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ABSTRACT 1 

Background: Anemia and iron deficiency have been associated with poor child cognitive 2 

development. A key rationale for the prevention of anemia using supplementation with iron has 3 

been the benefits to neurodevelopment. Yet, little causal evidence exists for these gains.  4 

Objective: We aimed to examine effects of supplementation with iron or MNPs on brain activity 5 

measures using resting electroencephalography (EEG).  6 

Methods: Children included in this neurocognitive substudy were randomly selected from the 7 

Benefits and Risks of Iron Supplementation in Children study, a double-blind, double-dummy, 8 

individually randomized, parallel-group trial in Bangladesh, in which children, starting at 8 months 9 

of age, received 3 months of daily iron syrup, multiple micronutrient powders (MNPs), or placebo. 10 

Resting brain activity was recorded using EEG immediately post-intervention (month 3), and after 11 

a further 9-month follow-up (month 12). We derived EEG band power measures for delta, theta, 12 

alpha, and beta frequency bands. Linear regression models were used to compare the effect of each 13 

intervention group to placebo on the outcomes. 14 

Results: Data were analyzed from 412 children at month 3 and 374 at month 12. At baseline, 15 

43.9% were anemic and 26.7% were iron deficient. Immediately post-intervention, iron syrup, 16 

but not MNPs, increased mu alpha-band power, a measure that is associated with maturity and 17 

the production of motor actions (Iron vs Placebo mean difference=0.30, 95% CI: 0.11, 0.50 µV2, 18 

P=0.003, false discovery rate adjusted P=0.015). Despite effects on hemoglobin and iron status, 19 
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effects were not observed on the posterior alpha, beta, delta, and theta bands, nor were effects 20 

sustained at the 9-month follow-up.  21 

Conclusions: The effect size for immediate effects on mu alpha-band power is comparable in 22 

magnitude to psychosocial stimulation interventions and poverty reduction strategies. However, 23 

overall, we did not find evidence for long-lasting changes in resting EEG power spectra from 24 

iron interventions in young Bangladeshi children. 25 

Trial registration: ACTRN12617000660381 

Keywords: iron, anemia, multiple micronutrient powders, neurodevelopment, 26 

electroencephalography, resting state, brain activity, child 27 

 28 

  29 

https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=372828
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INTRODUCTION 30 

Anemia is an important public health problem that affects populations worldwide (1). Anemia 31 

and iron deficiency has been associated with poor child development with possible repercussions 32 

into adulthood (2-4); therefore, a key rationale for the prevention of anemia in young children 33 

has been the benefits to cognitive development. Micronutrients, especially iron, play a critical 34 

role in the developing infant brain through effects on myelination (5-8), neurotransmission (9), 35 

dendritogenesis (10), and synaptogenesis (10). The World Health Organization recommends that 36 

all children under 2 years of age living where the prevalence of anemia exceeds 20% receive 37 

treatment with iron interventions: either universal home fortification with iron-containing 38 

multiple micronutrient powders (MNPs) (11), or iron supplements (e.g., iron syrup) (12). 39 

However, the neurophysiologic effects of iron interventions in a population of children facing a 40 

high prevalence of iron deficiency and anemia have not been defined. 41 

 42 

In large public health evaluations, sensitive measures of neurocognitive functioning have seldom 43 

been used (13, 14). In high-income countries, measures derived from electroencephalographic 44 

(EEG) recordings while children are at rest, such as spectral power in frequency bands known to 45 

be relevant to cognitive functioning, have been used to assess neurocognitive development (15-46 

17). This technique has rarely been used in resource-limited settings, however, where children 47 

face significant insults in their physical and psychosocial environments.  48 

 49 

Childhood EEG-derived brain activity has been shown to be predictive of later cognitive 50 

development and sensitive to iron status. Measures related to the periodic contributions to the 51 

EEG (also called oscillations), have been shown to correlate with behavioral indices of cognitive 52 
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and motor functioning in adults (e.g., alpha peak frequency (18-20)) and children (e.g., alpha-53 

band power (15); theta-band power (16, 17)). In addition, certain aspects of the aperiodic 54 

component, which reflects EEG activity spread across a broad frequency range, has recently 55 

been found to correlate with markers of cognitive function (21, 22) and varies with maturation 56 

from childhood to adulthood (23). Observational studies have shown associations between iron 57 

status and resting EEG measures in children (24-26). However, due to their cross-sectional or 58 

pre-experimental designs, these studies do not demonstrate a causal relationship. Finally, 59 

previous studies did not attempt to isolate periodic activity from the contribution of aperiodic 60 

signals to Fourier power spectra, meaning that it is difficult to determine whether changes in 61 

periodic activity (i.e., neural oscillations) actually underlie these delta, theta and alpha-band 62 

effects (27).  63 

 64 

Despite the lack of rigorous evidence (28, 29), the proposed benefits of iron supplementation on 65 

cognitive development in children have been used to guide iron intervention programs and 66 

recommendations across the world. This study addressed the need to objectively determine the 67 

effects of iron interventions on brain activity in young children. Our study sought to evaluate the 68 

effects of supplementation with iron syrup and iron-containing multiple micronutrient powders 69 

(MNPs) compared to double-dummy placebo on brain functioning using resting EEG recorded 70 

from Bangladeshi children. We used computational modelling of EEG power spectra (30) to 71 

isolate and quantify key components of the resting EEG signal, including periodic activity in 72 
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cognition-relevant frequency bands (alpha, theta, beta) and aperiodic broadband activity that 73 

systematically changes with maturation from birth until adulthood (23, 31). 74 

 75 

METHODS 76 

This neurocognitive substudy was nested within the Benefits and Risks of Iron Supplementation 77 

in Children (BRISC) trial (www.anzctr.org.au; ACTRN12617000660381). The BRISC trial was 78 

a collaboration between the International Center for Diarrheal Disease Research, Bangladesh 79 

