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ABSTRACT

Background: Iron is essential to brain function, and iron deficiency during youth may adversely impact neurodevelopment. Understanding the devel-
opmental time course of iron status and its association with neurocognitive functioning is important for identifying windows for intervention.
Objectives: This study aimed to characterize developmental change in iron status and understand its association with cognitive performance and brain
structure during adolescence using data from a large pediatric health network.

Methods: This study included a cross-sectional sample of 4899 participants (2178 males; aged 8-22 y at the time of participation, M [SD] = 14.24 [3.7])
who were recruited from the Children’s Hospital of Philadelphia network. Prospectively collected research data were enriched with electronic medical
record data that included hematological measures related to iron status, including serum hemoglobin, ferritin, and transferrin (33,015 total samples). At
the time of participation, cognitive performance was assessed using the Penn Computerized Neurocognitive Battery, and brain white matter integrity was
assessed using diffusion-weighted MRI in a subset of individuals.

Results: Developmental trajectories were characterized for all metrics and revealed that sex differences emerged after menarche such that females had
reduced iron status relative to males [all Rzpamal > 0.008; all false discovery rates (FDRs) < 0.05]. Higher socioeconomic status was associated with
higher hemoglobin concentrations throughout development (Rzpama] = 0.005; FDR < 0.001), and the association was greatest during adolescence. Higher
hemoglobin concentrations were associated with better cognitive performance during adolescence (Rzpama] = 0.02; FDR < 0.001) and mediated the
association between sex and cognition (mediation effect = —0.107; 95% CI: —0.191, —0.02). Higher hemoglobin concentration was also associated with
greater brain white matter integrity in the neuroimaging subsample (R2partial = 0.06, FDR = 0.028).

Conclusions: Iron status evolves during youth and is lowest in females and individuals of low socioeconomic status during adolescence. Diminished iron
status during adolescence has consequences for neurocognition, suggesting that this critical period of neurodevelopment may be an important window for
intervention that has the potential to reduce health disparities in at-risk populations.
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Introduction neurotransmitter synthesis [1-4], and brain iron concentrations
continue to mature throughout youth [40,75-79]. The body’s iron re-

Iron plays an essential role in many aspects of brain function,
including metabolism, myelination of white matter pathways, and

quirements fluctuate throughout development according to demand
from ongoing maturational processes; insufficient iron during critical
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developmental windows can disrupt these processes with long-lasting
consequences [2,5]. The specific impact of iron deficiency on brain
maturation and cognition during these vulnerable developmental
windows may differ depending on the iron-dependent neuro-
developmental processes unfolding at the time they occur.

The impact of iron status has been most heavily studied during the
first years of life, when iron deficiency impacts as many as 15% of
children [6,7]. Iron deficiency during this vulnerable window can lead
to short-term and long-term developmental delays, motor impairments,
and cognitive deficits [5,8-11]. Animal models of early life iron defi-
ciency have shown that these deficits are accompanied by morpho-
logical abnormalities and reduced integrity of the white matter
surrounding subcortical brain areas [2,12—15].

Although sparsely investigated, adolescence may represent a late-
occurring window of vulnerability to iron deficiency during develop-
ment. Rapid growth at puberty onset increases iron demand [16,17],
and at the same time, increasing autonomy over dietary decisions may
reduce adolescent iron intake [18]. These factors are thought to un-
derlie prior reports that the prevalence of iron deficiency during
adolescence may rise to a level similar to that seen in early life [7].
Although earlier work using population survey data has coarsely
documented mean-level increases in measures of iron status over 3-y
age-bins during youth [19], the developmental trajectories of iron
status metrics during the adolescent period have not been delineated in
detail. Furthermore, the links between individual differences in
adolescent iron status and neurocognitive development are not well
characterized. Understanding the developmental window of vulnera-
bility to iron deficiency is a necessary prerequisite for identifying
windows for intervention.

Certain populations have been found to be at particularly elevated
risk for adolescent iron deficiency, including females and individuals of
low socioeconomic status (SES) [8,19-22]. Following menarche,
blood loss associated with menstruation can increase iron requirements
by an average of 0.5 mg (25%) per day [17], placing female adolescents
at heightened and prolonged risk relative to males [23]. Accordingly,
population level data from the NHANES have shown that adolescent
females have lower median hemoglobin (Hgb) and ferritin concentra-
tions relative to adolescent males [19]. Socioenvironmental factors
such as low SES can function as additional risk factors because of
limited availability of access to high quality nutrition [24,25]. Globally,
iron deficiency is a primary cause of disease burden in low- and
middle-income populations [21]. Females and individuals of low SES
may thus be particularly vulnerable to iron deficiency during adoles-
cence and, as a result, may be at greater risk for adverse neurocognitive
consequences. Understanding how and when these effects emerge over
the course of development is critical for understanding and reducing
health disparities in at-risk populations.

