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Kinetic modeling of the monoamine oxidase B radioligand
[11C]SL25.1188 in human brain with high-resolution positron
emission tomography
Pablo M Rusjan1, Alan A Wilson1,2, Laura Miler1, Ian Fan1, Romina Mizrahi1,2, Sylvain Houle1,2, Neil Vasdev3 and Jeffrey H Meyer1,2

This article describes the kinetic modeling of [11C]SL25.1188 ([(S)-5-methoxymethyl-3-[6-(4,4,4-trifluorobutoxy)-benzo[d]isoxazol-3-
yl]-oxazolidin-2-[11C]one]) binding to monoamine oxidase B (MAO-B) in the human brain using high-resolution positron emission
tomography (PET). Seven healthy subjects underwent two separate 90- minute PET scans after an intravenous injection of
[11C]SL25.1188. Complementary arterial blood sampling was acquired. Radioactivity was quickly eliminated from plasma with 80%
of parent compound remaining at 90 minutes. Metabolites were more polar than the parent compound. Time-activity curves
showed high brain uptake, early peak and washout rate consistent with known regional MAO-B concentration. A two-tissue
compartment model (2-TCM) provided better fits to the data than a 1-TCM. Measurement of total distribution volume (VT) showed
very good identifiability (based on coefficient of variation (COV)) for all regions of interest (ROIs) (COV(VT)o8%), low between-
subject variability (B20%), and quick temporal convergence (within 5% of final value at 45 minutes). Logan graphical method
produces very good estimation of VT. Regional VT highly correlated with previous postmortem report of MAO-B level (r2¼X0.9).
Specific binding would account from 70% to 90% of VT. Hence, VT measurement of [11C]SL25.1188 PET is an excellent estimation of
MAO-B concentration.
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INTRODUCTION
Monoamine oxidase B (MAO-B) is an important enzyme on the
outer mitochondrial membrane found mainly in serotonin
releasing neurons and astrocytes in the brain.1–3 It has several
key roles including metabolizing monoamines such as dopamine,
norepinephrine, benzylamine, and tyramine, but also influencing
apoptosis and oxidative stress.1

Given these roles it has been proposed that abnormalities of
MAO-B level and function contribute to the pathology of
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
major depressive disorder, and substance abuse.1 To date,
investigations have largely focused on Alzheimer’s disease, for
which abnormally elevated MAO-B levels in the prefrontal cortex
are frequently found,4 and Huntington’s disease, for which
elevated MAO-B level in the striatum was reported,5 and
cigarette smoking, for which globally reduced MAO-B binding
was found.6 Selective MAO-B inhibitor therapeutics have been
approved for the treatment of major depressive disorder and
Parkinson’s disease and are under development for Alzheimer’s
disease. The broad range of illness for which abnormal MAO-B
levels are implicated suggest high impact on diseases for society.
Investigations of MAO-B in this broader range of conditions could
be facilitated by the availability of highly quantitative MAO-B
imaging methods with positron emission tomography (PET).

Several MAO-B radiotracers for PET have been developed but
only [11C]L-deprenyl7 and its derived [11C]L-deprenyl-D28 have

been evaluated in vivo in humans. These radioligands are
irreversible and selective for MAO-B. However, they have
metabolites (R(� ) methamphetamine and R(� ) ampheta-
mine)9,10 that are brain penetrant, bind specifically to mono-
amine transporters, which may influence the time-activity curves
(TACs) from which parameters related to MAO-B activity are
derived. [11C]L-deprenyl-D2 represents an improvement on [11C]L-
deprenyl as it reduces the rate of trapping of radioligand
improving the sensitivity to changes in MAO-B activity.11 It
would be even more advantageous to create a radiotracer
selective for MAO-B that is both highly reversible and does not
have brain penetrant metabolites.

[11C]SL2511.88 is a new radiotracer that is selective for MAO-B.12,13

On tail-vein administration in rats, o3% radioactive metabolites are
present in rat brain 30 minutes after injection (this work). In baboon,
this radiotracer shows desirable properties with high brain uptake,
reversible TACs, and binding values proportional to known MAO-B
density.13 Further investigations of this technique had largely
stopped due to the challenges with the original radiosynthesis
that required the use of carbon-11 labeled phosgene, which requires
specialized apparatus, expertise and is limited to very few labo-
ratories worldwide. To address this barrier, our group developed a
synthesis route that that takes advantage of a new technology,
[11C]carbon dioxide fixation14 does not require phosgene.15

In the present study, we sought to investigate [11C]SL2511.88
as a suitable radioligand to image MAO-B in humans. We
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investigated: (1) whether one-tissue compartment or two-tissue
compartment models (1-TCM of 2-TCM) fit better the TAC, (2) the
identifiability of total distribution volume (VT), the distribution
volume of the specifically bound radiotracer (VS), and the binding
potential (BPND), (3) whether the regional values of such
parameters were correlated with the known densities of MAO-B
in the same regions; (4) the stability of these parameters in
relation to the length of PET scanning; and (5) the reproducibility
of these parameters under test–retest conditions.

