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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 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 that were case or
placebo-controlled and examined ADHD subjects on and off psychostimulants (as well as 5
relevant review papers).

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.

Keywords
Stimulants; ADHD; Brain; MRI

Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) is a common neurobiological disorder
estimated to affect up to 10% of children, 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

The stimulants (methylphenidate [MPH] and amphetamine [AMP] compounds) are the
mainstay of treatment for ADHD because of their robust clinical efficacy. 8, 9, 10 The
therapeutic effects of stimulants are 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 [IP]), whereas therapeutic doses range from 0.5–
2.0 mg/kg/day and are administered orally in humans. 12, 13 Moreover, since animal studies
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often rely on “normal” wild type rodents not affected with ADHD-related brain alterations,
it is impossible to assess if medication-related plasticity in these animals is neurotoxic or
neuroprotective, and if 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 to
examine the effects in children, and also as a repeated measure to investigate baseline and
post-treatment 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 two integrative quantitative meta-
analytic reviews examining the extant MRI literature on the effects of stimulants on the
brain. Moreover, these reviews limited their analysis to (mostly) voxel based morphometry
(VBM) studies, and only one included adults. More specifically, these two previous
quantitative analysis examined the effect of the proportion of medicated subjects in ADHD
groups on gray matter volumes largely measured by VBM. 16, 17 Nakao et al. 16 reported
that stimulant medication is associated with “normalization” 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 ganglia in
children and anterior cingulated cortex [ACC] in adults) compared with controls. However,
since these studies were limited to morphometric studies and did not include either
functional MRI, including functional connectivity and perfusion studies, or spectroscopy,
additional work on the subject is needed. As stimulant medications are widely and
chronically 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 morphometric, 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 cross-over design (i.e., 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 suggests a relative improvement or an attenuation of abnormality 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 would
suggests a worsening effect. If the medicated and unmedicated groups were the same
relative to the controls, we argue that this 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 function, and the only review to integrate findings from papers
that used either placebo- or case-control designs.
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METHODS
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”.
These searches yielded a combined 116 studies. From these, we reviewed titles and abstracts
and pared down those reports in the English language published as articles or letters in peer-
reviewed journals, and that contained new data (resulting N = 49). We manually reviewed
the reference list of all these 49 articles as well as the 5 relevant review papers we found. In
order to limit the scope of our review, we included only those studies that utilized MRI-
based measurements and included subjects with ADHD. We therefore excluded papers that
used non-MR methods (e.g., PET, Electrophysiology), or studies with animal subjects,
which resulted in a remaining 33 papers.

To ensure quality and interpretability of results, we only included studies that were case-
and/or placebo-controlled. 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
papers that remained, we included the 29 studies that reported quantitative comparisons
between ADHD subjects on and off psychostimulant medications (1 study described results
only qualitatively; 21). The resulting 29 papers included 6 structural MRI studies, 20
functional MRI studies and 3 MRS studies. 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 4–20) of both sexes. 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 six structural studies met
criteria for DSM-IV combined type, as assessed with structured interviews or with review of
clinic records. Exclusion criteria for all studies included Tourette’s and any Axis I disorders,
with varying additional exclusions such as Oppositional Defiance Disorder (ODD) and/or
Learning Disabilities (LD). Medication-related exclusions also varied across studies, with
some studies excluding medicated ADHD subjects if they were concurrently taking other
psychiatric medications, while many publications did not report any exclusion relating to
medication.

Design: All structural 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 were case-controlled, none contained a placebo group. Five of six studies were cross-
sectional, whereas the remaining study 22 imaged ADHD children at two 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
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scan, two studies washed out medicated subjects before the scan but didn’t mention the
length of washout, 23, 24 one study did not washout subjects for the scan, 25 and the
remaining 3 did not mention if medicated subjects were washed out for the scan. 22, 26, 27

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 studies looked at volumes of specific regions of interest
(ROIs; 23, 24, 26 one study looked at volume and surface deformations of ROIs, 25 one study
looked at the surface area of ROIs, 27 and one study looked at cortical thickness across the
entire cortex. 22 The ROIs measured across the studies were quite varied. Only the caudate
was specifically investigated in more than one study. 24–26

