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Abstract. The delivery systems of two long-acting formu-
lations of methylphenidate (MPH) were designed for different
durations. Diffucaps bead-delivery system (DBDS)-MPH was
designed to last 8 h and osmotically controlled-release oral
delivery system (OROS)-MPH was designed to last 12 h.
While the plasma pharmacokinetics and timing of efficacy
have been studied, the corresponding central nervous system
dopamine transporter (DAT) occupancies are unknown. In
this study, 21 healthy volunteers underwent PET imaging
with "'C Altropane before and after administration of oral doses
of DBDS-MPH and OROS-MPH. Each subject received 40 mg
DBDS-MPH and 36 mg OROS-MPH on different days. PET
imaging occurred at 10 h after dosing. Each subject was
injected with 5 mCi of ''C Altropane and serial images of the
brain were acquired over 60 min with a Siemens HR* PET
camera. Binding potentials (BP, kj/k,) were calculated from
time-activity curves using the simplified reference region
method with cerebellum as reference. Transporter occupancy
was calculated by standard methods. At 10 h, plasma d-MPH
levels were lower (3.8+1.2 vs. 5.2+2.0) and brain DAT
occupancy was lower (34.8 £12.9 vs. 44.3+11.8) for DBDS-
MPH than OROS-MPH. Across the range of values, for each
unit of change in plasma d-MPH level there was a larger
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change in DAT occupancy with the DBDS-MPH formulation
than with the OROS-MPH formulation. As predicted from
previous pharmacokinetic and efficacy data, the average
plasma level and DAT occupancy of 36 mg OROS-MPH was
>40 mg DBDS-MPH at 10 h. Moreover, a relatively small
difference in plasma levels (1.4 ng/ml at 10 h) was associated
with a more impressive difference in DAT occupancy (~10% at
10 h).

Introduction

The stimulant methylphenidate (MPH) remains a mainstay of
treatment for attention deficit hyperactivity disorder (ADHD)
with over a hundred studies documenting its safety and
efficacy in pediatric and adult ADHD (1). Because of the
short half life of MPH, a new generation of long acting MPH
formulations has emerged that has greatly improved the
management of patients with ADHD across the lifecycle.
While the pharmacokinetic (PK) data from studies using
these formulations support their longer duration of action,
whether peripheral plasma kinetics match their effects in the
brain remain unknown.

Since the main target of MPH in the brain is the striatal
dopamine transporter (DAT), (2) measuring central DAT
binding can elucidate the central kinetic effects of MPH
formulations. A highly sensitive methodology has been
developed to measure drug occupancy of the DAT in the brain
using the radioligand '"C Altropane to label the DAT and
positron emission tomography (PET) for detection (3). Because
of the sensitivity of this methodology, low radiation exposure
permits repeated imaging, allowing for the examination of
the kinetics of CNS DAT receptor occupancy in the living
human brain. Similar PET methodology has been previously
used to document the CNS pharmacokinetics of other
psychiatric drugs (4-8).

Using this methodology, we recently contrasted the central
effects of immediate release (IR)-MPH and the long-acting
osmotically controlled-release oral delivery system (OROS)-
MPH in 12 healthy adults. (9) Subjects were randomized to
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receive single doses of IR-MPH or OROS-MPH using doses
predicted to produce equivalent Cmax values (40 mg IR-MPH,
90 mg OROS-MPH). Plasma d-MPH levels were obtained
hourly for 10 h, twice for each subject. DAT occupancies
were measured at 1, 3,5 and 7 h using '""C Altropane and
PET. Results showed that despite similar Cmax for both
formulations, treatment with OROS-MPH was associated with
a greater Tmax, a later time to maximum CNS DAT occupancy
consistent with the effects of a long-acting formulation.

