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ABSTRACT:  

Objective: To characterize diet-related biomarker patterns and explore statistical 
relationships among 25-hydroxyvitamin D [25(OH)D], ferritin, hepcidin, mTOR, and 
hemoglobin in pregnant women. 

Methods: A multicenter cross-sectional study included 93 third-trimester pregnant 
women recruited from eight public health centers in Palembang, Indonesia, from 
September 2024 to December 2025. Dietary intake was assessed using a validated semi-
quantitative food frequency questionnaire and repeated 24-hour recalls. Anthropometric 
and biochemical measures included BMI, MUAC, hemoglobin, 25(OH)D, ferritin, 
hepcidin, and mTOR. Group comparisons, correlation analysis, Principal Component 
Analysis (PCA), and exploratory Structural Equation Modeling (SEM) were performed. 

Results: Compared with non-anemic women, those with anemia had lower vitamin D 
and iron intakes, lower 25(OH)D and ferritin, and higher hepcidin. 25(OH)D correlated 
positively with ferritin and inversely with hepcidin. PCA Component 1 explained 
43.05% of variance, with loadings of 0.78, 0.65, −0.61, and 0.28 for 25(OH)D, ferritin, 
hepcidin, and mTOR, respectively. SEM showed significant associations of 25(OH)D 
with hepcidin (β = −0.41, p = 0.002) and ferritin (β = 0.47, p = 0.001), hepcidin with 
ferritin (β = −0.33, p = 0.010), and ferritin with hemoglobin (β = 0.52, p < 0.001). The 
mTOR–hemoglobin association was non-significant. 

Conclusion: Maternal anemia showed an exploratory statistical pattern centered on 
vitamin D and iron-related biomarkers, with limited mTOR contribution. These findings 
support an integrated nutritional perspective and warrant longitudinal investigation. 
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1. INTRODUCTION 

Maternal anemia remains a major global nutrition and public health concern, affecting nearly one in three pregnant women 
worldwide, with a disproportionate burden in low- and middle-income countries [1-3]. The problem remains substantial in 
Southeast Asia, where inadequate dietary intake, limited dietary diversity, and socioeconomic inequalities contribute to 
maternal nutritional vulnerability [4,5]. Although iron deficiency is a major contributor to anemia during pregnancy, 
inadequate consumption of iron-rich foods and poor overall dietary quality may coexist with deficiencies in other essential 
nutrients [6-8]. In Indonesia, maternal anemia has been associated with inadequate intake of essential micronutrients, 
including iron and vitamin D, as well as limited access to diverse and nutrient-dense foods [9,10]. These observations support 
a broader nutritional perspective in which maternal anemia is considered a diet-related condition influenced by dietary 
adequacy, maternal nutritional status, and interconnected biological processes. Such a perspective is particularly relevant to 
food science and nutrition research because identifying modifiable dietary factors may inform more comprehensive strategies 
for maternal anemia prevention. 

The biological processes underlying maternal anemia involve interactions among micronutrient availability, iron homeostasis, 
inflammation, and cellular metabolism. Vitamin D, commonly assessed using serum 25-hydroxyvitamin D [25(OH)D], has 
received increasing attention because of its potential involvement in inflammatory regulation and iron-related processes 
[11,12]. Ferritin is widely used as an indicator of iron storage, whereas hepcidin is a key regulator of systemic iron homeostasis 
through its effects on intestinal iron absorption and iron release from storage sites [13,14]. Previous evidence suggests that 
vitamin D status may be related to hepcidin expression and iron availability for erythropoiesis [15,16]. However, ferritin is 
also an acute-phase reactant and may increase during infection or inflammation, necessitating cautious interpretation as an 
isolated indicator of iron status. The mechanistic target of rapamycin (mTOR), a nutrient-sensing signaling pathway involved 
in cellular growth, protein synthesis, and metabolic adaptation, may provide an additional perspective on nutritional and 
metabolic regulation [17,18]. Although its specific relationship with iron bioavailability and maternal anemia remains less 
established, examining mTOR together with vitamin D and iron-related biomarkers may help characterize broader nutritional 
and metabolic patterns. 

Maternal anemia is additionally influenced by nutritional, anthropometric, environmental, and contextual factors. Maternal 
undernutrition or excess adiposity, dietary adequacy, socioeconomic circumstances, infection or inflammation, and 
deficiencies of hematopoietic micronutrients such as vitamin B12 and folate may contribute to variation in maternal 
hematological status. Nutritional conditions before conception and throughout pregnancy, maternal weight gain, dietary 
patterns, supplementation practices, and sun exposure may further influence nutrient availability and iron-related biomarkers. 
These factors are particularly important because inflammatory or infectious conditions can alter hepcidin and ferritin 
concentrations independently of dietary iron intake. Consequently, interpretation of biomarker profiles requires consideration 
of the broader nutritional and contextual environment rather than attribution of maternal anemia to a single biochemical 
marker. However, relatively few studies have simultaneously considered dietary intake, anthropometric characteristics, vitamin 
D status, iron-regulatory biomarkers, and nutrient-sensing pathways within a unified analytical framework. 

