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Rotavirus is a leading cause of dehydrating diarrhea and death among infants and children globally, particularly in communities
of the developing world. While numerous studies have described the complex relationships among infectious diarrhea, growth
faltering, and poverty, the impact of nutritional status on susceptibility to rotavirus diarrhea is not well understood. In a longi-
tudinal study conducted over the first 3 years of life among 626 slum-dwelling infants enrolled at birth in Dhaka, Bangladesh, we
observed that common measures of healthy growth and development were positively associated with a risk of symptomatic rota-
virus infection. This finding runs counter to the idea that improving childhood nutrition will implicitly decrease the incidence of
symptomatic infection by enteric pathogens. As childhood nutrition improves worldwide, rotavirus infection may remain a pub-
lic health challenge, making universal vaccination of even greater importance.

For more than a decade, we have studied the natural history of
infants and children living in Mirpur, an urban slum of Dhaka,

Bangladesh. These longitudinal studies of diarrhea and child de-
velopment have uncovered significant environmental, genetic,
and immunological correlates of diarrheal disease. They have also
illustrated the devastating burden of enteric infections, which alter
the absorption of critical nutrients, delay cognitive development,
and interfere with oral vaccines (1–9).

Rotavirus is the most common cause of moderate to severe
gastroenteritis among children under 5 years old globally, and
dehydrating diarrhea associated with rotavirus is estimated to
cause approximately 200,000 deaths annually (10). Many of these
deaths occur in infants and children living in the developing
world, where poor sanitary infrastructure facilitates fecal-oral
transmission of numerous enteropathogens. In Bangladesh, ap-
proximately 6,000 deaths in children �5 years old are attributable
to rotavirus diarrhea each year, amounting to an annual mortality
rate of 38 per 100,000 children (11). Two licensed rotavirus
vaccines, Rotarix (GlaxoSmithKline Biologicals, Belgium) and
RotaTeq (Merck & Co., Inc., USA), have been widely applied in
national immunization programs since 2006. Despite these wide-
spread vaccination efforts, the Global Enteric Multicenter Study
(GEMS) recently affirmed rotavirus as the leading cause of mod-
erate to severe diarrhea among infants in all seven of its study sites
spanning Africa and South Asia (12).

We undertook an analysis of rotavirus diarrhea in a birth co-
hort of 626 infants living in a slum of Mirpur Thana in Dhaka, the
capital city of Bangladesh. These infants were not vaccinated
against rotavirus and experienced a high prevalence of malnutri-
tion at birth and throughout the first 3 years of life. In a univari-
able analysis of rotavirus diarrhea among infants who completed
at least 3 years of observation, we observed an association between
better nutritional status and a risk of experiencing symptomatic
rotavirus infection in the first 3 years of life. Multiple hospital
surveillance and cross-sectional studies have reported increased
prevalence of rotavirus diarrhea among well-nourished compared
to malnourished infants (13, 14). Notably, a hospital surveillance
study conducted at the International Centre for Diarrheal Disease

Research, Bangladesh, from 1993 to 2011, reported nearly double
the incidence of rotavirus among overweight and obese compared
to malnourished patients (14). Others have reported no correla-
tion between nutritional status and incidence or an association
between malnutrition and rotavirus diarrheal severity (13–20).
While some of these observations provide evidence for a link be-
tween nutritional status and rotavirus diarrhea, others failed to
find such an association, and all suffer from limitations inherent
in hospital surveillance studies and thus may not be representative
of epidemiological patterns in the community.

Based on our univariable analysis and data from published
studies, we tested the hypothesis that nutritional status influences
susceptibility to rotavirus infection in early life using a generalized
mixed-effects model of anthropometric measures at 3-month in-
tervals, with rotavirus diarrhea in each interval as the longitudinal
outcome. To our knowledge, this is the first longitudinal report of
a robust association between better nutritional status and suscep-
tibility to rotavirus diarrhea.

MATERIALS AND METHODS
Study population and surveillance. Pregnant mothers were recruited for
this study from an urban slum of Mirpur Thana, Dhaka, Bangladesh. The
study commenced in January 2008, and the last child completed fol-
low-up in December 2012. Newborns were enrolled within 72 h of birth at
home or in the study clinic. Subjects received free primary health care
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through the study community clinic throughout the duration of the
study. Written informed consent was obtained for each infant from a
parent or legal guardian. Prior to enrollment, approval for this study was
obtained from the institutional review board of the University of Virginia
and the ethics board of the International Center for Diarrheal Disease
Research, Bangladesh (ICDDR,B).

Socioeconomic data, including monthly income and years of formal
maternal education, were assessed by a survey at the time of enrollment.
Exclusive and nonexclusive breastfeeding practices were monitored by
self-reporting and field observation throughout infancy. Field research
assistants (FRAs) made home visits every other day to track the medical
history of each infant, focusing on diarrheal illness. Parents of sick infants
were encouraged to visit the study clinic for assessment and treatment by
a study medical officer. FRAs also made referrals to the field clinic or
hospital in cases of acute illness evident at the time of home visits.

