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Abstract

Introduction: Iron is essential for cerebral energy metabolism, neurotransmitter synthesis,
myelination, and neural development. Iron deficiency may therefore impair brain function
even before overt anemia develops. This systematic and mechanistic review synthesized
EEG findings associated with iron deficiency across the lifespan and evaluated electrophys-
iological changes following iron treatment. Materials and Methods: PubMed /MEDLINE,
Scopus, Web of Science, Embase, PsycINFO, and Google Scholar were searched from incep-
tion to July 2026. Human studies examining iron deficiency or iron-deficiency anemia using
EEG, quantitative EEG, task-related oscillations, event-related potentials, or cortical-evoked
potentials formed the core evidence base. Two additional studies of chronic kidney disease-
related or mixed-etiology anemia were retained as contextual evidence to help distinguish
iron-specific electrophysiological effects from abnormalities associated more generally with
anemia severity and reduced oxygen-carrying capacity. Risk of bias was assessed using
RoB 2 and ROBINS-I. Because of substantial heterogeneity, findings were synthesized nar-
ratively. Results: Thirty reports were retained for narrative synthesis, covering participants
from the neonatal period to adulthood. Twenty-eight formed the core iron-specific evidence
base, whereas two were analyzed separately as contextual anemia evidence. Iron deficiency
was commonly associated with increased slow-wave activity, reduced alpha activity, de-
layed sensory and cognitive processing, prolonged P300 and N2 latencies, altered frontal
alpha asymmetry, and impaired differentiation between relevant and irrelevant stimuli.
Reductions in P300 amplitude were less consistent but were observed in severe anemia,
demanding cognitive tasks, and after infantile iron-deficiency anemia. Iron supplemen-
tation improved several spectral and ERP outcomes, although recovery was variable and
some abnormalities persisted after hematological correction. Interpretation was limited
by heterogeneous diagnostic criteria, small samples, inconsistent EEG methods, residual
confounding, variable risk of bias, and the partial non-independence of reports arising from
overlapping longitudinal cohorts or parent trials. Findings from the contextual anemia
studies were not interpreted as direct evidence of an effect of iron deficiency. Conclusions:
Iron deficiency may disrupt the timing, synchronization, and maturation of neural activ-
ity through impaired energy metabolism, neurotransmission, myelination, and synaptic
development. EEG may be useful for detecting functional brain alterations and moni-
toring treatment response, but no specific electrophysiological biomarker can currently
be established.
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1. Introduction

Iron deficiency is the most prevalent micronutrient deficiency worldwide and remains
an important public-health problem across both low- and high-income countries. It ranges
from depleted iron stores and iron-restricted erythropoiesis to iron-deficiency anemia
(IDA), when iron availability becomes insufficient for normal hemoglobin synthesis [1-3].
The main causes include inadequate dietary intake, increased physiological requirements
during periods of growth or pregnancy, impaired gastrointestinal absorption, and chronic
blood loss. Functional iron deficiency may also occur when inflammation and hepcidin-
mediated sequestration restrict the mobilization and utilization of stored iron [1-5]. The
condition is particularly common during infancy, childhood, adolescence, pregnancy, and
in menstruating women because of increased physiological requirements or recurrent blood
loss [4,5]. The main causes of iron deficiency across the lifespan are presented in Table 1.

Table 1. Main causes of iron deficiency across the lifespan.

Main Cause Main Mechanism Examples/Populations
. . Insufficient intake or low Infants, children, adolescents,
Inadequate dietary intake . I . . - .
bioavailability of dietary iron restrictive diets
Increased physiological Increased iron requirements during Infancy, childhood,
requirements periods of rapid growth or pregnancy adolescence, pregnancy
. Persistent iron loss Menstrual blood loss,
Chronic blood loss : . . .
exceeding replacement gastrointestinal bleeding
o . . Reduced intestinal uptake of Gastrointestinal disorders,
Impaired intestinal absorption . . .
dietary iron malabsorption

Inflammation/functional

iron deficiency

Hepcidin-mediated iron
sequestration and Chronic inflammatory conditions
impaired mobilization

Increased developmental demand

High iron requirements during rapid

fissue and neural development Fetal life, infancy, early childhood

The consequences of iron deficiency extend beyond impaired hemoglobin synthesis
and oxygen transport. Iron is essential for mitochondrial energy metabolism, neurotrans-
mitter synthesis, myelination, and normal neuronal development [6-11]. Iron-dependent
processes contribute to cellular energy production, synaptic transmission, neuronal plastic-
ity, dopaminergic function, and the maturation of oligodendrocytes and white matter [6-8].
These functions are especially important during fetal development, infancy, and early
childhood, when neurogenesis, synaptogenesis, hippocampal maturation, and myelination
are particularly active. Consequently, prolonged or severe iron deficiency during sensitive
developmental periods may be associated with persistent alterations in neural function
even after systemic iron status has improved [7-11].

Iron deficiency has also been associated with impairments in attention, learning,
memory, psychomotor development, language, and broader cognitive functioning, al-
though the magnitude and persistence of these effects vary according to age, severity and
duration of deficiency, nutritional and socioeconomic factors, and study design [12-16].
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Prospective and intervention studies suggest that the improvement in iron status may
benefit attention, memory, learning efficiency, and processing speed in some iron-deficient
populations [17,18]. Maternal iron-deficiency anemia has additionally been associated
with alterations in maternal cognitive and affective functioning and mother—infant interac-
tion [19]. These findings suggest that the effects of iron deficiency on the nervous system
may involve both reversible functional disturbances and, particularly when deficiency
occurs during critical developmental periods, more persistent alterations.

Electroencephalography (EEG) provides a non-invasive measure of cerebral electrical
activity with high temporal resolution and can be used across the lifespan [20-24]. Resting-
state EEG and quantitative EEG (qQEEG) allow the assessment of spontaneous oscillatory
activity, including spectral power and slowing, whereas task-related EEG and event-related
potentials (ERPs) provide information about sensory, attentional, memory, and higher-
order cognitive processing [21,25-30]. Electrophysiological measures may therefore detect
functional alterations that are not necessarily captured by conventional clinical or behav-
ioral assessments. Changes in spectral activity, oscillatory organization, or ERP amplitude
and latency may provide complementary information about the timing, efficiency, and
organization of neural processing.

Despite extensive research on the cognitive, developmental, and behavioral conse-
quences of iron deficiency, its effects on human brain electrophysiology have not been
comprehensively synthesized across the lifespan. Available studies include neonatal, infant,
childhood, adolescent, and adult populations and use heterogeneous approaches, including
conventional EEG, resting-state qEEG, task-related oscillations, sensory-evoked potentials,
and cognitive ERPs. Differences in the definition and severity of iron deficiency, presence
of anemia, developmental stage, EEG methodology, and cognitive paradigms make it
difficult to determine which electrophysiological findings are reproducible and which may
be specific to particular populations or experimental conditions. Furthermore, it remains
unclear whether electrophysiological abnormalities improve following iron treatment and
whether some alterations may persist after hematological recovery.

Therefore, the aim of this systematic review was to synthesize human evidence on elec-
trophysiological alterations associated with iron deficiency across the lifespan, including
resting and quantitative EEG, task-related oscillatory activity, sensory-evoked potentials,
and cognitive ERPs. We additionally examined changes following iron supplementation
or the correction of iron deficiency and considered the methodological quality and risk of
bias of the available evidence. Particular attention was given to the consistency of electro-
physiological findings across developmental stages, the distinction between iron-specific
effects and abnormalities potentially related to anemia, and the extent to which electro-
physiological measures may have potential value for detecting or monitoring functional
brain alterations associated with iron deficiency.

2. Materials and Methods
2.1. Review Design and Reporting Framework

This systematic review was designed to identify, evaluate, and synthesize human stud-
ies examining the relationship between iron deficiency and cerebral electrophysiological
activity measured using electroencephalography. The review covered electrophysiological
alterations associated with iron deficiency, iron depletion, and iron-deficiency anemia
across different stages of life, from the neonatal period to adulthood. Particular attention
was given to resting-state and conventional EEG abnormalities, quantitative EEG measures,
task-related oscillatory activity, event-related potentials, and changes in electrophysiologi-
cal outcomes following iron supplementation or the correction of iron deficiency.
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The review was conducted and reported in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses 2020 guidelines. Eligibility criteria, search
concepts, data-extraction categories, risk-of-bias procedures, and the approach to evidence
synthesis were defined before the final synthesis was undertaken. The study-selection
process was documented using a PRISMA flow diagram.

2.2. Eligibility Criteria

Studies were eligible for the core synthesis if they (1) included human participants;
(2) evaluated iron deficiency, iron-deficiency anemia, or iron-status biomarkers; (3) assessed
cerebral electrophysiology using scalp EEG, quantitative EEG, event-related potentials, or
cortical-evoked potentials; and (4) reported an interpretable electrophysiological outcome
related to iron status or iron treatment. Eligible designs included observational studies and
randomized or non-randomized intervention studies. Non-human studies, non-original
publications, case reports, conference-only publications, studies without cortical EEG-
derived outcomes, and studies in which iron-related exposure could not be established
were excluded.

Iron deficiency could be defined using serum ferritin, serum iron, transferrin
saturation, soluble transferrin receptor, total iron-binding capacity, body iron, zinc
protoporphyrin-to-heme ratio, mean corpuscular volume, mean corpuscular hemoglobin,
or a combination of hematological and biochemical indicators. Evidence was classified ac-
cording to the specificity of the iron-status definition. Studies using biochemical indicators
to confirm iron deficiency or iron-deficiency anemia were classified as confirmed iron-
specific evidence. Studies using hemoglobin-based anemia classifications were retained as
probable iron-related evidence when the original investigators identified iron deficiency
as the principal or likely cause of anemia, even when ferritin or other biochemical indica-
tors were unavailable. The absence of biochemical confirmation was documented during
data extraction, considered in the risk-of-bias assessment, and reflected in the interpretive
weight assigned to the findings.

Two additional reports that did not meet the criteria for the core iron-specific synthesis
were retained as contextual anemia evidence. One examined severe anemia associated
with chronic kidney disease, whereas the other included a mixed-anemia population in
which iron-deficiency anemia accounted for a substantial proportion of cases but subgroup-
specific EEG findings were unavailable. These reports were retained because they pro-
vided relevant information about the association between anemia severity, hemoglobin
concentration, cerebral oxygen limitation, and electrophysiological abnormalities. They
were not treated as evidence that the reported EEG changes were caused specifically by
iron deficiency.

Eligible study designs included randomized controlled trials, non-randomized sup-
plementation studies, prospective and retrospective cohort studies, case—control studies,
cross-sectional comparisons, longitudinal developmental studies, and correlational stud-
ies investigating associations between iron biomarkers and EEG measures. Intervention
studies were included when they assessed electrophysiological changes following oral iron,
iron-fortified foods, iron-containing micronutrient preparations, or another intervention
intended to improve iron status. Studies were not required to include a healthy control
group when they reported longitudinal EEG changes following treatment or associations
between iron biomarkers and electrophysiological outcomes.

Eligible EEG outcomes included absolute and relative spectral power in the delta,
theta, alpha, beta, and gamma frequency ranges; peak frequency and oscillatory power;
aperiodic spectral parameters; frontal alpha asymmetry; EEG slowing; background orga-
nization; paroxysmal or other conventional EEG abnormalities; task-related oscillatory
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responses; and ERP amplitude, latency, morphology, topography, or condition differen-
tiation. Cortically generated auditory and visual evoked responses were included when
they were derived from scalp EEG. Behavioral and cognitive findings were extracted as
secondary outcomes when they were reported alongside the electrophysiological results.
Studies were excluded when they (1) were conducted exclusively in animals or in vitro
models; (2) did not include participants with confirmed or probable iron deficiency and did
not provide prespecified contextual evidence concerning the cerebral electrophysiological
effects of anemia severity; (3) did not report an EEG-derived outcome; (4) examined only
peripheral nerve conduction, auditory brainstem responses, or other brainstem parameters
without a cortical EEG or ERP measure; (5) were reviews, meta-analyses, editorials, letters,
protocols, conference papers, conference abstracts, posters, or case reports; or (6) did not
provide sufficient methodological or outcome information for interpretation. Studies in-
volving anemia of mixed, uncertain, or clearly non-iron etiology were excluded from the
core iron-specific synthesis when the effects of iron deficiency could not be distinguished or
reasonably inferred. However, such reports could be retained in a separate contextual cate-
gory when they provided directly relevant cortical EEG or ERP evidence concerning anemia
severity or reduced oxygen-carrying capacity. Contextual studies were clearly identified
throughout the synthesis and were not used to support iron-specific causal conclusions.

2.3. Information Sources and Search Strategy

A systematic literature search was conducted in PubMed/MEDLINE, Scopus, Web of Sci-
ence Core Collection, Embase, PsycINFO, and Google Scholar. Searches covered each database
from inception to the final search date. The database-specific searches were performed on 1
July 2026. No restrictions were applied regarding participant age, sex, geographical location,
or year of publication. Results were restricted to publications in English.

The search strategy combined terms describing iron deficiency or iron-deficiency ane-
mia with terms describing EEG and cerebral electrophysiology. Because database interfaces
differ in their controlled vocabulary, field codes, phrase searching, and Boolean syntax,
the strategy was translated separately for each database rather than applying a single
identical search string. The complete reproducible search strategy for each information
source, including the exact query as entered, database or platform, date of search, limits
applied, and number of records retrieved, is provided in Supplementary Table S1.

The search concepts included terms related to iron deficiency (“iron deficiency”,
“iron deficient”, “iron depletion”, “depleted iron stores”, “low iron”, “low ferritin”, “iron-
deficiency anemia”, “iron deficiency anemia”, and IDA) and electrophysiology (EEG, elec-
troencephalography, electroencephalogram, qEEG, “quantitative EEG”, “brain electrical ac-
tivity”, “event-related potential”, ERP, “evoked potential”, P300, P3, P1, N1, N100, P2, P200,
N2, N200, “slow wave”, FN400, “spectral power”, “brain oscillations”, and “alpha asym-
metry”). Search syntax and field specifications were adapted to the requirements of each
database; the exact executed strings are reproduced verbatim in Supplementary Table S1.

Google Scholar was used as a supplementary search source rather than as the sole basis
for the systematic identification of records. The Google Scholar search was conducted on
1 July 2026 using the following prespecified queries: “iron deficiency” EEG; “iron deficiency

i " ou

anemia” EEG; “iron deficiency” “event-related potential”; “iron deficiency anemia” “event-
related potential”; “iron deficiency” P300; “low ferritin” EEG. Results were screened in the
order returned by Google Scholar. Duplicate records and records already identified through
the bibliographic databases were removed before eligibility assessment. The number of
Google Scholar records screened, the query or queries used, and the resulting number of

potentially eligible records are reported in Supplementary Table S1.
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In addition to electronic database searching, the reference lists of all eligible articles
and relevant reviews were examined manually. Forward-citation searching of eligible
studies was also performed, together with database functions identifying similar or related
articles where available. Records identified through these supplementary methods were
subjected to the same eligibility criteria as database-derived records.

All retrieved references were imported into reference-management software. Duplicate
records were identified electronically and subsequently checked manually before title and
abstract screening.

2.4. Study Selection

Study selection was conducted in two stages. First, titles and abstracts were screened
against the predefined eligibility criteria. Records were excluded at this stage when they
clearly did not investigate iron deficiency, did not use EEG or a related cortical electrophys-
iological method, involved non-human models, or represented non-original publications.

The full texts of potentially relevant articles were then retrieved and evaluated. During
full-text screening, particular attention was paid to the method used to define iron status, the
etiology of anemia, the type and anatomical level of the electrophysiological measurement,
the presence of original empirical data, and the availability of interpretable EEG results.
Studies assessing only auditory brainstem or other subcortical responses were distinguished
from studies measuring cortical auditory or visual potentials. During full-text assessment,
reports were additionally classified as core iron-specific evidence, probable iron-related
evidence, or contextual anemia evidence. Contextual classification was used when iron-
specific EEG results could not be isolated but the study contributed directly relevant
information concerning anemia severity and cortical electrophysiology.

Screening was performed independently by two reviewers. After removal of duplicate
records, titles and abstracts of all unique records were screened against the predefined
eligibility criteria. Records that clearly failed to meet the inclusion criteria were excluded
at this stage. Full-text reports were then sought for all records considered potentially
eligible. Reports that could not be retrieved, if any, were recorded separately. All retrieved
full-text reports were independently assessed against the eligibility criteria, and a specific
reason for exclusion was recorded for each report excluded at this stage. Disagreements at
either screening stage were resolved through discussion and re-examination of the relevant
record or report; when consensus could not be reached, a third reviewer was consulted.
Consistent with PRISMA 2020 terminology, “records” refers to database or other-source
citations identified before full-text retrieval, whereas “reports” refers to retrieved full-text
publications. The numbers of records identified, records removed before screening, records
screened, records excluded, reports sought for retrieval, reports not retrieved, reports
assessed for eligibility, reports excluded with reasons, and studies included in the review
are presented in the PRISMA 2020 flow diagram (Figure 1).

