transcription factors. In 
contrast, highly transcribed genes show a relative depletion of 
nucleosomes near the TSS, consistent with an open chromatin 
state that facilitates transcriptional initiation.30 These patterns 
highlight the relationship between nucleosome positioning 
and gene activity, demonstrating how chromatin structure can 
directly influence transcriptional output.

An important difference seen in the MNase-seq data is that 
the level of nucleosomes for genes with low transcription was 
much higher than for genes before the TSS, which had high 
levels of transcription. In addition to this, the NET-seq anal-
ysis (Figure 18) revealed that genes with higher H3K4me3 
levels also display higher nascent transcription, as shown by 
the positive correlation in our scatter plot. This indicates that 
H3K4me3 enrichment is not only associated with transcrip-
tion factor binding but also quantitatively associated with 
RNA polymerase II occupancy along the gene body.

�   Future Directions 
This study focused on the role of specific histone modifi-

cations and their nucleosome positioning on transcriptional 
activity. Future work is needed to determine the causal mecha-
nisms underlying these relationships beyond what has already 
been reported in the literature. Targeted perturbations, such as 
mutating key histone residues or disrupting the enzymes re-
sponsible for their modifications, could clarify how individual 
histone modifications directly influence transcription initia-
tion and elongation. Complementary approaches that include 
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ChIP-seq to assess factor binding, RNA-seq to measure tran-
script output, or high-resolution chromatin accessibility assays 
would provide a more detailed understanding of how histone 
modifications coordinate with transcriptional machinery. 
Additionally, exploring these dynamics under different envi-
ronmental conditions or stress responses in S. cerevisiae could 
reveal how chromatin regulation adapts to changing cellular 
states. Overall, such studies would extend the insights gained 
from our meta-gene analyses and the larger body of work by 
other researchers in this area. In particular, this would help es-
tablish a mechanistic framework linking histone modifications 
to gene regulation.

�   Conclusion 
In this study, the significant role of a select set of epigenetic 

histone modifications in S. cerevisiae was explored. The ob-
served distributions of histone modification levels relative to 
the transcription start site and transcription termination site 
were found to be in agreement with these histone modifications 
being gene transcription promoters or repressors, as reported in 
prior studies. The research also depicts the varying levels of 
specific histone modifications across genes, highlighting their 
varying roles in different genes. The work also describes simple 
but powerful data-analytic methods to understand trans-gene 
trends of histone modifications. These methods can be im-
proved and extended further in future studies to gain deeper 
insights into histone modification behaviors and their role in 
gene regulation.
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ABSTRACT: Corneal blindness is a health problem that affects around 10 million people worldwide, but only a fraction of 
patients receive a corneal transplant due to the lack of donor tissue. To combat this issue, artificial corneas are being developed 
and tested; however, their success depends heavily on the materials used. This literature review evaluates silk-based polymers, 
hydrogels, and decellularized corneal tissue for use in artificial corneas, focusing on optical transparency, structural integrity, and 
host tissue integration. Information was gathered from a wide range of sources, including peer-reviewed studies, clinical trials, and 
industry reports published since 2016. Findings show that decellularized tissues closely resemble natural corneal structure but face 
sourcing and immune risks. Hydrogels have good flexibility and transparency but often lack long-term strength. Nanomaterials 
allow for detailed control of surface and structural features but still require long-term safety assessments. Silk-based and hybrid 
materials show a balanced performance across the criteria considered, as they offer high strength and low immunogenicity. In the 
future, specific comparisons between each material and long-term clinical trials are recommended to find the most promising 
solutions for artificial corneas. These findings support hybrid biomaterial strategies as a practical path toward reducing global 
dependence on donor corneas.  

KEYWORDS: Biomaterials, Nanomaterials, Artificial Corneas, Corneal Blindness, Bioengineered Solutions.

