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ffect of Methylphenidate on Executive Functioning
n Adults with Attention-Deficit/Hyperactivity

isorder: Normalization of Behavior but Not Related
rain Activity

ulie B. Schweitzer, Douglas O. Lee, Russell B. Hanford, Caroline F. Zink, Timothy D. Ely,
alle A. Tagamets, John M. Hoffman, Scott T. Grafton, and Clinton D. Kilts

ackground: We examined the effect of prolonged methylphenidate (MPH) treatment on the functional neuroanatomy of executive
unctioning in adult men with attention-deficit/hyperactivity disorder (ADHD).

ethods: Positron emission tomography with [15O] water measured alterations of regional cerebral blood flow (rCBF) during the
aced Auditory Serial Addition Task and a control task in 10 ADHD and 11 normal control men. Attention-deficit/hyperactivity
isorder men were imaged unmedicated and after a clinically optimal dose of MPH for 3 weeks.
esults: Methylphenidate improved ADHD task performance, reduced rCBF in the prefrontal cortex (PFC), and increased rCBF in the

ight thalamus and precentral gyrus. Comparisons between the ADHD and normal control groups showed that normal control
articipants exhibited greater anterior cingulate cortex and temporal gyrus rCBF than ADHD participants under both conditions.
xecutive functioning was associated with greater subcortical (basal ganglia and cerebellar vermis) activation in the ADHD than
ormal control group under both conditions.
onclusions: Methylphenidate does not normalize task-related activity in ADHD. Task-related rCBF decreases in the PFC may be due
o improved filtering out of task-irrelevant stimuli by way of MPH-mediated dopamine release in the PFC.
ey Words: PET, ADHD, methylphenidate, executive function,
orking memory, PASAT

hile therapeutic doses of methylphenidate (MPH) in
humans appear related to increased extracellular do-
pamine in the striatum due to inhibition of the re-

ptake by dopamine transporters (Volkow et al 2001), little is
nown about the cognitive correlates of MPH in patients with
ttention-deficit/hyperactivity disorder (ADHD). The animal lit-
rature on MPH suggests the involvement of both dopaminergic
nd noradrenergic systems (e.g., Arnsten 2001; Kuczenski and
egal 2001; Porrino and Lucignani 1987). Studies in animals have
hown intact catecholaminergic functioning is crucial to support-
ng functions associated with the prefrontal cortex (PFC), such as
orking memory (WM) and other executive functioning (EF)
rocesses (Arnsten et al 1994; Brozoski et al 1979; Sawaguchi and
oldman-Rakic 1991, 1994; Tunbridge et al 2004). Accumulating
vidence suggests altered catecholaminergic transmission in the
FC disrupts executive functioning in clinical populations, such
s in schizophrenia (Abi-Dargham et al 2002; Egan et al 2001;
attay et al 2003) and Parkinson disease (Mattay et al 2002).
There is increasing support for alterations in structure and

unction of the PFC in ADHD, including 1) smaller PFC volumes
Castellanos et al 1996; Filipek et al 1997; Sowell et al 2003); 2)
ltered PFC function in imaging studies (Durston et al 2003; Ernst
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et al 1997; Kim et al 2002; Rubia et al 1999; Schweitzer et al 2000;
Vaidya et al 1998; Zametkin et al 1990); 3) decreased fluorodopa
uptake by catecholamine neurons in the PFC in adults with
ADHD (Ernst et al 1998); and 4) improvement in EF deficits
thought to be mediated by the PFC with stimulants (Bedard et al
2004; Tannock et al 1995).

Prefrontal cortex impairment in the form of EF difficulties is
present in both children (Anastopoulos et al 1994; Barnett et al
2001; Mariani and Barkley 1997; McInnes et al 2003) and adults
with ADHD (Barkley et al 1996; Dowson et al 2004; Kovner et al
1998; Lovejoy et al 1999; Lufi and Cohen 1985; Murphy et al
2001). Working memory, or the ability to hold information in
mind, manipulate it, and use it to guide behavior (Baddeley
1996), is a specific component of EF and may be linked to
difficulties that the individual with ADHD encounters in the
classroom, work setting, or even social relationships. We pro-
posed that individuals with ADHD use alternative strategies and
brain regions during WM tasks due to impaired PFC functioning
(Schweitzer et al 2000). We found adults with ADHD were more
likely to report using visual strategies and activation of brain
regions associated with visual imagery, while healthy control
participants showed greater activation of regions associated with
verbal strategies (e.g., left superior temporal gyrus, Brodmann’s
area [BA] 22).

