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Abstract
Background: Environmental Enteropathy (EE) is a complex
syndrome involving intestinal disorder which has been
observed among children living in resource-poor settings.
We investigated stored stool samples collected from
children under-5 for relationships between specific enteric
pathogens and levels of stool EE markers: Calprotectin
(CALP), Alpha-1-Anti-Trypsin (AAT) and Myeloperoxidase
(MPO).

Methods: We used clinical data and stored stool samples
collected prior to, and during the early months of
widespread rotavirus vaccine implementation in Lusaka
between July 2012 and October 2013 in Lusaka, Zambia.
Children were considered eligible if they presented to the
facility with symptoms of moderate-to-severe diarrhoea
defined by having one or more of the following signs or
symptoms: dehydration evidenced by sunken eyes, loss of
normal skin turgor, or requiring intravenous resuscitation;
dysentery (diarrhoea with blood in stool); or hospitalisation.
We randomly selected 320 stool samples from the pool of
2,050 for analysis. We tested for 15 enteric pathogens using
the Luminex XTag GPP panel and used commercial ELISA kits
to assess the presence and levels of three known fecal
markers of EE. We derived an EE score using a weighted
sum of CALP, AAT, and MPO and applied a multivariable
linear regression model to identify enteric pathogens
independently associated with EE score.

Results: After excluding insufficient samples (24) and those
with missing clinical data (62), a total of the 234 were
available for analysis. Of these, 114 (49%) were female, 103
(44%) were asymptomatic for diarrhoea, 181 (77%) had two
or more enteric pathogens detected in stool. Fifty-six
percent (131/234) children were positive for Rotavirus,
43.2% (101/234) Enterotoxigenic E. coli, 36% (86/234)
Giardia, 35% (82/234) Adenovirus and 34.2% (80/234) had
Shigella. The mean EE score was 5 (SD=2.25). The median
concentration of MPO, CALP, and AAT were 2560.4 ng/ml
(interquartile range (IQR)=806.1, 6522.9), 79.1 ng/ml
(IQR=0, 362.5), and 48.6 mg/ml (IQR=12.1, 139.5)

respectively. Shigella (coefficient=0.92; 95%CI=(0.14, 1.70);
p=0.022) and Salmonella (coefficient=0.83; 95%CI=(0.08,
1.58); p=0.030) were independently associated with
increase in mean EE score and together with E. coli
accounted for 68.5% of the predicted variance in EE score.

Conclusions: Salmonella and Shigella were found to be
associated with EE and together with               accounted for
over two-thirds of variability in the EE score.

Keywords: Fecal biomarkers; Environmental enteropathy;
Salmonella and Shigella; Zambian children

Introduction
Environmental enteric dysfunction (EED) also known as

environmental enteropathy (EE) is a complex syndrome involving
an intestinal disorder which has been observed among children
living in resource-poor settings characterised by poor sanitation
and hygiene [1]. In the most affected regions, up to 75%
prevalence has been reported, and the syndrome has also been
linked to long term sequelae, which includes stunting [2], poor
cognitive development, diminished oral vaccine effectiveness,
delayed psychomotor development [3], and increased risk of
cardiovascular disease later in life [4].

Repeated exposure to enteric pathogens through fecal
contamination is postulated as the major risk factor for EE [1].
The syndrome results in morphological changes in the gut,
including intestinal epithelial damage, increased permeability,
and microbial translocation into the lamina propria [5-7]. Recent
studies have shown that some specific enteric infections such as
Shigella and Enterotoxigenic E. coli (ETEC) are especially
associated with EE [8] while Entero-aggregative E. coli (EAEC),
Campylobacter and Giardia are associated with gut
inflammation markers of EE [9,10].