(icddr,b), the University of Melbourne, Australia, and the Walter and Eliza Hall Institute. It was 80 

approved by the Ethical Review Committees of icddr,b and Melbourne Health. 81 

 82 

BRISC Study Design 83 

The BRISC study was a three-arm, double-blind, double-dummy, individual randomized, 84 

superiority trial conducted in the Rupganj Upazila of Narayanganj district, Bangladesh. A 85 

detailed explanation of the study characteristics is provided elsewhere (32-34). Briefly, at 8 86 

months of age +/-14 days, 3300 children were randomized to receive 3 months of 1) 12.5mg 87 

elemental iron (ferrous sulfate) syrup + placebo MNPs, or 2) MNPs (containing iron 12.5mg as 88 

ferrous fumarate, retinol 200ug, zinc 5mg, and Vitamin C) + placebo iron syrup, or 3) placebo 89 

iron syrup and placebo MNPs. Exclusion criteria included severe anemia (hemoglobin <80g/L 90 

measured on HemoCue 301 (HemoCue) using single drop capillary blood sample), drinking 91 

water iron content > 1mg/L, mid-upper-arm circumference < 11.5cm, current illness with fever, 92 

or previously known inherited red cell disorders. Children were randomized to one of the three 93 

arms using a 1:1:1 allocation, stratified by union (local area) of residence and sex. The study 94 

team and participants were blinded to the intervention. Assessments were completed in children 95 

https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=372828
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at baseline, 3 months post-intervention (month 3, when children were 11 months of age), and 96 

after a further 9 months follow-up (month 12, when children were 20 months of age). The study 97 

began recruitment in July 2017 and completed follow-up visits in February 2020. A detailed 98 

description of outcomes measures for this study is presented elsewhere (34). Hemoglobin 99 

concentration, as an outcome, was assessed using venous blood on HemoCue 301 (HemoCue), 100 

serum ferritin was measured by electrochemiluminescence immunoassay using the Cobas e601 101 

analyzer (Roche Diagnostics), and C-reactive protein was measured by particle enhanced 102 

immunoturbidimetric assay using the Cobas c311 analyzer (Roche Diagnostics). The full BRISC 103 

study will henceforth be referred to as the parent study. 104 

 105 

Neurocognitive substudy design 106 

A community sensitization campaign was undertaken prior to this substudy. Village leaders and 107 

community members were educated on the EEG technique and were shown an instructional 108 

video in Bangla, which included a description of the substudy rationale, the measurement 109 

technique, and the risks and benefits of participation. Prior to consenting, caregivers watched an 110 

instructional video. Caregivers were shown all the equipment and given a full explanation of the 111 

testing procedures. Written informed consent was obtained from all caregivers of children 112 

participating in this substudy. Refusal to participate in the neurocognition substudy did not 113 

exclude participation in the parent study. Participants were reimbursed for their travel and 114 

compensated for their time. 115 

 116 

Recruitment to the substudy was based on recruitment of up to 5 participants per day, capped at 117 

the upper limit of the workload for the EEG testing team. Starting in December 2018, using a 118 
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random number generator, we randomly selected children enrolled in the parent trial to also be 119 

included in the neurocognitive substudy starting at the 3-month post-intervention visit. Children 120 

who completed the 3-month post-intervention EEG measurement were asked to return for the 121 

same measurement at the 9-month follow-up visit. Additional children were enrolled using 122 

random selection to obtain resting EEG measurements at the 9-month follow-up visit (Figure 1). 123 

 124 

Measurements for the neurocognition substudy were conducted within 7 days following the 125 

measurements from the parent study. EEG recordings were conducted in a dedicated, air-126 

conditioned testing room. During testing, children were seated on their caregiver’s lap; 127 

caregivers were instructed not to talk to or distract the child. Children watched a video display 128 

consisting of 350 randomly-generated Gabor patches superimposed on a green background, 129 

generated using a modified version of the ‘Gaborium’ function in PsychToolbox v3.0.10 (35, 36) 130 

running in MATLAB 2018b (The Mathworks, Natick, MA, USA). Stimuli were presented on a 131 

24-inch LED ZOWIE RL-55 Benq monitor that subtended approximately 48° × 27° of visual 132 

angle, with a refresh rate of 60 Hz. If children looked away from the display or were distracted, 133 

their attention was drawn back toward the screen by an experimenter. Testing continued until the 134 

experimenters judged they had collected at least two minutes of clean EEG data.  135 

 136 

EEG data acquisition and processing 137 

EEG data were recorded from 32 active scalp electrodes, placed according to the international 138 

10-20 system, using a Brainvision LiveAmp system (Brain Vision, LLC) according to standard 139 

procedures. Data pre-processing was conducted using EEGLab v13.4.4 (37) running in 140 
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MATLAB (2018b, The MathWorks, Natick, MA). EEG data processing is detailed in 141 

Supplemental Methods. 142 

 143 

Measures Derived From Fourier Power Spectra 144 

We derived three sets of EEG measures for use in our analyses. We first derived band power 145 

measures in the delta, theta, alpha (posterior and mu) and beta bands from the original power 146 

spectra (stage 1) to be comparable to existing work, followed by analyses of flattened spectra 147 

with the aperiodic component removed (stage 2) to isolate effects on periodic (or oscillatory) 148 

EEG activity. We then analyzed measures from parameterized spectra (stage 3) including the 149 

aperiodic exponent, theta and alpha peak power measures, and theta and alpha peak frequencies.  150 

 151 

Original Power Spectra 152 

We first derived EEG band power measures from the original power spectra (Stage 1). Based on 153 

visual inspection of the group-averaged Fourier power spectra from the month 3 data we 154 

identified delta (1-3 Hz), theta (3-6 Hz), alpha (6-9 Hz) and Beta (9-30 Hz) frequency bands, 155 

which correspond to the ranges of these frequency bands in children of a similar age range (15, 156 

38-45). The same frequency band ranges were also identified in the month 12 data.  157 

 158 

Following identification of each frequency band, we then identified regions of interest (ROIs) 159 

that corresponded to relatively localized sources of frequency band-limited activity on the scalp 160 

for the month 3 data. These included electrode Fz (frontal ROI) for delta, electrodes Fz, F3, F4, 161 

FC1, FC2, Cz, C3, C4 (frontocentral ROI) for theta, and two distinct ROIs for alpha: Oz, O1, O2 162 

(posterior alpha ROI) and Cz, C3, C4 (central/Mu alpha ROI). Clear localization could not be 163 
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determined for beta activity, and so the average of electrodes Fz, F3, F4, FC1, FC2, Cz, C3, C4, 164 

