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ABSTRACT
Objective: To evaluate the impact of therapeutic oral 
doses of stimulants on the brains of ADHD subjects as 
measured by magnetic resonance imaging (MRI)–based 
neuroimaging studies (morphometric, functional, 
spectroscopy).

Data Sources: We searched PubMed and ScienceDirect 
through the end of calendar year 2011 using the 
keywords (1) psychostimulants or methylphenidate or 
amphetamine, and (2) neuroimaging or MRI or fMRI, 
and (3) ADHD or ADD or attention-deficit/hyperactivity 
disorder or attention deficit hyperactivity disorder.

Study Selection: We included only English language 
articles with new data from case-control or placebo 
controlled studies that examined attention-deficit/
hyperactivity disorder (ADHD) subjects on and off 
psychostimulants (as well as 5 relevant review articles).

Data Extraction: We combined details of study design 
and medication effects in each imaging modality.

Results: We found 29 published studies that met our 
criteria. These included 6 structural MRI, 20 functional 
MRI studies, and 3 spectroscopy studies. Methods 
varied widely in terms of design, analytic technique, 
and regions of the brain investigated. Despite 
heterogeneity in methods, however, results were 
consistent. With only a few exceptions, the data on the 
effect of therapeutic oral doses of stimulant medication 
suggest attenuation of structural and functional 
alterations found in unmedicated ADHD subjects 
relative to findings in controls.

Conclusions: Despite the inherent limitations and 
heterogeneity of the extant MRI literature, our review 
suggests that therapeutic oral doses of stimulants 
decrease alterations in brain structure and function in 
subjects with ADHD relative to unmedicated subjects 
and controls. These medication-associated brain effects 
parallel, and may underlie, the well-established clinical 
benefits.
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Attention-deficit/hyperactivity disorder (ADHD) is a common 
neurobiological disorder estimated to affect up to 10% of chil-

dren and 5% of adults worldwide.1,2 Across the lifecycle, it is associated 
with high levels of morbidity and disability and exerts an enormous 
toll in all areas of functioning, including academic, occupational, and 
interpersonal.3 Neurobiological evidence supports a brain basis for 
ADHD, with alterations in widespread neural regions.4–7

Stimulants (methylphenidate and amphetamine compounds) are 
the mainstay of treatment for ADHD because of their robust clini-
cal efficacy.8,9,10 The therapeutic effects of stimulants are most likely 
mediated by increases in activity of dopamine and norepinephrine 
in fronto-striatal circuitry, with downstream effects throughout the 
brain.11

Although animal studies suggested that stimulants may have 
detrimental effects on the rodent brain, these studies have generally 
used very large doses—up to 50 mg/kg—administered parenterally 
(intraperitoneally), whereas therapeutic doses range from 0.5 to 2.0 
mg/kg/d and are administered orally in humans.12,13 Moreover, since 
animal studies often rely on “normal” wild-type rodents not affected 
by ADHD-related brain alterations, it is impossible to assess whether 
medication-related plasticity in these animals is neurotoxic or neuro-
protective and whether the observed effects would be the same on an 
abnormally developing human brain. As a consequence, the relevance 
of these animal studies to humans taking therapeutic doses has been 
challenged.13–15

Structural magnetic resonance imaging (MRI) and functional 
MRI (fMRI) respectively allow examination of detailed anatomy 
and dynamic functional processes in the brain. Because MRI does 
not involve exposure to ionizing radiation, it can be used both as a 
technique to examine the effects in children and also as a repeated 
measure to investigate baseline and posttreatment effects. Because of 
these strengths, a number of studies have investigated the effects of 
stimulants on the ADHD brain.

Yet, to the best of our knowledge, there have been only 2 integra-
tive, quantitative meta-analytic reviews16,17 examining the extant MRI 
literature on the effects of stimulants on the brain. Moreover, these 
reviews limited their analysis to (mostly) voxel-based morphom-
etry studies, and only 1 included adults.17 More specifically, these 
2 previous quantitative analyses examined the effect of the propor-
tion of medicated subjects in ADHD groups on gray matter volumes 
largely measured by voxel-based morphometry.16,17 Nakao et al16 
reported that stimulant medication is associated with “normaliza-
tion” of basal ganglia abnormalities in ADHD. Similar results were 
reported by Frodl et al,17 who showed that stimulant treatment was 
associated with fewer ADHD-associated brain abnormalities (basal 
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s Stimulant treatment for attention-deficit/hyperactivity  ■
disorder (ADHD) is known to be efficacious, but concerns 
about effects on the developing brain remain.

