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study found abnormal dopaminergic presynaptic function in
ADHD male adults (15). Methylphenidate (Ritalin), the most
common treatment for ADHD, binds to dopamine transporter
in in vitro and in vivo animal studies and is taken up primarily
in the striatum in resting PET studies with healthy adults (16).
Furthermore, genetic studies point to an association between
ADHD and variability of the dopamine transporter and D4receptor genes (17, 18). To date, however, there is no direct
evidence for differences in dopaminergic modulation in
ADHD and normal children.
The present investigation used functional MRI (fMRI) to
address two key questions about ADHD: (i) Does frontal–
striatal function differ in ADHD and control children? (ii)
Does methylphenidate (MPH) modulate frontal–striatal function differently in ADHD and control children? fMRI visualizes changes in the hemodynamic properties of blood irrigating neuronal tissue that is engaged in the performance of a
task (19). It is noninvasive and suitable for use with children.
We imaged the frontal lobes and two striatal structures, the
head of caudate nucleus and anterior portion of the putamen,
during response inhibition. Inhibition of prepotent motor
responses is impaired in ADHD (20) and is known to depend
on the integrity of both frontal and striatal structures (21, 22).
Frontal–striatal activation during response inhibition was measured on two versions of a goyno-go task (23), each with and
without administration of MPH. Two versions of the response
inhibition task were used to control for response and stimulus
characteristics of the go and no-go trial blocks. Go and no-go
blocks were matched for the number of motor responses in the
response-controlled version and for the number of stimuli in
the stimulus-controlled version. For each task, MPH effects on
frontal and striatal activation during response inhibition were
compared within and between the ADHD and control groups.

ABSTRACT
Functional MRI revealed differences between children with Attention Deficit Hyperactivity Disorder
(ADHD) and healthy controls in their frontal–striatal function and its modulation by methylphenidate during response
inhibition. Children performed two goyno-go tasks with and
without drug. ADHD children had impaired inhibitory control
on both tasks. Off-drug frontal–striatal activation during
response inhibition differed between ADHD and healthy children: ADHD children had greater frontal activation on one
task and reduced striatal activation on the other task. Drug
effects differed between ADHD and healthy children: The drug
improved response inhibition in both groups on one task and
only in ADHD children on the other task. The drug modulated
brain activation during response inhibition on only one task:
It increased frontal activation to an equal extent in both
groups. In contrast, it increased striatal activation in ADHD
children but reduced it in healthy children. These results
suggest that ADHD is characterized by atypical frontal–
striatal function and that methylphenidate affects striatal
activation differently in ADHD than in healthy children.
Attention Deficit Hyperactivity Disorder (ADHD) is the most
common developmental disorder of childhood, affecting
3%–7% of children and often continuing into adulthood (1).
It is characterized by developmentally inappropriate symptoms
of inattention, impulsivity, and hyperactivity that impair function in the home and school. The long-term consequences of
childhood ADHD include lower educational and vocational
outcomes and increased risk for antisocial disorders and drug
abuse in adulthood (2). Current diagnostic criteria rest exclusively on history of behaviors reflecting these symptoms (e.g.,
‘‘fidgets with hands and feet’’) (3). At present, there is little
understanding of the neurobiological basis of ADHD. Lack of
such knowledge prevents the definition of biological criteria
that can validate the ADHD diagnosis.
Several lines of evidence suggest that ADHD is characterized by dysfunction in dopaminergic transmission in the frontal
lobes and in striatal (basal ganglia) structures. Functional
imaging [e.g., single photon emmission-computed tomography
(SPECT), positron-emission tomography (PET)] studies report reduced metabolism in frontal and striatal regions in
ADHD (4–8). Structural MRI studies find reduced volumes in
a number of brain regions in ADHD, including the frontal
lobes and striatum (9–14). Dopaminergic dysfunction is suspected in ADHD because symptoms respond favorably, albeit
temporarily, to stimulant medications (e.g., dextroamphetamine and methylphenidate) that release and inhibit reuptake
of catecholamines, especially dopamine whose modulatory
influence is pervasive in frontal–striatal regions. One PET

