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Longitudinal Development of Brain Iron Is Linked to
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Bart Larsen,! Josiane Bourque,' “Tyler M. Moore,' Azeez Adebimpe,' Monica E. Calkins,' Mark A. Elliott,'2
Ruben C. Gur,"? Raquel E. Gur,"? Paul J. Moberg,' David R. Roalf,! Kosha Ruparel,' Bruce I. Turetsky,'
Simon N. Vandekar,’ ®“Daniel H. Wolf,!-* Russell T. Shinohara,>* and ““Theodore D. Satterthwaite!->
'Department of Psychiatry, Perelman School of Medicine, 2Department of Radiology, *Center for Biomedical Image Computing and Analytics, “Department
of Biostatistics, Epidemiology and Informatics, Pennsylvania Statistics in Imaging and Visualization Center, University of Pennsylvania, Philadelphia,
Pennsylvania 19104, and Department of Biostatistics, Vanderbilt University, Nashville, Tennessee 37235.

Brain iron is vital to multiple aspects of brain function, including oxidative metabolism, myelination, and neurotransmitter synthesis.
Atypical iron concentration in the basal ganglia is associated with neurodegenerative disorders in aging and cognitive deficits. However,
the normative development of brain iron concentration in adolescence and its relationship to cognition are less well understood. Here, we
address this gap in a longitudinal sample of 922 humans aged 8 -26 years at the first visit (M = 15.1, SD = 3.72; 336 males, 486 females)
with up to four multiecho T2* scans each. Using this sample of 1236 imaging sessions, we assessed the longitudinal developmental
trajectories of tissue iron in the basal ganglia. We quantified tissue iron concentration using R2* relaxometry within four basal ganglia
regions, including the caudate, putamen, nucleus accumbens, and globus pallidus. The longitudinal development of R2* was modeled
using generalized additive mixed models (GAMMs) with splines to capture linear and nonlinear developmental processes. We observed
significant increases in R2* across all regions, with the greatest and most prolonged increases occurring in the globus pallidus and
putamen. Further, we found that the developmental trajectory of R2* in the putamen is significantly related to individual differences in
cognitive ability, such that greater cognitive ability is increasingly associated with greater iron concentration through late adolescence
and young-adulthood. Together, our results suggest a prolonged period of basal ganglia iron enrichment that extends into the mid-
twenties, with diminished iron concentration associated with poorer cognitive ability during late adolescence.
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Brain tissue iron is essential to healthy brain function. Atypical basal ganglia tissue iron levels have been linked to impaired
cognition in iron deficient children and adults with neurodegenerative disorders. However, the normative developmental trajec-
tory of basal ganglia iron concentration during adolescence and its association with cognition are less well understood. In the
largest study of tissue iron development yet reported, we characterize the developmental trajectory of tissue iron concentration
across the basal ganglia during adolescence and provide evidence that diminished iron content is associated with poorer cognitive
performance even in healthy youth. These results highlight the transition from adolescence to adulthood as a period of dynamic
maturation of tissue iron concentration in the basal ganglia. j

/Signiﬁcance Statement

ferritin and is stored in neurons, oligodendrocytes, astrocytes,
and microglia (Todorich etal., 2009; Mills et al., 2010; Ward et al.,
2014). Within these cells, iron is required as a cofactor for mul-
tiple fundamental neural processes. As part of the process of cel-
lular respiration, iron is necessary for ATP synthesis (Ward et al.,

Introduction
Brain tissue iron is essential to healthy brain function. Distinct
from heme-iron, tissue iron binds to the intracellular protein
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2014; Paul et al,, 2017). In oligodendrocytes, iron supports the
high metabolic demand of myelin maintenance and synthesis and
functions as a cofactor for lipid synthesis (Connor and Menzies,
1996; Todorich et al., 2009; Méller et al., 2019). Iron is also a
necessary cofactor for tyrosine hydroxylase (Ramsey et al., 1996)
and monoamine oxidase (Youdim et al., 1976; Lu et al., 2017;
Youdim, 2018), enzymes essential for dopamine synthesis, as well
as tryptophan hydroxylase (Kuhn et al., 1980), which is necessary
for serotonin synthesis. Tissue iron is heterogeneously distrib-
uted in the brain, with the greatest iron concentration in basal
ganglia structures such as the caudate, putamen, nucleus accum-
bens, and globus pallidus (Hallgren and Sourander, 1958; Thomas
et al., 1993; Brass et al., 2006). The reason for pronounced iron
enrichment of the basal ganglia and the mechanism by which it
occurs are not fully understood, but the basal ganglia are rich in
dopamine and play a critical role in a multitude of cognitive and
motor functions as part of the corticobasal ganglia-thalamo-
cortical loops (Haber and Knutson, 2010).