An important gap in the existing literature is the predominance of studies examining individual biomarkers rather than their 
combined statistical patterns. Research focusing primarily on hemoglobin or ferritin has provided important information on 
individual components of anemia but offers limited insight into the interrelationships among vitamin D status, iron 
regulation, nutrient intake, and cellular signaling pathways [19,20]. Although studies examining vitamin D and iron status have 
expanded the evidence base, comprehensive evaluations of multiple interconnected nutritional and biochemical indicators 
remain relatively uncommon [21]. Multivariate approaches such as Principal Component Analysis (PCA) can be used to 
characterize covariance patterns among correlated dietary or biological variables and identify variables contributing most 
strongly to an observed pattern [22,23]. In the context of maternal anemia, this approach may provide a complementary 
perspective by identifying clusters of nutritional and biochemical indicators rather than evaluating each marker independently. 
However, because the present study is cross-sectional, PCA and pathway modeling should be interpreted as exploratory 
analyses of statistical patterns and hypothesized relationships rather than confirmation of latent constructs, biological 
mechanisms, or causal pathways. 

This integrated perspective is also relevant to nutritional approaches for preventing and managing maternal anemia. Current 
international recommendations emphasize iron supplementation as a central component of antenatal anemia prevention, 
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while the contribution of other micronutrients, including vitamin D, may vary across populations and intervention 
frameworks [24,25]. Emerging evidence suggests that dietary quality and multi-micronutrient approaches may be relevant 
where multiple nutritional deficiencies coexist during pregnancy [26]. Evaluating dietary intake together with vitamin D status, 
iron storage and regulation, and nutrient-related biomarkers may therefore provide a broader basis for understanding 
maternal anemia. Importantly, such an approach does not imply replacement of established iron–folic acid strategies; rather, it 
may help identify additional nutritional factors that warrant consideration in dietary assessment and future intervention 
research. The relationships among these indicators may also vary according to maternal nutritional status, anthropometry, 
socioeconomic circumstances, supplementation, sun exposure, and inflammatory or infectious conditions. 

In Indonesia, including urban settings such as Palembang, maternal anemia remains associated with dietary patterns, 
socioeconomic disparities, and inadequate micronutrient intake, while integrated nutrition-oriented investigations remain 
limited [27,28]. Multicenter studies simultaneously examining dietary intake, maternal nutritional characteristics, biochemical 
biomarkers, and multivariate statistical patterns are particularly scarce. Therefore, this study aimed to characterize diet-related 
nutritional biomarker patterns and examine exploratory statistical relationships among 25(OH)D, ferritin, hepcidin, mTOR, 
and maternal anemia in a multicenter sample of pregnant women. Specifically, correlation analysis, exploratory PCA, and 
SEM were used to examine the interrelationships and relative contributions of these nutritional and biochemical indicators. 
The study did not seek to establish a causal biological pathway; rather, it aimed to identify coherent statistical patterns that 
may help generate hypotheses regarding the relationship between diet, nutritional biomarkers, and maternal anemia. By 
integrating dietary, anthropometric, and biochemical information within a unified framework, this study provides a 
multidimensional perspective relevant to nutrition and food science research and may inform future longitudinal and 
intervention studies of integrated nutritional strategies. 

2. MATERIALS AND METHODS 

2.1  Study Design and Setting 

This study employed a multicenter cross-sectional design to examine diet-related nutritional biomarker patterns and their 
associations with maternal anemia. The study was conducted between September 2024 and December 2025 across eight 
Public Health Centers (Puskesmas) in Palembang, Indonesia. The multicenter approach was used to capture variation in 
maternal characteristics, dietary intake, environmental exposure, and health conditions across urban primary healthcare 
settings. A cross-sectional design was considered appropriate for characterizing nutritional and biochemical profiles and 
examining associations between dietary and biomarker variables in the study population [29-31]. 

2.2  Sample Size Determination 

Sample size considerations were based on the multivariate nature of the planned analyses and the number of variables 
included in the analytical framework. For Principal Component Analysis (PCA), a subject-to-variable ratio of approximately 
5–10 participants per variable has been recommended to support the stability and interpretability of extracted components 
[32,33]. Based on the primary biomarker variables and additional analytical variables included in the study, the initial 
minimum sample requirement was estimated at 80 participants. 

An a priori power analysis was also conducted using G*Power for regression-based analysis, assuming a medium effect size 
(f² = 0.15), a significance level of α = 0.05, and statistical power of 80%, which yielded a minimum requirement of 85 
participants [34]. A total of 93 participants were ultimately included in the analysis. Because the pathway analysis was 
conducted using a relatively parsimonious model with observed variables rather than a large latent-variable structure, the final 
sample size was considered in relation to the number of estimated parameters and the complexity of the specified model. The 
SEM results were therefore interpreted as estimates of hypothesized associations within this specific model rather than as 
evidence of causal relationships. Model adequacy was additionally evaluated using multiple goodness-of-fit indices, including 
χ², degrees of freedom (df), CFI, RMSEA, and SRMR. 

2.3  Study Population and Sampling 

The study population comprised pregnant women in the third trimester who attended antenatal care services at the 
participating Puskesmas. Participants were recruited using consecutive sampling, whereby eligible women attending the 
participating facilities during the study period were invited to participate. Women were eligible if they were aged 18–45 years, 
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had a gestational age of ≥28 weeks, were receiving antenatal care at one of the participating facilities, and were willing to 
participate and provide the required dietary, anthropometric, and biological information. Women were excluded if they had 
documented chronic diseases that could substantially influence hematological or nutritional status, including diabetes mellitus 
or renal disorders; had an acute infection at the time of assessment; or were receiving medications known to substantially 
affect iron or vitamin D metabolism beyond routine antenatal supplementation. Participants with incomplete information 
required for the primary biomarker analysis were also excluded from the final analytical dataset. Maternal anemia was defined 
as a hemoglobin (Hb) concentration <11 g/dL, consistent with the World Health Organization criteria for anemia during 
pregnancy [35]. 

