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Imaging the cannabinoid CB1 receptor in humans with [11C]
OMAR: assessment of kinetic analysis methods, test–retest
reproducibility, and gender differences
Marc D Normandin1,6, Ming-Qiang Zheng1, Kuo-Shyan Lin2, N Scott Mason3, Shu-Fei Lin1, Jim Ropchan1, David Labaree1,
Shannan Henry1, Wendol A Williams1, Richard E Carson1, Alexander Neumeister4,5 and Yiyun Huang1

The Radiotracer [11C]OMAR was developed for positron emission tomography (PET) imaging of cannabinoid type-1 receptors
(CB1R). The objectives of the present study were to evaluate kinetic analysis methods, determine test–retest reliability, and assess
gender differences in receptor availability. Dynamic PET data were acquired in 10 human subjects, and analyzed with one-tissue
(1T) and two-tissue (2T) compartment models and by the Logan and multilinear analysis (MA1) methods to estimate regional
volume of distribution (VT). The 2T model inclusive of a vascular component (2TV) and MA1 were the preferred techniques.
Test–retest reliability of VT was good (mean absolute deviation ~ 9%; intraclass correlation coefficient ~ 0.7). Tracer parent fraction
in plasma was lower in women (Po0.0001). Cerebral uptake normalized by body weight and injected dose was higher in men
by 17% (Po0.0001), but VT was significantly greater in women by 23% (Po0.0001). These findings show that [11C]OMAR binding
can be reliably quantified by the 2T model or MA1 method and demonstrate the utility of this tracer for in vivo imaging of CB1R. In
addition, results from the present study indicate that gender difference in receptor binding should be taken into consideration
when [11C]OMAR is used to quantify CB1R availability in neuropsychiatric disorders.
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INTRODUCTION
The endogenous cannabinoid system consists of two main G
protein–coupled receptors: cannabinoid type 1 (CB1), which is
located primarily in the brain1,2 and cannabinoid type 2 (CB2),
which is located mainly in immune cells in the periphery.3 The CB1
receptor has the greatest abundance of seven-transmembrane
receptors in the brain with ubiquitous distribution.4,5 The central
cannabinoid system appears to play a modulatory role in the
functioning of other neurotransmitter systems and is involved in a
wide range of physiologic functions and dysfunctions.6 Therefore,
development of in vivo imaging agents for the CB1 receptor will
help with the elucidation of its function and potential dysregula-
tion under pathologic conditions.
Efforts to image the CB1 receptor with positron emission

tomography (PET) and single-photon emission computed tomo-
graphy (SPECT) have only recently shown promise.7 Radioligands
that have been successfully advanced to use in human studies
include [11C]MePPEP,8 [18F]FMPEP-d2,

9 [18F]MK-9470,10 [11C]
SD5024,11 and [11C]OMAR (also known as [11C]JHU-75528).12,13

A recent report investigated the quantification of [11C]OMAR
binding in healthy human subjects and patients with
schizophrenia.13 [11C]OMAR was found to exhibit more rapid
kinetics—including appreciable washout of radioactivity from
most brain regions over the course of the scan duration—and the
investigators appropriately chose to use analysis methods that
account for reversible binding of the tracer. Logan graphical
analysis was used with metabolite-corrected arterial input
functions14 yielding total volume of distribution (VT, the equili-
brium ratio of tracer in tissue relative to plasma) as the primary
outcome measure. The authors briefly noted that the Logan plot
provided more robust estimates of VT than did a two-tissue (2T)
compartment model, however, a systematic comparison of kinetic
analysis methods was not reported.
In the present study, we evaluated [11C]OMAR in a cohort of

healthy human subjects. Positron emission tomography data and
arterial input functions were acquired and various kinetic analysis
methods were compared. Accurate kinetic modeling methods
with metabolite-corrected arterial input functions are particularly
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important for radiotracer targets where there are no brain regions
devoid of receptors that could serve as a suitable reference tissue,
as is the case for the CB1 receptor.4,5,10,13 Modeling outcomes
were used to assess the test–retest reproducibility of tracer
binding measurements, and to evaluate potential effects of
gender on radiotracer metabolism and binding.

MATERIALS AND METHODS
Human Subjects
Ten healthy subjects (five men and five women) of age 18 to 65 years were
recruited for this study. Eight of these subjects (four men and four women)
underwent test–retest [11C]OMAR studies and two (one man and one
woman) underwent single scans. Candidate subjects were screened and
confirmed to be free of medical, neurologic, and psychiatric diseases.
Additional exclusion criteria included current pregnancy or breastfeeding,
history of substance abuse, or positive urine toxicology finding performed
on the day of the study. All women underwent PET procedures while in the
follicular phase of the estrous cycle. The study protocol was approved by
the Yale University Human Investigation Committee, the Yale-New Haven
Hospital Radioactive Drug Research Committee, and the Yale University
Radiation Safety Committee. Each subject provided written informed
consent after the purpose, nature, and potential risks of the studies were
explained.