�   Introduction
Over 10 million people worldwide suffer from corneal blind-

ness. The cornea is the transparent, outermost layer of the eye. 
It focuses light and protects the inner eye from dust, germs, and 
injury. The cornea consists of five distinct layers that collective-
ly maintain its strength and transparency. Corneal blindness 
occurs when this layer becomes cloudy or damaged, which can 
then block incoming light and cause vision loss.1

Despite the effectiveness of corneal transplantation, most 
patients with corneal blindness never receive treatment due 
to the global shortage of donor corneas. Limited tissue avail-
ability, high costs, and surgical barriers further restrict access 
to transplantation, particularly in low-resource regions. These 
limitations underscore the need for artificial corneas as scalable 
alternatives to donor tissue.2

Several biomaterials are being studied for their application in 
artificial corneas, including silk-based polymers, hydrogels, and 
decellularized corneal tissues. To function successfully, each 
material must satisfy three key criteria: optical transparency, 
structural integrity, and host tissue integration.2 It is found that 
Silk offers strength and a low immune response.1,3 Hydrogels 
provide flexibility and transparency but break down over time.4 
Decellularized tissues closely match natural corneas but bring 
some immune concerns.5,6

This paper revolves around one question: Which bioma-
terials offer the most effective combination of transparency, 
strength, and biocompatibility for artificial corneas? The goal is 
to inform material selection for future designs and help reduce 
global reliance on human donor corneas.

�   Methodology
The objective of this study was to compare and evaluate 

three biomaterials that can be used for artificial corneas. The 
research compared each material in three categories: optical 
transparency, structural integrity, and biocompatibility/integra-
tion. The study aimed to collect information that would help 
show strengths and limitations regarding the materials for the 
different categories.

A literature review was conducted to compare and evaluate 
the three different biomaterials: silk-based polymers, hydro-
gels, and decellularized corneal tissues. The analysis of each of 
these materials focused on their optical transparency, structural 
integrity, and biocompatibility/integration with host tissue. A 
wide variety of sources, including peer-reviewed studies, sys-
tematic reviews, and clinical trials published between 2016 and 
2025, were used in the research process. Sources were collected 
using databases like PubMed, ScienceDirect, Google Schol-
ar, and other informational journal websites. Only articles and 
publications in the English language were considered for use. 
Search terms like “artificial cornea,” “corneal scaffold,” “silk fi-
broin,” “hydrogel cornea,” “decellularized corneal tissue,” and 
“nanomaterials for corneal regeneration” were used to find 
relevant information. All studies were synthesized using a 
qualitative comparative approach to identify relative strengths 
and limitations across the three biomaterials. Attention was 
given to emerging material modifications and composite 
strategies to provide context for current performance and fu-
ture artificial cornea development. Studies evaluating corneal 
biomaterials for ophthalmic use were prioritized, and human 
clinical data trials were preferred over animal ones. Optical 
transparency was measured through light transmissibility and 
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whether or not haze/fogginess occurred after placement of the 
implant. Structural integrity was assessed by comparing the 
tensile strength of the material to that of native human corneal 
tissue and whether or not elastic properties were comparable. 
Biocompatibility and integration were evaluated on the basis 
of immune responses, nerve regrowth, and long-term implant 
stability in the living body. 

Across the reviewed literature, many strengths and weak-
nesses of the materials were highlighted. Silk showed good 
structural integrity but low immune responses. Hydrogels 
showed promising optical transparency, but lacked a bit in 
strength without modifications. Decellularized corneal tissues 
resemble the native cornea really well, but may take longer to 
facilitate nerve regrowth. A comparison of the advantages and 
disadvantages of silk-based polymers, hydrogels, and decellu-
larized corneal tissues is presented in Table 1.

�   Silk-Based Polymers in Artificial Corneas
Silk fibroin, a protein taken from Bombyx mori silkworms 

and certain non-mulberry species, has become one of the most 
promising materials for artificial cornea design. This material 
exhibits favorable characteristics, including optical clarity, high 
tensile strength, adaptive mechanical properties, and low im-
munogenicity.1,3 Silk can be processed into transparent films, 
membranes, or layered scaffolds that can closely resemble the 
precisely arranged layers of collagen fibrils that form the bulk 
of the cornea's middle layer. These arrangements are crucial for 
the cornea's primary function, which is transparency. Beyond 
its compositional properties, silk fibroin has been extensive-
ly evaluated as a corneal scaffold due to its ability to balance 
optical clarity with mechanical robustness, making it a strong 
candidate for artificial cornea applications.

