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The aim of this study was to measure the test–retest reliability of
11C-N,N-dimethyl-2-(29-amino-49-hydroxymethylphenylthio)benzylamine

(11C-HOMADAM) imaging of serotonin transporter (SERT) density in
healthy control subjects. Methods: Two female and 2 male volun-

teers participated in the study, with each undergoing three 90-min
11C-HOMADAM PET scans. Time–activity curves were derived from

SERT-rich structures and fit to 2 models: a simplified reference
tissue model and a multilinear graphical model. Binding potential,

the ratio of specifically bound uptake to nondisplaceable uptake at

equilibrium, was calculated from the model parameter estimates.
Ninety-five percent confidence intervals and the intraclass correla-

tion coefficient (ICC) were calculated and adjusted for repeated

measures. Results: The ICC values ranged from 20.13 in the dorsal

raphe to 0.88 in the caudate nucleus. The highest average ICC values
were in the striatum, but other regions were sensitive to measurement

outliers. Conclusion: Good-to-excellent test–retest reliability was ob-

served for SERT binding in the striatum. The dorsal raphe ICC value

was sensitive to a measurement outlier. 11C-HOMADAM binding po-
tential calculated from the simplified reference tissue model and the

multilinear graphical model were robust and in good agreement.
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Altered serotonin (5-HT) neurotransmission has been associ-
ated with a variety of neurologic and behavioral disorders (1). Of
particular interest is the role of the serotonin transporter (SERT) in
mediating serotonin availability and the role of SERT as the pri-
mary target for several antidepressant medications (2). Mapping
the SERT distribution in the brain with PET permits evaluation
of SERT availability and integrity. In addition, the availability of
SERT under an altered state can be imaged to assess pharmaco-
logic treatments, assist in developing psychiatric medications, and
further the understanding of psychiatric illness (3,4).
To measure SERT density in vivo, our group developed 11C-N,

N-dimethyl-2-(29-amino-49-hydroxymethylphenylthio)benzylamine
(11C-HOMADAM), a highly specific SERT imaging agent showing

fast uptake kinetics and negligible binding in the cerebellum (5).
Measurement of SERT density with 11C-HOMADAM was charac-
terized in healthy humans with a 3-parameter reference tissue model
(6). In a group comparison or longitudinal study, knowledge of the
test-to-test variability over time is desired to estimate the minimum
detectable change for a given population size. One interest in neuro-
imaging is optimization of drug dosage and delivery, with baseline
and drug challenge PET acquisitions being performed to derive an
estimate of SERT occupancy. The aim of this study was to measure
the test–retest reliability of 11C-HOMADAM in healthy control sub-
jects using a 3-scan test–retest protocol.

MATERIALS AND METHODS

Human Subjects

This study was conducted under the auspices of the Emory Internal
Review Board and within the Emory University Hospital. Two female

and 2 male volunteers (mean age 6 SD, 24 6 2 y) participated in the
study after giving informed consent. All subjects were considered phys-

ically and mentally healthy as judged by the absence of any history of
neurologic or psychiatric (including substance abuse) disorders and the

absence of any active medical conditions. All subjects underwent a phys-
ical examination, electrocardiogram, and laboratory testing of blood and

urine samples. No subjects were taking medications known to bind to the
SERT.

MRI

MR images were collected on an Avanto Magnetom 1.5-T scanner

(Siemens Medical Solutions) with a 16-channel receiver array head coil.
A standard whole-brain T1-weighted magnetization-prepared rapid-

acquisition gradient-echo sequence was acquired for anatomic reference
and to aid in delineating regions of interest (ROIs) on PET images (7).

The scan parameters were 5-mm-thick 2-dimensional T1-weighted im-
ages with a transverse plane pixel size of 0.72 mm (repetition time/echo

time, 430/17 ms; flip angle, 90�; acquisition field of view, 320 · 192
pixels; matrix, 320 · 320 pixels).

Radiochemistry
11C-HOMADAM was synthesized by methylation of N-methyl-2-

(29-amino-49-hydroxymethylphenylthio)benzylamine with 11C-CH3I
as previously described (5). The radiochemical purity of 11C-HOMA-

DAM was more than 98%, with an average specific activity of 19.4 6
4.6 GBq/mmol.

PET Protocol

PET scans were performed on a Siemens High-Resolution Research

Tomograph: a 3-dimensional dual-layer lutetium oxyorthosilicate and
lutetium-yttrium oxyorthosilicate detector system with depth-of-interaction

discrimination and an isotropic in-plane resolution of 2.2 mm in full
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width at half maximum. The subjects were positioned supine, with

head movement constrained by a rigid head cradle and strap restraints.

