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It is estimated that billions of people around the world are affected by 
micronutrient deficiencies. Madagascar is considered to be  particularly 
nutritionally vulnerable, with nearly half of the population stunted, and parts 
of the country facing emergency, near famine-like conditions (IPC4). Although 
Madagascar is generally considered among the most undernourished of 
countries, empirical data in the form of biological samples to validate these 
claims are extremely limited. Our research drew data from three studies 
conducted between 2013–2020 and provided comprehensive biomarker 
profile information for 4,710 individuals from 30 communities in five different 
ecological regions during at least one time-point. Estimated prevalences 
of nutrient deficiencies and inflammation across various regions of rural 
Madagascar were of concern for both sexes and across all ages, with 66.5% of 
the population estimated to be deficient in zinc, 15.6% depleted in vitamin B12 
(3.6% deficient), 11.6% deficient in retinol, and lower levels of iron deficiency (as 
indicated by 11.7% deficient in ferritin and 2.3% deficient assessed by soluble 
transferrin receptors). Beyond nutrient status biomarkers, nearly one quarter of 
the population (24.0%) exhibited chronic inflammation based on high values of 
α-1-acid glycoprotein, and 12.3% exhibited acute inflammation based on high 
values of C-reactive protein. There is an 8-fold difference between the lowest 
and highest regional observed prevalence of vitamin B12 deficiency, a 10-fold 
difference in vitamin A deficiency (based on retinol), and a 2-fold difference in 
acute inflammation (CRP) and deficiencies of zinc and iron (based on ferritin), 
highlighting strong geographical variations in micronutrient deficiencies across 
Madagascar.
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Introduction

Globally, it is estimated through biomarker assessment that 372 
million pre-school aged children and 1.2 billion women of 
reproductive age are affected by deficiencies of iron, zinc, and/or 
vitamin A (1). Other biomarkers are less frequently assessed though 
deficiencies may be equally prevalent. These deficiencies are deeply 
concerning as some regions have experienced global declines in 
dietary micronutrient density (e.g., sub-Saharan Africa) over the past 
50 years (2). It is critical for public health and nutritional targeting to 
identify geographies and populations vulnerable to nutrient  
deficiencies.

At population scales, biomarkers are used to classify the 
prevalence of micronutrient deficiencies. These prevalences can vary 
widely across nations, within nations, and even within households. 
International and subnational variation could be  attributed to 
variability in ecologies (3), economies (4), food systems (5), and 
landscapes of disease (6).

Although Madagascar is generally considered among the most 
undernourished of countries, empirical data in the form of biological 
samples to validate these claims are extremely limited: one study 
consisting of approximately 2,000 women of reproductive age found 
moderate levels of iodine deficiency (7), while a recent trial of lipid-
based nutritional supplements in fewer than 400 children documented 
a high prevalence of iron deficiency, a moderate prevalence of vitamin 
A deficiency, and moderate to high prevalence of inflammation 
status (8).

To address this gap, as well as to inform targeted food-based 
programming efforts and spatial prioritization of public health 
interventions, we: (1) provide prevalence estimates of five 
micronutrient deficiencies (two iron-related markers, zinc, and 
vitamins A and B12) and two inflammation markers in Malagasy 
people; and (2) quantify regional patterns of micronutrient deficiencies 
and inflammation status across diverse environments and food 
systems. We  do not analyze the proximate drivers of these 
micronutrient deficiencies here because it is beyond the scope of the 
current research. The primary objective of this study is to highlight the 
geographical variation in micronutrient deficiencies to highlight 
regions in need of food system and nutritional interventions, allowing 
for targeting of particular micronutrient deficiencies and 
subpopulation most at risk.

Methods

Study population

A total of 7,493 samples were collected from 4,710 participants in 
two prospective cohort studies (9, 10) and one cross-sectional study 
(11), targeting rural communities across Madagascar (Table 1). The 
studies comprised 30 communities across diverse social, economic, 
and ecological zones, clustered in five regions throughout the country: 
northeastern rainforest (NE), southeastern rainforest (SE), 
southwestern spiny desert (SW), western coast scrubland (WC), and 
the central plateau (CP) (Figure  1). All three studies utilized a 
complete household census, with a total of 1,098 households randomly 
selected for inclusion. Subsequently, all individuals (within each 
selected household), regardless of age and sex, were enrolled and 
asked to provide comprehensive survey data and biological samples 

(fecal, fingernail, whole blood spots, and venous blood plasma). No 
exclusion criteria other than being too physically ill to participate were 
considered. All samples were taken from fasted individuals and cold 
chain was maintained between the field and laboratory, staying in 
liquid nitrogen containers until being transferred to dry ice shipments 
to the United  States where they were stored in −80°C freezers. 
Complete details for all three studies have been published 
elsewhere (9–11).

Laboratory analysis of biomarkers

Plasma vitamin B12 and ferritin were measured using the Cobas 
e411 analyzer (Roche Diagnostics, Indianapolis, IN, USA) according 
to the manufacturer’s protocol. C-reactive protein (CRP), α-1-acid 
glycoprotein (AGP), and soluble transferrin receptors (TfR) were 
measured using a COBAS® INTEGRA 400 plus multianalyte analyzer 
(Roche Diagnostics, Indianapolis, IN, USA). Retinol was measured by 
HPLC-MWL as previously described (12) using a 1,260 HPLC system 
(Agilent, Santa Clara, CA, USA) and tocol as internal standard (IS). 
UTAK pooled human plasma with known retinol values was used as 
quality control (QC) with every analytical run. Zinc concentrations 
were measured by NexION 2000 ICP-MS (Perkin Elmer, Waltham, 
MA, USA) after the addition of germanium as an Internal Standard 
and subsequent sample digestion (200 μL) using 1 N nitric acid 
(3.8 mL) overnight. Accuracy was monitored using Seronorm™ Trace 
Element Serum L-1 and L-2 (Sero, Billingstad, Norway), and the same 
UTAK plasma was used for QC purposes with every analytical run.

