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Abstract Diabetic polyneuropathy (DPN) is a serious
complication of diabetes mellitus (DM) that significantly
affects the quality of life and imposes an additional burden
on healthcare. The identification of predictors and
formulation of predictive models are crucial steps for the
successful prevention of DPN, especially in developing
countries. A mixed-methods design combining a cross-
sectional study and system dynamics modeling was used.
Data from 54 respondents (27 cases and 27 controls) were
analyzed using univariate, bivariate, multivariate, and
logistic regression analyses to identify the significant
determinants of DPN. A dynamic model using causal loop
(CLD) and stock—flow (SFD) diagrams simulated disease
progression and intervention scenarios over 36 months.

Eight determinants were significantly associated with DPN:

age (OR =4.18), sex (OR = 2.37), knowledge (OR = 2.06),
dietary habits (OR = 2.59), physical activity (OR = 1.97),
medication adherence (OR = 1.88), lifestyle (OR = 2.05),
and quality of life (OR = 1.78). Baseline simulation showed
substantial increases in DM and DPN cases (873 and 846
cases, respectively). In contrast, the intervention model
reduced the number of DM cases by 72.39% and DPN
complications by 84.99%. Multidimensional determinants

play a critical role in the development of DPN. Integrated,
system-based interventions effectively reduce the disease
burden. The proposed dynamic model offers a predictive
framework for supporting evidence-based diabetes
management and neuropathy control.

Keywords Diabetes ~ Mellitus,  Diabetic
Polyneuropathy, Determinant, Dynamic System Model,
Intervention

1. Introduction

Diabetes mellitus (DM) is a major global health
challenge that has increased significantly over the past few
decades. According to the 2021 International Diabetes
Federation (IDF) report, the number of individuals living
with diabetes worldwide has reached 537 million, with
projections indicating an increase to 643 million by 2030
and 783 million by 2045 if effective interventions are not
implemented [1]. In addition to the immediate health
impact of diabetes on individuals, it also contributes
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significantly to the economic and social burden on
healthcare systems worldwide as resources are stretched to
manage those living with this chronic illness [2].

Diabetic polyneuropathy (DPN) is considered to be one
of the most common and seriously disabling chronic
complications of diabetes, with a heavy economic burden
on patients, contributing to the decline in both functional
ability [3] and quality of life [4], [5]. Recent estimates
indicate that almost half of people with type 2 diabetes will
develop this condition in their lifetime, making DPN an
important clinical area requiring special attention for its
prevention and management [6], [7], [8].

At the national level, Indonesia is among the countries
with the highest prevalence of diabetes, a chronic metabolic
disorder characterized by high blood sugar levels. Based on
the complete data in 2018 from Riskesdas, Indonesia
alarmingly ranks fifth in the world, with a diagnosis of
diabetes recorded as many as 10.7 million people [9].
According to projections and models, this alarming number
is expected to grow even more and reach a staggering 28.6
million cases by 2045. It is expected to increase for a
variety of reasons, including lifestyle changes, increases in
obesity rates and demographic trends such as population
aging [10], [11].

Diabetes is a serious health problem in Indonesia, as its
prevalence among the adult population has risen
dramatically to 10.6%, and there remains a significant
number of cases that are undiagnosed or only diagnosed
when complications develop [12]. This situation increases
the risk of chronic complications that can reduce patients'
quality of life as well as pose a significant economic and
social burden on the entire healthcare system [13], [14].
This metabolic disorder is associated with various
complications, and one of the most common ones is DPN,
which affects approximately 25-50% of people with
diabetes in Indonesia [9].

The proper management of diabetes and its
complications is a significant, complex challenge that has
been faced by Pekanbaru, one of the biggest cities in
Indonesia, characterized by high economic strategic value.
According to the Pekanbaru Health Office's report in 2022,
diabetes cases among residents have increased over the last
five years. A worrying fact is that in all health facilities of
the city, 11,230 diabetes cases were officially registered,

with 95% of patients over 40 years old in the year 2021 [15].

About 35% of these patients have DPN, demonstrating that
this complication is an important public health problem and
one that needs increased attention [16].

The alarming prevalence of DPN among the urban
population in Pekanbaru was mainly due to the
unawareness of public toward glycemic control, food
consumption pattern with high-fat and low-fiber intake,
sedentary life style, as well as poor access to the healthcare
system [17], [18]. Research in Pekanbaru also showed that
most diabetes patients were in the text more advanced
phases of the disease, which probably increased the risk for
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complications as well as DPN [19].

Though the previous studies did indeed furnish crucial
information related to diabetes and DPN, significant
methodological as well as contextual limitations remain.
These limitations signify the immediate necessity of further
studies, particularly in DPN management and control in
Pekanbaru. A predictive model for diabetes complications
was developed [20]; however, it is important to highlight
that this model mainly focused on populations in developed
countries. Therefore, it was blind to the part and did not
consider the different epidemiological characteristics in
developing countries such as Indonesia, multifarious risk
factors, and heterogeneous treatment of this disorder.

Management with strict glycemic control plays an
important role in the prevention of microvascular
complications such as DPN [21]. However, this study did
not consider the various weight metrics, relying on the wide
range of socioeconomic, cultural, and behavioral factors
influencing patients’ compliance with both treatment
strategies and required lifestyle changes. The effective
potential of community-based interventions to improve
adherence to diabetes management strategies in patients
has already been convincingly shown previously [22].
However, it should be noted that this study did not
incorporate key clinical data from hospitals, which could
have proved useful in deriving a comprehensive predictive
model based on statistical as well as dynamic factors. Such
a model could help health care providers target patients at
high risk and therefore intervene early to prevent DPN.