Magnetic Resonance Imaging
A T1-weighted magnetic resonance (MR) image of the brain was acquired
for each subject using the MPRAGE pulse sequence on a 3-Tesla scanner
(MAGNETOM Trio, Siemens Medical Systems, Erlangen, Germany). Images
were reconstructed on a 256× 256× 176 grid with 0.98 × 0.98 × 1.00 mm
voxels. The subject-specific MR images were used to confirm absence of
structural abnormalities in the brain and to provide anatomic localization
of PET data in a template space as described below.

Positron Emission Tomography
Radiosynthesis. [11C]OMAR was prepared in high specific activity by
previously described procedures12 adapted for automated production on
the GE TRACERlab FXC-Pro synthesis module (GE Healthcare, Milwaukee,
WI, USA). Radiochemical purity was 490%. Radioactivity dose was
676± 65MBq and injected mass dose was 29 ± 11 ng/kg (n=18).

Imaging. Positron emission tomography scanning was performed on the
high-resolution research tomograph (HRRT) camera (Siemens Medical
Systems, Knoxville, TN, USA). Retest scans were performed the same day
with radiotracer injections separated by ~ 3.5 hours. For each session, the
subject was positioned in the bore of the camera and a transmission scan
was performed using a 137Cs point source. [11C]OMAR was administered via
the antecubital vein as a slow bolus over 60 seconds with an automated
syringe pump (PHD2000, Harvard Apparatus, Holliston, MA, USA). Emission
data were obtained in listmode for 120minutes. Subject motion was
monitored using an optical system (Polaris Vicra, Northern Digital
Incorporated, Waterloo, Ontario, Canada) positioned behind the PET
scanner, which at 50ms intervals recorded the three-dimensional position
and orientation of the infrared reflective tool mounted rigidly to the
subject's head using a Lycra cap and Coban self-adherent wrap. The optical
tracking data were synchronized to the listmode emission measurements
and used in the motion-compensation OSEM algorithm15 to generate PET
images corrected for subject motion, event by event, as well as photon
scatter and attenuation, random coincidences, system deadtime, and
detector inhomogeneity. The dynamic image sequences had 33 frames
with increasing duration: 6 × 30 seconds, 3 × 1 minutes, 2 × 2minutes, and
22× 5minutes.

Arterial blood measurements. Arterial blood was sampled from the radial
artery to determine the radiotracer input function. Prior to tracer injection,
a 6-mL sample was drawn and ~ 6MBq of [11C]OMAR solution was added.
Free fraction of the tracer in plasma (fp) was determined in triplicate from
this sample by the ultracentrifugation method. Radioactivity concentration
in arterial whole blood was measured continuously during the first 7
minutes after [11C]OMAR administration using an integrated peristaltic
pump and radioactivity detection system (PBS101, Veenstra Instruments,
Joure, The Netherlands). Afterward, discrete samples were manually drawn

at 3, 5, 7, 10, 15, 20, 30, 45, 60, 75, 90, 105, and 120minutes after injection.
The whole blood and plasma radioactivity in each manual sample was
measured using a gamma counter (Wizard 1480, PerkinElmer, Waltham, MA,
USA) and converted to concentration according to the weight and density
of the measured aliquot. The ratio of radioactivity in plasma and whole
blood was determined from the discrete samples and used to scale the
whole blood concentration measured by the continuous counter in the first
few minutes after tracer administration. Samples acquired at 5, 15, 30, 60,
and 90minutes were analyzed by the column-switching high-performance
liquid chromatography (HPLC) method16 to determine the fraction of
unmetabolized radiotracer. Plasma samples were treated with urea (8mol/
L) and citric acid (50mmol/L) to eliminate plasma protein binding, passed
though a 0.45-μm syringe filter (Millex-HA, EMD Millipore, Darmstadt,
Germany), and loaded onto a capture column (19× 4.6mm) packed with
C18 sorbent (Strata-X SPE, Phenomenex, Torrance, CA, USA) eluting with 1%
acetonitrile in water at 2 mL/min. The trapped activity was then eluted onto
a Phenomenex Synergi Polar-RP HPLC column (250 × 4.6 mm, 5 μm) with a
mobile phase of 65% acetonitrile and 35% 50 mmol/L ammonium acetate
adjusted to pH 5.8 with acetic acid. High-performance liquid chromato-
graphy eluent was collected in an automated fraction collector (Spectra/
Chrom CF-1, Spectrum Chromatography, Houston, TX, USA). Radioactivity in
the filtered plasma–urea mixture, filters, and HPLC fractions were measured
using the gamma counter. The sample recovery rate, extraction efficiency,
and HPLC fraction recovery rate were determined for each sample. The
unmetabolized parent fraction was calculated as the ratio of the sum of
radioactivity in fractions containing the parent compound to the total
amount of radioactivity collected, and fitted with an inverted gamma
function. The parent fraction curve was also normalized by the time-varying
extraction efficiency of radioactivity for the corresponding filtered plasma
sample. The final metabolite-corrected arterial plasma input function was
calculated as the point-by-point product of the total plasma radioactivity
concentration curve and the parent fraction curve.

