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Abstract

Background: Iron deficiency (ID) and iron deficiency anemia (IDA) are highly-prevalent nutrient deficiencies and
have been shown to have a range of negative effects on cognition and brain function. Human intervention studies
including measures at three levels—blood, brain, and behavior—are rare and our objective was to model the
relationships among measures at these three levels in school-going Indian adolescents.
Methods: Male and female adolescents in rural India were screened for ID/IDA. Subjects consumed 2 meals/day for 6
months; half were randomly assigned to consume meals made from a standard grain (pearl millet) and half consumed
meals made from an iron biofortified pearl millet (BPM). Prior to and then at the conclusion of the feeding trial, they
completed a set of cognitive tests with concurrent electroencephalography (EEG).
Results: Overall, serum ferritin (sFt) levels improved over the course of the study. Ten of 21 possible measures of
cognition showed improvements from baseline (BL) to endline (EL) that were larger for those consuming BPM than
for those consuming the comparison pearl millet (CPM). Critically, the best model for the relationship between
change in iron status and change in cognition had change in brain measures as a mediating factor, with both change
in serum ferritin as a primary predictor and change in hemoglobin as a moderator.
Conclusions: A dietary intervention involving a biofortified staple grain was shown to be efficacious in improving
blood iron biomarkers, behavioral measures of cognition, and EEG measures of brain function. Modeling the
relationships among these variables strongly suggests multiple mechanisms by which blood iron level affects brain
function and cognition.
Trial registration: Registered at ClinicalTrials.gov, NCT02152150, 02 June 2014.
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Introduction
Iron deficiency (ID) and iron deficiency anemia (IDA) are
highly-prevalent nutrient deficiencies that can be found
at high rates in developing and developed countries [1].
They have been shown to have negative effects on physical
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performance [2, 3] and work productivity [4, 5], and there
is accumulating evidence that ID, without anemia, has a
range of negative effects on cognition and brain function
[6–11], including evidence that ID has a significant nega-
tive impact on academic performance [12]. However, the
mechanisms by which ID exerts its negative impact in
humans are not completely clear. In part this is because
(a) only a small number of studies have collected both
behavioral and neurophysiological data, and (b) an even
smaller subset of those studies have attempted to model
the hypothesis that changes in brain function mediate the
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relationships between changes in iron status and changes
in behavioral measures of cognition.
Two aspects of brain function seem likely as mech-

anisms for ID-related cognitive deficits in otherwise
healthy children and adults. The first is the effect of vari-
ations in iron levels on the neurotransmitter dopamine
(DA), in particular the DA D2 receptor and DA trans-
porter (DAT) in animal models [13–15]. Although there
have been no direct measurements of the effects of ID or
IDA on DA in humans, there is suggestive indirect evi-
dence, including reductions in spontaneous blink rates in
infants with IDA [16], with blink rates being related to lev-
els of central DA [17]. Furthermore, there is evidence from
both disease states and pharmacological manipulations
that variations in DA levels have distinct effects on con-
trolled attention and memory [18–20]. The second can-
didate is oxygen transport, given the importance of iron’s
role in binding oxygen for transport via hemoglobin. This
is underscored by the fact that the brain’s oxygen demands
are quite high and that task-dependent changes in cere-
bral blood flow seem to reflect a generalized mobilization
of brain resources [21–23]1.
In the present study, our measures of cognition included

change in a set of behavioral tasks, including measures
of controlled attention and memory, that we have shown
to be sensitive to variations in iron status in adolescents
and women of reproductive age [6, 8, 9]. Our measures
of mediating brain function included a set of electroen-
cephalographic (EEG) features that have been shown to
be related to aspects of attention and memory retrieval,
including power in the α and γ frequency bands [24, 25],
and the amplitude of the N1 and P3 components [10, 11].
As our primary measure of iron status, we used serum
ferritin (sFt), since our primary interest was in the effects
of ID absent anemia and given the role of sFt in DA
metabolism [26–28]. However, we also used hemoglobin
(Hb) as a moderator, given the known demands that brain
activity makes on oxygen use.
The purposes of the present study were the following.