Mothers or family members reported diarrheal episodes, defined as
�3 unformed bowel movements in a 24-h period, or by the mother’s
definition for a breastfed child to FRAs, who collected stool samples. By
definition, episodes of diarrhea required separation by at least 3 days
without diarrhea to be considered independent episodes. Within 3 h of
collection, all stool collected from diarrheal episodes was transported on
ice from the field clinic to the parasitology laboratory at the ICDDR,B.
Diarrheal stool was then aliquoted before storage at �80°C.

Detection of rotavirus. Group A rotavirus was detected in fresh or
frozen diarrheal stool samples using the ProSpecT Rotavirus enzyme-
linked immunosorbent assay (ELISA) (catalog no. R240396). All samples
collected from diarrheal episodes in the study window were tested by
ELISA for rotavirus antigen.

G and P genotyping was carried out on 200 out of the 227 rotavirus-
positive diarrheal stool samples using a genotype-specific multiplex re-
verse transcriptase PCR. This assay was capable of detecting four G geno-
types (G1, G2, G9, and G12) and three P genotypes (P[4], P[8], and P[6]),
as previously described (21). Genotyping was performed on samples col-
lected between 2008 and 2011 and was not extended to samples collected
in 2012, because a full analysis of the genotypes in every sample collected
was beyond the scope of this study.

Anthropometry. Maternal height and weight were assessed, and body
mass index was calculated by dividing the mass of the mother in kilograms
by her height in meters squared. Infant anthropometric measures were
collected by FRAs at birth and at 3-month intervals. Height-for-age Z-
scores (HAZ), weight-for-age Z-scores (WAZ), and weight-for-height Z-
scores (WHZ) were calculated using the WHO Anthro software, version
3.0.1, which compared study subjects to age- and sex-matched members
of the World Health Organization (WHO) reference population (22).

Statistical analyses. Demographic, socioeconomic, anthropometric,
and medical history data were entered into the study database. Median
values with interquartile ranges for skewed continuous variables are re-
ported. Nonparametric Mann-Whitney tests were used to compare cen-
tral trends of continuous variables, and chi-square and Fisher’s exact tests
were used where appropriate to compare categorical variables.

All analyses were performed using SAS 9.3 (SAS Institute, Inc., Cary,
NC, USA). Longitudinal analyses were conducted to test the hypothesis
that nutritional status was associated with risk of rotavirus diarrhea in the
first 3 years. In a generalized mixed-effects model, the presence or absence
of rotavirus-positive diarrhea over each 3-month interval from birth to
the end of 3 years was considered the longitudinal response. Anthropo-
metric measures at the beginning of each 3-month interval were the time-
varying predictors in our models. A separate analysis was performed for
each anthropometric measure, with adjustment for fixed factors, includ-
ing gender, maternal age, maternal body mass index (BMI), maternal
education, family income, and a time-varying categorical indicator of
exclusivity of breastfeeding during each interval. The Proc GLIMMIX in
SAS was used for the generalized mixed-effects analyses. Additionally, the
effect of first rotavirus infection on the subsequent rotavirus infection was
evaluated in Cox regression with Proc PHREG in SAS, where repeated

rotavirus infections were considered recurrent events. The recurrent
event regression analysis was adjusted for the same set of risk factors as in
the mixed-effects model. P values of �0.05 were considered statistically
significant.

RESULTS
Study population and anthropometry. Six hundred twenty-six
infants born in an urban slum of Mirpur, a neighborhood of
Dhaka, Bangladesh, were enrolled at birth between January 2008
and December 2012. Of the infants, 80.5% (n � 504) completed at
least 1 year of observation, 71.0% (n � 445) completed at least 2
years of observation, and 47.6% (n � 298) completed at least 3
years of observation. Of the infants, 52.4% (n � 328) had dropped
out of the study before completing 3 years of observation, our
inclusion criterion for the univariable analysis conducted. Infants
who dropped out during the study window did not differ signifi-
cantly in maternal education or age, family size, monthly income,
or baseline anthropometric traits from the total group enrolled
(data not shown).

Anthropometric trends in the first 3 years of life for the study
population are traced in Fig. 1. Low weight-for-age (WAZ, ��2),
stunting (HAZ, ��2), and wasting (WHZ, ��2) were relatively
common in this population at birth at 26%, 16%, and 30% inci-
dence, respectively. The proportion of the population that was
underweight or stunted rose over the first 3 years of life to more
than half. The proportion of the population that was wasted fell in
the first 3 months and remained close to 10% throughout the
remaining months of the first 3 years of life.