Methylphenidate improves EF function in ADHD (e.g., Be-
dard et al 2004; Tannock et al 1995); however, the physiologic
basis for this improvement in ADHD is not well known. In
normal adults, improvement in EF in the form of a spatial WM
task with acute MPH administration was associated with reduc-
tions in task-related activation in the PFC, supplementary motor
area, and posterior parietal cortex (Mehta et al 2000). The current
study assessed the effects of prolonged MPH treatment on EF in
adults with ADHD using the Paced Auditory Serial Addition Task
(PASAT) (Gronwall 1977; Levin et al 1988; Staffen et al 2002) to
tap EF composed of WM, attention, response inhibition, and
speed of information processing. We hypothesized that MPH

would alter PASAT-related PFC functioning in the PFC based on
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tudies with varying methodologies showing MPH modifies
rontal lobe activity (Kim et al 2001; Matochik et al 1993, 1994;
ehta et al 2000; Vaidya et al 1998). We hypothesized that MPH
ould also alter subcortical (e.g., basal ganglia, cerebellar) brain
ctivation. Studies in children with ADHD suggest MPH either
ncreases subcortical activation or alters it in relationship to the
PH dose or the activity level of the child (Anderson et al 2002;
im et al 2001; Lou et al 1989; Teicher et al 2000; Vaidya et al
998). In contrast, MPH in adults, including a study in normal
ontrol subjects (Volkow et al 1997), suggests MPH decreases
asal ganglia activation (Matochik et al 1994; Schweitzer et al
003; Volkow et al 1997). The current study assessed the effect of
PH on the neural correlates of EF in ADHD adults after
rolonged (�3 weeks) treatment and determined if MPH nor-
alized neural correlates of EF deficits.

ethods and Materials

articipants
The initial subject sample consisted of 13 men diagnosed with

DHD, combined type (American Psychiatric Association 1994),
nd a group of 11 healthy normal control (NC) subjects matched
or age, gender, and general intelligence (Table 1). Two of the
DHD men in the unmedicated condition did not participate in

he medicated condition, and brain positron emission tomogra-
hy (PET) data from one of the ADHD participants in the
ff-medication condition was incomplete. Therefore, the final
DHD sample was composed of 10 men with complete PET data
ets for both the on-medication and off-medication conditions.
ll participants were right hand dominant (Raczkowski and Kalat
974) and following thorough discussion of the protocol, gave
ritten informed consent to participate in a protocol approved
y the Human Investigations Committee and the Radiation Safety
ommittee at the Emory University School of Medicine. The
tudy was conducted in accordance with the Declaration of
elsinki. Subject recruitment was based on referrals from a
niversity-based adult ADHD clinic and responses to local
dvertisements. A licensed, Ph.D. level psychologist (JBS) inter-
iewed each participant. Participants also completed a comput-
rized structured psychiatric interview (Mini-Structured Clinical

able 1. Demographic and Clinical Characteristics of Adults with ADHD
nd NC Participants

easure

ADHD Control

paMean �SD Mean �SD

ge 31.5 �8.2 29.2 �7.4 ns
ears of Education 16.3 �2.4 16.6 �2.3 ns
ull-Scale WAIS IQ 122.0 �10.2 118.4 �13.5 ns
RAT-Reading SS 112.3 �5.6 110.0 �7.2 ns
RAT-Arithmetic SS 111.4 �10.9 114.7 �12.2 ns

dult ADHD DSM-IV
Rating scale
Self-currentb 33.6 �7.4 2.5 �2.1 .0001
Significant other/friend 27.5 �10.9 3.3 �3.7 .0001
Self-child retrospective 37.7 �8.1 2.6 �2.5 .0001
Mother retrospective 32.0 �8.6 3.1 �3.5 .0001

ADHD, attention-deficit/hyperactivity disorder; NC, normal control;
AIS, Wechsler Adult Intelligence Scale; IQ, intelligence quotient; WRAT,
ide Range Achievement Test; SS, subscale; ns, not significant.

at test.
bCutoff score for clinical significance on Adult ADHD DSM-IV Rating

cale for current behavior is 23.6.
nterview for DSM-IV [Mini-SCID]) (First et al 1996) and the

ww.elsevier.com/locate/biopsych
Symptom Checklist-90, Revised (SCL-90-R) (Deragotis 1986) to
screen for non-ADHD psychiatric disorders.

Investigators screened each participant using a semistructured
interview, the Adult ADHD DSM-IV Rating Scale (Murphy and
Barkley 1996), available past psychiatric records, and grade
school report cards. Spouses or close friends of the participants
rated current behavior. Participants and their parents rated
participants’ childhood behavior on the ADHD DSM-IV Rating
Scale to confirm the presence of the disorder during childhood
(Table 1). All ADHD participants fulfilled DSM-IV diagnostic
criteria for ADHD at initial diagnosis (JBS) and at diagnostic
confirmation (DOL).

The Wechsler Adult Intelligence Scale-III (WAIS) (Wechsler
1997) assessed intellectual functioning. The reading and arith-
metic subtests of the Wide Range Achievement Test–Third
Edition (WRAT-3) (Wilkinson 1993) measured academic achieve-
ment and was used in conjunction with the WAIS to exclude
participants with a potential reading or mathematic learning
disability.

Volunteers were excluded for the following reasons: clinically
significant chronic medical conditions, history of brain injury,
presence of metal or a prosthesis in the body, mental retardation
(full scale intelligence quotient [IQ] � 75), Axis I disorders (with
the exception of ADHD for the ADHD participants), history of
nonstimulant pharmacotherapy within 2 months of the study, or
any history of antipsychotic medication. All participants received
a neurologic exam (DL) and the results were negative for any
focal abnormalities. In addition, we excluded NC subjects if they
or their first-degree family members met DSM-IV criteria for any
psychiatric disorder.

Four of the ADHD participants had a prior history of MPH
administration, two participants as children and two as adults.
Participants medicated as children had been stimulant-free for
approximately 10 years. One adult had been stimulant-free for
several months and the other had been stimulant-free for 8 days
before the off-medication images were collected.

