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Objective: The abuse potential of meth-
ylphenidate has been related to the
drug’s capacity to produce a rapid onset
of blockade of the presynaptic dopamine
transporter in the brain. An oral once-a-
day osmotic controlled-release formula-
tion of methylphenidate produces a more
gradual rise in plasma methylphenidate
concentration, compared with immedi-
ate-release methylphenidate. The authors
hypothesized that osmotic-release meth-
ylphenidate would also produce a slower
onset of blockade of the presynaptic
dopamine transporter and would be as-
sociated with a lower risk for detection
and likeability, compared to immediate-
release methylphenidate.

Method: Twelve healthy adults were ran-
domly assigned to receive single doses of
immediate-release methylphenidate or
osmotic-release methylphenidate. Doses
predicted to produce equivalent maxi-
mum concentration (Cmax) values were se-
lected (40 mg of immediate-release meth-
ylphenidate and 90 mg of osmotic-
release methylphenidate). Plasma d-
methylphenidate levels and responses to
detection/likeability questionnaire items

were obtained hourly for 10 hours after
administration of methylphenidate on
two separate occasions for each subject.
Dopamine transporter receptor occupan-
cies were measured at hours 1, 3, 5, and 7
by using a carbon-11-labeled imaging
agent (Altropane) and positron emission
tomography.

Results: Despite similar Cmax values for
both formulations, osmotic-release meth-
ylphenidate was associated with a longer
time to maximum concentration, longer
time to maximum CNS dopamine trans-
porter occupancy, and no detection/like-
ability, compared with immediate-release
methylphenidate.

Conclusions: The findings suggest that
the abuse potential of oral methylpheni-
date is strongly influenced by the rate of
delivery and not solely by the magnitude
of plasma concentration or brain trans-
porter occupancy. These results advance
understanding of the underlying central
effects of methylphenidate in humans
and identify a potentially less abusable
methylphenidate formulation.

(Am J Psychiatry 2006; 163:387–395)

The stimulant methylphenidate remains a mainstay of
treatment for attention deficit hyperactivity disorder
(ADHD), with more than 100 studies documenting its
safety and efficacy in pediatric and adult ADHD (1). How-
ever, because methylphenidate shares with cocaine the
mechanism of action consisting of blockade of the presyn-
aptic dopamine transporter (2), concerns have been
raised about the addictive potential of methylphenidate in
clinical practice.

Volkow et al. (3) showed a close temporal association
between subjective reports of the euphoriant effects of
methylphenidate and cocaine, whether administered in-
travenously or by insufflation, and rapid occupancy of the
dopamine transporter in the striatum of the human brain.
Although the oral administration of therapeutic doses of
methylphenidate is associated with a slower uptake to the

dopamine transporter in the brain (4), lingering concerns
remain about the potential euphoriant effects of orally ad-
ministered immediate-release methylphenidate, because
it is quickly absorbed and reaches the brain rapidly.

Kollins et al. (5) examined the subjective responses to
two doses (20 mg, 40 mg) of long-acting, sustained-release
oral methylphenidiate and short-acting, immediate-re-
lease oral methylphenidate in healthy volunteers. They
found that immediate-release methylphenidate was asso-
ciated with more robust subjective detection and likeabil-
ity responses, compared to the sustained-release formula-
tion, and they concluded that the immediate-release
formulation has a greater abuse potential than the sus-
tained-release formulation. The findings suggested that
the potential euphoriant risk associated with meth-
ylphenidate may be moderated by the drug’s oral delivery
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system. However, because methylphenidate plasma levels
were not measured in this study, the investigators were
unable to separate the effects of rate of onset from those of
the magnitude of the peak plasma concentration (Cmax).
Thus, studies are needed in which the peak plasma con-
centrations of the formulations are matched when subjec-
tive responses to different formulations of methylpheni-
date compounds are being compared.

