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Purpose: To comprehensively assess brain iron levels in typically de-
veloping control subjects and patients with attention defi-
cit hyperactivity disorder (ADHD) when psychostimulant 
medication history is accounted for.

Materials and 
Methods:

This prospective study was approved by the institutional 
review board, and informed consent was obtained. Brain 
iron was indexed noninvasively by using magnetic reso-
nance (MR) imaging relaxation rates (R2, R2*, R29) and 
magnetic field correlation (MFC) in the globus pallidus, 
putamen, caudate nucleus, and thalamus for 22 patients 
with ADHD (12 medication-naïve patients and 10 with 
a history of psychostimulant treatment) and 27 control 
subjects (age range, 8–18 years). Serum iron measures 
were also collected. Subgroup differences were analyzed 
with data-appropriate omnibus tests followed by post hoc 
pairwise comparisons; false discovery rate correction was 
conducted to control for multiple comparisons.

Results: Medication-naïve ADHD patients had significantly lower 
striatal and thalamic MFC indexes of brain iron than did 
control subjects (putamen, P = .012; caudate nucleus, P = 
.008; thalamus, P = .012) and psychostimulant-medicated 
ADHD patients (putamen, P = .006; caudate nucleus, P = 
.010; thalamus, P = .021). Conversely, the MFC indexes in 
medicated patients were comparable to those in control 
subjects. No significant differences were detected with 
R2, R2*, R29, or serum measures.

Conclusion: Lower MFC indexes of striatal and thalamic brain iron 
in medication-naïve ADHD patients and lack of differ-
ences in psychostimulant-medicated patients suggest that 
MFC indexes of brain iron may represent a noninvasive 
diagnostic biomarker that responds to psychostimulant 
treatment.
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relaxation rates are sensitive to iron, 
their specificity is limited because they 
are also influenced by noniron molecu-
lar relaxation mechanisms (14,15). MFC 
was measured because of its insensitivity 
to these noniron mechanisms (16,17), 
its correlation with putative postmortem 
iron concentrations (17), and its ability 
to help detect gray matter intraregional 
iron differences due to normal aging 
(18) and pathologic conditions (19–21). 
Guided by the recent meta-analysis by 
Fusar-Poli et al (3), we hypothesized 
that reduced brain iron levels would be 
detected specifically in medication-naïve 
ADHD patients. We performed this 
study to comprehensively assess brain 
iron levels in typically developing control 
subjects and patients with ADHD when 
psychostimulant medication history is 
accounted for.

Materials and Methods

Participants
For this prospective study, patients with 
ADHD and control subjects (age range, 

in medication-naïve patients whereas in-
creased dopamine biomarkers were con-
sistently detected in patients with pre-
vious psychostimulant treatment. This 
observation supports the hypotheses 
that dopamine deficiency characterizes 
ADHD before medication and that the 
dopaminergic system adapts in response 
to psychostimulants (4,5).

Along with an aberrant dopaminer-
gic system, reports of reduced serum 
and brain iron in ADHD suggest that 
iron homeostasis may also be disrupted 
(6–8). However, psychostimulant med-
ication history was unaccounted for 
in these studies. Rather than viewing 
atypical dopamine and iron homeosta-
sis as separate pathologic mechanisms, 
we conjecture that abnormal brain iron 
levels in ADHD reflect iron’s involve-
ment in the dopamine metabolic path-
way that is targeted and potentially al-
tered by psychostimulants (9,10). To test 
this possible relationship, we examined 
whether brain iron differences exist in 
pediatric ADHD patients according to 
their history of psychostimulant treat-
ment. Brain iron was regarded as a 
potential dopamine-related biomarker 
because (a) it is a required cofactor for 
dopamine synthesis (9,10); (b) altered 
iron levels have been associated with 
cognitive and dopaminergic changes 
(11–13); and (c), in contrast to the ra-
dioactive tracers used as dopamine bio-
markers in molecular imaging, brain 
iron can be probed noninvasively with 
use of magnetic resonance (MR) imag-
ing methods (14,15).