Based on the above background, this study represents a
valuable scientific contribution by developing a more
contextual dynamic model towards reducing the prevalence
of DM and controlling DPN complications. Using patient
medical records and questionnaires from Aulia Hospital in
Pekanbaru, the developed model will simulate DM disease
dynamics with its complications and be used to evaluate the
effectiveness of various intervention strategies. Moreover,
this study will describe the main determinants that have a
positive or negative impact on DM and its complications,
allowing for a more precise and comprehensive design of a
prediction model with better generalizability.

2. Materials and Methods

2.1. Study Area

The research was conducted in Pekanbaru, the capital
city of Riau Province, Indonesia. Pekanbaru is a rapidly
growing city with a population of approximately 1 million,
which has recently reported significantly rising numbers in
diabetes cases. According to the data from the Pekanbaru
Health Office in 2022, diabetes is included in the ten
highest-risk chronic diseases and was associated with a
high number of diabetic complications, one of which is
DPN. The study was conducted at Aulia Hospital, one of
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the hospitals in Pekanbaru that provides a range of medical
services, such as specialized care for diabetes and its
complications. Selection of Aulia Hospital: Because it has
a high volume of patients, extensive clinical databases, and
is accessible to the surrounding population, Aulia Hospital
was chosen as a sample site for research on diabetes and its
complications in Indonesia.

2.2. Research Design

This study utilized a mixed-methods design
incorporating both the cross-sectional observational study
and system dynamics modelling approach. A cross-
sectional study mapped the area and the relationships
between demographic, socioeconomic, cognitive, and
behavioral factors associated with DPN, as well as
summarized its prevalence [23]. Additionally, in order to
explore the causal relationships and feedback among the
variables identified in the cross-sectional modeling
analysis, system dynamics modeling was used. It is a
method that considers not only the quantitative vectors of,
for instance, hemoglobin (HbAl1c) levels and Michigan
Neuropathy Screening Instrument (MNSI) scores but also
the qualitative data and demographic and behavioral risk
factors, thus allowing simulation of longer-term outcomes
along with estimation of the impact of interventions on
DPN-related complications. Actually, the
interdependencies and complexities of diabetes are so
manifold that even this highly elaborated model is capable
of forecasting results with different treatment paradigms
[24], [25]. The two approaches were combined to
determine the present situation of DPN risk factors,
projecting their future development while also making the
most of major clinical and long-term management pathway
warning signs.

2.3. Data Collections

Research data were classified into clinical, demographic,
socioeconomic, cognitive, and behavioral characteristics of
the samples. The sample size for this study was calculated
according to [26]:

n= z2p.(1-p)/e? )

Where: n = sample size, z = z-value at 95% confidence
interval 1.96, p = proportion of DPN cases 96.31% or
0.9631, e = margin of error 5% or 0.05. Thus, a total of 54
respondents participated in this study, and the case group
included 27 DPN-diagnosed respondents and 27 controls
without DPN.

With respect to the DPN complication, it was assessed
thoroughly by accounting for two outcome variables: the
HbAlc levels and MNSI score. HbAlc is one of the most
important and necessary markers of glycemic control, for
which higher levels are clearly indicative of worse
glycemic control and a concomitant increased risk for
neuropathy. Patients were visited in the hospital, and blood

samples were collected during their visit, with an 8-hour
fast required before obtaining the specimen to assess
HbA1c accurately and reflect their true glycemic state. The
MNSI is a tool that includes very specific indicators for a
complete physical examination. The assessment focuses on
neuropathic symptoms, including loss of sensation, reflex
abnormalities, and, in more severe cases, numbness or a
burning sensation experienced by patients with DM who
have DPN complications [27]. The severity of DPN was
measured by summing the scores of all symptoms reported
by the patient.

Demographic data, including sex and age, were
identified through review of patients’ medical records and
research questionnaires. Sex is one of the factors
influencing the risk and consequences of DPN, with
women having a relatively higher risk of developing this
complication. Age is also believed to be a strong indicator
of increased risk for DPN complications. The age range
from the 40s to the mid-70s is particularly vulnerable to the
risk of DPN complications and chronic diabetes. Grouping
sex and age into demographic variables will describe how
these variables can act as determinants that interact
independently with the risk of DPN complications in DM
patients, which will be very helpful in explaining the
pathological mechanisms of this disease’s complications.

The variables of the highest level of education,
occupation, and household income were grouped under
socioeconomic determinants. These variables were
accurately identified using a structured questionnaire and
subsequently analyzed for their association as risk factors
for DPN prevention efforts. Respondents’ educational level
was carefully identified based on the highest level of formal
education they had completed. Concurrently, occupation
and household income were identified as key
sociodemographic components to assess the respondents’
current economic conditions, which are likely to
significantly influence their understanding of healthcare
services, thereby stimulating adherence to each
recommended stage of treatment. The variables studied
will provide a description of the complex risk factors
associated with socioeconomic determinants in patients
with DM suffering DPN.

