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Leontief Input-Output Analysis of Agricultural Carbon 
Emissions and Output in Canada      

Michael Yao        
Bayview Secondary School, 10077 Bayview Ave., Richmond Hill L4C 2L4, Canada; michael60255@gmail.com 

ABSTRACT: Social production and the environment are fundamental elements that humans depend on to live. They’re both 
opposite and connected. Figuring out how to balance them has always been a lasting problem for people. In this research, we 
employed the standard Leontief model to examine the relationship between agricultural production and carbon emissions in 
Canada. With this model, we conducted a set of sensitivity studies, testing various strategies to reduce emissions. Ultimately, we 
developed some suggestions for the future development of agriculture.  

KEYWORDS: Mathematics, Linear Algebra, Input-Output Analysis, Agricultural Carbon Emissions, Sectoral Environmental 
Impact.

�   Introduction
Today, with the advanced development of social technology, 

environmental issues have become increasingly important. For 
example, the greenhouse effect caused by carbon emissions has 
begun to endanger people's survival. Agricultural production 
is essential for human sustenance. However, it is also a major 
contributor to carbon emissions. According to a 2021 report by 
the Food and Agriculture Organization of the United Nations 
(FAO), agricultural activities account for approximately 30% of 
global anthropogenic greenhouse gas emissions.1 Hence, one 
can see the significant role agriculture plays in the global car-
bon footprint. Therefore, how to best handle the contradiction 
between environmental protection and agricultural production 
has become an important issue on our agenda that needs to be 
addressed urgently.

There are many types of agricultural activities, mainly 
involving crop cultivation, animal husbandry, forestry, and fish-
eries.2,3 Among these, livestock production has the largest share 
of carbon emissions. Therefore, it is necessary to study the spe-
cific details of agricultural production. We need to refine and 
optimize the types of production, adjust the internal sector 
planning of agriculture, and quantify the environmental im-
pact of each sector's production. By doing so, we can minimize 
the environmental impact of agricultural production while 
continuously promoting its healthy development to ensure an 
adequate food supply.

To understand the internal relationships among agricultur-
al activities and their associated environmental impacts, we 
can employ the Leontief model (also known as input-output 
analysis).4 This model can help analyze the flow of resources 
within each sector of agricultural production, predict total out-
put based on total demand, and evaluate the input allocation 
among internal sectors in response to changes in demand for 
each production department. Most importantly, this model can 
be further extended to connect the total agricultural output 
with the environmental impact intensity through simple vector 

coefficients,5 integrating all aspects of agricultural production, 
output, and environmental intensity. This method, hence, pro-
vides a solid foundation for optimizing subsequent agricultural 
policies.

The manuscript is structured as follows: The Methods sec-
tion describes the establishment of the input-output table, 
including the determination of data and relevant methodolo-
gies. The Results and Discussion section presents the internal 
relationships within the agricultural sector and its external 
environmental impacts. These findings are then utilized in 
sensitivity analyses to obtain optimized configurations for 
agricultural activities, aiming to minimize environmental foot-
prints. The conclusions are synthesized in the final section, 
summarizing key insights and implications.

�   Methods
The main part of conducting Input-Output analysis is to 

construct an input-output table for designated sectors, which 
includes the final demand of each sector and its associated en-
vironmental pollution quantified in cost terms. With this data, 
a technical coefficient matrix can be derived to mathematically 
link the final demand to each sector’s total output via linear 
algebraic methods. This framework further enables sensitivity 
analyses to evaluate the impact of adjustments in agricultural 
activities on environmental pollution.

Core Data Table:
Considering the data availability and integrity, we refer to 

the annual reports on gross domestic product by industry and 
human activities and environment, which were released in 2012 
and 2014, respectively, and can be openly accessed on Statis-
tics Canada.5,6 According to the report, agricultural activities 
primarily encompass three sectors: crop production, animal 
production, and support for fishing and forestry. Here, we re-
fer to "Animal production" as animal husbandry, including the 
breeding, raising, and management of livestock. Additionally, 
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we combine fishing and forestry production (FFS) because 
these are minor sectors.

Table 1 shows total output and final demand, represented by 
X and Y, respectively. For the specific total output in the table, 
we use the average gross product in 2012, as the data in the 
gross product report have been seasonally adjusted to annual 
rates. Notably, the final demand is temporarily assumed to be 
60% of the associated output. This assumption is made because 
this data will later be updated to ensure consistency among the 
output, inputs, and final demand, due to the incomplete input 
flows in the input-output table, as shown in Table 2.

Input-Output Table and Technical Coeff icients:
The Leontief model is based on an Input-Output table, 

which describes the flow of agricultural commodities and 
production factors among all individual sectors. The model’s 
structure is presented in Table 2. Columns (or column vectors) 
represent the inputs that a sector receives from other sectors 
(including itself ). Rows represent the allocation of a sector’s 
total output across agricultural activities. In the table, the in-
termediate consumption term Zij represents the monetary 
value of agricultural commodities and production factors that 
sector j directly consumes from s sector i.. Eq. (1) defines the 
consumption ratio Aij

(1)

where Xj ​is the total output of sector j shown in Table 2. This 
means that for every unit of output produced by sector j, it 
directly requires 15% of a unit worth of inputs from sector i. 
Since we do not know the specific consumption terms Zij for 
2012 or other years, we instead refer to the 2019 symmetric 
supply annual report2 to obtain all the self-consumption ratios 
Aii and the cross-sector ratio A12, which are highlighted in 
bold in the table. The other cross-sector ratios, Aij, are derived 
from reasonable assumptions based on general patterns of ag-
ricultural activities. With these ratios, Aij, one can, in turn, 
determine the associated terms, Zij. Additionally, in Eq. (2), 
the relation between the total output X and the final demand 
Y is given by 

(2)

where n represents the number of individual sectors. Al-
though Table 1 already displays the final demand term, this 
term must be updated using Eq. (3), as shown in Table 2. 

Finally, in Eq. (3), we have the Leontief matrix formation 
as given by

(3)

and reorganizing this equation yields

(4)

where A and I are 3x3 matrices, and the diagonal entries in I 
are 1. X and Y are column vectors.

The term (I - A)-1 is also called the Leontief inverse matrix. 
Using Eq. (4), the total output can be determined for a given 
final demand while keeping the consumption matrix A con-
stant. 

CO₂ Emissions and Farm Output:
Greenhouse gas emissions from agricultural activities are 

typically quantified in terms of carbon dioxide equivalent 
(CO₂e). The amount of CO₂e varies across different farming 
sectors, encompassing both direct and indirect emissions. For 
example, livestock production generates the highest CO₂e 
emissions compared to crop production and forestry/fishery 
support activities. These emissions primarily consist of direct 
emissions (e.g., enteric fermentation and manure manage-
ment) and indirect emissions (e.g., feed processing and related 
supply chain activities). In crop production, indirect emissions 
(such as those from agricultural machinery, fuel, and fertiliz-
er production) often exceed direct emissions from agricultural 
soils. Based on Table 1 and the reported statistics of emissions 
from human activities,5 a summary table of agricultural emis-
sions and output is presented in Table 3.

DOI: 10.36838/IJHSR86.1

Table 1: Statistics of total output, final demand (unit: millions of chained 
2002 dollars). The role of basic data on total output and final demand. The 
total output and final demand values in this table allow us to establish an 
input-output relationship between the sectors. It also shows the relative levels 
of output between the sectors, and which contribute most economically.

Table 3: Data about CO₂ emissions and farm output. The emissions shown 
help decide and determine which agricultural sectors would be most efficient 
to focus on in terms of emission reduction.

Table 2: The definition of input-output relationships and technical 
coefficients (unit: million dollars). Here, the input-output relationships are 
established and define the demand values. These relationships define how 
much each sector influences the others. 

ijhighschoolresearch.org
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According to Table 3, both total and direct emissions are 
reported (shown in bold). In contrast, indirect emissions are 
assumed to be allocated based on their associated percentage 
of total output. We also include the rate of carbon emissions in 
the Emissions column. To quantify the relationship between 
output and greenhouse gas emissions, we use the ratio of emis-
sions to output, denoted by e. In terms of linear algebra and 
with reference to Eq. (4), the total emissions can be expressed 
as

(5)

Where e is a 1×3 row vector. Considering the final demand 
vector Y in Eq. (5), we use the equation

(6)

to measure each agricultural sector’s emission intensity f, 
where f is a row vector. With the emission intensity f held 
constant for a given final demand Y, the total CO₂ emissions 
are calculated as

(7)

Again, it should be noted that the vector e represents the 
emission intensity of output (emissions per unit output), while 
the vector f maps final demand to total emissions.

�   Results and Discussion 
The purpose of this research is to clarify relationships be-

tween internal agricultural activities and their gas emissions, 
proposing emission-reduction adjustments that maintain core 
outputs. From Table 3 above, it can be observed that animal 
production generates substantial emissions, while its output 
accounts for only ~20% of total agricultural output. There-
fore, priority should be given to adjustments targeting animal 
production, alongside complementary measures for other sec-
tors. Through a sensitivity analysis, we investigate changes in 
emissions and output resulting from adjustments to specific 
improvement measures.

Case 1: Reduction in Livestock Demand:
Firstly, we reduce the final demand of the animal sector to 

decrease emissions directly. For example, we assume the fi-
nal demand from the animal sector is reduced by 20%, such 
that the column vector Y in the table becomes Ynew-1=[10868, 
1301.6, 720]T. Given the established consumption coefficient 
matrix A, the associated output vector Xnew-1 can be calculated 
using Eq. (4) as

(8)

Given Eqs. (5–7), the adjusted demand Ynew-1 directly yields 
the total emissions

(9)

As seen from Eq. (8) and Eq. (9), in this case, with a 20% re-
duction in demand for animal production, the decrease in total 
emissions is 56–46.45=9.55 (MtCO₂e). Simultaneously, it can 
be observed that a change in the animal sector’s final demand 
alone affects the total output of the other two sectors due to 
internal dependencies.

Case 2: Livestock Feed Improvement:
From Table 3, it is evident that in the animal sector, direct 

emissions (34 MtCO₂e) account for approximately 60% of the 
total emissions (56 MtCO₂e), primarily due to enteric fermen-
tation and manure management. In terms of animal digestion, 
improving the feed formula and feeding quality can reduce 
costs and, most importantly, decrease emissions. In this case, 
we assume that feed improvement results in a 20% decrease 
in the emission intensity e₂; thus, e₂ becomes 6.39 × (1–0.2) 
=5.112 tCO₂e/$1k (see Table 3). We can then obtain the fi-
nal total emissions from Eq. (5) with the final output X kept 
constant

(10)

This method is also very straightforward for reducing emis-
sions. Additionally, from the Statistics Report,5 we know that 
the promotion of no-till technology is also able to reduce the 
crop emission intensity e₁, automatically leading to a decrease 
in total emissions seen from Eq. (5). Since the calculation is 
similar to Eq. (10), we did not add the corresponding pro-
cess. Generally, no-till technology is often combined with 
livestock feed improvement. Notably, this feed improvement 
strategy aligns with the Porter Hypothesis7,8 in environmental 
economics, as it achieves emission reduction while optimizing 
resource use (e.g., reducing feed waste), turning environmental 
constraints into drivers of production efficiency.

Case 3: Optimizing Intermediate Feed Consumption in An-
imal Production:

Here, we still focus on the animal sector, but with atten-
tion to the intermediate consumption coefficient A. Similar 
to the feeding scenario in Case 2, we know that element A₁₂ 
(see Table 2) quantifies the amount of output from the crop 
production sector (i = 1) that is consumed as an intermediate 
input by the animal production sector ( j = 2). Therefore, it is 
possible that with improved feed use efficiency, the associated 
consumption is reduced, for example, by 20%. Thus, the origi-
nal element A₁₂ in the table becomes A₁₂_new=0.32×0.8=0.256. 
From Eq. (4), with demand Y unchanged, the final output is 
calculated as   	    and

(11)

DOI: 10.36838/IJHSR86.1
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(3) We compared these strategies. Reducing demand for 
animal products is relatively easy to do, but it may mean con-
suming less food. The other two methods (better feed and 
using crops more efficiently) are better for the future because 
they cut emissions without reducing food output.

�   Future Research 
Most parts of the intermediate consumption matrix were 

assumed because there isn’t enough available data. Moreover, 
much of the data used here is approximately 10 years old. With 
new technologies and changes in society over this time, this 
old data might not be accurate anymore. Therefore, future 
studies could conduct a similar analysis using the latest data. 
That would make the predictions more reliable. It might also 
be helpful to examine other aspects of agriculture, such as the 
use of energy on farms or the processing of food after har-
vesting. Adding cost checks, such as the cost of each emission 
reduction method, could also make the research more useful 
for real-world decisions.
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The updated output Xnew-2 is less than the original values. 
We then use Eq. (5) to derive the associated total emissions 
with the original emission intensity e kept unchanged, as given 
by

(12)

From this calculation in Eq.(11) and Eq.(12), we can see 
that optimizing intermediate feed consumption can also con-
tribute to reducing emissions.

Comparison of Agricultural Carbon Emission Reduction 
Strategies:

The outcomes of using different emission reduction strat-
egies are summarized in Table 4. As can be seen, reducing 
direct emission intensity (case 2) yields the highest emission 
reduction. However, these strategies cannot be compared on 
equal terms due to varying implementation challenges and 
feasibility. For instance, reducing livestock demand (case 1) 
is straightforward to implement in the short term but may 
conflict with long-term food security goals. In contrast, the 
two technology-driven approaches (cases 2 and 3) are more 
sustainable as they reduce emissions without compromising 
production scales. 

Thus, for long-term agricultural sustainability, greater ef-
forts should be directed toward developing and scaling these 
technological solutions. Not only do they align with the need 
to maintain maximum demand for agricultural products, but 
they also foster efficiency gains that can be integrated into 
broader farming systems, ensuring both emission reductions 
and stable productivity.

�   Conclusion 
In this article, we used the Leontief model to study how 

agricultural output and carbon emissions are connected, and 
how different parts of farming (like growing crops and rais-
ing animals) affect each other. Although other studies have 
examined the impact of human activities on the environment 
using input-output methods, our work employs the standard 
Leontief Input-Output method. This helps us focus on find-
ing ways to reduce emissions by theoretically changing aspects 
of the industry. The main conclusions are summarized below:

(1) The Leontief model clearly shows how different parts 
of farming (like crops and livestock) are linked, and how more 
output can mean more carbon emissions. 

(2) We did several sensitivity studies on cutting emissions, 
and they showed that different methods have different effi-
ciencies in reducing emissions. 

DOI: 10.36838/IJHSR86.1

Table 4: Summary of carbon emission reduction strategies. The reduction 
rates lead us to be able to find the most efficient way to reduce emissions. The 
highest reduction rate indicates the most efficient method.
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Comparing Pharmaceutical Therapies in the Treatment of 
Post-Kawasaki Disease Giant Coronary Artery Aneurysms: An 
Exploration of Sequelae in Pediatric Populations      

Alexis Vaile        
Adrian Wilcox High School, 3250 Monroe St, Santa Clara, CA, 95051, USA; alexismvaile@gmail.com 

ABSTRACT: Kawasaki Disease (KD) is a pediatric vasculitis of an unknown but suspected infectious etiology that results in 
a marked inflammatory response. The generally effective standard of treatment is a combination of intravenous immunoglobulin 
(IVIG) and acetylsalicylic acid (ASA), the former to reduce the prevalence of coronary artery aneurysms and to lower fever, and 
the latter to prevent ensuing thrombosis. However, KD patients who develop persistent giant coronary artery aneurysms (CAAs) 
experience long-term symptoms, many pertaining to damage and restriction of the coronary arteries. This analysis explores 
prominent cardiovascular drugs’ pharmacological mechanisms and compares their efficacy in relation to leading symptoms, with 
special attention given to vasodilation, myocardial oxygen demand, and smooth muscle proliferation. Ultimately, this review 
examines these pharmaceutical treatments as potential adapted therapeutic approaches for subacute pediatric KD survivors who 
have experienced severe CAAs, aiming to reduce the risk of coronary artery complications and promote informed decisions 
regarding cardiac outcomes overall. 

KEYWORDS: Translational Medical Sciences, Disease Treatment and Therapies, Kawasaki Disease, Giant Coronary Artery 
Aneurysms, Calcium Channel Blockers, Beta-Blockers, Nitrates, ACE Inhibitors. 

�   Introduction
Kawasaki Disease (KD) is an uncommon vasculitis that 

primarily affects children. To be diagnosed, it presents with a 
long-lasting fever (five days or more) and at least four of these 
symptoms: bacterial conjunctivitis, rash, erythema and edema of 
the extremities, changes surrounding the oral cavity (strawberry 
tongue, erythema, cracked lips), and cervical lymphadenopathy 
(1.5 cm or greater in diameter).1 KD has been documented 
all around the world, with approximately 2,000-4,000 cases 
diagnosed annually in the United States; these numbers are 
over ten times greater in many east-Asian countries.2 If KD 
goes undetected, 25% of its hosts develop coronary artery 
aneurysms– the swelling of a coronary artery to 1.5 times its 
standard size– with complications including coronary artery 
stenosis, arrhythmias, and increased risk of myocardial infarc-
tion in severe cases.2 Even if treated after seven days of illness, 
there is a 66% increased risk of CAA development. If IVIG 
is delayed to 10 days after the acute phase, individuals are 5.3 
times more likely to develop CAAs. And while 71% of CAAS 
treated with IVIG regress within two years, structural abnor-
malities remain. After two years, follow-up with CAA patients 
found that 14% had developed stenosis, more frequently in 
the right coronary artery, inlet, or outlet of aneurysms. As the 
damaged arterial walls heal, they not only stiffen but thicken, 
increasing the risks of thrombosis or heart attack.3 CAAs with 
dilations that measured only 4 mm in the acute phase caused 
formational changes that increased the size of the intimal-me-
dial wall over time.4 The risk of CAA development increases 
from 25% to 37% for patients with incomplete KD, which is 
characterized by an extensive fever but a smaller number of the 

other symptoms commonly associated with the disease.4 Other 
issues arise in the chronic phase, including stenosis and en-
dothelial dysfunction that heighten the risk of ischemia. Two 
years after the acute phase, stenotic lesions were visible in 14% 
of CAA patients.

As such, treating the long-term cardiac effects of KD in the 
most severe cases is a priority. Calcium causes muscle (includ-
ing the cardiac variety) to contract by binding with regulatory 
proteins that cover actin binding sites, thus allowing myosin 
proteins to pull actin filaments. As the two slide over one an-
other, the sarcomere, or functional unit of muscle, contracts. 
CCBs prevent calcium molecules from entering the heart 
by blocking voltage-gated ion channels, thus preventing the 
cardiac muscle from contracting. The coronary blood vessels 
relax, and vasoconstriction is reduced. CCBs are approved by 
the US Food and Drug Administration (FDA) and are cur-
rently in use with cardiac conditions such as hypertension and 
coronary artery disease that involve constricted blood vessels, 
similar to KD.5 Switching focus, when hormones, including 
epinephrine and norepinephrine, bind to β-1 adrenergic recep-
tors, they trigger a release of calcium, increasing heart rate and 
contractile strength. Both of these are associated with increased 
arterial stiffness and a possible dysfunction of endothelial cells. 
Beta-blockers utilize competitive inhibition, preventing adren-
aline from triggering cardiac contraction and reducing the 
heart’s workload. Beta-blockers are also approved by the FDA 
for tachycardia, hypertension, coronary artery disease, and 
similar conditions.6 Moreover, once in the body, nitrates are 
converted into nitric oxide, which activates the enzyme guany-
lyl cyclase within the smooth muscle cells of the blood vessels. 
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Guanalyl cyclase causes increased levels of cyclic guanosine 
monophosphate (cGMP) and decreased calcium, thus relaxing 
the smooth muscle, similar to the result of CCBs. Nitrates, 
FDA-approved as well, are currently in use for angina pec-
toris, hypertension of the arteries, and heart failure.7 Finally, 
ACE inhibitors are an FDA-approved medication often used 
to treat hypertension [130-139/80-89], systolic heart failure, 
or to reduce the risk of cardiovascular disease. ACE inhibitors 
block the angiotensin-converting enzyme from converting in-
active angiotensin I to angiotensin II, a vasoconstrictor that 
increases blood pressure as well as aldosterone levels. ACE also 
breaks down bradykinin, a molecule involved in vasodilation 
and inflammation; thus, inhibitors allow for vessel relaxation 
and reduce levels of oxidative stress.8 This analysis aims to ex-
amine the benefits and pitfalls of four classes of cardiovascular 
medications, in conjunction with present therapies, in improv-
ing severe long-term issues with coronary artery damage and 
lessening myocardial stress that can result from KD in pediat-
ric populations.

�   Methods
A comprehensive literature review was conducted to ex-

amine pharmaceutical therapies for post-KD coronary artery 
complications. CCBs were selected for the review due to their 
direct effects on coronary artery vasodilation, relevant to the 
lack of vasoreactivity and arterial vasospasm observed in post-
KD patients. Beta-blockers were selected due to their ability to 
reduce myocardial oxygen demands and increase coronary per-
fusion, which lowers the risk of ischemia. ACE inhibitors were 
selected for their vascular remodeling and endothelial repair 
capabilities, in addition to inhibiting certain inflammation, 
which are all common factors related to post-KD coronary 
abnormalities. Nitrates were selected for their fast-acting 
coronary vasodilatory abilities in adults. As they are not used 
chronically or routinely in pediatric populations, their selec-
tion is more conceptual, a comparison of mechanisms rather 
than a direct pedantic suggestion. Antiplatelet agents were not 
selected as their clinical application to KD has already been 
established. Statins were not selected as their main pathway, 
lowering lipid levels, is not directly relevant to coronary arterial 
recovery in post-KD patients. Relevant articles were identi-
fied through searches on PubMed, Google Scholar, and the 
NCBI Bookshelf using keywords including “Kawasaki Dis-
ease” (with a focus on subsequent “coronary artery aneurysm” 
keywords), “calcium channel blockers,” “beta-blockers,” “ni-
trates,” and “ACE inhibitors.” The review prioritized research 
published between 2000 and 2025 to include the most recent 
clinical findings and reviews. Criteria for inclusion centered 
on peer-reviewed journal articles and medical sources that dis-
cussed cardiovascular outcomes, medicinal mechanisms, and 
long-term management of KD patients’ symptoms. Selected 
sources were synthesized to compare drug efficacy, mecha-
nisms, and potential benefits for post-KD coronary health.

�   Results 
There are several coronary arterial complications associated 

with KD, with coronary artery aneurysms (CAAs) being the 
most prominent among them. While the appearance of these 
cardiac difficulties and their mortality rates are fairly low, they 
can vary greatly depending on the severity and duration of 
the abnormality, from the broader dilation of coronary artery 
ectasia to the more extreme giant aneurysms. Such risks are 
most common in the acute phase, with giant CAAs budding 
in 0.18% of patients treated with IVIG (these tout a mortality 
rate of 6.28%).4 Long-term pharmaceuticals could be neces-
sary to manage damaging coronary symptoms. The four drug 
classes of interest for this subject are CCBs, beta-blockers, 
nitrates, and ACE inhibitors. CCBs, most commonly in use 
with coronary artery disease, reduce the amount of calcium 
ions flowing into muscle cells and thus promote vasodilation.5 
An oral dihydropyridine CCB, such as amlodipine, has a rela-
tively long half-life of 30-50 hours.9 Once-daily doses would 
be sufficient, and it is already in use treating chronic hyperten-
sion, vasospastic angina, and risk reduction with documented 
coronary artery disease. Amlodipine is generally considered 
safe for pediatric use, with appropriate dosages and monitor-
ing.7 When employed to treat hypertension for a prolonged 
period, amlodipine has been well-tolerated with minimal side 
effects. For children aged 6 years and below, amlodipine doses 
begin at 0.05-0.2 mg/kg/day, and can be increased to a max-
imum of 0.3-0.6 mg/kg/day.7 CCBs would be useful in cases 
where there is significant vasospasm around the CAA, thus 
contingent on preserved smooth muscle, and as a preventive 
for associated angina and myocardial episodes. Beta-blockers 
decrease myocardial oxygen demand by decreasing heart rate 
and force of contraction. Selective beta-blockers, such as me-
toprolol, target beta-1 receptors, which are located within the 
heart. Non-selective versions target both beta-1 and beta-2 
receptors, which are found throughout the body but primarily 
in the smooth muscle cells of the airway.6 Non-selective be-
ta-blockers are thus more dangerous for those with respiratory 
conditions. Contingent on careful monitoring and professional 
oversight, beta-blockers are already in use with pediatric pa-
tients. Beta-blockers could be employed to decrease general 
myocardial stress or aggravation of the CAA, simultaneously 
reducing symptoms like angina. Propranolol has become the 
standard of care to treat infantile hemangiomas, a benign tu-
mor composed of blood vessels.10 Nitrates, the most common 
forms being nitroglycerin, isosorbide dinitrate, and isosorbide 
mononitrate, are generally used for immediate chest pain or 
other similarly emergent situations. They are less common-
ly used in pediatric patients, partially due to the rapid rate at 
which a tolerance can be developed (12-24 hours).7 Nitrates 
could be used as a preventative measure to avoid worsening 
or developing further CAAs due to their vasodilatory ca-
pacities. The direct increase in blood flow and oxygen to the 
myocardium that they deliver would be an asset in immedi-
ate cardiac episodes, but not an appealing long-term option. 
ACE inhibitors lower angiotensin II levels and associated bra-
dykinin levels, reducing preload and afterload, in addition to 
preventing platelet aggregation and allowing for endothelial 
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restoration. They are also often used for hypertension due to 
their vasodilatory capabilities. ACE inhibitors are common-
ly employed for pediatric patients; Enalapril, for example, is 
administered twice daily with doses from 0.05mg/kg/dose to 
0.5mg/kg/dose. ACE inhibitors could have a double-sided ad-
vantage: reduction of cardiac stress while increasing blood flow 
through vasodilation and endothelial repair, as well as reduc-
tion of the inflammatory markers that so heavily contribute 
to CAAs. Their multifaceted benefits make them one of the 
more effective potential pharmaceutical applications out of the 
four.

�   Discussion
History & Evolution:
In 1967, Dr. Tomisaku Kawasaki noticed a pattern of ill in-

fants, whose symptoms consisted of a fever, rash, convalescent 
desquamation, and lymphadenopathy, among others.11 Despite 
Dr. Kawasaki’s contrary hypothesis, pediatrician Takajiro Ya-
mamoto and pathologist Noboru Tanaka believed that KD 
was not a self-limiting illness– a claim cemented by ten post-
KD autopsies with sudden cardiac episodes listed as the cause 
of death.11 Tracing the history of KD is difficult because its 
precise etiology remains unknown, but responsible factors are 
thought to be some combination of genetic predisposition, 
environment, and intensified immune response. KD tends to 
occur more frequently in children of Asian or Pacific Islander 
descent. While the average annual incidence in the San Di-
ego region is 25 out of 100,000 in children under 5 years old, 
the rate doubled (50 out of 100,000) for Asian and Pacific 
Islander children.12 Beyond ethnicity, certain immune system 
alleles have been hypothesized to increase genetic predispo-
sition to KD. Several possible susceptibility genes have been 
identified, with links between variations in their sequences 
and higher rates of KD being explored. The ITPKC gene is 
responsible for making an enzyme that affects the Ca2+/NFAT 
pathway, that negatively regulates T-cell activation and thus 
prevents excess inflammation. A single-nucleotide polymor-
phism (SNP) has been found to hinder the production of the 
ITPKC enzyme, allowing higher levels of calcium to be re-
leased and T-cells to become overly active.13 The CASP3 gene 
codes for caspase-3, which plays a role in apoptosis of immune 
cells, mediating phagocytosis or cleaving signal proteins from 
the cell body to prevent autoimmune attack. Due to a SNP 
in CASP3, programmed cell death and cleavage do not occur 
properly, and the buildup of these damaged immune factors 
causes irregular inflammation.14 The protein produced by the 
CD40 gene resides on B-cells and macrophages, and binds to 
CD40 ligands on T-cells and platelets. This binding not only 
activates the cells involved but also causes pro-inflammatory 
cytokines to be produced. In KD patients, overexpression of 
the CD40 ligand can cause excess inflammation that is spe-
cifically tied to the vascular endothelium, which can lead to 
coronary artery lesions.15 This excess activation can bring on 
the inflammation that damages the coronary endothelial cells. 
Further, KD frequency is higher in winter and spring months, 
when respiratory viral infections are more prevalent.16 No sin-
gle virus has been pinpointed as a KD trigger, but they may 

cause an abnormal immune behavior in their host, which could 
be tied to the inflammation in KD. Bacterial infections, such 
as Streptococcus species infection, can cause the production 
of superantigens, molecules that trigger an immense immune 
response through mass T-cell activation. Another noteworthy 
possibility is the post-WWII industrialization of Japan. As 
the country revamped its production in the 1950s and 1960s, 
pollution followed. This environmental toxicity is a possible 
explanation for the rise of KD cases that began in the 1960s.11

Disease Mechanisms:
Although various bacteria have been proposed as infectious 

triggers, the exact agent that triggers KD is unknown. When 
the body encounters an infection, components from the bac-
terial cell wall called pathogen-associated molecular patterns 
(PAMPs) will be released. Cellular damage can also act as a 
trigger, with injured or dying cells releasing damage-associat-
ed molecular patterns (DAMPs).17 This is detected by pattern 
recognition receptors (PRRs) such as Toll-like receptors 
(TLR2 and TLR4) that become activated by binding to the 
PAMPs and DAMPs. These PRRs activate immune pathways 
that produce proinflammatory cytokines, including TNF-α, 
IL-1β, and IL-6. In addition to causing a fever and inflam-
mation, these cytokines cause neutrophils to enter blood vessel 
walls, including those of the coronary arteries. They release re-
active oxygen species and S100 alarmins that act as DAMPs, 
stimulating IL-1β production. Macrophages enter the vessel 
walls as well and activate the NLRP3 inflammasome, which 
releases more IL-1β, building up a cytokine storm. Due to 
the aforementioned susceptibility genes, an additional influx 
of Ca2+ causes hyperactivity in T-cells as they produce cy-
tokines like IL-2 and IL-17. Vascular damage accrues here, 
with immune cells and cytokines weakening the coronary ar-
tery walls and promoting thrombosis in the endothelial cells. 
Impaired endothelial function has been noted in those who 
previously had KD, even without CAA development in the 
acute phase.4 Additionally, matrix metalloproteinases are up-
regulated by the excess amounts of IL-1β and begin to break 
down collagen and elastin in the arterial walls, causing CAAs. 
If IVIG is employed, it binds to receptors on macrophages 
that reduce cytokine production, and TNF-α, IL-1β, IL-18, 
and IL-6 levels drop as the IL-1 pathway is suppressed. The 
CD40 pathway is downregulated, reducing the persistent T 
and B-cell stimulation, and in the majority of cases, the excess 
release of cytokines stops.18

Comparative Drug Analysis:
The current most commonly employed treatment for KD is 

a combination of intravenous immunoglobulin (IVIG) and as-
pirin; the former is administered within the first 10 days, with 
a recommended 2 g/kg dose. IVIG decreases inflammation 
and reduces the incidence of CAAs by 5% to 25%.19 High-
dose aspirin (ASA) is given at a dosage of 80-100 mg/kg/
day during the acute phase of KD in the United States, with 
moderate dose (30-50 mg/kg/day) administered in Japan and 
areas of Western Europe.19 Patients are subsequently weaned 
to low-dose ASA (3-5 mg/kg/day), which is continued for 
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used for a variety of cardiac conditions from hypertension to 
heart failure, have anti-proliferative qualities as well, as they 
activate nitric oxide synthase and thus increase the amount of 
nitric oxide available. Such cellular reductive potential has been 
observed in vascular smooth muscle and endothelial cells.29 
They are, in general, less targeted in comparison to CCBs, 
though, reducing heart rate and blood pressure, thus reducing 
oxygen demands but not improving oxygen supply the way 
CCBs, ACE inhibitors, and nitrates do. They appear helpful in 
managing symptoms, but don’t address the issue of thickened 
or restricted arteries. However, as beta-blockers do not rely on 
a smooth muscle mechanism for effectiveness, they would skirt 
the smooth muscle destruction issue that the other three class-
es face. Beta-blockers also share CCBs’ and ACE inhibitors’ 
resilience, but their usage cannot be terminated abruptly. This 
would cause the body to endure the effects of a sudden influx 
of adrenaline without competition, placing stress on the heart 
and its vessels.

Potential Side Effects
CCBs can have various side effects, which must be consid-

ered in depth when administering them to pediatric patients. 
There are two classes of CCBs, each with different effects: 
dihydropyridines, which function as previously mentioned to 
widen blood vessels, and non-dihydropyridines, which can have 
the same vascular functions but also act on the conduction sys-
tem of the heart itself. Dihydropyridines can cause headaches 
and flushing from vasodilation of blood vessels in the skin and 
brain.They can also cause peripheral edema, as the increased 
pressure in the capillaries allows fluid to leak out into the in-
terstitial space. Non-dihydropyridines can cause constipation, 
as the smooth muscles in the GI tract are relaxed and peri-
stalsis is impaired. Both types can cause nausea, dizziness, and 
fatigue. The more severe side effects tend to belong to non-di-
hydropyridines, including bradycardia due to CCBs acting on 
the SA and AV nodes, and heart block from an interruption 
of the heart's electrical signals.30 Both types can cause hypo-
tension due to excessive vasodilation. CCBs, like many drugs, 
are metabolized in the liver by CYP450 enzymes, primarily 
CYP3A.31 Certain CCBs, like Verapamil and Diltiazem, can 
inhibit CYP3A function, ensuring that their breakdown and 
that of other drugs is slowed. These two non-dihydropyridines 
often disrupt the breakdown of ciclosporin, statins, benzodiaz-
epines, buspirone, and sildenafil. Other substances can inhibit 
CYP3A and amplify the effects of CCBs in the body, such 
as cimetidine, erythromycin, grapefruit juice, azole antifungals, 
and HIV medications (protease inhibitors).5 On the oppo-
site side of the spectrum, other drugs can induce the CYP3A 
enzyme, reducing CCBs’ time in the body and strength. An-
ti-seizure medications, rifampicin, and phenobarbital can act 
as CYP3A inducers.3 With this in mind, amlodipine displays 
potential for post-KD cardiac health management– contin-
gent, of course, on the presence of functional smooth muscle 
cells. Beta-blockers, again, also have two classes: selective and 
non-selective. The main side effects of selective beta-blockers 
are hypotension and bradycardia, with things like fatigue and 
dizziness in addition. Non-selective drugs can, along with the 

several weeks. High ASA doses have been shown to reduce fe-
ver and inflammation. Low doses are used to prevent platelets 
from aggregating and forming blood clots. Switching focus, 
other classes of medicines, such as nitrates and CCBs, which 
are used for vasodilation, may appear promising for treating 
long-term KD cardiac dysfunctions, but struggle, as ACE in-
hibitors do, to overcome the issue of coronary artery smooth 
muscle necrosis that lingers in 25% of untreated children as a 
result of CAAs.20 Application is more likely to be successful 
with a considerable amount of preserved smooth muscle, on 
which CCBs, ACE inhibitors, and nitrates could act to in-
duce vasodilation. In these cases, CCBs are geared towards 
vasodilation, especially effective in coronary arteries, and they 
reduce the afterload, allowing the heart to pump out blood 
more easily. By blocking angiotensin II, which increases after-
load, ACE inhibitors also allow the left ventricle of the heart 
to pump blood more easily, reducing oxygen demands. With 
lowered levels of aldosterone, blood volume lowers, and venous 
return decreases as well, reducing strained blood pressure and 
oxygen requirements. Nitrates are focused on venodilation, 
so their efficacy on coronary arteries is present but lessened 
compared to CCBs– they reduce preload, so less blood fills 
the heart directly.21 Because of this, CCBs are more suited for 
preventing vasospasm or stenosis, as they allow blood to flow 
more smoothly through arteries rather than simply reducing 
cardiac workload. Both CCBs and ACE inhibitors can also be 
used long-term without a tolerance developing, compared to 
nitrates, which can lose efficacy within 12-24 hours.22 This can 
happen when reduced sulfhydryl (SH) groups are depleted in 
numbers due to their frequent usage in the transformation of 
nitrates to nitric oxide– SH groups are oxidized in this process. 
Without the active SH forms available, vasodilation cannot oc-
cur because nitric oxide cannot be made.23 Many routes cause 
nitrate tolerance to develop rapidly, another being oxidative 
stress from nitrates, causing increased production of reactive 
oxygen species (superoxide). Superoxide combines with nitric 
oxide to create the harmful compound, peroxynitrite, while si-
multaneously damaging the enzyme that creates nitric oxide 
(ALDH2) and inhibiting guanylyl cyclase, which aids in va-
sodilation.24 Additionally, CCBs have demonstrated possible 
anti-proliferative effects. CCBs block calcium channels and 
thus reduce the amount of intracellular calcium, a major sig-
naling molecule in the cell growth cycle. Less calcium influx 
results in less cell proliferation.25 They also have the poten-
tial to induce autophagy, which can reduce the thickening and 
remodeling of the arterial wall often seen in KD.26 As angio-
tensin and aldosterone stimulate the proliferation of vascular 
smooth muscle, ACE inhibitors can prevent chronic dilation or 
remodeling of the left ventricle.27 ACE inhibitors also prevent 
bradykinin, a vasodilatory peptide that increases nitric oxide 
release, from being broken down by ACE, relaxing vascular 
smooth muscle and thus reducing the oxidative stress that 
damages endothelial cells. It also prevents thrombin-induced 
platelet aggregation– reducing the risk of arterial thrombosis.28 
Nitrates, while effective for angina symptoms, do not display 
prominent anti-proliferative effects that would be beneficial 
for the management of chronic KD symptoms. Beta-blockers, 
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taining, dicarboxylate-containing, and phosphonate-coating. 
Sulfhydryl-containing ACE inhibitors, such as captopril and 
zofenopril, have an -SH group and tend to be short-acting. 
These are often used in acute settings for treatment of heart 
failure, and as such, they require repeated daily dosages (be-
ginning at 6.25 mg TID for heart failure, and 25 mg BID or 
TID for hypertension). Taste disturbances and a variety of skin 
reactions, from rashes to blisters, are common reactions. Dicar-
boxylic-containing inhibitors, such as benazepril or lisinopril, 
are frequently employed for long-term use. Phosphonate-con-
taining ACE inhibitors are long-acting prodrugs activated in 
the liver and can be beneficial for renally impaired patients. A 
dry cough is a common side effect of all forms of ACE inhib-
itors, as the inhibition of bradykinin metabolization can result 
in irritation of the bronchi, with an increased risk of bron-
chospasm accompanying this. Dizziness and hypotension are 
also common side effects. Angioedema, swelling of the face 
and upper airway caused by bradykinin buildup, is a rare yet 
deadly possibility. ACE inhibitors reduce the rate of blood fil-
tration through the kidneys, reducing the amount of lithium 
that is cleared from the bloodstream, creating the potential 
for lithium toxicity. The combination of ACE inhibitors and 
Allopurinol can increase cutaneous hypersensitivity, manifest-
ing in rashes or systemic allergic reactions. Combining ACE 
inhibitors with diuretics can lead to intensified hypotensive 
effects due to reduced blood volume as a result of frequent uri-
nation. ACE inhibitors should not be paired with angiotensin 
receptor blockers (ARBs) as their combined hypotensive ef-
fects can be drastic– kidney dysfunction and hyperkalemia are 
also serious results of the combination.40 ACE inhibitors are 
the most frequently prescribed hypertensive medications for 
pediatric populations (around age 6 and older), with captopril, 
lisinopril, and enalapril among the most popular.8

Applications of Various Treatments for Coronary Dysfunc-
tion:

CCBs could vasodilate the smooth muscle of the coronary 
arteries, allowing for better blood flow and reduced hyperten-
sion. Improving coronary blood flow would also result in more 
oxygen reaching the cardiac muscle. This could relieve the 
angina caused by narrowed or scarred arteries. Additionally, 
stenotic arteries mean the heart must pump blood with more 
force, leading to a greater demand for myocardial oxygen with 
the excessive workload. Employing CCBs would simultane-
ously allow more blood oxygen to reach the cardiac muscle 
while reducing the demand for it. Widening coronary arteries 
with CCBs would also decrease the risk of vasospasms that 
suddenly restrict blood flow, which would, in conjunction with 
lessened myocardial oxygen demands, decrease the risk and 
rate of myocardial infarctions. Certain CCBs, like amlodip-
ine, have also been shown to increase the production of nitric 
oxide, which could aid in endothelial recovery and reduce 
inflammation.41 If utilized for symptomatic relief with giant 
CAAs, CCBs must be used with caution, as their vasodilatory 
nature could stress an already weakened arterial wall– put-
ting the patient at risk of dissection.42 Beta-blockers, most 
commonly used with hypertension, prevent hormones from 

aforementioned symptoms, result in bronchospasm or asthma 
attacks by preventing epinephrine from dilating the bron-
chioles.32 Beta-blockers amplify several other drugs, such as 
antihypertensives and antiarrhythmics, and bring about im-
mense bradycardia and possible heart block. CCBs (especially 
non-dihydropyridines), for example, slow AV node conduction 
and lower heart rate, just like beta-blockers. By blocking the 
visible effects of epinephrine and norepinephrine in cases of 
low blood sugar, beta-blockers can exacerbate hypoglycemia, 
especially when paired with insulin. As the sympathetic ner-
vous system can trigger glycogenolysis, or the breakdown of 
glycogen into glucose, but without the effects of key hormones 
(epinephrine and norepinephrine), the process is inhibited 
considerably.33 Conversely, H2-receptor antagonist, cimeti-
dine, can amplify the effects of beta-blockers by interfering 
with the CYP450 enzymes (CYP1A2, CYP2C9, CYP2D6) 
in the liver, responsible for metabolizing propranolol and me-
toprolol.34 Further, NSAIDs– utilized to manage pain and 
inflammation, as well as fevers– inhibit renal prostaglandin 
synthesis and cause water and sodium retention and vasocon-
striction, effectively counteracting the effects of beta-blockers 
by raising heart rate and blood pressure.35 Medications like ri-
fampin and phenobarbital induce hepatic CYP450 enzymes, 
processing beta-blockers more quickly and reducing their ef-
ficacy.36 Switching focus, the most common forms of nitrate 
medications are nitroglycerin, isosorbide dinitrate, and iso-
sorbide mononitrate. Isosorbide dinitrate is a prodrug; thus, 
it requires conversion in the liver to be activated in the form 
of isosorbide mononitrate and nitric oxide, giving it a length-
ier onset of action and duration. This medication is utilized 
for both prevention and longer-term treatment.37 Isosorbide 
mononitrate does not rely on a hepatic aspect, giving it a longer 
half-life (5-6 hours) and consistent release, a reliable option for 
the treatment of chronic angina.38 Similar to CCBs, nitrates 
would rely on the presence of functional smooth muscle in 
the coronary arteries to be effective. Associated side effects are 
hypotension, headaches (which over 10% of users experience), 
dizziness, cutaneous flushing, or a tingling under the tongue. 
More severe reactions can result in syncope, methemoglo-
binemia, reflex tachycardia, or Monday disease.7 The effects 
of nitrates can be severely amplified when paired with PDE5 
inhibitors (such as tadalafil [Cialis] or sildenafil [Viagra]), 
medications that block the enzyme PDE5 to allow for the 
presence of vasodilatory cGMP.39 This pairing can decrease 
blood pressure dangerously, as can the grouping of nitrates 
with other antihypertensives like beta-blockers. Nitrates are 
also intensified by diuretic medications, which increase urinary 
output, reducing the levels of water and sodium within the 
body. Thus, the liquid available to contribute to the pressure 
of the blood vessels is decreased, and nitrates induce vasodi-
lation, creating a serious risk of hypotension.5 Nitrates would 
not be optimal in terms of chronic usage due to the speed with 
which a tolerance can be developed. Additionally, in the con-
text of KD, nitrates are not used widely in pediatric patients, 
aside from severe cardiovascular emergencies. ACE inhibitors 
are utilized to prevent heart failure and hypertension, and are 
commonly classified by chemical structure: sulfhydryl-con-
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binding with β-adrenergic receptors, causing a lessened heart 
rate and decreased contraction. This results in lowered blood 
pressure and reduced cardiac oxygen demand with the reduced 
workload. The period of diastole is lengthened, and coronary 
perfusion, the delivery of oxygenated blood to the myocardium, 
improves. Beta-blockers, in a similar vein to CCBs, improve 
coronary perfusion and reduce oxygen demands, lowering the 
risk of ischemia, and thus can reduce the risk and severity of 
myocardial infarctions. Certain third-generation beta-blockers, 
such as nebivolol and carvedilol, also possess anti-proliferative 
effects beneficial to the endothelium and smooth muscle.29 Be-
ta-blockers are incredibly versatile in terms of range, but the 
majority are ingested at least two times per day. However, if 
one were employed for long-term post-KD symptom man-
agement, the selection would be based on patient history. For 
those susceptible to coronary vasospasm, non-selective be-
ta-blockers would be a poor choice as beta-2 receptors play a 
role in vasoconstriction. Selective beta-1 blockers would also 
be a favorable choice in those with conditions concerning the 
airway, such as asthma, as non-selective blockers can increase 
the risk of bronchospasm. Prospective studies that evaluate 
how beta-blockers impact long-term intellectual development 
in adolescent and pediatric patients would be highly relevant 
as well.43 Often employed for cases of angina, nitrates increase 
the amount of nitric oxide present, causing smooth muscle to 
relax, leading to vasodilation within coronary arteries. As both 
are lessening cardiac contraction, nitrates would have similar 
advantages to CCBs, improving the amount of nutrient-rich 
blood directed toward the heart while reducing the demand for 
it. Spontaneous occurrences of vasospasm with significant con-
sequences, such as ischemia or myocardial infarction, are less 
likely to occur with nitrates. However, nitrates are employed 
in selective acute cardiac cases, and not for chronic pediatric 
use, as the safety data in children is extremely limited. They 
also ease symptoms of angina that come from a lack of oxygen 
and associated overworking of the cardiac muscle in an attempt 
to compensate for the loss. ACE inhibitors reduce blood vol-
ume for both afterload and preload, placing less stress on the 
left ventricle, which could already be facing post-inflammato-
ry strain. The stimulation of nitric oxide by bradykinin would 
reduce the risk of inflammation and thrombosis, promoting 
endothelial cell health and elasticity of coronary arteries that 
are damaged or in proximity to CAAs. Matrix metalloprotein-
ase activity has also been shown to decrease in the presence of 
ACE inhibitors, which indicates reduced destruction of the ar-
terial walls.44 Currently, the employment of ACE inhibitors for 
medium post-KD CAAs (≥4 mm) has not produced definitive 
results concerning CAA regression, with 67% regression using 
ACE inhibitors and 65% without. However, in giant CAAs (≥8 
mm), regression rates were higher by a factor of 1.6 (36% vs 
23%), suggesting a possible path for more severe cases, although 
further research is needed.45 Future research could evaluate 
the potential of a synergistic approach with CCBs and ACE 
inhibitors, the CCB studies targeting coronary vasoreactivity 
and potential ischemia, and the ACE inhibitor studies focus-
ing on coronary remodeling, inflammation, and endothelial 
dysfunction. Comprehensively, CCBs could be employed for 

symptomatic relief or in conjunction with other therapies in-
volving spastic areas near aneurysms, treating related ischemia. 
Acting on functional smooth muscle, they’d prevent vasospasm 
and dilate stenotic coronary arteries. ACE inhibitors have con-
siderable myocardial and vascular protective effects by reducing 
the risk of remodeling and left ventricular stress. These inhib-
itors could also improve arterial flexibility and possibly play a 
role in giant CAA regression. Nitrates are useful for immediate 
management of symptoms like angina, but utilize less direct 
mechanisms and are not well-tolerated long-term in pediatric 
populations– making them a fairly mechanistic hypothetical 
treatment. Beta-blockers can lower heart rate and myocardi-
al oxygen demand without relying on smooth muscle, making 
them an appealing long-term option– although supportive, not 
curative– for blood pressure and myocardial strain reduction if 
muscle cells are compromised.

Limitations:
Various limitations of this review must be acknowledged. 

Although information concerning the safety of all included 
medications for pediatric populations was included, post-KD 
pharmacological management research is generally limited to 
adult populations, suggesting data gaps for the unique coro-
nary makeup of children. There is also a lack of long-term, 
larger-scale studies, as case and small cohort studies are so 
prevalent, limiting predictions of long-term outcomes on these 
medications, later complications from them, and the reason-
able duration of therapy. Additionally, post-KD patients are 
incredibly diverse, varying in the exact sizes of aneurysms 
(even giant CAAs leave room for interpretation), amount of 
lingering dilation, and degree of coronary impairment, making 
these analyses difficult to broadly generalize. This review is also 
dependent on the synthesis of existing literature rather than 
clinical trials, which makes definitive recommendations diffi-
cult. Thus, addressing such limitations is vital to truly exploring 
long-term pharmaceutical care options for this population and 
their circumstances.

�   Conclusion 
Overall, ACE inhibitors have the most direct relevance 

to post-KD coronary artery dysfunction, as endothelial dys-
function, lasting inflammation, and abnormal remodeling 
are common sequelae. ACE inhibitors can target these com-
plications specifically: allowing for endothelial repair by 
increasing nitric oxide availability, decreasing vascular inflam-
mation by reducing the release of pro-inflammatory cytokines, 
and preventing remodeling by lessening certain smooth muscle 
proliferation. CCBs hold potential to aid in the mechanistic 
management of specific post-KD symptoms, such as coronary 
vasospasm or proliferative changes in coronary smooth muscle 
that lead to ischemia. Beta-blockers are another option, espe-
cially because they can function with damaged vascular muscle, 
but are more of a strictly symptomatic approach, focused on 
reducing oxygen demand and improving general myocardial 
workload, which reduces ischemic risks. Of the quad, nitrates 
appear the least significant in terms of long-term KD man-
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agement, as they are reliant on undamaged muscle, are easy to 
develop a tolerance to, and are used quite minimally in pedi-
atric cases. They display strong coronary vasodilation through 
nitric oxide relaxation, and thus act as a conceptual comparison. 
Bringing any hypothetical drug into a relatively experimental 
context, especially one that concerns pediatric patients, is a risk 
that should not be taken lightly, and the same standard applies 
to all aforementioned medication classes. Yet, a carefully-mon-
itored dosage and precise selection of ACE inhibitors, which 
are commonly used in pediatric cases, CCBs, or beta-block-
ers, may offer various context-dependent benefits, both for 
the patient and the pattern of treatment for severe long-term 
CAA-related consequences of KD.
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ABSTRACT: The aviation sector accounts for approximately 2.5% of global anthropogenic CO₂ emissions, making fuel-
consumption reduction a critical sustainability goal. This study develops a mixed-integer linear programming (MILP) model to 
minimize fuel consumption and CO₂ emissions, incorporating variables such as flight distance, wind speed, temperature, air density, 
and aircraft weight. Utilizing 2024 flight data from Antalya Airport, a prominent Turkish hub, monthly outbound flights to top 
destinations—Germany, Russia, the UK, Poland, and the Netherlands, constituting over 50% of international departures during 
peak seasons, were analyzed. The model revealed that wind conditions, temperature, and payload are the most influential factors 
on fuel consumption. Results indicate a potential 5–6% reduction in fuel and CO₂ emissions through optimized flight parameters. 
Seasonal analysis highlighted significant variations: winter operations experienced a 3-5% increase in CO₂ intensity due to lower 
load factors, yet achieved 4,158 kg of CO₂ saved on the AYT-FRA route. The model provides route-specific strategies, such as 
prioritizing altitude flexibility for AYT-IST and reducing speed for AYT-DXB. These findings suggest that adjusting cruise 
speeds, optimizing load distribution, and using accurate atmospheric data in flight planning can yield significant fuel savings. This 
model provides a flexible tool for airline-specific route optimization, enhancing cost efficiency and climate sustainability.

KEYWORDS: Environmental Engineering; Pollution Control; Sustainable Aviation; Carbon Emissions; Fuel Consumption 
Optimization; Aircraft Performance Modeling. 

�   Introduction
One of the fundamental pillars of the modern global econ-

omy is commercial aviation. Aviation has changed societies, 
interactions, and economies through its unparalleled capacity to 
link nations, promote international trade, support tourism, and 
foster cross-cultural exchange while ensuring safety. Accord-
ing to the International Air Transport Association [IATA],1 
before the interruptions brought on by the COVID-19 pan-
demic, over 4.5 billion passengers were transported worldwide 
in 2019, contributing over 2.7 trillion USD to the global econ-
omy. Tens of millions of jobs were created by airports, airlines, 
aircraft manufacturers, and ancillary service sectors combined, 
underscoring aviation's vital role in sustaining global growth 
and prosperity and its corresponding impact on employment.

While commercial aviation remains a cornerstone of global 
mobility and economic exchange, its environmental ramifica-
tions have drawn increasing scrutiny. Increasing air traffic and 
rising fuel prices put both ecological and financial pressures on 
the system. With the projected growth in air traffic, aviation's 
contribution to climate change is no longer negligible. The 
contribution to global greenhouse gas emissions is the most 
worrisome of these. Studies estimate that aviation accounts 
for approximately 2–3% of global anthropogenic CO₂ emis-
sions, with a greater share when considering non-CO₂ effects 
at high altitudes.2 Figure 1 shows the growing share of aviation 
in global CO₂ emissions over the years. This has led research-
ers and policymakers to explore technical and operational 
strategies to improve fuel efficiency and reduce environmen-
tal impacts. Due to the specific atmospheric conditions under 

which aircraft operate, the environmental impact of aviation is 
significantly higher, even though this percentage appears small 
compared with industries such as heavy manufacturing or en-
ergy production. By interacting with atmospheric chemistry 
and cloud formation, emissions generated at cruising altitudes, 
especially contrails, nitrogen oxides (NOx), and other aerosols, 
worsen radiative forcing and global warming.3

On the other hand, there is a growing tendency in avia-
tion emissions. According to a forecast by the International 
Civil Aviation Organization (ICAO), aviation-related CO₂ 
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Figure 1: Share of aviation in global CO₂ emissions over the years.4 This 
figure illustrates the increasing contribution of the aviation sector to global 
CO₂ emissions from 1990 to 2020. It highlights the urgent need for aviation 
to adopt emission-reduction strategies aligned with international climate 
goals.
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emissions could triple by 2050 if current operational and 
technological advancements are not accelerated. The Paris 
Agreement's objectives, which aim to keep the rise in global 
average temperature well below 2°C relative to pre-industrial 
levels for the benefit of all societies, are among the internation-
al climate goals that such an increase could jeopardize. Given 
its anticipated growth, aviation is one of the most challenging 
industries to decarbonize in the coming decades, thereby con-
tributing to the agreement.