MATERIALS AND METHODS
Subjects. The ADHD group consisted of 10 males with a
diagnosis of ADHD and the control group consisted of six
healthy males matched for age, grade, and IQ, who did not
have siblings with an ADHD diagnosis (Table 1). In addition,
three healthy males with ADHD siblings were scanned but
were excluded from primary data analyses.¶ All were righthanded, except for one control subject (no. 6). Inclusion
criteria included (i) age, 8–13 years; (ii) ADHD diagnosis by
a physician or psychologist based on both parent and teacher
Abbreviations: ADHD, Attention Deficit Hyperactivity Disorder;
fMRI, functional MRI; MPH, methylphenidate; ROI, regions of
interest; PET positron-emission tomography.
†To whom reprint requests should be addressed. e-mail: vaidya@
psych.stanford.edu.
¶This was done to avoid genetic similarities between ADHD and
control groups because studies suggest that ADHD is associated with
genes regulating dopaminergic function and therefore are likely to be
involved in responses to medication that affect dopamine activity,
such as MPH.
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Table 1. Subject characteristics, response inhibition performance, and direction of change in striatal activation (on the stimulus-controlled
task) as a function of MPH
Striatal
change

WISC IQ
Subject no.

% Errors of commission by task
STIM-CON
Off
On

RESP-CON
Off
On

2
1
1
2
1
1
1
1
1
1

67
14
64
33
36
11
6
44
39
33

61
3
42
8
22
17
17
25
39
42

25
42
50
19
68
11
0
14
17
25

22
3
42
6
11
8
11
8
25
17

109
138
121
130
124
122
124
9.7

2
2
2
1
2
2

19
17
6
8
28
19

6
22
0
0
17
3

22
11
8
0
17
0

3
14
6
0
17
11

127
119
126

1
2
1

8
36
11

7
47
11

11
57
3

8
39
3

Age

Dose, mg

Verb

Perf

Full

MPH

ADHD
1
2
3
4
5
6
7
8
9
10
Mean
SD

13
12
11
10
10
10
10
10
11
8
10.5
1.4

20
20
20
30
15
10
7.5
10
20
10

123
117
126
117
117
104
118
113
134
138
121
10.0

108
102
126
121
115
117
112
106
127
131
117
9.7

117
110
128
121
117
111
116
110
133
137
120
9.7

Control
1
2
3
4
5
6
Mean
SD

10
9
12
8
9
8
9.3
1.5

10
10
10
10
10
10

110
151
125
131
125
125
128
13.3

107
117
111
125
131
113
118
11.0

ADHD siblings
1
2
3

9
11
10

10
10
10

131
121
121

117
113
129

WISC, Wechsler Intelligence Scale for Children; MPH, on-MPH vs. off-MPH; 1, increased activation; 2, reduced activation; STIM-CON,
stimulus-controlled goyno-go task; RESP-CON, response-controlled goyno-go task.

ratings of DSM-IV criteria (24): eight subjects met criteria for
combined-type and two (nos. 1 and 7) met criteria for inattention-type ADHDi; (iii) Tanner stage 1–3; (iv) normal
medical examination and history. Exclusion criteria included
(i) full scale Wechsler Intelligence Scale for Children-Revised
(WISC-R) IQ below 85; (ii) history or evidence of neurological
disorders or Axis 1 psychiatric disorders; (iii) Score more than
eight on the diagnostic criteria for comorbid disorders on the
clinical interview form for child and adolescent ADHD patients (25). Structured psychiatric interviews were not conducted. Control subjects, including ADHD siblings, met the
same criteria except for the ADHD diagnosis. ADHD subjects
received $80 and control subjects received $150 for participation in the study.
Task Procedure. Each subject was scanned in two sessions,
off-MPH and on-MPH, at least 1 week apart. The order of
sessions was counterbalanced across subjects. For off-MPH
scans, ADHD subjects went off medication for 36 hr before
scanning. For on-MPH scans, ADHD subjects took their
regularly prescribed dose (range 7.5–30 mg) and controls took
10 mg, 2.0–2.5 hr before scanning. Stimuli were generated by
a Macintosh Quadra (Apple, Cupertino, CA) and back projected via a magnet-compatible projector onto a screen that
could be viewed through a mirror mounted above the subject’s
head. Subjects responded with an optical button held in their
right hand were recorded by a computer.
i

We also characterized our sample in terms of the hyperactivity index
on the Conners Teacher Rating Scale (43), because it often is used as
a screening measure in the clinic. All but nos. 6, 7, and 8 (Table 1) of
the ADHD group and none of the controls had T-scores of 2 SD above
the population mean (mean 50, SD 10).