Evaluating nutrient deficiencies and 
inflammatory status

We considered eight binary outcome variables: deficiency status 
for each of the five nutrient biomarkers (vitamin B12, retinol, zinc, 
ferritin, and transferrin receptors); depletion of vitamin B12, and two 
inflammatory status indicators based on CRP (a measure of acute 
inflammation) and AGP (a measure of chronic inflammation). 
Thresholds for determining nutrient deficiency and inflammatory 
status were based on international standards and validated clinical 
research (Table 2).

Adjusting biomarkers for inflammation

Infection, injury, or other forms of chronic or acute inflammation 
can influence the measurement and interpretation of biomarker levels 
and corresponding deficiency status (18–20). For example, studies 
across different populations have found that retinol concentrations 
tend to be elevated under inflammation, while ferritin and transferrin 
levels are depressed (21, 22). Without accounting for these effects, 
micronutrient deficiency prevalences may be  under- or 
over-estimated.

To account for these potential biases, we adjusted retinol, zinc, 
ferritin, and transferrin receptor levels based on findings from the 
Biomarker Reflecting Inflammation and Nutritional Determinants 
of Anemia (BRINDA) project (23, 24). Specifically, we employed 
a regression correction developed by Namaste et  al. (25), 
consistently adjusting levels of retinol, zinc, ferritin, and 
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transferrin receptor by AGP, CRP and malaria status, for all 
individuals except those in the lowest decile of AGP or CRP. Our 
subsequent analyses excluded nutritional biomarker 
measurements where AGP, CRP or malaria status were not 
available. Missing data were omitted from analysis.

Statistical analysis

To characterize spatial variability in nutrient deficiencies and 
inflammation status while accounting for inherent data structures in our 
data (e.g., sex or age), we  separately modeled each outcome using 

TABLE 1 Summary of locations, populations, and biomarkers sampled in Madagascar.

Region # of Communities # of Individuals 
sampled

Study time 
period

Sample time 
points

Biomarkers assessed Ref.

Northeastern, 

Analanjirofo, 

Maroantsetra (NE)

2 593 2013–2014 3

Zinc, iron, ferritin, transferrin 

receptors, AGP, CRP, retinol, 

vitamin B12

(9)

Northeastern, 

Analanjirofo, 

Maroantsetra (NE)

5 745 2016 2

Zinc, iron, ferritin, transferrin 

receptors, AGP, CRP, retinol, 

vitamin B12, fatty acid profile

(10)

Southeastern, 

Vatovavy Fitovinany, 

Mananjary (SE)

6 986 2017 1

Zinc, iron, ferritin, transferrin 

receptors, AGP, CRP, retinol, 

vitamin B12, fatty acid profile

(11)

Southwestern, Atsimo 

Andrefana, Toliara 

(SW)

6 889 2017 1

Zinc, iron, ferritin, transferrin 

receptors, AGP, CRP, retinol, 

vitamin B12, fatty acid profile

(11)

Western, Atsimo 

Andrefana, Morombe 

(WC)

6 621 2017 1

Zinc, iron, ferritin, transferrin 

receptors, AGP, CRP, retinol, 

vitamin B12, fatty acid profile

(11)

Central Plateau, 

Amoron’i Mania, 

Fandriana (CP)

6 459 2017 1

Zinc, iron, ferritin, transferrin 

receptors, AGP, CRP, retinol, 

vitamin B12, fatty acid profile

(11)

FIGURE 1

Observed variation in micronutrient deficiency and inflammation prevalence for all ages and sexes across regions of Madagascar (using the first sample 
for each individual when multiple samples were collected). For each biomarker, the relative difference in prevalence is shown as a heatmap with the 
color scale ranging from the minimum to maximum observed prevalence by region. The prevalence (as a percentage) estimate is shown within each 
cell.

https://doi.org/10.3389/fnut.2024.1389080
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Golden et al. 10.3389/fnut.2024.1389080

Frontiers in Nutrition 04 frontiersin.org

Bayesian multilevel logistic regression models. These models included 
random effects that acknowledge and represent the nested structure in 
the data: repeated measures across individuals over time, individuals 
within households, households within communities, and communities 
within regions (Supplementary materials), and fixed effects for season 
(rainy vs. dry), age, and sex, with age standardized by subtracting the 
mean and dividing by two times the standard deviation (26). By 
acknowledging the nested dependence structure inherent to the 
sampling design, the fit of the models enabled a quantitative 
decomposition of variation among various components. Each analysis 
used all available outcome data with missing measurements excluded 
(see Supplementary Table S1 for sample sizes that informed each model). 
Throughout, non-informative flat priors were adopted for fixed effects, 
and half Student-t priors with 3 degrees of freedom and scale parameter 
2.5 for the random effect standard deviations (27). To assess sensitivity 
to the choice of priors and some individuals not having repeated samples, 
we reran analyses using scale parameters 0.5 and 5.5 in the prior for 
random effects, corresponding to more and less concentrated prior 
distributions. Our spatial variability results were robust to these 
sensitivity checks. Detailed methods are provided in the 
Supplementary materials. Here, we  have purposely conducted this 
descriptive analysis of the geographical patterns of nutritional biomarkers 
accounting for potential confounders (e.g., sex, age or season; see 
Supplementary materials), and future research will investigate the 
specific dietary and infectious disease drivers of nutritional status.

All analyses were performed with RStan via the brms package in 
R (28, 29). For each model, four chains of 3,000 iterations were run, 
with 800 used as burn-in, and thinning to every third iteration of each 
chain. Convergence was assessed by inspecting the potential scale 
reduction factors for all parameters, and comparing it to the 
recommended nominal threshold of 1.05 (30). All models fit the data 
well (Supplementary materials).