Medication Conditions
During the treatment condition, ADHD participants received

MPH (Ritalin) on a three times a day dosing schedule and were
started at .5 mg/kg/d for the first week, .75 mg/kg/d for the
second week, and up to 1.0 mg/kg/d for the third week, unless
adverse side effects precluded further dose titration. Methyl-
phenidate dose was increased until the clinically optimal dose
was achieved. Dosing was based on weekly evaluations by a
psychiatrist (DOL), including an interview with a review of
symptoms and side effects, completion of the Clinical Global
Impression (CGI) scale (National Institute of Mental Health
1985) with improvement defined as a score of 1 or 2 (very
much or much improved), completion of the Side Effects
Rating Scale for psychostimulants (Barkley 1981) that showed
participants had minimal to no side effects, and reduction of
30% or greater on Adult ADHD DSM-IV Rating Scale scores
(Murphy and Barkley 1996) completed by the participant and
a significant other or friend of the participant. Nine of the
ADHD participants were imaged unmedicated for the first
scan and medicated for the second scan after a minimum of 3
weeks on an optimal MPH dose. One participant was imaged
in reverse order. On the day of the medicated imaging
sessions, participants ingested their optimal dose of medica-

tion 60 minutes before scanning began.
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ET Imaging Conditions
The PASAT (Gronwall 1977), used as an EF measure, relies on

llocation and coordination of attention, active stimulus manip-
lation, retrieval, and interference control in a speeded format.
any of the processes required by the PASAT are impaired in
DHD (Barkley 1998). One major advantage of the task is its
bility to detect impairment in an adult population that is
elatively high functioning, in contrast to tasks used with ADHD
hildren or populations with greater functional impairments.
ach participant practiced the task until demonstrating 100%
ccuracy on three consecutive brief series of numbers before the
ET acquisitions. During the PASAT, 50 single-digit, computer-
enerated random numbers (1–9) were presented binaurally
hrough earphones, 1 every 200 milliseconds. Participants were
nstructed to add each number to the preceding number and
ocalize their answers. As a self-paced control condition, partic-
pants were told to generate and vocalize single or double-digit
andom numbers. The number-generate task was intended to
ontrol for the contribution of arousal, motor, verbal production
auditory stimulation), and short-term (nonworking) memory to
he regional cerebral blood flow (rCBF) changes associated with
he PASAT. Numbers generated from the number-generate con-
rol task were tape-recorded and rate of production was scored.

third condition consisted of a resting state.
Within a session, each participant completed a total of two

esting, three number-generate, and three PASAT conditions for
total of eight PET acquisitions. The order of the tasks was the

ame across participants, with each PASAT condition paired with
number-generate control condition. The rest conditions oc-

urred at the beginning and end of the PET acquisitions.
ttention-deficit/hyperactivity disorder participants were imaged

wice (during the on-medication and off-medication conditions)
nd NC subjects once.

A ECAT 951 PET scanner (Siemens, Knoxville, Tennessee)
cquired PET images under dim ambient lighting. The scanner
ollected 31 contiguous 3.375-mm-thick slices with an intrinsic
esolution of 6 mm at the center of the field of view. Head
ovement was minimized using a thermoplastic face mask

ffixed to a customized head holder. The PASAT and number-
enerate conditions began 10 seconds before bolus intravenous
dministration of 45 mCi of [15O] water. Ninety-second, single
rame studies were initiated by the detection of head radioactivity
nd acquired in a two-dimensional mode. Participants closed
heir eyes in all conditions.

ET Imaging and Data Analysis
We used statistical parametric mapping 99 (SPM99) (Well-

ome Department of Cognitive Neurology, London, England;
ttp://www.fil.ion.ucl.ac.uk/spm) (Friston et al 1996) to process
nd analyze the PET images. The participant’s first scan was used
o realign the remaining scans for each participant. After realign-
ent, the images were transformed into a standard anatomical

pace (Talairach and Tournoux 1988) and smoothed to a final
sotropic resolution of 10 mm at full-width at half maximum
efore generating the statistical parametric map.

After normalization by proportional scaling to the global
ean of each image, we analyzed task-related changes in rCBF
etween the number-generate control task and the PASAT for the
DHD group on medication and off medication. The analyses
lso contrasted images from the NC group to images from the
DHD group under the unmedicated and medicated conditions.

Masking. Significant differences between conditions and

roups can be generated by both increases or decreases in blood
flow between cognitive states or between groups. Masking can
aid in the detection of differences in task-related neural activity
by assigning direction to the differences found between condi-
tions and groups. For the between-group analysis and the
unmedicated versus medicated ADHD comparisons, the images
were masked in two ways to isolate changes in rCBF related to
the PASAT only and not the other conditions. The first mask was
done to exclude areas that were significant in the number-
generate minus PASAT conditions. For example, for the NC
versus ADHD contrast, the mask excluded voxels that were
significantly increased in the number-generate minus PASAT
contrast for the ADHD group. The second mask was used to
control for MPH effects on the number-generate condition that
might alter the PASAT minus number-generate results. This
second mask was accomplished by masking activation related to
the comparison of the “on” versus “off” MPH conditions for the
number-generate minus rest contrast. Significant sites of activa-
tion were defined by a voxel intensity of p � .001, uncorrected
for multiple comparisons for difference images related to the
PASAT condition after both masks.

