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Objective: The authors have shown that decreases in dopamine D, receptors in cocaine
abusers were associated with decreased metabolism in the cingulate and prefrontal and
orbitofrontal cortices. To assess whether increasing dopamine would reverse these meta-
bolic decrements, they measured the effects of methylphenidate, a drug that increases do-
pamine, on brain glucose metabolism in 20 cocaine abusers. Method: The subjects under-
went two [*8F]fluorodeoxyglucose positron emission tomography scans, one after two
sequential placebo injections and one after two intravenous doses of methylphenidate. D,
receptors were measured with [11C]raclopride to evaluate their relation to methylphenidate-
induced metabolic changes. Results: Methylphenidate induced variable changes in brain
metabolism: subjects with the higher D, measures tended to increase metabolism,
whereas those with the lower D, measures tended to decrease metabolism. Methylpheni-
date’s effects were significant for increases in metabolism in the superior cingulate, right
thalamus, and cerebellum. Methylphenidate-induced changes in the right orbitofrontal cor-
tex and right striatum were associated with craving, and those in the prefrontal cortex were
associated with mood. Conclusions: Although methylphenidate increased metabolism in
the superior cingulate, it only increased metabolism in orbitofrontal or prefrontal cortices in
the subjects in whom it enhanced craving and mood, respectively. This indicates that dopa-
mine enhancement is not sufficient per se to increase metabolism in these frontal regions.
Activation of the right orbitofrontal cortex and right striatum (brain regions found to be ab-
normal in compulsive disorders) in the subjects reporting craving may be one of the mech-
anisms underlying compulsive drug administration in addicted persons. The predominant
correlation of craving with right but not left brain regions suggests laterality of reinforcing

and/or conditioned responses.
(Am J Psychiatry 1999; 156:19-26)

I he ability of cocaine to increase the extracellular
concentration of dopamine in the nucleus accumbens,
a brain region associated with drug reinforcement, has
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been postulated to be crucial for cocaine’s reinforcing
effects (1, 2). However, cocaine’s actions on other
brain regions receiving projections from the mesocorti-
cal, mesolimbic, or mesostriatal dopamine pathways
are also likely to be involved in its reinforcing and ad-
dictive effects. Although it has been postulated that co-
caine addiction results from a decrease in brain dopa-
mine (3), the mechanism (or mechanisms) by which a
dysfunctional dopamine system would lead to addic-
tion is poorly understood. Using positron emission to-
mography (PET) and a multiple-tracer approach to
evaluate the dopamine system in cocaine abusers, we
have documented significant decrements in dopamine
D; receptors, which persisted after protracted detoxifi-
cation and which were associated with decreased
metabolic activity in the prefrontal cortex, cingulate
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METHYLPHENIDATE-INDUCED CRAVING

TABLE 1. Cardiovascular and Behavioral Effects of First and Second Doses of Placebo and Methylphenidate Among 20 Cocaine

Abusers
Placebo Methylphenidate
Second Second
Baseline First Dose Dose Baseline First Dose? Dose®
Variable Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Cardiovascular
Pulse (bpm) 62 9 63 10 63 10 62 9 93¢ 18 89¢ 18
Blood pressure
Systolic (mm Hg) 120 13 120 12 119 13 120 13 149¢ 19 142¢ 19
Diastolic (mm Hg) 73 10 74 10 72 10 74 11 88¢ 10 84¢ 9
Behavioral®
High 0 1 1 1 1 0 4¢ 3 2 3
Craving 3 2 3 3 4 3 3 3 7t 3 6f 4
Restlessness 3 3 4 3 4 3 2 2 5 4 4 4
Mood 6 2 5 2 6 2 7 1 6 2 5 2
Anxiety 5 3 4 1 4 1 4 3 6 3 4 4
Alertness 7 3 6 3 8 2 8 1 99 2 8 2

20.50 mg/kg i.v.
b0.25 mg/kg i.v.

¢ Significantly different from placebo for the corresponding time (t>8, df=19, p<0.001, paired t test, two-tailed).

d Self-report rating scales from 0 to 10.

