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Thiamine supplementation holds neurocognitive benefits
for breastfed infants during the first year of life
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Women reliant on mostly rice-based diets can have inadequate thiamine intake, placing breastfed infants at risk of
thiamine deficiency and, in turn, physical and cognitive impairments. We investigated the impact of maternal thi-
amine supplementation doses on infants’ cognitive, motor, and language development across the first year. In this
double-blind, four-parallel-arm, randomized controlled trial, healthy mothers of exclusively breastfed newborn
infants were recruited in Kampong Thom, Cambodia. At 2 weeks postnatal, women (n = 335) were randomized to
one of four treatment groups to consume one capsule/day with varying amounts of thiamine for 22 weeks: 0, 1.2,
2.4, and 10 mg. At 2, 12, 24, and 52 weeks of age, infants were assessed with the Mullen Scales of Early Learning
(MSEL) and theCaregiverReportedEarlyDevelopment Instrument (CREDI).Multiple regression andmixed effects
modeling suggest that by 6 months of age, the highest maternal thiamine dose (10 mg/day) held significant benefits
for infants’ language development, but generally not for motor or visual reception development. Despite having
achieved standardized scores on the MSEL that approximated U.S. norms by 6 months, infants showed a signifi-
cant drop relative to these norms in both language domains following trial completion, indicating that nutritional
interventions beyond 6 months may be necessary.
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Introduction

In 2003, infant formula erroneously manufactured
without thiamine was sold in Israel.1 The pub-
lic and personal health consequences were sig-
nificant as prolonged consumption resulted in a
number of infants suffering serious, long-lasting
health consequences. In addition, affected infants
who displayed no obvious clinical signs of thi-
amine deficiency, nevertheless, experienced long-
term consequences.2 Among other health out-

comes, many of these infants subsequently dis-
played measurable cognitive and motor delays, in
particular, impaired language development.1,3–5

These findings raised widespread concern
because millions of infants, especially in regions,
such as South and Southeast Asia, currently remain
at high risk of thiamine deficiency due to lowmater-
nal thiamine intake during lactation,6,7 and may
thus also be vulnerable to compromised cognitive
and language functioning. Discovering how best to
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protect the health and well-being of infants who are
developing under these circumstances is, therefore,
an important public health goal and the basis of the
larger clinical trial from which this report derives.8
Our focus in the present study was to determine the
extent to which thiamine supplementation of lac-
tating, rural Cambodian mothers, who are among
those at risk of thiamine deficiency, might protect
their breastfed infants’ developmental progress,
with particular attention to cognitive, motor, and
language development.
Neurocognitive development begins prenatally

and then progresses rapidly from birth onward.
Nutrient requirements to support not only growth
but also the rapid and energy-intensive neu-
rocognitive change during this early period of
life are particularly high.9 As a result, nutritional
deficiencies—including thiamine deficiency—
can undercut development in foundational and
even irreversible ways that have cascading neg-
ative consequences for ultimate sociocognitive
functioning.10,11 Neurocognitive outcomes, there-
fore, must be measured directly during infancy
using validated assessments to ascertain maternal
thiamine biomarker levels sufficient to protect
infants’ developmental well-being.

Study objectives
The present study was part of a larger, preregistered
double-blind, four-parallel-arm, randomized con-
trolled trialmonitoring the impact of dailymaternal
thiamine supplementation between 2 and 24 weeks
postnatal on the thiamine status of both moth-
ers and infants,8 with an additional follow-up at
52 weeks. Our specific focus in this study was to
examine the extent to which early thiamine expo-
sure might be associated with improvements in
infants’ early cognitive development. These cogni-
tive outcomes were considered secondary outcomes
at the time of preregistration.

Hypotheses
The overarching hypothesis was that higher dosage
levels of maternal thiamine supplementation would
be associated with improved infant cognitive out-
comes; specifically, enhanced motor, perceptual,
and language development by the end of the trial.
Based on the earlier work of Fattal-Valvesk and
colleagues,1,3–4 we hypothesized that supplemen-
tation effects would be strongest in the language

domain. Analyses focused specifically on address-
ing the following questions (see Ref. 8 for details):

1. To what extent was breastfeeding mothers’
daily thiamine supplementation dose (0, 1.2,
2.4, or 10 mg) positively associated with
infants’ cognitive outcomes, as measured by
the Mullen Scales of Early Learning (MSEL12)
and the Caregiver Reported Early Develop-
ment Instrument (CREDI13), at our primary
outcome assessment at 24 weeks? We include
identical analyses of outcomes before and fol-
lowing this primary time point (i.e., 12 and 52
weeks, respectively) but employed corrections
for multiple testing.

2. To what extent were breastfeeding mothers’
2-week baseline milk total thiamine concen-
trations (when infants were just 2-weeks old
and thiamine supplementation had not yet
begun) positively associated with infants’ cog-
nitive outcomes at 24weeks? This questionwas
extended to our cognitive outcomes at 12 and
52 weeks, with corrections again applied for
multiple testing.

3. To what extent did mothers’ thiamine sup-
plementation dose alter the longitudinal tra-
jectory of change in infants’ cognitive out-
comes throughout and following the period of
supplementation?

Although not a preregistered objective,8 we also
provide descriptive comparisons of the Cambodian
infants’ standardized cognitive scores in the present
study with U.S. norms collected during the valida-
tion of the MSEL,12 as well as with age-corrected
standard scores used to norm the CREDI13 in a
multinational study. Such comparisons will help in
the detection of specific cognitive domains that may
be particularly vulnerable to developmental disrup-
tion during critical periods of early development
among infants from low- andmiddle-income coun-
tries (LMICs) relative to infants from more affluent
developmental contexts.

Methods

Study design
The full study protocol is published elsewhere.8 This
community-based, double-blind, four-parallel-arm
randomized controlled trial took place between
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September 2018 and December 2019 in Kampong
Thom province, Cambodia.

Participants
Women were recruited through antenatal care vis-
its at eight health centers throughout Kampong
Thom province, and entered into the study at
2 weeks postpartum. Full eligibility criteria have
been published;8 briefly, participants were healthy
mothers (18–45 years old) to healthy, singleton,
exclusively breastfed newborns. Mothers were not
currently participating in any nutrition programs
beyond normal care, and had not consumed any
thiamine-containing supplements in the 4 preced-
ing months. Routine perinatal medical care in
Cambodia includes the provision of iron and folic
acid supplements during pregnancy (90 tablets)
and lactation (30 tablets). Women in our study
received an average (SD) of 84 (25) and 32 (15)
tablets in pregnancy and lactation, respectively.
Ethical approval was obtained from the National
Ethics Committee for Health Research, Cambodia
(112/250NECHR); Mount Saint Vincent University
Research Ethics Board, Canada (2017-141); and the
University of Oregon Institutional Review Board,
USA (07052018.008). Women provided written
informed consent for themselves and their infant.