Diagnosis of EE is either through (i) an endoscopy or (ii)
biopsy, both of which are invasive and difficult to perform in low-
resource settings [11]. The non-invasive urine test, Lactulose-
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Mannitol ratio permeability test, is an alternative but requires a
5-hour urine collection which is very cumbersome and renders it
unattractive [4] and difficult to implement in a resource-limited
setting. Myeloperoxidase (MPO), Calprotectin (CALP) and
Alpha-1 Anti-Trypsin (AAT) are potential proxy fecal markers for
the evaluation of gut barrier function and damage and also
demonstrate both the presence and extent of EE [12-14]. MPO is
a lysosomal protein contained within primary granules that are
released into the gut lumen by activated neutrophils and other
phagocytes during acute inflammation [15].

Higher concentrations of MPO in the stool suggest
lymphocytic infiltration of the lamina propria [16]. AAT on the
other hand is a protease inhibitor abundant in serum which
appears to protect cells from inflammatory proteases secreted
by neutrophils and macrophages. It is a large, polar molecule
such that it does not cross the luminal barrier unless there is
significantly aberrant permeability [17,18]. AAT is a useful
marker for intestinal permeability and protein-losing
enteropathy [19]. CALP accounts for more than half of the total
soluble proteins in the cytosolic fraction of neutrophil
granulocytes [20,21]. Based on several studies that have shown
increased levels of fecal CALP in inflammatory bowel disease, it
is now used as a marker of gastrointestinal inflammation in
humans [14].

Understanding risk factors and consequences of EE is critical
for the development of effective interventions for prevention
and treatment and subsequently the improvement of child
health and future quality of life. In this study, we investigated
stored stool samples collected from children under-5 presenting
with Moderate-to-Severe Diarrhoea (MSD) at health facilities for
relationships between specific enteric pathogens and levels of
stool EE markers: MPO, AAT, and CALP. We hypothesised that
diarrhoeagenic enteric pathogens are important predictors of
EE.

Methods

Study design and participants
We used clinical data and stored stool samples collected prior

to, and during the early months of widespread rotavirus vaccine
implementation in Lusaka between July 2012 and October 2013
in Lusaka, Zambia. The design of the study was described in
detail elsewhere [22,23], but briefly, children were considered
eligible if they presented to the facility with symptoms of having
one or more of the following signs or symptoms: dehydration
evidenced by sunken eyes, loss of normal skin turgor, or
requiring intravenous resuscitation; dysentery (diarrhoea with
blood in stool); or hospitalization. For each child enrolled,
clinical and socio-demographic data and a raw stool sample
were collected after written informed consent was obtained
from the parent or legal guardian. The stool samples remaining
after the conclusion of the original study were stored at -80˚C. In
the present study, we selected 320 stored stool samples using a
simple random sampling algorithm implemented in Stata 15 MP
(StataCorp, College Station, TX, USA). We excluded samples with
duplicates ID as well as those insufficient for EE biomarker
testing.

Laboratory procedures
Fecal biomarkers and reagent preparations: We used

commercial ELISA kits (Immundiagnostik AG, Bensheim
Germany) to assess the presence and level of EE markers in the
stool. In brief, we ran 15 mg of stool or 0.015 mls (if the stool
was watery) per test. The initial dilutions for both CALP and AAT
was 1:100 μg/L, while that of MPO was 1:500 ng/L. When
preparing wash buffer, the stock solution was placed in a water
bath at 37˚C for 10 min to dissolve the crystals, after which it
was diluted 1:10 times with ultrapure water before use. The rest
of the standards and reagents were prepared according to the
manufacturer’s instructions two hours before the experiment
could be run and were equally kept at 4˚C when not in use for
up to 12 hours.