2.4  Data Collection and Measurement Procedures 

2.4.1 Sociodemographic and Anthropometric Assessment 

Sociodemographic information was obtained using a structured, pre-tested questionnaire adapted from national health survey 
instruments. Information collected included relevant maternal and household characteristics available within the study 
protocol. Anthropometric assessment was performed using standardized procedures. Body weight was measured with a 
calibrated digital scale (Seca®, Germany) to the nearest 0.1 kg, while standing height was measured using a portable 
stadiometer (Seca®, Germany) to the nearest 0.1 cm. Body mass index (BMI) was calculated as weight in kilograms divided 
by height in meters squared (kg/m²) and categorized according to applicable WHO standards. Mid-upper arm circumference 
(MUAC) was measured using a non-stretchable MUAC tape following standardized procedures, with the measurement taken 
at the midpoint between the acromion and olecranon processes and recorded to the nearest 0.1 cm. Each anthropometric 
measurement was performed twice, and the mean of the two measurements was used for analysis to improve measurement 
reliability [36,37]. BMI and MUAC were included to provide an indication of maternal anthropometric nutritional status and 
to allow nutritional status to be considered when interpreting the relationships between dietary intake, biomarkers, and 
anemia. 

2.4.2 Dietary Assessment 

Dietary intake was assessed using a semi-quantitative Food Frequency Questionnaire (SQ-FFQ) adapted to Indonesian 
dietary patterns and previously used in nutritional research. The questionnaire assessed habitual food consumption during the 
preceding month, with particular attention to foods contributing to vitamin D and iron intake. 

To complement the FFQ and improve estimation of usual nutrient intake, a multiple-pass 24-hour dietary recall was 
conducted on two non-consecutive days, comprising one weekday and one weekend day. Portion sizes were estimated using 
standardized household measurements and food photographs. Daily nutrient intake was calculated using the Indonesian Food 
Composition Database (Daftar Komposisi Pangan Indonesia) and expressed as vitamin D intake (µg/day) and iron intake 
(mg/day). Information on average daily sun exposure, vitamin D supplementation, and iron tablet consumption was also 
collected. The combined use of FFQ and repeated 24-hour dietary recall can improve characterization of habitual dietary 
intake and reduce some sources of measurement error associated with reliance on a single dietary assessment method [38-40]. 

2.4.3 Biochemical Measurements 

Venous blood samples (5 mL) were collected by trained laboratory personnel under aseptic conditions. Following collection, 
the samples were processed by centrifugation, and the resulting serum aliquots were stored at −80°C until biochemical 
analysis. Hemoglobin (Hb) concentrations were determined using an automated hematology analyzer (Sysmex®, Japan), with 
daily internal quality-control procedures to ensure analytical consistency. Serum 25-hydroxyvitamin D [25(OH)D] 
concentrations were measured using an enzyme-linked immunosorbent assay (ELISA; DRG Instruments GmbH, Germany), 
with a reported analytical sensitivity of <2 ng/mL. Ferritin concentrations were determined using a chemiluminescent 
immunoassay (CLIA; Abbott Architect®, USA) as a circulating biomarker of iron stores. Serum hepcidin concentrations were 
quantified using a commercially available human hepcidin ELISA kit (Elabscience®, USA), while serum mechanistic target of 
rapamycin (mTOR) concentrations were assessed using a human serum sandwich ELISA kit (Cloud-Clone Corp®, USA). All 
immunoassays were performed in duplicate according to the respective manufacturers’ protocols. Intra-assay and inter-assay 
coefficients of variation were maintained below 10% to ensure acceptable analytical precision. Laboratory procedures were 
conducted in accordance with standardized clinical chemistry procedures and manufacturer-recommended protocols [41,42]. 
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Ferritin concentrations were interpreted within the broader context of iron metabolism because ferritin is an established 
marker of iron storage but may also be influenced by inflammatory processes. Accordingly, ferritin was considered an iron-
related biomarker rather than an isolated definitive measure of maternal iron status, particularly in the absence of direct 
assessment of inflammatory markers. 

2.5  Variable Specification and Analytical Framework 

To provide a clearer description of the analytical framework, variables were classified into the primary outcome, biochemical 
biomarkers, dietary exposures, anthropometric indicators, and sociodemographic covariates. The operational definitions and 
measurement approaches are summarized in Table 1. 

Table 1. Variable specification and measurement framework 

Variable category Variable Instrument/Method Scale 

Primary outcome Anemia status Hb measured using Sysmex hematology 
analyzer; anemia defined as Hb <11 g/dL 

Categorical 

Biochemical biomarkers 25(OH)D ELISA (DRG kit) Continuous 
 

Ferritin CLIA (Abbott Architect) Continuous 
 

Hepcidin ELISA (Elabscience) Continuous 
 

mTOR Human serum sandwich ELISA (Cloud-Clone) Continuous 

Dietary exposures Vitamin D intake SQ-FFQ + two non-consecutive 24-h recalls Continuous 
 

Iron intake SQ-FFQ + two non-consecutive 24-h recalls Continuous 

Anthropometric indicators BMI Digital scale + stadiometer Continuous 
 

MUAC Standardized MUAC tape Continuous 

Additional 
nutritional/environmental 
variables 

Sun exposure Structured questionnaire Continuous 

 
Vitamin D 
supplementation 

Structured questionnaire Continuous 

 
Iron tablet consumption Structured questionnaire Continuous 

Sociodemographic variables Maternal/household 
characteristics 

Structured questionnaire Mixed 

Hb, hemoglobin; 25(OH)D, 25-hydroxyvitamin D; mTOR, mechanistic target of rapamycin; ELISA, enzyme-linked immunosorbent assay; 
CLIA, chemiluminescent immunoassay; SQ-FFQ, semi-quantitative food frequency questionnaire. Anemia was defined as Hb <11 g/dL. 