Randomization, compliance, and masking
Women were randomized at 2 weeks postpar-
tum to one of four treatment groups (placebo:
0 mg; estimated average requirement (EAR): 1.2
mg; double the EAR: 2.4 mg; and a positive con-
trol group: 10 mg), and asked to consume one cap-
sule daily between 2 and 24 weeks postpartum.
These opaque capsules contained varying amounts
of thiamine hydrochloride and cellulose filler, and
were formulated, compounded, and packaged in
identical 14-day blister packs with uninformative
printed alphanumeric treatment code labels at the
Quinpool Wellness Centre in Halifax, Nova Sco-
tia, Canada. Compliance was assessed fortnightly:
research assistants visited the participant’s home to
collect the old blister pack and complete a capsule
count, and to deliver a new blister pack. Women
were considered compliant if they consumed≥ 80%
capsules over the 22-week intervention. Compli-
ance was high, with 89% of women consuming at
least 80% of their capsules.14

A computer-generated randomization schedule
was prepared by the study statisticians using ral-

loc.ado in Stata (College Station, TX) with blinded
treatment code labels. Randomly permuted blocks
of size 8 within-health-center strata were used to
assign participants to one of eight treatment codes
in the ratio 1:1:1:1:1:1:1:1 (two treatment codes per
treatment group to assist with blinding). The treat-
ment group mapping to each treatment code was
performed by an independent scientist. The treat-
ment codes were kept in sealed opaque envelopes
labeled with the study ID and opened by the
research assistants when a participant was enrolled
in the study. Participants, research assistants, and
study investigators were blinded to the randomized
groups. Data analysts were necessarily unblinded
during the analysis due to the primary analysis.8

Procedures
Participant demographic, socioeconomic, and
health information were collected by healthcare
workers at delivery, and by field workers at baseline
(2 weeks postnatal), midline (12 weeks postnatal),
endline (24weeks postnatal), and at 1 year (52weeks
postnatal). Using calibrated instruments and stan-
dard protocols,15 infant anthropometric measure-
ments (weight, length, and head circumference)
were collected. Length-for-age Z scores were com-
puted using the WHO Anthro plug-in for SPSS.
Standardized tests of infant neurological and cog-

nitive development were collected by field staff at
all four time points. Several mother–infant interac-
tion tasks were also conducted and video recorded
for later analysis at all time points; these interaction
tasks are not reported on in the present study.
Human milk samples were collected at 2, 4, 12,

and 24 weeks postpartum using a battery-powered
single-breast pump (Swing Breast pump,Medela) in
women’s homes or a central village meeting space.
One full, single-breast expression was collected
from the breast that participants self-identified as
“fuller.” Samples were transported to the field lab in
KampongThom in iceboxeswithin 5 h of collection.
All milk samples were stored at −20 °C for up to
10 days, then moved to −80 °C before subsequent
batch shipping to labs on dry ice for analysis.
Human milk thiamine concentrations were

assessed16 at the U.S. Department of Agriculture
ARS Western Human Nutrition Research Cen-
ter (Davis, CA) as previously published, with a
few changes: only 100 μL of milk was used, and
deoxypyridine was added as an internal standard.

118 Ann. N.Y. Acad. Sci. 1498 (2021) 116–132 © 2021 The Authors. Annals of the New York Academy of Sciences published by
Wiley Periodicals LLC on behalf of New York Academy of Sciences



Measelle et al. Thiamine supplementation and infant cognitive outcomes

After precolumn thiochrome derivatization of the
target analytes, the sample extracts were measured
using an Agilent 1200 HPLC with fluorescence
detector. Milk total thiamine concentrations used
here were calculated based on molecular weights:
total thiamine = free thiamine + (thiamine
monophosphate× 0.871) + (thiamine diphosphate
× 0.707).

Cognitive measures
Standardized test of early development. Child
development was assessed using an adapted ver-
sion of the MSEL12 administered to infants at all
four time points by trained field staff. The MSEL
is a standardized developmental test for children
between birth to 68months old; performance-based
items assess child outcomes in five developmental
domains: gross motor, fine motor, visual reception,
receptive language, and expressive language. The
MSEL has previously been used in other LMICs,
and our staff adapted the protocol by substituting
potentially unfamiliar images, objects, and ques-
tions with objects and examples that Cambodian
infants would recognize (following procedures rec-
ommended by Peña17). No modifications to the
MSEL’s test stimuli or administration procedures
were needed at any of the assessment ages; however,
there were slight variations in the actual toys used to
test different abilities (e.g., crackers substituted for
Cheerios and box with a coin slot for a piggy bank).
Because to our knowledge this was the first use of
the MSEL with Cambodian infants, we piloted our
translated version of the MSEL with approximately
10 infants before each assessment to increase confi-
dence in its test validity.
Each subscale consists of a set of performance-

based items (typically 0 for failed and 1 for passed),
presented in hierarchical order of difficulty, where
children are rated on whether they successfully
complete task items to establish basal (three con-
secutive passed items) and ceiling (discontinuity
after three consecutive unpassed items) ranges with
which to render total raw scores. Scores are obtained
by summing a child’s raw points on each MSEL
scale. Raw scores on each subscale are then con-
verted to age-normed T-scores (M = 50, SD = 10),
based on an original U.S. norming sample. The
T-scores of the fine motor, expressive language,
receptive language, and visual reception scales can
also be combined to produce the early learning

composite (ELC) score (M = 200, SD = 30). In the
present study, the ECL was used only as a baseline
control. In the original MSEL studies,12 the MSEL
produced good psychometric properties across the
different subscales, with measures of internal con-
sistency ranging from r = 0.75 to 0.83, and test-
retest estimates higher than r = 0.78 for all scales.

Maternal report of child development. As a
complement to the MSEL, we asked mothers to
complete the short version of the CREDI,13 a 20-
item tool that provides a global, overall score cap-
turing children’s developmental progress in five
domains, including motor, cognitive, language,
social–emotional, and mental health. There are dif-
ferent age-specific versions of the short formCREDI
for each of six different age ranges up to 35 months
old; in the present study, we used the versions
for infants in the 0- to 5-month-old range (at our
12-week assessment), 6- to 11-month-old range (at
our 24-week assessment), and 12- to 17-month-
old range (at our 52-week assessment). Caregivers
respond to each item with “Yes” (scored as 1), “No”
(scored as 0), or “I don’t know” (scored as 0). All
20 items are summed to create a raw score. Raw
scores are then replaced with age-specific standard-
ized scores based on a multinational comparison
study18 (available at https://sites.sph.harvard.edu/
credi/).

