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Abstract

Iron is an essential micronutrient for healthy brain function and development. Because of the 

importance of iron in the brain, iron deficiency results in widespread and lasting effects on 

behavior and cognition. We measured iron in the basal ganglia of young children using a novel 

MRI method, quantitative susceptibility mapping, and examined the association of brain iron with 

age and cognitive performance. Participants were a community sample of 39 young children 

recruited from pediatric primary care who were participating in a five-year longitudinal study of 

child brain development and anxiety disorders. The children were ages 7 to 11 years old (mean 

age: 9.5 years old) at the time of the quantitative susceptibility mapping scan. The Differential 

Abilities Scale was administered when the children were 6 years old to provide a measure of 

general intelligence and verbal (receptive and expressive), non-verbal, and spatial performance. 

Magnetic susceptibility values, which are linearly related to iron concentration in iron-rich areas, 

were extracted from regions of interest within iron-rich deep gray matter nuclei from the basal 

ganglia, including the caudate, putamen, substantia nigra, globus pallidus, and thalamus. 

Controlling for scan age, there was a significant positive association between iron in the basal 
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ganglia and spatial IQ, with this effect being driven by iron in the right caudate We also replicated 

previous findings of a significant positive association between iron in the bilateral basal ganglia 

and age. Our finding of a positive association between spatial IQ and mean iron in the basal 

ganglia, and in the caudate specifically, suggests that iron content in specific regions of the iron-

rich deep nuclei of the basal ganglia influences spatial intelligence. This provides a potential 

neurobiological mechanism linking deficits in spatial abilities reported in children who were 

severely iron deficient as infants to decreased iron within the caudate.
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1. Introduction1

Iron is an essential micronutrient for healthy brain function and development (Beard and 

Connor, 2003; Lozoff, 2007; Lozoff and Georgieff, 2006). Iron-containing enzymes and 

iron-dependent proteins are involved in dendrite and synapse development and iron-uptake 

in oligodendrocytes is essential for proper white matter myelination. Iron is also essential for 

the metabolism and catabolism of neurotransmitters, including dopamine, norepinephrine, 

serotonin, and GABA (Beard and Connor, 2003; Lozoff, 2007; Lozoff and Georgieff, 2006). 

Iron deficiency during infancy results in widespread and persistent effects on many 

neurophysiologic and regulatory processes, including cognitive, motor, and social-emotional 

behavior, suggesting that a lack of iron during neurodevelopment has lasting implications for 

brain function (Beard and Connor, 2003; Lozoff, 2007, 2011; Lozoff and Georgieff, 2006; 

Sachdev, 1993). Studies of iron deficiency in later childhood and adulthood have 

demonstrated similar negative consequences of iron deficiency (Beard and Connor, 2003; 

Sachdev, 1993), although iron repletion can, at least partially, reverse these negative effects 

(Khedr et al., 2008; Sachdev, 1993). To date, most studies linking iron deficiency to 

cognitive deficits in children have relied on peripheral measures of iron, which may be 

poorly correlated with iron in the brain (Li et al.). Furthermore, because nutritional iron is 

preferentially targeted towards maintaining hemoglobin concentration when iron levels are 

low, iron in the brain may reach critically low levels that have lasting impact on brain 

development well before blood samples reflect this critical shortage (Rao and Georgieff, 

2002). Thus, in order to understand the neurobiological basis of the cognitive deficits 

resulting from iron deficiency, we must first explore the relationship between iron measured 

directly in the brain and the cognitive functions impacted by low iron levels. The current 

study aims to understand the neurobiological role of brain iron in children’s cognitive 

functioning.

