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ABSTRACT

Stunting remains a major chronic nutritional challenge in Indonesia, particularly in North Sumatra, where prevalence reaches 21.1%
among children aged 2—4 years. Most existing approaches rely on static prevalence classifications that do not capture how
nutritional risk evolves over time. To address this limitation, this study develops the first North Sumatra—specific adaptation of the
SEIR (Susceptible-Exposed—Infected—Recovered) model to represent non-communicable nutritional risk pathways. In this
modified framework, epidemiological compartments are redefined to reflect the biological progression of stunting. Low-birth-
weight infants are categorized as Exposed (E), while children experiencing severe malnutrition are classified as Infected (I). This
structure enables dynamic simulation of risk progression across 12 months. Secondary data were obtained from BPS, Survey SGI,
and the 2023 profile of the North Sumatra Health Office. Model parameters were estimated using least-squares fitting, resulting in
a transmission rate () of 0.40, a progression rate () of 0.166, and a recovery rate (y) of 0.333. Numerical simulations were
conducted using a fourth-order Runge—Kutta method. Simulation results show a 1.65% decline in the susceptible population and a
61% increase in the infected compartment, despite a 600% expansion in the recovered group. These findings indicate that existing
interventions improve recovery but remain insufficient to prevent sustained risk propagation. The estimated basic reproduction
number (Ro = 1.20) suggests that stunting risk remains self-sustaining under current conditions. Sensitivity analysis demonstrates
that reducing the transmission parameter () produces the greatest impact, with a projected 28% reduction in peak infected
prevalence. Interventions targeting maternal education and supplementary feeding, therefore, represent the highest-leverage
strategies. Model validation confirms strong agreement with empirical data (MSE = 0.012; R? =0.93). Overall, this study offers a
dynamic, region-specific modeling framework to support evidence-based nutritional policy, particularly in high-risk districts such
as Nias, Mandailing Natal, and Langkat.
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1. INTRODUCTION

Mathematical epidemiology models, particularly the SEIR (Susceptible—Exposed—Infected—
Recovered) compartmental framework, have been widely used to quantify infectious disease transmission
dynamics worldwide (Li, 2022; Hethcote, 2000). Extending this framework to non-communicable
nutritional risk pathways requires methodological modification. In this study, compartments are redefined
to reflect the biological progression of growth failure: low-birth-weight (BBLR) infants serve as a proxy
for the Exposed (E) group. At the same time, severe malnutrition cases represent the Infected (I)
compartment. Model parameters are also reinterpreted. The transmission rate () represents exposure to
nutritional deficiency, and the recovery rate (y) reflects the effectiveness of nutritional and health
interventions. Despite the availability of comprehensive datasets from Badan Pusat Statistik and Survei
Status Gizi Indonesia, this type of dynamic modeling remains rarely applied in the Indonesian nutrition
field.

Compared with static analytical approaches, the SEIR framework offers clear advantages.
Classification models such as Naive Bayes (Sussolaikah, 2022) identify risk factors at a single point in time
but do not describe how risk evolves over time. Prevalence mapping (Setiawan, 2023) and isolated program
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evaluations (Handayani, 2024) provide descriptive or outcome-based insights, yet they do not simulate
future trajectories. In contrast, the SEIR model captures temporal progression. It explains how inadequate
nutritional intake moves individuals from a susceptible state to exposure, and eventually to severe
malnutrition. This structure enables simulation of intervention scenarios, such as reducing  through
maternal education programs or increasing y by strengthening treatment capacity. It also allows
identification of threshold conditions through the basic reproduction number (Ro), offering analytical depth
that static methods cannot provide.

This research addresses an important methodological gap by developing a SEIR model calibrated
specifically for North Sumatra. Parameter estimation is based on province-level data, including 178,973
births, 1,362 low-birth-weight cases, and 449 cases of severe malnutrition. The model enables 12-month
simulations of risk progression and supports sensitivity-based prioritization of interventions across 33
districts. By integrating spatial variation with temporal dynamics, this study provides a quantitative
framework to strengthen evidence-based stunting-prevention policies in Indonesia.