2.5. Data Extraction

Data were extracted using a standardized extraction form developed for this review.
The following information was collected from each included study:

1.  General study characteristics: First author, publication year, country, recruitment
setting, and study design.

2. Participant characteristics: Total sample size, number of participants in each group,
age or developmental stage, sex distribution, health status, relevant clinical character-
istics, and inclusion and exclusion criteria.

3.  Iron-status assessment: Biomarkers used to determine iron status, diagnostic thresh-
olds, definition of iron deficiency or iron-deficiency anemia, severity of deficiency,
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presence or absence of anemia, inflammatory markers where available, and timing of
biological sampling relative to EEG assessment.

Intervention characteristics: Form and dose of iron, route of administration, duration
of supplementation, adherence, placebo or comparison condition, co-administered
micronutrients, timing of post-treatment EEG assessment, and duration of follow-up.
EEG acquisition and preprocessing: Recording condition, behavioral state, task
paradigm, number and location of electrodes, reference montage, sampling rate,
filtering, artifact-rejection procedures, epoch definition, frequency-band definitions,
and analytical software or procedures where reported.

Electrophysiological outcomes: Resting or task-related spectral power, ERP com-
ponents, peak amplitude and latency, waveform morphology, scalp distribution,
stimulus or condition differentiation, frontal asymmetry, conventional EEG abnor-
malities, background slowing, oscillatory peak characteristics, aperiodic activity, and
other reported EEG indices.

Behavioral and cognitive outcomes: Task accuracy, reaction time, attention, memory,
executive functioning, learning, intelligence, developmental performance, emotional
behavior, and other outcomes assessed alongside EEG.

Associations and treatment effects: Relationships between EEG outcomes and ferritin,
hemoglobin or other iron indicators; differences between iron-deficient and iron-
sufficient participants; within-participant changes following treatment; persistence
of abnormalities after correction of iron status; and evidence of statistical mediation
between iron status, EEG activity, and cognitive performance.

Methodological information: Attrition, missing EEG data, artifact-related exclusions,
statistical adjustments, correction for multiple comparisons, funding sources, reported
conflicts of interest, and limitations relevant to interpretation.

Evidence classification: Classification as confirmed iron-specific evidence, probable
iron-related evidence, or contextual anemia evidence; justification for the classification;
availability of biochemical confirmation of iron deficiency; presence of mixed anemia
etiologies; and availability of etiology-specific electrophysiological results.
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Figure 1. PRISMA 2020 flow diagram of study identification, screening, eligibility assessment, and

inclusion in the systematic review.
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For studies classified as contextual anemia evidence, particular attention was given to
the etiology of anemia, ferritin concentrations, inflammatory or renal disease, treatment
modality, and whether EEG findings were reported separately for participants with iron-
deficiency anemia.

Potential cohort overlap was assessed using recruitment setting, enrollment period,
participant characteristics, baseline and follow-up ages, intervention allocation, and descrip-
tions of parent cohorts or trials in the original publications. Reports derived from the same
or partially overlapping parent cohort were assigned a common cohort-overlap identifier in
Table 2. Separate publications were retained when they addressed distinct developmental
time points, electrophysiological paradigms, outcomes, or follow-up periods. However,
reports originating from the same parent cohort were not treated as independent replica-
tions, even when the samples analyzed differed because of attrition, EEG-data usability,
age-specific follow-up, or paradigm-specific inclusion criteria. Agreement between such
reports was interpreted as within-cohort convergence rather than independent replication.

2.6. Outcomes

The primary outcome was the association between iron status and human cerebral
electrophysiological activity. This included differences between iron-deficient and iron-
sufficient participants, associations between continuous iron biomarkers and EEG measures,
and changes in EEG outcomes following the improvement in iron status.

For synthesis, electrophysiological outcomes were organized into four broad cate-
gories: (1) resting and conventional EEG, (2) spectral and task-related oscillatory activity,
(3) ERP and cortical evoked-potential measures, and (4) electrophysiological responses
to iron treatment. The more specific outcomes listed below were treated as subdomains
within these categories rather than as separate eligibility requirements.

The principal outcome domains were

Resting-state EEG spectral activity;

Conventional EEG abnormalities and background organization;

Frontal alpha asymmetry;

Task-related alpha, theta, beta, and gamma activity;

Early sensory and attentional ERP components, including P1, N1/N100, P2/P200,
and N2/N200;

Later cognitive ERP components, particularly P3/P300;

SAEE I

N o

Recognition-memory and late slow-wave responses;

8. Habituation, novelty detection, stimulus discrimination, and auditory or visual recog-
nition responses; and

9.  Electrophysiological normalization, partial recovery, or persistence following

iron supplementation.

A secondary contextual outcome was the relationship between anemia severity or
hemoglobin concentration and cerebral electrophysiological activity in studies in which
iron deficiency was not confirmed or could not be isolated. This outcome was used only to
evaluate the plausibility of an additional anemia-dependent mechanism involving reduced
oxygen-carrying capacity. It was not used to infer an iron-specific effect.

Secondary outcomes included cognitive, behavioral, developmental, emotional, and
performance measures reported in relation to EEG findings. These outcomes were used
to determine whether electrophysiological differences were accompanied by measurable
functional impairment or improvement.
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Table 2. Studies included in review.
. Main Treatment/ Behavioral/ Interpretive . .
Study S Life Sample Design Iron Status/ EEG Paradigm EEG/ERP Electrophysiological Longitudinal Cognitive Notes/ anafy Moda.hty Intgrven-
tage/Age Exposure Measures HA .o, S Modality Family tion
Findings Response Findings Limitations
d?’e?)filczzrrll_t 10 min eyes-closed [ron deficiency was Lower WISC-R Suggests
4 Serum iron &y . associated with globally diffuse
non-anemic . resting EEG; . verbal, .
. <60 pg/dL; . Absolute and increased absolute theta cortical
children and Matched . 19 electrodes; . . . performance, . . .
. lower ferritin . relative delta, ~ power in the Laplacian slowing, with . Resting/
31 Children 33 age-, sex-, cross- d linked-ear and h Iph. di d d and full-scale IQ; ionlarl Resting ional
[31] — A 8 . an face- X theta, alpha, montage and increase: Not assessed. a particularly conventional No
(6-12 years) and sociocul sectional . surface-Laplacian markedly qEEG
hemoglobin, . and beta frontal absolute delta . frontal delta EEG
turally study. b montages; FFT of in the ref . poorer dynamic b lity:
matched ut no overt artifact-free power. power in the referential learning abnormality;
iron-replete anemia. epochs montage. Relative performance no sex
: did not differ. ’ interaction.
controls. power
10i Serum iron Supplementa— Fewer correct Pattern points
Oiron- <60 ng/dL; Untreated tion produced target responses to reduced
deficient Matched ene%all 4 Visual continuous- Visual P300 iron-deficient children aclear be f%re treIaDtment‘ attentional
children loneitudinal ngn-anenz,ic performance amplitude showed an almost P300 and accurac ! alloca-
. completing 8 . oddball task with and latency; absent centroparietal substantial . Y . .
Children supplementa-  depleted iron . . . L X improved to tion/stimulus .
[32] the full ! . K animal images; target— P300 and minimal normaliza- L Visual ERP ERP Yes
(8-10years) tion study; stores; ) . near-control discrimina-
protocol and controls 5me/ke/da target crab; nontarget target-nontarget tion, although levels after sup- tion rather
10 matched 8/ 18/ Cay linked-ear ERP differen- differentiation; P300 aresidual Sup
. tested once. elemental L. . plementation; than slowed
iron-replete iron for up to referenced EEG. tiation. latency was not reduction reaction time stimulus
controls. P meaningfully altered. remained at .
3 months. Pz unchanged. evaluation.
32 infants of Basic auditory P2 Absence of elec-
diabetic Auditory maturation was largely trophysiological Ferritin
mothers; P . - speech/nonspeech . preserved. voice predicted the
. rospective Ferritin - P2 ampli- L _ iy
23 with R maturation task Brain-iron-deficient recognition was stranger-
observational <34 ug/L tude/latency . No neonatal - .
Newborns usable ERP cohort with indicated and mother- and2s infants lacked the intervention interpreted as nuse Audito:
[33] data versus-stranger typical negative . impaired mother slow Y ERP No
(~15days) 1-year devel- suspected . 2 slow-wave in the ERP i ERP
(9 suspected P voice recognition . slow-wave . recognition wave
braini opmental brain iron . . area/difference . . comparison. e
rain iron follow-u deficienc during active sleep; wave differentiation between memory; specifically at
deficient, p- ¥ 5 scalp sites for ’ stranger and maternal developmental right
14 brain iron recognition task. voices; P2 latency was follow-up was temporal T4.
sufficient). shorter overall. included.
Usable ERP iron—?tifgﬁrcri‘g:tt }i:%ants
il; tiff;ﬁrtrsl Infant iron- showed the expected Developmental ERP differences NC latency
iy deficiency NC ampli- mother-related NC and P implicated was not
with iron- Cross- . Mother-versus- trajectory .
- . anemia tude/latency stranger-related PSW delayed altered; small
deficiency sectional and . stranger face suggested an .
. A defined by o (300-650 ms) pattern, whereas . attention sample and
Infants (9 and anemia and longitudinal recognition; " . IO approxi- - - .
[34] 12 months) 19 iron- developmen- low 16-channel EEG: and positive iron-deficient infants matel allocation and residual so- Visual ERP ERP No
. P hemoglobin ! slow-wave showed atypical or y memory cial/maternal
sufficient tal frontocentral . o 3-month . .
; . plus >2 area reversed differentiation. . updating for confounding
infants; comparison. . analyses. electrophysio- o
B abnormal iron (800-1500 ms). At 12 months, the . familiar versus were
longitudinal indi . defici logical delay. 1f idered
subgroup indices. 1r0r1—b le éctlﬁn; group;h novel faces. considered.
resembled the 9-mon
7+7.

iron-sufficient pattern.
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Table 2. Cont.
. Main Treatment/ Behavioral/ Interpretive . .
Study S Life Sample Design Iron Status/ EEG Paradigm EEG/ERP Electrophysiological Longitudinal Cognitive Notes/ anafy Moda.hty Intgrven-
tage/Age Exposure Measures Findings Response Findings Limitations Modality Family tion
Broad electro-
After treatment, Nland  physiological L
Hb<11g/dL P2 amplitudes improvement h owlerb
51 adults Within- with N1,P2,N2,P3 increased, N2 latency after No extensive emv(\)gso mn
with newly subject microcytic/ Auditory oddball ampli- shortened, P3 latency correction of neuropsycho- associated
diagnosed , _J ¢ hypochromic ERPsatFz/Cz/Pz  tudes/latencies; shortened atall midline anemia, logical battery; with higher
[35] Adults iron- tp < tpos t iron- plus 20 min delta through sites, and P3 amplitude although the cognitive " t'i;n © ¢ Mixed Mixed Ye
o (20-60 years) deficiency mr;a mz? ¢ deficiency eyes-closed resting gamma and increased at Pz. Resting paper improvement %reltrea en EEG + ERP EEG/ERP s
anemia Stucy withou profile; qEEG from broadband power generally contains an was inferred ©ta power,
ahealthy H . . . suggesting a
(46 women, control grou 3 months oral 19 electrodes. spectral decreased in posterior, internal mainly from contribution
5men). group- ferroglycine power. temporal, and central wording ERP changes. £ cercbral
sulfate. regions; gamma was inconsistency Oh cerebra
unchanged. about qEEG ypoxia.
direction.
3 C;J:;r(’ls Sﬁ; Eez dgu /C Z“CI Anemic boys had Suggests
. . significantly prolonged =~ Psychometric persistent
18 anemic red-cell/iron . © i .
bovs at indices: P300 latency but similar ~ recovery was  Raven and Digit slowing of
baleine- Controlled 34mg/kg /,da amplitude. After greater than Span scores stimulus
Bovs aired ’ e post or:l?ron fory Auditory oddball P300 latency treatment, latency electrophysio- improved and evaluation Auditor
[36] Y p . pre=pos . P300 at Cz with and shortened numerically logical no longer despite y ERP Yes
(8-10years) follow-up Intervention 90 days; both button response amplitude but remained recovery; differed from improved ERP
included study. groups P ’ P : sl ¥ P
23 control received significantly longer P300 slowing controls after hematology
C;)n d o8 albfac: dazole than controls; persisted after treatment. and
14 anemic and amplitude remained 3 months. behavioral
boys. vitamin C. comparable. performance.
Indicates
Controls showed the lasting
~ expected FN400 changes in
95 children: fIﬁ)ng_term . Infant IDA FN4£10 Il):ak old-new effect; Abnormaliti Recoenition familiarity /
51 formerly orlow=up ap treated for Continuous amp formerly anemic ormaities ccognitio semantic- .
. proximately . . tude/latency . persisted accuracy was Histor-
. iron- 612 months; old-new visual children showed weak .. access and .
Children . 10 years after . e (300-500 ms) . o roughly a similar, but . ical
[37] deficient current iron word-recognition differentiation and . later Visual ERP ERP
(~10.2 years) s treated - and P300 il decade after formerly anemic i treat-
anemic in infantile iron- deficiency task; 28-channel mean significantly delayed infant children were recognition ment
infancy and . was rare at EEG. . FN400. P300 amplitude S processing
deficiency amplitude treatment. initially slower. -
44 controls. ; follow-up. was reduced at Fz and despite
anemia. (500-800 ms). .
Cz, with preserved near-normal
posterior topography. overt
performance.
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. Main Treatment/ Behavioral/ Interpretive .
Life . Iron Status/ . EEG/ERP . . N P Prima Modalit Interven-
Study Sample Design EEG Paradigm Electrophysiological Longitudinal Cognitive Notes/ Y y
Stage/A N g g g s, . . .
age/Age Exposure Measures Findings Response Findings Limitations Modality Family tion
162 infants With elevated ZPP/H, Effects were
with usable iron-sufficient infants much weaker
ERP data; Fetal- showed the expected when iron
ZPP/H neonatal iron Mother-versus- frontal- Absent LSW deficiency
analysis: deficiency stranger voice negative/posterior- differentiation was defined
Infants 35iron Prospective defined by recognition; P2,P750, and positive LSW to the was interpreted by ferritin, Audit
[38] (~2 months) deficientand  observational  elevated cord 64-channel EEG; late slow stranger voice, whereas ~ Not assessed. as impaired suggesting uElél'? Y ERP No
92 sufficient; birth cohort. ZPP/Horlow  frontal-central and wave (LSW). iron-deficient infants recognition of ZPP/H may
ferritin cord ferritin; parietal-occipital showed no the maternal capture
analysis: none had regions. stimulus-specific LSW voice. functional
28 low and IDA. differentiation. P2 and restriction
133 suffi- P750 topographies were more
cient. also altered. sensitively.
Low ferritin; Biofortification Ch'a nges in
. ferritin, body
high produced . Strongest
. . P1,N1,P2 R iron, and .
55 women prevalence of Five visual tasks: amplitudes, larger-magnitude N1 h lobi Improved evidence
with low iron simple reaction la}t)encieesz's responses across tasks, ergp % (c)l 1{?1 attentional concerned
Youn iron stores: Double-blind deficiency, time, Go/No-Go, normalize’d increased alpha power pre 4 icte tral capture/ early Task Task
[39] wome%l 27biofortified-  randomized with or Attention alha in simpler attention ;n spe'cElizaG selection and attentional N1 ERPaS ERP /as 1 Ye
- (18-27 years) bean and 128-day without Network, (8-15 I}:‘,IZ) and tasks, and increased changes; memory and task- £ lJ;:%pGe_ EEPGeCtra €s
Y 28 comparison-  feeding trial. anemia; iron-  Sternberg memory Amma gamma power in sgteiaiiu;eli efficiency were dependent cra
bean biofortified search, and cued (3%_90 Hz) memory-intensive m csl Ct dy linked to neural alpha/
participants. versus recognition. tasks. ERP latencies ediate changes. gamma
comparison power. and P1 amplitude were 50“.}‘? recruitment.
beans. not reliably changed. cogrutive
benefits.
Atbaseline, N2 and P3 Broa}ij i\eu‘roli)sy—
latencies were ircnp())a?r%nlc eant
prolonged, P2/P3 . .
. N1/P2/N2/P3 amplitudes reduced, improved after Lmk_s electro—
28 adults Prospective P . treatment but physiological
I Clinical iron- . latency and and 55% had abnormal Partial, not . -~
with iron- case—control .. Auditory oddball - X X often remained abnormalities
Young adults deficiency study with deﬁc.lency ERP plus amplitude; resting EEG with complete, nor- below controls toboth Mixed Mixed
[40] . anemia; oral . qualitative slowing/paroxysmal malization : . Yes
(~22years) anemia and 3-month . conventional . . P3 latency anemia EEG + ERP EEG/ERP
. iron . conventional activity. Treatment after -
25 healthy pre—post iron . resting wake EEG. . correlated severity and
controls treatment correction. EEG abnor- increased P2 and P3 3 months. tively and it
' ’ malities. amplitude, but negauvey an cognitive
. . P3 amplitude function.
latencies changed little; .. X
abnormal EEG p051tlvgly with
prevalence fell to 35%. 1Q/iron
measures.
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tage/Age Exposure Measures HA .o, S Modality Family tion
Findings Response Findings Limitations
Suggzsts
. subtle
Continuous .
. red-cell/iron
108 students; . MCH, MCV, Lower MCH and MCV Higher MCH, L.
15 had iron Observa'tlonal ferritin, P1,N1,P2, consistently predicted MCV, and variation may
- . correlational . . i influence
deficiency study ina hemoglobin, Visual and P3 altered amplitudes ferritin processing
[41] Young adults/ WIt}}OUt mostly a}nd'lror} task-switching amplitudes at across P1-P3, Not assessed. predlctgq better from early Visual ERP ERP No
undergraduates  anemia and indices; - frontal and particularly under Digit ;
. healthy, paradigm. . - : perception
3 had iron- . subgroup posterior- switch demands; Span/working-
L non-anemic . . N through
deficiency 1 analyses by parietal sites. hemoglobin did not memory b
anemia. sampie. low/high predict ERP outcomes. performance. executive
indices. upfitfalhn;gce]j\;in
withou -
cal anemia.
Provides
_Categoric_al group. Anemic girls _weaker
< ; ifferences in i showe evidence than
Hb<12g/dL diffe P300 did howed d th
hematology not reach significance, somewhat the boys’
42 girls: Cross- and iron although anemic girls poorer treatment
[42] Girls 23 anemic sectional indices Auditory oddball PSOOaI;(tiency had ~14.5 ms longer Not assessed psychometric study; Auditory ERP No
(8-10 years and controlled suggested P300. . latency. Across the full . scores, but suggests mild ERP
Y 88 amplitud y: 88
19 controls. study. mild phtude. sample, hematocrit group slowing
anemia/iron correlated inversely differences were rather than
restriction. with latency; amplitude not uniformly reduced
was not clearly altered. significant. response
magnitude.
Supports
[DA during ineflf?:itéﬁgy of
69 children infancy, . A
with reated treated for at e nad Accuracywas controland
Children 1nfantlle Long-term least Visual Go/No-Go N2 ampli- significantly smaller Altere}tlons high but prefrontal- Historical
) (~8-9years iron- o 6 months; A tude/latency . persisted . ;
[43] . . longitudinal . inhibitory-control P300 amplitude and modestly lower striatal Visual ERP ERP treat-
after infant deficiency foll comparison K and P300 29 ms N2 8-9 years after in the -
IDA) anemia and orowup- infants task. amplitude. oIS Onger - treatment. in the former processing, ment
63 compari- received latency; N2 amplitude IDA group. possibly
0 hilgr 0 reventiv did not differ. involving
son¢ en P ei\:)n ¢ dopamine
’ and
myelination.
. No group differences at Demonstrates
Serum iron low load. Under 5-digit load-
15 fron- <60 pg/dL Visual verbal Late ERP load, illon-deﬁcient After supple- Athighload, dependent
deficient, with depleted activity, - : deficient -
? Matched Sternberg . children showed mentation, . working-
Child non-anemic loneitudinal stores but no ki especially id dl children were
[44] aren children and ongitudina overtanemia; ' Ol & mEMOry P3b/P300- widespread late ERP ERPs no less accurate memory Visual ERP ERP Yes
(8-10years) 15 supplementa- ! task with amplitude longer . vulnerability
matched ; 5mg/kg/day . related i . and slower; both
. tion study. 3-and 5-digit - abnormalities across differed from . and
iron-replete elemental load amplitudes frontal. central trol normalized after bilit
controls. iron for memory loads. (~580-900 ms). rontal, central, contros. treatment. reversibrity
-3 months temporal, and with restored