Low iron status during adolescence may have a significant impact on
developmentally sensitive aspects of cognition and brain structure.
Higher-order cognitive abilities, such as executive function, undergo
protracted development during adolescence [26-29]. This pattern of
higher-order cognitive development is thought to be driven by a critical
period of developmental plasticity in the brain’s executive system dur-
ing adolescence and young adulthood [30,31]. One of the most pro-
nounced aspects of this developmental plasticity during adolescence is
the myelination of white matter pathways that link the spatially
distributed brain regions that comprise the executive system [32,33].
Critically, the myelination process is metabolically demanding and re-
quires substantial iron [1]. However, the effect of iron status on mye-
lination and executive function during adolescence remains unknown.
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Here, we leveraged a large community sample of preadolescent and
adolescent aged youth from the Philadelphia area who participated in
detailed cognitive assessment and neuroimaging. Using health system
data from electronic medical records (EMRs), we assessed 3 hemato-
logical measures of iron status: Hgb, an indicator of functional iron
level that, when reduced, indicates that iron deficiency has progressed
to the point of compromising red blood cell production (anemia);
ferritin, an indicator of iron storage that is reduced during iron defi-
ciency even before developing anemia; and transferrin, an indicator of
iron transport that is elevated during iron deficiency [34]. The use of
EMR data allowed us to investigate the development during youth and
then investigate associations with neurocognitive assessments per-
formed during adolescence at the time of participation in this study.
Using this unique dataset, we pursued 3 related objectives. First, we
delineated the developmental trajectories of 3 iron status measures over
the first 2 decades of life and assessed how they differed by sex, pu-
bertal timing, and SES during youth. Second, we investigated how
hematological measures of iron status were associated with overall
cognitive performance as well as the subdomains of executive function,
social cognition, and memory. We further assessed whether these ef-
fects differed by sex and whether they were present in individuals
subthreshold for iron deficiency anemia. Finally, we investigated
whether adolescent Hgb concentrations were associated with the
integrity of brain’s major white matter pathways. We hypothesized that
the iron status measures would evolve in youth, with sex differences
emerging during puberty and lower SES being associated with lower
iron status. We further predicted that better iron status during adoles-
cence would be positively associated with executive performance and
that greater Hgb concentrations would be positively associated with the
white matter integrity of executive pathways.

Methods

Sample

This sample was drawn from the Philadelphia Neurodevelopmental
Cohort (PNC). As previously detailed, the PNC sample consists of
9498 participants, aged 8-22 y, who underwent cognitive assessment
and a subset of 1601 youths who also completed neuroimaging [35,36].
This study used a subset of the PNC sample for which EMR data
included >1 indicator of peripheral iron status (Hgb, transferrin, or
ferritin; EMR data available: n = 6926 and 92,849 observations). Study
participants were excluded if their EMR data indicated a moderate or
severe medical condition (n = 1954), which was previously determined
in this sample [37] (Supplemental Methods). Laboratory results with
serum ferritin concentrations above the normal reference range, sug-
gesting that ferritin was either indicating iron overload or being
influenced by inflammation in addition to iron storage, were excluded
from all analyses (described below; 307 total observations excluded).
For participants with repeated measures, all measures of iron status that
met inclusion criteria were included. The final sample included 30,317
Hgb concentrations from 4874 participants, 1358 ferritin concentra-
tions from 537 participants, and 1340 transferrin concentrations from
526 participants (see Supplemental Table 1 for demographic and he-
matology data summary statistics). Participants who had >1 iron status
metric within 6 mo before neurocognitive testing as part of the PNC
were also included in analysis of cognitive (n = 1429; male/female =
573/856; aged 8.08-21.92 y, M [SD] = 14.33 [3.26]) and neuro-
imaging data (n = 126; male/female = 51/75; aged 8.83-22.58 y, M
[SD] = 15.22 [3.23]). A summary of all inclusions and exclusions can
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be found in Supplemental Figure 1. The institutional review boards of
both the University of Pennsylvania and the Children’s Hospital of
Philadelphia (CHOP) approved all study procedures.