ELISA assay procedure: The ELISA plate was washed using the
wash buffer 2 times before labeling the portions for adding
standards, samples, and controls. The wash buffer was then
discarded and the inverted plate dried by tapping it on
absorbent filter papers. This was followed by the addition 100
µls of the prepared standards, samples and controls, all in
duplicates and equal amounts. The plates were sealed with a
cover and incubated at room temperature on a horizontal shaker
for 1 hour. Following incubation, the cover was removed and the
contents of each well were discarded and the plate was washed
five [5] times with 250 µls wash buffer and inverted plate dried
by tapping the plate on the absorbent filter without letting the
wells to dry completely. Using the multichannel pipette, 100 µL
of biotinylated detection antibody working solution was added
into the bottom of the wells (standard, test sample, and control)
without touching the side wall. The plate was sealed again and
incubated for at 37˚C for 1 hour on a horizontal shaker. After
incubation, the seal was removed and the plates washed 5 times
again with wash buffer and inverted plate dried by tapping the
plate on the absorbent filter. Then 100 µL of conjugate antibody
was added into the bottom of the wells (standard, test sample,
and control) without touching the side wall.

The plate was sealed again and incubated for at 37°C for 1
hour on a horizontal shaker. After this step, the 5 times wash
step was repeated and then, 100 µl of TMB (3,3',5,5'-
tetramethylbenzidine) substrate solution was then added into
each well, covered the plate and incubated at room temperature
15 minutes. The stop solution (100 μl) was added to each well
and mixed thoroughly. At this stage, plates were immediately
read at the optic density absorbance of 450 nm in a micro plate
reader. Depending on the marker to be read, the incubation
time and temperature were adjusted accordingly as per kit
manufacturer instructions.

Result calculation: For standard curve generation, we used a
4-parameter logistic (4-PL) model because the antibody and
analyte (standard) in the ELISA assay exhibits a sigmoidal
relationship with concentration. The 4-PL model was used since
it optimises accuracy and precision over the maximum usable
calibration range [24]. We then used the resultant standard
curves to calculate the concentrations of the samples using the
mean optical density values for each sample.
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Enteric pathogens: We used the qualitative, multiplex,
Polymerase Chain Reaction (PCR) based Luminex x-TAG®

gastrointestinal pathogen panel (GPP) (Luminex Corporation,
Austin TX, USA) to detect 15 enteric pathogens (i.e. viruses,
bacteria, and protozoa) as reported elsewhere [23]. The assay
procedure described in the cited paper was followed through
step by step in order to profile the enteric pathogens.

Sample size calculation
We assumed that the squared multiple correlation coefficient

(ρ²) in the general population was 0.11. The primary analysis
was tests of regression coefficients in a multivariable linear
regression model of 9 independent variables with positive
associations with EE score. A sample size of 230 achieves 80%
power to detect a partial ρ² of at least 0.110 attributed to 9
independent variable(s) when the significance level (alpha) is
0.050 and the actual value of ρ² is 0.230. The influence of an
additional 9 independent variable(s) was removed.

Statistical analysis
The primary outcome was environmental enteropathy score

(EE score). The exposures of interest were having MSD and the
presence of enteric pathogens in the stool. We calculated the EE
score as the weighted sum of categories of MPO, AAT, and CALP
using weights as previously published [25]. We defined the
categories based on the distribution of the data as 0 “<=25
percentile” ; 1 “>25    to <75 percentiles ” ; and 2 “>=75th

percentile” such that the range of EE score was 0 to 10. The
higher the score the higher the EE severity.

EE score=2*MPO+2*AAT+1*CALP

Figure 1: Study flow diagram.

We examined the distribution of the fecal markers and EE
score using box plots and summarised the EE score using means
and standard deviation. Since EE scores were normally and
independently distributed, we used a linear regression model to
investigate the independent association of enteric pathogens
with EE score adjusting for the number of enteric pathogens, age
of the child, sex, and caregiver ’ s level of education. We
considered p-values<0.05 as statistically significant. In the

multivariable model, we included only enteric pathogens that
increased the mean EE score.

Figure 2: Prevalence of 15 enteric pathogens using Luminex
XTag Gastrointestinal pathogen panel.

Figure 3: Distribution of stool biomarkers of environmental
enteropathy and EE score across the study population.
Clockwise: Myeloperoxidase, Calprotectin, EE score, and
Alpha 1 antitrypsin.

