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Abstract. Environmental enteropathy (EE), a subclinical intestinal disorder characterized by mucosal inflammation,
reduced barrier integrity, and malabsorption, appears to be associated with increased risk of stunting in children in
low- and middle-income countries. Fecal biomarkers indicative of EE (neopterin [NEO], myeloperoxidase [MPO], and
alpha-1-antitrypsin [AAT]) have been negatively associated with 6-month linear growth. Associations between fecal
markers (NEO, MPO, and AAT) and short-term linear growth were examined in a birth cohort of 246 children in
Bangladesh. Marker concentrations were categorized in stool samples based on their distribution (< first quartile,
interquartile range, > third quartile), and a 10-point composite EE score was calculated. Piecewise linear mixed-effects
models were used to examine the association between markers measured quarterly (in months 3–21, 3–9, and 12–21)
and 3-month change in length-for-age z-score (ΔLAZ). Children with high MPO levels at quarterly time points lost sig-
nificantly more LAZ per 3-month period during the second year of life than those with low MPO (ΔLAZ = −0.100;
95% confidence interval = −0.167 to −0.032). AAT and NEO were not associated with growth; however, composite EE
score was negatively associated with subsequent 3-month growth. In this cohort of children from an urban setting in
Bangladesh, elevated MPO levels, but not NEO or AAT levels, were associated with decreases in short-term linear
growth during the second year of life, supporting previous data suggesting the relevance of MPO as a marker of EE.

INTRODUCTION

Chronic malnutrition contributes substantially to global
child morbidity and mortality. Over a third of children under
of 5 years of age in south Asia and sub-Saharan Africa
are stunted (length-for-age z-score [LAZ] < −2).1 Stunting is
associated with a 5-fold increased risk of mortality among
children under 5 years of age2,3; largely as a result of increased
mortality due to diarrhea, pneumonia, and other respira-
tory illnesses.4–6 Stunting is also associated with decreased
cognitive development, school readiness and performance,
and reduced economic productivity later in life.5–10 In addi-
tion, women who are stunted in childhood have increased
risk of maternal mortality and morbidity and increased risk
of delivering small-for-gestational-age infants.4–6,11 Children
born to women who are stunted are more likely to be stunted
themselves and have a higher risk of death in the first 5 years
of life.11

Environmental enteropathy (EE), also known as envi-
ronmental enteric dysfunction, a subclinical intestinal dis-
order observed among children living in settings of poor
hygiene and sanitation, is highly prevalent among children
in resource-limited settings and is associated with reduced
linear growth.12 EE is marked by mucosal and systemic
inflammation, reduced intestinal barrier integrity, bacterial
translocation, and reduced intestinal absorptive capacity.13–15

The intestinal histology of children with EE often includes
villus atrophy, villus crypt proliferation, and lymphocyte infil-
tration of the lamina propria.12

Obtaining specimens to examine histology requires inva-
sive endoscopy and biopsy procedures. As a result, less inva-
sive biomarkers of EE are of interest for defining children at
risk.16–19 Candidate EE fecal markers include those measuring
intestinal inflammation (neopterin [NEO] and myeloper-
oxidase [MPO]) and those evaluating intestinal permeability
(alpha-1-antitrypsin [AAT]). NEO is a molecule produced
and released by macrophages and dendritic cells upon stimu-
lation by activated T lymphocytes, and NEO concentration
in stool is used as a marker of intestinal Th1 immune activa-
tion.20 MPO is a lysosomal protein contained within primary
granules that are released into the gut lumen by activated
neutrophils and other phagocytes in acute inflammation.21,22