Measures

Demographic variables

Participant sex and age of menarche (to the nearest year) were self-
reported. Age at the time of hematological, cognitive, and neuro-
imaging measurements was determined from participant birth date and
the date of measurement. A total of 1809 participants reported
menarche at the time of enrollment in the PNC study. Neighborhood
SES was determined on the basis of geocoded block-level data as
previously detailed [38].

Iron status

Serum Hgb, transferrin, and ferritin were used as hematological
indicators of peripheral iron status. Laboratory results reporting serum
ferritin concentrations above the upper normal reference value of 358
ng/dL were excluded from all analyses (307 total observations). This
was done for 2 reasons. First, elevated ferritin concentrations can
indicate excess iron storage, which is not the focus of the current study.
Second, ferritin is an acute phase reactant that is elevated during
inflammation, and although it is a highly sensitive and specific indirect
indicator of iron status at low levels, it is nonspecific to iron status at
elevated levels [39].

Cognitive assessment

Cognitive performance was assessed using the Computerized
Neurocognitive Battery (CNB). The CNB consists of 14 tests to
evaluate a broad range of cognitive domains [26], including executive
control, complex cognition, episodic memory, and social cognition
(Supplemental Methods). As previously described, accuracy on each
test was entered into a factor analysis, and factor scores were calculated
separately for an overall factor and 3 correlated subfactors that corre-
spond to executive function, social cognition, and memory [40,41].

Brain imaging

Neuroimaging was performed in 1601 participants from the total
PNC sample. Participants were excluded from the current study on the
basis of previously reported quality assurance assessment of diffusion-
weighted imaging (DWI) data [42], or for lacking available EMR data
(n = 693). Finally, participants were included in DWI analyses if a
hematological measure was collected within 6 mo before neuroimaging
(see Supplemental Figure 1 for an overview of sample inclusions and
exclusions). A final sample of 126 participants was included in analysis
of the association between DWI data and Hgb concentrations. As only
9 individuals met inclusion criteria for ferritin and transferrin data,
associations with DWI were not conducted for these measures. Details
of the neuroimaging acquisition and preprocessing have been previ-
ously reported [36] and can be found in the Supplemental Methods.
Briefly, fractional anisotropy (FA), a commonly used measure of white
matter microstructure, was calculated from DWI data and extracted for
a set of major white matter pathways (JHU White Matter Tracts [43]).

Statistical analysis

Regression and mediation analyses
All developmental analyses included longitudinal data and were
modeled using generalized additive mixed-effect models (GAMMs)
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that accounted for the nested data structure. Associations between iron
status metrics and participant age were analyzed using GAMMs,
which modeled chronological age using penalized smooth functions to
flexibly capture both linear and nonlinear developmental effects while
protecting against overfitting (see Supplemental Methods for further
details). Moderating effects of sex and neighborhood SES were
assessed by using interaction terms. Random slopes and intercepts
were estimated for each individual to account for within-participant
variance. Development in relation to the onset of menarche in fe-
male participants was assessed by centering age on the self-reported
age of menarche and modeling it as a penalized smooth function in
a GAMM. Windows of significant age-related change were identified
using the derivative of the smooth function of age (see Supplemental
Methods). All analyses of cognitive and white matter metrics were
conducted on cross-sectional data using generalized additive models
(GAMs). The GAMs included a penalized smooth function for iron
status and included sex and a smooth function of age as covariates.
Effect sizes for smooth terms were estimated as the partial R?
(Rzpamal) of the full model relative to a reduced model that omitted the
smooth term of interest. To account for multiple comparisons, P
values from related models were corrected using the false discovery
rate (FDR) as implemented using p.adjust in R. To test whether Hgb
mediated the association between SES and overall cognitive accuracy,
we conducted a mediation analysis that included covariates for age
and sex. To test whether sex differences in Hgb mediated sex dif-
ferences in cognition over development, we conducted a moderated
mediation analysis. The moderated mediation analysis tested whether
the strength of Hgb as a mediator of the association between sex and
overall cognitive accuracy differed with age (see Supplemental
Methods for details).