Subjects performed two versions of the goyno-go task,
response-controlled and then stimulus-controlled (Fig. 1).
Each task lasted for 5 min and consisted of six alternating go

FIG. 1.

Characteristics of scan design and response inhibition tasks.
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and no-go blocks, each 25 s long. Each block began with the
presentation of the task instruction (‘‘press for all letters’’ for
go blocks and ‘‘do not press for X’’ for no-go blocks) followed
by a consonant letter on each trial. For go blocks, subjects were
to press a button for every letter. ‘‘X’’ was not presented and
‘‘C’’ occurred on 50% of the trials; no other letter repeated
within each block. For no-go blocks, subjects were to press the
button for every letter except ‘‘X’’; ‘‘X’’ occurred on 50% of the
trials and no other letter repeated within each block. In the
response-controlled task, go and no-go blocks were equated in
the number of key presses (6) but differed in the number of
trials (six in go blocks; 12 in no-go blocks) and rate of stimulus
presentation (exposure duration 5 500 ms; inter-trial interval 5 3 s for go blocks and 1.4 s for no-go blocks). In the
stimulus-controlled task, go and no-go blocks were equated for
the rate of presentation (exposure duration 5 500 ms, intertrial interval 5 1.4 s) and number of trials (12) but differed in
the number of key presses (12 in go blocks, six in no-go blocks).
Imaging Procedure. Imaging was performed on a 1.5 T
whole-body scanner with a receive-only whole head coil for
signal amplification. Head movement was minimized by using
a bite-bar formed with each subject’s dental impression.
Functional imaging was performed with a T2*-sensitive gradient echo spiral pulse sequence (26) with parameters of TR
5 720 ms, TE 5 40 ms, FOV 5 36, flip angle 5 69 degrees,
in-plane resolution 5 2.35 mm. Four interleaves were obtained
for each image with a total acquisition time of 2.88 syimage
slice; 104 imagesyslice were acquired continuously over a 300-s
session. Slices were prescribed by a method for on-line registration of scanner-coordinates into standard coordinates (27)
that enabled selection of the same slices in the two scanning
sessions (28). In each scan, eight 6-mm thick slices were
acquired in the coronal plane from 5–54 mm rostral to the
anterior commissure; inter-slice space varied between subjects
based on the normalization parameters (range 1.0–1.5 mm).
T1-weighted flow compensated spin-echo anatomy images
(TR 5 500 ms; minimum TE) were acquired for each of the
slices imaged in the functional scans.
Data Analysis. Image reconstruction was performed off-line
on a Sun SparcStation (Sun Microsystems, Menlo Park, CA).
A gridding algorithm was used to resample the raw data into
a Cartesian matrix before processing with 2-D fast Fourier
transform. Functional images were motion-corrected by using
AIR 2.0 (29). Functional activation was analyzed by correlating
the time series for each pixel with a reference function
representing the time of expected activation (based upon the
timing of the relevant behavior, i. e., no-go blocks) and then
normalized (30). The reference function was computed by
convolving a square wave at the task frequency [task cycles
(6)ytotal scan time (300 s) 5 0.02 Hz] with a data-derived
estimate of hemodynamic response function. Pixels satisfying
the criterion of z . 1.96 (P , 0.025 one-tailed) were selected
and overlaid on T1-weighted structural images of the same scan
locations to construct functional activation maps for each task.
To specify the anatomic locus of activations, regions of
interest (ROIs) were defined in each hemisphere for two
structures in the striatum (head of the caudate, putamen) and
five gyri in the frontal lobes (cingulate, superior, middle,
inferior, orbital) based on the atlas by Duvernoy (31).** The
percentage of pixels (active pixelsytotal pixels) 3 100 significantly more active during no-go relative to go blocks were
determined in each ROI; thus the dependent measure was the
**Since these ROIs had to be drawn manually, two raters came to a
consensus about criteria for delineating ROIs based on the atlas by
Duvernoy. The orbital frontal ROI included the lateral and anterioryposterior orbital gyri; medial orbital gyrus and gyrus rectus
were not included to avoid inclusion of spurious activation induced
by susceptibility artifacts resulting from signal dropoff in the nearby
air-filled nasal cavity.
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spatial extent of activation in each ROI. These data were
submitted to repeated ANOVAs to examine group and drug
effects separately for the two tasks. Significance level for all
analyses was P , 0.05. Planned comparisons for effects of drug
and group in interactions were performed using one-tailed t
tests.