Results

Estimating the prevalence of inflammation 
and micronutrient deficiencies based on 
biomarkers

The estimated prevalences of BRINDA-adjusted nutrient 
deficiencies across various regions of rural Madagascar were generally 

moderate to high in both sexes and across all ages, with 65.5% of the 
population estimated to be deficient in zinc, 15.6% depleted in vitamin 
B12, 11.6% deficient in retinol, and lower levels of iron deficiency (as 
indicated by 11.7% deficient in ferritin and 2.3% deficient in soluble 
transferrin receptor) (Table 3). Beyond nutrient biomarkers, nearly 
one quarter of the population (24.0%) exhibited chronic inflammation 
based on high values of AGP, and 12.3% of the population exhibited 
acute inflammation based on high values of CRP (Table 3).

Geographic variation of micronutrient 
deficiencies and inflammation

Across Madagascar, there are major regional variations in the 
prevalence of observed micronutrient deficiencies and inflammation 
for five of the seven biomarkers (Figure 1). Without accounting for the 
structure in the data (e.g., slight variations in demographic patterns 
within each region, or the nested sampling structure of individuals 
within households), there is a nearly 8-fold difference between the 
lowest and highest observed regional prevalence of vitamin B12, a 
10-fold difference in vitamin A deficiency, a 4-fold difference in iron 
deficiency (based on transferrin receptor), and a ~ 2-fold difference in 
acute inflammation (CRP) and deficiencies of zinc and iron (based on 
ferritin; Figure  1). There were no major regional patterns in the 
prevalence of chronic inflammation (AGP). Interestingly, the severity 
of regional deficiencies is geographically incongruous, where locations 
with the highest prevalence of deficiencies in vitamin B12, vitamin A 
and zinc coincide with the lowest prevalence of iron deficiency (both 
ferritin and TFR) (Figure 1).

When accounting for demographic and seasonal differences among 
the sampled populations across regions, we modeled the probability of 
an average-aged individual of the male sex sampled in the dry season to 
control for influencing factors. We  found even stronger regional 
differences in the probabilities of vitamin B12 depletion (73-fold), vitamin 
A deficiency (22-fold), zinc deficiency (3-fold), and acute inflammation 
(3-fold). Yet, the regional patterns among biomarkers remain consistent. 
Vitamin A and B12 depletion were significantly higher in the west coast 
(Morombe district) and lower in the southeast region (Mananjary 
district) in comparison to other regions (Figure 2). Zinc deficiency, while 
widespread, was higher in the southwest (Toliara II district) and the 
central plateau (Fandriana, Ambatofinandrahana, and Ambositra 
districts), and lower in the northeast (Maroantsetra district). Total 

TABLE 2 Thresholds for deficiency assessments of nutritional biomarkers.

Biomarker Threshold for deficiency Reference

Vitamin B12 <148 pmol/L for deficiency; < 221 pmol/L for depletion (13)

Retinol < 0.70 μmol/L (14)

Zinc < 65 μg/dL for children less than 10 years

< 74 μg/dL for males greater than 10 years

< 70 μg/dL for females greater than 10 years

(15)

Ferritin < 12 ng/mL for children less than 5 years

< 15 ng/mL for individuals 5 years and older

(16)

Transferrin receptor > 8.3 mg/L Manufacturer recommendations (Ramco Laboratories 

Inc.), see (17)

C-reactive protein (CRP) > 5 mg/L to indicate acute inflammation (18)

Alpha(1)-acid glycoprotein (AGP) > 1 g/L to indicate chronic inflammation (18)
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probabilities of iron deficiency and chronic inflammation (AGP) did not 
vary greatly among regions when we  accounted for demographic 
differences. However, acute inflammation (CRP) was higher in the 
southwest region, followed by the southeast.

Variance partitioning results of our models show regional variance 
is the greatest source of variation for zinc status, and the second 
greatest source of variation for vitamin A and B12 status and CRP 
inflammation (with individual variance estimated to be higher). For 
iron deficiency and AGP inflammation, other sources of variance 
(individual, household, or community) were estimated to be greater 
than region (Supplementary materials).

Discussion

Over several years of population surveys and biological sample 
collections between 2013–2020 in diverse regions of rural Madagascar, 
we documented moderately low levels of iron deficiency (less than 15% 
everywhere; (31)), moderate levels of vitamin A deficiency (2.6–26.1%; 
(32)), moderately high levels of vitamin B12 depletion (5.6–49.2%; (13)), 
and some of the highest recorded prevalences of zinc deficiency in the 
world (43–87% across various regions; (33)). Furthermore, we found 
moderately low levels of acute inflammation (CRP) and high levels of 
chronic inflammation (AGP), consistent with trends of what is found 
globally where chronic inflammation is more prevalent than acute 
inflammation (34). These statistics are reflective of an overall situation of 
food insecurity and high infectious disease burden. Further analysis of 
paired dietary intake data and infectious disease status will be critical in 

understanding the core factors driving variation in these nutrient 
deficiencies, and will be presented in our team’s future research.

Importance of micronutrient deficiencies

Each of these nutrient deficiencies has potentially significant 
population-wide health impacts. Zinc is an anti-oxidant, anti-
inflammatory agent, and deeply influences cell-mediated immunity, 
being involved in the activities of more than 300 enzymes and 1,000 
transcription factors (35). Zinc deficiency, in addition to being 
potentially fatal, is associated with an increased incidence of diarrheal 
disease, growth retardation, emotional disorders, infections, 
neurosensory disorders, and difficulties with healing (35). Given the 
very high prevalence of zinc deficiency and that our variance 
partitioning results show that region (rather than household or 
individual) is the greatest influence on variation in deficiency, landscape 
level interventions to target deficiencies are the most appropriate. Across 
Africa, Sierra Leone, Guinea, and Madagascar are ranked as the top 3 
target countries for zinc biofortification of rice, indicating that this may 
be a particularly useful approach to meeting zinc requirements (36).