CP1, CP2, Pz, P3, P4, Oz, O1, O2 was used for measures of activity in this frequency band. The 165 

mean power across each frequency band, averaged across channels in each ROI was calculated, 166 

obtaining one value per participant for each frequency band (except for alpha band power, which 167 

was measured at both posterior and central ROIs). As we used a Pz reference electrode for the 168 

month 12 data, we did not include this electrode in our ROIs for measuring beta-band activity. 169 

ROIs at month 12 were otherwise equivalent to those used at month 3. 170 

 171 

Flattened Power Spectra  172 

We also calculated the same frequency band power measures using ‘flattened’ spectra, whereby 173 

the aperiodic component of the power spectra was estimated and subtracted using the FOOOF 174 

algorithm (Stage 2). This allowed us to control for effects of aperiodic activity that contribute to 175 

the Fourier power spectra, where this aperiodic activity does not necessarily index periodic (or 176 

oscillatory) neural activity (30). This approach can help to disentangle effects that are specific to 177 

sources of periodic and aperiodic activity (27, 30).   178 

 179 

Computational Modelling of Resting EEG Power Spectra 180 

We also included measures derived from modelling the shape of the Fourier power spectra using 181 

the FOOOF algorithm (version 0.1.3) (stage 3) (46). This algorithm partitions Fourier power 182 

spectra into components that reflect aperiodic and periodic activity, each of which can be 183 

described by distinct sets of model parameters. From these parameterisations, we could measure 184 

the aperiodic exponent, as well as peak power and peak frequency values in the theta and alpha 185 

bands. By explicitly modelling neural activity associated with periodic activity (which can vary 186 
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in both power and frequency independently), this allowed us to further control for, and measure, 187 

variability in the frequency at which periodic activity occurs in each individual. Settings for the 188 

algorithm were set as: peak width limit (0.5, 12.0); maximum number of peaks: 3; minimum 189 

peak height: 0.0; peak threshold: 2 standard deviations; and aperiodic mode: ‘fixed’. Power 190 

spectra were parameterized across the frequency range of 1-30 Hz, for each channel separately. 191 

Parameter estimates were then averaged across channels within each ROI for each participant. 192 

 193 

Several parameters of the fitted models were used as outcome variables (Stage 3). The aperiodic 194 

exponents were computed from the aperiodic component of the model. The FOOOF algorithm 195 

fits exponential functions to the power spectra, whereby the exponent is equivalent to the slope 196 

of a linear fit in log-log space. The peak center frequency and power at the peak frequency were 197 

computed from the periodic component of the model. FOOOF fits Gaussian functions to the data 198 

not accounted for by the aperiodic activity in order to identify sources of periodic activity. The 199 

center frequencies are the frequencies that correspond to the peaks of each Gaussian, and power 200 

at the peak frequencies correspond to the height of each Gaussian at its peak. We further 201 

subdivided all identified peaks based on different frequency bands. Peaks within theta range (3 – 202 

6 Hz) were labelled as the theta peak and peaks within the alpha range (6 – 9 Hz) were labelled 203 

as the alpha peak. The largest peaks within each frequency band were selected as the outcome 204 

variables for each child. Center frequency and peak power measures were not obtained for the 205 

delta and beta bands, as clear peaks were not observable (and were not identified by the 206 

algorithm) in a substantial portion of datasets. 207 

 208 
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For measuring aperiodic exponents we used the same channels as for the beta band activity ROI, 209 

as aperiodic signals do not have a clear focal source (31). For modelling of theta and alpha band 210 

peak frequencies and peak power estimates, we used the same ROIs as for the band-power 211 

measures. 212 

 213 

Sample size planning 214 

A sample size of 120 in each treatment group allows to detect a standardized difference of 0.4 215 

between each intervention arm and placebo, with 80% power at a 2-sided 5% alpha level. Based 216 

on previous literature of associations between iron deficiency and resting state EEG measures in 217 

children, this effect size was considered appropriate (24, 25). EEG data loss for reasons such as 218 

movement and child fussiness of about 20% has been reported (47, 48) and therefore, we aimed 219 

to enrol a total of 450 children of those who were planned to attend the month 3 visit of the 220 

parent study after initiation of the substudy.  221 

 222 

An additional opportunistic sample of 257 children was randomly selected for EEG 223 

measurements at month 12 only. The sample included children who were not assessed as part of 224 

the neurocognitive substudy at month 3, but had recently completed month 12 measurements for 225 

the parent study. We anticipated some participant drop-out between months 3 and 12 and 226 

therefore, we assessed these additional children to allow us to examine longer term effects after a 227 

further 9 months of follow up.  228 

 229 

Statistical analyses 230 
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A modified intention-to-treat sample consisting of children with sufficient numbers of artefact-231 

free epochs (i.e., ≥58 epochs, also termed evaluable EEG data) was analyzed at month 3 and 12 232 

separately according to their randomized treatment group. Baseline characteristics were 233 

compared between children who were enrolled in the neurocognitive substudy and those not 234 

included in the substudy, children with sufficient artefact-free epochs and those with insufficient 235 

artefact-free epochs, and between treatment groups.  236 

 237 

We performed analyses in a staged approach, with each stage using a different set of Fourier 238 

power spectra measures. Each stage included 5 measures and two between-group comparisons, 239 

resulting in a total of 10 tests per stage. We first analysed delta, theta, alpha (at central and 240 

posterior ROIs), and beta band power measures using the original spectra (comprising 5 different 241 

measures). We then performed analyses using the flattened spectra (which controls for influences 242 

of aperiodic activity) using the same set of band power measures. Finally, we analysed model 243 

parameters derived using the FOOOF algorithm, including the aperiodic exponent, theta and 244 

alpha peak power measures, and theta and alpha peak frequencies (comprising 5 measures).  245 