Brain tissue iron content is homeostatically regulated (Moos,
2002; Burdo and Connor, 2003), and atypical iron concentration
in the basal ganglia is associated with neurological disorders and
impaired cognitive function. Abnormally high brain iron content
in aging is associated with Parkinson’s disease (Lv et al., 2011;
Zucca et al., 2017), Alzheimer’s disease (Griffiths and Crossman,
1993; Bartzokis et al., 2000), and Huntington’s disease (Bartzokis
et al., 1999; Bartzokis and Tishler, 2000; Kell, 2010), as well as
cognitive decline (Pujol et al., 1992; Penke et al., 2012; Adamo et
al., 2014; Daugherty and Raz, 2015; Ghadery et al., 2015). In
contrast, iron deficiency in early development (e.g., gestation
through childhood) leads to atypically low brain tissue iron con-
centration (Erikson et al., 2000, 2001; Beard, 2003) and is simi-
larly associated with abnormal basal ganglia dopaminergic
neurobiology and neurochemistry (Erikson et al., 2001; Lozoff
and Georgieff, 2006; Jellen et al., 2013), and cognitive impair-
ment (Grantham-McGregor and Ani, 2001; Halterman et al.,
2001; McCann and Ames, 2007; Shafir et al., 2008; Carter et al.,
2010; Lozoff, 2011). While substantial work has been done to
delineate these critical links between atypical brain tissue iron
concentration and neurocognitive function in early development
and late-life, less is known about how tissue iron concentration
normatively develops during adolescence, and whether norma-
tive variation in the developmental trajectory of tissue iron con-
centration is related to cognitive ability.

Here, we address this question by assessing the development
of tissue iron concentration in a normative sample of 922 adoles-
cents and young adults (aged 8—26y) with up to four longitudinal
measurements per participant, resulting in 1236 total scans after
strict quality assessment. In this sample, we assess iron content
using R2* relaxation (1/T2*), which is linearly related to post-
mortem tissue iron concentration (Langkammer etal., 2010; Sed-
lacik et al., 2014). We used generalized additive mixed models to
characterize the normative developmental trajectory of tissue
iron concentration across the basal ganglia and to assess whether
these normative trajectories vary with individual differences in
multiple domains of cognitive ability. As described below, we
find that tissue iron concentration continues to increase through-
out adolescence and into young adulthood, with the greatest in-
creases occurring in the putamen and globus pallidus. Further,
we find that individual differences in cognitive performance are
associated with the developmental enrichment of iron concentra-
tion in the putamen.
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Figure 1. Final neuroimaging sample characteristics. A, Final imaging sample—after ex-
clusions—was composed of 922 individuals and 1236 total scans. Each point depicts an indi-
vidual scan, with lines connecting individual participants. Participant sex is indicated as red
(female) or blue (male). B, Stacked histogram of acquisitions used for scans across the age range
(Table 1).

Materials and Methods

Participants. Neuroimaging data were obtained from a community-
based sample of 1543 youth that were part of the Philadelphia Neurode-
velopmental Cohort and related follow-up studies (Jirsaraie et al., 2019;
Roalf et al., 2019) (ages 8.17-26.92 at first visit, M = 15.19, SD = 3.75;
male/female = 728/819). This neuroimaging dataset included up to five
longitudinal visits per participant, resulting in 2321 total scans. From this
original sample, 309 participants (419 scans) were excluded based on
health criteria, including psychoactive medication use at the time of
study, medical problems that could impact brain function, a history of
psychiatric hospitalization, and gross structural brain abnormalities. A
total of 641 scans were excluded for poor T2* image quality, including
head motion, hyperintensities, and susceptibility artifacts, which was
assessed with manual quality assurance procedures (see below). In sum,
following health exclusions and rigorous quality assurance we retained
922 participants (ages 8.17-26.92 at first visit, M = 15.1, SD = 3.72;
male/female = 436/486) with up to four longitudinal neuroimaging vis-
its per participant, resulting in 1236 total scans (Fig. 1). From this neu-
roimaging sample, cognitive performance data (described below) was
available for 818 individuals, with up to three time points per individual
(ages 8.17-26.92 at first visit, M = 14.84, SD = 3.57; male/female =
389/429), resulting in 1086 total cognitive assessments.

