Developmental Cognitive Neuroscience 63 (2023) 101274

Contents lists available at ScienceDirect Coonve Nirocs

Developmental Cognitive Neuroscience

journal homepage: www.elsevier.com/locate/dcn

ELSEVIER

Brain tissue iron neurophysiology and its relationship with the cognitive
effects of dopaminergic modulation in children with and without ADHD

Arianna D. Cascone ™, Finnegan Calabro b¢ Wwilliam Foran ", Bart Larsen ¢, Tehila Nugiel ©,
Ashley C. Parr ® Brenden Tervo-Clemmens', Beatriz Luna ", Jessica R. Cohen ®#"

& Neuroscience Curriculum, School of Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA

Y Department of Psychiatry, University of Pittsburgh, Pittsburgh, PA, USA

¢ Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA, USA

d Department of Psychiatry, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA

€ Carolina Institute for Developmental Disabilities, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA
fDepartment of Psychiatry, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA

8 Department of Psychology and Neuroscience, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA

b Biomedical Research Imaging Center, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA

ARTICLE INFO ABSTRACT

Keywords: Children with attention-deficit/hyperactivity disorder (ADHD) exhibit impairments in response inhibition. These
A'DHD. impairments are ameliorated by modulating dopamine (DA) via the administration of rewards or stimulant
Tissue tron medication like methylphenidate (MPH). It is currently unclear whether intrinsic DA availability impacts these
II\D/IZI:}?;IILI;Znidate effects of dopaminergic modulation on response inhibition. Thus, we estimated intrinsic DA availability using
Reward magnetic resonance-based assessments of basal ganglia and thalamic tissue iron in 36 medication-naive children

with ADHD and 29 typically developing (TD) children (8-12 y) who underwent fMRI scans and completed
standard and rewarded go/no-go tasks. Children with ADHD additionally participated in a double-blind, ran-
domized, placebo-controlled, crossover MPH challenge. Using linear regressions covarying for age and sex, we
determined there were no group differences in brain tissue iron. We additionally found that higher putamen
tissue iron was associated with worse response inhibition performance in all participants. Crucially, we observed
that higher putamen and caudate tissue iron was associated with greater responsivity to MPH, as measured by
improved task performance, in participants with ADHD. These results begin to clarify the role of subcortical brain
tissue iron, a measure associated with intrinsic DA availability, in the cognitive effects of reward- and MPH-
related dopaminergic modulation in children with ADHD and TD children.

Response inhibition

1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is one of the most
common neurodevelopmental disorders of childhood, affecting 5-10%
of children worldwide (Danielson et al., 2018; Polanczyk et al., 2007).
ADHD is characterized by developmentally inappropriate levels of
inattention, hyperactivity, and impulsivity (American Psychiatric As-
sociation, 2013). These core symptoms are often accompanied by defi-
cits in cognitive control, a set of goal-directed processes involved in
regulating thoughts and behaviors (Diamond, 2013). One domain of
cognitive control that is typically impaired in ADHD is response inhi-
bition (Castellanos et al., 2006; Diamond, 2013; Luman et al., 2005);
individuals with ADHD exhibit difficulty suppressing actions that may
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interfere with goal-directed behaviors (Lijffijt et al., 2005; Mostofsky
and Simmonds, 2008; Oosterlaan et al., 1998). These response inhibition
deficits put individuals with ADHD at risk for negative long-term out-
comes, including substance use disorders and criminal behavior (Dia-
mond, 2013; DuPaul et al., 2001; DuPaul and Stoner, 2014; Fletcher and
Wolfe, 2009; Philipp-Wiegmann et al., 2018).

Studies of the neural etiology of response inhibition deficits in ADHD
have focused on the neurotransmitter dopamine, given its established
role in modulating frontostriatal circuits important for response inhi-
bition (Fusar-Poli et al., 2012; Haber and Knutson, 2010; Nieoullon,
2002; Volkow et al., 2009). It is thought that dopamine’s actions in
distinct cortical-basal ganglia loops redirect information from ventro-
medial frontostriatal networks involved in reward processing to
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dorsolateral frontostriatal networks involved in cognitive control
(Arnsten and Rubia, 2012; Haber, 2003; Spanagel and Weiss, 1999).
Previous neuroimaging research suggests that dopamine neurotrans-
mission is dysfunctional in individuals with ADHD (Fusar-Poli et al.,
2012). Positron emission tomography (PET) studies have shown that
dopamine metabolism, receptor availability, and transporter function is
disrupted in adults and children with ADHD (Ernst et al., 1999; Volkow
et al., 2009, 2011). Magnetic resonance imaging (MRI) studies have
further shown that children and adults with ADHD exhibit reduced
activation and functional connectivity in frontostriatal regions and
networks during tasks that probe attention and response inhibition
(Cubillo et al., 2010; Rubia et al., 2009).

Previous research has demonstrated that modulation of the dopa-
minergic system improves the symptoms and cognitive deficits related
to ADHD, including response inhibition (Epstein et al., 2011; Ma et al.,
2016; Rosch et al., 2016; Tamm and Carlson, 2007). In fact, the receipt
of rewards during laboratory tasks has been shown to improve response
inhibition performance in individuals with ADHD and in age- and
sex-matched typically developing (TD) controls (Ma et al., 2016). This
reward-related reinforcement increases synaptic availability of dopa-
mine in the striatum (Arnsten and Rubia, 2012). Further, the psychos-
timulant methylphenidate (MPH), the current first-line treatment for
ADHD, is an indirect dopamine and norepinephrine agonist. Due to
MPH’s dopamine agonism via blockage of dopamine transporters,
extracellular levels of striatal dopamine increase following MPH
administration (Faraone, 2018; Volkow, Fowler, et al., 2002a, 2002b;
Volkow, Wang et al., 2002). Examining how response inhibition per-
formance changes following the receipt of rewards and MPH adminis-
tration, and how these performance changes relate to indirect measures
of dopamine availability, will therefore shed light on the neurobiolog-
ical mechanisms through which dopaminergic modulation improves
response inhibition in both individuals with ADHD and TD children.

Research assessing dopaminergic functioning and dopamine avail-
ability in humans in vivo is limited, especially in children, because
techniques such as PET involve the use of radiation (Brix et al., 2005).
One way to circumvent this limitation and indirectly assess dopamine
availability in the brain is with magnetic resonance-based measure-
ments of brain tissue iron. Iron is a cofactor of the rate-limiting enzyme
tyrosine hydroxylase and of monoamine oxidase, both of which are
critical for dopamine synthesis (Nagatsu et al., 1964). In the human
brain, iron is preferentially sequestered in regions that make up the
brain’s dopaminergic reward pathway, including the basal ganglia and
thalamus (Brass et al., 2006; Hallgren and Sourander, 1958; Ortega
et al., 2007). These regions are also critical components of the afore-
mentioned frontostriatal circuitry involved in response inhibition and
reward-related reinforcement (Haber and Knutson, 2010). Since the
presence of iron increases the rate of T2* relaxation, quantifying the T2*
relaxation rate (i.e., R2*) of functional MRI (fMRI) data can be used to
measure basal ganglia tissue iron levels (Haacke et al., 2005, 2010).
Indeed, previous work has employed this approach to investigate basal
ganglia iron content by estimating the relative T2* relaxation rate across
the brain using existing fMRI data (Larsen and Luna, 2015; Peterson
etal., 2019; Price et al., 2021). Recent neuroimaging work using PET has
confirmed that midbrain tissue iron measurements derived by quanti-
fying the T2* relaxation rate are correlated with dopamine availability
in the striatum, specifically with presynaptic vesicular storage of
dopamine (Kilbourn, 2014; Larsen, Olafsson et al., 2020).