Higher concentrations of MPO in the stool suggest lympho-
cytic infiltration of the lamina propria, one of the histological
findings associated with EE.12 AAT is a protease inhibitor
abundant in serum which appears to protect cells from inflam-
matory proteases secreted by neutrophils and macrophages.
AAT is a large, polar, molecule that does not cross the lumi-
nal barrier unless there is significantly aberrant permeability.
As a result, clearance of AAT is a useful marker of intesti-
nal permeability and it has been used as a marker of
protein-losing enteropathy.23–25 All three fecal markers (NEO,
MPO, and AAT) have been shown to be negatively associ-
ated with subsequent 6-month linear growth in children under
12 months of age in multiple settings in the multisite Mal-
nutrition and Enteric Diseases (MAL-ED) birth cohort.17,18

In addition, a disease activity score (composite EE score)
which combined these markers was more predictive of long-
term growth faltering than any individual marker.18

The first 2 years of life represent a critical period of
growth, and is also one in which children are frequently
exposed to multiple enteric pathogens, particularly as they
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wean from breast milk.26 As the normal rate of linear growth
varies considerably in the first 2 years of life, examination
of the relationship between fecal markers and growth over
short intervals is important for identifying period(s) during
which these markers may be most predictive. Although pre-
vious studies, including the large multisite MAL-ED study
have reported an association between fecal markers and
6-month growth, the relationship of these markers with growth
over shorter periods has not been described.18 In addition,
there may be specific differences in the performance of these
markers based on the population or geography in which they
are tested. The present study describes the longitudinal pat-
terns of AAT, MPO, and NEO among a cohort of children
in Bangladesh with high rates of stunting to determine the
contribution of EE to linear growth failure.

MATERIALS AND METHODS

Study protocols were reviewed and approved by several
institutional review boards and regional health authorities
as part of the multisite MAL-ED birth cohort, including the
Ethical Review Committee of the International Center for
Diarrheal Disease Research, Bangladesh (icddr,b).27

Study population. The study used data from the
Bangladesh MAL-ED site, a 2-year prospective observa-
tional study. Details of the parent study have been pub-
lished previously.27,28 In brief, healthy newborns living in the
Bauniabadh area of section 11 of Mirpur, an urban slum in
Dhaka, Bangladesh, were recruited by field workers within
the first 17 days of life between February 2010 and February
2012.27 Enrolled children were visited every other day for
2 years by field research assistants who interviewed their par-
ents about morbidity and breastfeeding behavior. Exclusion
criteria for the cohort study were “maternal age of < 16 years,
not a singleton pregnancy, another child already enrolled in
the MAL-ED study, severe disease requiring hospitaliza-
tion before recruitment, and severe acute or chronic condi-
tions diagnosed by a physician (e.g. neonatal disease, renal
disease, chronic heart failure, liver disease, cystic fibrosis,
congenital conditions).”27

Data collection. Assessment of household/maternal infor-
mation was done at enrollment, and caregivers reported
morbidity and breastfeeding behavior every other day. Child
anthropometry was assessed at monthly intervals, children
were weighed using metric pediatric balances with a certified
accuracy of 100 g, and length was measured using a marked
platform with a sliding footboard.29 Stool samples were col-
lected without fixative by field health-care workers during
home visits and frozen at −70°C pending processing.17 Stool
was collected at monthly intervals in the first year and at
quarterly intervals in the second year. Caregiver-reported
diarrhea was defined as ≥ 3 loose stools/day. NEO, MPO,
and AAT concentrations were measured in stool samples
from months 3, 6, 9, 12, 15, 18, and 21 (quarterly) to ensure
consistent time periods over the study period and to avoid
inclusion of overlapping periods of growth. Stool samples
were excluded from children who had acute diarrhea or
diarrhea symptoms within 7 days before collection and from
those who had dual sugar permeability testing within one
day before collection. These factors alter stool water content
to a variable extent, making the interpretation of fecal bio-
marker concentrations unreliable in the absence of obtaining

dry weights. Obtaining dry weights was considered unfeasible
given the number of specimens processed.17