MATERIALS AND METHODS
Radiosynthesis of [11C]SL2511.88
The radiotracer was synthesized using [11C]CO2 fixation techniques as
previously described.15 Cyclotron-produced [11C]CO2 in N2 was bubbled at
10 mL/min into a solution of (S)-1-methoxy-3-[6-(4,4,4-trifluorobutoxy)
benzo[d]isoxazol-3-ylamino]propan-2-ol (0.3 mmol) and 2-tert-butylimino-
2-diethylamino-1,3-dimethyl-perhydro-1,3,2-diazaphorine (BEMP; 1%, v/v)
in dry CH3CN (100 mL) in a septum-sealed 1-mL conical glass vial at
ambient temperature. After 1 minute, a solution of phosphorus oxychloride
(POCl3) (0.2%, v/v) in dry CH3CN (100 mL) was added. After 30 seconds, the
reaction was quenched with buffer and purified by high-performance
liquid chromatography before formulation and sterilization.

Metabolite Studies in Rat
All animal experiments were performed under humane conditions, with
approval from the Animal Care Committee at the CAMH, and in accordance
with the guidelines set forth by the Canadian Council on Animal Care.
Determination of the extent of formation of radioactive metabolites in rat
brain extracts and rat plasma was performed as previously described.16

Briefly, rats (male, Sprague-Dawley, 300 to 350 g) were injected with 50 to
100 MBq of high specific activity [11C]SL25.1188 (1 to 2 nmol) in 0.3 mL of
buffered saline via the tail vein, vasodilated in a warm water bath. Rats
were killed at 30 minutes after injection by decapitation, blood collected
from the trunk in a heparinized tube, and the whole brain surgically
removed from the skull. Brains were homogenized in 80% aq. ethanol and
centrifuged. High-performance liquid chromatography radiometric analysis
of plasma and brain extracts was then performed. Greater than 97% of
radioactivity in brain extracts was associated with parent [11C]SL25.1188
whereas in plasma it was only 40%.

Human Subjects
Seven healthy volunteers (4 men and 3 women; age, 19 to 49 years) partici-
pated in this study. All subjects were free of current medical and
psychiatric illness based on history (including structured clinical interview
for DSM-IV), physical examination, electrocardiogram, urinalysis (including
drug screening), and blood tests (complete blood count and serum
chemistry). All subjects provided written informed consent after all
procedures were fully explained. Research Ethics Board approval was
obtained at the Centre for Addiction and Mental Health.

Positron Emission Tomography Protocol
Each subject was scanned twice (5±1 weeks of separation). The injected
mass and injected radioactivity of [11C]SL25.1188 ranged from 0.6 to 2.3 mg
and from 7.2 to 10.5 mCi, respectively. A custom-fitted thermoplastic mask
was made for each subject and used with a head fixation system during
PET measurements to minimize head movement. The PET scanning was
performed using a 3D High Resolution Research Tomograph (HRRT)
(CPS/Siemens, Knoxville, TN, USA), which measures radioactivity in 207
slices with an interslice distance of 1.22 mm. The detectors of the HRRT are
an LSO/LYSO phoswich detector, with each crystal element measuring
2� 2� 10 mm3. A transmission scan, measured using a single photon
point source, 137Cs (t1/2¼ 30.2 years, Eg¼ 662 keV) was acquired immedi-
ately before the acquisition of the emission scan. This transmission scan
was subsequently used to correct the emission data for the attenuation of
the emission photons through the head and support. After the
transmission scan, [11C]SL2511.88 was infused intravenously over a 30-
second period at a constant rate using a Harvard infusion pump (Harvard
Apparatus, Holliston, MA, USA). Data were acquired in list mode for
90 minutes after the injection of [11C]SL2511.88. The emission list mode
data were rebinned into a series of 3D sinograms. The 3D sinograms were
gap-filled, scatter corrected and fourier rebinned into 2D sinograms The

images were reconstructed from the 2D sinograms using a 2D filtered-back
projection algorithm, with an HANN filter at Nyquist cutoff frequency. The
reconstructed image had 256� 256� 207 cubic voxels measuring 1.22�
1.22� 1.22 mm3. In addition, for frame realignment purposes each image
was reconstructed without attenuation correction using three iterations of
iterative reconstruction.17,18

The images were reconstructed into 28 time frames: The first frame
was of variable length being dependent on the time between the start
of acquisition and the arrival of [11C]SL2511.88 in the tomograph
field of view. The subsequent frames were defined as 5� 30 seconds,
1� 45 seconds, 2� 60 seconds, 1� 90 seconds, 1� 120 seconds,
1� 210 seconds, and 16� 300 seconds. All images were decay corrected.

Head movement in the dynamic PET acquisition was corrected using
frame-by-frame realignment. Low noise, nonattenuation-corrected images
(created with iterative reconstruction) were used to optimize the frame-by-
frame realignment process. A normalized mutual information algorithm was
applied with SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK)
to coregister each frame to the frame from 12.25 to 17.25 minutes after the
radioligand arrives to the field of view (frame number 13), which showed a
high signal-to-noise ratio. Parameters from the normalized mutual
information were applied to the corresponding attenuation-corrected
dynamic images to generate a movement-corrected dynamic image.