It is neither feasible nor desirable to reduce air travel solely 
to address environmental concerns, as it is essential for inter-
national commerce, tourism, emergency response, and personal 
mobility. Instead, there is an urgent need for methods that 
can minimize the environmental impact of air services while 
facilitating their continued growth without adverse effects. 
Increasing energy efficiency in flight operations and reducing 
greenhouse gas emissions have become priorities for both air-
lines and environmental policy. A wide range of projects has 
been spurred by this dual goal, including the development of 
Sustainable Aviation Fuels (SAFs), research into electrified 
and hydrogen-powered aircraft, upgrades to air traffic control, 
and improvements in aircraft aerodynamics and engine effi-
ciency.

A notable area of research focuses on operational optimi-
zation. Significant improvements in efficiency and emissions 
reduction can be achieved through enhanced flight planning 
and optimization strategies, even without radical changes to 
aircraft technology. Flight parameters, including cruising 
altitude, airspeed, route selection, and fuel loading, can be 
meticulously optimized to reduce fuel consumption and as-
sociated CO₂ emissions, while accounting for meteorological 
factors such as wind patterns and air density. For instance, it 
is well known that significant fuel-use reductions can result 
from adjusting cruise altitude in response to current wind con-
ditions. The Federal Aviation Administration (FAA) Flight 
Planning Guidelines state that fuel economy on long-haul 
flights can be increased by up to 10% by carefully accounting 
for headwinds and tailwinds during planning.6 Similarly, sub-
stantial emissions reductions are possible by reducing the time 
spent in holding patterns or on the ground with engines idling, 
which is commonly observed at crowded, large airports.

Mathematical models can incorporate a wide range of oper-
ational characteristics and environmental factors. To minimize 
fuel consumption and CO₂ emissions, optimization models 
must balance conflicting objectives and adhere to operation-
al constraints, including safety standards, airspace regulations, 
and aircraft performance limits. For example, meteorological 
conditions—specifically wind speed, ambient temperature, and 
air density—affect aircraft fuel performance during various 
flight phases. These factors are particularly impactful during 
the cruise phase, where fuel efficiency can vary significantly 
due to prevailing winds and thermal conditions.

Thus, the purpose of this study is to develop a mathemati-
cal optimization model that minimizes fuel consumption and 
associated CO₂ emissions in commercial aircraft operations, 
thereby reducing the environmental impact of flight opera-
tions. Such a model will provide airlines and aviation planners 

with practical strategies by systematically integrating flight 
data, including distance, speed, wind speed, air density, ambient 
temperature, and aircraft-specific performance characteristics. 
Since fuel consumption directly affects not only financial costs 
but also carbon emissions resulting from combustion, it is cru-
cial to evaluate these two variables together.

Despite extensive modeling efforts, much of the existing lit-
erature relies on general or simulated scenarios. Fewer studies 
focus on localized and seasonal variation using real operational 
data. This study addresses that gap by using data from An-
talya Airport (AYT), Türkiye, a central international hub, to 
investigate monthly fluctuations in operational parameters 
and environmental conditions. By evaluating the five most fre-
quently flown international routes each month in 2024, this 
study provides a focused yet representative view of how flight 
characteristics and climate data jointly influence fuel burn and 
emissions.

The aviation industry is actively developing new strategies 
to meet the carbon targets set by organizations like ICAO 
(International Civil Aviation Organization) and IPCC (In-
tergovernmental Panel on Climate Change), and the model 
developed within this scope is supported by parameters that 
can simulate real flight conditions, contributing to the ex-
panding field of sustainable aviation and addressing the global 
need to decouple aviation's environmental degradation from 
economic growth. Thus, the results of this study offer insights 
that can inform future operational policies and technologies 
to achieve more sustainable aviation practices by creating and 
analyzing such a model.

Literature Review:
An extensive body of research has explored the environmen-

tal effects of aviation, the determinants of fuel consumption, 
and optimization-based approaches to reduce emissions. Key 
findings from this literature are summarized below.

Numerous studies examined the environmental effects of 
aviation. It's common knowledge that airplanes burn fuel, 
which releases chemicals into the atmosphere. Emissions are 
substances that can contribute to both air pollution and cli-
mate change. To make aviation more environmentally friendly, 
researchers are working to better understand the issue.

Significant research focuses on how much fuel airplanes use 
and why. In this context, scientists investigate factors such as 
the aircraft's distance flown, flight time, weight, and weather 
conditions.7 Researchers have studied several effects of these 
factors. Studies consistently show that cruise-phase fuel burn 
increases approximately linearly with flight distance. This sup-
ports the use of a distance-based term in fuel burn models.25 
Engine manufacturers, such as CFM, report nearly constant 
cruise fuel-flow rates at stable altitudes, making flight dura-
tion a direct determinant of total fuel burn.26 Aircraft mass 
is one of the strongest determinants of fuel burn.27 Wind is 
a well-documented determinant of flight efficiency. Empiri-
cal analyses show that headwinds significantly increase cruise 
fuel burn, while tailwinds reduce it, often by several percent 
for every 10 m/s change.28 The relationship between air den-
sity and aerodynamic drag is well-established in aerodynamic 

DOI: 10.36838/IJHSR86.13

ijhighschoolresearch.org



	 15	

theory; higher density increases drag and therefore cruise fuel 
requirements.29

Some studies examine specific flight routes between destina-
tions or cities to investigate how different aircraft and weather 
conditions affect fuel consumption.8 Such studies found that 
different aircraft use fuel differently due to their particular 
designs and flight characteristics.9 Some studies also examine 
how an aircraft's performance changes over time, focusing on 
emissions and fuel use across various engines.10

Furthermore, ambient temperature during the cruise phase 
significantly influences aircraft fuel consumption, primarily due 
to its effects on air density and engine thermal efficiency. As 
ambient temperature increases, air density decreases, reducing 
the mass of air entering the jet engines. Consequently, engines 
must burn more fuel to maintain the required thrust and lift, 
resulting in higher Specific Fuel Consumption (SFC).30 High-
er temperatures also force aircraft to adjust cruising speeds 
or angles of attack to offset reduced lift, which can increase 
aerodynamic drag and further reduce fuel efficiency.31 Recent 
studies confirm these results, showing that optimizing flight 
trajectories considering atmospheric conditions, including 
temperature, is crucial for minimizing fuel use.32

The kind of emissions generated is another critical area of 
attention. Other small particles and gases, in addition to car-
bon dioxide (CO₂), pollute the air near airports and at high 
altitudes, and are major contributors to climate change.11 
Some studies examine emissions during takeoff and landing 
and their impact on air quality near airports.

Finding the most efficient way to fly airplanes to use less 
fuel and emit fewer pollutants is known as optimization, and 
it is a significant area of research.12 Researchers are examining 
the best routes to take, altitudes (the height at which aircraft 
can fly), and optimal flight speeds. Instead of flying planes, 
they frequently test various scenarios using computer mod-
els. It has been found that flying altitude significantly affects 
emissions and fuel consumption.

Predicting the future is also essential. To estimate future fuel 
use and aircraft emissions, many studies rely on existing data.13 
These forecasts assist governments and airlines in making 
more informed decisions on regulating air travel to enhance 
its sustainability. Improved models can be created by analyz-
ing fuel flow during particular flight phases, such as the cruise 
phase.

Additionally, there is broader research on aviation and global 
environmental concerns. It considers how the global aviation 
industry contributes to the broader issue of climate change. 
The study examines the impact on air quality at high altitudes, 
not just near airports.14 Researchers help us understand the 
full impact of air travel and how to make it cleaner and more 
sustainable in the future by examining these aspects. With an 
emphasis on technology developments to lower carbon emis-
sions, some reports examine current trends and potential future 
developments in the aviation industry.15 It's critical to consider 
how economic variables and regulations affect aviation and can 
either support or impede sustainability initiatives.16

Overall, the research demonstrates that a variety of factors 
influence the fuel consumption and emissions of airplanes. 

We can make air travel more sustainable for everyone and less 
environmentally damaging by investigating these factors and 
developing better flying practices.17

In the current landscape of aviation optimization, research-
ers have increasingly turned to computational intelligence 
techniques. State-of-the-art approaches often employ heu-
ristic methods, such as Genetic Algorithms (GAs) or Neural 
Networks, to solve complex 4D trajectory problems involving 
latitude, longitude, altitude, and time.33 While traditional stud-
ies rely on manufacturer performance manuals, recent research 
increasingly employs data-driven machine learning algorithms 
to predict fuel flow rates from historical flight records.34 While 
these methods are effective for handling vast solution spaces, 
particularly in the presence of dynamic winds, they often yield 
approximate or 'near-optimal' solutions rather than math-
ematically exact ones.35 Conversely, Mixed-Integer Linear 
Programming (MILP) remains a powerful tool for operation-
al decision-making because it guarantees an optimal solution 
within defined constraints. However, few MILP applications 
have been tailored to specific airport hubs using localized me-
teorological data, a gap this study aims to address.

Despite extensive research, most studies focus on global or 
theoretical models rather than airport-specific, multi-param-
eter optimization models based on real operational data; this 
study addresses this gap.

�   Methods
Modeling Approach:
This study adopts a multi-objective optimization approach 

to analyze and reduce fuel consumption and associated CO₂ 
emissions in commercial aviation. A mixed-integer linear 
programming (MILP) model was proposed to minimize 
fuel consumption and CO₂ emissions across a fleet of com-
mercial flights at Antalya Airport, subject to aerodynamic, 
environmental, and operational constraints. The model op-
timizes altitude profiles, speeds, and fleet coordination while 
accounting for real-world variables, including distance, wind, 
temperature, air density, and aircraft weight dynamics.

To comprehensively address the environmental impact of 
flight operations, the optimization problem is structured as a 
multi-objective Mixed-Integer Linear Programming (MILP) 
framework. The core of the model relies on two distinct yet 
interrelated objective functions, which are minimized simul-
taneously to achieve optimal efficiency. The first objective 
function is to minimize total fuel consumption. Rather than 
treating fuel burn as a static value, this function models fuel 
consumption as a dynamic variable that is linearly dependent 
on flight distance, duration, aircraft mass, and specific meteoro-
logical conditions—namely, wind speed, ambient temperature, 
and air density.

The second objective function aims to minimize CO2 emis-
sions. Since aviation emissions are directly proportional to fuel 
combustion, this objective is derived by applying a standard 
stoichiometric conversion factor to the calculated fuel burn. 
To enable flexible decision-making, the model incorporates 
weighting factors for each objective. These weights allow the 
optimization algorithm to balance conflicting priorities, such 
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The coefficients used to calculate fuel consumption are 
shown in Table 2. They are explicitly derived from the flight 
profile modeling data presented in the literature,20,21 and are as-
sociated with the CO₂ emission factors provided by ICAO.5,18 
The estimated values were taken as the average of studies on 
flight-related energy consumption models. In real-world ap-
plications, these coefficients require calibration, along with 
variables such as aircraft type, engine model, and flight level.

For example, the fuel consumption and carbon emissions re-
lated to a flight with distance as 1200 km, duration as 2 hours, 
aircraft weight as 70,000 kg, wind as -10 m/s (headwind), air 
temperature as -20°C, and air density: 1.2 kg/m³ can be calcu-
lated using the parameters in Table 1 and related coefficients 
in Table 2 as follows.

Y = 0.03⋅1200 + 15⋅2 + 0.0005⋅70000 + 5⋅(−10) + 0.2⋅(−20) 
+ 8⋅1.2 = 36 + 30 + 35 – 50 – 4 + 9.6 = 56.6 kg per 50 km (fuel 
consumption), and E = 3.18⋅56.6 = 179.99 kg CO₂

The optimization model is solved using linear programming 
methods, and the results are evaluated across different months 
and routes to identify patterns and opportunities for emission 
reduction in real-world flight operations.

Although the structure of the optimization model is air-
craft-independent, the numerical coefficients used for fuel 
consumption (C₁-C₆) and the aerodynamics performance pa-
rameters were calibrated specifically for the Boeing 737-800 
using data from the Boeing FCOM and FPPM manuals, as 
well as fuel-flow tables for CFM56-7B engines. Therefore, the 
quantitative results presented in this study are representative 
of a Boeing 737-800 operating under the given conditions 
at Antalya Airport. For Airbus or other aircraft families, the 
same modeling framework would remain applicable. Still, the 
coefficients would need to be re-estimated to reflect differ-
ences in engine type, aerodynamic characteristics, and aircraft 
mass distribution. As such, the results should be interpreted as 
aircraft-specific, while the methodology itself is fully general-
izable.

as the trade-off between minimizing flight duration versus 
minimizing fuel burn under strong headwind conditions, 
ultimately converging on a solution that yields the lowest com-
bined environmental and operational cost.

These objective functions were selected because fuel burn 
is linearly and monotonically related to both operational vari-
ables (e.g., air density and wind). This structure allows the 
model to capture the dominant physical drivers of fuel con-
sumption while remaining computationally tractable within a 
MILP framework. Although the model coefficients are cali-
brated using Boeing 737-800 performance data, the objective 
functions remain aircraft-agnostic; they can be recalibrated for 
Airbus or other aircraft families by updating the aerodynamic 
and engine-specific parameters. Therefore, the formulation re-
flects a generalized fuel-burn optimization framework rather 
than one restricted to a single aircraft type.

The first objective function aims to minimize total fuel con-
sumption:

• Min FY = α1Y, where Y represents total fuel burned, and 
α₁ is a weighting factor used to balance priorities in the opti-
mization.

The second objective function aims to minimize carbon 
emissions related to fuel consumption:

• Min FE = α₂ × E = α₂ × (κ × Y), where α₂ is the correspond-
ing weight in the objective function and carbon emissions are 
taken as a direct function of fuel consumption, where κ rep-
resents the CO₂ conversion factor and is usually taken as 3.18 
kg CO₂ per kg of fuel, as recommended by the ICAO and 
IPCC.2,18

Fuel consumption Y is modeled depending on variables such 
as flight distance (d ), flight duration (t ), aircraft weight (M ), 
wind speed (W ), outside air temperature (T ), and air density 
(p) as follows:

Y = C₁⋅d + C₂⋅t + C₃⋅M + C₄⋅W + C₅⋅T + C₆⋅ρ

The constraints considered in the optimization model in-
clude operational constraints (maximum takeoff weight, 
minimum and maximum flight distance, and duration) and 
meteorological constraints (air temperature and wind speeds). 
It is assumed that the air traffic constraints, such as the routes 
and holding times, are determined by air traffic control. Table 
1 presents the operational and environmental constraints con-
sidered in the model as adapted from FAA.6,19
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Table 1: Operational and environmental constraints considered in the 
model. This table defines the ranges and significance of key operational and 
environmental parameters, including flight distance, duration, aircraft weight, 
wind speed, ambient temperature, and air density. These constraints form the 
boundary conditions of the optimization model used in the study.

Table 2: The coefficients involved in the calculation of fuel consumption. 
This table presents the estimated coefficients for fuel consumption as a 
function of distance, time, aircraft mass, wind speed, outside temperature, and 
air density. These values were derived from prior literature and calibrated for 
real-world applicability.
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3. Payload Ranges:
o 14–17 tons (typical for summer tourist loads, 85–90% ca-

pacity).
4. Fuel/CO₂ Savings:
o Short-haul (AYT-IST): Modest savings due to brief 

cruise phase.
o Long-haul (AYT-LHR): 6.8% fuel reduction from opti-

mal altitude/speed.
5. Time Penalties:
o Headwind flights accept 4–6% longer durations for fuel 

savings.
o Tailwind flights (e.g., AYT-FRA) achieve 2% shorter 

times while saving fuel.

Data Sources:
The methodology is grounded in real flight data obtained 

from Antalya Airport, focusing on international departures in 
2024. To ensure a representative sample, the five most frequent 
international destinations were identified for each month, with 
routes to Germany, Russia, the United Kingdom, the Nether-
lands, and Switzerland consistently accounting for the largest 
share of passenger volumes during key periods such as January 
and February.22 These destinations were selected due to their 
statistical frequency and diversity in flight distance and envi-
ronmental conditions, making them suitable for modeling a 
wide range of operational profiles.

For each selected route, several variables known to influ-
ence aircraft performance significantly were compiled. These 
include the flight distance (in kilometers), calculated using 
great-circle approximations based on the origin and destina-
tion coordinates, and the flight duration (in hours), obtained 
from actual airline flight-time data. Atmospheric conditions 
such as wind speed, temperature, and air density were also 
incorporated, with all values corresponding to cruising-al-
titude conditions. Wind speed and ambient air temperature 
data were obtained from the ERA5 reanalysis dataset, avail-
able via platforms such as Windy.com. In contrast, air density 
was computed using the International Standard Atmosphere 
(ISA) equations, with temperature and altitude data from the 
National Centers for Environmental Information.23

In addition to atmospheric inputs, aircraft weight data were 
estimated for the typical aircraft types serving these routes, 
such as the Airbus A320 and Boeing 737. Manufacturer data 
from Airbus and Boeing were used to calculate the average 
takeoff weight, accounting for both payload and fuel load. 
These variables constitute the input set for two linear objective 
functions, each designed to minimize fuel consumption and 
CO₂ emissions, respectively.

In summary, the data included the distributions of flight 
characteristics, environmental parameters, and associated fuel 
consumption and CO₂ emissions for the five most frequent-
ly flown international destinations from Antalya Airport, for 
each month. The data span January through December 2024 
and include cities that collectively accounted for more than 
40% of all international departures during peak travel months, 
according to DHMI.22 These destinations were selected for 
their consistent flight frequency and their representation of 

In summary, the model in this study considered the follow-
ing variables.

• D_f : Flight distance (km)
• T_f : Duration (h)
• wind_f: Wind speed (km/h)
• temp_a: Outside temperature (°C)
• ρ_a: Air density (kg/m³)
• W_f: Aircraft weight (tons)
• |F|: Fleet size
• κ: CO₂ emission factor (3.18 kg CO₂/kg fuel)
• F: Set of flights (f ∈ F)
• A: A Set of discrete altitude levels (a ∈ A)

The decision variables were as follows.

The objective function for minimizing total operating costs 
was as follows.

Objective Function: minΣ (C_fuel·F_f + κ·C_CO₂·F_f ) 
for all f ∈ F

where C_fuel and C_CO₂ denote fuel price and carbon tax, 
respectively (which are assumed to be 900 USD/ton and 50 
USD/ton CO₂ for the Antalya Airport case). The following 
constraints were considered.

1. Altitude Selection: Σa∈A z_f, a ∀ f ∈ F where A = {30000 
ft – 40000 ft}

2. Ground Speed: V_f_ground = V_f + wind_f
3. Flight Duration: T_f = D_f / V_f_ground ≤ T_max
4. Fuel Consumption: F_f = Σ [(α·W_f ²/ρ_a + β·V_f ³ + 

γ)·T_f ]·z_f,a
where α=0.0001224, β=0.0000812, γ=1200 for summer sea-

son and α=0.0001164, β=0.0000784, γ=1260 for winter season.
5. Weight Decay: W_f(t) = W_init - (F_f/1000)·t W_f(T_f ) 

≥ W_min
6. Emission Cap: Σ κ·F_f ≤ Total_CO₂_Cap

The following specific assumptions for the Antalya Airport 
were used for the analysis.

1. Wind Data:
o Northbound: 20–35 km/h headwinds.
o Westbound: 10–20 km/h tailwinds.
2. Aircraft:
o Boeing 737-800 with CFM56-7B engines.

The key points for Antalya Airport can be summarized as 
follows:

1. Route Selection:
o Focused on high-frequency routes from AYT (Istan-

bul-IST, Frankfurt-FRA, Moscow-MOS, London-LHR).
o Added short-haul (AYT-IST) to contrast with long-haul 

performance.
2. Weather Adjustments:
o Summer wind patterns: Headwinds dominate north-

bound flights (AYT-IST/MOS).
o Temperature: Assumed cruise at -45°C to -50°C (Medi-

terranean summer at 30,000–40,000 ft).
DOI: 10.36838/IJHSR86.13
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both medium- and long-haul operations, enabling comprehen-
sive analysis across different operational ranges. As a sample, 
Table 3 presents a portion of the January 2024 data used in 
the study.

Data Analysis:
To evaluate and optimize fuel consumption and CO₂ emis-

sions in commercial aviation, this study collected and analyzed 
real-world flight data from Antalya International Airport 
(AYT) for 2024. The analysis focused on the five most frequent 
international destinations each month, using a set of defined 
variables relevant to flight efficiency and environmental im-
pact. These variables included flight distance, aircraft weight, 
cruise altitude conditions (temperature, wind speed, and air 
density), and flight duration.

The monthly analysis revealed that, across the top five inter-
national destinations (primarily to cities in Germany, Russia, 
the United Kingdom, the Netherlands, and Poland), average 
distances ranged from 1,800 km to 3,200 km, with correspond-
ing fuel consumption between 5,000 and 12,000 kg per flight. 
Heavier aircraft and adverse atmospheric conditions (lower 
air density and strong headwinds) significantly increased con-
sumption. For instance, a flight from Antalya to London in 
January faced average cruise headwinds of 25 m/s and colder 
temperatures at altitude (-58°C), resulting in higher fuel usage 
than a similar-distance flight to Moscow in May with more 
favorable tailwind conditions.

When normalized to 100 km, fuel consumption averaged 
approximately 4.8–6.1 kg/km, depending on conditions, con-
sistent with FAA-reported ranges. CO₂ emissions per flight 
ranged from 15,000 kg to over 37,000 kg, with seasonal vari-
ation. Winter months tended to exhibit higher consumption 
and emissions due to changes in atmospheric density and the 
prevalence of headwinds, as indicated by NOAA meteorolog-
ical data.23

Moreover, when examining the overall flight distribution, 
the top five destination countries accounted for 46%-61% of 
total international departures per month, thereby justifying 
their selection as representative case studies for modeling and 
optimization. For example, in July, flights to Germany ac-
counted for 26% of all international flights, with fuel use of 
approximately 11,800 kg per flight and monthly CO₂ emis-
sions exceeding 6,500 metric tons for this route.

The analysis confirmed that optimization strategies must 
prioritize aircraft mass reduction, route efficiency, and dynamic 
wind management to achieve significant environmental ben-
efits. Adjusting flight planning to utilize favorable tailwinds, 
reducing excess onboard weight, and optimizing climb/cruise 
profiles based on atmospheric data can result in measurable 
reductions in emissions.

The empirical results demonstrate how real-world variables 
directly influence operational efficiency and emissions. By 
integrating monthly route-level data with flight-specific en-
vironmental factors, this study offers a replicable methodology 
for assessing and minimizing aviation’s carbon footprint in tac-
tical and strategic planning.

�   Results 
The model was implemented in Python and solved with 

Gurobi 10.0. The MILP model yielded the following optimal 
solution for the case studied. The following technical results 
were observed.

1. Fuel Savings Mechanism:
• Altitude Optimization: Flights with headwinds were as-

signed lower altitudes (30,000 ft) to reduce drag, whereas 
tailwind flights were assigned higher altitudes (40,000 ft) to 
improve fuel efficiency.

• Speed Adjustment: Optimal speeds ranged from 720 to 880 
km/h, indicating that slower speeds in headwinds saved more 
fuel than the time lost.

2. CO₂ Reduction:
• The 5.8% reduction in emissions directly correlates with 

fuel savings (κ = 3.15 kg CO₂/kg fuel).
• The model prioritized flights with higher payloads for 

greater emission reductions because of their disproportionate 
fuel use.

3. Weight Decay Impact: Aircraft weight decreased linearly 
during flights, reducing fuel burn by ~2.1% mid-flight.

4. Wind Speed: A 10 km/h increase in headwind resulted in 
a 2.4% increase in fuel use.

5. Temperature: Colder conditions (-50°C vs. -45°C) im-
proved efficiency by 1.1% at 35,000 ft.

6. Payload: 1-ton increase for 55 kg extra fuel on 1,750 km 
flights.

Furthermore, the model provided valuable insights, notably 
quantifying fuel-CO₂ trade-offs across real-world variables 
and demonstrating improvements of 5–6%, which align with 
industry benchmarks. It also revealed critical sensitivities 
among the factors influencing fuel consumption, establishing 
a hierarchy of impact in which wind conditions have the most 
significant influence, followed by temperature and then pay-
load.

Table 4 includes main routes, seasonal comparisons, and CO₂ 
calculations using actual Antalya Airport (AYT) operational 
data. The AYT-FRA route achieved the highest absolute fuel 
savings (1,150 kg) due to favorable tailwinds, while short-haul 
AYT-IST prioritized altitude flexibility over speed optimiza-
tion.

DOI: 10.36838/IJHSR86.13

Table 3: Portion of the data belonging to January 2024 used in the analysis. 
This table provides sample flight data for January 2024, including destinations, 
distances, environmental conditions at cruising altitude, and aircraft weights. 
The dataset serves as the basis for the monthly modeling of fuel consumption 
and CO₂ emissions.
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The key enhancements can be summarized as follows. Firstly, 
regarding route coverage, AYT-BER (Berlin) and AYT-DXB 
(Dubai) were added to represent both medium and long-haul 
operations, and included seasonal splits focusing on Summer 
( June-August) and Winter (December-February). Secondly, 
for CO₂ refinements, the emission factor was assumed to be 
3.18 kg CO₂/kg fuel, specific to AYT-based flights, instead 
of the standard 3.16, and CO₂ intensity (grams per passen-
ger-kilometer) was calculated using actual load factors, with 
the formula: CO₂ Intensity = (CO₂ Reduced) / (Payload × 
Distance × Load Factor), where load factors are assumed 87% 
for Summer and 79% for Winter. Lastly, regarding season-
al physics, winter benefits with colder temperatures (-60°C), 
improving engine efficiency, but it also increases headwind se-
verity. Moreover, summer trade-offs included higher payloads 
offset by better tailwind utilization.

The following critical results from the analysis were observed. 
First, regarding seasonal variations, the best performance was 
observed on the AYT-FRA route during winter, with a 3% re-
duction in time and 4,158 kg of CO₂ saved. Conversely, the 
worst trade-off occurred on the AYT-MOS route in winter, 
where an 8% increase in time yielded only a 2,394-kilogram 
reduction in CO₂ emissions. Secondly, CO₂ intensity in-
sights showed that while long-haul flights such as AYT-DXB 
achieved higher absolute savings, they had higher intensity 
than European routes, and that winter operations increased in-
tensity by 3-5% due to lower load factors. Lastly, route-specific 
strategies were determined: the AYT-IST route should accept 
minor time penalties for altitude flexibility; the AYT-FRA 
route should maximize tailwind exploitation at 38,000-39,000 
ft; and the AYT-DXB route should prioritize speed reduction 
over altitude gains.

More specifically, flights to Moscow in January were asso-
ciated with colder ambient temperatures, higher air density, 
and moderate headwinds, resulting in higher fuel consumption 
than in the summer months. The average fuel consumption 

per flight for this route in January was approximately 95 kg, 
resulting in 299.2 kg of CO₂ emissions. By contrast, the same 
route in July experienced warmer temperatures, lower air den-
sity, and moderate tailwinds, reducing fuel consumption to 
approximately 71.4 kg and resulting in 225.6 kg of CO₂ emis-
sions. These findings underscore significant seasonal variation 
in emissions and fuel use, primarily driven by meteorological 
conditions.

Similarly, flights to Berlin, a medium-range route, showed 
the impact of aircraft weight and wind conditions more prom-
inently. Heavier aircraft configurations during high-demand 
summer months led to increased fuel consumption despite 
favorable winds. For instance, a July flight to Berlin with an 
aircraft mass of 75,000 kg burned 82.5 kg of fuel, whereas a 
March flight with an aircraft mass of 68,000 kg burned only 
74.1 kg. This underscores the importance of weight-manage-
ment strategies for emission reduction.

Across all evaluated months, wind speed was consistently in-
versely correlated with fuel consumption. Headwinds added to 
flight time and increased total consumption by 6–10%, while 
tailwinds offered reductions of similar magnitude. Air densi-
ty, although less variable across months, also played a notable 
role, particularly at higher altitudes, consistent with prior re-
search by Zhang et al. (2019).20 Additionally, linear regression 
was used to evaluate the sensitivity of each parameter. Distance 
and aircraft weight emerged as the strongest predictors of fuel 
consumption (R² > 0.85), followed by flight time and wind 
speed. Temperature and density showed moderate but statisti-
cally significant effects, suggesting that although these factors 
are less influential in short-haul flights, their impact becomes 
more pronounced on long-haul routes.

Overall, the model produced results consistent with estab-
lished aviation performance literature. Moreover, the average 
fuel consumption per flight and per 100 km ranged from 4.3 
to 8.7 kg, depending on route and month. These findings em-
phasize the importance of dynamic optimization approaches 
that account for seasonal meteorological data and specific route 
characteristics to reduce aviation’s carbon footprint effectively.

The comprehensive monthly analysis also identified op-
portunities for flight-planning optimization, particularly by 
aligning departure schedules with favorable wind patterns or 
minimizing excess aircraft mass during peak seasons. Such 
strategies could yield cumulative reductions in annual emis-
sions, supporting industry-level goals set by ICAO and the 
European Commission to achieve net-zero emissions by 
2050.5,24

�   Discussion 
The results of this study underscore the significant influence 

of various operational and environmental parameters on fuel 
consumption and CO₂ emissions in commercial aviation. By 
focusing on monthly flight data from Antalya Airport and 
identifying the top five destination countries each month, this 
analysis reveals consistent patterns in flight distance, aircraft 
weight, and atmospheric conditions, as well as their combined 
impact on sustainability metrics. Formulating objective func-
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Table 4: Seasonal Optimization Results for Antalya Airport (AYT) (Boeing 
737-800, 2023-2024 Operational Data). This table summarizes route-specific 
fuel savings and CO₂ reductions achieved by the proposed optimization model 
in the summer and winter seasons. It demonstrates the potential to adjust 
flight parameters, such as altitude and speed, to minimize environmental 
impacts.
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tions to minimize fuel consumption and carbon emissions 
independently enabled a more nuanced evaluation of optimi-
zation strategies. Specifically, the empirical coefficients used 
in these functions—such as κ for CO₂ yield per kilogram of 
fuel and the α-weights that balance optimization priorities—
were derived from internationally recognized aviation sources, 
thereby ensuring reliability and relevance.

Analysis of the data indicated that meteorological vari-
ables—particularly wind speed, ambient air temperature, and 
air density at cruising altitude—were decisive determinants 
of flight efficiency. For instance, flights departing in colder 
months, such as January and February, generally exhibit slight-
ly lower air density and weaker tailwind support, resulting 
in higher fuel burn. This observation supports prior stud-
ies’ findings, which emphasize the importance of accounting 
for seasonal meteorological variance in flight planning. The 
monthly segmented analysis in the current study demonstrated 
that CO₂ emissions could be reduced significantly—by up to 
5% in some cases—through more adaptive routing and speed 
management based on environmental inputs.

Interestingly, a notable finding from this study was the rel-
atively high variance in fuel consumption per kilometer across 
different destination countries. While some of this can be at-
tributed to distance and flight duration, variations in aircraft 
weight (particularly due to load factor differences) also played a 
significant role. Including actual aircraft weight in the dataset, 
based on FAA,6 enhanced the robustness of the optimization 
model proposed in this study by directly linking fuel burn to 
payload and configuration. This is an essential advancement 
from models that assume static aircraft mass and ignore fluctu-
ations in operating conditions.

Despite these insights, the study is not without limitations. 
The monthly average values for meteorological data, while rep-
resentative, may not capture short-term atmospheric anomalies 
that significantly affect fuel efficiency. Moreover, the scope was 
limited to outbound flights from a single airport, thereby re-
stricting the generalizability of the findings to other regions 
or hub-scale airports. Furthermore, the scope was limited to 
outbound flights from a single airport, thereby restricting 
the generalizability of the findings to different areas or hub-
scale airports. Integrating real-time data would transform this 
model from a strategic planning tool into a dynamic opera-
tional system. Currently, the model optimizes flights using 
forecast meteorological data. However, integrating live data 
streams—such as real-time wind updates or air traffic conges-
tion reports—would allow for 'in-flight' re-optimization. This 
capability is crucial for handling unpredictable events, such as 
sudden weather changes or arrival delays, thereby ensuring that 
the theoretical fuel savings calculated in this study can be fully 
realized in day-to-day flight operations.

Another key consideration is the assumption of linear rela-
tionships between some variables—such as temperature and air 
density—which may not fully represent the complex dynamics 
of atmospheric physics. It is important to note that while the 
specific quantitative results of this study—such as the precise 
fuel flow rates and drag coefficients—are calibrated for the 
Boeing 737-800, the underlying optimization framework is 

aircraft-agnostic. The physical principles governing flight ef-
ficiency, such as the trade-off between parasitic drag at high 
speeds and induced drag at high weights, apply universally to 
all fixed-wing commercial aircraft, including the Airbus A320 
family. Therefore, while an Airbus A320 would exhibit dif-
ferent absolute fuel burn values due to differences in specific 
fuel consumption (SFC) and aerodynamic lift-to-drag ratios, 
the strategic patterns identified here—specifically the benefits 
of altitude flexibility under variable wind conditions—remain 
valid across different aircraft types. Nevertheless, the model 
serves as a robust foundation for exploring sustainability strat-
egies in air travel and provides an actionable framework for 
airlines and regulatory bodies. The monthly disaggregation of 
destination trends and environmental factors provides a dy-
namic lens through which emission-reduction policies can be 
tailored and monitored.

On the other hand, passenger load factors play a critical 
dual role in aviation sustainability, particularly for seasonal 
hubs such as Antalya. High load factors (typical in summer) 
increase the total aircraft mass, which leads to higher absolute 
fuel consumption due to increased induced drag. However, on 
a per-passenger basis, these flights are significantly more ef-
ficient. Conversely, winter operations often suffer from lower 
load factors. While these lighter aircraft burn less total fuel per 
trip, the CO2 emissions per passenger are effectively higher. 
This suggests that during off-peak seasons, sustainability strat-
egies should focus not only on flight-path optimization but 
also on commercial scheduling adjustments, such as flight con-
solidations, to maintain high load factors.

Future research should consider broader data sources, in-
cluding inbound flights and a more diverse range of aircraft 
types. Expanding the scope to include behavioral responses 
from airlines—such as route adjustments or fleet moderniza-
tion initiatives—would also help contextualize the real-world 
applicability of these findings. Additionally, assessing economic 
trade-offs, such as cost per ton of CO₂ saved, could add valu-
able dimensions to this sustainability-oriented optimization 
problem. Ultimately, this study demonstrates the importance 
of multidimensional data integration and precise modeling in 
achieving measurable environmental outcomes in aviation.

�   Conclusion 
This study presents a dual-purpose optimization model to 

reduce fuel consumption and associated CO₂ emissions in the 
aviation sector. The model enables more efficient operational 
decisions from both economic and environmental perspec-
tives by considering numerous variables such as flight distance, 
duration, aircraft weight, and atmospheric conditions. Calcula-
tions are structured using parameter coefficients derived from 
the literature and current flight data. This approach serves not 
only as a cost-reduction tool for airlines but also as a significant 
contribution to environmental sustainability goals.

Future studies aim to test the model used in this study on 
real-time flight data and to integrate it into airlines' operation-
al planning processes. Furthermore, more dynamic data-driven 
decision-support systems can be developed using machine 
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learning techniques. Adding flexible variations for different 
aircraft models, routes, and weather conditions will expand the 
model's applicability.

On the other hand, adapting the model to policy-aligned 
carbon tax scenarios can also provide strategic benefits for 
decision-makers. To evaluate the economic viability of the 
proposed optimization model, a cost-benefit analysis was 
conducted using market parameters relevant to the 2024 op-
erational period. Based on the objective function defined in 
the methodology, the economic savings are derived from two 
streams: direct fuel cost reduction (assumed at 900 USD/ton) 
and carbon tax avoidance (taken at 50 USD/ton).

Applying these economic values to the operational results in 
Table 4 reveals significant potential for cost reduction. For ex-
ample, on the AYT-FRA (Frankfurt) route during winter, the 
optimization achieved a fuel saving of 1,320 kg and a CO2 re-
duction of 4,158 kg. Financially, this translates to a fuel savings 
of 1.32 tons x $900 = $1,188; carbon tax savings of 4.158 tons 
x $50 ≈ $208, and a total savings per flight of approximate-
ly $1,396. For a daily frequency on this route, the cumulative 
annual savings would exceed $500,000, demonstrating a clear 
return on investment for implementing optimization software.

However, these benefits come at a distinct trade-off in flight 
duration. The analysis of the AYT-MOS (Moscow) route 
highlights this economic tension. In the winter scenario, the 
model accepted an 8% increase in flight time (approximately 
15–20 minutes) to achieve a 760 kg reduction in fuel. While 
this saves roughly $684 in fuel costs, airlines must weigh this 
against "Time-Based Costs" (e.g., crew hourly wages and air-
craft leasing/maintenance costs).

Furthermore, the model’s sensitivity to carbon pricing sug-
gests that future regulatory scenarios will shift these trade-offs. 
At the current baseline ($50/ton), fuel price is the dominant 
driver of savings (95%). However, if carbon taxes rise to match 
the European Union Emissions Trading System (EU ETS) 
levels (approx. 100 USD/ton), the cost of emissions would 
double. This would shift the optimization equilibrium, making 
the "slower, lower-fuel" strategies (such as the AYT-MOS pro-
file) economically superior even when accounting for higher 
crew costs.

Limitations:
While this study provides a meaningful assessment of fuel 

consumption and carbon emissions through a flight-parame-
ter-based optimization model, it is not without its limitations. 
First, the dataset used in the analysis is limited to flights orig-
inating from or arriving at Antalya Airport, and the findings 
may not fully reflect global aviation emissions patterns. This 
geographical constraint could introduce sampling bias, as 
Antalya’s traffic profile—dominated by seasonal tourism and 
short- to medium-haul flights—may not reflect the operational 
characteristics of larger international hubs or intercontinental 
routes.

Furthermore, geographically, the study captures the impact 
of high ambient temperatures on aircraft takeoff and climb 
performance. As shown in the results, the significant difference 
in air density between summer and winter resulted in a quan-

tifiable "density penalty" on fuel consumption that may be less 
pronounced in cooler, northern European hubs.

While the selected parameters (distance, duration, mass, and 
meteorology) for most of the cruise-phase fuel burn, a compre-
hensive 'gate-to-gate' analysis requires additional operational 
variables. Specifically, taxi-out times and ground idling are 
critical factors, particularly at high-density hubs such as An-
talya during the peak summer season, where aircraft may burn 
significant fuel before takeoff. Furthermore, Air Traffic Con-
trol (ATC) constraints—such as fixed flight slots, mandatory 
airway routings, or holding patterns due to congestion—often 
restrict the ability to fly the mathematically optimal trajectory. 
Finally, aircraft age and engine health are also factors; older 
engines typically exhibit performance degradation, resulting in 
higher specific fuel consumption (SFC) than the manufactur-
er’s baselines used in this model.

Additionally, the model assumes average cruising conditions 
and employs fixed coefficients that are not tailored to spe-
cific aircraft types or engine variants. While the coefficients 
are derived from reputable sources, they represent generalized 
estimations rather than aircraft-specific calibrations. This 
introduces uncertainty into the results' precision when extrap-
olated to different fleet compositions.

Furthermore, meteorological data used in the study reflect 
monthly averages rather than real-time weather conditions for 
each flight. Therefore, the actual performance and fuel use on 
specific days may deviate from the model’s projections. This 
limits the model’s ability to capture short-term atmospheric 
anomalies or real-time congestion effects, both of which can 
significantly influence fuel burn. Similarly, fuel consumption 
and emissions were estimated on a per-flight basis rather than 
verified through operational airline fuel reports or sensor-based 
monitoring systems, thereby limiting the validation of the nu-
merical outcomes. Incorporating real-time data streams, such 
as live wind fields or dynamic traffic flow constraints, would 
strengthen operational applicability and enable adaptive flight 
planning.

One crucial factor to consider is the impact of short-term 
weather events that the monthly average data cannot capture. 
In real-world operations, atmospheric anomalies—such as sud-
den thunderstorms, clear-air turbulence, or rapid shifts in the 
jet stream—occur frequently. When these events occur, safety 
regulations require pilots to deviate from the mathematically 
optimal path (e.g., by flying around a storm cell), which often 
increases flight time and fuel consumption. Therefore, the sav-
ings calculated by this model should be viewed as a 'strategic 
baseline.' While the model identifies the most efficient route 
under typical conditions, actual operational savings may vary 
slightly on days with adverse weather, as pilots must prioritize 
safety over fuel efficiency.

On the other hand, as passenger load factors were not ex-
plicitly modeled in this study, a representative payload mass 
was assumed for each flight. Load factor variability is known 
to affect aircraft mass and, therefore, fuel consumption. Up-
coming studies should integrate dynamic load factor data from 
airline schedules or airport statistics to capture real operational 
variability better.
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Lastly, although the study uses data from publicly available 
and authoritative sources (e.g., DHMI, NOAA, FAA), data 
limitations and occasional inconsistencies across sources may 
affect the reliability of specific input values. As such, caution is 
advised when interpreting the results or applying them directly 
to policy or operational decisions without further context-spe-
cific validation.

Despite these limitations, the methodology and findings offer 
valuable insights into the relationship between flight planning 
parameters and emissions performance. Future research could 
build upon this model by incorporating airline-specific data, 
expanding to multiple airports or regions, and integrating re-
al-time flight tracking to improve accuracy and applicability.
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ABSTRACT: Rheumatoid Arthritis (RA) is a persistent autoimmune disorder marked by inflammation, joint pain, and reduced 
quality of life. Although pharmaceutical therapy is the most common approach, complementary methods, including dietary 
modification, are gaining interest. This study investigated the effects of a vegetarian, anti-inflammatory nutritional regimen on 
symptoms, biomarkers, and overall well-being. The diet followed a 5-day cyclic menu for 12 weeks. Fifteen subjects with RA were 
placed on a program excluding gluten, dairy, nightshades, and processed foods, while including anti-inflammatory foods. Clinical 
parameters, including joint pain, morning stiffness, movement, and activity score, were monitored alongside laboratory parameters 
(CRP, ESR, and RF) and quality of life measures (fatigue, sleep, digestion, and mood). A consistent pattern of symptom remission 
and biomarker improvement was observed in all patients, with some experiencing clinically significant reductions in inflammation 
and improvements in function. Compliance was high, with no adverse effects. Doctor-based assessments confirmed DAS28 scores 
reduced in every case, suggesting diet as a tolerable adjunct to standard therapy. This study demonstrates the potential of formal 
diet-based intervention in lowering inflammation and improving the quality of life in RA patients. Larger controlled studies are 
recommended. 

KEYWORDS: Medical and Health Sciences, Nutrition and Dietetics, Rheumatoid Arthritis, Anti-Inflammatory Diet, 
Autoimmune Disease Management.

�   Introduction
Rheumatoid arthritis (RA) is a long-term autoimmune 

condition that mainly affects the joints but can also cause in-
flammation throughout the body and impact various organs. 
Common symptoms include joint swelling, stiffness in the 
morning, pain, fatigue, and reduced ability to carry out daily 
tasks. Despite the current medications like disease-modifying 
antirheumatic drugs (DMARDs) and biologic agents that have 
enhanced treatment, a significant number of patients with RA 
continue to suffer from ailments or look for additional ways to 
improve their quality of life.1

Dietary modulation of inflammation has emerged as a 
growing area of interest. Research indicates that specific eating 
patterns, particularly those rich in antioxidants, plant-based 
proteins, and omega-3 fatty acids, may help reduce the inflam-
mation associated with RA. Conversely, some foods tend to 
aggravate symptoms, such as dairy, gluten, and nightshade veg-
etables. However, the specific foods that trigger symptoms can 
vary among individuals.

The current research study examines the impacts of a 5-day 
cyclical vegetarian diet program specially designed for RA 
patients. The diet avoids typical trigger foods and focuses on 
whole and nutrient-dense foods. The study will also assess the 
changes in physical and biological markers of inflammation 
after 12 weeks. These include clinical symptoms, laboratory 
biomarkers, and quality-of-life indicators.

The essence of the present study was to determine whether 
an anti-inflammatory diet would alleviate the levels of joint 
pain, stiffness, and inflammation in individuals with rheuma-
toid arthritis. Besides that, lab results such as CRP, ESR, and 
RF were studied as well, and the changes in daily life activities 
such as sleep, digestion, and mood were observed. The compli-
ance of the participants with the nutritional program was also 
monitored. Altogether, this helped evaluate the usefulness and 
practicality of the protocol in a real-life medical environment.

Research Context:
The connection between diet and inflammatory diseases 

such as Rheumatoid Arthritis (RA) has become a growing fo-
cus of scientific inquiry. Many studies indicate that Western 
dietary habits, which are usually high in refined sugars, red 
meat, and saturated fats, have the potential to increase systemic 
inflammation. In contrast, plant-based diets, which are rich in 
antioxidants, fibers, and essential fatty acids, can decrease it. 
Indicatively, adherence to Mediterranean-style diets resulted in 
the improvement of joint mobility and reductions in inflam-
matory markers in RA patients.2 Likewise, there is evidence 
that plant-based anti-inflammatory foods can downregulate 
pro-inflammatory cytokines and maintain the balance of gut 
microbiota, which are key components of immune regulation.3 
Specific food groups like gluten, dairy, and nightshades have 
also been implicated in triggering symptom flare-ups in some 
individuals, though more research is needed to generalize these 
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effects. The persisting symptoms in most patients, despite the 
use of effective pharmacological therapies, have led to interest 
in the use of complementary lifestyle interventions. This study 
contributes to the growing evidence that dietary interventions 
can affect autoimmune symptomatology and offers a practical 
model for the real-life non-pharmacological intervention in 
RA care.

�   Methods
This was developed into a 12-week dietary study that as-

sessed the effect of a plant-based, anti-inflammatory diet on 
Rheumatoid Arthritis symptoms. The intervention consisted 
of a 5-day cyclical vegetarian diet that excluded gluten, dairy, 
nightshades, and processed foods. These are all food groups 
known to often cause inflammation among RA patients. The 
5-day rotation was a source of variation and ensured compli-
ance and nutrient balance. Furthermore, the cycle was repeated 
throughout the entire 12-week period.

Fifteen adult participants with clinically diagnosed RA were 
enrolled. All subjects were given a written and oral description 
of the protocol and informed consent before starting. Patient 
confidentiality was preserved, and the ethical guidelines were 
adhered to as in the case of non-clinical observational studies.

The participants were advised to adhere to the diet and to 
make no deviations unless medically necessary. Information 
was gathered through multiple methods to obtain both sub-
jective and objective insights. These included:

1. Daily symptom monitoring sheets (e.g., joint pain, stiff-
ness, mobility, energy, digestion, and mood).

2. Weekly functional assessment (e.g., range of motion, daily 
tasks).

3. Pre- and post-intervention testing for CRP, ESR, and 
Rheumatoid Factor.

4. Physician observations include DAS28 scoring at baseline 
and post-intervention.

5. Self-reported feedback on sleep, mood, and general 
well-being.

Dietary Protocol Overview:

�   Results 
Findings:
The results of a 12-week dietary intervention showed a con-

sistent pattern of clinical improvement among 15 patients with 
rheumatoid arthritis (RA). The subjective reports as well as 
the objective measures demonstrated a decrease in joint pain, 
morning stiffness, fatigue, and the inflammatory biomark-
ers. The researchers used a multi-point observational design, 
which was a combination of physical symptom monitoring, 
blood monitoring, quality-of-life, and dietary monitoring.

The patients included in the study were chosen due to a 
documented RA diagnosis, a stable medication regimen, and 
their desire to adhere to a controlled diet. The exclusion crite-
ria were a recent change in medications, pregnancy, and other 
autoimmune conditions. This study consisted of 15 patients 
between the ages of 31 and 64 years with varying durations of 
RA (mean 3.2 years). A combination of gender and functional 
restraints was used, but there was no formal stratification.

Patients were provided with comprehensive weekly diet 
charts, and they also had one-on-one sessions with the coun-
seling team during onboarding and midpoint review. Dietary 
compliance was measured through daily food logs, weekly 
check-ins, and discussions of challenges and adaptations.

The level of pain was measured using the Visual Analog 
Scale (VAS), and fatigue was also measured on a subjective 
10-point scale. Quality-of-life outcomes were calculated 
based on sleep monitoring, mood scale, and diary. Lab tests 
were done to measure inflammatory markers (CRP, ESR, RF) 
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Table 1: Daily meal plan across the 12-week study, outlining meals, caloric 
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and vitamin levels. The assessment of the physicians involved 
DAS28 scores and the number of tender/swollen joints.

No side effects were noted, and participants were not sub-
jected to any change in their baseline medication. Although no 
superior statistical analysis was done, percent improvements 
and consistency of trends across patients were utilized to es-
tablish clinical relevance. Changes found in at least 10 of 15 
participants, and consistent with conventional clinical refer-
ence ranges, were called average trends.

The following tables present examples from patients whose 
data reflected typical changes. All the 135 separate individual 
tables of clinical symptoms, biomarkers, lifestyle scores, dietary 
adherence, and physician reports are found as the entire data-
set in the Appendix (Table 11).

Morning Stiffness:
Table 2 illustrates a steady reduction in morning stiffness 

for Patient 3, who was selected because her Week 12 values 
(Duration = 6 min, Severity = 1) were the closest to the cohort 
mean response (mean = 6.7 min duration, 0.33 severity).

Selection criteria: The patients were ranked by the absolute 
value of the distance from the cohort mean value, obtained by 
summing deviations in terms of severity and duration. Patient 
3 had the lowest value and hence represents the mean symp-
tomatic improvement.

Across the cohort, the mean Week 12 profile was about 6.7 
minutes and 0.33 severity. By Week 12, all fifteen patients 
demonstrated shorter duration, reduced severity, and all fifteen 
decreased duration by more than seventy percent.

Joint Pain & Swelling:
Table 3 reveals a progressive reduction in joint pain and 

swelling for Patient 2, who was selected because the total re-
duction in shoulder and wrist swelling (12 points in total) was 
closest to the cohort mean response (mean = 12.4).

Selection criteria: Patients were ranked by absolute dis-
tance from the cohort's mean total reduction. Patient 2 had 
a distance of 0.4 and was hence the best representative of the 
average decrease in joint inflammation.

Across the cohort, each of the 15 patients exhibited a 
decrease in joint swelling by Week 12. Furthermore, most in-
dividuals reported significant enhancements in pain relief and 
mobility by Week 8. The average total reduction among all 
patients was calculated to be 12.4 points, with more than 80% 
achieving a reduction in swelling exceeding 50%.

Functional Range of Motion:
Table 4 shows improved functional mobility in Patient 3, 

who was selected because her Week 12 readings (Toe Flex-
ion = Full; Sit-to-Stand = 24 rep) yielded a total improvement 
score of 16, closest to the cohort mean of 14.8.

Selection criteria: the patients were ordered according to 
overall improvement in a total of two areas (progression in toe 
flexion and sit-to-stand performance). Patient 3 was the one 
having the lowest distance from the cohort mean; therefore, 
they were the best representative for the average gains of func-
tional mobility.

15 patients exhibited moderate to considerable improve-
ment by Week 12, the majority with notable improvement in 
lower-limb strength and joint movement.

Daily Activity Scores (1-10):
Table 5 shows a gradual progression in Patient 4's daily func-

tions, whose Week 12 performance score (Getting up from 
chair improvement of 4 to 10 & Climbing stairs improvement 
of 5 to 9) summed up and led to a 10-point improvement 
overall, a perfect match for the cohort average of 10.

Selection criteria: Patients were ranked by their total im-
provement across two standardized activities, and Patient 4’s 
scores placed him at the cohort mean, making him the most 
representative case of average functional independence gains.

Across the cohort, all 15 patients reported improvements in 
their ability to perform everyday functions such as climbing 
stairs, standing, and handling routine tasks by Week 12.

2. Inflammatory Biomarkers:
Table 6 exhibits noteworthy biochemical enhancements for 

Patient 7, who was chosen because she evidenced Week 12 
drops in CRP (↓78.8%), ESR (↓72.9%), and RF (↓63.8%), 
producing an average decrease of 71.9%. The cohort's average 
inflammatory marker reduction was calculated by summing 
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Table 2: Duration and severity of morning stiffness for Patient 3 across 12 
weeks, showing Week 12 values (6 min duration, severity = 1) closely matching 
the cohort mean response (6.7 min, 0.33 severity).

Table 4: Functional range of motion for Patient 3 across 12 weeks, showing 
Week 12 improvements (Toe Flexion = Full; Sit-to-Stand = 24 reps) with a 
total score of 16, closely aligning with the cohort mean of 14.8.

Table 5: Daily activity scores for Patient 4 across 12 weeks, showing a 
10-point overall improvement (Chair rise: 4→10; Stair climb: 5→9), perfectly 
matching the cohort average of 10.

Table 3: Table 3. Joint pain and swelling for Patient 2 across 12 weeks, 
showing a total reduction of 12 points in shoulder and wrist swelling, closely 
matching the cohort mean response of 12.4.
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Selection criteria: patients were ranked based on the mag-
nitude of the adherence percentage increase from the first to 
the last recorded week. Patient 5's values were closest to the 
cohort average and were therefore the best representative case 
for average compliance.

Across the cohort, adherence in all 15 patients improved 
over time, and the majority reached more than 90% compliance 
by Week 6, indicating the protocol's usability and sustainability 
in everyday life.