Structured questionnaires were also used to assess
cognitive variables in this study, which included the
respondents’ knowledge of DM and DPN complications.
These questionnaires were developed to describe relevant
aspects related to the etiology, symptoms, prevention
strategies, and treatment stages for DM patients with DPN
complications. Based on the total score of all correct
answers, the respondents’ knowledge was categorized as
low, moderate, or high. The identification of respondents’
behavioral factors was also evaluated in detail in this
guestionnaire. Respondents’ behavioral factors play a
crucial role in assessing the risk of DPN complications that
DM patients may experience. The frequency of high-fat
and high-sugar food consumption among respondents was
the primary focus in this section for assessing risk levels.
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Additionally, the amount of time respondents spent
exercising each week served as a balancing factor against
the risk of DPN. Patients who regularly engage in physical
activity and meet the minimum time requirements have a
lower risk of DPN complications. Adherence to treatment
is the final variable that plays a crucial role in the recovery
of patients with diabetic neuropathy. Patient adherence is
an objective variable often used as an indicator of
successful management of diabetic neuropathy in patients
with diabetes.

Smoking behavior, alcohol consumption, and stress
levels were the lifestyle indicators evaluated in this study.
These variables were assessed through questionnaires and
in-depth interviews to measure the potential influence of
lifestyle on the development of DPN complications among
the diabetic study participants. To strengthen the results of
the identification of lifestyle determinants, the respondents’
quality of life was measured using the World Health
Organization Quality of Life—Bref Version (WHOQOL-
BREF) instrument with a multidimensional scale to
analyze quality of life across various domains, including
physical health, psychological health, social relationships,
and environmental factors. This instrument plays a
significant role as a tool to understand how an individual’s
well-being factors can significantly influence the
management of DPN in patients with DM. The operational
definitions and assessment criteria for DPN complications
are presented in Table 1.

2.4. Data Analysis

Differing factors related to complications of DPN were
discussed in focus group discussions and a univariate,
bivariate, and multivariable analysis was done. Data in this
study were meticulously collected from narrative medical
records, structured interviews and self-administered
questionnaires. This study specifically examined subjects
that had been completely documented in relation to their
visits to Aulia Hospital, Pekanbaru, 2023-2024. Only
participants with the strict inclusion criteria were studied.
These criteria required the presence of a confirmed
diagnosis of diabetes mellitus and adequate data for key
variables that included HbA1c levels, sex, age, educational
level, and professional status. Moreover, many more
sociodemographic  details were gathered through
integrative interviews and questionnaires, including
income level, diabetes knowledge in terms of management,
eating habits, frequency and intensity of physical activity,
medication compliance, lifestyle in general, and quality of
life. More specifically, individuals were excluded from the
study if they had comorbidities that may influence the
results or did not have complete data for important
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variables reported in this study.

Univariate analysis was used to examine the distribution
and characteristics of variables. = Demographic,
socioeconomic (education, occupation, and income), and
cognitive-behavioral factors (knowledge, dietary habits,
physical activity, medication adherence, and lifestyle
quality of life) were all included as independent variables.
The premise of our study (dependent variable) was the
presence of DPN complications. Frequencies were
computed and reported as percentages in the tables. In the
bivariate analysis, the relationship between each
independent and dependent variable was assessed using
cross-tabulation and the chi-square test at a 95%
confidence level (a = 0.05). A p-value of < 0.05 indicated
a significant relationship between the variables. The Odds
Ratio (OR) was also calculated to assess risk, with OR > 1
indicating a risk factor, OR = 1 suggesting no effect, and
OR < 1 indicating a protective effect. For multivariate
analysis, logistic regression was used to assess the
simultaneous effects of the significant determinants
identified in the bivariate analysis. Variables with a p-value
< 0.25 were included in the regression model, and a
backward stepwise approach was applied to refine the
model by removing variables with p-values > 0.05. The
logistic regression model was represented as:

In(p/1—=p) = Bo + 1 X1 + Lo Xo+... +6,.Xp, )

where: In(p/1 — p) is the log odds of the outcome, S,
is the constant, and f3,, are the regression coefficients for
the independent variables X1, X2, ..., Xn [41].

A dynamic system model for managing DPN
complications was developed using Powersim Studio 10
Academic version 10.14.5555.6 (PSSTUDIO-103027-
DYQ8T), based on the system dynamics methodology. The
model development process began with problem
structuring, followed by system identification to map the
input-output relationships using diagrams [42], [43]. A
causal loop diagram (CLD) was created and refined into a
stock and flow diagram (SFD) to represent the system
structure [25], [44]. Simulations were performed to
represent the conditions of diabetic polyneuropathy
complications without intervention, as shown in the time-
based graphs and tables. The model was validated by
comparing the simulation results with empirical data using
statistical measures, such as the mean absolute error (MAE)
and average variance extracted (AVE), with acceptable
thresholds of < 5% and < 30%, respectively [45]. Once
validated, the model was used to test various intervention
scenarios over a six-month period. Based on expert input,
these interventions were simulated to evaluate their impact
on managing complications of diabetic polyneuropathy.
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Table 1. Operational Definitions and Criteria for Assessing DPN Complications

health condition.

