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Abstract. Environmental enteric dysfunction (EED)may be ameliorated by zinc supplementation. The objective of this
studywas to investigate the impact of different formsof zinc supplementationonbiomarkers of EED (i.e., plasmacitrulline,
kynurenine, and tryptophan concentrations and the kynurenine:tryptophan [KT] ratio) among young Laotian children. In a
double-blind randomizedcontrolled trial, 3,407 children aged6–23monthswere randomized into oneof four groups: daily
preventive zinc dispersible tablets (PZ; 7mg zinc), daily multiple micronutrient powders (MNP; 10mg zinc, 6 mg iron, and
13othermicronutrients), therapeutic zinc supplements for diarrhea treatment (TZ; 20mg/day for 10days), or daily placebo
powder, and followed up for ∼36 weeks. Plasma samples at baseline and endline for 359 children were analyzed for
citrulline, kynurenine, and tryptophan concentrations. At baseline, the prevalence of stunting and zinc deficiency was
37% and 76.5%, respectively. The mean plasma citrulline, kynurenine, and tryptophan concentrations were 24.6 ± 5.4
μmol/L, 3.27 ± 0.83 μmol/L, and 72.3 ± 12.9 μmol/L, respectively; the mean KT ratio (×1,000) was 45.9 ± 12.0. At endline,
neither plasma citrulline, kynurenine, or tryptophan concentrations, nor the KT ratio differed among intervention groups
(P>0.05). In this population, PZ,MNP, andTZhadnooverall effect onplasmaconcentrations of citrulline, kynurenine, and
tryptophan, or the KT ratio. The need remains to better understand the etiology of EED, and the development of bio-
markers to diagnose EED and evaluate the impact of interventions.

INTRODUCTION

Environmental enteric dysfunction (EED) is a subclinical
disorder of unknown etiology, hypothesized to result from
chronic exposure to inadequate sanitation and hygiene and
nutrient deficiencies, and is widely prevalent among infants
and young children in low- and middle-income countries.1,2

EED is characterized by changes in themorphologyof the small
intestine, including villous atrophy and crypt hyperplasia, lead-
ing to microbial translocation and intestinal and systemic
inflammation.3–5 Resulting impairments in the absorption of
nutrients and chronic immune activation may be an underlying
cause of poor linear growth acquisition.4,6

Daily preventive zinc supplementation has been shown to
increase linear growth and weight gain, reduce the in-
cidence of diarrhea, and lower all-cause mortality among
infants and young children in populations at risk for zinc
deficiency.7–9 Therapeutic zinc supplementation, adminis-
tered during episodes of diarrhea, has been shown to de-
crease the duration of the illness.10 It is possible that the
effects of zinc supplementation on growth and morbidity
are partially mediated by improvements in enteric function;
several studies have indicated that zinc supplementation
can reduce paracellular permeability and increase intestinal
absorptive surface area, as measured by the dual-sugar
absorption test.11–14 Although multiple micronutrient
(MMN) supplements, in the form of MMN powders (MNP),

have consistently been shown to have a beneficial impact
on anemia and iron status,15 they have not demonstrated
the same positive effects on linear growth and morbidity as
PZ supplements,16 nor have they demonstrated improve-
ments in intestinal permeability or absorption among in-
fants and young children.17–19 In fact, some studies have
indicated that MNP interventions may be associated with
an increased risk of morbidity, intestinal inflammation, and al-
tered gut microbiota.20,21

Given that EED is a complex disorder of unknown etiology,
withnocleardiagnostic criteria, awide rangeofbiomarkershave
been evaluated to measure different aspects of the hypothe-
sized EED pathway. A recent review by Harper et al.4 organized
the potential biomarkers into five domains: intestinal damage
and repair, permeability andabsorption,microbial translocation,
intestinal inflammation, and systemic inflammation. Two
emerging biomarkers include plasma citrulline, a marker of in-
testinal damage and repair, and the kynurenine:tryptophan (KT)
ratio, a marker of systemic inflammation. Citrulline is a non-
essential amino acid, produced primarily by enterocytes, and
can be used to assess enterocyte mass, intestinal epithelial cell
loss, andabsorptive function.22TheKT ratio isanovelbiomarker
of systemic immune response. During inflammation, the indo-
leamine 2,3-dioxygenase (IDO1) enzyme is upregulated by pro-
inflammatory cytokines, such as tumor necrosis factor alpha,
and tryptophan catabolism to kynurenine is increased, resulting
in low tryptophan and high kynurenine concentrations and an
elevated KT ratio.23 Tryptophan availability for protein synthesis
is decreased, and low tryptophan concentrations have been
associated with decreased linear growth velocity.24,25 Kynur-
enine itself can also have immunomodulatory activities, in-
cludingdecreasingproliferationandsurvivalofT lymphocytes.26
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However, evidence is inconsistent for the relationships among
the different EED domains, and between each domain and
stunting.4 In addition, few randomized controlled trials have
evaluated the impact of nutritional interventions on these bio-
markers of EED.
The primary objectives of the present study were to 1) com-

pare the effects of daily preventive zinc supplementation, pro-
vided as either a single nutrient dispersible tablet or a MNP, or
therapeutic zinc supplementation for diarrhea on citrulline and
the tryptophan–kynurenine pathway in young Laotian children;
2) examine associations between baseline plasma citrulline,
kynurenine, and tryptophan concentrations, and the KT ratio
and subsequent linear growth; and 3) examine associations
between baseline concentrations of citrulline, kynurenine, and
tryptophan and the KT ratio and concurrent factors.

MATERIALS AND METHODS

Study design and participants. The current analyses are
based on data from a subsample of participants enrolled in a
community-based, randomized, double-blind, placebo con-
trolled intervention trial designed to compare the effects of a
36-week intervention providing daily preventive zinc supple-
mentation, therapeutic zinc treatment, or a placebo control,
and the effects are considered secondary outcomes. The
primary outcomes were the overall effect of the interventions
on 1) physical growth (length and weight), 2) incidence of di-
arrhea, 3) hemoglobin and micronutrient status, and 4) innate
and adaptive immune response. The overall study design,
data collection methods, and effect of the intervention on
primary outcomeshavebeen reported in detail elsewhere.27,28

In brief, the study was conducted among 3,407 infants in
rural villagesofKhammouaneProvince, central LaoPDR, from
September 2015 to April 2017. Children were eligible to par-
ticipate in the study if they were 6–23 months of age at en-
rollment, and their family planned to reside in the study
catchment area for the duration of the study andwaswilling to
accept weekly home visits. Children were excluded from the
study if they presented with any of the following: severe ane-
mia (hemoglobin < 70 g/L), severe wasting (weight-for-height
Z score < −3 SD),29 bipedal edema, or other serious medical
condition. In addition, children were ineligible to participate if
they were currently consuming zinc supplements or currently
participating in another research study.
The study was approved by the National Ethics Committee for