Summary of results in structural neuroimaging studies—Alterations in brain
structure were found in unmedicated ADHD vs. 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 al. 26 and Pliszka et
al. 24 were unable to find any association of medication to ADHD-related global volume
reductions in the caudate. Likewise, Sobel et al. 25 were unable to find medication-related
differences in overall caudate volume (similar to null findings of Castellanos et al. 26 and
Pliszka et al. 24), but did find significant regional caudate volume reductions in the treatment
naïve group (measured as surface deformations), which were attenuated in the treated group.
Similarly, in the cerebellum, Castellanos et al. 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 attenuation of reduced posterior inferior vermis volumes.

For the many ROIs that were measured in only one study, several showed medication
associated attenuations 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 (CC; 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, where no statistical
differences were found between volumes in ADHD-naïve and ADHD-medicated groups in
ROIs. These regions included large lobular gray matter measurements across the brain, 26

global caudate volume, 24, 26 overall cerebellar gray matter volume, 26 overall basal ganglia
volumes, 25 and overall CC volume. 23 Notably, when CC, 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 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 Stimulants 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 papers varied widely in all aspects of methods, including sample
characteristics, design, and analytic approach.
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Sample Characteristics: Fifteen of twenty papers included child and/or adolescent subjects,
whereas the remaining five 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. ADHD group sample sizes were modest for the functional studies, with
a range of 5–19 subjects per group.

Diagnosis and Comorbidity: ADHD subjects were diagnosed based on structured
interviews, semi-structured interviews, or on 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 medications
while others did not report any exclusion criteria relating to medication.

Design: Design varied across the fMRI studies. Notably, all but one employed either
placebo- or case-controlled crossover, or cross-sectional designs. Only Bush et al. 28

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 (i.e. not the
cross-sectional studies), designs were used that included naturalistic dosing vs. after a
washout period, or intervention trials ranging from a challenge dose to a one-year trial.
Medication history of subjects upon trial entry varied however, with only the studies from
Rubia et al. 29–32 and Konrad et al. 33 requiring that subjects be treatment naïve at entry.

Neuroimaging Methods: Neuroimaging was executed on 1.5T, 2T, or 3T scanners. Of the
twenty 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 paper despite testing overlapping processes such as attention and
interference control (e.g., attentional network task [ANT], continuous performance task
[CPT], multi-source interference task 34), cognitive control (e.g., the Stroop color-word task,
Simon Oddball), working memory (e.g., n-back task, delayed matching to sample), and
emotional processes (e.g., emotional Stroop), and inhibition (e.g., stop signal task, go/no-
go). The remaining studies derived measures of local blood perfusion during a resting state
by using T2-relaxometry, 35, 36 or continuous arterial spin labeling (CASL). 37

ROIs investigated across the studies were also varied: some studies examined activity across
the whole brain, some examined ROIs functionally defined by regions active during task,
and some examined ROIs defined independently of the data based on a priori hypotheses.
For the connectivity analyses, coupling was examined either between two a priori regions of
interest, 38, 39 or across 11 regions that were activated during the task. 30 Two of the three
resting state perfusion studies each analyzed an a priori ROI (cerebellum and basal
ganglia) 35, 36 and the remaining perfusion study examined the whole brain. 37

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
studies, 40 stimulant medication was associated with attenuation of control vs. 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’ve 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).
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Of the 15 task-based studies investigating medication effects on activity in the striatum vs. a
control comparison group (Plizka et al. used only frontal ROIs, Bush et al. had no control
group), 6 studies found no ADHD-related abnormalities in striatal activation while
performing executive, 32, 38, 40 reward, 41 or emotional tasks. 39, 42 Of the 9 studies that did
show alterations in striatal activity in the medication-naïve vs. 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/attentional 30, 40, 43, 44 or emotion-eliciting 39, 42 tasks. Of the 10
studies that did show alterations in ACC activity in the medication-naïve vs. control groups,
all but two 32, 45 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/attentional 33, 44 or emotion-eliciting 39 tasks. Of the 12 studies that
did show alterations in PFC activity in medication-naïve vs. control groups, results were
somewhat mixed. Two studies showed no medication effect on ADHD-related activity
alterations during executive/attentional tasks, 40, 46 whereas 9 studies showed that
medication attenuated dysfunction in regions of the PFC. 29–32, 38, 39, 41, 47, 48 In 4 studies,
medication was associated with greater differences from medication-free control subjects in
regions of the PFC. 30, 41, 43, 47