The following additional analyses were conducted, adjusting for potential confounders, in 246 

addition to adjusting for union and sex. Model 1: adjusting for baseline Family Care Indicator 247 

score (continuous measure) (49) and maternal education (no education, 1-8, 9-12, >12 years of 248 

schooling); Model 2: adjusting for other baseline variables which were not comparable across 249 

treatment groups at baseline; Model 3: adjusting for baseline Family Care Indicator score, 250 

maternal education, and any baseline variables which were not comparable across treatment 251 

groups at baseline; Model 4: analysis restricted to those considered compliant with the 252 

intervention. Overall compliance across the 3-month intervention period was derived as the total 253 
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number of days the child was reported taking both the iron syrup and the MNPs divided by the 254 

child’s participation duration during the intervention period, with ‘complier’ defined as those 255 

with overall compliance ≥70%.  256 

 257 

Pre-planned subgroup analyses were run to examine whether treatment effects differed between 258 

subgroup categories, by adding subgroup and subgroup-by-treatment interaction term in the 259 

model. The following subgroups were examined: a) sex (female/male), b) baseline anemia status 260 

(yes/no, anemia defined as hemoglobin <11g/dL), c) baseline iron deficiency status (yes/no, iron 261 

deficiency defined as ferritin<12µg/L or <30µg/L if CRP>5mg/L), d) baseline iron deficiency 262 

anemia status (yes/no, iron deficiency anemia defined as concurrent anemia and iron deficiency), 263 

e) baseline Family Care Indicator scores (using the median, <13/≥13), f) baseline food insecurity 264 

status (yes/no), g) baseline wealth status (using the median, <0.49/≥0.49), and h) union (Bhulta, 265 

Golakandail, Rupganj).  266 

 267 

Resting EEG data were analyzed in Stata/SE 16.1 (StataCorp LLC, College Station, TX). Across 268 

the sets of measures within each visit-comparison-analysis stage combination we applied a false 269 

discovery rate (FDR) correction procedure (q=0.05) (50). An FDR correction was used given the  270 

exploratory nature of the study (51). We compared iron and MNP intervention groups to the 271 

placebo group. We did not compare EEG measures across the iron and MNP groups. Underlying 272 

model assumptions of normality and homoscedasticity were examined using residual plots.  273 

 274 

RESULTS 275 

 276 
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Recruitment to the substudy started during the second half of the parent study when about two-277 

third of children had completed their month 3 assessment. Of the 440 children enrolled at month 278 

3 in the EEG substudy, 412 (93.6%) provided sufficient amounts of artefact free data. At month 279 

12, 594 children were measured, including 257 newly recruited children, of whom 374 (63.0%) 280 

provided sufficient artefact-free EEG data (Figure 1). A total of 103 participants who underwent 281 

assessment at month 3 did not receive a repeated EEG measurement at month 12 due to loss to 282 

follow-up (N=13) or parents declining follow-up EEG measurement (N=90). 283 

 284 

Analyses of Resting EEG Measures 285 

      Qualitative Patterns of Resting EEG Data 286 

Group averaged resting EEG spectra at month 3 were typical of those observed in recordings of 287 

infants within a similar age range (Supplemental Figure 1). EEG spectra showed a typical 288 

pattern whereby amplitudes decreased with increasing frequency, which can be approximated by 289 

an exponentially-decreasing function. Prominent peaks of activity were also observed in the 290 

infant theta (3-6 Hz) and alpha (6-9 Hz) bands (Figure 2). Scalp maps show that amplitudes in 291 

the delta band were most prominent around electrode Fz, and within the theta band were most 292 

prominent around a group of fronto-central electrodes (Supplemental Figure 1). There were two 293 

visible sources of alpha: one over central electrodes (commonly called the mu alpha rhythm) and 294 

one over more posterior occipital channels (commonly called posterior alpha). Beta band activity 295 

was broadly spread across the scalp and did not show any focal patterns. Low amplitudes around 296 

bilateral occipito-parietal sites were likely due the use of TP9 and TP10 as reference electrodes 297 

for the month 3 data. 298 

 299 
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Month 12 data using a Pz reference were similar to patterns seen at month 3 (Supplemental 300 

Figure 2). Amplitudes were overall lower in the month 12 data, likely due to the proximity of 301 

the Pz reference electrode to the electrodes that made up each ROI. Scalp maps of amplitudes 302 

averaged over all infants at month 12 also look different due to the Pz reference, resulting in 303 

lower amplitudes at Pz and proximal electrodes. In the month 12 data there was a prominent 304 

peak in the alpha band, but not in the theta band.  305 

 306 

Baseline comparison between intervention arms 307 

Children enrolled in the neurocognitive substudy at month 3 were similar to those enrolled at 308 

month 12 in their prevalence of baseline anemia (43.4% of children enrolled at month 3; 46.8% 309 

at month 12), iron deficiency (26.9% at month 3; 28.6% at month 12), and iron deficiency 310 

anemia (17.6% at month 3; 20.3% at month 12). Baseline stunting, an indicator of a deprived 311 

environment, was identified in 26.9% of children enrolled at month 3 and 23.4% of children 312 

enrolled at month 12. Among children with sufficient artefact-free EEG data at month 3 and 313 

month 12, there were differences between intervention groups in terms of iron deficiency (Table 314 

1, Supplemental Table 1). Minor, non-clinically relevant differences in baseline characteristics 315 

were observed between children enrolled and not enrolled in the neurocognitive substudy and 316 

between children with and without sufficient amounts of artefact-free EEG data (Supplemental 317 

Table 2, Supplemental Table 3). Baseline characteristics were similar between children in the 318 

full neurocognitive substudy and those within the analysis restricted to children with compliance 319 

≥ 70% (Supplemental Table 4). 320 

 321 

Treatment effects 322 
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We first verified that iron syrup and MNPs improved iron status in children enrolled in the 323 

neurocognitive substudy. Daily iron syrup improved hemoglobin concentration (mean difference 324 

Iron vs Placebo = 4.5 g/L (95% CI: 2.3, 6.7), p <0.001 at month 3; 2.8 g/L (95% CI: 0.3, 5.4), p 325 

=0.031 at month 12) and ferritin concentration (geometric mean ratio Iron vs Placebo = 1.7 326 

ng/mL (95% CI: 1.4, 2.1), p <0.001 at month 3; 1.5 ng/mL (95% CI: 1.2, 1.8), p <0.001 at month 327 

12). Daily MNPs improved hemoglobin concentration at month 3, but effects were not sustained 328 

at month 12 (mean difference MNPs vs Placebo = 4.2 g/L (95% CI: 2.0, 6.5), p <0.001 at month 329 