- Good (score > 75%)
- Poor (score < 75%)

Variable | Definition Criteria Sources References
DM and DPN Complications
HbAlc The percentage of hemoglobin bound |- Good (£ 6.5%) Glucose Test [28], [29]
Levels to glucose in the blood is used to _ Poor (> 6.5%) Device
assess long-term glycemic control.
MNSI Screening tool to assess the degree of |— Normal (Score 0-1) MNSI Instrument | [30]
Score diabetic neuropathy through physical | _ Diabetic neuropathy (Score 2-4)
examination and a questionnaire.
Demographics
Sex Biological identification of the patient. | — Male Medical Records |-
- Female
Age The patients’ ages were calculated - Productive (16-64 years) Medical Records |[31]
from thew birthdate to the date of data | _ Non-productive (<15 or >65 years)
collection.
Socioeconomic
Education | The highest level of formal education |— High (High school through graduate school) Questionnaire [32]
completed by the patient was assessed. | _ | oy (Did not complete elementary school
through junior high school)
Occupation | The patients’ primary occupation at - Formal (Jobs with legal status, such as civil Questionnaire [33]
the time of data collection. servants or company employees)
- Informal (Housewives, self-employed
individuals, laborers, and freelancers)
Income The patients’ monthly income from - High (> the 2023 Riau Provincial Minimum Questionnaire [34]
their primary occupation was also Wage (UMP) of IDR 3,191,662)
considered. - Low (< the 2023 Riau UMP)
Cognitive and Behavioral
Knowledge | Patients” knowledge of DM and its - High (score > 75%) Questionnaire [35]
complications. _ Low (score < 75%)
Dietary The patients’ eating habits were - Healthy (a balanced diet in accordance with Questionnaire [36]
Habits measured based on the frequency of nutritional guidelines with a score of 3-5)
consumption of foods related to —  Unhealthy (a diet high in fat or sugar, or low in
diabetes (high sugar and fat fiber with a score of 0-2)
consumption).
Physical | The amount of physical activity - Sufficient (at least 150 minutes of exercise per |Questionnaire [37]
Activity  |performed by the patients per week, week)
including exercise or other physical | |ngyfficient (less than 150 minutes per week)
activities, was assessed.
Adherence | The patient's compliance with the - Compliant (>80% of the recommended dose) | Interview [38]
prescribed therapy, including _ Noncompliant (<80%).
medication use and routine Vvisits.
Lifestyle | A patient's daily habits affect their Based on healthy lifestyle habits, such as getting Interview [39]
health. enough sleep, not smoking, not drinking alcohol, and
eating a healthy diet
Quality of | A patient's physical, emotional, and This is based on a quality-of-life assessment that WHOQOL-BREF |[40]
Life social well-being is affected by their | covers the physical, psychological, and social aspects.
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3. Result

3.1. Risk Factors of DPN Complications

This study assessed the risk factors for DPN using
univariate, bivariate, and multivariate analyses of 54
respondents: 27 with DPN (case group) and 27 without
(control group). DPN was diagnosed based on HbAlc
levels and MNSI scores. The case group had an average
HbAlc of 7.82%, indicating poor glycemic control,
compared with 6.07% in the control group. MNSI scores
were also higher in the case group (13.40 for symptoms and
3.43 for physical examination), reflecting significant
neuropathy, whereas the control group had lower scores
(5.13 for symptoms and 0.13 for physical examination).

Univariate analysis identified the key characteristics
associated with DPN. Although sex did not differ
significantly, females were more prevalent in both groups.
Age was a significant risk factor for DPN, with most
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patients in both groups aged > 65 years. Socioeconomic
factors showed significant associations; the case group had
more individuals with higher education (85.19%); however,
education did not correlate with better diabetes
management. Case group individuals accounted for
74.07% working in the informal sector, while it was
40.74% for controls, which suggests poor access to health
care facilities even for informal workers. The proportion of
the low-income group (74.07%) in the case group also
hindered access to medical care and therapy. Knowledge of
diabetes was relatively high in both groups (66.67% control
vs. 55.56% case), but the control group had better dietary
habits (51.85% adaptation to healthy diet) and physical
activity (55.56%) than the case group. Conversely, 59.26%
of the case group were non-adherent to medication, with
more unhealthy behaviors observed in this group. A
comprehensive exposition of the risk factors associated
with DPN is provided in Table 2 based on univariate
analysis.

Table 2. Risk Factors of DPN Complications Based on Univariate Analysis

Risk Factor Category Case (n=27) Control (n=27) Total (n=54)
Demographic
Sex Male 9 (33.33%) 10 (37.04%) 19 (35.19%)
Female 18 (66.67%) 17 (62.96%) 35 (64.81%)
Age Non-Productive (>65) 22 (81.48%) 14 (51.85%) 36 (66.67%)
Productive (16-64) 5 (18.52%) 13 (48.15%) 18 (33.33%)
Socioeconomic
Education High 23 (85.19%) 18 (66.67%) 41 (75.93%)
Low 4 (14.81%) 9 (33.33%) 13 (24.07%)
Occupation Formal 7 (25.93%) 11 (40.74%) 18 (33.33%)
Informal 20 (74.07%) 16 (59.26%) 36 (66.67%)
Income High 7 (25.93%) 11 (40.74%) 18 (33.33%)
Low 20 (74.07%) 16 (59.26%) 36 (66.67%)
Cognitive and Behavioral
Knowledge High 15 (55.56%) 18 (66.67%) 33 (61.11%)
Low 12 (44.44%) 9 (33.33%) 21 (38.89%)
Dietary Habits Healthy 10 (37.04%) 14 (51.85%) 24 (44.44%)
Unhealthy 17 (62.96%) 13 (48.15%) 30 (55.56%)
Physical Activity Adequate 11 (40.74%) 15 (55.56%) 26 (48.15%)
Insufficient 16 (59.26%) 12 (44.44%) 28 (51.85%)
Medication Adherence Adherent 11 (40.74%) 13 (48.15%) 24 (44.44%)
Non-Adherent 16 (59.26%) 14 (51.85%) 30 (55.56%)
Lifestyle Healthy 12 (44.44%) 15 (55.56%) 27 (50.00%)
Unhealthy 15 (55.56%) 12 (44.44%) 27 (50.00%)
Quality of Life Good 16 (59.26%) 18 (66.67%) 34 (62.96%)
Poor 11 (40.74%) 9 (33.33%) 20 (37.04%)
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Bivariate analysis revealed significant associations
between demographic, socioeconomic, and cognitive-
behavioral factors and the risk of DPN complications. Sex
significantly impacted the risk, with females having 2.4

times higher odds of developing DPN (OR =2.4; p =0.022).