Optical Transparency:
From an optical perspective, silk-based scaffolds perform 

favorably when compared to native corneal tissue under con-
trolled fabrication conditions. When processed into ultra-thin 
films, silk fibroin can achieve light transmission comparable 
to that of a healthy human cornea. Silk fibroin films transmit 
a high percentage of visible light – e.g., a 30 μm film of An-
theraea mylitta (non-mulberry) silk showed about 94.4% light 
transmittance (400–700 nm), comparable to the native cornea.1 
Such silk films have a refractive index (~1.38-1.44) similar to 
corneal tissue, enabling minimal optical distortion.7 Notably, 
silk’s transparency is maintained across various fabrication 
methods – films cast from different solvents and annealed un-
der different conditions all retained >90% transmission in the 
visible range.8 One challenge is that transparency can decrease 
as the scaffold thickness increases. Thicker silk constructs may 
scatter light due to β-sheet crystallites or micropores. Recent 
silk processing techniques (e.g., ethanol annealing or centrifu-
gal casting) allow tuning of optical and mechanical properties 
without sacrificing clarity.2 Although few transparency-related 
weaknesses have been noted, slight reductions in transmittance 
can occur under certain conditions. For instance, in hydrated 
hydrogels or hybrid films, the light transmission, while high, 
may drop to around 85% as seen in one silk/gelatin film study.9 

Unmodified silk hydrogels may lose some transparency over 
time, but blending with other polymers or applying chemical 
modifications can slow or prevent this change. Overall, silk-
based polymers can meet the cornea’s stringent transparency 
requirements when engineered at appropriate thickness and 
microstructure. 

Structural Integrity
A reason silk is popular in corneal applications is because 

of its mechanical performance. Silk scaffolds can exceed the 
strength of most natural corneal substitutes. While native cor-
nea tensile strength averages 3–4 MPa, silk scaffolds can equal 
or exceed these values. For example, multilayer silk film lam-
inates have reported tensile strengths on the order of 10–30 
MPa, far above native tissue.1,2 Additionally, aligned 60:40 
(silk: PCL) fibers showed significantly improved ultimate 
tensile strength and Young’s modulus within the acceptable 
range for corneas.10 In other words, by adding silk fibroin and 
aligning fibers, the scaffold’s strength and stiffness became 
similar to native stromal tissue. Processing adjustments—such 
as glycerol annealing, crosslinking, or combining silk with 
poly (lactide-co-caprolactone)—allow tuning of stiffness and 
elasticity; some composites reach 9.3 MPa while maintaining 
flexibility.2 One study showed that films cast in formic acid 
had higher ultimate tensile strength but also lower swelling 
(more rigidity) than aqueous-cast films, illustrating the trade-
off between strength and flexibility that can be engineered.8 
While overly crystalline silk may become brittle, optimized 
formulations balance rigidity for surgical handling with suf-
ficient elasticity to withstand physiological strain.3,11 It is also 
important to note that thicker silk implants can diminish 
nutrient diffusion.12 That said, it is essential to consider the 
trade-off between making silk scaffolds thin enough for trans-
parency and strong enough for mechanical handling.

Biocompatibility and Integration:
Silk is generally regarded as a biocompatible and low-immu-

