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The aim of the present study was to define the optimal analytic
method to derive accurate and reliable serotonin transporter
(SERT) receptor parameters with 11C-3-amino-4-(2-[(dimethyl-
amino)methyl]phenylthio)benzonitrile (*'C-DASB). Methods:
Nine healthy subjects (5 females, 4 males) underwent two
11C-DASB PET scans on the same day. Five analytic methods
were used to estimate binding parameters in 10 brain regions:
compartmental modeling with 1- and 2-tissue compartment
models (1TC and 2TC), data-driven estimation of parametric
images based on compartmental theory (DEPICT) analysis,
graphical analysis, and the simplified reference tissue model
(SRTM). Two variations in the fitting procedure of the SRTM
method were evaluated: nonlinear optimization and basis
function approach. The test/retest variability (VAR) and intra-
class correlation coefficient (ICC or reliability) were assessed
for 3 outcome measures: distribution volume (V+), binding po-
tential (BP), and specific to nonspecific equilibrium partition
coefficient (V3”). Results: All methods gave similar values
across all regions. The variability of V1 was excellent (=10%)
in all regions, for the 1TC, 2TC, DEPICT, and graphical
approaches. The variability of BP and V3" was good in regions
of high SERT density and poorer in regions of moderate and
lower densities. The ICC of all 3 outcome measures was excel-
lent in all regions. The basis function implementation of SRTM
demonstrated improved reliability compared with nonlinear
optimization, particularly in moderate and low-binding re-
gions. Conclusion: The results of this study indicate that
11C-DASB can be used to measure SERT parameters with
high reliability and low variability in receptor-rich regions of
the brain, with somewhat less reliability and increased variabil-
ity in regions of moderate SERT density and poor reproducibil-
ity in low-density regions.
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Recently, Wilson et al. (/) and Ginovart et al. (2)
introduced !'C-3-amino-4-(2-[(dimethylamino)methyl]
phenylthio)benzonitrile (''C-DASB), a new PET radiotracer
to image the serotonin transporter (SERT). '!C-DASB has
emerged as the current PET radiotracer of choice to quantify
SERT in clinical studies, such as methylenedioxymetham-
phetamine users (3), patients with depression (4), and
patients with schizophrenia (5). Despite this the test/retest
reproducibility of ''C-DASB binding parameters estimates
in the human brain have not been reported yet.

The aim of the present study was to evaluate the re-
producibility of SERT receptor parameters’ derivation with
IC-DASB in regions of high, moderate, and low SERT
density. Nine healthy volunteers were studied twice on the
same day after injection of '"C-DASB. Five approaches
were compared for measurement of SERT receptor param-
eters: kinetic 1- and 2-tissue compartment (1TC and 2TC)
models, a simplified reference tissue model (SRTM) (6),
DEPICT (7), and graphical analysis (8). Three outcome
measures were compared: total distribution volume (Vr),
binding potential (BP), and specific-to-nonspecific equilib-
rium partition coefficient (V3”). The comparison included
the following attributes of the outcome measures: their
identifiability, which describes the degree of certainty in
parameter estimation, as well as the variability and reli-
ability, which were assessed with test/retest reproducibility
studies.

MATERIALS AND METHODS

Human Subjects

The study was approved by the Institutional Review Boards of
the New York State Psychiatric Institute and Columbia Presbyte-
rian Medical Center. Nine healthy volunteers participated in this
study (age, 29 = 8 y; range, 19-40 y, with these and subsequent
values given as mean = SD, 4 males, 5 females). All scans were
performed between June 5, 2002, and March 10, 2003. All sub-
jects recruited into the study are included in the analysis. The
absence of pregnancy, medical, neurologic, and psychiatric history
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(including alcohol and drug abuse) was assessed by history, review
of systems, physical examination, routine blood tests including
pregnancy test, urine toxicology, and electrocardiogram. Subjects
provided written informed consent after receiving an explanation
of the study.

Radiochemistry
The standard DASB and precursor desmethyl DASB were a gift
from the University of Toronto. Preparation of ''"C-DASB fol-
lowed the literature procedure, with some modifications (/,9).
The chemical purity of ''C-DASB was 98.9% = 1.1% and the
radiochemical purity was 94.8% * 2.5%.

PET Protocol

Each subject underwent 2 scans with ''C-DASB on the same
day. An arterial catheter was inserted into the radial artery after
completion of the Allen test and infiltration of the skin with 1%
lidocaine. A venous catheter was inserted in a forearm vein on the
opposite side. Head movement minimization was achieved with a
polyurethane head immobilization system (Soule Medical) (10).
PET was performed with the ECAT EXACT HR+ (Siemens/CTI).
A 10-min transmission scan was obtained before radiotracer
injection. ''C-DASB was injected intravenously over 45 s. Emis-
sion data were collected in 3-dimensional mode for 120 min as 21
successive frames of increasing duration (3 X20's, 3 X 1 min, 3 X2
min, 2 X 5 min, 10 X 10 min). Subjects were allowed to rest
outside of the camera for 3045 min between the 2 injections.

Input Function Measurement

After radiotracer injection, arterial samples were collected
every 10 s with an automated sampling system for the first 2 min
and manually thereafter at longer intervals. A total of 32 samples
were obtained per scan. After centrifugation (10 min at 1,800g),
plasma was collected in 200-p.L aliquots and activities were counted
in a y- counter (model 1480 Wizard 3M Automatic y-Counter;
Wallac).

Six samples (collected at 16, 30, 50, 70, 90, and 120 min) were
further processed by high-pressure liquid chromatography to
measure the fraction of plasma activity representing unmetabo-
lized parent compound (9).