Health Research, Ministry of Health, Lao PDR (040/2014, 069/
2015, and 039/2016); the Institutional Review Board of the Uni-
versity of California, Davis (626187); and the Khon Kaen Univer-
sity, Thailand EthicsCommittee onHealth Research (HE572312),
and registered as a clinical trial (www.ClinicalTrials.gov;
NCT02428647). Consent materials were presented, both written
(Lao language) and orally, in the presence of an impartial witness.
Informedconsentwasobtained fromaparent or guardianof each
child before his/her enrollment in the study and documented as
either a written signature or a fingerprint.
Sample size estimation. In the present analyses, the main

outcome variables were endline plasma citrulline, kynurenine,
and tryptophan concentrations and the KT ratio. To detect
treatment-related differences between any two intervention
groups with an effect size of 0.5 SD, a sample size of 89 par-
ticipants per study intervention group was necessary (α =
0.05, β = 0.20). Given the limited literature on the effect of

micronutrient supplementation on these aforementioned
biomarkers, this sample size was informed by the estimated
effect size of the intervention on other biomarkers, such as
plasma zinc and ferritin and fecal calprotectin.7,21,30 The bio-
chemistry subgroup of the parent trial (n = 140 per group) was
a convenience sample based on logistical feasibility (i.e., all
children enrolled from September to December 2015 in the
two health districts closest to the study officewere included in
the subgroup until the sample size was met because of daily
requirements for transportation of blood samples to Thai-
land).27 Samples for the present analyses were randomly se-
lected from this subgroup, provided they met the following
criteria: plasma samples available from baseline and endline
collections and data available for C-reactive protein (CRP),
α-1-acid glycoprotein (AGP), and hair cortisol concentrations.
Fecal markers of intestinal inflammation (myeloperoxidase,
neopterin, and calprotectin) were assessed in a separate
subsample of study participants, enrolled from February to
August 2016 because of the timing and allocation of research
funding, and are thus not included in the present analyses.27

Randomization and intervention products. Eligible study
participants were individually randomized to one of four in-
tervention groups and assigned to receive the following: 1)
daily PZ supplement tablets, containing 7 mg zinc and pla-
cebo tablets for diarrhea (PZ group); 2) daily preventive MNP
supplements, containing 10 mg zinc, 6 mg iron, and 13 other
micronutrients, and placebo tablets for diarrhea (MNP group);
3) daily placebo preventive supplements and therapeutic zinc
tablets, containing 20 mg zinc for 10 days for diarrhea treat-
ment (TZ group); and 4) daily placebo preventive powder and
placebo tablets for diarrhea (control group). The tested daily
PZ tablet contained 7 mg elemental zinc, based on results
from a dose–response trial in which a similar dose provided
the maximal benefit on diarrheal disease reduction.31 The
tested MNP formulation contained a higher amount of zinc
(10mgzinc as zincgluconate) anda lower amount of iron (6mg
iron as ferrous fumarate) than standard MNP formulations to
address the concerns of a lack of impact on zinc status and
zinc-related functional outcomes and potential adverse ef-
fects of MNP containing higher doses of iron on diarrhea.27 In
addition, theMNP contained 0.56mg copper, 17 μg selenium,
90μg iodine, 400μgREvitaminA, 5μg vitaminD, 5mgvitamin
E, 30mgascorbic acid, 0.5mg thiamin, 0.5mg riboflavin, 6mg
niacin, 0.5 mg vitamin B-6, 0.9 μg vitamin B-12, and 150 μg
folic acid. The preventive and therapeutic zinc tablets, and the
placebo tablets, were dispersible and produced by Nutriset
SAS (Malaunay, France). The MNP and placebo powder were
produced by DSM Fortitech Asia Pacific Sdn Bhd (Banting,
Malaysia). All children, irrespective of the intervention group,
received low-osmolarity oral rehydration salts for diarrhea
management. Detailed information regarding supplement
composition, caregiver instructions, distribution, and moni-
toring of adherence has been published previously.27,28

Data collection. Questionnaires. Information on maternal
and household socioeconomic and demographic character-
istics, infant and young child feeding (IYCF) practices
(breastfeeding, formula feeding, and 24-hours and 7-days
food frequency questionnaire), and hygiene and sanitation
practices were collected via a structured interview at base-
line.32 Principal component analysis was used to derive a
socioeconomic status index based on available indicators of
household socioeconomic status, education, income, and
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ownership of assets, land, and animals.28,33 WHO indicators
of adequate dietary diversity and minimum meal frequency
were calculated from IYCF data.34 Household food insecurity
was assessed using the Household Food Insecurity Access
Scale (HFIAS).35

Anthropometry. Children’s recumbent length, weight, and
mid-upper arm circumference were measured at baseline,
midpoint (16–20 weeks), and endline (32–36 weeks). In addi-
tion, maternal anthropometric data were collected at one time
point during the intervention, with preference to baseline. All
anthropometric measurements were conducted in duplicate
and followed the protocols established by the Food and Nu-
trition Technical Assistance Project.36 For children, weight-
for-age, length-for-age (LAZ), and weight-for-length Z-scores
were calculated according to the WHO growth standards.29

Biological samples collection. At baseline and endline
(32–36 weeks), capillary hemoglobin concentration was
measured with a HemoCue® Hb 301 photometer (HemoCue
AB, Angelholm, Sweden). Venous blood samples (9 mL) were
collected into trace element-free lithium heparin and EDTA
polyethylene vacutainer tubes (Sarstedt AG & Co., Num-
brecht, Germany), according to procedures recommended by
the International Zinc Nutrition Consultative Group.37

Morbidity surveillanceandsupplementadministration.For
the duration of the intervention, all childrenwere visitedweekly in
their homes by a morbidity surveillance worker, who was re-
sponsible for replenishing supplements, assessing adherence,
and conducting a systematic symptom-based recall to ascertain
the following information: general health status, appetite, stool
number and consistency, presenceof vomiting, nasal discharge,
cough, respiratorydifficulty, rapid respiration, and reported fever.
Biological samples analysis. Biomarkers of nutritional

(plasma zinc concentration [PZC], ferritin, soluble transferrin re-
ceptor, retinol-binding protein [RBP]) and inflammatory (CRP and
AGP) status were analyzed by inductively coupled plasma optical
emission spectrophotometry and combined sandwich ELISA
technique, as previously described.28,38,39 Plasma zinc concen-
tration, ferritin,andRBPconcentrationswereadjusted forelevated
acute-phase proteins, using a regression approach adapted from
the Biomarkers Reflecting Inflammation and Nutritional Determi-
nants of Anemia (BRINDA) project.28,40 Hair cortisol concentra-
tions were measured using a commercially available salivary
cortisol kit (Salimetrics, State College, PA) validated for use with
humanhair samples.41,42Complete blood countswith automated
differential counts were measured using an automated hematol-
ogyanalyzer (XT-1800i; SysmexCorporation,Kobe, JapanorBC-
3000Plus, Mindray Medical International Ltd., Shenzen, China).
T-cell subsets (including memory cluster of differentiation [CD] 4
andCD8Tcells and regulatory T [Treg] cells) weremeasured from
whole blood by flow cytometry (FACSCalibur; BD Biosciences,
San Jose, CA). Cytokine production in the supernatants of hep-
arinizedwholebloodcultures (maintainedat37�C in5%CO2)was
measured 24–48 hours following stimulation of the innate and
adaptive immune systems (via bacterial lipopolysaccharides and
anti-CD3 plus anti-CD28); cytokine concentrations from the neg-
ative control cultures are used in the present analyses.27 Cyto-
kines were assayed using an electrochemiluminescence-based
detection platform with multiplexed immunoassays using the
U-PLEX system fromMSD following themanufacturer’s protocol
(Meso Scale Discovery LLC, Rockville, MD).
Analyses of citrulline, kynurenine, and tryptophan were