Laboratory methods. All laboratory procedures were
conducted in laboratories at icddr,b in Dhaka, Bangladesh.
AAT, NEO, and MPO were measured in stool samples using
commercially available enzyme-linked immunosorbent assays
(ELISAs).17,18 ELISAs were run per instructions on the
package insert, except that for MPO (Alpco, Salem, NH) the
initial dilutions run were 1:500 and NEO (GenWay Biotech,
San Diego, CA) was diluted 1:1,000 in 0.9% saline. AAT
(Biovendor, Candler, NC) was run according to the package
insert at a dilution of 1:500. Samples out of range of the stan-
dard curve for any of the assays were run at higher or lower
concentration (as appropriate).18

Statistical methods. All analyses were performed using
STATA version 12.1 IC (College Station, Texas). World
Health Organization Anthro software was used to calculate
z-scores from raw anthropometric data. Length-for-age data
from regular intervals (3, 6, 9, 12, 15, 18, 21, and 24 months
of age) were included in the analyses. All fecal marker
results from ±15 days of the child’s indicated age were
included. Fecal marker concentrations were categorized based
on the distribution of all measurements: low (in first quartile),
medium (in the interquartile range [IQR]), or high (in fourth
quartile). At each time point, the composite EE score (0–10)
was calculated from the three fecal markers, as described
in a previous study.18 Categories were assigned values as
0 (low), 1 (medium), or 2 (high). The formula for the com-
posite EE score is as follows:

EE score ¼ 2 � AAT categoryð Þ þ 2 � MPO categoryð Þ
þ 1 � ðNEO categoryÞ:

To test the association between fecal markers and short-term
linear growth, the individual fecal marker or the composite
EE score was the primary exposure and the subsequent
3-month change in LAZ was the outcome. Growth periods
of 3 months were chosen to account for differences in age-
dependent growth rates and to examine potential deter-
minants of growth velocity unrelated to age. This allowed
for the inclusion of seven nonoverlapping 3-month growth
periods which followed stool sample collection. The relation-
ship between EE markers and growth was also examined
separately in the first and second year, given the contribution
of low birthweight to stunting and the fact that most stunting
occurs in the first year of life. Diarrhea was included as a
covariate in all models to view associations between fecal
markers and growth beyond that explained by diarrhea.
Diarrhea was parameterized as the proportion of days that a
child experienced diarrhea in the 3-month period after stool
collection. Exclusive breastfeeding was not included as a
covariate due to collinearity with age.
Piecewise linear mixed effects models with first-order

autoregressive residual structures were used to test the asso-
ciation between markers and short-term linear growth. The
equations below depict the parameterization of the models
for short-term growth and association with fecal markers for
the full 21-month period (stool from months 3–21), early
period (months 3–9), and second year (months 12–21),
respectively. In the equations, the bj term is a random inter-
cept (unique for each study child), test = med indicates the
marker was in the IQR, and test = high indicates that the
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marker was in the fourth quartile. LAZ at time of stool col-
lection was included as a covariate in all models as it is
highly correlated with subsequent growth. In models
assessing the association between short-term growth and
composite EE score, β1 and β2 below were replaced by a sin-
gle grouped linear term for composite EE score.

For comparison with the multisite study findings, the rela-
tionships between fecal markers and subsequent 6-month
growth were also examined with the same modeling approach
and residuals structure as in a previous paper of the multisite
MAL-ED study.18

RESULTS

Overall, 265 children were enrolled. A total of 246 chil-
dren provided stool samples which were unassociated with
diarrhea or previous intestinal permeability testing. Sum-
mary statistics are provided for these 246 children and their
mothers (Table 1). Gender was equally represented in this
cohort. Of the 1,195 stool samples provided, 1,142 (N = 237)
were accompanied by subsequent 3-month growth data,
and 1,127 of these were tested for all three fecal markers
(Figure 1). Of the 246 children whose samples were included
in this study, 36 (14.6%) were lost to follow-up before
24 months of age, with 14 (5.7%) classified as lost to follow-
up before 12 months of age.
At birth, nearly 16% of children were stunted (median