A biexponential function was fitted to the 6 measured unmetab-
olized fractions and used to generate a continuous measure of the
parent fraction in plasma. The smallest exponential of the unme-
tabolized fraction curve, A, was constrained to the difference
between A, the terminal rate of washout of cerebellar activity, and
Mot the smallest elimination rate constant of the total plasma
activity (11).

The input function, the initial distribution volume (Vy,, L), and
the clearance of the parent compound (Cp, L/h) were calculated
following published methodology (9,12).

The plasma free fraction (f;) was determined as previously
described (5,13).

MRI Acquisition and Segmentation Procedures
MR images were acquired and segmentation was performed
following previously published methods (5,14).

Image Analysis

Images were reconstructed to a 128 x 128 X 63 matrix (voxel
size of 1.7 x 1.7 X 2.4 mm) with attenuation correction using the
transmission data and a Shepp 0.5 filter. Reconstructed image
files were then processed with the image analysis software
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MEDx (Sensor Systems, Inc.). All frames were realigned to a
frame of reference, using a least-squares algorithm for within-
modality coregistration (automated image registration [AIR])
(15). After frame-to-frame registration, the 21 frames were sum-
med to generate a single data volume, which was coregistered to
the MRI dataset using AIR (/5). The spatial transformation de-
rived from the summed PET registration procedure was then
applied to each registered frame. Thus, each PET frame was re-
sampled in the coronal plane to a voxel volume of 1.5 x 0.9 X
0.9 mm?.

Regions of interest (ROIs, n = 10) and region of reference
(cerebellum) boundaries were drawn on the MR image according
to criteria derived from brain atlases (16,17) and published reports
(18-21). A segmentation-based method was used for the neocor-
tical regions and a direct identification method was used for the
subcortical regions (/4).

The neocortical regions (n = 6) were as follows: dorsolateral
prefrontal cortex (DLPFC, 30,753 = 7,102 mm?), medial pre-
frontal cortex (MPFC, 7,268 * 3,275 mm?), orbitofrontal cortex
(OFC, 16,099 * 3,535 mm?), anterior cingulate cortex (ACC,
4,752 = 2,223 mm?), temporal cortex (TC, 54,225 * 10,743
mm?), and occipital cortex (OC, 43,804 * 8,066 mm?).

The subcortical regions (n = 5) included striatum (STR, 21,607 =
3,340 mm?), thalamus (THA, 9,925 * 1,636 mm?), midbrain (MID,
6,796 * 623 mm?), medial temporal lobe (MTL, 24,919 * 2,923
mm?3; a spatially weighted average of 5 limbic structures, the uncus,
amygdala, entorhinal cortex, parahippocampal gyrus, and hippo-
campus), and cerebellum (CER, 35,281 * 12,200 mm?). For
bilateral regions, right and left values were averaged. The ROIs
were a priori divided into 3 categories: regions with high SERT
densities (MID, THA, STR), regions of moderate density (MTL and
cingulate), and regions of low density (neocortical regions).

The contribution of total plasma activity to the regional time—
activity data was calculated assuming a 5% blood volume in the
ROIs (22), and tissue activities were calculated as the total re-
gional activities minus the plasma contribution.

Derivation of Distribution Volumes

Kinetic Analysis. For the kinetic analysis, both a 2-compart-
ment model (i.e., 1TC) and a 3-compartment model (i.e., 2TC)
were used. The 2TC model included the arterial plasma compart-
ment (C,), the intracerebral free and nonspecifically bound com-
partment (nondisplaceable compartment (C,), and the specifically
bound compartment (C;). The 1TC model included the arterial
plasma compartment (C,) and 1 tissue compartment (Ct), which
includes C, and C; The total regional distribution volume (Vr,
mL g~ 1) was defined as the ratio of the tracer concentration in the
region to the metabolite corrected plasma concentration at equi-
librium:

Data were fitted to the solutions of differential equations (23), and
Vr was derived via a nonlinear regression using a Levenberg—
Marquart least-squares minimization procedure (24), imple-
mented in MATLAB (The Math Works, Inc.), and was used for
the]1TC model. For the 2TC, sequential quadratic programming
with bound (nonnegativity) constraint, also implemented in
MATLAB, was applied. The constraint was used because we
found, as previously reported by others (2), that an unconstrained
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2TC failed to reliably converge. For each of these, the squared
residuals in the least-squares procedure were weighted in propor-
tion to frame duration.

DEPICT Analysis. DEPICT (7) is a data driven method of
parameter estimation that employs the basis pursuit concept (25).
This method uses a basis function fitting procedure (26,27), in
which an arbitrary number of basis functions can be used to fit the
data due to an additional penalty term in the cost function that
induces a sparse representation. DEPICT can be applied to plasma
input or reference region input models, but only the plasma input
models are presented here. The DEPICT Vr is derived simply
from the integral of the estimated impulse response function.
DEPICT was implemented with 30 kinetic basis functions whose
exponential coefficients ranged from 0.6 to 0.014 min~!. The
relaxation parameter was fixed at a single value for all analyses
based on an assessment of the leave-one-out cross-validation cost
functions for all datasets. Again, data were weighted in proportion
to frame duration.

Graphical Method. Graphical determination of Vt was per-
formed by the method of Logan et al. (8). The determination of t¥*,
the time from which the regression was computed, was performed
by visual inspection.

Model Order and Goodness of Fit. For the 1TC and 2TC,
goodness of fit of models with different levels of complexity were
compared using the Akaike Information Criterion (AIC) (28) and
the F test (29,30). DEPICT automatically determines model order
as part of the fitting procedure based on the number of compo-
nents that make a substantial contribution to the impulse response
function.

