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Objective: The therapeutic effects of methylphenidate in the treatment of attention deficit disorder have been attributed to its ability to increase the synaptic concentration of
dopamine by blocking the dopamine transporters. However, the levels of dopamine transporter blockade achieved by therapeutic doses of methylphenidate are not known. This
study measured, for the first time, dopamine transporter occupancy by orally administered
methylphenidate in the human brain and its rate of uptake in the brain. Method: Positron
emission tomography (PET) and [11C]cocaine were used to estimate dopamine transporter
occupancies after different doses of oral methylphenidate in seven normal subjects (mean
age=24 years, SD=7). In addition, the pharmacokinetics of oral methylphenidate were
measured in the baboon brain through use of PET and [11C]methylphenidate administered
through an orogastric tube. Results: At 120 minutes after administration, oral methylphenidate produced a dose-dependent blockade of dopamine transporter; means=12% (SD=
4%) for 5 mg, 40% (SD=12%) for 10 mg, 54% (SD=5%) for 20 mg, 72% (SD=3%) for 40
mg, and 74% (SD=2%) for 60 mg. The estimated dose of oral methylphenidate required to
block 50% of the dopamine transporter corresponded to 0.25 mg/kg. Oral methylphenidate
did not reach peak concentration in brain until 60 minutes after its administration. Conclusions: Oral methylphenidate is very effective in blocking dopamine transporters, and at the
weight-adjusted doses used therapeutically (0.3 to 0.6 mg/kg), it is likely to occupy more
than 50% of the dopamine transporters. The time to reach peak brain uptake for oral methylphenidate in brain corresponds well with the reported time course to reach peak behavioral effects.
(Am J Psychiatry 1998; 155:1325–1331)

A

ttention deficit hyperactivity disorder (ADHD) is
the most commonly diagnosed behavioral disorder of
childhood (1). The prevalence of the disorder has been
recently estimated to be 5%–10% of the general population (1). The increase in diagnosis of ADHD seen
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over the past decade appears to reflect an increase in
recognition of the disorder and has led to a dramatic
increase in the prescription of methylphenidate (1), the
drug of choice in the treatment of ADHD (3).
The therapeutic effects of methylphenidate are believed to be due to its ability to increase the synaptic
concentration of dopamine (4), which it does by blocking the dopamine transporters (5). However, despite
the widespread therapeutic use of methylphenidate,
the levels of dopamine transporter blockade achieved
at the doses used therapeutically in the treatment of
ADHD are not known. In addition, while the pharmacokinetics of oral methylphenidate in blood have been
widely investigated, there have been no studies of the
pharmacokinetics of oral methylphenidate in the primate brain.
An evaluation of the levels of dopamine transporter
blockade by oral methylphenidate is also of relevance
vis à vis the abuse liability of methylphenidate (6),
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TABLE 1. Ratings of Behavioral Measures and Cardiovascular Changes for Seven Normal Adults After Methylphenidate Administration
Self-Ratingb
Subject and Methylphenidate
Dosea
Subject 1
10 mg (0.11 mg/kg)
20 mg (0.22 mg/kg)
Subject 2
10 mg (0.16 mg/kg)
20 mg (0.32 mg/kg)
Subject 3
20 mg (0.24 mg/kg)
40 mg (0.48 mg/kg)
Subject 4
40 mg (0.47 mg/kg)
60 mg (0.71 mg/kg)
Subject 5
40 mg (0.57 mg/kg)
60 mg (0.86 mg/kg)
Subject 6: 5 mg (0.09 mg/kg)
Subject 7: 5 mg (0.05 mg/kg)
a Weight-adjusted dose
b Range=1 to 10.
c t=3.2, df=11, p<0.008.
d t=2.3, df=11, p<0.04.
e t=2.9, df=11, p<0.02.

Change (%)

Restlessness
(at peak)

Drug
Effects
(at peak)

Heart Ratec
(60–150 minutes)

Systolicd
(60–150 minutes)

Diastolice
(60–150 minutes)

0
5

0
0

0
5

17
31

–5
4

–5
3

0
0

2
0

0
0

–8
12

4
2

2
0

0
1

0
3

0
2.5

19
29

2
13

7
13

0
0

1
1

0
0

10
6

0
–3

8
4

1
3
0
0

5
4
8
5

1
3
0
6

3
–2
10
3

9
3
8
4

10
9
22
–1

appears in parentheses.