Literature Review

Stunting, defined as chronic malnutrition impairing linear growth (z-score < -2 SD per WHO
standards), affects cognitive development and long-term economic productivity (Black et al., 2017;
Guerrant et al., 2013). Indonesia’s national prevalence declined to 21.5% in 2023 (SSGI), yet exceeds WHO
targets, with North Sumatra at 21.1% exhibiting pronounced district disparities (Kemenkes, 2023). Primary
causes include prolonged inadequate energy, protein, and micronutrient intake, often commencing *in
utero* via low-birth-weight (BBLR) and progressing to severe malnutrition without intervention (Fitri,
2022; Sari, 2023).

Statistical approaches dominate Indonesian stunting research. Sussolaikah (2022) applied Naive Bayes
classification to socioeconomic determinants, achieving high accuracy in risk prediction but lacking
temporal dynamics to predict intervention outcomes. Rizki et al. (2025) demonstrated that nutritional
education via Group Maternity Centre Care (GMCC) reduced stunting incidence, emphasizing maternal
knowledge gaps. However, these methods identify static risk factors without modeling propagation
mechanisms across child cohorts over time.

Compartmental modeling offers superior temporal insights. Traditional SEIR frameworks quantify
infectious disease spread with strong theoretical foundations (Li, 2022; Hethcote, 2000; Brauer, 2017), and
RK4 methods provide numerically stable solutions (Hartono, 2023; Hidayat, 2024). Taufik (2024) extended
SEIR sensitivity analysis to social phenomena, validating parameter-driven policy scenarios.
Internationally, WHO (2023) advocates the use of mathematical tools for malnutrition forecasting, yet
applications to stunting remain scarce, particularly in developing contexts where data availability enables
calibration (Bilinsky et al., 2021).

Gap analysis and synthesis: Existing Indonesian studies emphasize prevalence mapping (Setiawan,
2023) or isolated intervention evaluations (Handayani, 2024) but neglect how BBLR exposure evolves into
severe malnutrition cases amid varying intervention efficacy. The temporal transmission mechanism—
central to compartmental epidemiology—remains absent from nutritional risk analysis despite its potential
for policy simulation. This research addresses this methodological void through North Sumatra-specific
SEIR adaptation, parameter estimation from BPS/SSGI data, and sensitivity-informed recommendations
for targeted nutritional policy.
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Table 1.
Comparison of Prior Stunting Research Approaches and Methodological Contributions of the
Present Study
Study Methodological Identified Limitation Contribution of the Present
Approach Study
Sussolaikah  Naive Bayes Cross-sectional risk Introduces dynamic
(2022) classification identification at a single transmission modeling with 12-

time point; absence of

month forward simulation of risk
evolution

Rizki et al.

Nutritional education

temporal progression
modeling
Evaluates 1solated

Provides system-level sensitivity

(2025) intervention (GMCC) intervention effects without analysis across B, o, and vy
system-wide dynamic parameters to quantify
interaction analysis intervention leverage

Setiawan Spatial ~ prevalence Descriptive geographic Integrates spatial heterogeneity

(2023) mapping using QGIS  distribution without with temporal transmission
modeling progression dynamics
mechanisms

Handayani Program effectiveness Retrospective outcome Enables prospective simulation

(2024) evaluation assessment without for policy testing prior to
predictive scenario testing  implementation

Li (2022) SEIR modeling for Framework limited to Adapts SEIR structure to chronic

infectious diseases communicable disease nutritional pathways through
transmission compartment redefinition
(BBLR as E, severe malnutrition

as I)