Of the available second generation long-acting MPH
formulations, OROS-MPH and Diffucaps bead-delivery
system (DBDS)-MPH were specifically developed to produce
an ascending PK profile aimed at enhancing efficacy by
offsetting acute tolerance (10). However, these ‘ascending’
pharmacokinetics profiles are achieved through different
delivery technologies. OROS-MPH was designed to deliver
22% of its MPH immediately through its overcoat of MPH on
the surface of the tablet and the rest slowly throughout the day
through its delayed release mechanism relying on an expanding
push compartment that releases a pre-specified amount of
MPH while transitioning through the gut across the day. In
contrast, the ascending pharmacokinetics profile of DBDS-
MPH is achieved through the use of 30% immediate release
and 70% delayed release beads. At comparable doses, DBDS-
MPH is associated with greater plasma concentrations at
early times (1.5, 3, 4 h) whereas OROS-MPH is associated
with greater plasma concentrations (8, 10, 12 h) at later times
(11).

These two formulations also differ in their duration of
effects. While OROS-MPH was designed to replace three
doses of IR-MPH given 4 h apart with an expected duration
of effect of 12 h, DBDS-MPH was designed to replace two
doses of IR-MPH with an expected duration of effect of 8 h.
Whether the similarities (ascending pattern) and differences
(duration of action) of these two delivery systems will lead
to parallel effects on DAT occupancy in the brain remain
unknown.

Evaluating whether different long-acting formulations of
MPH differ in their central effects has important implications.
Linking plasma kinetics with brain activity of MPH could
further our understanding of the underlying central effects of
MPH in humans. Such information can help clarify whether
the molecular physiology of central MPH action (DAT brain
occupancy) parallels its peripheral pharmacokinetic properties
(plasma level). Whether the clinical effects of MPH correlate
with its central or peripheral kinetics can be of great value to
clinicians and to the public in selecting the most appropriate
MPH treatment for ADHD in clinical practice. This type of
research can provide novel and unique information towards a
better understanding of the mechanisms of action of long-
acting stimulant formulations. Considering the high prevalence
of ADHD in children and adults and its high associated
morbidity and disability, a better understanding of the time
course of brain actions of different MPH formulations will
facilitate access to a highly effective treatment for millions
of afflicted individuals.

The main aim of this study was to investigate the molecular
physiology of the brain action of OROS-MPH and DBDS-
MPH using PET scanning with ''C Altropane as the ligand.
Since these formulations are largely differentiable in their
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Figure 1. Plasma pharmacokinetics of d-Methylphenidate (DBDS-MPH
values offset to aid visualization).

duration of action, our study focused on their delayed release
phase. Based on their pharmacokinetic designs, we hypo-
thesized that at similar doses, OROS-MPH will have to higher
plasma d-MPH levels and greater CNS DAT occupancy 10 h
after administration than those of DBDS-MPH.

Materials and methods

Twenty-one healthy human subjects between 18 and 55 years
were sequentially recruited from advertisements. All subjects
were right-handed and in good health. All subjects had a
complete medical and psychiatric history and physical
examination before imaging. None had any DSM-IV axis I
disorders including ADHD as well as current or past drug or
alcohol abuse. In addition, none had a history of exposure to
psychotropic medicines (including stimulants) or tobacco. In
females, inquiry about the subject's current reproductive
status was also made. Furthermore, all subjects had an ECG,
full blood count, blood chemistries, urinalysis (including
drug screen and, in females, a pregnancy test). All studies
were approved by the Subcommittee on Human Studies of
the Massachusetts General Hospital.

Procedures. Subjects underwent PET imaging before and after
administration of oral doses of DBDS-MPH and OROS-MPH.
Assignment of medication order was randomized by the MGH
pharmacy. Subjects were blind to the order of medication
assignment. Each subject received 40 mg DBDS-MPH and
36 mg OROS-MPH on different days: day 1: baseline scanning
(one scan), day 2: scanning at 10 h after administration of
medication (DBDS-MPH or OROS-MPH) and day 3: scanning
at 10 h after administration of medication (DBDS-MPH or
OROS-MPH). On days 2 and 3 of scanning, venous blood was
drawn for quantification of plasma concentration of d-MPH
at 9, 10 and 11 h after medication administration.

PET imaging. Images were acquired using an HR* (CTI,
Knoxville, TN) PET camera. The primary imaging para-
meters of the HR* camera are in-plane and axial resolution of
4.5-mm FWHM, 63 contiguous slices of 2.5-mm separation.
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Figure 2. DAT Occupancy at 10 h by drug formulation.