Principal component analysis

Individual iron status measures can have limited interpretability
when evaluated in isolation and are often assessed in combination
when evaluating iron status. In addition to indexing iron status,
ferritin and transferrin are also acute phase reactants that are sensitive
to the inflammatory response. These metrics can become nonspecific
to iron status in the context of acute or chronic inflammation or
infection. Furthermore, Hgb concentrations can be reduced because of
anemias that are not caused by iron deficiency. For example, iron
deficiency is associated with reduced Hgb, reduced ferritin, and
elevated transferrin; in contrast, anemia of chronic disease is associ-
ated with reduced Hgb, increased ferritin, and reduced transferrin. To
address this issue and gain greater specificity in the interpretability of
our findings, we conducted a data-driven decomposition using prin-
cipal component analysis (PCA) to derive a composite metric that
parsed effects of iron status from effects of inflammation or infection
(Supplemental Methods). This approach yielded a composite iron
status index (low scores on this index reflected reduced ferritin,
reduced Hgb, and elevated transferrin) and an inflammatory index
(elevated ferritin, reduced transferrin, and reduced Hgb). To confirm
our interpretation of the inflammatory index, we repeated the PCA in
a subset of the sample that also had the inflammatory marker CRP
available in the EMR (» = 137) and compared the resulting PC scores
with the original PCA model. We then assessed the association be-
tween the composite iron status index and development, sex, SES, and
cognition using GAMs as described above. Because only 6partici-
pants included in this data-driven analysis completed neuroimaging
within 6 mo of blood testing, associations with white matter integrity
were not investigated.
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Results

The development of iron status is moderated by sex and
SES during adolescence

Developmental analyses were conducted on EMR measures of
peripheral iron status that spanned the first 23 y of life and included
longitudinal assessments (Supplemental Table 1). Over this period of
development, each peripheral iron status measure followed a nonlinear
developmental trajectory that differed by sex (Figure 1A, Supplemental
Table 2). In each case, sex differences in the developmental trajectory
were most prominent during the adolescent years. In males, develop-
mental trajectories were largely consistent throughout youth: Hgb
concentrations increased monotonically until age 20, ferritin concen-
trations increased throughout the age range, and transferrin concen-
trations did not significantly differ with age. In contrast, females
displayed a different pattern: Hgb increased to a plateau at age 11 and
subsequently decreased throughout adolescence (aged 12-18 ),
ferritin concentrations increased in childhood and transiently decreased
during adolescence (aged 11-16 y), whereas transferrin concentrations
declined during early childhood (aged 0-5 y) before increasing over
adolescence (aged 10-15 y).

The emergence of sex differences in the developmental trajectories
of iron status metrics near the onset of adolescence suggested a role of
pubertal development. To assess this, we evaluated how each iron
status metric developed relative to the self-reported age of menarche in
female participants. This analysis revealed changes in the develop-
mental trajectory of iron status that occurred within 1 y of menarche for
all metrics. Specifically, Hgb significantly increased until 0.3 y before
menarche before significantly decreasing between 1.1 and 5.5 y after
menarche; ferritin began to significantly decrease 0.8 y after menarche;
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and transferrin began to significantly increase 0.5 y after menarche
(Figure 1B, Supplemental Table 3).

We next tested whether measures of iron status were associated with
neighborhood SES. Higher SES was positively associated with higher
Hgb concentrations (Rzpamal = 0.005, FDR < 0.001) but was not
associated with ferritin (Rzpamal < 0.001, FDR = 0.32) or transferrin
concentrations (Rzpamal < 0.001, FDR = 0.84). We then assessed
whether the developmental trajectory of Hgb was moderated by
neighborhood SES by testing a nonlinear age-by-SES interaction for
males and females separately. We found that the development of Hgb
was significantly moderated by SES for both males (R2pamal = 0.002,
FDR < 0.001) and females (Rzpamal = 0.002, FDR < 0.001). In both
cases, higher SES was associated with higher Hgb during adolescence
(Figure 2).