Few studies to date have leveraged brain tissue iron measurements to
probe dopaminergic function in individuals with ADHD. These studies
have found that individuals with ADHD exhibit reduced brain tissue iron
levels in the basal ganglia and thalamus relative to their age- and sex-
matched TD peers (Adisetiyo et al., 2014; Cortese et al., 2012; Hasa-
neen et al., 2017), which is in line with other neuroimaging work finding
reduced midbrain dopamine activity in ADHD (Volkow et al., 2009).
None of these studies have examined the relationship between
dopamine-related brain tissue iron neurophysiology and response
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inhibition performance in individuals with ADHD. Even so, research
suggests that greater levels of brain tissue iron are associated with better
cognitive ability in TD children (Hect et al., 2018), adolescents, and
young adults (Larsen, Bourque et al., 2020), as well as with responsivity
to the receipt of rewards during a response inhibition task in TD ado-
lescents and adults (Parr et al., 2022). However, the question of whether
these relationships are consistent in individuals with ADHD, and
whether dopamine-related physiology modulates the response to
dopaminergic modulation in ADHD, remains.

The overarching goal of this pre-registered project, therefore, is to
investigate brain tissue iron content in the basal ganglia and thalamus
using time-averaged normalized T2*-weighted (nT2*w) signal and to
assess whether variability in the nT2*w measurement is related to
responsivity to dopaminergic modulation in children with ADHD and TD
children. Here, ‘dopaminergic modulation’ refers to reward reinforce-
ment or administration of MPH, and responsivity to this modulation will
be operationalized as improvement on tasks probing response inhibi-
tion. As prior work has found that individuals with ADHD have lower
basal ganglia and thalamic tissue iron levels relative to their TD peers
(Adisetiyo et al., 2014; Cortese et al., 2012; Hasaneen et al., 2017), we
predict that individuals with ADHD will have higher nT2*w signal,
reflecting reduced brain tissue iron levels, in these regions. Based on
previous work in TD individuals (Hect et al., 2018; Larsen, Bourque
et al., 2020; Parr et al., 2022), we hypothesize that individuals with
lower nT2*w signal, reflecting greater tissue iron levels, will exhibit
better response inhibition, as well as greater improvements in response
inhibition following the administration of rewards and MPH.

2. Materials and methods
2.1. Participants

The dataset for the proposed study is a subset of 65 participants with
ADHD and TD participants between the ages of 8-12 years who partic-
ipated in a larger study assessing the effects of MPH administration on
functional brain network organization (ADHD: n = 36, 17 F, mean age =
9.70y; TD: n = 29, 12 F, mean age = 10.23 y). Participants were selected
for inclusion in the current study based on fMRI and behavioral data
quality. See Motion-related quality assurance and Go/no-go tasks and
measures for details about data quality criteria for fMRI and behavioral
data, respectively. General exclusion criteria for the sample included full
scale intelligence quotient (FSIQ) less than 85 as determined using the
Wechsler Intelligence Scale for Children, Fifth Edition (WISC-V;
Wechsler, 2014), Word Reading subtest score less than 85 from the
Wechsler Individual Achievement Test, Third Edition (WIAT-IIL;
Wechsler, 1992), or if any of the following conditions were met: (a)
diagnosis of intellectual disability, developmental speech/language
disorder, reading disability, autism spectrum disorder, or a pervasive
developmental disorder; (b) visual or hearing impairment; (c) neuro-
logic disorder (e.g., epilepsy, cerebral palsy, traumatic brain injury,
Tourette syndrome); (d) medical contraindication to MRI (e.g.,
implanted electrical devices, dental braces). Diagnostic status was
assessed using the Diagnostic Interview Schedule for Children Version IV
(DISC-1V; Shaffer et al., 2000) and the Conners 3rd Edition Parent and
Teacher Rating Scales (Conners-3; Conners et al., 2011). Participants
were included in the ADHD group if they met: (a) full diagnostic criteria
for ADHD on the DISC-1V, or (b) intermediate diagnostic criteria (i.e.,
subthreshold with impairment) on the DISC-IV and full diagnostic
criteria for ADHD on the Conners-3 Parent or Teacher Rating Scales.
They were additionally required to be psychostimulant medication
naive. Participants were included in the TD group if they met the above
criteria and did not meet diagnostic criteria for any psychiatric disor-
ders, including ADHD, on the DISC-IV. Additionally, TD participants
were required to have three or fewer symptoms of inattention and of
hyperactivity/impulsivity on the DISC-IV. Finally, TD participants were
required to have no history or presence of developmental disorders, and
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no history or presence of ADHD in first-degree relatives. A demographic
summary including age, FSIQ as determined using the WISC-V, Word
Reading subtest score from the WIAT-III, sex, race, family income, and
parental education, is provided in Table 1.