Statistical analyses
Primary analyses were performed according to
the randomized treatment group regardless of
compliance (intention-to-treat). We used multiple
regression models to examine the independent and
combined effects of thiamine dosage levels that
intervention groups received (i.e., 0, 1.2, 2.4, and
10 mg/daily) on our primary cognitive outcomes
at 24 weeks, as well as at 12 and 52 weeks. Addi-
tionally, our regression models included a measure
of human milk thiamine concentrations at 2 weeks
postpartum to control for possible differences in
thiamine exposure both prenatally and immediately
after birth. Regression models also included the
baseline measure of each criterion to control for
possible differences at birth in infants’ standing in a
specific cognitive domain (e.g., infants’ gross motor
level at our baseline assessment at 2 weeks was con-
trolled in separate models that predicted infants’
gross motor levels at 12, 24, and 52 weeks). As such,
the inclusion of the autoregressive term meant that
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our models were examining changes from baseline
levels in each of the cognitive domains. Effect sizes
are reported as r2, and with the results associated
with cognitive outcomes at both 24 and 52 weeks,
Bonferroni adjustments for multiple tests were
applied for these two time points.
Mixed-effects models with repeated measures

were used to test differences in infants’ cogni-
tive performance across time as predicted by treat-
ment dosages of thiamine while also accounting for
human milk thiamine concentrations at 2 weeks
postpartum. Models included fixed effects for time,
group thiamine dosage, time-by-group thiamine
dosage interaction, andmilk total thiamine concen-
trations at 2 weeks. Polynomial contrasts were used
to examine nonlinear aspects of infants’ cognitive
development. Separate models were estimated for
each of theMSEL outcomes across four assessments
(baseline, 12, 24, and 52 weeks) as well as mothers’
reports of infant development on the CREDI across
three time points (12, 24, and 52 weeks). A best
effect size for mixed effects models with repeated
measures is not readily agreed on;19 thus, we inter-
pret the produced estimates as these are in the met-
ric of our cognitive outcomes (T-scores) and high-
light meaningful effects in terms of differences in
SDs between time points or thiamine dosage levels.

Covariates and tests of interactions. A set of
theoretically motivated covariates was examined to
determine possible inclusion in our primary anal-
ysis. The covariates included child sex, maternal
and paternal highest level of education, household
wealth index, and a standardized measure of infant
growth status at 2weeks postpartum (length-for-age
Z-score).
At the time of preregistration,8 and based on the

cognitive findings of Fattal-Valevski et al.,1,3–4 we
estimated that we would have power (1 – β error
probability)> 0.87 to detect small to medium effect
sizes with our secondary outcomes of interest with a
planned sample size of n= 320, or n= 80 per treat-
ment arm.
All analyses were performed in SPSS R© Version 25

(2017, IBM Corp, Armonk, NY).

Results

Sample characteristics
The trial profile is shown in Figure S1 (online
only) and the participant baseline characteristics are

shown in Table 1. At baseline, 335 families were par-
ticipating in the study; usable cognitive data were
available for 295 and 309 infants at 24 and 52 weeks,
respectively, with migration being the main rea-
son for loss to follow up. At birth, infants’ anthro-
pometric status was typically below WHO Z-score
means in terms of length-for-age, a finding that
is consistent with other data collected from many
LMICs.10,20,21 The majority of both the women and
their husbands had at least a primary education
level. Reflecting the success of randomization, there
were no differences among the treatment groups
for all characteristics except family wealth. All cen-
tral analyses initially were run controlling for fam-
ily wealth, but it was dropped from our presented
results because it was a nonsignificant predictor in
all models. Table 1 also provides infants’ standard-
ized MSEL scores at 2 weeks. Though these scores
were below T-score norms in the United States of
50 (SD = 10), there were no significant differences
in MSEL scores among treatment groups at the
2-week baseline (F’s (3, 331) < 1.49, P’s > 0.22).

Multiple regression tests of thiamine dosages
by intervention groups and human milk total
thiamine concentrations
We utilized multiple regression models to investi-
gate possible associations between thiamine dosage
levels that intervention groups received (i.e., 0, 1.2,
2.4, and 10 mg/day) and infants’ cognitive out-
comes at 12, 24, and 52 weeks, though we highlight
24weeks as our primary outcome tomark the end of
our intervention. Initially, all regression equations
included our set of covariates. As none of the covari-
ates were significant predictors of infant cognitive
outcomes in our regression models, covariates were
not included in the presented models. Regression
results are presented in Table 2.

MSEL at 24 weeks. In the regression equations
used to predict infants’ cognitive scores on the
MSEL at 24 weeks (shaded panel in Table 2), group
thiamine dosage levels were significantly and pos-
itively predictive of infants’ receptive and expres-
sive language scores. These findings were specific
to language development measures; maternal thi-
amine dosage levels did not show significant associ-
ations with otherMSELmeasures (finemotor, gross
motor, and visual reception) when infants were
24 weeks old. Higher milk thiamine concentra-
tions at 2 weeks postpartum were also significantly
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Table 1. Infant, maternal, and household characteristics by treatment group at baseline

Total
(n = 335)

Placebo (0 mg)
(n = 83)

1.2 mg
(n = 86)

2.4 mg
(n = 81)

10 mg
(n = 85)

Infants
Sex, female 161 (48%) 43 (52%) 43 (50%) 33 (41%) 42 (49%)
Length-for-age (Z-score) at 2 weeks −0.62 (1.02) −0.52 (0.98) −0.66 (1.11) −0.69(1.01) −0.63 (1.01)
MSELa at 2 weeks
Gross motor 36.91 (7.18) 37.60 (6.45) 37.36 (6.97) 35.38 (7.40) 37.21 (7.78)
Fine motor 33.89 (5.96) 34.41 (6.10) 33.79 (5.52) 32.72 (5.84) 34.60 (6.33)
Visual reception 22.97 (3.70) 31.91 (8.11) 31.90 (7.51) 30.38 (8.02) 31.86 (8.73)
Receptive language 31.53 (8.07) 31.91 (8.11) 31.90 (7.51) 30.38 (8.02) 31.86 (8.73)
Expressive language 38.10 (1.36) 38.00 (.93) 38.24 (1.98) 37.88 (.97) 38.26 (1.51)

Mothers
Age, years 28.1 (6.2) 28.3 (6.1) 27.9 (6.7) 28.1 (6.1) 28.1 (5.9)
Parity,multiparous 57 (69%) 54 (65%) 54 (63%) 58 (72%) 64 (75%)
Ethnicity, Khmer 335 (100%) 83 (100%) 86 (100%) 81 (100%) 85 (100%)
Marital status
Married 330 (98%) 79 (95%) 86 (100%) 81 (100%) 84 (99%)
Divorced/separated/widowed 5 (<1%) 4 (5%) 0 (0%) 0 (0%) 1 (1%)

Education
None 40 (12%) 10 (12%) 8 (9%) 13 (16%) 9 (11%)
Primary (1–6 years) 161 (48%) 43 (52%) 37 (43%) 40 (49%) 41 (48%)
Lower secondary (7–9 years) 83 (25%) 16 (19%) 29 (34%) 19 (24%) 19 (22%)
Upper secondary (10–12 years) 43 (13%) 12 (15%) 9 (11%) 8 (10%) 14 (17%)
Higher education 8 (2%) 2 (2%) 3 (3%) 1 (1%) 2 (2%)

Milk total thiamine concentrations
(μg/L) at 2 weeks

129.1 (74.4) 135.5 (77.7) 129.3 (71.4) 126.3 (77.3) 125.4 (72.3)

Households
Husband’s education
None 38 (11%) 10 (12%) 9 (10%) 9 (11%) 10 (12%)
Primary (1–6 years) 151 (45%) 42 (51%) 37 (43%) 39 (48%) 33 (39%)
Lower secondary (7–9 years) 97 (29%) 21 (25%) 24 (28%) 23 (28%) 29 (34%)
Upper secondary (10–12 years) 34 (10%) 5 (6%) 13 (15%) 8 (10%) 8 (9%)
Higher education 15 (4%) 5 (6%) 3 (3%) 2 (3%) 5 (6%)