Because of concerns about the effectiveness of the wax-
matrix sustained-release formulation of methylphenidate,
oral once-a-day osmotic controlled-release methylpheni-
date was formulated to provide day-long clinical effects.
This compound delivers 22% of the methylphenidate dose
immediately and the remaining 78% in an ascending fash-
ion. Pharmacokinetic studies of this compound have doc-
umented that plasma methylphenidate levels increase
over time with a time to maximum concentration (Tmax) of
6–8 hours and a bi-exponential decline consistent with a
long-acting formulation (6). In contrast to equivocal clini-
cal benefits of sustained-release methylphenidate (7), os-
motic-release methylphenidate has been shown to be
highly effective in placebo-controlled, large-scale, ran-
domized clinical studies in children with ADHD (8). As a
consequence, osmotic-release methylphenidate is cur-
rently one of the most frequently prescribed methylpheni-
date formulations in the United States. In addition, in con-
trast to immediate-release and sustained-release
methylphenidate, osmotic-release methylphenidate is
difficult to crush and its methylphenidate content cannot
be easily extracted, making it a potentially less divertable
formulation of methylphenidate.

Since the main target of methylphenidate in the brain is
the striatal dopamine transporter (4), measurement of
central dopamine transporter binding can elucidate the
central kinetic effects of methylphenidate compounds. A
highly sensitive method has been developed to measure
drug occupancy of the dopamine transporter in the brain
by using a carbon-11-labeled radioligand (Altropane, Or-
ganix Inc., Boston) to label the dopamine transporter and
positron emission tomography (PET) for detection (9). Be-
cause the time course of decay of the carbon-11 isotope
permits repeated imaging, this method allows examina-
tion of the kinetics of CNS dopamine transporter receptor
occupancy in the living human brain. Similar PET meth-
ods have been previously used to document the CNS
pharmacokinetics of other psychiatric drugs (10–14).

The evaluation of whether different formulations of
methylphenidate differ in their rate of onset of meth-
ylphenidate action (as measured by plasma concentration
and dopamine transporter brain occupancy) has a high
level of clinical, scientific, and public health relevance. Be-
cause the rate of delivery is a key factor previously associ-
ated with detection and likeability of methylphenidate (3–
5), the identification of a methylphenidate formulation
with a more favorable detection and likeability profile
could be of great value to clinicians and to the public in se-

lecting the most appropriate methylphenidate treatment
for ADHD in clinical practice. Linking plasma kinetics
with brain activity of methylphenidate could further un-
derstanding of the underlying central effects of meth-
ylphenidate in humans.

The main goal of this study was to assess whether the
abuse potential of methylphenidate is moderated by dif-
ferences in the oral delivery system and whether a formu-
lation in which the drug is delivered over a longer time pe-
riod may be less likely to be abused than an immediate-
release formulation. We compared effects of orally admin-
istered therapeutic doses of a short-acting, immediate-re-
lease formulation of methylphenidate with those of a
long-acting, osmotic-release formulation of methylpheni-
date in the following areas: 1) pharmacokinetic profile of
methylphenidate, including the rate of onset of meth-
ylphenidate action (indexed by plasma levels), 2) dopa-
mine transporter receptor occupancy in the brain (in-
dexed by PET measurement of radioligand binding), and
3) abuse liability (indexed by subjective ratings of detec-
tion and likeability).

To disentangle the effects of rate of onset of meth-
ylphenidate action and dopamine transporter receptor oc-
cupancy in the brain on levels of detection and likeability,
we selected doses of the two formulations of methylpheni-
date that would result in similar peak plasma concentra-
tions (Cmax) and indirectly measured CNS dopamine trans-
porter receptor occupancy over time. We tested the
following hypotheses: 1) osmotic-release methylphenidate
would have a longer Tmax than immediate-release meth-
ylphenidate; 2) maximum CNS dopamine transporter re-
ceptor occupancy would be similar for these doses of im-
mediate-release methylphenidate and osmotic-release
methylphenidate, and maximum dopamine transporter
occupancy for osmotic-release methylphenidate would be
achieved later than that of immediate-release meth-
ylphenidate; and 3) the subjective effects of detection and
likeability would be greater for immediate-release meth-
ylphenidate than for osmotic-release methylphenidate,
despite similar Cmax values and maximum dopamine
transporter binding potentials for the two formulations.