We used dominance analysis [26] to estimate the relative
importance of the enteric pathogens in the statistical model. For
ease of interpretation, we reported the general dominance
statistics which was derived as a weighted average marginal
contribution to the overall fit statistic and R-squared, an enteric
pathogen makes across the statistical models. Similarly, we used
a generalised linear model with Gaussian-family and log-link to
explore the independent association of enteric pathogens with
MPO concentration. All analyses
were performed using Stata 15 MP (StataCorp, College Station, T
exas, USA).
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Characteristics
Number of Infants
(% of total) n (%) >75th percentile

 

EED score*; mean
(SD)

  
Myeloperoxidase
(ng/ml)

Calprotectin
(ng/ml) Alpha 1 antitrypsin (mg/ml)

Age of child (months)

Median (IQR) 15.6 (8.4, 25.2)

<12 88 (38) 28 (32) 32 (36) 19 (22) 5.31 (2.26)

12-23 74 (32) 22 (30) 14 (19) 23 (31) 4.95 (2.47)

24-59 71 (30) 9 (13) 13 (18) 17 (24) 4.70 (1.99)

Sex of child      

Female 114 (49) 24 (21) 25 (22) 39 (34) 5.01 (2.25)

Male 111 (47) 34 (31) 34 (31) 17 (15) 5.03 (2.29)

Mother's education

Primary 106 (45) 33 (31) 32 (30) 26 (25) 5.21 (2.42)

Secondary 106 (45) 23 (22) 22 (21) 32 (30) 5.00 (2.07)

Higher 9 (4) 1 (11) 1 (11) 0 (0) 4.11 (1.54)

Diarrhoea

Symptomatic 131 (56) 30 (23) 35 (27) 41 (31) 5.22 (2.11)

Asymptomatic 103 (44) 29 (28) 24 (23) 18 (17) 4.72 (2.40)

Number of siblings

0 29 (12) 11 (38) 8 (28) 4 (14) 4.83 (2.74)

1 32 (14) 7 (22) 10 (31) 9 (28) 5.56 (2.11)

2 14 (6) 4 (29) 1 (7) 2 (14) 4.50 (2.24)

3+ 28 (12) 8 (29) 9 (32) 3 (11) 4.11 (2.44)

Number of enteric pathogens detected

0 15 (6) 4 (27) 5 (33) 2 (13) 4.93 (2.55)

1 38 (16) 8 (21) 12 (32) 6 (16) 4.74 (2.14)

2 47 (20) 12 (26) 11 (23) 12 (26) 4.94 (2.37)

3 53 (23) 14 (26) 12 (23) 15 (28) 5.09 (2.22)

4 31 (13) 10 (32) 8 (26) 9 (29) 5.03 (2.15)

5 23 (10) 4 (17) 5 (22) 8 (35) 5.04 (2.33)

6+ 27 (12) 7 (26) 6 (22) 7 (26) 5.26 (2.35)

Total 234 (100) 59 (25) 59 (25) 59 (25) 5 (2.25)

Ethical approval
The University of Zambia Biomedical Research Ethics

Committee and the University of North Carolina at Chapel Hill
Institutional Review Board reviewed and approved the study.

The Zambian Ministry of Health provided the authorisation to
conduct the research. Caregivers of participants provided
written informed consent prior to initiation of study procedures
for each enrolled child.

Results

Characteristics of participants
A total of 320 stool samples were randomly selected from

2,050 stored stool samples. Of the 320 selected samples, 24
were excluded due ((i) to insufficient samples (n=1), and (ii)
duplicate samples (n=23)), leaving a total of 296 stool samples
available for EE biomarkers testing (Figure 1). Of the 296
samples, 62 were excluded due to missing clinical and
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demographic data, leaving a total of 234 with complete clinical
and demographic data for analysis (Figure 1). Of the 234, 114
(49%) were female, 103 (44%) were asymptomatic for diarrohea,
181 (77%) had two or more enteric pathogens detected in stool.
The median age of children was 15.6 months (IQR=8.4, 25.2)
with 88 (38%) being infants (Table 1).