Structural image processing. A high-resolution T1-weighted image was
acquired for all visits for the purpose of nonlinear registration to a study
specific template. The study-specific template was generated from a sam-
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Table 1. Sequence counts and descriptions
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No. of Scanner Flip
Sequence scans model TR TE ATE Voxel dimensions (mm) Fov angle
A* 1043 Trio 1000 2.69,5.27 2.58 3.75x3.75x4 240x240 60°
B 161 Trio 1000 3.13,5.59 246 3.75x3.75x4 240x240 60°
(& 20 Trio 1000 2.69,5.27 2.58 3.75x3.75x4 240x240 60°
D 12 Trio 1050 4.06, 6.52 246 3.75x3.75x4 240x240 60°

*Sequences A and C differed in that sequence A used an advanced shimming procedure.

ple of 120 PNC subjects balanced across sex, race, and age bins using the
“buildtemplateparallel” procedure in ANTs (Avants et al., 2011a). Each
participant’s high-resolution structural image was processed using Ad-
vanced Normalization Tools (ANTs) software and the structural pro-
cessing pipeline included bias field correction (Tustison et al., 2010),
brain extraction using a hybrid registration/segmentation approach
(Avants et al.,, 2011b), and diffeomorphic registration to the study-
specific template using SyN deformation provided by ANTSs (Avants et
al., 2008; Klein et al., 2009).

R2* acquisition and preprocessing. T2* data were estimated from mul-
tiecho gradient echo (mGRE) images acquired for each participant. Se-
quence parameters are summarized in Table 1. It should be noted that a
subset of the data was acquired with minor variations in acquisition
parameters. However, all scans were acquired on the same scanner, 99%
used the same repetition time (TR, 1000 ms), and 86% used the same
echo spacing (ATE, 2.58 ms). Notably, for the minority of participants
for whom ATE varied, the difference between acquisitions was only 0.12
ms. As a conservative step, to ensure that the variability in T2* acquisition
parameters did not affect our results, T2* data were harmonized across
acquisitions before statistical analysis using ComBat (Johnson et al.,
2007) (see below).

Acquired mGRE images were first smoothed with a 3 mm FWHM
kernel. T2* was calculated from the pixel intensity of the two echo images
according to the following:

—ATE

In (ﬁ)

I
where I, and I, refer to the signal intensity at the first and second
echo. T2* images were brain extracted using coregistration to the brain-
extracted structural image (above). T2* images were finally spatially nor-
malized to the study-specific template by concatenating the affine

registration between the T2* image and structural image and the nonlin-
ear registration of the structural image to the study template. R2* was

1
calculated as (TZ*)
R2* quality assurance. ALl R2* images were visually inspected by BL for

data quality and the presence of artifacts, including motion artifacts,
susceptibility artifacts, extreme values, and T2* hyperintensities, any of
which could impact the R2* signal in the basal ganglia. Visual inspection
was performed blind to all experimental variables. Each image was rated
as “pass” or “fail,” and only images that passed inspection were included
in statistical analyses. This procedure assured that only high-quality
scans would be included in analyses (Fig. 2).

Region of interest identification. We evaluated basal ganglia regions of
interest as in prior work (Langkammer et al., 2010; Sedlacik et al., 2014;
Daugherty and Raz, 2015), including the caudate, putamen, nucleus ac-
cumbens, and globus pallidus. These areas were identified in template
space by a segmentation of the structural template brain using ANTs
jointlabel fusion (Wangetal., 2013). Regional R2* values were calculated
as the mean across all voxels in each region across both hemispheres. As
the regional values were extracted from spatially normalized data, the
number of voxels did not differ across participants.