Measurement of [11C]SL2511.88 in Plasma
Arterial sampling was withdrawn continuously for the first 22 minutes from
the radial artery cannula and counted using an automatic blood sampling
system (ABSS, Model # PBS-101 from Veenstra Instruments, Joure,
Netherlands). Polytetrafluoroethylene tubing was used to minimize tube
adhesion of [11C]SL2511.88. The rate of the blood pump was 350 mL/h the
first 7.25 minutes and then slowed to 150 mL/h. In addition, manual
samples were taken close to the wrist of the subject at t¼ 3.5, 7, 12, 15, 20,
30, 45, 60, and 80 minutes at volumes between 5 and 10 mL. After the
manual samples were taken at 12, 15, and 20 minutes, the ABSS line was
rinsed with a saline solution.19 Hematocrit (HCT) was measured from a
sample acquired before the radioligand injection. Free fraction in plasma
was determined by the ultrafiltration method.20

An aliquot of each manual blood sample was taken to measure
radioactivity concentration in total blood. Samples at t¼ 7, 12, 15, and
20 minutes were used to calibrate the ABSS. The remaining blood was
centrifuged (1,500 g, 5 minutes) and a plasma aliquot counted together
with the total blood sample using a Packard Cobra II gamma counter
(Perkin-Elmer, Waltham, MA, USA) cross-calibrated with the PET system. The
blood-to-plasma ratios ([wb]/[p](t)) were determined from the manual
samples to generate the plasma TAC derived from the blood TAC measured
by the ABSS and extended with the manual samples from 22 minutes to
80 minutes. A mono-exponential function

wb½ �
p½ � tð Þ ¼ ð1�HCTÞþ y0þ að1� expð� btÞÞ

with y040; b40

ð1Þ

was used to fit the blood-to-plasma ratios with HCT fixed to the measured
value. The remaining volume of each manual plasma sample was used to
determine the fraction of parent radioligand in plasma (P(t)) by reverse-
phase radiochromatogram.21 P(t) was fitted with a Hill type function:

PðtÞ ¼ 1� atb

cbþ tb

� �
ð2Þ

For the kinetic analysis, the input function was a metabolite-corrected
plasma curve generated by multiplying the plasma TAC by the fraction of
parent radiotracer. The input function and the blood TAC were extended
from 80 to 90 minutes using an exponential extrapolation from the discrete
samples at 30, 45, 60, and 80 minutes of parent compound in plasma and
blood, respectively.

Magnetic Resonance Image and Regions of Interest Delineation
For the anatomic delineation of regions of interest (ROIs), a brain magnetic
resonance image was acquired for each subject. The magnetic resonance
scans were performed on a Discovery MR750 3.0T GE scanner (Milwaukee,
WI, USA) equipped with an 8-channel headcoil. 2D axial proton density
images were acquired as follows: fast spin echo imaging, echo time/
repetition time/echo train length¼MinFull/6s/8, receiver BW±15.63 kHz,
field of view¼ 22 cm, 256� 256 sampling matrix, slice thickness¼ 2 mm
and a parallel imaging acceleration factor of 2. Regions of interest for the
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cerebellar cortex, head of the caudate (hereafter referred to as caudate),
putamen, frontal cortex, temporal cortex, anterior cingulate cortex,
thalamus, and pons were automatically generated based on individual
proton density-magnetic resonance images using in-house imaging
pipeline, ROMI.22 ROMI utilizes computer vision techniques based on the
probabilities of gray matter to fit a standard template of ROIs to an
individual high-resolution magnetic resonance image scan. The individual
MRIs are then registered to a frame averaged PET image so that the
individual refined ROI template is transformed to the PET image space to
allow the TAC generation from each ROI. Coregistration was done using
SPM2 (Wellcome Trust Centre for Neuroimaging, London, UK), which
optimizes a measure of normalized mutual information.23 Activities
measured were normalized to standard uptake value (SUV) dividing by
injected dose/weight of the subject.

Kinetic Analysis
Following the definitions proposed in a consensus nomenclature for
reversibly binding radioligands,24 TAC data were analyzed with 1-TCM to
estimate K1TCM

1 and k1TCM
2 and V 1TCM

T , 2-TCM to estimate K1, k2, k3, k4, VT, VS,
and BPND and Logan graphical analysis to estimate V LG

T
25,26 Postmortem

findings have previously shown that MAO-B is widely distributed
throughout the brain, hence a reference region method for the kinetic
analysis was not studied.

VT is equal to the ratio at equilibrium of the concentration of radioligand
in tissue to that in plasma. VT includes the concentrations of all radioligand
in tissue (i.e., specific binding and nondisplaceable uptake (nonspecifically
bound and free radioligand in tissue)). The value of VT can be estimated

from the rate constants, for 1-TCM as V 1TCM
T ¼ K1TCM

1

k1TCM
2

and for 2-TCM as

VT ¼ K1
k2

1þ k3
k4

� �
. In addition, for the 2-TCM it is possible to estimate directly

the distribution volume of the specific compartment VS (i.e., the ratio at
equilibrium of the specifically bound radioligand to that of total parent
radioligand in plasma) as VS ¼ K1

k2

k3
k4

and BPND¼ k3/k4 (i.e., a ratio at
equilibrium of specifically bound radioligand to that of nondisplaceable
radioligand in tissue27).