Non fronto-striatal regions were not consistently examined 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, 44 Patterns of results were similar across parietal 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), in only
four regions was medication associated with greater differences from control subjects. These
were greater PFC activation in medicated vs. non-ADHD control subjects during executive/
attentional 30, 43, 47 and reward 41 tasks, greater inferior parietal lobule activation during a
go/no-go task 47, greater activity in the cerebellar vermis during rewarded CPT, 30 and
greater insula activity during a distracted working memory task. No differences were found
in these regions in the unmedicated ADHD subjects vs. controls.

Effect of medication on functional connectivity: Functional connectivity was investigated
along with task-related activity in three studies. Rubia et al. 30 showed that during a vigilant
attention task, hypoconnectivity found between multiple brain regions in the ADHD
treatment naïve group was attenuated after a challenge dose of MPH. Peterson et al. 38

showed that during a Stroop task, hypoconnectivity between ventral ACC and lateral PFC
found after a washout period was attenuated when youth with ADHD were on their
naturalistic dose. Finally, Posner et al. 39 found that decreased connectivity between
amygdala and lateral PFC after a washout was attenuated in ADHD when subjects were on
their naturalistic dose.
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Effect of psychostimulants on resting-state perfusion: Anderson et al. 35 and Teicher et
al. 36 reported effects of a placebo-controlled trial of MPH (for 1 week) on perfusion values
in the cerebellum and basal ganglia, respectively. Both studies found an interaction effect
between baseline levels of hyperactivity in ADHD children and changes in perfusion in the
respective ROI. Together, these papers suggest that MPH 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 al. 37 showed that stimulants
attenuated hyperperfusion in frontal and parietal regions and attenuated hyperperfusion in
the caudate. No information was given on baseline measures of hyperactivity in the
O’Gorman et al. 37 paper.

Effect of Psychostimulants on Brain Biochemistry in ADHD (MRS 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 three identified Magnetic Resonance Spectroscopy (MRS) studies, two were
conducted in pediatric samples 49, 50 and one was an adult sample. 51 The studies excluded
comorbidity (Carrey et al. 49 allowed ODD and LD). They ranged in size from 7 to 14
(ADHD subjects). All compared the same subjects before and after treatment but one (adult)
had no controls and the other two (pediatric) compared to historical controls. Of the studies
with controls, one reported stimulant (and non stimulant) associated attenuation of
glutaminergic tone in the striatum 49 and the other 50 stimulant associated attenuation of
glutaminergic tone in the ACC.

Discussion
Despite great variability in study methods in terms of design, neuroimaging 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 individuals. 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 two recent meta–
analyses of the VBM MRI literature.

While the two previous meta-analytic studies 16, 17 provided useful information
summarizing the main anatomical regions affected in subjects with ADHD and the impact of
medication on these regions, their analyses were largely limited to VBM studies and did not
include functional MRI, functional connectivity and perfusion studies in both children and
adults with ADHD. 35–37

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
one study compared volumes at one time point between a group of naturalistically medicated
ADHD subjects, a group of treatment naïve ADHD subjects, and a non-ADHD control
group. Likewise, 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, studies that examined local volumes
(specifically in frontal, striatal, cerebellar, and corpus callosum regions) were more
successful at finding medication effects than the studies that examined volume averaged
over larger regions. Together, the structural findings suggest that chronic naturalistic
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stimulant treatment is likely to be associated with attenuation 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, suggests that
these regions are most relevant. Consistent with our conclusion, the recent meta-analysis of
VBM 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 functional MRI studies we reviewed were also quite varied in terms of methods. For
instance, some studies included only youth, some included only adults, and one included
both adults and youth. Studies also varied on diagnostic methods, ADHD subtype inclusion,
comorbidity inclusion, medication 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 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
studies 30, 41, 43, 47 showed that stimulant treatment was associated with greater activity
relative to controls 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 medication. In fact, Rubia et al. 30 examined the relationship of activity in
hypoactive regions to behavior on a rewarded CPT and found that greater activity in both of
these frontal and cerebellar regions were 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. 43, 47, 48