2.2. Procedures

All procedures for the parent study were reviewed and approved by
the Institutional Review Board at the University of North Carolina at
Chapel Hill. Written parental consent and participant (child) assent were
obtained for each participant included in the larger study. Only pro-
cedures relevant to the proposed analyses will be described here. Par-
ticipants underwent two fMRI sessions approximately one week apart
(mean = 10.4 days; standard deviation = 7.4 days; range = 3-42 days).
Since attention fluctuates throughout the day in school-aged children
(Escribano and Diaz-Morales, 2014), most sessions were scheduled at
approximately the same time of day (i.e., between 8 am — 12 pm). Seven
TD sessions (12.5%) and 16 ADHD sessions (23%) were scheduled in the
afternoon. There was not a significant difference across groups in terms
of when sessions were scheduled (c*(1) = 2.4, p = .13). Two participants
with ADHD and two TD participants only participated in a single session.
Each MRI session included an MPRAGE anatomical T1-weighted scan
and the following T2*-weighted echo-planar imaging (EPI) functional
scans: two resting-state scans (five minutes each), two standard
go/no-go task scans (6.5 min each), and four rewarded go/no-go task
scans (six minutes each), administered in that order. During the
resting-state scans, participants viewed a white fixation cross on a gray
background and were instructed to lie quietly, but awake, in the MRI
scanner. For the go/no-go task scans, stimuli were projected onto a
screen visible to the participant through a mirror mounted to the head
coil and an MRI-safe handheld button box was used to record task re-
sponses. Both tasks were presented using PsychoPy v1.85.1 (Peirce,
2007, 2009). Both fMRI sessions were identical for participants in the TD
group. In the case that a TD child had usable fMRI and behavioral data
from both sessions, data from the session with the highest percentage of
fMRI volumes retained after motion scrubbing were used, based on fMRI
data exclusion criteria (See Motion-related quality assurance).
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Participants in the ADHD group participated in a double-blind, ran-
domized, placebo-controlled crossover MPH challenge. On each day of
testing, participants in the ADHD group received 0.30 mg/kg MPH or
placebo, rounded up to the nearest 5 mg, orally approximately one hour
before scanning. Aside from the MPH challenge, fMRI sessions for par-
ticipants in the ADHD group were identical. Since we were interested in
how intrinsic, baseline brain tissue iron levels are related to improve-
ments in response inhibition that follow dopaminergic modulation, such
as the receipt of rewards during cognitive tasks or the administration of
MPH, fMRI data collected following placebo administration were used to
assess brain tissue iron in all analyses for children with ADHD.
Furthermore, it has been proposed that brain tissue iron estimates
derived from fMRI are reflective of stable properties of brain tissue
(Larsen and Luna, 2015; Price et al., 2021), and we confirmed that this
was the case in our data, both across sessions in TD children (i.e., across
a weeks-long period) and between placebo and MPH sessions in children
with ADHD (i.e., after a single dose of MPH; see Supplementary Mate-
rials, Supplementary analyses and Supplementary results, Fig. S1,
Table S1). In the analyses that examined responsivity to rewards only,
behavioral data collected following placebo administration were used.
In the analyses that examined the effects of MPH administration,
behavioral data collected following both placebo and MPH administra-
tion were used. All analyses here were pre-registered and the protocol
was submitted to Open Science Framework prior to data analysis.

2.3. Go/no-go tasks and measures

Two versions of a go/no-go task, a standard and a rewarded version,
were administered. The versions of the go/no-go task we used were
adapted from one that was initially designed to have a high proportion of
errors (Winter and Sheridan, 2014). In both versions, eight sports balls
were used as the stimuli. Two of the eight sports balls were randomly
selected for each participant as ‘no-go’ stimuli. The other six sports balls
were ‘go’ stimuli. Participants were instructed to respond as quickly as
possible with a button press using their right index finger following the
presentation of ‘go’ sports balls (73.4% of trials) and to withhold
responding when ‘no-go’ sports balls were presented (26.6% of trials).

Table 1
Demographic Characteristics.
ADHD TD Corrected p-values
(n = 36) (n=29)
Age in years, mean (SD) 9.70 (1.18) 10.23 (1.51) 0.44
FSIQ”, mean (SD) 113.2 (12.6) 116.8 (11.8) 0.53
Word Readingh, mean (SD) 113.6 (10.6) 116.0 (10.5) 0.44
Sex (M/F) 19/17 17/12 0.74
Race 0.87
Asian 2
Black/African American 1 1
White/Caucasian 30 25
Multiracial 3 1
Family Income 0.44
< $24,999 1 1
$25,000-$74,999 3
> $75,000 28 22
Don’t know/did not respond 1 3
Parental Education 0.44
High school diploma/GED 4 1
Associate degree 1 0
Bachelor’s degree 15 7
Master’s degree 7 9
Doctoral or professional degree 8 12
Did not respond 1 0

Frequencies are presented for race, family income, and parental education categories. Two typically developing (TD) participants did not
complete the WISC-IV or WIAT-III (M, 8.2 y; M, 10.4 y). Welch’s t-tests for unequal variance were used to compare groups on age, FSIQ, and
word reading scores. Two-sample chi-squared tests were used to compare groups on sex, race, family income, and parental education. Tests

were FDR-corrected for seven comparisons.

2 FSIQ derived from the Wechsler Intelligence for Children, Fifth Edition (WISC-V, Wechsler, 2014).
> Word reading (standard score) derived from the Wechsler Individual Achievement Test, 3rd addition (WIAT-III, Wechsler, 1992).
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The standard go/no-go task (Fig. 1a) consisted of two runs of 128
trials each, for a total of 256 trials (188 go trials and 68 no-go trials).
Stimulus order was pseudorandom such that between two and four go
trials preceded each no-go trial. There were 16 instances of two
consecutive go trials, 10 instances of three consecutive go trials, and
eight instances of four consecutive go trials, randomized for each run.
Each stimulus was presented for 600 ms, with a jittered interstimulus
interval (ISI) of 1250-3250 ms selected from a uniform distribution. In
the rewarded go/no-go task (Fig. 1b), stimuli and timing were identical
to the standard go/no-go task, with the addition of feedback after each
response. Feedback (coins for correct trials and empty circles for
incorrect trials) was presented for 600 ms after a brief delay that was
jittered identically to the ISI between trials. Due to the longer trial
length, the rewarded go/no-go task consisted of four runs of 64 trials
each, again for a total of 256 trials. The instructions for the rewarded go/
no-go task were identical to the standard version, but participants were
also told that they would be rewarded for correct, fast responses on go
trials (<650 ms) and for correct non-responses on no-go trials. Partici-
pants received one penny per correct/fast go trial and five pennies per
correct no-go trial. Participants received the money they accumulated
over the four runs of the rewarded go/no-go task at the end of each visit.

Individual runs of the standard and rewarded go/no-go tasks were
excluded for an omission rate on go trials that was greater than three
standard deviations from the mean omission error rate, separately for
each task, as determined using standard and rewarded go/no-go task
data collected from participants with ADHD following placebo admin-
istration and TD participants. Specifically, individual runs of the stan-
dard go/no-go task were excluded if the proportion of omission errors
exceeded 0.44 and individual runs of the rewarded go/no-go task were
excluded if the proportion of omission errors exceeded 0.39. This was to
ensure that participants were awake and actively engaging with the task.
Additionally, individual go trials with response times faster than 200 ms
were excluded from analyses, as exceptionally fast response times are
indicative of anticipatory responses (Cragg and Nation, 2008). Behav-
ioral performance was indexed using the proportion of commission er-
rors and response time variability. The proportion of commission errors
was calculated as the proportion of no-go trials on which a response was
made. Response time variability was quantified using tau, which is
derived from the exponential-Gaussian distributional model of response
times and assesses infrequent, extremely slow response times that are
indicative of attention lapses (Leth-Steensen et al., 2000). Tau quantifies
the mean and standard deviation of the exponential component of the
response time distribution. To calculate tau, the timefit function from
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Fig. 1. Standard and rewarded go/no-go tasks. (a)
Standard go/no-go task. Sports-ball stimuli were shown
individually for 600 ms each. In this example, the
bowling ball is the ‘go’ stimulus and the soccer ball is
the ‘no-go’ stimulus. (b) Rewarded go/no-go task.
Sports-ball stimuli were followed by a feedback screen
in which the reward that was earned (top, pennies) or
not earned (bottom, empty circles) was shown. One
penny was earned for each correct go trial, and five
pennies were earned for each correct no-go trial. ISI
= interstimulus interval; ms = milliseconds.