Enteric pathogen prevalence
The six (6) most common pathogens detected among children

in this study were; Rotavirus (56%), Enterotoxigenic E. coli
(43.2%), Salmonella (38.4%), Giardia (36.8%), Adenovirus (35%),
and Shigella (34.2%) respectively (Figure 2).

Fecal biomarkers of EE
The mean EE score was 5 (SD=2.25). The median

concentration of MPO, CALP, and AAT were 2560.4 ng/ml
(interquartile range (IQR)= 806.1, 6522.9), 79.1 ng/ml (IQR=0,
362.5), and 48.6 mg/
ml (IQR=12.1, 139.5) respectively (Figure 3).When stratified by
social demographic status, children<12 months had a higher
mean EE score (5.3 ± 2.42) compared to those between 12-23
months and those between 24-59 months, those with primary
education had a higher mean EE score compare to those who
had attained secondary even though the differences were not
statistically significant (Table 1).

Independent association of enteric pathogens with
EE score

In a multivariable linear regression model, we found evidence
at a 5% level of significance that Shigella and Salmonella were
independently associated with an increase in mean EE score
(Table 2). Specifically, the presence of Shigella in stool was
associated with an 0.92 unit increase in EE score
(coefficient=0.92; 95%CI=(0.14, 1.70); p=0.022) while the
presence of Salmonella was associated with an 0.83 unit
increase in EE score (coefficient=0.83; 95%CI=(0.08, 1.58);
p=0.030) (Table 2). We also found borderline evidence that
rotavirus (coefficient=0.67; 95%CI=(-0.08, 1.42); p=0.081),
(coefficient=1.59; 95%CI=(-0.24, 3.42); p=0.088), and
Cryptosporidium (coefficient=0.92; 95%CI=(-0.11, 1.940;
p=0.078) were independently associated with increase in mean
EE score (Table 2). The association was even stronger in respect
of Shigella, E. coli 0157 and, geometric mean increases in
Myeloperoxidase (Table 2).

In the primary outcome of interest, EE score, we found that
Salmonella, Shigella, and E. coli 0157 were the top 3 most
ranked among the nine enteric pathogens included in the
statistical model, and these accounted for 68.5% of the
predicted variance (29.7%, 22.5%, and 16.0% respectively)
(Table 2).

Table 2: Presence of enteric pathogens independently associated with EE score among children under 5 (n=233).

Enteric pathogens

Myeloperoxidase (ng/ml) EED score**

2Geometric mean ratio (95%CI); p-value 1Coefficient (95%CI); p-value
Standardised dominance

statistic
Rank

Virus

Adenovirus 1.24 (0.74, 2.07); 0.408 0.41 (-0.35, 1.18); 0.289 0.0132 7

Rotavirus 0.83 (0.49, 1.38); 0.465 0.67 (-0.08, 1.42); 0.081 0.1256 5

Bacteria

C. difficile 0.02 (0.00, 1822.33); 0.497 0.78 (-1.28, 2.84); 0.457 0.0266 6

            0157 3.78 (2.41, 5.93); <0.0001 1.59 (-0.24, 3.42); 0.088 0.1598 3

Enterotoxigenic E. coli 0.78 (0.50, 1.21); 0.263 0.43 (-0.31, 1.18); 0.250 0.0086 8

                   spp. 0.66 (0.38, 1.14); 0.136 0.83 (0.08, 1.58); 0.030 0.2971 1

Shigella spp. 2.19 (1.38, 3.47); 0.001 0.92 (0.14, 1.70); 0.022 0.2248 2

Protozoa

Cryptosporidium 0.50 (0.17, 1.44); 0.196 0.92 (-0.11, 1.940); 0.078 0.1436 4

E. histolytica 5.65 (1.31, 24.30); 0.020 0.47 (-4.01, 4.96); 0.835 0.0008 9

1Coefficients were estimated using a linear regression model; 2estimated using log-normal regression model. All estimates were adjusted for the number of enteric
pathogen infections (count); age of child in months (categorical); presence of enteric pathogens (binary); sex (binary); and caregiver’s education (categorical) EE score
is a weighted sum of myeloperoxidase (MPO), alpha-1 anti-trypsin (AAT), and calprotectin (CALP) [25]