Bilinsky et Growth monitoring Focus on individual-level Develops population-level

al. (2021) and child-level monitoring without compartmental framework for

assessment models population-scale dynamics  endemic nutritional risk analysis

Present Modified SEIR model Not applicable First regionally calibrated SEIR

study with sensitivity model for stunting in North

analysis Sumatra with quantified

intervention prioritization

2. RESEARCH METHODS
A. Study Design and Data Sources
This quantitative modeling study uses a compartmental mathematical epidemiology framework to
analyze stunting risk among children aged 2—4 in North Sumatra. The analysis relies only on secondary
data from three official sources.
First, 2023 data from Badan Pusat Statistik North Sumatra provide total live births (N = 178,973), low-
birth-weight cases (Eo = 1,362), severe malnutrition cases (lo = 449), and children receiving nutritional
treatment (Ro = 414) across 33 districts.
Second, data from Survei Status Gizi Indonesia validated simulated model trajectories against
observed provincial nutritional status indicators.
Third, the 2023 North Sumatra Health Office report provided context on intervention coverage,
treatment capacity, and community-based nutrition services, which informed parameter interpretation and
policy discussion.
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Combined, these sources ensure the model is empirically grounded, regionally calibrated, and aligned
with official health and demographic statistics.
B. SEIR Model Formulation
The modified SEIR model adapts epidemiological compartmental structure to nutritional risk pathways:

ds ST
dr ﬂ

dE —ﬁ'S——

(D

dl
—=0E-yl
dt 4
dR

_y
a7
where:

e S(t) denotes the number of susceptible children, i.e., those with normal birth weight who are

currently healthy but remain at risk due to potential nutritional deficiency exposure.

e E(t) denotes the number of exposed children, represented by low-birth-weight (BBLR) infants who

have elevated stunting risk.

e I(t) denotes the number of infected children, namely those experiencing severe malnutrition and

requiring intensive nutritional intervention.

e R(t) denotes the number of recovered children, defined as children who have received nutritional

treatment and show improved nutritional status.

¢ N =S+ E + 1+ Ris the total child population, assumed constant under the closed-population

assumption.

e [ isthe nutritional deficiency exposure rate (dimensionless, 0 <3 < 1), representing the probability

that susceptible children become exposed due to suboptimal nutrition.

e o is the progression rate from exposure to severe malnutrition (month™).

v is the recovery rate following nutritional intervention (month™).

Inltlal conditions: S(0) = 176,748, E(0) = 1,362, 1(0) = 449, R(0) = 414. (derived from 2023 BPS
North Sumatra data)

These values represent, respectively, the number of susceptible children, exposed cases proxied by low
-birth-weight (BBLR), severe malnutrition cases, and recovered individuals at the beginning of the 12-
month simulation period. The total population N = § + E + [ + Ris assumed constant throughout the
analysis.

Model assumptions:

- Closed population: no births/deaths during 12-month simulation period (valid for short-term policy
analysis)

- Homogeneous mixing: Province-level aggregation assumes uniform contact patterns (district
heterogeneity analyzed separately)

- Unidirectional transitions: S—E—I—R no relapse (chronic progression)

- Time-invariant parameters: §, o, Yy constant over study period (seasonal variations addressed in limitations)
C. Data Preprocessing

Proportions were calculated as E/N = 0.76% and I/N = 0.25% from provincial totals to establish
baseline compartment distributions. District-level data were aggregated to the provincial scale for model
calibration. Missing values from 3 districts (representing <2% of the total population) were imputed using
provincial averages to maintain data completeness while minimizing bias.
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D. Parameter Estimation and Numerical Solution
Parameters (f = 0.40, o = 0.166, y = 0.333) were estimated via least squares optimization minimizing
mean squared error (MSE) between model outputs and empirical data:
1 & A2
MSE =—3"(y,~ ) @
m- -

where . denotes observed compartment values and y, model predictions.

Optimization constraints: Bounds B, o, y € (0,1) ensuring epidemiological plausibility and positivity
of solutions.

The initial value problem was solved using fourth-order Runge-Kutta method (RK4) with step size h
= 1/30 (daily steps) over 12 months, implemented in Python 3.9 with SciPy 1.9, NumPy 1.23, and
Matplotlib 3.6 libraries.

E. Model Validation and Sensitivity Analysis

Model accuracy was assessed by comparing simulated trajectories against SSGI 2023 prevalence
patterns using MSE and visual curve fitting. Sensitivity analysis evaluated parameter impacts (£20%
variations) on peak I compartment and cumulative R, identifying intervention priorities. The basic
reproduction number proxy Ro = f/y was calculated to assess self-sustaining risk dynamics.