€ Significantly different from placebo for the corresponding time (t=4.2, df=19, p<0.001, paired t test, two-tailed).
f Significantly different from placebo for the corresponding time (t>3, df=19, p<0.005, paired t test, two-tailed).
9 Significantly different from placebo for the corresponding time (t=4.3, df=19, p<0.001, paired t test, two-tailed).

gyrus, and orbitofrontal cortex (4). Because we had
also shown that the orbitofrontal cortex and the stri-
atum were hypermetabolic in active cocaine abusers
reporting intense craving (5), we postulated that dur-
ing cocaine intoxication, the increase in dopamine
facilitates activation of these brain regions, which
leads to the craving and subsequent impulsive and
compulsive drug intake characteristic of the addicted
individual (6).

To test this hypothesis, we measured the effects of
two sequential doses of methylphenidate on regional
brain glucose metabolism in 20 detoxified cocaine
abusers. We used methylphenidate, a psychostimulant
drug that increases dopamine by blocking the dopa-
mine transporters (7), because it induces a sustained
and long-lasting inhibition of dopamine transporters
in the brain (half-life >90 minutes) (8). We measured
regional brain glucose metabolism by means of PET
and [18F]fluorodeoxyglucose (FDG). Measures of do-
pamine D» receptors were also obtained in 19 of the
subjects with the use of [!!C]raclopride in order to
evaluate the contribution that D, baseline measures
made to the metabolic responses of the subjects. Meth-
ylphenidate has pharmacological properties similar to
those of cocaine (8), and when it is injected intrave-
nously, cocaine abusers report that it has effects similar
to those of intravenous cocaine (9). Two sequential
doses of methylphenidate were given rather than a sin-
gle dose, since drug abuse is characterized by repeated
drug administration. We hypothesized that meth-
ylphenidate would increase metabolic activity in the
prefrontal cortex, cingulate gyrus, and orbitofrontal
cortex and that it would increase metabolism in the
striatum and the orbitofrontal cortex in proportion to
the magnitude of the craving.
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METHOD

The subjects were 20 male right-handed inpatients at the VA Med-
ical Center, Northport, N.Y. (mean age=36 years, SD=5; mean num-
ber of years of education=12, SD=2; mean verbal IQ=103, SD=11).
The subjects met the DSM 1V criteria for cocaine dependence and
had used cocaine (freebase or crack), at least 4 grams a week, for at
least the preceding 6 months. The exclusion criteria were current or
past psychiatric disease other than cocaine dependence; past or pres-
ent history of neurological, cardiovascular, or endocrinological dis-
ease; history of head trauma; current medical illness; and depen-
dence on any substance other than cocaine, nicotine, or caffeine.
Subjects were tested within 1 month of last cocaine use (mean=14
days, SD=7) and had an average history of 13 years (SD=5) of co-
caine use. After complete description of the study to the subjects,
written informed consent was obtained.

Each subject underwent two PET FDG scans done on separate
days. The first was done 7 minutes after two sequential placebo in-
jections (given 90 minutes apart), and the second was done 7 min-
utes after two sequential methylphenidate doses (0.50 and 0.25 mg/
kg i.v. given 90 minutes apart). The order was fixed to avoid possible
lasting effects of methylphenidate on brain metabolism. Subjects
were blind to the drugs received. Nineteen of the subjects also under-
went a [1CJraclopride scan, which was conducted 2 hours before
the baseline metabolic scan. For the metabolic scan, emission scans
were started 35 minutes after injection of 4—6 mCi of FDG and were
obtained for 20 minutes on a CTI 931 tomograph (6.5 mm x 5.9 mm
% 5.9 mm full width at half maximum, 15 slices) with the use of pre-
viously described procedures (10). For the D; scans, sequential emis-
sion scans were obtained immediately after intravenous injection of
4-10 mCi of [!'C]raclopride (specific activity=0.5-1.5 Ci/mM at
end of bombardment) and continued for a total of 60 minutes as de-
scribed previously (11).