parietal sites.

iron stores.
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Study Sta]gdlef/eAge Sample Design Iré);\ g;‘::f/ EEG Paradigm ffg;ﬁii Electrophysiological Longitudinal Cognitive Ntl:tes/ anafy Moda.hty Intgrven-
P Findings Response Findings Limitations Modality Family tion
3(21 ir}'fa'nts: Only infants deficient at Prenatal-only
eficient both birth and 9 months Pattern was )
prenatally Prospective de?i?i?r?é?flby Two-minute Infant alpha showed consistent ~ Notan interpreteq asa or pg;tlnatal-
and blrth Cphort cord baseline ower negative asymmetry, intervention neurophysiolog- defici Y did
) Infants postnatally, with iron ferritin/ ZPP- peek-a-boo, “ind ( 6—5 Hz) and indicating relatively s_tudy;. dgra— ical correlate of neotcslﬁgi},’ th1e Frontal Resting/
[45] (9 months) 21 prenatal- status H: postnatal stranger-approach frontal greater right-frontal tion/timing altered asymmetry  conventional No
only, measured at de’fil:éienc b c §n ditfor;lso'ac ronta " activation. The effect of deficiency approach— same EEG EEG
20 postnatal- birth and > abnor}r]na}i 128-channel Eii G lasg;nrile P{C}; was present across all was the withdrawal/ asymumetry;
only, and 9 months. “ron indices . n(F4)-In(F3). conditions and was exposure. emotional combined
30 never ' driven mainly by lower disposition. group was
deficient. right-frontal alpha. small (= 9).
Iron-deficient women .
39 women: Combined showed greater overall Iron deficiency Suggests
19 iron- Cross- Sternberg Normalized alpha suppression and altered reduced
deficient sectional Hb >12¢/dL visual-memory alpha, theta, attenuated behavlogai_and capacity to
College-aged non-anemic workload and fergi tin apd running- and gamma theta/gamma metabo li scale neural Task
[46] women and experiment <16 ue/L arithmetic task power recruitment as Not assessed. responses to recruitment spectral Task spectral No
20 matched witI})1 indirect for I]LDll% A with increasing relative to complexity increased. C"g“lt“ve with EEG EEG
iron- calorimetry. ’ stimulus eyes-closed Ferritin explained workloahd,lEEdG increasing
sufficient complexity; baseline. 27% of theta-slope and power helpe mental
controls. 64-channel EEG. 59% of gamma-slope predict cnergy demand.
variance. expenditure.
. After
ZWSIEf ]aIIOI;S_ treatment,
deficiency theig d Provid
. normalized, rovides
gg:;f ;ii Hb<11g/dL re?;:is\?él(l:lteel{a Atbaseline, IDA infants slow relative strong
matched ] plus ) theta aloha ’ showed excess theta, power No primary evidence of
controls; Prospective abnorm§l iron >30 min an c{ beIZa 4 increased frontocentral decreased, cognitive task; reversible Resti
[47] Infants treated pre—post sup- profile; spontaneous-sleep ower: age- delta/theta relative alpha EEG was maturational estmg/
(3-12 months) infants were plementation ~ 5mg/kg/day qEEG from P d 4 g_ power, and reduced increased, interpreted as slowing, with Sleep qEEG  conventional Yes
later study. ferrous 19 electrodes. sta:éarssixze d posterior alpha; and delayed CNS incomplete EEG
compared fumarate for qEEGZ 64% had an immature 19/25 infants maturation. normaliza-
with a second 4 months. scores qEEG pattern. were tionina
age-matched ’ classified as minority.
con- normal; some
trol group. alpha deficclits
persisted.
Iron-deficient women Accuracy was Small sample;
23 healthy Cr_()ss— Ferritin ) ) had significantly similar,ybut asymmetll:“)y
non-anemic sectional <12 ug/L Resting EEG with Alpha power greater left-midfrontal iron-deficient should not be
5] V\v{g;r:}gn vifé)ri?grr:: obsertvz:itional with Mitsar/ WinEEG; (g—lszz), a'lph'a'at F3anda women took treat‘ed asa Resting Resting/
13 study comparab}e frontal alpha particularly significant F3-F4 Not assessed. longer to direct EEC conventional No
(20-32 years) deficient and controlling hemoglobin asymmetry F3 versus F4 asymmetry not present complete testing diagnostic 1 EEG
10 iron menstrual- between analysis. : in controls, consistent and reported marker of
sufficient. cycle phase. groups. with relatively reduced lower activ- anxiety or
left-frontal activation. ity /endurance. depression.
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. Main Treatment/ Behavioral/ Interpretive . .
Study Life Sample Design Iron Status/ EEG Paradigm EEG/ERP Electrophysiological Longitudinal Cognitive Notes/ anafy Moda.hty Intgrven-
Stage/Age Exposure Measures HA .o, S Modality Family tion
Findings Response Findings Limitations
Final E].EG Or.ﬂy Nl axnplitud.e Intervention
7znala}$:1_ High Five tasks durﬁzl;rﬁgﬁ:ia;hon Composite effects were
P prevalence of assessing reaction . EEG changes Ten of distributed
(i)lants - Randomized iron defi- time, Go/No-Go, N1and P3 conveighf)ﬁnrz:} mediated im- 21 behavioral across
Ay anconuze ciency/IDA; attentional amplitudes; _ srouphyime provements measures multivariate Task Task
) Adolescents biofortified double-blind . interaction. Broader EEG . . .
[49] (12-16 years) millet 6-month iron- networks, alpha and changes generally in attentional improved more neural ERP + spe ERP/spectral Yes
33 compari- feeding trial. biofortified compoglte-face gamma favored biofortification, cap- _inthe patterns ctral EEG EEG
. versus processing, and power. o . ture/selection biofortified rather thana
son); selected - S and ferritin/hemoglobin -
comparison cued recognition; . and memory group. single robust
from 146 low- pearl millet 32-channel EEG changes predicted efficienc EEG
ferritin ado- . . task-specific N1, P3, and Y- .
lescents. gamma changes. endpoint.
P300 latency was
significantly prolonged
. in IDA; amplitude did  Delayed P300 Large sample
260 women: . LA indicated slower strengthens
. not differ significantly . .
130 with Cross- between groups attentional evidence for
Young iron- . Hb<12g/dL Auditory oddball P300 latency groups. allocation, latency .
= - sectional - . Across all participants, . A Auditory
[50] women deficiency and ferritin P300 with button and Not assessed. stimulus slowing in ERP No
. case—control . latency correlated e . ERP
(~24 years) anemia and stud <15ng/mL. response. amplitude. neeatively with classification, neurologi-
130 healthy ¥ hemogglobin' Zmplitu de and working- cally intact
controls. showed e caker memory-related women with
positive relations with processing: IDA.
iron status.
Month 3: Deviant-
329 usable 12.5 mg/day minus- The paradigm elicited a Large
EEGs Double-blind iron syrup or standard robust novelty Null electro- Bayley randomized
(116 iron randomized iron- Auditory mismatch response, but neither physiological development evidence
Infants/young syrup, placebo- containing roving-oddball amplitude iron formulation intervention was assessed in indicates that
51] children 108 micronu- controlled multiple paradigm (200-400 ms), changed mismatch effect, the parentstudy;  short-term sup- Auditory ERP Ye
. (~11and trient supplementa-  micronutrient assessing novelty de- amplitude, N2, including in this substudy plementation ERP s
20 months) powder, tion trial with powder for and habituation; viant/standard stimulus-specific anemia/iron- found no neural did not alter
105 placebo); later 3 months 32-channel EEG. amplitudes, amplitudes, or deficiency habituation this specific
month 12: follow-up. versus N2 difference,  habituation at month 3 subgroups. benefit. auditory nov-
363 usable placebo. within-task or month 12. elty marker.
EEGs. habituation.
) The only
Month 3: 12.5mg/day Iron syrup increased corrected
412 usable . Delta, theta, tral mu-alph . diat
EEGs Double-blind tron syrup or . posterior centra’ mu-a pad Mu-alpha mmediate
. . iron- Atleast 2 min power immediately . effect was a
(138 iron randomized . alpha, central X difference No task
Infants/young 139 mi laceb containing low-demand Iph after treatment in both b ¢ small-to- Resti
= children syrup, 139 mi- pracebo” multiple resting EEG while muaiphe, conventional and was absent periormance moderate Resting estm.g/
[52] cronutrient controlled . . .o beta; peri- A nine months outcome in the . . conventional Yes
(~11and micronutrient viewing Gabor . o aperiodic-corrected . increase in qEEG
20 months) powder, supplementa- powder for patches; odic/aperiodic spectra. No robust after supple- resting-EEG sensormotor EEG
135 placebo); tion trial with ! parameteriza- ’ mentation substudy. X
% 3 months 32 electrodes. . effects were found for mu alpha;
month 12: follow-up. tion and peak ended. o
374 us- versus measures other bands or for the durability was
able EEGs. placebo. ’ micronutrient powder. not demon-
' strated.
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Study StaLlef/eA e Sample Design Iré);\ g;‘::f/ EEG Paradigm ffg;ﬁii Electrophysiological Longitudinal Cognitive Notes/ l\l/’[r(;rir:ﬁ'ty Nl[:giailllty Intt:)wr/‘en-
8e/A8 P Findings Response Findings Limitations y y
Iron-deficient women Learning w Suggests
Error-related showed markedly earn i % as altered
42 women: frorreiate reduced Pe amplitudes mtaty conscious
29 iron- IDNA defined Rule-based and components in both learnin poorer/slower ror
Y defi o ¢ Cross- bvd f " 3 information- including Pe; " Oth tearn t‘g in IDNA, but €rro
. oung eheient. sectional y cepete integration global field SYSEInS, pesistng overt awareness .
[53] women non-anemic . ferritin with . even after behavioral Not assessed. and Visual ERP ERP No
) learning category-learning power and performance .
(18-35 years) and 20 iron- . normal performance reached attentional
- experiment. . tasks; 128-channel neural- . could converge
sufficient hemoglobin. EEG efficienc control levels; despite control not
controls. ’ 4 neural-efficiency Jesp fully captured
measures. traiectories also persistent neural by final
: differed. differences. acZuracy
Microcytic
50 children hypochromic Latency
with iron- IDA (Hb N1, P1,and N2 related
deficiency <10.5g/dL Flash visual latencies were No cognitive mainly to
anemia or Cross- plus evoked potentials significantly prolonged task; VEPs anemia
- Infan'ts/young adequate sectional abnormal from occipital N1,P1, and for both eyes in the IDA assessed severity;
[54] children . . . N2 VEP AT Not assessed. X e VEP VEP No
(6-24 months) iron status; case—control red-cell recordings after latencies group, indicating functional ferritin
group sizes study. indices) monocular ’ delayed visual-system correlated
not specified versus stimulation. visual-pathway maturation. specifically
in the non-anemic conduction. with N2
summary. iron-replete latency.
controls.
At9 months, Nc
differentiation was
preserved across
X groups, but Developmental
S?t‘n?f:;:z.s Fetal- iron-deficient groups expression Onl
(30 fetal— Prospective neonatal ID Ncampli- showed altered LSW shifted from Findings 33 infant}; had
pect by cord . tude/latency differentia- late memory- indicate
neonatal ID, longitudinal 7. Passive mother- . . o o usable data at
ferritin/ZPP- and lateslow  tion/topography. At 18 updating timing-specific
= Infants (9and 20 postnatal cohort; partly . versus-stranger i . both ages, ;
[55] 18 months) D different H; postnatal face recoenition: wave (LSW) months, fetal-neonatal abnormalities effects on visual limiting strict Visual ERP ERP No
" ID by S ¢ over frontal ID infants lacked Nc at9 months to recognition- Tng St
37 sufficient); samples at 128-channel EEG. . within-child
at 18 mo: cach ace >2 abnormal and temporal mother-stranger attention- memory developmen-
112 (43,2 6 8¢ indices at regions. differentiation; related Nc systems. tal inf Ir) o
d 4’3) ’ 9 months. postnatal ID showed abnormalities alinierence.
an ' only right-lateralized at 18 months.
differentiation; LSW
group effects
disappeared.
. a1 Laboratory- - No healthy or
ZQ mfgn’ts Wltl:‘lll’l— confirmed Flash VEP Mean N2 latency o No C(?gmtlve untreated
with iron- subject K shortened Significant task; result
L. IDA; recorded at O1/02 . . . o control and
. Infants deficiency pre-post . Primarily N2 from 113.7 to 106.6 ms improvement indicates .
[56] (7-24 months) anemia treatment 4mg/kg/day during VEP latenc after treatment, after anemia improved visual no detailed VEP VEP Yes
. oral iron pharmacologically ¥ . ’ P P100/N1 or
(12 boys, study without sulfate for assisted slee approaching the resolved. neural amplitude
8 girls). controls. P- laboratory age norm. conduction. Pty
12 weeks. analysis.
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Study St Life Sample Design Iron Status/ EEG Paradigm EEG/ERP Electrophysiological Longitudinal Cognitive Notes/ anafy Moda.hty Intgrven-
age/Age Exposure Measures HA .o, S Modality Family tion
Findings Response Findings Limitations
Both CKD groups had
15 ::Zririea markedly prolonged Partial Nota pure
predialysis secondary to latenci/nariliurgduced improvement P300 served as d flr on-
CKD Controlled CKD; E a ﬂgo . eﬁn with an objective € :c1:13n4cy
patients, pre-post ery- relatively . P300 latency | rywopole increased marker of sty .
- K L . L Auditory oddball Sif cantly shortened . N mechanism Auditor
[57] Adults 15 hemodial- thropoietin high ferritin, y and y hemoglobin cognitive y ERP Yes
- . . & . P300. . latency in both groups . & ; S concerns ERP
ysis patients, treatment erythropoi- amplitude. . . independent dysfunction .
and study. etin and increased amplitude of major renal- related to ane- correction of
30 healthy 1001U/kg signt ﬁcantly in dialysis function mia/hypoxia. anemia and
1 . %] patients, but values oxygen
controls. twice weekly remained abnormal changes. deliver
for 6 weeks. ¥
versus controls.
EEG abnormalities Mi .
52 adults increased with anemia ed anemia
: . Background . etiologies;
with anemia: hvthm severity and commonly loblasti
55.8%IDA, Mild Resting frr y ney/ included theta/delta megato ﬁs dc
28.8% mega- Prospective ! eyes-closed /open equency slowing and reduced anerma ha .
Adults loblastic observational moderate, or EEG with amplitude/ alpha No formal the highest Conventional Resting/
[58] . . severe anemia o reactivity, . Not assessed. cognitive ERP abnormal- conventional No
Y i
(1865 years) anemia, conventional- of mixed hyperventilation diffuse,/focal frequency/amplitude. task FEG EEG FEG
15.4% ane- EEG study. . and photic j Abnormal EEG sK
. etiology. A slowing, o prevalence, so
mia of activation. prevalence was 41.2% N,
chronic paroxysrr.lal. or inmild, 70.8% in ﬁndmgg are
disease. sharp activity. moderate, and 81.8% in i::; Zp%clﬁc to
severe anemia. enciency.
74 female defﬁlr:zlnslz)alely Findings da]z:icf?;st‘ison
medical b Anemic participants indicate slower used
Late- students: Cross- Hb <12y /dL; P300 latenc had substantially stimulus hemoelobin
[59] adolescent 2 anemié sectional iror% ’ Auditory oddball and y prolonged P300 latency Not d evaluation and le 08’0 lts Auditory ERP N
g women controlled i P300. . (332.5vs. 290.6 ms) and otassessed. weaker awone, resu ERP °
and 42 non- deficiency amplitude. . . cannot be
(18-19 years) anemic study. was not reduced amplitude attentional- attributed
. . (9.1vs. 11.7 uV). resource o
controls. biochemically allocation specifically to
confirmed. ’ iron deficiency.
. Treated
70 children .
withIDA Hb <120 8/L Both anemic groups children no
plus low longer differed
random- ferriti had ~29 ms prolonged e
ized to elee\fritlg lc;r P3 latency and more omhcont'rols, " Sutppor:s
active (35) or . ated free N1, P2,N2,P3 abnormal waveforms at whereas . . reatment re-
Double-blind erythrocyte . g . . placebo IQ improved in sponsiveness
placebo (35), laceb Auditory oddball latencies; baseline. Active hil .
Children plus praceno” protopor- with rare-tone N2/P3 supplementation dren the active group of P300 Audito:
[60] 12 controlled phyrin; active L K . I retained and differed timing/ Y ERP Yes
(7-12 years) 30 healthy 3-month beverage counting; vertex amplitudes; significantly shortened abn lities: £ laceb hol ERP
controls; . . & recording waveform P3 latency and ormatities; rom p’acebo morphology
final ERD pilot trial. provided ’ . some after treatment. ~ more strongly
inal ERP 10 me iron morphology. improved waveform nonspecific than
analysis & 1ror morphology; P )
. plus vitamin . ¢ latency amplitude.
33 active, S amplitudes were
! C, malic acid, shortening
34 placebo, unchanged.
and folate. occurred
30 controls. in placebo.
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2.7. Risk-of-Bias Assessment