First, we sought to demonstrate that it is possible to obtain
improvements in both brain function (as measured by
EEG) and cognition in male and female adolescents in
India following consumption of an iron-biofortified staple
grain. Second, we sought to determine whether the EEG
features related to attention and memory would be those
that would mediate the relationship between improve-
ments in blood iron biomarkers and behavioral measures
of cognition. Third, we sought to determine whether Hb
would be a mediator in the relationship between sys-
temic iron status as measured by sFt and cognition. We

1The two other general aspects of brain function that can be affected by
variations in iron levels are myelination and neurogenesis/synaptogenesis
[30–33]. However, to our knowledge there is no evidence in animal models of
changes in white-matter integrity or changes in brain morphology.

should note that this is a secondary analysis of data from
previously published randomized controlled trial (RCT)
[9, 29]. Here we aim to test for plausibility of previous
research results and investigate possible (hypothesized)
neural mechanisms for how changes in iron status (the
RCT primary outcome) affects behavior (the RCT sec-
ondary outcomes).

Methods
This study was conducted among a subset of participants
in a larger study of the efficacy of a dietary intervention.
The parent study involved school children from economi-
cally disadvantaged families attending boarding schools in
Ahmednagar district, Maharashtra, India, a rural commu-
nity within a two-hour drive of Ahmednagar city. In this
double-blind randomized efficacy trial, subjects (school
children, 12–16 y) were stratified by hostel of residence
and randomly assigned to receive either iron-biofortified
pearl millet (BPM; variety ICTP8203, 86 ppm iron, n =
122) or a popular variety of pearl millet used for compar-
ison (CPM; variety DG9444, 22 ppm iron, n = 124) from
baseline to four months and variety JKBH778 (52 ppm
iron) from four to six months. Because of higher-than-
expected consumption, the CPM supply was exhausted
after four months, and the original CPM variety DG9444
was replaced with variety JKBH778 available in the local
market. Post-hoc analysis revealed that JKBH778 had
intermediate iron content. All children received approxi-
mately 150 to 300 grams (dry) of the selected pearl millet
variety daily in the form of a flat bread (bhakri) during
lunch and dinner. Consumption was ad libitum. Bhakri
was prepared twice daily by seven cooks who used only
one type of pearl millet flour, and followed a protocol to
standardize bhakri diameter, weight and consistency. Iron
status (Hb, serum ferritin [sFt], soluble transferrin recep-
tor [sTfR], calculated body iron [BdFe] [34]), inflammation
(C-reactive protein [CRP], α-1 acid glycoprotein [AGP]),
and anthropometric indices were evaluated at enrollment,
four months, and six months. This trial was registered
at ClinicalTrials.gov, NCT02152150, 02 June 2014. Com-
plete details of the study design and laboratory analyses
can be found in [9, 29].

Subjects
Subjects were female and male students (12–16 y) attend-
ing a rural boarding school. The school was selected based
on the high prevalence of anemia (> 25%) found in a
prescreening survey and on its capacity to support the
efficacy trial. Subjects had to be in good health without
chronic disease or acute illness, not taking iron sup-
plements or medications that would interfere with iron
absorption, residing full-time at the boarding school, and
not severely anemic; those with Hb levels <85 g/L were
ineligible and were referred to a physician for follow-up.
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Iron deficiency was defined as sFt levels <20 μg/L [35,
36] and anemia was defined as Hb levels <13 for males
aged 15–16 years and <12 μg/dL for all others. Of the
288 subjects screened (see Fig. 1), 42 were ineligible and
246 were enrolled in the parent feeding trial in Septem-
ber 2011. Anthelminthic treatment (200 mg albendazole)
was provided to subjects four weeks before the base-
line assessment and at the study midpoint. A subset of
146 subjects was chosen to undergo functional testing—
including tests of both physical (not described here) and
cognitive function—based on having the lowest overall
ranked screening sFt levels, as it was thought that these
individuals would have the greatest potential to benefit
from the intervention and demonstrate cognitive change.
Of these, a subset of 90 were selected for cognitive test-
ing with concurrent EEG, with equal numbers in each
of the two treatment groups; selection was again deter-
mined by having the lowest ranked sFt levels; given the
low prevalence of inflammation (defined as AGP >1.0 or
CRP>5.0), there was no need to correct the sFt measures.
The minimum sample size estimated [37] to allow for 80%