Correct No-Go
Reward

00000

00000

Incorrect No-Go
No reward

the ‘retimes’ package in R (Massidda, 2013) was used to bootstrap the
response times associated with correct go trials 5000 times, and the
mean and standard deviation of the exponential distribution of response
times was calculated. For summary statistics of behavioral performance,
see Table S2 in Supplementary Materials.

The distributions of the proportion of commission errors and tau
were assessed for normality using the Shapiro-Wilk test of normality
(a = 0.05) (Shapiro and Wilk, 1965). Tau was not normally distributed,
and the proportion of commission errors on the standard go/no-go task
in all participants and following MPH administration in participants
with ADHD was not normally distributed (all p-values < 0.04; see
Supplementary Materials, Table S3). Therefore, log-transformed values
of both the proportion of commission errors and tau were used in all
analyses.

2.4. MRI data acquisition

All neuroimaging data were collected at the University of North
Carolina at Chapel Hill Biomedical Research Imaging Center. Data were
acquired with a 32-channel head coil on a 3-Tesla Siemens MAGNETOM
Prisma-fit whole-body MRI machine. High resolution T1-weighted
anatomical scans were acquired using a magnetization prepared rapid
acquisition gradient echo (MPRAGE) sequence (TR = 2400 ms, TE =
2.22 ms, FA = 8°, field of view 256 x 256 mm, 208 slices, resolution =
0.8 mm x 0.8 mm x 0.8 mm). Whole-brain T2*-weighted fMRI data
were acquired using an echo-planar imaging (EPI) sequence (39 axial
slices parallel to the AC-PC line, slice thickness 3 mm, interslice distance
= 3.3mm, TR = 2000 ms, TE = 25 ms, FA = 77°, echo spacing =
0.54ms, field of view 230mm x 230 mm, voxel dimensions:
2.9 mm x 2.9 mm x 3.0 mm). For the resting-state scan, 300 timepoints
were collected (150 timepoints and five minutes per each of two runs). A
total of 390 timepoints were collected during the standard go/no-go task
(195 timepoints and 6.5 min per each of two runs), and 740 timepoints
were collected during the rewarded go/no-go task (185 timepoints and
6.17 min per each of four runs).

2.5. fMRIPrep anatomical and functional data preprocessing

The following text has been adapted from the fMRIPrep boilerplate
text that is automatically generated with the express intention that it is
used in manuscripts. It is released under the CCO license.

All T1lw images were corrected for intensity non-uniformity (INU)
with N4BiasFieldCorrection (Tustison et al., 2010) and distributed with



A.D. Cascone et al.

ANTs 2.2.0 (Avants et al., 2008, RRID:SCR_004757). The T1w reference
was then skull-stripped with a Nipype implementation of the ants-
BrainExtraction.sh workflow (from ANTs), using OASIS30ANTs as the
target template. Brain tissue segmentation of cerebrospinal fluid (CSF),
white matter (WM), and gray matter (GM) was performed on the
brain-extracted T1w using FAST (FSL 5.0.9, RRID:SCR_002823, Zhang
etal., 2001). A Tlw-reference map was computed after registration and
INU-correction of the T1w images used mri_robust_template (FreeSurfer
6.0.1, Reuter et al., 2010). Brain surfaces were reconstructed using
recon-all (FreeSurfer 6.0.1, RRID:SCR_001847, Dale et al., 1999), and
the brain mask estimated previously was refined with a custom variation
of the method to reconcile ANTs- and FreeSurfer-derived segmentations
of the cortical gray matter of Mindboggle (RRID:SCR_002438, Klein
et al, 2017). Volume-based spatial normalization to standard
MNI152NLin2009cAsym space was performed via nonlinear registra-
tion with antsRegistration (ANTs 2.2.0), using brain-extracted versions
of both the T1w reference and the T1w template. ICBM 152 Nonlinear
Asymmetrical template version 2009¢ was selected for spatial normali-
zation (Fonov et al., 2009, RRID:SCR_008796; TemplateFlow ID:
MNI152NLin2009cAsym).

For each subject’s BOLD runs (across all tasks and sessions), the
following preprocessing was performed. First, a reference volume and its
skull-stripped version was generated using a custom methodology of
fMRIPrep. A deformation field to correct for susceptibility distortions
was estimated based on fMRIPrep’s fieldmap-less approach. The defor-
mation field resulted from coregistering the BOLD reference to the same-
subject T1w reference with its intensity inverted (Huntenburg, Freie,
2014; Wang et al., 2017). Registration was performed with antsRegis-
tration (ANTs 2.2.0), and the process was regularized by constraining
deformation to be nonzero only along the phase-encoding direction and
modulated with an average fieldmap template (Treiber et al., 2016).
Based on the estimated susceptibility distortion, an unwarped BOLD
reference was calculated for a more accurate coregistration with the
anatomical reference. The BOLD reference was then coregistered to the
Tlw reference using bbregister (FreeSurfer), which implements
boundary-based registration (Greve and Fischl, 2009). Coregistration
was configured with six degrees of freedom. Head-motion parameters
with respect to the BOLD reference (transformation matrices, and six
corresponding rotation and translation parameters) were estimated
using MCFLIRT (FSL 5.0.9, Jenkinson et al., 2012). BOLD runs were
slice-time corrected using 3dTshift from AFNI 20160207 (Cox and Hyde,
1997, RRID:SCR_005927). The BOLD timeseries (including slice-timing
correction) were resampled onto their original, native space by
applying a single, composite transform to correct for head-motion and
susceptibility distortions. These resampled BOLD timeseries will be
referred to as preprocessed BOLD in original space, or just preprocessed
BOLD. The preprocessed BOLD timeseries were then resampled into
standard space, generating a preprocessed BOLD run in MNI152N-
Lin2009cAsym space. A reference volume and its skull-stripped version
were generated using a custom methodology of fMRIPrep.

Following the processing and resampling steps, confounding
framewise displacement (FD) timeseries were calculated based on the
preprocessed BOLD for each functional run, using implementations in
Nipype (following the definition by Power et al., 2014). Many internal
operations of fMRIPrep use Nilearn 0.5.2 (Abraham et al., 2014, RRID:
SCR_001362), mostly within the functional processing workflow. For
more details of the pipeline, see the section corresponding to workflows
in fMRIPrep’s documentation.

2.6. Normalization and time-averaging of T2*-weighted data

In this set of analyses, BOLD signal was not used since we did not
perform a timeseries analyses. Instead, we were interested in iron levels,
which are a time-invariant property of brain tissue quantified from T2*-
weighted data (Larsen and Luna, 2015; Peterson et al., 2019; Price et al.,
2021; Vo et al., 2011).
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To quantify normalized T2*-weighted (nT2*w) signal, first high
motion timepoints were removed and subsequently excluded from an-
alyses. High motion timepoints were defined as those that exceeded
0.3 mm FD (Parr et al., 2022; Siegel et al., 2014). Then, to correct for
scanner drift and potential differences between participants and MRI
runs, each volume was normalized to the whole brain mean. The nT2*w
signal from each voxel was then aggregated across all remaining vol-
umes of the resting-state and task runs using the median, separately for
each participant. The median was used to reduce the impact of outlier
volumes (Parr et al., 2022). This resulted in a voxel-wise map of median
nT2*w signal for each participant. As the presence of iron is inversely
related to nT2*w signal, reduced nT2*w signal indicates increased brain
tissue iron and therefore increased intrinsic DA availability.