Incidence of diarrhea and rotavirus diarrhea. Diarrheal epi-
sodes were reported by mothers or family members to field re-
search assistants (FRAs) during home visits, or during sick visits to
the study clinic. Stool samples were collected in the home or at the
field clinic to identify potentially causal enteropathogens. Overall,
4,487 diarrheal episodes were reported in infants zero to 3 years of
age from January 2008 to December 2012. Of this subset of re-
ported episodes, 61.5% (n � 2,758) of stool samples were col-
lected and transported to the ICDDR,B for testing. The total num-
ber of diarrheal episodes reported declined as infants aged, from
339 episodes per 100 infants from birth to age one to 171 episodes
per 100 children in the third year of life.

Overall, 227 episodes of rotavirus-positive diarrhea were re-
ported and collected from 190 children during the study window.
Restricting our analysis to the first 3 years of life, 188 infants ex-
perienced 223 rotavirus-positive diarrheal episodes. Pathogen di-
versity was high, with 36.3% of rotavirus-positive diarrheal stools
coinfected with Entamoeba histolytica, Giardia lamblia, or Crypto-
sporidium parvum. The majority of infants in the population af-
fected by rotavirus diarrhea, 83.5% (n � 157), experienced only
one rotavirus-positive diarrheal episode. Of the affected infants,
14.4% (n � 27) experienced two rotavirus-positive episodes. Only
2.1% (n � 4) of the affected infants experienced three rotavirus-
positive episodes, and no infants experienced greater than three
rotavirus-positive episodes in the study window.

The number of infants who experienced rotavirus-positive di-
arrhea declined in the second and third years of life. Overall, 35.6
rotavirus-positive diarrheal episodes were detected per 100 infants
in their first 3 years of life. The majority (23.3 per 100 infants) were
detected in the first year of life (Fig. 2).

Clinical characteristics of rotavirus-positive diarrheal epi-
sodes. Rotavirus-positive diarrhea was more common among
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younger infants (P � 0.0001) and was associated with significantly
higher diarrheal severity by Vesikari score (P � 0.0001). Fever
(P � 0.0001) and vomiting (P � 0.0001) were also more com-
monly associated with rotavirus-positive diarrheal episodes than
with rotavirus-negative episodes. Included in our univariable
analysis were all diarrheal episodes and rotavirus-positive diar-
rheal episodes collected during the study window from January

2008 to December 2012, without regard to child age at the time of
collection (Table 1).

Evidence for naturally acquired immunity against rotavirus
infection conferred by symptomatic rotavirus diarrhea. The
first rotavirus-positive episode of diarrhea was associated with
protection of infants from subsequent symptomatic infection. Us-
ing a Cox regression analysis adjusted for sex, maternal age and

FIG 1 Longitudinal monitoring of infant anthropometry in the first 3 years of life. To estimate the trajectory of changing nutritional status, infant anthropo-
metric measures were tracked at 3-month intervals in the first 3 years of life. The percentages of the population that were malnourished (WAZ, ��2), stunted
(HAZ, ��2), and wasted (WHZ, ��2) are plotted at each 3-month time point from birth to age three.

FIG 2 Experience with diarrhea and rotavirus-positive diarrhea in the first 3 years of life. Diarrheal surveillance data were available for 626 infants in the first year
of life, 504 infants in the second year of life, and 445 infants in the third year of life. Each bar represents the total number of reported episodes per 100 infants in
a given period of life. Three hundred eighty-three episodes of all-cause diarrhea were reported per 100 infants in the first year of life, 336 in the second year of life,
and 206 in the third year of life. Each bar is further subdivided into the number of rotavirus-negative (green) and rotavirus-positive (red) diarrheal episodes per
100 children in a given age group. The number of coinfections with rotavirus and Entamoeba histolytica, Giardia lamblia, or Cryptosporidium parvum per 100
children is shown in pale red.
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body mass index (BMI) at birth, monthly income, maternal edu-
cation, and duration of exclusive breastfeeding, we observed a
protective effect of primary rotavirus diarrhea against subsequent
symptomatic infection of between 34.0% and 74.7% (P � 0.0006).
Overall duration of exclusive breastfeeding was also significantly
associated with repeated symptomatic infection (P � 0.0001) (Fig.
3). While this result is somewhat surprising, we suspect the corre-
lation to be unrelated to the overall protective effect of exclusive
breastfeeding against infections early in life. In fact, we observed
the opposite trend, shown in Fig. 4, with exclusivity of breastfeed-
ing protecting infants over 3-month durations.