nogenic material in ocular applications. Silk fibroin has a long 
history in sutures and is generally non-inflammatory.13 In vivo 
implantation studies have shown excellent integration of silk 
corneal implants. No significant immune rejection or inflam-
mation was observed when silk films were embedded in rabbit 
corneas.1 Specifically, no neovascularization was reported in 
or around a silk fibroin film placed intrastromally for several 
weeks; the corneal surface remained smooth and clear.1 Silk can 
also be chemically modified (e.g., with RGD peptides or meth-
acrylation) to promote cell adhesion and integration further.11 
Silk from non-mulberry silkworms (which naturally contains 
RGD cell-binding sequences) promoted better cell adhesion 
than Bombyx mori silk: the non-mulberry silk films had sig-
nificantly higher endothelial cell attachment and more robust 
focal adhesions, enabling an intact cell layer to form.14 For cor-
neal stromal cells, composite silk scaffolds have also performed 
well: a silk nanofibril/GelMA film supported vigorous stromal 
cell growth, with ~97% of the film area covered by cells after 
5 days (versus only ~12% coverage on a pure silk-only film).9 
But there can be limitations to silk-based biomaterials when 
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it comes to corneal applications. A biological limitation of silk 
fibroin is its surface chemistry – SF lacks natural cell-binding 
motifs that many ECM proteins have. Corneal cells (epithe-
lial, stromal, endothelial) can attach and grow on silk. Still, 
typically this requires the presence of serum or coating the silk 
with extracellular matrix proteins (like collagen, fibronectin, 
or vitronectin) to facilitate adhesion.15 Additionally, native silk 
fibroin lacks the abundant cell-binding domains found in the 
extracellular matrix, so that unmodified silk can have lower cell 
affinity.14 Overall, silk-based polymers demonstrate excellent 
biocompatibility, integrating with corneal tissue with minimal 
immune response. This makes silk a promising base material 
or component in artificial cornea composites. The main lim-
itation is the need to maintain transparency in thicker formats. 
Overall, silk-based polymers demonstrate strong mechanical 
performance and high transparency, though maintaining clari-
ty in thicker constructs remains a key design constraint.

�   Hydrogels 
“Hydrogels” encompass a broad class of water-swollen poly-

mer networks used for corneal implants. Many hydrogels have 
optical and biochemical similarity to the corneal extracellular 
matrix, which is ~78% water and composed of collagen and 
glycosaminoglycans.16 Hydrogels are known for high transpar-
ency and permeability, but often face challenges in long-term 
mechanical stability. Advanced chemical crosslinking and 
composite strategies have improved their performance. In the 
context of artificial corneas, hydrogels are evaluated not only 
for their biomimetic composition but also for their long-term 
optical stability, mechanical durability, and capacity for tissue 
integration.

Optical Transparency:
Hydrogels can achieve optical clarity comparable to the na-

tive cornea, due to their high water content and homogeneous 
polymer network.  A notable example is the bioengineered 
porcine collagen hydrogel implant (BPCDX, 280–440 μm), 
which demonstrated light transmission nearly identical to that 
of a healthy human cornea across the visible spectrum.16 A 
20-patient clinical study with the BPCDX hydrogel implant, 
all operated corneas maintained clear transparency (graded 4+ 
clarity) post-operatively.16 Only a transient mild haze occurred 
in a few cases during early wound healing, which resolved by 1 
week.16 Another semi-synthetic hydrogel, Kuragel, composed 
of photocrosslinked gelatin and hyaluronic acid, displayed vis-
ible light transparency equivalent to a human cornea in vitro 
(above 94% transmission) while restoring corneal clarity in 
animal models (no scarring or vascularization noted).17 Im-
portantly, in vivo and clinical results affirm that transparent 
hydrogels can restore corneal clarity. In a rabbit model of cor-
neal injury, a decellularized human-corneal ECM hydrogel 
prevented scar formation and opacification – treated corneas 
remained indistinguishable from healthy corneas on observa-
tion.18 As for other clinical results, A cell-free recombinant 
collagen implant in 10 patients maintained full transparency 
in all implants over 4 years post-surgery.19 However, earlier 
generation biosynthetic corneas (e.g., recombinant human 

collagen gels) sometimes experienced postoperative haze or 
thinning, but newer double-crosslinked hydrogels have largely 
overcome this.16 Thus, optical performance is a major strength 
of hydrogels. The challenge is ensuring they remain clear over 
time (no degradation or cell overgrowth causing haze) and un-
der physiological conditions. 