Hgb is associated with cognitive performance during
adolescence

Cognitive testing was performed during adolescence at the time of
participation in the PNC study (aged 822 y). Cognitive measures were
compared with average iron status measures collected in the 6 mo
before cognitive testing. As such, cognitive models were conducted on
cross-sectional data. Hgb concentrations were positively associated
with overall accuracy (Rzpamal =0.02, FDR < 0.001; Figure 3A). This
effect was significant for both males (Rzpamal =0.01,P=0.014,n =
529) and females (Rzpamal =0.25,P < 0.001, n = 762) and did not vary
by sex (that is, no significant Hgb-by-sex interaction; Rzpama1 < 0.001,
P = 0.82) or age (no significant Hgb-by-age interaction Rzpamal =
0.004, P = 0.27). The positive association between Hgb and overall
accuracy remained significant when covarying for neighborhood SES
(Rzpamal = 0.01, P = 0.004), and Hgb significantly mediated the
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FIGURE 1. Development of peripheral indicators of iron status. Hemoglobin (left), ferritin (center), and transferrin (right) were significantly associated with
age throughout the first 2 decades of life (A). Sex differences in developmental trajectories emerged during adolescence such that females tended to decline in
iron status (red lines) relative to males (blue lines). Rescaling chronological age to reflect years from self-reported menarche revealed that developmental
trajectories changed after menarche for females (B). Solid lines reflect spline fits from generalized additive models; shaded areas reflect 95% Cls of the fit.
Density plots on right and top edges depict the distribution of the plotted variables. Horizontal bars below the x-axis depict the significance of age-related change
(derivatives of the fitted spline function). The outline of the bar indicates age-related change for males (blue) or females (red). The filled portion of the bar
indicates windows of significant change; the saturation of the fill represents the magnitude of change (derivative magnitude).
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association between neighborhood SES and overall cognition (average
causal mediation effect = 0.007, 95% CI: 0.002, 0.02). To evaluate
whether the association between Hgb and overall cognitive accuracy
was driven by Hgb values that would meet the clinical threshold for
iron deficiency, we repeated the analysis excluding observations that
would meet the WHO’s threshold for iron deficiency anemia (Hgb <
12 g/dL, n = 266). Variation of Hgb values within this range remained
significantly associated with overall cognitive accuracy (n = 1036;
Rzpama] =0.01, P =0.006). Post-hoc analyses of cognitive subdomains
revealed that the Hgb was significantly associated with all 3 cognitive
domains surveyed, with the strongest impact on executive function
(Supplemental Table 4).

125

Because sex differences in Hgb emerged during puberty, we next
tested whether Hgb mediated sex differences in cognition and whether
this effect was stronger after puberty. Females tended to perform better
than males at cognitive tests before puberty but conversely tended to
perform slightly worse after puberty. However, we found that these
postpubertal sex differences in cognition largely disappeared when
accounting for differences in Hgb concentrations. Specifically, our
analysis revealed a significant moderated mediation effect such that
Hgb significantly mediated sex differences in cognition during ado-
lescence—but not childhood (age 18 compared with 10: Aaverage
causal mediation effect = —0.08, 95% CI: —0.15, —0.02, P = 0.01;
Figure 3B, Supplemental Figure 2).
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Though the effect size for the association between ferritin and
overall and executive cognitive performance was similar to Hgb, the
association did not reach statistical significance (overall: Rzpamal =
0.014, P = 0.3; executive: Rzpamal = 0.024, P = 0.22; Supplemental
Figure 3, Supplemental Table 5). Transferrin was not significantly
associated with cognitive performance (all FDR > 0.5; Supplemental
Figure 1) or any of the cognitive subdomains (Supplemental Table 6).
Notably, these analyses had greatly reduced sample sizes (n = 60) and
statistical power relative to analyses of Hgb data and sensitivity may
have been influenced by the nonspecificity of ferritin and transferrin to
iron status in the normative range or in the presence of inflammatory
effects. To address this issue, we repeat these cognitive analyses using a
composite iron status index below.

A data-driven approach dissociates iron status and
inflammatory status and their links to cognition