Age was a significant risk factor, with patients aged >65
years having 4.5 times higher odds of complications (OR =
4.55; p =0.005). Education was not significantly associated
with DPN (OR = 2.95; p = 0.087). Occupation was
significantly associated with DPN, with informal sector
workers having 2.3 times higher odds of complications
than formal sector workers (OR = 2.3; p = 0.014). Lower
income was weakly associated with DPN complications (p
= 0.080), although lower-income patients had higher
likelihoods of complications moderated by healthcare
access (BPJS). Knowledge of diabetes was strongly
associated with DPN risk; those with high knowledge
(>75%) had 3.1 times higher odds of preventing
complications (OR = 3.1; p = 0.004). Healthy dietary habits
(OR =2.45; p = 0.021) and physical activity (OR = 2.34; p
= 0.014) significantly reduced the risk of DPN. Medication
adherence (>80%) was also critical, with adherent patients
having 2.1 times higher odds of avoiding complications
(OR = 2.1; p = 0.020). Lifestyle choices such as adequate
sleep, no smoking, no alcohol, and healthy eating were
associated with 2.68 times higher odds of preventing DPN
(OR =2.68; p =0.001). Quality of life was also significant,
with those reporting good quality of life having 2.14 times
higher odds of avoiding neuropathic complications (OR =
2.14; p = 0.039). The data presented in Table 3 from the
bivariate analysis indicate significant associations between
several factors and an increased risk of DPN.

Table 3. Risk Factors of DPN Complications Based on Bivariate

Analysis
Risk Factor ‘ p-value ‘ OR ‘ 95% CI
Demographic
Sex 0.022" 2.4 1.08 -5.30
Age 0.005" 4.55 1.56-13.18
Socioeconomic
Education 0.087 2.95 0.95-9.14
Occupation 0.014" 2.3 1.18 -4.47
Income 0.080 17 0.83-3.52
Cognitive and Behavioral
Knowledge 0.004" 31 1.40-7.19
Dietary Habits 0.021" 2.45 1.14-5.27
Physical Activity 0.014" 2.34 1.16 - 4.71
Medication Adherence 0.020" 2.1 1.10-4.02
Lifestyle 0.001" 2.68 1.42-5.03
Quality of Life 0.039" 2.14 1.03-4.44

*The variable has a significant association (p < 0.05).

Multivariate analysis, conducted using backward
stepwise logistic regression (LR), identified the most

significant determinants of DPN. Based on the bivariate
analysis (p < 0.05), factors such as sex, age, occupation,
knowledge, dietary habits, physical activity, medication
adherence, lifestyle, and quality of life were included in the
model. Education and income were excluded because of the
lack of significance in the earlier analyses. The final
multivariate model (Table 4) identified sex, age,
knowledge, dietary habits, physical activity, medication
adherence, lifestyle, and quality of life as key determinants.

Table 4. Final Model of the Main Determinants of DPN Complication
Control Based on Multivariate Analysis

Determinant B |p-value, OR 95% ClI
Age (X1) 0.86 | 0.024 | 237 | 1.10-513
Sex (Xz) 1.43 | 0.005 | 4.18 | 1.50-11.59
Knowledge (Xs) 0.72 | 0.038 | 2.06 | 1.03-4.12
Dietary habits (X4) 0.95 | 0.018 | 259 | 1.18-5.68
Physical activity (Xs) 0.68 | 0.034 | 197 | 1.06-3.65
Medication adherence (Xs) | 0.63 | 0.043 | 1.88 | 1.02-3.46
Lifestyle (X7) 0.72 | 0.029 | 2.05 | 1.07-4.14
Quality of life (Xs) 0.58 | 0.053 | 1.78 | 0.99-3.16

Occupation was excluded (p = 0.122) because of
multicollinearity with the other variables. Age and sex had
the strongest association with DPN complications. Patients
aged >65 years were 4.18 times more likely to develop
DPN than those aged 16-64 years (OR = 4.18; p = 0.005),
and females had 2.37 times higher odds of experiencing
DPN complications than males (OR = 2.37; p = 0.024).
Other significant variables included diabetes knowledge
(OR = 2.06; p = 0.038), healthy dietary habits (OR = 2.59;
p = 0.018), regular physical activity (OR =1.97; p = 0.034),
medication adherence (OR = 1.88; p = 0.043), and
maintenance of healthy lifestyle (OR = 2.05; p = 0.029).
Quality of life was trended toward significance (OR = 1.78;
p =0.053), whereby improved quality of life was associated
with lower complications.