power and α = 0.05 for differences in the amplitudes of
event-related potentials, based on EEG data from Otero
et al. [10] was 30 per group. To account for potential data
loss and dropout, we increased the sample requirement
by 50%, to 45 subjects per group. After removing subjects
for whom usable EEG data (i.e., artifact- and noise-free)
was not available at both baseline and endline, the final
set of data submitted to analyses was composed of 33 sub-
jects who consumed the comparison pearl millet and 41
subjects who consumed the biofortified pearl millet. This
level of data loss is consistent with previous work, others
[10] as well as our own [7, 35].

Cognitive testing with concurrent EEG
Five cognitive/behavioral tasks—three attention tasks
and two memory tasks—assessed aspects of cognition
with hypothesized relationship to iron status; procedural
details for each of the tasks are presented in the online
supporting material (Additional file 1). Testing sessions
lasted approximately 60 minutes. DMDX [38] software
was used to run all of the tasks, all of which were devel-

Fig. 1 CONSORT diagram for the study
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oped and programmed byMJW. The tasks were presented
on a set of Windows-based laptop computers with 36 cm
(diagonal) displays, running at 2.5 GHz, with at least 4 Gb
of RAM and at least 320 Gb of hard disk storage. Stimu-
lus onsets were synchronized to the vertical refresh rate
of the monitor and keyboard responses were timed to ±1
ms. Stimuli for the tasks were either grayscale images or
white text on a black background (see example stimuli in
Additional File 1). The tasks were presented in the follow-
ing fixed order: 1) The Simple Reaction Time (SRT) task
was the most basic task and assessed processing speed
absent significant attentional or memory demands. Sub-
jects responded with a single keypress to a symbol that
appeared in the center of the screen. 2) The Go/No-Go
(GNG) task provided an estimate of the effectiveness of
sustained attention and the speed of simple attentional
capture. Subjects were required to make a decision about
one of two possible stimuli, a vertical or horizontal bar
that were randomly assigned to be either a Go or a No-Go
stimulus. Subjects were instructed to respond using a but-
ton press as quickly as possible when seeing the Go stim-
ulus (which appeared 20% of the time) and not to respond
when seeing the No-Go stimulus (which appeared 80%
of the time). 3) The Attentional Network Task (ANT)
was a modified flanker task assessing three distinct func-
tions of attention: alerting (low-level attentional capture),
orienting (mid-level spatial selective attention), and con-
flict (high-level selection or control [39]). On each trial,
the participant was presented with either an informative
or uninformative cue as to the location of an upcom-
ing test stimulus display (above or below fixation) and
was required to press a button to indicate whether a
centrally-presented arrow in the display pointed to the
left or right, while disregarding flanking elements (con-
gruent, incongruent, or neutral distractors) on either side
of the stimulus. Participants were instructed to respond as
quickly as possible by pressing one key with their left index
finger if the central arrow pointed left and another key
with their right index finger if the central arrow pointed
right. 4) In the Composite Face Effect (CFE) task, partici-
pants learned to identify (using two different buttons) two
familiar (famous celebrities; familiarity was confirmed in a
pilot test with similarly aged non-participants in the same
school) and two unfamiliar faces. They were then shown
images in which the top and bottom half of the face could
be from the same or different faces and were either aligned
or misaligned. Participants were instructed to respond
only to the cued half of the face and to ignore the other
half. 5) Finally, in the Cued Recognition Task (CRT), par-
ticipants were first shown a set of 24 culturally appropriate
pictures, one at a time for three seconds each, to com-
mit to memory. Next, they viewed a set of 48 pictures,
24 from the memorized set and 24 new pictures. Partici-
pants were instructed to identify whether the picture was