Derivation of SERT Parameters

Derivation of SERT parameters was based on the following
assumptions: (i) because of the negligible density of SERT in the
cerebellum (3/-33), cerebellum Vt was assumed to be represen-
tative of equilibrium nonspecific binding; (ii) the nonspecific
binding did not vary significantly between regions.

The binding potential (BP) (22) was derived as the difference
between Vrp in the ROI (V1 rop) and Vp in the cerebellum
(Vr cer), the reference region. The relationship between BP and
SERT receptor parameters is given by (34):

BP = f1 Bmax7

Ky

where B, is the regional concentration of SERT (nmol/L), and
K4 is the in vivo affinity of the tracer for SERT (nmol/L).

For all plasma input methods, the specific-to-nonspecific equi-
librium partition coefficient (V53”) was derived as the ratio of BP
to Vr cgr. The relationship between V3" and SERT receptor pa-
rameters is given by (34):

V3 "o fZBmax7

K4
where f, is the free fraction of the nonspecific distribution volume
in the brain (fz = fl/VT CER)-

V3” was also estimated by the simplified reference tissue
method (SRTM) (6). SRTM uses assumptions (i) and (ii) to infer
a functional relationship between a reference region (cerebellum)
and an ROI. Because this method uses only brain data and not

plasma data, V3" is the only receptor-related parameter that can
be estimated.

SRTM was applied without blood volume correction, the
setting in which it would most typically be used. Two implemen-
tations of SRTM were tested. The first used an iterative optimi-
zation algorithm based on the Levenberg—Marquart procedure
with fitting weights proportional to frame duration. The second
implementation used a basis function approach implemented as
described with 100 kinetic basis functions whose exponential
coefficients ranged from 0.6 to 0.014 min~! (26).

Evaluation of Methods

Results were evaluated according to 2 criteria: variability and
reliability.

Variability. The test/retest variability (VAR) was calculated as
the absolute value of the difference between the test and retest,
divided by the mean of the test and retest values.

Reliability. To evaluate the within-subject variability relative to
the between-subject variability, both within-subject SD (WSSD)
and between-subject SD (BSSD) were calculated and expressed as
percentage of mean value (WS %CV and BS %CV, where CV is
coefficient of variation). The reliability of the measurements was
assessed by the intraclass correlation coefficient (ICC) calculated
as (35):

BSMSS — WSMSS
BSMSS + WSMSS’

where BSMSS is the mean sum of square between subjects and
WSMSS is the mean sum of square within subjects. This statistic
estimates the relative contributions of between- and within-subject
variability and assumes values from —1 (i.e., BSMSS = 0) to 1
(identity between test and retest, i.e., WSMSS = 0).

In addition, the numeric identifiability of the total distribution
volume was examined for the 1TC and 2TC models. V-t identifi-
ability statistics were derived as the square root of the quadratic
form Vi (V1)'C Vi(Vr1), where V, (V) is the gradient of the out-
come measure V with respect to the rate constants and C is the
covariance matrix (inverse of the Fisher information matrix) of the
rate constants (29,30), expressed as % of the respective parameters
(%CV).

Statistical Analysis

The average of the test and retest values was calculated for each
subject (n = 9) and the results are given as mean * SD of these 9
average measurements. This allows for estimation of the variabil-
ity in the population (i.e., between-subject SD). When the SD
refers to variability between experiments rather than between
subjects, the SD is followed by n = 18. Dependent variables
were analyzed using repeated-measures ANOVA (RM ANOVA).
A 2-tailed probability value of 0.05 was selected as the signifi-
cance level.

RESULTS

Injected Dose

The injected dose (529.1 = 62.9 MBq, n = 18), injected
mass (5.4 = 2.2 ng, n = 18), and specific activity (35.37 *
21.94 GBq/pmol, n = 18) did not differ between the test
and retest conditions (RM ANOVA, P = 0.82, 0.22, and
0.10, respectively).
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Plasma Analysis

After an initial, rapid distribution phase, total plasma
activity stabilized at a relatively constant level (Fig. 1A).
1IC-DASB underwent significant metabolism over the du-
ration of the study (Fig. 1B). At 30 min, 34% * 8% of the
total activity corresponded to the parent compound. The
initial distribution volume (Vi) of 1'C-DASB was 40 =
10 L. The estimated parent plasma input function (mean
across 9 subjects) is shown in Figure 1C. The average
parent plasma clearance rate was 163 * 37 L-h™!; the
clearance rate for the test condition was slightly lower
than for the retest condition (146 = 44 L-h—! vs. 179 * 36
L-h~!, P = 0.02). The test/retest variability for the clear-
ance was 26% = 18% with an ICC = 0.42. The free frac-
tion of '!C-DASB in the plasma was 9.4% * 1.5% and did
not differ between conditions (n = 18, P = 0.89); test/retest
variability = 13% = 14%, ICC = 0.40.

Brain Analysis

Activity peaked relatively early in the cerebellum and
neocortical regions (~25 min) and later in the STR, MID,
and THA (35-55 min) with intermediate values in the
limbic regions (25-35 min). The degree of tracer washout,
defined as the percentage decrease from the peak activity to
the end of the scan, was high in most regions (37%—-65%)
with the exception of the SERT dense MID, where the
washout was notably lower (16% = 7%). The average
ratios of ROI to cerebellar activity from 75 to 115 min were
MID, 3.06 = 0.45; THA, 2.26 * 0.23; STR, 2.18 = 0.21;
MTL, 1.67 = 0.19; ACC, 1.36 = 0.16; and 1.25 *= 0.13,
1.13 = 0.11, 1.12 = 0.11, 1.09 = 0.16, 1.08 = 0.11 in the
TC, OC, MPFC, OFC, and DLPFC, respectively.