2.7. ROI selection

Bilateral caudate, putamen, globus pallidus, accumbens, and thal-
amus were selected as regions of interest. These regions were selected
for two reasons. First, they are dopamine rich, and iron is colocalized
with dopamine in the brain (Beard, 2003; Haber and Knutson, 2010;
Schipper, 2012). Second, reduced brain tissue iron has been observed in
each of these regions in children with ADHD relative to age- and
sex-matched TD peers (Adisetiyo et al., 2014; Cortese et al., 2012;
Hasaneen et al., 2017).

ROIs were defined using the Harvard-Oxford subcortical atlas (Jen-
kinson et al., 2012). ROIs only included voxels with at least 50% prob-
ability of belonging to each specific brain region. NT2*w signal was
averaged across all voxels in each ROI, resulting in a single value per
ROI. We first analyzed nT2*w signal across a whole basal ganglia ROI
and a thalamus ROI. The basal ganglia ROI combined Harvard-Oxford
atlas masks of bilateral caudate, putamen, globus pallidus, and accum-
bens into a single basal ganglia ROIL. Next, to assess the regional speci-
ficity of basal ganglia nT2*w signal and its relationships with
performance, we extracted nT2*w signal from bilateral caudate, puta-
men, globus pallidus, and accumbens separately.

2.8. Motion-related quality assurance

Any participant with at least 170 volumes remaining across all f{MRI
runs after excluding high motion timepoints was included in the current
study (Larsen and Luna, 2015). One participant with ADHD was
excluded as their fMRI data following placebo administration did not
meet this criterion. To ensure that nT2*w signal was not significantly
impacted by motion, we correlated mean FD across all runs with the
nT2*w signal for each region of interest (ROI) using Pearson correlations
(@ = 0.05). There were no significant relationships between mean FD
and nT2*w signal in any of the ROIs we examined (all corrected p-values
> 0.48; see Supplementary Materials, Table S4).

2.9. Analyses

Before conducting each of the below analyses, power analyses were
performed to determine statistical power to detect the expected effects.
See Supplementary Materials, Expected Power for details.

Group comparisons of demographic variables: To ensure that the
ADHD and TD groups did not differ on demographic variables, including
sex, race, family income, and parental education, we used two-sample
chi-squared tests to compare groups on each of these variables. We
additionally conducted Welch’s t-tests for unequal variance to compare
groups on age, FSIQ, and Word Reading scores. Tests were FDR-
corrected for seven comparisons at p < .05.

Replication analysis — comparing nT2*w signal in children with
ADHD and TD children: We first replicated previous work and examined
whether there were group differences between children with ADHD and
TD children in nT2*w signal in the whole basal ganglia and thalamus
(Adisetiyo et al., 2014; Cortese et al., 2012; Hasaneen et al., 2017). We
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used separate linear regression models covarying for age and sex for
each of the two ROIs, as follows:

nT2*w signal ~ group + age + sex

Models were FDR-corrected for two comparisons at p <. 05 (Ben-
jamini and Hochberg, 1995). We also determined whether there were
group differences in nT2*w signal in specific basal ganglia subregions (i.
e., caudate, putamen, globus pallidus, and accumbens). In this second-
ary analysis, we again used separate linear regression models covarying
for age and sex for each of the four ROIs. Here, results were
FDR-corrected for four comparisons at p < .05 (Benjamini and Hoch-
berg, 1995). One participant with ADHD was not included in this
analysis as their fMRI data following placebo administration had fewer
than 170 volumes included after excluding high-motion timepoints (See
Motion-related quality assurance). This left 64 participants (napup = 35,
ntp = 29) in this analysis.

Relationship between nT2*w signal and response inhibition: To
determine the relationship between nT2*w signal and response inhibi-
tion in children with ADHD and TD children, we used linear regression
models covarying for age and sex using the following equation:

response inhibition performance ~ nT2*w signal + age + sex

For the primary analysis, we used separate linear regression models
for each response inhibition performance measure (commission errors,
tau) and ROI (whole basal ganglia and thalamus) for a total of four
models (two response inhibition measures x two ROIs). Statistical tests
were FDR-corrected for two comparisons separately for each response
inhibition measure at p < .05, as we included two ROIs in the primary
analysis (Benjamini and Hochberg, 1995).

In a secondary analysis that assessed regional specificity of the
relationship between nT2*w signal and response inhibition perfor-
mance, we extracted nT2*w signal from each basal ganglia ROI sepa-
rately. We used separate linear regression models for each response
inhibition performance measure (commission errors, tau) and basal
ganglia ROI (caudate, putamen, globus pallidus, and accumbens) for a
total of eight models (two response inhibition measures x four ROIs).
Here, statistical tests were FDR-corrected for four comparisons sepa-
rately for each response inhibition measure at p < .05, as we included
four basal ganglia ROIs (Benjamini and Hochberg, 1995).

Given literature indicating that the relationship between brain tissue
iron and response inhibition performance is strongest in individuals with
high levels of brain tissue iron (Parr et al., 2022), and that individuals
with ADHD have reduced brain tissue iron relative to TD individuals
(Adisetiyo et al., 2014; Cortese et al., 2012; Hasaneen et al., 2017), we
performed an additional analysis in which we examined whether the
relationship between nT2*w signal and response inhibition performance
differed as a function of diagnostic group. As such, we implemented
linear regression models wherein response inhibition performance was
predicted by nT2*w signal, diagnostic group, and the interaction be-
tween nT2*w signal and diagnostic group, covarying for age and sex as
follows:

response inhibition performance ~ nT2*w signal + group + nT2*w signal*-
group + age + sex

Separate linear regression models for each response inhibition
measure and ROI were used, and groups of models were FDR-corrected
separately at p < .05 as above (i.e., two corrections per response inhi-
bition measure for whole basal ganglia and thalamus in the primary
analysis; four corrections per response inhibition measure for caudate,
putamen, globus pallidus, and accumbens in the secondary analysis).

One additional participant was not considered for inclusion in this
analysis due to inconsistent presentation of no-go stimuli (n = 1, TD).
This left 63 participants (napup = 35, ntp = 28) in this analysis.

Relationship between nT2*w signal and responsivity to reward: To
examine whether variability in nT2*w signal predicts responsivity to
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reward in children with ADHD and TD children, change in performance
from the standard go/no-go task to the rewarded go/no-go task was
calculated for all participants by subtracting performance measures on
the rewarded go/no-go task from those on the standard go/no-go task,
such that higher values (i.e., more positive) reflected greater improve-
ments in task performance. Linear regression models covarying for age
and sex were used to relate nT2*w signal to change in response inhibi-
tion performance separately for each response inhibition measure and
ROI using the following equation:

A response inhibition performance ~ nT2*w signal + age + sex

As in the analyses above, separate linear regression models for each
response inhibition measure and ROI were used. Again, groups of
models were FDR-corrected separately at p < .05 (Benjamini and
Hochberg, 1995). Specifically, for the primary analysis, two corrections
per response inhibition measure (commission errors, tau) were made for
the whole basal ganglia and thalamus. In the secondary analysis, four
corrections per response inhibition measure were made for the basal
ganglia subregions (i.e., caudate, putamen, globus pallidus, and
accumbens).