During the process of brain development, iron accumulates at variable rates in different 

anatomical locations, with the basal ganglia nuclei, including the caudate, putamen, 

substantia nigra, and the globus pallidus, having higher iron contents than the surrounding 

1Abbreviations: Quantitative Susceptibility Mapping (QSM), Gradient Echo (GRE), Learning About the Developing Brain Study 
(LADB), Differential Abilities Scale (DAS), Multi-Echo Spoiled Gradient-Echo Sequence (ME-SPGR), Variable-filter-radius SHARP 
(V-SHARP), Regions of Interest (ROIs)
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tissues (Hallgren and Sourander, 1958; Li et al., 2014; Li et al., 2011). Animal studies have 

demonstrated that iron deficiency during early brain development leads to alterations in the 

neurotransmitter systems of the basal ganglia, including decreased expression of 

dopaminergic receptors and decreased functioning of both dopaminergic and serotonergic 

transporters (Beard, 2001; Beard and Connor, 2003; Lozoff, 2007; Lozoff and Georgieff, 

2006; Munoz and Humeres, 2012). Furthermore, neonatal iron deficiency results in global 

hypomyelination, including in the pathways connecting the iron-rich basal ganglia to the rest 

of the brain (Beard and Connor, 2003; Lozoff, 2007; Lozoff and Georgieff, 2006).

Many of the cognitive and behavioral functions implicated in iron deficiency including 

learning, memory, verbal and non-verbal reasoning, and visual-spatial abilities, rely on a 

prefrontal-subcortical dopaminergic network that includes the iron rich basal ganglia (Brown 

et al., 1997; Burgaleta et al., 2014; Khedr et al., 2008; Lozoff, 2007; Lozoff and Georgieff, 

2006; Lozoff et al., 2000; MacDonald et al., 2014; Munoz and Humeres, 2012). The caudate 

and putamen, collectively referred to as the striatum, are the primary points of input for the 

basal ganglia, receiving projections from all parts of the cortex (Alexander et al., 1986; 

Grahn et al., 2008; Ring and Serra-Mestres, 2002). The striatum is then reciprocally 

connected to the substantia nigra through the nigrostriatal tract and sends outputs to both the 

substantia nigra and the globus pallidus, which then projects information back to the cortex 

through cortico-striatal loops (Alexander et al., 1986; Grahn et al., 2008). Both animal 

models and studies of humans with early life iron deficiency reveal cognitive deficits in line 

with disruption of prefrontal-basal ganglia pathways, suggesting that iron in the basal 

ganglia may influence cognitive functioning (Lozoff, 2011; Lozoff and Georgieff, 2006; 

Lukowski et al., 2010).

In this study, we measured brain iron in the basal ganglia of young children using 

quantitative susceptibility mapping (QSM), which is a novel MRI technique that is highly 

sensitive to paramagnetic non-heme iron in brain tissue and is linearly proportional to iron 

contents in certain brain areas (Schweser et al., 2011; Wharton et al., 2010; Wu et al., 

2012b). It is well known that pediatric brains have much lower iron concentration than the 

adult brains in the deep brain nuclei regions (Aquino et al., 2009; Hallgren and Sourander, 

1958), thus the development of sensitive method or non-invasive assessment of iron 

deposition is of particular importance in comparison to adult brain imaging studies. While 

the R2* and R2′ from gradient echo (GRE) MRI have long been used as a quantitative 

measure of brain iron (Aquino et al., 2009; Haacke et al., 2005), it was increasingly 

recognized that the GRE phase might provide more sensitivity to the iron deposition 

(Haacke et al., 2005). However, the GRE signal phase is not quantitative, since it is affected 

by surrounding tissue magnetic susceptibility distributions and the orientation. To overcome 

this problem, QSM was developed to deconvolve the phase using the magnetic dipole 

kernels to convert the nonlocal phase into magnetic susceptibility, (de Rochefort et al., 2010; 

Li et al., 2011; Liu et al., 2009; Schweser et al., 2011; Shmueli et al., 2009; Wharton et al., 