Discussion
In this paper, we report an association between enteric

pathogen infection and EE score (measured using fecal
biomarkers MPO, CALP and AAT) in Zambian children under 5

years. We found that Shigella and Salmonella were both
independently associated with an increase in the mean EE score.
These findings are consistent with the assertion that exposure to
enteric pathogens can lead to EE [14,27]. We also found that
Shigella and E. coli 0157 infection were strongly associated with
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an increase in geometric mean Myeloperoxidase. Other studies
that have reported similar associations include George and
colleagues who reported that children who had enterotoxigenic
E. coli (ETEC) infection had significantly higher calprotectin
concentrations; Kosek and colleagues showed that
Campylobacter and enteroaggregative E. coli (EAEC) were
associated with higher concentrations of MPO and AAT [27].
Rogawski and colleagues reported that the presence of
Enteroaggregative E. coli (EAEC) and Campylobacter was
associated with concentrations of MPO [10]. It is worth noting
here that the enteric bacteria, which we reported to have an
association with EE as well as the selected markers, are all
enteroinvasive in nature or cause extensive mucosal disruption
[7]. We also found that Salmonella, Shigella and E. coli had the
largest contributions to the EE score. This observation could
imply that early exposure to these pathogens may impact on the
development of EE and further research is needed to validate
this observation. Identifying pathogens which are key drivers of
EE development would help with interventions to prevent EE in
under 5 children. This observation is consistent with the
common assertion that invasive pathogens could be contributing
to EE [7].

The median AAT and CALP levels are lower in our population
compared to other populations in LMICs such as Bangladesh
[28]. In that study, younger infants from age one month were
studied and most of these invariably were breastfed and this
could explain the difference owing to protective benefits from
breast milk. It would be important for future studies to monitor
the potential increased risk with age and to verify whether, in
fact, breast milk renders some protection.

Our results could be affected by several factors, some which
include, (i) the study is the cross-sectional design with which we
cannot demonstrate the causality; (ii) our study only focused on
stool samples, and we did not have blood samples which could
provide additional immunological information regarding
serological markers and the immune status or response to these
infections; we did not adjust for water sanitation and hygiene
(WASH) status for which we had no data on exposure status.
However, our study also had some strength: To the best of our
knowledge, this is the first study to apply dominance analysis to
statistical modeling of EE score-the result of which showed that
68.5% of the predicted variance in EE score was accounted for
by                     ,                and            0157.

These data confirm that invasive enteropathogens do induce
and enhance EE. In addition, enteric infections are associated
with other long-term sequelae such as (i) response to
vaccination, (ii) child growth, (iii) cognitive development, and
even later life (iv) obesity, (v) diabetes, and (vi) metabolic
syndrome [29]. This is an important public health issue to LMIC
settings where the WASH status is unlikely to improve generally
in the immediate future. They reinforce the benefits from
exclusive breastfeeding in early infancy and further underpin the
need for vaccines against these pathogens.

Conclusion
Salmonella and Shigella were found to be associated with EE

and together with E. coli accounted for over two-thirds of
variability in EE score. While our study was not originally
designed to address this issue, we have provided a firm basis for
specific hypothesis-driven future studies. When validated, these
biomarkers can be used to identify children at risk of EE for a
targeted incremental nutritional supplement, especially where
resources are limited to roll out interventions to the general
population.
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