Ferritin and transferrin vary in response to iron status as well as
acute inflammation or infection, potentially reducing our sensitivity
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and specificity to iron status effects in EMR data. Similarly, low Hgb
concentrations can be caused by iron deficiency or other forms of
anemia. As such, iron status measures are typically jointly evaluated to
determine an individual’s iron status rather than relying on a single
indicator. To disentangle iron status and inflammatory effects, we used
PCA to derive a composite index of iron status (increased expression of
the iron status index is related to increased ferritin, reduced transferrin,
and increased Hgb) that was orthogonal an inflammatory index (that is,
reduced expression of this component indicated elevated ferritin,
reduced transferrin, and reduced Hgb; a pattern associated with anemia
of chronic disease [44]; Figure 4A). To bolster our interpretation of
these principal components, we conducted a confirmatory PCA in a
subset of observations (n = 137) that also included the inflammatory
biomarker CRP (Supplemental Figure 4A). We found a highly similar
PCA solution such that the principal component scores of the initial
model and the confirmatory model were correlated at » = 0.91. This
result suggests that the simpler 3-variable model distinguished in-
flammatory effects from iron status effects as well as a model that also
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FIGURE 4. A data-driven iron status composite index is associated with age, sex, SES, and cognitive performance. (A) We generated a composite iron status
index and a composite inflammatory index using PCA. The PCA (n = 690) separated patterns of covariation in Hgb, ferritin, and transferrin attributable to iron
status effects from inflammatory effects. Greater values of the iron status index indicate greater Hgb, greater ferritin, and lower transferrin. Conversely, lower
values indicate lower Hgb, lower ferritin, and higher transferrin (as would be expected in the case of iron deficiency). In contrast, lower scores on the in-
flammatory index reflect greater ferritin, lower Hgb, and higher transferrin (as would be expected in inflammation). These indices were highly similar to a
confirmatory model that included a subset of 137 individuals for whom the inflammatory marker CRP was also available (» = 0.91; Supplemental Figure 4). The
composite iron status index was significantly associated with age and sex [n = 690; panel (B)], neighborhood SES [r = 690; panel (C)], and overall accuracy on
a battery of cognitive tests [n = 31; Rzpama] = 0.31; panel (D)]. Individual points represent observations with lines connecting repeated observations from the
same individual; data across time are collapsed for each individual in panel C. Thick lines reflect model fits and shaded areas reflect 95% Cls of the fit (B-D).
Hgb, hemoglobin; PC, principal component; PCA, principal component analysis; SES, socioeconomic status.
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included an inflammatory biomarker while retaining a larger sample for
further analysis (Supplemental Figure 4B).

We next assessed whether this data-driven, composite indicator of
iron status captured demographic and cognitive effects. As expected
from prior analyses, the composite iron status index increased with age,
with females having reduced iron status relative to males over
adolescence (Rzpmial = 0.01, P = 0.04; Figure 4B). Furthermore, the
iron status index was positively associated with neighborhood SES
(Rzpamal = 0.05, P < 0.001; Figure 4C). Finally, the iron status index
was significantly positively associated with overall cognitive accuracy
(Rzpamal = 0.31, P = 0.011; Figure 4D) as well as the cognitive sub-
domains of executive function and memory (Supplemental Table 7).
Notably, the effect size of the association between this data-driven iron
status index and cognition was greater than any of the individual iron
status measures alone (for example, Rzpamal = 0.31 compared with 0.02
for Hgb alone). In contrast, the inflammatory index was not signifi-
cantly associated with cognition (Rzpamal = 0.004, P = 0.743; Sup-
plemental Figure 4C). Together, these results suggest that our data-
driven approach heightened our sensitivity to the association between
cognition and iron status by disentangling inflammatory and iron status
effects on our hematological measures.

Hgb is positively associated white matter integrity during
adolescence

As a final step, we sought to investigate whether iron status
measures were associated with the integrity of the brain’s white matter
during adolescence. There were not sufficient data to test this asso-
ciation for ferritin and transferrin (n = 9 participants with ferritin or
transferrin concentrations assessed within 6 mo before neuroimaging
assessment), so this analysis was limited to Hgb data. We assessed the
relationship between Hgb concentrations and the FA of the brain’s
major white matter pathways in a subset of 126 participants who
completed neuroimaging within 6 mo after Hgb measurement. All
analyses used cross-sectional data. Hgb was significantly positively
associated with white matter FA in 2 pathways critical for executive
function: the superior longitudinal fasciculus (F = 8.6, edf = 1,
Rzpamal = 0.06, FDR = 0.028) and the uncinate fasciculus (F = 7.5,
edf = 1, Rzpama] = 0.05, FDR = 0.028) (Figure 5; Supplemental
Table 8).
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Discussion

Leveraging a large community-based sample, we found that the
development of iron status measures varied by sex and SES during
adolescence. Values indicative of lower iron status during this period
were associated with poorer cognitive performance and reduced
integrity of 2 of the brain’s major white matter pathways. Our findings
suggest that adolescence may be a critical window of vulnerability to
iron deficiency that has consequences for neurocognitive development
and function.