Seasonality and genotype distribution of rotavirus-positive
diarrheal episodes. Three seasonal peaks in rotavirus diarrhea
were observed in the six distinct seasons of the Bengal Delta re-
gion. Of the rotavirus-positive diarrhea, 22.9%, 20.6%, and 24.2%
occurred in the monsoon (Borsha), late autumn (Hemonto), and
spring (Bosonto) seasons, respectively. Fewer episodes were ob-

TABLE 1 Clinical characteristics of collected rotavirus-positive and rotavirus-negative diarrheal episodesa

Parameter Total Rotavirus-positive episodes Rotavirus-negative episodes P value

No. of patients 2,758 227 2,531
Age (mo) 13.5 (6.6–22.6) 9.4 (5.9–15.3) 14.2 (6.6–23.0) �0.0001b

Duration (days) 1 (1–1) 1 (1–1) 1 (1–1) 0.6b

Severity (Vesikari score [IQR]) 4 (4–6) 5 (4–7) 4 (4–5) �0.0001b

% affected by:
Vomiting 5.6 17.6 4.5 �0.0001c

Fever 6.4 12.3 5.8 0.0001c

a All data are presented as the median and interquartile range (IQR), unless otherwise stated.
b Mann-Whitney P value.
c �2 P value.

FIG 3 Primary rotavirus infection decreases the risk of subsequent rotavirus
infection. We used a Cox regression to estimate the independent time-depen-
dent impact of a primary symptomatic rotavirus infection on the risk of sec-
ondary symptomatic infection among infants in our cohort in the first 3 years
of life. Maternal age at birth, male sex, maternal education, cumulative months
of exclusive (Exc.) breastfeeding, monthly income, and maternal BMI at birth
were included in the model as time-independent covariates. Hazard ratio es-
timates are plotted with 95% confidence intervals for each variable included in
the survival model. * indicates the level of significance, with ** indicating a P
value of �0.001 and ** a P value of �0.0001.

FIG 4 Malnutrition, stunting, and wasting reduce the risk of rotavirus infec-
tion in the first 3 years of life. Odds ratios for rotavirus diarrhea from longitu-
dinal models of anthropometric Z-scores, boxed in red, are plotted with 95%
confidence intervals. Weight-for-age (a), height-for-age (b), and weight-for-
height Z-scores (c) were measured at 3-month intervals. Models for each an-
thropometric measure were adjusted for maternal age, infant sex, maternal
education, monthly income, and maternal BMI. Exclusivity of breastfeeding
during each interval was included as a time-varying covariate in each model. *
indicates the level of significance, with ** indicating a P value of �0.001 and **
a P value of �0.0001.
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served during the summer (Grish), autumn (Shorot), and winter
(Shít) seasons (data not shown).

The subset of 200 rotavirus-positive diarrheal stool samples
that were collected between 2008 and 2011 were genotyped for
common VP7 (G) and VP4 (P) rotavirus variants. The major G
genotypes observed in diarrheal stool between 2008 and 2011 were
G12 (20%), G2 (20%), and G9 (38%). The major P genotypes
observed during the same interval were P[8] (47%) and P[4]
(29%). The major combined genotypes reflected the overall prev-
alence of G and P variants in the sampled population. G9P[8]
accounted for 28%, G2P[4] for 19.5%, and G12P[6] for 9.5% of
the samples tested. Eight percent of the samples could not be typed
by the method used, and 6% were detectable mixed-genotype in-
fections (data not shown).

Univariable analysis of rotavirus diarrhea in the first 3 years
of life. To determine correlates of rotavirus diarrhea in the first 3
years of life, data were censored to include only the 298 infants
who completed at least 3 years of observation. This subset did not
differ significantly in baseline and demographic characteristics
from the total enrollment or the infants who dropped out of the
study (data not shown).

Out of these 298 infants, 38.6% (n � 115) experienced at least
one episode of rotavirus-positive diarrhea in the first 3 years of life,
and 61.4% (n � 183) did not experience rotavirus-positive diar-
rhea. Children who were not stunted at birth (HAZ, ��2) were
more likely to be affected by rotavirus-positive diarrhea in the first
3 years of life (P � 0.01). Gender, overall duration of exclusive
breastfeeding, maternal education or age, family size, income, and
maternal BMI were not significantly different between the affected
and unaffected groups in this analysis (Table 2).

Nutritional status is positively associated with rotavirus di-
arrhea in the first 3 years of life. Using a longitudinal mixed-
effects model of rotavirus diarrhea and changing anthropometric
measures, we observed a significant association between better
nutritional status and rotavirus infection during each 3-month
interval of infancy. For each one-unit increment in HAZ, there
was a 36.0% higher risk of rotavirus diarrhea (odds ratio [OR],

1.36; 95% confidence interval [CI], 1.20 to 1.53; P � 0.0001). This
observation also held true for the two other anthropometric mea-
sures (WHZ and WAZ), where better-nourished and nonwasted
infants were more susceptible to rotavirus diarrhea. Specifically,
for each one-unit increment in WAZ and WHZ, the risk of rota-
virus diarrhea increased by 32% and 18%, respectively (OR for
WAZ, 1.32; 95% CI, 1.16 to 1.51; P � 0.0001; and OR for WHZ,
1.18; 95% CI, 1.04 to 1.33; P � 0.009). In Fig. 4a to c, the odds
ratios are reported from our mixed-effects modeling of anthropo-
metric measures as predictors of rotavirus diarrhea over 3-month
intervals. We also saw a trend toward decreased risk of rotavirus
diarrhea associated with the self-reported practice of exclusive
breastfeeding over each interval.