Our review of structural and functional neuroimaging studies  ■
finds no evidence that stimulant treatment negatively 
impacts brain development or function. In contrast, these 
studies suggest that stimulant treatment attenuates the 
brain abnormalities that have been associated with ADHD.

ganglia in children and anterior cingulate cortex [ACC] in 
adults) compared with controls. However, since these studies 
were limited to morphometric studies and did not include 
either fMRI, including functional connectivity and perfusion 
studies, or spectroscopy, additional work on the subject is 
needed. As stimulant medications are widely and chroni-
cally prescribed in children, adolescents, and adults with 
ADHD, a better understanding of the effects of therapeutic 
oral doses of stimulants on brain structure and function in 
individuals with ADHD of all ages is an area of high clinical, 
scientific, and public health relevance.

The main aim of this qualitative review, therefore, was 
to summarize the findings from the extant morphomet-
ric, functional, and spectroscopic MRI literature to assess 
the current state of knowledge of the effect of stimulants 
on brain structure, function, and biochemistry in child 
and adult subjects with ADHD. Our overall question was 
whether stimulants improve (attenuate), worsen, or have no 
effect on brain structure and function in ADHD subjects. 
We operationalized improvement and worsening through 
examination of the imaging values for the medicated and 
unmedicated groups in relation to the non-ADHD control 
group or in relation to each other in a crossover design (ie, 
testing the same subjects both on and off medication). If, in 
relation to the control group, the medicated group had values 
that tended to be closer to the control group than were the 
values for the unmedicated group, we argue that this result 
suggests a relative improvement or an attenuation of abnor-
mality in brain structure or function. If, on the other hand, 
the medicated group had values that were more different 
than the unmedicated group in relation to the control group, 
we argue that this result would suggest a worsening effect. If 
the medicated and unmedicated groups were the same rela-
tive to the controls, we argue that this result would suggest 
no effect. Thus, our conceptual framework was to examine 
the results of each published study in regards to treatment 
effects resulting in worsening, neutrality, or improvement in 
neural structure and function relative to controls. To the best 
of our knowledge, this is the first examination of effects of 
stimulants on both brain structure and brain function and 
the only review to integrate findings from articles that used 
either placebo- or case-control designs.

DATA SOURCES
A systematic search strategy was used to identify relevant 

studies. First, we carried out PubMed and ScienceDirect 

searches of articles through the end of calendar year 2011 
using a union of the following keywords: (1) psychostimulants 
or methylphenidate or amphetamine, and (2) neuroimaging 
or MRI or fMRI, and (3) ADHD or ADD or attention-deficit/
hyperactivity disorder or attention deficit hyperactivity 
disorder. 

STUDY SELECTION AND DATA EXTRACTION
These searches yielded a combined 116 studies. From 

these, we reviewed titles and abstracts and pared down those 
reports in the English language that were published as articles 
or letters in peer-reviewed journals and that contained new 
data (resulting in 49 articles). We manually reviewed the refer-
ence list of all these 49 articles as well as the 5 relevant review 
articles we found. In order to limit the scope of our review, 
we included only those studies that utilized MRI-based mea-
surements and included subjects with ADHD. We therefore 
excluded articles that used non-MRI methods (eg, positron 
emission tomography, electrophysiology) or studies with 
animal subjects, which resulted in a remaining 33 articles.

To ensure quality and interpretability of results, we 
included only case-control or placebo-controlled studies. For 
case-control studies, we required that a non-ADHD control 
group was used. This resulted in the exclusion of 3 additional 
studies.18–20 From the 30 articles that remained, we included 
the 29 studies that reported quantitative comparisons between 
ADHD subjects on and off psychostimulant medications (1 
study described results only qualitatively21). The resulting 29 
articles included 6 structural MRI studies,22–27 20 fMRI stud-
ies,28–46 and 3 magnetic resonance spectroscopy studies.49–51 
We combined details of study design and medication effects 
in each imaging modality. Below, we review the methods and 
findings of these 29 published studies.

RESULTS
Effect of Psychostimulants on Brain Structure in ADHD

In Table 1, the methods, principal findings, and summary 
of medication effects from the 6 structural MRI studies are 
listed. These are summarized below.

Summary of methods used in structural neuroimaging 
studies.