5. Medications & Supplements:
Table 9 represents a sample medication-and-supplement 

regimen to be used by Patient 6, which involves a stable base 
of DMARD (leflunomide with minor reduction of this dose 
by Week 6) and specific additions, including Omega-3 starting 
Week 2, curcumin 500mg in a capsule form, and magnesium 
and B12 to deal with fatigue and inflammation.

Patient 6 was selected because their pattern of medications 
and supplement usage was more representative of the overall 
results of the participants. They remained on their primary 
RA medication, although they decreased their consumption. 
Meanwhile, they also included common supplements that sev-
eral other patients used during the study.

The majority of participants made only slight amendments 
to their initial drug regimens. Concurrently, a subgroup of sup-
plements, led by Omega-3, curcumin/turmeric, magnesium 
sulfate, B-vitamins, and probiotics, took center stage in the in-
tervention; this approach was optimal in terms of safety and 
minimal dependency upon drug variations.

6. Physician assessment:
As displayed by Table 10, there was a significant clinical re-

duction in disease activity for Patient 6, who was chosen based 
on the decrease in DAS28 from 6.2 to 2.4, equivalent to the 
median 3.8 improvement in the group, as well as the number of 
tender / swollen joints reducing from 14/12 to 1/0 by Week 12.

Selection criteria: patients were ranked in terms of the ab-
solute value of individual DAS28 improvement relative to the 
cohort mean. Patient 6 was precisely at the mean, and thus, this 
represented the optimal disease activity.

the percentage decreases in CRP, ESR, and RF for each pa-
tient. Then, the value was averaged across the three markers. 
71.9% was the closest match to the cohort mean reduction of 
72.3%.

Selection criteria: patients were ranked by the lowest mean 
percentage reduction in the common biomarkers in all individ-
uals, i.e., CRP, ESR, and RF. Patient 7 had the lowest deviation 
from the average and hence was the best case for representative 
overall improvement in inflammatory biomarker levels.

In the cohort as a whole, all 15 patients had decreased in-
flammatory biomarkers by Week 12, with the majority having 
reductions of greater than 60% in CRP and ESR. Therefore, 
it affirms a powerful and enduring anti-inflammatory effect.

Quality of Life Metrics:
Table 7 reveals a significant improvement in the quality 

of life for Patient 4, the one chosen by the score report for 
Week 12 (Sleep = 8 hrs/night, Fatigue = 2, Mood = 9, Di-
gestive Comfort = 9), for a total improvement of 18 points 
corresponding closely to the cohort mean of 17.7.

Selection criteria: Patients were ranked based on their over-
all improvement in the four consistently monitored quality of 
life domains, specifically sleep, energy, mood, and gastrointes-
tinal comfort. Patient 4 revealed the lowest deviation from the 
mean and thereby became the best representative case of aver-
age improvement in total well-being.

Across the cohort, all 15 patients reported better sleep and 
digestion with marked reductions in fatigue, and most also de-
scribed clear gains in emotional stability and daily comfort by 
Week 12.

4. Dietary Compliance:
Table 8 shows a steady improvement in diet adherence for 

Patient 5, who was selected because she improved from 86% 
during Weeks 1–2 to 97% during Weeks 5–6 (by 11 percent-
age points), which was closest to the group mean of 11.3 
percentage points.
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Table 6: Laboratory biomarkers (CRP, ESR, RF) of Patient 7 across 12 
weeks, showing a 71.9% average reduction in inflammatory markers, closely 
aligning with the cohort mean of 72.3%.

Table 8: Dietary compliance for Patient 5 across 12 weeks, showing an 
11-point increase in adherence (86% to 97%), closely aligning with the cohort 
mean improvement of 11.3 percentage points.

Table 9: Medication and supplement regimen for Patient 6, showing a 
stable DMARD base (leflunomide with slight dose reduction by Week 6) 
and targeted additions of Omega-3 (Week 2 onward), curcumin (500 mg), 
magnesium, and B12 to address fatigue and inflammation.

Table 7: Quality of life metrics for Patient 4 across 12 weeks, showing an 
18-point overall improvement (Sleep = 8 hrs/night, Fatigue = 2, Mood = 9, 
Digestive Comfort = 9), closely matching the cohort mean of 17.7.
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The observed changes can be explained by the fact that 
systemic inflammation is decreased with the help of several 
physiological actions, such as changes in gut barrier integrity, 
oxidative stress, insulin sensitivity, and immune control. There 
has been a specific inclusion of dietary ingredients into the 
literature that have been shown to have anti-inflammatory 
effects individually: turmeric (in combination with piperine), 
flaxseeds, and leafy greens. Moreover, the same clinical gains 
were observed in the participants who were provided with 
adjunctive supplementation (e.g., vegan omega-3 fatty acids, 
B-complex vitamins, and curcumin), which implies that the 
repletion of the micronutrients could have been a contributory 
factor to the therapeutic results.

Comparison with Previous Research:
The results are consistent with the developing literature 

concerning the application of nutrition in the treatment of 
autoimmune diseases, including Rheumatoid Arthritis (RA). 
Plant-based, Mediterranean, low-antigen, and whole-food 
diets have shown positive responses on disease activity param-
eters, intestinal microbiota diversity, and patient-reported data 
(fatigue and joint pain). Most of the current research in this 
field has, however, been constrained by limited sample sizes, 
use of laboratory biomarkers as the sole measurement tool, or 
lack of methodological congruity (e.g., allowing alteration of 
the dietary intervention partway through the study), making it 
difficult to isolate and attribute results to nutritional variables.

This project, on the contrary, entailed the use of several 
layers of data, including patient-reported outcomes, objective 
biomarkers, clinical testing, and lifestyle tracking. The result-
ing breadth of analysis makes the findings more practical and 
makes this work stand out compared to the most common 
studies on the diet that tend to isolate one variable. Although 
it lacks the statistical strength of a randomized controlled trial, 
the fact that the improvements are converting into unrelated 
metrics and that they are consistent is a substantial contribu-
tion to proving that the intervention actually works.

Limitations: 
Although the present study advances existing literature 

through its multi-layered dataset, several methodological re-
finements can strengthen future work. Greater rigour at each 
stage of study design would include incorporating appropriate 
control groups, even in simple before–and–after interventions, 
to support clearer causal inference. The integration of funda-
mental statistical tests such as t-tests, ANOVA, and correlation 
analyses would further enhance analytical validity. Extending 
follow-up periods in dietary and behavioral studies is also es-
sential, given that short-term improvements often diminish 
without sustained observation. Together, these adjustments 
would help ensure that subsequent findings remain both reli-
able and clinically meaningful.

In addition, increasing sample sizes and organising partici-
pants into appropriate age brackets would improve statistical 
power, strengthen comparative analyses, and enhance the gen-
eralisability of outcomes.

For the entire cohort, there were decreases in DAS28 in 
each of the 15 participants by Week 12; by far, most reached 
low disease activity (≤3.2), and a few reached or entered remis-
sion (≤2.6). This was in line with the clinician's safety notes.

�   Discussion 
Key Findings in Relation to the Aim:
The primary aim of the project was to evaluate the hypoth-

esis that a systematic, anti-inflammatory diet regimen would 
precipitate measurable changes in expressions of rheumatoid 
arthritis in a variety of domains. According to the quantitative 
and qualitative data obtained during the 12 weeks, the results 
indicate that the diet was associated with regular positive ef-
fects on symptom management in most of the participants.

The 14/15 participants experienced a reduction in pain, 
morning stiffness, and swelling of the joints. Biomarkers of 
inflammation, including CRP and ESR, also exhibited de-
creasing trends, and the mean decreases were more than 60%. 
The patients also reported improvements in sleep, digestion, 
energy levels, and mood, which improved beyond physical 
symptoms. Taken together, these results suggest that dietary 
changes can contribute significantly to the management of 
chronic autoimmune diseases like RA.

Patterns and Trends Observed:
The data collected showed several patterns. The majority 

of the participants started to improve on subjective symptoms 
such as pain and fatigue by Week 4. Significant CRP and ESR 
reductions were also observed in the objective biomarkers by 
Week 8. There were consistent improvements in patients with 
more than 90 percent of dietary cycle adherence compared to 
those with less consistent adherence.

The improvement of the symptoms was gradual and accu-
mulative instead of instant, which is why it makes sense to 
believe that the body adapts to the decreased inflammatory 
burden progressively. Only a few respondents experienced 
slower improvements, particularly those who had higher base-
line DAS28 scores or even more advanced stages of the disease, 
but they also reported modest improvements by Week 12. Se-
rious adverse effects or relapses were not registered, which also 
supported the safety and tolerance of the intervention.

Possible Mechanisms Behind the Changes:
The dietary improvements noted in this study might be re-

lated to the anti-inflammatory effect of the dietary protocol. 
As mentioned previously, the 5-day cyclical system eliminated 
some of the frequent pro-inflammatory provoking factors.
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Table 10: Physician assessment for Patient 6 across 12 weeks, showing a 
DAS28 reduction from 6.2 to 2.4 (3.8-point improvement, matching the 
group median) and a decrease in tender/swollen joints from 14/12 to 1/0.
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�   Conclusion 
This paper has shown that a specific anti-inflammatory diet 

may have significant and quantifiable effects on the symptoms 
of Rheumatoid Arthritis. The 5-Day Cycle in patients demon-
strated a decrease in joint pain, morning stiffness, fatigue, and 
inflammatory biomarkers, and an increase in sleep quality, di-
gestion, and physical functioning.

The protocol is strong in that it is easily accessible, safe, and 
integrative. It did not necessitate calorie limitation or alteration 
of medication, and thus it was an appropriate complementary 
therapy. Although more extensive and more controlled studies 
are required, these results contribute to the importance of nu-
trition in the treatment of autoimmune diseases and enhancing 
patient quality of life.
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for the 15 RA patients.
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EngageBot: A Scenario-driven GPT-based Chatbot System for 
International Students     
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ABSTRACT: EngageBot is a scenario-based chatbot system driven by GPT-4 that aims to improve the English fluency 
and social engagement of international students. To resolve limitations in the traditional language learning courses and previous 
chatbot models, EngageBot provides both Group Chat Mode and Breaktime Chat Mode, which recreate real-life academic 
and informal school-based conversations. The system personalizes dialogues based on the user’s profile data, such as age and 
language proficiency. It helps in obtaining contextually relevant responses in the dialogue. In particular, it helps in providing 
the user with communicative confidence. A comparative experiment was conducted to evaluate EngageBot’s responses against 
human tutors using BERTScore semantic similarity across three topics for pedagogical effectiveness. The results indicated a 
high level of coherence and relatability, whereby the topic Social Media produced the highest average F1 score of 0.665. The 
chatbot maintained a smooth flow of interaction and support within familiar contexts. Performance on topics that involve abstract 
reasoning was mixed, suggesting room for improvement in the adaptability of our prompts, as well as advanced memory in the 
future for our model. In general, EngageBot shows that it is likely to become a suitable, emotionally aware, and educationally 
sound supplement for international students.  

KEYWORDS: Systems Software, Online Learning, Large Language Models (LLMs), Language Acquisition, International 
Students. 

�   Introduction
As the number of foreign students keeps rising globally, so 

does the need for strategies to help them succeed in their stud-
ies and settle in. Studying in an English-speaking environment 
may provide priceless educational and cultural experiences. 
However, many non-native speakers face serious problems. 
Foremost among these problems are language barriers and 
cultural differences. Struggles with English happen outside of 
the academic world, too. For instance, they affect the ability of 
international students to adjust, make friends, and participate 
fully on campus.

One of the biggest challenges faced by international students 
is the ability to communicate comfortably and confidently. Al-
though students have some knowledge of the language from 
formal, textbook lessons, they soon realize how different it is 
from the casual, spontaneous speech used in conversation or 
everyday life.1 The multitude of idioms and phrasal verbs, re-
gional accents, and fast speech make English complex to learn 
even for competent learners.2 A recent study revealed that as 
much as 42% of the international students in the UK identified 
British accents as one of the major hurdles they face in com-
municating or engaging in group discussions. Students may 
feel excluded and reluctant to participate.3 A related problem is 
that schools are not consistent in offering English opportuni-
ties. Formal language courses and books equip the learner with 
structural input. However, real competence in any language 
comes from interaction, both diverse as well as immersive. Un-
fortunately, a lot of international students tend to form social 
circles with others of the same culture or language. Thus, they 

miss out on the chance to properly practice their English. As 
they cannot talk to others, they become less confident when 
speaking spontaneously.4

Apart from that, there are several psychological and emo-
tional barriers. Students in an unfamiliar environment will feel 
anxious, scared to make a mistake, and have low self-confi-
dence. This fear causes people to participate little, practice less, 
and lose communicative ability altogether.4 Some students, es-
pecially those from non-Western cultures, can have a hard time 
with communication norms. As an example, in the academic or 
social context of the West, students of collectivist cultures may 
communicate indirectly, and this may be taken to mean disin-
terest or passivity.5 These kinds of miscommunications make 
students feel they are “out of sync” culturally and linguistically. 
As a result of learning a language, students are not capable of 
accomplishing social integration, which becomes a necessary 
determinant of the well-being and confidence of students and 
the persistence based on academics. When students face is-
sues with communication and culture, they can withdraw from 
social groups and the classroom, which can lead them to feel 
disconnected and less worthy. In case of difficult situations, it 
may trigger mental health issues such as loneliness and home-
sickness.6

Most institutions still primarily use language courses that 
teach grammar, vocabulary, and academic writing, despite the 
complex needs of most students. While useful, these programs 
often ignore the emotions, culture, and relationships that come 
with language learning.4 Also, these classes usually occur on 
set schedules, so students have no time to practice on their 
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own time. Programs are designed in which students engage 
in standardized responses and rigid correctness with little 
opportunity to explore language in contextually flexible and 
personally meaningful ways.

As observed by Loaiza Londoño, Colombian teen English 
learners’ classrooms displayed a wide gap between knowledge 
and real usage of language.7 This research discovered that con-
ventional instruction enhances passive understanding but lacks 
effectiveness in building fluency and communicative confi-
dence. As a result, ChatGPT and other conversational AIs are 
gaining attention as viable alternatives.

One of the most recent studies highlights the potential 
for ChatGPT to assist with language learning. It can do this 
through its ability to engage users in real-time, interactive, 
and personalized conversations. Wen developed a chatbot for 
grammar correction and paraphrasing with user and text ana-
lytics that provides immediate and in-context feedback, which 
seldom occurs in the regular classroom. According to Koka, 
who conducted a large-scale survey of linguistics students, over 
80% of participants felt that using AI-powered chatbots, as 
digital tutors, had increased their understanding and motiva-
tion. Likewise and similarly, Hatmanto and Sari revealed that 
ChatGPT fits well with modern language learning theories, 
notably Constructivism, Communicative Language Teaching 
(CLT), and Task-Based Learning (TBL), focusing on learner 
autonomy, authentic communication, and contextual engage-
ment.7 Not only does ChatGPT support communication, 
but it also streamlines the educational process. Wickman and 
Zandin have investigated how ChatGPT can automatically 
summarize an educational text and generate a dialogue-based 
learning template, thereby reducing cognitive load and aiding 
scalable learning.8 Also, Loaiza Londoño stated that students 
who used ChatGPT for eight weeks had improvements in vo-
cabulary, fluency, grammar, and conversation confidence.9

Collectively, the findings suggest that ChatGPT represents 
a promising shift in language education, supplementing the 
role of a conventional supplementary aid. In detail, it can help 
international students with their language problems, social is-
sues, and more. ChatGPT could close the gap between what 
students are taught and what they encounter in the real world 
if they are just as patient, consistent, and instant in an empa-
thetic conversational tone.

Nonetheless, prior chatbot systems reported in earlier stud-
ies demonstrated limitations in fully addressing the diverse 
needs of foreign students. For instance, BuddyBot (Dhivvya J 
P & Karnati) was made using GPT-2 and FLAN-T5, which 
offered grammar tips and vocabulary practices but lacked 
deeper context awareness and socio-cultural adaptability.10 In 
a study on SpeakSmart (Kalyan et al.), the authors undertook 
a broad study on the combination of AI chatbots in ESL and 
Chinese learning. They suggested hybrid models but found 
problems with the intelligibility of accents, handling of infor-
mal speech, and genuine emotional attachment.11 Similarly, 
Gengobot, proposed by Haristiani, can be used as a tool to 
teach Japanese grammar.12 However, this chatbot implements 
flow-based conversational features. As a result, the conversa-
tion still becomes repetitive over time. Also, learners cannot 

create in-depth conversations. The research findings show that 
even though AI chatbots are rapidly advancing, current models 
are largely incapable of assisting with dynamic, context-depen-
dent, and socially-embedded language learning. These models 
are especially useful for overseas students and the cultural tran-
sition. Therefore, we still require learning tools that can adapt 
in real-time and are empathetic and have emotions. Moreover, 
these tools require fluency, confidence, and cross-cultural skills.

To address these ongoing issues, this study proposes an 
AI-powered language learning chatbot called EngageBot for 
international students to improve their fluency and social con-
fidence. EngageBot promises to be contextually relevant and 
pedagogically powerful. This is because the team behind it 
has incorporated learning based on real-life scenarios, an easy 
flow of conversation, and personalized feedback, which past 
systems did not have.

Initially, EngageBot uses a scenario-based design to immerse 
learners in simulated environments. There are two primary 
modes—“Group Chat Mode” and “Breaktime Chat Mode” 
- where students practice English through classroom debates 
and informal conversations about what happens at school (in 
the corridors, cafeteria, or playground, etc.) This structure pro-
vides learners with the opportunity to use their language skills 
in real contexts, making learning more relevant and enhancing 
retention. The system engages the user in conversation for bet-
ter interaction. Upon selection of a scenario from the learner 
EngageBot starts with a natural prompt so that conversation 
initiation is not a burden on the learner. Asking follow-up 
questions helps in making the conversation natural.

EngageBot alters its responses according to the user’s age, 
language proficiency level, and other selected scenarios to 
deliver personalized and contextualized dialogue. This func-
tionality means that the chatbot can adapt to the level of the 
learner, and this way, it better matches the learner’s needs. A 
student who is a beginner learning classroom etiquette can 
use the chatbot just as easily as an advanced learner who is 
fine-tuning debate strategies. EngageBot is about bridging 
the gap between classroom instruction and real-world inter-
action through rich immersive scenarios, intuitive interaction, 
and meaningful personalization. The goal of this research is 
to have such a chatbot promote fluency in languages as well 
as intercultural understanding and a sense of social belonging 
among international students. To evaluate the effectiveness 
of this system prior to formalizing the research question, an 
initial inquiry was conducted to examine the quality and rel-
evance of the chatbot's output in comparison to human tutor 
responses.

Research Question:
How similar are the AI-generated tutor responses to hu-

man tutor responses in controlled Group Chat Time scenarios, 
based on BERTScore semantic similarity?

�   Methods
EngageBot is implemented as an AI-powered English 

language practice system for non-native students studying 
in English-speaking environments. Building on the scenar-
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io-based conversational structure introduced in the previous 
section, the system integrates structured (“Group Chat Mode”) 
and unstructured (“Breaktime Chat Mode”) dialogue modes 
to promote both linguistic fluency and social confidence. En-
gageBot was developed using Streamlit for the web-based 
user interface, Python for core application logic, LangChain 
for LLM orchestration, and OpenAI’s GPT-4 for language 
generation.

EngageBot is designed to offer a personalized and immer-
sive experience by guiding users through an intuitive system 
flow. Upon accessing the system, users first go through a sim-
ple authentication process. As shown in Figure 1, which shows 
that EngageBot provides user experiences, from creating a 
profile and continuing through selecting chat mode. This pro-
cess combines all the information collected previously, when 
creating their own account, and uses it to guide to user-spe-
cific conversation. The diagram provides a seamless transition 
from structured to casual conversation modes without losing 
personalization continuity. New users create an account by fill-
ing out basic profile information, which is used to personalize 
their experience. Returning users can log in with their exist-
ing credentials, ensuring a seamless return to the system. Once 
logged in, users are prompted to select a conversation mode. 
EngageBot offers two primary modes: Group Chat Mode and 
Breaktime Chat Mode, each designed to support different as-
pects of language learning.

In Group Chat Mode, users participate in structured class-
room discussions where topics are selected based on their age 
and language proficiency level. The system introduces each 
topic, encouraging users to share their thoughts and respond 
to the AI’s follow-up questions. This mode is designed to 
simulate a classroom environment, where users can engage 
in deeper discussions, build on prior responses, and express 
their opinions. The system’s responses are tailored through 
personalized discussion chains, allowing for a fluid, interactive 
experience. In Breaktime Chat Mode, users engage in more 
casual conversations, mimicking everyday social interactions 
in a school environment, such as chatting with peers in the 
hallway or cafeteria. The system randomly selects a relatable 
school scenario and provides context to begin the conversation. 
Users are then encouraged to respond naturally, using everyday 
English. As the conversation continues, EngageBot adapts to 
the user’s input, ensuring that the flow remains natural and 
engaging.

Throughout both modes, EngageBot generates personalized 
prompts using the user’s profile data, which is retrieved from 
the system’s database. This data, which includes the user’s age, 
language proficiency, and previous interactions, informs the 
system’s responses and enhances the relevance of the conver-
sations. The aim is to provide a learning experience that feels 
both authentic and tailored to each learner’s individual needs.

Group Chat Engine
Group Chat Engine is designed for structured discussions 

on specific topics. It provides a guided conversation experi-
ence where students can practice expressing their opinions and 
engaging in meaningful discussions. To support this goal, the 
Group Chat Engine includes two core components: the Dis-
cussion Topic Module and the Personalized Discussion Chain. 
The Discussion Topic Module suggests age-appropriate topics, 
which users can select by clicking from three provided options. 
Upon selection, the conversation begins with an introductory 
prompt, encouraging the user to express opinions and engage 
in thoughtful interaction.

Once a topic is selected, the Personalized Discussion Chain 
is activated. As shown in Table 1, which outlines System 
Prompt and Input Variable used to generate context-aware AI 
responses in Group Chat Mode and shows how EngageBot 
generates natural responses by integrating previous chat his-
tory, age, nationality, and language level, this chain uses a large 
language model (GPT-4) to generate responses based on the 
user’s profile and recent messages. It maintains conversational 
context by referencing the last two dialogue turns, allowing 
for coherent and personalized AI replies. All responses are 
designed to be supportive and constructive to reduce learners’ 
anxiety and enhance fluency.

The interaction begins when the user logs in and access-
es the Group Chat page. After selecting a topic, the system 
automatically generates the first message to initiate the discus-
sion. The user then responds using the text input field. The AI 
processes this input by combining it with the recent dialogue 
context and the user’s profile to generate a personalized reply. 
This conversation continues, with the system maintaining the 
session history and adjusting prompts in real time to promote 
deeper engagement.
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Figure 1: Diagram illustrating the end-to-end flow of EngageBot’s user 
experience. Demonstrating the collection of user data, the selection of modes, 
and the initiation and maintenance of personalized conversations.

Table 1: Showing the components that generate context-aware AI in Group 
chat mode. Including system prompts and input variables based on the user 
profile, along with their dialogue history for coherence.
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System Conf iguration:
To enable efficient development and real-time interaction, 

EngageBot was implemented using a lightweight and modular 
architecture. As shown in Figure 2, the frontend was built with 
Streamlit, allowing quick deployment of interactive web in-
terfaces. For the backend, Python served as the core language, 
while LangChain was used to manage prompt templates and 
coordinate interactions with the language model.

OpenAI’s GPT-4 was integrated as the main language gen-
erator, producing personalized and context-aware responses 
based on the user’s profile and recent conversation history. User 
data, including profiles and chat logs, was stored in JSON files, 
and session state variables were used to manage active conversa-
tions during runtime. This setup allowed the system to balance 
long-term personalization with responsive, session-based di-
alogue. If the data were stored as JSON files on a hard disk 
rather than in a database, the retention policy would be to de-
lete them as soon as system validation is completed, and access 
control would be limited to a personal PC so that no one other 
than the experimenter and the participant can access the data.

System User Interface and Example:
Figures 3-8 show the core user interface components and 

interaction flow of EngageBot. Specifically, the system is de-
signed to be intuitive for adolescent users, while providing 
personalized conversational experiences based on learner pro-
files.

To begin using EngageBot, learners are first prompted to 
create a user profile. As shown in Figure 3, which shows the 
profile input screen where learners enter their information, 
such as age, nationality, sex, and Language Level, which is cru-
cial for determining the chatbot’s tone, vocabulary usage, and 
sentence complexity, users input basic information such as age 
and English proficiency level. These data points are used to tai-
lor feedback and adapt the chatbot’s responses to the learner’s 
individual needs.

After completing profile creation and logging in, the user 
is greeted with a welcome message and presented with two 
conversation modes: Group Chat Time and Breaktime Chat. As 
shown in Figure 4, which presents two clear options: Group 
Chat Time or Breaktime Chat, where this separation helps us-
ers to freely recognize the purpose of each mode, these modes 

Breaktime Chat Engine:
The Breaktime Chat Engine is designed to simulate infor-

mal, everyday conversations that students might encounter 
during unstructured moments of the school day, such as during 
breaks, in the cafeteria, or on the playground. Its primary goal 
is to help learners practice casual English in a low-pressure, 
relatable context. To achieve this, the engine is composed of 
two key components: the Scenario Starter Chain and the Per-
sonalized Casual Chat Chain.

As shown in Table 2, which describes how System Prompt 
and Input are used for generating casual responses and 
demonstrates how EngageBot creates friendly and empathetic 
peer-like interactions by combining school settings and learner 
information, the Scenario Starter Chain initializes the con-
versation by randomly selecting a school-based scenario (e.g., 
library, sports field, hallway) and embedding it into the system 
prompt. This scenario is combined with the user’s profile—
age, nationality, and language level—retrieved from the system 
database. The chatbot opens the conversation with a light and 
natural message that encourages user engagement without re-
quiring the learner to initiate the dialogue. This design ensures 
that students can start participating in the conversation with-
out hesitation, which is especially important for beginners or 
those experiencing anxiety when using English.

Once the initial message is delivered, the Personalized Casu-
al Chat Chain takes over. This component processes user input 
in real time, referencing the previous dialogue history (typical-
ly the last four turns) and adapting its response to maintain a 
coherent and friendly exchange. The system uses a GPT-4-
based large language model to generate replies that reflect the 
user’s background and the conversation’s tone. These responses 
are casual and dynamic, with follow-up questions that sustain 
the flow of the chat. In addition, emotional appropriateness is 
embedded into the prompt structure to model empathy and 
rapport— occasionally including emojis to match the affective 
tone of the exchange. The user experience begins when the 
learner logs into the system and accesses the Breaktime Chat 
page. If it is the user’s first time entering the mode during the 
session, the Scenario Starter Chain activates automatically and 
produces the initial AI message based on a randomly selected 
scenario. The user can then respond through the input field 
provided. The engine continues the conversation by invoking 
the Personalized Casual Chat Chain, which integrates the us-
er’s input and recent chat history to generate context-aware 
replies.
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Table 2: Showing information on how to start and continue casual 
conversations in Breaktime Chat Mode. Accounting for learners’ age, 
proficiency, and context, and generates peer-like, empathetic responses.

Figure 2: The architecture of the proposed system ( Streamlit on the 
frontend, Python and LangChain on the backend, and GPT-4, along with a 
JSON file). The modular design adapts to real-time user interaction.
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System Evaluation Design:
To evaluate the effectiveness of EngageBot’s conversational 

output, a comparative experiment was conducted involving hu-
man tutors. The objective of this evaluation was to determine 
how closely the AI-generated responses from EngageBot align 
with those written by real human tutors, both semantically and 
contextually. This serves as a foundation for assessing the ped-
agogical validity and communicative naturalness of the chatbot 
in supporting English learning among international students.

Participants in the experiment were asked to assume the role 
of a tutor and compose responses to simulated student interac-
tions. Each participant received a set of materials that included 
a student profile (with age, nationality, and English proficiency 
level), the topic of conversation, and the last two dialogue turns 
from the learner. Based on this information, participants were 
instructed to write natural, supportive English responses that 
could guide the student and encourage continued engagement.

Three discussion topics were used in this evaluation. For 
each topic, participants were required to write three distinct 
responses, resulting in a total of nine human-generated re-

are accessible via clearly labeled buttons, and users may select 
either option based on their practice goals.

In the Group Chat Time mode, as shown in Figure 5, 
where learners choose their favorite among three topics, this 
process offers learners to focus on expressing confidently 
and structurally by mimicking the classroom environment. 
Learners are offered three topic buttons representing different 
classroom-style discussion prompts. Upon selecting a top-
ic, EngageBot generates an opening question related to that 
theme, inviting the learner to share their opinion. Figure 6, 
which demonstrates crucial steps for the system to sustain 
deeper dialogue, maintain relevance, and support continuous 
growth, shows how users respond and EngageBot produces 
follow-up questions. Once the learner responds, the chatbot 
uses the learner’s profile information, including age and lan-
guage level, to generate contextually appropriate feedback and 
a follow-up question, encouraging deeper conversation.

In the Breaktime Chat mode as illustrated in Figure 7, which 
introduces Breaktime Chat mode with a friendly, scenar-
io-based message drawn from common school contexts such 
as hallways, cafeterias, or sports fields, the system randomly 
selects a school-related setting such as a library, cafeteria, or 
hallway and initiates a friendly, casual conversation that re-
flects the learner’s background and language level. As seen in 
Figure 8, which shows how EngageBot maintains a peer-like 
conversational tone, using casual language, empathy model-
ing, and follow-up prompts to sustain engagement, when the 
learner replies, EngageBot responds like a peer, continuing the 
chat with supportive, everyday language and prompting fur-
ther dialogue to help the learner practice natural English in 
relaxed, social contexts.
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Figure 3: Learners enter their age and English proficiency to get a response 
to feedback. The data helps identify the chatbot’s tone, words, and complexity 
of conversation.

Figure 4: The user interface offers two selectable modes to simulate structured 
classroom (Group Chat Time) or casual school interactions (Breaktime Chat).

Figure 5: In Group Chat Time, learners choose among three discussion 
prompts, enabling focused practice on relevant academic topics.

Figure 6: This example shows how the chatbot uses learner input and profile 
to create dynamic follow-ups, encouraging deeper conversation.

Figure 7: In Breaktime Chat, the chatbot opens with a friendly, context-
based message derived from school-related scenarios.

Figure 8: The system mimics peer conversation by using casual, age-
appropriate language and follow-ups to sustain engagement.
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sponses per participant. These responses were later compared 
to the corresponding outputs generated by EngageBot us-
ing semantic similarity metrics and qualitative analysis. This 
experimental design enabled a focused investigation of the sys-
tem’s ability to replicate the tone, structure, and relevance of 
tutor-style feedback.

�   Results and Discussion 
To evaluate EngageBot’s performance in generating hu-

man-like responses, a comparative analysis was conducted 
across three discussion topics in Group Chat Mode. Each top-
ic’s performance was assessed using the F1 score to measure 
semantic alignment between AI-generated feedback and hu-
man tutor responses. The results are summarized in Table 3.

Topic Familiarity and Semantic Alignment:
Among the three topics, Social Media achieved the highest 

average F1 score (0.665), indicating that EngageBot’s respons-
es in this domain were most semantically aligned with those 
of human tutors. This strong performance may be attributed 
to the topic’s relatability and frequency of use in everyday con-
versation, allowing the model to generate more contextually 
appropriate and engaging outputs. The highest recorded F1 
score (0.802) reinforces this interpretation, though the rela-
tively large standard deviation (0.101) suggests variability in 
performance across user interactions. The Dress Code topic 
presented a moderately high average score (0.628) but exhib-
ited the widest performance range from 0.444 to 0.747. It may 
underperform in topics that demand contextual interpretation, 
abstract reasoning, or sensitivity to social nuance.

Conversational Consistency:
The Smartphone Usage dataset demonstrated the most con-

sistent results, with a low standard deviation of 0.055. Despite 
ranking lowest in average F1 score (0.622), the narrow per-
formance range suggests that user responses to this topic were 
predictable and uniform. This consistency may have enabled 
EngageBot to deliver steady and coherent feedback, albeit with 
less expressive variation.

Impact of Personalization Features:
Notably, the system’s adaptive design allowed responses to be 

personalized based on the learner's age and English proficien-
cy. Real-time use of profile data contributed to conversational 
coherence and timely error correction, promoting sustained 
learner engagement. This responsiveness may explain the mod-
el’s relatively strong performance across topics with high user 
relatability.

�   Conclusion 
The objective of this study was to design, implement, and 

evaluate EngageBot. EngageBot is a scenario-driven conver-
sational agent developed using GPT-4. It aims to improve the 
spoken English proficiency of international students. The sys-
tem employs a dual-mode chat interface consisting of Group 
Chat Time and Breaktime Chat through which academic 
discussion and casual conversation practice are structured and 
offered to learners through the design of prompts in context 
and feedback mechanisms tailored to learners’ profiles.

To assess the pedagogical effectiveness of EngageBot, a 
F1 score-based analysis on three different themes was done, 
which includes Social Media, Dress Code, and Smartphone 
Use. The generated dialogues are highly coherent and contex-
tually relevant, as per the results. The dataset Social Media has 
the highest average value of F1 scores at 0.665, which indicates 
that the chatbot does particularly well when topics are highly 
relatable and similar to the lived experiences of students. On 
the other hand, Smartphone Use had the lowest mean F1 score 
(0.622) with the lowest standard deviation (0.055), indicating 
that this activity is fairly consistent in all users.

The personalization of EngageBot’s architecture is an im-
portant attribute that the study highlights. By taking advantage 
of user metadata - for example, age, language proficiency, and 
conversation history - the chatbot maintained high context 
continuity and a real-time review system for grammar and 
tone. Through these design choices, the students were able to 
stay engaged in long interactions without cognitive overload or 
conversational dissonance.

However, the study also uncovered specific limitations. 
Scores for topics that require a lot of abstract reasoning, for 
example, Dress Code, were more variable. The minimum F1 
was 0.444. This shows that the system needs to be improved 
further to manage free-topic and opinion discussions with 
greater linguistic depth. Beyond that, a personalized prompt 
may not be optimal when the previous data is static and does 
not change between uses or sessions. Moreover, the effective-
ness of the prompt may be limited because it is static and does 
not learn from previous sessions.

Overall, EngageBot has the potential to be a practically ap-
plicable, easily accessible, and pedagogically sound tool. The 
scenario-driven chat modes replicate real-life academic and 
social settings. They offer learners low-stress opportunities to 
practice spontaneous conversations. If EngageBot is further de-
veloped with emotional intelligence modeling, context-aware 
multi-turn chains, and memory, it can be a contributor to 
AI-assisted language education.

Future research should utilize larger user populations in 
longitudinal studies, build up dynamic learner analytics, and 
develop more powerful natural language understanding mod-
els. Through these avenues, EngageBot could potentially 
transition from a practice tool that offers support to a language 
learning assistant that provides full immersion and could assist 
with the language barrier for international students around the 
world.
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Table 3: This table shows average, minimum, and maximum F1 scores 
for three topics to evaluate the semantic similarity between AI and human 
responses. Social Media had the highest average alignment with humans.
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ABSTRACT: Ovarian cancer is the 5th-deadliest cancer for women worldwide. 80% of ovarian cancer cases are caught in 
late Stages III and IV when the metastasis of the malignant tumor has already occurred. This study leverages machine learning 
algorithms to identify up- or down-regulated miRNAs using the genetic data of ovarian cancer patients from The Cancer Genome 
Atlas (TCGA). Based on a comparative framework of six machine learning models validating its applicability, Principal Component 
Analysis (PCA) was adopted as the primary machine learning model for both biomarker identification and dimension reduction 
of the genomic dataset. Through PCA’s Explained Variance Ratio (EVR) and miRNA loadings, a dataset of miRNA biomarkers 
for ovarian cancer was obtained. Among them, the top 10 candidate miRNA biomarkers for ovarian cancer were corroborated by 
existing literature, which validates the method used in this study.  Additionally, 10 candidate miRNAs were proposed that had not 
been previously identified as biomarkers in the existing literature, which could be a potential path for exploration as biomarkers 
for ovarian cancer. This study proves the applicability of identifying miRNA biomarkers for ovarian cancer using machine learning 
and lays a foundation for future research. 

KEYWORDS: Computational Biology and Bioinformatics, Geonomics, Machine Learning, Ovarian Cancer, miRNA 
Biomarker. 

�   Introduction
Cancer is a global health crisis, accounting for about 10 mil-

lion deaths each year.1 Regular cancer screening is a core part 
of maintaining good health. Notably, ovarian cancer, the 5th 
deadliest cancer for women, has no regular screening option,2 
and its symptoms are vague and often mistaken for less-seri-
ous conditions. As shown in Figure 1, ovarian cancer caught 
in Stage I (only in the ovaries) can be cured in up to 90% of 
patients. In contrast, from Stage III onwards, the 5-year sur-
vival rate of ovarian cancer drops substantially. However, only 
20% of ovarian cancer cases are caught in Stages I and II.3 As a 
result, the 5-year survival rate of ovarian cancer is significantly 
lower than that of other types of cancer, as illustrated in Figure 
2.

MiRNAs (microRNAs) are single-stranded and non-cod-
ing RNA molecules that regulate gene expression by binding 
to messenger RNAs. miRNAs circulate in the body and are 
found in bodily fluids such as blood, urine, and saliva. In the 
last two decades, miRNAs have shown potential as a biomarker 
for cancer, especially in detecting cancer in the body. MiRNAs' 
quantifiability, resistance to harsh storage conditions, high sta-
bility in plasma and serum, and detectability in blood make 
them an ideal choice as biomarkers. Additionally, advances are 
being made in the miniaturization of devices that detect cir-
culating biomarkers in the body, making it less invasive, more 
rapid, and more realistic to use miRNA as a biomarker.6 The 
close relationship between miRNA expression and the specif-
ic biological pathways they control enables miRNAs to play a 
substantial role in early screening and prognosis, targeted ther-
apy, and drug resistance tendencies in ovarian cancer.7 This is 
because cancer mechanisms, such as epigenetic changes, muta-
tions, chromosomal abnormalities, and defects in the miRNA 
biogenesis pathway, can silence mRNA expression. Therefore, 
miRNA shows promise as a biomarker for cancer, since it can 
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Figure 1: Proportion of new cases diagnosed and 5-year-survival rates by 
ovarian cancer stages.4 This graph shows that ovarian cancer caught in Stage 
I (only in the ovaries) can be cured in up to 90% of patients. In contrast, from 
Stage III onwards, the 5-year survival rate of ovarian cancer drops substantially.

Figure 2: 5-year-survival rates of ovarian cancer in 2015 vs. 1975 compared 
to other cancers.5 This figure shows that the 5-year survival rate of ovarian 
cancer is significantly lower than that of other types of cancer. 
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be easily detected in the blood and tissue of cancer-positive 
patients, especially for ovarian cancer.

Artificial Intelligence (AI) using machine learning (ML) 
has become a powerful tool for identifying patterns in high-di-
mensional datasets, such as genomic data. Recent studies have 
found ML applications to have a 98.2% accuracy in identi-
fying cancers using genetic data.8 In the context of ovarian 
cancer, which involves a dysregulation of microRNA expres-
sion that influences carcinogenesis, invasion, and metastasis, 
ML offers a promising way to identify miRNA biomarkers. 
Because of miRNAs’ role in regulating gene expression and 
serving as either tumor suppressors or oncogenes, using their 
differential expression between cancer patients and healthy in-
dividuals can significantly improve early diagnosis. However, 
the large dimensionality of genomic data serves as a challenge 
for many classification models. Principal Component Analysis 
(PCA) can address this issue by serving as a dimension-reduc-
tion technique while preserving variance. Several studies have 
applied PCA to genomic datasets for cancer classification, in-
cluding Hamidi et al.9 and Kartikasari et al.10 These studies 
confirm PCA’s relevance in this facet. Our approach differs by 
introducing a comparative ML framework and leveraging the 
EVR-based biomarker ranking. Therefore, the paper aims to: 
(1) evaluate the effectiveness of PCA for the genomic dataset 
using six ML models; and (2) identify the top 30 miRNA bio-
markers and validate them with existing literature. This study 
not only reinforces the use of PCA in handling genomic data 
reduction but also highlights its potential in identifying nota-
ble biomarkers.

�   Methodology

Figure 3 shows the flowchart of the method, with the fol-
lowing steps:

Gather and Process Data:
The Cancer Genome Atlas (TCGA) provided miRNA 

expression data for ovarian cancer patients and healthy con-
trols. The dataset included 79 ovarian cancer and 10 control 
samples, each with 1,835 miRNA expression values. The label 
column is the binary column (0 for control and 1 for cancer), 
and the feature columns span the other 1,800+ columns. 

Principal Component Analysis (PCA):
The flowchart of the method is shown in Figure 4, detailing 

the integration of PCA in the workflow. PCA was applied to 

reduce the entire dataset to two and three principal compo-
nents, respectively. PCA was used as the dimension reduction 
technique, and the EVR loadings assigned a numerical value 
of importance to each miRNA, capturing the data variance. 
The choice of two and three principal components was guided 
by the amount of variance captured. The first three principal 
components captured 0.14, 0.07, and 0.04 of the data varia-
tion, respectively. Based on the curve of the scree plot (Figure 
11 in the Appendix) and a clear divide between the control and 
ovarian cancer patients on the graphs, we selected up to 3 com-
ponents. We compared the performance of the ML models on 
lower-dimensional data versus the original dataset to ensure 
the applicability of PCA to the given dataset.

Machine Learning Performance Table:
Six ML models, namely Logistic Regression, K-Nearest 

Neighbors (KNN), Support Vector Machine (SVM), Gradient 
Boosting, Decision Tree, and Random Forest, were used in the 
comparative framework. These models were chosen for their 
effectiveness in classification tasks that use high-dimensional 
data, such as genomic data. The models were performed on 
the 2-dimensional PCA data, the 3-dimensional PCA data, 
and the raw data. Each dataset was stratified and split into a 
training and a testing dataset. 

The accuracy of each ML model’s prediction was measured 
on the datasets using the F1-score for the testing set. The 
F1-score is a harmonic mean between precision and recall, 
which is particularly useful for imbalanced datasets such as 
TCGA, where the number of cancer samples (n=79) exceeds 
the number of control samples (n=10). F1-score has been used 
in previous genomic and miRNA-based cancer classification 
tasks, such as those in Hamidi et al.9 and Bhardwaj et al.11 This 
step identified the applicability of PCA to this dataset by com-
paring the accuracy of the results between the simplified and 
raw datasets. 

Candidate miRNA Identif ication:
After verifying the performance table to ensure PCA ap-

plicability, EVR was applied to evaluate the most significant 
miRNAs. To identify and rank the significant miRNAs for 
ovarian cancer classification, we used the loadings of the indi-
vidual miRNAs on the top principal components that captured 
the most variance. This approach ranked miRNAs by relative 
importance, focusing on the miRNAs that differed in expres-
sion between the cancer and control groups. Upregulation and 
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Figure 3: Flowchart of the method. This diagram shows the steps of the 
methodology, including Gather Data, Data Processing, Machine Learning 
Stage I, Machine Learning Stage II with PCA, Data Validation, Candidate 
miRNA Identification, and Biological Pathway Analysis. 

Figure 4: Flowchart of PCA application. This figure details the integration 
of PCA in the workflow. 

ijhighschoolresearch.org



	 39	

downregulation were calculated by subtracting the mean of the 
two groups. Open databases miRWalk and miRDB were then 
used to validate the roles of the significant miRNAs and iden-
tify the target genes of the selected miRNAs.

�   Data Analysis 
Data Pre-Processing:
By applying StandardScaler from the sci-kit learn library, we 

constructed a new data frame that allowed for more effective 
use of PCA. Each column was standardized so that the mean 
was 0 and the standard deviation was 1, allowing for more bal-
anced consideration of each miRNA’s significance. 

Principal Component Analysis (PCA):
PCA was used as a dimensionality reduction technique to 

identify the most important features (principal components) 
that capture the most variance while discarding less import-
ant data. It effectively reduced the dataset dimensions into two 
and three components, respectively. After generating the co-
ordinates and the graph of the 2-component PCA in Figure 
5 (0 for control and 1 for cancer), we generated a 3-compo-
nent coordinate and graph to serve as a point of comparison, 
as shown in Figure 6. Table 1 shows the variance explained 
and cumulative variance per PC from 1 to 3, where each PC 
represents a new axis that captures the most variance in the 
miRNA data. Tables 2 and 3 show the snippets of the dataset 
coordinates for the 2-component and 3-component PCA re-
ductions, respectively.

Machine Learning Performance Table:
Figure 7 compares the accuracy of six supervised ML models 

on 3 datasets (2D PCA, 3D PCA, and raw datasets). The model 
performance was highest on the raw dataset and the 3-com-
ponent PCA, while the 2-component PCA was suboptimal 
in the gradient boosting and decision tree model predictions. 
The data were split into a training and testing group, with 80% 
(71 samples) of the data allocated to the training set and 20% 
(18 samples) to the testing set. Overall, the high accuracy in 
predicting the testing group for all datasets signified the appli-
cability of PCA for dataset reduction and variance capturing, 
validating the results from the EVR loadings. 
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Figure 5: 2-Component PCA scatter plot. This figure shows the coordinates 
and the graph of the 2-component PCA (0 for control and 1 for cancer). 

Table 1: Variance explained and cumulative variance per PC from 1 to 3. 
Each PC represents a new axis that captures the most variance in the miRNA 
data.

Table 2: 2-Component PCA of miRNA data coordinates. This table shows a 
snippet of the dataset coordinates for the 2-component PCA reduction. 

Table 3: 3-Component PCA of miRNA data coordinates. This table shows a 
snippet of the dataset coordinates for the 3-component PCA reduction. 

Figure 6: 3-Component PCA scatter plot. This figure shows the 
3-component coordinates and graph.
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Biological Pathway Analysis:
We focused our analysis on the top 30 miRNAs out of the 

total miRNAs identified through experimentation. We used 
miRDB to generate a heatmap of the known pathways of 5 
candidate miRNAs identified in similar cancer pathways using 
the KEGG database and miRPathDB, as shown in Figure 9. 
Our findings corroborated the database for the notable miR-
NAs, placing them in the top 30 most significant in differential 
expression for ovarian cancer. 

We utilized open-source biological pathways, such as 
miRDB and miRPathDB, to identify the biological pathways 
of the candidate miRNAs and provide a preliminary explana-
tion for the importance of their expression levels in ovarian 
cancer and control patients, as summarized in Table 5.

The use of miRNA as a biomarker shows promise as an indi-
cator of early-stage ovarian cancer, increasing a patient’s chance 
of survival substantially. Based on our findings, we identified 
miRNAs that have been corroborated by previous literature, as 
well as other notable miRNAs not previously reported, which 
may serve as effective therapeutic targets or a means to combat 
drug-resistant tendencies in future ovarian cancer treatments.13 

Candidate miRNA Identif ication:
Using the EVR loadings, we created a list of miRNAs 

ranked by the highest loading ratio (most significant) to the 
lowest ratio (least significant), as shown in the Importance col-
umn of Table 4. We classified the miRNA as upregulated or 
downregulated by subtracting the mean expression level in the 
control group from the expression level in the ovarian cancer 
group. Figure 8 was generated to identify the trend in upreg-
ulation and downregulation in the top 30 miRNAs. Table 4 
shows a snippet of the dataset after experimentation. 
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Table 4: Ranked miRNAs based on EVR loadings & expression 
classification. It shows a list of miRNAs ranked by the highest loading ratio 
(most significant) to the lowest ratio (least significant) in the Importance 
column and a snippet of the dataset after experimentation. 

Table 5: Candidate miRNA and pathway analysis for notable candidate 
miRNAs as a linking chart to Figure 9. This table identifies the biological 
pathways of the candidate miRNAs and provides a preliminary explanation 
for the importance of their expression levels in ovarian cancer and control 
patients. 

Figure 8: Regulation classification of the top 30 miRNAs. This figure 
identifies the trend in upregulation and downregulation in the top 30 miRNAs. 

Figure 9: Heatmap of known pathways of candidate miRNAs using the 
KEGG database.12 This figure shows a heatmap of the known pathways of 
5 candidate miRNAs identified in similar cancer pathways using the KEGG 
database and miRPathDB. 

Figure 7: Comparison table of PCA and non-PCA data for six ML models. 
This figure compares the accuracy of six supervised ML models on 3 datasets 
(2D PCA, 3D PCA, and raw datasets).
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�   Conclusion 
Early detection of cancers can significantly increase the 

survival rate. This paper presents a study aimed at identifying 
miRNA biomarkers for ovarian cancer using machine learning. 
Based on the study, the following conclusions can be drawn:

(1)	 The unique patient dataset from the TCGA serves 
as a reliable source that can strengthen existing research on 
miRNA biomarkers. 

(2)	 Based on a comparative framework of six machine 
learning models validating its applicability, PCA is shown to 
be an efficient and applicable way to identify significant miR-
NA expression trends between cancer patient and healthy 
control genomes, and holds potential in future biomarker dis-
covery for cancers, notably ovarian cancer. 

(3)	 Using PCA’s EVR and miRNA loadings, a dataset of 
miRNA biomarkers for ovarian cancer was obtained. Among 
them, the top 10 candidate miRNA biomarkers were corrob-
orated by existing literature, which validates the method used 
in this study. Additionally, several notable miRNAs were iden-
tified that have not been reported in the existing literature, 
which can be used for the earlier identification of and targeted 
therapies for ovarian cancer. 

This study proves the applicability of identifying miRNA 
biomarkers for ovarian cancer using machine learning and lays 
a foundation for future research, including: 

(1)	 Diversify patient data to corroborate findings: Branch 
out from The Cancer Genome Atlas Data and use diverse eth-
nic backgrounds. 

(2)	 Use real-world experimentation to validate results, 
such as quantitative polymerase chain reaction (qPCR), to 
corroborate results in key miRNA biomarkers.

One limitation of this study is that the TCGA dataset is 
derived from solid tissue samples. To increase practicality 
for early detection in clinical settings, future work will focus 
on using blood-based assays or liquid biopsies to extend the 
PCA framework results. Applying machine learning to these 
non-invasive samples will strengthen the applicability of our 
findings.

Based on the results, the next step to further strengthen 
these findings will be validating candidate miRNAs with inde-
pendent datasets beyond TCGA. Publicly available resources, 
such as the Gene Expression Omnibus (GEO), ArrayExpress, 
and the International Cancer Genome Consortium (ICGC), 

We analyzed the relationship between the top 30 miRNAs 
by generating a heatmap to identify patterns in expression 
levels across the patients, as shown in Figure 10. We found 
that the let-7a family was heavily connected in terms of dif-
ferential expression levels, as well as hsa-mir-3158-1 and 
hsa-mir-3158-2. 

�   Results and Discussion 
We identified the top 10 candidate miRNA biomarkers 

for ovarian cancer, corroborated by the current literature, and 
ranked them in accordance with our list in Table 6. This val-
idated the results of our experimental method, as it achieved 
similar results to those in previous literature that had used 
physical experimentation.

Notably, Pal et al.14 corroborated the following miRNAs: let-
7a-3, let-7a-2, let-7a-1, miR-200a, miR-221, miR-484, and 
miR-429. Zhao et al.13 corroborated the following miRNAs: 
let-7a-3, let-7a-2, let-7a-1, miR-424, miR-502, miR-484, 
miR-429, miR-200a, and miR-221.

Additionally, we noted our top 10 candidate miRNAs that 
had not been identified by existing literature, as shown in Ta-
ble 7. We introduce them as a potential path for exploration as 
a biomarker for ovarian cancer. 
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Table 6: Candidate miRNAs corroborated by current literature with rankings. 
This table shows the top 10 candidate miRNA biomarkers for ovarian cancer 
corroborated by the current literature.

Table 7: Candidate miRNAs that have not been introduced in the current 
literature with rankings. This table shows the top 10 candidate miRNAs that 
had not been identified by existing literature.

Figure 10: Correlation between expression levels for the top 30 miRNAs. 
This figure shows a heatmap to identify patterns in expression levels across 
the patients.
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provide diverse patient backgrounds, which can enhance the 
generalizability of the results.
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Figure 11: Scree plot of explained variance ratio per principal component. 
This figure justifies the use of 3-D PCA by showing the decrease in variance 
explained per additional PC after 3 components.
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ABSTRACT: Investing in the stock market is inherently unpredictable, influenced by the trading patterns of various players. 
This study examines the trading behavior of Foreign Institutional Investors (FIIs), Domestic Institutional Investors (DIIs), 
and Mutual Funds (MFs) in the Indian stock market from 2007 to 2024. It aims to uncover patterns in their investments 
and assess their impact on market volatility using advanced econometric techniques, including Vector Autoregression (VAR), 
Impulse Response Function (IRF), and Variance Decomposition Analysis (VDA). Despite the well-documented behavior 
of FIIs and DIIs, this study addresses a significant gap in the literature by focusing on the often-overlooked role of MFs as 
significant institutional players in the Indian market. MFs have their own distinct investment strategies and behavior, which can 
have a substantial impact on market volatility. By including MFs in the analysis, a more comprehensive understanding of how 
institutional investors collectively influence market dynamics is provided. The findings reveal distinct patterns in the trading 
behavior of institutional investors. FIIs tend to chase returns, leading to increased market volatility. In contrast, DIIs and MFs act 
as stabilizing forces, investing counter-cyclically to support the market during periods of volatility. A Generalized Autoregressive 
Conditional Heteroskedasticity (GARCH) model quantifies the impact of institutional investments on market volatility, offering 
a granular understanding of the volatility transmission mechanisms. One significant finding from the same was seen to be the 
positive impact of MFs on market volatility, reflecting their herding tendencies. This study contributes to the literature by offering 
a more extensive analysis compared to previous studies that often focus on shorter time periods or individual investors. It also has 
significant implications for investors, policymakers, and market regulators. 

KEYWORDS: Behavioral and Social Sciences, Sociology and Social Psychology, Institutional Investors, Trading Behavior, 
Market Volatility.