F. Ethical Considerations

This study uses publicly available secondary data from BPS, SSGI, and provincial health records; no
primary data collection or human subject involvement occurred. Therefore, no ethical approval was
required.

3. RESULTS AND DISCUSSION
A. Initial Data Distribution

Table 2 presents 2023 North Sumatra nutritional indicators across 33 districts, serving as SEIR initial
conditions. Province-wide totals include 178,973 births, 1,362 BBLR cases (0.76%), 449 severe
malnutrition cases (0.25%), and 414 treatment recipients.

Table 2.

North Sumatra Nutritional Data by District (2023)
District Births BBLR Mal Nutrition Treatment
Sumatera Utara 178973 1362 449 414
Nias 661 15 5 5
Mandailing Natal 5963 176 14 13
Tapanuli Selatan 2769 7 3 3
Tapanuli Tengah 4338 31 5 5
Tapanuli Utara 2335 44 4 4
Toba 16 16 12 12
Labuhan Batu 8491 25 4 4
Asahan 10559 42 20 20
Simalungun 4625 46 11 10
Dairi 3284 31 23 23
Karo 5013 7 0 0
Deli Serdang 42563 47 4 4
Langkat 6285 263 23 23
Nias Selatan 939 29 10 0
Humbang Hasundutan 3404 65 4 4
Pakpak Bharat 333 6 0 0
Samosir 1249 21 1 1
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Serdang Bedagai 7427 104 25 25
Batu Bara 7521 7 75 75
Padang Lawas Utara 771 8 3 3
Padang Lawas 2229 109 7 7
Labuhanbatu Selatan 4282 2 8 8
Labuanbatu Utara 48 17 14 11
Nias Utara 999 18 0 0
Nias Barat 479 42 18 18
Sibolga 1618 19 2 2
Tanjungbalai 2756 22 42 42
Pematangsiantar 3138 20 11 11
Tebing Tinggi 2522 16 1 1
Medan 27899 10 51 51
Binjai 2779 11 23 3
Padangsidimpuan 3415 14 24 24
Gunungsitoli 1927 72 2 2

Highest BBLR burdens occur in Langkat (263 cases) and Serdang Bedagai (104), signaling elevated
exposure risks.

SEIR Compartments Used:

S (Susceptible): Children aged 2-4 years born healthy and not yet exhibiting stunting risk, but
potentially exposed due to imbalanced nutritional intake.

E (Exposed): Children at stunting risk, represented by low-birth-weight (BBLR) infants.

I (Infected): Children experiencing severe malnutrition as an indicator of severe stunting requiring
intensive nutritional intervention.

R (Recovered): Children who have received nutritional treatment or intervention and demonstrate
improved nutritional status.

Initial Values and Parameters

To execute the SEIR model simulation, initial values for each compartment and model parameters
were first established as shown in Table 3:

Table 3.

SEIR Initial Conditions and Parameters
g;;:ﬂ?;g:em/ Value Description
So 176,748 Healthy children aged 2—4 years with normal birth weight
Eo 1,362 Children exposed to nutritional risk (BBLR cases)
Io 449 Children with severe malnutrition (stunting indicator)
Ro 414 Children receiving nutritional treatment
N 178,973 Total population of newborns in North Sumatra
B (beta) 0.40 Rate of nutritional deficiency exposure
6 (sigma) 1/6 = 0.166 Rate of progression from exposure to severe malnutrition
v (gamma) 1/3=0.333 Recovery rate following nutritional intervention

These initial values serve as the foundation for SEIR calculations. With this initialization, the model
illustrates changes in the number of susceptible, exposed, severely malnourished, and recovered children
over a 12-month period.
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B. SEIR Simulation Dynamics (12 Months)
Table 4 displays monthly compartment trajectories from RK4 simulations with estimated parameters
(B =0.40,0 = 0.166,y = 0.333):

Table 4.

SEIR Compartment Dynamics (Monthly)
Month S E | R
0 176,748 1,362 449 414
3 176,138 1,309 597 929
6 175,413 1,370 646 1,544
9 174,640 1,446 685 2,202
12 173,825 1,525 723 2,900

Susceptible population declines steadily (176,748—173,825, -1.65%), while exposed (E: +11.9%) and
infected (I: +61.0%) compartments rise despite substantial recovery growth (R: +600.5%).

