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PET measurements in monkeys. Four. cynomolgus monkeys weigh-
ing about 4 kg were supplied by the National Institute for Infec-
tious Diseases, Solna, Stockholm. Anaesthesia was induced by re-
peated i.m. injection of ketamine (Ketalar 10-15 mg kg~! h-1). A
head fixation system was used to secure a fixed position of the
monkey head during the PET measurements [34]. The monkey
head was positioned so that the imaging planes were parallel to the
canthomeatal line. Body temperature was controlled by a heating
pad with a thermostat. In each PET study, 4453 MBq of [1'CIPE21
was injected i.v. in the left sural vein. Radioactivity in brain was
measured according to a pre-programmed sequence of frames up to
118 min after injection. .

Altogether 11 PET measurements were performed in the mon-
keys. In each monkey a baseline measurement was performed. In
the first monkey, five PET measurements were performed on two
experimental days. On the first experimental day a baseline mea-
surement was followed by a displacement measurement, in which
B-CIT (0.5 mg/kg) was injected i.v. 21 min after the injection of
[LIC]PE2L. On the second experimental day 2 weeks later, a base-
line measurement was followed by a displacement measurement in
which cocaine (2 mg/kg) was injected i.v. 21 min after the injec-
tion of [M'C]PE2I. The day ended with a pretreatment measure-
ment, in which cocaine (2 mg/kg) was injected i.v. 5 min before
the injection of [!!C]PE2L.

Two measurements were performed on the same day in the
second monkey. The first was a baseline measurement. The sec-
ond was a pretreatment measurement in which the selective dopa-
mine transporter GBR 12909 (5 mg/kg) [35] was injected i.v.
8 min before the injection of [''CJPE2L
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Two measurements were performed in the third monkey. The
first was a baseline measurement. The second was a pretreatment
measurement in which the selective noradrenaline transporter ma-
protiline (5§ mg/kg) [36] was injected i.v. 5 min before the injec-
tion of [HC]PE2IL.

Two measurements were performed in the fourth monkey. The
first was a baseline measurement. The second was a pretreatment
measurement in which the selective serotonin transporter citalo-
pram (5 mg/kg) [37] was injected i.v. 5 min before the injection of

[UCIPE2L.

. Venous blood samples (2 ml) were obtained at about 4, 15, 30.
and 45 min after the injection of [!C]PE2l for metabolite mea-
surements,

PET measurements in a healthy human subject. The study was
performed in compliance with the Declaration of Helsinki and
approved by the Ethics and Radiation Safety committees of the
Karolinska Hospital, Stockholm. One male subject (age 30 years,
weight 78 kg) participated after giving informed consent. The sub-
ject was healthy according to history, physical examination, blood
and urine chemistry and a magnetic resonance imaging (MRI)
examination of the brain.

An individualised plaster helmet was made for the subject and
used with a head fixation system during both MRI and PET [38].
One venous cannula was inserted into the brachial artery of the
left arm and one venous cannula was inserted into the antecubital
vein of the right arm. [!'CJPE2I (293 MBq) was injected i.v. as a
bolus during 2 s into the right antecubital vein. The PET measure-
ment comprised a series of sequential frames during 68 min.
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Blood samples (2 ml) were obtained at 4, 10, 20, 30, 40, 50
and 60 min after injection of [ICJPE2I for metabolite measure-
ments. Blood was drawn from the arterial cannula and radioactivi-
ty in blood was measured using a well counter [39]. Blood sam-
ples (2 ml) were drawn manually at each time frame until the end
of the experiment. One millilitre of the blood sample was immedi-
ately pipetted and radioactivity was measured in a well counter for
10 s. After centrifugation of the remaining blood sample, 0.2 ml
plasma was pipetted and plasma radioactivity was measured in the
well counter. Radioactivity in whole blood and plasma was cor-
rected for decay and plotted versus time.

Plasma metabolite studies. The fractions of radioactivity in mon-
key and human plasma that corresponded to unchanged [11C]PE2]
and labelled metabolites were determined using an HPLC method
previously developed for other PET ligands [40]. The supernatant
(0.5 ml) obtained after centrifugation at 2,000 g for 1 min of the
blood samples (2 ml) was mixed with acetonitrile (0.7 ml) con-
taining a standard of PE2I. The radioactivity in the supernatant
(1.1 ml) obtained after centrifugation at 2,000 g for 1 min was
measured in the well counter (extraction yield >95%) and 1 ml
was subsequently injected into the HPLC column. The mixture
was chromatographed through the column and the UV-absorption
and radioactivity peaks were integrated and the data were stored in
aPC.

The reversed-phase HPLC Kontron system consists of: 2 Kontron
420 pumps, a Rheodyne injector (7125 with a 1.0-ml loop)
equipped with a Waters p-Bondapak-C18 column (300x7.8 mm,
10 pm) and a Kontron 432 UV-spectrophotometer (254 nm) in se-
ries with a Packard Radiochromatography detector Serie A-100
(1 ml cell). Phosphoric acid (0.01 M) (A) and acetonitrile (B) were
used as the mobile phases with a flow rate of 6.0 ml/min. Gradient
elution was employed on all metabolite analyses. The gradient
profile was the following: HPLC time 0-5.5 min, (A/B)
80/20-40/60; 5.5-6.0 min, (A/B) 40/60-80/20; 6.0-7.5 min, (A/B)
80/20 isocratic; 8.5 min end. The Kontron 450 Multitasking
system was used as an efficient controller and PC-integration
system. Fractions that correlated with standards of PE2I and the
corresponding radioactive peaks were also taken and counted in a
well counter. The radioactivity in a certain fraction was divided by
the total radioactivity and expressed as a percentage of the total.

Regions of interest (ROIs). In monkeys, the ROIs were drawn on
the PET summation images representing radioactivity measured
from 9 min after i.v. injection to the end of the measurement. The
striatum, substantia nigra, neocortex, cerebellum and the whole
brain contour were defined according to an atlas of a cryosected
cynomolgus monkey head in situ. Radioactivity was calculated for
the sequence of time frames, corrected for the radioactivity decay
and plotted versus time. .

To calculate the percentage of [NC]PE2I injected that was
present in brain at the time of maximal radioactivity, the radioac-
tivity concentration in the ROI for the whole brain was muitiplied
by the estimated brain volume of 65 ml for a cynomolgus monkey
weighing 4 kg. The calculated value for total radioactivity in brain
was then divided by the radioactivity injected and multiplied by
100 to obtain the percentage.

In the human subject, ROIs were delineated manually on the
MR images according to the anatomical boundaries for the puta-
men, the caudate nucleus, the substantia nigra, the frontal cortex
and the cerebellum. The ROIs were transferred to the correspond-
ing PET images. Regional radioactivity was measured for each se-
quential scan, corrected for 'C decay and plotied versus time. The
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percent of radioligand in brain was calculated as described above
for the monkey brain. The estimated average brain volume of a
healthy male was 1,250 ml.

Quantitative analyses. The cerebellum is a region with negligible
density of DAT [27, 41]. The radioactivity in the cerebellar cortex
was therefore used as an approximation for free and non-specifi-
cally bound radioligand concentration in brain. To validate the as-
sumption that the radioactivity in the cerebellum can be used as an
estimate of the time curve for free and non-specifically bound ra-
dioligand concentration in brain, the time curve for the ratio of ra-
dioactivity in cerebellum to blood was calculated for [''C]PE2I in
each pair of baseline and pretreatment measurements.

The time curve for specific [11C]JPE2I binding to DAT in the
putamen and the thalamus was defined as the difference between
the total radioactivity concentration in an ROI and the cerebellum.
Time for peak equilibrium was defined as the moment when the
curve for specific binding reached a peak [42].

The ratio of binding in an ROI to the cerebellum was calculat-
ed using the time intervals 55-65 min in monkeys and 40-50 min
in man, at which peak equilibrium occurred. This ratio corre-
sponds to the binding potentials and can be viewed as an index of
the density of available receptors. All calculations were based on
the assumption that radioactivity in brain represents unchanged ra-
dioligand [43].

Volume rendering. The distribution of the dopamine transporter in
the monkey and human brain was also visualised using a volume
rendering technique. The technique was developed by Pixar Inc,
USA and was described in a pioneering paper by Drebin et al.
{44]. The technique has previously been applied to PET data to vi-
sualise [!!C]flumazenil binding to benzodiazepine receptors in the
human brain [45].

The basic concept in volume rendering is that each volume ele-
ment, voxel, representing radioactivity uptake in the brain is pro-
jected onto an image screen. Each voxel is assigned a colour and
partial opacity, which are both related to the radioactivity of the
corresponding data point. An advantage of the volume rendering
technique is that it allows inspection of the voxel matrix from var-
ious angles. It is thereby possible to visualise the distribution of
radioligand binding. _

The PET data frames corresponding to the time interval from 9
to 63 min after injection of the radioligand were summed into one
3D voxel matrix and used for volume rendering in the present
study. This 3D voxel matrix consists of 147 planes of data with
256x256 pixels (1 mm? voxels) representing the presence of the
radioligand binding in the brain. In the present study a high opaci-
ty was assigned to high and medium radioactivity voxels. The
computer program VoxelView/Ultra 2.2 (Vital Images, Inc., USA)
was used in this work [45].