Prior to placebo and/or methylphenidate and 27 minutes after the
first and the second methylphenidate doses, subjects recorded self-
reports for drug effects—the “high,” craving (averaged scores on de-
sire for cocaine and on perception of loss of control over cocaine),
restlessness, mood (continuum between depressed and happy), anxi-
ety, and alertness—using verbal analog scales from 0 (no effect) to
10 (maximal effect) (9). Heart rate and systolic and diastolic blood
pressure were monitored continuously throughout the procedure.
Methylphenidate concentration in plasma was measured by means
of capillary gas chromatography/mass spectrometry.

Am J Psychiatry 156:1, January 1999
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TABLE 2. Effects of Placebo and Methylphenidate on Regional Brain Glucose Metabolism in 20 Cocaine Abusers

Glucose Metabolism (umol/100 g per minute)

Placebo Methylphenidate
Right Left Right Left

Brain Region Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Frontal

Prefrontal 39.6 5 40.2 4 40.1 5 41.4 5

Motor 49.3 5 494 5 494 5 50.3 5

Orbitofrontal 47.0 6 47.7 5 46.7 6 47.9 5
Parietal 45.7 6 45.7 5 45.4 6 46.5 6
Temporal 47.5 5 47.5 4 47.8 4 48.4 5
Occipital 495 6 51.5 7 524 6 53.5 5
Limbic

Medial temporal 46.1 7 47.2 7 48.7 7 49.6 9

Anterior cingulate 46.5 5 50.12 5
Subcortical

Striatum 47.3 6 48.2 6 47.0 6 46.2 6

Thalamus 475 6 50.0 7 51.20 6 52.7 8
Cerebellum 41.0 5 40.8 5 47.2¢ 5 47.6° 5

a Significantly different from placebo (t=3.6, df=19, p<0.005, paired t test, two-tailed).
b Significantly different from placebo (t=2.8, df=19, p<0.01, paired t test, two-tailed).
¢ Significantly different from placebo (t>6, df=19, p<0.001, paired t test, two-tailed).

To select the regions in the metabolic images, we used a template,
which we had previously described (10), that locates 114 regions of
interest. We averaged the values of the regions of interest from the
different slices corresponding to the same anatomic regions into 21
“composite” brain regions including one for the whole brain (the av-
erage of metabolism in 15 brain slices). We compressed the original
template into 21 regions because this significantly increases the re-
producibility of our measures and decreases the multiplicity of com-
parisons. Metabolic measures were also normalized in relation to the
activity in the whole brain to generate “relative” measures. Relative
measures were obtained because they may be more sensitive than
“absolute” measures for detecting regional drug effects when the
drug induces significant changes in global metabolism. Hypothesis-
driven regions (the orbitofrontal cortex, prefrontal cortex, and cin-
gulate gyrus) were selected on the basis of our previous results show-
ing a correlation between metabolic activity in these brain regions
and dopamine D; receptors. In addition, for the exploratory analy-
sis, we chose a representative sample of regions in the cortical lobes,
subcortical structures, and cerebellum. For the [''C]raclopride im-
ages, the time-activity curves in the striatum and in the cerebellum
and the time-activity curves for unchanged tracer in plasma were
used to obtain distribution volumes (12). The ratio of the distribu-
tion volume in the striatum to that in the cerebellum, which corre-
sponds to Byax/Kg+1 and is insensitive to changes in cerebral blood
flow (CBF), was the measure for D; receptor availability (13).

Effects of methylphenidate on the absolute and the relative meta-
bolic measures were tested with paired t tests. Pearson product-mo-
ment correlations between the regional changes in metabolism (from
placebo to methylphenidate) and the D, measures and methylpheni-
date-induced behavioral changes were performed. For the behav-
ioral changes, we used the ratings from the second placebo dose and
the ratings from the second methylphenidate dose (change from pla-
cebo 2 to methylphenidate 2), since those were the measurements
taken at the time of the FDG scan. For hypothesis-driven correla-
tions, significance was set at p<0.05, and for the others, significance
was set at p<0.01.