Household size, number of people 3.9 (1.9) 3.7 (1.7) 3.6 (1.8) 4.0 (2.1) 4.1 (2.0)
Median annual household income,
US$ (IQR)

1620
(950–3500)

1800 (950–3000) 2050
(963–3500)

1600 (1000–
3000)

2000 (1200–
3500)

Wealth index scoreb

Poorest 81 (24%) 22 (27%) 12 (15%) 21 (26%) 25 (29%)
Second 69 (21%) 16 (19%) 14 (16%) 20 (25%) 19 (22%)
Middle 108 (32%) 26 (31%) 31 (36%) 24 (30%) 27 (32%)
Fourth 54 (16%) 14 (17%) 20 (23%) 11 (13%) 9 (11%)
Wealthiest 23 (7%) 5 (6%) 8 (10%) 5 (6%) 5 (6%)

Note: Data are mean (SD) or n (%), except for household income, which is shown as median (IQR). Percentages may not add up to
100% due to rounding. Appropriate tests were used to test for differences among treatment groups at baseline. With one exception,
none of our primary demographic, maternal thiamine, or infant cognitivemeasures were significantly different (P’s> 0.05) at 2 weeks.
Family wealth index was significantly different among groups, with the 1.2 mg/day group being significantly better off financially
(P = 0.017).
aMSEL, Mullen Scales of Early Learning.
bWealth equity index (WEI) quintiles were calculated based on the Demographic Health Survey Program guidelines (USAID); Cam-
bodian WEI were developed using 2014 DHS data.
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Table 2. Thiamine dosage levels and humanmilk thiamine concentrations predict infant cognitive outcomes at 12,
24, and 52 weeks postpartum

12 week outcomes 24 week outcomes 52 week outcomes
Predictors B SE B β t 95% CI B SE B β t 95% CI B SE B β t 95% CI

MSELa gross
motor
Milk thiamine
at 2 weeksb

0.00 0.01 0.01 0.17 [−0.01, 0.01] −0.01 0.01 −0.08 −1.33 [−0.02, 0.00] −0.01 0.01 −0.04 −0.62 [−0.02, 0.01]

MSEL gross
motor at 2
weeks

0.06 0.05 0.06 1.08 [−0.05, 0.17] 0.19 0.06 0.19 3.29∗∗∗ [0.08, 0.30] 0.00 0.01 0.001 0.01 [−0.17, 0.17]

Tx thiamine
dosage

0.07 0.10 0.04 0.72 [−0.12, 0.27] 0.03 0.11 0.02 0.30 [−0.18, 0.24] −0.07 0.16 −0.02 −0.42 [−0.38, 0.25}

R2 = 0.01, F(3, 306) = 0.56, P = 0.64 R2 = 0.04, F(3, 294) = 4.21, P = 0.01 R2 = 0.00, F(3, 306) = 0.19, P = 0.91
MSELa fine motor

Milk thiamine
at 2 weeksb

0.00 0.01 0.00 0.06 [−0.01, 0.01] 0.01 0.01 0.14 2.48∗∗ [0.00, 0.02] −0.01 0.01 −0.08 −1.34 [−0.03, 0.01]

MSEL fine
motor at 2
weeks

0.17 0.08 0.13 2.26∗ [0.02, 0.32] 0.14 0.06 0.13 2.27∗ [0.02, 0.26] 0.22 0.11 0.10 2.03∗ [−0.02, 0.44]

Tx thiamine
dosage

−0.02 0.12 −0.01 −0.15 [−0.25, 0.21] 0.11 0.10 0.07 1.19 [−0.07, 0.30] 0.15 0.17 0.05 0.84 [−0.20, 0.49]

R2 = 0.02, F(3, 306) = 1.70, P = 0.17 R2 = 0.04, F(3, 294) = 4.38, P = 0.01 R2 = 0.02, F(3, 306) = 2.02, P = 0.08
MSELa visual

reception
Milk thiamine
at 2 weeksb

−0.01 0.01 −0.05 −0.94 [−0.03, 0.01] 0.00 0.01 −0.01 −0.09 [−0.01, 0.01] 0.00 0.01 0.00 0.01 [−0.02, 0.02]

MSEL visual
reception at 2
weeks

−0.18 0.16 −0.06 −1.09 [−0.50, 0.14] 0.06 0.11 0.04 0.60 [−0.14, 0.27] 0.14 0.21 0.04 0.65 [−0.28, 0.55]

Tx thiamine
dosage

−0.06 0.16 −0.02 −0.40 [−0.37, 0.24] −0.07 0.10 −0.04 −0.75 [−0.26, 0.12] −0.16 0.20 −0.05 −0.79 [−0.55, 0.24]

R2 = 0.00, F(3, 306) = 0.75, P = 0.52 R2 = 0.00, F(3, 294) = 0.47, P = 0.81 R2 = 0.00, F(3, 306) = 0.34, P = 0.79
MSELa receptive

language
Milk thiamine
at 2 weeksb

0.02 0.01 0.10 2.03∗ [0.00, 0.03] 0.03 0.01 0.17 3.04∗∗∗ [0.01, 0.05] 0.00 0.01 0.03 0.49 [−0.01, 0.02]

MSEL receptive
language at 2
weeks

0.15 0.07 0.12 2.11∗ [0.01, 0.29] 0.22 0.08 0.15 2.70∗∗ [0.06, 0.37] 0.03 0.06 0.02 0.42 [−0.09, 0.14]

Tx thiamine
dosage

0.19 0.15 0.07 1.31 [−0.10, 0.47] 0.39 0.17 0.14 2.54∗∗ [0.09, 0.74] −0.04 0.13 −0.02 −0.35 [−0.29, 0.20]

R2 = 0.02, F(3, 306) = 3.16, P = 0.02 R2 = 0.07, F(3, 294) = 7.88, P < 0.00 R2 = 0.00, F(3, 306) = 0.18, P = 0.91
MSELa expressive

language
Milk thiamine
at 2 weeksb

−0.00 0.01 −0.03 −0.58 [−0.02, 0.01] 0.01 0.01 0.14 2.45∗∗ [0.00, 0.03] 0.00 0.01 0.02 0.30 {−0.01, 0.02]

MSEL
expressive
language at 2
weeks

−0.31 0.33 −0.05 −0.94 [−0.97, 0.34] −0.44 0.27 −0.09 −1.62 [−0.98, 0.10] −0.30 0.40 −0.04 −0.74 [−0.49, − 1.09]

Tx thiamine
dosage

0.10 0.13 0.05 0.78 [−0.15, 0.35] 0.19 0.10 0.11 2.07∗ [0.01, 0.39] −0.13 0.14 −0.05 −0.97 [−0.40, 0.14]

R2 = 0.01, F(3, 306) = 0.58, P = 0.63 R2 = 0.04, F(3, 294) = 3.65, P = 0.01 R2 = 0.01, F(3, 306) = 0.50, P = 0.69
CREDIc

Milk thiamine
at 2 weeksb

0.00 0.00 0.03 0.51 [−0.00, 0.00] 0.01 0.00 0.18 3.11∗∗ [0.00, 0.01] 0.01 0.00 0.13 2.15∗ [0.00, 0.01]

CREDI or
MSEL at
baselined

0.02 0.01 0.09 1.64 [−0.00, 0.04] 0.20 0.06 0.18 3.18∗∗ [0.08, 0.33] 0.20 0.08 0.14 2.42∗ [0.04, 0.36]