Cognitive assessment. The Penn computerized neurocognitive battery
(CNB) was administered to 818 participants with up to three time points
per participant (ages 8.17-26.92 at first visit, M = 14.84, SD = 3.57;
male/female = 389/429), resulting in 1067 total cognitive assessments.

T2* =

Fail

Pass

Figure 2.  Outcome of quality assurance procedures. The voxelwise mean of all R2* scans
that passed quality assurance (n = 1236) is depicted on the left, and the voxelwise mean of all
R2* scans that failed (n = 641) is depicted on the right.

The CNB consists of 14 tests adapted from tasks applied in functional
neuroimaging to evaluate a broad range of cognitive domains (Gur et al.,
2010, 2012). These domains include executive control (abstraction and
mental flexibility, attention, working memory), complex cognition (ver-
bal reasoning, nonverbal reasoning, spatial processing), episodic mem-
ory (verbal, facial, spatial), social cognition (emotion identification,
emotion intensity differentiation, age differentiation), and motor speed.
Accuracy and speed for each task were z-transformed and combined into
an efficiency variable. Factor scores were calculated separately for an
overall factor and four correlated subfactors. For the overall factor, tests
were modeled in a unidimensional (one-factor) model with least-squares
extraction. The subfactor scores (complex cognition, executive function,
social cognition, and memory) were calculated using an exploratory fac-
tor analysis (EFA) with least-squares extraction and oblique geomin ro-
tation. The dimensionality was determined theoretically based on the
design of the CNB and prior work (Moore et al., 2015; Gur and Gur,
2016). Note that unidimensional models were used for the overall scores
despite multidimensionality because the ratio of first to second eigenval-
ues for efficiency were all >3.0, providing some support for use of a
unidimensional model (Reise et al., 2015).

Group-level statistical analysis. Before all statistical analyses, R2* data
were harmonized to control for subtle differences in T2* acquisition
parameters using ComBat, a batch-effect correction tool developed for
genomics data (Johnson et al., 2007) and previously applied to harmo-
nize multisite neuroimaging data, including in developmental studies
(Fortin et al., 2017, 2018). ComBat removes unwanted interacquisition
variability while preserving variability in biological variables of interest.
ComBat was performed separately for observations included in develop-
mental models (including covariates for age, sex, and visit number) and
cognitive models (including covariates for age, sex, visit number, and
cognitive performance).

We first tested for mean level differences among our basal ganglia
regions of interest. These region of interest comparisons were performed
as post hoc contrasts of estimated marginal means from a linear mixed
effects model that included covariates for age, sex, and visit number.
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Significance values were adjusted using the Bonferroni correction for
multiple comparisons.

To assess developmental trajectories of R2*, we used splines within a
generalized additive mixed model (GAMM) to flexibly capture linear or
nonlinear age effects and account for longitudinal repeated measures.
For each region of interest, we first tested for a significant age-by-sex
interaction (i.e., factor-smooth interaction). If the interaction was not
significant, the GAMM was refit removing the interaction term and
modeling sex as an additive covariate. To test for windows of significant
change across the age range, we calculated the first derivative of the
smooth function of age from the GAMM model using finite differences,
and then generated a simultaneous 95% confidence interval of the deriv-
ative (Simpson, 2018) using the gratia package in R. Intervals of signifi-
cant change were identified as areas where the simultaneous confidence
interval of the derivative does not include zero.

We next investigated the relationship between cognition and R2* and
whether developmental trajectories of R2* interacted with cognitive abil-
ity. To test for a main effect of overall cognitive performance, we fit a
GAMM with additive smooth terms for cognition and age and a main
effect of sex. To assess whether developmental trajectories of R2* varied
by cognitive ability, we allowed the smoothed age effect in the GAMM to
interact with cognitive performance. All GAMM:s were fit in R using the
‘gamm’ function from the mgcyv package (Wood, 2004, 2017). To model
this continuous interaction, we compared two interaction models within
the GAMM framework: a fully nonlinear interaction (bivariate smooth)
and a nonlinear-by-linear interaction in which the smooth effect of age
interacts with a linear effect of cognitive performance (varying coefficient
model). Model selection was performed using Bayesian information
criterion (BIC), and the significance of the interaction term was eval-
uated for the selected model. Finally, we evaluated three-way age-by-
cognition-by-sex interactions, which were not significant and not
considered further.