Results
Chemistry

The incorporation of [!!Clmethyl triflate to [VMC]PE2I
was 80% using 0.5 mg of the acid precursor (Fig. 2). The
total radiochemical yield of [MC]PE2I, calculated from
end of bombardment (EOB) and decay corrected, was
50% with a total synthesis time of 30-35 min.
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Fig. 4. A Total brain radioactivity uptake in the brain of a cyno-
molgus monkey after intravenous injection of ['C]PE21. B Time
course for regional radioactivity (nCi/ml). C Specific binding
(nCi/ml). D Binding ratio

Purification was performed by semi-preparative re-
versed phase HPLC (Fig. 3), yielding [!!C]PE2I with a
radiochemical purity better than 99%. The retention
-times of [C]JPE2I and free acid precursor were 7-9 and
2 min, respectively (Fig. 3). The retention time of
[{!C]PE2I was 6 min on the analytical reversed-phase
HPLC system. The specific radioactivity obtained at
time of injection of [MC]PE2I was about 1,500 Ci/mmol
(55 GBg/pumol), corresponding to a total mass injected of
about 0.3 ug in the studies in monkey and 1.5 pg in the
human studies.
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PET measurements in monkeys

At 4 min after i.v. injection of [I!C]PE2I in cynomolgus
monkeys, 3.8% of the total radioactivity injected was
present in brain (Fig. 4A). The uptake was highest in the
striatum, lower in the substantia nigra and neocortex, .
and much lower in the cerebellum (Fig. 4B). The radio-
activity ratios of the striatum and substantia nigra to the
cerebellum increased continuously with time (Fig. 4D).
The curve for specific binding in the striatum reached a
peak level at about 60 min after injection (Fig. 4C).

The specificity of [11CJPE2I binding was examined in
displacement and pretreatment measurements. Following
injection of B-CIT (0.5 mg/kg) at 20 min after injection
of [HC]PE2I, the radioactivity decreased rapidly and ap-
proached the curve for the cerebellum (Fig. 5A). In a
pretreatment measurement where the selective dopamine
transporter GBR 12909 (5 mg/kg) was given i.v. 8 min
before the injection of [!!C]PE2I, the radioactivity was
much lower than in the baseline measurements and close
to the curve for the cerebellum. The reduction of specific
[YICIPE2I binding in the striatum, substantia nigra and
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Fig. 5A, B. Time course for regional radioactivity (nCi/ml) in the
brain of a cynomolgus monkey after intravenous injection of
[IICIPE2I. A Control and displacement experiments. B Control
and pretreatment experiments. In the displacement experiment
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Fig. 6A, B. Time course for regional radioactivity (nCi/ml) in the
brain of a cynomolgus monkey after intravenous injection of
[HCIPE2IL. A Control and displacement experiments. B Control
and pretreatment experiments. In the displacement experiment co-
caine (2 mg/kg) was given at 21-25 min, and in the pretreatment
experiment cocaine (2 mg/kg) was given 5 min before injection of
[MCIPE2L

the neocortex was about 80% at 40 min after injection
(Fig. 5B).

-Following injection of cocaine (2 mg/kg) in a dis-
placement (Fig. 6A) and a pretreatment measurement
(Fig. 6B), the striatal, thalamic and neocortical curves
were markedly decreased and approached the curve for
the cerebellum.

In pretreatment measurements where the selective nor-
adrenaline transporter maprotiline (5 mg/kg) or the selec-
tive serotonin transporter citalopram (5 mg/kg) was in-
jected i.v. 5 min before the injection of [''C]PE2I, there
was no evident effect on [1!C]PE2I binding (Fig. 7).
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B-CIT (0.5 mg/kg) was given at 21-26 min, and in the pretreat-
ment experiment GBR 12909 (5 mg/kg) was given 5 min before
injection of [NC]PE2I
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PET measurement in human

Initially there was a high transient peak of radioactivity
in whole blood and plasma. Four minutes after injection
of [MCIPE2L, 8% of the radioactivity was present in the
brain (Fig. 8A). The radioactivity in the striatum in-
creased rapidly and reached a maximum level within
15 min (Figs. 8B and 9). Radioactivity ratios of the stria-
tum and substantia nigra to the cerebellum were 10 and
1.8, respectively (Fig. 8D) at peak equilibrium, which
was reached at about 40 and 20 min, respectively, after
injection (Fig. 8C).

Volume rendering

The volume rendering technique was used to visualise
the binding of {!'C]PE2I in the monkey brain, before and
after displacement with B-CIT (Fig. 10, bottom). Binding
in the striatum could be clearly visualised at baseline
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Sagittal Transaxial Coronal
Fig. 9. Colour-coded PET image showing the distribution of ra-
dioactivity in the human brain after injection of about 293 MBq

['MCIPE2! (measured between 9 and 68 min)

Fig. 10. Distribution of dopamine transporter ['"C]PE2!I binding
visualised by volume rendering of radioactive uptake in PET ex-
periments. Top: radioactivity uptake of ['CJPE2I in the human
brain. The binding to the caudate and putamen structures are
marked; binding to substantia nigra are also visible. Bottomn: the
binding of [MCJPE2I in the monkey brain before (leff) and after
displacement with B-CIT (0.5 mg/kg given at 21-26 min) (right)
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(bottom Ieft). Radioactivity was low in the remaining
parts of the brain, indicating low non-specific binding in
extrastriatal regions. After displacement (bottom right),
the monkey brain was almost devoid of visible hinding,
indicating low binding of the radioligand to the dopa-
mine transporter sites. The volume rendering included
the head, neck and upper thorax. There was some uplake
in the thoracic structures. This uptake could not be dis-
placed by B-CIT. Figure 10 (top) shows the distribution
of radioactivity in the human brain. Binding in the cau-
date and putamen is clearly visible. [''C]PE2I hinding in
the substantia nigra is also visible.

Plasma metabolite studies

Blood samples were processed, and plasma was isolated
and extracted. The peaks of radioactivity were integrated
simultaneously by the PC and the chemical identity was
determined by the simultaneous addition of a standard of
PE2l. The integrated values obtained were in good
agreement with the collected fractions measured in the
well counter. The resolution between radioligand and la-
belled metabolites was sufficient. Specific experiments
showed that >98% of the injected radioactivily was re-
covered from the column.

The percentage of total radioactivity in plasma repre-
senting unchanged [''C]PE21I in both monkey and human
was 15-20% at 40 min after injection. All labelled me-
tabolites are more polar than the parent compound
(Fig. 11).

Discussion

Chemistry

For PET imaging of the dopamine transporter, several ra-
dioligands such as [MC]B-CIT-FP, [IIC]B-CIT-FE and

Fig. 11. Radiochromatogram 40 1
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of human plasma, at 10 min 354
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(peak 111). Peaks I and 1] are 30 1
more polar labelled metabolites - !
8 %5
g
2 20+
Q
8
B 154 It
4
10 4
5 4
0 . : ; . . . s
0 1 2 3 4 5 6 7 8
Time (min)

European Journal of Nuclear Medicine and Molecular Imaging Vol. 30, No. 9., September 2003



1228

[1'CIB-CFT have previously been labelled with 11C by
O- or N-methylation of the corresponding desmethyl
compound with [!'Clmethyl iodide [13, 18, 20]. The
yield obtained after incorporation of ['!Clmethyl iodide
is usually sufficient for routine PET examinations.
[11C]Methy! triflate has recently been introduced as a
more powerful methylating agent than [!'C]methyl io-
dide [31]. The use of [!!Clmethy] iriflate in the labelling
of [1CJPE2I resulted in higher yields, and no extra reac-
tion time after trapping was needed, which is of impor-
tance for reliable routine production.

PET measurements

Four minutes after injection of [IICJPE2l, 3.8% (n=5) of
the total radioactivity injected was present in the monkey
brain and 8% in the human brain. This uptake is higher
than the total uptake of 1-2% previously demonstrated
for useful PET radioligands such as [I!C]SCH 23390 and
[1!Clraclopride [46, 47, 48] and provides a good signal
for analysis of DAT binding.

The regional distribution of radioactivity was in ac-
cordance with the known distribution of DAT in vitro,
with highest density in the basal ganglia, lower density
in the substantia nigra and neocortex and much lower
density in the cerebellum (Figs. 4, 8 and 9). The cerebel-
lum is a region with a negligible density of DAT in vitro
[27, 41]. The radioactivity in the cerebellum was there-
fore used as an estimate of the time curve for free and
non-specifically bound radioligand concentration in
brain. There was no effect of any of the compounds used
in the displacement or pretreatment measurements on the
ratio of radioactivity in the cerebellum to blood. This ob-
servation supports the use of the cerebellum as a refer-
ence region.

The specificity of ['"CJPE2I binding to DAT was
demonstrated by displacement and pretreatment mea-
surements with three reference compounds for DAT. The
radioactivity in the striatum, substantia nigra and neocor-
tex were markedly reduced after i.v. injection of B-CIT
(0.5 mg/kg), GBR 12909 (5 mg/kg) or cocaine (2 mg/kg)
(Figs. 5 and 6), indicating that a high proportion of
[LICIPE2I represents specific binding to DAT. Higher
doses with the potential to completely displace
[1IC]PE2T binding were not used owing to animal safety
precautions.