Using a logistic regression model allows for accurate and
mathematical representation of the multiple risk factors
that show a complex relationship with the development of
DPN. A more complex model is given by the equation:
Logit(P) = -4.56 + 1.43X; + 0.86X, + 0.72X5 + 0.95X4 +
0.68Xs + 0.63Xg + 0.72X7 + 0.58Xg, where all independent
variables are binary (1 = presence of risk factor; 0 =
absence). The constant (—4.56), expressed as a probability,
indicates the log odds of DPN under optimal conditions at
low risk. According to the logistic regression model, DPN
complications in patients with DM are driven by eight
primary determinants. Age was the most significant
determinant of DPN complications (B = 1.43; OR = 4.18),
with patients > 65 years of age being the most vulnerable
age group. Moreover, women had a higher risk than men
(B =0.86; OR = 2.37). Low knowledge of DM and DPN
complications (B = 0.72; OR = 2.06), unhealthy dietary
habits (B = 0.95; OR = 2.59), minimal physical activity (B



Universal Journal of Public Health 14(5): 900-914, 2026

= 0.68; OR = 1.97), and poor medication adherence (B =
0.63; OR =1.88) were significant determinants influencing
the risk of DPN complications. DPN complications were
also influenced by lifestyle (B = 0.72; OR = 2.05) and
quality of life (B = 0.58; OR = 1.78). Understanding the
multidimensional  determinants is fundamental for
developing prediction models and intervention strategies.

3.2. Dynamic System Model for DPN Control

The management of DPN in patients with DM was
developed and improved progressively through the use of a
dynamic systems modeling approach derived from a
systematic formulation that integrated empirical findings
from previous logistic regression results corroborated by
recent literature and expert opinion. The model offers a
thorough picture of the relationships between the complex
major determinants and DPN complications in patients
with DM. The dynamic systems technique used in this
study can precisely replicate the changing behaviors of
each key determinant to forecast DM and DPN
complications over a specified time frame. Data from
dynamic system modeling simulations of the development
of DM cases and DPN complications will contribute to the
development of other multifactorial and sustainable control
scenarios.

The first step in developing a dynamic model is to
construct a CLD to describe the relationships among the
determinant variables and identify the reinforcing and
balancing feedback loops that influence the system’s
behavior (Figure 1). CLD illustrates a reinforcing cycle
triggered by aging, unhealthy habits, poor glycemic control,
and declining quality of life. Interventions, including
education, adherence to treatment regimens, and lifestyle
changes, serve as a balancing cycle for DPN complications
in patients diagnosed with DM.

The conceptual model was developed into an SFD for
quantitative simulation (Figure 2). It contains two stock
variables, total DM patients and DPN, which evolve via

b N
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flow variables, indicating progression of diseases.
Parameters for the model were obtained from multivariate
logistic regression to capture important determinants. A
baseline simulation carried out over 36 months (2024—2026)
demonstrated that the cases of DM and DPN would
continue increasing, as prevalence rose from 231 to 873
cases while DPN increased from 224 to 846, representing
a 277% increase. This trend suggests that in the absence of
intervention, DPN increases at a rate following DM
prevalence, thereby compounding health care burden. The
result of the model validation using MAE and AVE
indicated high accuracy with low MAE values (0.433 for
DM and 0.473 for DPN) as well as AVE values close to 1.0
(0.9967 and 0.9986), supporting a strong agreement
between simulated data observed in this study and existing
literature data used for simulation.

A subsequent intervention model was created by
including the modifiable determinants of patient education,
dietary improvement, increased physical activity,
medication adherence, and lifestyle changes (Figure 3). It
focuses on diabetes education, lifestyle promotion, and
quality of life improvement. The intervention was
administered for six months (July—December 2024) in a
high-risk cohort of 27 patients, mainly female, aged >65
years. Under the dynamic system framework, the
intervention effectively mitigated DPN risk by down-
holding the contribution of critical determinants that
participate in DPN progression, as given by the adjusted
coefficient in the logit model, while unmodifiable factors
(age and sex) were kept unchanged. To permit aggregation
of changes within the stock and flow models as a composite
of system change over time, we adjusted model parameters
for each intervention step or combination of interventions.
Reductions (—0.12 for low knowledge, —0.17 for unhealthy
diet, —0.20 for low physical activity, —0.18 for medication
nonadherence, —0.17 for unhealthy lifestyle, and —0.12 for
poor quality of life) were observed across all modifiable
variables across the study population.

cgmplications +\_ , Unhealthy
@ K /‘\ o ’+ Dietary habits
) N Quality of Physical 4~
4 R life activity -

Lack of
knowledge

\;\ -i—
Treatment /
adherence

=) \_/—

HbAlc ‘__,i
level \

lifestyle

+

Figure 1. CLD of DPN Control System
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(b) Model simulation to estimate patients with DPN complications
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Figure 3. Model Simulation Results of DM Control and DPN Complications

Results of the comparative simulation showed the
efficacy of the intervention after 6 months, with reductions
in DM cases and DPN cases of 1.92% and 3.40%,
respectively. While the number of cases remained high
during the early phase post-intervention, their growth rate
was significantly lower than that of the baseline model,
which implies a sustained delay in disease progression. The
effects were even more pronounced at the 12-month mark,
where a distinct gap between baseline and intervention was
evident. By January 2025, —7% and —10% of DM and DPN
cases were lost compared with baseline values (357 vs. 382
cases/year and 341 vs. 378 cases/year, respectively). The
intervention completely flattened the upward trend in DM
cases, and after mid-2025, the projected number was below
baseline. By the end of the simulated period (end of
December 2026), these reductions are substantial, as
reflected in DM cases: from 873 to only 241 (—72.39%) and
DPN complications: from 846 to only 127 (—84.99%) in the
intervention group.

The results overall showed that multi-component,
sustained interventions could produce a substantial
reduction in DPN risk and change the disease trajectories,
confirming the utility of integrated management
approaches to decrease long-term burden associated with
diabetic complications.