Effects of methylphenidate on the behavioral and cardiovascular
measures were tested by means of paired t tests in which the score
obtained during placebo for the equivalent time measurement was
used.

RESULTS

The mean serum concentration of methylphenidate
was 107 ng/ml (SD=28) 27 minutes after administra-
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tion of the first methylphenidate dose and 118 ng/ml
(SD=31) 37 minutes after the second methylphenidate
dose. Methylphenidate induced significant changes in
the cardiovascular measures: both doses significantly
increased pulse rate and systolic and diastolic blood
pressure (table 1). Methylphenidate also induced sig-
nificant changes in the behavioral measures: both
doses significantly increased the craving for cocaine,
whereas only the first dose increased alertness and the
high (table 1).

Methylphenidate did not change global glucose me-
tabolism (placebo mean=35.1 pmol/100 g per minute,
SD=4; methylphenidate mean=36.2 umol/100 g per
minute, SD=3). This was because of the variability in
responses: methylphenidate increased global metabo-
lism more than 5% in eight subjects, decreased it more
than 5% in seven subjects, and did not change it in five
subjects. Analysis of the changes in the regional meta-
bolic measures showed significant methylphenidate-in-
duced increases in the right and left cerebellum, the su-
perior cingulate gyrus, and the right thalamus (table
2). Correlation analysis of the measures of dopamine
D, receptor availability were significant for meth-
ylphenidate-induced changes in global metabolism (r=
0.69, df=18, p<0.002). Subjects with the higher D,
measures tended to show global increases in metabo-
lism with methylphenidate, whereas those with low D3
measures tended to show decreases (figure 1). Correla-
tions between Dy measures and the changes in the re-
gional measures were significant for most cortical
brain regions and for the cerebellum (table 3).

Methylphenidate’s effects on the relative metabolic
measures were significant for increases in the right and
left cerebellum (t>8.7, df=19, p<0.001) and in the su-
perior cingulate gyrus (t=3.6, df=19, p<0.002) and for
decreases in the left striatum (t=3.4, df=19, p<0.004)
(data not shown).
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FIGURE 1. Regression Slopes Between Estimates of Dopa-
mine D, Receptor Availability (Bmax/Kq) Obtained With
[*1C]Raclopride and Metabolic Changes Induced by Meth-
ylphenidate (Difference From Placebo Condition) in the Whole
Brain in a Study of Cocaine Abusers?
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The hypothesis-driven correlations between meth-
ylphenidate-induced changes in craving and changes in
the absolute metabolic measures were significant for
the right striatum (r=0.61, df=19, p<0.005) and the
right orbitofrontal cortex (r=0.52, df=19, p<0.02). A
similar pattern was observed for the relative metabolic
measures, with significant correlations between crav-
ing and the right striatum (r=0.73, df=19, p<0.001)
and the right orbitofrontal cortex (r=0.64, df=19, p<
0.003) (figure 2). Subjects who experienced intense
craving had increased absolute and relative metabo-
lism in the right striatum and right orbitofrontal cortex
with methylphenidate (figure 3).

We also found significant correlations between
methylphenidate-induced changes in mood and
changes in absolute metabolic activity in the right pre-
frontal cortex (r=0.60, df=19, p<0.005) and the left
prefrontal cortex (r=0.68, df=19, p<0.001); increases
in mood were associated with increases in prefrontal
metabolism. The correlations between mood and pre-
frontal metabolism were not significant for the relative
metabolic measures. None of the correlations with
self-reports of high, restlessness, anxiety, and alertness
reached significance. There were no correlations be-
tween plasma levels of methylphenidate and meth-
ylphenidate-induced changes in metabolism.