The selectivity of [V'CJPE2I binding to DAT was ex-
amined in pretreatment measurements. There was no ob-
vious effect on the regional time curve of the selective
noradrenaline reuptake antagonist maprotiline (5 mg/kg)
(Fig. 7A) or the selective serotonin reuptake antagonist
citalopram (5 mg/kg) (Fig. 7B). These observations are
consistent with the more extensive pharmacological
characterisation performed previously in rodents in vitro,
demonstrating that PE21 binds selectively to DAT [26,
27, 28]. The results of the present PET study indicate

that [1!C]PE2I binds selectively to DAT in vivo, which is
an advantage when compared with previously used trac-
ers such as [V/C]B-CIT, ['C]B-CIT-FE or [!!C]B-CIT-FP
[14, 18, 20].

The density of the DAT is high in the striatum
(>300 pmol/ml), much lower in the substantia nigra
(about 50 pmol/ml) and almost negligible in other brain
regions [27, 41]. The striatum to cerebellum ratio of
about 10 in the monkey and human brain is higher than
that previously reported for [1CIB-CIT-FE, [!C]B-CFT
and other cocaine analogues [9, 20, 21]. The high ratio
should be of advantage for subregional analysis of stri-
atal [''CJPE2I binding in neuropsychiatric brain disor-
ders.

An interesting additional opportunity emerged from
the 3D PET study of [!C]PE2I binding in the human
brain (Fig. 10). Using this highly selective radioligand,
an evident signal was also obtained for the substantia
nigra. The substantia nigra uptake of [M'C]JPE2I is high
when compared with previously developed PET tracers
for DAT, with a ratio of 1.8 to cerebellum at peak equi-
librium. Given the demonstrated selectivity of PE2I, the
uptake in substantia nigra must be considered to be
mainly binding to DAT.

In the human brain, high ratios were obtained for the
striatum. This ratio is higher than the ratios previously
obtained for [1!C]B-CIT-FE [20, 21]. Transient equilibri-
um was reached during the duration of a PET measure-
ment (55-65 and 40-50 min, respectively). This time is
earlier than that previously observed for ['C]B-CFT and
within the time of data acquisition for an C-labelled
radioligand. The earlier peak of equilibrium and the
binding selectivity indicate that [!!CJPE2I should be a
suitable radioligand for quantitation of both striatal and
substantia nigra binding of DAT.

Plasma metabolite studies

[1'CIPE2I was rather rapidly metabolised in monkey and
human plasma (Fig. 11). Rapid metabolism is seen for
many radioligands and does not preclude that [!!C]PE21
may be useful in PET studies. A problem may arise if the
labelled metabolites pass the blood-brain barrier and
bind to dopamine receptors. The labelled metabolites of
[MIC CJPE21 observed by HPLC are all polar. It is thus
unlikely that significant amounts of the major labelled
metabolites might pass the blood-brain barrier.

Conclusion

[MICIPE2I bound with high affinity, specificity and selec-
tivity to central DAT as demonstrated by displacement
experiments in the monkey brain in vivo. In the human
subject, [HCJPE2I reached a fast peak equilibrium and
gave a high signal to noise ratio not only in the striatum
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but also in the thalamic brain region. [NCJPE2I should
be suitable for quantitation of both striatal and substantia
nigra DAT in man. This is particularly useful for re-
search on neuropsychiatric and neurodegenerative dis-
eases.
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Summary: The authors developed and applied two new lin-
earized reference tissue models for parametric images of bind-
ing potential (BP) and relative delivery (R;) for [''C]DASB
positron emission tomography imaging of serotonin transport-
ers in human brain. The original multilinear reference tissue
model (MRTM,) was modified (MRTM) and used to estimate
a clearance rate (k3) from the cerebellum (reference). Then, the
number of parameters was reduced from three (MRTM) to two
(MRTM2) by fixing k5. The resulting BP and R, estimates were
compared with the corresponding nonlinear reference tissue
models, SRTM and SRTM2, and one-tissue kinetic analysis
(1TKA), for simulated and actual [''C]DASB data. MRTM
gave k;, estimates with little bias (<1%) and small variability
(<6%). MRTM2 was effectively identical to SRTM2 and

1TKA, reducing BP bias markedly over MRTMg from 12~
70% to 1-4% at the expense of somewhat increased variability.
MRTM2 substantially reduced BP variability by a factor of two
or three over MRTM or SRTM. MRTM2, SRTM2, and ITKA
had R, bias <0.3% and variability at least a factor of two lower
than MRTM or SRTM. MRTM2 allowed rapid generation of
parametric images with the noise reductions consistent with the
simulations. Rapid parametric imaging by MRTM2 should be a
useful method for human [''C]DASB positron emission to-
mography studies. Key Words: Positron emission tomogra-
phy—Parametric imaging—Linearized reference tissue
model—Noise-induced bias—Serotonin transporters—
["'"CIDASB.

The central serotonergic (5-HT) system has been
linked to the pathophysiology and drug treatment of neu-
ropsychiatric conditions such as depression and obses-
sive compulsive disorder (Lopez-Ibor, 1988). The sero-
tonin transporter (SERT) is a critical modulator of 5-HT
neurotransmission and the site of action of commonly
used antidepressant drugs (Lesch, 1997). Therefore, in
vivo imaging of the SERT has been of intense interest as
a tool to study 5-HT function in health and disease. A
recently developed highly selective radioligand, [''C]-3-
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amino-4-(2-dimethylaminomethyl-phenylsulfanyl)-
benzonitrile ([''CJDASB), is most promising for posi-
tron emission tomography (PET) imaging of SERT in
human brain (Ginovart et al., 2001; Houle et al., 2000;
Huang et al., 2002; Wilson et al., 2000a). ['!CIDASB
binds reversibly to SERT with high affinity and selec-
tivity (Wilson et al., 2000a, 2002), and displays moder-
ately high specific-to-nonspecific ratios in vivo (Ginovart
et al., 2001; Houle et al., 2000). [''C]DASB tissue data
can be described by a one-tissue (1T) compartment
model (Ginovart et al., 2001) and SERT binding poten-
tial (BP; Mintun et al., 1984) can be estimated using the
cerebellum, which contains few SERT binding sites, as
reference tissue instead of an arterial input function. The
regional distribution of BP correlates well with SERT
densities in human brain (Ginovart et al., 2001; Houle et
al., 2000).

Reference tissue methods have been widely used to
estimate neuroreceptor BP because these methods

DOI: 10.1097/01. WCB.0000085441.37552.CA
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eliminate the invasive and often logistically difficult pro-
cedure of obtaining arterial input functions corrected
for metabolites. For [''C]DASB, reference tissue meth-
ods that yield parametric images of BP would be a valu-
able data analysis approach because SERT binding
sites are widely distributed in the brain, including small
limbic structures such as the raphe, hippocampus, and
amygdala (Backstrom et al., 1989; Cortes et al, 1988;
Rosel et al., 1997).

For reversibly binding neuroreceptor radioligands,
several reference tissue models have been developed to
estimate BP (Ichise et al., 1996; Lammertsma et al.,
1996; Lammertsma and Hume, 1996; Logan et al., 1996)
as well as a measure of radioligand delivery to tissue
relative to reference region (R;) (Lammertsma et al.,
1996; Lammertsma and Hume, 1996). These models are
generally an extension of either traditional compartmen-
tal kinetic models (Lammertsma et al., 1996; Lam-
mertsma and Hume, 1996) or their linearized versions
(Ichise et al., 1996; Logan et al., 1996). The computa-
tionally rapid linear least squares (L.S) estimation algo-
rithms used in the latter approach is well suited for rapid
parametric imaging compared with the more computa-
tionally time-consuming nonlinear least squares (NLS)
algorithms used in the former, although basis function
methods can be used to improve NLS processing speed
(Gunn et al., 1997). One drawback of the linear LS ap-
proach as originally described, however, is that statistical
noise, particularly at the voxel level in the PET data, can
introduce significantly bias in the parameter estimates
(Carson, 1993; Slifstein and Laruelle, 2000). Subse-
quently, several strategies have been proposed to reduce
noise-induced bias for LS parameter estimation (Carson,
1993; Ichise et al., 2002; Logan et al., 2001; Varga
et al., 2002).

Here, we developed two new linearized reference tis-
sue models that are resistant to noise, computationally
fast, and do not require invasive blood sampling. These
models were used to generate parametric images of BP
and R, for [{!CIDASB PET data. To reduce noise ef-
fects, we applied two strategies to the multilinear refer-
ence tissue model (Ichise et al., 1996). First, the multi-
linear operational equation, which estimates three
parameters including BP and k) (the clearance rate con-
stant from the reference region), was rearranged to re-
move a noisy tissue radioactivity term, C(T), from the
independent variables, following the strategy known to
be effective in reducing the noise-induced bias for the LS
models requiring blood data (Carson, 1993; Ichise et al.,
2002). Second, the number of parameters in this newly
rearranged multilinear reference tissue model (MRTM)
was reduced from three to two, by fixing k; to a value
estimated by preliminary application of MRTM for se-
lected regions of interest (ROIs), following the strategy
also known to be effective in noise reduction for the NLS

simplified reference tissue model (SRTM) (Wu and Car-
son, 2002). The parameter estimation results for this new
two-parameter model (MRTM2) from simulated and ac-
tual [''C]DASB data were compared with the other es-
timation methods, particularly the two-parameter SRTM
(SRTM2) and the one-tissue kinetic analysis (1TKA)
that requires blood data, with the hypothesis that
MRTM2 will produce results comparable with SRTM2
and 1TKA If this is the case, then MRTM?2 should be a
highly useful data analysis tool for [''"C]JDASB because
parametric imaging with MRTM?2 can be performed in a
fraction of the computational time required for SRTM2
or ITKA.