1TC and 2TC Kinetic Analysis

The results from 1TC and 2TC analyses are shown in
Tables 1 and 2, respectively. The 1TC model reached
convergence for every study in all regions (n = 198). As
stated earlier, an unconstrained 2TC model resulted in a

high degree of nonconvergence. Only 22 of 198 regions
converged (11%), with poor identifiability in most regions
where convergence was obtained (identifiability < 10% in
only 5 regions). Using the constrained 2TC model, conver-
gence was achieved in all regions (n = 11) in each study
(n = 18).

Cerebellum Distribution Volume. Neither the 1TC nor the
2TC model demonstrated an advantage in goodness of fit
for this region, as illustrated in Figure 2. The cerebellar V
calculated by the 1TC and 2TC were nearly identical. The
Vr identifiability was similar for both the 1TC (1.58% =
0.44%) and the 2TC (2.37% = 0.71%) models. The test/
retest variability and reliability were also similar across
methods, with VAR of <10% and ICC of >0.9 in all cases.
Given the similarities between the 1TC and 2TC, neither
model provided an improved cerebellar fit. Therefore, when
determining the regional SERT receptor parameters by the
1TC or 2TC model, the same model used for the regional fit
was used for the cerebellum fit.

ROI Distribution Volumes. As illustrated in Figure 2, the
fits achieved in each ROI with either the 1TC or 2TC
kinetic model were similar. Given this similarity, Vr
derived by either 1TC or 2TC analysis was nearly identical
and highly correlated (r> = 0.99, P < 0.0001, n = 180).
The regional mean identifiability for Vi was 1.69% =
0.60% (n = 180; range, 1.39% = 0.53% in THA to 2.33% =
1.10% in MID) with the 1TC model and 2.27% = 0.88%
(n = 180; range, 1.54% = 0.57% in THA to 2.88% =
0.83% in the OFC) with the 2TC model. The variability of
Vr derived by either model was excellent. The average
VAR in Vr derived with the 1TC was 7.5% £ 0.9%; for the
2TC, the average VAR in V1 was 7.4% *= 1.0%. The ICC
values of Vr for the 1TC and 2TC were excellent and
identical at 0.93 = 0.02.

SERT Parameter Analysis. The 1TC and 2TC models
provided similar estimates of BP as well as similar esti-
mates of V3" (Tables 1 and 2).
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FIGURE 1.

(A) Mean =+ SD of total plasma activity normalized to injected dose [Bg/(mL x MBq ID) after injection of 'C-DASB.

Each point is mean of 9 subjects. After a rapid distribution, plasma activity stabilized to a relatively constant level. (B) Mean = SD of
fraction of plasma activity corresponding to parent compound after injection of ''C-DASB. Values are mean of 9 subjects. (C) Mean
plasma activity corresponding to parent compound after injection of ''C-DASB. Each point is mean of 9 subjects.
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TABLE 1
Reproducibility of 1'C-DASB Total Distribution Volume (V+, mL-g~"), Binding Potential (BP, mL-g~"), and Specific-to-Nonspecific Equilibrium Partition

Coefficient (V3”, Unitless) Derived via 1TC Kinetic Model

(unitless)
WSSD

V3 "

BP (mL-g™")

Vr (mL-g™7)

VAR = SD

BSSD
(%CV)

WSSD VAR = SD

BSSD
(%CV)

WSSD VAR = SD

(%CV)

BSSD
(%CV)

ICC

(%)

(%CV)

(%) ICC Mean

Mean (%) ICC Mean (%CV)

SERT density region
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7.6 =39 0.93

6.5 43 0.75
57 £56 0.83

4.7 =33 091

6.3 =42 0.96 2.09 0.22 (0.11) 0.08 (0.04)

8.1*49 092 10.1 2.48 (0.25) 0.53 (0.05) 10.5 £ 5.0 0.91 1.05 0.13 (0.12) 0.04 (0.04)

59 + 3.9 0.96 20.3 5.68 (0.28) 0.80 (0.04)

8.8 6.6 090 0.99 0.13(0.13) 0.03 (0.03)

9.5 2.31(0.24) 0.52 (0.05)

7.8 52 0.91

0.95 0.49 0.11(0.23) 0.04 (0.08) 12.5 + 11.2 0.79

.06) 11.4 = 7.1
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Values are mean of 9 subjects with each value measured twice.

The reproducibility for the outcome measures BP and
V3" varied with regional SERT density. Tables 1 and 2 list
the VAR and ICC for BP and V;” across regions of high,
moderate, and low SERT density for each method. For both
BP and V3", the test/retest variability increased as the
SERT density of the region decreased. Overall, no differ-
ence in test/retest variability was observed between the
methods for BP (RM ANOVA, P = 0.30) or V3" (RM
ANOVA, P = 0.22). Unlike the variability, the reliability
did not vary by regional SERT density. The reliability of BP
(1TC, 0.91 £ 0.06; 2TC, 0.91 = 0.05) and V3" (1TC, 0.87 =
0.08; 2TC, 0.87 = 0.09) was excellent across all regions.

Model Order Estimation. The models were compared for
goodness of fit by the F test (29,30) and AIC (28). The F
test was significant (P < 0.05) in 51 of the 198 (9 subjects X
2 studies X 11 regions) fits examined, indicating that the
higher-order model (2TC) provided a better fit for 26% of
the datasets. The F test was generally significant on a study
basis rather than a regional basis. In other terms, in 4 of the
18 studies, the 2TC provided a better fit than the 1TC in
most regions, whereas, in the other studies, no benefit of the
higher-order model was observed in the majority regions.
The AIC of the 2TC model was lower than the AIC of the
1TC in 115 of the 198 fits examine (58%), indicating a
better fit. The AIC and the F test shared the property that,
across all regions, some studies were fitted better with a
2TC model than with the 1TC model. In all cases, when the
F test indicated a better fit using the higher-order model
(51/198), this was confirmed by the AIC.