from the memorized set or not (i.e. was “old” or “new”
to them). The amount of visual information available was
varied by covering picture quadrants with black squares
such that 50, 75 or 100 percent of any given picture in the
second set of 48 was visible. This task was included due
to evidence that the integrity of neural circuits supporting
recognition memory, particularly those involving the hip-
pocampus, is correlated with the amount of work that can
be accomplished during recognition [35, 40].
Concurrent EEG data were acquired using a 32-channel

geodesic electrode net connected to a 32-channel ampli-
fier (EGI/Philips, Eugene, OR). EEG, as measured at
the scalp, reflects the coordinated activity of spatially-
adjacent populations of similarly-oriented neurons, prop-
agated through the brain, skull, and skin [41]. Their
activity corresponds to the computational operations that
are needed to allow a stimulus to be transformed into a
response. To the extent that these populations of neurons
are effectively carrying out these computations, the ampli-
tude and power of their conjoint activity will be higher,
relative to any iron-dependent impairments (e.g., neu-
rotransmitter signaling or oxygen transport). Data were
digitized at 1 KHz during acquisition and down-sampled
to 250 Hz for analyses. Impedances were maintained at
≤50 k� during acquisition. Preprocessing for statistical
analysis is described in the Supplementary information.

Statistical analyses
Differences in biomarkers at baseline were analyzed using
a 2 (treatment group: CPM, BPM) ×2 (sex: female, male)
analysis of variance (ANOVAs). Differences in preva-
lences of biological conditions (e.g., anemia) were ana-
lyzed using a χ2 test of association. The first set of anal-
yses were intention-to-treat analyses of all the dependent
measures. These analyses took the form of a difference-
in-differences analysis, with the two factors being group
(comparison vs. biofortified pearl millet) and assessment
(BL vs. EL). Note that each of the dependent measures is
a unique and independent assessment of a specific aspect
of cognitive functioning, thus there was no need across
the set of variables for any corrections for multiple com-
parisons. A second set of analyses were done to assess
the plausibility of the change in iron status as causal in
changes in the dependent variables across both treatment
groups. These analyses were done by regressing change in
the behavioral and EEG variables onto change in the set
of iron status biomarkers, testing the hypothesis that ado-
lescents who experienced a greater improvement in iron
status would show greater improvement in their behav-
ioral and brain measures. The set of candidate models
included a “null” model (intercept only); a full model, in
which all allowable independent predictors (iron biomark-
ers) were included (i.e., sFt and sTfR were not allowed in
a model including BdFe); and a model whose form was
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determined by step-wise model selection procedures to
minimize the number of parameters while maximizing
R2; age and sex were included as potential covariates. We
selected a best model using the criteria that the model had
to provide a better account than the null model, than any
of the competing models (as assessed using the Akaike
Information Criterion [42]), and account for at least 10%
of the variance. Age and sex were included as covariates in
the final model only if they were shown to be statistically
significant.
The third set of analyses involved estimating a set of