Image analysis. Positron emission tomography images summed from 0 to
10minutes after injection were rigidly aligned using Affine Inter-modal
Image Registration (FLIRT)17 to the subject-specific MR image, which was
in turn warped using a nonrigid registration routine18 to a standard MR
template where regions of interest (ROIs) were delineated according to the
Anatomical Automatic Labeling (AAL) atlas.19 Regional time–activity curves
(TACs) were analyzed using compartmental models and graphical
techniques with metabolite-corrected arterial input functions. The primary
outcome measure was the total volume of distribution (VT), which reflects
the equilibrium ratio of radiotracer concentration in tissue relative to arterial
plasma.20 One-tisse or two-tissue compartment models were assessed
without (1T, 2T) or with (1TV, 2TV) explicit contribution of radioactivity from
the vascular fraction of the tissue using the measured whole-blood TAC,
and with the blood volume included as an estimated parameter. The Logan
graphical analysis14 and multilinear analysis (MA1)21 methods were applied
with cutoff time t* ranging from 0 to 60minutes in 10-minute increments.

Variability and reproducibility assessment. Within-subject changes in VT
between imaging sessions were calculated according to the formula ΔVT
= 2*(VT1− VT2)/(VT1+VT2), with the numeric subscripts distinguishing values
from scans 1 (test) and 2 (retest). The average ΔVT across subjects was
determined for each ROI to measure any systematic changes between
scans and the standard deviation (s.d.) was calculated as an index of
variability. The mean absolute deviation, 2*|VT1− VT2|/(VT1+VT2), a fre-
quently reported metric of reliability, was also tabulated. Finally, the
intraclass correlation coefficient (ICC), which expresses within-subject
variability in relation to between-subject variability, was calculated for the
regional VT estimates. A Bland–Altman difference plot was generated to
compare regional VT estimates between the first and second scans for each
subject.

Sex differences. Plasma protein binding, plasma metabolite fraction, net
brain uptake (Standard Uptake Value, SUV), and VT were compared
between men and women to assess the effect of sex on these parameters.
To avoid undue emphasis of certain subjects caused by repeated measures
and to mitigate the possibility that the scan order could have systematic
effects (e.g., because of circadian oscillations or differential anxiety levels
between the first and second scans), group-wise comparisons between
men and women were performed with data from the retest scans omitted.
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Statistical Analysis
Quantitative results are presented as mean± s.d. unless otherwise noted.
Differences between groups were assessed using a two-tailed Student’s
t-test with heteroscedastic variance. Two-way analyses of variance were
performed to compare [11C]OMAR uptake across gender and regions, and
to compare blood measurements across gender and time after injection.
Post hoc testing of individual regions and time points was performed with
Bonferroni correction for multiple comparisons. The level of significance
was defined as α= 0.05 for all tests, which were conducted using GraphPad
Prism 6 (GraphPad Software, La Jolla, CA, USA).

RESULTS
Arterial Plasma Measurements
Arterial plasma analysis showed a moderate rate of radiotracer
metabolism, with 51%±8% and 30%± 6% of unmetabolized [11C]
OMAR at 30 and 90minutes after injection, respectively (Figure 1).
All radiometabolites eluted from the HPLC column earlier than
[11C]OMAR, suggesting that they are more polar and not likely
to penetrate the blood–brain barrier. The fp value measured
by ultrafiltration was very low at 0.0022 ± 0.0008 across scans.
After the peak, metabolite-corrected plasma concentrations were
described well by a biexponential function with half-lives of
6.3 ± 1.8 and 74 ± 20minutes, with the slow component contribut-
ing 75%±7% of the integral of the curve extrapolated to infinity.
Total plasma clearance was calculated to be 636 ± 189 mL/kg/h.

Uptake of [11C]OMAR and Time–Activity Curves (TACs) in the Brain
High uptake of [11C]OMAR was observed in the lentiform nucleus
(pallidum and putamen), anterior cingulate gyrus, insula, cortical
subregions, and cerebellar cortex; lower uptake was in white
matter and diencephalon. These qualitative uptake patterns, as
shown in the representative PET and coregistered MR images in
Figure 2, are in very good agreement with previous imaging
studies using other CB1 radiotracers.8–10,13

After an initial peak attributable to high concentration of tracer
in the vasculature relative to tissue, [11C]OMAR concentrations in
most brain regions reached a maximum at 20 to 25 minutes after
injection with SUV ranging from 0.5 to 1.4. Kinetics of TACs was
similar to that previously observed in nonhuman primates12 with
cerebral clearance generally faster than other CB1 ligands
reported in humans.8–10 Regional TACs averaged across scans
are portrayed in Figure 3.

Assessment of Modeling Methods
Time–activity curves from most regions were fitted poorly by a 1T
compartment model, with or without inclusion of a vascular
component (1T and 1TV). The 2T model without a blood
contribution VT values generally provided visually reasonable fits,
however, addition of the blood volume fraction to the model (2Tv)
was considered statistically justified by the Akaike and Bayesian
information criteria.22,23 Of the 306 regional TACs analyzed (18
scans by 17 ROIs), the 2TV model failed to converge to
physiologically plausible parameter values (see Discussion section)
for three data sets, one in the amygdala and two in the
hypothalamus; hence those data are excluded from subsequently
reported findings. The blood volume fractions estimated by 2TV
were physiologically reasonable but quite variable, averaging
3.5%±1.9% (coefficient of variation=54%) across all data sets,
and yielded VT estimates that were 1.7%±2.6% lower than the 2T
values, but correlated strongly with 2T values without a vascular
component (y=1.03x+0.01, R2 = 0.99; Figure 4C). Although the 1T
model fits were typically not satisfactory as noted above, the
estimated VT values were generally in good agreement with those
obtained using the 2TV model (y=0.90x − 0.05, R2 = 0.94 for 1TV;
y=0.95x − 0.04, R2 = 0.95 for 1T; see Figures 4A and 4B). The Logan
and MA1 graphical methods both provided good fits to the