Sample characteristics. All available structural studies 
included child and/or adolescent subjects (ages range from 
4 to 20 years) of both sexes. The ADHD group sample sizes 
for the studies varied widely, with groups as small as 12 to as 
large as 103.

Diagnosis and comorbidity. All ADHD subjects included 
in the 6 structural MRI studies met criteria for DSM-IV 
combined type, as assessed with structured interviews or 
with review of clinic records. Exclusion criteria for all stud-
ies included Tourette’s and any Axis I disorders, with varying 
additional exclusions, such as oppositional defiance disorder, 
learning disabilities, or both. Medication-related exclusions 
also varied across studies, with some studies excluding medi-
cated ADHD subjects if they were concurrently taking other 
psychiatric medications, while many publications did not 
report any exclusion relating to medication.
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Design. All structural MRI studies compared matched 
groups of ADHD subjects with and without a history of 
medication to a non-ADHD, unmedicated control group. All 
medicated groups had been treated with a mix of different 
types and doses of psychostimulants. All studies had a case-
control design, and none contained a placebo group. Five of 
6 studies were cross-sectional, whereas the remaining study22 
imaged ADHD children at 2 time points (~ 4 years apart), and 
compared brain measures in groups stratified by medication 
status at follow-up, regardless of status at baseline. In terms 
of medication status at the actual time of scan, 2 studies23,24 
washed out medicated subjects before the scan but did not 
mention the length of washout, 1 study25 did not wash out 
subjects for the scan, and the remaining 3 studies22,26,27 did 
not mention if medicated subjects were washed out for the 
scan.

Neuroimaging methods. Neuroimaging was executed on 
1.5T or 3T scanners. Analytic methods varied, with some 
studies using manual segmentation routines and some using 
fully automated analyses. Three structural MRI studies23,24,26 
looked at volumes of specific regions of interest; 1 study25 
looked at volume and surface deformations of regions of inter-
est, 1 study27 looked at the surface area of regions of interest, 
and 1 study22 looked at cortical thickness across the entire 
cortex. The regions of interest measured across the studies 
were quite varied. Only the caudate was specifically investi-
gated in more than 1 study.24–26

Summary of results in structural neuroimaging studies. 
Alterations in brain structure were found in unmedicated 
ADHD versus control groups in all 6 structural MRI studies. 
Additionally, in all studies, medication was associated with 
attenuation of abnormalities in at least a portion of the regions 
assessed. Castellanos et al26 and Semrud-Clikeman et al24 were 
unable to find any association of medication to ADHD-related 
global volume reductions in the caudate. Likewise, Sobel et al25 
were unable to find medication-related differences in overall 
caudate volume (similar to null findings of Castellanos et al26 
and Semrud-Clikeman et al24), but did find significant regional 
caudate volume reductions in the treatment-naive group 
(measured as surface deformations), which were attenuated 
in the treated group. Similarly, in the cerebellum, Castellanos 
et al26 found no association of medication with ADHD-related 
total cerebellar volume reductions, whereas Bledsoe et al,27 
when investigating local subregions of the cerebellum, found 
that chronic stimulant treatment was associated with attenu-
ation of reduced posterior inferior vermis volumes.

For the many regions of interest that were measured in 
only 1 study, several showed medication-associated attenu-
ations, including attenuation in ADHD-related volume 
reduction across white matter in all lobes of the brain,26 in 
the ACC,24 and in the splenium of the corpus callosum.23 
Stimulant treatment was also associated with rate of change of 
the cortical thickness in right motor strip, left middle/inferior 
frontal gyrus, and in a right parietal-occipital region similar 
to controls.22 

Many null effects of medication status were found across 
studies, such that no statistical differences were found between 

volumes in ADHD-naive and ADHD-medicated groups in 
regions of interest. These regions included large lobular 
gray matter measurements across the brain,26 global cau-
date volume,24,26 overall cerebellar gray matter volume,26 
overall basal ganglia volumes,25 and overall corpus callo-
sum volume.23 Notably, when corpus callosum, caudate, 
cerebellar, striatal, and frontal gray volumes had local 
volume rather than global volume measures,23,25,27 or were 
subjected to vertex-by-vertex cortical thickness analyses,22 
all  regions showed medication-associated attenuations. 
Across all structural MRI studies and all regions measured, 
medication was never associated with worsening of brain 
findings relative to controls.