Risk of bias was assessed using tools appropriate to the design of each study. Ran-
domized controlled trials were evaluated using the Cochrane Risk of Bias 2 tool. The
assessed domains included bias arising from the randomization process, deviations from
intended interventions, missing outcome data, outcome measurement, and the selection of
the reported result. Trials were classified as having low risk of bias, some concerns, or high
risk of bias.

Non-randomized intervention studies and observational studies were evaluated using
the Risk of Bias in Non-randomized Studies of Interventions tool (ROBINS-I). Because
ROBINS-I was originally developed for non-randomized intervention studies, its domains
were operationally adapted for purely observational exposure studies in which naturally
occurring iron status, rather than an investigator-assigned intervention, constituted the
exposure of interest. This adaptation was used as a structured domain-based assess-
ment of the validity of the iron-status—EEG association and was not intended to imply
that iron deficiency represented an intervention. For observational studies, the target
exposure was defined as iron deficiency, iron-deficiency anemia, or the continuous iron-
status measure assessed in the original study. Bias due to confounding and participant
selection was evaluated in the usual manner. The ROBINS-I classification-of-intervention
domain was reframed as classification or measurement of iron-status exposure and consid-
ered the biochemical specificity of the iron definition, the validity and timing of ferritin,
serum iron, transferrin saturation, hemoglobin, erythrocyte indices, or other biomarkers,
and the likelihood of misclassification between iron-deficient and iron-sufficient partici-
pants. The domain concerning deviations from intended interventions was interpreted
as deviations from, or changes in, the defined exposure before electrophysiological as-
sessment, including iron supplementation, transfusion, treatment of anemia, or other
clinical management capable of modifying iron or hemoglobin status. When no meaningful
post-classification deviation from exposure could occur, this domain was considered not
applicable or low risk. The remaining domains—missing data, measurement of electro-
physiological outcomes, and selection of the reported result—were applied directly. This
approach allowed the same broad risk-of-bias framework to be used across heterogeneous
non-randomized designs while directing the assessment toward threats to the validity of
exposure—outcome associations.

Particular attention was paid to potential confounding by age, sex, socioeconomic
status, nutritional status, inflammation, anemia severity, comorbid nutritional deficiencies,
developmental risk factors, medication use, neurological disorders, and the underlying
cause of iron deficiency. EEG-specific concerns included inadequate control of behavioral
state, unblinded outcome assessment, small numbers of artifact-free trials, high attrition
caused by unusable EEG recordings, inconsistent preprocessing, non-standard frequency-
band definitions, selective electrode reporting, and insufficient correction for multiple
EEG comparisons.

Risk-of-bias judgments were made independently by two reviewers, with disagree-
ments resolved through discussion. Studies were not excluded solely because of their
risk-of-bias classification; instead, risk of bias was incorporated directly into the interpre-
tive weighting of the narrative synthesis. No numerical quality score or formal statistical
weighting was applied. Findings from studies with fewer and less severe methodological
concerns, biochemical confirmation of iron deficiency, appropriate comparison groups, or
randomized designs were assigned greater interpretive weight. Findings from studies with
serious ROBINS-I concerns were retained but treated as supportive rather than definitive
evidence and were given greater weight only when corroborated by independent studies
or by evidence with stronger exposure classification or study design. Findings from studies
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with a critical ROBINS-I judgment were not permitted to establish an iron-specific or causal
conclusion on their own and were treated as low-confidence, hypothesis-generating, or con-
textual evidence. Similarly, findings from randomized trials judged at high risk of bias were
down-weighted relative to more methodologically robust randomized evidence. When a
serious- or critical-risk study was the sole source of a particular finding, that finding was
explicitly described as preliminary or uncertain and did not determine the domain-level
conclusion. When results differed across studies, greater interpretive weight was assigned
to findings from studies with lower risk of bias and stronger iron-status ascertainment.

2.8. Data Synthesis

Because of substantial clinical and methodological heterogeneity, a quantitative meta-
analysis was not considered appropriate. The included studies differed in participant
age, developmental stage, severity and duration of iron deficiency, presence of anemia,
diagnostic thresholds, study design, supplementation protocol, EEG recording condition,
electrode montage, preprocessing procedures, frequency-band definitions, ERP paradigms,
outcome quantification, and statistical reporting.

A structured narrative synthesis was therefore performed. Findings were first sum-
marized according to participant characteristics, study design, iron-status definition, and
EEG paradigm. Electrophysiological results were then grouped into conceptually related
domains, including resting and conventional EEG, spectral slowing, alpha-band activity
and frontal asymmetry, task-related oscillations, early sensory and attentional ERP compo-
nents, P3/P300 and later cognitive processing, recognition-memory responses, auditory
habituation, and other conventional EEG abnormalities.

Treatment studies were examined separately to determine whether electrophysio-
logical abnormalities improved after the correction of iron status. Evidence of complete
normalization, partial normalization, persistent abnormalities, and delayed treatment ef-
fects was distinguished. Developmental timing was considered when comparing prenatal
or neonatal iron deficiency, postnatal deficiency, childhood deficiency, and iron depletion
in adults.

The evidence was synthesized hierarchically according to the specificity of the iron-
status assessment. Risk of bias constituted an additional level of this hierarchy. The
synthesis therefore did not use simple vote counting in which every study contributed
equally to a recurring pattern. A finding reported by a study with serious risk of bias
contributed less to the overall interpretation than a comparable finding supported by a
better-controlled or randomized study, and a finding from a study with critical risk of bias
was not counted as independent evidence sulfficient to establish an iron-specific association
or treatment effect. Critical-risk findings could strengthen an interpretation only when
they were directionally consistent with findings from methodologically stronger studies;
otherwise, they were retained descriptively but did not alter the principal conclusion for
that electrophysiological domain. The greatest interpretive weight was assigned to findings
supported by biochemical confirmation of iron deficiency, replicated across independent
samples, accompanied by consistent cognitive or behavioral effects, associated with the
severity of iron depletion, or responsive to iron treatment. Studies in which iron-deficiency
anemia was identified by the original investigators but defined only by hemoglobin or
incomplete hematological criteria were retained as probable iron-related evidence and
interpreted with reduced confidence. Studies involving chronic kidney disease-related or
mixed-etiology anemia were presented separately as contextual evidence. Their findings
were used to examine anemia-related oxygen limitation and severity gradients but were not
counted as independent support for an iron-specific electrophysiological effect. Findings
based on small samples, uncorrected multiple comparisons, high attrition, or isolated
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electrode effects were also interpreted cautiously. Conclusions regarding iron deficiency
were based principally on the core iron-specific evidence base.

When evaluating the recurrence, consistency, or replication of electrophysiological
findings, the unit of independence was the parent cohort rather than the individual publi-
cation. Multiple reports derived from an overlapping cohort could provide evidence of
persistence across developmental time points or convergence across different electrophys-
iological paradigms, but they did not increase the number of independent replications.
Accordingly, terms such as “replicated,” “consistent across independent studies,” or “recur-
rent across cohorts” were reserved for findings supported by distinct participant sources.
Findings appearing in multiple publications from the same parent cohort were described
as within-cohort convergence and were counted only once when judging independent
support for a domain-level conclusion.

2.9. Review Registration
The review was registered on PROSPERO (CRD420261458081).

3. Results

Figure 1 presents the study-selection process in accordance with PRISMA 2020. The
searches identified 101 records. Before screening, 52 duplicate records were removed,
leaving 49 unique records for title and abstract screening. Eleven records were excluded at
this stage because they clearly failed to meet the eligibility criteria. Full-text reports were
therefore sought for 38 records; all 38 reports were successfully retrieved, and no reports
were unavailable for assessment. The 38 full-text reports were assessed for eligibility.
Eight reports were excluded: one because the participants did not have iron deficiency,
two because they were review articles, two because they evaluated brainstem rather than
cortical electrophysiological parameters, one because it was available only as a poster, and
two because they were conference papers. Thirty reports were therefore retained in the
complete narrative synthesis. Of these, 28 met the criteria for the core iron-specific evidence
synthesis, whereas two were retained as contextual anemia evidence: one examined severe
anemia associated with chronic kidney disease, and one examined mixed-etiology anemia in
which iron-deficiency anemia accounted for 55.8% of cases but etiology-specific EEG results
were unavailable. Thus, the complete synthesis comprised 30 reports, while conclusions
specifically concerning iron deficiency were based primarily on the 28 core reports [31-60].
The characteristics and evidence classifications of all included reports are presented in
Table 2. A cross-life span summary of electrophysiological findings is presented in Figure 2.

3.1. Participant Characteristics

The 30 reports included in the narrative synthesis represented heterogeneous populations
across the human lifespan, ranging from newborn infants to adults. Twenty-eight reports con-
stituted the core iron-specific evidence base, while two were retained as contextual anemia
studies. The included populations varied substantially in sample size, developmental stage,
sex distribution, and clinical characteristics. Detailed characteristics of individual studies
are summarized in Table 2.

Three sets of included publications were identified as deriving from the same parent
cohort or trial and therefore as wholly or partially non-independent. Studies [37,43] repre-
sented different ERP analyses from the same Chilean longitudinal cohort of children who
had experienced iron-deficiency anemia during infancy. Studies [38,45,55] were derived
from the same longitudinal birth cohort in Zhejiang Province, China, with EEG/ERP out-
comes examined at different ages and using different paradigms. Studies [51,52] were both
nested within the neurocognitive substudy of the same Benefits and Risks of Iron Supple-
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mentation in Children (BRISC) randomized trial in Bangladesh and analyzed different EEG
outcomes with partially differing usable samples. These publications were retained because
they contributed distinct developmental, paradigmatic, or outcome information, but they
were not treated as independent replications. Consequently, the number of included reports
should not be interpreted as an equivalent number of independent participant cohorts.

A substantial proportion of the evidence concerned fetal, neonatal, and early childhood
iron status. Studies in newborns and young infants examined iron status using different
biochemical indicators, including ferritin and zinc protoporphyrin-to-heme ratios, and
included both infants with iron deficiency without overt anemia and those with iron-
deficiency anemia [33,38,45,55]. Several longitudinal studies examined electrophysiological
outcomes across infancy and later childhood, allowing developmental associations with
early iron deficiency to be assessed [37,43,45].

School-age children and adolescents were also represented across observational and
intervention studies. These populations included children with iron deficiency with or
without anemia and participants enrolled in dietary or iron-supplementation interven-
tions [31,32,36,39,42,44,49]. Some pediatric studies were conducted in socioeconomically
disadvantaged settings, whereas others used individually matched iron-sufficient controls.
The available evidence therefore encompassed both isolated depletion of iron stores and
clinically apparent iron-deficiency anemia.

Adult studies were predominantly conducted in young women, although several
investigations also included men and mixed-sex adult samples [35,40,41,46,48,50,53,59].
Adult populations included participants with iron deficiency without anemia as well as
individuals with clinically defined iron-deficiency anemia. The two contextual anemia
studies included adults with chronic kidney disease-related anemia or mixed-etiology
anemia and were retained to provide information relevant to the potential contribution
of anemia and reduced oxygen-carrying capacity rather than as evidence specific to iron
deficiency [57,58].

The criteria used to define iron status varied considerably across studies. Investigators
used serum iron, ferritin, zinc protoporphyrin-to-heme ratios, hemoglobin, or combinations
of biochemical and hematological indicators, with thresholds differing according to age
and study setting [31-33,38,44,45,55]. Consequently, the reviewed populations ranged from
individuals with depleted iron stores and normal hemoglobin to participants with severe,
clinically apparent iron-deficiency anemia. This heterogeneity is important when inter-
preting electrophysiological findings because effects associated with tissue iron deficiency
may overlap with, but cannot necessarily be separated from, effects related to reduced
oxygen-carrying capacity.

Most studies attempted to recruit otherwise healthy participants and excluded major
neurological, sensory, systemic, or metabolic conditions that could influence electrophysio-
logical measures. Nevertheless, some longitudinal pediatric cohorts retained differences in
maternal, socioeconomic, or developmental characteristics, and infant studies frequently
experienced attrition related to movement, crying, insufficient attention, or inadequate
artifact-free recordings [33,37,38,43,45]. Overall, the evidence base was developmentally
broad but demographically uneven, with substantial representation of infants, school-age
children, and young women and comparatively limited evidence from older adults, adult
men, and clinically diverse populations.