Structural Integrity:
Despite their favorable biological properties, mechanical 

performance remains the primary limitation when hydrogels 
are assessed for corneal implantation. Historically, a drawback 
of hydrogels has been their lower mechanical strength relative 
to the native cornea, especially when highly hydrated.  Many 
standard hydrogels (e.g., unmodified collagen or gelatin gels) 
have tensile strengths <0.5 MPa, well below the native cor-
nea’s tensile strength of ~3–4 MPa.2 For instance, a low-solids 
collagen gel (≈0.8% w/v) exhibited an extremely low Young’s 
modulus ~26–27 Pa.20 Even at higher concentration (4% 
collagen), the modulus only reached ~243 Pa.20 Recent rein-
forcement strategies have been highly effective in addressing 
this issue.  One approach is chemical crosslinking of the poly-
mer network. Collagen-based hydrogels can be crosslinked 
with agents like glutaraldehyde or genipin, UV-induced po-
lymerization, or enzymatically (e.g., with transglutaminase), 
which increases network density and stiffness.19 Another 
strategy is forming interpenetrating networks or composites. 
Incorporating a second polymer network (synthetic or bio-
polymer) can dramatically toughen the hydrogel. Embedding 
a thin electrospun polycaprolactone (PCL) mesh into a Gel-
MA hydrogel increased tensile strength from ~0.1–0.5 MPa 
to ~3.5 MPa.21 Similarly, blending collagen with synthetic 
polymers such as MPC doubled stiffness from 0.6 MPa to 
2.1 MPa.2 These modifications enable hydrogel scaffolds to 
withstand suturing and even minimally invasive implantation 
without tearing.22 

Biocompatibility and Integration:
Hydrogels for corneal use are engineered to be biocompatible, 

supporting cell viability and integration with host tissue while 
minimizing immune rejection.4 Zhao et al. observed over 95% 
viability of human corneal epithelial and stromal cells cultured 
on their HCSP scaffold, indicating no cytotoxic leachates. In a 
landmark Phase I clinical trial, a biosynthetic cornea made of 
crosslinked recombinant human collagen (RHCIII) was im-
planted in 10 patients with corneal blindness.19 The outcomes 
demonstrated excellent biocompatibility: the cell-free collagen 
implants became stably integrated into the patients’ own corne-
al stroma, with complete re-epithelialization over the implant 
and even nerve regeneration into the graft.19 Another study 
introduced Kuragel, a gelatin/HA-based hydrogel, into rabbit 
corneal injuries affecting both epithelium and stroma. Kuragel 
was formulated for tissue adhesiveness and minimal swelling, 
allowing it to be applied as a sutureless filler in the defect. 
The in vivo results were notable: the hydrogel encouraged full 
re-epithelialization within 4 weeks, and within 3 months, the 
corneal stroma had regenerated with organized collagen and 
a restored sub-basal nerve plexus present.17 Also, in a rabbit 
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glycerol or dextran solution rapidly restores transparency by 
collapsing excess fluid.6,24 Overall, decellularized corneal tis-
sue, being derived from a transparent tissue, can provide optical 
performance essentially on par with a donor cornea.

Structural Integrity:
Mechanical strength and elasticity of decellularized corneal 