4. Discussions

DM is a heterogeneous and complex chronic disease
influenced by diverse determinants acting dynamically at
the biological, behavioral, and socioenvironmental levels.
The current study addressed this by evaluating

determinants associated with DM and its complications
(DPN) in the region, which were categorized according to
demographic variables, socioeconomic factors and
cognitive-behavioral constructs. A systematic and well-
structured evaluation of key determinants will provide
more precise insights into the epidemiology of disease
development in a region and aspects of its management.
Demographic analysis shows that elderly patients (>65
years) and the female DM population are vulnerable to
these complications. The significant increase in the number
of cases reflects the finding that women with DM are more
sensitive to DPN complications caused by differences in
lifestyle habits, physiological characteristics of fat
distribution, and hormonal profiles, as shown in previous
studies [46]. As expected, age is a major determinant of
biological mechanisms, where aging factors cause a
decrease in insulin action, thus disrupting overall
metabolism [11]. This remarkable observation underscores
the importance of prioritizing elderly women when
planning and implementing early detection and prevention
programs for DPN complications in patients with DM.
Socioeconomic factors are potent determinants of
disease risk and its clinical outcomes. Limited access to
care and lower treatment adherence are widespread among
less educated workers, those with informal or insecure jobs,
and those with additional resource limitations. Formal
education could not separately predict neuropathy risk, but
health literacy (i.e., the ability to assimilate health
information) is critical in managing disease [35]. Access to
medication and health monitoring is further impaired by
financial extremity [47], [48], with the ramifications of a
struggling economy compounding existing barriers.

The characteristics of DPN are intricate and
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interdependent on both cognitive and behavioral elements.
Poor knowledge of diabetes and complications is a
significant factor in unhealthy self-management behaviors,
such as high intake of processed foods (diet), sedentary life
(physical activity below the guidelines) and limited
adherence to treatment. Our results are confirmed by
previous studies reporting that proper education of patients
can improve glycemia and lead to a significant reduction in
the risk of diabetes complications [49]. Dietary behavior is
an important factor, as excessive intake of sugar and
unhealthy fats and fasting have been shown to
synergistically promote metabolic dysregulation [50], [51].

The sedentary lifestyle that limits physical activity by
prolonged sitting or, more commonly, resting a lot causes
metabolic disorders leading to low insulin sensitivity and
impaired peripheral circulation, which increase the risk of
severe complications. The fact that very few patients even
manage to meet the World Health Organization's
recommendations for physical activity is clearly a major
gap in effective strategies of behavioral management,
which demand urgent targeted and well-designed
intervention approaches [52]. Similarly, nonadherence to
suggested medication is categorized as a major problem
that is inherently shaped by psychological, economic, and
systemic factors preventing the individual from completing
recommended follow-up [53], [54]. In addition, other
factors in daily life, such as those mentioned above, lead to
a precarious metabolic environment where sleep has
become qualitatively poor, and stress remains uncontrolled
and chronic, both of which, together with habitual smoking
and alcohol, contribute to significant differences leading to
worse metabolic condition [55], [56].

DPN has emerged as the most prominent microvascular
complication of diabetes in this cohort and is strongly
associated with poor glycemic control, which may be
confirmed by the HbAlc and MNSI scores. One very
potent key response unequivocally correlates with
prolonged hyperglycemia as the major driving force
modulating peripheral nerve viability and function, as
supported by the existing literature [57]. Both age and sex
are well-established risk factors for neuropathy, with older
patients, particularly the elderly, and women demonstrating
a significantly higher risk of developing this condition, as
has been well documented in previous studies on the
potential pathophysiological mechanisms associated with
neuropathies [27], [39].

Specifically, the full multivariate logistic regression
model identified eight significant predictors of DPN,
including age, sex, education, diet habits, exercise habits,
pill-taking behavior, lifestyle, and quality of life. This kind
of complex model does not just underscore the deeply
familial and multifactorial nature of neuropathy, but also
that cohesive and integrated preventive approaches are
warranted, including care beyond clinic visits. Moreover,
we will also be able to utilize the predictive potential of this
model not only for robust and credible risk stratification as
well as early diagnosis but also for more tailored

adjustment and personal interventions that can translate
into superior outcomes [29].

A substantial extension of previous work, it delivers a
framework for novel and dynamic system modeling that
can adequately account for emergent and often
interdependent dynamics between different drivers while
also simulating multi-year disease trajectories. System
dynamics constitutes a robust framework for modeling
feedback loops, time delays and non-linear associations,
which conventional analytical approaches frequently
struggle to implement due to the complexity of healthcare
systems. Such attributes are fundamental for the
understanding of evolving health care dynamics. Both CLD
and SFD have been helpful in visualizing and quantifying
the exacerbated effects of behavioral, clinical, and
socioeconomic determinants on the development of DPN
[24].

This enhances the validity and applicability of the model,
as it integrates robust quantitative data with qualitative
insights obtained from a diverse stakeholder group. These
triangulated  approaches allow a comprehensive
perspective of the underlying realities, so that models
genuinely represent model structures based on layered
conditions akin to health systems, fundamentally
highlighting synergistic effort between stakeholders as a
powerful drive for improved outcomes in real-life settings
[45], [58]. Indeed, the simulation results compellingly
underlined that in a scenario where no intervention would
take place, prevalence rates of both DM and DPN would
continue to rise on an accelerating exponential trajectory
— thus stressing, more than ever, the acute and imperative
need for immediate control strategies to curb this emerging
global health threat.