DEPICT Analysis

The results from the DEPICT analysis are shown in
Table 3.

Cerebellum Distribution Volume. The DEPICT produced
cerebellar V1 nearly identical to the 1TC and 2TC esti-
mates (RM ANOVA, P = 0.39). Similarly, the variability
was excellent with a VAR of <10% and ICC of >0.9 in
each case.

ROI Distribution Volumes. Distribution volumes derived
by DEPICT were highly correlated with the kinetic analysis
(DEPICT = 1.00 x 2TC, r> = 0.96, P < 0.0001). Signif-
icant differences were observed between DEPICT and both
the 1TC and 2TC models (RM ANOVA, P < 0.0001). Post
hoc analysis revealed that the V-t derived with DEPICT was
slightly, but significantly, lower than the 1TC or 2TC
models only in the MID (e.g., 29.4 * 7.2 mL-g~! vs.
25.8 = 4.8 mL-g~!, 2TC MID vs. DEPICT MID; Fisher’s
protected least-significant difference [PLSD] post hoc test,
P = 0.0006). No differences were observed between
DEPICT and the kinetic models in any other region.

The reproducibility of Vt derived by DEPICT was sim-
ilar to the 1TC and 2TC models, with a VAR of 7.8% *= 1.2%
and ICC of 0.91 = 0.02.

SERT Parameter Analysis. The SERT parameters derived
by DEPICT were highly correlated with the kinetic analysis
(BP, DEPICT = 1.02 x 2TC, r2 = 0.95, P < 0.0001; V3,”,
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TABLE 3
Reproducibility of "C-DASB Total Distribution Volume (V1, mL-g~"), Binding Potential (BP, mL-g~), and Specific-to-Nonspecific Equilibrium Partition

Coefficient (V3”, Unitless) Derived via DEPICT Analysis

V3" (unitless)

BP (mL-g~")

Vr (mL-g™)

WSSD VAR * SD

BSSD
(%6CV)

WSSD VAR * SD

BSSD
(%6CV)

WSSD VAR = SD
(%6CV)

BSSD
(%6CV)

ICC

(%)

(%CV)

(%) ICC Mean

Mean (%)  ICC Mean (%CV)

SERT density region
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8.5

0.04) 7.2 = 3.0 0.91 16.3 3.22 (0.20) 0.75 (0.05)
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A A
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lobe

(limbic)
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Values are mean of 9 subjects with each value measured twice.

ROI Distribution Volumes. The regional total distribution
volumes derived with the graphical method were highly
correlated with those derived via both 1TC and 2TC models
= 099, P = 0.0001, n = 198). Across regions,
graphical V1 values were 100.4% * 2.5% those of the
1TC model and 101.3% = 2.5% those of the 2TC model.
The variability and ICC for the graphical Vy data were
similar to the kinetic models (variability, 8.3% = 1.2%;
ICC, 0.89 = 0.03).

SERT Parameter Analysis. As with Vi, the regional
values of BP and V3" derived by the graphical method
were highly correlated with those derived by either 1TC or
2TC model (for both models, BP and V5”: r2 = 0.99, P =
0.0001, n = 180). A significant difference was observed for
V3" derived via the 1TC and 2TC kinetic models compared
with the graphical analysis (RM ANOVA, P < 0.001).
Fisher PLSD post hoc analysis revealed significant differ-
ences (P < 0.05) in the high-binding regions (MID, THA,
and STR), with the V3" values in these regions derived via
the graphical analysis being 1.5%-2.7% lower than those
derived via the 1TC or 2TC models. No difference in VAR
was observed between the graphical and kinetic methods
for BP (RM ANOVA, P = 0.56) or for V3" (RM ANOVA,
P = 0.55). The ICC of BP (0.87 = 0.08) and V3" (0.84 =
0.08) was lower than observed with the kinetic models (RM
ANOVA, P = 0.0002 and P = 0.08, respectively).

SRTM Analysis

The results from the SRTM analyses are shown in Table 5.
V3" derived by the SRTM was highly correlated with
plasma input based V3” (e.g., SRTM [iterative] vs. 2TC,
r2 = 0.99, P < 0.0001, n = 180). No difference in vari-
ability between the iterative method and the basis function
method was seen (RM ANOVA, P = 0.30). The ICC ob-
served with the iterative method was lower than that of the
basis function method, although this did not reach the level
of significance (iterative, 0.67 *= 0.26; basis, 0.81 = 0.11,
RM ANOVA, P = 0.15). A significant difference was ob-
served in V3" values derived via the 1TC and 2TC kinetic
models compared with SRTM (RM ANOVA, P < 0.009).
Fisher PLSD post hoc analysis revealed significant differ-
ences (P < 0.05) in the high-binding regions (MID, THA,
and STR), with the V3" values in these regions derived via
SRTM being 5.8%—-10.0% lower than those derived via the
1TC or 2TC model. Compared with the 1TC and 2TC
models no difference was observed in the VAR measured
for either SRTM method (RM ANOVA, P = 0.08). How-
ever, both SRTM analyses resulted in lower reliability than
seen with the either the 1TC or 2TC models (RM ANOVA,
P < 0.0001).