mediation models incorporating moderator variables [43]
to represent the hypothesis that changes in brain activ-
ity mediate the relation between changes in peripheral
iron status and changes in behavior. These analyses were
performed on three composite (Z-transformed and scaled
such that positive values indicate improvement from base-
line to endline) behavioral variables: change in low-level
attentional capture, change in high-level attentional selec-
tion, and change in efficiency of memory retrieval. The
attentional capture variable was formed by averaging the
Z-transformed change in reaction time (RT) in the GNG
and the change in RT in the 2-cue condition in the ANT.
The attentional selection variable was formed by aver-
aging the Z-transformed change in RT in the spatial
cue and inconsistent flanker conditions of the ANT. The
memory efficiency variable was formed by averaging the
Z-transformed change in RT and sensitivity measures in
the CFE and the percentage change in capacity (PCC) in
the CRT. Three sets of mediating variables were speci-
fied for these three composite behavioral variables, based
on the regression analyses performed to assess plausibil-
ity. The mediating variable for attentional capture was a
composite (averaged Z-score) of the N1 and P3 ampli-
tudes for the corresponding conditions for the behavioral
variables. The mediating variable for attentional selec-
tion was a composite of the N1 and P3 amplitudes for
the corresponding behavioral conditions. The mediating
variable for memory retrieval efficiency was a compos-
ite of the N1 and P3 amplitudes and γ -band power for
the corresponding behavioral conditions. The choice of
variables comprising the composite mediators was deter-
mined by the results of the regression analyses conducted
to assess plausibility that change in iron status was the
source of change in the EEG variables. The possible pre-
dictors/moderators were the normalized (Z-transformed)
change in Hb, sFt, and sTfR, based on the fact that these
were the only measures that were identified as significant
predictors in the plausibility analyses. These specific vari-
ables and composites were selected on the basis of a step-
wise procedure which began with all possible variables,
and proceeded by removing variables whose parameters
were not reliably different from zero (0) and then refit-
ting, and repeating this until we found the smallest set of

variables that could account for the greatest amount of
variance.
These variables were used to fit candidate mediation

models with effect modifiers for each behavioral com-
posite score, using all possible combinations of the EEG
composite scores as both mediators and effect modifiers.
The final set of variables was determined by first fitting
the models with the complete set of variables and then
deleting those that did not reach criterion for statistical
significance. In addition, a “direct effect only” model and
a “scrambled” model were fit to the data for each compos-
ite behavioral score. The “direct effect only” model did not
include any mediators or effect modifiers, and the “scram-
bled” model was a model created by rearranging the order
of the effects in the best-fitting model. The “best” model
met the following criteria: (a) the overall F-statistic for the
model had to be statistically significant; (b) all component
R2 values needed to be ≥ 0.10; (c) all values for model
parameters (excluding the intercept) needed to be signif-
icantly different from zero; and, (d) based on R2 and AIC
values, the “best” model had to outperform all alternative
models, including the “direct effect only” and “scrambled”
models.

Results
Sample characteristics
Characteristics of the sample at baseline are presented in
Table 1, separately for each of the treatment conditions.
Supplementary Table 1 in the supplemental information
(Additional file 1) further breaks down these descrip-
tives in terms of sex. Note that these comparisons are
intended only to characterize the sample at BL and are

Table 1 Baseline characteristics of the sample. Presented are
means (standard errors) and Ns (percentage) for the groups
consuming the comparison and the biofortified pearl millet

Comparison Biofortified

Overall n = 33 n = 41

Age (y) 13.5 (0.2) 13.58 (0.22) 13.44 (0.20)

Hb, g/dL 12.13 (0.13) 12.18 (0.19) 12.09 (0.19)

sFt, ng/mL 15.41 (1.56) 13.38 (1.69) 17.05 (2.45)

sTfR, ug/mL 7.13 (0.59) 7.35 (0.71) 6.98 (0.40)

BdFe (mg/kg) 0.61 (0.37) 0.31 (0.48) 0.86 (0.55)

Prevalences

Anemia 26 (35) 11 (33) 15 (37)

sFt <15.0 46 (62) 23 (70) 23 (56)

sTfR >8.3 11 (15) 3 (9) 8 (20)

BdFe <0.0 26 (35) 12 (36) 14 (34)

IDA 16 (22) 8 (24) 8 (20)

IDNA 30 (41) 15 (45) 15 (37)

Inflammation 4 (5) 1 (3) 3 (7)
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not intended to generalize to the population. In terms of
the iron biomarkers, the only significant difference was a
main effect due to sex for Hb levels, with females overall
having lower Hb levels than males. There were no reliable
effects due to assignment to treatment condition. There
were reliable effects due to sex in terms of prevalence of
anemia, IDA, and iron deficiency without anemia (iron
deficient non-anemic, IDNA), with higher prevalence in
females than in males for anemia and IDA, the opposite
ordering for IDNA.