All models included visit number as a covariate factor of no interest
and participant ID as a random effect. For all GAMMs, significance of the
fixed effect smooth terms was assessed in a fixed degree-of-freedom con-
text to ensure stable and accurate estimation, and all p-values of interest
were confirmed using a parametric bootstrap likelihood ratio test ( pb-
krtest package) for significance estimation in the mixed model context
(Halekoh and Hojsgaard, 2014). Multiple-comparison adjustment was
performed with Bonferroni correction.

Code accessibility. Custom R code for all primary statistical analyses as
well as example bash code for R2* calculation is available at https://
github.com/PennBBL/Larsen_IronDevelopment.

Results

Regional differences in iron concentration

Model estimated regional R2* values— covarying for sex and
visit number—closely matched prior studies (Hallgren and
Sourander, 1958; Bartzokis et al., 1997, 2007; Aquino et al., 2009;
Péran et al., 2009; Haacke et al., 2010 p.201; Langkammer et al.,
2010; Sedlacik et al., 2014; Ghadery et al., 2015; Hect et al., 2018).
Globus pallidus had the greatest model estimated marginal mean
(EMM) R2* (EMM = 22.33, confidence interval {CI} = [22.22,
22.44]), followed by nucleus accumbens (EMM = 17.59, CI =
[17.48, 17.69]), putamen (EMM = 16.96, CI = [16.85, 17.07]),
and caudate (EMM = 15.17, CI = [15.06, 15.28]) (Fig. 3). All
regions significantly differed from each other (Table 2).

Age-related increases in R2* across the basal ganglia

R2* significantly increased with age across all basal ganglia re-
gions of interest while covarying for sex and visit number (Fig. 4,
Table 3). There was a significant interaction with sex in the globus
pallidus such that R2* began to reach plateau at age 22.2y in
females and continued to increase in males. Females tended to
have greater R2* regardless of age in the nucleus accumbens,
though the effect did not survive at the Bonferroni adjusted « of
0.0125 (t = 2.26, p = 0.024). Analysis of the derivatives of the

J. Neurosci., February 26, 2020 - 40(9):1810-1818 « 1813

30 A

R2* (1/sec)

10 -

T T T

GP NAcc Pu Ca

Figure 3.  Sample distribution of R2* across basal ganglia regions of interest. Individual
points represent regional R2* values for individual scans. Boxplots indicate the median value, as
well as thefirst and third quartiles of the sample distribution. GP, Globus pallidus; NAcc, nucleus
accumbens; Pu, putamen; (a, caudate.

Table 2. Model estimated differences in R2* across the basal ganglia controlling
for age, sex, and visit

Contrast Difference  z Piont 95% Cligy,  95% Clyggn
(audate - Putamen —-1.79 —2636  <<0.001 —196 —1.61
Caudate - Nucleus Accumbens ~ —2.41 —34.63 <<0.001 —2.59 —-223
(audate - Pallidum —7.16 —102.65 <<0.001 —7.34 —6.98
Putamen - Nucleus Accumbens  —0.63 —828  <0.001 —0.81 —0.45
Putamen - Pallidum —537 —76.29 <<0.001 —5.55 —519
Nucleus Accumbens - Pallidum  —4.75 —68.02 <<0.001 —492 —4.57

fitted age trajectories identified that R2* significantly increased
between ages 8.2—17.3 years in nucleus accumbens, 10.2-26.9
years in the putamen, ages 8.2-16.1 years in the caudate, and
8.2-25.9 years for males and 8.2-22.2 years for females in the
globus pallidus (Fig. 4).