Behavioral Data Analysis
We collected behavioral outcome measures for all PASAT

trials and number-generate conditions. Paced Auditory Serial
Addition Task performance (i.e., response accuracy, response
time) and number generation rates were averaged over three
imaging sessions. A paired t test compared ADHD off-medication
and on-medication scores and an independent sample t test
compared ADHD performance with NC using two-tailed signifi-
cance tests.

Results

MPH Effects on ADHD Symptoms and PASAT Performance
The mean daily dose of MPH was 19 mg (SD � 9.07)

administered over a mean of 2.9 (SD � .74) divided doses per
day. Methylphenidate pharmacotherapy was statistically effective
in reducing ADHD symptoms as measured by the CGI and self
and other’s ratings on the Adult ADHD DSM-IV Rating Scale
(Table 2). Methylphenidate improved PASAT performance accu-
racy of 82% (SD � 12.90) at baseline to 89% (SD � 6.15) at end
point (t � 2.73, df � 9, p � .02). The NC group performed
significantly better on the PASAT (mean � 93% correct, SD �
6.42) than the ADHD group at baseline (t � 2.65, df � 19, p �
.02) but not at end point. Mean response time (MRT) on the
PASAT decreased significantly under the MPH condition from
750 milliseconds (SD � 10 milliseconds) to 690 milliseconds (SD
� 9 milliseconds) seconds (t � 3.68, df � 7, p � .008) based on
complete data sets from eight ADHD subjects (data from two
ADHD subjects and one NC subject were lost due to computer
malfunction). Mean response time between the ADHD and NC
subjects (mean � 640 milliseconds, SD � 25 milliseconds)
seconds did not differ significantly under either medication
condition. Rates of generating random numbers during the
number-generate condition did not vary between the medication
conditions of the ADHD group or between the ADHD conditions
and the NC group. During the unmedicated condition, the ADHD
group generated random numbers on an average of .59 (SD �
.12) numbers per second, during the medicated condition .58
(SD � .11) numbers per second, and the NC group on the
average of .60 (SD � .11) numbers per second. This rate
compares with a rate of response every .50 numbers per second

for the PASAT during the PASAT condition.

www.elsevier.com/locate/biopsych
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ithin Group Analyses: PASAT Versus Number Generation
onditions

Normal Control Participants. Consistent with the results of a
revious PET study (Schweitzer et al 2000), the PASAT-related
ctivation of the largest spatial extent was in the left superior
emporal gyrus (BA 22) with additional activations in the right
uperior (BA 22) and left middle temporal gyrus (BA 21).
ignificant PASAT-related activations were noted also in the right
FC (BA 11, 46), ventral anterior cingulate cortex (BA 24),
recuneus, fusiform gyrus (BA 20), and hippocampus (Table 3).

Unmedicated ADHD Participants. Similar to the NC sub-
ects, participants with ADHD showed significant increases in
CBF during the PASAT condition in the left superior temporal
ulcus (BA 22), right middle temporal gyrus (BA 21), left hip-
ocampus, and precuneus (BA 7) (Table 4). The ADHD partici-
ants showed unique PASAT-related activations, however, that

ncluded the cerebellar vermis, midbrain, left thalamus, left
lobus pallidus, right lenticulate, and left middle frontal gyrus
BA 46) (Table 4). Unlike the NC subjects, the ADHD participants
id not activate the right PFC or anterior cingulate cortex.

Methylphenidate-Medicated ADHD Participants. Follow-
ng a therapeutic regimen of MPH administration, the ADHD
articipants activated many of the same regions as when un-
reated, including the posterior cerebellum vermis (VIII), bilateral
uperior temporal gyrus (BA 22/42), left thalamus, bilateral basal
anglia, left hippocampus, and precuneus (BA 7). Only the
PH-treated ADHD participants, however, demonstrated PA-

AT-related activation of the right precentral and postcentral
yrus (Table 5).

Table 2. Symptom Ratings for the ADHD Participants a

Measure

Baseline Rating

Mean �SD

CGIa 4.4 �.70
ADHD Rating Scale–Selfb 34.5 �7.1
ADHD Rating Scale–Otherb 27.5 �10

ADHD, attention-deficit/hyperactivity disorder; MPH
aGlobal Severity of Illness Subscale of the Clinical Glo
bScale scores can range from 0 –54.

Table 3. Localization of Changes in Normalized rCBF in
Conditions

Anatomical Region

Sit

BA

Superior Temporal Gyrus, Left 22
Middle temporal gyrus, left 21

Superior Temporal Gyrus, Right 22
Superior Frontal Gyrus, Right 11
Precuneus 7
Inferior Frontal Gyrus, Right 45/46
Anterior Cingulate 24
Hippocampus, Left
Fusiform Gyrus, Right 20
Fusiform Gyrus, Left 20
Posterior Cerebellum, Right

rCBF, regional cerebral blood flow; NC, normal contro
area.

aClusters with voxels significant at .05 after correctin
bSecondary peak in cluster.

cCluster extent.

ww.elsevier.com/locate/biopsych
Between Condition Analyses: PASAT Versus Number
Generation Conditions

Unmedicated ADHD Versus Medicated ADHD Condi-
tion. This analysis compared the task-related rCBF changes
between the untreated and treated conditions using volumes of
interest defined by subtraction of the number-generate control
condition from the PASAT condition (Figure 1). In the unmedi-
cated ADHD condition, the PASAT was associated with greater
activation of the right middle (BA 9, Talairach coordinates x �
52, y � 34, and z � 36 mm, z score � 3.49) and medial (BA 10,
x � 14, y � 50, and z � 2 mm, z score � 3.22] frontal gyrus
compared with the medicated condition. Methylphenidate ad-
ministration was associated with PASAT activation of the right
thalamus (x � 24, y � �30, and z � 16 mm, z score � 3.76) and
precentral gyrus (BA 4, x � 56, y � �12, and z � 54 mm, z �
3.57) compared with the medication-free condition.