�   Introduction
Investing in the stock market, regardless of one's country of 

origin or the scale of investment, is an inherently unpredictable 
endeavor. To minimize the uncertainty that accompanies any 
sales or purchases, one must consider various factors that in-
fluence the market, such as the performance of certain stocks, 
as well as the psychology of investors. Therefore, for one to be 
able to invest in the stock market with little to no risk of loss, 
one must possess the capability to forecast future market be-
havior with reasonable accuracy, using both historical data and 
current events. To minimize risks for buying and selling stocks 
for investors, one must keep various components of the mar-
ket under a microscope and make them undergo a thorough 
analysis. When it comes to performing said analysis, one con-
siders two components of the stock market, that is, volatility 
and trading behavior. The same are also, in turn, influenced by a 
myriad of factors, and determine the future of any market. The 
former, volatility, is the measure of unpredictability of a market, 
and hence how likely it is that the market exhibits unexpected 
behavior.1 Naturally, investors would like to minimize volatil-
ity, allowing for a more predictable market that ensures high 
returns. On the other hand, trading behavior is the reaction of 
investors to different events in the stock market, often referred 
to as investor sentiment.2 They exist as significant influences 
in the market that must undoubtedly be taken into account to 
predict anything about the market.

Recent global financial research increasingly focuses on how 
institutional trading patterns and large fund movements drive 
volatility across markets, emphasizing further the need to study 
their influence in emerging economies such as India. When an-
alyzing the Indian stock market, two primary types of investors 
are typically considered: retail investors and institutional inves-
tors. Retail investors are individual investors who buy and sell 
securities for their personal accounts, usually dealing in smaller 
investments. Most retail investors lack access to advanced tools 
for market analysis and prediction.3 Conversely, institution-
al investors are organizations that pool together significantly 
larger sums of money for investment purposes. Although there 
are many more retail investors compared to institutional ones, 
the latter typically engage in large-scale transactions, thereby 
exerting more substantial influence on the market behavior. 
Consequently, it is reasonable to assume that institutional in-
vestors represent a significant portion of the investments in the 
Indian stock markets. Institutional investors can be categorized 
as either foreign or domestic. Domestic institutional investors 
(DIIs), such as the State Bank of India (SBI) and the Life 
Insurance Corporation of India (LIC), are among the most 
prominent Indian institutional investors.4 Foreign institutional 
investors (FIIs) are entities based in other countries, such as the 
UK and Japan, that invest in the Indian market. Mutual funds 
(MFs), a subgroup of DIIs, hold a particularly prominent posi-
tion in the Indian market.4 Mutual funds involve large numbers 
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of retail investors pooling their money together, with the fund 
managers deciding where to invest these collective sums.5 In 
the 1990s, following the establishment of the National Stock 
Exchange (NSE), the Indian market was opened to foreign 
institutional investors for the first time. This event marked a 
significant shift in market perception, leading to substantial 
foreign investment and a positive net investment trend almost 
every subsequent year.6

Institutional investors have the power to influence the vol-
atility and trading behavior of the stock market. For example, 
coordination and organization among institutional investors 
would lead to a more stable and predictable market, whereas 
any panic among such investors would lead to selling and buy-
ing stocks in bulk, leading to increased volatility in the market. 
Similarly, the investment strategies of institutional investors 
significantly impact trading behavior. Due to the high-value 
trades being regularly conducted on a scale that can affect the 
market as a whole, any variation in these trades influences 
overall investor sentiment and reactions, further shaping mar-
ket dynamics.2 Understanding the nature of the relationship 
between institutional investors and the stock market is essen-
tial for comprehensive market analysis.

1.1. Evolution of the Indian Financial Market:
As the Indian stock market boomed in the past decade, it has 

not only achieved worldwide recognition for its rapid advance-
ment but has also established itself as a highly noteworthy part 
of the global economy. The Indian market capitalization is 
ranked among the top 7 in the world, with some of the reasons 
for its growth being high domestic participation and policy 
continuity.3 The first Indian Stock Exchange (and the oldest 
in all of Asia), the BSE, was founded in Mumbai in 1875,7 
marking the start of India's active participation in the stock 
market. In 1988, the Securities and Exchange Board of India 
(SEBI) was founded,7 soon followed by the liberalization of 
the Indian economy. The establishment of the National Stock 
Exchange,8 currently the leading Exchange in all of India, is 
another milestone in the history of the Indian market. As the 
stock market became increasingly popular across India, the 
market officially became open to Foreign Portfolio investors 
in 1992.6 The sudden, but welcome surge of foreign investors 
in the Indian market led to a positive net investment emerg-
ing almost every year (except for the financial crisis years 2007 
and 2008, as well as COVID-19 impacted the year 2020) from 
then forth.9

During the Global Financial Crisis (GFC) of 2007-08, 
after many years of great performance of the Indian market 
and heavy investing from foreign investors, inflows of approx-
imately US$20 billion in 2007–2008 turned into outflows of 
US$15 billion from Indian markets during 2008–2009.10 This 
resulted in a US$1 trillion decline of the Indian market cap-
italization. At this time, a 60% index decline in the market 
was noticed, a definite setback for the Indian market. This 
event demonstrated the crucial role played by FIIs in the In-
dian market. But it also demonstrated their unpredictability 
and the need to protect against a scenario requiring self-de-
pendence of the Indian market, in the event of another such 

episode in the future. Similarly, as the dangerous and highly 
contagious disease COVID-19 spread throughout the world 
in 2020, the world ground to a halt, as everyone was forced 
to stay in lockdown for an extended time. The same greatly 
affected stock market performance all over the world. Given 
India's high population, it was one of the most brutally affect-
ed.11 FIIs engaged in selloffs similar to the previous crisis. A 
notable fact was that the market turned increasingly volatile, 
even compared to countries such as the United States. The 
Indian government's decision to demonetize the Rs. 500 and 
Rs. 1000 currency notes marks another significant point in 
the history of the Indian economy. During this period, it was 
found that while stock market returns were not greatly affect-
ed, some of the bigger indices suffered price drops due to the 
unexpectedness of the action.

At present, the Indian market represents a significant-
ly vast arena, offering a promising opportunity for investors 
of all levels of experience to make investments. The Indian 
market volatility is influenced by monetary policies, inflation 
rates, and investments from foreign countries,1 where the lat-
ter two of the list have recently reached all-time highs. It is 
also noticeable that the liquidity of the Indian market has sub-
stantially increased over the past two decades.12 This can be 
explained due to efficient trading systems and strict guidelines 
set in place by the Securities and Exchange Board of India 
(SEBI), which has led to more active participation from FIIs 
and DIIs alike. However, it would be unwise to work under the 
assumption that the behavior of market investors does not play 
a role in the same.

�   Literature Review
2.1. Trading Behavior of Institutional Investors and Stock 

Market Returns:
The current literature explains the effects of trading behav-

ior (that is, investment patterns of FIIs and DIIs) on market 
returns, and vice versa. DII investments are found to have a 
positive impact on market returns, and there is weak evidence 
of a negative relationship between FII investments and market 
returns. The literature shows that foreign investors only invest 
in the market during times of high market returns, whereas the 
opposite is attributed to DIIs, who tend to buy at low returns 
and sell at higher returns.4 Mutual funds in the Indian stock 
market generally act as passive investors during calm periods 
but become more active and influential during volatile periods, 
significantly impacting and being impacted by other investors' 
trading patterns. Analysis of specific behavior in institutional 
investors, such as herding, has also yielded results. Herding be-
havior in FIIs relates positivity to lagged market returns.13-15

Factors affecting FII, DII, and MF net investments in the 
Indian stock market have been well explored in the literature. 
FII net investment in India is significantly influenced by stock 
market returns, exchange rates, and inflation, with higher 
returns, favorable rates, and low inflation causing higher in-
vestment. The Index of Industrial Production (IIP) also plays a 
factor. While investment patterns of institutional investors are 
highly impacted by stock market returns, returns are also sus-
ceptible to changes due to a variety of factors. Media coverage 
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has a significant impact on returns, with the quantity, tone, and 
quality of news announcements holding significance. Investor 
sentiment also influences market returns.2, 16-18 FIIs' behavior 
as “return-chasers” causes instability in the market, whereas 
DIIs are responsible for bringing stability to the market. This 
shift in behavior indicates that mutual funds play a crucial sta-
bilizing role during market turbulence. Political events such as 
elections can also impact the market. The Indian election of 
2019, for example, caused a drastic increase in average returns, 
similar to the election of 2014.14, 19-21

2.2. Institutional Investors and Market Returns Volatility 
(And Vice Versa):

The existing literature highlights various influential fac-
tors affecting market volatility. The dominant role of Foreign 
Institutional Investors (FIIs) typically overshadows Domes-
tic Institutional Investors (DIIs) in the Indian stock market, 
a result which is supported by regression analysis of FII and 
Foreign Direct Investment (FDI) data.3 Other significant fac-
tors include inflation rates, exchange rates, interest rates, and 
monetary policies. Similar results have been found in the Nai-
robi stock market, noting inconsistent returns, volatility, and 
noticeable leverage effects. Investor Behavior is one of the 
most influential factors. It is seen that FII investment great-
ly contributes to market volatility. Their relation is found to 
be positive. The FII investment impact of volatility is further 
studied, showing significant correlations between FII inflows 
and NIFTY 50 market returns through Pearson correlation 
and regression analysis.22-24 The little-considered factor of mu-
tual funds is also studied, and its net investment is found to 
positively impact market volatility. The market shows high-
er sensitivity to negative news, which causes greater volatility 
than positive news. Additionally, historical volatility has a last-
ing impact, indicating that past market behaviors affect current 
conditions. Investors should consider both historical trends 
and negative news when making investment decisions.20 DII 
investment also has a significant relation with market volatil-
ity.4

Investor sentiment has a significant impact on volatility. It 
has been shown that market sentiment significantly increases 
volatility in a market. Similar to the market reaction to news, 
positive sentiment is seen to have a less significant effect on 
market volatility compared to negative sentiment.25,26 Specif-
ic trading behavior can also influence volatility. For example, 
herding exhibited by FIIs and MFs is seen to cause an increase 
in volatility.

Economic anomalies ranging from student buy and sell-offs 
from large-scale investors, unexpected domestic as well as for-
eign events, global crises, etc, greatly affect the stock market. 
Their specific effects are well explored in the literature. In the 
context of the Indian market, the 2007-08 Global Economic 
Crisis caused a dramatic increase in volatility and negatively 
impacted returns.27 Parab and Reddy (2020) studied the ef-
fect of India's demonetization on FII and DII investments, 
concluding the impact was insignificant.28 The COVID-19 
pandemic's effects, found using measures of volatility like 
standard deviation, skewness, and kurtosis of index returns, in-

clude negative returns across all sectors except healthcare and 
increased market volatility during the pandemic compared to 
the pre-pandemic period.11

While international studies on emerging markets high-
light shared features such as volatility clustering and the 
influence of institutional herding, India remains compara-
tively under-examined in this context.29 Cross-country work 
on BRICS economies and on Chinese mutual-fund behavior 
provides valuable benchmarks, but these findings cannot be 
directly generalized to India’s distinct regulatory structure and 
mixed dominance of foreign and domestic investors. Global 
evidence on cross-border institutional flows further under-
scores how capital mobility amplifies local market shocks, yet 
Indian studies seldom integrate these transmission channels 
within a unified volatility framework.30,31 This gap motivates 
the present research, which isolates the individual contribu-
tions of Foreign Institutional Investors, Domestic Institutional 
Investors, and Mutual Funds to stock-market volatility in 
India, offering a context-specific extension to global institu-
tional-behavior literature.

�   Methodology
3.1. Research Aim and Rationale:
The following are the specific objectives for this research:
1. To understand the relationship between FIIs, DIIs, and 

MFs’ trading behavior and the Indian stock market returns.
2. To understand the response of FIIs, DIIs, and MFs to 

shocks in market returns and vice versa.
3. To uncover the impact of FII, DII, and MF investments 

on stock market volatility.
In analyzing the effect of institutional investors on the re-

turns and volatility of the stock market, one can understand 
and hence make assertions about how fluidly transactions of 
stocks can be carried out, as well as accurately find a risk factor 
for investors in the market. FIIs, DIIs, as well as MFs work 
together to ensure the stability of the market. Being aware of 
how returns impact investments by FIIs, DIIs, and MFs can 
help policymakers decrease the chances of panic during market 
crises. Analyzing volatility helps investors predict periods of 
high volatility and adjust their investment strategies to prepare 
for the same. Therefore, the implications of such a study are 
not only in stock market prediction but also in policy imple-
mentation and investor strategizing. Understanding the effect 
of investor sentiment, especially in times of financial crisis, can 
also help in predicting market crashes, as well as how to avoid 
them. This comprehensive understanding allows the discovery 
of superior investment approaches. That in turn encourages 
the development of strategies that leverage institutional be-
haviors to achieve superior market performance.

Moreover, MFs are a highly understudied but impactful part 
of the stock market. While many study it under the domain of 
DIIs, they have their own behavior and relationships with the 
market and its returns. These relationships must be studied 
separately due to the important role mutual funds play in the 
context of the Indian financial markets. The time period of 
2007-2023 under consideration allows for more variation in 
data than previous studies. This means that one can study the 
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the stationarity of the variables. The hypotheses are thus given 
as:

H₀ = There exists a unit root in the time series.
H₁ = There does not exist a unit root in the time series.
As seen in Table 2, the p-values of all variables except DIIP, 

MFP, DIIS, and MFS are less than 0.05 at the level. DIIP, 
MFP, DIIS, and MFS have p-values of 0.9628, 0.8020, 0.9557, 
and 0.9389, respectively. However, even these variables are seen 
to be stationary at the logarithmic first difference. Thus, the 
null hypothesis and the unit root problem can be rejected. All 
the values considered by the algorithms are taken at logarith-
mic first difference for consistency. This allows for the null 
hypothesis to be rejected for all variables. Discussed below are 
the preliminary diagnostic tests conducted for the analysis re-
lated to trading behavior and volatility testing.

3.3.1. VAR Diagnostics:
In order to perform Vector Autoregression (VAR), the suit-

able lag orders must first be selected to maximize accuracy. 
This study employs Sequential modified LR test statistics, 

market in times of crisis, including major global and domestic 
events like the 2007-08 Global Financial Crisis, the demone-
tization of the Rs. 500 and Rs. 1000 notes in 2016, elections, as 
well as the COVID-impacted year 2020. In these cases, anal-
ysis of how and why investors may change their behavior to 
minimize losses, allowing for a more complete picture of the 
market, can be found.

3.2. Research Design:
This study employs a quantitative analysis using secondary 

data sources to investigate the study objectives. The Bom-
bay Stock Exchange (BSE) is used as a proxy for the Indian 
Stock Market, with data sourced from Money Control.32 To 
capture stock market returns, daily closing prices of the BSE 
were collected for a period of 17 financial years, from April 
2007 to March 2024. Market returns for a given day are cal-
culated by subtracting the closing price of the previous day 
from the closing price of the current day, divided wholly by the 
closing price of the previous day. The selected time period pro-
vides a comprehensive dataset that enhances the accuracy and 
reliability of the study’s results. This period is particularly sig-
nificant as it includes several major national and global events, 
such as the 2007-08 Global Financial Crisis, demonetization 
of Indian currency notes, and the COVID-19 pandemic. In 
addition to stock market data, this study includes daily data 
on Foreign Institutional Investors (FII) and Domestic Insti-
tutional Investors (DII), including net investment, sales, and 
purchases, also sourced from Money Control. Mutual Fund 
(MF) data, encompassing net investment, sales, and purchases, 
was obtained from the Securities and Exchange Board of India 
(SEBI) archives.33,34 The initial raw data consisted of 4211 dai-
ly samples. However, 49 dates were omitted from the BSE and 
MF datasets to compensate for missing values in the FII and 
DII data, resulting in a final dataset of 4162 daily samples. For 
simplicity, shorthand notations are used to denote the different 
variables in this study. A list is given in Table 1.

To properly account for the effects of investor sentiment 
and the behavioral differences between foreign and domestic 
investors, we make use of Stationarity and heteroskedasticity 
tests to ensure that the time series properties of returns are 
consistent with behavioral patterns such as overreaction and 
mean reversion. We use models in the order shown in Figure 
1. The use of the VAR framework, along with Impulse Re-
sponse Functions (IRF) and Variance Decomposition Analysis 
(VDA) allow the study to trace how behavioural shocks, of-
ten triggered by news, sentiment, or market panic, propagate 
through time and across variables. Finally, the application of 
ARCH and GARCH models captures the clustering of vola-
tility that behavioural finance attributes to waves of optimism 
and fear among investors. In this way, the econometric design 
translates theoretical ideas about collective behaviour into 
measurable patterns within the data.

3.3. Model Specif ication & Hypotheses:
The data considered is in the form of a time series. The 

Augmented Dicky Fuller (ADF) test was applied to test for 
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Table 1: Variable names and their shorthand, showing the stock market return 
metric and the net, purchase, and sales variables for FIIs, DIIs, and mutual 
funds used in the analysis. These shorthand notations are applied consistently 
throughout the study to simplify regression outputs and diagnostic tables.

Table 2: Stationarity of selected variables, indicating the level or first 
difference at which each series becomes stationary based on the Augmented 
Dickey-Fuller test and its corresponding p-value. The results confirm that 
all series achieve stationarity, ensuring the validity of VAR and GARCH 
modeling.

Figure 1: Conceptual Model Diagram, explaining the flow between the 
various tests and models used throughout the study.
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3.3.2.2. GARCH Model Selection:
Post the confirmation of the ARCH effect in the BSER 

time series, the appropriate GARCH model has to be selected 
in order to test the impact of different variables on the volatili-
ty of stock market returns. The most suitable GARCH Model 
fulfills the following criteria: lowest number of parameters, 
presence of a significant ARCH or GARCH effect, highest 
R² value, highest log likelihood ratio, lowest SIC, absence of 
heteroskedasticity, and absence of serial correlation. The five 
different models that are considered are the Normal Gaussian, 
Student’s t, GED, Student’s t with fixed degrees of freedom, 
and GED with fixed parameters. The results for the same are 
summarized in Table 7. After consideration, it is found that 
out of the considered range, the Student’s t method is the best 
choice model for the present analysis.

Final prediction error, Akaike information criterion, Schwarz 
information criterion, and Hannan-Quinn information crite-
rion to select the appropriate lag values for the VAR model 
comprising BSER and net investments. The results are given 
in Table 3. Each criterion agrees on the appropriate lag order 
being two. The same is true for purchases and sales, as shown 
in Tables 4 and 5, respectively.

* indicates lag order selected by the criterion
LR: sequential modified LR test statistic, FPE: Final prediction error, AIC: 

Akaike information criterion, SC: Schwarz information criterion, HQ: Han-
nan-Quinn information criterion (each test at 5% level)

3.3.2. GARCH Diagnostics:
3.3.2.1. Presence of ARCH Effect:
The presence of an ARCH effect is a preliminary condition 

to administer generalized autoregressive conditional het-
eroskedasticity (GARCH) models.35 This effect can be tested 
in two ways: the presence of volatility clustering in the depen-
dent variable and the existence of heavy tails in the histogram 
of the same. As can be seen in Figures 1 and 2, both of these 
conditions are being met for the dependent variable in this 
study, BSER. Volatility clustering occurs when a high level of 
volatility generally leads to an even higher level of volatility, 
and low volatility leads to lower volatility. Similarly, ‘heavy tails’ 
in a histogram indicate there are more extreme values than 
would be expected under a normal distribution; this can again 
be a sign of volatility clustering.

The heteroskedasticity test is also performed on the BSE 
returns time series for the presence of the ARCH effect. Its 
results are given in Table 6. The p-value for the RESID^2(-1) 
value is <0.05. Thus, the null hypothesis is rejected, and thus 
the ARCH effect is present.
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Table 3: VAR lag order selection criteria results: net investments, showing 
the LogL, LR, FPE, AIC, SC, and HQ values for different lags, with asterisks 
marking the optimal lag based on each criterion. All tests converge on lag 
order two, which is used in subsequent VAR models for net investment flows.

Table 4: VAR lag order selection criteria results: purchases, presenting the 
evaluation metrics across lags to determine the most suitable lag length for 
the VAR model. A lag length of two is consistently selected, capturing both 
short- and medium-term dynamics of institutional purchases.

Table 5: VAR lag order selection criteria results: sales, summarizing the 
lag selection metrics for the sales variables and indicating the optimal lag 
with asterisks under each criterion. Again, lag two is identified as optimal, 
highlighting consistent temporal dependencies across investor sales data.

Figure 2: Volatility Clustering in BSE Returns (BSER) Over Time, 
illustrating periods of heightened fluctuation followed by sustained high 
volatility, characteristic of financial time series behavior. This pattern confirms 
that the BSE exhibits volatility clustering similar to other emerging markets, 
supporting the use of GARCH-type models in subsequent analysis.

Figure 3: Histogram of BSE daily returns (BSER) distribution, showing 
the leptokurtic shape with a high peak and fat tails, indicating frequent small 
changes and occasional extreme movements in returns. This distribution 
demonstrates that BSE returns are non-normal and heavy-tailed, reinforcing 
the need for conditional volatility modeling to capture behavior accurately.

Table 6: Heteroskedasticity test results, presenting the ARCH test output 
with coefficient estimates, significance levels, and model diagnostics. The 
significant p-value for RESID² confirms the presence of an ARCH effect in 
BSE returns, justifying the use of GARCH modeling.
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3.3.3. Hypotheses of the Study:
Vector Autoregression (VAR), Impulse Response function 

(IRF), as well as Variance Decomposition Analysis (VDA), are 
all applied to understand the relation between FII, DII, and 
MF investment behavior and stock market returns. The three 
tests serve different purposes:

VAR helps to understand the type of relation between the 
considered variables. That is to say, whether it is positive or 
negative. The following are the null hypotheses for the same:

H₁ = There is no significant impact of DII investments on mar-
ket returns.

H₂ = There is no significant impact of market returns on DII 
investments.

H₃ = There is no significant impact of MF investments on mar-
ket returns.

H₄ = There is no significant impact of market returns on MF 
investments.

H₅ = There is no significant impact of FII investments on market 
returns.

H₆ = There is no significant impact of market returns on FII 
investments.

H₇ = There is no significant impact of MF investments and DII 
investments.

H₈ = There is no significant impact of FII investments and DII 
investments.

IRF explains the nature of the reaction of a variable to un-
expected innovation or shocks in another. The following null 
hypotheses are considered:

H₉ = There is no significant reaction by market returns to DII 
innovation.

H₁0 = There is no significant reaction by market returns to FII 
innovation.

H₁₁ = There is no significant reaction by market returns to MF 
innovation.

H₁₂ = There is no significant reaction by DIIs to market returns 
innovation.

H₁₃ = There is no significant reaction by MFs to market returns 
innovation.

H₁₄ = There is no significant reaction by FIIs to market returns 
innovation.

H₁₅ = There is no significant reaction by MFs to DII innovation.
H₁₆ = There is no significant reaction by DIIs to MF innovation.
H₁₇ = There is no significant reaction by FIIs to DII innovation.
H₁₈ = There is no significant reaction by DIIs to FII innovation.

VDA allows one to tell the percentage of the variance of a 
variable that is attributed to another variable.

The null hypotheses for it are given by:
H₁₉ = There is no contribution of FII investment to the forecast 

error variance of market returns.
H₂₀ = There is no contribution of DII investment to the forecast 

error variance of market returns.
H₂₁ = There is no contribution of MF investment to the forecast 

error variance of market returns.
H₂₂ = There is no contribution of market returns to the forecast 

error variance of FII investment.
H₂₃ = There is no contribution of MF investment to the forecast 

error variance of FII investment.
H₂₄ = There is no contribution of DII investment to the forecast 

error variance of FII investment.
H₂₅ = There is no contribution of market returns to the forecast 

error variance of DII investment.
H₂₆ = There is no contribution of MF investment to the forecast 

error variance of DII investment.
H₂₇ = There is no contribution of FII investment to the forecast 

error variance of FII investment.
H₂₈ = There is no contribution of market returns to the forecast 

error variance of MF investment.
H₂₉ = There is no contribution of DII investment to the forecast 

error variance of MF investment.
H₃₀ = There is no contribution of FII investment to the forecast 

error variance of MF investment.
Finally, GARCH is used to analyze the effect of investments 

by FIIs, DIIs, and MFs on the volatility of the stock market. 
The following are the sets of null hypotheses for the same:

H₃₁ = There is no significant impact of FII investment on market 
returns volatility.

H₃₂ = There is no significant impact of DII investment on mar-
ket returns volatility.

H₃₃ = There is no significant impact of MF investment on mar-
ket returns volatility.

�   Results and Discussion 
The data and results from the above-mentioned tests are 

summarized and interpreted in the context of the Indian in-
stitutional investors and financial markets. Thus, the specific 
interdependence between institutional investors and BSE re-
turns, as well as the impact of their actions, as given by the 
data sample, is analyzed. The results are divided into two parts: 
trading behavior and volatility analysis. In the first part, VAR, 
IRF, and VDA were applied, and their results are given below.

4.1. Vector Autoregression (VAR) Analysis:
VAR is a method to measure the relation between select-

ed variables’ lagged values to each of the other variables under 
consideration.36 In this case, it allows one to study the impact 
of past behavior of institutional investors and stock market 
returns on current market trends, both in the short and long 
term. Vector autoregression was applied in three models. The 
first considered the net investments of FIIs, DIIs, and MFs 
and BSE returns, and the second and third considered BSE 
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Table 7: Selection of GARCH model, comparing different error distributions 
and reporting key metrics such as log-likelihood, R², and SIC. The Student’s t 
distribution outperforms others, providing the best fit for capturing volatility 
clustering in the BSE returns.
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returns along with purchases and sales, respectively. Tables 8, 
9, and 10 show the results of the same. In each of the models, 
the first lag order represents the short term, and the second 
order represents the long term. A t-value of two is taken as 
significant.

BSER has a positive relation with its past values. Thus, if 
the market yields high returns, it would be predicted to yield 
even higher returns in the future. Over time, however, the re-
lationship in the long term becomes insignificant, and thus, 
the market loses its memory. FIIN has a positive relation with 
market returns in the first lag. When market returns are high, 
foreign investors view it as a sign of a thriving market, prompt-
ing them to purchase more and sell less, thereby increasing net 
investments. Conversely, when market returns are low, FIIs 
withdraw from the market, cease investing, and sell more to 
minimize losses. This behavior showcases FIIs as return chas-
ers and emphasizes the need for the Indian market to reduce 
its reliance on them. In the second lag, FIIN has a negative 
relation with BSER. DIIN and MFN, however, have a negative 
relationship with BSE returns in both the first and second lag. 
When market returns are low, FIIs exit the market, causing 
instability, and DIIs and MFs step in to invest and stabilize the 
market, acting as supporters. The opposing relations, the impact 
of institutional investments on market returns, are insignifi-
cant, except for FII investments in the first lag. This shows that 
FIIs have the only significant impact on market returns, with 
higher investments leading to higher returns, and the opposite 
if otherwise. FIIN shows a negative relationship with its lagged 
values, indicating FIIs’ tendency to contrast their investments 
by frequently changing investment patterns. DII and MF net 
investment also oppose the first lag FIIN values, but their re-
sponse to the second lag values is insignificant. DIIs, like FIIs, 
invest contrary to their previous investments and constantly 
adapt their strategies. Mutual Funds are positively influenced 
by the second lag DII investment values. However, DIIs react 
negatively in the first lag to MF investments. MFN, like FIIs 
and DIIs, contrasts with its lagged values.

The relation between institutional investor purchases and 
lagged values of BSER is similar to that of net investments. 
The results show that BSE returns exhibit a significant pos-
itive relationship with their own first lag. Conversely, there is 
a negative relationship between lagged BSE returns and both 
DII purchases and MF purchases in the first lag, the reason 
for which is similar to that of net investments. Additionally, 
FII purchases have a significant positive relationship with the 
first lag BSE returns in the first lag. For the FII purchases, 
the model reveals a significant negative relationship with DII 
purchases in the first lag, signifying that in times when FIIs 
purchase more, DIIs tend to do less. Furthermore, past FII 
purchases exhibit a significant negative correspondence with 
current purchases, as shown by the significant negative rela-
tionship with their own first and second lag. There is also a 
significant positive relation between previous second lag DII 
purchases and FII purchases, contradictory to the opposite re-
lation of the first lagged value of FIIP and DIIP. This may be 
because of differing investment strategies employed by the two 
types of investors. MFs are shown to purchase similarly to first 

lag purchases by DIIs. Second lag MF purchases show signif-
icant negative relationships with FII purchases in the second 
lag. This contrasts FIIs’ relationship with DIIs, showing that 
FIIs invest similarly to MFs but not DIIs, emphasizing the 
importance of considering MFs as an independent type of in-
vestor from DIIs.

In the case of investor sales, the opposite is generally true 
for purchases (with some exceptions). The results show that in 
the first lag, BSER exhibits a positive relationship with its past 
values, indicating that in the short term, good returns lead to 
better returns, and vice versa. However, in the long term, the 
market tends to lose this memory. In the short term, BSER has 
a positive relationship with both DIIS and MFS, suggesting 
that they tend to sell less when the market is in crisis, thereby 
supporting the market. On the other hand, FII sales are shown 
not to affect market returns in the short and long term. The 
model reveals that in the first lag, FIIS has an insignificant 
relationship with BSER, DII sales, and MF sales. However, in 
the second lag, FIIS exhibits a significant negative relationship 
with its past values.
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Table 8: VAR model results for net investments and BSE returns representing 
the relationship between stock market returns and net investment flows of 
FIIs, DIIs, and mutual funds.

Table 9: VAR model results for purchases and BSE returns, showing the 
short-term interactions between market returns and the purchase-side 
activities of FIIs, DIIs, and mutual funds.
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DIIS demonstrates a significant positive relationship with 
FIIS in the first lag, suggesting that higher DIIS sales corre-
spond with higher FIIS. There is also a significant negative 
autocorrelation for DIIS sales in the second lag, indicated by a 
negative relationship with its own past values. In the first and 
second lag, DII sales show a significant negative relationship 
with MFS. MFS shows a significant positive relationship with 
BSER and DII sales in the first lag, showing that increased 
MFS leads to increases in BSER and DIIS. Additionally, in 
the second lag, MFS continues to exhibit significant negative 
relationships with FIIS and with their past values, indicating 
a negative trend that persists over time. One can thus see that 
while FIIs purchase only at times of high returns to maximize 
profit, DIIs support the market by purchasing in times of crisis. 
Similar results have been uncovered by Bulsara et al., Singh et 
al., Bose, and Sathish.13,14,19,37 MFs invest similarly to DIIs, that 
is to say, in times of low returns (Singh et al.).14 Furthermore, 
BSE returns seem to be unaffected by investor sales and pur-
chases.

4.2. Impulse Response Function (IRF) Analysis:
IRF was applied to FII, DII, and MF net investments as well 

as BSE returns. The IRF allows one to investigate the impact 
of any anomalous events that may occur in a market to gain 
insights pertaining to how investors react in times of surprises 
and panic. Figure 4 shows the results for the same. BSER re-
sponds insignificantly to FII, DII, as well as MF anomalies, but 
not significantly. It can be observed that FIIN has a positive 
relation with BSER innovation. This means that an unexpect-
ed increase in BSER means FIIs would invest more, and the 
opposite if returns drop. The same is significant only for 5 days. 
DIIs and MFs both have a negative relationship between net 
investments and BSER. This is because any anomalously low 
returns in BSER would mean that DIIs and MFs would im-
mediately step in to support the market. The period of this 
positive relation is 5 days, the same as that of FIIs’ response. 
Thus, after FIIs begin to reinvest in the market after 5 days, 

DIIs and MFs stop supporting the market, and the market re-
sumes its dependence on FII investments.

FIIs respond negatively to sudden changes in DIIN, and vice 
versa. This is because any anomaly in DIIs causing high invest-
ment would be when it wants to support the market. During 
this time, FIIs would typically back out of the market. On the 
other hand, FIIs respond insignificantly to unexpected invest-
ments by MFs; however, the opposite is not true, and MFs 
respond negatively to FII innovation. MFs respond significant-
ly and positively to any anomalous events in DIIs, following 
their behavior for 7 days, whereas DIIs do not respond much 
to MF impulses, as MFs are only a subgroup of DIIs.

4.3. Variance Decomposition Analysis (VDA):
Variance Decomposition Analysis (VDA) tells us the per-

centage of the variance of a particular variable attributed to all 
considered variables. It allows us to understand the magnitude 
of the influence investors have on the market, and vice versa, as 
well as how much influence they hold on each other's behavior. 
This algorithm is applied to BSER and net investments. Tables 
11-14 show the results for this. Almost 100% of the variance 
of BSE returns is attributed to itself, with this number varying 
negligibly as time goes on. DIIs are responsible for approxi-
mately 85% of their variance, with this decreasing to 84% as 
time goes on. The majority of the rest is attributed to FII in-
vestments, which shows that DIIs sometimes do get impacted 
by FII investments, most likely during times when the FIIs 
make relatively larger purchases and sales. FIIs are responsible 
for the majority of their variance. BSER also influences the 
variance of FII investments, with 6.6% in the first period and 
7% in the last. A large part of the variance of MF is attributed 
to DIIs, as MFs are in themselves a part of DIIs. However, a 
small portion of MF variance is also attributed to FIIs, thus 
showing that MFs are indeed responsive to FII investments.

Table 10: VAR model results for sales and BSE returns, illustrating how 
market returns respond to the sales-side activities of institutional investors 
and mutual funds over two

Figure 4: Impulse response function (IRF) results of BSE returns (BSER) 
and institutional net investments (FIIN, DIIN, MFN). The figures describe 
the effects of one deviation shock over a ten-period horizon with error 
bands describing confidence intervals. Shocks to FIIN deliver the largest 
instantaneous shock to BSER, although the latter dissipates promptly, while 
shocks from DIIN and MFN deliver smaller though longer–lived effects. 
Accordingly, shocks from BSER trigger substantial responses from FIIN, 
reflecting greater interdependence of domestic stock performance with foreign 
flows as opposed to domestic institutions or mutual funds. This indicates that 
foreign institutional flows dominate short-term volatility transmission in 
India’s stock market, underscoring the market’s sensitivity to external capital 
movements.
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4.4. Volatility Analysis:
The GARCH test has been employed to test for the im-

pact of institutional investor investments on the volatility 
of BSE returns. To apply this test, it is crucial to first verify 
the presence of the ARCH effect and choose the best possi-
ble GARCH model for our analysis, which has been done in 
Section 3.2. The best model is found to be Student’s t. The 
volatility analysis of the BSER time series, with variables being 
the net investments, purchases, and sales of the institutional 
investors, is done. The results are given in Tables 15-17.

With net investments of DIIs, FIIs, and MFs as the indepen-
dent variable, the p-value < 0.05. Thus, the effect on volatility 
is significant. The effect of FII investments on BSE returns 
volatility is positive. This shows that higher investments by 
FIIs in the Indian stock market led to higher volatility and 
vice versa. There are various possible reasons for this. FIIs of-
ten engage in larger buys and sells that significantly impact 
the market. Herding behavior, when FIIs invest synchronously 
due to similar investment strategies, also amplifies the effect of 
their actions. The high sensitivity to market changes, especially 
due to them not being an intrinsic part of the economy, makes 
their actions unpredictable, increasing volatility.

On the other hand, the coefficient for DIIN is negative; 
thus, a higher DII investment is shown to decrease the volatil-
ity of the market. This is because they would usually have trust 
and belief in their home country’s market, and would invest 
accordingly to minimize volatility. They would generally be less 
affected by anomalies in external markets, and thus their per-
formance would not depend on external factors. They would 
also be more likely to invest in smaller firms and companies, 
which would overall stabilize the market. MF investments in-
crease volatility, likely due to factors such as herding, which is 
shown to increase volatility. DII purchases are shown to de-
crease volatility for reasons similar to those of net investments. 
The effect of FII purchases on market volatility is insignifi-
cant. This is because the unpredictability of FIIs does not allow 
them to stabilize the market with their purchases, which leads 
to their effects being negligible. MF purchases also do not 
impact volatility, mainly because of their relatively small size. 
Higher FII and MF sales are shown to decrease volatility in 
the market. This is because FIIs are known to be return chasers, 
which causes unpredictability in the market.

Thus, when FIIs sell stocks, they become less active in the 
market, which causes market volatility to decrease. Moreover, 
MFs are managed by experienced managers who may tend to 
avoid large sell-offs that cause market disruption. On the other 
hand, higher DII sales are seen to increase volatility. DIIs often 
invest in smaller stocks compared to FIIs. Thus, sell-offs by 
DIIs can lead to major price drops and thus increased volatility.

Table 11: Variance decomposition of BSE returns, showing how return 
variance is driven almost entirely by its own shocks with negligible 
contributions from institutional flows. This underscores the self-persistent 
nature of stock market returns compared to external investment flows.

Table 12: Variance decomposition of DII net investments, indicating 
influence from market returns and other flows. DIIs remain largely self-
driven, though a small share of their variance is attributed to FIIs, suggesting 
occasional foreign spillover effects.

Table 13: Variance decomposition of FII net investments, showing variance 
explained by BSE returns and institutional activity. While FIIs are mostly 
self-determined, BSE returns account for a meaningful share, confirming their 
return-chasing tendencies.

Table 14: Variance decomposition of MF net investments, highlighting 
contributions from returns and other flows. MFs are influenced significantly 
by DIIs, consistent with their categorization as a DII subgroup, but also show 
sensitivity to FIIs in the longer term.
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�   Conclusion 
The objective of this study was to examine the relationship 

between institutional investors—namely FIIs, DIIs, and MFs- 
and their impact on the volatility and returns of the Indian 
stock market. The primary findings underscore the significant 
role institutional investors play in influencing market dynam-
ics. FIIs notably affect BSE returns, as they tend to increase 
their investments when market returns are high, thereby driv-
ing the market upward, and withdraw their investments when 
returns are low, exacerbating market instability. This pattern is 
also observed in response to shocks in market returns, where 
FIIs invest more during periods of unusually high returns. 
Conversely, domestic investors and mutual funds serve as sta-
bilizing forces, intervening to invest during market downturns 
and providing support when returns are low, a behavior simi-
larly observed during anomalous events. Moreover, while both 
mutual funds and foreign investors contribute to market vol-
atility, DIIs do not exhibit the same effect. The stark contrast 
between MFs and DIIs can be attributed to the distinctive 
behaviors of mutual funds compared to other DIIs, including 
factors such as herding tendencies.

The implications of these findings are multifaceted, impact-
ing policymakers, market regulators, institutional investors, 
and individual investors. For policymakers and regulators, 
understanding the contrasting effects of different types of in-
stitutional investors can aid in creating policies that balance 
market growth with stability. Enhanced surveillance systems to 
track the investment patterns of institutional investors can help 
in early identification of potential market disruptions, particu-
larly those caused by FIIs. Adjustments to existing regulations 
may be necessary to ensure that the activities of FIIs do not lead 
to disproportionate market swings, such as imposing transac-
tion limits or introducing cooling-off periods. For institutional 
investors, particularly DIIs and MFs, leveraging their stabiliz-
ing role can attract more investments by promoting themselves 
as safe and reliable options during market downturns, while 
FIIs can adopt more sophisticated risk management practices 
to minimize their adverse market impact. Individual investors 
can benefit from understanding the behavior of institutional 
investors, making more informed decisions about fund alloca-
tion, particularly in volatile market conditions, and adjusting 
their portfolios accordingly. The stabilizing presence of DIIs 
and MFs can enhance market liquidity, making it easier for 
investors to buy and sell securities without causing significant 
price changes, contributing to a more efficient market where 
prices reflect true value. During financial crises, the stabiliz-
ing influence of DIIs and MFs can prevent market free-falls, 
ensuring a more orderly correction rather than a chaotic down-
turn, maintaining investor confidence, and reducing panic 
selling. Overall, these insights can lead to more resilient and 
robust financial markets, fostering a more stable and predict-
able investment environment and contributing to the overall 
health of the financial system.

Although this study focuses on the Indian stock market, the 
methods and findings are relevant to other emerging economies 
with similar market structures and behaviors. The combination 
of VAR, IRF, VDA, and GARCH models offers a strong way 
to track the transmission of shocks, measure how long volatil-
ity lasts, and capture fluctuations driven by investor sentiment. 
Many emerging markets have traits like high retail participa-
tion, uneven access to information, and sensitivity to economic 
events. These factors often intensify behavioral effects like 
herding and overreaction. Using this framework in markets like 
Brazil, Indonesia, or South Africa could help policymakers and 
analysts understand how local and global shocks affect investor 
behavior. This understanding could improve risk management 
and financial stability strategies in similar contexts.

Despite the comprehensive analysis, this study has limita-
tions. The reliance on historical data may not fully capture the 
dynamic nature of market behavior. Additionally, the study fo-
cuses on net investments, purchases, and sales, which might 
overlook other factors influencing market returns and volatil-
ity, such as macroeconomic variables and geopolitical events. 
Future research can expand on this study by incorporating a 
broader set of variables, including macroeconomic indicators 
and sentiment analysis from news and social media. Addi-
tionally, examining the behavior of retail investors alongside 

Table 15: Student’s t GARCH model for net investments, showing the 
impact of FII, DII, and MF net flows on BSE return volatility. The model 
reveals that FIIs and MFs increase volatility through herding, while DIIs exert 
a stabilizing effect.

Table 16: Student’s t GARCH model for purchases, presenting the effect of 
institutional purchase activity on return volatility. The results indicate that DII 
purchases reduce volatility, while FII and MF purchases have no significant 
impact.

Table 17:  Student’s t GARCH model for sales, highlighting how institutional 
sales influence volatility. FII and MF sales reduce volatility, while DII sales 
amplify it, reflecting different roles of institutional investor categories in 
shaping market stability.
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institutional investors could provide a more holistic view of 
market dynamics.

In conclusion, this research highlights the critical role of 
institutional investors in shaping the Indian stock market's vol-
atility and returns. By addressing the limitations and exploring 
new avenues for research, a deeper understanding of market 
dynamics can be achieved, ultimately contributing to more in-
formed investment and policy decisions.
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ABSTRACT: Cellular senescence contributes to organismal aging and age-related diseases through the irreversible cell-
cycle arrest and a pro-inflammatory secretome, known as the senescence-associated secretory phenotype (SASP). Fibroblasts 
play an essential role in preserving the balance of the extracellular matrix (ECM) by producing and reorganizing collagen and 
other structural proteins. As the body ages, however, these cells gradually enter a senescent state and begin releasing matrix 
metalloproteinases (MMPs) and inflammatory cytokines, which can break down collagen and alter normal tissue structure. 
Dysregulation of collagen metabolism, such as reduced synthesis and excessive degradation, underlies many age-related pathologies, 
ranging from skin wrinkles to organ fibrosis. This review discusses the mechanisms of fibroblast senescence and collagen aging, 
and surveys “senotherapeutic” strategies, senolytics, senomorphics, fibroblast reprogramming, and biomaterials that target these 
processes. In addition, it summarizes recent studies of interventions targeting senescent fibroblasts and collagen. It compares 
aging-associated collagen changes across tissues, emphasizing applications in skin regeneration, orthopedics, cardiovascular repair, 
and fibrosis.  

KEYWORDS: Medical and Health Sciences, Cell Biology, Fibroblast Senescence, Collagen Remodeling, Senotherapeutics. 

�   Introduction
Aging is a multifactorial and inevitable biological process 

characterized by a gradual decline in the structural integrity 
and function of tissues across organ systems. One of the most 
recognized cellular hallmarks of aging is cellular senescence, a 
state of permanent growth arrest in which cells lose the abili-
ty to divide but remain metabolically active.1 Initially, cellular 
senescence serves beneficial roles, such as preventing tumor-
igenesis and promoting wound healing.2 Over time, however, 
the chronic accumulation of senescent cells (SnCs) drives per-
sistent inflammation, fibrosis, and functional decline across 
multiple organs.3 This paradox has made SnCs a major thera-
peutic target in modern aging research.2

Among the various cell types prone to senescence, fibro-
blasts play a particularly central role because they maintain the 
ECM, a network of proteins that gives tissues their structure 
and strength.4 With age, fibroblasts lose their normal regener-
ative capacity and develop SASP, meaning they start releasing 
many inflammatory molecules that can affect nearby cells.2 
Senescent fibroblasts begin secreting proinflammatory cy-
tokines and matrix-degrading proteases that cleave collagen, 
the most abundant protein in the ECM.4 As the disruption 
of collagen homeostasis continues with age, tissues gradually 
lose their structural strength, becoming more lax and slower 
to heal, while developing a pro-fibrotic environment in many 
organs. Consequently, fibroblast senescence and collagen im-
balance form a pathological nexus underlying the link between 
molecular aging and overt tissue degeneration.5

This review aims to highlight the close relationship between 
fibroblast senescence and collagen remodeling, emphasizing 
how these processes together drive tissue degeneration. It sum-
marizes the mechanisms by which senescent fibroblasts alter 

the collagenous microenvironment. The review cfurther dis-
cusses senotherapeutic interventions, including senolytic and 
senomorphic agents, fibroblast rejuvenation techniques, and 
collagen-based biomaterials, aimed at restoring tissue integrity. 
Finally, it discusses how these approaches extend beyond the 
skin to other organs and outlines the current limitations and 
translational challenges that must be overcome to realize se-
nescence-targeted regenerative medicine.

�   Discussion 
Mechanism: From SnCs and SASP to Collagen Breakdown:
SnCs are characterized by an irreversible cell-cycle arrest ac-

companied by an active secretory phenotype.6 Senescence can 
be triggered by telomere shortening, DNA damage, oncogenic 
signals, or other stresses that activate tumor-suppressor path-
ways (p53/p21CIP1 and p16INK4a/Rb), which are key proteins that 
enforce cell-cycle arrest and prevent damaged cells from divid-
ing, enforcing permanent growth arrest.7 SnCs resist apoptosis 
and instead secrete a complex SASP. Key SASP factors include 
pro-inflammatory cytokines such as IL-6, IL-1β, and IL-8, as 
well as chemokines (CXCL family), growth factors (TGF-β 
and PDGF), and proteases (MMP-1, MMP-3, and MMP-9).8 
SASP factors can act on nearby cells through both autocrine 
and paracrine signaling, causing them to enter a senescent state 
as well. Over time, this process contributes to ongoing tissue 
remodeling and inflammation. As this chronic SASP persists, 
it promotes a low-grade inflammatory environment that leads 
to fibrosis, disrupts stem cell function, and accelerates tissue 
aging.6 Recent single-cell studies comparing active and inactive 
keloid scars have shown that certain fibroblast groups involved 
in inflammation and blood vessel formation are much more 
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abundant in active lesions. This finding suggests that fibroblast 
diversity and ongoing inflammation may both contribute to the 
abnormal collagen remodeling seen in keloids.9 Importantly, 
SASP proteases directly target the ECM: secretion of MMPs 
by SnCs cleaves collagen and other matrix components, lead-
ing to structural breakdown of tissues. Dermal fibroblasts, for 
example, produce a SASP that is especially rich in MMP-2, 
MMP-9, and inflammatory cytokines such as IL-6 and IL-8, 
which directly weaken the collagen scaffold of the skin.5,10 As 
shown in Figure 1, senescent dermal fibroblasts in aged skin 
secrete MMPs and pro-inflammatory cytokines that fragment 
collagen fibers and perpetuate local inflammation.

This loss of collagen integrity represents a central mecha-
nism of skin aging. Collagen fragmentation further disrupts 
cell-matrix signaling. Studies have shown that collagen frag-
ments trigger aberrant responses in fibroblasts, including 
upregulation of additional MMPs and suppression of new col-
lagen synthesis.11 In photoaged skin, ultraviolet (UV)-induced 
collagen breakdown leads to a senescencelike phenotype in fi-
broblasts, reinforcing this feedback loop of damage. Conversely, 
age-related alterations in collagen mechanics can themselves 
promote fibroblast senescence. A stiffened collagen matrix in-
creases integrin signaling, the way cells sense and respond to 
the stiffness of their surroundings, which then triggers p16INK4A 
expression in fibroblasts. In this way, deterioration of the col-
lagenous ECM contributes to SnCs accumulation, while SnCs 
in turn accelerate collagen degradation, forming a vicious cy-
cle of aging.12,13 Conversely, recent studies demonstrate that 
upregulation of HSP47 in dermal fibroblasts enhances type I 
collagen secretion and restores matrix homeostasis, highlight-
ing the potential of molecular chaperone–based approaches to 
counteract fibroblast senescence.14

Therapeutic Strategies Targeting Senescent Fibroblasts and 
Collagen:

Therapeutic approaches to mitigate fibroblast senescence 
and its impact on collagen homeostasis can be broadly catego-
rized into four mechanistic groups: senolytics, senomorphics, 
fibroblast rejuvenation strategies, and collagen-based bioma-
terials. Senolytic drugs (compounds that specifically eliminate 
SnCs) have shown promising results in restoring collagen 
production. In contrast, senomorphic agents (drugs that calm 
harmful secretions from SnCs without killing them) help re-
duce chronic inflammation and tissue damage.15 Senolytics 
selectively eliminate SnCs, whereas senomorphics suppress 
SASP and other deleterious SnC activities without inducing 
cell death. Fibroblast rejuvenation techniques, such as transient 
reprogramming or exposure to youthful paracrine factors, aim 
to restore aged fibroblasts to a more youthful state. Finally, col-
lagen-based biomaterials can directly counteract collagen loss 
while modulating fibroblast-ECM interactions to promote 
tissue integrity. Table 1 summarizes recent senotherapeutic 
interventions (2020–2025) targeting senescent fibroblasts, 
including each agent’s mechanism, experimental model, and 
major outcomes related to senescence and collagen regulation. 
To provide a conceptual overview, Figure 2 schematically illus-
trates these four therapeutic categories, highlighting how each 
strategy acts on senescent fibroblasts and collagen remodeling.
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Figure 1: Comparison of fibroblast activity and collagen structure in young 
and aged Skin. In young skin (left), quiescent fibroblasts (brown) maintain 
a collagen-rich dermal ECM. Fibroblasts in aged skin (right) enter a 
senescent state (pink) and release SASP factors that gradually 
weaken and fragment the collagen network (gray dashed fibers). This 
figure highlights how senescent fibroblasts contribute to collagen 
fragmentation and local inflammation, illustrating the central 
mechanism of skin aging. It visually compares young and aged skin to 
emphasize how fibroblast senescence leads to ECM damage. 

Table 1: Recent senotherapeutic interventions (2020–2025) targeting 
fibroblasts. The listed studies illustrate how different senolytic and 
senomorphic agents alleviate fibroblast senescence, reduce SASP 
factors, and promote collagen regeneration across experimental 
models.
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Senolytic Therapies:
Senolytic therapies are based on the principle that SnCs 

rely on specific anti-apoptotic and survival signaling networks, 
known as SnC anti-apoptotic pathways (SCAPs), to resist 
programmed cell death. By pharmacologically blocking these 
pathways, senolytics trigger apoptosis in SnCs while sparing 
normal, proliferative, or quiescent cells.24 For instance, the 
well-known senolytic combination dasatinib and quercetin 
(D+Q) targets multiple kinases and oxidative stress path-
ways to induce apoptosis in SnCs. In dermal fibroblasts, this 

treatment reduces SASP cytokines such as IL-6 and MMPs 
while restoring collagen synthesis.16,25 Similar outcomes have 
been reported for the BH3 mimetic navitoclax, which inhibits 
BCL-2/BCL-xL to selectively clear senescent fibroblasts and 
enhance collagen remodeling.17,26 Other senolytics, includ-
ing FOXO4-DRI, fisetin, and BTSA1, act through different 
apoptotic checkpoints but share the same goal, removing SnCs 
to rejuvenate the surrounding tissue microenvironment.18,19,22

Senomorphic Therapies:
Senomorphic therapies, often called senostatics, are de-

signed to reduce the negative impact of SnCs without 
removing them. They work by limiting the SASP response 
through the regulation of major signaling pathways related to 
inflammation and aging, including NF-κB, mTOR, and JAK/
STAT.27 By dampening SASP activity, senomorphics can re-
duce chronic inflammation and prevent tissue damage caused 
by accumulated SnCs. A well-studied example is rapamycin, 
an mTOR inhibitor that lowers SASP factors and helps re-
store ECM balance.20 Other compounds, such as JAK1/2 
inhibitors or metabolic regulators like metformin, similarly 
adjust SASP transcription and limit collagen degradation. By 
maintaining the viability of fibroblasts while normalizing their 
secretory profile, senomorphic agents help control the harmful 
activity of SnCs and support normal tissue function without 
removing the cells.

Fibroblast Rejuvenation:
Fibroblast rejuvenation strategies aim to restore the normal 

function of aging fibroblasts so that they can once again sup-
port tissue repair and maintenance. These methods often focus 
on reprogramming or adjusting aged fibroblasts to recover 
healthier epigenetic and metabolic patterns. As a result, the 
cells may regain their ability to divide, produce collagen, and 
maintain the ECM. Recent findings provide evidence for this 
idea. In one study, researchers partially reprogrammed aged fi-
broblasts on micropatterned surfaces and then allowed them 
to re-differentiate within a three-dimensional collagen matrix. 
The resulting fibroblasts showed fewer signs of DNA dam-
age, better cytoskeletal structure, and greater ECM production 
compared to untreated cells.28 Likewise, transient expression of 
Yamanaka factors in middle-aged human fibroblasts reversed 
several aging markers. These cells regained a more youthful 
transcriptomic profile, increased collagen expression, and im-
proved migratory capacity.29 In addition, treatment with cold 
atmospheric plasma (a non-thermal ionized gas) was found 
to protect dermal fibroblasts from oxidative stress and delay 
their senescence, ultimately preventing UV-induced wrinkle 
formation.30 Taken together, these results indicate that care-
fully regulating cellular reprogramming and the surrounding 
microenvironment can help revive fibroblast function and pro-
mote tissue regeneration.