transformed data when t* was set to at least 20 or 30minutes,
depending on the brain region. Volume of distribution values
obtained with MA1 showed slightly stronger correlation with those
estimated using the 2TV model, but VT values derived from both
graphical methods were in excellent agreement with those from
the 2TV model (y=1.02x+0.00, R2 = 0.97 for MA1; 1.00x+0.01,
R2 = 0.95 for Logan graphical analysis; see Figures 4D and 4E).
The VT values estimated by the 2TV model showed regional
heterogeneity ranging from 0.9mL/cm3 in central white matter to
1.6 mL/cm3 in the pallidum (Figure 5A). Intersubject variability in
VT was 15% to 20% coefficient of variation. K1 values were low,
consistent with the very low fp, averaging 0.04 to 0.05mL/min/cm3

in most regions (Figure 5B).

Test–Retest Variability and Reproducibility
Variability of [11C]OMAR VT estimates between scan sessions was
relatively low. Across subjects, mean ΔVT was ~ 2% using the 2TV
model and 1% using MA1, with s.d.⩽ 12% in most regions for
either method. For MA1, intraclass correlation coefficient ranged
from 0.51 (parietal cortex) to 0.85 (posterior cingulate cortex), with
typical values of ~ 0.7 (Table 1). Intraclass correlation coefficient
with the 2TV model indicated slightly worse reliability, with typical
values of 0.65. Within a given subject, all ΔVT values were typically
positive or negative across regions, suggesting that measurement
error in the input function may be a primary source of variability.
Otherwise, there was no systematic effect of scan order. The
Bland–Altman difference plot depicted in Figure 6A reiterates the
reproducibility of regional VT estimates obtained with MA1,
showing low bias (average absolute difference of 0.011), good
precision (s.d. of 0.132 for absolute differences), and lack of any
obvious relationship between the magnitude of the parameter
and its corresponding bias or variability. Of the 136 regional VT
pairs (17 ROIs by eight test–retest subjects), 7 were outside the
95% confidence interval; notably, all were from the same subject.
Application of linear regression for the Bland–Altman differences
further underscored the general findings, with the fit yielding a
small slope (−0.048 ± 0.045; R2 = 0.008 and P= 0.29 for nonzero
slope) and intercept (0.070 ± 0.055). The high quality of the fit (75
zero crossings and P= 0.93 for deviation from linearity by the runs
test) is evident from the residuals plot, which again reveals no
systematic dependence of bias or variance on the magnitude of VT
(Figure 6B).

Gender Differences
Men and women participating in this study did not differ in age
(32 ± 8 versus 26 ± 6 years; P= 0.23), injected activity (655 ± 63
versus 693 ± 54 MBq; P= 0.33), injected mass (2.2 ± 0.4 versus
2.1 ± 0.9 μg; P= 0.74), injected mass dose normalized by body

Figure 1. Parent fraction of [11C]OMAR in the plasma. Data points
represent the mean across all scans. Error bars show the s.d.
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weight (29 ± 5 versus 36± 15 ng/kg; P= 0.44), or level of education
(16 ± 3 versus 16 ± 2 years; P= 0.68). Although men were heavier
by raw body weight (77 ± 9 versus 59 ± 6 kg; P= 0.009), there were
no significant group differences in body mass index (26 ± 3 versus
23± 2 kg/m2; P= 0.11).
Tracer free fraction in plasma did not differ between sexes

(0.0022 ± 0.0008 in men, 0.0022 ± 0.0012 in women; P= 0.98;
Figure 7A), however, the average parent fraction in the plasma
was higher in men (e.g., 0.65 ± 0.09 at 30minutes versus
0.53 ± 0.08 in women) at all measured time points (Figure 7B).
The two-way analysis of variance on plasma radiometabolite
fraction revealed that the effect of gender was statistically
significant (Po0.0001 for global effect; differences at 15 and
30minutes after injection survived multiple comparisons correc-
tion), but the interaction between sex and time after injection was
not (P= 0.78). Gender differences in whole blood and plasma total

radioactivity concentrations normalized by injected dose and
body weight (i.e., SUV) were significant (greater in men than
women, Po0.0001 for global effects; see Figures 7C and 7D), as
were the interactions between gender and time (Po0.0001)
reflecting the substantial differences primarily during the initial
distribution phase (for both whole blood and plasma radioactivity
concentrations, group differences survived multiple comparisons
correction for the 3- and 5-minute time points whereas all other
time points were strongly nonsignificant with P40.99). Integrated
brain TACs from men had greater numerical mean SUV across all
but one region (Figure 7E) with values 17% higher on average
(Po0.0001 for effect of sex, no interaction between sex and
region; no individual regions survived Bonferroni correction),
consistent with previous findings obtained using the CB1 PET
tracer [18F]MK-9470.24 Mean values of VT, however, were higher in
women across the 17 ROIs examined (Figure 7F) with an average

Figure 2. Representative positron emission tomography (PET) images summed 40 to 60minutes after injection of 680 MBq of [11C]OMAR (A–
C) and subject’s T1-weighted magnetic resonance (MR) images (D–F) shown in the same space as reconstructed PET data. Sagittal slices
shown in A and D, coronal slices in B and E, and axial slices in C and F.