Multimodal MR imaging indexes of 
brain iron consisting of conventional 
water proton relaxation rates (ie, R2, 
R2*, R29) (14,15) and the recently devel-
oped magnetic field correlation (MFC) 
metric (16–18) were used to examine 
brain iron levels in medication-naïve and 
psychostimulant-medicated children and 
adolescents with ADHD and in typically 
developing control subjects. Although 
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Advances in Knowledge

nn Medication-naïve patients with 
attention deficit hyperactivity 
disorder (ADHD) had signifi-
cantly lower striatal (putamen, 
caudate nucleus) and thalamic 
magnetic field correlation (MFC) 
indexes of brain iron than did 
typically developing control sub-
jects (putamen, P = .012; cau-
date, P = .008; thalamus, P = 
.012) and psychostimulant-medi-
cated ADHD patients (putamen, 
P = .006; caudate, P = .010; thal-
amus, P = .021).

nn MFC indexes in ADHD patients 
with a history of psychostimulant 
treatment were comparable to 
those in control subjects (P . .05).

nn No significant differences in brain 
iron were detected between con-
trol subjects and ADHD patients 
with use of R2, R2*, and R29 (P 
. .05), which suggests that 
advanced MR imaging indexes 
(eg, MFC) may provide sensitive 
and more specific measures of 
brain iron than conventional 
water proton relaxation rates.

nn No significant differences in serum 
iron measures (P . .05) were 
detected between control subjects 
and ADHD patients, which sug-
gests that mechanisms for iron 
absorption into the brain may be 
aberrant in ADHD even when 
serum iron levels are normal.

Implication for Patient Care

nn Noninvasive MFC detection of 
low brain iron in medication-
naïve ADHD patients may help 
inform the clinical diagnosis.

T he first-line therapy for atten-
tion deficit hyperactivity disorder 
(ADHD) is treatment with psycho-

stimulants that act primarily on the do-
paminergic system in the striatum and on 
the noradrenergic system in the frontal 
cortex (1). Given that psychostimulants 
indirectly increase synaptic dopamine 
levels by blocking dopamine transporters 
(1), it is surmised that a reduction in 
dopamine is a critical component of 
ADHD pathophysiology (2). In a recent 
meta-analysis of molecular imaging stud-
ies in adults with ADHD, Fusar-Poli et 
al (3) reported that reduced dopamine 
biomarkers were consistently detected 
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Following routine institutional policy, 
all images were screened for abnormal 
clinical findings by board-certified neu-
roradiologists who were not involved 
in the study. Images with abnormal 
clinical reports or severe artifacts (ie, 
blurred images, loss of signal) were 
excluded by a reader blinded to study 
groups (V.A., with .6 years of expe-
rience in neuroimaging). A total of 25 
images were excluded owing to an ab-
normal clinical MR imaging finding (n = 
1), MR imaging hardware artifacts (n 
= 17), and severe motion artifacts (n = 
7). To confirm that there was no group 
bias in head motion, group differences 
were analyzed (Appendix E1, Fig E1 
[online]). MFC (16–18), R2, and R2* 
(18) parametric maps were generated 
as previously described; R29 is defined 
as R2* 2 R2. A patent for the MFC 
imaging method is held by Drs Jensen 
and Helpern and owned by New York 
University.

Brain Region-of-Interest Analyses
Region-of-interest (ROI) analyses were 
conducted on the globus pallidus, puta-
men, caudate nucleus, and thalamus be-
cause these brain regions are primary 
targets of psychostimulants (1,4) and 
have the highest concentrations of do-
pamine and iron (11,29) (Fig 1, B). For 
each participant, automatic ROI segmen-
tation of the magnetization-prepared 
rapid acquisition gradient-echo image 
was performed by using software (Free-
Surfer, http://surfer.nmr.mgh.harvard.
edu; R.L.D, with .3 years of experience 
in neuroimaging). To exclude voxels with 
partial volume effects, ROIs were fur-
ther constrained with a consensus mask. 
First, ROIs and parametric maps were 
normalized to the MNI152 standard 
space (1 mm3) with the automatic reg-
istration toolbox software package (30). 
The consensus mask was then defined 
as ROI voxels with 100% (49 of 49) over-
lap among all participants. Anatomic ac-
curacy of the resulting ROIs was visually 
verified by an author who was blinded 
to the study groups (V.A.). Consensus 
ROIs were applied to each participant’s 
spatially normalized parametric maps 
to extract ROI means. Supplementary 
ROI analyses were conducted on MFC 

patients never treated with psycho-
stimulants or other psychoactive med-
ications (ADHD-nonmedicated sub-
group) and (b) patients with a history 
of psychostimulant treatment defined 
by current or past psychostimulant use 
(ADHD-medicated subgroup).