RESULTS
Behavioral Data. For each task, group X drug ANOVAs
were performed on the percentage of errors of commission
(i.e., button press to ‘‘X’’ in no-go blocks) (Fig. 2). For the
stimulus-controlled task, the ADHD group made more errors
than the control group (F(1, 14) 5 5.8). Both groups improved
with MPH (F(1, 14) 5 7.0). For the response-controlled task,
the ADHD group made more errors than the control group
(F(1, 14) 5 5.8) and both groups improved marginally with
MPH (F(1, 14) 5 3.2, P 5 0.09). This marginal effect was due
to a significant improvement in the ADHD group (t (9) 5 1.8,
P 5 0.05) but not in the control group (t , 1). No group X drug
interactions were significant. Accuracy in the go blocks was
100% in both groups; response times did not differ significantly
by group or drug.
fMRI Data. For each task, group X MPH X ROI X
hemisphere ANOVAs were performed on the percentage of
pixels active during response inhibition in striatal and frontal
regions (Figs. 3–5). In the stimulus-controlled task, striatal
activation showed a group X drug interaction, F(1, 14) 5 9.7,
P 5 0.008 (Fig. 6). MPH increased striatal activation in ADHD
subjects (t (9) 5 2.7, P 5 0.01) but decreased striatal activation
in control subjects (t (5) 5 2.1, P 5 0.04). Further, without
MPH, striatal activation was greater in control than ADHD
subjects (t (14) 5 2.5, P 5 0.01), but with MPH, striatal
activation tended to be greater in ADHD than control subjects
(t (14) 5 1.6, P 5 0.06). Frontal activation increased with MPH
in both groups (F(1, 14 5 7.0). No other effects were significant.
In the response-controlled task, no significant effects were
obtained in the striatum; a marginal trend indicated that
striatal activation was greater in ADHD than control subjects
(F(1, 14) 5 3.7, P 5 0.08). Frontal activation was greater in
ADHD than control subjects (F(1, 14) 5 6.4). No other effects
were significant.

DISCUSSION
ADHD children differed from controls in inhibitory performance, in frontal and striatal activation during response
inhibition, and in striatal responses to MPH. Response inhibition was impaired in ADHD children on both goyno-go
tasks. Baseline (off-MPH) frontal and striatal activation during response inhibition differed in ADHD and control groups:
Frontal activation was greater in ADHD children on the
response-controlled task, and striatal activation was reduced in
ADHD children on the stimulus-controlled task. MPH had
different effects in ADHD and control groups: MPH improved

FIG. 2. Percentage of errors of commission during no-go blocks in
control and ADHD children as a function of MPH.
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FIG. 3. Percentage of active pixels in the striatum in control and
ADHD children during response inhibition as a function of MPH.

response inhibition in ADHD children on both tasks. In
contrast, MPH improved response inhibition in control children only on the stimulus-controlled task. MPH affected
activation only on the stimulus-controlled task in both groups.
MPH increased frontal activation in both groups to an equal
extent. MPH increased striatal activation in ADHD children
but reduced it in control children.
Response inhibition invoked widespread activation bilateraly in the frontal cortex. The extent of frontal involvement
may seem surprising, given the evidence for its medial-orbitalfrontal locus in animal studies (32) and in imaging studies of
obsessive compulsive disorder (33). Our findings, however,
replicate those of a prior fMRI study with normal children and
adults using the same task in a different scan design (23). The
widespread activation suggests that response inhibition involves multiple frontal-lobe processes, perhaps including selection, online maintenance of stimuli in working memory, and
switching attentional set (go and no-go trials).
Response inhibition invoked activation in both striatal structures, the head of the caudate and the putamen. Striatal
involvement in motor control is more than one of simple
execution of action, a finding that is supported by neuroimaging studies of motor skill learning and by response planning
deficits found in patients with striatal disorders (34). Further,
studies indicate that striatal structures act in concert with the
frontal cortex to control voluntary action. Indeed, whenever
MPH affected the striatum in the present study, it also affected