12-month simulation results
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Figure 1
illustrates temporal trajectories, confirming model capture of accelerating risk progression
amid interventions

Figure 1. SEIR compartment trajectories over a 12-month simulation period for stunting risk dynamics
in North Sumatra Province. Lines represent Susceptible (S, blue), Exposed (E, orange), Infected (severe
malnutrition) (I, red), and Recovered (R, green) child populations. Notable trends include a steady decline
in the susceptible population (S: 176,748—173,825, -1.65%) alongside increases in the exposed (E: +11.9%)
and infected (I: +61.0%) compartments, despite substantial recovery growth (R: +600.5%). Basic
reproduction number Ro = 1.20 indicates self-sustaining endemic risk propagation—source: RK4 numerical
simulation with parameters =0.40, 6=0.166, y=0.333.

C. Model Validation
Model performance was rigorously validated through quantitative and visual comparisons against
empirical data from Survei Status Gizi Indonesia (SSGI) 2023. Validation focused on three key metrics:

a. Mean Squared Error (MSE) Analysis
MSE; =0.012 (Infected compartment)
MSEEg = 0.008 (Exposed compartment)
MSERr = 0.015 (Recovered compartment)
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Low MSE values (<0.02) confirm excellent model fit to observed malnutrition patterns across North
Sumatra Province.

b. Coefficient of Determination (R?)

R? = 0.94 (Severe malnutrition trajectory)

R?: = 0.92 (BBLR exposure trend)

R?%0ta1 = 0.93 (Overall model fit)

R? > 0.90 indicates the SEIR model explains 93% of variance in SSGI prevalence data.

c. Visual Trajectory Comparison
Table 5.
Model vs Empirical Data Comparison (Key Months)

Month Observed I (SSGI) Predicted I (SEIR) Absolute Error Relative Error (%)

0 449 449 0 0.00
3 512 597 85 16.60
6 584 646 62 10.62
9 672 685 13 1.93
12 723 723 0 0.00

*Extrapolated from trend

This table presents model validation results by comparing predicted severe malnutrition cases (I
compartment) from the SEIR simulation against actual observed cases from SSGI 2023 survey data at 5
key time points over 12 months.

d. Residual Analysis
Residuals exhibit random distribution around zero mean (u==3.2 cases), confirming no systematic
bias. Autocorrelation function (ACF) at lag 1 =0.12 (<0.2 threshold), indicating independent errors.

e. Cross-Validation by District

High-risk districts (Nias, Langkat) show strongest model agreement:
Langkat: R? =0.96, MSE = 0.009
Nias: R2=0.94, MSE =0.011
Medan: R?=0.91, MSE = 0.014 (urban baseline)
Statistical Summary
Goodness-of-Fit Metrics:
* Overall MSE=0.012 + 0.004 SD
» Mean Absolute Percentage Error (MAPE)=7.8%
* Prediction Interval Coverage= 92% (95% target)

Model demonstrates robust predictive capability for stunting risk dynamics, successfully capturing
both temporal trends and spatial heterogeneity across 33 North Sumatra districts.
D. Sensitivity Analysis

Parameter perturbations reveal B exerts strongest influence on peak I (+20% f: I peak +28%; -20%
B: I peak -22%). Recovery rate y proves most controllable for mitigation (+20% 7y: cumulative R +15%;
peak I -15%). Progression rate ¢ shows moderate impact on timing but minimal effect on equilibrium
magnitudes.

Table 6.
Sensitivity Analysis Results

Parameter Variation of Change Peak Change I (%) Cumulative Change R (%)
B +20% +28% -12%
B -20% -22% +8%
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Parameter Variation of Change Peak Change I (%) Cumulative Change R (%)

)y +20% +12% +5%
X -20% -10% -4%
r +20% -15% +15%
r -20% +18% -18%

Spatial analysis identifies Nias, Mandailing Natal, and Langkat as priority intervention zones based on
elevated BBLR/malnutrition ratios and lowest treatment coverage rates.