3.2. EEG Paradigms

The included studies used a broad range of electrophysiological paradigms, reflecting
substantial differences in participant age, cognitive capacity, research objectives, and the
hypothesized neurological consequences of iron deficiency. The methods could be divided
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into five principal categories: resting or spontaneous EEG, task-related spectral EEG,
cognitive event-related potentials, infant recognition-memory and habituation paradigms,
and visual evoked potentials. Some investigations combined more than one approach,
most commonly resting quantitative EEG with an auditory P300 paradigm. The number of
recording electrodes ranged from a single active site or a limited midline montage to high-
density 64- or 128-channel systems. Consequently, the studies differed considerably in their
capacity to characterize the spatial distribution of iron-related electrophysiological effects.
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Figure 2. A cross-life span summary of electrophysiological findings.

Resting-state and spontaneous EEG paradigms were used across different developmen-
tal stages to assess alterations in the organization, frequency composition, and maturation
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of ongoing cerebral activity [31,35,40,47,48,52,58]. In school-age children, quantitative EEG
was used to examine absolute and relative power across conventional frequency bands,
whereas studies in adults with iron-deficiency anemia combined resting quantitative EEG
with conventional EEG assessment and, in some cases, repeated measurements follow-
ing treatment [31,35,40]. Infant studies required developmentally adapted recordings,
including spontaneous sleep EEG and resting recordings obtained while children pas-
sively viewed a neutral visual display [47,52]. These investigations examined conventional
spectral measures as well as, in the most recent infant study, aperiodic and oscillatory
components of the EEG spectrum [52]. Other studies focused on more specific aspects
of cortical organization, including frontal alpha asymmetry in young women with iron
deficiency without anemia [48] and qualitative abnormalities of background activity across
different anemia etiologies and severities [58].

Taken together, these resting-state approaches differed considerably in recording con-
ditions, developmental adaptations, montage, and analytical strategy. This heterogeneity
limits direct comparison of individual spectral measures but provides complementary
information about spontaneous cortical organization across age groups [31,35,47,48,52,58].

Task-related spectral EEG was used in two studies to examine whether iron status influ-
enced cortical oscillatory activity during changing emotional or cognitive demands [45,46].
In infants, high-density EEG was recorded across neutral, positive-interaction, and socially
challenging conditions, with analyses focusing on infant-specific frontal alpha asymme-
try [45]. In adults, spectral EEG was assessed during progressively increasing cognitive
workload, allowing changes in oscillatory activity to be considered alongside behavioral
performance and metabolic demands [46]. These paradigms therefore extended the resting-
state findings by examining whether electrophysiological differences associated with iron
status were also evident during active emotional or cognitive engagement.

Cognitive ERPs constituted the largest group of paradigms and were used to examine
several stages of information processing, including sensory encoding, attentional allocation,
memory updating, response inhibition, and executive control. The most frequently used
paradigm was the auditory oddball task, which was applied in children, adolescents, and
adults with iron deficiency or anemia [35,36,40,42,50,57,59,60]. These studies primarily
examined the P300 component, although earlier N100, P200, and N200 components were
also assessed in some investigations [35,40].

Across the auditory oddball studies, P300 was generally recorded using rela-
tively limited midline montages, most commonly involving Cz or Fz-Cz-Pz, making
the paradigm suitable for assessing timing and the amplitude of higher-order stimu-
lus processing but limiting detailed assessment of distributed or lateralized cortical ef-
fects [35,36,40,42,50,57,59,60]. The paradigms varied in stimulus characteristics, recording
procedures, and treatment designs, including both observational comparisons and repeated
assessments following iron or anemia treatment [35,40,57,60].

Working-memory processing was examined using a visual Sternberg-type memory-
search task in school-age children [44]. The paradigm compared lower and higher memory
loads and allowed ERP responses to be evaluated in relation to iron status and supple-
mentation. This study therefore provided evidence concerning the electrophysiological
correlates of memory maintenance and search rather than the more general attentional
processing assessed by conventional oddball paradigms [44].

Several studies used paradigms that placed greater demands on working memory
or executive control. Otero et al. [44] used a visual Sternberg-type memory-search task.
Children memorized sets containing either three or five digits and then decided whether
a subsequently presented probe digit had appeared in the set. The three-digit condition
represented lower working-memory load, whereas the five-digit condition required greater
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maintenance, search, and decision-related processing. ERPs were calculated only from
correct responses and compared across memory-load conditions, iron-status groups, and
pre- versus post-supplementation assessments.

Raz, Koren, and Levin [41] recorded high-density EEG during a visual task-switching
paradigm. A centrally presented digit was displayed in either black or blue. Depending
on its color, participants judged whether it was greater or smaller than five or whether it
was odd or even. Trials were classified as switch trials when the color and decision rule
changed and as nonswitch trials when the same rule remained active. The paradigm was
designed to assess flexible task-set updating, executive control, and the additional neural
demand imposed by switching between rules.

Response inhibition was examined in a Chilean longitudinal study using a Go/No-Go
paradigm [43]. The analysis focused on N2 and P300 responses during response inhibition,
allowing early conflict detection and later allocation of processing resources to be assessed.
Importantly, the study examined whether electrophysiological differences persisted in
children who had experienced iron-deficiency anemia during infancy [43].

Broader cognitive batteries were used in dietary-intervention studies from Rwanda
and India [39,49]. These paradigms combined measures of processing speed, attention,
response inhibition, working memory, recognition, and executive control with continuous
EEG recording. Analyses included early visual ERP components as well as oscillatory
activity, allowing the studies to examine electrophysiological changes across multiple stages
of information processing and their potential relationship with changes in iron status and
cognitive performance [39,49].

Error monitoring and feedback processing were examined in a high-density EEG study
using an intensive visual category-learning paradigm [53]. The study assessed error-related
and feedback-related ERP components during rule-based and information-integration
learning and additionally examined changes in neural efficiency across repeated practice.
This paradigm provided evidence concerning electrophysiological processes involved in
performance monitoring, feedback processing, and reinforcement-related learning [53].

Recognition-memory and habituation paradigms were particularly prominent in
neonatal and infant studies [33,34,38,45,51]. These studies used auditory and visual stimuli
to assess neural differentiation between familiar and novel information and included
maternal-voice, face-recognition, and passive auditory roving-oddball paradigms. In
newborns, auditory ERPs were used to examine responses to maternal versus unfamiliar
voices, whereas infant face-recognition studies focused on the Nc and later slow-wave
responses [33,34]. Related maternal-voice paradigms in young infants examined P2 and
later slow-wave activity as indices of recognition-memory processing [38]. High-density
face-recognition recordings at later stages of infancy similarly assessed frontal and temporal
ERP responses to familiar and unfamiliar faces [45].

Recognition-memory paradigms were also applied beyond infancy. A school-age
word-recognition study examined FN400 and P300 responses during old—new recognition,
providing information about familiarity and memory updating [37]. In contrast, the
Bangladeshi habituation study used a passive auditory roving-oddball paradigm to assess
neural discrimination of novel sounds and attenuation of responses to repeated stimuli
without requiring an overt behavioral response [51]. Thus, although these paradigms
differed substantially in stimulus type and developmental applicability, they converged on
the assessment of early sensory differentiation, recognition memory, and neural adaptation
to repeated information.

Visual evoked potentials were examined in two studies involving infants and young
children with iron-deficiency anemia [54,56]. Both used monocular visual stimulation and
assessed stimulus-evoked waveform latencies as indicators of visual pathway conduction
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and maturation. Although the specific recording procedures differed between studies, the
primary outcome was delayed VEP timing rather than alterations in spontaneous cortical
activity or higher-order cognitive processing [54,56]. These findings therefore represent a
distinct electrophysiological domain and are considered separately from EEG spectral and
cognitive ERP measures.

3.3. EEG Spectral Power and Oscillatory Activity

Studies assessing resting-state and task-related EEG consistently indicated alterations
in oscillatory activity associated with iron deficiency, although the direction and magnitude
of effects varied according to age, anemia status, recording conditions, and analytical
approach. The most recurrent pattern was increased slow-wave activity, particularly in
the delta and theta ranges, accompanied in several developmental groups by reduced or
altered alpha activity [31,47].

In school-age children with iron deficiency without overt anemia, increased absolute
theta power was observed across widespread cortical regions, while absolute delta power
was particularly elevated over frontal sites [31]. Similar increases in delta and theta ac-
tivity, together with reduced alpha power, were reported in infants with iron-deficiency
anemia [47]. In the latter study, four months of iron supplementation was followed by a
reduction in theta activity and an increase in alpha power, with most treated infants subse-
quently falling within the laboratory-defined normal EEG range. These findings suggest
that increased slow-wave activity may represent a relatively recurrent electrophysiological
feature of iron deficiency during development, although the available evidence does not
establish a uniform spectral signature.

Alterations in alpha organization were also reported, but findings were less consis-
tent than those for slow-wave activity. Young women with low ferritin showed greater
frontal alpha power at F3 than iron-sufficient controls, whereas infants with persistent iron
deficiency demonstrated altered frontal alpha asymmetry, primarily related to reduced
right-frontal alpha power [45,48]. During cognitively demanding visual tasks, iron-deficient
women additionally showed greater alpha suppression and attenuated task-related theta
and gamma responses as stimulus complexity increased [46]. These findings suggest that
iron status may influence both baseline cortical organization and the dynamic recruitment
of oscillatory activity during cognitive demands.

Treatment studies provided partially convergent but not uniform evidence for normal-
ization of oscillatory activity. In adults with iron-deficiency anemia, iron treatment was
followed by reductions in delta, theta, beta, and broadband power in several posterior and
temporal regions, although the original report contained an internal inconsistency regard-
ing the direction of some spectral changes [35]. This study was judged to be at critical risk
of confounding because it used an uncontrolled pre—post design. Accordingly, the apparent
spectral normalization was treated as low-confidence supportive evidence rather than
proof of an iron-specific treatment effect, because temporal change, regression to the mean,
correction of anemia, and other nonspecific factors could not be separated from the effect of
iron replacement. In a randomized trial in young children, iron supplementation increased
central mu-alpha power relative to placebo, whereas most other spectral measures were
unaffected and the effect was no longer evident nine months after supplementation [52].
Thus, treatment-related changes in spectral activity appear possible but are not sufficiently
consistent to support a specific electrophysiological marker of treatment response.

Overall, the available evidence supports a pattern of increased slow-wave activity and
altered alpha organization, with greater consistency for delta/theta abnormalities than
for alpha changes. However, differences in developmental stage, anemia severity, EEG
methodology, and spectral definitions limit direct comparison across studies. The two
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contextual anemia studies were considered separately and were not used as independent
evidence of an iron-specific spectral effect.

3.4. P300 Latency and Amplitude

P300 responses were examined across auditory and visual oddball paradigms,
working-memory tasks, word-recognition procedures, and Go/No-Go paradigms. Across
the available studies, prolonged P300 latency was the most recurrent finding, whereas
changes in P300 amplitude were less consistent and appeared to depend on the severity of
iron deficiency or anemia, task demands, and developmental stage [36,40,42,50,59,60].

Prolonged P300 latency was reported in children with iron-deficiency anemia,
young women with iron-deficiency anemia, and adults with severe iron-deficiency
anemia [36,40,50,59,60]. In several studies, longer latency was associated with lower
hemoglobin or hematocrit, and in some cohorts with lower ferritin or serum iron concentra-
tions [40,42,50]. However, the magnitude and statistical significance of group differences
varied across studies. For example, one study of anemic girls did not identify a statistically
significant between-group difference despite an inverse association between hematocrit and
P300 latency [42]. These findings indicate that delayed P300 timing is relatively recurrent
but is not sufficiently uniform to be regarded as a specific electrophysiological marker
of iron deficiency. The contribution of study [59] to this pattern was specifically down-
weighted because its classification of iron deficiency was judged to be at critical risk of bias.
Participants were classified using hemoglobin-defined anemia without biochemical con-
firmation of iron deficiency; therefore, the marked prolongation of P300 latency observed
in this study was considered evidence associated with anemia rather than independent
evidence that iron deficiency itself prolongs P300 latency.

P300 amplitude showed greater heterogeneity. Amplitude was preserved in several
studies involving children or young women with mild-to-moderate anemia [36,42,50],
whereas reductions were observed in severe iron-deficiency anemia [40,59], in non-anemic
iron-deficient children during visual target detection [32], and during more demanding
working-memory conditions [44]. Smaller P300 amplitudes were reported in two analy-
ses of the same Chilean longitudinal cohort assessed approximately 10 years after iron-
deficiency anemia during infancy [37,43]. Because these reports examined overlapping
participants using different cognitive paradigms, their agreement represents within-cohort
convergence rather than two independent replications. The findings therefore support the
possibility that some electrophysiological alterations persist beyond the period of acute
deficiency, but independent longitudinal cohorts are required to establish the reproducibil-
ity and generalizability of this pattern. The reduced P300 amplitude reported in [59] was
interpreted with the same restriction and was not counted as independent support for an
iron-specific reduction in P300 amplitude.

Treatment-related changes in P300 parameters were also inconsistent. Iron supple-
mentation was associated with shortening or normalization of P300 latency in some stud-
ies [35,60], whereas prolonged latency persisted after treatment in others [36,40]. However,
the treatment-related P300 changes in [35] were assigned low interpretive weight because
the critical risk of confounding in its uncontrolled pre—post design prevented separation
of an iron-specific treatment effect from correction of anemia, repeated testing, and other
time-dependent changes. Similarly, P300 amplitude increased following iron treatment in
several studies [32,35,40], but remained largely unchanged in others [36,60]. Importantly,
the randomized pediatric study demonstrated improvement in P300 latency in the iron-
treated group, although some reduction was also observed in the placebo group, indicating
that repeated testing or other nonspecific factors may have contributed to the observed
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change [60]. Therefore, treatment responsiveness should not be interpreted uniformly as
evidence of a causal effect of iron replacement.

Longitudinal evidence further suggests that the timing of iron deficiency may be
relevant. Children with a history of iron-deficiency anemia during infancy showed reduced
P300 amplitudes during word-recognition and response-inhibition tasks at approximately
10 years of age [37,43]. These findings provide evidence of persistent developmental
associations, but they should be interpreted cautiously because the observational design
does not allow a direct causal attribution to earlier iron deficiency.

One additional study examined P300 responses in adults with chronic kidney disease-
related anemia [57]. Because the anemia in this study was not attributable specifically to
iron deficiency, these findings were considered contextual evidence regarding the possible
contribution of anemia or impaired oxygen delivery, rather than evidence of an iron-specific
electrophysiological effect.

Overall, the evidence indicates that P300 latency is more consistently altered than P300
amplitude in iron-deficient or anemic populations, with prolonged latency representing
the most recurrent finding. However, substantial heterogeneity in diagnostic definitions,
anemia severity, task paradigms, and treatment designs prevents establishment of P300
latency or amplitude as a specific biomarker of iron deficiency.

3.5. Early and Intermediate ERP Components: N1, P2, and N2

Early and intermediate ERP components showed heterogeneous associations with iron
deficiency, with the clearest recurrent finding involving prolonged N2 latency. In contrast,
N1 and P2 measures varied according to developmental stage, task characteristics, and
treatment status [33,35,38,40,43,49,60].

N1 findings were inconsistent across studies. In adults with iron-deficiency anemia,
N1 amplitude increased following iron treatment [35], while an iron-biofortified food
intervention in adolescents was associated with changes in N1 amplitude across several
attention and memory tasks [49]. In the placebo-controlled pediatric study, however, N1
latency shortened similarly in both the iron-treated and placebo groups, suggesting that
the observed change was not specific to iron supplementation [60]. Neonatal studies also
reported altered N1/P2-related responses under selected auditory conditions, but these
findings varied according to the definition of iron deficiency and the type of stimulus
used [33,38].

P2 findings were similarly heterogeneous. P2 amplitude increased following iron
treatment in adults with iron-deficiency anemia [35,40], whereas no significant P2 differ-
ences were observed in newborns during simple auditory stimulation [33]. In infants
with fetal-neonatal iron deficiency, altered P2 amplitude and hemispheric organization
were reported during voice-processing conditions, although some associations were attenu-
ated when alternative biochemical definitions of iron deficiency were applied [38]. These
findings suggest that P2 alterations may be context-dependent rather than representing a
uniform electrophysiological consequence of iron deficiency.