MATERIALS AND METHODS

Theory

Multilinear reference tissue models. The operational equa-
tion for the original multilinear reference tissue model
(MRTMg, Ichise et al., 1996) is as follows:

T T

f C(r)dt f C'(t)dt

0 _ X 0 _‘f_ c'(n
an Tvoam v om T

b %))

where C(r) and C'(t) are the regional or voxel time—
radioactivity concentrations in the tissue and reference regions,
respectively (kBg/mL), V and V' are the corresponding total
distribution volumes (mL/mL); k5 (min~") is the clearance rate
constant from the reference region to plasma, and b is the
intercept term, which becomes constant for 7'> r*. Eq. 1 allows
estimation of three parameters, B, = V/V', B, = VAV'L}), and
83 = b by multilinear regression analysis for T > *. Note that
Eq. 1 and all subsequent linear equations are applicable to both
1T and two-tissue (2T) compartment models. Assuming that
the nondisplaceable distribution volumes in the tissue and ref-
erence regions are identical, BP (BP = V/V' — 1) is calculated
from the first regression coefficient as BP = (@, - 1). For
radioligands with 1T kinetics such as [""C]DASB (Ginovart
et al., 2001), Eq. 1 is linear from T = 0, ie., * = 0, and b is
equal to (—1/k,), where k, (min~") is the clearance rate constant
from the tissue to plasma. For the 1T model, V = K,/k, and V'
= Ki/kb, where K, and K} (mL/min~*/mL"") are the rate con-
stants for transfer from plasma to the tissue and reference re-
gion, respectively, and R, = K,/Kj, the relative radioligand
delivery, can be calculated from the ratio of the second and
third regression coefficients as R, = —B,/B,.

Ordinary LS parameter estimation assumes that independent
variables are noise-free. However, Eq. 1 contains a noisy term,
C(T), on the right-hand side (independent variables). In addi-
tion, the structure of Eq. 1 makes noise in the dependent (left-
hand side) and independent variables correlated. These factors
produce biased estimates (Carson, 1993; Ichise et al., 2002;
Slifstein and Laruelle, 2000). Following the strategy described
previously to reduce noise-induced bias for linear estimation of
V using tissue and blood data (Ichise et al., 2002), Eq. 1 can be
rearranged to yield the following multilinear reference tissue
model (MRTM):

=Y et [ca-otec
C(T)——V,b 0C(r)r11+b OC(I)df_V’kgbC(T) 2)
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In Eq. 2, noisy C(T) is no longer present in the independent
variables, although integral of C(r) is present. However, inte-
grals of noisy data typically have much lower percent variation
than the data themselves (Ichise et al., 2002). Additionally, the
correlation of the noise in the dependent and independent vari-
able is dramatically reduced in Eq. 2 compared with Eq. 1. Eq.
2 also allows estimation of three parameters, v, = -V/(V'b), v,
= 1/b and y; = ~V/(V'k,b), assuming that the integrals of C(r)
and C'(r), as well as C'(T), are noise-free. BP can then be
calculated from the ratio of the two regression coefficients as
BP = ~(y,/y, + 1). For the 1T model R, = w5 and k;, = —v,.

Eq. 2 also allows estimation of k3, which is given by k5 =
v,/va. However, a different value of k3 is estimated by Eq. 2 for
each voxel, although there is only one reference region and
therefore only one true value for k5. By fixing &5 to a value
obtained with a preliminary analysis using Eq. 2, a two-
parameter version of Eq. 2 (MRTM2) is obtained by rearrange-
ment to yield

T T
\% 1 1
C(T)=- VE <fc’(r)dz + X Cc(T) ) + fC(r)dt 3)
o o

Eq. 3 can also be obtained by rearrangement of the graphical
reference tissue model described by Logan et al. (1996). Eq. 3
estimates two parameters, y; = —V/(V'byand vy, = 1/bfor T
> ¥, assuming that the integrals of C(¢) and C'(f), as well as
C'(T), are noise-free. BP is then calculated from the ratio of the
two regression coefficients as BP = ~ (y,/y, + 1). For the IT
model, Ry = <y,/k} and k, = —y,. Because MRTM2 estimates
fewer parameters, it is expected to be more stable than MRTM,
particularly at high-noise levels of voxel-based parametric im-
aging. This strategy has been shown to be effective in reducing
noise from the three-parameter simplified reference tissue
model (SRTM) to the two-parameter model SRTM2 (Wu and
Carson, 2002).

Simplified reference tissue models

The operational equation for the SRTM (Lammertsma and
Hume, 1996) is

CO=R,C' () + Ry (ky = k)C' (1) ® )

where @ is the convolution symbol. Note that Eq. 4 is derived
from the 1T compartment model unlike the above linear equa-
tions that are applicable to both 1T and 2T compartment mod-
els. Eq. 4 allows NLS estimation of three parameters from the
entire data set, R,, k5, and k,. BP is calculated from the rela-
tionship, BP = R,(ky/k;) — 1. In the two-parameter SRTM2
method (Wu and Carson, 2002), the value of &) is fixed so that
Eq. 4 estimates two parameters, R, and k,.

One-tissue compartment kinetic analysis. The operational
equation for 1TKA is

C(ty= K, Cp(t) ® e 5)

where Cu(f) is the metabolite-corrected plasma concentration
(kBg/mL). Eq. 5 allows NLS estimation of two parameters
from the entire data set, K, and k,. BP and R, are calculated
from the relationship, BP = (K k3/Kik,) - 1 and R, = K,/K},
where K and kj are estimated by 1TKA applied to the ref-
erence region time-activity curve (TAC), with the follow-
ing equation:

C'(N=K,Co(l) ® e (6)
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Positron emission tomography studies

[''CIDASB PET studies were performed in eight normal
control subjects (mean age, 21.8 + 2.4 years; age range, 20-27
years). The study protocol was approved by the ethics and
radiation safety committees of the National Institute of Radio-
logical Sciences (Chiba, Japan), and written informed consent
was obtained from each subject. [''C]JDASB was synthesized
as described previously (Wilson et al., 2000a,b). After a 10-
minute transmission scan using a *®Ge-**Ga source, dynamic
PET scans were acquired for 90 minutes (27 frames consisting
of 4 x 1,13 x2,5 x4 and 5 x 8-minute frames) after bolus
administration of 630 + 51 MBq (specific activity, 70-196
GBg/pmol at the time of injection) of ['!C]JDASB on the
ECAT 47 (CTI-Siemens, Knoxville, TN, U.S.A.) scanner in
two-dimensional mode, which provides 47 slices with 3.38-mm
center-to-center slice separation. To minimize head movement
during each scan, head fixation devices (Fixster Instruments,
Stockholm, Sweden) and thermoplastic attachments made to fit
the individual subject were used. The PET data were recon-
structed using a Hann filter with a cut-off frequency of 0.5
resulting in image full width at half maximum of 9.3 mm.

Arterial blood samples were taken 13 times during the initial
3 minutes after the tracer injection, then eight times during the
next 17 minutes, and then once every 10 minutes until the end
of the scan. Each blood sample was separated into plasma and
blood cell fraction by centrifugation. For the plasma fractions at
3.5,9,19,29, 39,49, 59, 69, 79, and 89 minutes after injection,
acetonitrile was added and the sample was centrifuged. The
obtained supernatant was subjected to radio-HPLC analysis
(column pBondapak C18; mobile phase, phosphoric acid [6
mmol/L)/CH;CN = 1:1; flow rate, 2.5 mL/min). The fraction
of unchanged radioligand in plasma was fitted to a sum of two
exponentials. A metabolite-corrected plasma curve was gener-
ated by the product of the plasma activity and metabolite frac-
tion curves. The portion of the metabolite-corrected plasma
curve beyond the initial peak was fit to a sum of two exponen-
tials (three exponentials did not improve fitting). The resulting
curve was used as the input function for estimation of 1T ki-
netic parameter values (see below). Plasma protein binding was
not determined in the present study.

Simulation analysis

Table 1 lists the characteristics of the six models used for the
simulation analysis and the analysis of human PET data. For
the simulation, bias and variability of BP and R, estimates by
all six models due to statistical noise were evaluated with simu-
lated [''C]JDASB TACs at different noise levels. Gray matter
regions with a range of BP (raphe, striatum, thalamus, and
frontal cortex) were simulated. Even though BP measurement
in white matter may not be of biological interest, simulations in
white matter with very low BP were also performed because
poor estimation characteristics there would contribute to arti-
facts in parametric images.