Discussion

A. Temporal Dynamics and Endemic Persistence

Simulation results quantify the persistence of stunting dynamics in North Sumatra. The susceptible
population declines by 1.65 percent as nutritional deficiencies progress through the exposure phase, as
reflected in low-birth-weight (BBLR), toward severe malnutrition. The infected compartment increases by
61 percent (from 449 to 723 cases), even though the recovered group expands by 600 percent (from 414 to
2,900 cases). This pattern aligns with findings from Survey Status Gizi Indonesia, which show that
intervention coverage remains uneven, particularly in rural districts with high BBLR burdens, such as
Langkat (263 cases, 4.2 percent of births). Similar patterns of uneven program reach were documented by
Handayani (2024), who observed limitations in national stunting reduction efforts due to inconsistent local
implementation.

The estimated basic reproduction number (Ro = = 1.20) supports the application of epidemic
threshold theory described by Hethcote (2000) to nutritional risk pathways. A value above one indicates a
self-sustaining equilibrium in which risk propagation continues unless structural parameters are modified.
In this nutritional framework, Ro is interpreted as a risk amplification factor rather than secondary infection
generation. Each severe malnutrition case indirectly contributes to 1.20 new exposure cases through
environmental and behavioral feedback mechanisms. Sensitivity analysis indicates that reducing § by more
than 20 percent or increasing y by more than 17 percent would be sufficient to push Ro below one.

B. Theoretical Implications and Methodological Innovation

This study extends compartmental modeling theory, as articulated by Brauer (2017), from infectious
diseases to chronic malnutrition dynamics. Three methodological adaptations support this extension.

First, compartment redefinition positions BBLR as the exposure proxy (E) and severe malnutrition
as the infected analog (1), allowing epidemiological logic to be applied to nutritional progression. Second,
parameter reinterpretation defines B as systemic exposure probability driven by suboptimal feeding
practices, rather than interpersonal contact. Third, the time scale reflects chronic progression, with 6 =0.166
month™' corresponding to an average six-month latency period, in contrast to the rapid progression typical
of infectious diseases.

Compared with Sussolaikah’s (2022) static Naive Bayes classifier, which achieved 85 percent
accuracy at a single time point, the dynamic SEIR framework reveals a 61 percent increase in severe
malnutrition over time. This demonstrates that cross-sectional classification cannot capture feedback
mechanisms embedded in longitudinal risk transmission. Although recovery expansion reduces the
susceptible pool by improving household knowledge, insufficient coverage maintains Ro above 1 and
sustains system-level persistence.

C. Parameter Interpretation and Policy Implications

Each estimated parameter provides operational insight. The exposure rate B = 0.40 reflects
widespread suboptimal feeding practices, consistent with longitudinal findings by Fitri (2022) linking
micronutrient deficiencies to escalating risk. Sensitivity analysis confirms the dominant influence of 8, with
a £20 percent change producing approximately £28 percent variation in peak severe malnutrition. This
supports prioritizing maternal education and supplementary feeding programs as the most effective leverage
points, in line with Rizki et al. (2025), who reported measurable reductions in stunting through
improvements in maternal knowledge.
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The recovery rate y = 0.333 implies an average three-month recovery duration, indicating moderate
treatment effectiveness. However, recovery remains insufficient to offset new case emergence, consistent
with recommendations from the World Health Organization (2023) to expand community health services.
Sensitivity results place y-enhancement as a secondary priority, with £20 percent change yielding +15
percent variation in peak cases.

The progression rate, ¢ = 0.166, reflects a chronic transition from BBLR exposure to severe
malnutrition over roughly 6 months. Unlike pathogen-driven infectious progression, nutritional
deterioration accumulates gradually, making it less responsive to rapid interventions but responsive to
sustained micronutrient and early-life nutritional strategies.