2010; Wu et al., 2012a). The resultant tissue magnetic susceptibility inherits the high 

contrast of GRE signal phase, and provides clear contrast between the iron rich brain nuclei 

and the surrounding tissues. Magnetic susceptibility is a localized intrinsic property of 

tissue, and is typically not affected by the blooming artifact. As a result, the contrast and 

boundary of iron rich deep brain gray matter nuclei is often better delineated by QSM than 
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GRE magnitude R2′ and R2* (Lim et al., 2013). Furthermore, similar to R2* (1/T2*), 

converging evidence suggests that magnetic susceptibility of iron rich gray matter is linearly 

proportional to the iron content (Bilgic et al., 2012; Langkammer et al., 2012; Schweser et 

al., 2011; Shmueli et al., 2009; Wu et al., 2012a). Given the excellent contrast and the 

linearity with iron, QSM is a promising candidate for noninvasive assessment of iron 

deposition in deep brain nuclei.

Using QSM, we explored, for the first time in children, the relationship between iron content 

measured directly in the brain and cognitive capabilities, as a step toward understanding the 

pathophysiology of iron deficiency and developmental sequelae. Although the current study 

only focuses on a subset of cognitive abilities, it is likely that other domains of behavior are 

also related to iron in the brain. Based on the literature linking iron deficiency to poor 

neurocognitive outcomes in children, we hypothesized that there would be an inverse 

relationship between iron in the basal ganglia and cognitive scores.

2. Material and Methods

2.1. Study Design & Participants

The Duke University Medical Center Institutional Review Board approved this study. Verbal 

assent from the child and written informed consent from the parent was obtained following a 

complete description of the study.

Participants were a convenience sample recruited from the Learning About the Developing 

Brain (LADB) study, a 5 year longitudinal study of child brain development and anxiety 

disorders. 102 children completed at least one MRI during the course of the Learning About 

the Developing Brain (LADB) study. A subset of 41 of these 102 children participated in the 

current pilot study of brain iron in childhood. Children were eligible for this pilot study if 

they had successfully completed at least 2 prior MRI scans as part of the larger LADB study. 

Given the pilot nature of this study, this enabled us to ensure the greatest chance of success 

at acquiring usable data. Additionally, only children who had a cognitive assessment when 

they were 6 years old were eligible for this study. The mean (standard deviation) time 

between the DAS assessment and the MRI was 2.74 (0.9) years.

Table 1 summarizes the demographic characteristics of the 39 children, ages 7 to 11, 

included in the pilot MRI study who had usable data. We discarded data from two children 

because of excess motion during the scan. Children in the pilot study were similar to the full 

sample of children from the LADB study who completed a cognitive assessment (N=183) on 

race, sex, handedness, and overall, verbal, non-verbal, and spatial IQ (all p>0.35).

2.2. Cognitive Assessment

The Differential Abilities Scale (DAS; Elliott, 1997) was administered when children were, 

on average, 6 years old. The DAS is a comprehensive, individually administered, clinical 

instrument for assessing cognitive abilities in children from ages 2 years 6 months through 

17 years 11 months. The DAS provides a measure of overall general intelligence, as well as 

cluster scores for verbal abilities, non-verbal reasoning, and spatial abilities. The verbal 

abilities cluster score is a measure of a child’s expressive and receptive verbal knowledge 
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and comprehension. The non-verbal reasoning cluster score is a measure of a child’s 

inductive, sequential, and quantitative reasoning. The spatial abilities cluster score is a 

measure of a child’s spatial visualization abilities, short-term visual recall, and perception of 

spatial orientation. All scores are reported as age-based standard scores (M = 100, SD = 15). 

In our sample, 28 children received an early years version of the DAS, which is given to 

children ages 2 years 6 months to 6 years 11 months, and 11 children received the school-

age version, which is given to children 7 years and older.

2.3. Brain MRI

Each participant was scanned on a GE 3T MR750 scanner with an 8-channel receiver array 

coil at the Brain Imaging and Analysis Center at Duke University. A 3D multi-echo spoiled 

gradient-echo sequence (ME-SPGR) was used for quantitative susceptibility mapping. The 

scan parameters were: flip angle = 20°, TE of first echo = 5 ms, echo spacing = 2.94 ms, 8 

echoes, TR = 55 ms, matrix = 320 × 320 × 74, resolution = 0.6 × 0.6 × 1.5 mm3, and there 

was no inversion time.