Vitamin A deficiency can lead to blindness, immune dysfunction, 
and increasing risk of infections and inflammation-driven anemia 
(37), while vitamin B12 deficiencies can lead to severe neurological and 
hematological impairment (38, 39). Both of these vitamin deficiencies 
were found to be  most influenced by individual characteristics 
followed by regional differences, indicating that regional and 
individualized targeting may be most appropriate.

TABLE 3 Summary of overall and within region micronutrient deficiency and inflammation prevalences.

Overall Region

NE* SE SW WC CP

Total population sampled 4,534 1,559 988 898 627 462

Female sex (%) 2,472 (55.2) 788 (51.7) 580 (58.8) 477 (53.7) 353 (56.7) 274 (59.7)

Age in years [mean (SD)] 18.63 (16.23) 21.2 (17.4) 20.2 (17.4) 15.8 (13.6) 15.7 (13.7) 16.4 (15.9)

Vitamin B12 depletion Samples 2005 754 498 455 122 176

Cases (%) 313 (15.6) 103 (13.7) 28 (5.6) 74 (16.3) 60 (49.2) 48 (27.3)

Vitamin B12 deficiency Samples 2005 754 498 455 122 176

Cases (%) 73 (3.6) 22 (2.9) 8 (1.6) 20 (4.4) 15 (12.3) 8 (4.5)

Retinol deficiency Samples 1780 587 476 429 1,119 169

Cases (%) 207 (11.6) 15 (2.6) 61 (12.8) 78 (18.2) 31 (26.1) 22 (13.0)

Zinc deficiency Samples 3,744 869 952 866 606 451

Cases (%) 2,490 (66.5) 371 (42.7) 536 (56.3) 715 (82.6) 524 (86.5) 344 (76.3)

Ferritin-based iron deficiency Samples 3,742 843 958 877 609 455

Cases (%) 437 (11.7) 108 (12.8) 148 (15.4) 75 (8.6) 46 (7.6) 60 (13.2)

Transferrin receptor-based iron 

deficiency

Samples 3,786 876 962 879 614 455

Cases (%) 86 (2.3) 20 (2.3) 38 (4.0) 14 (1.6) 6 (1.0) 8 (1.8)

AGP-based inflammatory status Samples 3,827 882 969 892 622 462

Cases (%) 918 (24.0) 183 (20.7) 243 (25.1) 238 (26.7) 164 (26.4) 90 (19.5)

CRP-based inflammatory status Samples 3,824 881 968 891 622 462

Cases (%) 469 (12.3) 68 (7.7) 130 (13.4) 145 (16.3) 75 (12.1) 51 (11.0)

*The data from the northeast used only the first time point for individuals with multiple sampled time points.
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Contextual importance of micronutrient 
deficiencies in Madagascar

Spatial, seasonal, and demographic differences in micronutrient 
deficiencies may be attributed to diverse social, ecological, economic, 
and food system factors that vary geographically, and in turn shape 
human diets and infectious disease exposure. Additionally, 
heterogenous landscapes of disease, as evidenced by differential 
prevalences of inflammation regionally, can also influence the spatially 
variable prevalences of micronutrient deficiencies (6). The Morombe 
region in the central western coast is the most burdened by 
micronutrient deficiencies while the Toliara region in southwestern 
Madagascar is the most affected by inflammation. Although not 
highly variable, iron deficiency peaks in the Mananjary region, an area 
known for high prevalence of malaria and intestinal parasites (40, 41).

Roughly 86% of employment in Madagascar is in the agricultural 
sector, predominantly subsistence farmers, producing their own food 
to survive (42). Subsistence activities are important because more than 
90% of the population lives under the national poverty line (43). 
Improved agricultural production has been demonstrated to reduce 
poverty and food insecurity in rural Madagascar (44). However, given 
the harsh climates and environments in many regions, there are 
significant roadblocks limiting the diversity and productivity of food 
crops (45, 46), and even limiting the micronutrients in particular 
crops (47). In some regions, dietary diversity can be improved through 

forest and marine foraging (10, 48). In other regions, agricultural 
production could be improved, yet the benefits are localized because 
of the weak transport infrastructure that isolates local and regional 
food environments and reduces their capacity to provide spillover 
benefits to less fertile regions (49). All these factors likely contribute 
to Madagascar’s chronic food insecurity.

Food security in Madagascar is only expected to worsen given 
recent impacts of COVID-19 and natural disasters in the country. In 
a survey of Malagasy farmers, they indicated that their consumption 
patterns changed during the pandemic and that most were restricting 
the number of meals they were eating per day (50). Additionally, 
cyclones and droughts have significantly affected food production 
systems and worsened food security throughout the country (51, 52). 
Unfortunately, these climate-related impacts are complex and only 
expected to increase in the future, exacerbating the vulnerability of the 
Malagasy population (45, 53).

Conclusion

The problem of widespread micronutrient deficiencies will not 
be  easily solved and requires multi-sectoral intervention. Given 
limited budgets, spatial targeting for programming must be developed 
to focus on particular micronutrient deficiencies. Both health-based 
and food systems-based interventions are required, as nutrient 

FIGURE 2

Region-specific estimated probabilities of depletion, deficiency or inflammation (for average age and using males and the dry season as a baseline). 
Points represent the median and intervals of the 90% uncertainty intervals for each region.
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deficiencies can occur in the absence of food insecurity due to high 
rates of infectious disease. Therefore, improving sanitation can benefit 
nutrition (54) and reducing the incidence of malaria, intestinal 
parasites, and other infectious diseases can also benefit nutritional 
status (55, 56).

In addition to health-based approaches, food systems must also 
be improved. Indigenous and traditional foods can be harnessed to 
improve dietary quality, including wild plants (57), animals (58), 
fisheries (59), and insects (60). These food systems interventions must 
be  practiced in climate-smart and sustainable ways to ensure 
prolonged capacity to reduce undernutrition and micronutrient 
deficiencies while ensuring the sustained productivity of the 
environment. Our recommendation is to combine both health-based 
and food systems interventions into a portfolio-based approach to 
stem underlying causes of micronutrient deficiencies.