Between Group Analyses: PASAT Versus Number Generation
Conditions

Normal Control Participants Versus Unmedicated ADHD
Participants. We compared the NC group with the untreated
ADHD group for the PASAT versus number-generate conditions
to identify the influence of ADHD on the neural correlates of EF
(Table 6, Figure 2A). The most prominent differences were
greater activations of the inferior frontal (BA 45/47) and superior
temporal gyri (BA 40, 22) and the ventral anterior cingulate
cortex (BA 24) in NC participants. Conversely, the ADHD partic-
ipants exhibited greater PASAT-related activation of primarily
subcortical regions (i.e., midbrain, pons, right caudate nucleus,

line and End Point of the MPH Medication Trial

End of
Treatment Rating

t-value pMean �SD

1.9 �.57 9.30 .0001
8.7 �3.7 9.7 .0001
8.0 �4.5 4.5 .002

hylphenidate; CGI, Clinical Global Impressions Scale.
pression (CGI) Scale.

roup During PASAT Versus Number-Generate

ctivation Analysis

x, y, z Z kE
c

�58, �48, 14 6.72 4097a

�64, �2, �8 5.14 4097a,b

72, �26, 2 5.79 3216a

16, 60, �14 3.51 322
2, �52, 34 3.45 388

34, 26, 8 3.42 177
0, 20, �6 3.41 531

�22, �34, �10 3.30 126
42, �20, �20 3.12 72

�46, �42, �20 3.11 77
10, �84, �22 3.02 91

SAT, Paced Auditory Serial Addition Task; BA, Brodmann

multiple comparisons.
t Base
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nd cerebellar vermis), as well as the left middle frontal gyrus
BA 46/9) (Figure 3A).

Normal Control Participants Versus Medicated ADHD
articipants. Comparisons were made between the NC partic-

pants and the MPH-medicated ADHD participants to determine
f MPH treatment normalized EF-related changes in rCBF. This
nalysis demonstrated that PASAT-related brain regions contin-
ed to differ between medicated ADHD and NC participants
Table 7). The activation with the largest spatial extent that
ifferentiated the groups (NC � ADHD; Figure 2B) was in the
nterior cingulate cortex (BA 32), extending to the orbitofrontal
ortex (BA 11). The NC participants also activated the inferior
BA 20) and middle temporal (BA 39) gyri more than the ADHD
articipants. Conversely, for the medicated ADHD participants,
he PASAT was associated with greater activation of sensory and

Table 4. Localization of Changes in Normalized rCBF in
Number-Generate Conditions

Anatomical Region BA

Superior Temporal Gyrus, Left 22
Superior Temporal Gyrus, Left 22

Posterior Cerebellum Vermis, VIIIA, Right
Midbrain, Right

Middle Temporal Gyrus, Right 21
Superior Temporal Gyrus, Right 22

Globus Pallidus, Left
Caudate/Putamen, Right

Middle Frontal Gyrus, Left 46
Thalamus, Left

Hippocampus, Left
Precuneus 7

rCBF, regional cerebral blood flow; ADHD, attention
Addition Task; BA, Brodmann area.

aClusters with voxels significant at .05 after correctin
bSecondary peak in cluster.
cCluster extent.

Table 5. Localization of Changes in Normalized rCBF in
Number-Generate Conditions

Anatomical Region

S

BA

Posterior Cerebellum Vermis, VIIIB
Superior Temporal Gyrus, Right 22/42

Inferior Parietal Lobe, Right 39
Superior Temporal Gyrus, Left 22
Putamen, Right

Globus Pallidus, Right
Caudate Nucleus, Left

Lenticulate, Left
Thalamus, Left

Precentral Gyrus, Right 4
Hippocampus, Left
Precuneus 7
Postcentral Gyrus, Right 5

rCBF, regional cerebral blood flow; MPH, methylphen
Paced Auditory Serial Addition Task; BA, Brodmann area

aClusters with both voxel intensity and cluster size s
bSecondary peak in cluster.
cCluster extent.

dClusters with cluster size significant at p � .05 after corre
motor areas (BA 3), the cerebellar vermis, and bilateral basal
ganglia compared with NC participants (Figure 3B). Additional
significant activations (ADHD � NC) included the right middle
frontal gyrus (BA 10), left inferior occipital lobe (BA 18), right
insula, and left inferior frontal gyrus (BA 47).