Tx thiamine
dosage

0.01 0.03 0.01 0.23 [−0.05, 0.06] 0.02 0.03 0.03 0.63 [−0.05, 0.08] 0.00 0.04 0.01 0.07 [−0.09, 0.08]

R2 = 0.01, F(3, 306) = 1.01, P = 0.39 R2 = 0.07, F(3, 294) = 6.79, P < 0.00 R2 = 0.04, F(3, 289) = 3.51, P = 0.02

Note: Table results are based on linear regression analyses. Results in the shaded columns associated with 24 weeks are highlighted
because 24 weeks was our primary, preregistered outcome time point for the present trial, and corresponded with the end of the
thiamine supplementation trial. The 6 months between 24 and 52 weeks coincided with the postintervention period. Significant
effects are presented in bold font. SE, standard error.
aMSEL, Mullen Scales of Early Learning.
bHuman milk total thiamine concentrations were calculated as free thiamine + (thiamine monophosphate × 0.871) + (thiamine
diphosphate × 0.707).
cCREDI, Caregiver Report of Early Development Instrument.
dCREDI at 2 weeks was not available; therefore, we used the baseline Mullen ELC score as our autoregressive term when predicting
infants’ CREDI scores at 12 weeks in both Model 1 and Model 2. Infants’ CREDI score at 12 weeks was used as the autoregressive
terms in models predicting CREDI scores at 24 and 52 weeks.
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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associated with infants’ more advanced fine motor,
receptive language, and expressive language at
24 weeks.
We ran a second set of regression equations

in which the group thiamine dosage variable was
replaced by a contrast vector testing our pre-
registered hypothesis that cognitive outcomes at
24 weeks would be significantly stronger for infants
whose mothers received 10 mg of thiamine daily
than infants whose mothers received 0 mg of thi-
amine daily. The same pattern emerged, with this
contrast not significantly differentiating infants in
terms of gross motor, fine motor, and visual recep-
tion, whereas both contrasts were significant when
predicting receptive and expressive language (Table
S1, online only).
Although our achieved power was very limited

with our smallest effects (e.g., power <0.30 for
visual reception at 24 weeks), we achieved adequate
power in both language domains (power >0.80 in
the expressive as well as the receptive domains at
24 weeks).

MSEL at 12 and 52 weeks. In regression equa-
tions predictingMSEL outcomes at 12 weeks, group
thiamine dosage levels were not significantly asso-
ciated with infants’ cognitive scores in any of the
MSEL domains. In the language domain, milk total
thiamine concentration at 2 weeks was signifi-
cantly and independently associated with infants’
receptive language level at 12 weeks; specifically,
higher concentrations of thiamine in humanmilk at
2 weeks heralded greater receptive language ability
at 12 weeks.
In models predicting cognitive outcomes at

52 months (hence 6 months after the end of the
intervention trial), the variable representing group
thiamine dosage levels was no longer predictive
of any MSEL outcome. Likewise, human milk thi-
amine concentrations 2 weeks were no longer pre-
dictive of outcomes at 52 weeks.

CREDI. Similar regression models were used
to examine associations between group thiamine
dosage levels and milk thiamine concentrations at
2 weeks as predictors, and maternal reports of chil-
dren’s development on the CREDI at 12, 24, and
52weeks postpartum. Becausewe did not collect the
CREDI at our 2-week baseline, we used the MSEL’s
ELC score at 2 weeks as our baseline control when
predicting CREDI scores at 12 weeks. We used the

12-week CREDI score as the control in models used
to predict 24- and 52-week CREDI outcomes. The
variable representing group thiamine dosage levels
was not significantly predictive of CREDI scores at
any age (Table 2). However, milk thiamine concen-
tration at 2 weeks was associated with significantly
higher CREDI scores at both 24 and 52 weeks.

Infant cognitive development across the first
year of life
Mixed-effects models with repeated measures were
used to explore differences in infants’ cognitive
development trajectories across time as predicted by
treatment group thiamine dosage level.

MSEL: gross motor, fine motor, and visual recep-
tion domains. As shown in Table 3, and consis-
tent with findings stemming from our regression
models reported above, thiamine supplementation
dosage did not significantly account for differences
in infants’ cognitive development across weeks 2
through 52 in the gross motor, fine motor, and
visual reception domains (F’s (1, 324) < 1.04, P’s >

0.31). Similarly, the time-by-thiamine supplementa-
tion level interactions were not significant in these
three models either (F’s (3, 748)< 0.42, P’s> 0.74).
The effect of time, however, was significant in all
three models (F’s (3, 659) > 116.85, P’s < 0.001),
with estimates indicating significant developmen-
tal progress between 2 and 52 weeks, 12 and 52
weeks in all three domains, and significant positive
development between 24 and 52 weeks in the fine
motor and visual reception domains, but not the
gross motor domain, where the change was non-
significant. Inspection of the polynomial contrasts
revealed significant linear effects for fine motor and
visual reception development (Estimates = 60.59
(SE = 2.64) and 90.36 (SE = 3.01), P’s < 0.001,
respectively) and a significant linear and quadratic
effect in infant gross motor development (Esti-
mate = 48.33 (SE = 2.58) and Estimate = −5.56
(SE = 1.17), P’s < 0.001, respectively), as shown
by the leveling off of gross motor development
between 24 and 52 weeks (Fig. 1). Milk thiamine
concentrations were not significantly associated
with infant cognitive development in these three
domains between 2 and 52 weeks. Finally, as shown
in Figure 1, although infants were well below U.S.
norms at 2 weeks postpartum, by 52 weeks, infants’
standardized scores in both motor domains were
at or just higher than U.S. norms, and less than a
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Table 3. Coefficient estimates from a nonlinear mixed-effects model with repeatedmeasures predicting infant cog-
nitive development between 2 and 52 weeks

MSELa gross motor MSELa fine motor MSELa visual reception MSELa receptive language MSELa expressive language

Est SE t P Est SE t P Est SE t P Est SE t P Est SE t P

Intercept 50.73 0.80 63.24 0.00 52.92 0.81 64.96 0.00 48.51 0.89 54.54 0.00 38.35 0.91 42.11 0.00 37.48 0.68 55.18 0.00
Milk thiamine at 2 weeks −0.00 0.00 −0.67 0.50 0.00 0.00 0.75 0.46 −0.00 0.00 −0.62 0.54 0.01 0.00 2.95 0.00 0.01 0.00 2.87 0.01
Time
2–52 weeks 13.52 0.83 16.14 0.00 19.32 0.84 22.86 0.00 25.21 0.94 26.81 0.00 8.53 0.96 8.89 0.00 −0.21 0.74 −0.28 0.77
12–52 weeks 7.89 0.84 −9.31 0.00 14.56 0.86 16.94 0.00 17.60 0.96 18.37 0.00 1.07 0.97 1.10 0.27 3.00 0.75 4.00 0.00
24–52 weeks 0.05 0.81 −0.07 0.95 11.93 0.83 14.21 0.00 2.92 0.99 2.95 0.00 −10.78 0.95 11.40 0.00 −6.31 0.72 −8.82 0.00