The intervention model implemented in the context of
this  study demonstrated outstanding long-term
effectiveness in reducing DM prevalence and subsequent
DPN complications. The gradual yet clinically meaningful
emergence of the intervention effects — especially those
most  pronounced at six- and  twelve-month
postintervention — reinforces that both behavioral change
and clinical improvement are cumulative and progressive
processes participants went through. This most important
finding complements the existing literature and prior
studies, declaring that sustainable established strategies
have to be implemented in order to derive benefit from
chronic care management approaches like those relevant to
diabetes [59].

Dynamic systems models offer a powerful and flexible
framework for systematically evaluating alternative
intervention scenarios prior to their implementation in the
real world, substantially increasing evidence-informed
policy making [42]. Through simulating and testing a
spectrum of likely strategies with their correspondingly
estimated population-level long-term impact, policymakers
can take far better-informed and deliberate decisions
regarding resource allocation, the complexity of program
designs, and the most plausible to-be-prioritized
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interventions that may be associated with successful
outcomes [60]. This methodological spectrum is
particularly pertinent to low- and middle-income settings,
where healthcare resources are often scarce and should be
implemented as efficiently as possible for population-wide
benefit [61].

From a policy perspective, these findings highlight the
need to integrate health education, community-based
interventions and digital health technologies into primary-
care systems. Building health information systems,
stimulating healthy environments and facilitating
multisectoral collaboration are three important factors in a
sustainable strategy for diabetes control [62]. Another
aspect of the interventions is their delayed but significant
impact, indicating that long-term policy commitment and
ongoing evaluation of the intervention programmes are
necessary [63].

Using complex multivariate statistics and advanced
system dynamics modeling, this comprehensive study is a
strong contribution to the field that offers an outcome
management framework for DPN prevention and
intervention. This study takes a holistic and systems-based
perspective that reflects the complexity involved in
diabetes treatment, as opposed to previous studies which
have typically focused on single risk factors or offered brief
interventions. It encompasses a wide array of domains
(clinical, behavioral, socioeconomic and policy) to offer a
more holistic perspective on the complexity of effective
socially optimized management of DM.

This study had some limitations. First, although the
Lwanga and Lemeshow formula indicated that the sample
size was acceptable, the small and regional sample limited
the extent to which the findings could be applied to other
populations. Second, the study design also restricts the
extent to which the risk factors for DPN can be temporally
and causally linked to the study population. Although CLD
and SFD diagram causal pathways and feedback loops,
they do not substitute for longitudinal studies. Third, the
model incorporated some clinical indicators, specifically
HbAlc and MNSI scores, but excluded many potentially
important clinical and biochemical indicators, including
the duration of diabetes, body mass index, lipid profile,
blood pressure, renal function, smoking, comorbidities, and
medications. Fourth, the model's internal validation only
tested the accuracy of simulated cases against real cases
using the MAE and VAE; therefore, external validation is
still needed to assess the model against real cases from
other healthcare environments. Finally, although HbAlc
and MNSI are objective measures and recognized as valid,
some behavioral and lifestyle-related variables are still
prone to self-report biases.

The model proposed not only has predictive capabilities
but is also flexible, leading to adjustments specific to the
context when estimating potential outcomes using both
space and volume from population characteristics and
health system capacity. Therefore, the final project allows
for replication and application at regional and national
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levels, which may aid the establishment of better-
performing and sustainable strategies for diabetic
neuropathy control and patients’ health benefits.

5. Conclusions

This study combined an epidemiological approach with
dynamic system modeling to analyze the determinants and
management of diabetes-related peripheral neuropathy
(DPN). DPN studies within this research analyzed the
impact of variables, including age, gender, education, diet,
lifestyle, medication adherence, and quality of life, as
determined through bivariate and multivariate analyses.
Risk stratification via logistic regression assisted in the
identification of DPN at an earlier stage of the disease and
provided a starting point for the construction of
intervention scenarios. Dynamic simulation modeling
demonstrated that, in the absence of any control, the
number of diabetes patients and accompanying
complications of DPN would continually rise. In contrast,
the combination of educational, lifestyle, and adherence
interventions would result in a decreased disease burden.
This combination resulted in modeling estimates of a
72.39% reduction in diabetes and an 84.99% reduction in
DPN. This multi-component approach of combining
clinical and socioeconomic interventions may slow disease
progression. In terms of actual practice, this study focuses
on a system-wide integrated approach to healthcare. The
dynamic system models produced may be used as
supportive and simulation-based tools for the identification
of high-risk patients, optimal intervention pathways, and
advanced strategic health services in areas with the highest
burden of disease, particularly in low- and middle-income
countries (LMICs). Moreover, there are several
shortcomings. These include the study design (single-
center, cross-sectional) and the use of self-reported data
regarding some behavioral variables. Some biological and
environmental variables were omitted, and the model was
not validated against real-world clinical data from different
settings. Although internal validation using MAE and VAE
showed that there was a good fit of the observed and
simulated data for initial projection purposes, external
validation is necessary for the model to be used in a broader
context. The simulation of dynamic systems in the presence
of extended population, longitudinal, clinical, and
biochemical data, and data obtained using standard
measurement methods will significantly increase the model
performance. Therefore, future studies should address
these challenges. Temporary relationships between risk
factors and DPN development should be demonstrated.
Furthermore, randomized controlled trials or community-
based intervention studies should be performed to test the
proposed intervention strategies. In summary, the
suggested study is a scalable, data-centric, model-based
approach to change DM care toward a more predictive,
preventive, and patient-centric model of DM care to
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manage DPN and related complications. This suggests that
longitudinal, multicenter, and intervention-based studies
should be performed to improve the model’s clinical and
policy value.
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