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Abstract

Background

Intestinal parasitic infections affect more than 1-5 billion people globally, leading to
severe health consequences such as malnutrition, anemia, diarrhea, and impaired
cognitive development.

Methodology/Principal findings

Samples were collected from 3,872 individuals (all ages and both sexes) across 31
rural communities in Madagascar between 2013 and 2017, representing diverse
ecological and socioeconomic regions. Intestinal parasite prevalence was assessed
by fecal microscopy. Bayesian multilevel logistic regression models were used to esti-
mate overall and regional prevalences while accounting for demographic and spatial
variability.

Parasite prevalence varied widely across Madagascar, with the highest rates
observed for Ascaris lumbricoides (22-0%) and Trichuris trichiura (15-:3%), followed
by Hymenolepis nana (up to 10-5%), hookworm (up to 8-1%), Strongyloides (0-5%),
and Schistosoma mansoni (0-5%). Infection burden was greatest in the northeast and
southeast—especially among school-aged children aged 5-19. Sex differences were
minor, except for higher hookworm prevalence in males.
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on GitHub at https://github.com/smwu/
mada-intestinal-parasites-prev. Study protocols
for each of these studies have been previously
published (Golden et al., 2017, https://doi.
0rg/10.1093/ije/dyx07 1; Golden et al., 2019,
https://doi.org/10.3389/fnut.2019.00109;
Golden et al., 2020, https://doi.org/10.3389/

fpubh.2020.00500).
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Conclusions/Significance

This study provides the most comprehensive assessment to date of intestinal para-
site prevalence across Madagascar, revealing that A. lumbricoides and T. trichiura
infections were highly endemic in the humid eastern regions, while H. nana was most
common in dry regions. The findings highlight substantial geographic heterogeneity
and underscore the need for regionally targeted, multi-sectoral interventions, includ-
ing improved sanitation and deworming.

Author summary

Intestinal parasitic infections affect more than 1.5 billion people worldwide and
are especially burdensome in low- and middle-income countries such as Mad-
agascar. Prevalence across Madagascar is high but varies greatly by region. In
humid eastern and southeastern rainforest areas, infection rates for soil-
transmitted helminths such as Ascaris lumbricoides and Trichuris trichiura often
exceed 50%, while some northern and western districts report rates below 5%.
Schistosoma mansoni shows similarly sharp contrasts, reaching over 70% in
parts of the east but remaining uncommon in western sites.

To address fragmented and regionally inconsistent data, this large-scale study
analyzed fecal samples from 3,872 individuals across 31 communities spanning
five regions and four ecological zones. Overall, A. lumbricoides (22.0%) and T.
trichiura (15.3%) were most prevalent, with infections highest in northeastern
and southeastern rainforest regions and lowest along the west coast where
Hymenolepis nana was most prevalent. School-aged children carried the great-
est burden of soil-transmitted helminths, while hookworm was more common in
males.

Persistent high prevalence—despite deworming efforts—highlights the need for
geographically targeted interventions, improved water, sanitation, and hygiene
(WASH) infrastructure, better medicine access, and strategies addressing up-
stream forest and water management, poverty, malnutrition, and climate-related
risks.

1. Introduction

Intestinal parasitic infections affect more than 1-5 billion people globally, with the
burden of disease falling disproportionately on low- and middle-income countries in
tropical and sub-tropical regions such as Madagascar [1]. Heavy infections contribute
to serious health problems, with soil-transmitted helminths (STH) such as Ascaris
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lumbricoides, Trichuris trichiura, and hookworm (Ancylostoma duodenale and Necator americanus) resulting in abdominal
pain, diarrhea, and malnutrition. For example, it is well established that hookworm infections can lead to iron-deficiency
anemia [2]. In children, these intestinal parasitic and pathogenic infections are particularly alarming due to associated mal-
nutrition, stunting, and impaired growth and development [3]. Madagascar is particularly vulnerable to intestinal parasite
infections due to the high levels of poverty, malnutrition, and poor sanitation [4-9].

Previous epidemiological studies have found a high burden of intestinal parasites in Madagascar, though results exhibit
substantial heterogeneity due to the island’s diverse socio-ecological conditions. Prevalence is consistently high in the
eastern portions of the country. In the humid coastal Vatomandry district, Scarso et al. observed high prevalence of A.
lumbricoides (45-9%), hookworm (44-6%), T. trichiura (32:1%), and Strongyloides stercoralis (35:2%) [10]. In remote
rainforest villages in the southeast, prevalence of STH infections were 71-:4% for A. lumbricoides, 74-7% for T. trichiura,
33:1% for hookworm, and 3:3% for S. stercoralis [11]. In the eastern Marolambo district, Spencer et al. reported that over
70% of school-aged children in some villages were infected with Schistosoma mansoni [12]. By contrast, Richert et al.
reported much lower STH prevalence (<5%) among schoolchildren in the Mampikony district in northern Madagascar [7],
and prevalence of S. stercoralis was 5-:6% in the central plateau district of Tsiroanomandidy [10]. Other surveys similarly
highlight substantial heterogeneity: Rasoamanamihaja et al. (2016) reported 5:0% S. mansoni infection and lower preva-
lences of A. lumbricoides (4-4%), T. trichiura (2:2%), and hookworm (3-2%) among children aged 7—10 years in sentinel
sites in the Western region of Madagascar [13].