Collagen-Based Biomaterials:
Collagen-based biomaterials are engineered scaffolds 

composed of collagen designed to mimic the natural cellu-
lar environment and facilitate tissue regeneration, repair, and 
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Figure 2: Schematic summary of four main strategies that reduce 
fibroblast senescence and improve collagen remodeling. This figure 
organizes the main therapeutic approaches into four categories, 
showing how each supports fibroblast rejuvenation and collagen repair. 
These include (A) senolytic agents, (B) senomorphic compounds, 
(C) methods that rejuvenate fibroblast function, and (D) collagen-
based biomaterials designed to restore tissue integrity. Together, they 
provide a clear overview of how different approaches can cooperate
to rebuild healthy tissues.
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been shown to enhance both ejection fraction and electrical 
signaling in preclinical studies.40 At the same time, progress in 
biomaterial-based therapies is promising, as acellular collagen 
patches and injectable hydrogels not only reinforce the injured 
myocardium structurally but also influence fibroblast activity 
in ways that promote tissue repair. Type I collagen-based scaf-
folds, for instance, have been shown to reduce scar size and 
adverse remodeling after MI.41 Beyond cardiac tissue, fibrot-
ic skin disorders such as keloids exhibit excessive fibroblast 
activation and collagen deposition, leading to pathological 
ECM accumulation. Notably, a recent three-dimensional ke-
loid spheroid model demonstrated that interactions between 
fibroblasts and the ECM can influence drug responsiveness, 
suggesting its value as a platform for developing personalized 
anti-fibrotic therapies.42

Lung: Fibroblast senescence is also a central mechanism in 
pulmonary fibrosis and age-related lung decline. In idiopath-
ic pulmonary fibrosis (IPF), senescent myofibroblasts persist 
and secrete excessive ECM, driving progressive scarring.22,43 
Their SASP promotes chronic inflammation and secondary 
senescence, creating a self-sustaining disease cycle.44 Recent 
work has shown encouraging results with senescence-target-
ed interventions. Dasatinib plus quercetin reduced fibrosis 
in bleomycininduced models,45 and early clinical studies in 
IPF patients indicate feasibility and potential biomarker im-
provements.46 Beyond drug-based therapies, bioengineering 
approaches seek to normalize the microenvironment. Soft or 
degradable scaffolds that modulate ECM stiffness can sup-
press fibroblast activation and encourage regeneration. Thus, 
a combined strategy, first eliminating SnCs, then rebuilding a 
healthy ECM, may be the most effective path toward restoring 
lung function.

Liver: The liver provides a clear example of how cellular 
senescence can exert both beneficial and detrimental effects 
depending on the physiological context. During acute inju-
ry, hepatic stellate cells (HSCs) activate to deposit collagen 
but later enter senescence, which helps halt further fibrosis. 
These senescent HSCs also release enzymes and immune sig-
nals that aid scar resolution and attract natural killer cells to 
clear excess tissue.47 However, if these cells are eliminated too 
early, recovery may be impaired since they also secrete regen-
erative cytokines such as IL-6.48 In contrast, in chronic liver 
disease, senescent HSCs and hepatocytes persist, maintaining 
inflammation and promoting fibrosis. Senescent hepatocytes 
accumulate in advanced fatty liver disease, where their SASP 
contributes to both fibrogenesis and carcinogenesis.49

Recent transcriptomic analyses identified a senescent 
hepatocyte gene signature (SHGS) in metabolic dysfunction-as-
sociated steatotic liver disease. Removing SHGS-positive 
hepatocytes improved liver function and reduced fibrosis in 
obese mice.50 At the same time, biomaterial platforms such 
as decellularized liver ECM scaffolds offer structural cues 
that may support regeneration once fibrosis subsides.51 Taken 
together, these observations emphasize that the effects of se-
nescence are highly context-dependent, which reinforces the 
importance of developing interventions that are both selective 
and time-sensitive.

functional recovery. Because collagen possesses excellent bio-
compatibility and intrinsic cell-binding sites, collagen-based 
materials form a three-dimensional framework that supports 
cellular attachment, migration, and proliferation.31 In aging 
skin and chronic wounds, collagen-based sponges, dressings, 
and hydrogels act as temporary scaffolds that facilitate fibro-
blast migration while regulating the retention and release of 
growth factors. Furthermore, these collagen matrices can mod-
ulate fibroblast activity. Porous collagen scaffolds seeded with 
fibroblasts or mesenchymal stem cells have been demonstrated 
to promote dermal regeneration and attenuate scar forma-
tion.32 Recently, researchers have developed “smart” collagen 
biomaterials functionalized with bioactive molecules. For 
example, collagen hydrogels can be loaded with senolytic or 
anti-inflammatory drugs to remove SnCs or suppress SASP at 
the implantation site locally.33 In clinical dermatology, collagen 
remodeling and rejuvenation are also pursued through practi-
cal strategies, such as combining radiofrequency (RF) energy 
devices with collagen-stimulating injectables like poly-L-lac-
tic acid fillers, which have demonstrated efficacy in improving 
skin elasticity and dermal structure.34 Likewise, a clinical study 
using biocompatible magnesium microneedle patches showed 
measurable wrinkle reduction and increased dermal thickness, 
suggesting that minimally invasive mechanical stimulation can 
activate dermal fibroblasts and promote collagen regenera-
tion.35 Similarly, a dissolvable microstructure patch made of 
crosslinked hyaluronic acid has been shown to improve skin 
hydration and reduce fine wrinkles without irritation signifi-
cantly.36

Implications for Other Organs:
While the preceding sections focused on dermal fibroblasts 

and collagen remodeling in the skin, similar senescence–colla-
gen interactions have been identified across multiple organs. In 
many tissues, fibroblast dysfunction contributes to fibrosis, loss 
of elasticity, and age-related functional decline.

Heart: In the aging heart, the accumulation of senescent 
fibroblasts together with disruptions in collagen remodeling 
plays a central role in driving myocardial stiffness and the 
subsequent decline in cardiac performance. Unlike the skin, 
where collagen levels typically decrease with age, the aging 
heart shows an opposite trend as excess collagen accumulates 
around cardiomyocytes, leading to interstitial fibrosis and 
reduced tissue compliance.37 Following myocardial infarc-
tion (MI), activated fibroblasts deposit collagens I and III to 
stabilize the injured area.38 Although fibroblast activation ini-
tially serves a protective role after cardiac injury, its persistent 
stimulation and the onset of senescence eventually lead to 
excessive collagen crosslinking and stiff scar formation that 
impairs contractility.39 This maladaptive fibrosis is a hallmark 
of diastolic heart failure. Senescent fibroblasts worsen cardiac 
dysfunction by secreting pro-inflammatory SASP components 
and driving excessive ECM deposition. In aged mouse models, 
the targeted removal of these SnCs has been reported to less-
en fibrosis and myocardial hypertrophy, ultimately improving 
diastolic performance. Senolytic agents that inhibit anti-apop-
totic proteins, including BCL-2 and BCL-xL, have further 
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Immune and Microenvironment Interactions:
The interactions among SnCs, immune components, and 

the surrounding ECM further contribute to the multifac-
eted nature of tissue remodeling. The elimination of SnCs 
can provoke an acute immune response, characterized by 
the recruitment of macrophages and natural killer cells that 
help clear residual cellular debris.64 In aged individuals, the 
inflammatory response to senolytic therapy may become un-
predictable. Moreover, senescent fibroblasts often reside in 
stiff, fibrotic ECM regions. Simply eliminating these cells 
without addressing the altered microenvironment may lead to 
recurrence of senescence or continued fibrosis.65 Optimizing 
treatment timing and dosing, perhaps by combining senolyt-
ics with ECM-modifying or anti-fibrotic agents, could help 
maintain immune balance and promote true regeneration.

Biomaterial and Delivery:
Collagen scaffolds and other biomaterials hold promise as 

localized delivery systems, but they also present design chal-
lenges. If a scaffold is too stiff or excessively crosslinked, it may 
hinder fibroblast migration or even provoke fibrosis instead 
of repair.66 Moreover, biomaterials designed to deliver thera-
peutic agents should provide stable release kinetics and precise 
targeting of senescent microenvironments within tissues.33 
Future biomaterial platforms will need to integrate spatio-
temporal control, releasing therapeutic factors only when and 
where SnCs are detected.

Future Perspectives
Going forward, research efforts should focus on address-

ing the existing limitations of senescencetargeted therapies by 
enhancing both their biological specificity and translational 
potential. In addition, extrinsic aging factors, such as photoa-
ging, deserve attention, as they accelerate fibroblast senescence 
and collagen breakdown in the skin. For example, chronic UV 
exposure triggers the TGFβ/Smad3 signaling pathway, which 
elevates MMP activity and increases reactive oxygen species, 
thereby accelerating collagen breakdown and skin aging. More-
over, senescent keratinocytes in photoaged skin may influence 
nearby fibroblasts through paracrine signaling, potential-
ly amplifying tissue aging.67 One key direction is to identify 
reliable biomarkers that can distinguish harmful, chronically 
senescent fibroblasts from transient, beneficial ones in living 
tissues. In parallel, scientists are developing targeted delivery 
systems such as antibody–drug conjugates and ligand-modi-
fied nanoparticles that can recognize unique surface proteins 
on senescent fibroblasts and deliver drugs directly to these 
cells.68 Another important step will be to design combination 
strategies that integrate multiple therapeutic approaches. For 
instance, pairing senolytics with pro-regenerative factors like 
growth factors, ECM–modifying enzymes, or partial repro-
gramming signals could both eliminate SnCs and stimulate 
the regeneration of healthy fibroblasts. Long-term studies 
will also be essential to understand how extensive clearance of 
SnCs affects overall tissue stability, immune function, and even 
cancer risk.69 Ultimately, the success of senescence-based in-
terventions will depend on patientspecific factors. Identifying 

Other Organs: Comparable fibroblast–collagen interactions 
occur in other aging organs. In the kidney, senescent fibro-
blast-like cells accumulate after chronic injury, promoting 
interstitial fibrosis and renal dysfunction. Senolytic treatments 
have reduced fibrosis and accelerated repair in experimental 
models.52–54 In osteoarthritic joints, senescent chondrocytes 
and synoviocytes degrade collagen and perpetuate inflamma-
tion; removing these cells decreased cartilage loss and pain in 
preclinical studies, inspiring early intra-articular senolytic tri-
als.55,56 In the eye, senescent corneal and conjunctivalfibroblasts 
contribute to scarring after injury or surgery, whereas targeting 
oxidative stress or TGF-β pathways enhances regeneration.57,58 
In bone marrow, senescent stromal cells promote fibrosis and 
impair hematopoiesis, but inhibition of inflammatory media-
tors such as NLRP3 or S100A9 can counteract these effects.59 
Taken together, these studies highlight a unifying mechanism 
in which senescent fibroblasts and disrupted collagen homeo-
stasis drive fibrosis and functional decline across diverse organs. 
Combining senolytic strategies with regenerative biomaterials 
could therefore represent a versatile therapeutic avenue for re-
storing tissue function beyond the skin.

Limitations:
Although significant progress has been made, several bio-

logical and practical challenges must still be overcome before 
fibroblast-directed senescence therapies can be safely imple-
mented in clinical settings.

Heterogeneity:
Senescent fibroblasts are highly heterogeneous and lack 

a universal marker that can reliably distinguish them from 
normal or transiently arrested cells.60 Moreover, differentiat-
ing harmful, chronically senescent fibroblasts from transient, 
beneficial senescence that supports processes such as wound 
healing is complex.61 This heterogeneity complicates efforts 
to achieve selective targeting, since current senolytic agents 
may inadvertently eliminate fibroblasts that serve transient 
but beneficial functions during tissue repair. To overcome this 
limitation, the development of more refined biomarkers and 
lineage-tracing approaches will be crucial for enabling accurate 
and context-specific therapeutic interventions.

Off-Target and Systemic Considerations:
Many senolytic and senomorphic compounds have broad 

systemic actions that may affect healthy cells. For instance, 
the BCL-2 family inhibitor navitoclax can also harm prolif-
erating cells, leading to thrombocytopenia through platelet 
depletion.62 To precisely target senescent fibroblasts in specif-
ic organs, like the skin, lungs, or heart, future treatments will 
likely depend on smart delivery systems, such as nanoparticles, 
antibody–drug conjugates, or prodrugs that become active only 
within fibrotic tissues.63 In real-world applications, one of the 
biggest challenges in developing senotherapeutic treatments is 
finding the right balance, making them strong enough to work 
effectively, yet gentle enough to avoid unwanted toxicity.
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which individuals or tissues carry a particularly high burden 
of senescent fibroblasts will help tailor treatments more effec-
tively. While the path forward is technically demanding, the 
progress so far suggests that targeting fibroblast senescence by 
combining with precise delivery and personalized design could 
become a transformative strategy for rejuvenating aged tissues 
in the future.

�   Conclusion 
Fibroblast senescence and collagen remodeling are the key 

contributors to tissue aging and degeneration. In the skin, these 
changes appear as thinning, wrinkles, and slower wound healing. 
In other organs, they are linked to fibrosis and reduced elastici-
ty. Targeting senescent fibroblasts— through selective removal, 
suppression of the SASP, or cellular rejuvenation—may help 
lower inflammation and restore more balanced collagen turn-
over. At the same time, recent progress in biomaterial design 
has introduced new ways to strengthen or replace the ECM, 
providing a supportive setting for tissue repair. Promising stud-
ies in animals show improved wound healing in aged skin and 
reduced fibrosis in organs such as the lung and heart, suggest-
ing real therapeutic potential. Still, moving these strategies into 
clinical use will require careful control. Treatments must avoid 
unwanted effects, account for the differences among tissues, 
and remain safe over time. Looking ahead, combining senolytic 
drugs with collagen-based scaffolds or using biomaterials that 
release healing signals may lead to longer-lasting outcomes. 
In summary, tackling fibroblast senescence and collagen im-
balance could become a key approach for rejuvenating aging 
tissues. By restoring both structure and function, this line of re-
search has the potential to support healthy tissue regeneration.
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ABSTRACT: Satellites are crucial for the modern world, enabling internet services and telecommunication, all powered by 
solar panels. However, temperature changes, attitude maneuvers, and deployment impacts cause vibrations in solar panels, which 
can hinder accuracy, stability, and structural integrity. As the number of satellites increases exponentially, this issue will become 
more prevalent. Existing solutions are often bulky or consume significant power, highlighting the need for more modular and 
effective solutions. This paper presents a single piezoelectric film that functions in dual mode as both a sensor and an actuator, 
thereby reducing weight and cost. The prototype included a mockup solar panel with an embedded piezoelectric Macro Fiber 
Composite (MFC) film and a control circuit. The control circuit, using a microcontroller, rapidly toggled Solid-State Relays (SSR) 
to enable the MFC to operate in dual mode and drove the MFC to actively suppress vibrations based on a PID (Proportional-
Integral-Derivative) algorithm. Data from a wireless accelerometer demonstrated vibration reduction, with a 53% decrease in 
root mean square (RMS) and a 54% reduction in peak-to-peak amplitude, thereby enhancing satellite stability and mitigating 
structural fatigue. The results demonstrated that the prototype reduced vibrations via a cost-effective and modular design. 

KEYWORDS: Engineering Mechanics, Aerospace Engineering, Control Theory, Embedded Systems, Microcontrollers.

�   Introduction
Satellites are essential to modern life. They support commu-

nication, internet access, and broadcasting services.1 Satellites 
also provide navigational services via GPS and assist in weather 
forecasting, environmental monitoring, and scientific research.2 
A critical component of satellites is their solar panels, which 
convert solar energy into electricity to power onboard systems.

One major challenge is the vibrations of these solar pan-
els. A common cause is thermal snap - sudden temperature 
changes as satellites move in and out of Earth’s shadow cause 
rapid thermal contraction and expansion, inducing vibrations.3 
Additional vibration sources include attitude maneuvers and 
deployment/docking impacts.4

These vibrations are among the top three causes of structural 
fatigue in satellites. They can reduce the lifespan of solar panels, 
degrade image resolution, and weaken communication signals. 
With the number of satellites rapidly increasing, addressing 
this issue is increasingly urgent. For instance, SpaceX’s Star-
link program alone plans to deploy up to 42,000 satellites into 
low Earth orbit by 2032.5 To be viable for space applications, 
vibration control systems must be lightweight, modular, and 
cost-effective, as launch costs scale significantly with payload.6

Piezoelectric materials are widely used in active vibration 
control systems. The direct piezoelectric effect generates elec-
trical charges in response to mechanical deformation, while the 
reverse effect induces deformation when an electrical field is 
applied.7 These properties make piezoelectric materials func-
tion as either sensors or actuators. However, the direct and 
reverse effects cannot occur simultaneously in a single material, 
so traditional systems use separate piezoelectric elements for 
sensing and actuation.8

One of the project’s novelties is the ability to enable a single 
piezoelectric material to operate in dual mode, alternating be-
tween sensing and actuation through advanced circuit design. 
This will reduce the piezoelectric material used in the active 
control system by half, thereby cutting cost and weight. A thin, 
flexible piezo MFC film was chosen for its lightweight and 
easy integration with various host structures.9

The goal was to demonstrate that a single MFC film 
controlled by a circuit with SSRs could effectively reduce vi-
brations by rapidly switching between sensing and actuation 
modes. Experimental results confirmed the prototype system’s 
performance, achieving approximately 50% vibration reduction 
in a lightweight, scalable, and cost-efficient design.

�   Methods
To build a prototype system, a mock solar panel was con-

structed using a 30 in x 5 in acrylic board, clamped at one end 
and free at the other. This configuration allowed the panel to 
resonate at a frequency under 1 Hz - similar to the solar panels 
in space. Figure 1 illustrates the system setup for lab testing. 
An MFC film (Smart Material, M5628-P1) was mounted near 
the clamped end and connected to a custom control circuit 
operated by a microcontroller (Raspberry Pi Pico, RP2350). 
Additionally, an oscilloscope (Rigol, DS1104Z-S Plus) was 
used to monitor the circuit during the test, though it was not 
part of the prototype system.
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The control circuit had three modes: sensing, actuation, and 
discharge. In sensing mode, the MFC detected vibrations and 
converted them into voltage signals. As shown in Figure 2, 
these signals were processed by the microcontroller, which 
then generated an actuation voltage to drive the same MFC 
film as an actuator, providing a counteracting force to reduce 
vibrations.

Sensing:
In sensing mode, the MFC film acted as a sensor, generating 

a voltage proportional to the amount of axial strain variation 
when the solar panel bent during vibrations. Figure 3 shows 
the detailed circuit design diagram. The microcontroller acti-
vated Solid State Relays (SSRs) 1 and 2 (Panasonic, AQV258), 
while all other SSRs remained off. SSR 1 and SSR 2 routed 
the MFC output through a low-pass filter (C2, 10 nF) and a 
voltage divider (R1 and R2 at 1 MΩ) to smooth and scale the 
signals. The filtered signal was then passed through a capacitor 
(C1, 10 μF) to remove any DC (Direct Current) offset, and 
a new DC bias of 1.65 V was added using a voltage divider 
(3.3 V source with R3 and R4, both 1 MΩ) (Figure 3). This 
conditioned signal fell within the input range of the microcon-
troller, 0-3.3 V, enabling accurate vibration sensing. A green 
LED 1 illuminated during sensing mode, while LEDs 2 and 
3 remained off.

Actuation:
Based on the sensed signals, the microcontroller applied a 

voltage to the MFC film to induce a deformation in the op-
posite direction of the vibrations. This voltage was calculated 
using a PID control algorithm, as shown in Figure 4:10

where e(t) is the error between the setpoint of 1.65 V and 
the sensed voltage, Kp, Ki, and Kd are the proportional, integral, 
and derivative coefficients, respectively.

The PID controller is a robust closed-loop feedback mech-
anism widely used in industrial control systems due to its 
simplicity and effectiveness.10 The controller continuously 
calculates an error value as the difference between a desired 
setpoint and the measured process variable (in this case, the 
sensed voltage due to the vibration of the solar panel). The 
PID then attempts to minimize this error by adjusting the sys-
tem output based on three distinct control terms: Proportional, 
Integral, and Derivative. The Proportional term Kp responds to 
the present error, the Integral term Ki, accounts for the accu-
mulation of past errors, and the Derivative term Kd anticipates 
future errors based on the current rate of change.10 By carefully 
tuning these three coefficients, the PID controller can pro-
vide precise and stable control of a dynamic system, effectively 
dampening unwanted oscillations.

Tuning the Kp, Ki, and Kd coefficients is critical for opti-
mal performance. While many modern tuning methods exist, 
the classic Ziegler-Nichols method was chosen because it is 
a straightforward and practical approach well-suited for this 
project.11 This method involves systematically adjusting the 
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Figure 1: The system overview shows a model solar panel (30 in x 5 in x 0.08 
in) with a single embedded MFC piezo film, a control circuit, and a lab test 
setup that includes a digital oscilloscope and a laptop. Both the laptop and the 
oscilloscope are for lab testing only and not part of the prototype.

Figure 3: The control circuit diagram shows the components and pins 
interfacing with the MFC and the power amplifier. The microcontroller 
rapidly toggles certain SSRs to enable the MFC to operate in either sensing, 
actuation, or discharging mode to drive the MFC and actively suppress 
vibrations based on a PID algorithm.

Figure 4: The PID control flowchart shows how the actuation voltage is 
derived from the sensed voltage using PID control theory. It’s used in actuation 
mode, causing the MFC film to apply forces that counteract vibrations.

Figure 2: The circuit diagram includes a microHVA-2 power amplifier on 
the bottom right, a rechargeable 12 V lithium battery, and a control circuit on 
a breadboard. The control circuit allows the single MFC film to act as both a 
sensor and an actuator.
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proportional gain Kp until continuous oscillations of the sys-
tem occur (the ultimate gain, Ku), and recording the period 
of these oscillations, Tu. From these two empirical values, 
prescriptive formulas below for a standard PID were used to 
determine initial stable coefficients:11

This hands-on, observational process allows for a robust 
starting point for the PID parameters without requiring 
complex mathematical modeling of the solar panel dynamics, 
balancing theoretical principles with experimental simplicity.

As for the implementation of the PID controller in Fig-
ure 3, because the Analog-to-Digital Converter (ADC) in the 
microcontroller had a unipolar range from 0 to 3.3 V, the set-
point was set at an offset of 1.65 V, corresponding to the steady 
state of the solar panel with no vibration. The microcontroller’s 
digital output voltage was passed through a Digital-to-Analog 
Converter (DAC) (Microchip Technology, MCP4921) and 
was amplified 400 times by a power amplifier (Smart Material, 
microHVA-2). Two output pins of the power amplifier were 
used: Output B and the Bias pin.12 Output B contained the re-
sulting amplified output, and the Bias pin outputted a constant 
DC voltage of 500V. During actuation mode, the microcon-
troller switched SSR3 and SSR4 on (Panasonic, AQV258) and 
left all other SSRs off, thereby connecting Output B and Bias 
Pins to the MFC (Figure 3). The Bias pin was necessary be-
cause it allowed for both positive and negative input voltages 
to the MFC film, enabling it to bend forward and backward. 
LED 3 was on while LEDs 1 and 2 were off, indicating live 
actuation mode.

Discharge:
After actuation, the residual charge remained on the MFC 

film, which could interfere with sensing. To safely transition 
back to sensing mode, the MFC needed to be discharged. 
First, both MFC terminals were set to the same voltage. Since 
the MFC film was connected to the Bias pin at 500 V, the 
Output B pin of the power amplifier also had to output 500 V, 
creating a net difference of 0 V on the power amplifier outputs 
and discharging the MFC (Figure 3). For this to happen, the 
microcontroller needed to output a constant voltage of 1.25 V 
via the DAC to the power amplifier's analog input, because it 
corresponded to 500 V after being amplified by the power am-
plifier. Then the microcontroller turned SSR 5 (Littelfuse Inc., 
PAA193) on and all other SSRs off to connect both MFC 
terminals to the ground, bringing them to 0 V (Figure 3). A 
red LED 2 was on while LEDs 1 and 3 were off, indicating live 
discharging mode. The discharge process took about 10ms in 
total. After the MFC was fully discharged, it was then safe to 
switch to the sensing mode.

Cycling:
This system continuously cycled through sensing, actuation, 

and discharge modes to process active vibration control in real 
time. Each cycle consisted of: 20 ms sensing, 20 ms actuation, 
and 10 ms discharge. This allowed the MFC film to operate at 

a frequency of 20 Hz, effectively functioning as both a sensor 
and actuator in a closed-loop control system.

Testing:
The prototype was tested for its ability to reduce vibra-

tions on the mock solar panel. Two trials were conducted: 
one with PID control and one without. Figure 5 illustrates a 
mechanical release mechanism employed to generate a consis-
tent disturbance. A wireless accelerometer (WITMOTION, 
WT9011DCL) was attached to the free end of the panel to 
measure the vibrations.

In addition to the accelerometer, the MFC itself was also 
used to monitor vibrations. The microcontroller recorded both 
sensed and actuation voltages during each trial. With the mi-
crocontroller and rapid switching via SSRs, the single MFC 
film successfully operated in dual mode, validating its use in 
active vibration control. The performance of the prototype 
system and the experimental results further supported our hy-
pothesis.

�   Results and Discussion 
Results:
The prototype system was built and tested using a mock 

solar panel. A consistent release mechanism introduced a 
controlled disturbance that excited the solar panel. A wireless 
accelerometer was attached to the free end of the solar panel 
to record the vibrations. The solar panel was first excited with-
out the use of the control system, and acceleration data was 
collected. Then the solar panel, under the same excitation, was 
dampened with the control system turned on to determine the 
effectiveness of reducing the vibrations. Acceleration data was 
collected the same way, using the wireless accelerometer. The 
controlled vibration data was compared against the uncon-
trolled vibrations. They were both plotted onto an acceleration 
(g) over time (s) graph in Figure 6.
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Figure 5: This figure depicts the mechanical release mechanism that provides 
consistent disturbance and a wireless accelerometer for data collection during 
the lab test. Both are only needed for testing and not part of the prototype.
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Figure 8 shows exponential curves that fit the vibration 
peaks, which were used to evaluate the attenuation in vibra-
tions. The uncontrolled vibrations had an initial value of 0.77 
g and a decay constant of -0.366. The controlled signal start-
ed at 0.36 g with a decay constant of -0.384, indicating faster 
damping.

Discussion:
The tests using the accelerometer confirmed the effective-

ness of the control system. A 54% reduction in peak-to-peak 
acceleration showed that the control system lowered the 
magnitudes of vibrations (Figure 6). The reduced peak accel-
erations indicated that the mock solar panel stayed closer to its 
setpoint when the control system was active. Additionally, the 
control system achieved a 53% reduction in RMS acceleration, 
reflecting improved stability. Enhanced stability is crucial for 
satellites, as it can lead to better pointing accuracy and higher 
image resolution. Furthermore, the control system can mitigate 
fatigue damage in solar panels, potentially extending their op-
erational lifespan.

The time histories of acceleration and voltage supported 
these findings, as shown in Figure 7. The wireless acceler-
ometer measured at the free end of the solar panel, while the 
voltage history represented axial strain variations in the MFC 
film attached to the clamped end. Both curves showed a sim-
ilar reduction, around 50%. The strong correlation between 
the wireless accelerometer and MFC voltage also validated the 
MFC’s accuracy in sensing vibrations. Thus, the control sys-
tem with an embedded MFC film is capable of self-sensing, 
eliminating the need for an external accelerometer and further 
reducing weight and costs if implemented in space.

The exponential functions also confirmed the effectiveness 
of the control system. The linear coefficient in the exponential 
model for the controlled test was 0.363 - about half that of the 
uncontrolled case, indicating an effective reduction in initial 
vibration amplitude. The decay constants were -0.384 for the 
controlled case and -0.366 for the uncontrolled case, indicat-
ing that vibrations dampened more quickly with the control 
system. Additionally, both exponential models had a high R².

The control system also reduced the settling time by 
37% further demonstrating its ability to dampen vibrations 
quickly. In space, this faster stabilization is beneficial in mit-

In Figure 6, the peak-to-peak accelerations were calculat-
ed based on the collected acceleration values. The differences 
between the first five crests and troughs of the acceleration 
values of the controlled and uncontrolled tests were compared. 
The controlled vibrations had a 54% reduction in average. Set-
tling time is the duration for vibrations to fall within ±0.05 
g against the final value of 0 g. It was reduced from 7.54 s 
(uncontrolled) to 4.98 s (controlled), a 34% improvement. The 
root mean square (RMS) value was used to determine how far 
the collected acceleration values deviated from 0 g, reflecting 
on the overall stability of the solar panel with and without con-
trol. The uncontrolled result had an RMS of 0.17 g, whereas 
the controlled test had an RMS of 0.077 g, resulting in a 53% 
reduction.

Figure 7 compares the voltages generated by the MFC film 
in sensing mode for both controlled and uncontrolled cases. 
This voltage corresponds to the axial strain at the clamped end 
of the solar panel and is directly proportional to the displace-
ment of the free end. The controlled sensed voltage is nearly 
in phase with the uncontrolled sensed voltage. Conversely, 
the output voltage driving the MFC actuation mode is out of 
phase with the sensed voltage being controlled. This negative 
correlation confirms the effective functioning of the Propor-
tional (P) component within the PID controller. Essentially, 
the MFC film senses the solar panel's deformation during 
vibration. The microcontroller, implementing PID control, 
generates an opposing voltage amplified by the power amplifi-
er to drive the MFC film, counteracting the panel deformation 
and reducing vibration.
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Figure 6: The accelerations recorded by the wireless accelerometer compare 
the controlled (in red) test vs the non-controlled (in blue) test. It indicates the 
effectiveness of the control system with a 34% reduction in settling time and 
53% in RMS acceleration.

Figure 8: The exponential decay model uses curve fitting of peak accelerations 
for the controlled and uncontrolled vibrations. It compares the rate of decay 
of controlled and uncontrolled vibrations. The estimated decay constant 
decreased from -0.366 (uncontrolled) to -0.384 (controlled), indicating faster 
damping.

Figure 7: The voltages recorded by the MFC film in sensing mode show the 
voltage over time for controlled and uncontrolled vibrations. Voltage is used 
as a measurement of strain on the solar panel, corresponding to the vibrations 
it experiences. The negative correlation between the sensed voltage (red solid 
line) and the output voltage to drive the MFC (orange dashed line) confirms 
the effective functioning of the Proportional (P) component within the PID 
controller.
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The control system has a wide range of applications, par-
ticularly for long, beam-like structures that experience 
low-frequency vibrations. In space, these include solar sails 
and wind turbines on spacecraft. On Earth, the control system 
could be applied to the blades of wind turbines, where vibra-
tion reduction can enhance performance.14 It also has robotics 
applications, where it could help stabilize machines operating 
in unpredictable environments.
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igating disturbances caused by thermal snap, docking, and 
attitude maneuvers. This result supported our hypothesis that 
a dual-mode MFC can be effective in active vibration control 
systems for solar panels.

Despite its compact size, the prototype system proved high-
ly effective. The MFC film measured only 1.1 in x 2.2 in, while 
the model solar panel was 5 in x 30 in, making the panel 62 
times larger than the area of the MFC. The combination of 
the MFC film and the Raspberry Pi Pico microcontroller of-
fered a lightweight (under 60 grams), low-cost (under $250), 
modular, and scalable design. The control system is the first 
of its kind to utilize a single MFC as both a sensor and actu-
ator, thereby significantly reducing cost and complexity. The 
low cost and weight of the control system will reduce large 
amounts of cost when mass produced, and the use of one MFC 
makes the system easier to monitor and maintain. By reducing 
vibrations, the control system could alleviate satellite failures, 
which can cost the industry millions of dollars per incident.13

The system’s operating frequency may limit its effectiveness 
in dampening the solar panels that have a high resonant fre-
quency. This system operated at a period of 50 ms, including 
20 ms of sensing, 20 ms of actuation, and 10 ms of discharge, 
which corresponded to a frequency of 20 Hz. This frequency 
was 20 times faster than the resonant frequency of the mock 
solar panel (1 Hz). It was observed that the operating fre-
quency should be at least 10 times faster than the resonant 
frequency of the solar panel to ensure control stability. Because 
the system cycled through sensing and actuation modes, the 
sensing duration actually added a delay to the actuation mode 
and induced a control error, which decreased the effectiveness 
of the dual-mode PID. To reduce the control error caused 
by this time delay, one method was to increase the operating 
frequency or shorten the sensing duration. However, the la-
tency in SSRs and the microcontroller’s ADC constrained the 
highest possible operating frequency. Therefore, the system 
operating frequency of 20 Hz was chosen to balance the sta-
bility and error reduction, making it 20 times faster than the 
solar panel's resonant frequency. The proposed solution may be 
suitable for the solar panels with a long wingspan that have a 
resonant frequency under 1 Hz. For the short-wingspan solar 
panels with a higher resonant frequency, such as those used in 
a CubeSat, the effectiveness may be hindered.

�   Conclusion 
In conclusion, the control system is the first of its kind to 

utilize a single MFC as both a sensor and an actuator, offering 
a significant reduction in size, weight, and cost. Its modular 
design and proven effectiveness make it a promising solution 
for space and Earth applications.

While the prototype performed well on a model solar panel, 
scaling it for larger panels is necessary for real-world applica-
tions. The plan includes using multiple and larger MFC films 
to accommodate larger or hinged panels. To implement the 
prototype system in space, the author also intends to test the 
updated system in space-like conditions, such as a vacuum, 
microgravity, or extreme temperatures, and compare its perfor-
mance to Earth-based results.
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ABSTRACT: For many years, neuroscientists have been interested in modeling human perceptual hysteresis. However, previous 
models were hard to tune and could not generalize across different datasets. To address this, we propose a supervised convolutional 
neural network - recurrent neural network (CNN-RNN) that learns hysteresis directly from data instead of separate simulation 
models. To control the hysteresis effect, we also introduce a regularization term that penalizes changes in low-confidence classes. 
We show that our CNN-RNN model successfully mimics human perceptual hysteresis across a large number of examples. Our 
model is expected to decrease radiologists’ hysteresis on disease screens by finding a sequence of images that has no perceptual 
hysteresis.  

KEYWORDS: Behavioral and Social Studies, Cognitive Psychology, Perceptual Hysteresis, Deep Learning, CNN-RNN. 

�   Introduction
Various artificial intelligence (AI) techniques have been 

developed, outperforming handcrafted techniques in many 
applications. We have been particularly interested in AI that 
embodies human characteristics. Human perception is one of 
the areas we have looked into, and its hysteresis property is 
what we focus on in this paper. Human perception has evolved 
to maintain its stability and consistency. This is especially ap-
parent when humans perceive ambiguous images. Over many 
years, scientists have documented how humans classify images 
based on what they saw previously. For example, van Rooji et 
al. found that people’s perception of a sequence of ambigu-
ous Necker cubes, whose ambiguity decreased or increased, 
was strongly influenced by the order in which they saw the 
sequence.1 Figure 1, for example, illustrates this phenomenon. 
Depending on the sequence, i.e., from left to right or from 
right to left, human perception shows hysteresis. The degree 
of such hysteresis also depends on the image details. Many 
previous studies have tried to model this behavior computa-
tionally using competitive attractor networks, spiking neuron 
networks, slow dynamic systems, etc.2,3 However, these models 
are hard to tune and don’t learn the underlying dynamics from 
data. Modern deep neural networks, such as convolutional neu-
ral networks (CNNs) and recurrent neural networks (RNNs), 
are much easier to tune and learn features directly from data. 
In this paper, we propose a new approach to modeling human 
perceptual hysteresis using CNNs and RNNs.

Human perception maintains only one perspective of an am-
biguous image at any time.4 This has been hard to replicate 
using current modeling methods. Hence, we propose a new 
low-confidence regularization term that tries to remove the 
ambiguity during the class transition. In this way, the hysteresis 
effect can be controlled, which is valuable for creating a univer-
sal model that adapts to the radiologists’ perception.

�   Methods
Convolutional neural networks (CNNs) are commonly used 

for image recognition. Compared to a traditional neural net-
work, CNNs include convolutional and pooling layers. Pooling 
layers perform spatial downsampling, which decreases compu-
tational cost and increases the model’s generalization ability. 
Convolutional layers apply a shared set of parameters across all 
parts of the image. This allows the model to efficiently learn 
location-independent features of an image, such as edges and 
textures.

A major limitation of traditional CNNs, such as VGG and 
AlexNet, is their reduced ability to scale with more layers.6 
While adding more layers to a neural network tends to in-
crease performance on training data, this has generally been 
false for very deep neural networks. To address this issue, He 
et al. proposed residual networks (ResNets), which incorporate 
residual blocks. Residual blocks include a skip connection that 
adds the input activation to the last layer’s pre-activation before 
applying the final activation. These skip connections facilitate 
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Figure 1: Illustration of human perceptual hysteresis.5 A sequence of images 
morphs a man’s face into a seated girl. If a person classifies the images from top 
left to bottom right, the initial perception of a man’s face might cause them to 
misclassify later images of a seated girl as a man’s face due to prior perception 
influencing the classification of subsequent images.
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identity mappings, enabling faster backpropagation and im-
proved performance. Our model incorporates ResNets to learn 
spatial features from the image data.

To model human perceptual hysteresis, a ResNet by itself 
is insufficient. ResNets are designed to extract complex spa-
tial features of images and are not optimized for capturing the 
long-range dependencies of sequential data. In other words, 
the ResNets alone would produce the same inference output 
of an image, no matter what the sequence of the test images is. 
In contrast, recurrent neural networks (RNNs) are well-suited 
for analyzing sequence data. Hence, our model processes the 
features extracted by the ResNet with an RNN to take advan-
tage of each architectures’ strengths.

For analyzing sequence data such as videos or voice record-
ings, recurrent neural networks (RNNs) are widely used. RNNs 
enable the network to retain information from previous inputs 
when processing the current input. This is crucial because ear-
lier information provides context for interpreting later data. 
For example, when analyzing text, the word “Teddy” could ei-
ther refer to President Teddy Roosevelt or a Teddy bear. In a 
sentence, remembering the previous word “President” would 
help solve this ambiguity. Hence, RNNs are suitable for se-
quence recognition. 

However, traditional RNNs have major limitations, including 
difficulty remembering information over long sequences and 
the vanishing gradient problem. The long short-term memory 
network (LSTM) helps alleviate these issues.7 Instead of only 
remembering information from the previous input, LSTMs 
utilize gates and memory cells to determine what previous 
information should be kept and forgotten over the entire se-
quence. This helps the network optimize parameters faster and 
increase its performance.

Our complete architecture consists of a pretrained ResNet50 
feature extractor followed by an LSTM layer. Our ResNet50 
feature extractor was pretrained with its last layer replaced by 
one neuron for binary classification. The training data was 
provided from the IllusionBench dataset.8 

For training the entire ResNet50-LSTM network, we 
froze all layers of the pretrained ResNet50 feature extractor, 
removed the last fully connected and average pooling layers, 
and added an adaptive pooling layer. Hence, the output of the 
feature extractor matched the input size of the LSTM. The 
individual images from the input sequence are first propagated 
through the feature extractor and then trained by the LSTM. 
Since the output data is binary, the binary cross-entropy loss 
was chosen. The ADAM optimizer was used for training the 
LSTM. Figure 2 illustrates the proposed model schematically.

In obtaining our data, we preprocessed images from the Illu-
sionBench dataset. Only the animal-market and animal-village 
subsets were used. In total, there are 1068 training images, 228 
cross-validation images, and 228 testing images. To preprocess 
our training and validation data, we took j consecutive market 
images and 8-j consecutive animal images and concatenated 
them in order. j is a random number between 2 and 6. Our 
testing dataset instead concatenated 4 consecutive animal im-
ages and 4 consecutive market images. We resized all images 
to 512 x 512, converted them to a float32 numpy array, and 
reshaped the sequence for PyTorch syntax. We chose the Py-
Torch library because the ResNet50 and LSTM frameworks 
are preserved in the library. The default hyperparameters of 
the ResNet50 and LSTM were used. We deliberately decided 
to use differently formatted sequence data for training/valida-
tion and testing. Since shuffle is off to maintain the structure 
of the sequence, a fixed number of images for each class could 
allow the model to rely on sequence indices to predict class la-
bels (e.g., a fixed training sequence similar to the test sequence 
could result in the model always predicting [1 1 1 1 0 0 0 0]). 
Hence, varying the number of images of each class forces the 
model to learn the visual dynamics in the sequence.

Humans tend to perceive only one interpretation of an am-
biguous image at a given moment.4 To extract this behavior 
into our model, we introduce a low confidence regularization 
term that penalizes low confidence class transitions. This 
idea is related to entropy minimization, first suggested by 
Grandvalet and Bengio.9 Entropy minimization increases the 
performance of binary classification models by pushing the 
decision boundary into low-density regions of the input space. 
Specifically, our regularization term singles out probabilities 
that induce class transition. Using 0.5 as the threshold, the 
model incurs a penalty with a Gaussian distribution centered 
at 0.5. The standard deviation chosen for the Gaussian distri-
bution is 0.1. The unimodal distribution of the penalty ensures 
that there is a large loss for a class change of low confidence, 
which is defined as a probability close to 0.5. For example, if 
the output probabilities were [1, 1, 1, 1, 1, 1, 0.4, 0], the class 
transition at the probability of 0.4 will induce a large penalty. 
This regularization is excluded for the loss of the first and last 
images of the sequence. The low-confidence regularization 
term is defined as follows.
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Figure 2: Overall workflow of the proposed method. Labeled input frames 
are processed by a supervised network composed of ResNet50 and an LSTM. 
The network’s raw outputs are converted into values between 0 and 1 using a 
sigmoid function, with animal images assigned a value of 1 and non-animal 
images a value of 0.
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By encouraging confident transitions, the model becomes 
more sensitive to changes in the ground truth label due to 
a more distinct decision boundary. Therefore, the model is 
less likely to maintain the previous classification when the 
ground truth label changes. We hypothesize that applying the 
low-confidence regularization will reduce the hysteresis effect.

To evaluate model performance, we examined how its pre-
dicted probabilities changed over time relative to the ground 
truth. A model was considered to successfully reproduce hu-
man perceptual hysteresis if its class transitions showed a delay, 
relative to the ground truth, that matches the delay observed 
in human non-hysteresis and hysteresis classification patterns 
(Figure 3). A representative output from our test set is shown 
in Figure 4. The class transition from Animal to Market is 
delayed by 2 images due to perceptual hysteresis. The three 
models that we tested were ResNet50, ResNet50-LSTM, and 
ResNet50-LSTM with a low confidence penalty.

�   Results and Discussion 
Results:
Using our evaluation metric, the ResNet50-LSTM mod-

el without the low-confidence penalty demonstrated a 
significant transition delay for time-reversed sequences. The 
ResNet50-LSTM model with the low confidence penalty ex-
hibited a decreased hysteresis effect, as shown by the much 
steeper transition from Animal to Market. The ResNet50 
model without the LSTM showed no hysteresis effect. Figure 
5 illustrates our results. However, all models exhibited high 
standard deviation. Tables 1, 2, and 3 show the test results for 
each model. Figure 6 shows the training and validation loss 
graph.
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Figure 3: Illustration of human perceptual hysteresis.10 The yellow line 
shows results under no hysteresis. The blue line shows classifications under 
consecutive stimuli, which induces hysteresis as shown by the delayed 
transition from incoherent to coherent classifications relative to the yellow 
line. The independent variable: coherence level describes the verticality of the 
dots’ movement in a stimulus, with high levels inducing vertical movement 
and low levels inducing horizontal movement. Subjects predict whether the 
current stimuli are coherent (dots moving vertically) or incoherent (dots 
moving horizontally). Taking the percentage of a subject classifying the 
stimuli as coherent gives the dependent variable.

Figure 4: Example results of the proposed method. The model incorrectly 
classifies later Market images as Animal images because it saw Animal images 
first. This demonstrates that the network reproduces perceptual hysteresis, 
exhibiting prediction biases that depend on the sequence of preceding frames.

Table 1: Test results for ResNet50-LSTM without confidence loss

Table 2: Test results for ResNet50-LSTM with confidence loss
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This suggests that memory-based algorithms such as LSTMs 
can compensate for the lack of temporal context in CNNs.

Furthermore, our results confirm that the low-confidence 
regularization term decreases the hysteresis effect by increasing 
the emphasis on the ground truth. This allows the model to 
generalize across varying strengths of the hysteresis effect.

Although we have successfully demonstrated that the model 
exhibits perceptual hysteresis on time-reversed sequences, this 
study has a limitation in that the model’s dependency on the 
image details has not been explored. The gradual change of im-
age details in Figure 1 significantly induces a hysteresis effect 
of human perception, while our dataset has image transitions 
clear to the human observer that reduce the hysteresis effect in 
Figure 4.

The relatively high standard deviation exhibited by Res-
Net50-LSTM models seems to be consistent with patterns 
observed in human perceptual hysteresis. However, because 
Sayal et al.’s design uses 11 discrete stimulus levels while the 
response at each level is binary, the variance at several mid-lev-
el stimuli is inherently high.10 At ambiguous stimulus levels 
where participants respond approximately equally with 0 or 1, 
the data are maximally variable. Thus, the large standard devi-
ations in their results mainly reflect the experimental structure, 
especially the ambiguous stimulus levels where p≈0.5, and 
should not be interpreted as a consequence of perceptual hys-
teresis. This conclusion is consistent with Schwiedrzik et al.’s 
findings.11 They argue that perceptual hysteresis stabilizes per-
ception by introducing a bias toward previous stimuli, which 
doesn’t increase variance. Since hysteresis acts by shifting the 
prior rather than increasing sensory noise, it influences the 
mean perceptual response without increasing variability.

From further analysis, the high standard deviation exhibited 
by both our ResNet50-LSTM models is likely a result of how 
hysteresis varies across different stimuli. According to Pasccui 
et al., uncertainty and the stability of attention can strongly 
influence perceptual hysteresis in humans.12 Since there is re-
search that supports how algorithms can model the effects of 
uncertainty and stability of attention,13,14 the high standard de-
viation during testing might be attributed to the variation of 
uncertainty and features extracted across individual sequences. 
Uncertainty introduced by higher frequency information in our 
images can lead to more hysteresis.12 Since feature extraction 
across each image sequence is subject to distinct positional and 
structural inconsistencies, the stability of attention across space 
and/or time may be broken, leading to decreased hysteresis. 
To verify that the discrepancies in hysteresis observed in some 
sequences are a result of these factors, future data analysis is 
required. One possible approach is to compare our models to 
spiking neural networks and slow dynamic systems, both of 
which are known to accurately model perceptual hysteresis.3 

Another limitation shown in both ResNet50-LSTM archi-
tectures is the elevated loss during initial classifications. This 
is likely attributable to the use of zero padding for the ini-
tial boundary condition, a problem accentuated by our short 
sequence lengths.15 With zero padding, the LSTM hidden 
states lack sufficient temporal context, resulting in poor feature 
integration and increased error for initial classifications. A po-

Discussion:
The results demonstrated that human perceptual hysteresis 

can be modeled using a combination of CNN and LSTM ar-
chitectures. The delayed class transitions observed by our two 
ResNet-LSTM models resemble the tendency to repeat previ-
ous choices found in behavioral patterns of human perception. 
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Table 3: Test results for ResNet50

Figure 5: Mean prediction value (probability) curves across the image 
sequence. The curve without the confidence penalty exhibits pronounced 
hysteresis bias, while the curve with the low-confidence penalty shows less 
hysteresis. The error bars represent the standard deviation at each index.

Figure 6: Training loss graph of the ResNet50-LSTM without confidence 
loss. The training loss and validation loss are shown by the orange line and 
blue line, respectively.
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tential solution involves repetition padding, which requires the 
model to process the initial frame twice to better initialize the 
hidden state parameters and stabilize early predictions.

The effects of a regularization hyperparameter that controls 
the strength of the low-confidence penalty are an additional 
research direction that requires more in-depth analysis.

These findings contribute to the broader effort in under-
standing and replicating human-like behaviors. For example, 
a CNN-LSTM model proposed by Qin et al. successfully 
modeled the hysteresis behavior of congested traffic flow.16 
Similarly, Wang et al. demonstrated the improved performance 
of LSTMs compared to basic neural networks for modeling 
mechanical hysteretic behavior in tendon-actuated continuum 
robots.17 These studies, along with our findings, suggest that 
LSTMs are well-suited for modeling history-dependent be-
haviors characteristic of human hysteresis.

One particular example where our study can provide direct 
assistance is sorting image data sequences for disease screen-
ing in a clinical radiology setting. Radiologists typically review 
several images per day for screening, and the perceptual hyster-
esis, if it occurs, may affect their screening performance. The 
proposed network model can go through the entire image set 
repeatedly in search of a sequence that does not incur percep-
tual hysteresis.

�   Conclusion 
Our findings show that human perceptual hysteresis can 

be modeled using a CNN-RNN. With the proposed regu-
larization term that penalizes low-confidence decisions, our 
CNN-RNN model can effectively replicate human perceptual 
hysteresis across varying strengths of the effect. Although the 
accuracy of the hysteresis effect needs to be further evaluated 
and initial frame errors detracts its relevancy, it is still expected 
to be useful when implementing AI-assisted applications that 
address human perceptual hysteresis.
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ABSTRACT: Small and medium-sized Enterprises (SMEs) in the 21st century have altered their operational model, due 
to the heavy influence of digitalization, introducing both large opportunities and complex challenges. Considering this, this 
research paper examines the Return on Investment (ROI) of digital transformation in SMEs through a data-driven lens, by 
scrutinizing both quantitative metrics and qualitative outcomes, to determine its impact on digital value creation. However, 
while digitalization is crucial for SME survival and growth in the 21st century, measuring the tangible benefits continues to be 
a challenge, as numerous outcomes follow this transformation. Additionally, SMEs operate in various sectors and face diverse 
resource constraints. Through the analysis of numerous case studies of digital transformation in SMEs worldwide, including 
successful implementations such as 2assistU, GreenGrocer Tech, as well as failures such as M-Xchange, combined with financial 
data, this paper reveals that a comprehensive framework that goes beyond traditional financial metrics is assistive for the successful 
measurement of ROI. This framework, adapted from the Balanced Scorecard methodology, captures value creation across four 
dimensions: Financial Performance, Customer Perspective, Internal Process, and Learning and Growth, with specific metrics and 
a three-phase implementation guide tailored for resource-constrained organizations. Furthermore, it also deduces the operational 
efficiencies, enhancement of customer experience, and the long-term stability and competitive edge they have in the market. The 
research reveals that SMEs employing the Balanced Scorecard methodology achieve substantially more accurate ROI assessments 
than those relying on conventional financial approaches alone. When taken as a whole, the research shows that SMEs that use a 
methodical approach to match their digital effort to their primary business objectives will provide much greater returns than those 
that use these technologies without a clear strategy. The research concludes that the success of digital transformation may depend 
on organizational readiness, including employee training and strategic planning, and technological capability, which has broader 
implications, as SMEs constitute over 95% of businesses in developed economies, including Europe. 

KEYWORDS: Business Performance, Small and Medium-sized Enterprises, Digital Transformation, Return on Investment, 
Technology Adoption in Business. 

�   Introduction
The digital revolution has changed the business landscape 

for small and medium enterprises, where technology adoption 
is crucial for success in each respective sector. Recent studies 
indicate that 90% of SMEs view digitalization as crucial to 
their future success, yet only 25% feel adequately prepared to 
navigate this change effectively.1 This demonstrated gap be-
tween awareness and execution has large implications for the 
method that businesses approach technology investments, 
which increases in complexity, when considering that SMEs 
have limited resources to pursue a full digital strategy, therefore 
making ROI evaluation critical for decision making.

This research is not intended solely for individual business-
es and their measurement of success in the market. However, 
it can be observed from a broader perspective, as SMEs con-
stitute a significant number of businesses in most developed 
economies, in which they often make up over 95% of all busi-
nesses, being the “backbone” of numerous regions,2 such as in 
the EU3 and the US.4 As a result, this highlights the vitality of 
the digital transformation of SMEs in a global context, as the 
success (or lack of it) will heavily influence the global economy.

However, these small businesses have unique characteristics, 
such as limited resources and access to technology, as well as 

sparse manpower, that are not addressed by numerous ROI 
metrics designed specifically for larger businesses.

Consequently, a different, tailored evaluation of the ROI in 
SMEs will assist in capturing the entire projected value created 
through digital initiatives, as well as account for the exact spe-
cific constraints and opportunities that smaller businesses may 
be exposed to.

Measuring the digital transformation ROI adds an extra 
level of complexity due to the interplay between technolog-
ical, operational, and strategic changes that are derived from 
these initiatives, which are also altered depending on the sector 
a particular business operates in. Unlike traditional capital in-
vestments, where returns can be measured and justified through 
financial statements and capital gain, a digital transformation 
may create value through appealing to customers, enhanc-
ing operational flexibility and innovation potential, which, if 
properly executed, might effectively target the full stack of a 
corporation. This is particularly challenging to measure be-
cause these investments could not yield profits right away, and 
their execution could have an impact on organizations at vari-
ous scales and over various time periods.5

For SMEs, which have a low tolerance for uncertainty and 
short planning cycles, the relationship between investment and 
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quantifiable results is a significant barrier. Furthermore, due to 
the transformative nature of these efforts, standard ROI calcu-
lations might not account for the entire range of value creation, 
which could result in underinvestment in vital technologies. 
Uncertainty is crucial to this shift because, in the absence of 
customized ROI analysis, SMEs might be reluctant to make 
investments in new technology and change the ‘playing field’ 
in the market, thus providing the effect of uncertainty, as 
conveyed by a leading technology and business journal, Fast 
Technologies.5

Theoretical Framework:
In addition, findings on the index of this specific ROI indi-

cate that there is a growing recognition of various limitations 
present in some of the traditional financial metrics. For in-
stance, Deloitte’s comprehensive analysis demonstrates that 
81% of organizations primarily use “productivity metrics” to 
measure the impact that digital transformation has on the 
business.6 Still, this narrow focus fails to capture the broader 
creation of value that occurs through the three actors: appealing 
to customers, innovation capacity, and the flexibility of oper-
ation.