conducted by theWestCoastMetabolomicsCenter (University

of California, Davis, CA). Lipid extracts were prepared from 20
μL plasma following the protocols first published by Matyash
et al.43 Extracts were evaporated to dryness, reconstituted in
100 μL (80:20, v/v) acetonitrile:water (containing mixtures of
internal standard), and sonicated. Following centrifugation, the
supernatants were transferred to glass amber vials with micro-
inserts for analysis. Human plasma fromBioIVT (Westbury, NY)
was used for quality control samples and extracted as de-
scribed earlier. Stock solutions (1 mg/mL) of L-citrulline, L-
tryptophan, and L-kynurenine were prepared individually in 80:
20 v/v acetonitrile:water with labeled standards to match the
resuspension procedure of the samples. Serial dilutions were
completed toachieveaseven-pointcalibrationset ranging from
0.01 to 10 μg/mL; the resulting curve was used to quantify L-
citrulline, L-kynurenine, and L-tryptophan in the samples.
Samples were analyzed using an 1290 Agilent HPLC (Agilent
Technologies, Santa Clara, CA) coupled to the TripleTOF 6600
system (AB SCIEX, Framingham, MA). Chromatographic sep-
arationwasperformedonaWatersAcquity BEHAmidecolumn
(1.7μm,2.1×150mm)at40�Candaflowrateof 0.4mL/minute.
Themobile phases consisted of 100%of LC/MSgradewater in
0.125% formic acid and 10mMammonium formate (A) and (95:
5, v/v) acetonitrile:LC/MS grade water in 0.125% formic acid
and10mMammonium formate (B); thesample injectionvolume
was 5 μL. Gradient transitions are detailed in Supplemental
Table 1. MS/MS spectra were acquired according to an
information-dependent acquisition; the parameters of the
electrospray ionization source operating in negative mode are
detailed in Supple-mental Table 2.
Statistical analyses. A detailed statistical analysis plan

was developed before analysis and is available online.44 All
analyseswere completed using a complete-case intention-to-
treat approach.45 Descriptive statistics were calculated for all
variables. Model assumptions were assessed (e.g., with
Shapiro–Wilk tests for normality and assessments of linearity)
and variables were appropriately transformed before sub-
sequent analysis. MS-DIAL open-source software was used
for untargeted polar metabolite analysis.46 Raw data were
subsequently normalized by using systematic error removal
using random forest (SERRF) to reduce the impact of
between-series drifts of instrument sensitivity.47

To evaluate the impact of the intervention (objective 1),
differences in mean citrulline, kynurenine, and tryptophan
concentrations and the KT ratio after the intervention were
assessed by ANCOVA, and dichotomous outcomes were
assessed using prevalence ratios estimated with modified
Poisson regression. Minimally adjusted models controlled for
baseline value of the dependent variable, age at enrollment,
and health district. The same methods were repeated in fully
adjusted ANCOVA models, where prespecified covariates
significantly associated with an outcome at 10% level of sig-
nificance in a bivariate analysis were included in the final ad-
justed model. Prespecified effect modifiers were assessed
with an interaction term in the ANCOVA; significant interac-
tions (P< 0.1) are reported and further examinedwith stratified
analyses to understand the nature of the interaction.
To examine associations with subsequent linear growth

(objective 2), the predictive power of baseline citrulline,
kynurenine, and tryptophan concentration and the KT ratio on
subsequent change in LAZ (baseline tomidline andbaseline to
endline) was examined, with linear regression controlling for
LAZ at enrollment, age at enrollment, health district, and
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intervention arm. It was possible the association between the
biomarker and subsequent growthwoulddiffer by intervention
group, and so the interaction between baseline biomarker and
intervention arm was tested before completing the analysis.
To examine the relations between biomarkers of EED at
baseline and associated factors (objective 3), potential factors
associated with citrulline, kynurenine, and tryptophan con-
centrations and the KT ratio at baseline were examined with
linear regression; analyseswere adjusted for ageat enrollment
and health district.
Data were analyzed in R version 3.5.0. Data are presented

as means ± SE (SD) or median (IQR), unless otherwise noted.
Treatment groups remained blinded until all primary analyses
were completed.

RESULTS

Participant characteristics. A total of 359 venous blood
samples were analyzed for citrulline, kynurenine, and trypto-
phanconcentrations (n=89 in theMNPgroup andn=90 in the
other 3 groups; Figure 1). Themeanage at enrollmentwas 16.0 ±
4.9 months. The prevalence of stunting and zinc deficiency
was high, at 37.0% and 76.5%, respectively (Table 1). Chil-
dren in the control arm of the intervention generally had lower
prevalence of stunting (27.8% versus ∼40%), underweight
(15.6% versus ∼32%), and wasting (2% versus ∼8%) than
those in the other three intervention arms. One-quarter of
children had elevated CRP and/or AGP (> 5 mg/L and > 1 g/L,
respectively), indicative of systemic subclinical inflammation.
Two-thirds of families had consistent latrine access and 85%
obtained drinking water from an improved source as defined
by the WHO,48 but only one-quarter of caregivers reported
always practicing handwashing with soap after defecation
and/or before meal preparation.
At baseline, the mean plasma citrulline concentration was

24.6 ± 5.4 μmol/L (Table 1). The mean plasma kynurenine and
tryptophan concentrations and the KT ratio (×1000) were 3.3 ±
0.8 μmol/L, 72.3 ± 12.9 μmol/L, and 45.9 ± 12.0, respectively.
Few children (5.3%) had low plasma citrulline concentrations
(< 17 μmol/L), and no children had low tryptophan concentra-
tions (< 35 μmol/L). Baseline citrulline, kynurenine, and trypto-
phan concentrations were positively correlated with one
another; the KT ratio correlated negatively with citrulline and
tryptophan, and positively with kynurenine (Table 2).
Impact of the intervention. In both minimally adjusted