Figure 3. Regional time–activity curves averaged across all subjects. Separate panels (A, B, and C) shown only to aid visibility. Regional uptake
of [11C]OMAR was in fairly good agreement with the known density and distribution of cannabinoid type 1 (CB1) receptors in the brain (see
Supplementary Figure 1).
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difference of 23% (Po0.0001 for effect of gender, no interaction
between gender and region in analysis of variance; post hoc
testing revealed differences that survived multiple comparison
testing in caudate, pallidum, posterior cingulate cortex, and
putamen with frontal cortex, hippocampus, and temporal cortex
also contributing to global effect with 0.05oadjusted Po0.10).

DISCUSSION
We present findings from a PET study evaluating the radiotracer
[11C]OMAR for imaging CB1 receptor in healthy human subjects.
The data acquired in these experiments were used to assess

quantification methods, investigate reproducibility of measure-
ments, and explore differences in pharmacokinetics and binding
parameters between men and women. Here we provide
commentary on our findings as they relate to the overall appraisal
and utility of [11C]OMAR.
Several kinetic analysis methods were applied to determine the

optimal methods for quantification of [11C]OMAR images. As the
CB1 receptor is distributed ubiquitously throughout the brain4,5

and a suitable reference tissue devoid of specific tracer binding
has not been identified for [11C]OMAR or other CB1 radio-
ligands,10,11 all analyses used metabolite-corrected arterial input
functions. Among the compartmental methods, the 1T model

Figure 4. Correlation of volume of distribution (VT) values estimated by alternative analysis methods against those obtained using the
preferred compartmental model, 2TV. Dashed black lines show the linear regression line with the regression equation and correlation
coefficient indicated on each panel. Solid gray lines designate the line of identity. Each marker represents the values estimated for a given
region for a particular scan, with display of results from the 17 brain regions in each of 18 positron emission tomography (PET) scans.

Figure 5. Values of VT, (A) and K1 (B) estimated by the 2TV model. Data show the average across all subjects with error bars indicating 1 s.d.
Intersubject variability in VT was typically 15% to 20%.
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provided inadequate fits to the data whether the model equations
included correction for radioactivity in the vasculature (1TV model)
or not (1T). Although the 2T model generally provided visually
satisfying fits without correcting for the blood signal (2T), the
Akaike and Bayesian information criteria deemed inclusion of the
vascular term (2TV) to be statistically justified in the majority of
cases. This is attributable to the poor first pass extraction of [11C]
OMAR—potentially mediated by high plasma protein binding—as
indicated by the low K1 values (~0.05 mL/min/cm3; Figure 5B),
resulting in relatively low concentration of radioactivity in tissue
relative to blood at early time points. The 2TV model was thus
considered the preferred compartmental analysis method.
Despite the fact that the 1T models fit the data poorly, they still

provided VT values in reasonable agreement with the 2T model
results (Figures 4A and 4B). The Logan (LGA) and MA1 graphical
analysis methods were also assessed. Whereas in preclinical
studies, we found the Logan method to suffer heavily from its

familiar susceptibility to noise-induced bias,25 in these clinical
studies, we observed scant evidence of such an effect as indicated
by slight underestimation of LGA VT relative to 2T results
(Figure 4E); such effects may still be present in voxelwise analyses
using Logan graphical method. MA1 VT values were in even better
agreement with compartmental modeling results, both in terms of
further minimization of bias as well as strength of correlation, and
is therefore endorsed as the linear method of choice for [11C]
OMAR imaging data analysis. MA1 proved to be somewhat more
robust than 2TV, as exemplified by higher ICC and lack of
physiologically unreasonable VT estimates. In addition to
improved reliability, it is noted that MA1 is computationally more
efficient to apply than the 2T models. Based on these considera-
tions, MA1 has been adopted for use in our clinical research
studies26,27 and is the recommended analysis method unless
knowledge of the compartmental model’s microparameters (e.g.,
K1, k2, k3, and k4 for the 2T model) is required in addition to the
macroparameter VT, the primary binding outcome measure for
reversible radioligands in the absence of a reference tissue.
In our test–retest studies, we observed that although there was

no systematic effect of scan order across subjects (Table 1), for a
given subject the regional VT values tended to all increase or
decrease from one scan to the next. This could not be attributed
to carryover mass between injections, which would preferentially
depress VT in the second scan. Nor is it likely that diurnal effects
caused these intrasubject changes, because the timing of the first
and second scans was consistent at ~ 09:30 and 13:00, respec-
tively, for all subjects. Rather, we interpret these results as an
indication that measurement error in the arterial input function,
common to the analysis of all brain regions, may be a primary
source of variability. Indeed, it has previously been noted that the
improved performance of [18F]FMPEP-d2 over [11C]MePPEP is
attributable in large part to more reliable measurement of the
blood data.9 Hence, it may be possible to further improve the
quantitative reliability of [11C]OMAR through refinement of the
arterial input function measurements.
[11C]OMAR was developed by Horti and colleagues13 and has