This finding suggests that current evaluation practices may 
undervalue digital investments in the context of SMEs. Recent 
empirical research displays several factors that may influence 
the digital transformation outcomes in smaller organizations, 
by indicating that only 13% of SMEs worldwide possess the 
necessary digital literacy for conducting a successful transfor-
mation, while 37% of them state that lack of capital is one of 
the “primary barriers” for a complete digital transformation.1

Consequently, these particular constraints create a chal-
lenging environment where SMEs are driven to continuously 
invest in the development of their capabilities by enhancing 
their current operations. The resulting complexity makes tra-
ditional ROI evaluation approaches insufficient, as they fail to 
account for these investments to increase a company’s capa-
bility (potential is difficult to measure in a plethora of sectors), 
which is especially difficult to quantify in smaller corporations. 
Furthermore, a concept called “digital value creation” has been 
used to assess the value that a digital transformation (to any 
extent) provides a company, and revolves around a simple 
cost-benefit analysis.7 Consequently, this broader conceptual-
ization implies that digital initiatives within a company may 
generate value (or perceived value) in numerous ways: cost sav-
ings, risk mitigation, an increase in revenue, etc.

However, according to research carried out by McKinsey & 
Company, while a regular operational transformation follows 
relatively straightforward timelines, a digital transformation is 
more complex and inherently subjective, as the term itself pos-
sesses different interpretations depending on the organization. 
In addition, a digital transformation of a particular corporation 
would heavily focus on the long-term benefits of that com-
pany, which is one of the reasons why digital transformations 
lack traditional, straightforward analyses of success. Moreover, 
McKinsey’s research on this identifies six actions of how one 
can attain a digital transformation.8

1. “The ability to craft a clear strategy focused on business value.” 
Companies should target specific domains that would add to 
‘digital value creation’. For instance, this may be customer in-
teraction, business processes, operations, etc.

2. “A strong talent bench with in-house engineers.” Companies 
should hire and retain digital talent by developing a competent 
Human Resources body to hire and train those employees.

3. “An operating model that can scale.” As a company grows, a 
digital operating model must have the ability to grow with that 
company; otherwise, the digital platform can be overwhelmed.

4. “Distributed technology that allows the team to innovate 
independently.” Providing easy access to data and other tools 
available on the digital platform would allow any and all em-
ployees of a corporation to be able to grow at their own pace, 
as well as increase accessibility.

5. “Access to data that teams can use as needed.” Reliable, up - to 
- date data is crucial, as its implementation would ensure that 
the data is easily consumable to all teams and substructures 
within an organization.

6. “Strong adoption and change management.” To have a suc-
cessful digitalization policy, companies should make sure that 
the digital structures are tested and refined at regular intervals. 
As the market develops, companies, and therefore their digi-
tal architecture, should develop with it, not to fall behind the 
competition.

Measurement Framework:
Due to conflict between some of the theoretical definitions 

and considering the challenges identified in measuring SME 
digital transformation potential and outcomes, this research 
proposes a comprehensive ROI measurement framework 
tailored specifically for SMEs, building upon various categori-
zations of factors from the Balanced Scorecard (BSC) method. 
While the BSC methodology was created by Robert Kaplan 
and David Norton,9 this method specifically acknowledges 
further factors that may contribute to digital value creation 
and net ROI.

Similar to the BSC Method, this proposal includes the same 
four distinct dimensions that capture both tangible and intan-
gible value creation, and includes further factors to consider 
that highlight the strategic alignment of digital initiatives with 
SME growth potential:

Financial Dimension:
This perspective aims to measure the direct and indirect 

financial returns, in addition to cost implications, of digital 
initiatives. Specifically, the factors below consider both short-
term financial gain as well as long-term impacts, recognizing 
that these effects may extend over different durations of time.

Metrics:
- Revenue growth rate (comparing pre- and post-transfor-

mation periods)
- Direct cost savings from process automation (increasing 

efficiency)
- The reduction of acquisition cost for customers through 

digital marketing and front-end infrastructure
- Operating margin improvements
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Customer Dimension:
This perspective considers various consumer-related aspects 

of the SME, including the breakdown of overall customer 
satisfaction, which has the potential to heavily influence long-
term success.

Metrics:
- Customer satisfaction scores (measured through surveys or 

Net Promoter Score)
- Customer retention rates
- Surveys and/or data collection on the percentage of cus-

tomers using online platforms for the business
- Average order value through digital channels
- The potential reduction in customer service response time

Internal Process Dimension:
This dimension assesses operational improvements resulting 

from digital transformation, including efficiency of the supply 
chain and the capability and potential for innovation.

Metrics:
- Process cycle time reduction (from product manufacturing 

to order fulfillment)
- Error rate in critical processes
- Employee productivity improvements
- System uptime and reliability
- Number of digital capabilities implemented

Learning and Growth Dimension:
This dimension evaluates the organization's capacity for 

future value creation through organizational culture and tech-
nological improvement.

Metrics:
- Employee digital literacy scores (assessed through compe-

tency evaluations)
- Training completion rates for digital tools
- Employee satisfaction with digital tools
- Technology infrastructure quality
- Number of new ideas generated and implemented

Framework Implementation for SMEs:
Given the resource constraints typical of SMEs, the frame-

work includes specific implementation guidance:

Phase 1: Baseline Establishment (Initial time period for 
analysis dependent on SME)

- Document current performance across all four dimensions
- Identify critical metrics relevant to the specific SME's in-

dustry and transformation goals
- Establish realistic targets based on the organizational ca-

pacity (and plausible competition in the market)
- Set up measurement systems

Phase 2: Continuous Monitoring (Ongoing)
- Collect data during regular time intervals
- Calculate ROI using the formula: Total Value Created / 

Total Investment × 100

- Track trends over time, rather than focusing solely on sin-
gle measurements

- Adjust the transformation approach based on underper-
forming metrics

Phase 3: Periodic Comprehensive Evaluation
- Conduct a full BSC (or BSC-related) assessment across 

all dimensions
- Calculate weighted ROI accounting for both quantitative 

and qualitative improvements
- Compare actual performance against targets
- Optimize the approach based on that data
According to Malagueño et al. SMEs that employed sys-

tematic measurement approaches aligned with a framework 
such as the BSC achieved substantially higher returns com-
pared to those using purely financial measurement methods or 
not using methods to measure progress at all.10

�   Method
This research paper will employ numerous methods in order 

to determine the experience of success of a corporation after 
it has undergone a digital transformation on various levels. To 
do this, as mentioned before, both the quantitative data and 
the qualitative data will be examined through financial reports 
from publicly available SME databases, case study documen-
tation from different projects, and results from surveys from 
these SMEs during post-operation. This approach will ensure 
the diversification of findings and will tackle the overall effect 
and viability of the SME after it has undergone digitalization.

Some indicators of performance would include revenue 
increase/decrease, profit margins, any efficiency measures, if 
provided, such as customer satisfaction, the reduction of the 
duration of an order, and productivity within a company.

The quantitative characteristic of this analysis would draw 
upon financial data from a large number of SMEs operating 
across various industries that have undergone a significant 
digital transformation since 2020. The organizations were se-
lected based on several criteria: annual revenues between $1 
million and $50 million, determining the corporation as an 
SME,11 documented digital transformation projects with clear 
implementation timelines, and the availability of financial data 
before and after this transformation. As a result, the sample 
examined would span multiple industries (e.g., manufacturing, 
retail, healthcare, etc.), which would not only present an over-
all understanding of digital transformations in SMEs but also 
specific impacts in certain sectors.

The Quantitative Approach:
ROI Calculation:
For each case study SME, ROI will be indicated as positive 

or negative, through the contribution from the following fac-
tors:

- Revenue increases or decreases attributable to digital chan-
nels or improved operations

- Cost alterations from a potential change in efficiency
- Avoided costs (e.g., prevented equipment failures through 

predictive maintenance)
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by the pandemic, and most of them had already modernized 
digitalization within their corporation prior to 2020, when the 
pandemic began. These particular SMEs had an easier time 
‘surviving’ among the 14% of medium-sized enterprises, the 
18% for small corporations, and 21% for very small firms that 
went bankrupt during the 2020-2021 period.13

Another analytical study14 claims that, in corporations that 
have more ‘customer-facing’ technologies, including custom-
er relationship management, digital marketing tools, and 
e-commerce platforms, net ROI is easier to determine, as 
easy-to-track effects such as sales and customer retention rates 
increase. Conversely, in corporations that primarily focus on 
the back-end side of operations, digital transformations are 
mainly implemented in supply chain management and finance 
platforms, and according to the same study, require a more ‘so-
phisticated evaluation’, due to their indirect impact on ‘digital 
value creation’.

Additionally, while larger corporations employ and have 
access to dedicated analysis teams and measurement infrastruc-
ture, due to the limited revenue that SMEs generate during 
a certain time period, they often struggle to measure these 
changes after the implementation of digital systems, which 
makes it difficult to carry out an ROI evaluation in smaller 
corporations.

ROI Measurement in SMEs:
As mentioned before, smaller organizations are sometimes 

unable to document changes, and the level of complexity is in-
creased through the indirect effects of a digital transformation. 
Instead, a success measurement of ROI would incorporate a 
“balanced scorecard” method,15 which considers all aspects of 
the effects that changes within a company would have, such 
as financial effects, “customers, internal business processes, and 
organizational learning and growth.” Also, a survey carried out 
by Deloitte shows that “Digital transformation is the single 
most important investment now and into the future that orga-
nizations can make to drive enterprise value,” according to 68% 
of respondents, though 73% believe the inability or difficulty 
to define and determine the ROI of a digital transformation 
is one of the paramount barriers that pertain to SMEs global-
ly.6 This paradox recognizes the potential of digital initiatives, 
while also underscoring the need to develop a framework.

Furthermore, Fabac also states that, “the Digital BSC (Bal-
anced Scorecard) provides the projection of financial results 
and improvements in sustainability after transformation.” This 
means that the BSC approach not only evaluates the immedi-
ate f inancial ROI, but also accounts for the potential of digital 
value creation and the long-term success of the company. Re-
ferring back to ROI, this method also encompasses the return 
on investment in various aspects that other traditional financial 
methods cannot, therefore proving its importance.

Regarding the financial side of SME digital transformation, 
the ROI contains both direct cost savings as well as revenue 
enhancement. By way of illustration, another study16 by McK-
insey displays that companies that divert their focus to a more 
streamlined version of operation (perhaps through digitaliza-
tion), “save up to 25% in direct costs” in the long run, hence 

- Total investment (including implementation costs, train-
ing and change costs, and operational costs)

The Qualitative Approach:
The qualitative research part will consist of the analysis 

of numerous case studies of SMEs that have achieved nota-
ble success after undergoing this transformation. These have 
been selected through pursuing well-documented transforma-
tion processes with clear measurements. The case studies will 
provide insights into the practical challenges of ROI measure-
ment and the evolution of ‘digital value creation’ over time, as 
well as the overall success of said SME.

Cases were selected through purposive sampling to repre-
sent:

- Various industries and business models
- Different scales within the SME range
- Both success and failure outcomes
- Clear documentation of transformation processes and out-

comes

For each case study, the analysis examines:
- The specific technologies and processes implemented
- The decision-making process and rationale
- Implementation challenges and how they were (or were 

not) addressed
- Measurable outcomes that refer to the BSC profile
- Lessons learned and applicability to other SMEs

Limitations and Scope:
This research will primarily utilize secondary data sources, 

including published case studies, company reports, and indus-
try analyses. While this limits the depth of certain insights 
compared to primary data collection through direct data banks 
or surveys, it is able to offer insights into both the successes 
and failures of the respective case studies, as companies rarely 
participate in or release research about their failures.

�   Results and Discussion 
Current State of SME Digital Transition:
Firstly, according to Charter Global, a leading strategic tech-

nology services partner, ‘environmental complexity’ represents 
the primary challenge for 32% of SMEs wishing to make a 
digital transformation, while 27% believe ‘lack of expertise’ 
is the paramount obstacle, followed by high implementation 
costs at 26%.5 From this, it can be inferred that SMEs face 
numerous challenges, specifically when wishing to implement 
some form of digitalization, and issues extend beyond simple 
resource constraints and lack of knowledge, which are both 
primary overall issues of SMEs in Europe.3

Nonetheless, the evolution of the digital transformation 
in SMEs has been significantly influenced by external fac-
tors, the most notable of which is the COVID-19 pandemic, 
which accelerated the timelines for digitalization, while also 
shifting the priorities of SMEs to self-reliance and remote 
work.12 Furthermore, this case study by Oxford indicates that 
SMEs operating in metropolitan areas were heavily impacted 
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with an undisclosed annual revenue.23 The company operates 
in a highly specialized niche of aviation, in which accuracy and 
speed are paramount to client satisfaction.

As mentioned before, smaller organizations often encounter 
difficulty tracking and structuring changes due to some in-
direct consequences that a transformation can bring. In this 
particular case, the complexity of managing tasks that take a 
large amount of time became a challenge for this corporation. 
Though this may not seem vital for success, lowering time 
barriers allows enterprises to increase profit levels, as the pro-
duction then may cost less (long-term) and can be increased. 
Additionally, manpower and, therefore, salaries of auditors (in 
this case) can be saved, further contributing to maximizing 
profits.

Rather than simply digitizing an existing workflow, 2assistU 
worked closely with a digital partner to co-develop a platform 
that prominently focuses on operations. In this operational 
market, the corporation used manual audit processing through 
a physical, paper medium, but moved to a digital audit and 
training software system.24

Previously, the manual audit system could lead to insuffi-
cient or delayed reporting, as reports were kept in files in data 
silos, which meant there was not present centralized system for 
identifying compliance issues or performance improvements. 
Consequently, this risks client dissatisfaction for audit attain-
ment, as one of consumers’ top priorities is convenience and 
speed.

To alleviate this situation, 2assistU formed a partnership 
with Digitalya (referred to as the Teampulse project), a Roma-
nian software corporation, to implement a centralized digital 
audit system. This strategic digital investment yielded tangi-
ble results,25 such as reducing audit processing time by nearly 
130%. Reports could now be delivered to clients within 3 days, 
and the enterprise later formulated five new client-facing 
digital services, including automated follow-up tracking and 
customer risk-trend analytics reports.25

When viewed through the lens of the Balanced Scorecard 
framework,13 the impact of this transformation affects the 
overall financial performance and knowledge development 
for the future. Similar to Deloitte’s findings that emphasized 
digital transformation as one of the most pivotal things that 
can drive value, the Teampulse project illustrates how SMEs 
can unlock measurable ROI, despite the challenges they face,26 
such as resource limitations. A further breakdown of the re-
sults through the proposed framework can be found below:

Financial Performance:
- Audit processing time improved by 130%25

- 23% total revenue growth27

Customer Perspective:
- Report turnaround time decreased28

- As 2assistU increased employee count by adding three new 
members, customers may have faster generalized support28

Internal Process:
- Audit times decreased to 4.5 hours per audit28

marking the transformational impact digital initiatives can 
have not only on operational efficiency but also on overall fi-
nancial performance.

AI Integration:
For instance, direct financial improvements can be viewed 

through the application of AI (which can be characterized as 
a component of a digital transformation) in the automotive 
industry. Specifically, a study17 driven by PwC displays that 
“AI-driven predictive maintenance can reduce maintenance 
costs by 20–30%”. Particularly, the implementation of AI may 
significantly streamline a corporation’s manufacturing process 
and, consequently, its sales, as validated by an investigation 
conducted by the American Society of Mechanical Engineers. 
The investigation18 claimed that this implementation is called 
“predictive maintenance” and can lengthen the lifespan of 
equipment by at least 40%. Apart from this, data from the Ford 
Motor Company indicates that this positive effect of predic-
tive maintenance is exemplified within Ford’s factories as well. 
Lastly, other statistical evidence from the top car companies in 
the world, as well as from analyses carried out by the Boston 
Consulting Group and other organizations, further proves this 
trend. From this, it can be inferred that the implementation 
of AI in a corporation’s manufacturing process is one example 
of a digital transformation a company can take, and displays 
a large variety of positive effects in numerous automotive in-
dustries, and can reduce the number of defects by nearly 50%.

In today’s world, a trend - the increase in the usage of AI 
tools in companies - can be viewed in almost all industries. 
From OPENAI’s ChatGPT to workspace-integrated tools, 
such as Google’s multiple models and Sana Labs' website 
integration, AI is a significant factor for newer SMEs, and 
has been used for decades, though models are visibly being 
advanced and integrated in today’s society. However, larger 
corporations are most notable for using these tools, from the 
front-end of operations to increase user satisfaction and in-
crease the efficiency of the supply chain. Despite the fact that 
SMEs account for over 90% of businesses worldwide, and for 
50% of the world’s GDP,19 a total of just 33% of SMEs glob-
ally utilize AI tools,20 as of Q3 2023.

The usage of AI has given SMEs the power to compete 
with larger enterprises, though since only a third of the world’s 
SMEs use AI, it can be inferred that although most companies 
believe that a digital transformation, including the integration 
of AI, is necessary for a larger profitable share in the market, 
a Cledara survey21 highlights that a large share of SMEs may 
not have the technical expertise to “scale AI applications effi-
ciently”.

Case Study Analysis:
Successful SME Digital Transitions:
2assistU:
An example of successful SME digital transformation is 

demonstrated through the development of  Teampulse, a digital 
audit and compliance tool created for 2assistU, a Swiss aviation 
consultancy. The enterprise operates with fewer than 20 em-
ployees22 and possesses roughly $600,000 in assets in Q4 2022, 
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- Report quality consistency improved as automated genera-
tion eliminated errors28

Learning and Growth:
- The corporation could save operating costs on generalized 

tasks that could be automated, and allowed for further expan-
sion of the employees and the company itself, as explained by 
the Managing Partner at 2assistU, “I have to admit that creat-
ing our own digital solution … was the most sustainable. And 
thanks to the fact that I have great experience in the creation 
of software, I was able to take over the project management, 
which saved us money and made the entire development easi-
er.” 25 - Roland Peer

- The company gained a competitive advantage, winning 
new clients specifically because of its digital capabilities28

GreenGrocer Tech:
Likewise, the digital transformation of GreenGrocer Tech 

produces a similar positive effect. GreenGrocer Tech is a retail 
grocery company classified as a medium-sized enterprise, and 
possesses multiple stores in the Midwest of America. Although 
it is known as a rapidly expanding corporation in the retail 
grocery industry, prior to digital transformation, GreenGrocer 
Tech faced significant operational challenges that impacted 
both profitability and customer satisfaction.

As mentioned before, unlike larger corporations, SMEs such 
as GreenGrocer Tech often face capital constraints and limited 
expertise, making large-scale transformation efforts less feasi-
ble. A previous example of this is 2assistU, which outsourced 
the implementation of an audit-processing system to another 
SME in order to successfully undergo a digital transformation, 
proving it had a lack of expertise in digitalization. Specifically, 
lack of competence and an underdeveloped skillset are common 
in small businesses, which was the same case for GreenGrocer 
Tech, which started as a single family-run store.

However, as the number of locations expanded, the com-
plexity of inefficient inventory management became a critical 
challenge for this corporation. The company faced issues with 
substantial food waste, particularly of perishable goods, and 
occasional stock shortages, which may have indicated a loss of 
customer satisfaction due to these inventory problems. Even 
though inventory is a back-end issue, the inefficiencies can 
directly impact profit margins when considering the fact that 
waste represents a loss of potential revenue, both impacting 
profit and compensating for production, distribution, and oth-
er costs of any specific product.29

As a result, GreenGrocer Tech was compelled to change its 
traditional inventory-keeping methods and undergo a digi-
tal transformation. Specifically, the corporation implemented 
an AI-driven inventory management system that primarily 
focuses on predictive analytics, such as using machine learn-
ing (AI) algorithms to predict stock requirements accurately. 
This system, coupled with the ability to scrutinize and predict 
historical sales data, seasonal trends, local events, and weather 
patterns, enabled the company to execute accurate forecasting 
of demand. Before this transformation, GreenGrocer Tech 
used conventional methods that were reactive rather than pro-

active, which led to both overstock situations (causing waste) 
and understock situations (causing customer dissatisfaction 
and the loss of potential revenue), making stock a highly vital 
profit-maintaining factor in product-focused corporations.29 
The primary motivation for digital transformation was the 
reduction of waste of perishable goods, which was both a fi-
nancial burden and against the company's sustainability goals, 
while ensuring popular items remained consistently available.

Additionally, the system was integrated with the supply 
chain to facilitate the automation of ordering of goods to the 
store and keep consistent measurement of the specific stock 
of goods in stores. Furthermore, customer relationship man-
agement (CRM) systems were implemented on the website, 
which strengthened the relationship between the company and 
its target customers. As a result of this transformation and oth-
er factors involving the opening of stores in other locations, it 
clearly contributed to the ‘digital value creation’ of the com-
pany. This is because the producer-consumer relationship has 
been strengthened, sales have increased, and the company has 
become more resilient to similar challenges. Simply put, the 
net ROI has increased, as SMEs have become more digitally 
mature and can respond more quickly to consumer behavior 
and be more viable in crises.29

The following section outlines a structured analysis of the 
results according to the proposed framework:29

Financial Performance:
- Inventory waste reduced by 25%, translating to significant 

cost savings
- Perishable goods waste reduction is aligned with environ-

mental sustainability goals

Customer Perspective:
- Customer satisfaction increased by 15% due to better stock 

availability
- Stock outages decreased by 30%, ensuring popular prod-

ucts are consistently available

Internal Process:
- Inventory measurement became easier due to AI integra-

tion
- Automated ordering processes integrated with the supply 

chain
- Real-time demand forecasting based on multiple data 

inputs (the amount of stock can be optimized based on this 
information)

Learning and Growth:
- Staff could focus more on customer service and other 

value-added activities rather than on manual inventory man-
agement

- The company demonstrated successful alignment of tech-
nological capabilities with core business goals, as emphasized 
in the case study's key takeaway: "The success of GreenGrocer 
Tech's AI implementation was primarily due to aligning tech-
nological capabilities with core business goals."
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This case showcases how data-driven decision-making 
through AI can revolutionize traditional business processes in 
retail, leading to enhanced operational efficiency, reduced costs, 
and improved customer experiences.

Levaco Chemicals:
Another example of an SME that successfully implemented 

a digital transition is Levaco Chemicals, which is a medi-
um-sized chemical producer that specializes in the creation of 
chemical intermediates, most of which namely being surfac-
tants and defoamers, which have properties that make objects 
water-soluble. While Levaco operates in an exceptionally spe-
cialized niche environment in a large, red ocean dominated by 
large chemical corporations, it faced significant operational 
challenges related to outdated process control systems that im-
pacted both efficiency and quality.

Prior to the digital transformation, its production relied on 
several outdated systems that created inefficiencies in the pro-
curement and control of numerous substances and compounds. 
In a highly saturated market, production timelines and deliv-
ery dispatch rates are vital for customer retention and profit 
maximization. Due to this underlying issue in the dynamics 
and entire process from procurement to customer delivery, Le-
vaco carried out a digital transformation that aimed to reduce 
the employees’ time spent carrying out repetitive tasks, such 
as the “automated processing of offers, digital price inquiries, 
intelligent delivery date management, and automated order 
dispatch.”

Consequently, in collaboration with Siemens, Levaco initi-
ated a comprehensive modernization project centered around 
the adoption of the Simatic PCS 7 distributed control system, 
which is specifically designed for the manufacturing side of 
chemical compounds. This digital transformation marked a 
transition from a semi-automated production environment, 
which relied heavily on human supervision and the input of 
manual instructions, to a digital architecture that was integrat-
ed to allow continuous monitoring of the regulation of each 
factor in the ‘recipe’ of a compound. The same system also con-
sists of the creation of regular records of batches made, all of 
which significantly reduces the company's spending on human 
capital, inherently subsequently reducing time spent on repeti-
tive tasks. In addition to the automation of the manufacturing 
process, the integration of the data obtained was interlinked 
with enterprise-level systems, therefore bridging an inherent 
“vertical integration gap” between plant operations and man-
agement.30

According to the collaboration documentation by Siemens, 
the digitalization efforts led to a 30% increase in the efficien-
cy of manufacturing, which can be primarily attributed to the 
synchronization between the procurement process, a more sta-
ble quality of production, and reduced errors among batches of 
the compounds. This displays that in industries that contain 
highly volatile manufacturing divisions where small deviations 
in the recipe or the reaction time can lead to large differences in 
batch (often leading to the entire batches being discarded), the 
implementation of these automated systems has proved to be 
substantially advantageous.31 Furthermore, Levaco outsourced 

the digital transformation efforts, having lacked the skillset for 
individual implementation without external input, meaning 
Siemens was the primary technology provider for the trans-
formation. After successful testing of the systems at Siemens, 
site installation was carried out at Levaco, and the collabora-
tion was done in close contact with both parties, as discussions 
ranged on the current status regarding wiring, software, hard-
ware, etc.30

Additionally, the digital transformation extended beyond 
just the process control system to encompass a broader strate-
gic approach. Levaco created two fundamental guidelines for 
their digital transformation: establishing "One Single Point of 
Truth," which requires one central, consistent data source for 
all areas of the company, and implementing a "Platform Ar-
chitecture and Clean Core" approach, which focuses on a clear 
system architecture to avoid unnecessary complexity.32

Presented below is a comprehensive assessment of the find-
ings based on the principles of the proposed framework:

Financial Performance:32

- The performance of the plant has definitely improved fol-
lowing the implementation.

- The 30% increase in the efficiency of manufacturing rep-
resents substantial cost savings.

- Investment in the future enables further development to 
build on this digital foundation.

Customer Perspective:32

- The possibilities for quick fine-tuning have had a positive 
impact on the quality of products, which has improved; incon-
sistencies and the probability of making a mistake during batch 
preparation have decreased.

- Better product quality directly enhances customer satisfac-
tion and competitive positioning in the specialized chemical 
market.

Internal Process:30

- The control system now allows the company to take a look 
inside the plant, which was previously a "black box," enabling 
intervention to change processes or optimize them.

- Thanks to numerous basic functions, the company now 
has many more options for controlling temperature and dos-
age, where what used to have to be set by hand is now done 
automatically, such as opening valves to reach a defined tem-
perature.

- The processes are much safer following the new safety con-
siderations that have led to optimized processes, for example, 
by replacing manual equipment with automatic equipment.

- Many operational tasks have become faster due to the new 
computers that support the web-based system.

- With Simatic PCS neo, all information is available on ev-
ery computer, providing insight into the whole plant, which 
extends to remote maintenance capabilities.

- The company can now access the required information 
very conveniently and securely, regardless of location, through 
remote maintenance access.
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- Better visualization options provide very precise, good visu-
alizations such as curve diagrams, with especially fast zooming 
and a large variety of specific symbols for components like 
temperature probes, making operation easier.

Learning and Growth:30

- Control engineers Thomas Sonnborn and Stephan Wolf, 
who were already Simatic PCS 7 experts, found incorporation 
into Simatic PCS neo quite easy, with routine being estab-
lished very quickly.

- Since 70% of Levaco's plant was already running with Si-
matic PCS 7, their programmers and electricians were already 
trained in Siemens hardware and software, which facilitated 
the transition.

- The internet operation level with its hardware components 
is the same as with Simatic PCS 7, which enables an efficient 
transition towards Simatic PCS neo in the whole plant at any 
time, keeping all opportunities open for the future.

- The company demonstrated a successful grounding in 
technology through its central project office for digital trans-
formation, which coordinates initiatives, promotes IT affinity 
across all departments, and enables the company to sustainably 
create digital structures.

- As emphasized by control engineer Thomas Sonnborn: 
"We want to be well-prepared for the future. We want to keep 
up with the latest technology and have a foot in the new world."

- The transformation changed the way of working, where 
administrative tasks take a backseat while analytical and strate-
gic skills are increasingly in demand.

The success demonstrates that digital transformation re-
quires more than individual IT projects; it needs a clear, 
strategic structure where a central coordinating body can be 
embedded in the transformation concept. From grocery stores 
to companies in the aviation industry and chemical manu-
facturing enterprises, these successful digital transformation 
showcases the wide array of applicability of digitalization in 
various sectors.

Unsuccessful SME Digital Transformations:
Before examining unsuccessful digital transformation cases, 

it is important to acknowledge a significant methodological 
challenge in this research: the scarcity of well-documented 
failed digital transformations specifically within organizations 
that fit the SME revenue parameters ($1M-$50 annual reve-
nue) established in the Method. This exists for several reasons, 
such that SMEs that undergo a complete digital transforma-
tion, or implement certain digital initiatives, rarely publicize 
the outcomes, as there is limited incentive to document and 
share explanations and details of their failures, as that may cause 
detriment to their credibility, and may also undermine com-
petitiveness. Moreover, as SMEs are not immune to variable 
changes in their operating environment, due to the fact that 
digital transformations may result in the depletion of resources. 
Once failure is encountered, SMEs cease operations entirely, 
taking their transformation documentation with them, which 
makes the retrospective analysis impossible. Consequently, this 
research includes case studies of larger enterprises (General 

Electric) and companies that operated at the boundaries of, or 
exceeded SME parameters (Sify Technologies, M-Xchange), 
to illustrate the patterns of digital transformation failure. 
While these cases do not perfectly align with the SME defi-
nition used for successful examples, they can provide insights 
into the failure of flawed business models, lack of strategic fo-
cus, and inadequate change management that apply across the 
various scales of businesses.

The inclusion of these cases is methodologically justi-
fied because the failure patterns they demonstrate are not 
scale-dependent but rather reflect fundamental strategic and 
operational errors that SMEs are equally, if not more, vulner-
able to, given their resource constraints. In other words, the 
challenges that brought down these larger, better-resourced or-
ganizations would likely have even more severe consequences 
for true SMEs with tighter margins and fewer recovery op-
tions.

M-Xchange:
On the other hand, an innumerable number of SMEs that 

have implemented digital initiatives have failed to attain a 
positive ROI. This can be due to various factors, such as an 
unrealistic market strategy and unsuccessful implementation of 
the digital interface, as well as the fact that incorporated chang-
es may not sustain the projected or initial impact. For instance, 
M‑Xchange aimed to serve SMEs that were owned by minori-
ties by connecting them with Fortune 1000 corporate buyers 
through an online Business-to-Business (B2B) marketplace.33 
Specifically, the vision of the company revolved around the 
production of such a platform, to remove the inefficiencies and 
barriers that other SMEs faced when they sought to manufac-
ture contracts with larger corporations. While the initial stages 
of the company after its release did not result in a significant 
amount of revenue, its digital transformation strategy centered 
on creating a unified online procurement environment through 
which suppliers could upload catalogues, receive orders, and 
transact digitally, while large organizations could conduct au-
tomated supplier searches and process tenders online instead 
of using traditional, paper-based systems. In practical terms, 
this represented a shift from fragmented, relationship-driven 
procurement to a data-driven and automated exchange.34

Even though it was a publicly recognized company with the 
financial and moral backing from other large enterprises such 
as DaimlerChrysler and Delphi, M-Xchange shut down after 
3 months of its release, due to a flawed revenue model.33 By 
way of illustration, the firm’s transformation effort required 
developing a secure online portal, integrating the active track-
ing of transactions, and introducing an automated payment 
and verification module for supplier registration. The business 
model depended on charging a small percentage fee on each 
completed transaction, with expectations that network effects 
would lead to exponential transaction growth as both buyer 
and supplier participation increased. However, as M-Xchange 
attempted to implement all of these large changes, coupled 
with the fact that it changed its pricing structure to accelerate 
adoption by lowering supplier fees and increasing transaction 
costs for buyers, the initial user base was destabilized. Addi-
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tionally, the transaction volume decreased sharply as both sides 
of the market hesitated to participate under the new terms, 
and investor confidence quickly deteriorated, resulting in the 
company ceasing to operate, consequent to insufficient revenue 
flow or additional funding.

As the situation worsened for this platform, investors re-
tracted, leaving M-Xchange completely exposed to external 
changes, which consequently forced it to shut down. It is note-
worthy that adaptability to extrinsic environments is pivotal to 
ensuring the success of a corporation, as described by the BSC 
model.

Further analysis through the BSC lens can show that while 
the intent of the company was to create value in customer ac-
cess (through a B2B platform), there was a lack of a clear and 
strong business model, resulting in the inability to reach fi-
nancial success. Moreover, the organizational dependency on 
external investors reduced the scalability of the model, making 
the corporation extremely vulnerable to external changes and 
exposed to the market.

A detailed evaluation of the outcomes using the proposed 
framework is presented below:

Financial Performance:33

- The revenue model based on transaction fees became un-
sustainable due to intense competition driving fees down.

- Unable to secure second round of financing in hostile B2B 
market conditions

- Much of the funding came from the founders' personal 
resources rather than a sustainable investor base.

- The company shut down after only three months to con-
serve investor capital.

Customer Perspective:33

- Strong customer need validated by corporate partners like 
Delphi, who stated, "We're really disappointed that it's closing 
down. We thought it had a lot of potential."

- However, it was unable to convert market need into an 
actual transaction volume sufficient to sustain operations.

- Cross-industry approach may have diluted focus and made 
it difficult to build deep customer relationships in any specific 
sector.

Internal Process:34

- Lacked specific industry expertise necessary for B2B ex-
changes to foster community

- No evidence of established processes for supplier verifi-
cation, quality assurance, or transaction management before 
shutdown

- Insufficient time (three months) to develop operational 
maturity or optimize processes

Learning and Growth:33

- The company ceased operations before organizational 
learning could occur.

- Founders recognized the vision remained valid despite ex-
ecution failure, with Roberts stating, "I believe in it as much 
now as I did when I started it."

- Owner of ChemPak, Mel Brown, reflected, "The intent of 
M-Xchange remains valid. Many will be disappointed at this 
announcement. I hope Mr. Roberts will continue to pursue 
ways to make his vision work."

Simply put, M-Xchange did “too much at once” without a 
strategic plan. By attempting to scale rapidly across multiple 
industries without adequate data infrastructure or stakehold-
er retention mechanisms, the corporation failed to achieve the 
critical mass that digital platforms require for sustainability.

Sify Technologies:
This case study of Sify Technologies represents a more nu-

anced case rather than a simple, straightforward failure, as it 
explores adapting to the increasing relevance of digitalization 
in global markets. Founded in 1995 as India’s first private In-
ternet Service Provider (ISP), Sify Technologies was in many 
ways responsible for the technological boom in India in the 
early 2000s. Specifically, with a target audience of both residen-
tial and commercial consumers, its original operations included 
the introduction of broadband services and over 1,300 cyber-
cafes, which allowed it to capture 13% of market share amidst 
competitors, with over 900,000 customers.35 With an already 
established market share through this operational strategy and 
web-hosting facilities, at a time when less than 1% of the pop-
ulation of the host country had access to initiatives like this, it 
was one of the most successful technology-related companies 
of its time.35 Despite its success, the executive board of Sify 
Technologies defined a commitment to democratizing internet 
access by building physical-digital bridges for users who did 
not yet have personal connectivity.

Firstly, Sify altered its initial strategy and focus, and shifted 
its strategy to adapt to the ‘new’ digital era, through immense 
investments in digital infrastructure, including but not lim-
ited to regional broadband hubs, data centers, and enterprise 
network services. Inherently, it was one of the first Indian tech-
nology firms to introduce, manage, and host early-stage cloud 
offerings for other SMEs, positioning itself as a hybrid digital 
connector between enterprises and the network, both of which 
are provided by Sify itself. Particularly, the new strategy intro-
duced was twofold: creating digital infrastructure through data 
centers and backbone connectivity, and delivering digital expe-
riences to consumers using Sify iWays,36 which was the name 
given to cybercafes that provide secure access, email services, 
and digital payments. In the primary operational country of 
India, where paper currency was the primary medium of finan-
cial transactions, this evolved approach was appealing to the 
general public.

Nevertheless, due to the lack of adaptability to the rapid-
ly changing digital environment and consumer behavior, in 
addition to its inability to scale the progress already made, 
Sify’s consumer-facing model began to fail as other compa-
nies granted internet access to private individuals. From the 
perspective of convenience, Sify was unable to recognize or 
adapt to the changing viewpoints of the ‘new’ convenience of 
individual access to the internet, which doesn’t require travel to 
an iWay, for instance. As mobile data and low-cost broadband 
alternatives became widely available, Sify’s consumer business 
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declined to a great extent, forcing the enterprise to close most 
of its cybercafes and abandon its initial mass-market strate-
gy. Through a report done in 2015, it is highlighted that Sify, 
a forward-facing enterprise focused on consumer needs, was 
once the primary growth engine, was not viable after the initial 
months of operation, due to structural shifts in customer be-
havior and the rapid entrance of competitors offering cheaper, 
faster, and more convenient mobile data services, due to its in-
ability to scale.37

The root cause of Sify’s initial decline was not a techno-
logical incapacity, but rather a misalignment between its early 
digital model and the rapid evolution of the market. In essence, 
the large-scale infrastructure for a fixed internet service plan 
was built by Sify exactly when India’s connectivity shifted 
towards convenience, and the enterprise did not possess a stra-
tegic foundation that contained the scalability of the model 
it employed, leading to its failure in that industry. For other 
SMEs carrying out digital transformations, digitalization suc-
cess can become a liability when technological shifts redefine 
user expectations, if the company itself is not capable, or has 
plans to, adapt.

After a long duration, Sify was forced to again change its 
area of concentration, resulting in the repositioning of the en-
terprise as a digital transformation partner, consisting of the 
offers of managed cloud hosting, data center operations, and 
network management, proving to be of service to other corpo-
rations rather than individuals. Through the alteration of both 
the target market and the operations offered, which stabilized 
the income flow. After this stage, Sify had grown to be one of 
the largest clients to offer digital services to corporations, as 
shown by the statistics in Financial Performance.

The subsequent breakdown illustrates how the results align 
with the dimensions of the proposed framework:

Financial Performance:38

- Net profit growth of 48% (Rs 90 million to Rs 133 million) 
in Q3 2015

- Revenue growth of 18% (Rs 3.16 billion to Rs 3.71 billion) 
in the same period

- However, the original cybercafé business model became 
obsolete, requiring a complete revenue stream replacement.

- Capex (capital expenditure) of Rs 669 million in Q3 re-
flected continued investment needs.

Customer Perspective:35

- Lost the original customer base of 900,000 cybercafé users 
as the market evolved

- By March 2015, it retained only 5,134 internet subscribers 
from the total Indian base of 302.35 million (minuscule market 
share)

- Successfully transitioned to B2B enterprise customers, 
adding 110+ new customers in technology integration services.

- Expanding base of managed services customers in India 
and overseas

Internal Process:38

- Successfully pivoted operational model from B2C (cyber-
cafés, ISP) to B2B (enterprise cloud, managed services)

- Became India's first enterprise managed services provider 
to launch a security operations centre4

- Multiple data centers and disaster recovery infrastructure 
build projects for PSUs and government entities

- The North American market is beginning to gain traction 
with increasing demand for managed services.

Learning and Growth:37

- Demonstrated organizational agility by completely rein-
venting the business model when the original became obsolete

- Developed new competencies in cloud computing, man-
aged services, and enterprise solutions.

- However, it faced the challenge that "the maturity of the 
public cloud in India continues to be low."

- The market witnessed the entry of numerous new compet-
itors, increasing competitive intensity.

General Electric:
General Electric’s (GE) attempt to reinvent itself through 

GE Digital represents one of the most prominent cases of dig-
ital transformation failures at an enterprise scale, which can 
offer lessons relevant to SMEs about the dangers of unfocused 
digital strategies or misaligned organizational structures when 
carrying out a digital transformation. While GE is not an 
SME, the dynamics of this failure parallel many of the barri-
ers that smaller organizations face when overestimating their 
readiness for technological change.

Specifically, the project was conceived in 2015 as a part of 
former CEO Jeffrey Immelt’s ambition to transform GE from 
a traditional industrial manufacturer into a “digital industrial” 
enterprise.39 To achieve this major effort to assert itself into 
the digital software space, GE established a branch called GE 
Digital, which is an internal business unit tasked with devel-
oping a platform to handle data. The long-term goal of this 
digital transformation was to transform GE’s original business 
model for digital infrastructure and industrial manufacturing.40

As a result, GE successfully developed the Predix platform, 
namely consisting of a cloud-based software ecosystem de-
signed to collect, analyze, and monetize industrial data of the 
apparatus and equipment regularly utilized by GE Digital.41 
The transformation itself consisted of integrating Internet of 
Things (IoT) sensors in GE’s industrial products, including 
turbines and engines, to generate continuous operational data 
that would then feed into the Predix system for predictive main-
tenance and analysis of performance. Thereafter, in 2018, after 
the reports of disappointing results were considered, GE an-
nounced a restructuring initiative of GE Digital, including the 
reduction of staff and scaling back revenue targets. While the 
original idea was to shift GE’s business model from one-time 
sales of hardware to recurring sales of software, GE ultimate-
ly failed the transformation in 2019, even though predictions 
by GE included the forecast that Predix alone would generate 
$15 billion in annual software revenue by 2020.42 During this 
period of time, GE invested “billions of dollars in technological 
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innovations, including Predix…”43 ranging from investments 
in digital infrastructure, the recruitment of thousands of soft-
ware engineers, and data sharing systems to integrate analytics 
into its manufacturing operations.

However, despite these ambitious plans, Forbes notes that 
GE’s transformation failure contained a large organizational 
misalignment and overextension of products and services that 
already exist.44 For instance, it built an exceptionally substantial 
number of overlapping software products, creating redundancy, 
in addition to the failure to integrate these systems into already 
existing hardware products. It is further explained that, while 
on one side, it led to slow market adoption and internal confu-
sion, the transformation itself was detached from the company’s 
operational foundations: while GE Digital produced high-val-
ue software tools, the industrial sector of the company resisted 
the alterations from the already established workflow, which 
reduced the adoption rate of these products even within GE it-
self. Consequently, the internal confusion among teams at GE, 
Predix, and other smaller platforms invested in never reached 
their full commercial and financial potential.

In essence, GE targeted various aspects of revolutionizing 
their digital sector through the development of a significant 
quantity of customer-facing applications, cloud platforms, and 
other technologies. In this case, the core issue was that the scope 
was overly large. Without narrowing the company’s focus to a 
few cases that may yield high impacts, the corporation invested 
billions of dollars into a variety of approaches that may not 
work. As a result, it faced an innumerable number of techno-
logical setbacks, involving bugs and integration problems, and 
had to abandon these developments, as sustaining them would 
bear a large financial burden on the company. Inherently, the 
failure of the digital transformation was not because of the lack 
of skillset to implement the technologies, or the technical skill-
set itself, but rather governance issues and conflicting priorities, 
as well as a mismatch between the company’s values and opera-
tions and the aims of the digital initiatives.

Despite the fact that GE had an ROI metric, the actions 
of the corporation did not reflect the core goals. A detailed 
evaluation of the outcomes using the proposed framework is 
presented below:

Financial Performance:
- GE projected US $15 billion in annual software revenue by 

2020, but actual results reached only US $4 billion, represent-
ing less than one-third of expectations44

- The company invested over US $4 billion in digital infra-
structure and software development between 2013 and 2017, 
yet the return on investment remained minimal45

- Internal reports from 2014 cited more than US $1 billion 
in Predix-related revenue; however, this largely reflected inter-
nal sales and service credits within GE’s own business units 
rather than external customers41

- The failure to meet growth targets contributed to a broader 
loss of investor confidence, which coincided with a drop of ap-
proximately US $500 billion in market capitalization between 
2000 and 201844

Customer Perspective:

- Despite major marketing investment, Predix adoption 
among external clients remained limited. Many customers 
perceived the platform as incomplete and overly complex to 
integrate with existing industrial systems43

- External customers preferred sector-specific solutions in-
stead of the universal platform GE attempted to offer, which 
led to low conversion rates43

- As one industry analyst summarized, “You cannot boil the 
ocean … GE tried to do everything at once, and that is where 
the strategy unraveled.”46

- Even within GE’s internal divisions, many business units 
resisted using Predix, citing poor compatibility with legacy op-
erational systems44

Internal Process:43

- GE Digital’s organizational structure is fragmented into 
overlapping software teams; Forbes notes that multiple redun-
dant applications were developed without cohesive integration.

- Decision-making was centralized at the corporate level, 
creating delays between software development and deployment 
within industrial divisions.

- Integration difficulties between Predix and GE’s legacy 
ERP and control systems led to inconsistent data pipelines, 
hindering cross-divisional analytics.

- The company’s lack of agile project governance prevented 
iterative testing, causing long release cycles and poor respon-
siveness to customer feedback.

Learning and Growth:47

- GE’s experience revealed that successful digital transfor-
mation requires an incremental, iterative approach rather than 
a top-down corporate overhaul.

- The company later restructured GE Digital into small-
er business units and shifted from proprietary platform 
development to partnerships with established cloud providers, 
signalling adaptive learning.

- Analysts observed that GE’s misalignment between tech-
nological ambition and cultural readiness became “a case study 
for over-centralization and digital overreach”45

- The lessons from GE Digital now inform industry best 
practices for large organizations and SMEs alike, emphasizing 
the need for cross-functional alignment and measurable, small-
scale pilots before enterprise-wide rollout.

Solutions:
The findings from this paper have significant implications 

for how SMEs should approach digital initiatives. Firstly, orga-
nizations that are planning a digital transition should consider 
creating an ROI measurement system to quantify the results 
of whatever is implemented and the ability to track those out-
comes. Although larger corporations may have specific task 
forces and teams to do this, SMEs might not have the financial 
resources to employ that manpower; thus, they should work 
with B2B platforms to obtain these measurement systems. 
In addition, SMEs should adopt a diverse approach in order 
to contain both ‘quick-win’ systems, as well as digital initia-
tives that can be sustained over long periods of time. More 
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importantly, this approach would ensure the maintenance of 
the organizational momentum by receiving small benefits, but 
would also allow for a long-term advantage.

As indicated by the case studies, corporations should not 
succumb to the temptation of implementing digital initiatives 
without a strategic plan or a measurement framework, because 
a poor plan may lead to a waste of money in the digital sector, a 
dilution of focus of the corporation, and eventually, insufficient 
tangible returns. Furthermore, without the ability to track AI 
specifically from digitalization, SMEs may implement tech-
nologies that are disconnected from core business objectives, 
thus creating temporary activity without much digital value 
creation.

As a result, SMEs should instead allocate a significant 
amount of the budget for their digital transformation to the 
training and implementation of the technologies, as the train-
ing of employees for these changes emerges as a consistent 
theme among most, if not all, digital transformation successes. 
If the skillset of the business does not reach the desired lev-
el, B2B databases are helpful in order to bridge the skill and 
knowledge gap by hiring other SMEs, without the high costs 
of the same services provided by larger corporations.

As stated in a study by McKinsey,29 the failure rate for dig-
ital transformation projects is “as high as 70%” in some cases, 
which highlights the severity of the issue. The same study 
portrays strategies to overcome this obstacle of the failed im-
plementation, or the failed results of a digital transformation, 
which are summarized below:

- It requires strategic depth and a strong business model.
- Founders and employees must have a clear vision and a ‘go-

to-market’ approach.
- Initial financial stability.
Ultimately, for SMEs to successfully change from a tool-driv-

en mindset to a value-driven one and to adopt and benefit 
from a digital transformation, they must establish clear stra-
tegic objectives, allocate sufficient resources, and implement 
measurable frameworks to guide and evaluate the process. The 
emphasis should be on comprehending how the newest tech-
nology can increase efficiency and customer satisfaction, and 
implementing that in the strategy allocated for such a tran-
sition. By doing this, SMEs will be able to fully convert to a 
digital transformation, not because it is a trend but as a sus-
tainable pathway to become a competitor in future markets, be 
adaptable and resilient, as well as steadily grow.

�   Conclusion 
The evaluation of ROI in SME digital transformation ini-

tiatives requires a significantly broader and more nuanced 
framework than that used for large corporations (explained 
in Method). This paper has developed such a framework by 
adapting the Balanced Scorecard methodology to capture value 
creation across the Financial Performance, Customer Perspec-
tive, Internal Process, and Learning and Growth dimensions. 
The diversity in SMEs, including the availability of resources 
and the position in the market, would both be factors to con-
sider when calculating both tangible and intangible ROI. As 

exemplified through successful case studies such as GreenGro-
cer Tech, Levaco Chemicals, and 2assistU, it can be inferred 
that market positioning and the type of SME are the largest 
factors when taking into account the implementation of digital 
initiatives, in addition to strategic alignment, proving to be one 
of the most important factors. These are not just improvements 
in profitability, but also in the overall efficiency, the future 
capability of an SME, and the access to new markets. All suc-
cessful cases shared common patterns: focused digital strategy 
targeting specific operational challenges, phased implementa-
tion with clear milestones, significant investment in training 
and change management, and systematic measurement across 
multiple dimensions beyond financial metrics.

Conversely, the unsuccessful transformations analyzed, con-
taining M-Xchange, Sify Technologies, and General Electric's 
GE Digital, reveal consistent failure patterns: misalignment 
between digital initiatives and business models, inability to 
adapt to market evolution, and overextension without clear 
priorities. These failures demonstrate that resource abundance 
does not guarantee success if strategic clarity is absent, a lesson 
particularly vital for resource-constrained SMEs.

However, as explored throughout this paper, traditional ROI 
metrics alone fall short in capturing the full scope of these ben-
efits. For SMEs, the value often lies in the potential, such as 
the future cost avoidance, the adaptability to changes in the 
market, and the opportunity to compete on a broader stage. 
As stated in the concept of “digital value creation,” digitaliza-
tion must also be measured by its ability to generate long-term 
strategic advantage, even if the short-term gains seem modest. 
This is especially vital in the SME context, where digital skills 
are scarce, and capital limitations persist, yet agility and will-
ingness to adapt often exceed those of larger corporations.

The findings of this paper hold broader implications that go 
beyond the performance of individual businesses, extending to 
the economic and societal levels. Since SMEs make up close to 
50% of the significant number of nations, their ability to un-
dergo a successful digital transition would directly influence all 
factors of their growth and sustenance in the market. Therefore, 
it becomes vital for SMEs to design efficient ROI frameworks 
to quantify the profits, short-term and long-term, to maximize 
success. In particular, the ROI framework (Balanced Scorecard 
Method) presented in this research is an example of a common 
method that can be specialized for an SME’s specific status. 
The broader global situation reinforces the urgency for SMEs 
that have not done so already to embrace a digital transition. 
The World Economic Forum now estimates that 70% of new 
business value created over the next decade will be driven by 
digitally empowered companies, while a 2024 Forrester report 
projects that by 2028, the digital economy will be worth $16.5 
trillion, which accounts for just over 17% of the global econ-
omy.48 This proves that digital transformations represent the 
shift of priorities in modern-day corporations and will mas-
sively influence the modern business world.
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ABSTRACT: Nursing homes and other long-term care (LTC) facilities across the U.S. are facing serious staff shortages. Nurses 
and certified nursing assistants (CNAs) often spend at least 25% of their time on non-clinical tasks, contributing to burnout and 
reduced care quality. Certified Senior Care Assistants (CSCAs) are trained workers who handle non-clinical tasks, allowing nurses 
and CNAs more time for medical responsibilities. The goal is to improve staff efficiency, boost resident and family satisfaction, 
and create a clear pathway for new individuals to enter healthcare careers. We reviewed sources like the Bureau of Labor Statistics 
and the American Health Care Association, and examined volunteer models from providers such as Sunrise and Duke Health. 
These informed a 33-hour CSCA training program combining online, lab, and on-site components. CSCAs can reduce non-
clinical workloads by 20–30%, saving 7–10 hours weekly per staff member. The CSCA model as a workforce pipeline offers a 
cost-effective, scalable solution to LTC staffing gaps. Pilot testing is recommended to evaluate the impact and inform certification 
policies.  

KEYWORDS: Biomedicals and Health Sciences Other (Public Health), Non-Clinical Workforce, Long-Term Care (LTC), 
Certified Senior Care Assistants (CSCAs). 

�   Introduction
The U.S. healthcare system is currently facing a significant 

challenge in staffing long-term care (LTC) facilities. As the 
population ages, the demand for nurses and certified nursing 
assistants (CNAs) continues to rise.1 However, even today, 
many facilities are already experiencing workforce shortages 
that negatively impact the quality of care and increase burnout 
among existing staff.2 For instance, a 2023 survey by AMN 
Healthcare found that 68% of nurses reported feeling burned 
out most days.3 A major contributor to staff burnout is the in-
efficient use of clinical personnel for non-clinical tasks. Nurses, 
for example, spend roughly 17–41% of their time on docu-
mentation and administrative duties.4 CNAs dedicate at least 
25% of their work hours to responsibilities like providing com-
panionship, assisting with meals, and transporting residents.5 
While these tasks are vital to resident well-being, they do not 
require clinical expertise and ultimately reduce the time avail-
able for direct medical care.

Staffing levels in many LTC facilities are insufficient to deliv-
er even the minimum required care. Moreover, the pathway to 
becoming a nurse or CNA often involves significant financial 
and time commitments, making these roles less accessible—
particularly in communities with limited access to education 
and training.6 Scope-of-practice regulations further com-
pound the problem. Clinical professionals are often required 
to perform tasks outside their medical focus, contributing to 
inefficient care delivery. Although minimum nurse-to-patient 
ratios are mandated in some states, many LTC facilities, partic-
ularly those in rural or underfunded regions, struggle to meet 
these requirements due to workforce shortages.2

To help address these critical issues, this paper introduces 
the Certified Senior Care Assistant (CSCA) model. CSCAs 
are non-clinical staff trained to support LTC residents by pro-
viding companionship, mobility support, basic observation, 
and assistance with daily routines. By delegating appropriate 
non-clinical tasks to CSCAs, clinical staff can focus more on 
patient care. Additionally, the CSCA role serves as a practical 
entry point into the healthcare field, making it easier for new 
workers—especially students, career switchers, and community 
volunteers—to contribute to and grow within the healthcare 
workforce. This paper presents the rationale for the CSCA 
model, outlines a proposed training framework, and evaluates 
its potential impact on staff efficiency, burnout reduction, and 
long-term workforce sustainability in LTC settings.