(adjusted for baseline value of outcome of interest, age, and
health district) and fully adjusted models, endline concentra-
tions of citrulline, kynurenine, and tryptophan and the KT ratio
did not differ among the four groups (Table 3). In the minimally
adjusted models, children who received therapeutic zinc for
the treatment of diarrhea (TZ) were more likely to have
kynurenine concentrations in the highest tertile of study par-
ticipants, and marginally less likely to have tryptophan con-
centrations in the lowest tertile, than the other three treatment
groups (P = 0.035 and P = 0.079, respectively; Table 3). There
were no between-group tertile differences in the KT ratio or
plasma citrulline concentrations. Baseline citrulline concen-
tration modified the effect of the intervention on final citrulline
concentrations (P for interaction = 0.075; data not shown).
Among children with the highest plasma citrulline concentra-
tions at baseline, there was a ∼10 μmol/L greater endline cit-
rulline concentration among children who received the

placebo compared with the PZ intervention. However, there
were no between-group differences in endline citrulline con-
centration among children in the lower two tertiles of citrulline
concentrations at baseline.
Associations with subsequent linear growth. Baseline

plasma citrulline, kynurenine, and tryptophan concentrations
and the KT ratio were not associated with subsequent linear
growth, measured 16–20 weeks and 32–40 weeks following
biomarker assessment (Table 4).
Biomarkers of EED at baseline and associated

predictors. With increasing child age, citrulline concentra-
tions increased, and kynurenine and the KT ratio decreased
(Table 5). Kynurenine was negatively associated with LAZ at
baseline; however, there were no other associations between
markers of intestinal injury repair and systemic inflammation
and anthropometric indicators of obtained growth. Concen-
trations of citrulline and tryptophan decreased, and the KT
ratio increased, with increasing concentrations of acute-
phase proteins (CRP and AGP). Citrulline was positively as-
sociated with PZC and RBP concentrations, and tryptophan
waspositively associatedwithRBPconcentration. Therewere
no observed relationships with IYCF practices, maternal
characteristics, or food security. However, citrulline and
tryptophan were positively associated with socioeconomic
status, and tryptophan and kynurenine concentrations were
lower among children in householdswith no animals. Citrulline
concentrations were higher among children in households
using an improved drinking water source, but lower in
households practicing handwashing.
The KT ratio was not associated with blood leukocyte

concentrations (lymphocytes, monocytes, neutrophils, eo-
sinophils, and basophils) (Table 6). However, all T-lymphocyte
measures (total andmemoryCD4+ andCD8+Tcells, aswell as
CD4+ Treg cells) were negatively associated with the KT ratio,
save memory CD8 T cells, which showed a positive associa-
tion. These relationships were primarily driven by statistically
significant relationships between tryptophan (rather than
kynurenine) and the immune marker of interest, expect for
memoryCD8Tcells,where theoppositewas true. TheKT ratio
was also compared with cytokine production by unstimulated
leukocytes cultured ex vivo, which should reflect the level of
activation of these cells at the time of the blood collection. In
this analysis, the KT ratio was positively associated with in-
terleukin (IL)-10 and IL-6 concentrations.

DISCUSSION

Overview of main results. In the present study, we found
that neither preventive nor therapeutic zinc supplementation,
nor the provision of MNP, had an effect on concentrations of
plasma citrulline, kynurenine, or tryptophan or the KT ratio
when provided to children 6–24 months of age daily for
9 months. In addition, plasma concentrations of these EED
biomarkers at baseline were not predictive of subsequent
linear growth, measured ∼4.5 and 9 months after initial bio-
marker assessment.
Impact of the intervention. The present study is the first

randomized controlled trial that examined the impact of sup-
plementation with zinc or MNP on the KT ratio, as a potential
novel indicator of changes in systemic inflammation and EED,
making comparisons to the existing body of literature difficult.
Similarly, few studies have investigated the effects of MMN
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supplementation on plasma citrulline concentration, as de-
scribed in more detail later. It is possible that the lack of effect
of zinc and MMN supplementation on these biomarkers of
EED in the present study results from one or more of the fol-
lowing: 1) the intervention had no impact on EED (either be-
cause the intervention was ineffective or the population was

not sufficiently at risk), or 2) the measured biomarkers are
nonsensitive indicators of EED, and/or there is a possible
domain-specific response of EED to zinc supplementation
(e.g., impacts limited to improvements in intestinal perme-
ability or absorptive surface area). These aforementioned
possibilities are examined in further detail in the following.

FIGURE 1. Flowchart of participant progression through the randomized controlled trial.
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First, it is possible the micronutrient intervention had no
impact on EED. In the parent trial, PZ supplements and MNP
reduced the prevalence of zinc deficiency, and MNP reduced
the prevalence of iron deficiency, indicating that the pop-
ulation was responsive to nutritional supplementation.28

However, there were no overall treatment effects on linear
growth or morbidity.28,49 In addition, there was no overall

impact on markers of intestinal inflammation (neopterin,
myeloperoxidase, and calprotectin) among children partici-
pating in a separate sub-study of the parent trial,50 also sug-
gesting that the intervention may not have affected EED.
However, age did modify the impact of the intervention on
diarrhea incidence and duration; exploratory analyses in-
dicated that therapeutic zinc for the treatment of diarrhea

TABLE 1
Child, maternal, and household characteristics of the study participants at baseline by intervention group

Variables All PZ MNP TZ Control

N* 359 90 89 90 90
Age (months)† 16.0 ± 4.9 15.8 ± 5.1 16.7 ± 4.7 16.1 ± 4.7 15.7 ± 5.1
District
Nongbok 242 (67.4) 61 (67.8) 63 (70.8) 62 (68.9) 56 (62.2)
Xebangfai 117 (32.6) 29 (32.2) 26 (29.2) 28 (31.1) 34 (37.8)

Males, n (%) 157 (43.7) 34 (37.8) 46 (51.7) 38 (42.2) 39 (43.3)
Anthropometry
LAZ −1.7 ± 1.1 −1.8 ± 1.1 −1.9 ± 1.1 −1.9 ± 0.9 −1.3 ± 1.1
WAZ −1.4 ± 1.0 −1.5 ± 1.1 −1.5 ± 1.0 −1.5 ± 1.0 −1.1 ± 1.0
WLZ −0.7 ± 0.9 −0.8 ± 0.9 −0.8 ± 0.8 −0.8 ± 0.9 −0.5 ± 0.9
Stunted, n (%) 133 (37.0) 35 (38.9) 35 (39.3) 38 (42.2) 25 (27.8)
Underweight, n (%) 100 (27.9) 29 (32.2) 27 (30.3) 30 (33.3) 14 (15.6)
Wasted, n (%) 25 (7.0) 9 (10.0) 8 (9.0) 6 (6.7) 2 (2.2)

Biochemical indicators‡
Citrulline (μmol/L) 24.6 ± 5.4 24.6 ± 5.5 24.9 ± 4.5 24.2 ± 5.8 24.8 ± 5.7
Kynurenine (μmol/L) 3.3 ± 0.8 3.4 ± 0.8 3.1 ± 0.8 3.3 ± 0.9 3.2 ± 0.8
Tryptophan (μmol/L) 72.3 ± 12.9 73.6 ± 12.2 73.7 ± 14.1 71.0 ± 13.0 71.1 ± 12.2
KT ratio (ratio × 1,000) 45.9 ± 12.0 46.6 ± 11.7 43.3 ± 9.7 47.3 ± 12.5 46.5 ± 13.2
Hemoglobin (Hb) (g/L) 110.7 ± 9.1 108.8 ± 9.4 112.0 ± 9.3 110.9 ± 8.7 111.3 ± 8.7
Hb < 110 g/L 155 (43.2) 42 (46.7) 38 (42.7) 40 (44.4) 35 (38.9)
CRP (mg/L) 0.47 (0.22, 1.88) 0.70 (0.23, 2.31) 0.39 (0.23, 1.00) 0.46 (0.20, 2.59) 0.38 (0.20, 2.04)
CRP > 5 mg/L 44 (12.3) 15 (16.7) 5 (5.6) 13 (14.4) 11 (12.2)
AGP (g/L) 0.61 (0.45, 0.90) 0.66 (0.44, 1.07) 0.62 (0.45, 0.85) 0.55 (0.49, 0.90) 0.60 (0.44, 0.86)
AGP > 1 g/L 78 (21.7) 24 (26.7) 16 (18.0) 19 (21.1) 19 (21.1)
PZC (μg/dL) 57.4 ± 12.1 56.7 ± 13.7 58.3 ± 11.1 57.8 ± 10.7 57.0 ± 12.7
PZC < 65 μg/dL 274 (76.5) 67 (74.4) 65 (73.0) 69 (77.5) 73 (81.1)
Retinol-binding protein