3; 2.3 g/L (95% CI: -0.4, 5.0), p =0.096 at month 12). Effects of MNPs on ferritin concentration 330 

were observed at both timepoints (geometric mean ratio MNPs vs Placebo = 1.5 ng/mL (95% CI: 331 

1.2, 1.8), p <0.001 at month 3; 1.6 ng/mL (95% CI: 1.3, 2.0), p <0.001 at month 12). 332 

 333 

Table 2 and Figure 3 show the treatment effect estimates immediately post-intervention (month 334 

3) and at follow-up (month 12), with bolded estimates and p-values as those that reach 335 

significance after applying a false discovery rate (FDR) correction procedure across sets of 336 

measures within each visit-comparison-analysis stage combination (q=0.05) (50). An FDR 337 

correction was used given the exploratory nature of the study (50, 51). Compared to placebo, 338 

children who received daily iron syrup had higher mu alpha-band power at month 3. Results 339 

were consistent across the original spectra and flattened spectra, but did not reach statistical 340 

significance for the peak power measures after applying the FDR correction (mean difference 341 

estimate for original spectra=0.30 µV² (95% CI: 0.11, 0.50); flattened spectra=0.28 µV² (95% 342 

CI: 0.10, 0.46)) (Table 2, Figure 3). Treatment effects on mu alpha band power measures were 343 

not sustained at month 12 (Table 2). For analyses of original, flattened, and parameterized 344 

spectra, no other comparisons between iron and placebo groups at either timepoint were 345 
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statistically significant. Children who received MNPs did not differ from those who received 346 

placebo at month 3 and month 12 on any of the measures across the original, flattened, and 347 

parameterized spectra. 348 

 349 

Estimates were similar after adjusting for pre-identified potential confounders, baseline 350 

characteristics which were not comparable across treatment groups at baseline (i.e., iron 351 

deficiency), or when analysis was restricted to children in the intervention arm with compliance 352 

≥70% (Supplemental Table 5). There was no evidence of differences in treatment effects 353 

between the subgroups defined by sex of child, anemia, iron deficiency, iron deficiency anemia, 354 

family care indicator (a measure of home environment, score above vs below median), wealth 355 

index (above vs below median), and food security for any of the outcomes at month 3 or month 356 

12 (Supplemental Table 6). 357 

 358 

DISCUSSION 359 

 360 

Associations between iron status and cognitive development in children have been reported in 361 

observational studies (2-4); yet, the causal relationship between iron supplementation, in 362 

accordance with the WHO recommendations (11, 12), and brain function in young children is not 363 

well understood. This trial sought to determine how improvements in iron status following 364 

supplementation with iron and iron-containing MNPs, compared to placebo, in populations with 365 

anemia above 40% affect child brain function. We examined the efficacy of universal iron 366 

supplementation on resting EEG measures in young children living in a low-income setting with 367 

prevalence estimates of 28% for iron deficiency and 45% for anemia. We found evidence of 368 
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higher mu alpha-band power over central electrodes in children who received iron syrup 369 

compared to placebo 3 months after starting the intervention, even after FDR correction. The 370 

effect size for effects of iron syrup on mu alpha-band power (Cohen’s d=0.38, 95% CI: 0.14, 371 

0,62) was larger in magnitude than for other nutrition interventions’ effects on child cognition 372 

(52), but comparable to psychosocial stimulation (53) and poverty reduction (54) interventions. 373 

However, effects were not sustained at follow-up 9 months later. We did not find statistically 374 

significant differences for the other, broad-ranging set of resting EEG measures, including 375 

posterior alpha, beta, delta, and theta bands. Overall, we did not find consistent evidence for 376 

long-lasting changes in resting EEG power spectra associated with iron or micronutrient 377 

interventions in this sample of Bangladeshi children.  378 

 379 

Effects of iron syrup on mu alpha power (at central electrodes over motor cortex) immediately 380 

after the intervention were consistent across measures that included and excluded contributions 381 

from aperiodic activity to resting EEG power spectra. This indicates that treatment group 382 

differences at least partially index changes in periodic (also called oscillatory) EEG activity. Mu 383 

alpha band neural activity has been closely linked with the perception and production of motor 384 

actions. Mu alpha power in resting state recordings has been found to gradually increase in 385 

magnitude with maturation over 10-24 months of age, a period over which there is substantial 386 

development of motor skills (38). Reductions in mu alpha power are reliably time-locked to the 387 

production of motor movements in infants (55, 56), and also occurs with observation of others’ 388 

actions (38, 55, 57, 58). Our resting EEG design did not allow us to identify links with specific 389 

motor behaviors, and the role of iron in infant motor development should be further investigated 390 
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using paradigms designed to systematically assess covariation between mu alpha activity and 391 

motor behavior (56, 58).  392 

 393 

Notably, iron-containing MNPs did not result in significant differences in any of the resting EEG 394 

measures, despite similar effects to iron syrup on hemoglobin and ferritin concentrations. 395 

However, we are cautious to overinterpret these findings given treatment effects from MNPs 396 

were not significantly different to those from iron syrup. The MNPs contained micronutrients 397 

besides iron, including vitamin A, zinc, and vitamin C, which may have resulted in interactions 398 

between nutrients and subsequent reductions in absorption (59-62). 399 

 400 

Previous studies of iron supplementation in young children in resource-limited settings have 401 

shown mixed, predominantly null, effects on child development and behavior (28, 29). However, 402 

many were limited by small sample size, lack of a placebo control, and importantly, the use of 403 

broad child development assessment measures. Resting EEG measures, on the other hand, 404 

provide insights into brain function which are predictive of later cognitive achievement (63-68). 405 