Effect of Psychostimulants  
on Brain Function in ADHD

We found 20 published studies examining the effects 
of stimulants on brain function in ADHD. In Table 2, the 
methods, principal findings, and summary of medication 
effects are listed. These are summarized below.

Summary of methods used in functional neuroimaging 
studies. The 20 functional MRI articles varied widely in 
all aspects of methods, including sample characteristics, 
design, and analytic approach.

Sample characteristics. Fifteen of 20 articles included 
child and/or adolescent subjects, whereas the remaining 5 
included adult subjects or youth and parent dyads. Thirteen 
of the 20 studies included only male subjects, whereas the 
remaining 7 included mixed male and female samples. The 
ADHD group sample sizes were modest for the functional 
studies, with a range of 9–19 subjects per group.

Diagnosis and comorbidity. The ADHD subjects were 
diagnosed on the basis of structured interviews, semi-
structured interviews, or clinician assessment. Some 
samples included only subjects with the combined type, 
while others included all types. Exclusion criteria for 
comorbidities varied across the studies, with several studies 
making no mention of comorbidity exclusion, while others 
excluded subjects with a varying number of other DSM-IV 
diagnoses. Medication-related exclusions also varied across 
studies, with some excluding medicated ADHD subjects 
if they were concurrently taking other psychiatric medi-
cations, while others did not report any exclusion criteria 
relating to medication.

Design. Design varied across the fMRI studies. Nota-
bly, all but one employed either a placebo-controlled or 
case-control crossover design or a cross-sectional design. 
Only Bush et al28 included subjects randomly assigned to 
either drug or placebo groups. This report, however, lacked 
a control group. For the studies that included a medication 
intervention (ie, not the cross-sectional studies), designs 
were used that included naturalistic dosing versus treat-
ment after a washout period, or intervention trials ranging 
from a challenge dose to a 1-year trial. Medication history 
of subjects upon trial entry varied, however, with only the 
studies from Rubia et al29–32 and Konrad et al33 requiring 
that subjects be treatment naive at entry.
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Neuroimaging methods. Neuroimaging was executed 
on 1.5T, 2T, or 3T scanners. Of the 20 publications, 17 
investigated neural response during a cognitive task (and 3 
additional studies of connectivity between regions); however, 
the cognitive tasks used were different in each article despite 
testing overlapping processes such as attention and interfer-
ence control (eg, attentional network task [ANT], continuous 
performance test, multisource interference task47), cogni-
tive control (eg, the Stroop color-word task, Simon oddball 
task), working memory (eg, n-back task, delayed matching 
to sample), emotional processes (eg, emotional Stroop), and 
inhibition (eg, stop signal task, Go/No-Go). The remaining 
studies derived measures of local blood perfusion during 
a resting state by using T2-relaxometry34,35 or continuous 
arterial spin labeling.36

Regions of interest investigated across the studies were 
also varied: some studies examined activity across the whole 
brain, some examined regions of interest functionally defined 
by regions active during task, and some examined regions of 
interest defined independently of the data based on a priori 
hypotheses. For the connectivity analyses, coupling was 
examined either between 2 a priori regions of interest37,38 
or across 11 regions that were activated during the task.30 
Two34,35 of the 3 resting state perfusion studies each analyzed 
an a priori region of interest (cerebellum and basal ganglia), 
and the remaining perfusion study36 examined the whole 
brain.

Summary of results in functional neuroimaging studies.
Effect of stimulants on task-elicited activation. Alterations 

in functional activation were found in all studies comparing 
ADHD to control subjects, and, in all but one of these stud-
ies,39 stimulant medication was associated with attenuation 
of control versus ADHD activation differences in at least 
a portion of the regions found to be altered. Three brain 
regions were almost universally included in analyses because 
they have been found previously to be involved in ADHD 
or were activated by the specific task assessed. These regions 
were the striatum (including caudate and putamen), ACC, 
and prefrontal cortex (PFC).

Of the 15 task-based studies investigating medication 
effects on activity in the striatum versus a control com-
parison group (Pliszka et al45 used only frontal regions 
of interest, Bush et al28 had no control group), 6 studies 
found no ADHD-related abnormalities in striatal activation 
while performing executive,32,37,39 reward,40 or emotional 
tasks.38,41 Of the 9 studies that did show alterations in striatal 
activity in the medication-naive versus control groups, all 
found that medication attenuated ADHD-related striatum 
dysfunction.