Data availability statement

The datasets presented in this article are not readily available due 
to constraints from our ethical review. Therefore, individual biomarker 
data will not be publicly available. Requests to access the datasets 
should be directed to CG, golden@hsph.harvard.edu.

Ethics statement

The studies involving humans were approved by the Committee on 
the Use of Human Subjects, Office of Human Research Administration 
at the Harvard T.H. Chan School of Public Health. The studies were 
conducted in accordance with local legislation and institutional 
requirements. Informed consent was obtained from adults, verbal 
assent was obtained from children over 12 years of age, and permission 
was obtained from parents or guardians of younger children. Both the 
HSPH IRB and the INSPC review board in Madagascar waived the 
requirement for written informed consent for this study, and approved 
the study’s consent procedures because requiring signatures was 
deemed culturally inappropriate for the targeted populations.

Author contributions

CG: Conceptualization, Data curation, Funding acquisition, 
Investigation, Methodology, Project administration, Resources, 
Supervision, Writing – original draft, Writing – review & editing. 
JZ-M: Writing – review & editing, Data curation, Formal analysis, 
Methodology, Visualization. AL: Data curation, Formal analysis, 
Methodology, Writing – review & editing. BR: Data curation, 
Investigation, Methodology, Visualization, Writing – review & 

editing. LA: Formal analysis, Resources, Supervision, Writing – 
review & editing. DH: Formal analysis, Project administration, 
Writing – review & editing. JH: Funding acquisition, Investigation, 
Project administration, Resources, Writing – review & editing. CM: 
Funding acquisition, Writing – review & editing. HR: Data curation, 
Investigation, Supervision, Writing – review & editing. SS-F: Formal 
analysis, Project administration, Writing – review & editing. SW: 
Writing – review & editing, Data curation. SH: Conceptualization, 
Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. We received 
support from the following organizations: National Geographic 
Society-Conservation Trust [C135-08] (PI: CG), the Rockefeller 
Foundation (co-I: CG), the UK Government Department for 
Environment, Food & Rural Affairs’ Darwin Initiative [22–016] (co-I 
CG), the Wellcome Trust Our Planet, Our Health program [Grant 
number: 106864MA] (PI: CG) and [106866/Z/15/Z] (PI: CM), and the 
United  States Agency for International Development (Grant No. 
AID-FFP-A-14-00008) implemented by Catholic Relief Services 
(CRS). Nutritional analyses were supported by the USDA/ARSWestern 
Human Nutrition Research Center.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any 
product that may be evaluated in this article, or claim that may be 
made by its manufacturer, is not guaranteed or endorsed by the  
publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1389080/
full#supplementary-material

References
 1. Stevens GA, Beal T, Mbuya MNN, Luo H, Neufeld LM, Addo OY, et al. 

Micronutrient deficiencies among preschool-aged children and women of reproductive 
age worldwide: a pooled analysis of individual-level data from population-representative 
surveys. Lancet Glob Health. (2022) 10:e1590–9. doi: 10.1016/S2214-109X(22)00367-9

 2. Beal T, Massiot E, Arsenault JE, Smith MR, Hijmans RJ. Global trends in dietary 
micronutrient supplies and estimated prevalence of inadequate intakes. PLoS One. 
(2017) 12:e0175554. doi: 10.1371/journal.pone.0175554

 3. Sabaté J, Harwatt H, Soret S. Environmental nutrition: a new frontier for public 
health. Am J Public Health. (2016) 106:815–21. doi: 10.2105/AJPH.2016.303046

 4. Horton S, Ross J. The economics of iron deficiency. Food Policy. (2003) 28:51–75. 
doi: 10.1016/S0306-9192(02)00070-2

 5. Golden CD, Gephart JA, Eurich JG, McCauley DJ, Sharp MK, Andrew NL, et al. 
Social-ecological traps link food systems to nutritional outcomes. Glob Food Sec. (2021) 
30:100561. doi: 10.1016/j.gfs.2021.100561

https://doi.org/10.3389/fnut.2024.1389080
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
mailto:golden@hsph.harvard.edu
https://www.frontiersin.org/articles/10.3389/fnut.2024.1389080/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1389080/full#supplementary-material
https://doi.org/10.1016/S2214-109X(22)00367-9
https://doi.org/10.1371/journal.pone.0175554
https://doi.org/10.2105/AJPH.2016.303046
https://doi.org/10.1016/S0306-9192(02)00070-2
https://doi.org/10.1016/j.gfs.2021.100561


Golden et al. 10.3389/fnut.2024.1389080

Frontiers in Nutrition 08 frontiersin.org

 6. Stephens PR, Altizer S, Smith KF, Alonso Aguirre A, Brown JH, Budischak SA, 
et al. The macroecology of infectious diseases: a new perspective on global-scale 
drivers of pathogen distributions and impacts. Ecol Lett. (2016) 19:1159–71. doi: 
10.1111/ele.12644

 7. Randremanana RV, Bastaraud A, Rabarijaona LP, Piola P, Rakotonirina D, 
Razafinimanana JO, et al. First national iodine survey in Madagascar demonstrates 
iodine deficiency. Maternal Child Nutr. (2019) 15:e12717-n/a. doi: 10.1111/mcn.12717

 8. Stewart CP, Fernald LCH, Weber AM, Arnold C, Galasso E. Lipid-based nutrient 
supplementation reduces child Anemia and increases micronutrient status in 
Madagascar: a multiarm cluster-randomized controlled trial. J Nutr. (2020) 150:958–66. 
doi: 10.1093/jn/nxz320

 9. Golden CD, Anjaranirina EJG, Fernald LCH, Hartl DL, Kremen C, Milner J, et al. 
Cohort profile: the Madagascar health and environmental research (MAHERY) study 
in North-Eastern Madagascar. Int J Epidemiol. (2017) 46:1747–1748d. doi: 10.1093/ije/
dyx071