Method

Subjects

The subjects consisted of 12 Caucasian volunteers between
ages 18 and 55 years. Six were men, and six were women. All sub-
jects were right-handed and in good health. Six were given imme-
diate-release methylphenidate, and six were given osmotic-re-
lease methylphenidate. The two groups were of similar age
(mean=24 years, SD=2.4, versus mean=25 years, SD=3.9; F=0.31,
df=1, 10, p=0.59), sex (χ2=1.3, df=1, p=0.25), and socioeconomic
status as measured with the Hollingshead Four-Factor Index of
Social Status, on which lower values indicate higher socioeco-
nomic status (mean=1.8, SD=0.41, versus mean=1.5, SD=0.55; F=
1.43, df=1, 10, p=0.26). Each subject was assessed with a complete
medical and psychiatric history and physical examination before
imaging. None had any DSM-IV axis I disorders, including ADHD
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and current or past drug or alcohol abuse. In addition, none had a
history of exposure to psychotropic medicines (including stimu-
lants) or tobacco. For female subjects, inquiry about the subject’s
current reproductive status was made, and a pregnancy test was
conducted. All subjects were assessed with an ECG, full blood
count, blood chemistries, and urinalysis.

Procedures

Subjects underwent PET imaging before and after administra-
tion of oral doses of immediate-release methylphenidate or os-
motic-release methylphenidate. Assignment of medication was
randomized by the pharmacy, and the subjects were blind to the
medication assignment. As recommended by Kollins et al. (5), we
matched the Cmax of the immediate-release methylphenidate and
osmotic-release methylphenidate formulations. On the basis of
available pharmacokinetic modeling data (unpublished 2004
data, McNeil Consumer & Specialty Pharmaceuticals, Fort Wash-
ington, Penn.), we expected that oral therapeutic doses of 40 mg
of immediate-release methylphenidate and 90 mg of osmotic-re-
lease methylphenidate would achieve comparable Cmax values.
Subjects underwent a total of five PET imaging sessions on three
different days. On day 1, baseline scanning (one scan) was com-
pleted. On day 2, scanning was done at 1 and 3 hours after admin-
istration of methylphenidate (two scans). On day 3, scanning was
done at 5 and 7 hours after administration of methylphenidate
(two scans). On days 2 and 3, venous blood was drawn hourly for
quantification of plasma concentration of d-methylphenidate
hourly over 10 hours. We measured plasma d-methylphenidate
because this enantiomer has been shown to be the active moiety
(15). Although none of the methylphenidate metabolites are ac-
tive (16), we also measured plasma levels of the major metabolite
of d-methylphenidate, d-ritalinic acid.

PET Imaging

Images were acquired by using an HR+ PET camera (CTI, Knox-
ville, Tenn.). The primary imaging parameters of the HR+ camera
are in-plane and axial resolution of 4.5 mm full width at half max-
imum and 63 contiguous slices of 2.5-mm separation. Images
were acquired in three-dimensional mode and reconstructed by

using an iterative algorithm to an in-plane resolution of 4.5 mm
full width at half maximum. Photon attenuation measurements
were made with rotating pin sources containing germanium-68.

For each scan, approximately 5 mCi of carbon-11-labeled ra-
dioligand was injected intravenously over 30 seconds, and serial
PET images were acquired. Dynamic image collection started at
the same time as the infusion, and images were acquired in 15-
second frames for the first 2 minutes, in 1-minute frames for the
next 4 minutes, and in 2-minute frames for the last 54 minutes,
for a total of 39 frames over 60 minutes. On the second and third
days of scanning, the initial scans were followed by a 2-hour pe-
riod to allow for decay of residual radioactivity, and then the ra-
dioligand injection and imaging procedures were repeated.

All projection data were corrected for nonuniformity of detec-
tor response, dead time, random coincidences, and scattered ra-
diation. Regions of interest representing the striatum (the left and
right caudate nucleus and the left and right putamen) and cere-
bellum were drawn manually on PET images. This procedure was
repeated for all slices in which the structures were visualized at
full intensity (away from edge slices). For each frame, regions of
interest of like structures were averaged to yield average striatal
and cerebellar time activity curves. We determined that the refer-
ence (cerebellum) time activity curves were not affected by the
dopamine transporter inhibitor.