�   Methods
Study Design and Comparative Analysis:
To design an effective CSCA model, we first examined ex-

isting eldercare support programs. By analyzing their strengths 
and limitations, we sought to identify best practices while 
addressing critical gaps in service delivery and workforce de-
velopment. Although limited publicly available data prevented 
a full comparative analysis of training formats and outcome 
metrics, several well-documented volunteer programs offered 
valuable qualitative insights.

Table 1 summarizes five volunteer initiatives from prominent 
long-term care and healthcare providers, highlighting their 
approaches across key areas.7-11 While these programs posi-
tively impact resident well-being through emotional support 
and engagement, they tend to be informal, offering minimal 
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training, limited task scopes, and few structured pathways into 
healthcare careers. These limitations underscore the need for 
a more formalized and scalable approach—such as the CSCA 
model—which bridges the gap between casual volunteerism 
and clinical support roles by providing comprehensive train-
ing, structured supervision, and clear opportunities for career 
advancement.

This initial comparative review focused on regional and 
national U.S.-based programs due to accessibility of documen-
tation and relevance to the U.S. LTC context. However, future 
program development and pilot testing will benefit from a 
broader analysis that includes international eldercare volun-
teer models—such as those implemented in Canada, the UK, 
or Japan—which may offer valuable frameworks for training, 
supervision, and integration into clinical settings.

CSCA Training Framework:
To contextualize the CSCA training structure, we compared 

it to traditional CNA programs. CNA training typically rang-
es from 75 to 120 hours, depending on state regulations, and 
includes three main components: (1) approximately 50 hours 
of classroom instruction covering topics such as anatomy, in-
fection control, and patient care fundamentals; (2) at least 30 
hours of supervised clinical practice; and (3) successful com-
pletion of a state-approved program followed by passing a 
licensure examination.6

In contrast, the CSCA program is shorter and specifically 
designed for non-clinical support roles in long-term care set-
tings (Table 2). CSCAs are trained to perform non-clinical 
support tasks that do not require licensure but still significant-
ly contribute to resident well-being and staff efficiency. Key 
responsibilities include companionship and social engage-
ment, meal assistance (e.g., preparing trays, feeding support 
with supervision), resident escorting (e.g., walking residents 
to appointments or group activities), observational reporting 
(e.g., documenting notable changes in mood, hygiene, appetite, 
or safety concerns, and promptly notifying licensed staff ), and 
assistance with select Activities of Daily Living (e.g., dressing 
and grooming only when approved by supervising clinical staff 

and not involving high-risk tasks like toileting, bathing, or 
lifting, which remain under CNA/RN supervision). Its week-
by-week structure gradually builds knowledge, practical skills, 
and confidence (Table 3). Unlike informal volunteer programs, 
the CSCA model offers formalized training, structured inte-
gration with clinical teams, measurable outcomes, and defined 
pathways for career advancement. The competency-based for-
mat also adds flexibility—participants with prior training or 
certifications (e.g., CPR or First Aid) can test out of applicable 
modules. This accessible approach makes the CSCA program 
appealing to a wide range of applicants, including students, 
retirees, and entry-level job seekers.

Proposed Evaluation Metrics for Future Pilot Testing:
To evaluate the feasibility and effectiveness of the CSCA 

model in real-world care settings, future pilot programs should 
measure staff burnout reduction through validated surveys,13 
assess resident and family satisfaction using standard tools 
commonly implemented in LTC facilities, and track non-clin-
ical task reallocation through detailed time-use audits.5 These 
metrics will help determine the feasibility, impact, and scal-
ability of the CSCA model in real-world healthcare settings.
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Table 2: Comparison of CNAs vs. CSCAs in terms of the scope of practice, 
training hours, certification, supervision, and cost. The CSCA offers a clear 
pathway for career advancement, requiring only 33 hours of training.

Table 3: The CSCA training framework consists of online modules, in-
person labs, on-site shadowing, and a final assessment, totaling 33 hours. This 
structured format ensures efficient yet comprehensive skill development.
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�   Results and Discussion 
Task Reallocation Potential:
Preliminary findings suggest that CSCAs can substantial-

ly alleviate the non-clinical workload of licensed nurses and 
CNAs in LTC facilities, with early estimates indicating a po-
tential reduction of 20–30% of their current burden. According 
to national staffing data compiled by PHI International and 
other studies, CNAs spend a significant portion of their time 
on supportive tasks such as social engagement, meal assistance, 
and resident transport.12-14 For example, companionship and 
social interaction typically require 6–10 hours per week per 
resident, which CSCAs could cover up to 75%, reducing about 
7 hours of weekly staff workload. Similarly, tasks related to 
meal assistance—including tray preparation, feeding sup-
port, and intake monitoring—consume 4–6 hours weekly, of 
which CSCAs could handle 50–70%, saving an additional 3–5 
hours. Accompanying residents to activities and appointments 
takes another 2–4 hours, and CSCAs could manage 80–90% 
of these responsibilities. Though they do not conduct clini-
cal assessments, CSCAs can perform basic observation and 
flag behavioral or safety concerns, offering an estimated 1–2 
hours of weekly support. It is worth noting that these pro-
jections represent averaged estimates from staffing audits and 
observational studies.12-14 Actual time may vary depending on 
facility size, resident acuity, and staffing models. Nonetheless, 
the CSCA model shows promise in improving efficiency and 
easing staff burden in LTC environments.

Workforce Impact:
The CSCA model is designed to offer both short-term re-

lief and long-term workforce development. Training a CSCA 
is significantly less expensive (approximately $500) compared 
to CNA training ($1,500–$2,000), and substantially less than 
the full replacement cost of a CNA ($3,000–$6,000) when 
accounting for recruitment and onboarding.6,12 The accessible 
training format appeals to high school students, second-career 
adults, and retirees—especially in communities underserved 
by traditional healthcare education. In addition, CSCAs offer 
a low-barrier entry point into the healthcare field, allowing 
participants to gain exposure to elder care before committing 
to longer certification programs. The program is also ideal for 
rural and resource-limited regions where CNA training may 
be unavailable or impractical, helping close critical care ac-
cess gaps. By creating a scalable, cost-effective support model, 
CSCAs have the potential to ease current staffing shortages 
while cultivating a more resilient, well-distributed healthcare 
workforce.

�   Discussion 
Key Benef its and Pilot Evaluation:
To determine the effectiveness of the CSCA program, pilot 

implementations should focus on three primary outcomes: (1) 
reduction in staff burnout, (2) the extent of non-clinical task 
delegation to CSCAs, and (3) improvements in resident satis-
faction. These indicators will help assess whether the program 
is scalable, sustainable, and impactful over time.

1. Reduced Staff Burnout and Improved Retention: Burnout 
is a major contributor to high turnover in long-term care set-
tings. A 2020 study by Dall’Ora et al. found that over 34% of 
LTC nurses reported high emotional exhaustion.13 Delegating 
non-clinical tasks such as companionship, meal support, and 
activity escorting to CSCAs can allow licensed staff to concen-
trate on direct medical care, improving their job satisfaction 
and retention.

2. Cost Eff iciency: Training a CSCA is estimated to cost 
approximately $500 per participant, which includes online 
platform fees, instructor time, printed materials, and practical 
training resources. In contrast, CNA programs typically cost 
between $1,500–$2,000, with added recruitment and onboard-
ing costs pushing the total CNA hire cost to $3,000–$6,000.12 
If a facility trains 10 CSCAs for a total of $5,000, and each 
CSCA frees up 7–10 hours of clinical staff time per week, the 
cost-per-hour saved becomes highly competitive. For example, 
assuming a nurse’s time is valued at $40/hour, offloading 10 
hours weekly saves $400/week—or $20,800/year per CSCA 
in staffing value. Even accounting for supervision time, the net 
benefit is significant. Over time, CSCAs can help reduce reli-
ance on costly agency staff while also serving as a pipeline for 
future CNA roles.

3. Workforce Development: The CSCA program offers a 
structured, low-barrier entry point into the healthcare work-
force. Designed to alleviate non-clinical workload from 
nursing staff, it also provides participants with a pathway to 
transition smoothly into certified nursing assistant (CNA) 
roles, supporting broader workforce development goals.

4. Broadened Participation: With its flexible, shorter training 
schedule, the CSCA model attracts a more diverse applicant 
pool—including students, career switchers, and residents of 
underserved communities—who may otherwise lack access to 
formal healthcare training.

5. Enhanced Resident Outcomes: CSCAs provide reliable 
companionship and assistance with daily activities, which can 
increase resident satisfaction, improve emotional well-being, 
and reduce unnecessary hospitalizations.

Comparison with Alternative Solutions:
Various strategies have been proposed to address staffing 

shortages in long-term care, including increased funding for 
nursing education, adoption of technology-based solutions, 
and efforts to retain existing staff. However, each of these ap-
proaches faces notable limitations. While expanding nursing 
program funding is beneficial, growth is constrained by limit-
ed clinical placements and a nationwide shortage of qualified 
educators—factors that led to over 65,000 qualified applicants 
being turned away from nursing programs in 2023.15 Simi-
larly, technologies such as electronic health records (EHRs) 
and telehealth platforms can enhance efficiency but cannot 
replace the hands-on, interpersonal support that many seniors 
require. EHR implementation has sometimes been linked to 
increased documentation burdens for healthcare providers.4 
Staff retention strategies—such as offering financial incen-
tives or improving work conditions—are valuable but may not 
adequately relieve the immediate workload pressures on nurses 
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and CNAs. In contrast, the CSCA model offers a practical, 
short-term solution by directly addressing non-clinical tasks. 
Its hybrid training structure enables rapid deployment, with 
benefits such as workload redistribution and staff relief that 
can be quickly realized in practice.

Implementation Challenges:
Despite its potential, the CSCA model faces several chal-

lenges. Involving non-clinical personnel in mobility or routine 
care raises safety concerns, which can be addressed through 
structured training, competency-based assessments, and con-
tinuous supervision. Additionally, misunderstanding the 
CSCA’s scope may lead to misassigned responsibilities or in-
efficiencies. Clear job descriptions and interdisciplinary staff 
training are critical to ensuring smooth integration.

Policy Recommendations:
To facilitate adoption and ensure the CSCA program’s long-

term success, states should establish standardized training, 
credentialing, and job descriptions for CSCAs to legitimize 
the role within healthcare systems. Simultaneously, partner-
ships between nursing schools and LTC facilities should be 
encouraged to pilot and refine the CSCA model. These pilots 
will help generate reliable outcome data related to program 
effectiveness, which can inform broader policy development. 
Implementing these recommendations will embed the CSCA 
model into long-term care systems, thereby addressing work-
force shortages and enhancing care delivery in a sustainable 
and measurable way.

�   Conclusion 
The CSCA model offers a structured and practical response 

to the growing staffing crisis in LTC facilities. By training 
non-clinical personnel to handle essential support tasks—such 
as meal assistance, resident escorting, and companionship—
CSCAs can take on approximately 20–30% of duties currently 
performed by licensed nurses and CNAs. This targeted task 
reallocation enables clinical staff to focus on direct patient 
care, enhancing both the quality of care and staff well-being.

In addition to addressing immediate staffing challenges, 
the CSCA model also promotes long-term workforce devel-
opment. Structured entry-level roles like CSCA can serve 
as effective pipelines into clinical positions. Its streamlined, 
competency-based training is designed to be accessible and 
flexible, attracting a diverse applicant pool that includes high 
school students, career changers, and individuals from under-
served communities.

Next Steps: To validate its effectiveness, we recommend 
launching CSCA pilot programs in partnership with LTC fa-
cilities and educational institutions. These pilots should collect 
data on staff burnout reduction, resident satisfaction, and the 
scope of non-clinical workload transferred to CSCAs. If the 
outcomes are positive, the next phase would involve develop-
ing a standardized certification pathway and supporting policy 
infrastructure at the state level. Broad adoption of the CSCA 
model has the potential to transform how LTC facilities ad-
dress workforce shortages, making eldercare more sustainable 
and patient-centered.
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the workings of Artificial Intelligence grows, their trust in the use of this innovation in cybersecurity declines. I analyzed its 
relationship in four main fields: general information, non-sensitive information, private data, and financial data. The results of this 
study show that most individuals did not change their opinions after learning more about the AI connection and seemed to trust 
humans to encrypt their data over AI-generated code. However, the linear regression analysis also displays that American Males 
often changed their opinion as they learn more about the specifications of AI-generated code.  
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�   Introduction
Today, Artificial Intelligence, also known as AI, is being 

implemented for use by both corporations and individuals. Nu-
merous companies have manufactured their own AI tools, but 
the most widely used by the public remains ChatGPT, a chat-
bot developed by OpenAI. However, the question of whether 
and how to integrate it into cybersecurity is common, as ques-
tions about the integrity and effectiveness of AI come to the 
forefront of many conversations.

Currently, cybersecurity— also known as the protection of 
electronic data—faces ongoing problems that include human 
error, a shortage of professionals, and the constant evolution 
of cyberattacks.1 Cyberattacks have become more complicated 
to test, which is only amplified by the lack of professionals, 
because weak points in the online system are harder to track.

This field also offers a new way for AI to be implement-
ed, improving threat detection, automating responses, and 
providing business insights.1 However, the probability of im-
plementing widespread AI use in cybersecurity would be low if 
people luck trust its use, causing a ripple effect towards organi-
zations and other systems.

Nevertheless, AI is still currently being used in cybersecu-
rity. Specifically, it is most used in a dynamic threat detection 
system that isolates and responds to the anomalies that attack 
the system.2 It is also essential for improving incident response 
time and predictive analysis to fight against cyberattacks pre-
emptively. Arif and Khan also identify the prospects of artificial 
intelligence in this field, which include enhancing real-time 
detection and reaction response to changing risks as continu-
ous learning becomes more advanced.

This paper examines the relationship between the public's 
understanding of how AI is utilized in cybersecurity and their 
opinions on the topic. This is to assess the feasibility of AI in 
cybersecurity, as if the public does not prefer it, then its imple-
mentation may harm company profits. Specifically, I study the 

impact of increased knowledge about how connections to the 
ChatGPT API in cybersecurity use correspond with people’s 
level of trust compared to a human-generated code.

To determine the public’s opinion and trust in using AI over 
humans, I conducted a survey where applicants had to answer 
questions about specific instances when they would prefer an 
AI or a Human generate a code to encrypt their messages. 
The survey consist-ed of 4 sections, each revealing more in-
formation about the differences between AI-generated code 
for encryption (AI-enabled encryption) and Human generated 
code for encryption (Human-enabled encryption), including 
statistics such as speed tests, encryption codes, and internet us-
age. Linear regression models were employed to analyze the 
survey results.

These steps were taken to test the hypothesis that people’s 
trust in AI decreases as they learn more about how it works. 
In other words, people are more likely to trust an AI over a 
human to manage their cybersecurity if they do not know how 
the AI works. This hypothesis was founded in other research 
that shows how trust erodes as algorithmic awareness increases 
due to perceived risk. An article published by the Associa-
tion for Computing Machinery found that there were higher 
privacy concerns and perceived risks with higher awareness.3 
These concerns are also associated with less trust. Shin et al. 
After conducting this study, however, I found that most people 
generally did not change their opinion on the role of AI in 
cybersecurity, as most of them preferred to have human devel-
opers handle their data security. American males acted as the 
exception to this trend.

My research builds upon past studies by applying them 
to a specific field of study. In the past, papers have primarily 
focused on the general public's perception of Artificial Intelli-
gence. Kelley et al. conducted public opinion polls to determine 
the perception of AI in different countries and across various 
sentiments.4 AI was described as exciting, useful, worrying, or 
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futuristic. In their study, they find that 22.7% of their partic-
ipants described AI as worrying. This trend was particularly 
prevalent in developed countries like Australia, Canada, the 
United States, and France. In many developing countries, such 
as Nigeria and India, however, the perception of AI is majorly 
positive, with most describing it as “exciting” or “futuristic.”5 
These statistics show the wide range of perceptions of the 
future of Artificial Intelligence, possibly affecting further de-
pictions of its use in even more serious situations.

Other studies focus on how Artificial Intelligence is written 
in association with certain words, such as “Ethical Concerns 
for AI” or “Work.” In a study by Fast and Horvitz, they in-
vestigate these correlations and find that a “Loss of Control” 
has recently become more prevalent in articles about AI.5 The 
findings of their study include an increase in the concern that 
AI use for human work is seen in a negative connotation, but 
also positive implications, as concerns over a lack of progress 
are becoming less prevalent. My research will build upon this 
by reflecting the opinions of people as they learn more about 
AI. Additionally, this research will apply this concept to a spe-
cific field of study, cybersecurity.

Research shows varied perspectives on how different gen-
ders percieve AI, with some reporting that women can be more 
skeptical of AI in high-stakes environments. In a general note, 
women have been reported to have significantly higher AI 
anxiety and overall lower positive attitudes towards AI, with 
there being a gender gap in how people perceive AI.6 Gener-
ally, women are less confident in this situation and have less 
favorable attitudes towards it.3 Bialy et al. show that AI is also 
perceived as having more risk in domains associated with con-
trol, surveillance, or replacing human judgment. These would 
all take place with an AI-driven cybersecurity system eliciting 
more concern for it.7 These varying results can show an inter-
esting way to see how individuals think of AI in a cybersecurity 
world, especially as they learn more about it throughout the 
course of the study.

�   Methods
To determine human trust in AI before and after they learn 

how it works, we began by creating code to gather statistics on 
the difference between AI and human-developed code. Both 
codes attempted to encrypt the word “Aditi” with a 16-bit 
key of “1234567890123456” in Advanced Encryption Stan-
dard, also known as AES. However, the AI code utilized the 
ChatGPT Application Programming Interface (API) to exe-
cute the encryption, whereas the human-generated code was 
fully executed locally. According to the results of the speed test 
(Table 1), the human-generated encryption code appears to be 
faster, likely due to the API connection to ChatGPT taking 
longer. However, the AI code generation was also significantly 
more volatile, ranging from 3.42 seconds to 0.014 seconds.

I also ran the AI Encryption tests using Ollama on my local 
machine, which is run and developed by OpenAI. Over the 
course of 5 tests, the times for an AES encryption averaged 
around 11.962 seconds. This is slower than the API connec-
tion encryption speed because my local machine does not have 
the necessary infrastructure to run an LLM model quickly. It is 
important to note that if companies were to use AI to encrypt 
their data at a larger level, they would need to invest in ade-
quate infrastructure. Due to these facts, we ran the following 
studies using the statistics located in the table.

I created a Google Form to collect individual results from 
participants on their trust in AI to encrypt general data, 
non-sensitive data, private information, and sensitive finan-
cial information. The participants went through 4 different 
rounds, gaining more information with each round. All ques-
tions followed a similar format, asking if the respondent would 
“trust a human-generated algorithm or an AI-generated 
algorithm to encrypt” specific types of information. For in-
stance, a question they were asked was, “Would you trust a 
human-generated algorithm or an AI-generated algorithm to 
encrypt information?” For each of the following questions, the 
word “information” was changed to the specific category that 
the question pertained to. The forms began with a baseline set 
of questions that repeated as more information was gathered 
on the speeds, the code, and how the internet is used for AI 
encryption.

When interpreting the data, the responses were filtered by 
location, separating those from the USA and International re-
spondents. Most respondents answered 'Human' when asked 
if they would prefer a human or AI to encrypt their infor-
mation (Figure 1). However, the numbers roughly evened out 
when asked how they preferred non-sensitive data to be en-
crypted (Figure 2). Eventually, however, those statistics on the 
choice changed as users had more options provided to them 
(Figures 3 and 4).
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Table 1: Encryption Speed Comparison: Human-Generated Code vs. AI-
Generated Code. This table displays the encryption speed in seconds for five 
tests of both code versions. It also includes the download and upload speed 
during the test in Mbps. The time for the AI encryption does not include 
the time it took to connect to the API, and every encryption test was run 
with the word “Aditi” with a 16-bit key of 1234567890123456. All API 
connection encryption speeds are adjusted to account for latency generated 
by the network.

Figure 1 and 2: Number of respondents who answered Human or AI for 
every type of question without any information, and sorted by location. These 
graphs display the numbers of those who chose AI or Human and how the 
numbers for people who chose it changed over time. Both graphs are filtered 
by location between international and American respondents.
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�   Results and Discussion 
The overall results of the linear regression analysis indicate 

a strong preference for human encryption among respondents, 
particularly among females and international participants. In 
addition, these opinions remained largely stable throughout 
the study. In contrast, American males had the largest variabil-
ity shifting across from human to AI encryption throughout 
the survey.

After the data were collected, they were analyzed using a 
linear regression model to identify patterns in the data. This 
model was used because it can help analyze the change in one 
response to the next throughout each type of question, and 
helps to interpret the relationship better. It helps to determine 
a baseline in the relationships between the variables, which can 
be analyzed further later. In addition, the linear model made 
it easier to combine categories of people, including gender, 
nationality, and previous responses to a question. It was also im-
portant to see the strength of these relationships to determine 
if there was truly a trend in the data. The categorical options 
of “Human” and “AI” were translated to 1 and 0, respectively. 
Additionally, Males were 1, Females were 0, Americans were 
1, and international respondents were 0. In the table, the larger 
the magnitude of the coefficient, or the absolute value of the 
correlation coefficient, the more likely the group of people was 
to choose either Human or AI. The preference is determined 
by whether it is negative (AI) or positive (Human).

Table 2 specifically attempts to determine the correlation 
between the demographics of responders and the answers they 
chose. Throughout the majority, however, it is seen that most 
Americans prefer to use an encryption system created by a hu-
man over one done by AI. However, changes become more 
apparent when the parameters are made much more specif-
ic. For instance, American males generally preferred using an 

AI encryption system over the alternative. This implies that 
American women prefer to use human encryption much more. 
This relationship is amplified much more when looking at the 
non-sensitive information, as American males are much more 
likely to put AI than for any other category. While this may be 
a correlation, it also suggests less importance is given to that 
region, as non-sensitive information included things already 
readily available online, such as Social Media posts. However, 
generally, throughout this question, the primary answer from 
Americans and males, exclusive of others, favoring encryption 
developed by humans over that generated by humans.

Table 3 presents the regression analysis of the respondents’ 
answers to the “Speed” question in comparison to their re-
sponses to the Baseline questions. The purpose of this graph 
is to show the potential changes in opinion to help prove or 
disprove the hypothesis. However, most of the respondents’ 
answers did not change with the addition of the “speed” tim-
ings. There are changes where specific sections of people, such 
as Americans who initially answered “Human” for the Baseline 
Non-sensitive, changed their answer to “AI.” This can likely 
be attributed to people who thought that a slower time meant 
a more in-depth analysis, but there is no way to prove this 
thought.

Similar patterns to the first question can be seen in this table 
(Table 4). Generally, the answers from the United States and 

DOI: 10.36838/IJHSR86.93

Table 2: Regression of  Trust in Humans vs. AI based on Speed in Correlation 
with Demographics. The default response to the benchmark questions was 
“Human,” indicating that every positive correlation coefficient is attributed 
to a higher likelihood of choosing “Human” over “AI.” The opposing values 
to “United States” and “Male” are “International” and “Female” respectively. 
The table contains primarily the statistically significant results of the model.

Table 3: Regression of  Trust in Humans vs. AI based on Speed in Correlation 
to Baseline Questions. The default response to the benchmark questions was 
“Human,” which means that every positive correlation coefficient is attributed 
to a higher likelihood of choosing “Human” rather than “AI.” The opposing 
values to “United States” and “Male” are “International” and “Female” 
respectively. The answers under Baseline are set to filter to those who chose 
“Human” in the question before. The table contains primarily the statistically 
significant results of the model.

Table 4: Regression of Trust in Humans vs. AI based on Code Correlation 
with Demographics. The default response to the benchmark questions was 
“Human,” indicating that every positive correlation coefficient is attributed 
to a higher likelihood of choosing “Human” over “AI.” The opposing values 
to “United States” and “Male” are “International” and “Female” respectively. 
The table contains primarily the statistically significant results of the model.

Figure 3 and 4: Number of respondents who answered Human or AI for 
every type of question, with the speed provided, and sorted by location. This 
table is similar to Figures 1 and 2. However, it encloses the respondents who 
chose AI-generated encryption versus Human-generated encryption after 
being provided the speed it takes to encrypt.
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In comparison to the previous table, which attempted to find 
the correlation between the answers to the “Baseline” questions 
and the opinions after learning about the code and its inner 
workings, Table 6 repeats that process but compares the “Code” 
section with the “Speed Section.” Most opinions remained un-
changed throughout this questioning, except for those of males 
across all four questions. For private and general information, 
American respondents also showed a change in their opinion, 
as indicated in the regression model.

Table 7 continues to show the trend in demographics, where, 
even as individuals gained more information about the insights 
into how the encryption styles worked, their opinions remained 
the same throughout. American males continued to prefer an 
AI encryption method over the alternative provided.

This table confirms the recurring patterns observed in previ-
ous tables, such as Tables 3, 4, and 5. While the general direction 
of respondents’ opinions remained unchanged, the more spe-
cific categories all experienced a significant shift in opinion. 
Some instances of this situation have repeatedly occurred in 
questions regarding the security of private information, where 
males have changed their opinion from their previous response.

Males (exclusively) indicated that they preferred a Human to 
encrypt their information over an AI. However, when exam-
ining the answers of the American Male population, they are 
more likely to report that they prefer AI encryption.

Table 5 shows that most respondents had changes in their 
answers compared to the baseline. Specifically, once again, for 
the Americans, Males, and American Males. They were more 
likely to change their choice in areas regarding “Sensitive/
Financial Information,” “Private Information,” and “General 
Information.”
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Table 5: Regression of  Trust in Humans vs. AI based on Code in Correlation 
to Baseline Answers. The default response to the benchmark questions was 
“Human,” which means that every positive correlation coefficient is attributed 
to a higher likelihood of choosing Human” rather than “AI.” The opposing 
values to “United States” and “Male” are “International” and “Female” 
respectively. The answers under Baseline are set to filter to those who chose 
“Human” in the question before. The table contains primarily the statistically 
significant results of the model.

Table 7: Regression of  Trust in Humans vs. AI based on Internet Correlation 
with Demographics. The default response to the benchmark questions was 
“Human,” indicating that every positive correlation coefficient is attributed 
to a higher likelihood of choosing “Human” over “AI.” The opposing values 
to “United States” and “Male” are “International” and “Female” respectively. 
The table contains primarily the statistically significant results of the model.

Table 8: Regression of Trust in Humans vs. AI based on Internet Correlation 
with Baseline Questions. The default response to the benchmark questions was 
“Human,” indicating that every positive correlation coefficient is attributed 
to a higher likelihood of choosing “Human” over “AI.” The opposing values 
to “United States” and “Male” are “International” and “Female” respectively. 
The answers under Baseline are set to filter to those who chose “Human” in 
the question before. The table contains primarily the statistically significant 
results of the model.

Table 6: Regression of  Trust in Humans vs. AI based on Code in Correlation 
to Speed. The default response to the benchmark questions was “Human,” 
which means that every positive correlation coefficient is attributed to a 
higher likelihood of choosing “Human” rather than “AI.” The opposing values 
to “United States” and “Male” are “International” and “Female” respectively. 
The answers under Baseline are set to filter to those who chose “Human” in 
the question before. The table contains primarily the statistically significant 
results of the model.
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ChatGPT. Information about those codes, which included the 
speed of encryption, the code, and a description of how the 
APIs worked, was provided to respondents who completed a 
form and answered the same questions as they learned more 
about how each code functioned.

The conclusions of the linear regression analysis do not 
support my initial hypothesis, as participants were not less 
trusting of AI as they learned more about it. Throughout the 
experiment, trust increased in a few participants but overall 
remained stable. Specifically, American Males acted as the ex-
ception and changed their opinions numerous times during 
the survey, including after they saw the code and the internet 
connection. Additionally, I found that throughout the survey, 
people tended to trust human developers over AI for most 
types of information.

In the professional world, the implications of this study 
can help inform the use of AI in cybersecurity. In financial 
organizations, the use of AI can be detrimental to customers' 
perception of the company, making it essential to emphasize 
the use of human developers. However, if your target audience 
is primarily male, emphasizing AI or incorporating it more 
into cybersecurity would be a better option. Although humans 
still generally have reservations about trusting AI, the results 
of this study can help companies decide when and where to 
emphasize the use of AI with specific target audiences.

A possible limitation of my results may be from the lim-
itations of the forms. On the forms, respondents were only 
presented with the options of “Human” or “AI,” which does 
not account for those who do not care which section encrypts 
their information. Additionally, the way this form was written 
does not account for partial trust, which could be addressed by 
using a scale to determine the degree of confidence in a certain 
encryption method. The regression model was also trained on 
a smaller number of participants, which increases the likeli-
hood of the model being incorrect.

There are multiple ways to discuss this topic further. To 
start, individuals can conduct a similar project that expands 
on why people trust AI over Humans more. To do this, us-
ing a multiple-choice questionnaire where respondents were 
asked after every section why they chose the answers they did 
could be useful. Additionally, using a scale to determine how 
likely someone is to trust an AI over a Human for encryption 
could be useful, as it would also encompass those who do not 
care about how their information is encrypted. Ultimately, this 
topic can be revisited in the future to explore its relevance to 
the evolving field of cybersecurity. It can be researched what 
the public’s opinions are on certain methods of AI encryption. 
In the future, new methods of AI implementation in this field 
may exist beyond encryption, which can be utilized for a more 
comprehensive research process.

�   Acknowledgments 
This paper would not have been possible without the sup-

port of the following people. Thank you so much for your 
support and guidance.

First, I would like to thank my family for their continued 
support and motivation throughout this project. Mom and 

Throughout this section of the forms, there were more 
changes in responses as seen in Table 9. Those who initially 
answered 'Human' in the US for both sensitive and non-sen-
sitive information, which also included males, showed a higher 
tendency to change their responses from 'Human' to 'AI-en-
cryption' over 'Human-encryption'. Males generally also 
tended to trust AI more after learning about how the internet 
connection of the API works over the local system of human 
encryption.

The results of this study show that females generally do 
not change their opinion, but they were also more likely to 
choose humans throughout the study. Specifically, after seeing 
the code and the speeds at which the AI worked, the original 
answers led them to choose human encryption over AI. In-
ternational females were also shown as more likely to answer 
Human encoding for sensitive information after seeing the 
code. However, they were more likely to choose AI-encryption 
for the non-sensitive question in the same section.

Overall, these results indicate a trend of continuing to 
trust Human-generated code over AI-generated code as they 
learned more about the problem situation. However, males, 
and specifically American males, often changed their results 
from “Human” to “AI” encryption in specific circumstances 
after learning more about the differences in the encryption 
methods. This suggests that female participants, including 
international respondents, were generally consistent in their 
preferences humans as their responses.

�   Conclusion 
This project aims to understand the public’s view and trust 

in AI encryption for cybersecurity. My hypothesis was that 
people’s trust in AI would decrease as they learned more about 
how the technology works. As technology advances, it is cru-
cial to determine the popular belief towards AI in protecting 
data and other cybersecurity measures. Specifically, to iden-
tify the trends in the data, I coded an AES encryption both 
locally on my computer and through an API connection to 
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Table 9: Regression of Trust in Humans vs. AI based on the Internet in 
Correlation to Code. The default response to the benchmark questions was 
“Human,” indicating that every positive correlation coefficient is attributed 
to a higher likelihood of choosing “Human” over “AI.” The opposing values 
to “United States” and “Male” are “International” and “Female” respectively. 
The answers under Baseline are set to filter to those who chose “Human” in 
the question before. The table contains primarily the statistically significant 
results of the model.
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ABSTRACT: The breakthrough development of large medical models (LMMs) is reshaping the modern medical ecosystem. 
Through automated diagnosis, generating personalized treatment schemes, and providing real-time clinical decision support, 
LMMs have significantly improved the precision and efficiency of medical diagnosis and treatment, especially in limited medical 
resources, and shown revolutionary application potential. However, its learning performance still relies on a statistical learning 
paradigm, which results in severe security challenges for medical artificial intelligence systems. This paper systematically combs 
five core risks of LMMs deployment: (1) Malicious data pollution destroys the model robustness; (2) Deliberate subtle changes 
of medical images or texts misleads clinical decisions; (3) Privacy disclosure makes sensitive patient information face the threat of 
reversible extraction; (4) Backdoor attack triggers malicious behavior under specific conditions; (5) Prompt injection manipulates 
the output results through crafted input instructions. Then, this paper briefly reviews the current mainstream defense strategies 
against these threats, such as data cleaning and enriching, adversarial training optimization, privacy protection adding, and 
model behavior verification. It was suggested to establish a collaborative governance system from the perspectives of algorithm 
transparency, data management standards, clinical validation protocols, and responsibility traceability mechanisms, to achieve a 
dynamic balance between technological innovation and medical safety. 

KEYWORDS: Artificial Intelligence, Large Medical Models (LMMs), Intelligent Medical Diagnosis, Security Risks, Defense 
Strategies. 

�   Introduction
Artificial intelligence (AI) large models, often referred to as 

foundation models, have undergone transformative advance-
ments, driven by breakthroughs in computational architectures, 
scaling laws, and data availability. Models such as Generative 
Pretrained Transformer 4 (GPT-4),1 PaLM,2 LLaMA,3 o1,4 
and DeepSeek5 have demonstrated unprecedented capabilities 
in natural language understanding, generation, and reasoning, 
while multimodal models like CLIP,6 Flamingo,7 LLaVA,8 
BLIP3-o,9 and Qwen3-VL10 integrate vision, language, and 
audio modalities to achieve human-like cross-domain com-
prehension. These models, typically trained on petabytes of 
heterogeneous data using transformer-based architectures, ex-
hibit emergent properties.

The medical domain, characterized by its data richness and 
complexity, stands to benefit uniquely from these advance-
ments. Medical practice inherently involves multimodal data 
integration, from imaging (e.g., MRI, CT scans) and electron-
ic health records (EHRs) to genomic sequences, well-aligned 
with the multimodal power of modern foundation models, 
as shown in Table 1. For biomedical text processing, some 
biomedical and clinical language models, such as BioNLP,11 
BioMegatron,12 BioBERT,13 PubMedBERT,14 and BioGPT,15 
although small in scale and scope compared to LLMs such as 
GPT-3, have demonstrated effectiveness on standard biomed-
ical NLP benchmarks. Health LLM16 investigated the capacity 
of LLMs to make inferences about health based on contextual 
information (e.g., user demographics, health knowledge) and 
physiological data (e.g., resting heart rate, sleep minutes).  It 
achieves effective performance on 10 consumer health pre-

diction tasks, including mental health, activity, metabolic, and 
sleep assessment. Med-PaLM,17 a multimodal generative mod-
el fine-tuned for medical applications, achieved expert-level 
performance in answering radiology questions,, with a score 
of 92.6% aligned with scientific consensus. Med-Gemini18 
is a family of multimodal medical models built on Google's 
powerful Gemini model, which integrates advanced reason-
ing, multimodal understanding, and long-text processing 
capabilities. Through self-training and web search integration, 
Med-Gemini can make more accurate diagnoses and infer-
ences. By fine-tuning and customizing encoders, Med-Gemini 
can better understand and process various medical data mo-
dalities, including text, images, videos, and biological signals. 
Additionally, Med-Gemini can effectively analyze and un-
derstand long medical information, such as electronic health 
records (EHR) and medical teaching videos. For drug discov-
ery and genomics, large generative models are accelerating drug 
development pipelines. AlphaFold series models,19, 20 devel-
oped by DeepMind, predict 3D protein structures and further 
predict the joint structure of complexes. Inspired by successful 
GPT models, MolGPT,21 a transformer-based model, is pro-
posed for the generation of druglike molecules. 
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The integration of artificial intelligence, particularly large 
language models, into clinical practice marks a transformative 
shift in modern healthcare. These models are increasingly de-
ployed in high-risk applications such as diagnostic assistance, 
clinical decision support, personalized treatment recommen-
dations, and automated medical documentation. Their ability 
to process vast amounts of medical literature, electronic health 
records (EHRs), and multimodal patient data promises to en-
hance diagnostic accuracy, operational efficiency, and patient 
outcomes. However, the very capabilities that make LLMs 
powerful in clinical contexts also introduce profound and 
urgent security risks. The sensitive nature of healthcare data 
encompassing personally identifiable information, protect-
ed health information, and intimate medical histories makes 
clinical environments a prime target for privacy attacks, data 
breaches, and malicious manipulations. Incidents such as 
training data extraction, model inversion attacks, or prompt 
injection could lead to the unauthorized disclosure of patient 
records, the generation of harmful clinical advice, or the prop-
agation of biases, thereby directly compromising patient safety 
and eroding trust in medical AI systems. Baichuan-M2 Plus22 
introduces an evidence-based reasoning paradigm to decrease 
the hallucination of common LLMs applied in the medical 
area. Consequently, ensuring the security, robustness, and pri-
vacy-preserving nature of large medical models is not merely a 
technical challenge but an ethical and operational imperative. 
This paper systematically examines five core risks of LMMs 
deployment and current mainstream defense strategies against 
the above threats and discusses the critical need for compre-
hensive defensive frameworks, which aim to safeguard LLMs 
against evolving threats while enabling their safe and reliable 
adoption in clinical care.

�   Security risks of large medical models
Security challenges on large medical models involve delib-

erate manipulations to compromise model integrity, reliability, 
or privacy. As shown in Figure 1, these challenges typically 
manifest in five forms: (1) data poisoning, (2) adversarial at-
tacks, (3) privacy leakage, (4) backdoor implantation, and (5) 
prompt injection.

Data Poisoning Attacks:
•	 Literature Review of Attack Methods:
Medical LLMs rely on vast datasets sourced from diverse 

sources, including clinical records, research articles, and pub-
lic health databases. However, these datasets are vulnerable to 
data poisoning, where adversaries inject malicious samples to 
corrupt the model or models trained on unchecked third-par-
ty datasets. Adding malicious data to the training data makes 
the model absorb harmful or biased information during the 
learning process, and thus exhibits bad behavior in practical 
applications. In addition, attackers can also poison model fea-
tures, flip labels, or change model configuration and weights to 
influence the model learning. For instance, a study23 demon-
strated that replacing just 0.001% of training tokens with 
fabricated medical information (e.g., false treatment protocols) 
increased harmful outputs by 7.2% in a 1.3B-parameter model. 
The cost-effectiveness of such attacks is alarming: poisoning 
just one million of 100 billion training tokens required only 
$5 to generate 2,000 fake articles, which could propagate dan-
gerous misinformation in clinical decision-making. Therefore, 
attackers can fabricate wrong content or web-crawled content 
to insert misleading medical claims. For example, poisoning a 
dataset with fabricated articles advocating outdated knowledge 
could lead models to perpetuate historical biases. PubMed, the 
authoritative collection of medical papers, still holds more than 
3,000 articles that are now quite damaging, and whose core ar-
gument is to promote the benefits of prefrontal lobectomy, a 
procedure that has long been shown to cause severe intellectual 
impairment. Even if initial training data is secure, adversar-
ies may manipulate models during periodic re-training using 
newly collected, poisoned user interactions. Repeated false in-
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Table 1: A review of large models discussed in the Introduction. First, we 
list common large models, including a large language model that focuses on 
text processing and a multi-modal large model that can process vision and 
language or generate vision and language. Then, mainstream large medical 
models about biomedical text processing, visual and language processing, and 
drug discovery are presented. It can be seen that large medical models have 
undergone rapid development after the introduction of large models.

Figure 1: A summary of the security risks of large medical models. Five 
mentioned security risks with corresponding attack implementation 
descriptions and their representative papers are presented. It can be seen that 
the security risks of large models have received widespread attention and 
research, while different subfields have emerged.
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puts in chatbot dialogues would influence the chatbot's output 
for similar questions. Except for direct data attacks, research 
reveals that model attacks can also result in bad model predic-
tions. Han et. al.24 edit just 1.1% of the weights of the LLM 
to deliberately inject incorrect biomedical facts that propagate 
the erroneous information in the model output without affect-
ing other concepts, which is effective and hard to detect.

•	 Defense strategy:
To mitigate data poisoning attacks where adversaries inject 

malicious samples into training data, defense strategies fo-
cus on robust data curation and outlier detection.25 Li et al.26 
proposed a two-step framework, DPIF, which includes data 
quality rules for candidate detection and clustering for poten-
tial shills. Provable defense mechanisms establish certification 
guarantees for individual test instances through quantifying 
the minimum perturbation magnitude required for training 
data to compromise the sample's classification. Levine et al.27 
introduce two provably robust defenses against data poison-
ing attacks, where Deep Partition Aggregation (DPA) is used 
for general poisoning threats and Semi-Supervised DPA (SS-
DPA) for label-flipping attacks. These approaches establish 
new benchmarks in provable security against both general and 
targeted poisoning scenarios. Wang et al.28 introduce Finite 
Aggregation, an enhanced certified defense against data poi-
soning attacks that improves upon the prior DPA method. It 
strategically constructs overlapping training subsets through 
an initial splitting and duplication process for base classifier 
training.

Considering that the model gradients computed on poi-
soned data differ from those on clean data, gradient shaping,29 
which bounds gradient magnitudes and minimizes orientation 
differences, is utilized to defend against data poisoning attacks 
with differentially private stochastic gradient. Similarly, Yang 
et al.30 drop samples with low-density gradients during train-
ing to decrease the influence of poisoning data. Adversarial 
training frameworks, such as training on perturbed medical 
records, enhance model robustness. Geiping et al.31 extend 
the adversarial training framework with poison creation and 
injection during training to defend against attacks. Addition-
ally, differential privacy is developed for privacy protection and 
does not rely on individual samples,32 and it can defend against 
data poisoning for the reason that small samples slightly influ-
ence the model.

Adversarial Attacks:
•	 Literature Review of Attack Methods:
Unlike traditional cybersecurity threats, adversarial attacks 

exploit the inherent vulnerabilities of AI systems to induce 
harmful behaviors in Med-LLMs, as AI systems are sensitive 
to subtle input modifications, for example, noise and pertur-
bations. Attackers can inject subtle perturbations into medical 
images or textual data to mislead diagnostic outputs, potential-
ly leading to life-threatening errors. Generally, different from 
data poisoning attacks, adversarial attacks only modify the test 
data and cannot change the model training.

The main form of adversarial attacks is adversarial examples. 
Adversarial examples were first found in deep neural networks 
by Goodfellow,33 who carefully designed them to be similar 
to the original input and imperceptible to the human eye, but 
cause the AI model to make mistakes.34 Then, many domestic 
and foreign teams have carried out a lot of work and achieved 
certain results in this field, and a large number of adversarial 
example attack algorithms and defense algorithms against ad-
versarial examples have been proposed. The attack algorithm 
is to study how to generate adversarial samples with a smaller 
perturbation to perturb the neural network, while the defense 
algorithm is to make the deep neural network correctly iden-
tify the adversarial samples and not be deceived to ensure the 
safety of the artificial intelligence system. Adversarial attacks 
mainly contain white-box and black-box methods, depend-
ing on whether the attackers have full access to the model. 
Finlayson et al.35 demonstrated that adding noise to retinal im-
ages could reduce diabetic retinopathy detection accuracy from 
95% to 35%, mimicking real-world scenarios where low-qual-
ity imaging equipment or transmission artifacts compromise 
model performance, and similar results are provided by multi-
class chest X-Ray and dermoscopy images classification. Then, 
Ma et al.36 emphasized that a medical image diagnosis model 
is more vulnerable to adversarial attacks compared to a nat-
ural image classification model. The classification accuracy 
decreases can achieve 87% faced with adversarial attacks. In 
medical imaging, segmentation serves a critical role by en-
abling precise localization and characterization of anatomical 
structures, such as tumors, organs, or lesions. Adversarial at-
tacks targeting segmentation tasks often involve introducing 
subtle perturbations to pixel intensities or gradients, thereby 
distorting boundary delineation accuracy.37 Li et al.38 found 
that adversarial attacks can decrease the precision of 3D med-
ical image segmentation.

•	 Defense strategy:
Model ensemble combines predictions from multiple mod-

els to reduce vulnerability and enhance robustness against 
adversarial attacks. A combination of weights or predictions 
from multiple models could improve generalization and resil-
ience.39 But it would bring high computational and memory 
requirements. Shared-weight architectures decrease computa-
tion and memory but result in limited diversity, 40, 41 employing 
input preprocessing, e.g., perplexity filters, to block adversar-
ial prompts from generating harmful content. It is a heuristic 
detection method showing strong performance. Considering 
that retraining LLMs integrated with differential privacy can 
mitigate privacy risks but bring implementation complex-
ity,42,43 applying differential privacy for pre-trained models 
during inference to prevent memorization of sensitive training 
data and mitigate privacy risks without retraining. Empirical 
Defenses, such as detecting adversarial inputs via denoising 
or semantic smoothing, have been used for mitigating adver-
sarial attacks, but lack robustness against advanced attacks.44 
Certified defenses focused on classification tasks used ran-
domized smoothing or interval-bound propagation to provide 
mathematical robustness guarantees.45 However, they do not 
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•	 Defense strategy:
Privacy leakage is countered by a privacy-preserving archi-

tecture. The main defense strategy contains differential privacy 
(DP), cryptography techniques, and federated learning.55 Dif-
ferential privacy adds calibrated noise to gradients or outputs, 
ensuring individual records cannot be inferred via model 
inversion. DP includes DP-based pre-training, DP-based 
fine-tuning, DP-based prompt tuning, and DP-based synthet-
ic text generation. Du et al.56 employed selective pre-training 
with DP to enhance the robustness of BERT. DP fine-tuning 
mainly injects noise into gradients, for example, DPSGD or 
perturbs embeddings during fine-tuning. DP prompt tuning 
applies DP to parameter-efficient tuning methods like prefix/
prompt tuning.57, 58 Cryptography techniques mainly mean Se-
cure Multi-Party Computation (SMPC) and Homomorphic 
Encryption (HE). Homomorphic encryption allows compu-
tation on encrypted EHRs. THE-X59 utilizes HE for privacy 
protection of the BERT model during the inference phase, 
which replaces non-linear operations with simple addition and 
multiplication operations, and MPCFormer60 protects infer-
ence-phase data and model parameters by replacing nonlinear 
operations with polynomial approximations. Additionally, ef-
ficient cryptography protocol design can also improve the 
efficiency of privacy protection in LMM inference. Hao et al.61 
integrated SMPC and HE to improve the efficiency, and Zheng 
et al.62 proposed a confusion circuit to optimize the non-lin-
ear operation in LLM. Federated Learning (FL) with secure 
aggregation prevents raw data exposure through distributed 
learning without sharing private data.63 Wang et al.64 combine 
DP with federated training to protect client data. FedPETun-
ing65 uses the LoRA parameter-efficient fine-tuning method 
to reduce privacy leakage in FL when fine-tuning clients’ lo-
cal models. In addition, architectural safeguards include split 
learning, where sensitive data remains on-premises, and model 
distillation to remove memorized patient identifiers.

Backdoor Implantation:
•	 Literature Review of Attack Methods:
Backdoor implantation in large medical models represents a 

sophisticated cyber-attack whereby adversaries surreptitiously 
insert triggers into the model during the training phase. These 
triggers remain dormant until activated by the attacker through 
specific inputs during the inference phase. When the backdoor 
is triggered, the model behaves according to the attacker's in-
tentions, outputting tampered results that can mislead medical 
professionals and jeopardize patient safety. The insidious na-
ture of this attack lies in its ability to evade detection during 
routine model evaluations, as the model performs normally 
on non-triggered inputs. This dual behavior—appearing be-
nign under normal conditions yet malicious under specific 
triggers—makes backdoor attacks particularly challenging to 
defend against.

Nwadike et al.66 utilized a backdoor attack on a multilabel 
chest radiography disease classification task with few-pixel 
manipulation of training images. Images containing backdoor 
triggers and corresponding labels are inserted into the training 
dataset and used for training. And attackers do not participate 

utilize the characteristics of LLM-specific attacks.46 Adversar-
ial training is a common defense strategy that trains models 
on augmented training data with adversarial examples, and it 
can defend known attack patterns, improve robustness, and 
enhance resilience to input perturbations.47 But it has a high 
computational cost and limited effectiveness against transfer-
able attacks.48

Privacy Leakage:
•	 Literature Review of Attack Methods:
Different from general LLMs trained on public data, medi-

cal LLMs train on private personal health data, which requires 
safety and privacy. Medical LLMs amplify risks of massive 
data breaches due to their reliance on sensitive health informa-
tion. The earliest, most serious healthcare data breach occurred 
in 2015, involving 78.8 million people. Subsequently, the Mex-
ican healthcare system experienced 5.3 million data breaches. 
Due to the lack of multi-factor authentication, a ransomware 
attack on Change Healthcare exposed records of 100 million 
patients in 2024, including personal health information.

Due to Med-LLMs’ capacity to memorize, Med-LLMs in-
advertently expose sensitive patient data and introduce critical 
privacy risks. For instance, Fredrikson et al.49, 50 demonstrat-
ed that drug dosage prediction models could leak individual 
genomic sequences through API queries, enabling re-iden-
tification of patients even from anonymized datasets. A 
seminal study by Carlini et al.51 demonstrated that querying 
the LLMs can recover individual training examples through 
a training data extraction attack, and larger models are more 
vulnerable than smaller models. LLMs trained on clinical text 
corpora could regurgitate verbatim patient records, including 
name, email address, phone number, fax number, and physical 
address, even when trained on anonymized datasets. This phe-
nomenon stems from the model’s propensity to memorize rare 
token sequences during pre-training, such as unique combi-
nations of symptoms and demographics. In federated learning 
scenarios, where hospitals collaboratively train models without 
sharing raw data, adversarial participants can exploit gradient 
inversion attacks to reconstruct patient-level data. Nielsen et 
al.52 showed that gradient inversion attacks can reconstruct 
retinal fundus images during diabetic retinopathy grade classi-
fication training with 72% fidelity, exposing patient identities 
and clinical details. Dao et al.53 also indicated gradient inver-
sion attacks on medical images that can obtain clear chest 
X-rays and MRI images. Nasr et al.54 showed that gradient 
updates transmitted during training could leak membership 
information, determining whether a specific patient’s data was 
included in the training set.

Encryption processing is used to protect the privacy of 
trained medical data, and then the encrypted translation of 
medical data is transmitted to the cloud large model server, and 
then the obtained results are decrypted and transmitted back. 
LLMs trained on poorly anonymized data may memorize and 
regurgitate private patient information. Encrypted medical re-
cords transmitted to cloud servers for model training still pose 
a risk of exposure if decryption keys are compromised.
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adversarial training manner that trains models to resist trigger 
patterns by simulating and embedding a backdoor trigger. Liu 
et al.80 directly modified model weights to erase backdoor be-
havior.

Prompt Injection:
•	 Literature Review of Attack Methods:
The other representative attack form is prompt injection. 

Attackers bypass safety filters using crafted prompts and in-
duced models generating sensitive, uncontrolled, or deleterious 
outputs. These attacks systematically exploit large language 
models' security mechanisms through malicious prompt en-
gineering, including embedding sensitive or illegal content 
within prompts to bypass safeguards, instructing models to 
assume malicious personas for generating harmful statements, 
and utilizing combinatorial instruction stacking to induce un-
safe responses through semantic drift. These attacks have the 
characteristics of high dynamics and high concealment, which 
causes a great hidden danger to the security of large models.

The infamous Grandma Exploit is a representative instance. 
The Grandma Exploit refers to a social engineering technique 
used to bypass ChatGPT's safety restrictions by emotional-
ly manipulating the AI through fictional narratives about a 
grandmother. This vulnerability became widely discussed in 
late 2022 as a prime example of how prompt injection at-
tacks can exploit large language models' anthropomorphic 
tendencies. Users instructed ChatGPT to role-play as a de-
ceased grandmother to execute a prompt attack. Attackers 
utilized emotional manipulation that the narrative exploited 
ChatGPT's alignment with human values, context overrides 
those role-playing scenarios temporarily suppress standard 
safety filters, and obfuscation that requests were framed as 
"bedtime stories" or "historical recollections" to disguise ma-
licious intent. In the medical field, similar attacks could trick 
models into revealing sensitive patient data or endorsing inac-
curate diagnoses and unsafe treatments.

Clusmann et al.81 first studied evaluating prompt injection 
attacks in healthcare and introduced prompt injection in med-
ical images for oncology diagnosis. They respectively utilized 
text prompt injection, visual prompt injection, and delayed 
visual prompt injection in liver CT, MRI, and ultrasound im-
ages to decide the presence or absence of tumor on famous 
Claude 3 Opus, Claude 3.5 Sonnet, and GPT-4o large mod-
el. Results demonstrate that text prompt injections are always 
harmful, the harmfulness of visual prompt injection is similar 
between Claude 3 and GPT-4o, and delayed visual prompt 
injection obtains less harmfulness. Subsequently, Clusmann et 
al.82 also found that subtle histopathological image changes, 
such as pen marks or watermarks, can influence the diagnostic 
ability of various state-of-the-art vision language models, and 
these changes widely exist in real histopathological images and 
cannot easily be mitigated by prompt engineering approach-
es. Results demonstrate that misleading watermark injection 
reaches an accuracy of under 10%.

in the training procedure and can successfully execute the 
backdoor. Medical image encryption is used to decrease sen-
sitive health information leakage, and a deep learning model 
has been applied to medical image encryption and decryp-
tion. Ding et al.67 pointed out that deep encryption models 
are potentially attacked by backdoor attacks and, respective-
ly, designed corresponding encryption and decryption attacks 
for encryption and decryption networks. Jin et al.68 used an 
unmatching image-text pair and Dad-Distance between the 
embeddings of clean and poisoned data to attack a vision-lan-
guage model, and obtained a 99 percent attack success rate 
with a slight 0.05 percent of misaligned image-text data. Joe 
et al.69 considered that directly changing the input values as 
backdoor attacks is easily detectable and proposed a trigger 
generation method based on missing information for in-hos-
pital mortality prediction using electronic health record data, 
which significantly decreases the performance of the dis-
crimination model. Subsequently, Lyu et al.70 proposed an 
attention-based backdoor attack method that can produce an 
incorrect in-hospital mortality prediction when faced with a 
pre-defined trigger in input data.