FIG. 4. Percentage of active pixels in frontal lobe gyri in control
and ADHD children during response inhibition on the stimuluscontrolled goyno-go task as a function of MPH.
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FIG. 5. Percentage of active pixels in frontal lobe gyri in control
and ADHD children during response inhibition on the responsecontrolled goyno-go task as a function of MPH.

the frontal lobes: Both regions were modulated on the stimulus-controlled task and neither region was modulated on the
response-controlled task.
One question that motivated our study was whether baseline
(off-MPH) frontal and striatal activation during inhibitory
control differs in ADHD and control children. Indeed, ADHD
children showed more frontal activation than controls on the
response-controlled task. This finding appears to differ from
past reports of hypometabolism of frontal regions in ADHD
(4, 7, 8). Greater than normal frontal activation in ADHD
children may reflect greater inhibitory effort. In the stimuluscontrolled task, frontal activation did not differ in the two

FIG. 6. Activation during response inhibition on the stimuluscontrolled task in a coronal slice located 12 mm anterior to the anterior
commissure for an ADHD and a control child. Green squares highlight
the opposite effect of MPH in the head of the caudate and putamen
in the ADHD and control child.
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groups but striatal activation was reduced in ADHD subjects.
Underactivation of the striatum in ADHD has been observed
in functional imaging studies (5, 6). Furthermore, anatomical
imaging studies of ADHD have reported associations between
striatal abnormalities and poor inhibitory performance (14,
35). Inhibitory performance in the present study was below
normal in ADHD subjects on both tasks. Thus, baseline
activation in ADHD can be abnormally high (e.g., in the
frontal lobes on the response-controlled task) or low (in the
striatum on the stimulus-controlled task) depending on the
specific demands of inhibitory control.
A second question that motivated our study was whether
MPH modulates frontal–striatal activation during inhibitory
control differently in ADHD and control children. MPH
modulated frontal activation similarly in the two groups. It
increased frontal activation to an equal extent on the stimuluscontrolled task. The parallel improvement in inhibitory performance in both groups suggests that maintenance and selection processes were enhanced in the service of superior
inhibitory control. MPH, however, did not affect activation in
either group on the response-controlled task. Inhibitory performance on this task improved with MPH only in ADHD
children. The absence of a drug effect on control children’s
performance may have been due to their very low error rates
in performance without MPH.
The diverse findings on the two tasks must be due to
differences in trial parameters of the go blocks, because the
no-go blocks were identical in the two tasks. The go blocks of
the stimulus-controlled task had more trials presented at a
faster rate than those of the response-controlled task. Therefore, the go blocks of the stimulus-controlled task may have
created a more powerful disposition to respond to all stimuli.
This more powerful response disposition may, in turn, have
made response inhibition more difficult in the stimuluscontrolled task. Perhaps, then, MPH had a more powerful
effect on frontal–striatal function in the stimulus-controlled
task because it enhanced inhibition of a more prepotent
response. Similarly, studies of reasoning find that indirect
dopaminergic agonists improve performance in healthy adults
on more difficult tasks (e.g., Raven’s Progressive Matrices),
but not on less difficult tasks (Wisconsin Card Sort) (36, 37).
Thus, dopamine enhancement appears to most improve cognition and most affect frontal–striatal function when cognitive
demands are greatest.
MPH modulated striatal activation during inhibitory control
opposingly in ADHD and control subjects on the stimuluscontrolled task. MPH increased striatal activation in ADHD
children but decreased striatal activation in control children.
This paradoxical influence of MPH on ADHD and control
children’s striatal activation stands in sharp contrast to the
parallel effects of MPH on improved behavior and enhanced
frontal activation during inhibitory control. MPH-related increases in striatal activation have been reported in ADHD
subjects in prior studies (5, 6). These findings may reflect
differences in baseline dopamine activity because PET imaging
of MPH-effects in resting healthy adults showed that changes
in brain metabolism varied in individuals and brain regions as
a function of dopamine receptor availability (38). The present
findings, therefore, support the possibility that an important
feature of ADHD is atypical dopaminergic modulation of the
striatum.
These findings may be useful in the development of biologically valid criteria for ADHD. Our findings are in accord with
past imaging studies that have noted abnormalities in frontal–
striatal circuitry in ADHD. The diagnostic utility of those
studies, however, has been limited either by risks associated
with exposure to radioactive agents in the case of functional
imaging [PET, single photon emission-computed tomography
(SPECT)] or by the absence of a landmark lesion in the case
of structural imaging. Furthermore, those techniques rely on