A venous catheter was prepared in one of the forearms for injection of

the radiopharmaceutical. Before the emission study, a 6-min trans-

mission scan with 137Cs was acquired for attenuation correction. The

subjects underwent 3 11C-HOMADAM PET scans separated by 1–2

wk. Each emission scan was a 90-min acquisition started at the be-

ginning of an infusion of 11C-HOMADAM delivered over a duration

of 5 min using a syringe pump. The data were collected in list mode

and later histogrammed into 18 frames (6 · 30 s, 4 · 180 s, and 8 ·
600 s).

PET emission data were corrected for attenuation, randoms, and

scatter and reconstructed with an ordinary Poisson ordered-subset

expectation-maximization algorithm (6 iterations and 16 subsets) to a

256 · 256 · 207 image matrix (voxel size, 1.2 mm3) (8,9). Image data

were smoothed after reconstruction with a gaussian filter of 4 mm in

full width at half maximum to reduce noise and improve contrast in

the brain stem. The final isotropic resolution was 4.6 mm and matched

that reported in our previous work (6).

Image Analysis and Derivation of SERT Availability

Each reconstructed dynamic image frame was coregistered to its

neighbor and aligned to a reference frame using the mutual-information

metric (10,11). The test and 2 retest images were then aligned to one

another and lastly to the subject’s MR images using the same metric.

Summed image data from the first acquisition were created between 10

and 45 min to assist with region drawing. ROIs (n 5 11) were drawn

manually on the coregistered transaxial and sagittal MR images within

anatomic boundaries using software that we developed in the Interactive

Data Language environment (ITT Corp.). ROIs included the SERT-rich

structures of the midbrain, red nucleus, dorsal raphe, pulvinar thalamus,

putamen, caudate nucleus, and amygdala and the SERT-poor areas of

the cingulate cortex, prefrontal cortex, inferior occipital cortex, and

pons. The red nucleus, midbrain, and dorsal raphe could not be de-

lineated on MR images because of a lack of contrast defining their

boundaries. Instead, these structures were delineated on each sub-

ject’s summed test PET images (first PET) in the sagittal plane,

which exhibited distinct focal uptake. An additional ROI was drawn

bilaterally on the cerebellar crus and served as a reference tissue for

calculation of SERT density in the kinetic modeling. All ROIs were

transferred to each frame of the dynamic PET data to generate time–

activity curves used to derive the SERT binding parameters. Bilateral

structures were averaged.
11C-HOMADAM binding to the SERT was estimated by fitting the

time–activity curve data to a reference tissue compartmental model (12).

Previous work by our group showed that the reference-model approach

best approximated 11C-HOMADAM time–activity data when fit using

a single target-tissue compartment, or 3 parameters (R, k2, and k2a) (6),

described as the simplified reference tissue model (SRTM) (13) and

arranged in the following operational form:

Ct 5 RCrðtÞ1Rðk2 2 k2aÞCtðtÞ∗e2k2at; Eq. 1

where * represents the convolution operator. In this compartment

model, Cr represents the reference tissue compartment and Ct repre-

sents the target ROI, where the free and specific compartments were

not distinguishable from one another. The unidirectional rate constants

representing the influx of the radioligand from the blood plasma to the

target region, K1, and reference region, K19, enter the compartment

equations as a ratio, R 5 K1/K19. Therefore, R and the efflux rate

constants to blood plasma from the target, k2, and reference region,

k2a, were estimated simultaneously by fitting Equation 1 to the mea-

sured time–activity curves using the Powell minimization routine (14)

in the Interactive Data Language environment.

In the compartment model, SERT density was calculated by cor-

recting the regional distribution volumes for nondisplaceable uptake
calculated from the cerebellum ROI (15). This correction assumes that

nondisplaceable uptake does not vary significantly among regions and
that the negligibly low SERT expression in the cerebellum represents

only nondisplaceable uptake (16–18). On the basis of these assumptions,
the binding potential, BPND (the ratio of specifically bound uptake to

nondisplaceable uptake at equilibrium), can be calculated for each re-
gion as follows:

BPND 5
fNDBavail

Kd
5

�
R
k2a
k2

�
2 1; Eq. 2

where fND represents the free fraction of radioligand in the nondisplace-

able tissue, Bavail (nmol/L) represents the number of available binding
sites, and Kd (nmol/L) represents the equilibrium dissociation constant.

It was further assumed that the free fraction of radioligand does not vary
between subject groups, permitting direct comparison of BPND.