DISCUSSION

The most important finding we report is that better nutritional
status among Bangladeshi infants was strongly associated with a
higher risk of rotavirus diarrhea in the first 3 years of life. This
association was consistent for three anthropometric measures:
malnutrition, stunting, and wasting. Our findings may have im-
portant implications as populations in the developing world,
chronically exposed to rotavirus, attain increasing levels of food
security. Our results suggest that rotavirus diarrhea will remain a
recalcitrant public health problem despite or even because of pro-
jected gains in infant nutritional status in low-income countries.
This possibility serves to highlight the vital importance of global
rotavirus vaccination efforts. One limitation of our study is that
not all reported diarrheal episodes could be collected. There is a
possibility, therefore, that the true incidence of rotavirus diarrhea
is higher in the community than we report. While we acknowledge
this limitation, we consider the conclusion, that malnutrition is
associated with a decreased incidence of symptomatic rotavirus
infection, to be a valid one, since we expect underreporting to
affect the measured incidence of diarrhea similarly in well-nour-
ished and malnourished infants.

Malnutrition affects the physiological integrity of the gut, the
potency and specificity of the enteric immune system, susceptibil-

TABLE 2 Comparison of infants affected and unaffected by rotavirus diarrhea in first 3 years of lifea

Parameterb Total Rotavirus-affected infants Rotavirus-unaffected infants P value

No. of patients 298 115 183

Maternal and family characteristics
Maternal education (yr) 4 (0–7) 3 (3–12) 4 (4–12) 0.44c

Family size 5 (4–7) 5 (4–6) 5 (4–7) 0.68c

Mo income (BDT) 6,000 (4,400–8,500) 6,200 (4,500–8,000) 6,000 (4,250–8,700) 0.85c

Maternal age (yr) 25 (22–29) 25 (22–30) 25 (21–28) 0.06c

Maternal BMI 20.7 (19.0–37.5) 20.8 (19.2–23.3) 20.7 (18.8–22.8) 0.35c

Anthropometry and breastfeeding
% exclusive breastfeeding �6 mo 49.7 29.6 18.6 0.13d

Birth Z-scores
% stunted (HAZ��2) 15.4 8.7 19.7 0.01d

% undernourished (WAZ��2) 25.5 22.6 27.3 0.41d

% wasted (WHZ��2) 27.9 27.8 27.9 1.00d

% male 53.0 53.9 52.4 0.81d

a All data are presented as the median and interquartile range (IQR), unless otherwise stated.
b BDT, Bangladeshi Taka; HAZ, height-for-age Z-score; WAZ, weight-for-age Z-score; WHZ, weight-for-height Z-score.
c Mann-Whitney P value.
d Fisher’s exact P value.
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ity to enteric pathogens (23), and the composition of the gut mi-
crobiota (24, 25). It is thus not unreasonable to postulate that
differences along one or more of these dimensions associated with
malnutrition contribute to rotavirus susceptibility in early life.
Malnourished infants living in communities with poor sanitation
are at heightened risk of developing environmental enteropathy
(EE), a pathology of the gut associated with chronic intestinal
inflammation and shortening of the enterocytic villi (26). It is
possible that the shortening of villi in malnourished infants may
inhibit or altogether abrogate rotavirus entry and replication. In-
terestingly, oral polio vaccines and oral rotavirus vaccines, which
rely on live attenuated virus for immunization, exhibit reduced
efficacy in the developing world (27). This reduced efficacy, at
least for the oral polio vaccine, may in part be due to reduced
vaccine uptake among malnourished infants with EE. If malnutri-
tion-associated EE is indeed a mechanism of live attenuated oral
vaccine failure, it is reasonable to hypothesize that rotavirus and
perhaps other enteric viruses are better able to replicate in the
healthy enteric niche of a well-nourished infant without EE.

Malnutrition is also associated with dramatic and persistent
changes in gut microbial ecology. These changes alter enteric im-
munity, absorption, and metabolite composition at the interface
of enteric infection (24, 25, 28–30, 33). Recently, Jones et al. de-
veloped the first system for in vitro culture of norovirus, another
important enteropathogen. They found that coculture with cer-
tain gut bacterial species dramatically improved viral entry and
survival in culture (31). It is likely that similar metabolic cross talk
is crucial for infectivity of other enteric viruses and may account
for the persistent challenge of culturing rotavirus from primary
clinical isolates.