Finally, none of these regions were found to be altered in the comparisons between
unmedicated vs. 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 parents, 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
appropriate 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 particular 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 studies, 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 vs. control differences in the ADHD brain with stimulant
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 structural
studies included medication intervention as a variable wherein causation could be inferred.
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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 functional MRI 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 placebo, but unfortunately this study lacked a control group, and so it
has limited interpretability in terms of the direction of the results and if 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 vs. 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 stimulant 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 “unmedicated” 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 studies should image treatment naïve
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 normals 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 to the task used, or to the large
variability in altered striatal activation in ADHD subjects and controls (as suggested by
Nakao et al. 16). As already mentioned, because previously treated subjects were included in
some studies, uncertainty remains as to whether the differences between ADHD subjects and
control findings reflects pathophysiology related to ADHD or its treatment thereby limiting
the ability to interpret movement towards what is seen in controls under those
circumstances. Finally, adequate controls should be in place both for sex and comorbidity
effects which each 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 definitely
identify acute and chronic effects of therapeutic intervention.

Despite the limitations and heterogeneity of the available 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 likely underlie
the well-established clinical benefits of these medications.

Acknowledgments
Support Statement:

This study was supported in part by the Pediatric Psychopharmacology Council Fund. This study was also
supported in part by R01 HD067744.

Spencer et al. Page 10

J Clin Psychiatry. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
1. (CDC) CfDCaP. Increasing prevalence of parent-reported attention-deficit/hyperactivity disorder

among children --- United States, 2003 and 2007. MMWR Morb Mortal Wkly Rep. 2010 Nov 12;
59(44):1439–1443. [PubMed: 21063274]

2. Kessler RC, Adler L, Barkley R, et al. The prevalence and correlates of adult ADHD in the United
States: results from the National Comorbidity Survey Replication. Am J Psychiatry. 2006 Apr;
163(4):716–723. [PubMed: 16585449]

3. Biederman J. Attention Deficit Hyperactivity Disorder: A Selective Overview. Biological
psychiatry. 2005; 57(11):1215–1220. [PubMed: 15949990]

4. Krain AL, Castellanos FX. Brain development and ADHD. Clin Psychol Rev. 2006 Aug; 26(4):
433–444. [PubMed: 16480802]

5. Dickstein SG, Bannon K, Xavier Castellanos F, Milham MP. The neural correlates of attention
deficit hyperactivity disorder: an ALE meta-analysis. J Child Psychol Psychiatry. 2006 Oct; 47(10):
1051–1062. [PubMed: 17073984]

6. Seidman LJ, Valera EM, Makris N. Structural brain imaging of attention-deficit/hyperactivity
disorder. Biol Psychiatry. 2005 Jun 1; 57(11):1263–1272. [PubMed: 15949998]

7. Valera EM, Faraone SV, Murray KE, Seidman LJ. Meta-analysis of structural imaging findings in
attention-deficit/hyperactivity disorder. Biol Psychiatry. 2007 Jun 15; 61(12):1361–1369. [PubMed:
16950217]

8. Faraone SV, Buitelaar J. Comparing the efficacy of stimulants for ADHD in children and
adolescents using meta-analysis. Eur Child Adolesc Psychiatry. 2010 Apr; 19(4):353–364.
[PubMed: 19763664]

9. Faraone SV, Glatt SJ. A comparison of the efficacy of medications for adult attention-deficit/
hyperactivity disorder using meta-analysis of effect sizes. J Clin Psychiatry. 2010 Jun; 71(6):754–
763. [PubMed: 20051220]

10. Kaplan G, Newcorn JH. Pharmacotherapy for child and adolescent attention-deficit hyperactivity
disorder. Pediatr Clin North Am. 2011 Feb; 58(1):99–120. xi. [PubMed: 21281851]

11. Arnsten AF. Stimulants: Therapeutic Actions in ADHD. Neuropsychopharmacology. 2006 Jul 19;
31(11):2376–2383. [PubMed: 16855530]