Our findings indicate that any effects on dynamic patterns of resting brain activity are restricted 406 

to a narrow subset of EEG measures and are not sustained over a 9-month post intervention 407 

follow-up period. Existing work has identified lower power in the alpha band for iron deficient 408 

children 3-15 months of age (25, 26), complementing our findings that indicate causal effects of 409 

iron supplementation. However, we did not replicate previous observations of higher theta- and 410 

delta-band power in iron deficient children (24-26). These discrepancies could be due to previous 411 

studies not utilizing measures that separate the contributions of aperiodic and periodic EEG 412 

activity, and using cross-sectional study designs, meaning that differences between groups in 413 
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characteristics that co-occur with iron status could have contributed to observed group 414 

differences. While our data show high variability for theta and delta band power, increased noise 415 

is typical for low frequencies as compared to higher frequency ranges, including alpha band 416 

power.  417 

 418 

Our randomized trial was sufficiently powered to detect effects on EEG outcomes and was 419 

conducted in a population with the potential to benefit from iron supplementation. The 3-month 420 

intervention duration was in accordance with the WHO guidelines for iron and MNP 421 

supplementation in      children (11, 12), and was enough to improve hemoglobin and ferritin 422 

concentrations. Therefore, any functional effects on resting EEG measures due to improvements 423 

in hemoglobin or iron status would have been captured within this time frame. It is worth noting 424 

that statistical power to detect treatment differences between subgroups is low, including 425 

subgroups defined by anemia and iron deficiency. Furthermore, it is possible that effects on 426 

resting state brain activity in the general population may be different than those found in this trial 427 

given our exclusion criteria (including hemoglobin <80g/L, current infection, high groundwater 428 

iron, and inherited red cell disorders) (34). However, of those screened, only 12.8% of children 429 

were ineligible to participate (34).  430 

  431 

One additional important difference between our study and existing work is that the 432 

environmental, nutritional, and psychosocial conditions faced by the children included in our 433 

study are likely meaningfully different than those experienced by children in high-income 434 

countries, where the vast majority of EEG studies in relation to iron status have been conducted. 435 

While children in our study faced substantial iron deficiency and anemia, they may have been 436 
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less likely to respond to iron supplementation because they faced other important constraints on 437 

their brain development, such as repeated infection or inadequate psychosocial stimulation. 438 

There are reports of correlations between resting EEG measures and different measures of a 439 

child’s environment, such as low household income (54, 69) and maternal stress (69), conditions 440 

which are both prevalent in Bangladesh (69, 70). Interventions to alleviate poverty and improve 441 

responsive caregiving and early learning opportunities have been shown to have effect sizes 4-5 442 

times larger than nutrition interventions (52). That said, other meaningful electrophysiological 443 

and behavioral outcomes not measured in this study, such as attention and executive function 444 

(71, 72), may be responsive to iron supplementation, and future research would benefit from 445 

exploring these using rigorous designs.   446 

 447 

The results of our rigorously designed study demonstrate that iron syrup, but not MNP, 448 

interventions can increase mu-alpha brain activity. However, despite observed links between iron 449 

availability and multiple facets of neurophysiological development (24-26), our study also shows 450 

that increased iron intake does not necessarily lead to large, measurable changes in other 451 

frequency bands. In addition, changes in mu-alpha were not sustained after a 9-month follow-up 452 

period. Our findings suggest that other forms of adversity that children in this region may face, in 453 

particular sub-optimal early learning opportunities (34), may be critical to consider when 454 

designing public health interventions, and there is a need for evidence on the effects of 455 

addressing these conditions in combination with iron deficiency.  456 
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Table 1. Participant baseline characteristics for children with sufficient artefact-free EEG data mmediately post-intervention (month 3) and the further 9-month 
follow-up (month 12), by treatment group1 

  Children with sufficient artefact-free EEG data at month 3 (N=412) Children with sufficient artefact-free EEG data at month 12 (N=374) 

  Iron MNPs Placebo Iron MNPs Placebo 

  N=138 N=139 N=135 N=127 N=119 N=128 

Household characteristics       

Maternal education (years) 2 (2-3) 2 (2-3) 2 (2-3) 2 (2-3) 2 (2-3) 2 (2-3) 

Paternal education (years) 2 (2-3) 2 (2-3) 2 (2-3) 2 (2-3) 2 (2-3) 2 (2-3) 

Wealth index       

   Quintile 1 (relative poorest) 31/138 (22.5%) 34/139 (24.5%) 27/135 (20.0%) 34/127 (26.8%) 32/119 (26.9%) 30/128 (23.4%) 

   Quintile 2 27/138 (19.6%) 20/139 (14.4%) 29/135 (21.5%) 30/127 (23.6%) 25/119 (21.0%) 28/128 (21.9%) 

   Quintile 3 (relative middle) 32/138 (23.2%) 33/139 (23.7%) 34/135 (25.2%) 25/127 (19.7%) 21/119 (17.6%) 27/128 (21.1%) 

   Quintile 4 23/138 (16.7%) 19/139 (13.7%) 24/135 (17.8%) 18/127 (14.2%) 21/119 (17.6%) 20/128 (15.6%) 

   Quintile 5 (relative wealthiest) 25/138 (18.1%) 33/139 (23.7%) 21/135 (15.6%) 20/127 (15.7%) 20/119 (16.8%) 23/128 (18.0%) 

Household Food Secure status2 112/138 (81.2%) 106/136 (77.9%) 110/134 (82.1%) 106/127 (83.5%) 92/115 (80.0%) 108/127 (85.0%) 

Child characteristics       

General       

Female sex 75/138 (54.3%) 64/139 (46.0%) 68/135 (50.4%) 72/127 (56.7%) 56/119 (47.1%) 67/128 (52.3%) 

Age (months) 8.0 (0.3) 8.0 (0.3) 7.9 (0.3) 8.0 (0.3) 7.9 (0.3) 8.0 (0.3) 

Family Care Indicator total score3 12.3 (7.3) 12.9 (6.5) 14.6 (7.3) 13.0 (7.8) 13.1 (6.4) 13.3 (7.1) 

Laboratory indices       

Hemoglobin concentration (g/L) venous 109.5 (11.0) 109.2 (9.2) 111.2 (8.4) 108.9 (9.8) 109.5 (8.3) 109.4 (8.9) 

Anemia venous4 64/138 (46.4%) 58/132 (43.9%) 53/129 (41.1%) 61/125 (48.8%) 53/112 (47.3%) 61/123 (49.6%) 

Serum ferritin (µg/L) 22.8 (11.4-37.1) 23.9 (13.1-37.6) 23.4 (15.4-40.2) 22.7 (10.5-41.0) 24.7 (14.5-37.2) 21.6 (11.8-38.5) 

Iron deficient5 46/137 (33.6%) 35/129 (27.1%) 24/127 (18.9%) 44/121 (36.4%) 28/109 (25.7%) 35/121 (28.9%) 