While these mechanisms are intriguing and plausible, it is im-
possible in the present study to do more than speculate about the
cause of the strong association we observed. The challenge of mea-
suring the many sequelae attributable to malnutrition and stunt-
ing is persistent in the field of global health. Noninvasive measures
of EE, for instance, are critically needed. As technologies and mod-
els of disease and growth improve, our ability to attribute risk and
outcome will improve. The analysis we present here provides im-
portant, but limited, insights into the role of malnutrition in ro-
tavirus disease. More studies are needed to determine cause. Lon-
gitudinal and case-control studies in diverse human populations
are needed to confirm that this association is broadly relevant.
Animal and in vitro models of rotavirus infection will also con-
tinue to yield critical insights into the interactions among nutri-
tion, immunity, microbial ecology, and enteric viruses. However,
the positive association we observe between nutritional status and
rotavirus diarrhea susceptibility highlights the importance of
combining global vaccination efforts with nutritional interven-
tions and programs to reduce transmission. Nutritional interven-
tions alone may fail to reduce rotavirus diarrhea effectively. En-
couragingly, the WHO Expanded Programme on Immunization
(EPI) has added rotavirus vaccines to the growing list of globally
accessible immunizations. Mortality associated with diarrhea
dropped by 41% in Mexico following the introduction of rotavi-
rus vaccines, demonstrating the impressive efficacy of such pro-
grams (32).

ACKNOWLEDGMENTS

We thank the mothers and infants of Mirpur for participating in this
study.

Funding for this study was provided by the Bill & Melinda Gates
Foundation as well as National Institutes of Health (NIH) grant 5R01
AI043596-16.

H.V. and S.S. wrote the manuscript and contributed to data analysis.
D.R., S.E.P., and S.S. conducted the testing, edited the manuscript, and
contributed to analysis and planning. J.Z.M. conducted and reviewed the
statistical analyses presented and edited the manuscript. F.Q. and M.R.
provided material support and assisted in planning, data acquisition, and
analysis. R.H. and W.A.P. planned and executed the study, edited the
manuscript, and contributed to analysis.

For his contributions toward the development of new diagnostic tests
for enteric pathogens, W.A.P. receives licensing fees from Techlab, Inc.,
Blacksburg, VA. He donates these fees in full to the American Society of
Tropical Medicine and Hygiene (ASTMH). All other authors have no
conflicts of interest to declare.

FUNDING INFORMATION
This work, including the efforts of William A. Petri and Jr., was funded by
HHS | National Institutes of Health (NIH) (AI043596). This work, includ-
ing the efforts of William A. Petri and Jr., was funded by Bill and Melinda
Gates Foundation (Bill & Melinda Gates Foundation).

REFERENCES
1. Ali IKM, Hossain MB, Roy S, Ayeh-Kumi PF, Petri WA, Jr, Haque R,

Clark CG. 2003. Entamoeba moshkovskii infections in children, Bangla-
desh. Emerging Infect Dis 9:580 –584.

2. Duggal P, Guo X, Haque R, Peterson KM, Ricklefs S, Mondal D, Alam
F, Noor Z, Verkerke HP, Marie C, Leduc CA, Chua SC, Jr, Myers MG,
Jr, Leibel RL, Houpt E, Gilchrist CA, Sher A, Porcella SF, Petri WA, Jr.
2011. A mutation in the leptin receptor is associated with Entamoeba his-
tolytica infection in children. J Clin Invest 121:1191–1198.

3. Haque R, Duggal P, Ali IM, Hossain MB, Mondal D, Sack RB, Farr BM,
Beaty TH, Petri WA, Jr. 2002. Innate and acquired resistance to amebiasis
in Bangladeshi children. J Infect Dis 186:547–552. http://dx.doi.org/10
.1086/341566.

4. Haque R, Snider C, Liu Y, Ma JZ, Liu L, Nayak U, Mychaleckyi JC,
Korpe P, Mondal D, Kabir M, Alam M, Pallansch M, Oberste MS,
Weldon W, Kirkpatrick BD, Petri WA, Jr. 2014. Oral polio vaccine
response in breast fed infants with malnutrition and diarrhea. Vaccine
32:478 – 482.

5. Haque R, Ali IM, Sack RB, Farr BM, Ramakrishnan G, Petri WA, Jr.
2001. Amebiasis and mucosal IgA antibody against the Entamoeba histo-
lytica adherence lectin in Bangladeshi children. J Infect Dis 183:1787–
1793.

6. Haque R, Roy S, Kabir M, Stroup SE, Mondal D, Houpt ER. 2005.
Giardia assemblage A infection and diarrhea in Bangladesh. J Infect Dis
192:2171–2173.

7. Mondal D, Minak J, Alam M, Liu Y, Dai J, Korpe P, Liu L, Haque R,
Petri WA, Jr. 2012. Contribution of enteric infection, altered intestinal
barrier function, and maternal malnutrition to infant malnutrition in
Bangladesh. Clin Infect Dis 54:185–192.