To determine the nonlinear transformation matrix between the individual participant space 

and the standard space, T1-weighted images of the same participants were acquired using a 

3D IR prepared sequence similar to MPRAGE. The images were acquired in the sagittal 

view with the following parameters: data matrix = 256 × 256 × 166, 1 mm isotropic 

resolution, flip angle = 12°, TE = 3.18 ms, TI = 450ms, and TR = 8.096 ms.

2.4. Quantitative Susceptibility Mapping (QSM)

Figure 1 and Supplementary Figure 1 depict the analysis pipeline for this study. QSM was 

performed using the STI Suite software package (Duke University) as described previously 

(Li et al., 2014; Li et al., 2011). Briefly, the brain was extracted from the magnitude using 

the brain extraction tool in FSL (Smith, 2002). For each echo, the phase was calculated from 

the summed coil-phase removed complex data, and then unwrapped using a Laplacian-based 

method (Li et al., 2011). The unwrapped phase maps from all coils were summed and 

normalized by the summation of the echo times to yield the frequency shift. The background 

frequency was removed using a variable-filter-radius SHARP (V-SHARP) method (Li et al., 

2014; Schweser et al., 2011). Specifically, the diameter of the spherical mean filter decreases 

from a maximum value of 25 mm towards 1 mm at the brain boundary (Li et al., 2011; Wu 

et al., 2012b). Susceptibility maps were then derived from the brain tissue frequency shift 

using the LSQR method (Li et al., 2011).

2.5. Regions of Interest

The largest iron stores are within the deep gray matter nuclei of the brain, which include the 

basal ganglia. The current study focused on the putamen, globus pallidus, caudate nuclei, 

pulvinar nucleus of the thalamus, and the substantia nigra because of the higher levels of 

iron deposition in these regions, as compared to other brain regions (Hallgren and 

Sourander, 1958; Li et al., 2014; Li et al., 2011), as well as the role of the basal ganglia in 

cognitive functioning (Brown et al., 1997; Burgaleta et al., 2014; MacDonald et al., 2014). 

These regions of interest (ROIs) were obtained by warping a customized common atlas 

created in the standard space to each individual participant space using FSL (FMRIB, 
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University of Oxford, UK). A schematic diagram describing this procedure is shown in 

Figure 1 and Supplementary Figure 1. Briefly, the T1-weighted images were registered to a 

standard pediatric template developed from a sample of children ages 7 to 11 years old 

(Fonov et al., 2011) using FNIRT. The resulting registration matrices were used to wrap the 

susceptibility maps to the standard space and then averaged to generate mean susceptibility. 

We created the atlas for the deep gray matter nuclei based on the structural boundaries 

shown in the mean susceptibility images. As depicted in the representative images in panels 

A and B of Figure 2, QSM has good contrast with clear structural boundaries for all of these 

nuclei in our pediatric population. This study-specific common atlas for deep gray matter 

nuclei was then warped to each individual participant space using FSL. The ROIs of each 

participant were visually examined by two independent readers who were blind to the 

demographic data and behavioral test scores of the participants. Minor manual refinement of 

the ROIs was made when necessary. Figure 2, panel C depicts the segmentation of the iron-

rich deep gray matter nuclei in a representative participant using the above approach. The 

susceptibility values by these two readers were modeled separately as repeated measures in 

all statistical analysis.