In Madagascar, infection has also been found to be associated with demographic factors. For example, both the prev-
alence and intensity of S. mansoni infection have been observed to increase with age [12], whereas STH infections have
been reported to be most common in adolescents and young children and less common in females and those with higher
education [7,11]. Scarso et al. similarly found hookworm prevalence to be higher in males and those with lower educa-
tional attainment [10]. Furthermore, Krumkamp et al. reported higher schistosome infection risk among older age groups
and in farmers, suggesting a potential link to occupational hazards [14]. They also observed that reduced infection risk
was associated with combined higher education and knowledge of schistosome transmission, but not with either factor
independently. However, findings vary across studies; Kislaya et al. reported no clear demographic correlates of S. man-
soni infection (including sex and maternal age) among children <2 years of age [15].

Despite the high burden of intestinal parasitic infection, epidemiological data for Madagascar remain fragmented and
often restricted to local studies. The high heterogeneity of ecological landscapes in the country warrants more comparable
information on the prevalence of infections across varied climates and ecological zones. Prevalence of less commonly
measured parasites such as Hymenolepis nana, Strongyloides, and enteric pathogens like Entamoeba coli also remains
poorly characterized.

To address these gaps, this study investigates the prevalence and infection intensity of eight intestinal parasites and
pathogens: A. lumbricoides, T. trichiura, hookworm, Strongyloides, H. nana, S. mansoni, other helminths, and E. coli. We
further examined variation by age, sex, and geographic region, with the aim of identifying vulnerable demographic and
geographic subgroups. The results of this analysis will inform the prioritization of medical, socioeconomic, and infrastruc-
tural interventions to reduce the burden of intestinal parasitic infections in Madagascar.

2. Methods
Ethics statement

These protocols were approved by the Office for the Protection of Human Subjects at the University of California, Berke-
ley, CA USA (Protocol # 2007—2-3) [16] and the Committee on the Use of Human Subjects, Office of Human Research
Administration at the Harvard T.H. Chan School of Public Health (Protocol #15-2230) [17] (Protocol #16—-0166) [18]. The
study was also reviewed and approved by the Malagasy Ministry of Health and the ethical review board at the Institut
National de Santé Publique et Communautaire (INSPC) No 03/MSANP/SG/INSPC/DG/DFR. Both the HSPH IRB and the
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INSPC review board waived the requirement for written informed consent for this study, and approved the study’s con-
sent procedures described previously because requiring signatures was deemed culturally inappropriate for the targeted
populations.

2.1 Study population

Samples were collected from subjects in three studies targeting rural communities across Madagascar (Table 1): 1) a
cohort study aiming to understand the importance of wild meats in human nutrition in the northeastern rainforest region
near the Makira Protected Area in the Maroantsetra district with data collection occurring in 2013-2014 [16]; 2) a cohort
study aiming to understand the importance of seafood in human nutrition in the northeastern littoral rainforest coastal
region along the Bay of Antongil in the Maroantsetra district with data collection occurring in 2016 [17]; and 3) a cross-
sectional study aiming to understand the ecological drivers of nutrition and disease spanning four regions (southeastern
rainforest in the Mananjary district, southwestern spiny desert in the Toliara district, western scrubland in the Morombe
district, and central plateau in the districts of Ambatofinandrahana, Fandriana, and Ambositra) with data collection occur-
ring in 2017 [18]. All studies included both sexes and people of all ages, with households being the unit of randomization.
The difference between the cohorts was centered on the geographical locations in Madagascar and the focus on different
dietary archetypes. Combined, the studies included 31 communities spanning diverse social, economic, and ecological
zones. All three studies used a cluster random sampling design, with households sampled from a census of all house-
holds within the 31 communities. All individuals within each selected household were enrolled and asked to provide survey
data on sociodemographic variables as well as biological samples (fecal, fingernail, whole blood spots, and venous blood
plasma). Complete protocol details for all three studies have been published elsewhere [16—18]. The only exclusion cri-
teria were being too physically ill to participate. Out of a total of 3,902 participants from 1,035 households who had data
available for at least one intestinal parasite, we excluded 30 (0-8%) individuals with missing data for age or sex, resulting
in a total of 3,872 participants included for analysis (S1 Fig).

2.2 Fecal sample collection

Each individual enrolled in the study was provided with a sterile polypropylene screw cap feces collection tube (Sarstedt,
Sparks, NV; ref. 80-623). Individuals were instructed to defecate onto a clean surface (e.g., onto a waxy leaf) and then
drop three small spoonfuls of feces into the tube. Informed consent was obtained from adults, verbal assent was obtained

Table 1. Summary of locations, populations, and intestinal parasites assessed in Madagascar.