8. Tarleton JL, Haque R, Mondal D, Shu J, Farr BM, Petri WA, Jr. 2006.
Cognitive effects of diarrhea, malnutrition, and Entamoeba histolytica in-
fection on school age children in Dhaka, Bangladesh. Am J Trop Med Hyg
74:475– 481.

9. Peterson KM, Shu J, Duggal P, Haque R, Mondal D, Petri WA, Jr. 2010.
Association between TNF-� and Entamoeba histolytica diarrhea. Am J
Trop Med Hyg 82:620 – 625.

10. Walker CLF, Rudan I, Liu L, Nair H, Theodoratou E, Bhutta ZA,
O’Brien KL, Campbell H, Black RE. 2013. Global burden of childhood
pneumonia and diarrhoea. Lancet 381:1405–1416.

11. Kawai K, O’Brien MA, Goveia MG, Mast TC, El Khoury AC. 2012.
Burden of rotavirus gastroenteritis and distribution of rotavirus strains in
Asia: a systematic review. Vaccine 30:1244 –1254.

12. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, Pan-
chalingam S, Wu Y, Sow SO, Sur D, Breiman RF, Faruque AS, Zaidi
AK, Saha D, Alonso PL, Tamboura B, Sanogo D, Onwuchekwa U,
Manna B, Ramamurthy T, Kanungo S, Ochieng JB, Omore R, Oundo
JO, Hossain A, Das SK, Ahmed S, Qureshi S, Quadri F, Adegbola RA,
Antonio M, Hossain MG, Akinsola A, Mandomando I, Nhampossa T,

Malnutrition and Rotavirus Diarrhea

October 2016 Volume 54 Number 10 jcm.asm.org 2573Journal of Clinical Microbiology

http://dx.doi.org/10.1086/341566
http://dx.doi.org/10.1086/341566
http://jcm.asm.org


Acacio S, Biswas K, O’Reilly CE, Mintz ED, Berkeley LY, Muhsen K,
Sommerfelt H, Robins-Browne RM, Levine MM. 2013. Burden and
aetiology of diarrhoeal disease in infants and young children in developing
countries (the Global Enteric Multicenter Study, GEMS): a prospective,
case-control study. Lancet 382:209 –222.

13. Mpabalwani M, Oshitani H, Kasolo F, Mizuta K, Luo N, Matsubayashi
N, Bhat G, Suzuki H, Numazaki Y. 1995. Rotavirus gastro-enteritis in
hospitalized children with acute diarrhoea in Zambia. Ann Trop Paediatr
15:39 – 43. http://dx.doi.org/10.1080/02724936.1995.11747747.

14. Das SK, Chisti MJ, Huq S, Malek MA, Vanderlee L, Kaur G, Salam MA,
Ahmed T, Faruque AS, Mamun AA. 2013. Clinical characteristics, etiol-
ogy and antimicrobial susceptibility among overweight and obese individ-
uals with diarrhea: observed at a large diarrheal disease hospital, Bangla-
desh. PLoS One 8:e70402. http://dx.doi.org/10.1371/journal.pone
.0070402.

15. Page A-L, Jusot V, Mamaty A-A, Adamou L, Kaplon J, Pothier P, Djibo
A, Manzo ML, Toure B, Langendorf C, Collard JM, Grais RF. 2014.
Rotavirus surveillance in urban and rural areas of Niger, April 2010 –
March 2012. Emerging Infect Dis 20:573–580.

16. Nitiema LW, Nordgren J, Ouermi D, Dianou D, Traore AS, Svensson
L, Simpore J. 2011. Burden of rotavirus and other enteropathogens
among children with diarrhea in Burkina Faso. Int J Infect Dis 15:e646 –
e652.

17. Nakawesi JS, Wobudeya E, Ndeezi G, Mworozi EA, Tumwine JK. 2010.
Prevalence and factors associated with rotavirus infection among children
admitted with acute diarrhea in Uganda. BMC Pediatr 10:69. http://dx.doi
.org/10.1186/1471-2431-10-69.

18. González R, Salas-Maronsky H, Balebona E, Martinez JR, Serrano N,
Pérez-Schael I. 2008. Estudio epidemiológico y clinico de las diarreas por
rotavirus en niños menores de 5 años atendidos en centros asistenciales del
estado Miranda-Venezuela. Invest Clin 49:499 –510.

19. Schael IP, González R, Salinas B. 2009. Severity and age of rotavirus
diarrhea, but not socioeconomic conditions, are associated with rotavirus
seasonality in Venezuela. J Med Virol 81:562–567.

20. Perez-Schael I, Salinas B, Tomat M, Linhares AC, Guerrero ML, Ruiz-
Palacios GM, Bouckenooghe A, Yarzabal JP. 2007. Efficacy of the human
rotavirus vaccine RIX4414 in malnourished children. J Infect Dis 196:
537–540.