2.6  Statistical Analysis 

Statistical analyses were performed using SPSS and R software, including the lavaan package for pathway modeling. 
Continuous variables were assessed for distributional characteristics and summarized as mean ± standard deviation (SD) for 
approximately normally distributed data or median and interquartile range (IQR) for non-normally distributed data. 
Categorical variables were summarized using frequencies and percentages. Differences between participants with and without 
anemia were assessed using the independent-samples t-test for normally distributed continuous variables or the Mann–
Whitney U test for non-normally distributed variables. Categorical variables were compared using the chi-square test or an 
appropriate alternative when assumptions for the chi-square test were not met. Associations between continuous biomarkers 
were examined using Pearson or Spearman correlation coefficients according to the distribution of the variables. Correlation 
coefficients were interpreted as measures of association and were not considered evidence of causal relationships. 
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2.6.1 Principal Component Analysis 

Principal Component Analysis (PCA) was performed to identify dominant patterns among the selected nutritional and 
biochemical biomarkers. The suitability of the data for PCA was assessed using the Kaiser–Meyer–Olkin (KMO) measure and 
Bartlett’s test of sphericity. A KMO value ≥0.60 and a statistically significant Bartlett’s test (p < 0.05) were considered 
indicative of adequate factorability. Components were retained based on eigenvalues >1, and variables with factor loadings 
≥0.40 were considered meaningful contributors to the corresponding component [43]. The PCA was used as a data-reduction 
and pattern-identification approach rather than as a method for establishing causality. The resulting component structure was 
interpreted in relation to the nutritional and biological characteristics of the included biomarkers. 

2.6.2 Pathway Modeling 

Pathway modeling using the lavaan package in R was performed to examine the hypothesized relationships among dietary and 
biochemical variables and maternal anemia. The model was specified a priori based on the proposed relationships among 
vitamin D status, iron-related biomarkers, mTOR, and hemoglobin. Because the study used a cross-sectional design, the 
direction of the specified pathways represented hypothesized statistical relationships rather than temporal or causal effects. 
Model fit was evaluated using multiple indices, including the chi-square statistic (χ²), degrees of freedom (df), comparative fit 
index (CFI), root mean square error of approximation (RMSEA), and standardized root mean square residual (SRMR). The 
model was considered to demonstrate acceptable fit when CFI was ≥0.90, RMSEA was ≤0.08, and SRMR was ≤0.08 [44-46]. 
The χ² statistic, df, and associated p-value were also reported to provide a complete assessment of model fit. Statistical 
significance was evaluated using a two-sided p < 0.05. 

3. RESULTS AND DISCUSSION 

3.1  Participant characteristics 

A total of 93 third-trimester pregnant women who fulfilled the predefined eligibility criteria were included in the final analysis 
and were recruited consecutively from eight public health centers in Palembang, Indonesia. As presented in Table 2, 
participants were characterized according to sociodemographic, anthropometric, dietary, and biochemical variables and were 
compared according to maternal anemia status. The anemia group (n = 37) had significantly lower hemoglobin, 25(OH)D, 
and ferritin concentrations and higher hepcidin concentrations than the non-anemia group (n = 56) (all p < 0.05), whereas 
mTOR concentrations did not differ significantly (p = 0.314). Women with anemia also had significantly lower vitamin D and 
iron intakes, BMI, MUAC, and daily sun exposure, as well as lower iron supplementation prevalence (p < 0.05). In contrast, 
maternal age, gestational age, multiparity, and vitamin D supplementation did not differ significantly between groups (p > 
0.05). Overall, these findings indicate distinct nutritional and biochemical profiles according to maternal anemia status, 
particularly involving vitamin D status and iron-related biomarkers. 

Table 2. Sociodemographic, anthropometric, dietary, and biochemical characteristics according to maternal anemia status 

Variable Anemia (n = 37) Non-anemia (n = 56) p-value 

Hematological and biochemical characteristics 
   

Hemoglobin (g/dL) 10.2 ± 0.8 12.1 ± 0.7 <0.001 

25(OH)D (ng/mL) 18.5 ± 6.2 24.8 ± 7.1 0.002 

Ferritin (µg/L) 15.6 ± 10.4 32.7 ± 18.9 0.001 

Hepcidin (ng/mL) 7.8 ± 4.2 5.6 ± 3.1 0.021 

mTOR (ng/mL) 4.5 ± 1.8 4.2 ± 1.5 0.314 

Dietary characteristics 
   

Vitamin D intake (µg/day) 3.2 ± 2.1 6.8 ± 3.4 0.004 

Iron intake (mg/day) 14.5 ± 6.3 22.1 ± 8.5 0.006 
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Anthropometric characteristics 
   

BMI (kg/m²) 22.8 ± 3.1 24.1 ± 3.4 0.048 

MUAC (cm) 23.1 ± 2.4 24.5 ± 2.6 0.009 

Sociodemographic and obstetric characteristics 
   

Maternal age (years) 29.4 ± 5.2 28.7 ± 4.8 0.487 

Gestational age (weeks) 34.8 ± 1.5 34.5 ± 1.6 0.361 

Multiparity, n (%) 22 (59.5) 27 (48.2) 0.296 

Environmental and supplementation characteristics 
   

Sun exposure (min/day) 31.6 ± 14.8 42.3 ± 18.6 0.003 

Vitamin D supplementation, n (%) 9 (24.3) 24 (42.9) 0.071 

Iron supplementation, n (%) 25 (67.6) 48 (85.7) 0.032 

Data are presented as mean ± SD or n (%). p < 0.05 indicates statistical significance. 25(OH)D, 25-hydroxyvitamin D; BMI, body mass 
index; MUAC, mid-upper arm circumference; mTOR, mechanistic target of rapamycin. 