2.6. Data Analysis

Susceptibility values (X) were converted to iron (Fe) concentration with the following 

equation: X = 0.00089 ppm * Fe - 0.022 ppm (Langkammer et al., 2012). A measure of 

overall iron in the basal ganglia was computed by taking the average iron content across the 

ROIs. All statistical analyses were performed using mixed multiple regression models in 

SAS version 9.2 (SAS Institute Inc., Cary, NC). We ran three levels of models. Our first 

level of analysis involved fitting zero-order models, in which the relationship between brain 

iron and each of the primary demographics variables (i.e. age, sex, race, and handedness) 

were tested individually. The purpose of this set of analyses was to determine what, if any, of 

these demographic variables should be accounted for in our primary models. Of these 

demographic variables, only age was related to brain iron in our sample. As such, we 

included scan age as a covariate in all of our primary models, in which brain iron was the 

outcome and each individual IQ score (i.e. overall, verbal, non-verbal, and spatial – all 

modeled individually) was the predictor. Because the ROIs of each participant were visually 

examined by two independent readers, rater was included as a repeated measure and the 

standard errors and test statistics of fixed-effect parameters were adjusted using the 

empirical option.

We also performed three separate secondary analyses to ensure that other variables did not 

account for our findings. In the first set of secondary analyses, we explored whether there 

was a relationship between the clusters of cognitive abilities (verbal, non-verbal, and spatial) 

and the age of the child when they completed the DAS, which governed which version of the 

DAS they received, as well as the age of the child at the time of the QSM scan. In the second 

set of secondary analyses, we added anxiety as a covariate in all of the primary models (i.e. 

modeled age, IQ, and anxiety status with brain iron in each of the regions of interest as the 

outcome measures). In the third set of secondary analyses, we included caudate volume as a 

covariate in the model exploring the relationship between spatial IQ and iron in the caudate 

(i.e. modeled age, IQ, and caudate volume with iron in the caudate as the outcome measure).
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3. Results

No association between iron in the basal ganglia and sex, race, or handedness existed in our 

sample (Supplementary Table 1). There was a significant positive association between iron 

in the basal ganglia and age (p<0.0001), with the globus pallidus and the substantia nigra 

driving this significant association (Supplementary Table 1). Because of this significant 

association, we controlled for the effect of age in all subsequent analyses. By including age 

at scan as a covariate, we also account for the variable time between DAS assessment and 

the QSM scan.

Table 2 and Figure 3 summarize our IQ analyses. When controlling for scan age, iron in the 

basal ganglia was not significantly associated with overall IQ. There were also no 

statistically significant associations between iron in the basal ganglia and scores on verbal or 

non-verbal IQ subtests. However, there was a significant positive association between mean 

iron in the basal ganglia and spatial IQ (p=0.02). We next examined whether there were 

specific regions within the basal ganglia associated with spatial IQ. Controlling for scan age, 

iron in the bilateral caudate (Right caudate: p<0.01; Left caudate: p<0.05) and the bilateral 

substantia nigra (Both p<0.05) had a significant positive association with spatial IQ, 

however only the relationship with the right caudate survived FDR correction for multiple 

comparisons (FDR-adjusted p=0.04). There was no association between spatial IQ and iron 

in the globus pallidus, putamen, or the pulvinar nucleus of the thalamus.

In addition to our primary analyses, we ran several secondary analyses to ensure that our 

findings could not be attributed to other variables in our study population. In the first of 

these analyses we sought to ensure that our findings were not due to an association between 

IQ and age at both the time of the DAS and at the time of the QSM scan. Neither age at DAS 

nor age at QSM scan were correlated with any of the IQ variables tested in this study (all 

p>0.4). Scatter plots of the relationship between age at QSM scan and scores on each of the 

IQ sub-tests are included in Supplementary Figure 2. Additionally, to ensure that the 

relationship between iron in the right caudate and spatial IQ was not due to a difference in 

the size of the caudate, we ran a second analysis controlling for right caudate volume and the 

effect remained the same (p<0.01). Finally, because the study population was drawn from a 

study of anxiety, we also ran all of our analyses controlling for anxiety and all of the regions 

that were significant in the original analyses remained significant and no new associations 

emerged as significant.