 10. Golden CD, Borgerson C, Rice BL, Allen LH, Anjaranirina EJG, Barrett CB, et al. 
Cohort Description of the Madagascar Health and Environmental Research–Antongil 
(MAHERY–Antongil) Study in Madagascar. Front Nutr. (2019) 6:109. doi: 10.3389/
fnut.2019.00109

 11. Golden CD, Rice BL, Randriamady HJ, Vonona AM, Randrianasolo JF, Tafangy 
AN, et al. Study protocol: a cross-sectional examination of socio-demographic and 
ecological determinants of nutrition and disease across Madagascar. Front Public Health. 
(2020) 8:500. doi: 10.3389/fpubh.2020.00500

 12. Turner T, Burri BJ. Rapid isocratic hplc method and sample extraction procedures 
for measuring carotenoid, retinoid, and tocopherol concentrations in human blood and 
breast milk for intervention studies. Chromatographia (2012) 75:241–52. doi: 10.1007/
s10337-012-2193-9

 13. Allen LH. How common is vitamin B-12 deficiency? Am J Clin Nutr. (2009) 
89:693S–6S. doi: 10.3945/ajcn.2008.26947A

 14. WHO. Global prevalence of vitamin A deficiency in populations at risk 1995-2005. 
WHO global database on vitamin A deficiency. Geneva: World Health Organization 
(2009) (http://whqlibdoc.who.int/publications/2009/9789241598019_eng.pdf).

 15. Brown KH, Rivera JA, Bhutta Z, Gibson RS, King JC, Lönnerdal B, et al. 
International Zinc Nutrition Consultative Group (IZiNCG) technical document# 1. 
Assessment of the risk of zinc deficiency in populations and options for its control. Food 
Nutr Bull. (2004) 25:S99–S203.

 16. WHO. Serum ferritin concentrations for the assessment of iron status and iron 
deficiency in populations. vitamin and mineral nutrition information system. Geneva: 
World Health Organization (2011).

 17. Grant FK, Martorell R, Flores-Ayala R, Cole CR, Ruth LJ, Ramakrishnan U, 
et al (2012). Comparison of indicators of iron deficiency in Kenyan children. Am J Clin 
Nutr. 95:1231–7.

 18. Thurnham DI, McCabe GP, Northrop-Clewes CA, Nestel P. Effects of subclinical 
infection on plasma retinol concentrations and assessment of prevalence of vitamin a 
deficiency: Meta-analysis. The Lancet (British Edition). (2003) 362:2052–8. doi: 10.1016/
S0140-6736(03)15099-4

 19. Thurnham DI, McCabe LD, Haldar S, Wieringa FT, Northrop-Clewes CA, McCabe 
GP. Adjusting plasma ferritin concentrations to remove the effects of subclinical 
inflammation in the assessment of iron deficiency: a meta-analysis. Am J Clin Nutr. 
(2010) 92:546–55. doi: 10.3945/ajcn.2010.29284

 20. Tomkins A. Assessing micronutrient status in the presence of inflammation. J 
Nutr. (2003) 133:1649S–55S. doi: 10.1093/jn/133.5.1649S

 21. McMillan DC, Maguire D, Talwar D. Relationship between nutritional status and 
the systemic inflammatory response: micronutrients. Proc Nutr Soc. (2019) 78:56–67. 
doi: 10.1017/S0029665118002501

 22. Northrop-Clewes CA. Interpreting indicators of iron status during an acute phase 
response – lessons from malaria and human immunodeficiency virus. Ann Clin Biochem. 
(2008) 45:18–32. doi: 10.1258/acb.2007.007167

 23. McDonald CM, Suchdev PS, Krebs NF, Hess SY, Wessells KR, Ismaily S, et al. 
Adjusting plasma or serum zinc concentrations for inflammation: biomarkers reflecting 
inflammation and nutritional determinants of Anemia (BRINDA) project. Am J Clin 
Nutr. (2020) 111:927–37. doi: 10.1093/ajcn/nqz304

 24. Namaste SML, Ou J, Williams AM, Young MF, Yu EX, Suchdev PS. Adjusting iron 
and vitamin a status in settings of inflammation: a sensitivity analysis of the biomarkers 
reflecting inflammation and nutritional determinants of Anemia (BRINDA) approach. 
Am J Clin Nutr. (2020) 112:458S–67S. doi: 10.1093/ajcn/nqaa141

 25. Namaste SML, Aaron GJ, Varadhan R, Peerson JM, Suchdev PS. Methodologic 
approach for the biomarkers reflecting inflammation and nutritional determinants of 
Anemia (BRINDA) project. Am J Clin Nutr. (2017) 106:333S–47S. doi: 10.3945/
ajcn.116.142273

 26. Gelman A. Scaling regression inputs by dividing by two standard deviations. Stat 
Med. (2008) 27:2865–73. doi: 10.1002/sim.3107

 27. Gelman A. Prior distributions for variance parameters in hierarchical models 
(comment on article by Browne and Draper). Bayesian Anal. (2006) 1:515–34. doi: 
10.1214/06-BA117A

 28. Bürkner P. Brms: an R package for Bayesian multilevel models using Stan. J Stat 
Softw. (2017) 80:1–28. doi: 10.18637/jss.v080.i01

 29. R. Core Team. (2021). R: A language and environment for statistical computing. 
R Foundation for Statistical Computing. Available at: https://www.R-project.org/

 30. Gelman A, Carlin JB, Stern HS. Bayesian data analysis. Boca Raton, FL: Chapman 
and Hall/CRC (1995).

 31. Gedfie S, Getawa S, Melku M. Prevalence and associated factors of Iron deficiency 
and Iron deficiency Anemia among Under-5 children: a systematic review and Meta-
analysis. Global Pediatric Health. (2022) 9:2333794X221110860. doi: 10.1177/ 
2333794X221110860