Intention-to-treat analyses
Results of the difference-in-differences analyses of the
blood iron biomarkers and behavioral variables are pre-
sented in Table 2. The only difference to reach significance
for the iron biomarkers was the difference due to assess-
ment (EL vs. BL) for sFt. For the behavioral variables,
four of 21 possible differences due to condition were sig-
nificant, with the difference favoring BPM. Fifteen of 21
possible differences due to assessment were significant,
with the difference favoring EL. Finally, ten of 21 possi-
ble differences in differences were significant, with change
from BL to EL being larger for BPM than for CPM.
The results of the difference-in-difference analyses of

the EEG variables are presented in Table 3. None of the 20
possible differences due to condition were significant. Five
of the 20 possible differences due to assessment were sig-
nificant, with the difference favoring EL over BL. Finally,
only one of the 20 possible difference-in-differences was
significant, with change from BL to EL being larger for
BPM than for CPM.
A summary of the amount of change observed for all

of the dependent variables is plotted as the difference
between the normalized (Z-unit) change for the BPM
group and normalized change for the CPM group in
Figs. 2 and 3; Fig. 2 plots the results for the attentional
variables and Fig. 3 plots the results for the mnemonic
variables. Note that, in all cases for all variables, change
was greatest for those consuming the BPM (as indicated
by all of the difference scores being > 0. Also note
that, relative to the smallest amount of positive change
observed for the blood variables, the magnitude of the
positive difference was larger for the majority of the
behavioral and EEG variables.

Plausibility analyses
The results of the regression analyses performed to assess
the plausibility that changes observed in the behavioral
and the EEG variables were related to changes in blood
parameters are reported in Table 4. For the behavioral
variables, all of the tasks except for the SRT had at least
one variable for which the regression met our criteria for
sufficiency. Of the 16 behavioral variables for which this
was true, 13 of the cases involved sFt or BdFe as the best

predictor, with two of the remaining cases having Hb as
the best predictor and one having sTfR as the best pre-
dictor2. For those variables for which a model met our
criteria, the average proportion of variance accounted for
was 0.17. With respect to the EEG variables, all of the
tasks had at least one variable for which a model met
our sufficiency criteria. In those cases, either sFt or BdFe
were selected as the best predictor in all but one case, in
which Hb was selected as the best predictor. For those
variables that had a model that met our sufficiency cri-
teria, the average proportion of variance accounted for
was 0.16.

Mediation analyses
The common form for the selected mediation models for
each of the three composite variables is presented in Fig. 4,
and the estimated parameters for each model are pre-
sented in Table 5. For all three composite variables, change
in sFt was selected as the primary predictor and change in
Hb was selected as an effect modifying variable. Specifi-
cally, the effect of a change in sFt on change in behavior
was mediated by a change in brain activity. In addition,
both the direct relationship between change in sFt and
change in behavior and the relationship between change
in sFt and change in brain activity was modified by change
in Hb.

Discussion
The literature on the functional effects of ID and IDA has
an increasing number of examples documenting that ID
and IDA extract significant costs in terms of cognition
[6, 8, 12, 44–46]. The present study is among the first to
depart from a descriptive approach to move towards tests
of hypotheses regardingmechanisms.We focused on con-
trolled attention and memory, as these are functions that
have been shown to be dependent on the integrity of the
dopaminergic system, and work in animal models have
pointed to significant effects of ID/IDA on the dopamin-
ergic system. In addition, the study is among the first to
both collect simultaneous behavioral and EEG data and to
explicitly model the mediating role that changes in brain
function have in relating changes in blood iron biomarkers
to changes in behavior. Finally, the present study is among
the first to explicitly model the hypothesis that changes in
oxygen transport capacity (as measured by changes in Hb)
work in conjunction with changes in neurotransmitters
(as suggested by changes in sFt).
We demonstrated that changes in blood iron biomarkers

were associated with reliable changes in both behavioral
and EEG features associated with a variety of aspects