In addition, the feasibility of obtaining a stable &} value to be
used for MRTM2 and SRTM2 was evaluated by application of
MRTM to ROI TACs. To this end, bias and variability of &}
estimates by MRTM were calculated for simulated [ 'C]DASB
TACs at different ROI noise levels. The variability of BP and
R; estimates from simulation were, when appropriate, com-
pared with the respective theoretical variability, as predicted by
the Cramer-Rao (C-R) lower bounds for the two-parameter and
three-parameter models (Beck and Arnold, 1977; Wu and Car-
son, 2002).

To perform ["!C]DASB TAC simulations, a metabolite-
corrected plasma input function that had a typical clearance
(175 L/h) was selected from a normal control study, and was
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TABLE 1. Model summary
MRTM, MRTM SRTM MRTM2 SRTM2 ITKA
Model name Original Multilinear Simplified Multilinear Simplified One-tissue-
mutilinear reference reference reference reference compartment
reference tissue model tissue model tissue model 2 tissue model 2 kinetic
tissue model analysis
Reference Ichise et al. Present work Lammertsma and  Present work Wu and Carson
(1996) Hume (1996) (2002)
Operational equation  Eq. 1 Eq. 2 Eg. 4 Eq. 3 Eq. 4 Eq. 5
C(1) in the C(t) moved to Convolution C(r) moved to Convolution Convolution
denominator left side left side
No. of parameters 3 3 3 2 2 2
Fitting Multilinear Multilinear Nonlinear Mutltilinear Nonlinear Nonlinear
Input Reference tissue Reference tissue Reference tissue Reference tissue Reference tissue Plasma
ky Variable Variable Variable Fixed Fixed Estimated from
reference
region fit
(Eq. 6)

scaled to a group mean injection dose of 630 MBq. TACs were
simulated using the 1T parameter values (Table 2). Intravascu-
lar radioactivity was not included because its contribution
would be minimal owing to the high K, and V values. These
parameter values were derived from the group mean K3, K, V',
and V values estimated by IT KA for the respective regions
(see below).

Noise-free TACs were generated for 90 minutes (54 frames
of 30-second to 4-minute duration with TAC values calculated
at the midframe time). The sampling rates used in the simula-
tions were twice the rates used in actual PET studies to mini-
mize any bias introduced by the integral(s) on the right-hand
side of the operational equations. Then, random amounts of
normally distributed mean zero noise were added to the noise-
free TAC with SD according to the following formula:

e)\.IiC(Ii) 0.5
Ay,

SD(t;) = SF < 7
where SF is the scale factor that controls the level of noise;
C(r,) is the noise-free simulated radioactivity; Ar; is the scan
duration (seconds); and A is the radioisotope decay constant,
This model is appropriate in the case of low or constant ran-
doms fractions, constant scatter fraction, and relatively un-
changing emission distribution over time. One thousand noisy
TACs were generated for several values of SF so that TAC
noise levels ranged from 5 to 30%. Percent TAC noise was
calculated from the mean SD (Eq. 7) of the latter portion of the
TAC (50 to 90 minutes). These noise levels would cover a
range of TAC noise between that found in a small ROI to that
of a voxel.

The noise-free reference tissue TAC for all reference tissue
models and the true k5 value of 0.056 min™' for MRTM2 and
SRTM2 were used in fitting noisy tissue TACs (see Discus-~
sion). Equal data weights were used for all methods (see Dis-~
cussion). Because all TACs were simulated consistent with the
1T model, r* was set to 0 for MRTMg, MRTM, and MRTM2.
The first time point was excluded from fitting, however, to
minimize any bias introduced by the integral(s) on the right-
hand sides of the operational equations. For SRTM, SRTM2,
and 1TKA, the initial parameter values were chosen randomly
from the range of 75 to 125% of the true parameter value. To
calculate BP and R, for 1TKA, the true values of K] and k),
were used for consistency with the use of noise-free C'(7) in the
reference tissue methods, Parameter estimates were considered
outliers if BP or R, values were less than zero or more than five

times the true values, which should include nonconvergence
cases. Bias was expressed as percent deviation of the sample
mean from the true value and the variability was calculated as
percent sample SD relative to the true value excluding outliers.
Theoretical BP and R, variability were calculated as percent
C-R SD relative to the true value.

For MRTM2 and SRTM2, k; will be estimated by prelimi-
nary application of MRTM or SRTM to ROI TACs. To assess
the magnitude of noise in this ROI-based k) estimation, 1,000
noisy tissue TACs were generated at noise levels ranging from
1 to 7%, which would cover a range of TAC noise found in
large to small ROIs. &} was estimated by MRTM, with sample
bias and sample variability of k) calculated as above. In addi-
tion, the effect of error in k5 estimates on MRTM2 estimation
of BP and R, was evaluated by calculating the bias of BP and
R, estimates by fitting the original gray matter TACs using
biased k5 values (ranging from —6 to +6%). All simulation
analyses were performed in MATLAB (The MathWorks,
Natick, MA, U.S.A.), or pixel-wise kinetic modeling (PMOD)
software (PMOD Group, Zurich, Switzerland).

Positron emission tomography study analysis

The original reconstructed PET data were corrected for sub-
ject motion by registering each frame to a summed image of all
frames, and the summed PET image was coregistered to a
T1-weighted magnetic resonance image (repetition time/echo
time = 21/9.2 milliseconds), acquired on a 1.5-T Phillips In-
tera (Phillips Medical Systems. Best, The Netherlands), in both
cases using a six-parameter mutual information registration
technique (Jenkinson et al., 2002) in the image analysis soft-
ware MEDx (Sensor Systems Inc., Sterling, Virginia, U.S.A).

TABLE 2. One-tissue-compartment kinetic parameter values
used for simulating time-activity curves

K, ks
Region (mL > min~! - mL™h (min~") BP R,
Cerebellum* 0.615 0.056 — —
Raphe 0.496 0.013 2.55 0.81
Striatum 0.656 0.023 1.64 1.07
Thalamus 0.662 0.021 1.91 1.08
Frontal cortex 0.697 0.050 0.27 1.13
White matter 0.260 0.022 0.09 0.42

*The K| and k, values for cerebellum (reference region) refer to
those of K| and k3, respectively.
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The summed PET image was then fused with the coregistered
magnetic resonance image using an image fusion tool in
PMOD. Several anatomical ROIs were manually defined on
this fused image, and ROI TACs from the cerebellum (~400
voxels, voxel size = 3.4 x 3.4 x 3.4 mm), raphe (~40 voxels),
striatum (~110 voxels), thalamus (~90 voxels), frontal cortex
(~400 voxels), and white matter (~200 voxels) were obtained.
These ROI TACs were fitted by 1TKA using individual me-
tabolite-corrected plasma input functions. The mean 1TKA pa-
rameter values from five of eight subjects were used to generate
noise-free TAC data, as described in the previous section re-
garding simulation analysis.

To compare voxel-wise BP and R, estimates between the
different reference tissue models as well as 1TKA, individual-
voxel TACs were obtained from the raphe, striatum, and frontal
cortex. MRTM2 and SRTM2 require a priori knowledge of
value, which was provided by preliminary application of
MRTM. To minimize the variability of estimation by MRTM
(see the simulation results), a weighted (according to ROI size)
mean value estimated from ROI TACs of raphe, striatum, and
thalamus was used. To calculate BP and R, for 1TKA, the
values of k5 and K| estimated by 1TKA for the cerebellar ROI
were used. Parameter estimate outliers were arbitrarily defined
as BP or R, values less than zero or more than five times the
same values used in the simulation analysis.

For comparison to simulations, percent ROI and voxel TAC
noise was calculated based on deviations from 1TKA fitting for
the latter portion of the TAC (50 to 90 minutes). ROI noise
values [mean + SD (range)] were 3.1 + 1.0% (2.1-4.9%), 1.9 =
0.5% (1.1-2.3%), 2.4 + 0.6% (1.2-2.8%) and 2.6 = 0.6% (1.8~
3.1%) in the raphe, striatum, thalamus, and frontal cortex, re-
spectively. Voxel noise values were 12 + 4%, 11 = 4%, 15 +
5%, and 23 + 8% in the raphe, striatum, frontal cortex, and
white matter, respectively. If the actual scan data had been
acquired with the doubled sampling rate, as used in the simu-
lation, all these noise values would have increased by a factor
of V2. Thus, for comparison to the simulations, the percent
noise values in the actual PET data were multiplied by V2.
Thus, ROI noise values of 3 to 7%, 2 to 3%, 2 to 4%, and 2 to
4% in the raphe, striatum, thalamus, and frontal cortex, respec-
tively, and voxel noise values of 15% and 30% for gray and
white matter, respectively, were chosen as typical noise levels
in evaluating the simulation results.

Comparison of estimates between MRTM and 1TKA as well
as comparison of voxel-based BP and R, estimates between all
methods were made by performing paired f-tests. Statistical
significance was defined as P < 0.05.

Parametric images of BP and R, were generated from the
motion-corrected data sets (n = 8) by MRTMg (BP only),
MRTM2, SRTM2, and SRTM, respectively. The SRTM and
SRTM2 parametric imaging was performed based on the basis
function method of Gunn et al. (1997) to improve processing
speed. All parametric imaging was performed in PMOD in-
stalled on a PC workstation (Dell Computer Co., Austin, TX,
U.S.A., 1.7 GHz Pentium IV/l GB-RAM running Microsoft
Windows 2000, Microsoft Co., Redmond WA, U.S.A). PMOD
is platform-independent software programmed in Java environ-
ment (Mikolajczyk et al., 1998).