scaffolds are critical for long-term durability. Research in the 
past six years indicates that while decellularization can alter 
corneal micro-architecture, proper processing (and optional 
crosslinking) yields scaffolds with robust mechanical proper-
ties comparable to donor tissue. To further improve strength 
and prevent any post-implant thinning or bulging, researchers 
have applied collagen crosslinking treatments to decellularized 
corneas. This can dramatically increase stiffness and resistance 
to deformation. A notable example is a proprietary 4-step 
processing of porcine corneal lenticules (including decellu-
larization, enzymatic wash, tissue compression, and chemical 
crosslinking) developed for keratoconus treatment.25 The result 
was a thin (~<90 µm) implant with a Young’s modulus ~25 
MPa – roughly 127% stiffer than the native cornea (unpro-
cessed porcine stroma ~11 MPa).25 Another study created a 
chemically cross-linked decellularized pig cornea (using EDC/
NHS and γ-irradiation) and found its ultimate tensile strength 
and resistance to enzymatic digestion were significantly im-
proved over native tissue.26 Importantly, the transparency of 
these crosslinked grafts remained similar to that of untreat-
ed corneas.26 Decellularized corneal scaffolds have also proven 
durable in both laboratory and surgical settings. For instance, 
acellular porcine grafts implanted in patients for more than 2 
years showed no thinning; the grafts maintained their shape 
and thickness, similar to a normal cornea.27 In a rabbit infec-
tion model, a cross-linked decellularized cornea withstood the 
proteolytic/inflammatory environment, preventing corneal 
perforation better than standard treatments.26 Flexibility of the 
scaffold is also crucial for conformance to the ocular surface. 
High-pressure decellularized corneas, for example, had a re-
fractive index of ~1.367 (vs 1.373 native) and normal hydration, 
indicating the stromal structure was intact enough to preserve 
biomechanical and optical function.5 Surgeons in clinical trials 
noted that acellular grafts could be sutured similarly to donor 
tissue, facilitating standard keratoplasty techniques.6 If any-
thing, decellularized corneas are sometimes softer or easier to 
cut due to the absence of cells, but overall, handling character-
istics are very close to a live cornea.

Biocompatibility and Integration:
Biological integration represents the defining advantage of 

decellularized corneal scaffolds, but it also introduces variabil-
ity in healing outcomes. A decellularized corneal implant must 
integrate with the host tissue, supporting cell repopulation, 
normal wound healing, and nerve regeneration while avoid-
ing immune rejection. Recent studies provide encouraging 
evidence that decellularized corneas are biocompatible and 
integrate well in vivo, though complete integration (especial-
ly neural) can be gradual. Clinical xenotransplantation trials 
in China implanted acellular porcine corneas in patients with 

model of lamellar keratoplasty, the HCSP implants support-
ed rapid re-epithelialization without sutures. They avoided 
the typical foreign-body complications – no significant haze, 
neovascularization, or graft rejection were observed.4 Howev-
er, long-term implant stability remains a consideration, and 
recent data are helping identify which designs perform best. 
For instance, a “LiQD” peptide–PEG hydrogel, designed as 
a fully synthetic corneal substitute, supported tissue regener-
ation in a pig study but developed some post-operative haze 
and neovascularization in all implanted eyes within 1 year. The 
transient haziness was attributed to the material’s swelling and 
bioresorption profile, highlighting the need for balanced deg-
radation rates. Nonetheless, even in those cases, there were no 
severe rejections – the immune response was manageable, and 
corneas achieved functional thickness and barrier function.19 
Overall, studies show that hydrogel corneal substitutes can 
biologically integrate with host tissue: they support epithelial 
coverage and nerve ingrowth, and remain stable long-term in 
vivo.4,23 This favorable biocompatibility profile is critical, as it 
translates to improved healing, transparency maintenance, and 
implant longevity in artificial cornea applications. Collectively, 
hydrogels offer excellent optical clarity and biocompatibility, 
but long-term mechanical stability depends on reinforcement 
strategies.

�   Decellularized Corneal Tissue 
Decellularized corneal tissue involves using a natural corneal 

extracellular matrix (ECM) – usually sourced from donated 
human corneas or animal corneas (e.g., porcine or bovine) – 
and removing all cellular components to mitigate immune 
rejection. A good approach aims to leverage the biomimicry 
of a real cornea’s structure and chemistry, while eliminating 
donor cells that would cause rejection. When assessed as ar-
tificial corneal substitutes, decellularized tissues are primarily 
evaluated based on how effectively they preserve native corneal 
structure while minimizing immune rejection and supporting 
long-term integration.