2Note that sFt and sTfR are combined in calculating BdFe, and each assess
different aspects of bodyn iron status (liver store vs. tissue iron demand,
respectively). Consequently, BdFe as a composite measure is a more general
indicator of body iron status.
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Fig. 2Magnitude of the difference in the normalized amount of change observed for those consuming the biofortified pearl millet (BPM) and those
consuming the control pearl millet (CPM), on each of the blood, behavior, and EEG variables for the attention tasks. The reference lines denote the
smallest amount of change observed for the blood biomarkers

of attention. These included changes in power in the α

and γ frequency bands and, most regularly, the ampli-
tude of the N1 component. This suggests the plausibility
of the hypothesis that ID produces negative changes in
dopaminergic regulation, particularly in basal ganglia, and
that repletion corrects this, with the outcome measurable
as a function of the output of basal ganglia circuits to cor-
tex, and replicates a similar set of results obtained with
a population of college-aged women consuming an iron
biofortified bean [35].

We also demonstrated, by way of statistical modeling
of the relationships among the three classes of variables
(blood iron biomarkers, ERP data, and behavioral mea-
sures), that the negative effects of iron deficiency with
and without anemia on cognition may also be a func-
tion of deficits in oxygen transport. A sizable minority
(35%) of the participants in this study had Hb levels below
the criterion for anemia. Consequently, it is perhaps not
surprising that the statistical modeling of the relation-
ships among the blood, brain, and behavioral variables
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Fig. 3Magnitude of the difference in the normalized amount of change observed for those consuming the biofortified pearl millet (BPM) and those
consuming the control pearl millet (CPM), on each of the blood, behavior, and EEG variables for the memory tasks. The reference lines denote the
smallest amount of change observed for the blood biomarkers

showed that change in Hb needed to be included as a
positively-signed moderator in order to provide the best
description of the data, even though Hb played a minor
role in the plausibility analyses. This suggests that a com-
prehensive understanding of the mechanisms by which
ID/IDA impairs brain function needs to consider effects
both at the level of neurotransmitter function and at the
level of oxygen transport.
All of these results were obtained in the context of the

first study to document the efficacy of providing an iron-

biofortified grain as a regular dietary component on the
iron status of both male and female adolescents. This pat-
tern of results conceptually replicates previous work [35],
in which we demonstrated that consumption of a bean,
biofortified for increased iron, was capable of producing
improvements in blood iron biomarkers, behavioral mea-
sures of cognition, and EEG measures of brain function
in college-aged women in Rwanda. This suggests that the
efficacy of using a dietary intervention to address ID/IDA
extends beyond benefits to the body to benefits to brain
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Table 4 Results of the regression analyses examining change in the behavioral and EEG variables as a function of change in the blood
iron biomarkers (analyses for plausibility). Note that if a variable does not appear in this table, no acceptable regression model was
identified for that variable

Change in Blood Variable

Task Change variable Predictor Intercept β̂ R2

Behavioral variables
GNG Median RT BdFe 64 20 0.21
ANT RT, 2 cues Hb 55.8 22.1 0.17

sFt 3.9
Alerting sFt 81.0 4.2 0.19
RT, spatial cues sFt 8.7 4.0 0.18
Orienting sFt -36.5 4.3 0.14
RT, inconsistent flankers Hb -14.6 20.5 0.26

sFt 4.2
Conflict sFt -0.51 3.2 0.31

sTfR -83.1

CFE RT BdFe 6.86 17.12* 0.10
Sensitivity BdFe 0.13 0.16 0.16
Bias BdFe -0.03 0.07 0.11

CRT RT, new items BdFe 47 -32 0.11
RT, old items BdFe 44 -23 0.15
PCC sFt 30.00 0.78 0.11