The binding potential values (BP, or Bmax/Kd) for the carbon-
11-labeled radioligand were calculated by using a kinetic model
that compared data from the striatum and cerebellum (17).
Dopamine transporter receptor occupancy was calculated by us-
ing the following equation: (BP baseline – BP methylphenidate/
BP baseline) × 100. To estimate the plasma methylphenidate level
required to occupy 50% of the dopamine transporter receptor
sites, the percentage of dopamine transporter occupancy (P) was
linearized by plotting the logarithm of P divided by (100 – P) ver-
sus the logarithm of the plasma level of d-methylphenidate (ng/
ml). The linear regression permitted the determination of the
plasma d-methylphenidate level associated with 50% occupancy

FIGURE 1. Mean Plasma d-Methylphenidate Concentra-
tions in Healthy Subjects After Receipt of a Single Dose of
Immediate-Release (N=6) or Osmotic-Release (N=6) Meth-
ylphenidate

a Significant difference between groups (F=8.62, df=1, 22, p<0.01).
b Significant difference between groups (F=16.3–198, df=1, 20–22,

p<0.001).
c Significant difference between groups (F=6.27, df=1, 22, p<0.05).
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FIGURE 2. Mean Striatal Dopamine Transporter Receptor
Occupancy in Healthy Subjects After Receipt of a Single
Dose of Immediate-Release (N=6) or Osmotic-Release (N=6)
Methylphenidatea

a Mean dopamine transporter occupancy values obtained in healthy
subjects 2 hours after receipt of 40 mg and 20 mg of immediate-re-
lease methylphenidate in a study by Volkow et al. (4) are shown for
comparison.

b Significant difference between groups (F=5.19, df=1, 10, p<0.05).
c Significant difference between groups (F=57.01, df=1, 10, p<0.001).
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of the dopamine transporter, which, in turn, corresponds to the
0.0 value on the y-axis in a scattergram showing the slope of the
relationship between plasma d-methylphenidate concentration
and dopamine transporter occupancy.

On the days that subjects received methylphenidate, they com-
pleted three items from the Drug Rating Questionnaire, a subjec-
tive measure of drug effects that has been used to assess the
abuse potential of drugs. One item measured the subject’s level of
feeling an effect from the drug. In addition, an item about liking
the drug was used to assess the drug’s potential to produce eu-
phoria, and an item about disliking the drug was used to assess
the drug’s potential to produce both dysphoria and withdrawal.
Subjects rated the items on a scale from 1 to 29, with higher scores
indicating a stronger subjective experience. Constituent elements
of the scale were standardized by comparison to responses to
known drugs of abuse and validated against observer ratings and
physiological changes (18). This measure and related scales have
been used in numerous published studies assessing the abuse li-
ability of methylphenidate (18–20). Subjects completed the Drug
Rating Questionnaire hourly for 10 hours on each of the 2 days
they received methylphenidate.

Statistical Analysis

Categorical data were analyzed with chi-square tests, continu-
ous parametric data with unpaired t or F tests, and nonparamet-
ric data with the rank sum test. Associations between continuous
variables were evaluated by using Pearson’s product-moment
correlation. We controlled for multiple comparisons using Holm’s
sequential Bonferroni method (21). In computing Holm’s test, we
used Nyholt’s method (22) to adjust the total number of tests that
were assumed.

This study was approved by the Massachusetts General Hospi-
tal Institutional Review Board. After complete description of the
study to the subjects, written informed consent was obtained.

Role of the Funding Sources

This study was initiated by the investigators. McNeil Consumer
& Specialty Pharmaceuticals provided funding, assisted in study
design, and provided comments on the manuscript to the first au-
thor (Dr. Spencer) but did not assist in the collection, analysis, or
interpretation of data. NIMH grant RO1 MH-064019 (Dr. Spencer)
supported the evaluation of dopamine transporter binding in
subjects with and without ADHD.

Results

Pharmacokinetic Profile of Methylphenidate

To relate plasma levels of d-methylphenidate to dopam-
ine transporter occupancy, plasma d-methylphenidate
was measured hourly after subjects received 90 mg of os-
motic-release methylphenidate or 40 mg of immediate-re-
lease methylphenidate (Figure 1). As expected, plasma d-
methylphenidate levels were higher for the immediate-re-
lease formulation than for the osmotic-release formula-
tion at hours 1–3, the levels for the two formulations con-
verged at hour 4, and the levels were lower for immediate-
release methylphenidate than for osmotic-release meth-
ylphenidate at hours 5–10 (Figure 1). The Cmax for d-
methylphenidate was higher for osmotic-release meth-
ylphenidate than for immediate-release methylphenidate,
although the difference did not reach statistical signifi-
cance (mean=17.7 ng/ml, SD=4.7, versus mean=14.1, SD=
3.7; F=4.2, df=1, 22, p=0.05). Moreover, the Tmax for d-
methylphenidate was 3.5 times longer for osmotic-release