Delay and Dispersion
The radioactivity in the blood, as measured by the ABSS, Cm(t), was
corrected for delay and dispersion using: Cm tð Þ ¼ d tð Þ � Cb t� dð Þ where
Cb(t) is the radioactivity in blood, d(t) is the dispersion, d is the delay, and
� is the convolution operator. The dispersion was modeled by a mono-
exponential function 28,29: dðtÞ ¼ 1

t e� t=twhere t is the dispersion constant.
The dispersion constant t was 10 seconds. This value was measured
experimentally with the pump rate at 350 mL/h.

The deconvolution was performed iteratively using the Landweber method
(30 iterations in the Fourier space) (Equation (44) in ref 30, referred as ‘reblurred’

Van Cittert): ĈðkÞb oð Þ ¼ Ĉðk� 1Þ
b oð Þþ 0:5 �̂d oð Þ Ĉm oð Þ� d̂ oð ÞĈðk� 1Þ

b oð Þ
h i

,

where ĈðkÞb oð Þ is the fast Fourier transform of Cb(t) at iteration k,

d̂ oð Þ ¼ 1=t
1=tþ jo
� �� 1

is the Fourier transform of d(t) and Ĉð0Þb oð Þ ¼ 1 for

each frequency o. Setting properly the number of iterations, this algorithm
produces a dispersion-corrected function with low noise. In a noise-free
context, a very high number of iterations would be wished, however in a
real case, too many iterations would increase the noise in the output. On
the other extreme, a low number of iterations would lose some high
frequency components producing an undesirable smoothed output (see
Supplementary Material for more information).

For the estimation of d, the initial rise of the TACs was approximated by
the whole brain TAC ‘head curve’ Hc(t), derived from the tomograph
prompts coincidence rate minus the random coincidence rate. Hc(t) has the
advantage over the regional TACs that it can be calculated on a second-by-
second basis being practically noise free. d was estimated by fitting the rise
of the Hc(t) to its peak to a 1-TCM with Cb(t) as an input function:

Hc tð Þ ¼ K1e� k2 t � Cb t� dð Þ ð3Þ
d was fixed to the same value for all ROIs.

Nonlinear Least Square Fitting
Nonlinear fitting of the kinetic models was performed with the Levenberg-
Marquardt algorithm using a trust-region implemented in the function
lsqcurvefit() from the MATLAB optimization toolbox (v5.1) (Mathworks,
Natick, MA, USA). The independent variables were the rate constants.

Each model configuration was implemented to account for the
contribution of activity from the cerebral blood volume assuming that
cerebral blood volume was 4% of the cortical gray-matter tissue.31

The percent coefficient of variation (COV¼ 100% standard error/mean)
was used to measure the identifiability of the kinetic variables. The
standard error was estimated from the diagonal of the covariance matrix. A
smaller COV indicates better identifiability.

All data points were included in the fitting and brain data for each frame
were weighted relative to other frames based on the trues Ti in the field of
view during the frame i in the following way32:

wi ¼
te

i � ts
i

� �2

d2
c Ti

ð4Þ

where ts
i and te

i are the frame start and end time and dc the decay
correction factor: dc ¼ lc te

i � ts
i

� ��
e� lc ts

i � e� lc te
i

� �
with lC¼ 3.4� 10� 2

per minute, that is, the decay constant of 11C.

Statistics
Goodness of fit was evaluated using the Akaike Information Criterion (AIC)33

and the Model Selection Criterion (MSC).34 Lower AIC and higher MSC values
were indicative of a better fit. Group data are expressed as mean±SD.

The test–retest reproducibility was evaluated in three ways: (1) within-
subject variability and between-subject variability were calculated and
expressed as a standard deviation and COV, (2) test–retest variability (TRV)
was calculated as the mean across subjects of the ratio of the absolute
difference between measurements to average of the measurements, and
(3) reliability (intraclass correlation coefficient (ICC)) calculated according to
the following equation:

ICC ¼ BSMSS�WSMSS
BSMSSþWSMSS

where BSMSS and WSMSS are the mean sum of squares between and
within subjects, respectively. This coefficient is an indicator of the relative
contributions of the two sources of variance and while a value of � 1 is
associated with all variability attributable to within-subject variance, a
value of 1 is associated with all variability associated with between-subject
variance.