12. Grund T, Lehmann K, Bock N, Rothenberger A, Teuchert-Noodt G. Influence of Methylphenidate
on brain development - an update of recent animal experiments. Behav Brain Funct. 2006 Jan
10.2(1):2. [PubMed: 16403217]

13. Berman SM, Kuczenski R, McCracken JT, London ED. Potential adverse effects of amphetamine
treatment on brain and behavior: a review. Mol Psychiatry. 2009 Feb; 14(2):123–142. [PubMed:
18698321]

14. Volkow ND, Insel TR. What are the long-term effects of methylphenidate treatment? Biological
psychiatry. 2003; 54(12):1307–1309. [PubMed: 14675792]

15. Hyman SE. Methylphenidate-inducted plasticity: What should we be looking for? Biological
psychiatry. 2003; 54:1310–1311. [PubMed: 14675793]

16. Nakao T, Radua J, Rubia K, Mataix-Cols D. Gray matter volume abnormalities in ADHD: voxel-
based meta-analysis exploring the effects of age and stimulant medication. Am J Psychiatry. 2011
Nov; 168(11):1154–1163. [PubMed: 21865529]

17. Frodl T, Skokauskas N. Meta-analysis of structural MRI studies in children and adults with
attention deficit hyperactivity disorder indicates treatment effects. Acta Psychiatr Scand. 2012
Feb; 125(2):114–126. [PubMed: 22118249]

18. Sheridan MA, Hinshaw S, D’Esposito M. Stimulant medication and prefrontal functional
connectivity during working memory in ADHD: a preliminary report. J Atten Disord. 2010 Jul;
14(1):69–78. [PubMed: 20576647]

19. Lee JS, Kim BN, Kang E, et al. Regional cerebral blood flow in children with attention deficit
hyperactivity disorder: Comparison before and after methylphenidate treatment. Hum Brain Mapp.
2005 Mar; 24(3):157–164. [PubMed: 15486990]

Spencer et al. Page 11

J Clin Psychiatry. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



20. Lee YS, Han DH, Lee JH, Choi TY. The Effects of Methylphenidate on Neural Substrates
Associated with Interference Suppression in Children with ADHD: A Preliminary Study Using
Event Related fMRI. Psychiatry investigation. 2010 Mar; 7(1):49–54. [PubMed: 20396433]

21. Zang YF, Jin Z, Weng XC, et al. Functional MRI in attention-deficit hyperactivity disorder:
Evidence for hypofrontality. Brain Dev. 2005; 27(8):544–550. [PubMed: 15876503]

22. Shaw P, Sharp WS, Morrison M, et al. Psychostimulant treatment and the developing cortex in
attention deficit hyperactivity disorder. Am J Psychiatry. 2009 Jan; 166(1):58–63. [PubMed:
18794206]

23. Schnoebelen S, Semrud-Clikeman M, Pliszka SR. Corpus callosum anatomy in chronically treated
and stimulant naive ADHD. J Atten Disord. 2010 Nov; 14(3):256–266. [PubMed: 20460495]

24. Pliszka SR, Lancaster J, Liotti M, Semrud-Clikeman M. Volumetric MRI differences in treatment-
naive vs chronically treated children with ADHD. Neurology. 2006 Sep 26; 67(6):1023–1027.
[PubMed: 17000972]

25. Sobel LJ, Bansal R, Maia TV, et al. Basal ganglia surface morphology and the effects of stimulant
medications in youth with attention deficit hyperactivity disorder. Am J Psychiatry. 2010 Aug;
167(8):977–986. [PubMed: 20595414]

26. Castellanos FX, Lee PP, Sharp W, et al. Developmental trajectories of brain volume abnormalities
in children and adolescents with attention-deficit/hyperactivity disorder. JAMA. 2002 Oct 9;
288(14):1740–1748. [PubMed: 12365958]

27. Bledsoe J, Semrud-Clikeman M, Pliszka SR. A magnetic resonance imaging study of the cerebellar
vermis in chronically treated and treatment-naive children with attention-deficit/hyperactivity
disorder combined type. Biol Psychiatry. 2009 Apr 1; 65(7):620–624. [PubMed: 19150052]

28. Bush G, Spencer TJ, Holmes J, et al. Functional magnetic resonance imaging of methylphenidate
and placebo in attention-deficit/hyperactivity disorder during the multi-source interference task.
Arch Gen Psychiatry. 2008 Jan; 65(1):102–114. [PubMed: 18180434]

29. Rubia K, Halari R, Christakou A, Taylor E. Impulsiveness as a timing disturbance: neurocognitive
abnormalities in attention-deficit hyperactivity disorder during temporal processes and
normalization with methylphenidate. Philosophical transactions of the Royal Society of London
Series B, Biological sciences. 2009 Jul 12; 364(1525):1919–1931.