Iron deficiency anemia6 34/137 (24.8%) 18/129 (14.0%) 18/127 (14.2%) 32/121 (26.4%) 19/109 (17.4%) 24/121 (19.8%) 

Serum C-reactive protein (mg/L) 0.80 (0.39-2.91) 1.03 (0.36-3.36) 0.93 (0.31-2.37) 0.75 (0.34-2.13) 0.86 (0.36-2.65) 0.88 (0.35-2.47) 
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Inflammation7 21/137 (15.3%) 25/129 (19.4%) 19/127 (15.0%) 16/121 (13.2%) 18/109 (16.5%) 12/121 (9.9%) 

Child growth       

Length/height-for-age z-score -1.35 (1.04) -1.39 (1.04) -1.34 (1.03) -1.26 (1.07) -1.36 (1.05) -1.25 (0.95) 

Weight-for-age z-score -0.56 (1.08) -0.68 (1.03) -0.49 (1.01) -0.56 (1.00) -0.75 (1.03) -0.50 (0.94) 

Weight-for-length/height z-score 0.37 (1.02) 0.24 (0.95) 0.45 (1.07) 0.30 (0.96) 0.12 (1.05) 0.34 (1.03) 

Child development       

Bayley score8       

Cognitive composite 96.6 (8.3) 96.7 (7.6) 97.0 (7.7) 95.9 (8.0) 95.7 (7.3) 96.3 (7.9) 

Language composite 89.4 (6.4) 89.6 (6.4) 90.8 (7.3) 88.2 (7.3) 89.7 (6.6) 88.7 (8.0) 

Motor composite 93.5 (10.1) 93.8 (10.4) 94.5 (9.9) 93.8 (10.1) 94.0 (9.7) 94.0 (10.6) 

 
1Data are presented as mean (SD) or median (IQR) for continuous measures, and n/total (%) for categorical measures. Percentages may not total 100 because of 
rounding. Complete participant characteristics at baseline by treatment group are presented in Supplementary Table 1. At month 3, children were 11 months of 
age; at month 12, children were 20 months of age. EEG, electroencephalography. 
2Food secure was defined ‘no’ or ‘rarely‘ to question 1 and ‘no’ to questions 2-9 on the Household Food Insecurity Assess Scale (73). 
3Scores on family care indicator total score range from 0 to 42, with higher scores indicating more activities/use of play or reading material (49). 
4Anemia was defined as hemoglobin <110g/L (74). 
5Iron deficiency was defined ferritin<12µg/L or <30µg/L if C-reactive protein >5 mg/L (75). 
6Iron deficiency anemia was defined as anemia and iron deficiency. 
|7Inflammation was defined as C-reactive protein >5 mg/L (76). 
8Scores on Bayley were derived as described in Bayley N. Bayley Scales of Infant and Toddler Development: Motor Scale. Psychological Corporation; 2006 
(77). Higher scores indicating better development. 
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Table 2. Effects of iron syrup and MNP supplementation vs placebo on EEG outcomes immediately post-intervention (month 3) and the further 9-month follow-
up (month 12) among children with sufficient artefact-free EEG data1 
 

      Iron MNPs Placebo Iron vs Placebo MNPs vs Placebo 

Visit Analysis 
stage 

Outcome2 (all units are µV2, expect 
for peak frequency Hz) Mean(SD) Mean(SD) Mean(SD) Mean difference 

(95% CI)3 P Value3 Mean difference (95% 
CI)3 P Value3 

Month 3 

St
ag

e 
1 

Posterior alpha (original spectra) 1.08 (0.62) 1.02 (0.55) 1.06 (0.66) 0.01 (-0.13, 0.15) 0.91 -0.03 (-0.18, 0.11) 0.67 

Mu alpha (original spectra) 1.47 (0.93) 1.31 (0.85) 1.16 (0.70) 0.30 (0.11, 0.50) 0.0034 0.15 (-0.05, 0.35) 0.15 

Beta (original spectra) 0.31 (0.23) 0.34 (0.25) 0.34 (0.33) -0.03 (-0.10, 0.03) 0.33 0 (-0.07, 0.06) 0.89 

Delta (original spectra) 15.12 (4.91) 14.84 (4.70) 14.64 (4.76) 0.47 (-0.67, 1.61) 0.42 0.16 (-0.98, 1.29) 0.79 

Theta (original spectra) 3.54 (2.12) 3.75 (2.28) 3.23 (2.50) 0.32 (-0.23, 0.87) 0.25 0.51 (-0.04, 1.06) 0.07 

St
ag

e 
2 

Posterior alpha (flattened spectra) 0.37 (0.48) 0.28 (0.46) 0.33 (0.55) 0.03 (-0.08, 0.15) 0.58 -0.05 (-0.16, 0.07) 0.44 

Mu alpha (flattened spectra) 0.73 (0.85) 0.54 (0.74) 0.45 (0.66) 0.28 (0.10, 0.46) 0.0025 0.10 (-0.08, 0.28) 0.29 

Beta (flattened spectra) 0.04 (0.07) 0.04 (0.07) 0.05 (0.12) -0.01 (-0.04, 0.01) 0.19 -0.01 (-0.04, 0.01) 0.19 

Delta (flattened spectra) 6.45 (4.57) 7.28 (4.76) 7.14 (4.42) -0.68 (-1.77, 0.41) 0.22 0.08 (-1.01, 1.17) 0.88 

Theta (flattened spectra) 1.95 (1.98) 2.19 (2.10) 1.74 (2.36) 0.22 (-0.29, 0.73) 0.40 0.44 (-0.08, 0.95) 0.10 

St
ag

e 
3 

Posterior alpha (peak frequency) 7.41 (0.61) 7.29 (0.56) 7.22 (0.56) 0.19 (0.00, 0.38) 0.049 0.07 (-0.13, 0.27) 0.48 

Mu alpha (peak frequency) 7.46 (0.46) 7.42 (0.47) 7.45 (0.47) 0 (-0.12, 0.12) 0.97 -0.03 (-0.16, 0.09) 0.59 

Theta (peak frequency) 4.58 (0.51) 4.58 (0.63) 4.43 (0.60) 0.16 (0.00, 0.31) 0.043 0.15 (-0.00, 0.30) 0.06 