Image Acquisition and Processing
MR imaging data were collected with 
a 3.0-T unit (Tim Trio; Siemens, Er-
langen, Germany) with a transmission 
body coil and an eight-element phased-
array reception coil (total imaging time, 
19 minutes 28 seconds). No anesthe-
sia was used. For MFC estimation, 
asymmetric spin-echo images were 
acquired with segmented echo-planar 
imaging with the following parame-
ters: 5550/40 (repetition time msec/
echo time msec); voxel size, 1.7 3 1.7 
3 1.7 mm3; number of sections, 78; 
number of signals acquired, four; flip 
angle, 90°; echo-planar imaging factor, 
33; bandwidth, 1346 Hz/pixel; refocus-
ing pulse time shifts, 0, 24, and 216 
msec; and acquisition time, 6 minutes 
40 seconds (16–19). For R2 estima-
tion, T2-weighted fast spin-echo im-
ages were obtained with the following 
parameters (28): 6450/15, 30, 45, 60, 
75; voxel size, 1.7 3 1.7 3 3.4 mm3; 
number of sections, 36; number of sig-
nals acquired, one; flip angle, 180°; 
turbo factor, 2; bandwidth, 292 Hz/
pixel; and acquisition time, 3 minutes 
59 seconds. For R2* estimation, T2*-
weighted gradient-echo images were 
obtained with the following parameters: 
60/7, 12.99, 16.87, 21.75, 26.63, 31.51, 
36.39, 41.27, 46.15, 51.03; voxel size, 
1.7 3 1.7 3 1.7 mm3; number of sec-
tions, 72; number of signals acquired, 
one; flip angle, 20°; bandwidth, 210 Hz/
pixel; and acquisition time, 5 minutes 
20 seconds. The asymmetric spin-echo, 
T2-weighted, and T2*-weighted images 
are whole brain, without gaps, with a 
220 3 220-mm2 field of view and 128 3 
128 matrix. Whole-brain T1-weighted 
magnetization-prepared rapid acqui-
sition gradient-echo imaging was per-
formed with the following parameters: 
2200/2.26; matrix, 192 3 256 3 160; 
voxel size, 1 3 1 3 1 mm3; no gaps; and 
acquisition time, 3 minutes 29 seconds. 

8–18 years) were recruited from the 
New York University Child Study Cen-
ter, Medical Center, and the local com-
munity. Informed consent and child’s 
assent were obtained as approved by 
the institutional review board. Partici-
pant recruitment and MR imaging be-
gan in June 2009 and was completed in 
April 2011. Inclusion criteria consisted 
of an estimated full-scale intelligence 
quotient (IQ) greater than 79 measured 
with the Wechsler Abbreviated Scale 
of Intelligence (22), right-handedness 
measured with the Edinburgh Hand-
edness Inventory (23), and absence of 
known neurologic, cognitive, or chronic 
medical diseases. For inclusion in the 
ADHD group, a diagnosis of ADHD us-
ing the fourth edition of the Diagnostic 
and Statistical Manual of Mental Dis-
orders (DSM-IV), text revision (24), 
was required and was assessed by li-
censed clinicians or supervised trainees 
on the basis of the Schedule of Affec-
tive Disorders and Schizophrenia for 
Children–Present and Lifetime Version 
(25), which was administered to each 
parent and child separately. In addition, 
DSM-IV Total Index of the Conners Par-
ent and Teacher Rating Scale–Revised: 
Long Version (26) had to be greater 
than 1.5 standard deviation beyond the 
mean (T-score = 65), whereas the Be-
havioral Rating Inventory of Executive 
Function–Parent Version (27) Global 
Executive Composite T-scores had to be 
greater than 60. Inclusion also required 
a diagnosis of the combined type or pre-
dominantly inattentive type of ADHD 
with a previous DSM-IV combined type 
childhood diagnosis. Exclusion criteria 
consisted of diagnosis of psychotic, ma-
jor depressive, conduct, tic, or perva-
sive developmental disorders. Inclusion 
criteria for the control group required 
absence of axis I disorders on the basis 
of the Schedule of Affective Disorders 
and Schizophrenia for Children–Pre-
sent and Lifetime Version and T scores 
of 65 or less on the DSM-IV Total In-
dex of the Conners Parent and Teacher 
Rating Scale–Revised: Long Version and 
the Conners Global Index.