30. Rubia K, Halari R, Cubillo A, Mohammad AM, Brammer M, Taylor E. Methylphenidate
normalises activation and functional connectivity deficits in attention and motivation networks in
medication-naive children with ADHD during a rewarded continuous performance task.
Neuropharmacology. 2009 Dec; 57(7–8):640–652. [PubMed: 19715709]

31. Rubia K, Halari R, Cubillo A, et al. Methylphenidate normalizes fronto-striatal underactivation
during interference inhibition in medication-naive boys with attention-deficit hyperactivity
disorder. Neuropsychopharmacology. 2011 Jul; 36(8):1575–1586. [PubMed: 21451498]

32. Rubia K, Halari R, Mohammad AM, Taylor E, Brammer M. Methylphenidate normalizes
frontocingulate underactivation during error processing in attention-deficit/hyperactivity disorder.
Biol Psychiatry. 2011 Aug 1; 70(3):255–262. [PubMed: 21664605]

33. Konrad K, Neufang S, Fink GR, Herpertz-Dahlmann B. Long-term effects of methylphenidate on
neural networks associated with executive attention in children with ADHD: results from a
longitudinal functional MRI study. J Am Acad Child Adolesc Psychiatry. 2007 Dec; 46(12):1633–
1641. [PubMed: 18030085]

34. Mantanus H, Ansseau M, Legros JJ, Timsit BM. Relationship between dexamethasone suppression
test and contingent negative variation in major depressive patients. Neurophysiol Clin. 1988;
18(4):345–353. [PubMed: 3185460]

35. Anderson CM, Polcari A, Lowen SB, Renshaw PF, Teicher MH. Effects of methylphenidate on
functional magnetic resonance relaxometry of the cerebellar vermis in boys with ADHD. Am J
Psychiatry. 2002 Aug; 159(8):1322–1328. [PubMed: 12153824]

36. Teicher MH, Anderson CM, Polcari A, Glod CA, Maas LC, Renshaw PF. Functional deficits in
basal ganglia of children with attention-deficit/hyperactivity disorder shown with functional
magnetic resonance imaging relaxometry. Nature medicine. 2000 Apr; 6(4):470–473.

Spencer et al. Page 12

J Clin Psychiatry. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



37. O’Gorman RL, Mehta MA, Asherson P, et al. Increased cerebral perfusion in adult attention deficit
hyperactivity disorder is normalised by stimulant treatment: a non-invasive MRI pilot study.
Neuroimage. 2008 Aug 1; 42(1):36–41. [PubMed: 18511306]

38. Peterson BS, Potenza MN, Wang Z, et al. An FMRI study of the effects of psychostimulants on
default-mode processing during Stroop task performance in youths with ADHD. Am J Psychiatry.
2009 Nov; 166(11):1286–1294. [PubMed: 19755575]

39. Posner J, Maia TV, Fair D, Peterson BS, Sonuga-Barke EJ, Nagel BJ. The attenuation of
dysfunctional emotional processing with stimulant medication: an fMRI study of adolescents with
ADHD. Psychiatry Res. 2011 Sep 30; 193(3):151–160. [PubMed: 21778039]

40. Kobel M, Bechtel N, Weber P, et al. Effects of methylphenidate on working memory functioning
in children with attention deficit/hyperactivity disorder. European journal of paediatric neurology :
EJPN : official journal of the European Paediatric Neurology Society. 2009 Nov; 13(6):516–523.
[PubMed: 19056305]