Tx thiamine dosageb −0.07 0.12 −0.61 0.54 0.16 0.12 1.26 0.21 −0.16 0.13 −1.17 0.24 −0.03 0.14 −0.24 0.81 −0.12 0.10 −1.16 0.25
Time ∗ Tx thiamine

dosage
2–52 weeks ∗ dosage
level

0.09 0.16 0.55 0.58 0.12 0.16 0.77 0.45 0.16 0.18 0.90 0.37 0.01 0.18 0.08 0.94 0.14 0.14 1.04 0.30

12–52 weeks ∗ dosage
level

0.15 0.16 0.89 0.37 0.17 0.17 1.01 0.31 0.09 0.18 0.47 0.64 0.22 0.18 1.22 0.23 0.21 0.14 1.47 0.14

24–52 weeks ∗ dosage
level

0.09 0.16 0.57 0.57 0.04 0.16 0.26 0.80 0.08 0.19 0.44 0.66 0.43 0.18 2.37 0.02 0.30 0.13 2.13 0.03

Note: Table results are based on nonlinear mixed-effects models with repeated measures. Significant effects are presented in bold
font.
aMSEL, Mullen Scales of Early Learning. All MSEL scores are standardized T-scores, with a mean of 50 and SD of 10.
bTx thiamine dosage = thiamine supplementation dosages used in treatment trial (0, 1.2, 2.4, and 10 mg/daily) between 2 and 24
weeks.

half a SD below U.S. norms in the visual reception
domain.

MSEL: receptive and expressive language
domains. Results in both language domains
were markedly different (Table 3). The overall effect
of time was significant in both language domains
(F’s (3, 659) > 33.2, P’s < 0.001), but, as shown
in Table 3 and Figure 1, infants’ standardized lan-
guage scores declined between 24 and 52 weeks.
Polynomial contrasts highlighted that there was
a significant positive linear trend across the full
2- to 52-week period in the receptive language
domain (Estimate = 37.41 (SE = 2.97), t = 12.61,
P < 0.001) but not the expressive language domain
(Estimate = 2.62 (SE = 2.27), t = 1.15, P = 0.25),
where standardized scores at 2 and 52 weeks were
similar. A significant and stronger nonlinear effect
highlighted a significant decline in infants’ stan-
dardized scores in both language domains between
24 and 52 weeks (Estimate = −18.23 (SE = 1.34)
t = −13.57, P < 0.00 and Estimate = −9.13
(SE= 1.02), t= −8.90 P’s< 0.001, respectively). As
shown in Figure 1, relative to U.S norms, infants in
this study reached comparable language scores by
24 weeks, but at 52 weeks scored approximately 1
SD lower than U.S. infants who were used to norm
the MSEL’s language domains.
Next, although thiamine supplementation lev-

els accounted for marginally significant growth in

infants’ receptive language development across the
entire 2- through 52-week period (F (1,329)= 3.18,
P = 0.06), the time-by-thiamine dosage level inter-
action accounted for significant receptive language
development during this period (F (3,726) = 2.86,
P = 0.04). This interaction effect was largely
accounted for by the time-by-thiamine dosage level
between 24 and 52 weeks, which showed a steeper
decline in the receptive language scores of infants of
mothers receiving 10 mg/day relative to declines at
the other supplementation levels.
As indicated by infants’ expressive language

development across the entire 2 through 52 weeks,
thiamine supplementation levels were not signif-
icantly associated with infant expressive language
development (F (1, 329) = 0.55, P = 0.46). How-
ever, the time-by-thiamine dosage level interaction
was marginally associated with expressive language
development during this period (F’s (3, 726)= 2.38,
P = 0.06), but there was a significant time-by-
dosage interaction between 24 and 52 weeks. As
shown in Table 3 and Figure 1, infants whose moth-
ers received 10 mg of thiamine daily scored best in
both language domains by the end of the trial period
at 24 weeks, but they also showed the steepest sub-
sequent decline in standardized language scores rel-
ative to other supplementation levels.
Finally, as shown in Table 3, higher milk total thi-

amine concentrations at 2 weeks postpartum were
associated with significant growth in both language
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Figure 1. Developmental trajectories of MSEL change by thiamine dosage levels.

domains across the 2- to 52-week period of devel-
opment.

CREDI. The same mixed effects model with
repeated measures was used to examine maternal
reports of infant development on the CREDI. In
contrast to the MSEL scores, we could only model
maternal reports on the CREDI between 12 and
52 weeks. As shown in Table 4, we did not find a
significant effect of thiamine supplementation level

nor was there a significant time-by-thiamine dosage
level interaction. We did, however, find a signifi-
cant linear effect of time, indicating significant early
development across the 12- to 52-week period as
reported by mothers (Fig. 2). Also, there was a
significant positive main effect of milk total thi-
amine concentrations such that higher exposure
to thiamine prenatally and immediately following
birth (proxy measure: 2-week milk thiamine con-
centrations) was associated with infants showing
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Table 4. Coefficient estimates from a nonlinear mixed-effects model with repeated measures predicting Caregiver
Reports of Infant Early Development (CREDI) between 12 and 52 weeks

CREDIa

Est SE t P

Intercept 45.23 0.25 3036.03 0.00
Milk thiamine at 2 weeks 0.02 0.00 3.14 0.00
Time
12–52 weeks 15.93 0.24 65.95 0.00
24–52 weeks 9.76 0.23 42.45 0.00

Tx thiamine dosageb −0.01 0.03 −0.23 0.82
Time ∗ Tx thimaine dosage
12–52 weeks ∗ dosage level 0.02 0.05 0.39 0.70
24–52 weeks ∗ dosage level 0.03 0.04 0.63 0.53

Note: Table results based on nonlinear mixed-effects models with repeated measures. Significant effects are presented in bold font.
aCREDI, Caregiver Report of Early Development Index.
bTx thiamine dosage = thiamine supplementation dosages used in treatment trial (0, 1.2, 2.4, and 10 mg/daily).

significantly more advanced general development
between 12 and 52 weeks.

Discussion

We supplemented lactating mothers in Cambodia
with four different thiamine dosages (0, 1.2, 2.4,
and 10mg/day) to investigate possible differences in
infants’ cognitive development at select points dur-
ing the first year of life. Several sets of findings in
the present study provided confirmation of previ-
ous evidence that thiamine status is important to
infants’ neurocognitive development.

Positive association between thiamine
dosage levels and infant language
development
Most important, the level of thiamine that infants’
lactating mothers received in a daily supplement
beginning at 2 weeks postpartum displayed a dose–
response relationship to infants’ MSEL receptive
and expressive language development at 24 weeks,
whichmarked the end of our supplementation trial.
Notably, infants whose mothers received a 10 mg
daily thiamine supplement displayed significantly
enhanced performance on both MSEL language
measures at 24 weeks relative to all other supple-
mentation levels (and, in particular, the 0 mg daily
group). These findings indicate that thiamine sup-
plementation at 10 mg daily for mothers at risk of
thiamine deficiency confers a significant degree of
protection for their infants’ language development
during this early period of life. Interestingly, thi-

amine biomarker status indicative of sufficient sta-
tus was achieved at lower levels of supplementation
(1.2 mg/day), as reported by our own colleagues.14
However, levels closer to 10 mg/day appear neces-
sary to achieve language progress that brings infants
from LMICs in line with norms for 6-month-olds in
more advantaged countries.
Human milk total thiamine concentrations mea-

sured at the 2-week, preintervention time point pro-
vided another important source of evidence regard-
ing the importance of adequate thiamine for infants’
neurocognitive development. Specifically, infants
whose mothers showed higher milk thiamine con-
centrations at 2 weeks (our estimate of infants’
access to thiamine during the prenatal and early
postnatal periods) displayed more advanced cog-
nitive outcomes at 24 weeks. This pattern of pos-
itive association emerged for both infants’ MSEL
scores (receptive and expressive language and fine
motor scores) and theirmaternally reported CREDI
scores, suggesting that infants’ perinatal access to
adequate thiamine may have relatively broad impli-
cations for neurocognitive development.