Developmental trajectories of R2* are related to

cognitive performance

We next investigated whether the developmental trajectories we
observed varied with of cognitive ability. We observed that the
developmental trajectory of R2* in the putamen significantly in-
teracted with overall cognitive performance at a Bonferroni-
adjusted o« of .0125 (s(Age):Overall F = 3.67, p = 0.006; Fig. 5).
This developmental interaction was such that the association be-
tween cognitive ability and R2* emerged during adolescence,
with poorer performance being increasingly associated with di-
minished R2* levels. To understand the specific cognitive do-
mains that contributed to this effect, we conducted specificity
analyses focusing on four cognitive domains: complex cognition,
social cognition, executive function, and memory. Cognitive fac-
tor loadings and correlations can be found in Table 4. We found
that developmental trajectories of R2* most strongly interacted
with complex cognition performance (s(Age):Complex F = 3.94,
p = 0.004; Fig. 6A). A similar pattern was observed for social
cognition (s(Age):Social F = 2.67, p = 0.031; Fig. 6B) and exec-
utive function (s(Age):Executive F = 2.66, p = 0.032; Fig. 6C),
though the effects were not significant at a Bonferroni-adjusted «
of .0125. The effect was not significant for memory performance
(s(Age):Memory F = 1.03, p = 0.39; Fig. 6D).

Discussion

Here, we capitalized upon a large sample of youth with longitu-
dinal neuroimaging data to characterize the developmental tra-
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jectories of tissue iron concentration in
the basal ganglia. We demonstrated that 30
brain tissue iron increases throughout
adolescence, with the greatest and most
prolonged increases occurring in the pu-
tamen and globus pallidus. Within the
globus pallidus, we also found evidence
for a more protracted developmental tra-
jectory in males relative to females. Fur-
ther, we found that the developmental
trajectory of tissue iron in the putamen is
associated with individual differences in
cognitive ability, such that individuals
with diminished iron accumulation also
have poorer cognitive performance in late .
adolescence and early adulthood. 8 12
Prior work has indicated that brain tis-
sue iron increases most rapidly during the
first two decades of life before beginning
to reach a developmental asymptote
(Hallgren and Sourander, 1958; Aquino et
al., 2009; Wang et al., 2012; Larsen and
Luna, 2015; Hect et al., 2018; Peterson et
al., 2019a). The findings presented here
generally support this pattern, identifying
windows of significant age-related in-
creases in R2* up to ages 16—17 in the
nucleus accumbens and the caudate.
However, we find that there are prolonged
windows of rapid iron accumulation in
the putamen and globus pallidus, where

s(Age)*
Sex n.s.

10

22.5
s(Age)*
Sex n.s.

12.5

Globus Pallidus

s(Age):Sex*
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we observed significant increases in tissue [

iron that continued into early adulthood. 8§ 12
Of note for future lifespan studies of the
basal ganglia, the magnetic susceptibility
of iron that allows for its quantification
using R2* also shortens T1 and T2 relax-
ation time (Vymazal et al., 1995; Ogg and
Steen, 1998; Stiiber et al., 2014). Thus, the
development of basal ganglia iron con-
centration may impact other MR metrics
commonly used in developmental studies,
such as T1-weighted imaging and diffu-
sion weighted imaging (DWTI) (Pfefferbaum et al., 2010; Peterson
etal., 2019b). Given the pronounced developmental increases in
brain iron concentration observed in this study, future work ap-
plying DWI or T1-based imaging metrics in developmental stud-
ies should ideally consider and control for the impact of iron.
To date, there has not been a thorough examination of sex
differences in tissue iron accumulation during adolescence. In
the globus pallidus, we observed an earlier developmental plateau
in females, occurring ~age 22, relative to a continued increase
throughout the observed age range in males. This finding indi-
cates a potentially longer window of iron accumulation for males
during this critical developmental stage. These findings may be
related to earlier work suggesting increased incidence of iron
deficiency in adolescent and young adult females. The prevalence
of iron deficiency in females increases from childhood to adoles-
cence, and among nonpregnant adolescent and adult females
in the United States is as high as 15% (compared with <3% in
males) (Halterman et al., 2001; Cogswell et al., 2009; U.S.
Centers for Disease Control and Prevention, 2012), and this
proportion rises even higher, >30%, in female university stu-

Figure 4.