N2 latency showed a more consistent pattern. Prolonged N2 latency was observed
in adults with severe iron-deficiency anemia and in children assessed at approximately
10 years of age after a history of iron-deficiency anemia during infancy [40,43]. In adults,
N2 latency shortened following iron treatment in one study but remained prolonged in
another [35,40]. In the pediatric placebo-controlled study, N2 latency and amplitude were
not significantly affected by supplementation [60]. Thus, although delayed N2 processing
appears in more than one developmental context, evidence for its reversibility with iron
treatment remains inconsistent.
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Overall, the available evidence suggests that N2 latency may be more consistently
associated with iron deficiency than N1 or P2 measures, whereas N1 and P2 findings
remain heterogeneous and strongly dependent on developmental stage and experimental
context. The limited number of studies, differences in ERP paradigms, and inconsistent
treatment responses prevent the identification of any early or intermediate ERP component
as a specific biomarker of iron deficiency.

3.6. Recognition-Memory Components: NC, FN400, and Slow-Wave Activity

Recognition-memory paradigms provided evidence of altered electrophysiological
differentiation between familiar and unfamiliar stimuli across several developmental pop-
ulations. However, some apparently separate observations originated from the same
longitudinal participant source. In particular, studies [38,45,55] represented different
age-specific analyses from the Zhejiang longitudinal birth cohort and therefore do not
constitute three independent replications. Across independent cohorts, the broader pattern
involved absent, delayed, or developmentally atypical differentiation of familiar versus
novel stimuli, although the direction and spatial distribution of effects varied according to
age, timing of iron deficiency, and experimental paradigm [33,34,37,38,45,55]. In newborns
and young infants, fetal or neonatal iron deficiency was associated with altered slow-wave
responses during recognition of maternal versus unfamiliar voices. In studies using bio-
chemical markers of fetal-neonatal iron status, iron-deficient infants showed reduced or
absent mother-stranger differentiation in slow-wave activity compared with iron-sufficient
infants [33,38]. Similar alterations were observed during face-recognition paradigms, al-
though the pattern depended on age and on whether iron deficiency occurred during the
fetal-neonatal period or later during infancy [34,45]. These findings suggest that iron status
may influence the development of neural differentiation of socially relevant stimuli, but
the heterogeneity of the reported spatial and temporal patterns limits identification of a
single electrophysiological signature.

Longitudinal evidence further indicated that the timing of iron deficiency may be
relevant. Infants with fetal-neonatal iron deficiency showed altered or absent recognition-
related responses at selected developmental time points, whereas infants with postnatal
iron deficiency sometimes retained partial differentiation between familiar and unfamiliar
stimuli [45]. In the same longitudinal literature, some differences observed at nine months
were no longer detectable at 18 months, indicating that at least part of the electrophysiolog-
ical phenotype may change with maturation [45].

At school age, a history of iron-deficiency anemia during infancy was associated
with abnormalities in the FN400 component during word recognition [37]. Children with
previous infantile iron-deficiency anemia showed prolonged FN400 latency and reduced
or absent differentiation between old and new words compared with controls. These
findings suggest that some alterations in recognition-related neural processing may remain
detectable years after the period of documented iron deficiency. However, because these
observations derive from longitudinal observational data, they should be interpreted as
persistent developmental associations rather than evidence of a direct causal effect of
infantile iron deficiency.

Overall, recognition-memory studies suggest that iron deficiency, particularly during
early development, may be associated with atypical neural differentiation of familiar and
novel stimuli. The evidence is strongest for altered slow-wave and recognition-related ERP
patterns in infants and for persistent FN400 abnormalities in children with a history of
infantile iron-deficiency anemia. However, differences in age, timing of deficiency, biochem-
ical definitions of iron status, and task paradigms substantially limit direct comparison
across studies.
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3.7. Error Monitoring and Feedback Processing: ERN, Pe, and FRN

Error monitoring and feedback processing were examined in a single study of 42 young
adult women, including 22 participants with iron deficiency without anemia and 20 iron-
sufficient controls [53]. Iron-deficient participants showed markedly reduced amplitudes
of the error-related negativity (ERN), error positivity (Pe), and feedback-related negativity
(FRN) during both rule-based and information-integration learning. ERN latency was
additionally prolonged during rule-based learning, whereas no reliable latency difference
was observed during information-integration learning [53].

The attenuation of ERN, Pe, and FRN amplitudes remained evident throughout ex-
tensive task practice, suggesting that the observed electrophysiological differences were
not readily eliminated by repeated exposure to the task [53]. Higher ferritin concentra-
tions were generally associated with larger error- and feedback-related ERP responses,
supporting a continuous relationship between iron stores and these electrophysiological
measures [53].

Because these findings are derived from a single observational study, they provide
preliminary evidence that iron deficiency without anemia may be associated with altered
error-monitoring and feedback-processing mechanisms. However, replication in indepen-
dent cohorts and different age groups is required before these measures can be considered
reliable electrophysiological indicators of iron deficiency.

3.8. Visual Evoked Potentials and Visual-Pathway Conduction

Visual evoked potentials (VEPs) were examined in two studies of infants and young
children with iron-deficiency anemia [54,56]. Both studies reported delayed visual re-
sponses, with prolonged VEP latencies across early components of the visual evoked
response [54]. In the comparative study, lower hemoglobin concentrations were strongly
associated with longer VEP latencies, whereas relationships with serum iron and other
iron-status parameters were less consistent [54].

In the treatment study, 12 weeks of oral iron supplementation were associated with
a significant shortening of N2 latency, although post-treatment values remained slightly
prolonged relative to the laboratory reference range [56]. This study was judged to be at
critical risk of confounding because it lacked both an untreated iron-deficient comparison
group and a healthy longitudinal control group. The observed latency shortening was
therefore interpreted as suggestive of treatment responsiveness rather than evidence that
iron replacement itself caused the improvement; developmental maturation, spontaneous
temporal change, and correction of anemia could not be excluded as alternative expla-
nations. Accordingly, study [56] contributed only limited weight to the conclusion that
visual-pathway abnormalities may improve following treatment.

3.9. Auditory Novelty Detection and Habituation

Auditory novelty detection and habituation were examined in the neurocognitive
substudy of the Benefits and Risks of Iron Supplementation in Children trial [51]. Children
were randomized at approximately eight months of age to receive iron syrup, an iron-
containing multiple micronutrient powder, or placebo for three months. EEG was recorded
during a passive auditory roving-oddball paradigm at approximately 11 and 20 months
of age.

Iron supplementation did not significantly affect the frontal or frontocentral deviant-
minus-standard ERP response at either assessment point. Early auditory responses and the
reduction in neural responsiveness during repeated stimulus presentation were likewise
not significantly different between treatment groups [51]. The absence of an intervention

https://doi.org/10.3390/nu18182955


https://doi.org/10.3390/nu18182955

Nutrients 2026, 18, 2955

29 of 46

effect was consistent across sensitivity analyses and subgroups defined by baseline iron
deficiency, anemia, or iron-deficiency anemia [51].

Thus, in this randomized pediatric study, short-term iron supplementation did not
produce measurable changes in auditory novelty detection or habituation, indicating that
not all electrophysiological measures are responsive to correction of iron status during
early childhood.

3.10. Visual P1 and Early Attentional Processing

Visual P1 responses were examined in three studies using attention, executive-control,
and memory paradigms [39,41,49]. Findings were inconsistent. An observational study
reported associations between erythrocyte-related indices and P1 amplitude, with lower
MCH and MCV associated with larger posterior and more negative frontal P1 responses,
particularly during more demanding task-switching conditions [41].

In contrast, two randomized dietary interventions found no significant effects of im-
proved iron status on P1 amplitude or latency [39,49]. These findings indicate that although
P1 measures may be associated with hematological indicators in observational analyses,
current intervention evidence does not support a consistent effect of iron supplementation
or iron-fortified foods on early visual attentional processing.

Overall, the evidence for P1 alterations is limited and heterogeneous, with obser-
vational associations not consistently supported by randomized intervention studies.
P1 therefore cannot currently be considered a specific electrophysiological indicator of
iron deficiency.

3.11. Conventional EEG Abnormalities and Background Organization

Conventional clinical EEG abnormalities were examined in two adult studies [40,58].
In adults with severe iron-deficiency anemia, abnormal EEG findings included diffuse or
focal slowing, increased high-voltage slow-wave activity, reduced alpha activity, impaired
background reactivity, and nonspecific paroxysmal or sharp-wave abnormalities [40]. Some
of these abnormalities decreased following iron treatment, although not all electrophysio-
logical abnormalities normalized.

A second study examined adults with anemia associated with chronic kidney disease
and therefore did not provide iron-specific evidence [58]. In this mixed-etiology anemia
sample, greater anemia severity was associated with more frequent diffuse slowing, re-
duced alpha activity, focal slowing, and paroxysmal discharges. These findings are relevant
as contextual evidence for possible effects of anemia or impaired oxygen delivery, but they
were not considered evidence of an electrophysiological effect specifically attributable to
iron deficiency.

Overall, conventional EEG abnormalities were reported in adults with severe iron-
deficiency anemia, but the evidence is limited to a small number of studies and includes
heterogeneous EEG findings. The available data therefore do not support the use of
conventional clinical EEG as a specific diagnostic marker of iron deficiency.

3.12. Risk of Bias Assessment

The risk of bias assessment of the included studies is presented in Table 3 (ROBINS-I)
and Table 4 (RoB-2).

Risk-of-bias concerns were substantial across the non-randomized evidence base,
particularly for confounding, participant selection, missing electrophysiological data, and,
in selected studies, exposure classification and outcome reporting. Three studies were
considered especially important for interpretation because at least one ROBINS-I domain
was judged to be at critical risk of bias [35,56,59]. Studies [35,56] received critical judgments
for confounding. Both used uncontrolled within-participant pre-post treatment designs,
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making it impossible to separate electrophysiological changes attributable specifically
to iron treatment from temporal effects, regression to the mean, repeated assessment,
developmental maturation where applicable, correction of anemia, or other concurrent
clinical changes. Consequently, the post-treatment spectral and ERP changes reported
in [35] and the shortening of visual-evoked-potential latency reported in [56] were retained
as evidence of possible treatment responsiveness but were assigned low interpretive weight
and were not regarded as independent evidence of a causal effect of iron replacement.
Study [59] received a critical judgment for classification of the iron-deficiency exposure
because participants were classified according to hemoglobin-defined anemia without
biochemical confirmation of iron deficiency. Its finding of prolonged P300 latency and
reduced P300 amplitude was therefore interpreted primarily as an association with anemia
and was not counted as independent evidence of an iron-specific P300 abnormality. More
generally, findings from studies with serious risk of bias were treated as supportive when
they converged with better-controlled evidence but did not override null or conflicting
findings from methodologically stronger studies.

The RoB 2 assessments similarly influenced interpretation of randomized evidence.
High-risk domain judgments did not lead to study exclusion, but affected the weight
assigned to the relevant outcomes. In particular, results subject to high risk of selective
reporting or analysis-specific bias were treated as less definitive than directly randomized
comparisons with fewer concerns. Thus, the narrative conclusions reported below reflect
the consistency of findings after consideration of methodological quality rather than the
number of nominally positive studies alone.

Table 3. Risk of bias assessment (ROBINS-I).

. Bias in Bias Due to . . Bias in
. Bias in e as oy Bias Due to Bias in Mea- .
Bias Due to . Classification or Deviations . . Selection of
Study . Selection of Missing surement of
Confounding .. Measurement of from the the Reported
Participants Data Outcomes
Exposure Exposure Result
[31] Serious Moderate Moderate Moderate Moderate Moderate Serious
Not Low risk,
[32] Serious Moderate Moderate . with some Moderate Moderate
applicable/Low .
uncertainty
[33] Serious Serious Low Moderate Serious Moderate Moderate
Low risk for the
[34] Serious Moderate Moderate neonatal EEG Moderate Low Moderate
outcome
[35] Critical Serious Low Moderate Serious Moderate Serious
[36] Serious Low Low Moderate Serious Moderate Moderate
[37] Serious Moderate Low Moderate Serious Moderate Moderate
[38] Serious Moderate Moderate Moderate Serious Low Serious
[40] Serious Moderate Low Serious Mode}r ate to Serious Serious
Serious
. Not .
[41] Serious Moderate Low . Moderate Moderate Serious
applicable/Low
[42] Serious Moderate Moderate . Not Low Moderate Serious
applicable/Low
[43] Serious Serious Low Moderate Serious Moderate Moderate
[44] Serious Serious Low Moderate Serious Moderate Moderate
[45] Serious Low Moderate . Not Serious Low Moderate
applicable/Low
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Table 3. Cont.
. Bias in B.1.as m Bias .Dl.le to Bias Due to Bias in Mea- Bla? mn
Bias Due to . Classification or Deviations .. Selection of
Study . Selection of Missing surement of
Confounding .. Measurement of from the the Reported
Participants Data Outcomes
Exposure Exposure Result
[46] Serious Moderate Low Low Low Moderate Serious
[47] Serious Moderate Low Moderate Low Moderate Moderate
[48] Serious Moderate Low . Not Low Moderate Serious
applicable/Low
[50] Serious Moderate Low . Not Low Moderate Moderate
applicable/Low
[53] Serious Moderate Low Low Moderate Moderate Moderate
[54] Serious Moderate Low Low Low Moderate Moderate
[55] Serious Serious Moderate Moderate Serious Moderate Serious
[56] Critical Moderate Low Moderate Low Moderate Serious
[57] Serious Low Low Moderate Moderate Moderate Moderate
[58] Serious Serious Moderate . Not Moderate Moderate Serious
applicable/Low
Moderate for
[59] Serious Serious anemia, critical . Not Moderate Serious Moderate
for iron applicable/Low
deficiency
Table 4. Risk of bias assessment (RoB-2).
Bias Arising Bias Due to Bias Due to Bias in Bias in
Study  from the Random- Deviations from Missing Measurement of  Selection of the
ization Process Intended Interventions = Outcome Data the Outcome Reported Result
[39] Some concerns Low risk Some concerns Low risk High risk
Some concerns
for direct
. randomized
[49] Some concerns Some concerns Some concerns Low risk z
comparisons;
high risk for
mediation results
[51] Low risk Low risk Some concerns Low risk Low risk
. L isk for th .
[52] Some concerns Low risk ow risk for the Low risk Some concerns
month-3 result
Low risk for
P300 latency;
[60] Some concerns Low risk Some concerns some concerns High risk

for waveform
abnormality

4. Discussion
4.1. Principal Findings and Integrative Interpretation

The reviewed evidence indicates that iron deficiency affects human brain electrophysi-
ology at multiple levels, including spontaneous oscillatory activity, sensory conduction,
attention, recognition memory, executive control, and performance monitoring. However,
no single electrophysiological signature was consistently present across ages, deficiency
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severity, and recording paradigms. Findings varied with developmental stage, anemia sta-
tus, the timing and duration of iron depletion, task demands, and the electrophysiological
measure examined.

Three broad patterns emerged. First, iron deficiency during infancy and childhood was
often associated with an immature or poorly organized resting EEG, including excessive
delta and theta activity, reduced alpha activity, and background slowing. Second, delayed
neural processing was reflected by prolonged P300, N2, FN400, and visual evoked-potential
latencies. Third, iron-deficient participants frequently showed impaired adaptation of
neural activity to task demands, including reduced theta and gamma recruitment with in-
creasing cognitive complexity, weaker differentiation between target and non-target stimuli,
atypical familiar—novel responses, and attenuated error- and feedback-related potentials.

These findings suggest that iron deficiency primarily disrupts neural efficiency and
adaptive flexibility rather than simply increasing or decreasing EEG activity. Excessive
resting theta may reflect delayed maturation or inefficient cortical organization, whereas
task-related theta normally increases during working-memory maintenance and cognitive
control. Iron deficiency may therefore produce elevated tonic slow activity while limiting
the adaptive recruitment of theta during demanding tasks. Similarly, increased global
activation during practice may coexist with smaller ERN, Pe, or FRN responses when
neural activity is recruited diffusely rather than organized efficiently around specific
processing events.

The relative preservation of some early sensory responses indicates that iron deficiency
does not uniformly suppress neural responsiveness. Effects on P1, N1, and P2 latencies
were inconsistent, particularly during simple stimulation, whereas abnormalities were more
apparent during discrimination, recognition, working memory, inhibition, and feedback
processing. The absence of effects on auditory novelty detection and habituation in the
large supplementation trial is therefore important. It suggests that automatic sensory
registration may be relatively resistant, while later processes requiring coordinated activity
across distributed cortical and subcortical networks are more vulnerable.