FIGURE 3. Serial PET Brain Images Showing Striatal Dopamine Transporter Receptor Occupancy After Receipt of a Single
Dose of Immediate-Release or Osmotic-Release Methylphenidate in Two Healthy Subjectsa

a Dopamine transporter receptor occupancy in the striatum was assessed by measuring binding of a carbon-11-labeled imaging agent (Altro-
pane).

b Plasma d-methylphenidate concentrations in this subject were 5.8 ng/ml at 1 hour, 9.2 ng/ml at 3 hours, 13.3 ng/ml at 5 hours, and 16.1 ng/
ml at 7 hours.

c Plasma d-methylphenidate concentrations in this subject were 11.1 ng/ml at 1 hour,12.2 ng/ml at 3 hours, 7.9 ng/ml at 5 hours, and 4.8 ng/
ml at 7 hours.
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methylphenidate than for immediate-release meth-
ylphenidate (mean=7.5 hours, SD=1.2, versus mean=2.2
hours, SD=0.8; F=170, df=1, 22, p<0.0001). The plasma lev-
els of d-ritalinic acid were highly correlated to d-methyl-
phenidate levels (r=0.83). In addition, the ratio of the d-ri-
talinic acid Cmax for osmotic-release methylphenidate to
that for immediate-release methylphenidate was 1.19, in-
distinguishable from the 1.18 ratio of the d-methyl-
phenidate Cmax values for the two formulations.

Dopamine Transporter Occupancy in Striatum

d-Methylphenidate occupancy of brain dopamine
transporter receptors was measured at 1, 3, 5, and 7 hours
after administration of 90 mg of osmotic-release meth-
ylphenidate or 40 mg of immediate-release methylpheni-
date. Figure 2 and Figure 3 show that at 1 hour, dopamine
transporter occupancy with immediate-release meth-
ylphenidate was greater than that with osmotic-release
methylphenidate (F=5.19, df=1, 10, p<0.05). At hours 3 and
5, the occupancy values for the two groups converged, and
at 7 hours dopamine transporter occupancy with immedi-
ate-release methylphenidate was lower than that with os-
motic-release methylphenidate (F=57.01, df=1, 10,
p<0.001). Average maximum dopamine transporter occu-
pancy was similar for immediate-release methylpheni-
date and osmotic-release methylphenidate (mean=71.5,
SD=7.7, versus mean=67.6, SD=5.5; F=1.0, df=1, 10, p=
0.34). The average time to maximum occupancy was three
times longer with osmotic-release methylphenidate than
with immediate-release methylphenidate (mean=5 hours,
SD=2.5, versus mean=1.7, SD=1.0; F=8.9, df=1, 10, p<0.02).

Dopamine transporter occupancy was significantly cor-
related with plasma concentration of d-methylphenidate
(correlation coefficient=0.7, t=6.6, df=45, p<0.001) (Figure
4, upper panel). In an analysis with log transformation of
the dopamine transporter data, similar to the analysis of
dopamine transporter findings by Volkow et al. (4), we
found that a plasma concentration of 5.7 ng/ml of d-
methylphenidate was associated with 50% blockade of
dopamine transporter (Figure 4, center panel). Further-
more, the slope of the relationship between plasma d-
methylphenidate concentration and dopamine trans-
porter occupancy was significantly greater for the imme-
diate-release formulation than for the osmotic-release
formulation, and the interaction of plasma methylpheni-
date concentration and drug formulation was significant
(t=20.4, df=43, p<0.0001) (Figure 4, lower panel).