On the basis of psychostimulant 
treatment history, we identified two 
ADHD subgroups: (a) medication-naïve 
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with regard to age, sex distribution, IQ 
(Table E2 [online]), or parent-identi-
fied ethnicity (Appendix E1 [online]). 
The ADHD group was comprised of 
12 medication-naïve patients (ADHD-
nonmedicated subgroup, 55%) and 10 
patients with a history of psychostimu-
lant treatment (ADHD-medicated sub-
group, 45%). Of the 10 patients with a 
history of psychostimulant treatment, 
medications taken at the time of the 
study included amphetamines (n = 
3, 30%), methylphenidate with past 
amphetamines (n = 1, 10%), amphet-
amines with past atomoxetine and bu-
propion (n = 1, 10%), and atomoxetine 
with past amphetamines, escitalopram, 
and sertraline (n = 1, 10%). Four 
ADHD patients were off medication 
but had a history of taking methylphe-
nidate (n = 3, 30%) or amphetamines 
(n = 1, 10%). The ADHD subgroups 
did not differ significantly with regard 
to age, IQ, ADHD symptom ratings, 
sex distribution, ADHD subtype, or 
comorbidity (Table 1, Appendix E1 
[online]). Both ADHD subgroups dif-
fered significantly in symptom ratings 
from the control group but not in age, 
sex distribution, or IQ (Table 1).

Brain Iron
MFC data for all regions except the 
thalamus were normally distributed 
for the control and ADHD groups 
(Appendix E1 [online]). Analysis of 
variance showed a significant group 
main effect on MFC in bilateral puta-
men (P = .024, h2 = 0.15) and cau-
date nucleus (P = .015, h2 = 0.17). 
Post hoc analyses indicated that the 
ADHD-nonmedicated subgroup had 
significantly lower MFC than the con-
trol group in the putamen (P = .012, d 
= 1.0) and caudate nucleus (P = .008, 
d = 1.1). Compared with the ADHD-
medicated subgroup, the ADHD-non-
medicated subgroup also had signifi-
cantly lower MFC in the putamen (P = 
.006, d = 1.5) and caudate nucleus (P 
= .010, d = 1.4). Within these regions, 
the ADHD-medicated subgroup did 
not significantly differ from the con-
trol group in MFC (Figs 1, A, 2, A). 
All significant findings survived FDR 
correction (Table 2).

ADHD-nonmedicated subgroup, con-
trol group vs ADHD-medicated sub-
group, ADHD-nonmedicated subgroup 
vs ADHD-medicated subgroup) were 
performed with Games-Howell tests; 
the Cohen d provides the measure of 
effect size. Kruskal-Wallis post hoc 
analyses were conducted with two-
tailed Mann-Whitney U tests; the rank-
biserial correlation (rrb) reflects the ef-
fect size. A sequential Bonferroni-type 
false discovery rate (FDR) correction 
method was conducted to correct for 
multiple comparisons wherein an FDR-
corrected P value significance threshold 
is calculated (31). For each metric, the 
FDR approach was applied over the 
entire set of P values from all omnibus 
tests (eg, MFC in the globus pallidus, 
putamen, caudate nucleus, and thala-
mus) and over the entire set of P values 
from all pairwise posthoc analyses (eg, 
MFC in ROIs with significant omnibus 
tests). P , .05 (FDR corrected) was 
indicative of a statistically significant 
difference.