Region, Administrative Division, | Number of Number of Study Time | Parasites Assessed Reference
District Communities Individuals Period

Northeast, 2 597 2013 A. lumbricoides, T. trichiura, hookworm, 16
Analanjirofo, Maroantsetra Strongyloides, other helminths, E. coli
Northeast, 5 760 2016 A. lumbricoides, T. trichiura, hookworm, 17
Analanjirofo, Maroantsetra Strongyloides, H. nana, S. mansoni

Southeast, 6 730 2017 A. lumbricoides, T. trichiura, hookworm, 18
Vatovavy Fitovinany, Mananjary Strongyloides, H. nana, S. mansoni

Southwest, Atsimo Andrefana, 6 662 2017 A. lumbricoides, T. trichiura, hookworm, 18
Toliara Strongyloides, H. nana, S. mansoni

Western Coast, Atsimo Andrefana, | 6 528 2017 A. lumbricoides, T. trichiura, hookworm, 18
Morombe Strongyloides, H. nana, S. mansoni

Central Plateau, Amoron’i Mania, 6 595 2017 A. lumbricoides, T. trichiura, hookworm, 18
Fandriana Strongyloides, H. nana, S. mansoni

https://doi.org/10.1371/journal.pntd.0014380.t001
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Fig 1. Co-occurrence of intestinal parasite prevalence. Heatmaps display measurements among pairwise complete cases: A) Jaccard similarity
ranging from 0 to 1, quantifying overlap among positive detections; B) log odds ratio ranging from - to o, with Fisher’s exact test significance indicated
by asterisks (*: p<0-05, **: p<0-01, ***: p<0-001); and C) pairwise sample size contributing to each estimate. Diagonal cells and missing pairwise esti-
mates are shaded in gray.

https://doi.org/10.1371/journal.pntd.0014380.g001

from children over 12 years of age, and permission was obtained from parents or guardians of younger children. for this
study, and approved the study’s consent procedures described previously because requiring signatures was deemed cul-
turally inappropriate for the targeted populations. Although other biological samples were collected in these studies (e.g.,
blood), we have only analyzed intestinal parasites from the collected fecal samples.

Once the samples were returned to the local research team (typically 10 min to 10 h after collection), 90—-97% ethanol
was added to the three spoonfuls of feces in a 10mL conical tube. The vast majority of samples were submitted within one
hour of collection, but some were collected at night and then submitted in the morning. Samples were stored in a —23°C
freezer within 14 days of collection and then shipped on dry ice and stored at -80°C at the Harvard T.H. Chan School
of Public Health, where microscopic analysis was performed. In studies where stool samples were collected at multiple
timepoints, the first available timepoint with parasitological results was used, and parasite values were averaged across
all repeated smears for that timepoint for each individual.

2.3 Intestinal parasite evaluation

The presence of levels of intestinal parasites was determined from microscopic analysis of fecal samples using the for-
malin—ethyl acetate sedimentation concentration technique described by the Centers for Disease Control and Prevention
[19].

2.3.1 Sample preparation. A predetermined subset of samples was thawed for 30 minutes under a biosafety hood.
Corresponding 15 mL conical tubes were labeled with participant identifiers and recorded on standardized data sheets
containing columns for sample ID, fecal weight, and 2—3 slide readings. Excess liquid was removed from each thawed
specimen, and fecal weight was measured using a tared plastic cup. The amount of stool used was a mean of 0.68g
(SE: 0.006g). Ten percent formalin was then added to homogenize the specimen, and additional 10% formalin was added
during filtration through a gauze-lined paper cone to bring the suspension in the 15 mL conical tube to a final volume of
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9 mL before centrifugation. The suspension was then centrifuged at 500 x g for 10 minutes. The supernatant was
decanted, and the sediment was washed with 9 mL of 10% formalin, followed by the addition of 3 mL of ethyl acetate.
After a second centrifugation under the same conditions, debris was loosened and the upper layers discarded. When
debris persisted, a third centrifugation cycle was performed. The final sediment was resuspended in 1-2 drops of 10%
formalin and stored with a tight seal.

2.3.2. Microscopic examination. Prior to microscopic examination, the sediment was mixed thoroughly using a
disposable plastic pipette. One to three drops of the specimen were placed on a glass slide, stained with 1-2 drops of
iodine, and covered with a coverslip. All researchers who read these slides were either experts (JM, DAM, AC) or trained
by experts (SG, MAR, SA, UAU, CH, GF). Slide interpretation followed a staged training and quality assurance process
rather than a fixed system in which every slide read by a trained reader was subsequently confirmed by an expert reader.
Initially, expert readers performed slide analyses while training additional readers through direct supervision and side
by side review. During the training phase, trainees and expert readers independently reviewed the same samples and
compared findings. When discrepancies arose in parasite identification or quantification, the specimen was re-reviewed
with expert oversight until agreement was reached. After trained readers demonstrated sustained agreement with expert
readers, they conducted slide examinations independently, with periodic expert supervision and quality checks. Each
sample slide was first scanned at low power to systematically examine the smear, and areas or structures of interest were
then examined at higher magnification. We used a 40x objective for confirmatory identification and count recording of ova
and parasites, and this was repeated at least twice and often three times, with all recordings detailed on the laboratory
data sheet. Three smear readings were performed whenever sufficient specimen was available, whereas two readings
were completed when remaining sample volume was limited. All data were later entered into a master Excel database
that included sample ID, fecal weight, and egg counts per smear for each type of parasite, noting any other characteristics
observed. Work areas were disinfected with ethanol and bleach following each session, and waste was properly disposed
of, in accordance with biosafety procedures.