21. Rahman M, Sultana R, Ahmed G, Nahar S, Hassan ZM, Saiada F,
Podder G, Faruque ASG, Siddique AK, Sack DA, Matthijnssens J, Ranst
MV, Azime T. 2007. Prevalence of G2P[4] and G12P[6] rotavirus, Ban-
gladesh. Emerging Infect Dis 13:18 –24.

22. Yang H, de Onis M. 2008. Algorithms for converting estimates of child

malnutrition based on the NCHS reference into estimates based on the
WHO Child Growth Standards. BMC Pediatrics 8:19. http://dx.doi.org/10
.1186/1471-2431-8-19.

23. Petri WA, Jr, Mondal D, Peterson KM, Duggal P, Haque R. 2009.
Association of malnutrition with amebiasis. Nutr Rev 67(Suppl 2):S207–
S215.

24. Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI. 2011. Human
nutrition, the gut microbiome, and immune system: envisioning the fu-
ture. Nature 474:327–336.

25. Subramanian S, Huq S, Yatsunenko T, Haque R, Mahfuz M, Alam MA,
Benezra A, Destafano J, Meier MF, Muegge BD, Barratt MJ, VanAren-
donk LG, Zhang Q, Province MA, Petri WA, Jr, Ahmed T, Gordon JI.
2014. Persistent gut microbiota immaturity in malnourished Bangladeshi
children. Nature 510:417– 421.

26. Korpe PS, Petri WA. 2012. Environmental enteropathy: critical implica-
tions of a poorly understood condition. Trends Mol Med 18:328 –336.

27. Levine MM. 2010. Immunogenicity and efficacy of oral vaccines in devel-
oping countries: lessons from a live cholera vaccine. BMC Biol 8:129. http:
//dx.doi.org/10.1186/1741-7007-8-129.

28. Crawford PA, Crowley JR, Sambandam N, Muegge BD, Costello EK,
Hamady M, Knight R, Gordon JI. 2009. Regulation of myocardial ketone
body metabolism by the gut microbiota during nutrient deprivation. Proc
Natl Acad Sci U S A 106:11276 –11281.

29. Garrett WS, Gordon JI, Glimcher LH. 2010. Homeostasis and inflam-
mation in the intestine. Cell 140:859 – 870.

30. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, Gordon JI,
Krakoff J. 2011. Energy-balance studies reveal associations between gut
microbes, caloric load, and nutrient absorption in humans. Am J Clin
Nutr 94:58 – 65. 548 –554

31. Jones MK, Watanabe M, Zhu S, Graves CL, Keyes LR, Grau KR,
Gonzalez-Hernandez MB, Iovine NM, Wobus CE, Vinje J, Tibbetts SA,
Wallet SM, Karst SM. 2014. Enteric bacteria promote human and mouse
norovirus infection of B cells. Science 346:755–759.

32. Richardson V, Hernandez-Pichardo J, Quintanar-Solares M, Esparza-
Aguilar M, Johnson B, Gomez-Altamirano CM, Parashar U, Patel M.
2010. Effect of rotavirus vaccination on death from childhood diarrhea in
Mexico. N Engl J Med 362:299 –305.

33. Smith MI, Yatsunenko T, Manary MJ, Trehan I, Mkakosya R, Cheng J,
Kau AL, Rich SS, Concannon P, Mychaleckyj JC, Liu J, Houpt E, Li JV,
Holmes E, Nicholson J, Knights D, Ursell LK, Knight R, Gordon JI.
2013. Gut microbiomes of Malawian twin pairs discordant for kwashior-
kor. Science 339:548 –554.

Verkerke et al.

2574 jcm.asm.org October 2016 Volume 54 Number 10Journal of Clinical Microbiology

http://dx.doi.org/10.1080/02724936.1995.11747747
http://dx.doi.org/10.1371/journal.pone.0070402
http://dx.doi.org/10.1371/journal.pone.0070402
http://dx.doi.org/10.1186/1471-2431-10-69
http://dx.doi.org/10.1186/1471-2431-10-69
http://dx.doi.org/10.1186/1471-2431-8-19
http://dx.doi.org/10.1186/1471-2431-8-19
http://dx.doi.org/10.1186/1741-7007-8-129
http://dx.doi.org/10.1186/1741-7007-8-129
http://jcm.asm.org

	MATERIALS AND METHODS
	Study population and surveillance.
	Detection of rotavirus.
	Anthropometry.
	Statistical analyses.

	RESULTS
	Study population and anthropometry.
	Incidence of diarrhea and rotavirus diarrhea.
	Clinical characteristics of rotavirus-positive diarrheal episodes.
	Evidence for naturally acquired immunity against rotavirus infection conferred by symptomatic rotavirus diarrhea.
	Seasonality and genotype distribution of rotavirus-positive diarrheal episodes.
	Univariable analysis of rotavirus diarrhea in the first 3 years of life.
	Nutritional status is positively associated with rotavirus diarrhea in the first 3 years of life.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