Results

Demographics
The control group (n = 27) and ADHD 
group (n = 22) did not significantly differ 

restricted to voxels dominated by micro-
scopic MFC contributions (Appendix E1 
[online]).

Serum Iron Measures
Blood samples were collected after a 
fasting period to measure serum ferri-
tin level, iron level, total iron binding 
capacity, transferrin level, and com-
plete blood count (Appendix E1, Table 
E1 [online]).

Statistical Analyses
Statistical analyses were performed 
with software (SPSS v19.0; IBM, Ar-
monk, NY). Data distributions were 
tested for normality by using the Sha-
piro-Wilk test. Subgroup comparisons 
between the control group and the 
ADHD subgroups were conducted by 
using one-way analysis of variance for 
normally distributed measures, the 
Kruskal-Wallis test for nonnormally dis-
tributed measures, and the Pearson x2 
for nominal measures. Effect sizes were 
reported with eta-squared (h2), which 
is the proportion of the total variation 
in brain, blood, or clinical metrics that 
is accounted for by group effects; h2 
= 0.01, 0.06, and 0.14 correspond to 
small, medium, and large effects, re-
spectively. One-way analysis of variance 
post hoc analyses (ie, control group vs 

Figure 1

Figure 1:  Subgroup averages of MFC and R2*. A, MFC and R2* parametric maps for 27 control subjects, 
10 ADHD patients with a history of psychostimulant treatment (ADHD-medicated subgroup), and 12 
medication-naïve ADHD patients (ADHD-nonmedicated subgroup). Qualitative differences between control 
subjects and ADHD subgroups are visible only on MFC maps. B, ROIs (green) used to mask parametric maps. 
CN = caudate nucleus, GP = globus pallidus, PUT = putamen, THL = thalamus.
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use of R2, R2* (Figs 1, A, 2, B), and R29 
indexes (Table 3; Figs E2, E3, B, E3, C 
[online]). For all MR imaging data, there 
were no significant group differences in 
head motion (Table E4 [online]).

Serum Iron
No significant differences were detect-
ed between the control group and the 
ADHD subgroups with regard to serum 
iron measures (even when normalized 
for age and sex), the number of control 
subjects versus ADHD patients with fer-
ritin levels of less than normal cut-off 
values from the literature (8), or dietary 

MFC in the thalamus (U = 25.0, P = .021, 
rrb = 0.6). The MFC within the thala-
mus in the ADHD-medicated subgroup 
did not significantly differ from that in 
the control group (Figs 1, A, 2, A). All 
significant findings survived FDR correc-
tion (Table 2). Similar group differences 
in the putamen, caudate nucleus, and 
thalamus were detected even in MFC 
restricted to voxels dominated by micro-
scopic MFC contributions (Table E3, Fig 
E3, A [online]).

In contrast, no significant differences 
were detected between the control 
group and the ADHD subgroups with 

With the Kruskal-Wallis test, a sig-
nificant group main effect was detected 
on MFC in bilateral thalamus (P = .023, 
h2 = 0.16). Results of post hoc analyses 
indicated that the MFC in the ADHD-
nonmedicated subgroup (median, 134 
seconds22; range, 105–204 seconds22) 
was significantly lower than that in the 
control group (median, 164 seconds22; 
range, 88–352 seconds22) in thalamus 
(U = 79.0, P = .012, rrb = 0.5). Compared 
with the ADHD-medicated subgroup 
(median, 156 seconds22, range, 133–
248 seconds22), the ADHD-nonmedicat-
ed subgroup also had significantly lower 

Table 1

Demographic Characteristics

Parameter Control Group (n = 27)* ADHD-Medicated Subgroup (n = 10)* ADHD-Nonmedicated Subgroup (n = 12)* Subgroup Comparisons†

Type of ADHD‡ .38§

  Combined … 5 (50) 9 (75)
  Inattentive … 5 (50) 3 (25)
Comorbidity‡ .99||

  No … 5 (50) 6 (50)
  Yes … 5 (50) 6 (50)
No. of male subjects‡ 12 (44) 7 (70) 8 (67) .31#