2.4 Statistical analysis

Each parasite outcome was dichotomized into a binary variable specifying presence or absence, as the observed counts
were highly right-skewed and zero-inflated (S2 Fig). We summarized parasite co-occurrence using pairwise associations
among the binary variables, restricting analyses to pairwise complete cases. For each comparison, we computed the Jac-
card similarity index (number of individuals with co-infection among individuals with either infection) to quantify the degree
of co-occurrence while excluding joint absences, important for rare parasites [20]. We also computed the log odds ratio
from pairwise 2x2 tables to measure the strength and direction of association, with a continuity correction of 0-5 to handle
sparse cells [21], alongside Fisher’s exact test at «=0-05.

Parasite prevalences were estimated using Bayesian multilevel logistic regression models fitted separately for each
outcome. All models included random intercepts to account for spatial variability in parasite prevalence and the nested
structure of individuals within households, households within communities, and communities within regions. This accounts
for region-, village-, and household-level clustering and borrows information across groups to increase estimation stability
while allowing regions to contribute more equally.

To estimate overall and region-specific prevalences for each outcome, we fit intercept-only multilevel models including
these random intercepts and no individual-level covariates. Overall estimates were computed as the inverse-logit of the
population-level intercept with random effects set to zero, representing the predicted probability of infection for an individ-
ual in an average-risk region, village, and household under the fitted model. Region-specific prevalences were obtained
from posterior expected probabilities for each region, computed as the inverse-logit of the overall intercept plus the region-
level random intercept. These estimates reflect the observed demographic composition within each region and describe
the total burden of infection as it occurs in the population.
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To estimate age- and sex-specific prevalences, we fit multilevel models that additionally included fixed effects for age
(categorized) and sex while retaining the same random intercept structure, with reference levels set to the categories
with greater observations: female and 20—49 years of age. Age-sex specific prevalences were obtained from posterior
expected probabilities for each age-sex combination after accounting for geographic clustering. Models including age-sex
interaction terms were also included as sensitivity analyses but had poorer model fit.

All prevalence estimates were summarized using posterior means and 95% credible intervals. For soil-transmitted hel-
minths, prevalence exceeding 20% was interpreted as indicative of endemicity according to World Health Organization cri-
teria [22]. Each analysis used data from all individuals with available data on the outcome of interest, excluding those with
missing measurements (S1 Table). For each model, four chains of 4,000 iterations were run, along with a burn-in period of
1,000 iterations and thinning to every third iteration. Convergence was assessed by inspection of effective sample sizes
and potential scale reduction factors for all parameters [23]. Model fit was assessed with leave-one-out cross validation
(S3 Table) and posterior predictive checks (S3 Fig). All analyses were performed in R version 4-3-1 [24] with RStan using
the ‘brms’ package, using default non-informative and weakly informative priors [25]. Co-occurrence analyses additionally
used the ‘vegan’ package [26].

3. Results
3.1 Sample characteristics

Of all 3,902 participants, the mean age was 186 (SD 16-5) years, with the southwest reporting the lowest mean age
(16-4) and the northeast reporting the highest mean age (21-2). There were 1,767 (45:6%) males and 2,105 (54-4%)
females, with the percentage male ranging from 41-:5% in the southeast to 47-:8% in the northeast. H. nana and S. man-
soni were missing for 597 individuals in the northeast, while other helminths and Entamoeba coli were only available for
these 597 individuals in the northeast, due to differences in the parasites examined in Golden et al. [16] compared to the
other two studies (S1 Table).

All parasites exhibited heavy right skew in the distribution of intensity, particularly A. lumbricoides, T. trichiura, and H.
nana (S2 Fig). Trends for the intensity of parasite infection generally paralleled trends for prevalence, with high-prevalence
regions also reporting highest mean egg counts (Table 2).

3.2 Co-occurrence

Co-occurrence patterns differed by parasite species. Jaccard similarity suggested strong co-occurrence between A. lum-
bricoides and other helminths, moderate co-occurrence between A. lumbricoides and T. trichiura, and weak co-occurrence
between other helminths and both T. trichiura and hookworm (Fig 1). However, results with other helminths should be inter-
preted cautiously due to small sample size, as measurements were only available in a subset of participants from the north-
east region. Patterns based on log odds ratios were broadly concordant with the Jaccard results, and additionally suggested
strong positive associations between Strongyloides and S. mansoni and between A. lumbricoides and hookworm, as well as
a moderate positive association between S. mansoni and T. trichiura. Because Strongyloides and S. mansoni prevalence was
low, the elevated log odds ratio may reflect shared non-infection more than positive co-occurrence, as the Jaccard similarity
was low. In contrast, H. nana showed moderate negative associations with both A. lumbricoides and T. trichiura. Notably, all
individuals infected with other helminths were also co-infected with A. lumbricoides, T. trichiura, or hookworm (S2 Table).

3.3 Overall prevalence and geographical variation in intestinal parasite infection

Examining overall prevalences for the parasites (Table 3 and S4 Fig), we found that, among parasites measured for all
regions, prevalence was highest for A. lumbricoides (22-:0% [credible interval (Cl) 2:8-67-3%]) and T. trichiura (15-3% [CI
0-4-68-9%]) and lowest for Strongyloides (0-5% [Cl 0-1-1-2%]) and S. mansoni (0-5% [CI 0-0-1-9%]). Other helminths and
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Table 2. Sample population descriptive statistics by region. For each of the intestinal parasites, mean counts are provided, followed by
the number of individuals with any non-zero quantity observed, as well as any missingness if applicable. Abbreviations: NE=northeast,
SE =southeast, SW=southwest, WC =west coast, CP=central plateau. The dashed line means no summary statistic was calculated because
there was no data available for that cell.