Cognitive performance declined
postintervention
Analyses focusing on developmental trajectories
revealed that the rate atwhich infantsmade progress
in MSEL-measured language domains slowed sig-
nificantly during the 6-month period after maternal
thiamine supplementation ceased (24–52 weeks).
Moreover, infants whose mothers had received
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Figure 2. Developmental trajectories of CREDI change by thiamine dosage levels.

higher doses of thiamine in previousmonths tended
to display more precipitous rates of decline in lan-
guage development once supplementation ended,
with all protection conferred by thiamine supple-
mentation during the first 6 months nullified by 52
weeks. One possible perspective on these findings is
that they provide yet further indication that infants’
developing language systems require adequate thi-
amine. Interestingly, the pattern of cognitive decline
was specific to the language domain; other domains
of cognitive function, such as the MSEL measures
of gross motor, fine motor, and visual recep-
tion abilities, displayed trajectories of sustained
developmental progress beyond the thiamine sup-
plementation period. This pattern could possibly be
interpreted to underscore how sensitive language
development may be to thiamine levels during the
early months of life.4,11 Of course, the fall-off in
trajectory of language development that infants dis-
played from24 to 52weeksmust be interpretedwith
an abundance of caution, as the conclusion of our
thiamine intervention at 6 months coincides with
the age at which complementary foods are intro-
duced to infants.22 Other nutrients, particularly
iron, are known to play a vital role in neurocognitive
development and to also be lacking in complemen-
tary foods in LMICs,23 which could confound
our findings at 52 weeks. Infant participants in
this study had similar diet quality and quantity
to those surveyed in the most recent Cambodian
Demographic and Health Survey.6 One third of
infants (35%) had an acceptable minimum dietary
diversity score (4 or more food groups), 88% were
still breastfed, and 81% met the minimum meal
frequency (3 or more meals), as compared with

36%, 80%, and 68%, respectively, among children
9–12 months in the 2014 CDHS. In sum, it is not
yet possible to draw clear conclusions regarding the
precise implications of infants’ declining trajectory
in language development between the conclusion
of the intervention at 24 weeks to the 52-week
postintervention time point. Further investigation
of this important issue is clearly warranted.

Comparative longitudinal cognitive
trajectories in relation to thiamine
Infants showed significant developmental gains in
their gross motor, fine motor, and visual reception
capacities across the first year of life as measured by
the MSEL. It is worth noting that, relative to infants
in the original North American norming sample,12
the Cambodian infants were more than one stan-
dard deviation below the T-score mean of 50 on
both domains of motor control at 2 weeks postpar-
tum, and more than two standard deviations lower
than U.S. means in visual reception. However, by
52 weeks, their scores approximated North Amer-
ican norms in these domains, suggesting that the
Cambodian sample may have overcome, at least
temporarily, some of the developmental risks typi-
cal of LMICs. Improvements in postural control as
well as enhanced visual processing and accompany-
ing fine-motor dexterity develop early and rapidly
in life24 and may have benefited from cultural affor-
dances typical of warmer climates such as Cam-
bodia, including less encumbering clothing, open
floor plans with easy passage outdoors, and care-
givers who encourage physical exploration earlier
than Western caregivers.25 Despite these gains and
contrary to prediction, we generally did not see
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differences in the rate or magnitude of motor con-
trol and visual reception gains among the interven-
tion groups.
A different picture emerged with infants’ lan-

guage development. Infants of mothers in all
thiamine supplementation groups showed a signifi-
cant decrease in their standardized language scores
between 24 and 52 weeks, suggestive of slowing in
language development relative to U.S. norms. Our
analyses indicated that higher levels ofmaternal thi-
amine supplementation—specifically, 10 mg daily
thiamine—were associated with especially steep
declines in the trajectory of language development
in the 24- to 52-week period. It is important to
recognize that the magnitude of this developmental
slowing observed across our sample was not trivial,
as infants decreased approximately 1.5 standard
deviations from their 24-week standardized score
and were approximately a full standard deviation
below U.S. norms by 52 weeks. These results are
consistent with studies that report a widening gap
in cognitive test scores over time between children
from high- versus low-risk contexts,26,27 as well
as a decline in scores among children specifically
from LMICs.28 In a study of Gambian infants,
Milosavljevic and colleagues29 found no differ-
ences between the standardized MSEL scores of
infants in their study and U.S. norms when infants
were between 5 and 9 months. However, by 10–14
months, and more strongly so by 20–24 months,
Gambian infants scored approximately 1.5 stan-
dard deviations lower than U.S. norms.28 Similarly,
Jensen and colleagues30 reported a normal range
of cognitive scores on the MSEL in a sample of
6-month-old Bangladeshi infants. However, they
saw a greater than 2 SD decline in standardized
MSEL scores between 6 and 27 months, with risk
factors such as poverty, family care, and immune
functioning strongly associated with declines
in receptive and expressive language scores.30
Although we did not see declines by 12 months in
motor control or visual reception in the present
study, these other studies raise the possibility that
declines in these domains may emerge somewhat
later or require a greater accumulation of risk expo-
sure before development is noticeably affected. Our
pattern of results in both language domains is in
line with longitudinal studies in other LMICs and
highlights the importance of early life as a critical
period for language development.11

Additionally, in contrast to infants’ language
scores on the MSEL, which declined relative to
U.S. norms after 24 weeks, infants’ early devel-
opment, as measured by maternal report on the
CREDI, continued to increase significantly between
24 and 52 weeks. Like infants’ cognitive scores on
the MSEL, mother’s reports of greater infant devel-
opment on the CREDI were associated with higher
milk thiamine concentrations at 2 weeks. Here too,
a parental report of early infant development seems
to have been sensitive to the effects of perinatal thi-
amine. Both the MSEL and CREDI findings further
substantiate growing recognition of the critical role
that prenatal nutrition plays in early brain devel-
opment that is foundational to postnatal cognitive
development. However, onemight ask whymothers
in our sample seemed to have been less aware of the
slowing in their infants’ developmental trajectories
between 24 and 52 weeks than the MSEL language
scores captured. On the one hand, it might be that
theMSEL ismore sensitive to children’s capacities as
they get older,31 thus better than parents at detecting
age-related declines in children’s performance. To
the extent that an absence of supplemental mater-
nal thiamine in the 6-month period between 24 and
52 weeks played a genuine role in the slowing of
children’s developmental trajectory, a performance-
based test such as the MSEL may prove more sensi-
tive than parental reports. Alternatively, the decline
in children’s standardized MSEL scores, specifically
their language development scores, was relative to
U.S. norms, whereas the CREDIwas normed largely
with infants from multiple LMICs.17 Quite likely,
the mothers in our sample were accurately report-
ing on gains in their infants’ developmental capac-
ities across the first year of life, even if these gains
may have been slowing and apparently decreasing
relative to children from more resourced countries.
As the decrease in development appears to be gen-
eralized in the population, these slower trajectories
likely appear typical to care-givers.