Across Method Comparison of V3"

Table 6 provides the correlation between each of the 6
methods used to derived V3” in this study. The r? values
listed in Table 6 are the square of the Pearson correlation
coefficient determined between each method, for each
subject, across all ROIs (n = 180). Excellent agreement
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TABLE 4
Reproducibility of ''C-DASB Total Distribution Volume (V1, mL-g~"), Binding Potential (BP, mL-g~), and Specific-to-Nonspecific Equilibrium Partition
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Coefficient (V3”, Unitless) Derived via Graphical Analysis
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ICC

(%)

VAR = SD

V3” (unitless)
WSSD
(%CV)

BSSD
(%6CV)

ICC Mean

(%)

VAR = SD

BP (mL-g™")
WSSD
(%CV)

BSSD
(%6CV)

ICC Mean

(%)
8.0 = 3.2 0.91

WSSD VAR * SD

Vr (mL-g™)
(%CV)

BSSD
(%CV)
9.7 1.93 (0.20) 0.42 (0.04)

29.4 6.64 (0.23) 1.02 (0.03)
19.5 3.99 (0.20) 1.07 (0.05)
19.0 3.78 (0.20) 1.02 (0.05)
14.5 3.26 (0.22) 0.67 (0.05)

Mean

Cerebellum
Midbrain

SERT density region

Reference

THE JOURNAL

51 =49 0.77
9.7 =82 0.76
7.6 +6.0 0.79

57 +3.4 095 2.04 0.19(0.09) 0.07 (0.03)

6.0 = 2.7 0.95 19.7 4.81 (0.24) 0.73 (0.04)

High (central)

0.83 1.02 0.15(0.15) 0.06 (0.06)

9.7 = 6.0 0.87 9.9 2.39(0.24) 0.72 (0.07) 14.1 + 9.1

Thalamus
Striatum

92 +52 086 9.3 2.12(0.23) 0.68 (0.07) 11.9 = 7.8 0.81 0.97 0.14 (0.14) 0.05 (0.05)

74 40092 4.8 1.59(0.33) 0.41(0.09) 13.3 = 8.3 0.87 0.50 0.11 (0.22) 0.04 (0.09) 13.3 = 11.0 0.75

Medial temporal

Moderate

lobe
Anterior cingulate 12.4 2.52 (0.20) 0.72 (0.06) 10.2 = 4.9 0.85 2.8 0.86 (0.31) 0.37 (0.13) 23.4 = 10.7 0.69 0.29 0.08 (0.26) 0.03 (0.10) 18.9 = 11.3 0.76

Low (neocortex) Temporal

(limbic)

1.5 0.80 (0.54) 0.22 (0.15) 27.2 = 20.4 0.86 0.16 0.09 (0.55) 0.02 (0.14) 28.8 + 24.2 0.89

8.8 41 0.87 0.8 0.88(1.12) 0.17 (0.21) 31.1 = 18.7 0.93 0.11 0.09 (1.03) 0.01 (0.16) 32.0 = 23.1 0.95

7.6 = 3.7 0.91

11.2 2.18 (0.20) 0.48 (0.04)
10.4 1.93 (0.18) 0.51 (0.05)
10.8 2.27 (0.21) 0.55 (0.05)
10.1 1.84 (0.18) 0.44 (0.04)
10.6 2.09 (0.20) 0.45 (0.04)

DLPFC
MPFC
OFC

1.1 0.76 (0.70) 0.19 (0.17) 50.8 = 57.1 0.89 0.11 0.07 (0.66) 0.02 (0.15) 48.7 = 56.8 0.90

74 *400.89 0.5 0.98(2.04) 0.25(0.51) 51.9 = 32.2 0.88 0.06 0.11 (1.91) 0.02 (0.40) 50.3 + 30.3 0.92

8.9 =+ 49 0.89

1.0 0.82 (0.84) 0.14 (0.15) 47.5 = 43.0 0.94 0.10 0.09 (0.83) 0.02 (0.15) 47.5 + 38.8 0.94

7.7 = 3.4 091

Occipital

Values are mean of 9 subjects with each value measured twice.

existed across all methods, with the highest correlation seen
between the 1TC, 2TC, and graphical methods.

DISCUSSION

The goal of this study was to evaluate the ability to
accurately estimate regional SERT binding parameters with
IC-DASB PET by repeating each subject’s PET scan on
the same day and assessing reproducibility indices.

Outcome Measures and Models

Three outcome measures were examined in this study:
the total distribution volume (Vrt), the binding potential
(BP), and the specific-to-nonspecific partition coefficient
(V3"”). Vr includes free and nonspecific as well as specific
binding of the radiotracer so that its use as a direct outcome
measure to infer binding properties should be restricted
to situations where separate measurement of nonspecific
binding is not possible (i.e., when no appropriate region of
reference exists) and nonspecific binding is negligible
relative to the specific binding (which is not the case for
HIC-DASB). Its most frequent use is in situations such as
the present study where a reference region does exist, so
that BP and V3" can be inferred indirectly in terms of Vr
from the ROI and the region of reference. BP does not
include tissue nonspecific binding but is proportional to f;,
the plasma free fraction, so that similar f; values across
populations is a prerequisite for comparisons using this
parameter. V3" is independent of f; but is proportional to f5,
the tissue free fraction, so that similar values of f, across
populations are necessary for making comparisons with this
parameter.

A range of modeling techniques was used to estimate the
outcome measures for this study. In this study the kinetic
analysis was performed by 2 techniques (both using the
arterial input function). The first technique assumed a
specific compartment model, either 1TC or 2TC, to yield
estimates of the rate constants governing transfer between
the compartments, which were subsequently used to derive
the outcome measures. The second, DEPICT, made no a
priori assumption regarding the compartment model but,
rather, derived the model order from the data (7). The
second analytic method used to derive SERT binding
parameters in this study was by use of reference region
input with SRTM. SRTM is also a model-based method that
uses a region of reference—in this case, the CER—as the
input function for the model (6). This method restricts the
outcome measure to V3”, with the attendant caveats
regarding nonspecific binding. The final analytic method
used in this study was graphical analysis (36), another data-
driven method, in which a nonlinear transformation of the
data leads to a linear relationship between the transformed
variables, allowing determination of Vr via linear regres-
sion.