Table 2 shows that women with maternal anemia had significantly lower serum 25(OH)D, ferritin, vitamin D intake, iron 
intake, BMI, and MUAC, but higher hepcidin concentrations than women without anemia. Ferritin concentrations were 
approximately half those of the non-anemia group, while vitamin D and iron intake were also substantially lower. Sun 
exposure was significantly lower among women with anemia, whereas vitamin D supplementation did not differ significantly; 
iron supplementation was significantly less frequent in the anemia group. In contrast, maternal age, gestational age, 
multiparity, and mTOR concentrations did not differ significantly between groups. Overall, the clearest between-group 
differences involved vitamin D and iron-related biomarkers, dietary intake, anthropometric indicators, and sun exposure, 
whereas demographic characteristics and circulating mTOR showed comparatively limited differences. These findings 
represent group-level associations and should not be interpreted as evidence of causality. 

3.2  Anthropometric and Dietary Characteristics 

Anthropometric, dietary, and nutritional exposure characteristics were compared according to maternal anemia status. As 
shown in Table 3, women with anemia had significantly lower BMI, MUAC, vitamin D and iron intakes, sun exposure, and 
iron supplementation than those without anemia, whereas vitamin D supplementation did not differ significantly between 
groups. These findings indicate distinct nutritional profiles according to maternal anemia status. 

Table 3. Anthropometric, dietary, and nutritional exposure characteristics according to maternal anemia status 

Variable Anemia (n = 37) Non-anemia (n = 56) p-value 

Anthropometric characteristics 
   

BMI (kg/m²) 22.8 ± 3.1 24.1 ± 3.4 0.048 

MUAC (cm) 23.1 ± 2.4 24.5 ± 2.6 0.009 

Dietary intake 
   

Vitamin D intake (µg/day) 3.2 ± 2.1 6.8 ± 3.4 0.004 

Iron intake (mg/day) 14.5 ± 6.3 22.1 ± 8.5 0.006 

Nutritional and environmental exposure 
   

Sun exposure (min/day) 31.6 ± 14.8 42.3 ± 18.6 0.003 
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Vitamin D supplementation, n (%) 9 (24.3) 24 (42.9) 0.071 

Iron supplementation, n (%) 25 (67.6) 48 (85.7) 0.032 

Data are presented as mean ± SD or n (%). p < 0.05 indicates statistical significance. BMI, body mass index; MUAC, mid-upper arm 
circumference. 

As shown in Table 3, women with maternal anemia had significantly lower BMI and MUAC, as well as lower vitamin D and 
iron intake, than women without anemia. Sun exposure was also significantly lower in the anemia group. Vitamin D 
supplementation was more frequently reported among women without anemia, although the difference was not statistically 
significant, whereas iron supplementation was significantly more frequent in the non-anemia group. Overall, Table 3 
demonstrates consistent differences across anthropometric status, dietary intake, and nutritional exposures according to 
maternal anemia status. These findings provide additional nutritional context for the lower 25(OH)D and ferritin 
concentrations observed in the anemia group. However, given the cross-sectional design, these differences represent 
associations and should not be interpreted as evidence of temporal or causal effects. 

3.3. Correlations Among Nutritional and Biochemical Biomarkers 

To assess the interrelationships among the measured nutritional and biochemical biomarkers, correlation analysis was 
performed, and the resulting correlation matrix is presented in Table 4. 

Table 4. Correlation matrix among nutritional and biochemical biomarkers 

Variable 25(OH)D Ferritin Hepcidin mTOR 

25(OH)D 1.00 0.42** −0.36** 0.12 

Ferritin 0.42** 1.00 −0.29* 0.15 

Hepcidin −0.36** −0.29* 1.00 0.18 

mTOR 0.12 0.15 0.18 1.00 

Values are Pearson correlation coefficients (r). p < 0.05* and *p < 0.01. 

Table 4 shows significant correlations among 25(OH)D, ferritin, and hepcidin. Serum 25(OH)D was positively correlated 
with ferritin (r = 0.42, p < 0.01) and inversely correlated with hepcidin (r = −0.36, p < 0.01), while ferritin was also inversely 
correlated with hepcidin (r = −0.29, p < 0.05). In contrast, mTOR showed weak and non-significant correlations with 
25(OH)D, ferritin, and hepcidin. Overall, the correlation pattern indicates that 25(OH)D, ferritin, and hepcidin exhibited 
greater statistical interrelatedness than mTOR within this biomarker panel. These findings provide the basis for the 
subsequent exploratory PCA and SEM analyses; however, the observed correlations represent associations and do not 
establish causal or mechanistic relationships. 

3.4  Exploratory Principal Component Analysis 

Given the modest sample size and the exploratory nature of the analysis, PCA was performed to identify patterns of 
covariance among the measured biomarkers rather than to establish a definitive latent construct or biological pathway. The 
resulting component loadings and PCA adequacy measures are presented in Tables 5 and 5A. 

Table 5. Exploratory principal component loadings 

Biomarker Component 1 loading 

25(OH)D 0.78 

Ferritin 0.65 

Hepcidin −0.61 

mTOR 0.28 

PCA was conducted as an exploratory analysis; KMO = Kaiser–Meyer–Olkin. 