We also performed an additional analysis that examined whether the
relationship between nT2*w signal and responsivity to reward differed
as a function of diagnostic group. As such, we implemented linear
regression models wherein change in response inhibition performance
was predicted by nT2*w signal, diagnostic group, and the interaction
between nT2*w signal and diagnostic group, covarying for age and sex
as follows:

Aresponse inhibition performance ~ nT2*w signal + group + nT2*w sig-
nal*group + age + sex

Separate linear regression models covarying for age and sex for each
response inhibition measure and ROI were used. Models were FDR-
corrected in the same way as described in the previous analyses at
p < .05 (Benjamini and Hochberg, 1995). That is, for each response
inhibition measure (commission errors, tau) two corrections were made
in the primary analysis that examined nT2*w signal in the basal ganglia
and thalamus, and four corrections were made in the secondary analysis
that examined nT2*w signal in the four basal ganglia subregions (i.e.,
caudate, putamen, globus pallidus, and accumbens).

Two additional participants were not considered for inclusion in this
analysis for missing rewarded go/no-go data (n = 1, TD) and incorrect
button presses during the rewarded go/no-go task (n =1, ADHD),
leaving 61 participants (napup = 34, ntp = 27) in this analysis.

Relationship between nT2*w signal and responsivity to MPH: To
investigate whether variability in nT2*w signal predicts responsivity to
MPH in children with ADHD, change in standard go/no-go performance
from placebo to MPH was calculated by subtracting performance mea-
sures on MPH from those on placebo. Here, higher values (i.e., more
positive) indicate greater improvement of performance following MPH.
Linear regression models covarying for age and sex were used to relate
nT2*w signal to change in response inhibition performance separately
for each response inhibition measure and ROI using the following
equation:

A response inhibition performance ~ nT2*w signal + age + sex

As in the previous analyses, statistical tests were FDR-corrected
separately for each response inhibition measure at p < .05 (Benjamini
and Hochberg, 1995). In the primary analysis, statistical tests were
corrected for two comparisons per response inhibition measure (com-
mission errors, tau), as there were two ROIs (whole basal ganglia and
thalamus). In the secondary analysis, statistical tests were corrected for
four comparisons per response inhibition measure, as there were four
basal ganglia subregion ROIs (caudate, putamen, globus pallidus, and
accumbens).

Three participants with ADHD were not considered for inclusion in
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this analysis for missing standard go/no-go data on placebo (n = 1) and
on MPH (n = 2), leaving 33 participants in this analysis.

For all linear regression models, standardized betas are reported in
the Results section.

3. Results
3.1. Group comparisons of demographic variables

There were no significant differences between the ADHD and TD
groups on age, FSIQ, word reading scores, sex, race, family income, or
parental education (all corrected p-values > 0.44; Table 1).

3.2. Replication analysis — comparing nT2*w signal in children with
ADHD and TD children

There were no significant group differences in nT2*w signal in the
whole basal ganglia and thalamus ROIs or in the individual basal ganglia
ROIs (i.e., caudate, putamen, globus pallidus, and accumbens) (all cor-
rected p-values > 0.52; see Supplementary Materials Fig. S2, Table S5).

3.3. Relationship between nT2*w signal and response inhibition

First, we examined the relationship between nT2*w signal and
response inhibition performance on the standard go/no-go task in all
participants. There were no significant relationships between nT2*w
signal in the whole basal ganglia or thalamus ROIs and the proportion of
commission errors (both corrected p-values > 0.15; Fig. 2a-b). When
assessing the regional specificity of the relationship between nT2*w
signal and the proportion of commission errors, lower nT2*w signal (i.e.,
higher brain tissue iron) in the putamen was significantly related to
higher proportion of commission errors (f = — 0.13, corrected p-value
= .04; Fig. 2¢). There were no significant relationships between nT2*w
signal of the caudate, globus pallidus, or accumbens and the proportion
of commission errors (all corrected p-values > 0.24; Fig. 2d, Supple-
mentary Materials, Figs. S7, S8). When relating nT2*w signal to tau, no
relationships were significant (all corrected p-values > 0.83). For
parameter estimates and plots of relationships with tau and of additional
ROIs, see Supplementary Materials, Table S6, Figs. S3, S7, S8.

In additional analyses that examined group differences in the

Relationships between nT2*w signal and response inhibition
performance on the standard go/no-go task
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relationship between nT2*w signal in the whole basal ganglia and
thalamus ROIs and the proportion of commission errors and tau, we did
not observe significant interaction effects (both corrected p-values for
proportion of commission errors > 0.67; both corrected p-values for tau
> 0.17). We similarly did not observe significant interaction effects
when examining each basal ganglia ROI separately (all corrected p-
values for proportion of commission errors > 0.62; all corrected p-values
for tau > 0.10). For parameter estimates, see Supplementary Materials,
Table S7.

3.4. Relationship between nT2*w signal and responsivity to reward

Next, we examined whether there was a relationship between nT2*w
signal and responsivity to reward in all participants. We operationalized
responsivity to reward as the change in performance (i.e., the proportion
of commission errors or tau) between the standard and rewarded go/no-
go task (standard go/no-go — rewarded go/no-go). There were no sig-
nificant relationships between nT2*w signal in the basal ganglia or
thalamus and responsivity to reward as measured by change in pro-
portion of commission errors (both corrected p-values > 0.20; Fig. S4a-
b). Further, there were no significant relationships between nT2*w
signal in any of the subregions of the basal ganglia (i.e., caudate, puta-
men, globus pallidus, and accumbens) and change in proportion of
commission errors (all corrected p-values > 0.25; Fig. S4c-d, Supple-
mentary Materials, Figs. S7, S8). When relating nT2*w signal to change
in tau, no relationships were significant (all corrected p-values > 0.43).
For parameter estimates and plots of relationships with tau and of
additional ROIs, see Supplementary Materials, Table S8, Figs. S4, S5, S7,
S8.

In additional analyses that examined group differences in the rela-
tionship between nT2*w signal in the whole basal ganglia and thalamus
ROIs and the change in proportion of commission errors and tau, we did
not observe significant interaction effects (both corrected p-values for
proportion of commission errors > 0.07; both corrected p-values for tau
> 0.96). We similarly did not observe significant interaction effects
when examining each basal ganglia ROI separately (all corrected p-
values for proportion of commission errors > 0.06; all corrected p-values
for tau > 0.38). For parameter estimates, see Supplementary Materials,
Table S9.