Posterior alpha (peak frequency 
power) 0.32 (0.15) 0.34 (0.16) 0.36 (0.23) -0.04 (-0.10, 0.02) 0.21 -0.02 (-0.09, 0.04) 0.50 

Mu alpha (peak frequency power) 0.52 (0.21) 0.48 (0.18) 0.46 (0.21) 0.06 (0.01, 0.12) 0.016 0.02 (-0.03, 0.07) 0.43 

Theta (peak frequency power) 0.50 (0.21) 0.56 (0.23) 0.48 (0.22) 0.02 (-0.04, 0.08) 0.47 0.07 (0.01, 0.13) 0.014 

Aperiodic exponent 1.40 (0.34) 1.31 (0.37) 1.32 (0.37) 0.08 (-0.01, 0.17) 0.07 -0.01 (-0.09, 0.08) 0.85 

Month 12 

St
ag

e 
1 

Posterior alpha (original spectra) 1.00 (0.30) 0.98 (0.28) 1.01 (0.31) -0.01 (-0.12, 0.10) 0.81 -0.03 (-0.14, 0.08) 0.58 

Mu alpha (original spectra) 1.03 (0.37) 0.99 (0.34) 0.99 (0.30) 0.04 (-0.05, 0.12) 0.39 0 (-0.09, 0.09) 0.99 

Beta (original spectra) 0.35 (0.15) 0.35 (0.13) 0.36 (0.15) -0.01 (-0.05, 0.02) 0.52 -0.01 (-0.05, 0.02) 0.52 

Delta (original spectra) 3.25 (0.63) 3.23 (0.49) 3.25 (0.54) -0.01 (-0.15, 0.13) 0.88 -0.03 (-0.17, 0.11) 0.71 

Theta (original spectra) 1.47 (0.38) 1.47 (0.37) 1.45 (0.36) 0.01 (-0.09, 0.10) 0.90 0.01 (-0.08, 0.10) 0.83 
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St
ag

e 
2 

Posterior alpha (flattened spectra) 0.37 (0.27) 0.36 (0.23) 0.37 (0.28) 0 (-0.10, 0.10) 0.99 -0.01 (-0.11, 0.08) 0.80 

Mu alpha (flattened spectra) 0.46 (0.32) 0.43 (0.30) 0.42 (0.26) 0.04 (-0.03, 0.11) 0.29 0.01 (-0.07, 0.08) 0.81 

Beta (flattened spectra) 0.02 (0.02) 0.01 (0.01) 0.02 (0.02) 0 (-0.01, 0.00) 0.27 -0.01 (-0.01, -0.00)  0.033 

Delta (flattened spectra) 0.29 (0.28) 0.35 (0.41) 0.33 (0.34) -0.05 (-0.13, 0.04) 0.26 0.02 (-0.07, 0.11) 0.68 

Theta (flattened spectra) 0.40 (0.30) 0.41 (0.32) 0.39 (0.31) 0.01 (-0.06, 0.09) 0.73 0.02 (-0.06, 0.10) 0.59 
St

ag
e 

3 

Posterior alpha (peak frequency) 7.84 (0.64) 7.76 (0.54) 7.76 (0.59) 0.04 (-0.19, 0.27) 0.71 -0.02 (-0.25, 0.20) 0.83 

Mu alpha (peak frequency) 8.03 (0.46) 7.97 (0.46) 8.03 (0.39) 0.01 (-0.10, 0.12) 0.81 -0.05 (-0.16, 0.06) 0.376 

Theta (peak frequency) 4.62 (0.59) 4.55 (0.64) 4.53 (0.55) 0.09 (-0.06, 0.24) 0.25 0.01 (-0.14, 0.17) 0.86 

Posterior alpha (peak frequency 
power) 0.28 (0.12) 0.26 (0.12) 0.27 (0.14) 0.01 (-0.04, 0.05) 0.83 -0.01 (-0.05, 0.04) 0.83 

Mu alpha (peak frequency power) 0.32 (0.15) 0.32 (0.13) 0.32 (0.13) 0.01 (-0.03, 0.04) 0.65 0 (-0.04, 0.03) 0.97 

Theta (peak frequency power) 0.17 (0.09) 0.18 (0.10) 0.17 (0.09) 0 (-0.02, 0.02) 0.92 0.01 (-0.02, 0.03) 0.61 

Aperiodic exponent 0.83 (0.15) 0.83 (0.13) 0.82 (0.15) 0 (-0.03, 0.04) 0.82 0 (-0.03, 0.04) 0.84 
1The analysis sample includes all randomized participants with sufficient artefact-free EEG data at the specified visit. The estimate, CI, and P Value were obtained from a linear regression model adjusted 
for union and sex of the child. Stages refer to how band power measured were derived, using the original power spectra (stage 1), flattened spectra with the aperiodic component removed (stage 2), and 
from parameterized spectra (stage 3). At month 3, children were 11 months of age; at month 12, children were 20 months of age. CI denotes Confidence Interval, MNPs denotes multiple micronutrient 
powders. SD denotes Standard Deviation. 

2Posterior and Mu refer to electrode location. Posterior includes Oz, O1, and O2. Mu includes Cz, C3, and C4. Aperiodic exponent refers to the rate at which the aperiodic (background) activity decreases 
as a function of frequency in Hz. 

3All CIs and P values are presented unadjusted for multiple testing.  
 
4Q =0.015. Q refers to the false discovery rate adjusted P value. 
 
5Q=0.01 
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Figure 1 CONSORT diagram 
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Figure 2. Fourier amplitude spectra at central electrodes for the iron, MNP and placebo treatment groups immediately post-
intervention (month 3).  
 
 
The grey shaded area spans the range of the infant mu alpha band (6-9 Hz). Shaded error regions represent standard errors. The scalp 
map depicts alpha band amplitudes for each electrode, averaged across all infant datasets at month 3. The grey outlined area in the 
scalp map shows the positions of electrodes Cz, C3 and C4 used to measure mu alpha activity. MNP denotes multiple micronutrient 
powders. 
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Figure 3. Treatment effects of iron syrup and MNP supplementation vs placebo on EEG outcomes immediately post-intervention 
(month 3)1 

 

1Iron N=138, MNPs N=139, Placebo N=135. EEG denotes electroencephalography. MNP denotes multiple micronutrient powders. 
 