Optical Transparency: 
Decellularized corneal tissues can achieve high optical clar-

ity, approaching that of the native cornea, provided swelling is 
controlled and tissue architecture is preserved. A 2024 study 
using high-hydrostatic pressure decellularization produced 
“transparent” acellular porcine corneas with ~86% light trans-
mittance (380–770 nm average), comparable to fresh human 
corneas (~87%).5 In rabbit implants, these grafts were es-
sentially clear and indistinguishable from surrounding tissue 
within days post-surgery, indicating excellent restoration of 
transparency in vivo.5 Similarly, a decellularized human cor-
neal scaffold (deoxycholate/DNAse method with dextran) 
showed no significant loss in optical transmission versus native 
cornea.24 But swelling and dehydration can affect performance 
in clarity. If osmotic measures are not used during decellular-
ization, the corneal stroma tends to swell and become hazy. For 
example, decellularization without dextran led to a ~10–15% 
drop in transparency.24 However, dehydration treatments can 
reverse this: simply incubating the decellularized tissue in 
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mimics the native cornea in terms of optical transparency and 
structural integrity. However, variable processing techniques 
and slower recovery times for these materials can be a limita-
tion. Overall, these findings show that each material offers its 
own unique strengths, and it is important to recognize these 
strengths for future innovation in this field.

�   Discussion 
Figure 1 illustrates the layered structure of the human cor-

nea, highlighting the anatomical features that artificial cornea 
biomaterials aim to replicate in terms of transparency and me-
chanical support.

The findings across the three biomaterials compared in this 
review highlight a promising future for the development of 
artificial corneas, yet challenges remain in the field. Each of 
the materials compared shows a strength in at least one of the 
categories used for assessment: optical transparency, structural 
integrity, and host tissue integration. But, no single method 
currently meets the capacity for a clinically functional substi-
tute with exceptional performance in all three categories.

Optical transparency is the most consistently achieved prop-
erty. Silk-based polymers and hydrogels regularly demonstrate 
light transmittance near that of the native cornea, while decel-
lularized tissues preserve transparency when tissue architecture 

corneal ulcers and keratitis. After 2 years, 22 of 23 grafts re-
mained clear and in place with no rejection episodes reported.6 
Only mild, transient postoperative inflammation was noted, 
manageable with standard steroids. Another cohort of 37 pa-
tients received decellularized porcine grafts for fungal keratitis 
and showed 100% retention at 3 years without immune rejec-
tion or significant complications.6 Functional integration also 
requires that corneal nerves regrow into the graft to restore 
sensation and neurotrophic support, and this can be a long 
process. Clinical experience with human corneal transplants 
shows that stromal nerves begin to penetrate a graft by ~2–3 
months post-op, but the superficial nerve plexus in the epithe-
lium often takes 1–2 years to return fully, and normal corneal 
sensitivity may require ~3 years to recover. In decellularized 
porcine grafts, nerve trunks have been observed regrowing into 
the transplant during long-term follow-up (e.g., a 12-month 
dog study). The dog study also noted improved corneal nerve 
re-innervation in the decellularized scaffold that had been 
pre-populated with human cells, compared to a cell-free 
scaffold. This suggests that promoting a biologically active 
environment in the graft can influence nerve return. Further-
more, decellularized corneas generally induce a milder healing 
response than full-thickness grafts. Some studies note a delay 
in complete healing with decellularized grafts: for instance, 
initial corneal haze can persist for several months post-implant 
until remodeling resolves it. Over longer periods, however, re-
modeling tends to restore a more normal matrix structure. In 
clinical observations, patients with decellular cornea grafts ex-
perienced gradual clearing over a year or more.27 In summary, 
decellularized corneal scaffolds closely replicate native tissue 
properties, though slower nerve regeneration and processing 
variability limit immediate clinical adoption.

Table 1 highlights the strengths and limitations of the three 
biomaterials compared in this review. Silk-based polymers 
stand out for their high tensile strength and optical clarity, but 
they require levels of modification to facilitate their best per-
formance. Hydrogels are excellent when it comes to optical 
clarity, but can lack in the category of strength, as they require 
chemical modifications and reinforcement strategies for the 
best long-term use. Decellularized Corneal tissue most clearly 

Table 1: Advantages and Disadvantages of Artificial Corneal Biomaterials.