Images were acquired in 3D mode and reconstructed using a
filtered back projection algorithm to an in-plane resolution of
4.5-mm FWHM. Photon attenuation measurements were
made with rotating pin sources containing %Ge.

For each scan, ~5 mCi of ''"C Altropane was injected
intravenously over 30 sec and serial PET images acquired.
Dynamic image collection started at the same time as the
infusion and images were acquired in 15 sec frames for the
first 2.0 min; in 1 min frames for the next 4.0 min and in
2 min frames for the last 27 frames; 60 min in all.

All projection data were corrected for non-uniformity of
detector response, dead time, random coincidences, and
scattered radiation. Regions of interest (ROIs) representing
the striatum (left, right caudate nucleus and left, right
putamen) and cerebellum were drawn manually on the 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, ROIs of like structures were averaged
to yield average striatal and cerebellar time activity curves
(TACs). In previous studies, we determined that the reference
(cerebellum) TACs were not affected by the DAT inhibitor
(MPH).

Statistical analysis. Categorical data were analyzed by
Chi-square analysis, continuous parametric data by an unpaired
t-test and the rank sum test for nonparametric data. Asso-
ciations between continuous variables were evaluated using
Pearson correlations. We chose a significance level of 0.05.
All tests were two-tailed.

Results

Pharmacokinetic profile of DBDS and OROS MPH. To relate
plasma levels of d-MPH to DAT occupancy, plasma d-MPH
was measured at 9, 10 and 11 h after receiving 36 mg of
OROS-MPH or 40 mg of DBDS-MPH (Fig. 1). As expected,
plasma d-MPH levels were lower for DBDS-MPH than
OROS-MPH at 9 h [4.1£1.3 vs. 5.4+2.0, t=4.3, df(18),
p<0.001]; 10 h [3.8+1.2 vs. 5.2+2.0, t=5.2, df(20), p<0.0001];
and 11 h [3.2+0.9 vs. 4.3£1.8, t=4.3,df(17), p<0.001] (Fig. 1).
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Figure 3. Plasma d-MPH level and DAT occupancy: raw data (A). Plasma
dMPH level and DAT occupancy: log transformed data, overall slope (B).
Plasma dMPH level and DAT occupancy: log transformed data, individual
slopes (C).

DAT occupancy in the striatum. d-MPH occupancy of brain
DAT was measured at 10 h after administration of 36 mg of
OROS-MPH or 40 mg of DBDS-MPH. Fig. 2 shows that at
10 h, DAT occupancy of OROS-MPH was significantly greater
than DBDS-MPH in all sub-territories of the striatum: right
caudate (44.3+11.8 vs. 34.8 £12.9, t=3.9, df=20, p=0.001), left
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caudate (42.7+10.9 vs. 30.9+13.8, t=5.1, df=20, p=0.001),
right putamen (41.6+11.7 vs. 32.1+12.3, t=3.8, df=20, p=0.001)
and left putamen (41.3+13.1 vs. 33.0+£12.8, t=3.4, df=20,
p=0.003).

DAT occupancy was significantly correlated with plasma
concentration of d-MPH (correlation coefficient 0.78, t=8.0,
p<0.000) (Fig. 3A). Using log transformation of DAT data,
similar to the analysis of DAT findings by Volkow et al (2),
a plasma concentration of 5.2-5.5 ng/ml (depending on sub-
territory) of d-MPH was associated with a 50% blockade of
DAT (Fig. 3B). Furthermore, the slope of the relationship
of plasma d-MPH concentration to DAT occupancy was
significantly greater for the DBDS-MPH formulation than
that of OROS-MPH and the plasma MPH concentration by
drug formulation interaction was significant (t=9.5, df=40,
p<0.0001) (Fig. 3C).