Detection and Likeability

Compared to the subjects who received the osmotic-re-
lease formulation, the subjects who received the immedi-
ate-release formulation reported a greater subjective re-
sponse on all three scales of the Drug Rating Questionnaire
across all 10 hours after receiving a methylphenidate dose
(“feel an effect”: z=2.6, p<0.01; “like the drug effect”: z=2.5,
p<0.05; “dislike the drug effect”: z=2.8, p<0.01). The highest

scores for questions 1 (“feel an effect”) and 2 (“like the drug
effect)” were observed at 2 hours for both formulations.
The highest scores for question 3 (“dislike the drug effect”)
were observed at 4 hours for immediate-release meth-
ylphenidate group and 2 hours for osmotic-release meth-
ylphenidate group (Figure 5). For individual hour compar-
isons, we used an alpha level of 0.0077 to correspond to an
overall adjusted number of subjects of 6.5 for all tests (22).
Higher scores were recorded for the immediate-release
group than for the osmotic-release group at all times, but
only the difference in the ratings at 4 hours survived statis-
tical correction for multiple comparisons for all three
scales (z>2.8, p<0.006). It is noteworthy that the osmotic-
release group had a negligible subjective response to the
drug after hour 4, although this group had maximum
plasma concentration of d-methylphenidate at 7.5 hours
after receiving the drug and maximum dopamine trans-
porter occupancy at 5 hours.

Discussion

This study examined the peripheral and central pharma-
cokinetic properties of two formulations of methylpheni-
date with different oral delivery systems and the effect of
these properties on the abuse potential of the two formula-
tions. Unlike immediate-release methylphenidate, os-
motic-release methylphenidate was designed to release d-
methylphenidate in escalating amounts throughout the
day. Although similar plasma concentrations of the two for-
mulations were reached, osmotic-release methylphenidate
required a longer period of time to reach maximum plasma
concentration and maximum occupancy of the dopamine
transporter in the brain and engendered no detection/like-
ability interoceptive (subjective) effects, compared to im-
mediate-release methylphenidate. These results support
the hypotheses that peripheral and brain pharmacokinetic
profiles and the level of detection/likeability of methyl-
phenidate can be accurately predicted on the basis of the
delivery system profile of the formulation. They also sug-
gest that the osmotic controlled-release delivery system
may diminish the abuse potential of methylphenidate.

Because we selected doses that produced similar peak
plasma concentrations in the two formulations of meth-
ylphenidate we evaluated, we were able to disentangle the
spectrum of pharmacokinetics, dopamine transporter oc-
cupancy, and detection/likeability effects that were due to
the rate of delivery from those that were due to the magni-
tude of the d-methylphenidate concentration. This is an
important methodological feature of this study.

The similarity in maximum plasma d-methylphenidate
concentrations observed for the 40-mg dose of immedi-
ate-release methylphenidate and the 90-mg dose of os-
motic-release methylphenidate is consistent with the re-
sults of previous pharmacokinetic modeling for both
formulations (unpublished 2004 data, McNeil Consumer
& Specialty Pharmaceuticals, Fort Washington, Penn.).
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Our results showing that plasma d-methylphenidate con-
centrations peaked earlier in subjects who received imme-
diate-release methylphenidate and later in subjects who
received osmotic-release methylphenidate are also con-
sistent with the predicted pharmacokinetic profiles for an
immediate-release and a long-acting formulation.

The results for dopamine transporter occupancy paral-
leled the results for the Cmax and Tmax pharmacokinetic
properties of both formulations. Although maximum
dopamine transporter occupancies were similar for imme-
diate-release methylphenidate and osmotic-release
methylphenidate, the average time to maximum dopa-
mine transporter occupancy was approximately three
times longer for osmotic-release methylphenidate than for
immediate-release methylphenidate. This difference was
consistent with the effects of a long-acting formulation.

It is noteworthy that our dopamine transporter occu-
pancy findings are highly consistent with those reported
by Volkow et al. (4) for comparable doses of oral immedi-
ate-release methylphenidate, despite methodological dif-
ferences between studies in the timing of the first mea-
surement (1 hour versus 2 hours after oral administration
of methylphenidate) and radioligand used (carbon-11-la-
beled Altropane versus carbon-11-labeled cocaine). Be-
cause a 90-mg dose of osmotic-release methylphenidate
releases approximately 20 mg of methylphenidate imme-
diately, our 1-hour results with 90 mg of osmotic-release
methylphenidate and 40 mg of immediate-release meth-
ylphenidate (Figure 2) closely approximate the results of
Volkow et al. (4) for occupancies of 20 mg of immediate-
release methylphenidate (54%) and 40 mg of immediate-
release methylphenidate (72%). The 24% difference in
dopamine transporter occupancy at 1 hour between im-
mediate-release methylphenidate and osmotic-release
methylphenidate in our study is almost identical to the
25% difference at 2 hours reported by Volkow et al. for
comparable doses of methylphenidate. It is remarkable
that the plasma concentration associated with 50% block-
ade of the dopamine transporter was nearly identical to
that reported by Volkow et al. (∼6.0 ng/ml in both studies).