4.2. Developmental Timing and Sensitive Periods

Developmental timing appears to be a major determinant of the electrophysiological
phenotype. In infants, excessive slow-wave activity and reduced alpha power have been
reported in association with early iron deficiency, while atypical NC and positive slow-
wave responses during face recognition suggest altered progression through recognition-
memory stages [33,38,45,52]. Persistent N2, P300, and FN400 abnormalities have been
reported in two publications from the same Chilean longitudinal cohort of children who
experienced iron-deficiency anemia during infancy [37,43]. Because the two reports ex-
amined overlapping participants using different paradigms—recognition memory and
inhibitory control—they provide evidence of within-cohort convergence across cognitive
domains rather than independent replication. These findings support an association be-
tween early-life iron deficiency and altered subsequent neural processing within this cohort,
but confirmation in independent longitudinal samples is required before the persistence of
these abnormalities can be considered robustly replicated. However, because the human
studies were predominantly observational or longitudinal, these findings do not establish
that early iron deficiency directly caused the later electrophysiological abnormalities.

Experimental evidence provides biological plausibility for this developmental inter-
pretation. Perinatal iron deficiency has been associated with reduced cytochrome-c oxidase
activity in metabolically active brain regions, including the hippocampus, cingulate cor-
tex, and mediodorsal thalamus [61]. It has also been associated with alterations in the
developmental expression of genes involved in energy metabolism, synaptic organiza-
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tion, and neuronal morphogenesis, with some changes persisting after iron repletion [62].
Experimental iron deficiency has further been associated with altered dendritic develop-
ment in hippocampal CA1 pyramidal neurons and persistent changes in hippocampal
DNA methylation and genes involved in neuronal development and intracellular sig-
naling [63,64]. These findings provide potential biological explanations for the human
electrophysiological associations, but the underlying cellular and molecular processes
were not directly measured in the human EEG/ERP studies and should therefore be re-
garded as mechanistic hypotheses rather than demonstrated explanations of the observed
electrophysiological findings.

These experimental observations are particularly relevant when considering recognition-
memory abnormalities during infancy. The hippocampus and interconnected cortical
regions undergo rapid maturation during late gestation and early infancy and are highly
dependent on metabolic, synaptic, and structural processes. Disruption of these pro-
cesses could plausibly contribute to altered recognition-related responses. However, the
human EEG/ERP studies did not directly assess hippocampal structure, metabolism,
dendpritic morphology, or synaptic plasticity. Thus, altered familiar-novel differentia-
tion, prolonged encoding, or atypical slow-wave responses should be interpreted as ev-
idence of altered recognition-related neural processing rather than as direct evidence of
hippocampal dysfunction.

Large-animal studies provide additional biological context. Postnatal dietary iron
deficiency in piglets has been associated with alterations in corpus-callosum structure,
white-matter microstructure, regional brain volumes, and hippocampal metabolite pro-
files [65]. Iron repletion improved some global measures but did not fully normalize
regional volumetric or diffusion-tensor abnormalities [66]. Iron deficiency was also as-
sociated with reduced dendritic complexity in hippocampal pyramidal neurons. Exper-
imental evidence concerning mitochondrial function, inhibitory neurotransmission, and
glial metabolism provides plausible biological pathways through which iron deficiency
could influence neural oscillations [61,62,67-70]. These findings suggest that structural and
metabolic consequences of early iron deficiency may persist beyond hematological recovery.
Nevertheless, animal findings cannot establish that the persistent electrophysiological
abnormalities observed in humans are caused by incomplete structural recovery, altered
connectivity, or persistent neuronal injury.

Long-term human studies provide complementary evidence. Children treated for
iron deficiency during infancy have shown poorer cognitive, motor, educational, and
socioemotional outcomes more than a decade later [13]. Follow-up to 19 years identified
particularly adverse outcomes when infantile deficiency co-occurred with socioeconomic
disadvantage [14], as well as persistent weaknesses in executive functioning and recognition
memory [15]. Although these observational studies cannot fully exclude socioeconomic,
nutritional, or caregiving confounding, their findings are consistent with the possibility that
early-life iron deficiency is associated with long-term developmental differences. Recent
neuroimaging studies have additionally reported altered patterns of neural recruitment
and functional connectivity following early-life iron deficiency [71,72]. These findings
provide complementary evidence of persistent neural differences, but they do not by
themselves establish a specific cellular mechanism linking early iron deficiency to the
electrophysiological abnormalities identified in this review.

Overall, the human evidence supports an association between early-life iron deficiency
and persistent differences in electrophysiological and cognitive outcomes, particularly
when deficiency occurs during periods of rapid brain development. Experimental and
neuroimaging findings provide biologically plausible mechanisms involving metabolic
function, neuronal development, white-matter organization, and network maturation.
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However, these mechanisms were not directly measured in the human EEG/ERP stud-
ies and therefore should be regarded as hypotheses requiring confirmation rather than
established causal explanations.

4.3. Oscillatory Slowing, Cortical Organization, and Neural Efficiency

Increased resting delta and theta power in infants and children, together with diffuse
slowing reported in severely anemic adults, suggests altered organization of cortical activ-
ity. During normal development, low-frequency dominance gradually decreases, while
posterior alpha rhythms become more stable and differentiated. Persistent slow activity
and reduced alpha organization may therefore be consistent with delayed maturation or
reduced efficiency of neural network organization. However, these electrophysiological
findings are not specific to iron deficiency and may also be influenced by developmental
stage, anemia severity, vigilance, and other clinical factors.

Task-related findings provide additional evidence that the alteration may involve the
ability to recruit neural resources under increased cognitive demand rather than general-
ized cortical slowing alone. In iron-deficient women, increases in theta and gamma activity
were attenuated as task complexity increased. Because these oscillations are involved in
cognitive control, working-memory coordination, and integration of task-relevant informa-
tion, reduced task-related recruitment may indicate diminished oscillatory reserve. This
interpretation remains functional rather than mechanistic, as the reviewed human studies
did not directly measure the cellular processes underlying these oscillatory changes.

Experimental studies provide possible biological context for the observed electrophys-
iological pattern. Iron deficiency has been associated in animal models with alterations
in mitochondrial energy metabolism and with changes in enzymes involved in inhibitory
neurotransmission [18,61,62]. These findings provide biological plausibility for impaired
neural synchronization and reduced capacity to support metabolically demanding activity.
However, these cellular and molecular mechanisms were not directly measured in the
human EEG studies included in this review. They should therefore be regarded as mecha-
nistic hypotheses that may help interpret the electrophysiological findings, rather than as
demonstrated explanations of the observed oscillatory abnormalities.

Similarly, alterations in frontal alpha asymmetry were observed in some non-anemic
women and infants with recurrent deficiency. These findings should be interpreted cau-
tiously because alpha lateralization is influenced by vigilance, affective state, task in-
structions, reference choice, and individual differences [73-75]. The recurring pattern
may indicate altered frontal network organization, but replication in larger samples with
standardized EEG methodology and concurrent behavioral measures is required.

Overall, the available evidence supports an association between iron deficiency and
altered oscillatory organization, particularly increased slow-wave activity and reduced task-
related recruitment of higher-frequency activity. The biological mechanisms responsible for
these changes remain uncertain. Experimental evidence concerning mitochondrial function,
inhibitory neurotransmission, and glial metabolism provides plausible pathways, but these
mechanisms cannot currently be inferred directly from human EEG findings.

4.4. Neural Timing, Axonal Conduction, and Myelination

Latency prolongation was among the more consistent electrophysiological findings,
affecting P300, N2, FN400, and visual evoked potentials. Although these components
reflect different stages of sensory and cognitive processing, their prolonged timing may
indicate less efficient temporal coordination of neural processing. However, the human
studies included in this review did not directly measure axonal conduction, white-matter
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integrity, or myelination. Consequently, the electrophysiological findings should not be
interpreted as direct evidence of impaired myelination.

Experimental evidence provides a plausible biological context for this interpretation.
Iron is required for oligodendrocyte development, lipid metabolism, and myelin forma-
tion. Experimental iron deficiency has been associated with reductions in myelin-related
proteins, alterations in brain phospholipid composition, and impaired oligodendrocyte
maturation and myelination [76-79]. Animal studies have also reported alterations in
white-matter development and diffusion-related measures following early iron deficiency,
with some abnormalities persisting after dietary repletion [65,66]. These findings provide
biological plausibility for a possible contribution of altered white-matter development to
prolonged electrophysiological latencies, particularly when iron deficiency occurs during
periods of rapid neural maturation. However, these structural and cellular changes were
not directly assessed in the human EEG/ERP studies included in this review and therefore
cannot be considered demonstrated mechanisms underlying the observed electrophysio-
logical abnormalities.

Nevertheless, this interpretation remains indirect. Visual evoked-potential latency may
provide relatively direct information about the timing of sensory-pathway transmission,
whereas P300, N2, and FN400 latencies reflect the cumulative influence of sensory pro-
cessing, attention, stimulus evaluation, memory access, and response selection. Therefore,
similar latency prolongation across different ERP components does not necessarily imply a
common alteration in axonal conduction or myelination.

The persistence of some latency abnormalities after hematological improvement
may be compatible with slower recovery of neural systems than of circulating iron or
hemoglobin. Experimental findings indicate that structural and developmental conse-
quences of early iron deficiency may persist after nutritional repletion [65,66]. However,
persistent ERP abnormalities in humans cannot by themselves establish incomplete myelin
repair as the underlying mechanism, because developmental maturation, residual con-
founding, and differences in task performance may also contribute.

Overall, altered myelination and white-matter development represent plausible
mechanisms that may contribute to delayed electrophysiological timing, particularly
during early development, but this hypothesis requires direct testing with multimodal
approaches combining EEG/ERP with structural or diffusion-based neuroimaging and
longitudinal assessment.

4.5. Attentional Allocation and Task-Dependent Vulnerability

P300 latency was more consistently altered than amplitude across the reviewed studies,
particularly in participants with iron-deficiency anemia. Prolonged latency may reflect
slower stimulus evaluation, but P300 is a late and composite response influenced by atten-
tion, working memory, stimulus evaluation, and response selection. Therefore, prolonged
P300 latency cannot be attributed specifically to reduced iron availability or impaired
oxygen delivery on the basis of the available studies alone.

The dependence of some electrophysiological differences on task difficulty is neverthe-
less noteworthy. Group differences were often more apparent when memory load, stimulus
complexity, inhibitory demands, or sustained cognitive effort increased. In iron-deficient
participants, attenuated task-related theta and gamma responses were also reported during
more demanding conditions. These findings are consistent with the possibility that iron
deficiency may be associated with reduced efficiency of neural recruitment under higher
cognitive demands. However, this interpretation remains functional and inferential, be-
cause the reviewed human studies did not directly measure neural resource allocation,
compensatory capacity, or the cellular mechanisms underlying these oscillatory changes.

https://doi.org/10.3390/nu18182955


https://doi.org/10.3390/nu18182955

Nutrients 2026, 18, 2955

36 of 46

Intervention studies provide partially supportive but heterogeneous evidence. In
young women, anemia severity was more strongly related to processing speed, whereas
measures of iron deficiency were associated with cognitive accuracy, and cognitive out-
comes improved following treatment [18]. A randomized trial in non-anemic iron-deficient
adolescent girls also reported improvements in verbal learning and memory following sup-
plementation [17]. These findings suggest that cognitive effects may arise through partially
distinct pathways related to anemia and iron deficiency. However, cognitive improvement
following treatment does not by itself establish a specific electrophysiological mechanism.

Early ERP findings provide some support for a greater vulnerability of later, cogni-
tively demanding processing stages. N1 and P2 latency were often relatively preserved
during simple auditory stimulation, whereas P2 amplitude, N2 latency, and P300 measures
were more frequently altered when stimuli required selection, classification, memory, or
response control. In contrast, P1 findings were inconsistent. This pattern is compatible with
greater involvement of higher-order processing stages, although differences in task design
and developmental stage limit direct comparison across studies.

Overall, the available evidence suggests that electrophysiological alterations may
become more apparent as cognitive demands increase. However, the distinction between
anemia-related slowing, iron-specific effects, and compensatory neural responses remains
unresolved. Future studies should therefore assess iron status and hemoglobin simultane-
ously and combine electrophysiological measures with standardized behavioral indices of
attention and executive functioning.

4.6. Recognition Memory and Hippocampal-Cortical Networks

Recognition-memory studies provided evidence of altered electrophysiological differ-
entiation between familiar and unfamiliar stimuli during early development. Iron-sufficient
newborns and infants generally showed distinct slow-wave responses to familiar and unfa-
miliar voices, whereas infants with suspected fetal or neonatal iron deficiency often showed
reduced or absent differentiation. Later in infancy, iron-deficiency anemia was associated
with altered developmental patterns of attention- and memory-related responses to familiar
and unfamiliar faces. At school age, children with a history of infantile iron-deficiency
anemia showed delayed FN400 responses and weaker old—new differentiation despite
relatively preserved behavioral recognition accuracy. These findings indicate that early
iron deficiency may be associated with persistent alterations in recognition-related neural
processing, although they do not establish a specific underlying neural mechanism.

The hippocampus represents one plausible biological substrate for these findings,
but this interpretation is based primarily on experimental evidence rather than direct
measurement in the reviewed human electrophysiological studies. Experimental studies
have reported alterations in CA1 dendritic development, hippocampal metabolic path-
ways, neuronal morphology, and developmental gene regulation following early-life iron
deficiency [62-64]. Studies in piglets have additionally reported altered hippocampal
metabolites [80], while experimental studies have demonstrated altered dendritic develop-
ment in hippocampal CA1 pyramidal neurons [63]. These observations provide biological
plausibility for a contribution of hippocampal structural and metabolic alterations to
recognition-memory abnormalities. However, hippocampal structure and function were
not directly measured in the human EEG/ERP studies included in this review, and the
observed electrophysiological abnormalities therefore cannot be attributed specifically to
hippocampal dysfunction.

Experimental evidence also suggests that iron availability can influence hippocampal
synaptic function. Perinatal nutritional iron deficiency has been associated with altered
basal hippocampal transmission, while iron chelation can affect NMDA-receptor-associated
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calcium signaling, ERK1/2 activation, and long-term potentiation [80,81]. Such findings
indicate potential effects of iron status on synaptic plasticity and neuronal responsiveness.
Nevertheless, differences between experimental models, developmental stages, and stim-
ulation paradigms prevent these observations from being interpreted as a demonstrated
explanation for the human recognition-memory ERP findings.

The absence or attenuation of familiar-novel differentiation may therefore reflect
altered efficiency of recognition-related neural processing, but several mechanisms could
contribute, including differences in sensory encoding, attention, memory formation, synap-
tic plasticity, and network maturation. Similarly, persistent FN400 and P300 abnormalities
at school age may reflect altered developmental trajectories or compensatory processing,
but the available longitudinal human studies cannot determine which neural mechanisms
are responsible.

Overall, the recognition-memory findings provide some of the strongest evidence for
developmental electrophysiological associations with early iron deficiency, particularly
when altered familiar-novel differentiation is observed across multiple developmental
stages. However, the proposed involvement of hippocampal morphology, synaptic plastic-
ity, or hippocampal—cortical connectivity remains biologically plausible rather than directly
demonstrated in the human electrophysiological literature [82]. Multimodal longitudi-
nal studies combining EEG/ERP with structural and functional neuroimaging would be
required to test these mechanisms directly.

4.7. Error Monitoring, Feedback Processing, and Dopaminergic Mechanisms

A single study in young women with non-anemic iron deficiency found attenuated
ERN, Pe, and FRN responses, indicating altered electrophysiological processing of errors
and external feedback despite normal hemoglobin [53]. The persistence of these differences
during task practice, even as behavioral performance differences became less apparent,
suggests that electrophysiological measures may detect alterations that are not necessarily
reflected in overt task accuracy. However, replication in independent samples is required
before these findings can be considered a reproducible feature of non-anemic iron deficiency.

Dopaminergic signaling represents one possible biological explanation for altered
error- and feedback-related responses. Experimental studies have reported changes in
dopamine receptor expression and regulation following iron deficiency, including alter-
ations involving D1- and D2-related systems [83-85]. Because ERN and FRN generation
involves interactions between reinforcement-related signals, basal-ganglia circuits, and
medial frontal regions, altered dopaminergic signaling may provide one plausible bi-
ological pathway through which iron status could influence these electrophysiological
responses. However, this interpretation is based on experimental evidence rather than
direct measurement of dopaminergic function in the human study included in this review.

However, this interpretation remains mechanistic and inferential. The human study
included in this review did not directly measure dopamine synthesis, receptor availability,
dopamine transporters, or striatal function. Consequently, the observed attenuation of ERN,
Pe, and FRN cannot be attributed specifically to dopaminergic dysfunction. Other processes,
including altered synaptic transmission, excitation-inhibition balance, metabolic function,
or neural synchronization, could also contribute to the observed electrophysiological
differences [86,87].