Fig. 2. Relationship between nT2*w
signal in the basal ganglia, thalamus,
caudate, and putamen and response in-
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Relationships between nT2*w signal and change in response inhibition
performance from placebo to drug on the standard go/no-go task
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Fig. 3. Relationship between nT2*w
signal in the basal ganglia, thalamus,
caudate, and putamen and responsivity
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3.5. Relationship between nT2*w signal and responsivity to MPH

We then examined whether there was a relationship between nT2*w
signal and responsivity to MPH in children with ADHD. Responsivity to
MPH was defined as a change in the proportion of commission errors or
tau on the standard go/no-go task from placebo to MPH (placebo —
drug). There was a significant relationship between nT2*w signal in the
basal ganglia and change in the proportion of commission errors (8 = —
0.47, corrected p-value = .01; Fig. 3a). That is, lower basal ganglia
nT2*w signal (i.e., higher brain tissue iron) was significantly related to
greater improvements in the proportion of commission errors on MPH.
There was not a significant relationship between nT2*w signal in the
thalamus and change in proportion of commission errors (corrected p-
value > 0.26; Fig. 3b). In secondary analyses examining each basal
ganglia subregion separately, there were significant relationships be-
tween nT2*w signal in the caudate and in the putamen and change in
proportion of commission errors (caudate: f = —0.56, corrected p-value
= .005; putamen: f = —0.47, corrected p-value = .01; Fig. 3c-d). There
were no significant relationships between nT2*w signal in the globus
pallidus or accumbens and change in proportion of commission errors
(both corrected p-values > 0.26; Supplementary Materials, Figs. S7, S8).
When relating nT2*w signal to change in tau, no relationships were
significant (all corrected p-values > 0.06). For parameter estimates and
plots of relationships with tau and of additional ROIs, see Supplemen-
tary Materials, Table S10, Figs. S6-8.

4. Discussion

The main goal of this study was to examine how brain tissue iron
levels in the basal ganglia and thalamus related to the cognitive effects
of dopaminergic modulation in children with ADHD and TD children.
While we did not find significant group differences in basal ganglia or
thalamic brain tissue iron, we did observe that tissue iron levels in the
putamen related to proportion of commission errors on the standard go/
no-go task. Critically, tissue iron levels in the whole basal ganglia, and
specifically in the putamen and caudate, were significantly related to

following MPH administration (caudate:
panel (c), corrected p-value = .005,
putamen: panel (d), corrected p-value
=.01). Asterisks indicate FDR-corrected
p-value < .05. See Supplementary Ma-

improvements in proportion of commission errors on the standard go/
no-go task following MPH administration in children with ADHD.

First, in both registered and unregistered supplementary validation
analyses, we confirmed that brain tissue iron measurements are stable
over a weeks-long period in TD children and following a one-time MPH
challenge in children with ADHD (see Supplementary Materials). Prior
work has demonstrated that brain tissue iron measurements are stable
over a months-long period in children (Parr et al., 2022) and minutes-
and days-long periods in adults (Price et al., 2021). We are the first to
show that brain tissue iron measurements in children are indeed stable
when assessed approximately one week apart. Additionally, previous
work has shown that brain tissue iron levels normalize as a function of
chronic psychostimulant treatment (Adisetiyo et al., 2019). We have
now confirmed that there is no change in brain tissue iron following a
single administration of MPH. As such, our work represents a crucial
contribution to the literature.

We did not find significant differences in brain tissue iron in the basal
ganglia or thalamus between children with ADHD and TD children.
Existing literature is inconsistent in this regard, likely due to the
methods used to quantify brain tissue iron. For example, Adisetiyo and
colleagues (2014) leveraged both MRI relaxation rates, as implemented
here, and magnetic field correlation (MFC). They only observed group
differences using MFC-derived measures of brain tissue iron. Further,
the ages of our study participants (i.e., 8-12 y) cover a narrower range
than other studies, whose ages cover at a minimum 8-14 years (Adise-
tiyo et al., 2014; Cortese et al., 2012; Hasaneen et al., 2017). Adoles-
cence is a period of significant change within cortical and subcortical
dopamine systems (Padmanabhan and Luna, 2014; Wahlstrom et al.,
2010), and these changes can be observed using T2*-weighted imaging
(Larsen and Luna, 2015; Larsen, Bourque et al., 2020; Larsen, Olafsson
et al., 2020). It is therefore possible that differences in brain tissue iron
levels between children with ADHD and TD children may not emerge
until adolescence.

In addition to examining whether there were group differences in
brain tissue iron, we examined relationships between brain tissue iron
and response inhibition performance. Previous research examining the
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relationships between brain tissue iron and cognition have shown that
greater levels of brain tissue iron were related to faster processing speed
and higher general intelligence (Hect et al., 2018), as well as greater
verbal reasoning, nonverbal reasoning, and spatial processing (Larsen
et al., 2020). Though previous work has not focused specifically on
response inhibition, we hypothesized that we would similarly find that
greater levels of brain tissue iron would be related to better cognitive
performance in our study. Instead, we found that higher brain tissue iron
in the putamen was related to more commission errors (i.e., worse
response inhibition performance) on the standard go/no-go task.
Though this significant relationship was specific to the putamen, the
general direction of these relationships was largely consistent across
brain regions examined. This finding is consistent with literature that
has examined the interplay between the dopamine system and response
inhibition using other indices of dopamine functioning (Mink, 1996).
For example, reduced D2/D3 receptor availability in the caudate and
putamen and increased spontaneous eye-blink rate, both of which
indicate increased extracellular dopamine levels, have been related to
poorer response inhibition performance on the stop-signal task (i.e.,
increased stop-signal reaction times) (Colzato et al., 2009; Ghahremani
etal., 2012). The present study is therefore in line with previous work, as
our results suggest that increased dopamine levels as indexed by
increased putamen tissue iron are related to more commission errors (i.
e., poorer performance) on the standard go/no-go task. Our findings and
others’ are also in line with models of striatal behavioral control that
characterize ‘go’ (direct) and ‘no-go’ (indirect) pathways of the basal
ganglia (Frank et al., 2007). Specifically, increased dopamine levels are
hypothesized to bias the balance toward the ‘go’ pathway and suppress
the ‘no-go’ pathway (Frank, 2005; Frank et al., 2007), which would
result in increased commission errors, as we observed in our study.