Although plasma concentrations predicted dopamine
transporter occupancy with both formulations of meth-
ylphenidate, there was a stronger correlation between
plasma d-methylphenidate levels and dopamine trans-
porter occupancy with the immediate-release formula-
tion than with the osmotic-release formulation. The rea-
sons for this finding are unclear, but it is possible that the
plasma kinetics of two formulations produce different
physiological outcomes due to differences in rates of
transport across the blood-brain barrier and the effects of
CNS kinetics with dopamine transporter binding itself.
More work is needed to confirm this finding and elucidate
its meaning.

As reviewed by Kollins et al. (5), the rate of rise of a drug’s
plasma concentration has been thought to indicate abuse
liability in studies of cocaine (23, 24), alprazolam (25), di-

FIGURE 4. Correlation of Dopamine Transporter Receptor
Occupancy and Plasma d-Methylphenidate Concentration
in Healthy Subjects After Receipt of a Single Dose of Imme-
diate-Release (N=6) or Osmotic-Release (N=6) Methylpheni-
date

a Dopamine transporter occupancy was determined for each subject
at hours 1, 3, 5, and 7 after methylphenidate administration. The
number of correlations for each condition was ~23 because of
missing data. The log-transformed data were derived by using the
following equation: P/(100-P), where P is the percentage of dopa-
mine transporter occupancy. The linear regression analysis of these
data permitted the determination of the plasma d-methylpheni-
date concentration required for 50% occupancy of the dopamine
transporter receptor sites (concentration=5.7 ng/ml, which corre-
sponds to the 0.0 value on the y-axis in the center panel).
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azepam (26), and pentobarbital (27), as well as meth-
ylphenidate (4, 5). In our study, subjects who received im-
mediate-release methylphenidate reported a greater
subjective response on all three detection/likeability Drug
Rating Questionnaire scales, compared to subjects who
received osmotic-release methylphenidate. These results
are consistent with those of the only other study that com-
pared immediate-release methylphenidate with a first-
generation long-acting methylphenidate formulation (a
sustained-release formulation) (5). In that study, the in-
vestigators demonstrated a greater subjective response to
immediate-release methylphenidate than to sustained-re-
lease methylphenidate by using doses of methylphenidate
that were similar to those used in our study (20 mg and 40
mg). In both studies, the subjects who received immedi-
ate-release methylphenidate reported greater rates of sub-
jective awareness of medication effects soon after receiv-
ing the drug (within 4 hours). In our study at 4 hours, the
plasma level of immediate-release methylphenidate was
descending and that of osmotic-release methylphenidate
was rising. It is not surprising that the immediate-release
group’s dislike of the drug would be greater at 4 hours (due
to rebound effects), but it is noteworthy that liking was
also greater at 4 hours. Kollins et al. (5) also found that lik-
ing initiated by immediate-release methylphenidate per-
sisted into the phase of descending plasma levels. In both
studies, subjects reported little response from either for-
mulation in the later hours, despite rising or high plasma
levels with the long-acting formulations. These findings
suggest that the slow rise in plasma level with the osmotic-
release formulation is associated with little liking or dislik-
ing, regardless of Cmax values.

Our results showing that the subjective response to
methylphenidate was moderated by the kinetics of the
methylphenidate formulation and not simply by the
plasma concentration or dopamine transporter occu-
pancy at a single point in time are consistent with those of
Volkow et al. (3), who reported a strong association be-
tween dopamine transporter occupancy and subjective
response to intravenous methylphenidate. Taken to-
gether, these results support the hypothesis that the veloc-
ity of plasma and CNS uptake of a drug is more critical
than its concentration for detection/likeability risk, re-
gardless of the mode of delivery.