Variable NE SE Sw wC CcP Overall
N=1,357 N=730 N=662 N=528 N=595 N=3,872
Age in years: mean (SD) 21-2 (17-5) 185 (16-1) 16-4 (14-7) 17-3 (16:1) 166 (15-8) 186 (16-5)
Age group: n (%)
<2 98 (7-2%) 42 (5-8%) 42 (6-3%) 42 (8:0%) 46 (7-7%) 270 (7-0%)
2-4 160 (11-8%) 116 (15-9%) 112 (16-9%) 84 (15-9%) 102 (17-1%) 574 (14-8%)
5-11 311 (22:9%) 177 (24-2%) 179 (27-0%) 136 (25:8%) 160 (26:9%) 963 (24:9%)
12-19 198 (14-6%) 116 (15:9%) 104 (15:7%) 85 (16:1%) 104 (17-5%) 607 (15:7%)
20-49 469 (34:6%) 238 (32:6%) 200 (30-2%) 148 (28:0%) 152 (25-5%) 1,207 (31-2%)
250 121 (8-9%) 41 (5:6%) 25 (3-8%) 33 (6-3%) 31 (52%) 251 (6:5%)
Sex: n (%)
Male 649 (47-8%) 303 (41-5%) 311 (47-:0%) 243 (46-0%) 261 (43-:9%) 1,767 (45:6%)
Female 708 (52:2%) 427 (58:5%) 351 (53-0%) 285 (54:0%) 334 (56-1%) 2,105 (54-4%)
A. lumbricoides (n=3872)
Mean (SD) 12:0 (51-7) 35-8 (92:0) 1-4 (11-1) 0-2 (2:6) 14-5 (60-1) 13-5 (57-0)
Any: n (%) 590 (43-5%) 427 (58:5%) 49 (7-4%) 6 (1-1%) 216 (36-3%) 1,288 (33-3%)
T. trichiura (n=3872)
Mean (SD) 1-14 (6-69) 11-89 (36-89) 1-05 (10-40) 0-00 (0-00) 012 (0-63) 2:84 (17-64)
Any: n (%) 375 (27-6%) 467 (64-0%) 44 (6-6%) 0 (0-0%) 44 (7-4%) 930 (24:0%)
Hookworm (n=3872)
Mean (SD) 0-21 (0-90) 0-04 (0-40) 0-01 (0-21) 0-00 (0-00) 0-00 (0-05) 0-08 (0-58)
Any: n (%) 186 (13:7%) 19 (2:6%) 7 (1:1%) 0 (0-0%) 1(0-2%) 213 (5:5%)
Strongyloides (n=3872)
Mean (SD) 0-0129 (0-1750) 0-1053 (2:5203) 0-0038 (0-0582) 0-0025 (0-0458) 0-0059 (0-0737) | 0-0263 (1-1000)
Any: n (%) 14 (1-0%) 13 (1-8%) 3 (0-5%) 2 (0:4%) 4 (0:7%) 36 (0-9%)
H. nana (n=3275)
Mean (SD) 0-0007 (0-0181) 0-0146 (0-1686) 2:1310 (16-2978) 0-6098 (5-5213) 0-2597 (2-3109) | 0-5797 (7-7565)
Any: n (%) 1(0-1%) 9 (1-2%) 80 (12-1%) 35 (66%) 20 (3-4%) 145 (4-4%)
Missing 597 0 0 0 0 597
S. mansoni (n=3275)
Mean (SD) 0-0020 (0-0314) 0-1543 (0-9968) 0-0020 (0-0303) 0-0028 (0-0486) 0-0249 (0-2228) | 0-0403 (0-4846)
Any: n (%) 3 (0-4%) 49 (6:7%) 3 (0-5%) 2 (0-4%) 11 (1-8%) 68 (2:1%)
Missing 597 0 0 0 0 597
Helminths (n=597)
Mean (SD) 0-76 (0-77) - - — - 0-76 (0-77)
Any: n (%) 345 (57-8%) — - - - 345 (57-8%)
Missing 760 730 662 528 595 3,275
E. coli (n=597)
Mean (SD) 4-06 (30-48) - - - - 4-06 (30-48)
Any: n (%) 35 (5:9%) - - - - 35 (5:9%)
Missing 760 730 662 528 595 3,275

https://doi.org/10.1371/journal.pntd.0014380.t002
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Table 3. Estimated overall prevalence (%) of parasite presence across all sampled regions. Parasite presence is defined as a binary, set to 1
if any presence of the parasite was detected in the stool sample and 0 otherwise. Summaries are given in percentages for the mean, median,
and 2-5% and 97-5% posterior interval bounds. H. nana and S. mansoni were not measured and therefore missing for 597 individuals in the
northeast, while other helminths and E. coli were only available for these 597 individuals in the northeast.