Limitations and questions
Nature of the evidence. As we have described,
this study produced two major strands of evidence
that adequate thiamine is important to infants’
developing language capacities. The double-blind
randomized controlled trial design within which
these findings emerged justifies interpreting the
findings in causal terms. That said, measurement

128 Ann. N.Y. Acad. Sci. 1498 (2021) 116–132 © 2021 The Authors. Annals of the New York Academy of Sciences published by
Wiley Periodicals LLC on behalf of New York Academy of Sciences



Measelle et al. Thiamine supplementation and infant cognitive outcomes

of mothers’ 2-week milk thiamine concentrations
occurred prior to randomized thiamine supple-
mentation, meaning that results linking mothers’
2-week milk thiamine concentrations to infants’
subsequent cognitive outcomes are correlational.
Caution is thus warranted regarding causal infer-
ence with respect to these findings. Clearly, how-
ever, the findings increase the plausibility of the
hypothesis that infants’ prenatal access to adequate
thiamine matters for their subsequent neurocogni-
tive thriving, particularly in the language domain.
Taking a strongly skeptical stance toward the

findings reported here, one might be tempted to
argue that signs of thiamine effects on infants’ neu-
rocognitive development were sparse—emerging
primarily at the 24-week time point and primar-
ily in the language domain alone—and thus might
be spurious. Additionally, because factors such as
early cognitive stimulation were not included in
the current analyses, potentially important envi-
ronmental factors cannot be ruled out. Neverthe-
less, we firmly question the inclination to discount
these results. Previous findings1,3 highlighted lan-
guage development as a domain particularly vulner-
able to infantile thiamine deficiency. Our findings,
from an appropriately powered, double-blind, ran-
domized controlled trial, clearly documented bene-
fits of 10 mg/day thiamine supplementation specif-
ically for both receptive and expressive language
at 24 months, a preregistered prediction (achieved
power of >0.80 in both language domains). More-
over, our measure of milk thiamine concentrations
at the 2-week, preintervention time point revealed
additional evidence of positive associations between
maternal thiamine status and infants’ 24-week cog-
nitive progress in language as well as other develop-
ing domains. These findings, thus, offer an impor-
tant contribution to available evidence indicating
the importance of thiamine for infants’ neurocogni-
tive thriving. That said, numerous important ques-
tions remain, to be considered, as described below.

Little relation between thiamine dosage and
development in nonlanguage domains. Con-
trary to expectation, significant associations gen-
erally were not detected between levels of mater-
nal thiamine supplementation and infant motor
development or visual reception. Moreover, by
24 weeks—and even more so by 52 weeks—infants
in the present study achieved motor and visual

scores on the MSEL that were comparable to U.S.
norms. Harel and colleagues32 found that infants
fed a thiamine-deficient formula for over a month-
long period during the first 2 years of life exhibited
movement and motor skill difficulties by age 5 rel-
ative to dietarily healthy preschoolers. Subsequent
neuroimaging of these thiamine-deficient infants
implicated the cerebellum and basal ganglia, both
of which are known to assist in postural control
and balance.1,33 Ocular and visual impairments also
have been noted in the case of thiamine deficiency.34
Although infants in the present study did not show
clinical symptoms of thiamine deficiency,7 it is pos-
sible that motor and visual reception delays or
deficits might emerge in the second year of life
and beyond, as has been shown more generally in
LMICs contending with malnutrition.28 Another,
nonmutually exclusive, possibility is that something
about developing language systems is especially vul-
nerable to thiamine deficiency. Here, we point to
the vital role that thiamine likely plays in metabolic
energy and neurosynthesis.4 Language learning
during the highly critical infancy period,11 with
attendant assembly of key neural circuits central
to language processing, may place a high demand
on just these resources. All in all, accumulating
evidence confirms the importance of thiamine to
developmental progress in language capacities dur-
ing infancy and beyond. The extent to which other
developing systems are affected remains in question,
and the precise metabolic and developmental path-
ways at play require further investigation.

Supplementation duration. On the one hand,
positive associations between 2-week maternal
thiamine concentrations and some MSEL- and
CREDI-based measures of infants’ cognitive
progress at 12, 24, and 52 weeks strengthen the
hypothesis that infants’ prenatal access to thi-
amine matters for neurocognitive development.
On the other hand, the apparent decline in infants’
progress in language between 24 and 52 weeks
postpartum—after supplementation ceased—
potentially strengthens the hypothesis that the
protective benefit to infants’ neurocognitive devel-
opment will be greater if thiamine supplementation
continues longer. Many specific questions arise
regarding supplementation duration, such as: Why
did maternal thiamine supplementation dosage not
have an effect on infants’ cognitive development on
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any measure at 12 weeks, yet it did display effects
on language development at 24 weeks? Why were
2-week milk thiamine concentrations positively
associated with a broader range of cognitive out-
comes than emerged in analyses probing positive
effects of maternal thiamine supplementation?
Why did infants whose mothers received higher
dosages of thiamine supplementation display
steeper fall-offs in language development progress,
when higher supplementation dosages might have
instead mitigated the postsupplemention rate of
decline in language development? Rather than
attempt to offer highly provisional answers to such
important questions, we instead note that another
clear implication of our full collection of findings is
the need for a larger trial in which multiple cogni-
tive outcomes are again investigated, and thiamine
supplementation not only includes (and possibly
precedes) pregnancy but also continues beyond
infants’ first 12 months of life.

Conclusions

Our findings provide the first experimental evi-
dence that thiamine supplementation among lactat-
ing mothers at risk of thiamine deficiency protects
their infants’ neurocognitive development, with
particular benefit to developing language capaci-
ties. Daily maternal thiamine supplementation of
10 mg, a dose well above the RDA, seems to be
particularly efficacious in this regard relative to no
supplementation and dosages of 1.2 and 2.4 mg
daily. Results from the study also reveal that an
estimate of mothers’ presupplementation thiamine
status presages infants’ subsequent neurocognitive
functioning. This finding provides preliminary evi-
dence that infants’ neurocognitive development
may benefit most if maternal thiamine supplemen-
tation begins prenatally. Lastly, infants’ thiamine-
related developmental progress unfortunately dis-
played steep declines when compared with U.S.
norms after maternal thiamine supplementation
ceased at 6 months of age. Maternal thiamine sup-
plementation and/or integration of nutrient-rich
complementary foods well beyond infants’ first
6 months may be necessary to sustain neurocogni-
tive gains. Important questions remain, particularly
with respect to the appropriate duration of thiamine
supplementation and/or fortification programs dur-
ing pregnancy, infancy, and beyond. In any case,

our findings further confirm that adequate thiamine
intake matters for infants’ neurocognitive thriving.
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