Age (y)
  Range 8.6–18.1 9.6–17.6 8.3–18.2 …
  Mean 13.3 6 2.6 13.5 6 2.2 11.9 6 3.1 .25 (F2,46 = 1.42)**
WASI
  FSIQ 111 6 15 103 6 16 110 6 15 .30 (F2,46 = 1.23)**
  VIQ 110 6 14 100 6 18 113 6 13 .11 (F2,46 = 2.29)**
  PIQ 111 6 16 106 6 15 105 6 17 .53 (F2,46 = 0.64)**
  CPRS-R:L (T score)
ADHD Index 45.6 6 4.4 72.3 6 10.7 (,.001††) 73.3 6 13.0 (,.001††) .95‡‡

  DSM-IV Inattentive 45.7 6 4.5 73.2 6 10.1 (,.001††) 74.3 6 10.1 (,.001††) .82‡‡

  DSM-IV Hyperactive/Impulsive 46.5 6 5.8 66.7 6 10.6 (,.001††) 68.0 6 13.5 (,.001††) .95‡‡

  DSM-IV Total 45.6 6 5.1 70.6 6 16.5 (,.001††) 73.5 6 11.0 (,.001††) .84‡‡

BRIEF-Parent (T score)
  Behavioral Regulation Index 43.1 6 7.9 61.3 6 13.5 (,.001††) 62.4 6 6.9 (,.001††) .62‡‡

  Metacognition Index 44.4 6 8.7 71.2 6 6.2 (,.001††) 77.4 6 12.2 (,.001††) .13‡‡

  Global Executive Composite 42.9 6 7.8 69.0 6 7.9 (,.001††) 73.8 6 9.8 (,.001††) .14‡‡

Note.—BRIEF-Parent = Behavioral Rating Inventory of Executive Function-Parent Version, CPRS-R:L = Conners Parent Rating Scale-Revised-Long Version, FSIQ = full scale IQ, PIQ = performance IQ, 

VIQ = verbal IQ, WASI = Wechsler Abbreviated Scale of Intelligence.

* Except where indicated, data are means 6 standard deviations. 
† Except where indicated, data are P values.
‡ Data are numbers of subjects, with percentages in parentheses.
§ Fisher exact test (two sided: ADHD-medicated subgroup vs ADHD-nonmedicated subgroup).
|| Pearson x2 (df = 1, n = 22) = 0.0 (two sided: ADHD-medicated subgroup vs ADHD-nonmedicated subgroup).
# Exact Pearson x2 (df = 2, n = 49) = 2.8 (two sided: control group, ADHD-medicated subgroup, ADHD-nonmedicated subgroup).

** One-way analysis of variance (control group, ADHD-medicated subgroup, ADHD-nonmedicated subgroup).
†† Two-tailed Mann-Whitney U test P values (ADHD subgroup vs control group) following Kruskal-Wallis test, P , .001 (control group, ADHD-medicated subgroup, ADHD-nonmedicated subgroup).
‡‡ Two-tailed Mann-Whitney U test (ADHD-medicated subgroup vs ADHD-nonmedicated subgroup).
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and control subjects did not differ sig-
nificantly with regard to any brain iron 
index. These findings implicate reduced 
brain iron in ADHD pathophysiology 
before medication that appears to nor-
malize with psychostimulants. If we 
consider that psychostimulants reduce 

displayed significantly reduced MFC 
indexes of striatal and thalamic brain 
iron compared with control subjects 
and psychostimulant-medicated ADHD 
patients; these differences could not 
be detected with relaxation rates. Al-
ternatively, medicated ADHD patients 

intake of multivitamins or heme or non-
heme iron (Tables E5, E6 [online]).

Discussion

In this study, we demonstrated that 
medication-naïve ADHD patients 

Figure 2

Figure 2:  Subgroup comparisons of MFC and R2* brain iron indexes. Box and whisker plots show subgroup variations in indexes (medians, 25th and 75th percentiles, 
minimum, maximum, outliers). CN = caudate nucleus, GP = globus pallidus, PUT = putamen, THL = thalamus. A, Subgroup comparisons of MFC in globus pallidus, putamen, 
caudate nucleus, and thalamus show a significant reduction in mean striatal (putamen and caudate nucleus) and median thalamic MFC in ADHD-nonmedicated subgroup 
compared with control group and ADHD-medicated subgroup. No significant differences in MFC were found between control group and ADHD-medicated subgroup. B, 
Subgroup comparisons of R2* indexes in all regions did not show any significant differences in means. * = P , .05, ** = P , .01, *** = P , .005 (all FDR corrected).