EEG variables
SRT N1 amplitude Hb 0.86 0.95 0.11

BdFe 0.46

GNG P1 amplitude sFt -1.4 0.08 0.13
N! amplitude sFt -0.93 0.11 0.35

ANT N1 amplitude, 2 cues sFt 1.61 0.05 0.10
N1 amplitude, orienting sFt -1.23 0.09 0.21
P3 amplitude, orienting sFt -1.03 0.03 0.10
P3 amplitude, incongruent flankers sFt 1.78 0.06 0.25
N1 amplitude, conflict sFt -0.49 0.05 0.23
Gamma power, 2 cues sFt -1.02 0.05 0.15

CFE Interaction contrast, N1 amplitude sFt 1.01 0.05 0.15

CRT P3 amplitude, old items 4 cues sFt 1.24 0.03 0.10
Gamma power, old items, 4 cues sFt 5.49 0.11 0.10
Gamma slope, old items 4 cues sFt 1.55 0.07 0.12

Fig. 4 Common form for the best-fitting mediation models with effect modifiers. Change refers to change from baseline to endline. In all cases (see
Table 5), all parameters were positive
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Table 5 Estimates of the direct and indirect effects of each of the mediation models for change in behavior

Effects

Predictor Mediator Moderator Outcome Direct Indirect

� sFt � EEG � Hb � attentional capture 0.1882 (-0.0484, 0.4247) 0.1183 (0.0221, 0.3547)

� sFt � EEG � Hb � attentional selection 0.0379 (-0.1387, 0.2145) 0.1234 (0.0437, 0.2031)

� sFt � EEG � Hb � memory efficiency 0.1242 (-0.0749, 0.3233) 0.1930 (0.0150, 0.3441)

function and cognition, and is consistent with the out-
comes of other studies that have examined the effects
of iron depletion and repletion in children, adolescents,
and women of reproductive age [6, 10, 11, 45, 47]. It also
highlights the importance of biofortification as an inter-
vention, in that it is low in dosage, targeted to the most
needy, sustainable, and efficacious at numerous levels of
measurement.
The strengths of the present effort include the fact that

it was conducted as a randomized, double-blind con-
trolled study. Furthermore, as it concerned the effects
of the dietary intervention on functional outcomes that
are determined by brain function, it incorporated mea-
sures of blood, brain function, and behavior. Addition-
ally, it used cognitive measures that have a long history
and rich literature in laboratory work on basic cogni-
tion and that were selected based on their dependence
on brain regions that are differentially dependent on
iron. Finally, it applied statistical methods that allow for
assessment of the mediation hypothesis and that are flex-
ible enough to explicitly include hypothesized modifying
influences.
The weaknesses of the effort include the fact that

the conditions under which the EEG was recorded
were far from ideal. Recording was not done in
electromagnetically-shielded rooms, and the power
source for recording was somewhat unreliable and elec-
trically noisy. As a consequence, even with extensive
pre-processing, there was still loss of data. In addition,
the EEG data as collected cannot speak to the range
of possible mechanisms supporting the changes in the
behavioral measures. Although the mediation models
provide suggestive evidence of a causal link, they can
only be weakly interpreted as evidence for causality.
Data were not available on menstrual cycle timing in
female participants, and this may have influenced blood
biomarker levels; however, randomization should have
addressed this concern. Selecting participants based
on their sFt levels limits the generality of the results.
Finally, we should note that biofortification is but one
way of achieving the types of improvements documented
here. Alternative strategies to improve iron absorption
and status would include dietary modifications and
increased dietary diversity, alone or in concert with
biofortification.

Conclusion
In sum, we have provided evidence that consumption
of a iron-biofortified pearl millet for six months leads
to improvements in measures of iron status, brain func-
tion, and cognition. These results add to the increasing
evidence that biofortification is an effective method for
addressing micronutrient deficiencies and to the evidence
that iron repletion by way of a nutritional intervention
other than supplementation has measurable and impor-
tant effects on brain and cognitive function. Furthermore,
the inclusion of measures of brain function provide evi-
dence important in motivating future work on the brain
mechanisms responsible for supporting changes in cogni-
tion and their inherent plasticity.
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