Our findings suggest that females and individuals of low SES are at
elevated risk for low iron status during adolescence. Aligning with
results from population survey data in the United States and Europe [6,
19,20,45,46], we show that postmenarchal females had lower Hgb,
lower ferritin, and higher transferrin than males of similar age. Whereas
prior population-based studies compared average iron status measures
between males and females, the current study was able to characterize
the developmental trajectories of iron status measures in males and
females over the first 2 decades of life. Our nonlinear modeling
approach revealed that the developmental trajectory of each iron status
measure changed within ~1 y of self-reported menarche such that fe-
male exhibited age-related decreases in iron status, whereas male
values reflected age-related increases. We also found that individuals
from lower SES neighborhoods have lower iron status than individuals
from higher SES neighborhoods, which agrees with prior work indi-
cating that lower SES is associated with lower iron status during youth
[8] and global statistics linking the prevalence of iron deficiency to the
sociodemographic index [21]. Our findings extend this work by
revealing that the effect of neighborhood SES on measures of iron
status is greatest over the adolescent period. Together, these findings
highlight that postpubertal females from low SES neighborhoods are a
particularly vulnerable population. Addressing iron status in these
at-risk individuals may be crucial to reducing health disparities and
improving neurocognitive outcomes during this stage of development.

We found that lower Hgb concentrations and lower scores on the
composite iron status index during adolescence were broadly linked to
lower cognitive performance. The significant association between Hgb
concentrations and overall cognitive performance is consistent with
earlier work linking frank iron deficiency with poor scholastic
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FIGURE 5. Hemoglobin concentrations are significantly related to brain white matter integrity. Hemoglobin concentrations (n = 126) were positively
associated with white matter fractional anisotropy in the superior longitudinal fasciculus and uncinate fasciculus. Solid lines reflect the model fit and shaded
areas reflect 95% Cls of the fit. *FDR < 0.05. FDR, false discovery rate; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus.
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achievement in school-aged youth [47,48] as well as links between iron
deficiency anemia and poorer academic performance in adolescent
females [49]. Across the cognitive subdomains we examined, we found
that Hgb concentrations and the iron status index were most strongly
associated with the domain of executive function. Notably, in a Chinese
cohort of early adolescents (age 12 y old), iron deficiency was also
found to be most strongly associated with performance on an executive
function task included in the Penn CNB [50,51]. Though findings have
been mixed [52], other work has shown that frank iron deficiency is
associated with poorer executive functioning in young-adult women
compared with healthy controls [53] and that executive processes such
as attention can be improved with dietary intervention [54-57]. The
association between iron status and executive function during this
period is notable, because executive function undergoes protracted
maturation into young adulthood [26,58]. Together, these findings may
suggest that the development of executive function may be disrupted
by poor iron status. An important direction of future work will be to
understand how the impact of iron deficiency during adolescence in-
teracts with iron status during different developmental epochs, because
iron deficiency during infancy has also been found to predict long-term
cognitive deficits that extend into the adolescent period [2,8,59].
Another critical extension of this work will be to understand the pro-
spective relationship between iron status and cognitive performance
over development. The present study provided evidence for a
contemporaneous link between iron status and cognitive performance,
and future work can begin to employ longitudinal study designs
measure temporal dynamics of this association over longer time pe-
riods. Another critical extension of this work will be to understand the
prospective relationship between iron status and cognitive performance
over development. The present study provided evidence for a
contemporaneous link between iron status and cognitive performance,
and future work can begin to employ longitudinal study designs
measure temporal dynamics of this association over longer time
periods.

Our analyses revealed that the link between Hgb concentrations and
cognitive performance was dimensional and not limited to individuals
who would meet the laboratory threshold for iron deficiency anemia.
Prior work on the cognitive consequences of iron deficiency in
adolescence and young adulthood has investigated differences in
cognitive performance in individuals with frank iron deficiency anemia
relative to healthy controls [47,48], has focused specifically on female
participants [53,60—62], or has assessed cognition in the context of iron
supplementation intervention [54-56,63]. Our results suggest that the
association between Hgb concentrations and cognition is continuous
rather than categorical; lower Hgb was dimensionally associated with
lower overall cognitive performance even after excluding individuals
that would meet the threshold for anemia. Notably, the association
between Hgb and cognitive performance remained significant when
covarying for neighborhood SES and even significantly mediated the
association between neighborhood SES and overall cognitive ability.
Hgb concentrations are nonspecific to iron status when examined in
isolation. Providing support for the role of iron status in contributing to
these results, we found that the dimensional association with cognitive
performance was replicated and markedly strengthened when we
combined Hgb, ferritin, and transferrin into a composite iron status
index. Together, these results suggest that individual differences in iron
status may impact cognitive ability even in individuals that would be
considered in the normative range on laboratory tests, and that our
composite iron status index may have utility in capturing individual
variation in iron status even when Hgb is normal. It is important to note
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that these analyses did not include individuals with atypically high iron
status. Investigating the association between excess iron and cognitive
performance will be an important area for future investigation, partic-
ularly considering that iron overload has been linked to disorders
characterized by impaired cognition such as Alzheimer’s disease and
schizophrenia [64—-66]. Furthermore, because the present study inves-
tigated the link between iron status and cognitive performance
contemporaneously, future work using longitudinal study designs will
be critical for understanding the temporal dynamics of this association
using prospective analyses over longer time periods.