Proc. Natl. Acad. Sci. USA 95 (1998)
averaged data whereas diagnostic tools need to be reliable in
single subjects. In contrast, fMRI is well suited as a potential
diagnostic tool because it is noninvasive and can reveal information at the level of individual subjects. Indeed, the characteristically opposite striatal response to MPH was apparent in
eight of 10 ADHD and five of six controls (Table 1).
The etiology for ADHD is suspected to include a genetic
component. There is a fivefold increase in risk to first degree
relatives of ADHD subjects compared with that in the general
population (39). The striatal response characteristic of the
ADHD group in the present study also was observed in two of
the three ADHD siblings (Table 1). These children did not
meet behavioral criteria for ADHD, which suggests that brain
abnormalities in ADHD may be necessary but are not sufficient for the manifestation of ADHD. Evidence of shared
characteristics of dopaminergic transmission with affected
siblings, however, lends biological support to findings of
increased familial risk in ADHD. Indeed, studies have found
associations with ADHD of specific variations in some dopaminergic genes (3). The consensus among researchers, however, is that the power to detect genetic variations in ADHD
will be aided greatly by findings of biological markers for the
disorder. fMRI in the present study suggests one biological
marker for ADHD, atypical dopaminergic modulation. Combining functional imaging with genetic studies in the future
ought to be fruitful.
Our findings yield novel information about dopaminergic
modulation of inhibitory control in healthy children. First,
similar to other nonspecific monoamine agonists such as
dextroamphetamine (40), MPH benefited healthy children to
the same extent as ADHD on one task. Second, drug-related
modulation was region-specific and task-specific: Activation
increased in frontal cortex but decreased in the striatum only
on the stimulus-controlled task. Regional and task specificity
in the effects of nonspecific monoamine agonists has been also
observed in studies with healthy and disordered populations.
In healthy adults, dextroamphetamine increased activation in
the left inferior frontal gyrus but decreased it in the right
hippocampus during Wisconsin Card Sort performance relative to a control task; the opposite pattern was observed during
performance on Raven’s Progressive Matrices (36). In schizophrenic adults, dextroamphetamine increased activation selectively in the dorsolateral frontal cortex during Wisconsin
Card Sort performance (41). The present study indicates that
regional and task-specific modulation is evident in developing
brains and is not unique to adults.
These findings, although promising, have some important
limitations. First, although our results were consistent and
statistically reliable, the sample sizes were small. Our findings
should be regarded with caution until replicated in larger
samples. Second, the ADHD subjects had a history of stimulant medication ranging from 1 to 3 years. Replication of this
study in a newly diagnosed ADHD group would reveal whether
the atypical striatal response to MPH occurs before chronic
treatment. Third, we restricted our sample to males because
rates of prevalence of ADHD differ by gender. Whether our
findings will generalize to females is unknown. Fourth, the
study was not placebo-controlled, and thus performance and
activation in conditions that departed from children’s routines
(off-drug for ADHD and on-drug for controls) could be
unduly influenced by psychological factors such as anxieties
and expectancies related to success or failure. This is unlikely,
however, because MPH effects on performance were similar in
the two groups but differed in specific brain regions. Furthermore, ADHD children’s performance on sustained attention
tasks is unaffected by their beliefs of whether they received
MPH or placebo (42). Fifth, our ADHD sample is not representative of the ADHD population. For example, the ADHD
children had high IQs, albeit, matched to the control group.
Further, severely hyperactive children could not be included in
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the study because motion artifacts prevent successful fMRI.
Despite these limitations, our findings concur with current
hypotheses about the neurobiology of ADHD and reveal that
ADHD and normal children differ neurophysiologically in
frontal–striatal brain regions important for inhibitory control
and in the striatal response to MPH.
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