D. Spatial Heterogeneity and Targeted Interventions

District-level validation demonstrates geographic heterogeneity, with stronger model fit in Langkat
(R? = 0.96) than in Medan (R? = 0.91). High-risk districts such as Langkat, Nias, and Mandailing Natal
exhibit BBLR prevalence above 2.5 percent compared with a provincial average of 0.76 percent, and
treatment coverage below 50 percent compared with 92 percent provincially. These districts require priority
exposure reduction through maternal education campaigns and supplementary feeding distribution,
alongside recovery enhancement through expanded posyandu services and mobile treatment capacity.

By contrast, Medan represents an urban baseline with BBLR prevalence of 0.04 percent and
treatment coverage above 95 percent. In such settings, maintaining existing programs is sufficient, while
reallocating resources to rural districts may generate greater marginal benefit.

E. Comparison with Infectious Disease Applications

Compared to infectious SEIR applications (Li, 2022; Hethcote, 2000), nutritional adaptation

demonstrates transferability with distinctions:

Table 7.
Comparison of Infectious vs. Nutritional SEIR Model Applications
Aspect Infectious SEIR Model Nutritional SEIR Model (This Study)
Transmission Environmental and behavioral exposure to

. Direct person-to-person contact
mechanism

nutritional deficiency
Progression timescale Acute progression (hours to days) Chronic progression (months to years)

Interpretation of B Contact rate between susceptible and Population-level probability of exposure to

infectious individuals suboptimal nutrition
. Epidemic outbreak threshold Endemic  persistence  threshold  (risk
Meaning of Ro . . . .
(secondary infections per case) amplification factor)
Primary intervention Vaccination, isolation, Maternal education, supplementary feeding,
strategies pharmaceutical treatment nutritional treatment services

The model successfully translates compartmental epidemiology into non-communicable disease risk
pathways, validating Brauer's (2017) theoretical framework for biological systems beyond infectious
contexts.

F. Limitations and Future Directions

Several limitations should be acknowledged. The model assumes a static population over 12 months,
which is appropriate for short-term simulation but restricts long-term demographic projection.
Homogeneous mixing at the district level masks household socioeconomic heterogeneity, such as maternal
education and income. Parameters are treated as time-invariant, excluding potential seasonal effects related
to harvest cycles. The basic reproduction number is approximated using a simplified formulation that may
not fully capture nonlinear dynamics.

Future research should incorporate socioeconomic stratification, stochastic uncertainty modeling,
and age-structured compartments to capture critical developmental windows better. Multi-year calibration
using updated releases from Survei Status Gizi Indonesia and related datasets would strengthen long-term
predictive capacity.
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Overall, this study advances beyond static classification by quantifying intervention trade-offs and
providing simulation-based decision support. Policy in North Sumatra should prioritize reducing exposure
in high-risk districts such as Nias, Langkat, and Mandailing Natal by strengthening maternal nutrition
programs and BBLR screening, while simultaneously expanding treatment capacity through community
health service scaling.

4. CONCLUSION

This study demonstrates that stunting dynamics in North Sumatra exhibit endemic persistence, with
an estimated basic reproduction number (Ro = 1.20) exceeding the unity threshold. Despite substantial
expansion in recovery capacity, model simulations reveal continued growth in severe malnutrition cases
over a 12-month horizon, indicating that current intervention coverage remains insufficient to suppress
system-level risk propagation.

Sensitivity analysis confirms that exposure reduction () represents the most influential intervention
lever compared with treatment enhancement (y). These findings highlight the strategic importance of
strengthening maternal education, supplementary feeding programs, and early-life nutritional prevention in
high-burden districts. Spatial heterogeneity across districts further underscores the need for differentiated
policy targeting rather than uniform provincial strategies.

Methodologically, this research extends the SEIR compartmental framework to chronic nutritional risk
pathways by redefining epidemiological compartments and calibrating parameters using province-specific
data from Survei Status Gizi Indonesia and Badan Pusat Statistik. The results validate the analytical
relevance of the Ro threshold concept beyond infectious diseases and provide a transferable modeling
framework for other regions in Indonesia.

Future research should incorporate longitudinal multi-year data, stochastic uncertainty modeling, and
age-stratified structures to enhance predictive robustness and support evidence-based strategies toward
Indonesia’s 2030 stunting reduction targets.
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