4. Discussion

In this study, we used a novel MRI technique, quantitative susceptibility mapping, to 

investigate the association between iron in the basal ganglia and cognitive functioning in a 

pediatric primary care sample of children ages 7 to 11 years old. QSM is highly sensitive to 

paramagnetic non-heme iron in brain tissue and the susceptibility values extracted from 

these scans can be converted to iron content (in mg/kg) through a simple linear equation 

(Langkammer et al., 2012; Schweser et al., 2011; Wharton et al., 2010; Wu et al., 2012b). 

Using this new imaging technology, we report, for the first time, that iron in the right 

caudate is associated with spatial IQ in school-age children.

Carpenter et al. Page 7

Neuroimage. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Iron is an essential micronutrient for healthy brain function and development, having critical 

roles in neurodevelopmental processes (Beard and Connor, 2003; Lozoff, 2007; Lozoff and 

Georgieff, 2006). Animal research has demonstrated that iron deficiency in infancy is 

associated with long-term changes in myelination, synaptogenesis, and neurotransmitter 

functioning, particularly within dopaminergic system, with the greatest influence evident in 

the hippocampus, the substantia nigra, and the striatum (Beard and Han, 2009; Lozoff and 

Georgieff, 2006). In particular, iron deficiency has been linked to decreased expression of 

dopaminergic receptors in the striatum, which negatively influences functioning across the 

frontostriatal networks essential for cognition (Munoz and Humeres, 2012). In humans, iron 

deficiency during infancy has been linked to long-term impairment in cognitive functions 

dependent on proper functioning of the dopaminergic basal ganglia pathways, namely 

visuospatial memory and selective recall for visual stimuli (Lozoff, 2007; Lozoff et al., 

2000). Similar impairments, including decreased spatial IQ, have also been demonstrated in 

adults with iron deficiency (Khedr et al., 2008).

In the current study, we found that the iron content in the right caudate influences spatial IQ 

as measured with the DAS. Scores on the spatial ability cluster of the DAS reflect the ability 

to visualize spatial relationships, the perception of spatial orientations, analytical thinking 

abilities, and attention to visual detail (Elliott, 1997). Such visuospatial abilities have been 

shown to be foundational for success in Science, Technology, Engineering, and Math 

(STEM) fields (Wai et al., 2009). These skills have been linked to a neural network 

comprised of the lateral prefrontal cortex, caudate nucleus, palladium, substantia nigra, and 

the ventral anterior thalamic nucleus (Alexander et al., 1986; Brown et al., 1997; Burgaleta 

et al., 2014; Navas-Sanchez et al., 2014; Rhein et al., 2014). Furthermore, disruption of the 

dopaminergic systems underlying this network, as in the case of Parkinson’s disease, is 

associated with decreased visuospatial function (Rhein et al., 2014; Ring and Serra-Mestres, 

2002). This relationship is often right lateralized, with inherent asymmetry in the 

mesolimbic dopaminergic system and right hemisphere dominance for visuospatial 

processing (Molochnikov and Cohen, 2014).

To our knowledge, only two studies have investigated the association between brain iron and 

behavioral or cognitive outcomes in a pediatric population. The first reports an association 

between ADHD and decreases in peripheral ferritin levels and thalamic iron content 

(Cortese et al., 2012b). The second finds an association between decreased striatal and 

thalamic iron in medication-naïve ADHD patients, but not in treated patients, as compared 

to controls (Adisetiyo et al., 2014). These findings are consistent with previous studies 

linking peripheral ferritin levels to ADHD diagnosis (Cortese et al., 2012a) and provide 

some of the first evidence in humans linking differences in regional brain iron content to 

neuropsychiatric symptoms. Only twelve children met criteria for ADHD in the current 

study based on a structured parent interview with the Preschool Age Psychiatric Assessment 

(Egger et al., 2006). Given the relationship between ADHD and IQ (Frazier et al., 2004), it 

is possible that our relationship between lower iron in the basal ganglia and decreased spatial 

abilities is driven by differences in attentional abilities. Although attentional abilities are not 

measured in the DAS, we did explore whether there was a relationship between the ADHD 

diagnosis and iron in the basal ganglia and did not find any association. However, given that 

so few of the children met criteria for ADHD, it is not possible to determine if this was due 
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to a lack of statistical power to detect a real difference or a lack of an association between 

ADHD diagnosis and iron in the basal ganglia in our sample.