RESULTS

Simulation analysis

['ICIDASB time-activity curves. The cerebellum
TAC and frontal cortex TAC with a low BP (0.27) had
the earliest peaks (Fig. 1A), whereas the striatum (1.64),
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FIG. 1. Simulated ['"CIDASB noise-free time—activity curves (A)
and examples of noise-added time—activity curves for the stria-
tum at noise levels 0%, 15%, and 30% (B).

thalamus (1.91), and raphe (2.55) TACs peaked later.
The white matter TAC with a very low BP (0.09) in-
creased slowly, peaked late, and reached the level of the
cerebellum or frontal cortex by 75 to 90 minutes. Even
with high radioligand delivery (Table 2), the [''CIDASB
TACs were slow to reach their peaks because of the
relatively high distribution volumes. The noisy striatal
TACs (Fig. 1B) showed considerably more variability at
later time points, as produced by Eq. 7.

BP estimation. Table 3 shows BP percent bias and
variability by all methods for simulated data at different
noise levels in the raphe, striatum, and frontal cortex,



LINEARIZED REFERENCE TISSUE PARAMETRIC IMAGING

and Fig. 2 depicts the bias (Fig. 2A) and variability (Fig.
2B) for the three gray matter regions together at the
typical gray matter noise level of 15%. The three-
parameter methods, MRTM and SRTM, had very similar
characteristics. The two-parameter versions, MRTM?2
and SRTM2, were also similar. SRTM2 and the two-
parameter 1TKA produced identical parameter estimates
to three significant digits (Table 3; see Discussion).
MRTM2, SRTM2, and 1TKA all had the smallest mag-
nitude of bias due to noise (1-4%, Fig. 2A). The vari-
ability for these three methods (12-20%, Fig. 2B), how-
ever, was somewhat higher than that of MRTM, but was
substantially lower than that of MRTM or SRTM. Note
that the two-parameter methods had the advantage over
the other three-parameter methods of exact knowledge of
the k; value. Regionally, the percent variability for the
two-parameter methods was larger in the high-BP raphe
and the low-BP frontal cortex, and somewhat lower in
the intermediate-BP striatum. These sample variability
values showed good agreement with the predicted C-R
values (Table 3), except at the highest noise levels in the
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raphe. There were no outliers for the two-parameter
methods except for a few at the highest noise levels
(Table 3). Overall, BP estimates by MRTM2 and
SRTM2 were effectively identical, with mean percent-
BP differences between the two models over 1,000 runs
at 15% noise of 0 + 1%, 0 = 1%, and 1 + 6% for raphe,
striatum, and frontal cortex, respectively.

MRTMg had the largest magnitude of bias (-12 to
~70%, Fig. 2A), but the smallest variability (4-14%, Fig
2B), and no outliers except at the highest noise level
(Table 3). MRTM and SRTM, had magnitudes of bias
intermediate between MRTM, and MRTM2, SRTM2, or
1TKA (~20%, Fig. 2A), the largest variability (40~70%,
Fig. 2B), and large numbers of outliers up to 10% at 15%
noise (Table 3). Unlike MRTM2, SRTM2, or 1TKA, the
variability values for MRTM and SRTM showed a no-
ticeable discrepancy from the C-R values, even at mod-
erate noise levels (see Discussion). However, this dis-
crepancy artifactually appeared to decrease with
increasing number of outliers because the variability val-
ues were calculated excluding the outliers (Table 3). The

TABLE 3. Bias and variability of binding potential (BP) estimates by six different models for simulated ["*C]DASB data at
different noise levels

MRTM, MRTM SRTM MRTM2 SRTM2/ITKA
Noise Bias Variability Bias Variability Bias Variability C-R Bias Variability Bias Variability C-R
(%) (%) (%) N# (%) (%) N* (%) (%) () N¥ (%) (%) N* (%) (%) (%) N*
Raphe (“true” BP value of 2.55)

0 0.0 0 0 -0.1 0 0 -0.1 0 — 0 -0.1 0 o 00 0 — 0

5 =554 75 0 52 20.3 0 51 204 15.5 0 06 5.9 0 0.7 6.0 59 0
10 -66.7 35 0 158 52.1 29 153 52.5 311 28 16 12.0 0 1.6 12.3 1.7 0
15 -694 2.9 0 214 70.9 83 20.7 72.0 466 79 3.6 20.1 0 3.6 20.5 176 0
20 =705 3.1 0 177 75.3 158 15.6 74.5 62.1 153 4.8 275 0 47 28.0 235 0
25  -71.6 3.7 0 166 79.5 238 146 815 777 227 99 40.4 1 9.7 409 293 1
30 -725 4.7 0 9.9 78.2 278 6.2 78.1 932 263 14.1 51.4 6 13.7 51.7 352 6

Striatum (“true” BP value of 1.64)

0 -0.1 0 0 =01 0 0 00 0 — 0 -0.1 0 0 00 0 — 0

5 =326 6.0 0 2.7 1.1 0 26 11.1 9.4 0 03 39 0 0.3 4.0 40 0
10 421 3.5 0 107 37.8 15 10.0 384 i8.8 14 07 7.9 0 07 8.0 79 0
15 445 3.7 0 1438 47.3 56 13.7 49.9 283 51 10 11.8 0 09 12.0 119 0
20 456 4.5 0 178 63.7 105 13.7 60.4 377 101 17 16.8 0 15 17.2 158 ©
25  -46.6 54 0 186 68.0 172 132 65.0 47.1 161 438 22.8 0 46 234 198 0
30 -473 6.6 0 134 74.5 184 53 68.4 56.5 166 6.3 27.1 0 5.8 27.5 237 0

Frontal cortex (“true” BP value of 0.27)

0 ~0.1 0.0 0 =01 0 0 00 0 — 0 -0.1 0.0 0 00 0 — 0

5 ~114 4.7 0 116 41.3 42 6.7 35.6 128 31 01 6.9 0 01 6.8 68 0
10 -118 8.7 0 113 61.7 100 3.3 51.8 257 61 12 14.1 0 1.0 14.1 135 0
15 -119 135 0 2.1 59.0 106 -4.5 39.6 385 48 14 20.7 0 1.0 204 203 0
20 -121 18.0 0 6.5 71.1 113 -5.2 41.9 514 49 26 27.8 0 1.9 274 270 0
25 -123 224 0 55 68.3 144 -4.3 48.5 642 46 4.1 351 0 3.0 34.6 338 0
30 -~126 26.8 2107 79.0 162 -5.4 442 71.1 57 65 42.1 4 46 41.8 40.5 2

Bias and variability are expressed as mean percent deviation of BP from the true value and percent SD of sample excluding outliers (n = 1,000)
relative to the true BP value, respectively. SRTM2 and 1TKA have identical estimation characteristics in this simulation.

# N indicates the number of outliers.

C-R, theoretical variability values of BP estimates as predicted by the Cramer-Rao lower bound; MRTM,, MRTM, MRTM?2, original multilinear
reference tissue model, its rearranged three-parameter model and two parameter model, respectwely SRTM, SRTM2, simplified reference tissue
model and its two-parameter model, respectively; 1TKA, one-tissue kinetic analysis.
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FIG. 2. Bias (A) and variability (B) of BP estimates by six differ-
ent models using simulated [''C]DASB time-activity curves for
raphe, striatum, and frontal cortex at 15% noise. SRTM2 and
1TKA have identical estimation characteristics in this simulation.
MRTMg, MRTM, and MRTM2 indicate original multilinear refer-
ence tissue model, its rearranged three-parameter mode! and
two-parameter model, respectively; BP, binding potential; SRTM
and SRTM2, simplified reference tissue mode! and its two-
parameter model, respectively; 1TKA, one-tissue compartment
kinetic analysis.

bias and variability were similar for MRTM and SRTM
in both the striatum and raphe. However, in the frontal
cortex, MRTM had somewhat larger variability than
SRTM, with more outliers at all noise levels (Table 3).

Thus, MRTM2, SRTM2 and 1TKA, given knowledge
of k5 all markedly reduced the magnitude of BP bias
compared with MRTM, at the expense of somewhat
increased variability. Furthermore, these methods con-
siderably reduced BP bias in the high-BP regions and BP
variability in all regions by a factor of two or three com-
pared with MRTM or SRTM (Table 3).

For the white matter, however, BP estimation tended
to be unstable for all methods, particularly for MRTM,,
MRTM, and SRTM. For example, at the typical white
matter noise level, BP estimates were all negative for
MRTM,, whereas the mean + SD (range) values of BP
estimates over 1,000 runs for SRTM, MRTM2, and
SRTM2/1TKA were —0.10 + 6.48 (—168 to +93), 0.14 =
0.22 (-0.29 to +2.08), and 0.13 + 0.23 (=0.30 to +2.08),
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respectively. This instability of BP estimation in the
white matter suggested that parametric images from
these latter methods will contain some white matter vox-
els with inappropriately high positive BP values, due
simply to statistical noise in the data. For example, his-
tograms of BP estimates for MRTM2 and SRTM are
shown in Fig. 3A, where 1% and 5% of voxels had BP
values >1, respectively. Although the BP in the white
matter is not generally of pathophysiologic interest, para-
metric images with noisy white matter voxels could be
visually misleading.