Our finding that the majority of subjects who received
immediate-release methylphenidate reported subjective
detection/likeability effects is consistent with previous re-
search. Subjective drug experience, especially euphoria,
has been thought to be an indicator of risk of abuse (18,
19). In their review of the literature, Kollins et al. (19) found
that in 18 (72%) of 25 studies in which detection/likeabil-
ity was evaluated, subjective responses to oral immediate-
release methylphenidate were reported. However, our de-
tection/likeability results for oral immediate-release
methylphenidate differed from those of Volkow et al. (4).
In that study, in which doses ranged from 10 to 60 mg, only

one subject reported detection/likeability effects while re-
ceiving immediate-release methylphenidate. Although
these differences could be due to methodological issues,
more work is needed to understand the variance in find-
ings between these studies.

Although the maximum plasma concentration and
dopamine transporter occupancy at 7 hours with osmotic-
release methylphenidate were the same as those associ-
ated with the high ratings of detection/likeability at 1 hour
in subjects who received immediate-release methylpheni-
date, osmotic-release methylphenidate was not associ-
ated with detection/likeability (Figure 5). These findings
suggest that the slow ramp-up of methylphenidate levels
in the osmotic-release formulation exerts a protective ef-
fect against a subsequent subjective response of detec-
tion/likeability regardless of peak plasma levels and
dopamine transporter occupancy.

FIGURE 5. Mean Scores of Healthy Subjects on Three Items
of the Drug Rating Questionnaire After Receipt of a Single
Dose of Immediate-Release (N=6) or Osmotic-Release (N=6)
Methylphenidate

a Rated on a scale from 1 to 29, with higher scores indicating a stron-
ger subjective experience.

b Significant difference between groups (p<0.05, rank sum test, z=
2.0–2.4).

c Significant difference between groups (p<0.01, rank sum test, z=
2.8).

d Significant difference between groups (p<0.005, rank sum test, z=
3.0).
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Our results should be viewed in light of some method-
ological limitations. One limitation is the small number of
subjects. In addition, the dose of immediate-release meth-
ylphenidate (40 mg) was chosen as part of the experimen-
tal design. Typically, lower single doses are used clinically.
For female subjects, we did not determine the phase of the
menstrual cycle, which may be a source of variability in
dopamine transporter occupancy (28). Because we did not
do magnetic resonance imaging (MRI) scans, we could not
rule out pathological processes in the brain. However,
pathological processes are unlikely in healthy subjects. Al-
though regions of interest can be manually drawn by using
MRI data, salient structures (such as the striatum and cer-
ebellum) can be clearly outlined in PET scans with the ra-
dioligand that we used (Altropane). The regions of interest
were chosen to be well inside the structure boundaries to
avoid partial volume effects. The same regions of interest
were used for each subsequent scan of each individual
subject. Moreover, our data on dopamine transporter oc-
cupancies with immediate-release methylphenidate
matched those of Volkow et al. (4).

Although the difference did not reach statistical signifi-
cance, the peak plasma concentration of d-methylpheni-
date was 23% higher for osmotic-release methylphenidate
than for immediate-release methylphenidate. However,
this difference would be expected to bias the study find-
ings toward greater dopamine transporter occupancy and
stronger subjective feelings in subjects who received os-
motic-release methylphenidate, contrary to our hypothe-
sis. Although the parameters of detection and likeability
are thought to be proxies of abuse potential, the closeness
of this association has been controversial (19). For exam-
ple, some detection may result from peripheral and not
CNS effects and may not index euphoriant risk. Similarly,
the sensation of liking a drug could occur in the context of
setting and expectation and may not index risk of eupho-
ria. These considerations suggest that the actual abuse po-
tential of both methylphenidate formulations used in our
study may be less than we estimated. The results of this
study do not prove that osmotic-release methylphenidate
is not abusable but suggest that it may be less abusable
than immediate-release methylphenidate. In addition,
our study addresses the risk of abuse to achieve euphoria
and not the risk of abuse for purposes of weight loss or ex-
tended wakefulness.

Despite these considerations, our results show that pe-
ripheral and brain pharmacokinetic profiles and the de-
tection/likeability of methylphenidate can be accurately
predicted on the basis of the delivery system profile of the
formulation. The findings also indicate that the abuse po-
tential of methylphenidate is due to the rate of delivery
and not the magnitude of plasma concentration or recep-
tor occupancy in the brain. These results advance under-
standing of the underlying central effects of methylpheni-
date in humans and identify a potentially less abusable
methylphenidate formulation.
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