Discussion

Similar to Mehta et al (2000), we found that MPH administra-
tion reduced EF-related activity in the PFC. We speculate that
reductions in rCBF in the PFC are due to the release of dopamine
by MPH in the PFC that, in turn, act on dopamine D1 and D2
receptors. Increases in dopamine have been shown to cause
reductions in the firing activity of PFC neurons (Isacson et al
2004; Parfitt et al 1990; Zhou and Hablitz 1999). Dopamine,

nmedicated ADHD Group During PASAT Versus

e of Activation Analysis

x, y, z Z kE
c

�68, �22, 4 5.12 1731a

�56, �54, 14 4.48 1731a,b

4, �64, �34 4.97 2469a

4, �32, �16 4.35 2469a,b

68, �16, �2 4.91 1811a

64, �34, 10 4.55 1811a,b

�12, 4, �4 3.99 454
12, 12, �6 2.99 454b

�48, 36, 30 3.37 93
�24, �26, 6 3.36 357
�28, �28, �6 3.35 357b

�2, �58, 34 3.30 231

it/hyperactivity disorder; PASAT, Paced Auditory Serial

multiple comparisons.

PH-Treated ADHD Group During PASAT Versus

f Activation Analysis

x, y, z Z kE
c

2, �66, �38 5.76 2485a

74, �20, 6 5.17 3646a

68, �54, 24 4.83 3646a

�66, �44, 14 5.16 3570a

28, 6, 14 4.72 1192a

14, �2, �2 3.55 1192a,b

�4, 10, �2 3.88 870d

�14, �6, 8 3.59 870b,d

�10, �12, 16 3.12 870b,d

50, �10, 56 3.74 249
�22, �32, 0 3.58 334

2, �58, 34 3.33 253
36, �40, 64 3.22 85

; ADHD, attention-deficit/hyperactivity disorder; PASAT,

ant at .05 after correcting for multiple comparisons.
the U
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cting for multiple comparisons.
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cting through D1 receptors, appears to inhibit local excitatory
onnections among layer V pyramidal cells in the PFC (Gao et al
001; Williams and Goldman-Rakic 1995) during WM tasks.
hese actions likely account for the rCBF reductions we have
bserved. More specifically, a neural modeling study (Wang et al
004) has suggested a pivotal role for cortical interneurons in the
icrocircuit of WM and how they may work to enhance resis-

ance against distractors. Dopamine has been reported to mod-
late inhibitory circuits involving fast-spiking and non–fast-
piking cells onto the perisomatic domains on layer V pyramidal
ells (Gao et al 2003). The net effect of dopamine on synaptic
nhibition mediated by the two types of cells is postulated to
nhance resistance against distractors in a WM paradigm, thus
oosting EF performance. Our task, the PASAT, requires active
nhibition of distracting stimuli, such as the answer for the total
rom the previous two stimuli, to effectively maintain online the

igure 1. The top row displays relative rCBF PASAT-related decreases in
n-MPH versus off-MPH conditions in men with ADHD. The bottom row
isplays relative rCBF PASAT-related increases in on-MPH versus off-MPH
onditions in men with ADHD. The image illustrates that MPH is associated
ith significant increases in brain activity in the right thalamus and precen-

ral gyrus during the PASAT. For this figure as well as Figure 2 and Figure 3,
he sites of activation displayed are significant at a voxel level of p � .001
ncorrected for multiple comparisons. The number beneath the image

ndicates the millimeters above or below the bicommisural plane. The im-
ge illustrates that MPH is associated with significant decreases in brain
ctivity in the right medial and middle frontal gyrus during an EF task. For
his figure as well as Figures 2 and 3, the sites of activation displayed are
ignificant at a voxel level of p � .001 uncorrected for multiple comparisons.
he number beneath the image indicates the mm above or below the
icommisural plane. rCBF, regional cerebral blood flow; PASAT, Paced Audi-

ory Serial Addition Task; MPH, methylphenidate; ADHD, attention-deficit/
yperactivity disorder; EF, executive functioning.
ew stimulus to be recalled for each trial. Methylphenidate may

ww.elsevier.com/locate/biopsych
enhance task performance by directly improving the ability of the
interneurons to filter out distractors.

Alterations in PFC activations associated with MPH also might
be related to the difficulty level of the task and task-specific
operations (e.g., importance of inhibiting distractors), as recent
studies have demonstrated hypofunctioning and hyperfunction-
ing in the PFC depending on the difficulty level of the task and
baseline functioning of the subject (Callicott et al 1999, 2000,
2003; Mattay et al 2003). We suspect the MPH action of decreas-
ing PFC activity applies to some EF tasks without clear WM
components, as PFC decrements have also been shown with a
continuous performance task (Matochik et al 1993). In contrast,
others have found increases in PFC activation (Kim et al 2001;
Vaidya et al 1998) or no change (Matochik et al 1994) with MPH.
Differences in PFC-MPH findings may be due to a number of
variables, including the imaging techniques used, child versus
adult subjects, flexible versus fixed dose medication regimens,
chronic versus acute dosing conditions, task or resting state
conditions, type and difficulty level of the task, ADHD diagnostic
issues (e.g., subtype of ADHD included, screening for comorbid-
ity), patient versus normal control subjects, and the role of
novelty of the task. Future research will need to systematically
test the impact of these factors on PFC-MPH interactions.