concentration (μmol/L)
1.3 ± 0.3 1.2 ± 0.3 1.3 ± 0.3 1.3 ± 0.3 1.3 ± 0.3

Ferritin (μg/L) 20.7 (11.7, 31.9) 21.3 (11.9, 36.1) 20.2 (10.7, 28.7) 19.1 (12.4, 29.9) 22.7 (12.8, 35.7)
Storage iron deficiency

(ferritin < 12 μg/L)
92 (25.6) 23 (25.6) 26 (29.2) 22 (24.4) 21 (23.3)

sTfR (mg/L) 9.4 (7.7, 15.1) 9.4 (7.1, 15.8) 9.3 (7.6, 15.1) 9.5 (7.7, 13.1) 9.4 (7.8, 16.3)
Functional iron deficiency

(sTfR > 8.3 mg/L)
237 (66.0) 57 (63.3) 58 (65.2) 61 (67.8) 61 (67.8)

Hair cortisol (pg/mg) 21.6 (13.9, 34.9) 27.9 (15.0, 39.8) 17.2 (12.6, 26.2) 21.0 (13.0, 34.4) 21.3 (15.3, 32.0)
Infant and young child feeding
practices§

Breastfed, in the previous
month, n (%)

207 (64.7) 50 (66.7) 46 (59.7) 55 (67.1) 56 (65.1)

ADD, n (%) 117 (36.3) 26 (34.7) 28 (35.9) 25 (30.1) 38 (44.2)
MMF, n (%) 69 (21.6) 15 (20.0) 16 (20.8) 17 (20.7) 21 (24.4)

Maternal characteristics
Maternal age (years) 26.7 ± 6.1 26.5 ± 6.0 27.7 ± 6.8 26.3 ± 6.2 26.3 ± 5.4
Maternal BMI (kg/m2) 21.9 ± 3.3 21.9 ± 3.4 21.9 ± 2.8 21.7 ± 3.2 22.2 ± 3.6
Maternal education (completed

primary school), n (%)
165 (47.0) 35 (40.7) 43 (48.3) 42 (48.3) 44 (50.6)

Household characteristics§
HFIAS (moderately or severely

food insecure), n (%)
166 (46.9) 41 (46.6) 36 (41.9) 49 (54.4) 40 (44.4)

Latrine access, n (%) 204 (63.4) 49 (65.3) 51 (65.4) 49 (59.0) 55 (64.0)
Handwashing, n (%) 78 (24.2) 19 (25.3) 15 (19.2) 23 (27.7) 21 (24.4)
Use of improved drinking water

source, n (%)
239 (84.5) 54 (78.3) 61 (84.7) 60 (88.2) 64 (86.5)

Animals in household, n (%) 238 (78.8) 59 (80.8) 58 (77.3) 60 (82.2) 61 (75.3)
ADD = adequate dietary diversity; AGP = α1-acid glycoprotein; BMI = bodymass index; CRP = C-reactive protein; HFIAS = household food insecurity access scale; KT = kynurenine:tryptophan;

LAZ = length-for-age Z-score; MMF = minimum meal frequency; MNP = micronutrient powder; PZ = preventive zinc; PZC = plasma zinc concentration; sTfR = soluble transferrin receptor; TZ =
therapeutic zinc; WAZ = weight-for-age Z-score; WLZ = weight-for-length Z-score.
* Values presented as mean ± SD, median (IQR), or n (%).
† Breastfeeding, MMF, n = 320; ADD, latrine access, n = 322; maternal BMI, n = 281; improved drinking water source, n = 283; animals in household, n = 302.
‡Plasma zinc, retinol-bindingprotein, and ferritin concentrations adjusted for elevated acute-phase proteins basedonBarffour et al.,28 and estimates of the prevalence of deficiency are basedon

inflammation-adjusted micronutrient biomarker concentrations.
§ Infant and young child feeding practices defined by theWHO32; HFIAS from the Food andNutrition Technical Assistance III Project35; handwashing defined as report of consistent handwashing

after defecation and/or beforemeal preparation comparedwith occasional or no handwashing after defecation and beforemeal preparation; improveddrinkingwater source defined by theWHO.48
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reduced the burden of diarrhea among children aged > 18
months at the time of enrollment.49 By contrast, age did not
modify the effect of the intervention onmarkers of EED.Wedid
observe a marginally significant effect of therapeutic zinc on
categorical outcomes. Namely, children who received thera-
peutic zinc for the treatment of diarrheawere less likely to be in
the lowest tertile of tryptophan; however, they were also more
likely to be in the highest tertile of kynurenine concentrations
and all children had tryptophan concentrations in the “normal
range” (above the cutoff for low concentrations), so findings
have unlikely health or programmatic implications. Thus, the
measured biomarkers of EED may not be on the impact
pathway between intervention (therapeutic zinc) and outcome
(reduction in diarrhea incidence and burden), or the sample
size for the present analyses may have been too small to de-
tect age-related differences in impact. It is also possible that
there is a low prevalence of EED in the population, and thus,
the population did not have the potential to respond to the
intervention. In the present study, 5% of children had low
citrulline concentrations at baseline and no children had low
plasma tryptophan concentrations.51 However, given the
suggested high prevalence of EED globally,52 it is likely that
some childrenmay have had EED, particularly considering the
elevated prevalence of stunting and systemic inflammation
(elevated CRP and/or AGP), low adequate dietary diversity,
and limited access to and uptake of adequate sanitation and
hygiene facilities and practices. Indeed, in the fecalmarkers of
intestinal inflammation sub-study of the present parent trial,
> 50% of children had elevated myeloperoxidase, neopterin,
and calprotectin concentrations compared with standards
from adults and children living in nontropical regions (G. M.
Hinnouho, personal communication).
Second, it is possible that the measured biomarkers are

nonsensitive indicators of EED, and/or there is a possible

domain-specific response of EED to zinc supplementation.
Only one previous study investigated the effect of short-term
zinc supplementation on plasma citrulline concentrations
among young children in Burkina Faso and found no effect.53