R, estimation. Table 4 shows the bias and variability
of R, estimates at different noise levels in the raphe,
striatum, and frontal cortex, and Fig. 4 depicts the bias
(Fig. 4A) and variability (Fig. 4B) for the gray matter
regions at 15% noise. MRTM2, SRTM2, and 1TKA all
had the smallest magnitudes of bias (<0.3% for all noise
levels and gray matter regions), as well as the smallest
variability (<6%, Fig. 4B), at least a factor of 2 lower
than SRTM, and no outliers (Table 4). The variability
values were in close agreement with the C-R bounds.
These R, bias and variability values were considerably
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FIG. 3. Histograms of estimated BP (A) and R, (B) by MRTM2
and SRTM for simulated white matter time—activity curves at 30%
noise {1,000 runs). BP, binding potential; A,, relative delivery;
MRTM2, two-parameter multilinear reference tissue model;
SRTM, simplified reference tissue model.
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TABLE 4. Bias and variability of relative delivery (R,) estimates by five different models for simulated [’ CJDASB data at
different noise levels

MRTM SRTM MRTM2 SRTM2/iTKA
Noise Bias  Variability Bias  Variability C-R Bias  Variability Bias  Variability C-R
(%) (%) (%) N* (%) (%) (%) N+ (%) (%) N* (%) (%) (%) N*
Raphe (“true” R, value of 0.81)
0 0.0 0 0 0.0 0.0 — 0 0.0 0.0 0 0.0 0.0 — 0
5 0.0 34 0 -0.1 34 35 0 0.1 1.5 0 0.1 1.6 1.6 0
10 -0.1 7.1 0 -0.4 7.0 7.0 0 0.0 3.1 0 0.0 3.2 3.1 0
15 0.1 10.2 0 0.1 10.6 10.5 0 0.1 45 0 02 4.7 4.7 0
20 0.6 13.6 0 -0.5 14.1 14.0 0 -01 5.9 0 0.0 6.1 6.2 0
25 0.2 16.9 0 -0.7 17.0 17.5 0 -05 1.5 0 -0.4 17 7.8 0
30 0.6 20.3 0 0.3 20.3 21.0 0 -04 8.9 0 -0.1 9.3 9.3 0
Striatum (“true” R, value of 1.07)
0 0.0 0 0 0.0 0.0 — 0 0.0 0.0 0 0.0 0.0 — 0
5 -0.1 3.4 0 0.0 34 3.4 0 0.1 1.6 0 0.1 1.6 1.6 0
10 -0.2 6.7 0 -0.3 6.8 6.8 0 0.1 31 0 0.1 33 3.2 0
15 0.2 9.7 0 0.1 10.4 10.2 0 -01 4.7 0 0.0 49 4.8 0
20 0.8 13.0 0 0.0 13.1 13.6 0 -02 6.3 0 -0.1 6.6 6.4 0
25 1.6 155 0 -1.8 17.3 17.0 0 0.2 7.8 0 0.5 8.2 8.0 0
30 2.7 18.0 0 -1.0 20.8 20.4 0 -01 9.4 0 0.3 9.8 9.6 0
Frontal cortex (“true” R, value of 1.13)
0 0.1 0 0 0.0 0.0 — 0 0.0 0.0 0 0.0 0.0 — 0
5 1.2 2.6 0 —0.8 3.8 3.4 0 -0l 2.0 0 -0.1 2.0 2.0 0
10 3.0 42 0 -33 114 6.8 5 -0.1 4.0 0 0.0 4.0 3.9 0
15 34 5.5 0 -4.1 17.9 10.2 18 0.1 5.8 0 0.3 5.9 5.9 0
20 3.9 6.4 0 -4.4 23.0 136 27 0.0 7.6 0 0.4 7.8 7.8 0
25 4.0 7.7 0 -3.7 27.8 170 31 -0.4 9.7 0 0.3 10.0 9.8 0
30 3.7 9.2 0 -4.0 28.6 204 45 -06 11.7 0 0.3 121 11.8 0

Bias and variability are expressed as mean percent deviation of R, from the true value and percent SD of sample excluding outliers (n = 1,000)
relative to the true R, value, respectively. SRTM2 and 1TKA have identical estimation characteristics in this simulation.

* N indicates the number of outliers.

C-R, theoretical variability of R; estimates as predicted by the Cramer-Rao lower bound; MRTM, MRTM2, multilinear reference tissue model, its
rearranged three-parameter model and two parameter model, respectively; the original multilinear reference tissue model (MRTM,,), which is unstable
for R, estimations in the present simulations, is not included in Table 4); SRTM, SRTM2, simplified reference tissue model and its two-parameter

maodel, respectively; 1TKA, one-tissue kinetic analysis.

smaller than the corresponding values for BP estimations
(Table 3). As was the case for BP estimates, R, estimates
by MRTM2 and SRTM2 were virtually identical, with
percent differences between the two models over 1,000
runs of 0.1 £ 0.4%, —0.1 £ 0.6%, and 0.4 + 1.0% for
raphe, striatum, and frontal cortex, respectively; and R
estimates by SRTM2 and 1TKA were identical to three
significant digits (see Discussion).

Both MRTM and SRTM had slightly larger magni-
tudes of bias (up to 4%, Fig. 4A) and higher variability
by a factor of two or three (Fig. 4B) than did MRTM2,
SRTM2, or ITKA, except that MRTM had variability in
the frontal cortex comparable with that for MRTM?2,
SRTM2, or ITKA (see Discussion). However, MRTMg
R, estimation (data not shown) was very unstable, with
outliers exceeding 50% at 15% noise and beyond for all
gray matter regions.

Finally, for the white matter, unlike BP estimates, R;
estimates by MRTM, SRTM, MRTM2, SRTM2 and
ITKA were stable with no outliers, as shown in the his-
togram for SRTM and MRTM?2 in Fig. 3B.

Fig. 5 shows the correlation scatterplot between -the
MRTM2 parameter estimates v, and vy, from the 1,000
simulated realizations in the three gray matter regions
and white matter. For convenience of scale and interpre-
tation, the parameters have been divided by k3 so the x
and y axes are R, and k./k}, respectively. For a given
region, the parameter estimates are correlated; this is
reflected in the nenzero slope of the elliptical cloud of
parameter estimates. For example, for voxels with lower
than average R, the estimated &, also tended to be lower
than the mean, resulting in increased values of BP. For
white matter values, the spread of voxel noise produces
a wide range of BP values with a long positive tail (Fig.
3A). The correlation plot in Fig. 5 suggested that appro-
priate thresholds using estimated R, and BP values might
lead to an algorithm that would eliminate the potentially
misleading voxels in white matter with high BP values
produced by noise. For example, the simplest approach
would be to assign a BP value of zero to all voxels with
R, values below a certain cutoff value, which might re-
sult in cosmetically more satisfactory parametric BP
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FIG. 4. Bias (A) and variability (B) of R; estimates by five differ-
ent models using simulated ['"CJDASB time—activity curves for
raphe, striatum, and frontal cortex at 15% noise. SRTM2 and
1TKA have identical estimation characteristics in this simulation.
R,, relative delivery; MRTM and MRTM2, rearranged three-
parameter model and its two-parameter model, respectively;
SRTM and SRTM2, simplified reference tissue model and its
two-parameter model, respectively; 1TKA, one-tissue compart-
ment kinetic analysis.

images by removing these noise-induced high positive
BP values within the white matter. The correlation scat-
ter plot in Fig. 5 was virtually identical to that for
SRTM2 (data not shown).

k3 estimation. MRTM2 and SRTM2 require a priori
estimation of ;. Here, we propose determination of k; by
MRTM or SRTM applied to ROI data. Table 5 shows the
simulated bias and variability of & estimates by MRTM
at different noise levels in the raphe, striatum, thalamus,
and frontal cortex. At typical ROI noise levels in the
striatum and thalamus (2-4%}), the magnitude of bias was
very small (<0.9%), and the variability was moderate (<
13%) (Table 5). In the frontal cortex (2—4% noise) and
raphe (3-7% noise), the magnitude of bias was larger
(raphe: ~1.9%, frontal cortex: ~10%), and the variability
was larger (raphe: ~19%, frontal cortex: ~44%) (Table
5). Thus, these results suggested that averaging of sev-
eral k5 samples from high-BP ROIs might be required to
minimize the variability of k} estimation. For example,
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assuming k5 estimates from different ROIs were statisti-
cally independent and assuming the average noise level
for each ROI, a weighted mean &} from raphe, striatum,
and thalamus (weighted by the inverse of the variance)
would have variability of less than 6%.

Error in the estimated value for each subject intro-
duces bias in all the BP and R, estimates for that subject.
The magnitudes of MRTM2 bias in BP estimates due to
biased k3 estimates were 0.9, 0.4, and 0.1 times the bias
of kj estimates for raphe, striatum, and frontal cortex,
respectively (Fig. 6A). The corresponding magnitudes of
bias in R, estimates were smaller (i.e., 0.3, 0.2, and 0.04
times the bias of k) estimates; Fig. 6B). Thus, small
biases k, estimates by MRTM for MRTM2 analysis
would not result in any larger biases of BP or R, esti-
mates. The effects of biased k3 on SRTM2 were identical
to those of MRTM?2 (data not shown).