been used in a clinical investigation of the CB1 receptor in
schizophrenia. In that study, the subjects were almost exclusively
men (n= 10 control subjects, all men; n= 6 schizophrenic subjects,
one woman). Regional TACs were plotted for the control subjects
as were the corresponding VT values estimated using Logan
graphical analysis with an arterial input function, with both
showing high correspondence with the measurements made in
the present study (Figures 3 and 5A). Similarly, the average parent
ligand in plasma was 41% at 60minutes in their predominantly

Table 1. Metrics of test–retest reproducibility for [11C]OMAR VT values
estimated by MA1

Region Mean ΔVT
(%)

s.d. ΔVT
(%)

m.a.d. ΔVT
(%)

ICC

Amygdala 1.5 12.0 8.4 0.79
Anterior cingulate cortex 0.2 11.3 7.8 0.68
Caudate − 0.2 13.5 9.8 0.79
Central semiovale 2.3 14.1 9.9 0.71
Cerebellar cortex 0.6 13.1 10.0 0.59
Cerebellar white matter 3.2 11.8 9.2 0.54
Frontal cortex 0.4 11.6 8.1 0.67
Hippocampus 2.4 12.5 8.9 0.72
Hypothalamus 3.7 12.0 9.9 0.72
Insular cortex 0.2 11.9 8.4 0.63
Occipital cortex 0.8 11.0 7.6 0.65
Pallidum 1.2 12.1 7.9 0.63
Parietal cortex 1.0 11.7 8.8 0.51
Posterior cingulate cortex 1.5 11.2 8.8 0.85
Putamen 0.1 10.4 7.3 0.74
Temporal cortex 0.5 10.9 7.9 0.70
Thalamus 1.2 11.6 7.6 0.75
Median 1.0 11.8 8.4 0.70
Mean 1.2 11.9 8.6 0.69

Abbreviations: ICC, intraclass correlation coefficient; MA1, multilinear
analysis; m.a.d., mean absolute deviation; VT, volume of distribution.

Figure 6. (A) Bland–Altman plot showing the difference in regional volume of distribution (VT) values between test and retest scan sessions
versus the mean of the estimated values. Solid horizontal line represents the bias (0.011), while the dashed lines depict the 95% confidence
interval (−0.248 to 0.271). (B) Residuals from linear regression applied to the data in the Bland–Altman plot. The linear fit was of high quality
and the resulting regression equation had a small slope and intercept (see text for details), reiterating the lack of discernible pattern in the
Bland–Altman difference plot. Dashed horizontal line represents y= 0.
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male cohort, which is in excellent agreement with our findings in
the present study (parent fraction of 0.41 ± 0.04 in men at 60
minutes; Figure 7B). It is further noted that these two studies
shared several methodological commonalities, including use of
the HRRT scanner and column-switching HPLC for radiometabolite
analysis, and we conclude that the results obtained are highly
concordant between the two sites.
In addition to [11C]OMAR, other CB1 radiotracers that have

recently been used in humans include [18F]MK-9470, [11C]MePPEP,
[18F]FMPEP-d2, and [11C]SD5024. These PET tracers are structurally
related to the CB1 inverse agonist rimonabant (SR141716) or
taranabant and have high lipophilicity.7,11 [11C]OMAR exhibits

brain uptake similar to that of [18F]MK-9470 (peak SUV ~ 1.4),10,28

but less than that of [11C]SD5024 (peak SUV ~ 2.5),11 [11C]MePPEP
(peak SUV ~ 4)8 and [18F]FMPEP-d2 (peak SUV ~ 5).9 [11C]OMAR has
relatively modest CB1 affinity, with Ki = 11 nmol/L, or 2.1 nmol/L, in
contrast to other radiotracers that exhibit subnanomolar
affinities.7,11 This relatively lower affinity imparts faster pharma-
cokinetics. The slow kinetics of some CB1 tracers has been
acknowledged and discussed in the context of the challenges
that arise in terms of required scan duration and quantification
of PET data.29 In this regard, the moderate affinity and faster
kinetics of [11C]OMAR may offer some technical and practical
advantages.