By contrast, several studies have demonstrated that zinc can
reduce paracellular permeability and/or increase intestinal
absorptive surface area, as assessed using a dual-sugar ab-
sorption test,11–14 although other trials which included MMN
supplements have not.17–19 However, there is limited in-
formation available from histopathological analyses sug-
gesting that MMN supplementation may increase villous
height and absorptive area among adults with EED.54 Thus, it
is possible that one or more of the interventions (PZ, TZ, or
MNP) improved aspects of the EED domain of permeability
and absorption, but these did not translate to effects on bio-
markers of intestinal damage and repair, as measured by cit-
rulline concentration, or systemic inflammation as assessed
by the KT ratio.4

Prediction of subsequent linear growth. The recent sys-
tematic review by Harper et al.4 found conflicting evidence of
associations between different EED domains and linear
growth. Although there is strong evidence to support the re-
lationship between intestinal inflammation and poor linear
growth,55–58 the evidence of association between intestinal
damage and repair and stunting, and between systemic in-
flammation and stunting is inconsistent. In the present study,
baseline concentrations of citrulline, kynurenine, and trypto-
phan and the KT ratio were not associated with a subsequent
4.5- or 9-month change in LAZ among infants and young
children aged 6–24 months. Similarly, in the MAL-ED longi-
tudinal cohort study which examined relationships between
the aforementioned biomarkers and statural growth failure,
Kosek et al. also found no significant relationships between
citrulline, kynurenine, and the KT ratio and subsequent linear
growth among infants and young children aged > 6 months in
Peru and Tanzania.24 Similar results were observed in the
Brazil cohort for markers of systemic inflammation (kynur-
enine and the KT ratio), although investigators did note that
higher citrulline concentrations were predictive of less stunt-
ing among female children.58 However, plasma tryptophan
concentrations were positively associated with subsequent
linear growth among all children in Peru and Tanzania and
among boys only in Brazil,24,58 which is supported by evi-
dence from animal studies indicating negative effects of
tryptophan deficiency on growth velocity,25 but is in contrast

TABLE 3
Effectsof 32–40weeksof supplementationwith daily preventive zinc, dailymultiplemicronutrient powder, or therapeutic zinc for diarrheaon endline
citrulline, kynurenine, and tryptophan concentrations and the KT ratio among young Laotian children

Outcome PZ MNP TZ Control
Minimally adjusted

P-value*
Adjusted
P-value*

Citrulline (μmol/L)† 24.9 (23.7, 26.1) 25.8 (24.6, 27.0) 26.3 (25.1, 27.5) 26.4 (25.2, 27.6) 0.287 0.359
Kynurenine (μmol/L) 3.1 (2.9, 3.2) 3.0 (2.9, 3.2) 3.2 (3.1, 3.4) 3.0 (2.8, 3.2) 0.115 0.156
Tryptophan (μmol/L) 66.7 (63.8, 69.6) 66.0 (63.1, 68.9) 70.3 (67.4, 73.2) 66.4 (63.5, 69.4) 0.151 0.273
KT ratio (ratio ×1,000) 47.0 (44.6, 49.4) 46.5 (44.0, 48.9) 46.6 (44.2, 49.0) 46.4 (44.1, 48.8) 0.988 0.988
Low tertile citrulline (%) 41.7 (31.5, 51.9) 31.8 (21.9, 41.7) 32.0 (22.9, 41.0) 29.4 (20.4, 38.4) 0.276 0.347
High tertile kynurenine (%) 31.7 (23.0, 40.3) 26.8 (17.6, 35.9) 44.5 (34.6, 54.4) 29.1 (20.0, 38.1) 0.035 0.070
Low tertile tryptophan (%) 34.7 (24.8, 44.7) 41.3 (31.3, 51.2) 23.6 (15.4, 31.8) 34.5 (25.1, 43.9) 0.079 0.069
High tertile KT ratio (%) 33.1 (23.5, 42.8) 37.4 (27.3, 47.5) 29.9 (20.6, 39.2) 32.5 (23.1, 41.9) 0.705 0.460
KT = kynurenine:tryptophan; MNP = micronutrient powder; PZ = preventive zinc; TZ = therapeutic zinc.
* Minimally adjusted and fully adjusted models control for age and district of enrollment. Fully adjusted models included variables significantly associated (P < 0.1) with the respective outcome.

Considered covariates were child characteristics of gender, enrollment anthropometry, infant and young feeding practices, and concentrations of α1-acid glycoprotein, C-reactive protein, soluble
transferrin receptor, retinol-binding protein, ferritin, hair cortisol, and plasma zinc; maternal characteristics of age, education, and BMI; and household characteristics of household food insecurity,
asset index, sanitation and hygiene measures, and month of enrollment.
† Values represent estimate (means) and 95% CI for continuous outcomes, and percentage and 95% CI for dichotomous outcomes.

TABLE 2
Partial Spearman correlation coefficient for environmental enteric
dysfunction biomarkers at baseline, adjusted for age at enrollment
and district

Citrulline Kynurenine Tryptophan KT ratio

Citrulline – 0.182† 0.427‡ −0.109*
Kynurenine – 0.389‡ 0.711‡
Tryptophan – −0.302‡
KT ratio –

KT = kynurenine:tryptophan. *P < 0.05, †P < 0.01, ‡P < 0.001.
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to our null results. Tryptophan may not have been a growth-
limiting nutrient in this population considering that mean
tryptophan concentrations were 72.3 ± 12.9 μmol/L at base-
line, and no children had low plasma tryptophan concentra-
tions (< 34 μmol/L).51 In comparison, mean (95% CI)
tryptophan concentrations in the MAL-ED Peru and Tanzania
cohorts were 49.9 (22.1–74.9) μmol/L. Kosek et al. postulated
that these low tryptophan concentrations, possibly due to low
dietary tryptophan intake, alterations in the intestinal micro-
biome, or increased IDO1 activity due to inflammation, and
subsequentmodifications in tryptophanmetabolism led to the
observed linear growth deficits.24,59 In a subsample of 720
participants from the current parent study, among which EED
was assessed by markers of intestinal inflammation, fecal
myeloperoxidase concentrations, but not neopterin or cal-
protectin concentrations, were associated with subsequent
acquisition of linear growth deficits in the 4 months following
the initial biomarker assessment.50