Practice effects cannot be ruled out as another possible
explanation for reduced PFC activity (e.g., Beauchamp et al 2003;
Petersen et al 1998; Qin et al 2003, 2004) associated with MPH.
We suspect, however, that practice effects for the ADHD partic-
ipants between the scanning days were negligible, because the
ADHD participants demonstrated no improvement in perfor-
mance between the three PASAT scans within each day of testing
under the unmedicated or medicated conditions (data not
shown). Perhaps training the participants on the PASAT to
criterion before the imaging sessions reduced learning effects on
the task. Future studies controlling for order effects will need to
investigate this possibility.

We are speculating the only cortical region to show rCBF
increases associated with MPH, the primary motor area (BA 4),
might be related to increased preparatory efforts to respond
rapidly to task-relevant stimuli, enabled by less demand on the
frontal cortex to respond to irrelevant distractors. The other
region to increase with MPH administration, the right thalamus,
may be in response to increased norepinephrine (NE) release
and reflect the drug’s effects on NE at both �-1 (Rogawski and
Aghajanian 1980) and �-receptors that work to increase the
responsiveness of thalamic neurons to stimuli sensed from the
environment (Berridge 2001). This may be a non–task-specific
effect, as increases in thalamic activity appeared in a resting state
MPH study in ADHD children as well (Kim et al 2001).

The anterior cingulate is a region that appeared to be grossly
unaffected by MPH, as we found it to be underactive in the
ADHD group in comparison with the NC group under both
conditions. This region has been consistently found to be
underactive in both children and adults with ADHD (Bush et al
1999; Ernst et al 2003; Rubia et al 1999; Schweitzer et al 2000).
The absence of significant anterior cingulate cortex activation, as
demonstrated in the within-group contrasts, suggests that the
ADHD group may be relying on other regions, perhaps motor
regions, to assist in the traditional role of inhibiting responding
and managing conflict between the ongoing PASAT stimuli
(Braver et al 2001; Rubia et al 2001; van Veen et al 2001).

Consistent with Mehta et al (2000), we did not find task-
related cerebellar activation with MPH in this study. Methyl-

phenidate clearly has non–task-related effects of increasing rCBF
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n the cerebellar vermis both in ADHD participants (Anderson et
l 2002; Schweitzer et al 2003) and normal control participants
Mehta et al 2000; Volkow et al 1997), most likely by enhancing
xtracellular concentrations of norepinephrine (Kuczenski and
egal 2001).

Although MPH does not appear to have a direct effect on
ask-related brain activation in the cerebellum, it is targeting a
rain region that is altered in volume (e.g., Berquin et al 1998;
astellanos et al 2002; Mostofsky et al 1998) and, our data
uggest, in function. Contrasts in the present study found greater
ASAT-related activity in the cerebellar vermis in the ADHD

igure 2. Contrasts between NC participants versus men with ADHD during
ifferent medication conditions versus normal control participants. (A) The

op row displays images from relative rCBF PASAT-related increases in brain
ctivity in NC participants versus unmedicated men with ADHD versus NC
articipants. (B) The bottom row displays images from relative rCBF PASAT-

elated increases in brain activity in NC participants versus MPH medicated
en with ADHD. ADHD, attention-deficit/hyperactivity disorder; rCBF, re-

ional cerebral blood flow; PASAT, Paced Auditory Serial Addition Task; NC,

Table 6. Localization of Differences in Normalized rCBF
PASAT Minus Number-Generate Contrast

Anatomical Region

Areas of Activation Greater in NC Than ADHD Groups
Inferior Frontal Gyrus, Left
Supramarginal Gyrus, Left
Superior Temporal Sulcus, Left
Anterior Cingulate Gyrus
Middle Temporal Lobe, Left
Insula, Left
Middle Occipital Gyrus, Left

Areas of Activation Greater in ADHD Than in NC Groups
Midbrain/Pons, Right
Caudate Nucleus, Right
Anterior Cerebellum, Vermis, XIII
Middle Frontal Gyrus, Left

rCBF, regional cerebral blood flow; NC, normal con
Paced Auditory Serial Addition Task; BA, Brodmann area

aCluster extent.
ormal control; MPH, methylphenidate.
group in comparison with the NC group for either medication
condition. Perhaps as Arnsten (2001) has speculated, PFC dys-
function has relegated control of behavior to subcortical struc-
tures such as the cerebellum (and perhaps the basal ganglia) to
compensate for the PFC dysfunction.

The basal ganglia is another subcortical region that showed
PASAT-related increases in rCBF under both the unmedicated
and medicated conditions in comparisons between the ADHD
and NC groups. Basal ganglia activation may reflect preferential
use of visual/spatial strategies to perform the PASAT and guide
motor preparation (Postle and D’Esposito 1999; 2003) over brain
regions associated with verbal/phonological strategies (e.g., left
temporal gyrus) that were more active in the NC group. Our data
suggest that MPH may alter activity within the basal ganglia, but
future studies with better spatial resolution are needed to more
finely localize the effects of MPH on the subcomponents of the
basal ganglia. An earlier PET study in ADHD adults suggested
possible MPH-induced decreases in the putamen (Matochik et al
1994); however, studies in ADHD children (Kim et al 2001; Lou
et al 1989; Teicher et al 2000; Vaidya et al 1998) found MPH
increased activity in the basal ganglia. Of note, in the child
studies, brain activity was significantly lower in the basal ganglia
in ADHD participants than NC participants during nondrug
conditions. In contrast, imaging studies in ADHD adults suggest
increased task-related caudate and putamen activity relative to
NC subjects (Bush et al 1999; Schweitzer et al 2000). The
discrepancy between the child and adult findings may be due to
the same potential methodological factors that are responsible
for inconsistencies in PFC findings or it may be directly related to
developmental changes in the caudate (Castellanos et al 2002).
There may be functional implications related to differences in the
developmental trajectory of the caudate nucleus in individuals
with ADHD who appear to have a smaller caudate nucleus in
childhood in comparison with normal control subjects that
normalizes by mid-adolescence (Castellanos et al 2002).