LAZ, weight-for-age z-score [WAZ], and weight-for-height
z-score [WHZ] were −1, −1.3, and −0.9, respectively).
Median LAZ declined by 3 months of age to −1.2; however,
WAZ and WHZ improved to −0.9, and 0.1 respectively. Of
the children stunted at birth, 78% were stunted at 24 months
of age, compared with 44% of those not stunted at birth.
Median LAZ was relatively stable in the first 6 months then
declined steadily between months 6 and 18, before stabilizing
at −2.0 (Figure 2).
Maternal characteristics. Enrolled mothers had a median

age of 25 years, with a median height and weight of 149 cm
and 49 kg, respectively. More than 10% of mothers had a
body mass index (BMI) less than 18.5 kg/m2. Most mothers
were married and monogamous (86.2%), and had married in
their late teens. More than 80% of mothers had received
some schooling, with most completing at least 5 years. The
majority of mothers had been pregnant previously, having
become pregnant for the first time at a median age of 18.
Fecal marker distribution and categorization. The distri-

bution of AAT, MPO, and NEO from the 1,195 samples
(N = 246) is presented in Table 2. The marker category dis-
tribution and composite EE score distribution by month of
age is presented in Figure 3. Approximately 63%, 68%, and
95% of samples were above values considered normal in non-
tropical settings for AAT (< 0.27 mg/g), MPO (< 2,000 ng/
mL), and NEO (< 70 nmol/L), respectively.30–32

Fecal markers and short-term linear growth. Fecal levels
of MPO in the full period (months 3–21) and the early
period (months 3–9) were not associated with subsequent
3-month linear growth (Table 3). However, in the model
restricted to the second year of life, children with high MPO
levels at month 12, 15, 18, or 21 lost an average of 0.100
more LAZ in the subsequent 3-month period than chil-
dren with low levels (95% confidence interval [CI] = −0.167
to −0.032) after adjustment for LAZ at time of marker
assessment and diarrhea experienced. The crude estimate
without adjustment for diarrhea was of similar magnitude
(crude estimate = −0.094, 95% CI = −0.162 to −0.025). A
sensitivity analysis which omitted quarterly MPO data in a
stepwise fashion from the year 2 model did not substantially
alter the magnitude of the estimate (−0.08 to −0.12 LAZ per
3-month period).
Fecal levels of AAT and NEO in months 3–21 were not

associated with subsequent 3-month linear growth, nor were
they associated with linear growth when marker data from

TABLE 1
Characteristics of participants (N = 246, unless otherwise noted)

n (%) or median (IQR)

Infant Female 124 (50.4)
Birth weight (kg) 2.75 (2.47 to 3.06)
Birth length (cm) 48.1 (47.0 to 49.5)

Anthropometry
at birth

LAZ −0.99 (−1.68 to −0.40)
Stunting 41 (16.7)
WAZ −1.30 (−1.88 to −0.61)
Low birth weight

(< 2,500 g)
68 (27.6)

WHZ −0.93 (−1.65 to −0.31)
Anthropometry

(3 months)
LAZ −1.17 (−1.80 to −0.47)
Stunting 38 (15.6)
WAZ −0.89 (−1.65 to −0.39)
WHZ 0.07 (−0.72 to 0.72)

Anthropometry
(24 months)†

LAZ −1.99 (−2.60 to −1.30)
Stunting 104 (49.5)
WAZ −1.62 (−2.31 to −0.99)
WHZ −0.87 (−1.35 to −0.10)

Breastfeeding Exclusively
breastfed
until (day)

102.5 (58 to 150)

Diarrhea (days) Days in year 1* 11 (5 to 22)
Days in year 2† 8 (4 to 15)