DISCUSSION

We recently reported that in normal subjects, two se-
quential doses of the psychostimulant drug meth-
ylphenidate induced variable metabolic responses,
with some subjects showing increases in metabolism,
some showing decreases, and some showing no change
(14). Furthermore, we showed that an individual’s
metabolic responses were correlated with his measures
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TABLE 3. Correlations Between Measures of Dopamine D, Re-
ceptor Availability and Methylphenidate-Induced Changes
(Difference From Placebo Condition) in Glucose Metabolism
Among 20 Cocaine Abusers

Right Left
Brain r r r
Region (df=18) p (df=18) p (df=18) p
Global 0.69 0.002
Frontal
Prefrontal 0.38 n.s. 0.51 0.03
Motor 0.66 0.003 059 0.01
Orbitofrontal  0.52 0.03 0.37 n.s.
Parietal 0.54 0.02 0.70 0.002
Temporal 0.61 0.007 0.70 0.002
Occipital 0.60 0.008 0.49 0.04
Limbic
Medial tem-
poral 0.69 0.002 0.51 0.03
Anterior cin-
gulate 0.34 n.s.
Subcortical
Striatum 0.49 0.05 0.36 n.s.
Thalamus 0.20 n.s. 0.02 n.s.

Cerebellum 0.63 0.005 055 0.02

of dopamine D; receptors (14). In the current study we
found a similar variability among cocaine abusers and
a similar correlation with dopamine D; receptors; sub-
jects with the higher D, measures tended to have in-
creased metabolism, whereas those with the lower D,
measures tended to have decreased metabolism. It is
interesting that results of a study evaluating the effects
of an acute dose of cocaine—a psychostimulant drug
that, like methylphenidate, binds to the dopamine
transporter—differ from the results of the current
study in that cocaine consistently produced a decrease
in brain glucose metabolism (15). Factors accounting
for the differences between the results of that study
and the current one are not known but are likely to re-
flect, among others, pharmacological differences be-
tween cocaine and methylphenidate (8), differences in
drug administration (one dose of cocaine versus two
doses of methylphenidate), and characteristics of the
subjects investigated.

Although the normal subjects and the cocaine abus-
ers showed many similarities in response to meth-
ylphenidate, there were also differences. The cocaine
abusers, in contrast to the normal subjects, showed sig-
nificant methylphenidate-induced increases in the su-
perior cingulate gyrus and in the right thalamus. The
cingulate gyrus has been linked with motivation and
goal-directed behaviors (16), and thus its activation by
dopamine may be one of the mechanisms by which do-
pamine modulates drive (17). Activation of the supe-
rior cingulate gyrus in the cocaine abusers could reflect
the enhanced salience of the effects of methylpheni-
date, which cocaine abusers report to be similar to
those of cocaine (9), in these subjects but not in control
subjects. In this respect it is interesting to note that ac-
tivation of the cingulate gyrus in cocaine abusers has
been reported after administration of cocaine (18) and
during cue-induced cocaine craving (19). Activation of

Am J Psychiatry 156:1, January 1999
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FIGURE 2. Regression Slopes Between Methylphenidate-Induced Changes in Relative Metabolic Activity in the Right Striatum and
the Right Orbitofrontal Cortex and Changes in Self-Reports of Craving in a Study of Cocaine Abusers?
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the cingulate gyrus has also been reported in marijuana
abusers during marijuana intoxication (20). The signif-
icance of the activation of the right thalamus is less
clear, since very little is known about the involvement
of the thalamus in drug-addictive behaviors. It is worth
mentioning that we recently documented an enhanced
responsivity to methylphenidate-induced changes in
[1'C]raclopride binding in the thalamus of cocaine
abusers when compared to control subjects, and this
enhanced sensitivity was associated with drug craving
(21). We interpreted this abnormal thalamic response
to methylphenidate as reflecting disrupted dopamine
regulation of the striatal-thalamo-orbitofrontal cortex
circuit in cocaine abusers.

Although we had hypothesized that in addition to in-
creasing metabolism in the cingulate, methylphenidate
would increase metabolism in the prefrontal and orb-
itofrontal cortex, metabolic activation in these latter
two brain regions was only observed in subjects for
whom methylphenidate enhanced mood and in those
for whom it induced intense craving, respectively. This
indicates that elevation of dopamine is not sufficient
per se to activate these frontal brain regions. Previous
imaging studies had shown activation of the cingulate
gyrus as well as the prefrontal cortex after administra-
tion of the dopamine agonist apomorphine (22, 23). Be-
cause the prefrontal cortex has been implicated in the
regulation of mood (24), failure to observe a consistent
activation of the prefrontal cortex by methylphenidate
could reflect the variable effects of methylphenidate on
mood, enhancing mood (shifting ratings toward
happy) in some subjects while decreasing it (shifting
ratings toward depressed) in others.