Natural Resources for    
Human Health 
eISSN: 2583-1194 

 

29 
 Natural Resources for Human Health (NRFHH) 

https://nrfhh.com 

As shown in Table 5, 25(OH)D showed the highest loading on Component 1 (0.78), followed by ferritin (0.65) and hepcidin 
(−0.61), whereas mTOR showed a lower loading (0.28). The opposite direction of the hepcidin loading indicates an inverse 
contribution to the observed covariance pattern, characterized by higher 25(OH)D and ferritin concentrations alongside 
lower hepcidin concentrations. These loadings describe the relative contribution of each biomarker to the exploratory 
component and should not be interpreted as evidence of causal or hierarchical relationships. 

Table 5A. PCA adequacy and explained variance 

Parameter Result 

Kaiser–Meyer–Olkin (KMO) 0.57 

Bartlett's test of sphericity, χ² 41.26 

df 6 

p-value <0.001 

Eigenvalue, Component 1 1.72 

Variance explained (%) 43.05 

PCA was conducted as an exploratory analysis; KMO = Kaiser–Meyer–Olkin. 

Table 5A shows that Bartlett’s test of sphericity was significant (χ² = 41.26, df = 6, p < 0.001), indicating correlations among 
the biomarkers. However, the KMO value of 0.57 was below the conventional threshold of 0.60, indicating modest sampling 
adequacy. Component 1 had an eigenvalue of 1.72 and explained 43.05% of the total variance. Therefore, the PCA findings 
should be interpreted cautiously as an exploratory biomarker covariance pattern, rather than as a validated latent construct, 
biological pathway, or causal hierarchy. 

 

Figure 1. Exploratory PCA of Nutritional and Biochemical Biomarkers 
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Figure 1 illustrates the exploratory covariance pattern identified by PCA. Component 1 was characterized primarily by 
25(OH)D, ferritin, and hepcidin, whereas mTOR contributed comparatively less. Although the significant Bartlett’s test 
indicates that the biomarkers were statistically interrelated, the modest KMO value (0.57) warrants cautious interpretation. 
Accordingly, Component 1 is best regarded as a descriptive exploratory pattern of biomarker covariance, rather than a 
definitive mechanistic pathway. 

3.5  Structural Equation Modeling 

To further examine the hypothesized statistical relationships among vitamin D status, iron-related biomarkers, mTOR, and 
hemoglobin, an exploratory Structural Equation Modeling (SEM) analysis was performed. The standardized path coefficients 
and their statistical significance are presented in Table 6. 

Table 6. Standardized path coefficients of the structural equation model 

Pathway Standardized β p-value Interpretation 

25(OH)D → Hepcidin −0.41 0.002 Significant inverse association 

25(OH)D → Ferritin 0.47 0.001 Significant positive association 

Hepcidin → Ferritin −0.33 0.010 Significant inverse association 

Ferritin → Hemoglobin 0.52 <0.001 Significant positive association 

mTOR → Hemoglobin 0.18 0.087 Not statistically significant 

β = standardized coefficient. Associations are exploratory and do not imply causality. 

As shown in Table 6, 25(OH)D was significantly and inversely associated with hepcidin (β = −0.41, p = 0.002) and positively 
associated with ferritin (β = 0.47, p = 0.001). Hepcidin was inversely associated with ferritin (β = −0.33, p = 0.010), whereas 
ferritin was positively associated with hemoglobin (β = 0.52, p < 0.001). In contrast, mTOR was not significantly associated 
with hemoglobin (β = 0.18, p = 0.087), indicating a comparatively limited contribution to the observed statistical pattern. 
Overall, the strongest statistical associations were concentrated among 25(OH)D, hepcidin, ferritin, and hemoglobin. 
However, because the data were cross-sectional, these coefficients represent statistical associations rather than direct or 
indirect causal effects. The model therefore does not establish that 25(OH)D suppresses hepcidin, that hepcidin alters ferritin, 
or that ferritin subsequently determines hemoglobin. Accordingly, the SEM should be interpreted as an exploratory 
representation of observed biomarker interrelationships, rather than confirmation of a biological mechanism or causal 
pathway. 

 

Figure 2. Exploratory Structural Equation Model of Nutritional and Biochemical Biomarker Associations 
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Figure 2 illustrates the exploratory statistical associations among 25(OH)D, hepcidin, ferritin, mTOR, and hemoglobin. 
Significant associations were observed between 25(OH)D and hepcidin, 25(OH)D and ferritin, hepcidin and ferritin, and 
ferritin and hemoglobin, whereas the mTOR–hemoglobin association was not statistically significant. These coefficients 
represent statistical associations within the observed cross-sectional dataset and should not be interpreted as causal or 
mechanistic relationships.  

3.6  Goodness-of-Fit of the Structural Equation Model 

To evaluate the compatibility of the exploratory structural equation model with the observed covariance structure, the model 
fit was assessed using the prespecified goodness-of-fit indices, as presented in Table 7. 

Table 7. Goodness-of-fit indices of the structural equation model 

Fit index Observed value Prespecified criterion 

χ² 16.00 — 

df 6 — 

χ²/df 2.67 <3.00 

CFI 0.94 ≥0.90 

RMSEA 0.06 ≤0.08 

SRMR 0.05 ≤0.08 

CFI = comparative fit index; RMSEA = root mean square error of approximation; SRMR = standardized root mean square residual. 