Mother Age (years) 25 (21 to 28)
Anthropometry

at baseline
Height (cm) 149 (146 to 153)
Weight (kg) 48.5 (43.1 to 55.8)
BMI 21.8 (19.6 to 24.6)
BMI < 18.5 32 (13.0)

Marital status Married—
only wife

212 (86.2)

Married—
polygamous

34 (13.8)

Age at first
marriage

17 (16 to 19)

Maternal
education

Never
attended school

46 (18.7)

Schooling
completed
(years)

5 (2 to 7)

Pregnancy
information

Age at first
pregnancy

18 (17 to 20)

Lifetime gravidity 2 (1 to 3)
Number of

live births
2 (1 to 2)

BMI = body mass index; IQR = interquartile range; LAZ = length-for-age z-score;
WAZ = weight-for-age z-score; WHZ = weight-for-height z-score.
*232 children with 12 months follow-up.
†210 children with 24 months follow-up.

LAZ(i + 3), j − LAZij = bj + β0 + β1(test = med) + β2(test = high)
+ β3(diarrhea) + β4(LAZij)+

Full β5 (month = 6) + β6 (month = 9)
+ β7 (month = 12) + β8 (month = 15)
+ β9 (month = 18) + β10 (month = 21)

Months 3–9 β5 (month = 6) + β6 (month = 9)
Months 12–21 β5 (month = 15) + β6 (month = 18)

+ β7 (month = 21)
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months 3–9 and months 12–21 were examined separately
(Table 3).
The composite EE score was negatively associated with

subsequent 3-month LAZ change in the full period and
when models were restricted to stool data from months
12–21, but not in months 3–9. A single unit increase in com-
posite EE score in months 3–21 was associated with a loss of
0.009 LAZ per 3-month period (95% CI = −0.018 to 0.000),
after adjustment for LAZ at time of marker assessment and
diarrhea experienced. In the second year, each unit of com-
posite EE score was associated with a loss of 0.013 LAZ per
3-month period (95% CI = −0.023 to −0.004). Therefore, a
child with the highest composite EE score (10) lost 0.13

LAZ more than a child with a composite EE score of zero
over the subsequent 3-month period. This corresponds to
0.36 cm less length gained between children in the highest
versus the lowest composite EE score. When all models were
reparameterized with marker concentrations categorized
into tertiles, the results did not change substantially (data
not shown). When the significance level was adjusted for
multiple comparisons (using either the Benjamini–Hochberg
or Bonferroni method), none of the marker coefficients
remained significant.
In mixed-effects models of 6-month growth, none of the

fecal markers tested, nor the composite EE score, were sig-
nificantly associated with subsequent growth (Supplemental
Table 1).

DISCUSSION

High fecal MPO levels in Bangladeshi children were asso-
ciated with decreases in 3-month linear growth in the second
year of life. However, neither AAT nor NEO were associ-
ated with subsequent growth during any observed period in
this analysis. In the present study, the composite EE score
was associated with decreases in short-term linear growth.

FIGURE 1. One thousand one hundred and ninety-five samples from 246 children were evaluated for fecal levels of neopterin,
myeloperoxidase, and alpha-1-antitrypsin. Samples used in the growth analysis were restricted to stools from children with no history of diar-
rhea in the last 7 days or history of lactulose administration on the day of or before stool collection and for which complete anthropometric data
were available.

FIGURE 2. Quarterly length-for-age z-score (LAZ) among children
contributing one or more stools unassociated with acute or recent diar-
rhea or lactulose-mannitol testing (N = 246, median value displayed).