41. Stoy M, Schlagenhauf F, Schlochtermeier L, et al. Reward processing in male adults with
childhood ADHD--a comparison between drug-naive and methylphenidate-treated subjects.
Psychopharmacology. 2011 Jun; 215(3):467–481. [PubMed: 21298512]

42. Posner J, Nagel BJ, Maia TV, et al. Abnormal amygdalar activation and connectivity in
adolescents with attention-deficit/hyperactivity disorder. J Am Acad Child Adolesc Psychiatry.
2011 Aug; 50(8):828–837. e823. [PubMed: 21784302]

43. Vaidya C, Austin G, Kirkorian G, et al. Selective effects of methylphenidate in attention deficit
hyperactivity disorder: A functional magnetic resonance study. Proceedings of the National
Academy of Sciences of the United States of America. 1998; 95:14494–14499. [PubMed:
9826728]

44. Shafritz KM, Marchione KE, Gore JC, Shaywitz SE, Shaywitz BA. The effects of methylphenidate
on neural systems of attention in attention deficit hyperactivity disorder. Am J Psychiatry. 2004
Nov; 161(11):1990–1997. [PubMed: 15514398]

45. Schlochtermeier L, Stoy M, Schlagenhauf F, et al. Childhood methylphenidate treatment of ADHD
and response to affective stimuli. Eur Neuropsychopharmacol. 2011 Aug; 21(8):646–654.
[PubMed: 20570115]

46. Pliszka SR, Glahn DC, Semrud-Clikeman M, et al. Neuroimaging of inhibitory control areas in
children with attention deficit hyperactivity disorder who were treatment naive or in long-term
treatment. Am J Psychiatry. 2006 Jun; 163(6):1052–1060. [PubMed: 16741206]

47. Epstein JN, Casey BJ, Tonev ST, et al. ADHD- and medication-related brain activation effects in
concordantly affected parent-child dyads with ADHD. J Child Psychol Psychiatry. 2007 Sep;
48(9):899–913. [PubMed: 17714375]

48. Prehn-Kristensen A, Krauel K, Hinrichs H, et al. Methylphenidate does not improve interference
control during a working memory task in young patients with attention-deficit hyperactivity
disorder. Brain research. 2011 May 4.1388:56–68. [PubMed: 21385569]

49. Carrey N, MacMaster FP, Fogel J, et al. Metabolite Changes Resulting From Treatment in
Children With ADHD: A 1H-MRS Study. Clin Neuropharmacol. 2003; 26(4):218–221. [PubMed:
12897644]

50. Hammerness P, Biederman J, Petty C, Henin A, Moore CM. Brain biochemical effects of
methylphenidate treatment using proton magnetic spectroscopy in youth with attention-deficit
hyperactivity disorder: a controlled pilot study. CNS Neurosci Ther. 2012 Jan; 18(1):34–40.
[PubMed: 21143432]

51. Kronenberg G, Ende G, Alm B, Deuschle M, Heuser I, Colla M. Increased NAA and reduced
choline levels in the anterior cingulum following chronic methylphenidate. A spectroscopic test-
retest study in adult ADHD. European archives of psychiatry and clinical neuroscience. 2008 Oct;
258(7):446–450. [PubMed: 18330668]

52. Surman C, Biederman J, Spencer TJ, et al. Representativeness of participants in a clinical trial for
attention-deficit/hyperactivity disorder? Comparison with adults from a large observational study.
J Clin Psychiatry. 2010; 72(12):1612–1616. [PubMed: 20816030]

Spencer et al. Page 13

J Clin Psychiatry. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



53. Biederman J, Makris N, Valera EM, et al. Towards further understanding of the co-morbidity
between attention deficit hyperactivity disorder and bipolar disorder: a MRI study of brain
volumes. Psychol Med. 2008 Jul; 38(7):1045–1056. [PubMed: 17935640]

54. Valera EM, Brown A, Biederman J, et al. Sex differences in the functional neuroanatomy of
working memory in adults with ADHD. Am J Psychiatry. 2010 Jan; 167(1):86–94. [PubMed:
19884224]

Spencer et al. Page 14

J Clin Psychiatry. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CLINICAL POINTS

1. Stimulant treatment for ADHD is known to be efficacious but concerns about
effects on the developing brain remain.

2. 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.
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