The ACC was examined in all 16 task-based fMRI  
studies with control comparison groups. Six of these  
studies found no ADHD-related abnormalities in ACC  
activation while performing executive/attentional30,39,42,43  
or emotion-eliciting38,41 tasks. Of the 10 studies that did 
show alterations in ACC activity in the medication-naive 
versus control groups, all but two32,44 found that medication 
attenuated abnormal ACC function.

The PFC was examined in 15 of the 16 task-based fMRI 
studies with control comparisons. Three of these studies 
found no ADHD-related alterations in PFC activation while 
performing executive/attentional33,43 or emotion-eliciting38 
tasks. Of the 12 studies that did show alterations in PFC 
activity in medication-naive versus control groups, results 
were somewhat mixed. Two studies39,45 showed no medi-
cation effect on ADHD-related activity alterations during 
executive/attentional tasks, whereas 9 studies29–32,37,38,40,46,48 
showed that medication attenuated dysfunction in regions 
of the PFC. In 4 studies,30,40,42,46 medication was associated 
with greater differences than medication-free control sub-
jects in regions of the PFC.

Non–fronto-striatal regions were not consistently exam-
ined across the task-based fMRI studies, although 11 of the 
16 task-based studies with control comparison groups did 
examine whole brain effects. Results followed the general 
pattern that when unmedicated ADHD subjects showed an 
abnormality, medication was associated either with no effect 
in a particular region or with attenuation of this abnormality. 
For instance, temporal lobe regions were measured in 12 
studies, 7 of which showed abnormalities in activation in 
the unmedicated ADHD group. Four of these 7 showed that 
medication attenuated temporal lobe dysfunction,29,30,32,48 
whereas 3 of the 7 showed a lack of effect of the medication 
on activity.31,33,43 Patterns of results were similar across pari-
etal lobe, occipital lobe, insula, cerebellum, and subcortical 
regions (see Table 2 for details).

Across all studies and all regions of the brain (aside from 
PFC, ACC, and striatum), only 4 regions indicated that 
medication in ADHD subjects was associated with greater 
differences than control subjects. These were greater PFC 
activation in medicated ADHD subjects versus non-ADHD 
control subjects during executive/attentional30,42,46 and 
reward40 tasks, greater inferior parietal lobule activation 
during a Go/No-Go task,46 greater activity in the cerebellar 
vermis during rewarded continuous performance test,30 and 
greater insula activity during a distracted working memory 
task. No differences were found in these regions in the 
unmedicated ADHD subjects versus controls.

Effect of medication on functional connectivity. Func-
tional connectivity was investigated along with task-related 
activity in 3 studies. Rubia et al30 showed that during a 
vigilant attention task, hypoconnectivity found between 
multiple brain regions in the ADHD treatment–naive group 
was attenuated after a challenge dose of methylphenidate. 
Peterson et al37 showed that, during a Stroop task, hypocon-
nectivity between ventral ACC and lateral PFC found after 
a washout period was attenuated when youth with ADHD 
were taking their naturalistic dose. Finally, Posner et al38 
found that decreased connectivity between amygdala and 
lateral PFC after a washout was attenuated in ADHD when 
subjects were taking their naturalistic dose.

Effect of psychostimulants on resting-state perfusion. 
Anderson et al34 and Teicher et al35 reported effects of a 
placebo-controlled trial of methylphenidate (for 1 week) 
on perfusion values in the cerebellum and basal ganglia, 
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respectively. Both studies found an interaction effect between baseline 
levels of hyperactivity in ADHD children and changes in perfusion in the 
respective region of interest. Together, these articles suggest that methyl-
phenidate has an effect on brain perfusion in a region-specific manner and 
that these effects were mediated by baseline values of hyperactivity. In the 
third perfusion study, O’Gorman et al36 showed that stimulants attenuated 
hyperperfusion in frontal and parietal regions and attenuated hyperperfu-
sion in the caudate. No information was given on baseline measures of 
hyperactivity in O’Gorman et al.36

Effect of Psychostimulants on Brain Biochemistry in ADHD 
(magnetic resonance spectroscopy studies)

In Table 3, the methods, principal findings, and summary of medication 
effects on brain biochemistry in ADHD are listed. These are summarized 
below.