TABLE 2
Fecal marker distribution in stool collected from 3 to 21 months of

age (N = 246 children)
AAT (mg/g) MPO (ng/mL) NEO (nmol/L) EE score (0–10)

First quartile 0.1900 1,594.9 366.2 3
Median 0.3800 3,354.9 1,017.6 5
Third quartile 0.7175 7,430.1 2,210.8 7
n (samples) 1,194 1,185 1,190 1,179

AAT = alpha-1-antitrypsin; EE = environmental enteropathy; MPO = myeloperoxidase;
NEO = neopterin.
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Prior MAL-ED multisite analyses also demonstrated an
association between MPO and growth.18 In addition, a pre-
vious study in Bangladesh observed an association between
MPO (but not AAT or NEO) at age 12 weeks, and change
in LAZ over the first year of age among 700 infants living
in the same area of Mirpur.33 However, our observations
contrast with prior multisite analyses of MAL-ED data
(which included some of the data presented here) which
have reported an association between all three of these fecal
markers and subsequent 6-month growth. Prior analyses have
suggested that the composite EE score predicts such growth
better than any single marker. In the present study, which was
restricted to individuals in the Bangladesh MAL-ED site,
none of the fecal markers tested, nor the composite EE score,
were significantly associated with subsequent 6-month growth
(Supplemental Table 1).
The etiologies of and risk factors for stunting differ in

different populations. In this setting in an urban slum in
Bangladesh, major contributors to stunting include low birth
weight (LBW) as a result of intrauterine growth restriction
and/or prematurity], inappropriate infant and young child
feeding practices, food insecurity, recurrent infections, and
EE. Consistent with other reports from south Asia, prena-
tal growth deficits were common in this cohort. In all, 27.6%
of children had low birthweight (LBW; < 2,500 g), even

though children with very low birth weight (< 1,500 g) were
excluded.34 Nearly 17% of children had stunting at birth,
and the mean birth LAZ was −1.0, well below the mean of
−0.5 among newborns in developing settings.35 These prena-
tal growth deficits may be related in part to poor maternal
nutrition and the small average size of mothers, 13% of
whom had a BMI under 18.5 kg/m2. Prenatal factors may
play a relatively more important role in Bangladesh as com-
pared with other settings; 78% of the children stunted at
birth were stunted at 24 months of age, compared with 44%
of those who were not stunted at birth. Nevertheless, it
appears that EE, as indicated by fecal MPO levels, contrib-
uted to growth faltering in this setting between ages 12 and
21 months.
Overall, AAT, MPO, and NEO levels among the children

in this cohort from Mirpur were highly elevated in compar-
ison to populations in high-income countries, suggesting
widespread intestinal inflammation and increased intestinal
permeability. Such levels, however, were lower than those
reported in the multisite MAL-ED study (Supplemental
Table 2).18 MPO levels in particular were much lower; the
third quartile (7,430.1 ng/mL) was less than half of that
observed in the previous study (20,526.3 ng/mL) and over
3,000 ng/mL lower than the multisite median (11,118.9 ng/
mL). The present study includes marker data from children

FIGURE 3. Fecal marker category distribution by month of age (N = 246 children).
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in a wider age range (3–21 months) than the previous multi-
site study (3–9 months), and because most marker levels
declined during the second year (see median marker levels
by age in Supplemental Table 3), this may have reduced the
predictive ability of marker categories in the first year. The
finding that MPO was predictive of linear growth despite
lower levels observed in this setting suggests that the inflam-
mation measured by MPO may significantly contribute to
growth shortfalls in Bangladesh at levels lower than previ-
ously observed.
Because of the complex interplay among the many con-

tributors to chronic malnutrition, nutritional interventions do
not effectively normalize linear growth and reduce morbidity
in stunted children less than 2 years of age. A systematic
review of complementary feeding interventions targeting
malnutrition among children 6–24 months of age reported
that while several interventions strategies effectively improve
the weight growth of children, the majority of interventions
have modest effects on linear growth.36 It remains critical
to improve the identification of children at risk of linear
growth failure, so that corrective approaches may be tested
and validated. EE is an appealing target in this regard, as
the complex physiologic mechanisms by which unhygienic
environmental exposures impede healthy growth may pro-
vide clues far in advance of significant growth or cognitive
decline. Since none of the candidate EE markers included
here provide a comprehensive measure of the persistent
physiological dysfunction thought to underlie the relationship
of EE with chronic malnutrition, the composite EE score was
created in an attempt to more accurately reflect intestinal dys-
function by incorporating uncorrelated fecal marker data.17,18