In the application of graphical models to our previous dataset, the
Logan method produced biased reductions in BPND caused by the pres-

ence of the noisy-target-tissue radioactivity term, Ct(T), on both the left

and the right sides of the equation (19,20). To address the noise-induced
bias, the graphical multilinear reference tissue model (MRTM) (21) was

applied to the time–activity data using the operational form in which
Ct(T) does not present with the dependent variables (22),

CtðTÞ 5 2
DVR

b

ðT
0

CrðtÞdt1 1

b

ðT
0

CtðtÞdt 2 DVR

k2ab
CrðtÞ; Eq. 3

where DVR represents the distribution volume ratio of the target to ref-
erence tissue (BPND 1 1) and21/b represents k2, the efflux rate constant

to plasma from the target. The above equation decreases noise-induced
bias and does not require assignment of compartments or initial parameter

guesses. Since 11C-HOMADAM can be represented using a single tissue
model, the graphically transformed regression data become linear starting

at T 5 0 and the distribution volume ratio may be calculated by the
division of the first and second linear coefficients.

Statistical Analysis

Data are expressed as mean with SD. Brain-region mean BPND and

95% confidence intervals were estimated using an unconditional-
means random-effects model in which the subjects were entered as

random effects. This model adjusts variances for the presence of cor-
related data due to repeatedly measured subjects. Using this modeling,

we also estimated the intraclass correlation coefficient (ICC), the ratio
of between-subject variance to total variance (between-subject plus

residual variance) (23),

ICC 5
MSBS 2 MSWS

MSBS1 ðk 2 1ÞMSWS
; Eq. 4

where MSBS and MSWS are the mean sum of squares between and
within subjects, and k is the number of repeated subject measure-

ments. This ICC is a measure of reliability of the BPND measure when
the measurement time points have no intrinsic meaning; higher values

indicate greater reliability. An ICC value of below 0.4 is considered
poor; a value of 0.40–0.59, fair; a value of 0.60–0.74, good; and a

value of above 0.75, excellent (24). Analyses were performed with
SAS software (version 9.2; SAS Institute Inc.).

RESULTS

Table 1 lists the patient demographics and duration in days
between a subject’s first PET scan and each of the 2 retest PET
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scans. The average activity administered was 6776 96 MBq, with
a range of 507–800 MBq. The average specific activity at the time
of injection was 19.4 MBq/mmol, with a range of 14.7–30.5 MBq/
mmol. Figure 1 shows summed images from 10 to 45 min in the
first test PET scan and ROI definitions overlaid on the MR image
for subject 3. There was a rapid increase of 11C-HOMADAM into
the brain, peaking at 20 min in SERT-rich regions with the excep-
tion of the midbrain, which peaked at 35 min. The cerebellum had
the lowest radioactivity concentration in all subject scans.
The mean regional BPND values agreed well between the SRTM

and MRTMmodels (Tables 2 and 3). Ninety-five percent confidence
intervals were narrow in regions of high SERT density and gradu-
ally increased in regions of low SERT density. The ICC values
ranged from 20.17 in the dorsal raphe to 0.88 in the caudate nu-
cleus. Excellent ICC values were found in the striatal structures,
anterior cingulate, pons, and frontal cortex. ICCs in the midbrain,

thalamic structures, raphe chain, and other cortical areas were more
variable and did not show a decreasing trend with SERT density.

DISCUSSION

The objective of this study was to evaluate the test–retest re-
liability of 11C-HOMADAM binding to the SERT in healthy sub-
jects using a reference model approach. We were interested in the
repeated test variability for deriving dose occupancy curves using
a 3-injection protocol. The structure of interest in assessing phar-
macologic response was the striatum, which is large and can be
reliably delineated on MRI T1-weighted contrast-enhanced im-
ages. Using the SRTM model to estimate BPND, we found good
reliability in the putamen and excellent reliability in the caudate.
Additionally, we found similarly robust reliability for the MRTM
graphical approach, which addresses the noise-induced reduction
of BPND previously shown with the Logan graphical model in the
original validation of 11C-HOMADAM (6).
In the test and first retest, the BPND in the dorsal raphe nucleus

did not follow the expected rank order of dorsal raphe. midbrain.
pulvinar thalamus . striatum observed in postmortem studies
(16–18) or in our previous study (6). The dorsal raphe nucleus is
a small subnucleus of the raphe chain (i.e., dorsal, magnus, and
pallidus raphe), with the largest number of serotonergic neurons,
but it cannot be identified on T1-weighted structural MR images
and was instead delineated on each subject’s test PET images and
then copied to the first and second retest PET images. A combina-
tion of differences in delineation of the dorsal raphe ROI between
subjects, the less favorable imaging statistics of the small region,
and the partial-volume effect may have contributed to the lower
BPND mean value for the dorsal raphe than for the midbrain. The