Of the 3 identified magnetic resonance spectroscopy studies, 2 were 
conducted in pediatric samples49,50 and 1 in an adult sample.51 The studies 
excluded comorbidity (Carrey et al49 allowed oppositional defiance disorder 
and learning disabilities). They ranged in size from 7 to 14 (ADHD) sub-
jects. All compared the same subjects before and after treatment, but 1 study 
(adult) had no controls and the other 2 studies (pediatric) compared ADHD 
subjects before and after treatment to historical controls. Of the studies with 
controls, 1 reported stimulant- (and nonstimulant-) associated attenuation 
of glutaminergic tone in the striatum49 and the other50 stimulant-associated 
attenuation of glutaminergic tone in the ACC.

DISCUSSION
Despite great variability in study methods in terms of design, neuro-

imaging technique, and regions of interest studied, results of this qualitative 
review of the extant MRI literature on ADHD were strikingly consistent and 
suggest that treatment of ADHD with therapeutic oral doses of stimulants 
is associated with findings in persons with ADHD that are more similar to 
non-ADHD controls than were findings of unmedicated ADHD individu-
als.  This conclusion is supported by the consistent direction of all structural 
and connectivity findings, and nearly all functional activation findings: 
brain measures in medicated groups of persons with ADHD were closer to 
control measures than were unmedicated ADHD groups.  These qualitative 
results confirm and extend the findings of 2 recent meta-analyses16,17 of the 
voxel-based morphometry MRI literature.

While the 2 previous meta-analytic studies16,17 provided useful infor-
mation summarizing the main anatomic regions affected in subjects with 
ADHD and the impact of medication on these regions, their analyses were 
largely limited to voxel-based morphometry studies and did not include 
fMRI, functional connectivity, and perfusion studies in both children and 
adults with ADHD.34–36

The structural MRI studies we reviewed here were quite consistent in 
design: all included only children and adolescents, all ADHD subjects were 
of the combined type, and all but 1 study compared volumes at 1 time point 
between a group of naturalistically medicated ADHD subjects, a group of 
treatment-naive ADHD subjects, and a non-ADHD control group. Like-
wise, results of the structural studies were also consistent in many ways. 
First, when any medication-associated effect was present, it was always in 
the direction of attenuation of ADHD-control differences. Second, stud-
ies that examined local volumes (specifically in frontal, striatal, cerebellar, 
and corpus callosum regions) were more successful at finding medica-
tion effects than the studies that examined volume averaged over larger 
regions. Together, the structural findings suggest that chronic naturalistic Ta
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stimulant treatment is likely to be associated with attenu-
ation of ADHD-related brain structure abnormalities, but 
in a targeted manner, affecting specific small regions of the 
brain. Although there was a range of findings across the 
structural studies, the more consistent findings in frontal, 
striatal, cerebellar, and corpus callosum regions suggest that 
these regions are most relevant. Consistent with our conclu-
sion, the recent meta-analysis of voxel-based morphometry 
studies in ADHD, a meta-regression showed that percentage 
of ADHD subjects with a medication history included in 
each study group was associated with attenuation of volume 
reductions in the right basal ganglia.16

The fMRI studies we reviewed were also quite varied 
in terms of methods. For instance, some studies included 
only youth, some included only adults, and 1 included both 
adults and youth. Studies also varied on diagnostic methods, 
ADHD subtype inclusion, comorbidity inclusion, medica-
tion history, sex of subjects, and length of the treatment trial. 
The regions most frequently examined in the functional 
studies, given their known role as targets for stimulants and 
involvement in ADHD pathology, were striatum, ACC, and 
PFC. As regards to stimulant-associated attenuation effects, 
the most consistent findings were for striatum and ACC.

Results were somewhat more mixed in the PFC. In fact, 
regional effects in 4 studies30,40,42,46 showed that stimulant 
treatment was associated with greater activity relative to con-
trols in a parietal, a cerebellar, and an insula region. Notably, 
all of these findings were from fMRI studies that measured 
brain response to performance on a specific task. No such 
effects were found in any analyses of functional connectivity. 
Although the reasons for these findings are not entirely clear, 
one explanation for greater activity in medicated ADHD 
subjects may be that the activations were compensatory and 
associated with improved task performance, functioning in 
place of deficient regions that were not targeted by the medi-
cation. In fact, Rubia et al30 examined the relationship of 
activity in hypoactive regions to behavior on a rewarded con-
tinuous performance test and found that greater activity in 
both of these frontal and cerebellar regions was significantly 
correlated with reduced error rates. In the remaining studies 
that found less regional activity, no correlation between the 
regions and behavior was conducted, but, in the studies with 
relevant task performance data, the medicated group showed 
significantly better scores than the unmedicated group.42,46,48 
Finally, none of these regions were found to be altered in the 
comparisons between unmedicated versus control groups. 
Therefore, it cannot be concluded that medication effects on 
these regions are increasing ADHD-related alterations, only 
that some detectable change in activity is associated with 
medication that may not be associated with ADHD itself.