The orbitofrontal cortex processes information
about aversive and reinforcing stimuli (25) and is in-
volved in modifying an animal’s behavior when the re-
inforcing characteristics of these stimuli change (26).
Thus, the differential activation of the orbitofrontal
cortex in subjects who reported intense craving could
reflect its participation as a function of the perceived
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reinforcing effects of methylphenidate. Activation of
the right orbitofrontal cortex has also been reported
during conditioned stimulation, a finding that was in-
terpreted as reflecting the involvement of the orbito-
frontal cortex in expectation of the stimulus (27).
Thus, its activation in subjects in whom methylpheni-
date induced craving could reflect the subjects’ expec-
tation of receiving another dose of methylphenidate,
and this expectation may be consciously perceived as
craving. That the correlation with craving was ob-
served in the orbitofrontal cortex as well as in the stri-
atum is likely to reflect the neuroanatomic connections
between these two brain regions (28). In fact, behav-
ioral deficits have been reported after lesioning of the
orbitofrontal cortex that are similar to those seen after
lesioning of the striatum (29). Lesions in either of these
brain regions results in perseveration and resistance to
extinction of reward-associated behaviors (30). In hu-
mans, pathology in the orbitofrontal cortex and in the
striatum has been reported in patients with obsessive-
compulsive disorders (31), which share with addiction
the compulsive quality of the behavior. Thus, activa-
tion of the right orbitofrontal cortex and striatum by
methylphenidate, a drug pharmacologically similar to
cocaine, may be one of the mechanisms by which co-
caine elicits craving and the subsequent compulsive
drug administration in addicted individuals.

The correlation between craving and right but not
left brain regions was unexpected. Although the litera-
ture is very limited, there is some evidence that there
are left-right differences in drug responses; for exam-
ple, craving for alcohol has been associated with in-
creases in CBF in the right caudate (32), a predominant
effect on the right has been reported in brain regions
(cingulate, putamen, insula) where the activation in-
duced by cocaine was temporally correlated with eu-
phoria (18), and a predominant activation of right
brain regions during marijuana intoxication has been
reported (20). Also, as noted above, activation during
conditioned stimulation was obtained for the right but
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FIGURE 3. Brain Metabolic Images at the Level of the Striatum and the Orbitofrontal Cortex After Placebo and After Methylpheni-
date for a Cocaine Abuser Who Experienced High Levels of Craving and for One Who Experienced Low Levels of Craving After
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2 Notice that the cocaine abuser who experienced craving had an increase in metabolism in the right orbitofrontal cortex (R OFC) and in the

right striatum, including the right caudate and right putamen (R PUT)

not for the left orbitofrontal cortex (27). Further stud-
ies are required in order to evaluate whether there are
left-right brain differences in response to reinforcing
drugs and/or conditioned responses.