In children with ADHD, we found that higher basal ganglia tissue
iron levels were associated with greater responsivity to MPH, as indexed
by a greater reduction in commission errors on the standard go/no-go
task. When focusing on specific basal ganglia subregions, this result
was driven by significant relationships in the caudate and putamen. The
caudate and putamen are key regions in the cortical-basal ganglia loops
associated with cognitive control broadly (Arnsten and Rubia, 2012;
Tekin and Cummings, 2002) and response inhibition specifically
(Zandbelt and Vink, 2010). Dopaminergic activity in these regions has
also been related to the ADHD phenotype (i.e., inattentive symptoms)
(Volkow et al., 2007) and to performance improvements following
reward in healthy individuals (Calabro et al., 2023). The observations
that participants with higher brain tissue iron levels exhibited more
commission errors, as well as that children with ADHD with higher brain
tissue iron levels exhibited the greatest reduction in commission errors
following MPH, suggest that medication effects on response inhibition
might be related to response inhibition performance at baseline (i.e., on
placebo). Recent work in children with ADHD shows that inhibitory
control improvements following MPH administration were greatest in
those with the poorest baseline inhibitory control (Fosco et al., 2021).
We confirmed this was the case in our data via an unregistered explor-
atory analysis in which we conducted a linear regression model pre-
dicting change in commission errors (placebo — drug) from baseline
commission errors (placebo), controlling for age and sex. We found that
children with ADHD with the most commission errors on the standard
go/no-go task on placebo improved the most following MPH (8 =.95,
p = .01). Notably, these findings are consistent with prior literature
observing that individuals with higher intrinsic DA are more responsive
to MPH (Castellanos et al., 1996; Volkow, Fowler et al., 2002b),
including reduction of symptoms and improvement of cognitive func-
tioning (Castellanos et al., 1996; Hofmans et al., 2020). Even so, it has
been shown that the relationships between intrinsic DA and cognition
improvements following MPH administration depend on the specific
domains of cognitions examined (Clatworthy et al., 2009; Frank and
Fossella, 2011). As such, additional investigations of the precise dopa-
minergic mechanisms through which MPH improves response inhibition
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across individuals with varying levels of intrinsic, baseline DA are
needed.

The administration of MPH and the receipt of rewards are both
known to improve cognition (Rosch et al., 2016) via their impact on the
dopamine system (Arnsten and Rubia, 2012). While recent work has
shown that individuals with high levels of brain tissue iron display
greater responsivity to dopaminergic modulation via the receipt of re-
wards (Parr et al., 2022), we did not observe this in our data. Crucially,
however, we did observe that the relationships between brain tissue iron
and the reduction in commission errors from the standard to rewarded
go/no-go task were in the same direction as those observed in analyses
that examined responsivity to MPH. Thus, this is generally consistent
with prior work suggesting that the receipt of rewards and MPH
modulate dopamine similarly by increasing its synaptic availability in
the striatum (Arnsten and Rubia, 2012; Faraone, 2018; Volkow, Fowler
et al., 2002a, 2002b; Volkow, Wang et al., 2002). Notably, prior liter-
ature has reported greater striatal activation in the presence of both
MPH and rewards relative to the presence of reward alone (Furukawa
et al., 2020) and that MPH administration results in greater improve-
ments in cognitive performance relative to reward-related reinforce-
ment (Rosch et al., 2016), corresponding to a greater effect size (d =
1.54 for MPH (Rosch et al., 2016) and d = 0.60 for rewards (Shiels--
Rosch, Hawk, 2013). Thus, a larger sample may have been needed to
detect the smaller effect of rewards on response inhibition. This high-
lights the need to replicate these results in a larger sample of children
with and without ADHD.

We did not observe significant relationships between brain tissue
iron and response time variability as indexed by tau on the standard go/
no-go task, nor between brain tissue iron and responsivity to reward or
MPH. Response time variability is thought to index a range of cognitive
processes, including attention (Leth-Steensen et al., 2000) and working
memory (Rapport et al., 2008). Larsen and colleagues (2020) did not
find relationships between brain tissue iron and the ‘executive control’
cognitive domain of the Penn computerized neurocognitive battery,
which is defined as abstraction and mental flexibility, attention, and
working memory (Gur et al., 2010, 2012). Our results are therefore
consistent with this work and suggest that the relationships between
brain tissue iron and response inhibition performance might be specific
to the ability to withhold responding (i.e., stopping), which is better
captured via commission error quantification.

Though our findings contribute to the growing body of evidence that
brain tissue iron neurophysiology is linked to cognition in children with
ADHD and TD children, there are certain limitations that must be
acknowledged. First, it is important to recognize that iron is not a direct
measure of all aspects of dopamine function but is most associated with
presynaptic dopamine availability (Larsen et al., 2020). Larsen and
colleagues (2020) showed that brain tissue iron measurements derived
from tissue relaxation rates were significantly associated with
PET-derived presynaptic vesicular dopamine storage although not in a
1:1 manner. Iron is important in several biological processes that are not
limited to the dopaminergic system, including myelination and pro-
duction of other catecholamines (Nagatsu et al., 1964). While the basal
ganglia is unique in its predominance of DA, it is not a direct measure
and results should be interpreted with this limitation in mind. Regard-
less, leveraging tissue relaxation to quantify dopamine indirectly in
children with ADHD and TD children is a promising avenue of research,
given the radiation exposure associated with PET imaging (Brix et al.,
2005) and subsequent challenges of assessing dopamine levels in vivo in
children. Additionally, we did not collect daily serum iron data from
participants in the present study. Given the dynamic nature of periph-
eral iron levels (Hare et al., 2013), the relationship between serum iron
and brain tissue iron is difficult to quantify. Even so, it has been shown
that serum iron levels do not differ between individuals with and
without ADHD (Donfrancesco et al., 2013), so it is unlikely that our
results are driven by differences in serum iron level. However, future
studies should investigate whether serum iron level relates to cognitive
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performance and responsivity to dopaminergic manipulation as we have
here with brain tissue iron. We also did not collect sleep data from our
participants. We therefore cannot determine whether variability in
response inhibition performance in this sample is due to variability in
sleep duration or quality. To combat the possibility of sleep differences
impacting our results to the best of our ability, we excluded individual
runs of the standard and rewarded go/no-go tasks based on omission
error rates to ensure that subjects were awake and responding to the
task, as described in Go/no-go tasks and measures. Finally, MPH is an
indirect dopamine and norepinephrine agonist (Faraone, 2018). We
were therefore not able to determine whether modulation of the
norepinephrine system impacted improvements in response inhibition
following the administration of MPH. Additional investigations into the
precise neural mechanisms through which MPH improves cognition are
needed to answer this question.

In conclusion, while we did not observe significant differences in
basal ganglia or thalamic tissue iron in children with ADHD and TD
children aged 8-12 y, we did validate the assumption that tissue iron is
stable across a weeks-long period in TD children and following a one-
time MPH challenge in children with ADHD. We additionally demon-
strated that increased tissue iron in the putamen was significantly
related to increased commission errors on the standard go/no-go task,
and that increased tissue iron in the caudate and putamen, as well as
generally in the whole basal ganglia, was significantly related to im-
provements in the proportion of commission errors following MPH
administration. These relationships were not observed when response
inhibition performance was indexed using tau (i.e., response time vari-
ability). Together, these findings augment existing literature that ex-
amines brain tissue iron and its relationships with cognition in children
with ADHD and TD children and is one of the first to clarify the role of
brain tissue iron in the cognitive effects of dopaminergic modulation.
This work is a crucial step toward understanding the mechanisms of
both behavioral and medication treatment for ADHD. Further, the pre-
sent findings suggest that noninvasive brain tissue iron measurements
may represent a biomarker for response to dopaminergic treatment in
ADHD.
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