Discussion

This study compared the relationship between peripheral
pharmacokinetics and central DAT occupancies of two long-
acting oral delivery system formulations of MPH. DBDS-
MPH was designed to release d-MPH in escalating amounts
over 8 h, whereas OROS-MPH was designed to release d-
MPH over 12 h. Despite similar dosing, OROS-MPH had
greater plasma concentrations and greater brain effects
(occupancy of the DAT) at 10 h compared with DBDS-MPH.
These results support the hypotheses that peripheral and
brain pharmacokinetic profiles can be accurately predicted
based on the delivery system profile of the formulation.

The difference in plasma d-MPH concentrations at 9, 10
and 11 h of 40 mg DBDS-MPH and 36 mg of OROS-MPH
are consistent with previous PK studies for both formulations
(11). Gonzalez et al documented consistent differences in
plasma d-MPH levels for several comparable doses of DBDS-
MPH and OROS-MPH (11). While these investigators deter-
mined that total exposure (AUC,,,) was comparable between
the two formulations at the doses studied, earlier exposure
was greater for DBDS-MPH (AUC, 4, mean plasma d-MPH
at 1.5, 3,4 h) and later exposure was greater for OROS-MPH
(mean plasma d-MPH at 8, 10, 12 h). The authors concluded
that while both long-acting formulations provided a similar
total exposure; they were not bioequivalent.

While our pharmacokinetic results are consistent with
previous pharmacokinetic studies, it is striking that a relatively
small difference in plasma levels (1.4 ng/ml at 10 h) was
associated with a more impressive difference in DAT
occupancy (~10% at 10 h). A pharmacodynamic study by
Swanson et al underscores the clinical significance of such a
difference in DAT occupancy. The study of Swanson et al
compared the effects of comparable doses of DBDS-MPH
and OROS-MPH in children with ADHD in an analogue
classroom model (12). These investigators showed that DBDS-
MPH was associated with greater efficacy at early hours (1.5,
3, 4.5 h), whereas OROS-MPH was associated with greater
efficacy at later hours (12 h) on all measures assessed. Better
efficacy at any point in time was predicted by higher plasma
d-MPH concentrations.

While plasma concentrations predicted DAT occupancy
with both formulations of MPH, there was a stronger
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correlation between plasma d-MPH levels and DAT occupancy
with the DBDS-MPH formulation than with the OROS-MPH
formulation. This finding is similar to our previous finding
that there was a stronger correlation between plasma d-MPH
levels and DAT occupancy with the IR-MPH formulation
than with the OROS-MPH formulation (9). Although the
reasons for this finding are unclear, in both comparisons there
was a higher correlation in the formulation associated with
more rapid change of plasma levels. In other words, when the
delivery system is more rapid, for each unit of change in
plasma MPH level there is a larger change in DAT occupancy.
It is possible that plasma kinetics of OROS-MPH and DBDS-
MPH produce different physiologic outcomes due to rates of
transport across the blood-brain barrier and the effects of CNS
kinetics with DAT binding itself. More work is needed to
confirm this finding and elucidate its meaning.

Our results should be viewed in light of some methodo-
logical limitations. Since we did not determine the phase of
the menstrual cycle, this may be a source of variability in DAT
occupancy (13). Since we did not do Magnetic resonance
imaging (MRI ) scans, we could not rule out brain pathology.
However, brain pathology was unlikely in normal subjects.
While ROIs can be drawn with MRI scans, PET scans with
altropane clearly outline the salient structures (striatum, cere-
bellum). ROIs were chosen to be well inside the boundaries
to avoid partial volume effects. The same ROIs are used for
each subsequent scan on each individual subject. Moreover,
in a previous study (9) our IR-MPH DAT occupancies matched
those of Volkow et al (2).

Despite these considerations, our results provide further
documentation that peripheral and brain pharmacokinetic
profiles of long-acting formulations of MPH can be accurately
predicted based on the delivery system profile of the formu-
lation used. Plasma levels of d-MPH were greater with
OROS-MPH than DBDS-MPH from 9 to 11 h and DAT
occupancy of OROS-MPH was greater than DBDS-MPH at
10 h. Higher plasma levels were associated with higher
occupancy of the DAT. These results advance our under-
standing of the underlying central effects of MPH in humans
and identify important differences in the pharmacokinetic
and pharmacodynamic effects of long-acting formulations.
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