However, while the composite EE score was associated with
decreases in 3-month linear growth in the present study, the
magnitude of effect for an 8–10 unit difference in composite
EE score was similar to that for high MPO. In this setting,
fecal MPO appears to be the most important contributor to
the score’s association with subsequent growth. The associa-
tion between fecal MPO and short-term growth should be
examined in other settings to determine the generalizability
of these findings and to further gauge the potential useful-
ness of MPO as a screening tool for linear growth failure.
Our study had several important limitations. There was

loss to follow-up among the included children; nearly 15% of
children were lost to follow-up before 24 months of age. In
addition, a lower number of stools were fully tested at each
quarterly time point from months 3–9 than in the second
year. This may have been due in part to the higher incidence
of diarrhea episodes in the early period. The higher amount
of missing marker data in the first year reduced the power to
detect associations with short-term growth in that period.
About 20% (173) of the 817 stool samples included from
children between 3 and 9 months were also included in
the previous multisite study, constituting 164 AAT results,
152 MPO results, and 127 NEO results. These samples had a
higher median MPO concentration (8,800 ng/mL) than the
full set of samples from months 3–9 in the present study
(5,444 ng/mL), and may have influenced the analysis of
MPO and short-term growth. Median NEO (1,470 nmol/L)
and AAT (0.49 mg/g) concentrations in these samples did
not differ substantially from the full set of samples from
months 3–9. AAT as a marker of intestinal permeability may
be less sensitive to small gaps in mucosal integrity due to its

TABLE 3
Fecal markers and subsequent 3-month change in LAZ

Months 3–21 (N = 237) Months 3–9 (N = 221§) Months 12–21 (N = 221)

Coefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI)

AAT Low Ref Ref Ref
Medium −0.005 (−0.053 to 0.043) 0.003 (−0.102 to 0.107) −0.013 (−0.061 to 0.034)
High −0.042 (−0.098 to 0.014) −0.037 (−0.153 to 0.078) −0.042 (−0.100 to 0.017)
Diarrhea proportion −0.408* (−0.765 to −0.052) −0.184 (−0.815 to 0.447) −0.698† (−1.113 to −0.283)
LAZ −0.065‡ (−0.085 to −0.045) −0.099‡ (−0.140 to −0.057) −0.047‡ (−0.067 to −0.027)
Constant −0.143‡ (−0.215 to −0.071) −0.193† (−0.313 to −0.074) −0.198‡ (−0.263 to −0.132)
N (samples) 1,141 436 705

MPO Low Ref Ref Ref
Medium 0.003 (−0.045 to 0.051) 0.062 (−0.051 to 0.175) −0.017 (−0.063 to 0.030)
High −0.047 (−0.107 to 0.013) 0.030 (−0.089 to 0.149) −0.100† (−0.167 to −0.032)
Diarrhea proportion −0.418* (−0.775 to −0.062) −0.207 (−0.839 to 0.425) −0.704† (−1.116 to −0.292)
LAZ −0.066‡ (−0.086 to −0.046) −0.103‡ (−0.145 to −0.061) −0.047‡ (−0.067 to −0.028)
Constant −0.148‡ (−0.222 to −0.073) −0.258‡ (−0.388 to −0.129) −0.165‡ (−0.233 to −0.096)
N (samples) 1,133 432 701