16 20 24 8 12 16 20 24
Age (years) Age (years)
Sex AR2*/Year
~o-Male =

-e-Female 0.0 0.1 02 0.3 0.4 0.5

Development of R2* in the basal ganglia. Plots display fitted R2* trajectories from GAMM models plotted by age for
males (blue) and females (red). Individual points represent individual scans, with lines indicating scans from the same participant.
Bars below the x-axis depict the derivative of the fitted smooth function. The filled portion of the bar indicates periods where the
magpnitude of derivative is significant, with the saturation of the fill representing the value of derivative in units of AR2*/year.
*p << 0.05 after Bonferroni correction; +p << 0.1 after Bonferroni correction; n.s., not significant.

Table 3. GAMM regression table for age, sex, and interactions

Region Term Statistic p

Globus pallidus Sex t=-13 0.207
s(Age) F=76.7 <0.0001*
s(Age):Sex F=46 0.003*

Nucleus accumbens Sex t=123 0.024
s(Age) F=418 <0.0001*

Putamen Sex t=-09 0.349
s(Age) F=18538 < 0.0001*

(audate Sex t=18 0.068
s(Age) F=98 < 0.0001*

Interaction effects are reported only when the interaction is significant after Bonferroni multiple-comparisons
correction. Statistics are reported as ¢ statistics for parametric terms and F statistics for smooth terms.

*p-value s significant at the Bonferroni-adjusted « of 0.0125.

dents (Worthington-Roberts et al., 1988; Houston et al., 1997;
Wilcock et al., 2004; Hawk et al., 2012; Blanton, 2013). Although
we did not assess dietary iron intake or serum ferritin levels in this
sample, it is possible that the developmental sex differences we
observe in the globus pallidus reflect developmental increases in
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Figure5. The development of R2* in the putamen is moderated by overall cognitive perfor-
mance. Tovisualize the interaction between continuous variables, fitted lines are displayed that
depict the relationship between age and putamen R2* for the top 5% (high performers) and
bottom 95% (low performers) of the range for overall cognitive performance. Individual points
represent individual scans, with connecting lines indicating scans from the same participant.
The color of the points represents the overall cognitive performance z score (higher values
indicate more efficient performance).

Table 4. Exploratory factor analysis of longitudinal CNB tests

Test Social Executive Complex Memory Overall
edi_z 0.78 0.77
adi_z 0.72 0.66
eid_z 0.45 0.24 0.71
att_z 0.71 0.63
wm_z 0.64 0.61
lan_z 0.39 0.35 0.77
nvr_z 0.62 0.59
abf_z 0.58 0.53
spa_z 0.54 0.6
fmem_z 0.23 0.56 0.66
smem_z 0.27 0.53 0.51
vmem_z 033 0.46 0.61
Interfactor correlations

Social 1 0.61 0.68 0.55

Executive 0.61 1 0.58 0.44

Complex 0.68 0.58 1 0.41

Memory 0.55 0.44 0.41 1

Loadings with absolute values <<0.20 have been removed for clarity; Tucker—Lewis Index (TLI) = 0.98; root
mean-square error of approximation (RMSEA) = 0.034 = 0.003; standardized root mean-square residual
(SRMR) = 0.01.

the prevalence of iron deficiency in females during this develop-
mental window.

Atypically low iron content in basal ganglia has been associ-
ated with cognitive impairment in studies of iron deficiency in
early development (Beard and Connor, 2003; Beard, 2003; Carter
etal., 2010; Lozoff, 2011). Here we demonstrate a similar associ-
ation between reduced basal ganglia iron concentration and
cognitive ability occurring within a normative developmental
sample during late-adolescence and adulthood. Specifically, we
find that an association between poorer overall cognitive perfor-
mance and diminished iron concentration in the putamen
emerges during late adolescence. When we assessed this relation-
ship across individual subdomains of cognition, we observed that
the effect was strongest in the domain of complex cognition.
Adolescence has been characterized as a critical period of devel-
opment of complex, higher-order cognitive functions (e.g., Larsen
and Luna, 2018), and our results suggest that continued enrich-
ment of basal ganglia iron concentration may be an important
component of this developmental process. In late life, the associ-
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ation between brain iron concentration and cognition is reversed
such that elevated brain iron is associated with neurodegenera-
tion and impaired cognition (Bartzokis and Tishler, 2000; Ghad-
ery et al, 2015; Zucca et al, 2017). Changing associations
between brain iron content and cognitive ability during develop-
ment and aging are likely driven by different underlying mecha-
nisms. Brain iron is necessary for a myriad of critical
neurobiological processes, including cellular respiration (Paul et
al., 2017), myelination (Connor and Menzies, 1996; Moller et al.,
2019), and neurotransmitter synthesis (Youdim et al., 1976; Lu et
al., 2017). In development, a deficiency in this critical resource
may impair these neurobiological processes, impairing cogni-
tion. In contrast, in aging, a breakdown of the essential homeo-
static process of iron storage and metabolism can increase the risk
of iron-related oxidative stress and accelerate neurodegeneration
(Bartzokis et al., 2007; Nunez et al., 2012; Li and Reichmann,
2016). Longitudinal studies assessing how brain iron impacts
cognitive health across the lifespan are needed.