Biomarkers at baseline and associated factors. Con-
current factors consistently associated with citrulline, kynur-
enine, and tryptophan concentrations and the KT ratio tended
to cluster into three main categories: 1) age, 2) indicators of
systemic inflammation and immune function, and 3) measures
of sanitation and hygiene. There was some indication that cit-
rulline and tryptophan were positively associated with house-
holdwealth (e.g., socioeconomic status indexand thepresence
of animals in a household). However, indicators of anthro-
pometry, IYCF practices, and maternal characteristics had
limited significant associations with citrulline, kynurenine, and
tryptophan concentrations and theKT ratio, which is supported
by some,24,60 but not all,24,58 of the previous literature.
In the present study, citrulline was negatively associated

with concurrent concentrations of acute-phase proteins (CRP
and AGP) and the KT ratio, andwas positively associated with
kynurenine and tryptophan concentrations, providing further
evidence for the relationship between intestinal damage and
repair and systemic inflammation.4 However, we observed no
significant associations between cell-signaling cytokines and
citrulline concentrations. The KT ratio was positively associ-
ated with concurrent concentrations of acute-phase proteins
(CRP and AGP) and interleukins (IL-6 and IL-10), driven by
significant negative associations between markers of sys-
temic inflammation and tryptophan concentrations, similar to
those observed by Kosek et al.24 However, somewhat un-
expectedly, we did not observe a significant association be-
tween interferon-γ (IFN-γ), a pro-inflammatory cytokine which
stimulates IDO1 production,61 and tryptophan, kynurenine, or
the KT ratio. However, we may have seen the expected as-
sociation if we had measured plasma IFN-γ, as was reported
previously,24 rather that ex vivo production of IFN-γ by

unstimulated leukocytes in culture. Decreased tryptophan
and increased kynurenine concentrations, and increased KT
ratios, have been reported during infections in animal mod-
els,25 likely due to increased IDO1 activity during in-
flammation, which may serve to deprive pathogens of
essential amino acids (i.e., tryptophan) necessary for growth
and proliferation, and regulate T-cell activity, leading to im-
munological tolerance (i.e., decreases in tryptophan decrease
T-cell proliferation at sites of inflammation, leading to de-
creased activity of T cells).62 The negative association of the
KT ratio with T-cell concentrations observed in the present
study was not entirely unexpected as higher plasma trypto-
phan could well be associated with better maintenance of
T-cell homeostasis in healthy individuals, although such data
have not been reported previously, to the best of our knowl-
edge. The positive association of the KT ratio with memory
CD8 T cells was unexpected but could represent a positive
association of kynurenine production during undiagnosed
infections in some of our study participants (e.g., viral infec-
tions) that would cause an expansion of activated CD8 T cells
(which would be CD45RO+) in blood. There is a precedent for
such an association in HIV infection, where a positive asso-
ciation of the KT ratio with total CD8 T cells has been report-
ed,63 aswell aswith activatedCD8Tcells.63,64Confirmationof
this hypothesis would require further work with more specific
characterization of T-cell subsets.
In the present study, there were limited associations be-

tween indicators of water, sanitation, and hygiene (WSH), and
concentrations of citrulline, kynurenine, and tryptophan and
the KT ratio. Three recent community-based randomized
controlled effectiveness trials ofWSH interventions, designed
on thepremise that EED is causedby fecal–oral contamination
in conditions of poor quality WSH, have recently been
completed.65–68 In Bangladesh, WSH interventions lowered
intestinal permeability and inflammation in children aged
3 months compared with controls, but were subsequently
associated with higher biomarkers at 28 months of age,
possibly because of an intervention-related delay in peak
EED.69However, in all three trials, theWSH interventions failed
to impact child growth, indicating the interventions may not
have been intensive enough to impact the contributions of
EED to childhood stunting, or the pathway between EED
biomarkers and stunting is weak.65–68

Strengths and weaknesses. The randomized placebo-
controlled study design and rigorous data collection lend
strength to these findings. In addition, the study was imple-
mented in a population with a high prevalence of zinc de-
ficiency and stunting,28 and thus was conducted in a
population with a presumably high prevalence of EED and
potential to respond to the interventions. A primary limitation

TABLE 4
Associations between baseline plasma citrulline, tryptophan, and kynurenine concentrations, and the kynurenine–tryptophan ratio and changes in
LAZ over time among young Laotian children

Baseline variable
Change in LAZ 16–20 weeks after

baseline biomarker measure* P-value
Change in LAZ 32–40 weeks after

baseline biomarker measure* P-value

Citrulline (μmol/L) 0.000 (−0.006, 0.006) 0.88 0.004 (−0.003, 0.011) 0.26
Kynurenine (μmol/L) 0.017 (−0.022, 0.055) 0.40 0.015 (−0.03, 0.06) 0.51
Tryptophan (μmol/L) 0.000 (−0.003, 0.002) 0.87 0.000 (−0.003, 0.002) 0.81
KT ratio (ratio*1,000) 0.001 (−0.001, 0.004) 0.32 0.001 (−0.002, 0.004) 0.42
KT = kynurenine:tryptophan; LAZ = length-for-age Z score.
* Models adjusted for baseline value of outcome of interest, treatment group, age at enrollment, and district.
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of this study is the lack of clear diagnostic criteria for EED.
Previous studies have shown positive impacts of zinc sup-
plementation on lactulose: mannitol ratios,1 reflective of in-
testinal permeability and absorptive capacity, and the EED
biomarker most consistently affected by zinc supplementa-
tion; however, this biomarker was not measured in the current
study. In addition, although we analyzed fecal markers of in-
testinal inflammation among a subgroup of participants in the
same parent trial, we were unable to measure citrulline,
kynurenine, and tryptophan concentrations in the same par-
ticipants.50 Thus, we are limited in our comparison of the

performance of the KT ratio as a candidate biomarker for
assessing EED to other more established biomarkers, and
cannot contribute to the evidence base for the relationships
among the different EED domains. Nevertheless, the present
study provided new insights into the lack of impact of MNP
and zinc supplementation on the measured indicators.

CONCLUSION

In the present study, preventive and therapeutic zinc sup-
plementation, or a MMN powder, did not have an impact on

TABLE 5
Concurrent factors associated with citrulline, kynurenine, and tryptophan concentrations and the KT ratio at baseline in young Laotian children

Variables Citrulline (μmol/L)§ Kynurenine (μmol/L) Tryptophan (μmol/L) KT ratio (ratio × 1,000)

Age (months) 0.14 (0.03, 025)* −0.03 (−0.05, −0.01)† −0.21 (−0.48, 0.07) −0.30 (−0.55, −0.05)*
District
Nongbok Ref Ref Ref Ref
Xebangfai 0.05 (−1.14, 1.23) −0.16 (−0.35, 0.02) −1.54 (−4.38, 1.31) −1.03 (−3.67, 1.61)

Gender
Male Ref Ref Ref Ref
Female 0.32 (−0.8, 1.44) 0.01 (−016, 0.18) −0.20 (−2.89, 2.50) 0.44 (−2.05, 2.92)

Anthropometry
LAZ 0.02 (−0.51, 0.55) −0.09 (−0.17, −0.01)* −0.67 (−1.94, 0.61) −0.85 (−2.03, 0.33)
WAZ −0.07 (−0.63, 0.48) −0.7 (−2.03, 0.63) −0.05 (−0.14, 0.03) −0.28 (−1.51, 0.95)
WLZ −0.14 (−0.77, 0.49) 0.0 (−0.1, 0.1) −0.52 (−2.04, 1.00) 0.45 (−0.96, 1.85)
Stunting (LAZ < −2 SD) 0.12 (−1.05, 1.28) 0.17 (−0.01, 0.34) 0.74 (−2.07, 3.55) 2.02 (−0.56, 4.61)
Underweight (WAZ < −2 SD) 0.14 (−1.11, 1.39) 0.13 (−0.06, 0.32) 2.03 (−0.98, 5.04) 0.41 (−2.37, 3.19)
Wasting (WLZ < −2 SD) 0.37 (−1.81, 2.55) −0.08 (−0.41, 0.25) −0.22 (−5.48, 5.04) −0.88 (−5.73, 3.97)