since dopamine transporters are believed to be the target of cocaine’s reinforcing effects (7). Dopamine
transporter-blocking drugs, such as cocaine and methylphenidate, raise the extracellular concentration of
dopamine in various brain regions including the nucleus accumbens, which is one of the brain structures
associated with the reinforcing effects of drugs of
abuse (8).
With positron emission tomography (PET) and appropriate radiotracers, it is now possible to measure
the levels of dopamine transporter occupancy achieved
by drugs that block the dopamine transporter in human subjects reliably (9) and also to evaluate drug
pharmacokinetics directly in brain (9). Using this strategy, we have shown a significant correlation between
the magnitude of cocaine-induced dopamine transporter blockade and the self-reports for the “high” as
well as a good temporal correspondence between the
pharmacokinetics of cocaine at the dopamine transporter and the temporal course for the duration of the
“high” [9]. Because we have shown that for intravenous cocaine to consistently induce a “high,” it has to
block at least 60% of the dopamine transporters, we
questioned whether methylphenidate, when given
orally and at the doses used therapeutically, would
achieve these levels of blockade.
To assess the level of dopamine transporter occupancy achieved by different doses of oral methylphenidate in human brain, we selected doses that covered
the range used therapeutically for ADHD. The most
frequent weight-adjusted doses for methylphenidate
correspond to 0.3 to 0.6 mg/kg (10). The behavioral
and cardiovascular responses to methylphenidate were
monitored during the PET studies. Parallel studies to
1326

Blood Pressure

“High”
(at peak)

measure the rate of uptake of oral methylphenidate in
brain were performed in a baboon rather than in a human subject in consideration of the radiation dose to
the oral mucosa. In addition, because of dosimetry
considerations, we conducted the studies in adults
rather than in children, for whom methylphenidate is
most frequently prescribed.
METHOD
Human Studies
Subjects. Seven healthy subjects (three men and four women)
with a mean age of 24 years (SD=7) were studied. Written informed
consent was obtained from all subjects after complete description of
the study and according to the guidelines set by the Institutional Review Board at Brookhaven National Laboratory.
Scans. PET studies were carried out with a CTI 931 tomograph
(reconstructed resolution 6×6×6.5 mm full width at half maximum,
15 slices) by using [11C]cocaine as a dopamine transporter ligand
(11). Methods for positioning subjects, catheterizations, transmission scans, and blood sampling and analysis have been published
(11). Briefly, emission scans were started immediately after injection
of 4–8 mCi of [11C]cocaine (specific activity >0.2 Ci/µmol at time of
injection). A series of 20 emission scans was obtained from time of
injection up to 54 minutes. Arterial sampling was used to quantitate
total carbon-11 and unchanged [11C]cocaine in plasma (11).
Subjects were scanned four times with [11C]cocaine over a 2-day
period (except for two subjects who were scanned only twice); the
first scan on each day was done with oral placebo (calcium carbonate) administered 120 minutes before injection of [11C]cocaine and
was used as baseline; the second scan was done 3 hours after the first
one and 120 minutes after oral administration of methylphenidate (5
mg, 10 mg, 20 mg, 40 mg, or 60 mg). Table 1 summarizes the total
and weight-adjusted doses of oral methylphenidate received by the
subjects. The design of the study assumed that the intra- and intersubject variabilities in the dopamine transporter occupancy measures were equivalent. Venous blood was drawn for quantification
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FIGURE 1. Levels of Dopamine Transporter Occupancy for Weight-Adjusted Doses of Methylphenidate (A) and Linearized Plots
Used to Calculate Weight-Adjusted Dose of Methylphenidate Required to Occupy 50% of the Dopamine Transporters (dose ED 50)
(B) in Seven Normal Adultsa

a P=percent

dopamine transporter occupancy.