The metabolic correlates with craving that we ob-
served differ from the findings that have been reported
by other PET studies which used cocaine-cue video-
tapes designed to elicit craving. One of these studies
(33) reported correlations between metabolic activa-
tion of the dorsolateral prefrontal cortex, medial tem-
poral lobe (amygdala), and cerebellum and self-reports
of craving, whereas another (34) reported that craving
was associated with increases in relative CBF in the
amygdala and anterior cingulate and with decreases in
the basal ganglia. The reasons for the discrepancies be-
tween these three PET studies probably reflect the dif-
ferences in PET methods (measuring glucose metabo-
lism versus blood flow and measuring absolute versus
relative activity), methods for eliciting craving, selec-
tion of brain regions (e.g., we did not measure the
amygdala because of the errors in quantifying metabo-
lism in such a small brain region with the limited spa-
tial resolution of our PET scanner), and differences in
the subjects investigated. A particular difference was
that the current study gave a pharmacological chal-
lenge to increase dopamine and assess the effects of do-
pamine increases on frontal metabolism and craving,
whereas the other two studies were designed to elicit
craving by exposing the subjects to cocaine cues and
observing the pattern of brain activation associated
with the craving. Thus, while both strategies elicited
craving, it is expected that the magnitude, duration,
and association with other behavioral effects differed
significantly for these methods.
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The striatal D, measures were not correlated with
changes in striatal metabolism but mostly with
changes in cortical and cerebellar metabolism. This
probably reflects the fact that metabolic responses pre-
dominantly reflect activity in terminal regions (35),
and thus the metabolic changes should be expected to
occur in projection areas as well as in areas involved
with secondary responses. This would explain the sig-
nificant correlations between D, measures and changes
in the cerebellum, a brain region devoid of dopamine
projections but neuroanatomically connected with the
striatum (36). The cerebellum was also the brain re-
gion where methylphenidate induced the largest meta-
bolic changes. Cerebellar activation has been reported
to occur not only with other psychostimulants (37)
but also during marijuana intoxication (38), and it
has been associated with craving induced by cocaine
cues (33). Although the cerebellum is mainly associ-
ated with motor effects, there is evidence that it may
participate in the reinforcing properties of natural as
well as pharmacological stimuli (39, 40). The cerebel-
lum has connections with limbic brain regions (41), so
that cerebellar activation could, through its neuroan-
atomic connections, activate regions directly involved
with reward.

The failure to observe a correlation between regional
brain changes induced by methylphenidate and self-re-
ports of a high is most likely due to the fact that the
high induced by the second methylphenidate dose was
minimal, and the reports were obtained 27 minutes af-
ter methylphenidate administration, at which time the
peak behavioral effects for the high had already oc-
curred. The relatively poor temporal resolution of the
FDG method (20-25 minutes) limits its sensitivity for
detecting activation patterns associated with short-

Am J Psychiatry 156:1, January 1999



lasting drug effects such as the high. Even for longer-
lasting effects of methylphenidate such as changes in
craving and mood, for which correlations were ob-
served, it is important to realize that the behaviors only
reflected one temporal measure, and their intensity
may have varied over the 20- to 25-minute period of
FDG uptake. On the other hand, the FDG method has
the advantage over methods that rely on blood flow
changes (functional magnetic resonance imaging and
[1°O]water) in not having the confounding factor that
is introduced by the vasoactive effects of many of the
psychoactive drugs. The correlation between mood
and changes in prefrontal metabolism was observed
for the absolute metabolic measures but not for the rel-
ative measures, and we therefore cannot rule out the
possibility that this correlation is significantly driven
by global changes.

Variables confounding the interpretation of these re-
sults relate to the conditions of the study; subjects had
expectations of receiving a psychostimulant drug for
the baseline scan (placebo), which in itself may have
activated prefrontal and orbitofrontal regions, making
the effects of methylphenidate less apparent. Also,
methylphenidate’s metabolic effects are likely to reflect
not only its dopamine but also its noradrenergic effects
(8). Finally, recovery of metabolism in frontal brain re-
gions may require longer dopamine stimulation than
that induced by two methylphenidate doses.

In summary, this study shows that dopamine en-
hancement is not sufficient per se to increase frontal
metabolism. It also shows an association between drug
craving and the right orbitofrontal cortex and right
striatum. The striato-orbitofrontal circuit is involved
with the salience of reinforcing stimuli, and thus its ac-
tivation may be one of the mechanisms associated with
the loss of control and the compulsive drug adminis-
tration observed in cocaine-addicted subjects. In paral-
lel, the activation by dopamine of the cingulate gyrus,
a brain region involved with drive and motivation,
could contribute to the desire for more cocaine during
cocaine-induced dopamine stimulation. The predomi-
nant correlation of craving with right but not left brain
regions merits further investigation to determine
whether there is laterality of reinforcing and/or condi-
tioned drug responses.
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