There are several strengths of our study. First, gray matter regional iron was measured 

through a novel MRI technique, QSM, which is highly sensitive to paramagnetic non-heme 

iron in brain tissue. Additionally, we achieved a high spatial resolution of 0.6×0.6×1.5, 

providing us with millimeter resolution of the deep gray matter structures of interest. 

Achieving such a resolution required a protocol with a prolonged scan time of 21 min. 

Future studies could employ shortened imaging protocols using fast imaging methods, such 

as parallel imaging and compressed sensing, without significant degradation of image 

quality (Wu et al., 2012b; Wu et al., 2011). A final strength of our study was the 

investigation of brain iron in a non-clinical, normative sample of children from the 

community.

Our study also has limitations. First, despite some evidence for a poor correlation between 

peripheral iron and brain iron stores (Li et al.), it would have been valuable for us to have 

evaluated peripheral iron using serum tests for iron stores either at the time of the scan or in 

infancy. Second, too few subjects were studied to explore relationships between regional 

brain iron content and other plausible neuropsychological sequelae, including ADHD and 

other attentional processes. Additionally, many of our significant findings did not survive 

correction for multiple comparisons, which may be a result of our small sample size. It is 

difficult to know whether these findings would have been more robust with a larger sample 

size and therefore it is difficult to know whether other regions, namely the substantia nigra, 

are also contributing to the relationship between iron in the basal ganglia and spatial 

abilities. Third, two different forms of the DAS were used in our sample. While there is 

significant overlap between these two versions, we cannot be certain that they are identical. 

However, given that there was no correlation between IQ and the age of the child at both the 

time the QSM scan and their age when they completed the DAS, we are confident that the 

DAS form used did not impact our results. Furthermore, all of our primary analyses 

controlled for age at the time of the QSM scan, further accounting for any contribution of 

age to our findings. Lastly, there was approximately 2 years between when the DAS was 

completed and when the children were brought back for the QSM scan. As such, although 

there is some evidence that IQ remains relatively stable over the age range that we studied, 

(Moffitt et al., 1993), it is possible that the time-lapse represents a confound in our study as 

there is also evidence that IQ changes in a significant minority of children. Future studies 

should examine the correlation between iron in the brain and IQ when measured 

concurrently with the QSM scan.

There were also several limitations to our imaging protocol. Specifically, this study used an 

ROI-based approach, which assumes uniform iron distribution throughout any given gray 

matter structure. Previous studies have revealed an iron gradient within large gray matter 

nuclei, especially within the putamen and globus pallidus (Aquino et al., 2009; Li et al., 

2014), future studies need to further investigate the association between iron contents and 

cognitive function using more advanced voxel-wise approaches. Additionally, QSM is not 

suitable for measuring the brain iron in white matter regions because of complication of 

magnetic susceptibility anisotropy due to the molecular anisotropy of myelin lipids (Li and 
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Liu, 2013; Li et al., 2012; Liu, 2010; Liu et al., 2012). Nevertheless, the susceptibility of 

iron rich gray matter is considered to be isotropic and demonstrated to be linearly correlated 

with the iron contents (Schweser et al., 2011; Wharton et al., 2010; Wu et al., 2012b). 

Furthermore, magnetic susceptibility values measured by QSM are relative as they are 

affected by several factors including RF frequency and image phase processing procedures. 