NEO Low Ref Ref Ref
Medium 0.006 (−0.042 to 0.055) 0.065 (−0.047 to 0.177) −0.013 (−0.061 to 0.034)
High −0.019 (−0.076 to 0.038) 0.019 (−0.101 to 0.140) −0.024 (−0.084 to 0.035)
Diarrhea proportion −0.402* (−0.758 to −0.046) −0.199 (−0.830 to 0.432) −0.672† (−1.085 to −0.258)
LAZ −0.064‡ (−0.084 to −0.045) −0.101‡ (−0.143 to −0.059) −0.045‡ (−0.065 to −0.026)
Constant −0.161‡ (−0.233 to −0.089) −0.253‡ (−0.379 to −0.127) −0.200‡ (−0.265 to −0.135)
N (samples) 1,137 434 703

EE score Score (0–10) −0.009* (−0.018 to 0.000) −0.002 (−0.019 to 0.015) −0.013† (−0.023 to −0.004)
Diarrhea proportion −0.433* (−0.790 to −0.076) −0.209 (−0.844 to 0.425) −0.740‡ (−1.155 to −0.324)
LAZ −0.064‡ (−0.084 to −0.044) −0.100‡ (−0.143 to −0.058) −0.048‡ (−0.068 to −0.028)
Constant −0.107* (−0.190 to −0.023) −0.199† (−0.338 to −0.059) −0.136† (−0.215 to −0.058)
N (samples) 1,127 428 699

AAT = alpha-1-antitrypsin; CI = confidence interval; EE = environmental enteropathy; LAZ = length-for-age z-score; MPO = myeloperoxidase; NEO = neopterin; Ref = reference.
*P < 0.05.
†P < 0.01.
‡P < 0.001.
§N = 219 for MPO and composite EE score.
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large size, than smaller molecules such as urinary lactulose.
Although no fecal marker P values remain significant when
adjusted for multiple comparisons using the Benjamini–
Hochberg or Bonferroni method, the use of unadjusted
P values is acceptable in exploratory analyses. Our compari-
sons to the multisite study must be read with some caution,
as these analyses may not be sufficiently powered to detect
differences in effects, and no formal statistical comparison
was run. Although inflammatory marker data was available
from children at time points closer to birth, we chose to
use equally spaced marker data with nonoverlapping growth
periods. Fecal EE markers from samples collected at birth
may not reflect postnatal environmental insults, and their
inclusion may attenuate estimates of the association between
EE and linear growth.
Despite these limitations, this study was well designed,

benefited from high-quality laboratory facilities, skilled staff,
and used appropriate statistical methods. Enrolled children
were recruited from a single setting using a well-defined
recruitment protocol and rigorous inclusion and exclusion
criteria established by the MAL-ED consortium, facilitating
comparability of results with those from other MAL-ED sites.
The high population density, poor sanitation, and low socio-
economic status of the Bauniabadh area are representative of
a typical urban slum in Dhaka and are similar to others in
south Asia.27 A unique strength in the present study is that
children were visited several times each week to collect highly
detailed surveillance information on the incidence of diarrhea,
respiratory disease, and other morbidity events. The detailed
morbidity data facilitated precise adjustment for diarrhea in
analyses and enabled the exclusion of stool samples whose
close proximity to diarrhea symptoms or intestinal permeabil-
ity testing would have potentially diluted marker concen-
trations.17 The use of piecewise linear mixed effects models
to examine associations between fecal markers and growth
allowed for natural variation in growth rates at different
ages, enabled the inclusion of time-varying covariates, and
adequately accounted for correlated data coming from the
same individuals. This approach also had good interpretabil-
ity and comparability with the previous study.18

In summary, in this analysis of children in Mirpur,
Bangladesh, only high MPO levels were associated with
decreases in short-term linear growth only in the second year
of life. The composite EE score was negatively associated
with subsequent 3-month LAZ change, mostly driven by fecal
MPO levels. In Bangladeshi children, fecal MPO appears pre-
dictive of linear growth at levels lower than in the multisite
MAL-ED analysis. Our findings suggest that the overall
attributable impact of EE on linear growth outcomes may
differ in various settings and populations, suggesting that fur-
ther efforts to improve the interpretation of fecal markers
may need to be site or population specific.
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