Figure 7. Comparison of [11C]OMAR blood and brain data between genders. (A) Plasma protein binding did not differ between sexes
(P= 0.78). (B) Fraction of radioactivity in the plasma attributable to the parent compound was greater in men than women (Po0.0001 for
global effect of gender). (C) Whole blood and (D) total plasma radioactivity concentrations were greater in men (Po0.0001 for global effect as
well as for interaction between sex and time). (E) Net brain uptake of [11C]OMAR, as reflected by SUV over the 0 to 120-minute window, was
~ 17% greater in men across brain regions (Po0.0001 for effect of sex). (F) Regional VT values estimated by multilinear analysis (MA1) were
~ 23% greater in women than men (Po0.0001). Data from men are depicted by open markers/bars and data from women by filled markers/
bars. *Po0.05 and #0.05⩽ Po0.1, adjusted P values after Bonferroni correction for multiple comparisons.
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Like the other CB1 PET radiotracers, the uptake of [11C]OMAR
generally agrees well with the density and distribution of CB1
receptors reported in human postmortem samples4,5 (see
Supplementary Figure 1). Exceptions common to all of the tracers
include lower imaging outcomes in some limbic structures and
higher imaging outcomes in the lentiform nucleus. In addition to
methodological considerations such as the finite resolution of the
PET imaging system, other investigators have commented on
possible contributing factors including multiple in vivo affinity
states of the receptor and its localization within the cell or its
surface as part of a functional receptor reserve or active trafficking
between the membrane and intracellular compartments.10,13,24

Although the exact causes underlying these regionally specific
discrepancies remain uncertain, the consistency across different
PET radiotracers suggests that the phenomenon is real and
warrants further study.
In our retest studies, the reproducibility of [11C]OMAR VT

expressed as mean absolute deviation was 7% to 10% (Table 1),
which compares favorably to other CB1 tracers. For example, the
mean absolute deviation for [18F]MK-9470 was 15% to 35%,10,28

10% to 20% for [11C]MePPEP,8 and 9% to 17% for [18F]FMPEP-d2.
9

It should be noted, however, that [11C]OMAR has lower VT values
and that its lower affinity leads to a reduced fraction of specific
binding, so it is unclear whether the improved VT reproducibility
confers a genuine advantage. The superior intraclass correlation
coefficient of [18F]FMPEP-d2 over [11C]OMAR (~0.9 versus ~ 0.7)
suggests that [18F]FMPEP-d2 may offer better overall performance
when assessing group differences. However, it is noteworthy that
our study used the HRRT scanner with a reconstruction that
includes line-spread function modeling whereas the test–retest
studies with other tracers used the lower resolution Siemens ECAT
HR+ or GE Advance camera with standard reconstruction and
resolution-degrading filtering. These hardware and reconstruction
differences are likely to result in higher resolution and better
quantitation in our study, though perhaps at the expense of
increased variance in the image data. The faster kinetics of [11C]
OMAR also have the potential to permit shorter scans. In contrast
to other CB1 tracers requiring at least 90 minutes of dynamic data
and preferably 120minutes or more, [11C]OMAR scans analyzed
with MA1 showed no systematic bias for scans as short as 60
minutes, although it should be noted that analyses with 2TV had
more frequent convergence problems in a subset of regions for
scans shorter than 90minutes and that the variability of both MA1
and 2TV estimates increased as scan duration was reduced. The
ability to perform shorter scans would have practical implications
in terms of patient scheduling and compliance. Although the
short physical half-life of the 11C-radiolabel carries the usual
limitations including the need for a cyclotron and radiochemistry
facility on site, it also permits multiple scans in the same day and
obviates the issue of defluorination and subsequent skull uptake,
which has been reported as a confound for cortical uptake with
[18F]FMPEP-d2.

9

In addition to potential contamination of cortex signal by
radioactivity accumulating in the bone, estimates of VT from [18F]
FMPEP-d2 data sets were found to increase gradually for scans
longer than 120minutes,9 suggesting that radiometabolites may
enter the brain despite the fact that the HPLC chromatogram
showed all radiometabolites to be more polar than the parent.
Interestingly, no uptick in VT with increasing scan duration was
observed with [11C]MePPEP,8 even though both compounds are
structurally quite similar and radiolabeled on the same moiety. For
[11C]OMAR, radiometabolites were more polar than the parent in
humans, a result that is consistent with those from mouse and
baboon when [11C]OMAR was first characterized,12 where it was
reported that at least 94% of radioactivity in mouse brain was
attributable to unchanged [11C]OMAR at 30 minutes after injec-
tion. Without the ability to directly assay radiometabolites in
human brain, we sought to investigate empirically by conducting

analyses of truncated data sets as was done for [11C]MePPEP and
[18F]FMPEP-d2. In most brain regions, VT was found to be fairly
insensitive to scan duration. With MA1 applied to 90 minutes of
data, all 17 brain regions had VT values within 5% of the terminal
values obtained from the full 120-minute data set. Truncating
further to 75 minutes, VT values for all regions remained within 5%
of their terminal values except for the central white matter, which
was 7.7% lower. For 60-minute data sets, VT values were reduced
in the central white matter (−13.4%), cerebellar white matter
(−12.2%), cerebellar cortex (−5.9%), and the occipital cortex
(−5.7%). For all other regions, the differences were within 5%
but there was an overall trend toward lower VT with an average
reduction of 3.3%±1.8%. Results from 2TV analyses were similar
but exhibited less sensitivity to scan duration (e.g., for the 60-
minute data set, occipital cortex was 3.5% below the terminal
value for 2TV whereas MA1 had a negative bias of 5.7%). Based on
these analyses, we cannot completely exclude the possibility of
radiometabolites entering the brain; however, if they do, their
effect is small in most regions.
In the present study, we observed significant differences