Identifying an absolute and universal reference remains an open question. In our study, no 

specific regions of the brain were chosen as reference, which essentially set the mean of the 

whole brain as the reference. Because the whole brain contains many contributors to 

magnetic susceptibility, it is less likely to be affected by variations in any single factor (Li et 

al., 2014). Finally, the literature supporting the relationship between susceptibility and iron 

is based on studies in adults (e.g. Langkammer et al., 2012) and have not been conducted in 

the age range considered in this study. Thus, without further post-mortem validation studies 

with larger age ranges, we cannot rule out that the QSM signal in our pediatric population is 

due to something other than a change in brain iron content.

5. Conclusions

In conclusion, our finding of a positive association between iron in the right caudate and 

spatial IQ suggests that iron in the caudate influences the ability to perceive, visualize, and 

remember spatial information. This provides preliminary support for the hypothesis 

proposed by Lozoff (2011) that disruption of dopaminergic systems, including the 

nigrostriatal and mesocortical pathways, may contribute to the cognitive deficits, in 

particular difficulties with visuospatial processing, associated with iron deficiency. Given the 

importance of these abilities for success, particularly in science, technology, engineering, 

and math (STEM) fields, it is critical that we begin identifying children who are at risk for 

low brain iron levels so that we can intervene before their brain development is irreversibly 

impacted. Understanding the mechanisms by which brain iron affects cognitive development 

in young children is a first step towards this, providing potential targets for interventions that 

go beyond iron supplementation and instead focus on the underlying neurobiological 

sequelae of early iron deficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We explore the relationship between brain iron, age, and cognition in children.

• Iron in the basal ganglia is positively associated with age.

• Iron in the basal ganglia is associated with spatial IQ in children.

• Iron in the right caudate drove this association.
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Figure 1. Summary of ROI analysis pipeline
T1-weighted images (T1WI) and GRE magnitude images (echo 1) were used to calculate the 

transformation matrix that maps the GRE images to a standard pediatric T1WI atlas. The 

resulting transformation matrix was then used to register individual subject’s susceptibility 

map to the pediatric atlas. The registered QSM maps from all subjects were then averaged to 

form a pediatric QSM atlas. ROIs were first defined on the QSM atlas, then inverse 

transformed back to the individual subject space of the native QSM maps. Finally, the mean 

susceptibility of each ROI was calculated for each subject on which subsequent statistical 

analysis was performed. A more detailed flowchart of the pipeline can be found in 

Supplementary Figure 1.
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Figure 2. Representative QSM Scans and Regions of Interest
The top two panels depict representative QSM scans from an 8-year-old (panel A) and an 

11-year-old (panel B). Panel C depicts the iron-rich nuclei within the deep gray matter that 

were selected as regions of interest.
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Figure 3. Average iron in the basal ganglia and spatial IQ
Scatter plots for the relationship between spatial IQ and age at QSM scan are depicted in 

panel A. Additional panels depict scatter plots of the relationship between spatial IQ and 

iron in the (B) Left Caudate (p<0.05), (C) Left Substantia Nigra (p<0.05), (D) Right 

Substantia Nigra (p<0.05), (E) Right Caudate (p<0.01), and (F) Basal Ganglia overall 

(p<0.05). See Table 2 for parameter estimates and standard deviations.
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Table 1

Sample Characteristics

QSM Pilot (N=39) Full Sample (N=183)

Race

 African American 20 90

 Not African American 19 93

Sex

 Female 22 100

 Male 17 83

Right Handed 31 142

Mean [S.D.] Range Mean [S.D.] Range

Age at Scan 9.51 [1.25] 7.25–11.67 – –

Age at DAS 6.80 [0.71] 6.00–8.25 6.62 [0.54] 5.42–8.50

DAS IQ a

 Overall 100.64 [15.17] 61–130 100.02 [14.03] 48–138

 Verbal 102.41 [13.80] 81–142 101.83 [13.75] 67–142

 Non-Verbal 99.26 [16.14] 58–142 100.21 [14.18] 37–140

 Spatial 99.69 [13.00] 67–126 98.08 [12.80] 58–142

a
DAS = Differential Ability Scale
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