ROI analysis overall was not sensitive to lo-
cal foci contained within the region, which
would be more appropriately examined with
a parametric analysis approach.
The ICC reliability measure varied con-

siderably by region in SERT-rich structures
and ranged from poor reliability in the brain
stem structures to excellent reliability in the
caudate nucleus. Because of the small num-
ber of subjects, the ICC values were sensitive
to measurement outliers. These outliers re-
duced the estimation reliability in the SERT-
rich structures of the dorsal raphe. Negative
values should be considered to be due to
sampling error and to be equivalent to having
no reliability. The negative ICC value for the
dorsal raphe from the SRTM model can be
explained in part by a strong outlier in the
second retest study of subject 2. Removing
this outlier from the ICC calculation raised
the ICC value in the dorsal raphe to 0.12.
Similarly, removing the same outlier from
the MRTM modeling results raised the ICC
value to 0.33. It can be concluded that the
poor reliability observed in the brain stem
structures after correction for outliers has
model dependence and also indicates a high
within-subject coefficient of variation, as this
contributes to lower ICC values as defined
by Equation 4.

TABLE 1
Patient Demographics and Test–Retest Timing

Subject no. Age (y) Sex

Days from

initial test to
first retest

Days from

initial test to
second retest

1 24 M 28 42

2 26 M 7 14

3 24 F 19 40

4 21 F 21 35

Mean ± SD 24 ± 2 19 ± 9 33 ± 13

FIGURE 1. (Top) Representative subject MRI superimposed with ROIs used to generate time–

activity curves. (Bottom) Corresponding PET images of summed 11C-HOMADAM uptake from 55

to 90 min fused with MR image data. Elevated uptake was observed in SERT-rich structures of

midbrain, pulvinar thalamus, and striatum. Cerebellum had lowest uptake over imaging time-

course and was used as reference region in compartmental analysis.
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Larger SERT-poor structures such as the prefrontal cortex, cingu-
late cortex, and pons had excellent reliability. In contrast, the inferior
occipital cortex was not consistent with these SERT-poor regions
even though its ROI volume was large and should have benefited
from better sampling statistics. The poor reliability of the occipital
cortex can be largely explained by a measurement outlier, whose
removal increased the ICC value to 0.61 with SRTM and 0.63 with
MRTM.
Comparisons can be made between the ICC values for

11C-HOMADAM and those for other SERT imaging agents. Two groups
reported excellent 11C-DASB ICC values of 0.86 (25) and 0.89 (26) in
the striatum but did not distinguish between the caudate and puta-
men. The 11C-DASB ICC value for the frontal cortex was reported to
be 0.65 by Frankle et al. (25) and was lower than that calculated in
the current work, although the fact that the ROI volumes are not
known could complicate a direct comparison. 11C-DASB ICC values
from SERT-rich structures of the brain stem are more complicated

to compare with 11C-HOMADAM ICC values. Frankle et al. (25)
reported a midbrain ICC of 0.82 that included a portion of the raphe
chain signal because of the limited resolution of the PET camera,
and Kim et al. (26) delineated only the raphe (ICC, 0.39) although it
is unknown which subnuclei were contained within the ROI.
The reported ICC values for the structurally similar diphenyl

sulfide derivative 11C-MADAM were only fair in the striatum
(putamen) (ICC, 0.55) and raphe nuclei (ICC, 0.55) but excellent
in the frontal cortex (ICC, 0.96) (27). The administered activity
reported for 11C-MADAM was approximately half (298–313
MBq) that reported in the current work (6776 96 MBq), resulting
in a lower overall activity concentration in the brain, which could
contribute to the lower ICC values of the putamen and raphe
nuclei. It has been suggested by Parsey et al. (28) that an ICC
value above 0.5 is acceptable for repeat analysis of PET and that a
value above 0.75 is excellent. Therefore, the 11C-HOMADAM
ICC values of SERT-rich structures of the midbrain, red nucleus,

TABLE 2
Regional BPND Values for 11C-HOMADAM Test–Retest–Retest Calculated Using SRTM

Region ROI volume (mm3) Test First retest Second retest Mean BPND ICC

Midbrain 499 ± 96 4.03 ± 0.50 3.52 ± 0.33 3.75 ± 0.55 3.77 (3.15, 4.38) 0.40

Dorsal raphe 245 ± 28 3.50 ± 0.13 3.30 ± 0.17 3.95 ± 0.79 3.58 (3.11, 4.05) −0.17