Critically, the strength of the association between Hgb concentra-
tions and cognition was consistent across males and females. This
finding has potentially important implications for diagnosis and treat-
ment given that lower Hgb concentrations are considered “normal” in
females because of sex-specific laboratory reference ranges. The
impact of this effect is underscored by the finding that accounting for
postpubertal sex differences in Hgb concentrations erased sex differ-
ences in cognitive performance. This pattern aligns with recent studies
showing that increased dietary iron intake improves cognitive perfor-
mance in young-adult women irrespective of baseline iron status [56,
67]. Together, these findings suggest that the current sex-specific
reference ranges for Hgb may need to be reconsidered and that
improving iron status in individuals who do not meet current clinical
criteria for anemia may still be beneficial to cognitive development.
Gaining a broader understanding of how puberty-related sex differ-
ences in iron status interact with puberty-related aspects neuro-
development will be an important aim of future work. For example,
developmental changes in in synaptic density and inhibitory circuitry
have been linked to pubertal hormones and are sensitive to sex dif-
ferences in the age of puberty onset [68—74].

Finally, we found that low Hgb was associated with reduced white
matter integrity during adolescence. Brain iron continues to develop
during adolescence [40,75-79] and is critical to the myelination of
white matter pathways [1,15]. This association between lower Hgb and
reduced white matter integrity observed in this study may thus be a
result of insufficient iron resources available to support ongoing
myelination. The magnitude and effect size of this association is similar
to deficits in white matter integrity observed in studies of patients with
schizophrenia, a neuropsychiatric disease that emerges during this
developmental stage [80,81]. Notably, these findings were specific to 2
major white matter pathways: the uncinate fasciculus and the superior
longitudinal fasciculus. These pathways are notable because they have
been consistently shown to be the white matter pathways that undergo
the most protracted development, and are critical for executive function
[32,33,82]. The protracted neurodevelopmental plasticity of the brain’s
executive system is thought to support the maturation of executive
function during this period while also being especially sensitive to
environmental influences on development [30,31,83]. Our finding that
low iron status is associated with both reduced integrity of the exec-
utive pathways and poorer executive function suggests that the most
developmentally sensitive aspects of neurocognition may also be the
most vulnerable to low iron availability during adolescence.

Limitations

The present study assessed iron status using EMR data from in-
dividuals seeking treatment in the CHOP pediatric network. Though
screening for iron deficiency anemia is recommended by the United
States Centers for Disease Control for women of childbearing age,
there is a likely selection bias in EMR data for laboratory tests ordered
for the evaluation of a medical indication. As such, these data should be
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considered as reflective of the CHOP health system rather than a strictly
normative sample. In this study sample, medical conditions leading to
acute or chronic inflammation may have a greater contribution to
ferritin and transferrin concentrations than in a random sample that
screened for healthy individuals, and Hgb concentrations may be
impacted by other forms of anemia. We addressed these limitations in 2
ways. First, we excluded individuals with diagnoses of moderate or
severe medical conditions that require standing medications or moni-
toring. Second, we used PCA to derive a composite iron status index
that separated iron status effects from inflammatory effects. Analyses
using our PCA-derived iron status index supported our assessment that
the developmental and cognitive effects we observed were related to
iron status rather than acute or chronic inflammation, and the effect size
for the association between the iron status index and cognitive per-
formance was greater than that of any individual iron status measure.
This approach may be useful in future studies using available health
record data. Despite these limitations, a significant strength of our
approach is that it allowed us to detail the development of iron status in
a large, existing dataset of over 30,000 laboratory tests from nearly
5000 individuals who also underwent rigorous cognitive assessment
and neuroimaging.

The results of this study may have important translational impli-
cations. Iron status interventions in adolescence are actionable: iron
supplementation is routinely used to address iron deficiency and its
effects on cognitive development during the early window of vulner-
ability that occurs in the first years of life. Future work should address
whether these treatments can be used to similarly facilitate cognitive
development in adolescents, particularly in adolescent females of low
SES.
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