Biochemical indicatorsk
Hemoglobin (Hb) 0.38 (−0.25, 1.00) 0.03 (−0.06, 0.13) 0.57 (−0.94, 2.08) 0.01 (−1.38, 1.41)
Anemia (Hb < 110 g/L) −0.40 (−1.53, 0.73) 0.01 (−0.16, 0.18) −0.70 (−3.43, 2.02) 0.73 (−1.79, 3.25)
CRP (mg/L) −1.02 (−1.37, −0.67)‡ 0.0 (−0.05, 0.06) −1.80 (−2.66, −0.93)‡ 1.11 (0.3, 1.91)†
CRP ³ 5 mg/L −3.65 (−5.30, −2.00)‡ −0.24 (−0.5, 0.01) −6.41 (−10.44, −2.38)† 0.13 (3.63, 3.90)
AGP (g/L) −2.80 (−3.78, −1.82)‡ 0.05 (−0.11, 0.21) −3.17 (−5.62, −0.72)* 2.84 (0.58, 5.10)*
AGP ³ 1 g/L −3.12 (−4.43, −1.81)‡ −0.01 (−0.22, 0.20) −3.88 (−7.11, −0.64)* 2.39 (−0.61, 5.39)
PZC (μg/dL) 3.01 (0.32, 5.69)* −0.01 (−0.42, 0.4) 4.72 (−1.79, 11.2) −3.79 (−9.80, 2.22)
PZC £ 65 μg/dL −1.09 (−2.39, 0.22) 0.13 (−0.07, 0.33) −0.35 (−3.50, 2.80) 2.32 (−0.58, 5.22)
Retinol-binding protein concentration

(μmol/L)
4.17 (1.52, 6.81)† 0.14 (−0.27, 0.55) 7.42 (0.99, 13.85)* −3.46 (−9.42, 2.51)

Ferritin (μg/L) −0.37 (−1.10, 0.36) 0.01 (−0.11, 0.12) −1.25 (−3.02, 0.52) 0.85 (−0.79, 2.48)
Storage irondeficiency (ferritin<12μg/L) 0.82 (−0.45, 2.09) −0.02 (−0.22, 0.17) 1.76 (−1.30, 4.82) −1.24 (−4.07, 1.58)
sTfR (mg/L) −0.56 (−1.85, 0.73) 0.02 (−0.18, 0.21) 0.11 (−3.01, 3.22) 0.28 (−2.59, 3.15)
Functional iron deficiency (sTfR > 8.3

mg/L)
−0.50 (−1.68, 0.68) 0.14 (−0.04, 0.32) −0.88 (−3.73, 1.97) 2.75 (0.14, 5.37)*

Hair cortisol (pg/mg) −0.08 (−0.72, 0.56) −0.04 (−0.14, 0.06) −1.84 (−3.37, −0.31)* 0.54 (−0.88, 1.96)
Infant and young child feeding practices{#
Breastfed, in the previous month −0.75 (−2.1, 0.59) −0.16 (−0.36, 0.04) −2.67 (−4.91, 1.57) −1.47 (−4.39, 1.44)
Adequate dietary diversity 0.69 (−0.55, 1.93) −0.02 (−0.20, 0.17) 2.68 (−0.31, 5.67) −2.06 (−4.78, 0.67)
Minimum meal frequency 0.17 (−1.09, 1.43) −0.05 (−0.23, 0.14) −0.48 (−3.52, 2.56) −0.53 (−3.27, 2.20)

Maternal characteristics{
Maternal age (years) −0.01 (−0.10, 0.08) 0.0 (−0.01, 0.02) 0.17 (−0.06, 0.40) −0.08 (−0.29, 0.13)
Maternal BMI (kg/m2) −0.07 (−0.27, 0.12) −0.01 (−0.04, 0.02) −0.08 (−0.54, 0.38) −0.16 (−0.59, 0.27)
Maternal education (years) −0.08 (−0.28, 0.12) 0.0 (−0.03, 0.03) −0.1 (−0.58, 0.39) −0.02 (−0.47, 0.43)

Household characteristics{#
HFIAS −0.04 (−0.2, 0.12) 0.0 (−0.02, 0.03) −0.25 (−0.64, 0.14) 0.19 (−0.16, 0.55)
Socioeconomic status index 0.38 (0.08, 0.68)* 0.0 (−0.05, 0.05) 0.87 (0.15, 1.60)* −0.50 (−1.16, 0.17)
No animals in household −0.27 (−1.73, 1.20) −0.29 (−0.51, −0.06)* −5.45 (−9.04, −1.87)† −0.65 (−3.98, 2.67)
Use of improved drinking water source 1.75 (0.04, 3.46)* 0.09 (−0.17, 0.35) 3.45 (−0.83, 7.72) −1.36 (−5.18, 2.46)
Handwashing −1.64 (−3.04, −0.25)* 0.05 (−0.16, 0.26) −1.03 (−4.43, 2.37) 1.34 (−1.75, 4.44)
Latrine access 0.31 (−0.95, 1.58) 0.06 (−0.13, 0.25) 1.1 (−1.96, 4.16) 0.45 (−2.34, 3.24)
AGP = α1-acid glycoprotein; BMI = body mass index; CRP = C-reactive protein; HFIAS = household food insecurity access scale; KT = kynurenine:tryptophan; LAZ = length-for-age Z-score;

PZ = preventive zinc; PZC = plasma zinc concentration; sTfR = soluble transferrin receptor; TZ = therapeutic zinc; WAZ =weight-for-age Z-score; WLZ = weight-for-length Z-score. *P < 0.05, †P < 0.01,
‡P < 0.001.
§Models adjusted for ageat enrollment anddistrict. Values represent beta coefficient and95%CI from linear regressionmodels. For continuouspredictors, this represents the change in outcome

corresponding to a one unit increase in the predictor. For dichotomous predictors, this corresponds to the change in mean concentration from the reference group.
kAGP,CRP, PZC, retinol-bindingprotein, ferritin, sTfR, andhair cortisolwere natural log-transformed; PZC, retinol-bindingprotein, and ferritinwere adjusted for elevated acute-phaseproteins28;

and estimates of the prevalence of deficiency are based on inflammation-adjusted micronutrient biomarker concentrations.
{ Breastfeeding, MMF, n = 320; ADD, latrine access, n = 322; maternal BMI, n = 281; improved drinking water source, n = 283; animals in household, n = 302.
# Infant and young child feeding practices defined by theWHO32; HFIAS from the Food andNutrition Technical Assistance III Project35; socioeconomic status index based on available indicators

of household socioeconomic status, education, income, and ownership of assets, land, and animals; handwashing defined as report of consistent handwashing after defecation and/or beforemeal
preparation compared with occasional or no handwashing after defecation and before meal preparation; improved drinking water source defined by the WHO.48
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concentrations of citrulline, kynurenine, and tryptophan and
the KT ratio. In addition, citrulline and the KT ratio were not
predictors of subsequent linear growth acquisition. The need
remains to better understand the etiology of EED, and the
development of biomarkers to diagnose EED and evaluate the
impact of interventions.
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