Red nucleus 302 ± 48 3.85 ± 0.53 3.35 ± 0.08 3.45 ± 0.47 3.55 (3.03, 4.07) 0.32

Pulvinar thalamus 744 ± 73 2.69 ± 0.25 2.43 ± 0.13 2.50 ± 0.23 2.54 (2.23, 2.84) 0.50

Amygdala 729 ± 28 1.85 ± 0.34 1.60 ± 0.18 1.83 ± 0.50 1.76 (1.26, 2.25) 0.57

Putamen 1,271 ± 41 1.73 ± 0.29 1.57 ± 0.24 1.68 ± 0.32 1.66 (1.24, 2.08) 0.73

Caudate nucleus 678 ± 129 1.53 ± 0.38 1.43 ± 0.26 1.39 ± 0.26 1.45 (0.98, 1.91) 0.88

Cingulate cortex 972 ± 261 0.56 ± 0.15 0.53 ± 0.09 0.60 ± 0.25 0.56 (0.31, 0.82) 0.78

Pons 575 ± 254 0.56 ± 0.19 0.52 ± 0.10 0.50 ± 0.18 0.53 (0.28, 0.77) 0.83

Inferior occipital cortex 1,460 ± 312 0.48 ± 0.12 0.44 ± 0.08 0.59 ± 0.34 0.50 (0.28, 0.73) 0.19

Prefrontal cortex 3,195 ± 1,126 0.23 ± 0.09 0.16 ± 0.08 0.21 ± 0.11 0.20 (0.06, 0.35) 0.78

Data in parentheses are 95% confidence intervals adjusted for multiple observations per subject.

TABLE 3
Regional BPND Values for 11C-HOMADAM Test–Retest–Retest Calculated Using MRTM

Region ROI volume (mm3) Test First retest Second retest Mean BPND

Midbrain 4.08 ± 0.60 3.52 ± 0.33 3.75 ± 0.56 3.78 (3.10, 4.47) 0.45

Dorsal raphe 3.72 ± 0.26 3.29 ± 0.17 3.90 ± 0.75 3.64 (3.12, 4.15) 0.12

Red nucleus 3.81 ± 0.54 3.32 ± 0.07 3.45 ± 0.48 3.52 (2.99, 4.05) 0.33

Pulvinar thalamus 2.67 ± 0.24 2.42 ± 0.12 2.48 ± 0.23 2.52 (2.23, 2.81) 0.50

Amygdala 1.81 ± 0.35 1.59 ± 0.17 1.81 ± 0.48 1.73 (1.25, 2.22) 0.57

Putamen 1.70 ± 0.28 1.57 ± 0.24 1.67 ± 0.32 1.65 (1.24, 2.05) 0.72

Caudate nucleus 1.51 ± 0.38 1.42 ± 0.25 1.38 ± 0.25 1.44 (0.97, 1.90) 0.88

Cingulate cortex 0.54 ± 0.13 0.52 ± 0.08 0.59 ± 0.25 0.55 (0.31, 0.79) 0.74

Pons 0.55 ± 0.18 0.52 ± 0.10 0.50 ± 0.18 0.52 (0.28, 0.76) 0.83

Inferior occipital cortex 0.50 ± 0.15 0.44 ± 0.08 1.13 ± 1.42 0.69 (−0.12, 1.50) 0.07

Prefrontal cortex 0.22 ± 0.09 0.16 ± 0.08 0.21 ± 0.11 0.20 (0.05, 0.34) 0.80

Data in parentheses are 95% confidence intervals adjusted for multiple observations per subject.
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and dorsal raphe would not have sufficiently high ICC values to
reliably measure BPND.
The ability to reliably measure SERT has significant applications

for assessing important issues in drug development, including effec-
tive central nervous system penetration of drugs and dose–response
relationships. Furthermore, quantifying SERT density may have
value in understanding the pathophysiology of psychiatric illness
and in predicting response to treatments that target the SERT. The
small number of subjects analyzed in this report presents some
limitations, as noted above regarding sensitivity to measurement
outliers. However, our goal is to use 11C-HOMADAM to assess
occupancy of selective serotonin reuptake inhibitors, and the pre-
sented data show that the striatal structures serve as a reliable
measure of SERT density in the brain for this purpose.

CONCLUSION

Good-to-excellent test–retest reliability for SERT binding in
serotonergic-rich areas of the striatum was observed with
11C-HOMADAM imaging. SRTM and MRTM modeling yielded
BPND values in strong agreement, with the same rank orders and
well-matched ICC values.
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