Table 2

Subgroup Comparisons: MFC Indexes of Brain Iron

ROI Control Group*
ADHD-Medicated  
Subgroup*

ADHD-Nonmedicated  
Subgroup*

Subgroup  
Comparisons†

Control Group 
vs ADHD- 
Medicated  
Subgroup§

Control Group 
vs ADHD- 

Nonmedicated 
Subgroup§

ADHD-
Medicated  
vs ADHD- 

Nonmedicated 
Subgroups§

F
2,46

‡ P Value h2 P Value|| d P Value|| d P Value|| d

Globus pallidus 468 6 157 434 6 68 354 6 96 3.2 .051 0.12 NA NA NA NA NA NA
Putamen 205 6 68 206 6 32 151 6 41 4.1 .024 0.15 .997 0.0 .012 1.0 .006 1.5
Caudate nucleus 248 6 76 240 6 32 182 6 49 4.6 .015 0.17 .882 0.2 .008 1.1 .010 1.4
Thalamus 169 6 50 173 6 43 136 6 28 7.5 (2)# .023 0.16 .973** 0.0†† .012** 0.5†† .021** 0.6††

Note.—NA = not applicable.

* Data are mean MFCs (in seconds22) 6 standard deviations.
† Subgroup comparisons (FDR corrected, P  .024).
‡ One-way analysis of variance.
§ Post hoc multiple comparisons (FDR corrected, P  .025).
|| Games-Howell test.
# Kruskal-Wallis test. Data are x2, with df in parentheses.

** Two-tailed Mann-Whitney U test.
†† Rank-biserial correlation (rrb).
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disorder that shows high comorbidity 
with ADHD (8). Along with the suc-
cessful use of iron supplementation 
or dopaminergic drugs (36) to relieve 
restless leg syndrome symptoms, a re-
duction in brain iron (36) and dopami-
nergic abnormalities (36–38) have also 
been well documented.

Although there is still debate as to 
how psychostimulants modulate dopa-
mine signaling in ADHD (32), Volkow et 
al (1) suggest that psychostimulants in-
crease both tonic and phasic dopamine 
cell firing to amplify a weak striatal 
dopamine signal in ADHD. This weak 
dopamine signal may be due to multiple 
factors, including reduced dopamine 
synthesis and postsynaptic receptors 
as well as increased dopamine trans-
porters and presynaptic autoreceptor 
activity. Given brain iron’s essential 
role in dopamine synthesis (9,10), its 
reduced striatal and thalamic levels in 
medication-naïve ADHD patients may 
reflect reduced dopamine availability 
and are consistent with the only ADHD 
MR imaging study of brain iron. In a 
study of predominantly medication-
naïve children with ADHD, Cortese 
et al (7) associated reduced thalamic 
brain iron, as indexed with use of R2*, 
to the “hypoarousal” theory of ADHD 
because the thalamus is involved in cor-
tical arousal via thalamocortical con-
nections; similar trends were observed 
within the striatum.

Less is known about how the do-
paminergic system adapts to long-term 
psychostimulant treatment; however, 
there is evidence suggesting that in-
creased striatal dopamine transporters 
in ADHD may result from psychostimu-
lant treatment (3). Increased dopamine 
transporters may reflect a compensa-
tory response to chronic striatal dopa-
mine transporter blockage or upregu-
lation of dopamine (4). Findings from 
animal and postmortem human cocaine 
studies corroborate that long-term psy-
chostimulant use results in increased 
dopamine transporters and greater do-
pamine reuptake (39). Consistent with 
this adaptation theory, we found that 
striatal and thalamic brain iron levels 
in psychostimulant-medicated ADHD 
patients were comparable to those 

catecholamine synthesis because it is an 
essential cofactor for tyrosine hydroxy-
lase, which converts the precursor for 
dopamine and noradrenaline (9,10). 
Tyrosine hydroxylase–bound iron is also 
involved with a regulatory feedback 
mechanism that inhibits unnecessary 
catecholamine synthesis (9,10).