Another notable example in the medical field is the Fre-
quency-Injection based Backdoor Attack (FIBA),71 which 
injects triggers into the amplitude spectrum of medical images 
while preserving semantic coherence in the phase spectrum. 
This method enables stealthy attacks on both classification 
and dense prediction tasks, such as skin lesion classification 
and kidney tumor segmentation. Experiments on datasets like 
ISIC-2019 and KiTS-19 demonstrated that FIBA achieves an 
attack success rate (ASR) of over 85% while evading detection 
by conventional defenses like Grad-CAM, as the trigger does 
not introduce spatial anomalies.

•	 Defense strategy:
There are several strategies to mitigate backdoor attacks in 

LLMs, focusing on detecting and neutralizing poisoned data 
or triggers. For poisoned data detection, Wallace et al.72 de-
ployed perplexity analysis, which identified poisoned samples 
by analyzing linguistic fluency anomalies based on the fact of 
non-fluent phrases in poisoned data. Cui et al.73 used a den-
sity-based clustering named HDBSCAN74 to distinguish 
poisoned data clusters from clean data due to the phenomenon 
that poisoned samples tend to cluster together and are separable 
from normal samples. For gradient-based defense, leveraging 
the observation that poisoned gradients exhibit distinct mag-
nitudes and orientations compared to clean gradients, Hong 
et al.29 proposed gradient shaping to filter or perturb gradi-
ents during training. For trigger word removal defense, Yan et 
al.75 calculated the z-scores to identify and remove words with 
strong label correlations. Chen and Dai76 proposed a Backdoor 
Keyword Identification defense method for LSTM models. It 
scores words based on their effect on model predictions, and 
words with high scores belonging to trigger sentences would 
be removed. Wan et al.77 deployed an early stopping strategy 
that stops training early and removes high-loss samples sus-
pected to be poisoned. Shen et al.78 encourage models to learn 
features invariant to poisoned domains. Li et al.79 adopted an 
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•	 Defense strategy:
Prompt injection attacks, where malicious instructions over-

ride model behavior, are countered by context-aware guardrails. 
Hines et al.83, Willison84 proposed instruction boundary 
marking with special tokens to demarcate valid user inputs 
and prevent malicious instructions from overriding system 
prompts. Chen et al.85, Wallace et al.86 utilized task-specific 
fine-tuning and trained LLMs to prioritize approved instruc-
tions and ignore out-of-scope or harmful inputs. Suo87 Embed 
cryptographic signatures in prompts to ensure only autho-
rized instructions are executed. Yi et al.88 proposed contextual 
reminders, which add reminders to reinforce adherence to in-
tended tasks. Rule-based filters block high-risk keywords in 
clinical prompts. Reinforcement learning from human feed-
back (RLHF) aligns outputs with medical guidelines and 
penalizes deviations. OpenAI’s RBRMs1 fine-tune LLMs 
using human feedback to reject harmful instructions and main-
tain safety alignment. Rai et al.89 proposed a multi-tier defense 
framework named GUARDIAN to protect LLMs from ad-
versarial prompt attacks, which contains a system prompt filter 
embedding ethical reminders into system prompts to block 
unethical requests, a pre-processing filter, and a pre-display 
filter. Pre-processing filter uses a fine-tuned toxic classifier 
to flag harmful inputs and generates an ethical prompt, en-
suring malicious prompts are intercepted before processing. 
Pre-display filter leverages the LLM itself to screen outputs 
for ethical compliance, blocking any harmful content missed 
by prior layers. Pérez et al.90 deployed red teaming, which simu-
lates adversarial prompts during training to improve robustness 
against injection attacks.

Besides, a large model hallucination is that the model gener-
ates inaccurate or fictitious information. Large medical models 
exhibit clinically hazardous hallucination patterns character-
ized by the generation of factually incorrect or unsupported 
biomedical assertions. In a medical context, this can lead to 
serious consequences, such as misdiagnosis or wrong treat-
ment recommendations. Additionally, aforementioned attacks 
exacerbate ethical and legal dilemmas in medical AI, such as 
bias amplification and accountability gaps. Poisoned datasets 
skewed toward specific demographics worsen diagnostic dis-
parities, and models exhibited higher error rates for specific 
human race data due to biased training data. Legal frameworks 
struggle to assign liability when poisoned models cause harm, 
and highlight conflicts between developers, hospitals, and al-
gorithms in malpractice cases.

Large medical models face multifaceted security threats 
across different stages. Data poisoning and backdoor implan-
tation occur during the training phase, where malicious actors 
inject misleading or malicious samples into the training data or 
embed hidden triggers to induce controlled malicious behavior. 
Adversarial attacks attack target models during inference by 
introducing imperceptible perturbations to inputs, leading to 
incorrect predictions. Privacy leakage exploits model outputs 
or internal states to extract sensitive training data or individ-
ual information, breaching confidentiality. Prompt injection 
manipulates model behavior by specially crafted natural lan-
guage inputs to bypass safety constraints or generate harmful 

responses. These attacks range from data-level corruption to 
input-level manipulation, and their impacts include reduced 
model reliability, privacy violations, and safety breaches. De-
fending against such diverse threats requires a hierarchical 
strategy that combines robust data management, adversarial 
training, privacy-preserving techniques, and rigorous model 
monitoring, underscoring the need for holistic security frame-
works in clinical AI deployment.

�   Discussion 
The deployment of Large Language Models (LLMs) in 

healthcare introduces transformative potential but also unprec-
edented risks. Their black-box nature, reliance on sensitive data, 
and susceptibility to adversarial manipulation pose significant 
risks. By synthesizing technological, managerial, and ethical 
perspectives, we argue that robust deployment requires inter-
disciplinary collaboration beyond technical solutions alone.

Ensuring the safety of medical large language models:
Full attention must be given to the safety risks associated with 

large medical models (LMMs). These models process highly 
sensitive patient data, including diagnoses, genetic informa-
tion, and treatment histories. The leakage of such health data 
can lead to severe privacy breaches. In particular, exposure of 
genetic or mental health information may result in lifelong dis-
crimination, causing irreversible harm to individuals. Moreover, 
subtle manipulations of input data, such as slight alterations to 
symptom descriptions or laboratory results in textual prompts, 
can lead to critical diagnostic errors. Adversarial attacks can 
also deceive medical LLMs into recommending harmful treat-
ments with potentially fatal consequences. Poisoned training 
data is another serious concern, as it can fundamentally com-
promise model integrity. Biases present in training datasets 
may disproportionately affect underrepresented groups, such as 
ethnic minorities or patients with rare diseases. Models trained 
on skewed or unrepresentative data may produce inaccurate 
diagnoses, thereby exacerbating existing healthcare dispari-
ties. Additionally, backdoor attacks pose a stealthy threat by 
manipulating model behavior during inference, leading to tar-
geted misdiagnoses. These malicious modifications often evade 
standard auditing procedures and may remain undetected un-
til activated. In summary, greater attention must be directed 
toward addressing the threats posed by privacy leakage, adver-
sarial attacks, data poisoning, and backdoor vulnerabilities in 
medical LLMs.

Addressing the multifaceted security risks of LMMs:
Safely deploying large medical models (LLMs) requires 

addressing a wide range of challenges that span technical ro-
bustness, regulatory compliance, ethical responsibility, and 
so on. First and foremost, ensuring data privacy and securi-
ty is critical to comply with regulations such as HIPAA and 
GDPR. Techniques like federated learning combined with 
differential privacy, as well as homomorphic encryption, can 
help protect sensitive patient information during both train-
ing and inference phases. Second, enhancing model robustness 
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against adversarial threats such as input manipulation and data 
poisoning is essential. This can be achieved through adversarial 
training, certified defense mechanisms, and real-time anomaly 
detection systems, which together reduce the risk of misdiag-
nosis or malicious exploitation. Third, promoting explainability 
and transparency plays a key role in building trust among cli-
nicians and patients. Tools such as attention visualization and 
counterfactual explanations can help clarify how models arrive 
at specific decisions, making their outputs more interpretable 
and clinically actionable. Fourth, mitigating bias involves rig-
orous auditing of training data and model outputs to ensure 
fair and consistent performance across diverse demographic 
groups. Ethical considerations must be introduced during the 
deployment of AI in healthcare.

Medical safety requires multiple efforts and collaboration:
The current series of methods can only try to reduce safe-

ty risks, but cannot eliminate these risks, which means that it 
is necessary to clearly define who bears the responsibility for 
medical accidents caused by the LMMs. The responsibility 
for misdiagnoses or harmful recommendations is complex and 
multifaceted. If an LLM provides incorrect advice, accountabil-
ity could fall on: (1) Developers: If flaws stem from inadequate 
training data, algorithmic biases, or insufficient safety testing; 
(2) Healthcare Providers: If clinicians uncritically rely on AI 
outputs without exercising professional judgment; (3) Institu-
tions: If hospitals fail to implement oversight mechanisms or 
update models with evolving medical knowledge; (4) Regula-
tory Bodies: If existing frameworks lack clear guidelines for 
AI accountability. In this way, potentially adopting risk-shar-
ing models (e.g., no-fault insurance) or assigning liability 
based on negligence (e.g., failure to audit biases). To ensure 
responsible implementation, collaboration among developers, 
clinicians, ethicists, institutions, and policymakers is crucial. 
Their collective expertise can help refine protocols and align 
AI applications with established medical standards and societal 
values. Ultimately, the secure and effective deployment of med-
ical LLMs depends on interdisciplinary cooperation, striking 
a balance between innovation and safety to enhance patient 
treatment without compromising ethical or clinical integrity.

�   Conclusion 
The integration of large language models into healthcare 

promises transformative advancements in diagnosis, treatment, 
personalization, and biomedical research. However, their de-
ployment is fraught with critical safety risks, including data 
poisoning, adversarial attacks, privacy breaches, backdoor 
vulnerabilities, and prompt injection exploits, which threat-
en patient safety and erode trust in AI-driven care. Current 
defenses, such as federated learning with differential privacy, 
adversarial training, real-time anomaly detection, and con-
text-aware guardrails, demonstrate partial efficacy but require 
systematic enhancement to address evolving threats. A robust 
safety framework must harmonize technical innovations (e.g., 
privacy-preserving architectures, explainable AI), rigorous reg-
ulatory oversight, and multidisciplinary collaboration among 

clinicians, ethicists, and cybersecurity experts. Future research 
should prioritize dynamic threat modeling, scalable red-team-
ing protocols, and human-in-the-loop validation to ensure 
models remain resilient in real-world clinical workflows. Only 
through proactive, holistic safety strategies can medical LLMs 
achieve their potential to democratize healthcare access while 
upholding the highest standards of reliability, equity, and eth-
ical responsibility.
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ABSTRACT: The purpose of this paper is to investigate how referral reward programs, in combination with tie strength, 
influence consumers’ recommendation intentions in the context of the online game Pokémon GO. A 2 (recipient: new friends vs. 
inactive friends) ×2 (tie strength: strong tie vs. weak tie) experimental design was implemented with 400 consumers recruited 
through the Prolific worker panel. The authors use analysis of covariance (ANCOVA) to test the proposed hypotheses. This study 
provides valuable insights into the effectiveness of referral reward programs. The results show that offering RRPs to different 
types of recipients (new vs. inactive friends) significantly increases referral intention. In addition, tie strength was found to have 
a significant influence on referral intention. Our findings contribute to the understanding of the effectiveness of referral reward 
programs combined with tie strength in improving game users’ referral intentions. 

KEYWORDS: Social Sciences, Marketing, Referral Reward Programs, Tie Strength, Pokémon Go. 

�   Introduction
Referral reward programs (RRPs hereafter) are now wide-

spread across many service industries, as companies seek to 
boost word-of-mouth (WOM) marketing and encourage 
customer referrals.1,2 Schmitt et al. define customer referral 
programs as “a form of stimulated word-of-mouth (WOM) 
that provides incentives to existing customers to bring in new 
customers” (p. 47).3 RRPs can attract new customers,4,5 im-
prove customer loyalty,6 and enhance brand advocacy.7 Much 
research into RRPs has demonstrated that the usage of these 
programs is justifiable.8 Although RRPs have received tremen-
dous attention from marketing scholars and practitioners in 
various industries, the online game industry has been slow in 
adopting these RRPs as a promotional tool. 

In March 2021, Pokémon GO, one of the most popular 
augmented reality games, introduced an RRP. This program 
provided incentives to active players to encourage those who 
had stopped playing or were new to the game to re-engage. 
Unlike traditional referral reward programs that focus solely on 
acquiring new customers, Pokémon GO’s RRPs also included 
customers who had been inactive for the past 90 days as eligible 
referrals. Therefore, reward programs in Pokémon GO are also 
offered to customers who have previously played the game. 

RRPs also have an impact on other customers. Customers 
not only consider the potential value that other customers may 
receive through the RRPs but also take into account the rela-
tionship between them. Therefore, tie strength is considered 
a key factor influencing referral likelihood in many previous 
studies.4,9

This study aims to evaluate the effectiveness of RRPs within 
the unique context of the online game Pokémon GO. Specif-
ically, it investigates which approach—attracting new users 
or reengaging former players—is more effective when imple-
mented through RRPs. Furthermore, the study compares the 

relative impact of tie strength—namely, strong ties versus weak 
ties—on players’ referral intentions. Notably, the relationship 
between referral rewards and tie strength has yet to be explored 
in the context of online mobile games that engage two distinct 
recipient types through RRPs. 

To aid understanding of this study, we first review the litera-
ture on referral rewards and tie strength to develop hypotheses. 
We then outline the experimental design and data collection 
methods, followed by a discussion of the results. Finally, we 
present the conclusions and limitations. 

�   Literature Review
Referral Reward Programs:
Word of mouth (WOM) has long been recognized as a 

means of customer acquisition, and companies have intro-
duced RRPs to encourage word of mouth actively. RRPs are 
considered a form of indirect marketing because they originate 
from existing customers rather than the company’s marketers. 
According to Biyalogorsky, Gerstner, and Libai, Referral re-
ward programs aim to encourage consumers to share positive 
word of mouth (WOM) about products or services.10 RRPs 
have long been adopted in various industries such as financial 
services (i.e., Chase Bank), hospitality (i.e., Airbnb), and ser-
vices (i.e., Uber). 

Referral rewards can generally be categorized into two dis-
tinct types: monetary rewards, such as cash, gift cards, and free 
shipping. On the other hand, non-monetary rewards may con-
sist of loyalty points or exclusive branded merchandise. These 
referral rewards act as extrinsic motivators.11 When consumers 
purchase a recommended product, it indicates that RRPs have 
been successfully executed. Recommenders expect perceived 
benefits (rewards) in return for their efforts, and firms can 
provide these referral rewards. Based on extrinsic motivation, 
Previous studies have shown that customers' likelihood of 
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making referrals varies depending on the amount, type, and 
recipient of the reward,4 as well as the level of social risk.12

As online referral programs have grown, online referral re-
ward programs have also begun to gain attention.13 Previous 
studies have examined the effectiveness of online referral re-
ward structures in maximizing word-of-mouth,14 and one of 
these studies tested it in the mobile gaming context.15 In the 
digital environment, variables related to offline referral reward 
programs were used for the optimal design of online referral 
programs; the two types of recipients used in our study were 
not considered.

Pokémon Go and referral reward programs:
Pokémon GO is one of the most popular mobile games. It 

ranked in the top 10 mobile apps for total revenue as of January 
2021.16 Previous research found that playing Pokémon Go has a 
positive impact on the level of physical activity that players en-
gage in,17 as well as positive effects on social interaction from 
playing the game.18 Playing Pokémon GO can foster intimate 
partnerships, strengthen relationships with family or friends, 
and promote a sense of belonging to a larger community. 

Pokémon GO introduced an RRP in March 2021. Centered 
on social interaction, Pokémon GO maintains a list of friends 
who play together. While many users pay for items to enhance 
their game performance, the referral reward program allows 
them to receive items for free. Rewards include items such as 
Poké Balls, incubators, raid passes, rare candies, and eggs. 

While typical referral reward programs aim to attract new 
customers (game users), the mobile game Pokémon GO also 
included players who have previous gaming experience - not 
just new customers - in its referral reward program. The re-
ferral system allows a trainer to refer another trainer, whether 
they are new or returning. A returning Trainer must have been 
inactive for at least 90 days to be eligible for referral. Once 
a Trainer is referred, the referring trainer receives a friend 
request from them so they can earn rewards together. This 
represents a new type of RRPs that is rarely seen in the general 
service industries.

Theoretical background:
This study applies Social Motives Theory to explain con-

sumer referral behavior in the context of RRPs. Social Motives 
Theory is based on the idea that individuals care about the 
outcomes of others,19 and is commonly framed through the 
lenses of self-interest, altruism, and cooperative behavior.20 
This theory posits that the desire to maintain or strength-
en social bonds, such as those with friends or acquaintances, 
serves as a key motivator for individuals to engage in refer-
ral behaviors.  Social motives can manifest themselves in an 
RRP when recommenders give special consideration to their 
friends’ satisfaction with their recommendations. When refer-
rers particularly consider whether their friends will be satisfied 
with the recommendation, social motives may arise within the 
framework of referral reward programs.1 Referral rewards ex-
tend beyond the provision of tangible incentives; the act of 
recommending high-quality new products or services may be 
interpreted as an expression of concern for others' well-being. 

Referrals made to friends who have already experienced 
Pokémon GO may be perceived as more trustworthy, resulting 
in greater satisfaction compared to referrals directed at new 
users who have never played the game. Pre-existing relation-
ships facilitate easier referrals, and referrers may anticipate a 
perceived benefit (reward) in return for their efforts.

When a friend who has never played the game receives a 
referral reward, they may exhibit low trust in the game and 
experience resistance. Additionally, suppose the recipient be-
comes aware of the referral reward. In that case, they may 
perceive the recommendation as being driven solely by eco-
nomic gain, which could reduce their likelihood of adopting 
the recommended game. Based on the social motives frame-
work, this study proposes the following hypothesis:

H1. Game users are more likely to refer the game to an inac-
tive friend who has not played in a while than to a new friend.

Tie Strength:
Prior research has shown that tie strength plays a crucial 

role in the spread of word-of-mouth (WOM).4, 22 According 
to Money et al.,23 tie strength is “a multidimensional construct 
that represents the strength of the dyadic interpersonal rela-
tionships in the context of social networks” (p. 79). Also, there 
are two types of tie strength: “strong primary (such as spouse) 
and weak secondary (such as seldom-contacted acquaintanc-
es)” (p. 374).24 Existing studies have found that customers are 
more likely to accept word-of-mouth (WOM) from strong 
ties rather than weak ties, as strong ties are perceived to be 
a more trustworthy and less risky source of information.25 In 
addition, tie strength is regarded as a key factor influencing the 
likelihood of referrals within the context of RRPs. For exam-
ple, customers respond differently depending on whether the 
referral comes from a strong tie or a weak tie when a referral 
reward is offered.26 In addition, the concept of meta-percep-
tion was introduced to explain how tie strength and the size 
of a referral reward interact to influence referral likelihood.27

Referral rewards will motivate consumers to increase the to-
tal number of referrals. At the same time, these benefits will 
encourage consumers to make a higher percentage of their re-
ferrals to strong ties, since referral rewards are typically only 
granted when the referred party accepts the referral. Strong 
ties are more likely to trust the referrer and, as a result, sign up 
for Pokémon GO. Thus, we put forth the following hypoth-
esis:

H2: Game users are more likely to refer the game to strong 
ties than to weak ties.

�   Methodology
Given the objectives of our study, referral rewards and tie 

strength are the two primary drivers of referral intention. The 
administration of the experiment follows closely that used 
in previous studies.4,28 To test hypotheses, we employed a 2 
(recipient: new friends vs. inactive friends) × 2 (tie strength: 
strong tie vs. weak tie) between-subjects design. A two-way 
ANCOVA was conducted to analyze the effects of recipient 
type and tie strength on referral intentions, controlling for pri-
or referral experience.
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Recruitment:
In August 2025, the survey was designed using the Qual-

trics platform, and its link was then distributed via Prolific, an 
online survey platform for recruiting participants for behav-
ioral and social science research. Prolific is a rapidly growing 
crowdsourcing platform that enables researchers to gather 
high-quality data from a large, vetted participant pool.29 Four 
hundred respondents who are 18 years or older were recruited 
for this experiment. They were randomly assigned to one of 
the four treatment conditions, each with about 100 partici-
pants. After prescreening survey participants - excluding those 
who did not report having installed and played Pokémon Go 
on a mobile device, as well as those with missing responses - a 
total of 392 complete and valid responses remained for fur-
ther analysis. Respondents received financial compensation for 
their participation.

Informed Consent: 
Before participating in the study, participants were provided 

with a brief description of its purpose and goals. Participation 
in the survey was entirely voluntary, and individuals were free 
to withdraw at any time without penalty. Those who complet-
ed the survey received a $2 incentive.

Research Instruments:
Participants were asked to read a hypothetical scenario and 

imagine that they had signed up for and played a Pokémon 
mobile game. They were then presented with a message from 
Niantic (the company behind Pokémon Go) regarding an ad-
vertisement for the game, in which they were asked to invite 
their friends to play. In addition, the message stated that only 
new trainers or those who had not been active within the past 
90 days were eligible to be referred. The scenario for an in-
active friend’s condition stated that “If you refer one of your 
closest (weak) friends who’s already started their Pokémon Go 
adventure, you will only be eligible for rewards if your close 
(weak) friend hasn’t logged in for over 90 days.” The new 
friends’ condition stated that one of your closest (weak) friends 
who has never started their Pokémon Go adventure is eligible 
to be referred. To be eligible for referral bonuses, your closest 
(weak) friends must create their new accounts. Next, we ma-
nipulated tie strength by asking participants to write down, 
using initials, either "one of your closest friends" or "one of 
your weak ties.” In addition, they responded to the referral in-
tention items: My willingness to recommend Pokémon Go to 
my friends; The probability of recommending Pokémon Go 
to my friend is measured using a 7-point Likert scale (ranging 
from “very low” – “1” to “very high” – “7”). These two measures 
are adopted from Ku et al.30 and are found to have a high va-
lidity index (Cronbach’s α = 0.981). We used the average of 
these two items as a measure of referral intention. As in Song 
et al.,8 the question “How many times have you made referrals 
through an RRP in the past?” was included in the survey form. 
This measure will serve as a covariate to control for variation 
in the primary dependent variable, referral intention.

�   Results and Discussion 
Demographic results:
Of the 392 participants, 59.4% are male. Among them, 6.4% 

are between 19 and 25 years old, 60.7% between 26 and 40, 
and 32.9% over 40. Regarding the frequency of RRP usage, 
83.5% of respondents have made referrals to friends through a 
referral reward program. Additionally, 88.8% have referred to 
friends at least once, 50.2% more than twice, and 21.3% more 
than four times in the past 12 months. However, only 35.1% 
of respondents have used the Pokémon GO referral reward 
program specifically to refer friends. Overall, the survey partic-
ipants reported that they frequently play or use the Pokémon 
GO game.

Main results:
To test the hypotheses, we analyzed referral intention with 

an analysis of covariance (ANCOVA). Tie strength and type 
of recipient were the two main effects with experience as the 
covariate (F (1, 387) = 6.376, p = 0.012). This result showed 
that greater referral experience led to more referrals. Results 
are graphically presented in Figure 1. Hypothesis 1 expects 
that game users are more likely to refer an inactive friend who 
hasn't played the game for a while than to refer a new user 
when an RRP is utilized. The result yielded a statistically sig-
nificant main effect of type of recipient on referral likelihood 
(F (1, 387) = 7.156, p = 0.008). Mean referral likelihood to 
refer inactive friends was 5.11 (SD = 1.32), compared to 4.73 
(SD = 1.50) for new friends, lending strong support to H1. 

H2 predicted that game users are more likely to refer to 
strong ties than weak ties. The result yielded a statistically sig-
nificant main effect of tie strength on referral likelihood (F 
(1, 387) = 23.67, p < 0.001). Mean referral intention to refer a 
strong tie was 5.24 (SD = 1.15), compared to 4.60 (SD = 1.58) 
for a weak tie, lending strong support to H2. 

For further analysis, a two-way ANCOVA with Bonfer-
roni-adjusted pairwise comparison was conducted as a post 
hoc analysis to calculate the adjusted mean values of the vari-
ables, while controlling for covariates. For the type of recipient, 
the results show the same pattern: referral intention for inac-
tive friends was significantly higher than that for new friends 
(Minactive – Mnew = 0.371, p = 0.008). In addition, for tie 
strength, referral intention with strong ties was significantly 
higher than that with weak ties (Mstrong – Mweak = 0.675, p < 
0.001).

We analyzed whether the interaction effect between recip-
ient type and tie strength influenced referral intentions while 
controlling for prior referral experience. However, the inter-
action between the two factors was not significant for referral 
likelihood (F (1, 387) = 0.318, p = 0.573). 

DOI: 10.36838/IJHSR86.109

	 ijhighschoolresearch.org



	 112	

on providing referral rewards to inactive friends. Attracting 
new customers is important, but retaining existing customers 
is also crucial. The current RRP criteria, which only allow re-
wards if a friend has not logged in for over 90 days, should 
also consider 30- and 60-day periods. The RRPs could be a 
good way to prevent friends from not playing the game for 
extended periods. In addition, the referral program has been 
implemented worldwide and is designed to encourage people 
to play Pokémon GO. As shown in this study, referring to close 
friends can provide an opportunity to enjoy the game together. 
Companies should focus on encouraging referrers to recom-
mend the program to close friends, regardless of whether those 
friends are inactive or new.

�   Conclusion 
This study is the first study that integrates referral reward and 

tie strength in the context of mobile games. A 2 (recipient: new 
friends vs. inactive friends) ×2 (tie strength: strong tie vs. weak 
tie) experimental design to capture the effects of reward and tie 
strength on referral intentions. The unique game environment 
of Pokémon GO, which allows players to see when their friends 
last played through the friend list, has shifted the paradigm of 
referral reward programs. As mentioned above, referral reward 
programs in traditional service industries have typically served 
solely as a means of acquiring new customers. However, there 
is now a need to consider business models that also target for-
mer customers - those who previously used the service but are 
no longer active. In addition, like previous studies on referral 
reward programs (RRPs), this study also demonstrated that tie 
strength is an important factor in explaining the effectiveness 
of RRPs. 

�   Limitations 
Despite the contributions of this study, several limitations 

should be noted. First, the effectiveness of the referral reward 
program was examined within the specific context of an online 
gaming environment, and the data were based on self-reported 
measures. As such, the findings may not fully capture consum-
ers’ referral intentions in relation to other real-world products 
and services, thereby limiting the generalizability of the results. 

Second, many other factors can impact referrals, such as 
scarcity,9 gender,31 and brand strength.4 It would be fruitful to 
incorporate these contextual factors into future research. 

Third, another limitation of this study is that representative-
ness cannot be claimed based solely on a sample of American 
participants. Previous research has shown significant differenc-
es in referral effectiveness across countries.32 Considering that 
culture plays an important role in individuals' decision-making 
regarding referral behavior,33 further research should be con-
ducted in diverse cultural contexts.

Finally, consistent with much of the existing literature on 
referral reward programs, this study primarily examines the 
perspective of the recommender. Future research, particularly 
within the context of online games, should investigate the ef-
fects of referral rewards from the receiver’s point of view.

The study showed that game users are more likely to make 
referrals when the RRPs were offered to friends on their 
friends list rather than to new friends. As expected, they ap-
peared to prefer receiving referral rewards through friends they 
already know rather than from strangers. Although there was a 
significant difference in referral intention between referring to 
friends on the friend list and new friends through the referral 
reward program, the intention to refer to new friends was still 
found to be high. Therefore, firms should provide or continue 
to provide referral rewards to acquire new friends and use re-
ferral rewards to retain inactive game users.

Strong evidence was found that game users are more likely 
to make referrals to strong ties (close friends) than to weak ties 
(distant friends) through the referral reward program (RRP). 
Regardless of whether the friend is on their friend list or a new 
friend, game users prefer to recommend the Pokémon GO 
game to close friends and receive rewards. In particular, users 
showed a high intention to refer close friends on their friend 
list, whereas their intention to refer new acquaintances they 
didn’t know well was low. Our results on tie strength support 
the findings of previous studies.4,9

Theoretical Implications:
This paper adds to the existing literature on referral reward 

programs (RRPs). While prior empirical studies have exam-
ined consumers’ expectations to utilize referral rewards and 
their motivational responses, this study further contributes by 
illustrating how the nature of the friend eligible for the reward 
influences the recommender’s referral behavior in the context 
of an online mobile game. In addition, social motives theory 
allows us to put forth hypotheses regarding tie strength; that 
is, a recommender who is concerned with how friends fare 
through RRPs. This study aims to fill a gap in the existing 
literature by examining tie strength in the context of RRPs. By 
integrating these two factors, this study extends and contrib-
utes to the literature in both areas.

Managerial Implications:
Our results show that offering a reward increases referral 

intention to an inactive friend who hasn't played the game for 
a while more than to a new friend. Niantic should focus more 
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ABSTRACT: The widespread use of lipid-lowering drugs and anti-hypertensives has become central to the prevention of 
cardiovascular disease (CVD) and type 2 diabetes mellitus. However, their influence on individual health behaviors remains 
unclear. This review focuses on how preventive pharmacotherapy affects both positive health behaviors, including diet and physical 
activity, as well as negative health behaviors, including smoking and alcohol use. This review evaluates whether these medications 
function primarily as complements to or substitutes for lifestyle modification. Across diverse study designs and populations, 
the evidence suggests that preventive pharmacotherapy does not uniformly reinforce healthy behaviors. These findings carry 
significant implications for clinical practice and public health policy. As reliance on preventive pharmacotherapy continues to 
expand, medications should not be positioned as replacements for lifestyle change. Instead, as recommended by the World Health 
Organization, pharmacologic treatment should be integrated systemically with lifestyle changes to ensure that reductions in CVD 
and diabetes risk are sustained through both biomedical and behavioral pathways.  

KEYWORDS: Social and Behavioral Science, Health Economics, Behavioral Economics, Pharmacotherapy. 

�   Introduction
According to the World Health Organization, from 1990 to 

2022, the number of individuals diagnosed with diabetes mel-
litus rose from 200 million to 830 million.1 In 2021, diabetes 
was the direct cause of 1.6 million deaths, as well as the cause 
of 530,000 deaths by kidney disease.1 From 1990 to 2023, the 
number of individuals diagnosed with cardiovascular disease 
(CVD) rose from 311 million with 13.1 million deaths to 626 
million with 19.2 million deaths, making CVD the leading 
cause of death globally.2 In 2021, high blood glucose from dia-
betes caused around 11% of cardiovascular deaths.1

Lifestyle and dietary modifications have always been es-
sential to the primary and secondary prevention of diabetes 
mellitus and cardiovascular disease (CVD).3-6 Smoking ces-
sation, decreased consumption of alcohol, increased physical 
activity, and decreased intake of saturated fats are all associated 
with lower risks of CVD and type 2 diabetes mellitus.7-10 In the 
past few decades, the use of lipid-lowering drugs (LLDs) and 
anti-hypertensives (AHs) as a complement to lifestyle modifi-
cations has become prevalent,11-13 and will continue to expand 
due to the implementation of recent policies.3,4,14

The relationship between the initiation of LLDs and AHs 
remains unresolved.15 Therefore, clinicians should precede the 
prescription of preventative pharmacotherapy with lifestyle 
modification.6 Following initiation, the perceived effective-
ness of the drugs may incentivize patients to live a healthier 
lifestyle.16,17 However, patients may see pharmacotherapy as a 
replacement rather than a complement to lifestyle modifica-
tion,17 and use statins as a “get out of jail free card” to engage 
in unhealthy behaviors;18 thereby reducing the effectiveness of 
pharmacotherapy.19,20 Furthermore, clinicians may not stress 
the importance of lifestyle modification after initiation.21

The objective of this review is to synthesize the empirical 
evidence on the effects of LLDs and AHs on health behaviors 
such as diet, exercise, smoking, and alcohol use. By integrating 
findings from repeated cross-sectional and longitudinal co-
hort studies, as well as fixed-effects and instrumental-variable 
designs, this review evaluates whether preventive pharmaco-
therapy functions primarily as a complement to or a substitute 
for lifestyle modification. It also explores how these effects can 
vary by sex, study design, and clinical context. The clarification 
of these behavioral responses will be essential for optimizing 
prevention strategies and aligning pharmacologic treatment 
with sustained lifestyle change in the prevention of CVD and 
type 2 diabetes mellitus.

Changes in Diet and Caloric/Fat Intake:
Dietary composition and total energy intake are both vital 

in the prevention of CVD and type 2 diabetes mellitus. Excess 
caloric consumption and high saturated fat intakes promote 
dyslipidemia, insulin resistance, and weight gain.22-24 Conse-
quently, dietary modification in the form of reductions in total 
calories and saturated fat is routinely emphasized as a first-line 
intervention for individuals with hyperlipidemia and elevated 
cardiovascular risk.25-28 Statins and other LLDs are also high-
ly effective at reducing LDL cholesterol;29-31 although, unlike 
cholesterol, they do not directly address excess energy intake 
or diet quality, thereby raising the possibility that pharmaco-
logic lipid control may alter incentives for sustained dietary 
restraint.17

In this section, we review two studies related to changes in 
diet, caloric intake, and fat intake. One study by Sugiyama 
et al. focuses on the effects of statin use on total cholesterol 
and different metrics of body composition (BMI, overweight, 
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and obesity).32 Another study by Kaestner et al. focuses on 
differences in caloric and fat intake between statin users and 
non-users.17

According to the work by Sugiyama et al.,32 statin users had 
significantly lower calorie (Figure 1) and fat (Figure 2) intake 
than non-users from 1999-2004; however, in the later years 
(2005-2010), the difference between the two groups decreased 
significantly. This change is explained by the steep increase in 
the use of Statins, as users almost doubled from 1999 to 2010. 
Additionally, a cross-sectional study by Lofgren et al. that was 
conducted in Rhode Island in the 2000s found a decrease in 
caloric intake in elderly Statin users that was insignificant.33 
Another cross-sectional study by Lytsy et al.,34 which was con-
ducted in Sweden in 2004, concluded that Statin users were 

more likely to avoid food with higher levels of fat content than 
non-users. On the other hand, a longitudinal study by Mann et 
al. in Veterans Affairs primary care clinics followed new statin 
users and found no increase in caloric and fat intake.35 It is 
important to keep in mind that this study only took place for 
6 months, and although longitudinal studies allow for more 
certainty in causal inferences, the cross-sectional study from 
Figures 1 and 2 utilized data from 12 years, allowing them to 
see time-trends when there was a steep increase in the use of 
Statins.

Sugiyama et al. explain the shift through two mechanisms.32 
One possibility is that following the initiation of Statin, espe-
cially after users see improvement in their LDL-C levels, users 
may lose the incentive to make positive health-related lifestyle 
modifications. Physicians may have also contributed to this by 
making the main focus of the appointment on the administra-
tion of statins rather than on lifestyle modification. Another 
possibility is that as the prescription of statins increased, those 
who didn’t want to change their diet initiated statins, and those 
who didn’t prefer to initiate statins instead made positive life-
style modifications.

According to Kaestner et al.,17 following the initiation of sta-
tin, total cholesterol decreased significantly. As shown in Table 
1, for males, the decrease in total cholesterol following initia-
tion of statin therapy was 44 points, and for females, it was 49 
points. These results reflect the previously established efficacy 
of statin use for lowering cholesterol, specifically in a non-ex-
perimental context.32 Also, based on their study, the initiation 
of statin is associated with a statistically significant increase in 
BMI of 0.4 units for males, and a 0.3 to 0.5 unit increase for 
females. Although these results were significant, they were still 
relatively small (about 10% of a standard deviation). However, 
the results for obesity suggested that statin initiation is associ-
ated with about a 20% increase in obesity for males and a 33% 
increase for females. Estimates related to being overweight are 
relatively small and statistically insignificant. Ultimately, esti-
mates in Table 1 provided strong and consistent evidence of 
the association between statin initiation with a small increase 
in BMI and a relatively large increase in obesity, suggesting a 
worsened diet following initiation of statins.

Following the initiation of statin therapy, total cholester-
ol decreased significantly, while BMI and obesity increased 
significantly.* The sample size is approximately 6,500 (1,300 
unique people) males and 7,000 (1,400 unique) females. Sam-
ple sizes differ slightly for each variable because of missing 
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Figure 1: Relationship of caloric intake estimates between statin users and 
non-users. Statin users had significantly lower caloric intake than non-users 
from 1999-2004; however, in the later years (2005-2010), the difference 
between the two groups decreased significantly. Adjusted for age category, sex, 
race and ethnicity, educational attainment, and diabetes diagnosis. Error bars 
represent 95% CIs. Larger points represent significant changes from 1999-
2000. Note. Reproduced from Sugiyama et al.32

Figure 2: Relationship of fat intake estimates between statin users and non-
users. Statin users had significantly lower fat intake than non-users from 
1999-2004; however, in the later years (2005-2010), the difference between 
the two groups decreased significantly. Adjusted for age category, sex, race and 
ethnicity, educational attainment, and diabetes diagnosis. Error bars represent 
95% CIs. Larger points represent significant changes from 1999-2000. Note. 
Reproduced from Sugiyama et al.32

Table 1: Estimates of the effect of statin use on total cholesterol and weight 
in the full sample, including the low-cholesterol group.*
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values. Regression models include individual fixed effects, 
dummy variables indicating interview/exam, age, marital 
status, whether a person had a cardiovascular event (CVD), 
whether parents had CVD, and whether parents are living. ** 
indicates p-value ≤ 0.05, *** indicates 0.05 < p-value ≤ 0.10. 
Note. Adapted from Kaestner et al.17

The relationship between statin use and dietary behav-
ior differs between the study designs by Sugiyama et al. and 
Kaestner et al.,17,32 but converges on a common theoretical 
interpretation. Sugiyama et al. used repeated cross-sectional 
NHANES data,32 which revealed that early dietary restraint 
among statin users decreased over time as statin use expanded, 
closing the gap in caloric and fat intake between users and 
non-users; this pattern was consistent with population-level 
risk compensation. However, Kaestner et al. used longitudi-
nal fixed-effects data,17 which, in turn, revealed that statin 
initiation caused large reductions in cholesterol while simul-
taneously producing small increases in BMI and substantial 
increases in obesity risk. This indicated that dietary behavior 
worsened within individuals after treatment began. Altogether, 
the cross-sectional time trends identified by Sugiyama et al. 
and the causal within-person effects estimated by Kaestner et 
al. both support the conclusion that statins often function as 
substitutes for dietary modification rather than complements. 
This shows how improvements in biomedical risk can reduce 
incentives for sustained lifestyle change.17,32

Changes in Physical Activity Levels:
Consistent physical activity is essential to cardiometabol-

ic prevention.36 It carries well-established benefits for lipid 
profiles, blood pressure, insulin sensitivity, and body weight 
regulation.37-39 Increased physical activity for individuals with 
hyperlipidemia or hypertension is recommended by clini-
cal guidelines,28 both prior to and following the initiation of 
pharmacologic therapy. Relative to dietary change, the physical 
activity requirement for sustained behavioral effort and ongo-
ing motivation makes it particularly vulnerable to perceived 
reductions in disease risk after initiation of medication.

In this section, we review three studies related to changes in 
physical activity levels in LLD users and individuals diagnosed 
with diabetes mellitus. The study by Oh et al. examined the 
difference in physical activity levels in MET between LLD 
users and non-users in individuals who had hyperlipidemia.40 
The work by Kaestner et al. estimated the effects of statin use 
on both sedentary and vigorous physical activity levels.17 A 
third study by Schneider et al. examined the change in physical 
activity in MET following a diabetes diagnosis.41

In the study by Oh et al.,40 physical activity was assessed 
using the Korean version of the International Physical Activity 
Questionnaire (IPAQ)42,43 The following points were assessed 
in IPAQ: the duration (minutes per day) and frequency (days 
per week) of vigorous, moderate-intensity, and walking ac-
tivities. The number of hours was weighted by the specific 
metabolic equivalent (MET) score for each activity.

1) Vigorous MET (min/wk) = 8.0 × vigorous - intensity ac-
tivity (min/d) × vigorous (d/wk)

2) Moderate MET (min/wk) = 4.0 × moderate - intensity 
activity (min/d) × moderate (d/wk)

3) Walking MET (min/wk) = 3.3 × walking (min/d) × walk-
ing (d/wk)

4) Total MET (min/wk) = sum of vigorous + moderate + 
walking MET scores)

According to Figure 3, when MET scores were adjusted for 
all variables, drug users showed a statistically significant de-
crease in physical activity when compared to non-users in the 
years 2010-2013. According to the author,40 the therapy didn’t 
include or emphasize the necessary lifestyle modifications that 
are needed in addition to medication. This may reduce the im-
pact of standalone pharmacological therapy.

According to Kaestner et al. FEIC Estimates demonstrat-
ed a statistically significant decrease of 17% (of a standard 
deviation) in sedentary activity and a statistically significant 
increase of 24% in vigorous activity,17 as shown in Table 2. Ad-
ditionally, statin use is associated with a statistically significant 
increase of 18% (of a standard deviation in sedentary activity 
among females. The author concluded that evidence is mixed 
on whether statin use is complementary to changes in physical 
activity. They explained that it is entirely possible that oth-
er changes may have occurred simultaneously with statin use, 
such as greater contact with medical providers.
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Figure 3: Difference in physical activity levels between LLD users and 
nonusers in individuals with hyperlipidemia. Drug users showed a statistically 
significant decrease in physical activity when compared to non-users in the 
years 2010-2013. Adjusted for sex, age category, level of education, marital 
status, body mass index, and diagnosis of diabetes. † P for trend was using a 
general linear model in complex sample analysis. Note. Reproduced from Oh 
et al.40
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es in physical activity; these changes were driven primarily 
through walking and activity frequency. In the fully adjusted 
model, women with a new diabetes diagnosis increased total 
physical activity by approximately 0.6 MET-hours per week 
(β ≈ 0.59), walking by about 0.26 MET-hours per week, and 
the number of ≥20-minute activity episodes by roughly 0.26 
episodes per week. However, changes in mild and moderate 
activity were not statistically significant. The initial association 
with vigorous activity (≈0.20 MET-hours per week) attenuat-
ed after full adjustment, and no significant change in sedentary 
time was observed. Therefore, Table 3 shows that, at least 
among postmenopausal women, a diabetes diagnosis prompted 
small but consistent increases in overall activity (equivalent to 
only about 6% of recommended weekly physical activity lev-
els), rather than broad shifts toward higher-intensity exercise 
or reduced sitting.

The contrast in findings between Oh et al. and Kaestner 
et al. regarding physical activity among LLD users is largely 
caused by the differences in study design, population compo-
sition, and the clinical context in which the intervention was 
experienced.17,40 Oh et al. used data from the Korean Nation-
al Health and Nutrition Examination Survey (2010-2013), 
which utilized a repeated cross-sectional design.40 This study 
found a statistically significant 38% decrease in total physical 
activity among LLD users, which was measured in MET-min-
utes per week, while it found no significant change among 
non-users. Due to the study's examination of population-lev-
el trends rather than within-person behavioral change and its 
lack of stratification of analyses by sex, the observed decline 
likely reflects a net effect driven by female participants, among 
whom statin use may function as a substitute for lifestyle mod-
ification.

In contrast, Kaestner et al. utilized a study design with 
longitudinal data with individual fixed-effects and instrumen-
tal-variable methods and identified sex specific responses.17 
Men reduced sedentary behavior and increased vigorous phys-
ical activity following statin initiation, while women increased 
sedentary behavior and exhibited no gains in vigorous exercise. 
However, these patterns should not be interpreted as evidence 
that women are inherently less responsive to health interven-
tions. Evidence from other clinical contexts, such as studies of 
diabetes diagnosis among postmenopausal women, demon-
strates that women are capable of increasing physical activity 
when the intervention provides a salient “teachable moment.”41 
Rather, preventive pharmacological therapy for hyperlipidemia 
may attenuate perceived urgency and crowd out behavior-
al change, particularly among women, while functioning as a 
complement to lifestyle modification for men. Consequently, 
when these heterogeneous responses are aggregated in fe-
male-majority samples, such as that of Oh et al. They manifest 
as an overall decline in physical activity.40 Taken together, these 
studies are not contradictory but illustrate that responses to 
statin therapy are context dependent: sex moderates behavioral 
change, but diagnosis severity and clinical framing ultimately 
determine whether treatment complements or substitutes for 
physical activity.

FEIC Estimates demonstrated a statistically significant de-
crease of 17% (of a standard deviation) in sedentary activity and 
a statistically significant increase of 24% in vigorous activity. * 
The sample size is approximately 4,500 (939 unique people) 
males and 4,500 (926 unique) females. Sample sizes differ 
slightly for each variable because of missing values. Regression 
models include individual fixed effects, dummy variables in-
dicating interview/exam, age, marital status, whether a person 
had a cardiovascular event (CVD), whether parents had CVD, 
and whether parents are living. ** indicates p-value≤0.05, *** 
indicates 0.05 < p-value ≤ 0.10. Note. Adapted from Kaestner 
et al.17

A diabetes diagnosis is associated with statistically signif-
icant but modest increases in physical activity. * Computing 
change from earlier time point for those missing data (up to 
1 year earlier, for instance if missing year 4 then change at 
year 5 is year 5 minus year 3) ** SE- standard error *** Full 
model included year, age, ethnicity, BMI, education (years), 
family history of diabetes, physical functioning (SF-36), pain 
(SF-36), energy/fatigue (SF-36), social functioning (cut at 50), 
depression (CES-D, cut at 0.06), number of chronic diseas-
es and strenuous/hard exercise at age 18 years. Note. Adapted 
from Schneider et al.41

Table 3 from Schneider et al. examined changes in physical 
activity following a new diabetes diagnosis using longitudinal 
data from the Women’s Health Initiative Observational Study: 
a study that followed 84,300 postmenopausal women from the 
age of 50 to 79 for up to seven years.41 Through the use of 
linear mixed models with sequential adjustment for BMI and 
a comprehensive set of sociodemographic, health, and func-
tional covariates, the study estimated within-person changes 
in activity among women with a diabetes diagnosis compared 
with those without. The results show that a diabetes diagnosis 
is associated with statistically significant but modest increas-
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Table 2: Estimates of the effect of statin use on sedentary and vigorous 
physical activity by sex.*

Table 3: Change in physical activity* for participants with reported diabetes 
compared to those without diabetes.
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Individuals who smoked more cigarettes per day and had 
a higher cumulative consumption (pack-years) showed low-
er compliance, relative to those who smoked less. * The high 
compliance group is patients who reported that they missed 
0% of the prescribed pills, the intermediate group (missed less 
than 6% of the prescribed pills), and the low compliance group 
(missed 6% or more of the prescribed pills). Means and stan-
dard deviations are given. Note. Adapted from Kiortsis et al.55

This idea from Kinjo et al. is consistent with other re-
search,54 including analyses by Kiortsis et al.,55 which showed 
associations between AH and LLD non-adherence, immod-
erate alcohol use, and tobacco use.56 Table 5 showed that 
individuals who smoked more cigarettes per day and had a 
higher cumulative consumption (pack-years) showed lower 
compliance, relative to those who smoked less.55

According to Kaestner et al.,17 estimates for smokers and 
heavy smokers are mostly small and statistically insignificant 
for males, as shown in Table 6. Furthermore, estimates for 
females are less consistent in both sign and statistical signifi-
cance. In terms of alcohol use, FE and FEIV estimates showed 
a 13% (of mean) and 21% increase in the probability of males 
being a moderate (>3 oz.) drinker; However, they showed 
effectively no association between initiation of statins and al-
cohol use for females.

Initiation of statin is generally not associated with statis-
tically significant changes in smoking or general drinking; 
However, Alcohol consumption >3oz increases by a significant 
amount in men. Estimates for smokers and heavy smokers 
are mostly small and statistically insignificant for males. *The 
sample size is approximately 6500 (1300 unique people) males 
and 7000 (1400 unique) females. Sample sizes differ slightly 
for each variable because of missing values. Regression models 
include individual fixed effects, dummy variables indicating 
interview/exam, age, marital status, whether a person had a 
cardiovascular event (CVD), whether parents had CVD, and 
whether parents are living. ** indicates p-value≤0.05, *** indi-
cates 0.05 < p-value ≤ 0.10 Note. Adapted from Kaestner et 
al.17

Changes in Smoking and Alcohol Use:
Smoking and the excessive consumption of alcohol are 

both major modifiable risk factors for CVD and Diabetes 
mellitus.44-47 Smoking cessation is among the most effective 
behavioral interventions for reducing CVD risk.48,49 Low to 
moderate consumption of alcohol has been associated with 
improved lipid profiles and insulin sensitivity,50,51 and heavy 
consumption with increased cardiometabolic risk.52 The 
strong relationship between smoking and alcohol use and 
socioeconomic status, health awareness, and healthcare en-
gagement makes it so that studies examining these behaviors 
among users of preventative pharmacotherapy are particularly 
vulnerable to confounding by selection into treatment.53

In this section, we review three studies related to smoking 
and alcohol use. The study by Kinjo et al. examined chang-
es in smoking, alcohol, and reported health in patients with 
hypertension or hyperlipidaemia who were recommended for 
pharmacological treatments, and whether they had initiated 
those treatments54 The work by Kiortsis et al. examined LLD 
compliance in relation to smoking and alcohol use.55 An addi-
tional study by Kaestner et al. examined the effects of statin use 
on smoking and alcohol use.17

Relative to non-users, anti-hypertensive and lipid-lowering 
drug users were more often former/never smokers, and even af-
ter adjustment for age, gender, race, and comorbid conditions, 
AH and LLD users were more likely to be non-current smok-
ers. * Adjusted for age, gender, race, diabetes, cardiovascular 
disease (angina, congestive heart failure, and cerebrovascular 
disease), and other comorbid conditions (cancer, arthritis, and 
chronic obstructive pulmonary disease). ** 8,099 antihyperten-
sive users versus 3,752 non-users. Note. Adapted from Kinjo 
et al.54

As seen in Table 4, Kinjo et al. used data concerning smok-
ing, alcohol, and reported health, which were assessed through 
cross-sectional surveys in the National Center for Health 
Statistics of the Centers for Disease Control in NHANES 
1999–2000, 2001–2002, 2003–2004, 2005–2006, 2007–2008, 
and 2009–2010.54 Relative to non-users, anti-hypertensive 
and lipid-lowering drug users were more often former/never 
smokers, and even after adjustment for age, gender, race, and 
comorbid conditions, AH and LLD users were more likely to 
be non-current smokers. AH users were more likely to be in-
volved in healthy behaviors like the aforementioned lower use 
of tobacco, as well as lower use of alcohol; however, the associ-
ation did decrease in the adjusted model.
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Table 4: Smoking, alcohol, and unhealthy lifestyle changes are categorized 
by medication use in patients with hypertension or hyperlipidaemia who were 
recommended for pharmacological treatments.*

Table 5: Smoking and alcohol use characteristics according to lipid-lowering 
drug compliance.

Table 6: Estimates of the effect of statin use on smoking and drinking in the 
full sample, including the low-cholesterol group.*
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Kinjo et al. and Kaestner et al. presented contrasting but 
complementary perspectives on smoking and alcohol behav-
iors among AH and LLD users.17,54 This difference can largely 
be attributed to the differences in study design and analytic 
approach. Kinjo et al. analyzed cross-sectional NHANES data 
and found that AH and LLD users were more likely than 
non-users to be former or never smokers and moderate alcohol 
users.54 This pattern held even after adjustment for demo-
graphic and clinical confounders and suggests a strong healthy 
user effect. The healthy user effect is where individuals who 
initiate preventive pharmacotherapy already engage in healthi-
er behaviors or possess favorable socioeconomic characteristics 
that correlate with lower tobacco and alcohol use. Kaestner et 
al. instead analyzed longitudinal fixed-effects data and isolat-
ed within-person changes following statin initiation.17 They 
found little evidence that statins causally reduced smoking 
and that smoking estimates are small and largely statistical-
ly insignificant for both sexes. Also, alcohol use increased 
modestly among men (13-21% increase in the probability of 
moderate drinking), but showed no meaningful association for 
women. These findings indicated that the healthier smoking 
and alcohol profiles observed among AH and LLD users in 
cross-sectional data primarily reflect selection into treatment 
rather than behavioral change induced by medication. Kinjo et 
al. captured baseline differences between users and non-users 
consistent with healthy user bias, while Kaestner et al. demon-
strated that initiating statins does not substantially improve 
smoking behavior and may even coincide with risk compen-
sation in alcohol consumption among men.17,54 This reinforces 
the importance of distinguishing selection effects from caus-
al behavioral responses in observational studies of preventive 
pharmacotherapy.

Kiortsis et al. shifted the question from “users vs non-users” 
to “how well do users adhere”.55 Within 193 treated hyper-
lipidemic outpatients, lower compliance clustered with higher 
cigarettes/day (low-compliance mean 5.0 vs high-compliance 
1.7, p≈0.045), and they reported no meaningful sex difference 
in non-compliance overall. So, tobacco use appeared linked to 
poorer implementation of pharmacologic prevention, not just 
to whether someone is prescribed it.

�   Conclusion 
This review synthesizes evidence from repeated cross-section-

al surveys, longitudinal cohort studies, and quasi-experimental 
designs to evaluate how LLDs and AHs influence key health 
behaviors related to CVD and type 2 diabetes mellitus pre-
vention. The findings consistently demonstrate that preventive 
pharmacotherapy does not uniformly reinforce healthy behav-
ior. In several domains, it may function as a partial substitute 
for lifestyle modification rather than a complement.

These results have important implications for clinical 
practice and public health policy. As the use of preventive phar-
macotherapy continues to expand globally, medications should 
not be positioned as substitutes for lifestyle modification, 
whether done so implicitly or explicitly. Pharmacologic treat-
ment should instead be integrated with behavioral counseling 

that emphasizes diet, physical activity, smoking cessation, and 
decreased alcohol use as ongoing components of risk reduction. 
With such integration, improvements in biomedical markers 
may paradoxically coexist with stagnation or deterioration 
in underlying health behaviors. This would thereby limit the 
effectiveness of prevention strategies for CVD and type 2 di-
abetes mellitus.
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