In all, 14 outcome measures were evaluated: Vt by 1TC,
2TC, DEPICT, and graphical methods; BP by 1TC, 2TC,
DEPICT, and graphical methods; and V3”by a 1TC, 2TC,
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TABLE 5
Reproducibility of 1'C-DASB Specific-to-Nonspecific Equilibrium Partition Coefficient (V3”, Unitless) Derived via SRTM Analysis

Basis function method

BSSD (%CV)

Iterative method

WSSD (%CV)

ICC

VAR = SD (%)

WSSD (%CV)

Mean

ICC

VAR = SD (%)

BSSD (%CV)

Mean

SERT density region
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0.81
0.61
0.84
0.68
0.64
0.86
0.89
0.86
0.87
0.87

3.5

109 = 9.6
13.2 £ 12.2
16.9 = 11.4
19.6 = 12.7
197.3 = 4171
40.7 = 39.4
119.4 = 197.5
81.1 = 145.6

PP e

P P ey

1.76
0.99
0.91
0.48
0.30
0.16
0.09
0.12
0.07
0.11

0.82
0.66
0.86
0.70
-0.22
0.87
0.4
0.65

0.75
0.73

+ 4.0
+ 5.0

5.0
10.5 = 10.0

6.8
13.9 = 11.9
329 + 324
24.0 = 154
75.1 £ 829
73.1 £ 76.5
75.4 = 84.9
49.0 = 26.4

N~ N~ s o~ s o~

SRS

o

S A 2 2 A4

0.18
0.15
0.14
0.10
0.07
0.08
0.15
0.11
0.15
0.08

1.88
0.99
0.91
0.48
0.33
0.16
0.14
0.13
0.12
0.12

Medial temporal lobe
Anterior cingulate

Temporal
DLPFC

Thalamus
MPFC
OFC

Midbrain
Striatum
Occipital

High (central)
Moderate (limbic)
Low (neocortex)

Values are mean of 9 subjects with each value measured twice.

TABLE 6
Correlation of "'C-DASB V3" Derived with
Various Analytic Methods

SRTM SRTM
Method 1TC 2TC DEPICT Graphical iterative basis
1TC 1
2TC 0.9996 1

DEPICT 0.9522 0.9532 1

Graphical 0.9966 0.9966 0.9615 1

SRTM 0.9766 0.9760 0.9562 0.9814 1
iterative

SRTM 0.9767 0.9785 0.9865 0.9831 0.9735 1
basis

Values of are square of the Pearson correlation coefficient (r2) for
V3" values in every region of each study (n = 180).

DEPICT, graphical, and SRTM, with the SRTM analyses
performed by 2 approaches, iterative and basis function.
Two criteria were assessed, the reliability and variability.
Variability is the between-scan differences observed within
subjects and reliability relates to the relative contributions
of within- and between-subject variability—that is, the abil-
ity to detect true between-subject differences given the
level of within-subject variability.

Comparison of DEPICT with Kinetic Methods

One goal of this study was to compare the results
produced by DEPICT with those obtained with the 1TC
and 2TC models. Using either a 1TC or 2TC model to
derive V1, BP or V3” gave nearly identical results for each
outcome measure across all regions. The regional values of
the outcome measures derived by the DEPICT method were
similar to both the 1TC and 2TC models but slightly lower
in the MID region. The MID is the region with the highest
SERT density and, therefore, the highest V. The DEPICT
analysis resulted in a Vpof 25.8 + 4.8 mL-g ™~ lin this region
compared with 29.9 = 7.6 mL-g~ ! and 29.4 + 7.3 mL-g~ !
for the 1TC and 2TC models, respectively, with commen-
surately lower values of BP and V3" in the MID, but nearly
identical values for these outcome measures in other
regions. The reason for this is that DEPICT is a basis
function method and includes, as do most basis function
implementations, truncation of the set of exponential rate
constants associated with the basis function set at a finite
positive number slightly larger than the theoretic lower
limit (i.e., zero for decay-corrected data or the decay
constant for uncorrected data). This is because, in the
presence of statistical noise, identifiability of distribution
volume estimates becomes poor near this limit. However,
the approach may be associated with a small amount of bias
at the highest distribution volumes. The tradeoff is a great
increase in the stability of the estimates. This becomes
particularly apparent in voxelwise analysis, as opposed to
ROI analysis, where basis function methods perform well,
but the decreased signal-to-noise level becomes prohibitively
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problematic for iterative methods. Also, given that both
approaches used the same arterial input function data, the
iterative methods do not necessarily represent a gold
standard in this comparison. This issue needs to be further
explored both through analysis of other datasets and by
simulations in which “true” parameter values are known.

The VAR, of V1 was excellent (<10%) in all regions, for
both kinetic approaches and DEPICT. Similarly, in regions
of high SERT density, the variability of BP and V3" was
also good (<<10%). However, in regions of moderate and
low SERT density, the variability associated with BP and
V3" was higher than that of V1. This is not unexpected, as
BP and V3" are derived via the difference in V between
the ROI and the region of reference, thereby increasing the
effects of noise on the variability measurement. This is
particularly evident when the Vr in the ROI is close to V5,
such as in the neocortical regions. In this study the varia-
bility of BP and V3" derived by the kinetic methods ranged
from 14.4% = 1.6% to 17.2% = 6.0% in the moderate-
binding regions and was unacceptably high for all methods
in the low-binding regions.

Unlike the variability, the reliability, as determined by
the ICC, was less dependent on the regional SERT density.
The ICC for V1 was excellent (=0.90) across all regions for
the 1TC, 2TC, and DEPICT method. Similar values were
observed for BP and V3", indicating these methods should
work equally well at discriminating differences at the group
level.