Positron emission tomography study analysis
Comparison of voxel-wise BP and R, between mod-
els. Fig. 7 depicts the mean regional BP (Fig. 7A) and R,
(Fig. 7B) values estimated voxel-wise by different meth-
ods in eight ['*CIDASB PET studies. As predicted by the
simulation analysis, the MRTM2 BP values were nearly
identical to the SRTM2 BP values (Fig. 7A), with per-
cent differences between the two models of 0.2 + 0.6%,
0.1 £0.2%, and 0.2 + 1% for raphe, striatum, and frontal
cortex, respectively. The MRTM2 BP values were

1.5+
1.2+

0.99

Kz /K

0.6+

P
White matter £z

0.34

Ry

FIG. 5. Relationship between R, and BP estimates by MRTM2
for the three gray matter regions and white matter on a (k./k%)
versus Ry plot, where k, values were estimated from the second
parameter in Eq. 3 as k, = —y,. Oblique straight lines indicate
identical lines of different BP values (0, 1, 2, 3, and 4) calculated
from the relationship ku/k; = R,/(BP + 1). Because positively higher
BP values in the white matter have lover R, values, assigning a BP
value of zero to those voxels with low R, values (e.g., R, = 0.45
[vertical fine]) would eliminate most of high positive BP values in
the white matter. MRTM2, two-parameter multilinear reference
tissue model; BP, binding potential; R,, relative delivery.
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TABLE 5. Bias and variability of X} estimates by three-parameter multilinear reference tissue model for simulated [’ CIDASB
region-of-interest data at differnt noise levels

Raphe Striatum Thalamus Frontal cortex
Noise (%) Bias (%) Variability (%) Bias (%) Viarability (%) Bias (%) Variability (%) Bias (%) Variability (%)
0 0.0 0.0 0.1 0.0 0.1 0.0 0.1 0.0
1 0.0 2.7 0.0 32 0.1 3.2 -1.3 16.9
2 0.0 54 0.1 6.7 04 6.4 -4.8 31.6
3 0.4 8.2 0.5 9.8 0.8 9.4 -10.3 4.4
4 04 11.1 0.3 134 0.9 12.5 ~18.7 68.2
5 1.1 13.7 1.1 16.6 0.2 15.2 =319 81.8
6 1.8 16.1 1.8 19.5 12 18.0 =537 132
7 19 18.9 1.0 227 0.3 21.2 =55.1 143

Bias and variability are expressed as mean percent deviation of k3 from the true value and percent SD of the sample (n = 1,000) relative to the

true kb value (0.056 min™"), respectively.

similar to the 1TKA BP values (Fig. 7A), with percent
differences between the two models of 4 + 13%, 1 + 6%,
and 1 + 4% for raphe, striatum, and frontal cortex, re-
spectively. The intersubject coefficients of variation
were calculated for BP and R, in raphe, striatum, and
frontal cortex. The values for ITKA and MRTM2 were
comparable, with MRTM2 values smaller in four of six
cases (Fig. 7A).

The mean BP values estimated by MRTM were simi-
lar to those estimated by SRTM for raphe and striatum
(Fig. 7A), with respective percent differences between
the two models of 1 = 3% and 2 * 2%. However, the
MRTM BP values for frontal cortex were somewhat
higher (12%) than the corresponding SRTM BP values.
The mean BP values estimated by MRTM or SRTM
were higher (by ~16% and ~18% in the raphe and stria-
tum, respectively) than those estimated by MRTM2 (Fig.
7A). These between-method BP differences were consis-
tent with the simulations, where percent BP bias differ-
ences between MRTM and MRTM2 were ~18% and
~14% in the raphe and striatum, respectively; and the
differences between MRTM and SRTM in the frontal
cortex was ~7% (Table 3).

The mean BP values estimated by MRTM, were strik-
ingly lower by 76%, 44%, and 22% in the raphe, stria-
tum, and frontal cortex, respectively, than those esti-
mated by MRTM2 (Fig. 7A). These BP differences
between MRTM, and MRTM2 were also consistent with
the simulation results, where percent BP bias differences
between the two models were ~73%, ~46%, and ~13% in
the raphe, striatum, and frontal cortex, respectively
(Table 3).

Voxel BP outliers represented sizable percentages for
both MRTM and SRTM (27%, 6%, and 15% of voxels in
the raphe, striatum, and frontal cortex, respectively).
However, there were no outliers for MRTM, MRTM2,
SRTM2, or 1TKA, as predicted by the simulations. The
number of outliers for MRTM and SRTM was larger
than that predicted by the simulations, particularly for
raphe (Table 3). This increased outlier percentage for

MRTM and SRTM was due to increased number of low
(negative) BP values, where the low-to-high outlier ra-
tios were approximately three times those in the simula-
tions, and may be a result of partial volume effects in-
herent in the actual PET data.

As predicted by the simulations, the MRTM2 R, val-
ues were effectively identical to the SRTM2 R, values
(Fig. 7B), with percent differences between the two mod-
els of 0.0 £ 0.1%, —0.3 £ 0.1%, and -0.3 * 0.2% for
raphe, striatum, and frontal cortex, respectively. As was
the case for BP, the MRTM2 R, values were similar to
the 1TKA R, values (Fig. 7B), with percent differences
between the two models of 0.5 + 3.0%, 0.0 = 3.0%, and
0.1 = 1.0% for raphe, striatum, and frontal cortex, re-
spectively. The mean R, values estimated by MRTM
were similar within 2% to those estimated by SRTM for
raphe and striatum. However, the MRTM R, values for
frontal cortex were somewhat higher (10%) than the cor-
responding SRTM R, values. The mean R; values esti-
mated by MRTM or SRTM were higher (~5% in the
raphe) and lower (~5% in the striatum) than those esti-
mated by MRTM2 (Fig. 7B). These R, differences be-
tween MRTM and SRTM were consistent with the simu-
lations, where the respective percent R, bias differences
were <1% in both the raphe and striatum and ~8% in the
frontal cortex, respectively. However, these R, differ-
ences between MRTM or SRTM and MRTM2 in the
raphe and striatum were slightly larger compared with
the simulations, where the corresponding percent R, bias
differences were <1% (Table 4). MRTM, was very un-
stable for R, estimation with large percentages of outliers
exceeding 50% (data not shown), as was the case in the
simulations. There were no-outliers of R, estimates for
the other models except for SRTM, where there were a
small number of outliers (2%) in the frontal cortex but
none in the raphe or striatum with the outlier percentage
very consistent with the simulations (Table 4).

k3, estimation. The weighted mean k5 values estimated
by MRTM from tissue ROI TACs including the raphe,
striatum, and thalamus were 0.057 = 0.004 min~'. These
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FiG. 6. Sensitivity of BP (A) and R, (B) estimation by MRTM2 to
the bias of k; estimates by MRTM. BP, binding potential; R;,
relative delivery; MRTM and MRTM2, rearranged three-
parameter model and its two-parameter model, respectively.

MRTM k) values were very similar to those estimated by
IT KA using the metabolite-corrected input functions
(0.058  0.007 min™"), with percent differences between
MRTM and 1TKA of -1 + 9%. These k5 values were
used for voxel-wise BP and R, estimations by MRTM2
and SRTM2 as well as parametric image generation by
MRTM?2.

Parametric images. Figure 8 shows parametric im-
ages of BP and R; from one typical subject. The
MRTMg and MRTM2 computations each required <15
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seconds, whereas the basis function SRTM or SRTM2
required approximately 24 minutes to generate BP and
R, parametric image sets of ~750,000 voxels each. The
statistical quality of both BP and R, images by MRTM?2
or SRTM?2 is substantially better than the SRTM images,
and the corresponding MRTM2 and SRTM2 images
were effectively identical (Fig. 8), as expected from the
simulation results. Noise in the MRTM, BP image is
somewhat lower compared with the MRTM2 or SRTM2
BP image. However, those voxels with high BP values in
the SRTM and MRTM2 or SRTM2 images show mark-
edly lower BP values in the corresponding MRTMg
image (Fig. 8). These observations were consistent
with the simulations, in which MRTM,, showed the
smallest variability but a marked underestimation of
BP. Also as suggested by the simulations, the BP image
but not the R, image by MRTM2 or SRTM2 contained a
few voxels with moderately high BP values in the white
matter, whereas the corresponding BP image by SRTM

A
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3.54 EZZINRTH
0 SRTM
1.0 ERNRTM?
CISRTMZ
% 2,549 TTKA

Raphe Striatum

Raohe Striatum
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FiG. 7. Mean regional BP (A) and R, (B) estimated voxel-wise
by six different models (excluding MRTMg for R,) in eight
["'CIDASB PET studies. Error bars indicate SD. *Significantly (P
< 0.05) lower compared with MRTM2, SRTM2, or 1TKA. BP,
binding potential; R;, relative delivery; MRTMg, MRTM, and
MRTM2, original multilinear reference tissue model, its rear-
ranged three-parameter model and two-parameter model, re-
spectively; SRTM and SRTM2, simplified reference tissue model
and its two-parameter model, respectively; 1TKA, one-tissue
compartment kinetic analysis.