of plasma concentration of the two enantiomers of methylphenidate
(d- threo- and l-threo-methylphenidate) before and at 1, 2, and 3
hours after administration of oral methylphenidate, through use of
capillary gas chromatography-mass spectrometry (12).
Behavioral measures. In order to simulate an analog rating scale,
participants were instructed to orally respond to each descriptor by
using a whole number between 1 and 10 for the self-report of the
“high,” “rush,” “restlessness,” and “anxiety” measures. “High”
was defined as euphoria, “rush” as the sensation of the drug in the
body, and “restlessness” as desire to move. Ratings were obtained
every minute for the first 20 minutes and then at 10-minute intervals
for the next 40 minutes, as previously described (13). Heart rate and
blood pressure were monitored continuously.
Analyses. Regions of interest in striatum and cerebellum were
drawn directly on an averaged emission image (images obtained
from 10 to 54 minutes), as previously described (11). These regions
were then projected into the dynamic images to generate time activity curves for striatum and for cerebellum. These time activity curves
for tissue concentration, along with the time activity curves for unchanged tracer in plasma, were used to calculate the distribution
volume in striatum and cerebellum through use of a graphical analysis technique for reversible systems (14). We used the ratio of the
distribution volume in striatum to that in cerebellum (DVSTR/DVCB),
which corresponds to Bmax/K d +1 and is insensitive to changes in
cerebral blood flow (CBF), as model parameter for dopamine transporter availability (15). Dopamine transporter occupancies were
calculated as ([Bmax/Kd placebo – Bmax/Kd methylphenidate]/Bmax/Kd placebo) × 100.
Pearson product moment correlation analyses were calculated for
the estimates of dopamine transporter occupancy and the concentration of methylphenidate in plasma. Because of the limited number of
subjects for each dose, the effects of methylphenidate on the “high”
and of the cardiovascular measures were not separately assessed for
each dose but were grouped together. Differences between placebo
and methylphenidate were compared with paired t tests (two tailed).
For the comparison of the cardiovascular variables we averaged the
measures obtained between 60 and 115 minutes after placebo or methylphenidate, since this was the time period when most of methylphenidate’s effects were seen. For the comparisons of the “high”
measures we chose the peak reported effects. To obtain the estimated
dose of methylphenidate required to occupy 50% of dopamine
transporter (ED50), the percent occupancy was linearized by plotting
the logarithm of P divided by (100 minus P) versus the logarithm of
the dose (mg/kg) where P is the percent dopamine transporter occupancy; the linear regression permitted the determination of the ED50,
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TABLE 2. Plasma Concentrations of d-threo-Methylphenidate
60 to 150 Minutes After Its Administration to Seven Normal
Adultsa

d-threo Methylphenidate Level (ng/ml)
60
120
150
Number
minutes
minutes
minutes
of
MethylpheniSubjects Mean SD Mean SD Mean SD
date Dose
5 mg
2
2
2
3
1
2
1
10 mg
2
2
2
3
1
2
1
20 mg
3
6
2
5
1
4
1
40 mg
3
12
5
11
2
9
4
60 mg
2
6
5
14
2
17
10
a Plasma levels of l-threo-methylphenidate were undetectable.
plot was obtained to calculate the plasma concentration of d-threomethylphenidate required to occupy 50% of the dopamine transporters.

Baboon Studies
To evaluate the rate of uptake of oral methylphenidate in brain we
carried out PET studies in one anesthetized (ketamine/isoflurane) female baboon and used [11C]methylphenidate as the radiotracer. Scan
procedures, animal preparation and anesthesia (17), and radiotracer
synthesis (18) and plasma tracer analysis (19) have been published.
In order to administer the radiotracer orally, at the time of endotracheal intubation, we installed an orogastric tube (16–18-inch French
gastric tube); positioning was checked by insufflating air and monitoring gastric noise. [11C]Methylphenidate was administered into
the orogastric tube as a 10-cc volume, followed by 10-cc flush of water to the gastric tube to clean off any remaining activity. Scanning
was started immediately after administration of 20 mCi of [11C]methylphenidate, and dynamic scans were obtained for a total of 2
hours (6×10 minutes; 4×15 minutes). Protocols followed the guidelines of the Brookhaven National Laboratory Institutional Animal
Care And Use Committee. Regions of interest in striatum, cerebellum, and whole brain were obtained as previously described (20).
Time activity curves for the concentration of the radiotracer in these
brain regions were used to estimate the time for the radiotracer to
reach peak uptake in brain.
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FIGURE 2. Levels of Dopamine Transporter Occupancy as a Function of Plasma Concentration of d-threo-Methylphenidate 120
Minutes After Methylphenidate Administration (A), and Linearized Plots Used to Calculate Plasma Concentration of d-threoMethylphenidate Associated With 50% Dopamine Transporter Occupancy (plasma ED50) (B) in Seven Normal Adultsa

a P=percent

dopamine transporter occupancy.