The results of this study suggest adults with ADHD use an
alternative neural pathway to perform EF tasks and that pro-
longed MPH administration only marginally alters this pattern.
While MPH improved PASAT performance, it did not “normalize”
task-related neuronal activity. In contrast to the ADHD group

een NC and Unmedicated ADHD Groups for the

Site of Activation Analysis

BA x, y, z Z kE
a

45/47 �54, 38, 0 3.74 34
40 �62, �46, 28 3.45 157
22 �40, �44, 10 3.34 70
24 0, 20, �6 3.31 92
21 �60, �2, 4 3.04 70
13 �36, 18, 8 3.04 38
37 �50, �68, 4 3.01 41

4, �32, �16 3.61 127
22, �6, 22 3.32 65

4, �58, �28 3.18 119
46/9 �38, 28, 30 3.18 33

ADHD, attention-deficit/hyperactivity disorder; PASAT,
betw

trol;
under either medication condition, the NC group generally
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ctivated brain regions consistent with the cognitive processes
nvolved in the PASAT (Ahmad et al 2003; Braver et al 2001;
arter et al 2000; Durston et al 2002; Pinel et al 1999, 2001; van
een et al 2001). In contrast, we found ADHD participants were

ess likely to use regions traditionally associated with EF and
fficient allocation to subsidiary brain regions for EF tasks
Baddeley 1996) and instead relied more on regions associated
ith motor preparation. Normal control participants may be

igure 3. Contrasts between men with ADHD and NC participants during
ifferent medication conditions. (A) The top row displays images from

elative rCBF PASAT-related increases in brain activity in unmedicated men
ith ADHD versus NC participants. (B) The bottom row displays images from

elative rCBF PASAT-related increases in brain activity in MPH medicated
articipants versus NC participants. NC, normal control; ADHD, attention-
eficit/hyperactivity disorder; rCBF, regional cerebral blood flow; PASAT,

Table 7. Differences in Normalized rCBF between NC a
Generate Condition

Anatomical Region

Areas of Activation Greater in NC Than ADHD Groups
Inferior temporal gyrus, left
Middle temporal gyrus, right
Anterior cingulate

Medial frontal gyrus, right
Fusiform gyrus, right
Superior temporal gyrus, right
Inferior temporal gyrus, left

Areas of Activation Greater in ADHD Than in NC Groups
Postcentral gyrus, right
Middle frontal gyrus, right
Anterior cerebellum, vermis (IV/V)

Anterior cerebellum, vermis (V)
Inferior occipital gyrus, left
Putamen, right
Insula, right
Inferior frontal gyrus, left

Lenticulate, left
Caudate body, left

Anterior cerebellum, right (VI)

rCBF, regional cerebral blood flow; NC, normal con
Paced Auditory Serial Addition Task; BA, Brodmann area

aSecondary peak in cluster.
bCluster extent.
aced Auditory Serial Addition Task; MPH, methylphenidate.

ww.elsevier.com/locate/biopsych
better at performing EF tasks because they use the anterior
cingulate and PFC more effectively to recruit brain regions and
strategies to match given task demands as they arise. Perhaps
MPH improves performance in ADHD by boosting the PFC
ability to block the effects of distractors (Wang et al 2004), but the
absence of anterior cingulate activation and well-worn use of
subcortical motor structures cannot be modified within a few
weeks of medication in adult participants.

Future studies might use a double-blind crossover design in a
larger number of participants to determine the effect of MPH on
brain activity and separate out changes due to practice and time.
A control task that can better parse out the operations involved
in the PASAT could strengthen future analyses and help identify
how subcomponents of EF are altered in ADHD. We also
recommend that noninvasive neuroimaging studies attempt to
replicate these findings in children to determine if our findings
are applicable to a younger age group. Future treatment studies
should consider assessing the effect of a neuropsychological
treatment (e.g., cognitive training program) on EF in individuals
with ADHD to determine if other treatments similarly affect brain
functioning.
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dicated ADHD Groups in PASAT Minus Number-

Site of Activation Analysis

BA x, y, z Z kE
b

20 �14, �14, �28 3.58 160
39 50, �72, 18 3.56 64
32 2, 22, �8 3.33 452
11 6, 54, �12 3.20 452a

20 40, �18, �22 3.01 60
22 62, 8, 0 2.97 23
20 �14, �14, �28 3.58 160

3 58, �12, 52 3.86 87
10 36, 52, 19 3.68 60

0, �54, �20 3.51 502
2, �62, �2 3.36 502a

18 �24, �80, �2 3.45 113
24, �8, 14 3.27 154
42, 12, 4 3.25 56

47 �22, 30, �20 3.15 420
�16, �4, 8 3.02 420a

�6, 6, 8 3.00 420a

28, �46, �28 3.06 25

ADHD, attention-deficit/hyperactivity disorder; PASAT,
nd Me

trol;
.
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