RESULTS
Arterial Blood Analysis
Radioactivity in blood (Figure 1) reaches a maximum of 6.8 SUV at
70 seconds after injection, followed by a quick washout. The ratio
of blood to plasma started in a value close to 1-HCT (hematocrit)
and after 30 minutes reached a plateau at around 0.99
(Supplementary Figure S2). The mono-exponential (Equation (1))
fitted the discrete samples with HCT¼ 0.42±0.04,
y0¼ 0.04±0.05, a¼ 0.37±0.10 and b¼ 0.14±0.07 1/min.
Reversed-phase high-performance liquid chromatography
showed the presence of one radioactive metabolite of
[11C]SL25.1188. The radiometabolite eluted earlier than the parent
compound, indicating that it was more polar. The parent
compound metabolism was slow and at 80 minutes it was still
responsible for more than 70% radioactivity in plasma. A Hill
function (Equation (2)) fitted the measured values (r¼ 0.97±0.04)
with a¼ 0.21±0.08, b¼ 2.0±0.6 and c¼ 591±481 seconds
(Supplementary Figure S3). The low amount of radioactivity was
responsible for the variability in determining the fraction of parent
compound at later times. In one scan the determination of
metabolism at 80 minutes was not possible and for the other two
scans the last sample was neglected during the fitting due to the
large error introduced by their inclusion.

The average curve of unmetabolized [11C]SL25.1188 in plasma
taken into account the correction by dispersion (Figure 1) reaches
a maximum of 10 SUV 60 seconds after injection and thereafter
rapidly declines. The radioactivity 2 minutes after the peak is 10%
of the peak value. Free fraction was 0.82±0.07% (n¼ 10).
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Brain Uptake
After [11C]SL25.1188 injection, all subjects showed high brain
uptake of radioactivity that peaked between 2 and 6 minutes
across the regions and declined more quickly in regions known to
have lower MAO-B levels as compared with regions with higher
concentrations of MAO-B (Figure 2; Supplementary Figure S1). At
one extreme, the caudate showed a peak of 5.5 SUV at 6 minutes
follow by a slow washout, such that at the end of the scan the
activity was reduced only by 15% respect to the peak value. On
the other, the cerebellar cortex showed a peak of 4.7 SUV earlier at
2 minutes followed by a quick washout, showing at the end of
scan an activity 54% lower than the peak value. The cortical areas
peaked simultaneously to the cerebellum at 5.2 SUV and then
washed out to values 40% lower than of the peak value. The
putamen and thalamus peaked higher and earlier than caudate,
and presented a faster washout. The pons peaked lower than the
rest of the ROIs. Radiotracer uptake in the PET image was
consistent with the postmortem studies of MAO-B distribution.2,35

Kinetic Analysis
Compartmental model. We compared 1-TCM and 2-TCM by
studying the results obtained from the full 90- minute session.
With exception of the caudate, for each ROI of each scan the 2-
TCM model provided a better fit than the 1-TCM (Figure 3)
presenting a lower AIC and a higher MSC (paired t test Po10� 5;
Supplementary Table S1). For a single subject (test scan and retest
scan) in the caudate the 1-TCM presented slightly lower AIC
(o0.1%) and higher MSC (o0.1%); however, a pair t-test still
showed 2-TCM to have an overall better fit of the TACs (P¼ 0.0015
for MSC and AIC).

Identifiability. Results obtained with the 2-TCM (averaging test and
retest) are summarized in Table 1. VT calculated with the 2-TCM from
90 minutes of scan data presented very good identifiability for all
the ROIs (2oCOV(VT)o8%). VS presented similar identifiability
(2oCOV(VS)o8%) across ROIs with the exception of the caudate
where the identifiability was slightly poorer (COV(VS)¼ 14%). BPND

and K1/k2 were identifiable (COV(BPND)o15%) for big ROIs, that
presented faster washout, but not for the other ROIs
(COV(BPND)430%). While K1 (0.5±0.1) was identifiable the rest of
the rate constants was not identifiable independently.

Rank order. The rank order of VT (mL/cm3) was caudate
(59±10)4thalamus (55±7)4putamen (52±8)4 anterior cingulate

cortex (40±6)4frontal cortexEtemporal cortex (33±4)EPon-
s4cerebellar cortex (22±4). The rank order was preserved for VS.
On the basis of the 2-TCM estimations, VS ranged from 80±4%
(cerebellum) to 90±6% (ant. cingulate cortex) of VT.

Reproducibility. Retest scan was performed 5±1 weeks after the
first scan (test). There was no order effect of VT, VS, or BPND (e.g.,
for VT in Supplementary Figure S4). Table 2 shows the results of
the reproducibility experiment. VT and VS for 90 minutes scan data
showed a similar pattern and close values for the reproducibility
study. While the between-subject COV of VT ranged from 14%
(prefrontal cortex) to 33% (pons), the within-subject COV was
stable between 9% (cerebellar cortex) to 12% (caudate).

The TRV for VT was between 10±7% (thalamus) and 15±6%
(caudate). Regional ICCs for VT ranged between 0.37 and 0.86. The

Figure 1. Average (n¼ 14) of the time course of the radioactivity due
to parent compound in plasma (solid line) and the radioactivity in
blood (dotted line) taken into account dispersion correction
(t¼ 10 seconds).

Figure 2. Average (n¼ 14) regional time-activity curve (standard
uptake value, SUV) obtained after injection of [11C]SL25.1188.
Prefrontal cortex and putamen are omitted because they highly
overlap with the temporal cortex and the thalamus, respectively.