 32. Song P, Adeloye D, Li S, Zhao D, Ye X, Pan Q, et al. The prevalence of vitamin a 
deficiency and its public health significance in children in low- and middle-income 
countries: a systematic review and modelling analysis. J Glob Health. (2023) 13:04084. 
doi: 10.7189/jogh.13.04084

 33. Gupta S, Brazier AKM, Lowe NM. Zinc deficiency in low- and middle-income 
countries: prevalence and approaches for mitigation. J Hum Nutr Diet. (2020) 33:624–43. 
doi: 10.1111/jhn.12791

 34. Suchdev PS, Williams AM, Mei Z, Flores-Ayala R, Pasricha S-R, Rogers LM, 
et al. Assessment of iron status in settings of inflammation: challenges and 
potential approaches†‡§. Am J Clin Nutr. (2017) 106:1626S–33S. doi: 10.3945/
ajcn.117.155937

 35. Prasad AS. Discovery of human zinc deficiency: its impact on human health and 
disease. Adv Nutr. (2013) 4:176–90. doi: 10.3945/an.112.003210

 36. Herrington C, Lividini K, Donahue Angel M, Birol E. Country prioritization for 
biofortified crop interventions-BPI-2.0, vol. 64. Washington DC, USA: HarvestPlus 
Working Paper, HarvestPlus, IFPRI (2019).

 37. Hodge C, Taylor C. Vitamin a deficiency In: StatPearls. St. Petersburg, FL: 
StatPearls Publishing (2023)

 38. Green R, Allen LH, Bjørke-Monsen AL, Brito A, Guéant JL, Miller, et al. 
Vitamin B12 deficiency. Nat. Rev. Dis. Primers (2017) 3:17040. doi: 10.1038/
nrdp.2017.40

 39. Ankar A, Kumar A. Vitamin B12 deficiency In: StatPearls. St. Petersburg, FL: 
StatPearls Publishing (2023).

 40. Garchitorena A, Raza-Fanomezanjanahary EM, Mioramalala SA, Chesnais CB, 
Ratsimbasoa CA, Ramarosata H, et al. Towards elimination of lymphatic filariasis in 
southeastern Madagascar: successes and challenges for interrupting transmission. PLoS 
Negl Trop Dis. (2018) 12:e0006780. doi: 10.1371/journal.pntd.0006780

 41. Rice BL, Golden CD, Randriamady HJ, Rakotomalala AANA, Vonona MA, 
Anjaranirina EJG, et al. Fine-scale variation in malaria prevalence across ecological 
regions in Madagascar: A cross-sectional study. BMC Public Health. (2021) 21:1018. doi: 
10.1186/s12889-021-11090-3

 42. International Fund for Agricultural Development. (2022). IFAD: Madagascar. 
Madagascar. Available at: https://www.ifad.org/en/web/operations/w/country/madagascar

 43. UNICEF. Challenges & opportunities for children in Madagascar. New York, NY: 
United Nations Children’s Fund. Maison Commune des Nations Unies, Zone Galaxy 
Andraharo (2018).

 44. Minten B, Barrett CB. Agricultural technology, productivity, and poverty in Madagascar. 
World Dev. (2008) 36:797–822. doi: 10.1016/j.worlddev.2007.05.004

 45. Harvey CA, Rakotobe ZL, Rao NS, Dave R, Razafimahatratra H, Rabarijohn RH, 
et al. Extreme vulnerability of smallholder farmers to agricultural risks and climate change 
in Madagascar. Philos Trans Biol Sci. (2014) 369:20130089. doi: 10.1098/rstb.2013.0089

 46. Rigden AJ, Golden C, Huybers P. Retrospective predictions of Rice and other crop 
production in Madagascar using soil moisture and an NDVI-based calendar from 
2010–2017. Remote Sensing. (2022) 14:1223. doi: 10.3390/rs14051223

 47. van der Waals JH, Laker MC. Micronutrient deficiencies in crops in Africa with 
emphasis on southern Africa In: BJ Alloway, editor. Micronutrient deficiencies in global 
crop production. Netherlands: Springer (2008). 201–24.

 48. Tucker B, Tsimitamby MR, Humber F, Benbow S, Iida T. Foraging for development: 
a comparison of food insecurity, production, and risk among farmers, Forest foragers, 
and marine foragers in southwestern Madagascar. Hum Organ. (2010) 69:375–86. doi: 
10.17730/humo.69.4.m1n76k5272632873

 49. Iimi A., You L., Wood-Sichra U. (2018). Crop production, transport infrastructure, 
and Agrobusiness Nexus: evidence from Madagascar (SSRN scholarly paper 3238324). 
Available at: https://papers.ssrn.com/abstract=3238324

 50. Nchanji EB, Lutomia CK. Regional impact of COVID-19 on the production and 
food security of common bean smallholder farmers in sub-Saharan Africa: implication 
for SDG’s. Glob Food Sec. (2021) 29:100524–4. doi: 10.1016/j.gfs.2021.100524

 51. Makoni M. Southern Madagascar faces “shocking” lack of food. The Lancet (British 
Edition). (2021) 397:2239–9. doi: 10.1016/S0140-6736(21)01296-4