The available evidence therefore supports an association between non-anemic iron
deficiency and altered error- and feedback-related electrophysiological responses, but does
not establish a dopaminergic mechanism in humans. Larger studies combining EEG/ERP
with direct or indirect measures of dopaminergic function and longitudinal assessment
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of iron status are needed to determine whether dopaminergic alterations contribute to
these findings.

4.8. Iron-Specific Neural Effects and Anemia-Related Oxygen Limitation

An important consideration in interpreting the reviewed electrophysiological findings
is the distinction between the effects of tissue iron deficiency and those associated with ane-
mia or reduced oxygen-carrying capacity. The two processes frequently coexist, but they are
not physiologically equivalent. Iron is required for mitochondrial metabolism, neurotrans-
mitter synthesis, myelin formation, and other cellular processes independently of its role in
hemoglobin synthesis. Conversely, anemia may affect neural function through reduced
oxygen delivery even when tissue iron deficiency is not the primary mechanism [88].

Several findings in the reviewed literature provide evidence that electrophysiological
alterations may occur in the absence of overt anemia. Changes in spectral EEG activity,
frontal alpha organization, and error- and feedback-related ERPs were reported in par-
ticipants with iron deficiency but normal hemoglobin concentrations [31,45,48,53]. These
findings are particularly relevant because they suggest that some electrophysiological
associations cannot be explained solely by reduced oxygen-carrying capacity. However,
the number of studies specifically examining non-anemic iron deficiency remains limited,
and many studies did not simultaneously assess all relevant markers of iron status and
hematological function.

Other electrophysiological abnormalities were observed primarily in participants
with iron-deficiency anemia. Prolonged P300, N2, and VEP latencies and diffuse EEG
slowing were reported in anemic populations [35,36,40,54,56,59,60]. In some studies, the
magnitude of electrophysiological alterations was more closely related to hemoglobin or
haematocrit than to ferritin or serum iron [40,54]. These findings raise the possibility that
impaired oxygen delivery contributes substantially to some latency and background-EEG
abnormalities. Accordingly, such findings should not be interpreted as evidence of an
iron-specific electrophysiological effect unless iron status has been independently assessed
and its association with the outcome demonstrated.

The distinction is also relevant when interpreting treatment studies. Improvements in
electrophysiological parameters following iron supplementation may reflect restoration
of tissue iron availability, correction of anemia, or both. Where treatment studies lacked
placebo controls or included participants with concurrent anemia, the relative contribution
of these mechanisms cannot be established. The observation that some electrophysiological
abnormalities were present in non-anemic iron-deficient participants provides support for
an iron-specific contribution, but it does not exclude additional effects related to subtle
hematological changes or other clinical factors.

The contextual studies involving anemia of non-iron-specific or mixed etiology pro-
vide complementary evidence but should remain analytically separate from the core iron-
deficiency evidence. In particular, the study of chronic kidney disease-related anemia [58]
may illustrate the potential electrophysiological consequences of anemia and altered oxy-
gen delivery, but it cannot be used to infer a specific effect of iron deficiency. Similarly,
other studies involving mixed or incompletely characterized anemia should be interpreted
as contextual rather than iron-specific evidence.

Overall, the available evidence suggests that both iron-dependent mechanisms and
anemia-related reductions in oxygen delivery may contribute to electrophysiological abnor-
malities, but their relative contributions cannot currently be determined with confidence.
Future studies should therefore characterize ferritin and other indicators of iron status
together with hemoglobin, haematocrit, transferrin saturation, and relevant inflammatory
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markers, and should analyze electrophysiological outcomes separately according to iron
deficiency with and without anemia.

4.9. Treatment Responsiveness and Incomplete Reversibility

Several studies reported changes in electrophysiological measures following iron
supplementation, including reductions in slow-wave activity, shortening of ERP or VEP
latencies, and increases in selected ERP amplitudes [32,35,40,52,56,60]. These findings
suggest that at least some electrophysiological alterations associated with iron deficiency or
iron-deficiency anemia may be modifiable following improvement in iron status. However,
the strength of this evidence varies substantially according to study design.

The strongest evidence comes from randomized or placebo-controlled studies. In
the randomized pediatric study, iron supplementation was associated with changes in
selected P300 and mu-alpha measures, although some electrophysiological changes were
also observed in the placebo group [52,60]. This pattern indicates that repeated testing, de-
velopmental maturation, or other nonspecific effects may have contributed to the observed
changes. Similarly, not all electrophysiological outcomes were affected by supplementation,
and some abnormalities persisted despite treatment.

Several uncontrolled pre—post studies reported normalization or partial improvement
in EEG or ERP measures after iron treatment [32,35,40,56]. These findings are potentially
important but cannot by themselves establish causality because maturation, regression to
the mean, repeated assessment, changes in clinical status, and other time-dependent factors
cannot always be excluded. In addition, some treatment studies included participants
with iron-deficiency anemia, making it difficult to determine whether electrophysiological
improvement reflected restoration of tissue iron availability, correction of anemia, or both.

The persistence of electrophysiological differences after treatment in some develop-
mental cohorts further complicates interpretation. Persistent abnormalities may reflect
incomplete recovery, developmental timing, or long-term associations established dur-
ing sensitive periods of brain development. However, the available longitudinal human
evidence does not allow these possibilities to be distinguished reliably.

Treatment responsiveness should therefore be interpreted as supportive but not defini-
tive evidence of a relationship between iron status and electrophysiological function.
A causal interpretation would require adequately powered randomized trials with placebo
or appropriate control groups, standardized EEG/ERP protocols, repeated assessments,
and simultaneous measurement of iron status and hematological parameters.

Overall, the available intervention evidence suggests that some electrophysiological
measures may change following correction of iron deficiency, but no EEG or ERP measure
has demonstrated sufficiently consistent and specific treatment responsiveness to serve as
a validated biomarker of iron repletion or neural recovery.

5. Limitations and Future Directions

Although iron deficiency is associated with alterations in resting EEG, neural oscil-
lations, ERPs, attention, memory, learning, and executive control, the literature remains
highly heterogeneous. Differences in age, developmental stage, deficiency severity and
duration, anemia status, cognitive paradigms, EEG methodology, and treatment design
prevent identification of a single electrophysiological signature. Current findings should
therefore be interpreted as converging evidence of disrupted neural function rather than as
a validated diagnostic or prognostic biomarker.

Risk of bias further limits the strength of causal interpretation. Serious ROBINS-I
concerns were frequent across the observational literature, particularly because iron status
was not randomly assigned and could be associated with socioeconomic, nutritional, de-
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velopmental, inflammatory, and hematological factors that also influence brain function.
Importantly, three studies contained critical risk-of-bias judgments that materially reduced
their contribution to the synthesis [35,56,59]. The uncontrolled pre—post studies [35,56]
could demonstrate temporal co-occurrence between iron treatment and electrophysiolog-
ical improvement but could not establish that treatment caused the observed changes.
Study [59], in contrast, could demonstrate an association between anemia and P300 ab-
normalities but could not establish that the association was attributable specifically to
iron deficiency because iron status was not biochemically confirmed. These studies were
therefore retained for completeness but were explicitly down-weighted and were not used
as stand-alone support for causal or iron-specific conclusions. The principal conclusions of
this review consequently rely on patterns that remained evident after greater weight was
assigned to biochemically characterized, controlled, longitudinal, or randomized evidence.

An additional limitation concerns non-independence among several publications
derived from the same longitudinal cohorts or randomized trial. Specifically, studies [37,43]
originated from the same Chilean longitudinal infant-IDA cohort, studies [38,45,55] from
the same Zhejiang longitudinal birth cohort, and studies [51,52] from the same BRISC
neurocognitive trial population. Although these reports contributed distinct developmental
time points, electrophysiological paradigms, outcomes, or analytic subsets, they do not
represent independent replications. Counting publications rather than parent cohorts
could therefore exaggerate the apparent recurrence of selected recognition-memory, P300,
developmental, or treatment-related findings. In the present synthesis, agreement among
overlapping publications was treated as within-cohort convergence, whereas claims of
replication or cross-study consistency were based on independent participant sources.
Future studies should clearly report parent-cohort provenance and prioritize replication in
independent populations.

A major limitation is the absence of a standardized definition of iron deficiency. Stud-
ies used different thresholds and combinations of ferritin, serum iron, transferrin saturation,
soluble transferrin receptor, zinc protoporphyrin-to-heme ratio, hemoglobin, haematocrit,
and red-cell indices. Some examined non-anemic deficiency, whereas others included
iron-deficiency anemia or selected participants primarily on the basis of anemia. This dis-
tinction is important because electrophysiological abnormalities may arise from tissue iron
depletion, impaired mitochondrial and neurotransmitter function, reduced myelination, or
anemia-related cerebral oxygen limitation. When iron stores and hemoglobin improved
simultaneously, their separate contributions could rarely be determined. Future studies
should distinguish non-anemic iron deficiency from iron-deficiency anemia and analyze
iron biomarkers continuously rather than only categorically.

Iron markers are also influenced by inflammation, diet, time of day, age, sex, pregnancy,
smoking, and altitude. Ferritin may overestimate stores during inflammation, while
serum iron varies considerably. Future studies should use standardized panels including
hemoglobin, ferritin, transferrin saturation, soluble transferrin receptor, mean corpuscular
volume, and, where appropriate, zinc protoporphyrin-to-heme ratio. Ferritin should be
interpreted alongside C-reactive protein and «1-acid glycoprotein. Diet, menstrual blood
loss, pregnancy, infection, parasitic disease, lead exposure, altitude, and supplementation
should also be recorded. Hepcidin and the soluble transferrin receptor-to-ferritin index
may further improve characterization of biologically relevant iron restriction.

Small samples were common, particularly in infant and child ERP studies, with
some groups containing fewer than 20 participants and longitudinal analyses fewer than
ten. Small samples reduce power, destabilize effect estimates, and limit analysis of seX,
developmental timing, severity, socioeconomic background, and nutritional comorbidity.
Attrition was also substantial because of movement, crying, insufficient trials, artifacts, low

https://doi.org/10.3390/nu18182955


https://doi.org/10.3390/nu18182955

Nutrients 2026, 18, 2955

41 of 46

task accuracy, and incomplete follow-up. Excluding participants with poor performance
or unusable EEG may preferentially remove those with the greatest impairment. Future
studies should use prospective power calculations, larger multicentre samples, transparent
reporting of data loss, and appropriate missing-data methods.

Most evidence is observational, cross-sectional, or derived from non-randomized
pre—post studies. These designs cannot fully separate iron deficiency from socioeconomic
disadvantage, maternal education or depression, food insecurity, malnutrition, inflamma-
tion, infection, toxicant exposure, pregnancy complications, and differences in caregiving
or educational opportunity. Prenatal studies face additional confounding by maternal
diabetes, hypoxia, prematurity, and altered fetal growth. Large prospective cohorts be-
ginning in pregnancy and repeatedly assessing iron status, development, behavior, and
electrophysiology are needed to determine how the timing, duration, and recurrence of
deficiency shape neural outcomes.

Treatment findings also require caution. Some studies reported improvement in P300,
memory-related slow waves, or resting EEG after supplementation, but many lacked
placebo-treated deficient groups, repeated healthy-control testing, or iron-only interven-
tions. Improvement may therefore partly reflect maturation, practice, regression to the
mean, or better general health. Persistent abnormalities may represent either insufficient
biochemical recovery or lasting developmental effects. Conversely, null findings in large
trials may reflect inclusion of children without deficiency, exclusion of severe anemia, short
treatment duration, or insensitive EEG measures.

Future trials should recruit participants with confirmed deficiency, stratify by anemia
severity, and prespecify subgroup analyses. Where ethical, they should use masked placebo
or active comparators, objectively assess adherence, document diet and additional supple-
mentation, and repeatedly measure ferritin and hemoglobin. Serial EEG assessments could
clarify whether biochemical, electrophysiological, and behavioral recovery occur at differ-
ent rates. Long-term follow-up is essential to determine whether persistent abnormalities
reflect permanent change, delayed maturation, or slow recovery.

EEG acquisition and analysis were also highly inconsistent. Studies differed in
paradigms, electrode density, reference montage, filters, sampling rate, epoch duration,
artifact handling, trial thresholds, frequency-band definitions, baseline correction, electrode
selection, and statistics. Resting-state studies reported absolute or relative power, prede-
fined bands, peak measures, or periodic activity after removal of the aperiodic component.
These differences may explain apparently conflicting results, while some older studies
reported insufficient preprocessing details or inconsistencies between numerical findings
and interpretation.

The field would benefit from harmonized, age-appropriate protocols. Resting EEG
should include standardized eyes-open and eyes-closed conditions, adequate duration,
vigilance monitoring, developmental frequency bands, and separate analysis of periodic
and aperiodic activity. ERP research should use a core set of paradigms examining attention,
P300 generation, recognition memory, working memory, inhibition, and error or feedback
processing. Acquisition, referencing, artifact handling, trial retention, component windows,
and regions of interest should be defined prospectively and reported fully. High-density
EEG, source reconstruction, time—frequency analysis, connectivity measures, and multivari-
ate methods may reveal network-level effects, but exploratory findings should be separated
from confirmatory analyses and independently validated.

Many studies tested numerous electrodes, components, time windows, bands, and
behavioral outcomes without sufficiently strict correction for multiple comparisons. Com-
bined with small samples and flexible analyses, this increases the risk of false-positive
and selectively reported results. Future studies should preregister hypotheses and anal-
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ysis plans, report effect sizes and confidence intervals, publish null findings, and share
de-identified EEG data, code, task materials, and detailed iron measures. Replication of
increased slow-wave power, P300 abnormalities, atypical recognition-memory responses,
and reduced error-related activity should precede their interpretation as stable mechanis-
tic markers.

Finally, EEG outcomes should be integrated more closely with behavior and clinical
function. Some studies inferred cognitive impairment from ERPs without demonstrating
associations with task performance, neuropsychological scores, academic functioning, or
symptoms. In other cases, normal performance coexisted with persistent neural abnor-
malities, suggesting compensation or subclinical inefficiency. Future studies should test
whether EEG changes mediate cognitive recovery and predict treatment response. Combin-
ing EEG with MRI, myelin-sensitive imaging, cerebral blood-flow measures, and markers
of dopaminergic, mitochondrial, and inflammatory function may help distinguish the
mechanisms through which iron deficiency affects the brain.

6. Conclusions

The available evidence indicates that iron deficiency is associated with alterations in
electrophysiological measures of brain function, but no specific EEG or ERP biomarker
of iron deficiency can currently be established. After accounting for overlapping cohorts,
the most recurrent findings across independent participant sources include increased
delta/theta activity, alterations in alpha organization, prolonged P300 and N2 latencies,
and abnormalities in recognition-related ERP responses, although the degree of indepen-
dent replication differs substantially across these domains. However, the strength and
consistency of these findings vary considerably according to developmental stage, severity
and duration of iron deficiency, presence of anemia, EEG/ERP paradigm, and study quality.

The current evidence does not support routine EEG or ERP testing as a screening or
diagnostic investigation for iron deficiency. Iron deficiency should continue to be identified
and monitored using established hematological and biochemical measures rather than
electrophysiological testing. Electrophysiological assessment may nevertheless have value
in selected clinical or research settings, particularly when the aim is to investigate possible
functional consequences of prolonged or severe deficiency rather than to establish the
diagnosis of iron deficiency itself.

From the available evidence, the most promising electrophysiological approaches are
spectral EEG analysis and P300-based paradigms, with recognition-memory ERPs and
VEPs providing additional information in selected developmental populations. Evidence
concerning error-monitoring ERPs, P1, and other individual components is currently
too limited or inconsistent to support their use as specific indicators of iron deficiency.
During infancy and early childhood, electrophysiological measures may be particularly
informative for studying developmental consequences of prolonged or early-life iron
deficiency, whereas evidence in older children and adults is less consistent and does not
justify routine clinical application.

Treatment-related changes in EEG and ERP measures suggest that some electrophysio-
logical alterations may be modifiable following improvement in iron status. However, these
findings do not establish that electrophysiological abnormalities are caused exclusively
by iron deficiency, particularly when anemia is present or when studies lack placebo or
untreated control groups. Persistent developmental associations reported after early-life
deficiency further support the need for longitudinal research but should not be interpreted
as proof of irreversible neural injury.

Overall, electrophysiological methods should currently be regarded as complemen-
tary research and potentially supportive clinical tools rather than diagnostic tests for iron
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deficiency. Future studies should use standardized EEG/ERP protocols, distinguish iron
deficiency with and without anemia, account for overlapping cohorts, and combine electro-
physiological measures with detailed biochemical, behavioral, and neurodevelopmental
assessments. Well-designed longitudinal and randomized studies are needed to determine
whether specific electrophysiological measures can ultimately provide clinically useful
information about the functional consequences or recovery of iron deficiency.
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