Parasite Mean Median 2-5% 97-5%
A. lumbricoides 220 17-4 2:8 67-3
T. trichiura 15-3 84 04 68-9
Hookworm 25 06 00 20-2
Strongyloides 0-5 04 01 1-2

H. nana 4-7 2:4 0-3 24-3
S. mansoni 0-5 0-3 0-0 19
Helminths 54-2 56-7 32 97-7
E. coli 24-3 126 0-3 93-6

https://doi.org/10.1371/journal.pntd.0014380.t003

E. coli were only measured in the northeast, but were observed at very high levels (54-2% [Cl 3-:2-97-7%)] for other hel-
minths and 24-3% [CI 0-3-93:6%] for E. coli). Unlike the crude proportions in Table 2, which may be affected by uneven
sampling, these model-based prevalence estimates account for clustering in the data and provide a more stable summary
of infection risk for an average-risk region, village, and household as estimated by the model.

Geographical variation in prevalence was substantial for most parasites (Figs 2 and S5; S4 Table). There was a 600-fold
difference between the lowest and highest regional prevalence of T. trichiura, an 80-fold difference in hookworm, a 60-fold
difference in A. lumbricoides, and a 50-fold difference in H. nana. Only Strongyloides did not have any major regional variation
in prevalence, with prevalences spanning 0-4% and 0-5% across all regions. Prevalence of S. mansoni was also relatively low
across all regions, spanning from 0-2% (northeast, southwest, west coast) to 0-5% (central plateau) to 0-8% (southeast).

T.trichiura A.lumbricoides H.nana Hookworm S.mansoni Strongyloides
- 0.2 8.1 0.2 a5
- 25 0.1 0.5 0.5
- 0.9 0.9 0.8 0.5
0.9 5.4 0.1 0.2 0.4
5.6 10.5 BE 0.2 0.4

Prevalence (%) - I
0

20 40 60

Fig 2. Observed variation in prevalence of intestinal parasites for all ages and sexes across regions of Madagascar. The relative difference in
prevalence is shown as a heatmap with the color scale ranging from the minimum to maximum observed prevalence across all regions and parasite
species. The prevalence (as a percentage) estimate is shown within each cell. Data are based on the first sample collected from each individual The
prevalences of other helminths (54.2%) and E. coli (24.3%) were only assessed in the northeast region and are not presented in the heatmap. Base
map source: Natural Earth public domain country boundary data (https://www.naturalearthdata.com/downloads/50m-cultural-vectors/50m-admin-0-coun-
tries-2/). Study-site points were plotted using the authors’ study data.

https://doi.org/10.1371/journal.pntd.0014380.g002
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Parasite burden was generally highest in the northeast and southeast and lowest in the west coast. This was particularly
true for soil-transmitted helminths (STH), with A. lumbricoides affecting over half of the population in the southeast (56:1%),
over a third in the northeast (38:9%), and around a quarter in the central plateau (23-:8%), occurring at endemic levels in
three regions, with endemicity defined as at least 20% STH prevalence (World Health Organization, 2017). Levels of T. trichi-
ura were similarly high, reaching 65-3% in the southeast and 25-3% in the northeast. Prevalence of hookworm was mostly
found in the northeast (8:1%). The converse trend was observed for H. nana, which had the lowest prevalence in the north-
east and southeast but had higher levels in the southwest (10-5%) and west coast (5-4%), both regions with much lower STH
burden.

3.4 Variation in parasite infection by age and sex

Examining trends by age, we see an approximately 2- to 3-fold difference in modeled prevalence across age groups by
sex for soil-transmitted helminths (A. lumbricoides, T. trichiura, and hookworm), with prevalence generally highest for
school-aged children aged 5-19 (Fig 3 and S6; S5 Table). The 12—19 age group had the highest prevalences for

A. lumbricoides (26-2% for males; 27-3% for females), hookworm (3:5% for males; 2-:3% for females), and other helminths
(60-0% for males, 59-4% for females). The 5—11 age group had the highest prevalences for T. trichiura (20-7% for males,

A.lumbricoides T.trichiura Hookworm Strongyloides H.nana S.mansoni Helminths E.coli
<21 187 74 17 0.2 2.8 0.3 -
X
]
12_19- - _ 3'5 0'5 3.6 073 -
20-49+4 18.9 (i3 3.3 0.6 3.1 0.7 -
[
(o)}
<< s ———
<2 14.4 7.9 111 0.1 2.5 0.3 -
2_4 ] - 2-1 08 4-9 0-4 -
5_1 1 ] - 2‘2 0‘3 6.3 0.6 - ;;I
3
)
12—19- - 2.3 0.3 3.3 0.4 - 8
20-49{ | 19.8 146 22 04 238 08 -

Prevalence (%) _
0

20 40 60

Fig 3. Estimated prevalence of intestinal parasites by age and sex. For each parasite, the relative difference in prevalence is shown as a heatmap
with the color scale ranging from the minimum to maximum observed prevalence. The prevalence (as a percentage) estimate is shown within each cell.
The prevalence statistics account for the nested spatial structure of sampling.

https://doi.org/10.1371/journal.pntd.0014380.g003
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22:6% for females) and H. nana (7-0% for males; 6-3% for females). Strongyloides was most prevalent in young children
aged 2—4 years (1-:0% for males; 0-8% for females), while S. mansoni was most frequently found in adults aged 20—49
(0-7% for males; 0-8% in females). Infants <2 years generally had lower prevalences compared to other age groups, with
the exception of E. coli, where infection was highest for infants <2 years and the elderly 50 + population.