RESULTS

Oral methylphenidate produced a dose-dependent
blockade of dopamine transporters: means=12% (SD=
4%) for 5 mg, 40% (SD=12%) for 10 mg, 54% (SD=
5%) for 20 mg, 72% (SD=3%) for 40 mg, and 74%
(SD=2%) for 60 mg. Figure 1A shows the levels of
dopamine transporter occupancy for the weight-adjusted doses. The estimated dose required to block
50% of the dopamine transporter (ED50 ) was 0.25
mg/kg (figure 1B).
The plasma concentrations for d-threo-methylphenidate are shown in table 2; l-threo-methylphenidate was
not detectable. Dopamine transporter occupancies
were significantly correlated with the plasma concentration of d-threo-methylphenidate at 120 minutes,
which was the time when dopamine transporter measurements were made (r=0.80, df=11, p<0.002). The
levels of dopamine transporter occupancy as a function of the concentration of d-threo-methylphenidate
at 120 minutes are shown in figure 2A. The plasma
concentration of d-threo-methylphenidate, measured 2
hours after administration, that was associated with
50% blockade of the dopamine transporters was estimated to be 6 ng/ml (figure 2B).
Only one of the subjects reported a moderate “high”
for one of the methylphenidate doses, whereas the others reported no or minimal “high” (table 1). Thus,
even subjects who showed more than 60% dopamine
transporter blockade did not report a “high” (figure
3). Methylphenidate induced mild but significant increases in heart rate (placebo: mean=64%, SD=10%;
methylphenidate: mean=71%, SD=7%) (t=3.2, df=11,
p<0.008) and in systolic (placebo: mean=117, SD=14;
methylphenidate: mean=120, SD=12) (t=2.3, df=11,
p<0.04) and diastolic (placebo: mean=69, SD=5; meth1328

ylphenidate: mean=73, SD=4) (t=2.9, df=11, p<0.02)
blood pressure (table 1). Group sizes were too small to
assess dose effects.
The baboon study showed that [11C]methylphenidate did not reach peak concentration in brain until after 60 minutes of its administration (figure 4). The
short half-life of carbon-11 precluded an estimation of
the clearance rate of [11C]methylphenidate from brain.
DISCUSSION

This study shows that oral methylphenidate is very
effective in blocking dopamine transporters. The ED50
for dopamine transporter blockade by oral methylphenidate was estimated to be 0.25 mg/kg, which indicates that at the therapeutic doses used for ADHD
(weight-adjusted doses of 0.3 to 0.6 mg/kg), methylphenidate is likely to occupy more than 50% of the
dopamine transporters. This study also shows that the
time to reach peak uptake of oral methylphenidate in
brain was 60 minutes. This value corresponds well
with the pharmacokinetics of methylphenidate reported in plasma, as well as with the time course for
observing peak behavioral effects after therapeutic
doses of oral methylphenidate (21, 22). Unfortunately,
because of the short half-life of carbon-11, we were
unable to monitor the rate of clearance of methylphenidate in brain; such monitoring would have allowed us to determine whether there was a correspondence between the duration of its behavioral effects
and its presence in brain.
This study shows a correlation between plasma concentrations and dopamine transporter occupancy and
suggests that plasma concentration of d-threo-methylphenidate (active enantiomer) is a good indicator for
Am J Psychiatry 155:10, October 1998
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FIGURE 3. Dopamine Transporter Occupancy and Self-Reported “High” in Seven Normal Adultsa

FIGURE 4. Time Activity Curves for Uptake of Oral [11C]Methylphenidate in Striatum, Cerebellum, and Whole Brain in a Baboon

a Most

subjects did not experience a “high” even with significant
dopamine transporter blockade.

monitoring methylphenidate delivery to brain. It also
shows that plasma concentrations of 6 ng/ml of d threo-methylphenidate, for the measurements taken at
2 hours of drug administration, are associated with
50% blockade of the dopamine transporters. Since
plasma levels in excess of 6 ng/ml at 2 hours of drug
administration are reported in children with ADHD
who receive methylphenidate doses that are clinically
effective (23), this suggests than greater than 50%
dopamine transporter blockade may be required for
therapeutic efficacy. A 0.25-mg/kg dose was estimated
to correspond on average to a concentration of 6 ng/ml
of d-threo-methylphenidate in plasma, taken 2 hours
after drug administration, which is consistent with
plasma concentrations reported in adult subjects
treated with these doses (24). The variability in plasma
methylphenidate concentrations among subjects,
which is not unique to this study (23), could reflect differences in drug absorption or metabolism or both
among subjects as well as the small groups studied.
It had been postulated that oral methylphenidate has
low reinforcing effects because of its rapid metabolism
into ritalinic acid, a compound with low psychostimulant actions (25). We had also hypothesized that oral
methylphenidate, at the doses used therapeutically,
would not induce a “high” because it would not
achieve sufficient levels of dopamine transporter
blockade. The results from this study do not support
these hypotheses and suggest that variables other than
poor efficacy at the dopamine transporter are responsible for the low reinforcing effects of oral methylphenidate. An important consideration in analyzing
the reinforcing effects of drugs of abuse is the pharmacokinetics of these drugs, since the shorter the interval
between intake and perceived effects of the drug, the
greater the reinforcing effects of the drug (26, 27). Of
particular relevance is the manner of administration of
these drugs, since it will affect their brain pharmacokinetics (28, 29). In this study we showed that in the
Am J Psychiatry 155:10, October 1998