Limitations

Despite the strengths of this study, three limitations should be
noted. First, we did not collect any data on dietary iron content
nor obtained serum iron status. As such, though the participants
in this study were generally healthy, we cannot quantify the prev-
alence of iron deficiency in this sample. Thus, it is not clear
whether the neurodevelopmental associations between cognitive
performance and basal ganglia iron concentration we observe
here are mechanistically driven by iron deficiency, as in early
developmental studies (Grantham-McGregor and Ani, 2001;
Beard, 2003), or if these effects are occurring within individuals
with normative dietary iron content. Future work assessing brain
iron concentration, peripheral iron concentration, and measures
of dietary iron status should address this question directly. Addi-
tionally, as this work is focused on a normative developmental
sample, and future work should investigate how developmental
abnormalities of iron are associated with neuropsychiatric illness.
Second, a small subset of T2* scans were acquired with minor
variations in acquisition parameters. Though we do not expect
these variations to significantly impact T2* estimation, we rigor-
ously addressed this possibility using ComBat harmonization
(Johnson et al., 2007), which has been effective in harmonizing
neuroimaging datasets (Fortin et al., 2017, 2018). Third, the data
acquired to calculate R2* was generated with a two-echo mGRE
sequence with somewhat lower in-plane resolution (3.75 X 3.75
mm) than has been used in other studies (e.g., Langkammer et al.,
2010; Sedlacik et al., 2014). Calculating T2* from a greater num-
ber of echo images with higher in-plane resolution can yield
greater sensitivity (Anderson et al., 2001). We compensated for
this limitation by using strict quality assurance procedures and
having a large sample for all statistical analyses.

Conclusion

This study leverages a large longitudinal sample to characterize
the normative development of tissue iron concentration across
the basal ganglia. Iron accumulation follows a nonlinear devel-
opmental trajectory that begins to plateau during adolescence in
the nucleus accumbens and caudate and continues to increase
into the twenties in the putamen and globus pallidus. Impor-
tantly, individual differences in cognitive ability are associated
with differences in putamen iron concentration during the tran-
sition from adolescence to adulthood. Together, these results
highlight the transition from adolescence to adulthood as a pe-
riod of dynamic maturation of tissue iron concentration in the
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Figure6.

Cognitive moderation effects on the development of putamen R2* across subdomains of cognition. Fitted values of R2* are plotted as functions of age and complex cognition (4), social

cognition (B), executive function (C), and memory (D). To visualize the continuous interactions, fitted lines are displayed that depict the relationship between age and putamen R2* for the top 5%
(High performers) and bottom 95% (Low performers) of the range for each cognitive measure. Individual points represent individual scans, with connecting lines indicating scans from the same
participant. The color of the points represents the cognitive z score (higher values indicating more efficient performance).

basal ganglia that may affect individual variability in complex
cognitive performance in adulthood. Importantly, as iron sup-
plementation has been found to improve cognitive performance
in iron deficient adolescents (Bruner et al., 1996; Blanton, 2013),
it is possible that efforts to enhance brain iron concentration
through dietary iron supplementation may have beneficial effects
on cognitive development during this critical period of develop-
ment. Studies that prospectively evaluate the longitudinal impact
ofiron supplementation on cognition and brain development are
necessary.
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