Differences between sex were minor for all parasites, with prevalence slightly higher in females than in males for A.
lumbricoides, T. trichiura, S. mansoni, and E. coli, and the converse true for hookworm, Strongyloides, H. nana, and other
helminths. The most noticeable difference was for hookworm, where prevalence in males was around 1-5-fold higher than
in females for all age groups, with the highest prevalence occurring in the 12—19 age group for both sexes (3-5% in males
and 2-:3% for females). Models including an age-sex interaction yielded nearly identical prevalence estimates but showed
slightly poorer leave-one-out cross-validation performance than the primary additive models (S3 Table; S7 and S8 Figs).
Overall, it is clear that parasites vary far more by age than by sex.

4. Discussion

This study provides a comprehensive assessment of intestinal parasite prevalence across the lifecourse for both sexes
in Madagascar, examining eight intestinal parasites across five climates and ecologically diverse regions. The highest
parasite burden occurred in the humid rainforest regions of Mananjary (southeast) and Maroantsetra (northeast), where
A. lumbricoides and T. trichiura prevalence far exceeded WHO endemicity thresholds [22]. Prevalence of other helminths
and E. coli was also high in the northeast. This was consistent with high STH levels found in previous studies conducted
in the eastern rainforest regions [10,11], although levels of hookworm were lower in our analyses. The eastern regions
are some of Madagascar’s most rural and resource-limited areas. High levels of infection may be driven by the warm and
humid climates that facilitate breeding of STH eggs, as well as increased contamination due to poor sanitation infrastruc-
ture [27]. Moisture is critical for the survival and development of helminth eggs and larvae in soil, with A. lumbricoides and
T. trichiura eggs requiring moist soil to embryonate and hookworm larvae requiring moist conditions to be motile and con-
tact human skin [27]. In contrast, dry conditions with high temperatures, low humidity, and intense sunlight can kill eggs
and larvae, thereby reducing transmission.

Overall parasite burden was lower in Toliara (southwest), Morombe (west coast), and Fandriana (central plateau).
In the hot and arid climate of the southwest and west coast, there is less fertile soil for STH transmission, which may
explain the observed low prevalences (<6% in the southwest and <1% in the west coast) of A. lumbricoides, T. trichiura,
and hookworm infections, though these values are lower than those reported in prior studies [9]. In contrast, H. nana
prevalence was highest in these regions. Unlike STHs, H. nana transmission can occur person-to-person as well as
through contaminated food and water. Few studies have examined H. nana prevalence in Madagascar; however, recent
studies among school-aged children in the northern districts of Ambatoboeny, Mampikony, and Mahajanga reported
respective prevalences of 9:-1% [8], 0-4% [7], and 0-4% [6], all lower than the levels observed in the southwest in our
analyses.

In addition to these climatic and soil-based features, WASH (water, sanitation, and hygiene) factors may also play
a role in determining the relative prevalences of intestinal parasite infections across regions. In rural areas across the
country, only approximately 36% of the population have access to improved water sources and only 10% of the population
uses basic sanitation facilities [28], with roughly 45% of the population practicing open defecation [29]. The rural areas
across the east coast (both Maroantsetra and Mananjary regions) are characterized by deficient WASH systems and are
considered hazard prone, with flooding often compromising sanitation efforts. WASH systems are often considered the
best in the central highland regions like the Fandriana region, whereas WASH systems in the western (Morombe) and
southwestern (Toliara) regions are often water scarce and may face challenging sanitation issues. These social, infrastruc-
tural, and behavioral factors that can lead to differences in intestinal parasite prevalence were not the focus of the current
research.
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There was very little detected Strongyloides and S. mansoni infection (<1%) across all regions and age groups. Other
studies conducted at sites elsewhere in the country have found much higher prevalences, with Strongyloides stercoralis
prevalence in the east coast estimated to be 35:2% [10], and S. mansoni ranging from 5-:0% across Western Madagas-
car [13] to 14:1-59:5% in the central plateau [9,30] and 73:6% in a remote Eastern district [12]. The low detection in our
analyses may be due to low sensitivity of microscopy to light-intensity infections, particularly for these two parasites
[31,32].

Though demographic differences were not as pronounced as geographic heterogeneity, there were some trends indi-
cating potential at-risk groups. Consistent with previous literature, school-aged children and adolescents bore the highest
burden of helminth infections, possibly due to greater soil and water contact during play and farming, greater likelihood
of not wearing shoes, as well as incomplete development of immunity [11,33]. Sex differences were most noticeable for
hookworm, where prevalence was higher in males for all age groups, which has been reported in previous studies [10].

The high observed prevalence of intestinal parasite infection, particularly of soil-transmitted helminths in the eastern
regions, highlights the need for improved public health and policy action. The Malagasy government has been conducting
twice yearly “health days” in all communities across the country where vitamin A supplements and deworming medication
(400mg Albendazole to target soil-transmitted helminths) are provided to children under five years of age. Our results
show that this intervention is not effective. Targeting interventions geographically will be critical given the ecological
diversity of Madagascar and the high heterogeneity seen in parasite prevalences. The persistence of endemicity despite
ongoing preventative chemotherapy and deworming programs [34] also suggests the importance of multi-sectoral and
integrated approaches to address the broader socioeconomic and environmental drivers of infection. These include
improvements to water, sanitation, and hygiene (WASH) education and infrastructure, adequate anthelminthic medicine
access, and continued epidemiological monitoring of potential hotspots [11,33].