Figure 3. Regional activities in the cerebellar cortex (black circles)
and putamen (white circles) for a single scan. Circles are the
measured values; continues lines are the best fitting with a two-
tissue compartment model (2-TCM) and the dotted lines are the best
fitting with a one-tissue compartment model (1-TCM).
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reproducibility of BPND was poor even for the ROI in which some
degree of identifiability was present (between-subject COV
430%, within-subject COV 425% TRV428%.

Stability over time. Figure 4 (Left) shows the temporal convergence
of the VT to the final value at 90 minutes for each ROI. With the
exception of the caudate, at 45 minutes VT or VS (Supplementary
Figure S5) are within 5% of the final value at 90 minutes.

The caudate had the highest uptake and therefore the TAC
presented the slowest washout, and due to the small size of the ROI,
TACs were noisy. In only one scan of two participants, 2-TCM
provided an unacceptable solution (COV(VT)450%) when the length
of the scan was shorter than 70 minutes. Figure 4 shows results for
the caudate including and excluding these two scans. When those
two scans are excluded the VT in caudate at 45 minutes is within 5%
of the final value.

COV(VT) (Figure 4, Right) improved continuously with the length
of the scan ranging from 3% to 18% at 45 minutes, to o10% at

60 minutes and o7% at 90 minutes. Reproducibility studies
(Supplementary Table S2) for VT showed that while between-subject
variability for VT was relatively constant between 45 minutes and
90 minutes, within-subject variability, TRV and ICC improved with
the length of the scan.

Linear Graphical Analysis
V LG

T values estimated with Logan graphical approach 25 for
t*¼ 7.75 minutes (frame #11) gave the best trade off correlation
and bias respect of 2-TCM (r2¼ 0.98¼ 0.98, V LG

T underestimate 3.5%
V 2TCM

T ). Using total least squared method26 (V TLS
T )26 the correlation

increases to r2¼ 0.99, and the underestimation decreases to 2.4%.
The linear regressions were V LG

T ¼ 0:93�V 2TCM
T þ 1:2 and V TLS

T ¼
0:96�V 2TCM

T þ 0:6 (Supplementary Figure S6). Test–retest results for
the Logan method (Supplementary Table S3) were subtly better
than for the 2-TCM.

Table 1. Regional kinetic parameter (mean±SD) of seven subjects obtained with a 2-TCM using full length of scan data (90minutes)

K1 (mL/min per mL) K1/k2 (mL/cm3) k3 (1/min) k4 (1/min) BPND VS (mL/cm3) VT (mL/cm3)

Cerebellar ctx. 0.48±0.06 (2±1) 4.36±0.75 (11±3) 0.14±0.03 (15±5) 0.035±0.005 (8±3) 4.2±1.2 (13±4) 18.0±3.7 (4±1) 22.4±3.9 (3±1)
Temporal ctx. 0.54±0.09 (2±0) 4.15±0.94 (9±3) 0.24±0.05 (9±4) 0.033±0.005 (4±2) 7.4±2.1 (9±4) 29.1±4.3 (2±1) 33.3±4.4 (2±1)
Frontal ctx. 0.53±0.10 (2±1) 4.33±1.07 (11±5) 0.25±0.07 (13±7) 0.036±0.005 (5±3) 7.2±3.0 (13±6) 28.7±4.1 (2±1) 33.0±4.0 (2±1)
Caudate head 0.51±0.09 (6±3) 10.05±6.94 (63±28) 0.32±0.26 (73±46) 0.039±0.013 (31±13) 9.9±10.4 (74±39) 49.1±11.0 (14±13) 59.2±9.7 (7±3)
Putamen 0.57±0.08 (4±1) 6.48±2.59 (31±12) 0.29±0.12 (33±16) 0.036±0.007 (14±6) 8.7±5.4 (35±15) 45.7±8.5 (6±3) 52.2±7.7 (4±2)

Thalamus 0.59±0.05 (5±2) 6.38±3.86 (35±14) 0.37±0.24 (35±16) 0.034±0.007 (16±7) 12.6±10.7 (39±15) 48.8±8.2 (6±4) 55.2±7.0 (4±2)
Anterior cingulate 0.49±0.08 (5±1) 3.88±2.51 (32±14) 0.37±0.15 (31±21) 0.033±0.009 (13±6) 12.7±7.5 (35±19) 36.3±6.0 (6±5) 40.2±5.7 (4±1)
Pons 0.39±0.06 (5±2) 4.58±1.94 (35±14) 0.25±0.15 (38±15) 0.032±0.005 (17±6) 8.1±5.1 (39±15) 28.9±7.3 (7±3) 33.4±7.9 (6±2)

2-TCM; two-tissue compartment model; BPND, binding potential; COV, coefficient of variation. Each subject was scanned twice. Values between parentheses
indicate the identifiability (%COV) of the parameters.