Studies have also shown that cate-
cholamine levels are sensitive to chang-
es in brain iron homeostasis. Rodent 
models of diet-induced iron deficiency 
have reduced brain iron levels in the 
striatum that coincide with reduced do-
pamine transporters, increased extra-
cellular dopamine, and reduced dopa-
mine receptors (11,13). These aberrant 
dopaminergic features were found only 
in brain regions with atypical brain iron 
levels and were associated with defi-
cits in dopamine-dependent behaviors 
(11,13), which improved after psycho-
stimulant treatment (6). In humans, 
evidence linking atypical brain iron 
levels with changes in the dopaminer-
gic system has been observed in rest-
less leg syndrome (36), a sensorimotor 

ADHD symptoms by predominantly in-
creasing striatal dopamine (1,4,32) and 
that our results parallel previous molec-
ular imaging findings of reduced striatal 
dopamine biomarkers in medication-
naïve ADHD patients (3,5,33,34) and 
greater dopamine biomarkers in those 
treated with psychostimulants (3), 
brain iron levels in ADHD may indi-
rectly reflect the disrupted dopamine 
metabolic pathway targeted by psycho-
stimulant treatment (1,4).

A fundamental relationship between 
brain iron and the dopaminergic system 
has been extensively demonstrated. 
Changes in brain iron and/or dopami-
nergic functional units are associated 
with alterations in motivation, atten-
tion, working memory, and motor con-
trol (11–13,35). This behavioral overlap 
may be due to iron’s involvement in 
maintaining dopamine homeostasis and 
may explain why high concentrations 
of both brain iron and dopamine are 
co-localized to the same basal ganglia 
regions (11,29). Specifically, brain iron 
is required for the rate-limiting step in 

Table 3

Subgroup Comparisons: R2, R2*, R2’ Indexes of Brain Iron

Metric and ROI Control Group*
ADHD-Medicated 
Subgroup*

ADHD-Nonmedicated  
Subgroup*

Subgroup  
Comparisons

F
2,46

† P Value

R2 (sec21)
  Globus pallidus 17.1 6 0.8 17.0 6 0.9 16.5 6 1.0 2.3 .115
  Putamen 14.1 6 0.4 14.2 6 0.3 13.9 6 0.5 2.0 .144
  Caudate nucleus 13.0 6 0.5 12.9 6 0.8 12.7 6 0.6 0.7 .501
  Thalamus 13.9 6 0.2 13.8 6 0.9 13.6 6 1.0 1.6 (2)‡ .444
R2* (sec21)
  Globus pallidus 31.2 6 3.0 32.8 6 3.1 29.6 6 3.4 2.8 .069
  Putamen 23.3 6 1.9 24.1 6 1.5 22.4 6 1.7 2.6 .087
  Caudate nucleus 18.4 6 1.6 18.5 6 2.8 18.1 6 1.6 0.2 .856
  Thalamus 22.0 6 1.3 22.7 6 1.3 21.7 6 1.6 1.5 .236
R2’ (sec21)
  Globus pallidus 14.0 6 2.4 15.8 6 2.6 13.1 6 2.7 3.2 .052
  Putamen 9.1 6 1.7 9.9 6 1.2 8.5 6 1.3 2.3 .112
  Caudate nucleus 5.4 6 1.2 5.6 6 2.2 5.4 6 1.4 0.1 .917
  Thalamus 8.1 6 1.2 8.9 6 1.5 8.1 6 1.6 1.5 .224

* Data are means 6 standard deviations.
† Subgroup comparisons (control group, ADHD-medicated subgroup, and ADHD-nonmedicated subgroup) were performed with 
one-way analysis of variance.
‡ Subgroup comparison (control group, ADHD-medicated subgroup, and ADHD-nonmedicated subgroup) was performed with the 
Kruskal-Wallis test. Data are x2 , with df in parentheses.
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