between men and women in the radiometabolite fraction in the
plasma (Figure 7B), net brain uptake as reflected by SUV
(Figure 7E), and brain uptake relative to plasma as measured by
VT (Figure 7F). Differences in brain concentrations were not
attributable to corresponding differences in gross bioavailability,
as plasma protein binding did not differ between sexes (Figure 7A),
although these very low fP values are not likely to be highly
reliable. Importantly, whereas SUV was greater in men, VT was
greater in women, since it includes the correction for the reduced
plasma parent fraction in women. These findings are generally
consistent with those from a previous study using [18F]MK-9470,24

where greater plasma parent fraction and brain SUV were found in
men. However, in that study no significant gender differences in
the metabolite-corrected input function were observed in the
initial cohort that underwent arterial blood sampling, so SUV was
used as the final outcome measure. In contrast, we performed a full
kinetic analysis of [11C]OMAR data using metabolite-corrected
arterial input functions and VT as the primary outcome parameter,
with results opposite of the conclusions that would be drawn from
SUV alone. Thus, our measurements conform with those previously
reported for [18F]MK-9470 data, however, our interpretations
disagree owing to the use of kinetic modeling methods and
associated end points. Regarding the consistency of the gender
effects reported here, we note that similar results have also been
observed in a larger cohort of healthy subjects and in a patient
population, as reported recently.27 Whereas Van Laere et al
reported age-dependent increases in radiotracer binding in
women (but not in men) using an alternative CB1 radiotracer
and different quantification techniques, we did not observe any
significant age effects in [11C]OMAR binding in the brain regions
that were analyzed. We note, however, that our findings should not
be considered a confirmatory negative result because of two
important limitations. First, the range of ages in our cohort was
narrow, with most subjects in their 20's or early 30's, and only one
man at 45 years of age. Second, the limited number of subjects in
our study, while sufficient to draw sound conclusions about gender
differences and kinetics of the radiotracer, do not provide the
statistical power necessary for a definitive negative conclusion on
age effect.
Our observation of significant sex differences in radiotracer

metabolism and binding is an important finding, both in terms of
the design and interpretation of studies and for understanding the
role of the CB1 receptor in other sex-dependent differences.30 Many
studies using CB1 PET tracers have been conducted in cohorts
consisting largely or exclusively of one sex or the other.13,26,28,31–33

Several other studies had mixed-sex populations but did not
explicitly note any significant sex effect.34–36 In the two studies that
reported sex dependence, one did not control for menstrual cycle
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in women but noted no effect of current contraceptive use,24

whereas the other—like the present study—imaged women during
the follicular phase.27 Although our present study and that of Van
Laere et al both found elevated circulating tracer parent fraction
and total brain uptake in men, opposite conclusions were drawn
about the brain PET data because of differences in image analysis
methods as described above. The discrepancy is not readily
resolved by turning to the preclinical literature as studies in
rodents using imaging and in vitro methods report elevated CB1
expression in male animals,37 but results are frequently
conflicting.38 Moreover, such studies often did not account for
the estrous cycle, but those that did typically show alterations
attributable to menstrual phase and hormonal regulation.37,39,40

The inconsistency in available data call for continued systematic
study to investigate the interaction between the endocannabinoid
receptor system and neurohormonal changes in both preclinical
animals and clinical populations.
In this PET study with [11C]OMAR in humans, we found that the

uptake and retention of the radiotracer in the brain were in strong
concordance with alternative CB1 radiotracers and generally in
good agreement with the density and distribution of CB1
receptors known from postmortem studies. Compartmental and
graphical analyses were evaluated and it was determined that the
2T model inclusive of vascular correction was the preferred
compartmental approach, and MA1 with t* = 30minutes per-
formed best among the graphical techniques. These kinetic
analysis results showed that VT could be estimated with very good
test–retest reproducibility, low intersubject variation, and no effect
of scan order. As was reported previously for [18F]MK-9470, tracer
parent fraction in plasma and tracer uptake in the brain differed
between sexes in [11C]OMAR experiments. Although tracer uptake
in the brain (as measured by SUV) was greater in men than
women, VT was greater in women than men. These results suggest
that quantitative kinetic modeling with arterial input functions
may lead to different interpretation of data than assessment of
tracer uptake alone. From these findings, we recommend the use
of MA1 method with metabolite-corrected arterial input functions
and sex-matched control subjects when [11C]OMAR is used to
study the CB1 receptor in patient populations.

CONCLUSION
In this PET imaging study in humans, we performed a
comprehensive characterization of the CB1 PET radiotracer [11C]
OMAR in a test–retest paradigm. Various kinetic analysis methods
were assessed, and the 2T compartment model and MA1 method
were found to provide reliable VT estimates. Regional VT displayed
no systematic effect of scan order and very good test–retest
reliability. In addition, we found significant sex differences in the
behavior of the radiotracer: women had lower net brain uptake,
but greater plasma metabolite fraction and higher regional VT
values. Taken together, data presented herein indicate that [11C]
OMAR can be used to image the CB1 receptor in humans and
reliably quantify regional binding parameters in the brain.
However, sex differences in radiotracer metabolism and tissue
binding should be taken into account when [11C]OMAR is used to
measure CB1 receptor availability in patient populations.
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