Table 2. Reproducibility of [11C]SL25.1188 total distribution volume (VT), distribution volume of the specifically bound radiotracer (VS) and binding
potential (BPND) derived via 2-TCM

90 minutes data VT (mL/cm3) VS (mL/cm3) BPND

Mean BSSD
(%CV)

WSSD
(%CV)

TRV±SD
(%)

ICC Mean BSSD
(%CV)

WSSD
(%CV)

TRV±SD
(%)

ICC Mean BSSD
(%CV)

WSSD
(%CV)

TRV±SD
(%)

ICC

Cerebellar ctx. 22.4 5.3 (23) 2.0 (9) 11±7 0.739 18 5.1 (28) 1.8 (10) 12±10 0.771 4.2 1.3 (30) 1.1 (25) 28±17 0.18
Temporal ctx. 33.3 5.4 (16) 3.4 (10) 12±9 0.438 29.1 5.3 (18) 3.2 (11) 12±12 0.471 7.4 2.2 (30) 2.0 (27) 28±25 0.109
Prefrontal ctx. 33 4.7 (14) 3.2 (10) 11±9 0.379 28.7 5.3 (19) 2.7 (9) 11±10 0.6 7.2 3.5 (48) 2.5 (35) 28±24 0.303
Caudate head 59.2 11.8 (20) 7.4 (12) 15±6 0.442 49.1 15.1 (31) 5.4 (11) 14±12 0.77 9.9 9.6 (97) 11.1 (112) 97±50 � 0.146
Putamen 52.2 9.5 (18) 5.8 (11) 13±9 0.457 45.7 10.9 (24) 5.8 (13) 14±11 0.559 8.7 6.7 (77) 3.9 (45) 38±27 0.497
Thalamus 55.2 9.1 (16) 4.4 (8) 10±7 0.615 48.8 11.4 (23) 3.8 (8) 9±10 0.796 12.6 14.7 (116) 5.4 (42) 39±20 0.765
Ant cingulate
ctx.

40.2 7.0 (17) 4.3 (11) 13±10 0.445 36.3 7.3 (20) 4.6 (13) 16±11 0.442 12.7 10.5 (83) 3.2 (25) 31±27 0.83

Pons 33.4 11.1 (33) 3.1 (9) 11±9 0.856 28.9 10.3 (36) 3.0 (10) 13±10 0.84 8.1 3.2 (40) 6.2 (77) 69±58 � 0.577

BSSD, between-subject standard deviation; CV, %standard deviation/mean; TRV, the mean across the subjects of the ratio absolute value of the difference
between measurements to average of the measurements; ICC, intraclass correlation coefficient; WSSD, within-subject standard deviation.

Figure 4. Regional average convergence of VT to the final value at 90minutes (left) and identifiability (right). For all the regions the 14 scans
are considered. For the caudate, an average of 12 scans are shown as 2 time-activity curves gave solutions with low identifiability for length of
scan below 70minutes when two-tissue compartment model (2-TCM) was applied. COV, coefficient of variation.
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Comparison with Human Postmortem Data
Our group recently published an extensive set of ROIs data showing
regional postmortem concentration of MAO-B by quantitative
immunoblotting in a set of healthy subjects with a wide age
range.35 Correlations (Figure 5) between the regional magnitudes to
quantify [11C]SL25.1188 in this work and the ones in the post-
mortem study are excellent: VT ¼ 15:1�½MAOB� þ 6:6 (r2¼ 0.9,
P¼ 0.001), VS ¼ 13:3�½MAOB� þ 5:1 (r2¼ 0.92, P¼ 0.0006) and
BPND ¼ 3:0�½MAOB� þ 1:9 (r2¼ 0.7, P¼ 0.02).

DISCUSSION
This work describes the first in vivo quantification of
[11C]SL25.1188 for estimation of MAO-B density in human brain.
Present results indicate that [11C]SL25.1188 penetrates the brain–
blood barrier and shows high radiotracer uptake into brain tissue.
The 2-TCM describes the TACs of [11C]SL25.1188 optimally as
compared with the 1-TCM. Also, the VT provided by the 2-TCM
presents an excellent identifiability (COVo8%) and significantly
correlates with the known concentration of MAO-B in brain. Test–
retest study for VT with 5 weeks separation between scans showed
(averaging across ROIs): (1) a TRV of 12%, (2) between-subject COV
of 20%, and (3) acceptable within-subject variability of around 10%.

This study did not include blocked experiments, therefore
despite the good identifiability, reproducibility and correlation
between VS and the known concentration of MAO-B postmortem,
the value for VND has not been directly measured. In the absence
of blocked studies there is a risk that VS and BPND reflect a good fit
to the TACs but do not represent physiologic quantities. Therefore,
until blocked experiments are performed we believe that the best
magnitude to quantify MAO-B binding is VT.

VT is only a good parameter to quantify specific binding when
the distribution volume of the free and nonspecific binding (VND) is
proportionally low. If VND was the same in all the ROIs, a typical
assumption in PET field, then VND could be estimated from the
intercept (6.6 mL/cm3) of the plot showing the correlation of VT

against postmortem densities of MAO-B (Figure 5). This value is not
very different from the one calculated with the 2-TCM (in average
5.5 mL/cm3). A value of VND¼ 6.6 mL/cm3 suggests that between

70% (cerebellar cortex) and 89% (caudate) of VT corresponds to
specific binding and also supports the use of VT as the best
outcome measure to quantify [11C]SL25.1188 in human brain.