As presented in Table 7, the exploratory structural equation model demonstrated acceptable fit across the prespecified 
indices. The χ² value was 16.00 with 6 degrees of freedom, yielding a χ²/df ratio of 2.67, below the prespecified criterion of 
3.00. The model also showed a CFI of 0.94, RMSEA of 0.06, and SRMR of 0.05, all meeting the predefined criteria for 
acceptable fit. Collectively, these indices indicate reasonable statistical compatibility between the specified model and the 
observed covariance structure. However, acceptable model fit does not establish causal relationships, temporal ordering, or 
biological mechanisms. Given the cross-sectional design and modest sample size (n = 93), the SEM should therefore be 
interpreted as an exploratory framework for characterizing observed statistical interrelationships among 25(OH)D, hepcidin, 
ferritin, mTOR, and hemoglobin rather than as a definitive mechanistic model. 

3.7  Associations Between Biomarkers and Maternal Anemia 

To further examine the associations between selected nutritional and biochemical biomarkers and maternal anemia, odds 
ratios (ORs) with corresponding 95% confidence intervals (CIs) were estimated, as presented in Table 8. 

Table 8. Associations of Selected Biomarkers with Maternal Anemia 

Biomarker Exposure category OR 95% CI 

25(OH)D Low 2.85 1.60–5.10 

Ferritin Low 2.30 1.40–3.80 

Hepcidin High 1.75 1.10–2.90 

mTOR — 1.20 0.80–1.90 

OR = odds ratio; CI = confidence interval. ORs represent statistical associations with maternal anemia. 

As shown in Table 8, low 25(OH)D concentrations were associated with higher odds of maternal anemia (OR = 2.85, 95% 
CI: 1.60–5.10), as were low ferritin concentrations (OR = 2.30, 95% CI: 1.40–3.80) and high hepcidin concentrations (OR = 
1.75, 95% CI: 1.10–2.90). In contrast, mTOR was not significantly associated with maternal anemia (OR = 1.20, 95% CI: 
0.80–1.90), as its confidence interval included the null value. Overall, the observed associations were consistent with the 
between-group differences and exploratory biomarker analyses, with stronger statistical relationships involving 25(OH)D, 
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ferritin, and hepcidin than mTOR. However, these estimates should be interpreted in relation to the specified exposure 
categories, reference groups, covariates, and regression model. Given the cross-sectional design, the findings indicate 
statistical associations and do not establish causality. 

3.8. Integrated Nutritional Biomarker Pattern 

To integrate the findings across dietary, anthropometric, biochemical, correlation, PCA, and SEM analyses, the principal 
nutritional and biomarker patterns associated with maternal anemia are summarized in Table 9. 

Table 9. Summary of the Integrated Nutritional and Biomarker Pattern Associated with Maternal Anemia 

Analytical domain Principal finding Statistical evidence 

Dietary vitamin D Lower intake in anemia p = 0.004 

Dietary iron Lower intake in anemia p = 0.006 

Vitamin D status Lower 25(OH)D in anemia p = 0.002 

Iron storage Lower ferritin in anemia p = 0.001 

Iron regulation Higher hepcidin in anemia p = 0.021 

Anthropometric status Lower BMI and MUAC in anemia p = 0.048 and 0.009 

Biomarker correlation 25(OH)D correlated with ferritin and hepcidin r = 0.42 and −0.36 

Exploratory biomarker 
pattern 

25(OH)D, ferritin, and hepcidin showed stronger loadings than 
mTOR 

PC1 = 43.05% variance 

mTOR Lower contribution to the exploratory pattern; no significant 
association with hemoglobin 

Loading = 0.28; β = 
0.18, p = 0.087 

Findings represent statistical associations; PCA and SEM were exploratory and do not establish causality. 

As summarized in Table 9, maternal anemia was characterized by a consistent nutritional and biochemical pattern involving 
lower dietary vitamin D and iron intake, lower 25(OH)D and ferritin concentrations, higher hepcidin concentrations, and 
lower BMI and MUAC. Correlation analysis demonstrated significant relationships among 25(OH)D, ferritin, and hepcidin, 
while exploratory PCA showed stronger contributions of these three biomarkers to Component 1 than mTOR. SEM further 
identified significant statistical associations involving 25(OH)D, hepcidin, ferritin, and hemoglobin, whereas the mTOR–
hemoglobin association was not statistically significant. Overall, the findings indicate that the principal statistical pattern in 
this dataset was centered on vitamin D and iron-related biomarkers, with a comparatively limited contribution from mTOR. 
However, this pattern should be interpreted as an exploratory statistical finding rather than evidence of a dominant biological 
pathway or causal mechanism, particularly given the KMO value of 0.57, cross-sectional design, and modest sample size. 
Ferritin should also be interpreted within the broader clinical and nutritional context because its concentration may be 
influenced by inflammation. 
3.9 DISCUSSION 

Maternal anemia in this multicenter cross-sectional study was characterized by lower hemoglobin, serum 25(OH)D, and 
ferritin concentrations and higher hepcidin concentrations, together with lower dietary vitamin D and iron intakes and less 
favorable anthropometric profiles. These findings support the view that maternal anemia is a multifactorial nutritional 
condition rather than a consequence of iron deficiency alone [47,48]. Previous studies have likewise linked inadequate intake 
of multiple micronutrients, including vitamin D, with poorer hematological status and greater anemia risk in low- and middle-
income settings [49-53]. The observed positive correlation between 25(OH)D and ferritin and inverse correlations of 
25(OH)D and ferritin with hepcidin are directionally consistent with evidence linking vitamin D status to hepcidin regulation 
and iron metabolism [54,55]. Given the cross-sectional design, however, these relationships should be interpreted as statistical 
associations rather than evidence that vitamin D suppresses hepcidin or that hepcidin subsequently alters ferritin. Ferritin 
should also be interpreted cautiously because its concentration may be affected by inflammatory processes [56,57]. 
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The exploratory PCA provided additional evidence regarding the covariance structure of the biomarker panel. Component 1 
explained 43.05% of the total variance, with the strongest loading for 25(OH)D (0.78), followed by ferritin (0.65) and 
hepcidin (−0.61), whereas mTOR showed a weaker loading (0.28). This pattern indicates that vitamin D and iron-related 
biomarkers contributed more strongly to the observed covariance structure than mTOR. However, the KMO value of 0.57 
was below the conventional threshold of 0.60, despite a significant Bartlett’s test (χ² = 41.26, df = 6, p < 0.001). Therefore, 
the PCA should be interpreted as exploratory pattern identification rather than evidence of a validated latent construct, 
biological pathway, or causal hierarchy. Although 25(OH)D had the highest loading, this does not establish it as an upstream 
regulator or causal determinant. This cautious interpretation is consistent with approaches using multivariate nutritional 
profiles to characterize relationships among nutritional and metabolic indicators [58-62], including evidence linking vitamin D 
with metabolic and inflammatory profiles [63-67]. 