Determination of Model Order

The question of determination of model order is typically
posed in terms of a tradeoff between better goodness of fit
achieved with a higher-order model and better robustness to
noise achieved with a lower-order model. With the present
dataset, 1TC and 2TC yielded very similar outcome mea-
sure estimates across all subjects and regions. The statistics
designed to test model order, the F ratio and the Akaike
score, were fairly split between models. On the datasets that
these statistics identified the 1TC fit as more parsimonious,
it might be expected that the VAR statistic would be better
for the 1TC model, but this was not the case (RM ANOVA,
P = 0.38). Thus, we can recommend the 2TC over the 1TC,
based on the observation that the 2TC fit is better for some
datasets but there is no apparent loss of stability with 2TC
compared with 1TC. In the context of this dataset, it was
particularly interesting to examine the behavior of DEPICT.
DEPICT is a method designed to estimate model order
automatically and it was fairly split between 1TC and 2TC
as well (a small number of fits were designated 3TC). The F
ratio and Akaike score from the 1TC and 2TC models were
not well correlated with DEPICT. For example, the mean F
value from the regions designated 1TC by DEPICT was
slightly but significantly higher than in those designated
2TC, with similar results for Akaike. The impulse response
fraction is another parameter related to model order (37)
that measures the fraction of the total area under the curve
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resulting from the convolution of the input function with
the faster of the 2 exponential functions in the response
function of a 2TC model. It has been conjectured that very
small impulse response fraction is associated with poor
identifiability of 2 distinct compartments in a brain region.
The impulse response fraction from the 2TC fits in the
present dataset bear an intriguing relationship to model
order as determined by DEPICT (Fig. 3). When the impulse
response fraction is <<0.01, the DEPICT model order is
spread between 1TC and 2TC with all 4 3TC fits falling
into this range as well. However, for 24 of the 29 fits for
which the impulse response fraction is >0.005 and 13 of
the 13 fits where the impulse response fraction is >0.01,
the DEPICT model order estimate was 2. It remains for
future work to further explore this relationship, particularly
with ligands for which the impulse response fraction is
more heterogeneous.

Evaluation of Graphical Analysis

Distribution volumes derived by graphical analysis were
strongly correlated with Vt derived by both the 1TC and
2TC models (r* = 0.99, P = 0.0001, n = 180), with similar
values of Vr (99.2% = 2.5%), excellent test/retest vari-
ability (< 10%) and ICC (= 0.90). Unlike Ginovart et al.,
we did not find study-wide reduction in the values of Vt
derived with the graphical analysis when compared with the
kinetic analysis (2). We have reported a tendency for this
method to underestimate V values in the past (38), but this
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FIGURE 3. Relationship between impulse response fraction
(IRF) generated from kinetic 2TC data and model order chosen
by DEPICT. In the case when the IRF is small (<0.005, below
dashed horizontal line), model order is spread between 1TC and
2TC without clear bias toward one or the other. However, for
IRF of >0.005, the DEPICT method settled nearly exclusively on
the 2TC model. This is particularly evident for IRF of >0.01
(above solid horizontal line).
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is a statistical property, rather than a systematic property, of
the method and was not evident in the present dataset. As
with the kinetic analyses, the variability for the outcome
measures BP and V3;” with the graphical analysis was
similar to Vr in the high-binding regions (10.6% * 4.3%)
and lower in the limbic (18.4% = 7.1%) and neocortical
(41.7% = 11.1%) regions. The ICC of both BP and V3"
for the graphical analysis was good across all regions
> 0.75).

Evaluation of SRTM

SRTM provided values of V3” that, in most regions,
were similar to those achieved with the 1TC and 2TC
models. However in MID, both the iterative and basis
function approach produced lower estimates by 10% —15%
compared with the 1TC and 2TC, as observed in a previous
study (2). In addition, the reliability of the iterative
implementation was noticeably lower than other methods,
including basis function SRTM, particularly in the moder-
ate and low-binding regions. Also, though no method had
acceptable reliability in the low-binding regions, the iter-
ative SRTM produced V3" estimates in low-binding regions
that were clearly out of line with all other methods in select
cases, although the average values remained similar, and
was associated with unacceptably poor identifiability in
these regions. It is not unexpected for basis function im-
plementations to be more robust in high-noise situations
(39), but the present study lends emphasis to the observa-
tion that basis function implementations are more stable
when low signal-to-noise ratio derives not just from random
error but from situations where specific binding comprises
a small fraction of the signal.

CONCLUSION

The results of this study indicate that ''C-DASB can be
used to measure SERT parameters with high reproducibility
in receptor-rich, central regions of the brain, with somewhat
less, yet still acceptable, reproducibility in regions of
moderate SERT density and poor reproducibility in low-
density regions. No clear advantage was evident in the
choice of analytic methods, as all methods examined gave
similar values across all regions. Therefore, the choice of
methods is dependent on the experimental situation, with
some caveats. Examination of the 1TC and 2TC fits
indicates that the higher-order model may provide a better
fit in some studies. Alternatively, the DEPICT method
offers a convolution algorithm approach that makes no a
priori assumptions regarding model order, albeit with a
small amount of bias in the highest binding regions induced
by the truncation of the basis set away from the slowest
washout rates. In the absence of an arterial input function,
SRTM provides an alternative method of analysis, subject
to the limitations imposed by the possibility of different
levels of nonspecific binding across populations (40).
Finally, the basis function implementation of SRTM pro-

vides better reliability than the iterative version of this
method, particularly in low- and moderate-binding regions,
subject again to a small amount of bias in the highest
binding regions.
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