baboon brain, oral methylphenidate did not reach
peak plasma concentrations until 60 minutes after its
administration. This finding contrasts markedly with
the fast rate of uptake seen in the baboon brain after
intravenous administration of methylphenidate (8–10
minutes) (30) or cocaine (4–6 minutes) (14). In this respect it is worthwhile to note that while it has been
shown that methylphenidate is abused by humans,
such abuse occurs predominantly with intravenous
rather than with oral administration (6). Similarly,
studies in nonhuman primates that have shown comparable levels of self-administration for methylphenidate and cocaine have used intravenous administration
(31, 32).
The dependency of the reinforcing effects of drugs
on their rate of brain uptake could provide an explanation of why the subjects in this study did not report a
“high” even when oral methylphenidate was given at
doses that achieved levels of dopamine transporter
blockade comparable to those of intravenous doses of
cocaine (9) or of intravenous doses of methylphenidate
(33), which induced a “high” under similar experimental conditions. These findings, in light of previous results showing that it is the rapid onset of blockade of
the dopamine transporter, rather than continuous
blockade, that is associated with the “high” induced
by intravenous methylphenidate (34), suggest that oral
methylphenidate’s uptake in brain may be too slow to
induce a “high.” In contrast to our results, others have
reported mild reinforcing effects with similar doses
of oral methylphenidate (35). This may reflect differences in experimental conditions or the questionnaires
used or both. In addition, the group sizes in the present
study may have been too small to detect behavioral
effects.
In interpreting the findings from this study, it is important to comment on the model used in the study to
assess dopamine transporter occupancy (B max/K d =
DVSTR/DVCB–1). The distribution volume is an “equi1329
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librium” measure representing the ratio of tissue radioactivity (metabolite corrected) to plasma radioactivity.
Since it is an equilibrium property, it does not depend
on blood flow. The distribution volume calculated for
[ 11 C]cocaine with the graphical method has been
shown to be the same as that obtained from a compartmental model approach and to be a stable measure
that does not change with time (14). Furthermore, estimates of dopamine transporter occupancy have been
shown to be reproducible (9) and to lead to similar
measures whether one uses [ 11C]cocaine or [11 C]dthreo-methylphenidate as the dopamine transporter
radioligand (36). In interpreting the findings from this
study, it is also important to realize that while the selfreport of “high” has been shown to be a reliable and
accurate predictor for drug self-administration in humans, it is not the only variable accounting for drugseeking behavior (37).
Limitations of this study include the fact that the
studies were done in adults and not in children with
ADHD and that the group size was small, which precluded an accurate analysis of methylphenidate’s behavioral effects. Furthermore, dopamine transporter
measurements were made at 120 minutes and not at 60
minutes, when peak brain uptake was observed, so
that peak occupancies may have been underestimated.
In addition, while this study showed the levels of
dopamine transporter occupancy obtained after various doses of methylphenidate, future studies are required to determine the levels of dopamine transporter
blockade associated with methylphenidate’s therapeutic efficacy in ADHD.
This study measures for the first time the levels of
dopamine transporter blockade achieved after therapeutic doses of oral methylphenidate. It shows that
oral methylphenidate is very effective in blocking
dopamine transporters and that at the doses used therapeutically for ADHD, it may block more than 50% of
the dopamine transporters. It also shows that oral methylphenidate did not reach peak brain concentrations
until 60 minutes after its administration. The slow rate
of brain uptake of oral methylphenidate may explain
the failure to induce significant self-reports of “high.”
These results highlight the significant role that manner
of administration has on the ability of methylphenidate to elicit a “high” and indicate that the “level,” as
well as the “rate,” of dopamine transporter blockade
contributes to the “high.” Further studies to elucidate
the mechanism or mechanisms responsible for the
“rate” dependency should be encouraged.
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