Our results have several clinical implications. For par-
ents, patients, and clinicians who have been concerned that 
the use of stimulants could harm the developing brain, our 
data indicate that these concerns are unfounded and that 
treatment with stimulants should be considered if appropri-
ate for the clinical presentation of the patient. Our results 
also raise the possibility that brain changes associated with 

stimulant treatment might account for stimulant-associated 
improvements in neurocognition and other areas. Of par-
ticular interest is the possibility that, given the wide range 
of brain areas affected, stimulants could improve several 
neurocognitive functions. Because such effects have not 
been consistently observed in short-term treatment stud-
ies, this idea requires future, long-term studies that assess 
changes in both brain and clinical parameters over time 
during treatment.

Although the available 29 MRI studies we identified in 
the extant literature generally suggest attenuation of ADHD 
versus control differences in the ADHD brain with stimu-
lant treatment, even across vastly varied methods, there are 
several limitations to these studies that temper our ability 
to form firmer conclusions. For example, none of the struc-
tural studies included medication intervention as a variable 
wherein causation could be inferred. All of the structural 
studies were naturalistic in that groups of subjects were 
recruited based on their medication status. It is therefore 
possible that the medicated group may have had qualities or 
characteristics different from the unmedicated group that 
led them to pursue treatment.52 Another issue is that fMRI 
studies can only inform about brain physiology, and only in 
association with a given task. Also, in the functional studies, 
only 1 study was a randomized control trial in which groups 
of subjects were blindly assigned to either medication or pla-
cebo, but, unfortunately, this study lacked a control group, 
and so it has limited interpretability in terms of the direction 
of the results and whether they represent improvement or 
worsening of function.28 Further, group sample sizes were 
quite modest by today’s standards. Additional limitations 
include the fact that studies were not uniform for presence 
of psychiatric comorbidities, medication status, the use of 
automated versus manual segmentation routines, or the 
length of time that subjects were receiving medications or 
were washed out from medications.

In addition, both structural and functional studies varied 
in terms of the presence and length of a washout period. 
For example, some examined the effects of chronic stimu-
lant treatment after washing out subjects for varying lengths 
of time, and, therefore, short-term withdrawal effects may 
have been present in some of these studies. Many studies 
included previously medicated subjects in their “unmedi-
cated” groups, which may have confounded the results due 
to the possibility of long-term effects of stimulants. In order 
to examine the effect of stimulants on the natural course 
of the disorder, and to answer the important question of 
long-term brain effects of previous medication, future stud-
ies should image treatment-naive subjects at multiple time 
points, including baseline, during acute treatment, and after 
a substantial period of discontinuation.

In addition, we cannot rule out the possibility that 
stimulants do not attenuate brain structure and function 
but produce changes different from what is seen in healthy 
subjects that nonetheless improve function. Forty percent of 
the fMRI studies did not find differences between ADHD 
subjects and controls in striatal activation that could be due 
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to the task used, or to the large variability in altered striatal 
activation in ADHD subjects and controls (as suggested by 
Nakao et al16). As already mentioned, because previously 
treated subjects were included in some studies, uncertainty 
remains as to whether the differences between ADHD sub-
jects and control findings reflect pathophysiology related to 
ADHD or its treatment, thereby limiting the ability to inter-
pret movement toward what is seen in controls under those 
circumstances. Finally, adequate controls should be in place 
both for sex and comorbidity effects, each of which could 
mediate the expression of ADHD in the brain.53,54 Only a 
blocked design, randomized control trial with these factors 
in place will more definitively identify acute and chronic 
effects of therapeutic intervention.

Despite the limitations and heterogeneity of the avail-
able MRI studies, our qualitative review supports the notion 
that therapeutic oral doses of stimulants are associated with 
attenuation of abnormalities in brain structure, function, 
and biochemistry in subjects with ADHD. We suggest that 
these are medication-associated brain changes that most 
likely underlie the well-established clinical benefits of these 
medications.
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