Interventions must also address the underlying drivers of poverty, food insecurity, and ecological instability in contrib-
uting to parasitic infections. Rising temperatures can impact the life cycles of many parasites, potentially increasing their
prevalence in affected areas [35]. Other climate shocks such as cyclones, droughts, and heavy wind disrupt food sys-
tems, damage infrastructure, and facilitate disease transmission [36,37]. Given that the majority of the Malagasy popu-
lation engages in subsistence agriculture, morbidity and disability due to parasitic infections can stifle economic growth
and exacerbate already high levels of poverty. Micronutrient deficiencies, which can result from parasitic infections, have
been found to be highly prevalent in the country [38] and are particularly concerning for women of reproductive age [33].
Policies to strengthen health systems, manage environmental risks for transmission, and improve the resilience of food
systems are increasingly needed to address these challenges.

Though our study provides important geographically diverse results on multiple intestinal parasites, our findings should
be interpreted in light of several limitations. First, parasite counts obtained by microscopy may underestimate true prev-
alence, particularly for light-intensity infections, and eggs may have been vulnerable to degradation during the transport
process. Our study used ethanol for storage followed by freezing which is known to potentially degrade hookworm eggs,
which may lead to some underestimation in our study. Further research using tests with higher sensitivity and specific-
ity will be helpful for validating the results [39]. For example, although our methods are well suited for detecting various
intestinal parasites, Kato-Katz techniques are more sensitive for detecting soil-transmitted helminths and S. mansoni and
the Baermann method for S. stercoralis. Therefore, our research may underestimate the prevalence of both hookworm
and Schistosoma. Second, the data do not comprise a representative sample of all regions in Madagascar. Though our
survey included data from multiple regions, some areas remain underrepresented and not all parasites were measured in
all regions. Future research may build upon our foundation to address these limitations through a more comprehensive
data collection program that can provide nationally representative information on parasite prevalences. Third, data were
collected at different timepoints and years and were analyzed cross-sectionally; therefore, analyses were not able to
suggest causal relationships or capture temporal fluctuations related to seasonality. Extensions to our work may consider
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longitudinal analyses to better understand how social and ecological factors have influenced parasitic transmission in
Madagascar over time.

Supporting information

S1 Fig. CONSORT diagram of study participants included in the analysis. Abbreviations: “MAHERY” refers to Golden
et al. (2017); “Antongil” refers to Golden et al. (2019); “CRS” refers to Golden et al. (2020); SE =southeast, SW =south-
west, WC =west coast.

(TIF)

S$1 Table. Number of individuals in each dataset with data available (subsetted to the first time point available for
those with multiple measurements) for each intestinal parasite, including data for age and sex.
(XLSX)

S2 Fig. Distributions of intestinal parasites in the data, subsetting to the first available timepoint for each
individual.
(TIF)

S2 Table. Parasite co-occurrence values in pairwise 2x2 tables, using all pairwise complete cases. Abbreviations:
n00 =absence of both parasites; n01=absence of parasite 1 and presence of parasite 2; n10=presence of parasite 1 and
absence of parasite 2; n11=presence of both parasites; n=pairwise sample size.

(XLSX)

S3 Table. Leave-one-out cross-validation (LOO-CV) model fit for all prevalence models, comparing the
intercept-only models for overall prevalence (“Overall”), the models including age- and sex- fixed effects
(“Age-Sex”), and the models with age-sex fixed effects and an age-sex interaction (“Age-Sex Int”). For each
parasite, the three models are ranked by expected log predictive density (ELPD), where higher ELPD indicates
better fit. The difference in ELPD (“ELPD Diff”) is reported relative to the best performing model. “SE Diff” refers to
the standard error of the ELPD difference.

(XLSX)

S3 Fig. Posterior predictive checks of the intercept-only Bayesian multilevel logistic regression models, for all
intestinal parasite outcomes.
(TIF)

S$4 Fig. Overall estimated prevalence for each parasite, computed by taking the inverse-logit of the global inter-
cepts. Points represent the mean, crosses represent the median, and intervals represent the 95% uncertainty intervals.
(TIF)

S5 Fig. Region-specific estimated probabilities of parasite presence. Points represent the median and intervals rep-
resent the 95% uncertainty intervals for each region.
(TIF)

S4 Table. Region-specific estimated parasite prevalences. Mean estimates are displayed with 95% uncertainty inter-
vals in parentheses. “Helminths” refers to other helminths not already displayed.
(XLSX)

S6 Fig. Age-specific estimated parasite prevalences for males (top) and females (bottom). Points represent the
median and intervals represent the 95% uncertainty intervals for each age category.
(TIF)
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S5 Table. Age-specific estimated parasite prevalences in percentages for males (M) and females (F). Mean esti-
mates are displayed with 95% uncertainty intervals in parentheses. “Helminths” refers to other helminths not already
displayed.

(XLSX)

S7 Fig. Estimated prevalence of intestinal parasites by age and sex using models with age-sex interactions. For
each parasite, the relative difference in prevalence is shown as a heatmap with the color scale ranging from the minimum
to maximum observed prevalence. The prevalence (as a percentage) estimate is shown within each cell.

(TIF)

S8 Fig. Age-specific estimated parasite prevalences for males (top) and females (bottom) using models with
age-sex interactions. Points represent the median and intervals represent the 95% uncertainty intervals for each age
category.

(TIF)
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