 52. Rakotobe ZL, Harvey CA, Rao NS, Dave R, Rakotondravelo JC, Randrianarisoa J, 
et al. Strategies of smallholder farmers for coping with the impacts of cyclones: a case 
study from Madagascar. Int J Disaster Risk Reduct. (2016) 17:114–22. doi: 10.1016/j.
ijdrr.2016.04.013

https://doi.org/10.3389/fnut.2024.1389080
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1111/ele.12644
https://doi.org/10.1111/mcn.12717
https://doi.org/10.1093/jn/nxz320
https://doi.org/10.1093/ije/dyx071
https://doi.org/10.1093/ije/dyx071
https://doi.org/10.3389/fnut.2019.00109
https://doi.org/10.3389/fnut.2019.00109
https://doi.org/10.3389/fpubh.2020.00500
https://doi.org/10.1007/s10337-012-2193-9
https://doi.org/10.1007/s10337-012-2193-9
https://doi.org/10.3945/ajcn.2008.26947A
http://whqlibdoc.who.int/publications/2009/9789241598019_eng.pdf
https://doi.org/10.1016/S0140-6736(03)15099-4
https://doi.org/10.1016/S0140-6736(03)15099-4
https://doi.org/10.3945/ajcn.2010.29284
https://doi.org/10.1093/jn/133.5.1649S
https://doi.org/10.1017/S0029665118002501
https://doi.org/10.1258/acb.2007.007167
https://doi.org/10.1093/ajcn/nqz304
https://doi.org/10.1093/ajcn/nqaa141
https://doi.org/10.3945/ajcn.116.142273
https://doi.org/10.3945/ajcn.116.142273
https://doi.org/10.1002/sim.3107
https://doi.org/10.1214/06-BA117A
https://doi.org/10.18637/jss.v080.i01
https://www.R-project.org/
https://doi.org/10.1177/2333794X221110860
https://doi.org/10.1177/2333794X221110860
https://doi.org/10.7189/jogh.13.04084
https://doi.org/10.1111/jhn.12791
https://doi.org/10.3945/ajcn.117.155937
https://doi.org/10.3945/ajcn.117.155937
https://doi.org/10.3945/an.112.003210
https://doi.org/10.1038/nrdp.2017.40
https://doi.org/10.1038/nrdp.2017.40
https://doi.org/10.1371/journal.pntd.0006780
https://doi.org/10.1186/s12889-021-11090-3
https://www.ifad.org/en/web/operations/w/country/madagascar
https://doi.org/10.1016/j.worlddev.2007.05.004
https://doi.org/10.1098/rstb.2013.0089
https://doi.org/10.3390/rs14051223
https://doi.org/10.17730/humo.69.4.m1n76k5272632873
https://papers.ssrn.com/abstract=3238324
https://doi.org/10.1016/j.gfs.2021.100524
https://doi.org/10.1016/S0140-6736(21)01296-4
https://doi.org/10.1016/j.ijdrr.2016.04.013
https://doi.org/10.1016/j.ijdrr.2016.04.013


Golden et al. 10.3389/fnut.2024.1389080

Frontiers in Nutrition 09 frontiersin.org

 53. Ralaingita MI, Ennis G, Russell-Smith J, Sangha K, Razanakoto T. The Kere of 
Madagascar: a qualitative exploration of community experiences and perspectives. Ecol 
Soc. (2022) 27:42. doi: 10.5751/ES-12975-270142

 54. Freeman MC, Garn JV, Sclar GD, Boisson S, Medlicott K, Alexander KT, et al. The 
impact of sanitation on infectious disease and nutritional status: a systematic review and 
meta-analysis. Int J Hyg Environ Health. (2017) 220:928–49. doi: 10.1016/j.
ijheh.2017.05.007

 55. Beisel WR. Impact of infectious disease on the interaction between nutrition and 
immunity In: S Cunningham-Rund, editor. Nutrient modulation of the immune response. 
Boca Raton, FL: CRC Press (1993).

 56. Ezenwa VO. Co-infection and nutrition: integrating ecological and epidemiological 
perspectives In: DL Humphries, ME Scott and SH Vermund, editors. Nutrition and 
infectious diseases: Shifting the clinical paradigm. New York: Springer International 
Publishing (2021). 411–28.

 57. Conti MV, Kalmpourtzidou A, Lambiase S, De Giuseppe R, Cena H. Novel foods 
and sustainability as means to counteract malnutrition in Madagascar. Molecules (Basel, 
Switzerland). (2021) 26:2142. doi: 10.3390/molecules26082142

 58. Golden CD, Vaitla B, Ravaoliny L, Vonona MA, Anjaranirina EG, Randriamady 
HJ, et al. Seasonal trends of nutrient intake in rainforest communities of North-
Eastern Madagascar. Public Health Nutr. (2019) 22:2200–9. doi: 10.1017/
S1368980019001083

 59. Golden CD, Koehn JZ, Shepon A, Passarelli S, Free CM, Viana DF, et al. 
Aquatic foods to nourish nations. Nature. (2021) 598:315–20. doi: 10.1038/
s41586-021-03917-1

 60. Borgerson C, Fisher BL, Razafindrapaoly BN, Rasolofoniaina BJR, Randriamanetsy 
JM, Razafindrapaoly BL, et al. A nutrient-rich traditional insect for improving food 
security and reducing biodiversity loss in Madagascar and sub-Saharan Africa. Conserv 
Sci Pract. (2021) 3:e480. doi: 10.1111/csp2.480

https://doi.org/10.3389/fnut.2024.1389080
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.5751/ES-12975-270142
https://doi.org/10.1016/j.ijheh.2017.05.007
https://doi.org/10.1016/j.ijheh.2017.05.007
https://doi.org/10.3390/molecules26082142
https://doi.org/10.1017/S1368980019001083
https://doi.org/10.1017/S1368980019001083
https://doi.org/10.1038/s41586-021-03917-1
https://doi.org/10.1038/s41586-021-03917-1
https://doi.org/10.1111/csp2.480

	Prevalence of micronutrient deficiencies across diverse environments in rural Madagascar
	Introduction
	Methods
	Study population
	Laboratory analysis of biomarkers
	Evaluating nutrient deficiencies and inflammatory status
	Adjusting biomarkers for inflammation
	Statistical analysis

	Results
	Estimating the prevalence of inflammation and micronutrient deficiencies based on biomarkers
	Geographic variation of micronutrient deficiencies and inflammation

	Discussion
	Importance of micronutrient deficiencies
	Contextual importance of micronutrient deficiencies in Madagascar

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