Figure 1: Layers of the Cornea. This figure shows the 5 main layers of the 
human cornea: the epithelium, Bowman’s layer, stroma, Descemet’s membrane, 
and the endothelium. These layers are essential for maintaining the cornea’s 
strength and transparency, which are the same properties evaluated in this 
study to guide artificial cornea design. Created using BioRender.
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is maintained during processing. These findings, along with the 
analysis of each material in different contexts, demonstrate that 
transparency is very important for bioengineered corneas, but 
not a primary component for clinical success. The challenge 
lies in maintaining corneal clarity in long-term implantation 
trials, as postoperative haze and other scarring issues can occur 
in the process. 

Structural integrity presents a wide variation of results 
across the three materials compared. For example, silk-based 
biomaterials continue to demonstrate tensile strength values 
that are comparable to those of the native cornea, and some-
times even exceed those values. Hydrogels, while flexible 
and compatible with outside tissue, can often degrade under 
physiological conditions. However, they can be reinforced 
and chemically modified with other polymers to increase ro-
bustness. Decellularized corneal tissues can maintain much 
of the natural strength of the natural cornea, especially when 
crosslinking techniques are applied. However, mechanical per-
formance can still vary significantly depending on the donor 
source and other processing methods. 

Biocompatibility and Integration represent another decisive 
factor for current and future clinical outcomes. Silk-based scaf-
folds are generally supportive of cell adhesion, though nerve 
regeneration with this biomaterial appears slower than with 
donor tissue. Hydrogels demonstrate strong compatibility, and 
clinical trials show minimal immune responses and rejection 
without the need for significant immunosuppression efforts. 
Decellularized tissues most closely replicate natural biology by 
supporting nerve regrowth processes, but they can carry risks 
of immune reaction responses if residual antigens are not ful-
ly removed. Long-term studies also show that decellularized 
corneal tissues may have initial haze or remodeling that can 
gradually recover over months to years.

Overall, these results signify that hybrid or compost strat-
egies for corneal biomaterials are an effective path moving 
forward. Silk's mechanical strength, hydrogel’s flexibility and 
optical clarity, and the biological similarity of decellularized 
corneal tissues provide promising characteristics for future 
studies. Combining each material's strength into multi-com-
ponent scaffolds can help overcome challenges related to 
single-material composites.

Progress over the last decade points to a promising future 
for the potential of these materials to meet the urgent need for 
donor cornea alternatives. Yet, significant challenges continue 
to remain. Most studies are limited to animal trials or short-
term human trials, with limited follow-up measures. Standard 
ways of testing optical, mechanical, and immunological trends 
are crucial for further comparison between the materials under 
examination. Additionally, expanding the duration of human 
clinical trials will be important for assessing safety and success 
in long-term applications.

Artificial corneas are an essential innovation to combat the 
global problem of corneal blindness. Further collaboration be-
tween material scientists and clinical ophthalmologists will be 
helpful to improve the biomaterials and their applications fur-
ther. 

�   Conclusion 
Artificial corneas will continue to remain a critical area for 

research due to the fact that corneal blindness and other related 
issues will affect millions of people worldwide. This literature 
review compared silk-based polymers, hydrogels, and decellu-
larized corneal tissue against three criteria: optical transparency, 
structural integrity, and biocompatibility. Each biomaterial 
proved successful in at least one category that was reviewed, 
but none showed complete excellence in all three fields. Silk 
showed strength and stability, hydrogels proved great transpar-
ency, and decellularized tissues most clearly exhibited natural 
corneal structure.

Evidence from studies points toward hybrid biomaterials 
being able to combine the strengths of multiple other biomate-
rials. For example, silk's strength, hydrogel's transparency, and 
decellularized tissues’ biological resemblance could form com-
posite scaffolds to address current restrictions. 

Artificial corneas continue to become more clinically 
advanced as research on the topic progresses, but further refine-
ments are still needed to achieve the safest and most functional 
solution. Continuing research on bioengineered solutions for 
artificial corneas will continue to be extremely impactful for 
the millions of people battling corneal blindness.
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