The exploratory SEM further identified significant statistical associations among 25(OH)D, hepcidin, ferritin, and 
hemoglobin. Specifically, 25(OH)D was inversely associated with hepcidin (β = −0.41, p = 0.002) and positively associated 
with ferritin (β = 0.47, p = 0.001), while hepcidin was inversely associated with ferritin (β = −0.33, p = 0.010) and ferritin was 
positively associated with hemoglobin (β = 0.52, p < 0.001). These findings are broadly compatible with experimental and 
clinical evidence concerning vitamin D, iron regulation, and hematological outcomes [68-73]. In contrast, mTOR was not 
significantly associated with hemoglobin (β = 0.18, p = 0.087), suggesting a comparatively weaker contribution within the 
observed statistical model. Although the model demonstrated acceptable fit (χ²/df = 2.67, CFI = 0.94, RMSEA = 0.06, 
SRMR = 0.05), acceptable statistical fit does not establish biological validity or causality. Thus, the SEM should be regarded 
as an exploratory representation of biomarker interrelationships rather than a definitive mechanistic model. 

Taken together, the correlation, PCA, and SEM analyses showed a relatively consistent statistical pattern involving 25(OH)D, 
ferritin, and hepcidin, whereas mTOR contributed less strongly. This convergence suggests that vitamin D and iron-related 
biomarkers were more closely interconnected statistically than mTOR in this dataset, but does not confirm a biological 
pathway. The dietary findings provide additional context: women with anemia had approximately 53% lower vitamin D intake 
and 34% lower iron intake than non-anemic women, accompanied by lower sun exposure and differences in supplementation 
patterns. These observations are consistent with evidence emphasizing adequate micronutrient intake during pregnancy [49-
53,79-83]. Nevertheless, dietary intake, supplementation, and sun exposure are influenced by behavioral, socioeconomic, 
clinical, and environmental factors; therefore, the present findings cannot establish causality or demonstrate that vitamin D 
supplementation alone would prevent or treat maternal anemia. These results support comprehensive nutritional assessment 
alongside established iron–folic acid strategies [74-83]. 

Implications for Integrated Nutritional Strategies in Maternal Anemia 

The findings support an integrated nutritional perspective on maternal anemia that extends beyond a single-nutrient focus 
while retaining the established importance of iron–folic acid supplementation. Lower vitamin D and iron intake and the 
observed statistical relationships among 25(OH)D, ferritin, and hepcidin suggest that assessment of overall dietary adequacy 
and multiple micronutrient status may provide additional nutritional context during antenatal care. However, the cross-
sectional design, modest sample size, and exploratory PCA and SEM do not establish vitamin D as a causal upstream 
regulator or demonstrate that vitamin D supplementation directly modifies hepcidin, ferritin, or hemoglobin. Accordingly, 
antenatal care should continue established iron–folic acid strategies while incorporating appropriate dietary assessment, 
supplementation adherence, and consideration of vitamin D adequacy where clinically indicated. Food-based strategies 
promoting adequate vitamin D and iron sources and appropriate sun exposure may complement broader nutritional 
counseling. Future longitudinal studies and adequately powered randomized trials are needed to determine whether integrated 
nutritional interventions can modify iron-regulatory biomarkers and improve maternal hematological outcomes. 

Strengths and Limitations 

This study has several strengths, including its multicenter design across eight Public Health Centers and its integration of 
dietary, anthropometric, and biochemical assessments encompassing 25(OH)D, ferritin, hepcidin, mTOR, and hemoglobin. 
The combination of a validated semi-quantitative food frequency questionnaire with repeated 24-hour recalls provided 
complementary information on habitual and short-term nutrient intake. In addition, correlation analysis, exploratory PCA, 
and SEM offered complementary perspectives for examining interrelationships among nutritional and biochemical variables. 
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Several limitations should be considered. The cross-sectional design prevents determination of temporal relationships and 
causal inference; therefore, correlation and SEM estimates should not be interpreted as causal or mechanistic pathways. The 
sample size of 93 may have limited power to detect weaker associations, particularly involving mTOR. The KMO value of 
0.57 further warrants cautious interpretation of the PCA as exploratory pattern identification rather than a validated latent 
structure. Dietary measurements remain susceptible to recall and measurement error, while residual confounding from 
inflammation, socioeconomic factors, supplement use, sun exposure, genetic variability, and other micronutrient interactions 
cannot be excluded. Ferritin and hepcidin may also be influenced by inflammation, and the absence of comprehensive 
inflammatory markers limits their interpretation. Finally, recruitment from urban public health centers in Palembang may 
limit generalizability to rural populations and settings with different socioeconomic or environmental characteristics. 
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