The convergence of VT to their final value is within 5% at
45 minutes after injection for most of the ROIs. However, the
identifiability of the parameters and the TRV continue to improve
with the length of the scan. For the caudate (small ROIs with noisy
TAC and with high concentration of MAO-B) less of 70 minutes of
scan in two cases gave an unacceptable identifiability. The optimal
length of scan will depend on the tradeoff between size and
concentration of MAO-B of the ROI of each particular study. For
example, more than 60 minutes of scan data does not improve the
quantification for the anterior cingulate cortex, which as
delineated in this work, was a small ROI (B1,600 voxels
E2.9 cm3) with moderate to high levels of MAO-B.

Logan graphical method V LG
T correlates well with V 2TCM

T therefore
could be a good option for parametric maps of VT provided noise
induced bias can be managed (e.g., producing the map in the
wavelet space36) Test–retest results for the Logan method were
subtly better than the 2-TCM.

The ratio of whole blood to plasma was extrapolated from the
first data sample at 3.5 minutes to the time of injection using a
mono-exponential (Equation (1)). As this ratio was only 7% higher
than 1-HCT it is apparent that the radiotracer partitions almost
exclusively into the plasma or penetrates into red blood cells only
slowly. The result was confirmed in an in vitro experiment: blood
samples were incubated with radiotracer at 371C, centrifuged, and
both phases counted for radioactivity. The distribution ratio of
radioactivity in plasma to red cells was greater than 5 after both
30 seconds and 20 minutes of incubation.

The constant of dispersion t¼ 10 seconds measured for
[11C]SL25.1188 with the rate pump at 350 mL/h in saline solution
is higher than for other radiotracers [18F]fluoride (tB3.5 seconds)
or [11C]FLB (tB5 seconds). We attribute that to some degree of
stickiness from the radioligand to the tube of the ABSS. It has been
reported19 that stickiness to the ABSS tubing has been related to
residual radioactivity during the flushing periods. We indeed
observed in some cases a low residual radioactivity in the ABSS
during the flushing periods. However, the residual was too low
(around 1 count per second in the 1,022 keV window) for precise
quantification and the amount depended strongly on the length
of the flushing period. For example, in the typical experimental
set-up for studying dispersion on ABSS,37 using the ABSS pump to
flush, 1 minute of flushing with the pump at 350 mL/h (6 mL)
removed the radioligand completely which would imply that the
stickiness was weak or at least did not accumulate irreversibly.
Finally analyzing the data ignoring dispersion or with
t¼ 5 seconds did not show significant changes in the para-
meters measured when the length of scan was 60 minutes or
above provided the delay was adjusted properly (Equation (3)).

Despite the fact that cerebral blood volume varies in the brain,
we used the fraction volume of blood in the ROI (Vb) fixed to 4%,
as when Vb was fitted as a variable, it did not show identifiability.

The ED50 of the radiotracer for occupancy of MAO-B has not
been established in human subjects. The issue whether the
radioligand was injected at tracer dose has not been addressed in
this study. A plot between mass injected and VT shows no
observable effect of the mass on tracer binding in regions of both
high and low MAO-B concentrations (Supplementary Figure S6).

The average value of K1 (0.51 mL/min per mL) is similar to that
measured in anesthetized baboons for this radiotracer and it is
consistent with the lipophilicity of the radioligand. It can be
predicted with the in silico model of Guo et al38 (K1¼ 0.52 mL/min
per mL) using an in silico estimation for cLogD¼ 3.137 and a
McGowan Volume Vx¼ 236.81 cm3/mol. The experimental value
for Log D was 3.34±0.05 (n¼ 8).

The value of K1 is close to the typical healthy human blood flow
suggesting a high first past extraction fraction, which is remarkable

Figure 5. Comparison of regional average (n¼ 14) in vivo
[11C]SL25.1188 VT, VS, and BPND and in vitro concentration of
monoamine oxidase B (MAO-B) determined by inmunoblotting in
autopsied normal human brain (n¼ 6) published previously by
Tong.35 Regions in order of in vitro concentration are cerebellar
cortex, prefrontal cortex, temporal cortex, putamen, anterior
cingulate cortex, thalamus, and caudate. Vertical lines represent
the SD, lines represent the best linear fit (VT: r2¼ 0.9, P¼ 0.001, VS:
r2¼ 0.92, P¼ 0.0006 and BPND: r2¼ 0.7, P¼ 0.02).
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taking into account the low plasma-free fraction measured
(0.82±0.07% (n¼ 10)). It would suggest that the kinetics of
protein binding (specifically the off rate) may be fast compared
with the transit time of the radiotracer in a brain capillary.39

CONCLUSION
[11C]SL25.1188 shows high penetration into human brain and good
reversibility properties. VT of [11C]SL25.1188 can be reliably
quantified with 2-TCM, and either 45 or 90 minutes data acquisition
is needed depending on the ROI. VT of [11C]SL25.1188 shows good
reproducibility (TRVE12%) and is an excellent predictor of the
known concentration of MAO-B postmortem in human.
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