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Abstract. Purpose: The purpose of this study was to as-
sess the reproducibility in healthy volunteers of α-[11C]
methyl-L-tryptophan (α[11C]MT) brain trapping imaging
with positron emission tomography (PET), using vol-
umes of interest (VOIs) and voxel-based image analysis.
Methods: Six right-handed healthy male volunteers (34.3±
10.9 years) with a negative family history for psychiatric
disorders were scanned twice in the resting condition, 22±
17 days apart. An unbiased semiautomatic segmentation of
the brain was used to define VOIs. The trapping constantK*
(ml g−1 min−1) for α[11C]MT was calculated for the whole
brain and seven brain regions using the graphical method
for irreversible tracers. In addition, parametric maps of K*
were obtained from dynamic scans using the same method.
Comparison of test and retest K* functional images was
performed using SPM99. Student’s paired t statistic was
applied for comparisons of α[11C]MT brain trapping in a
priori selected VOIs.
Results: α[11C]MT brain trapping in VOIs showed a mean
variability 2.6±1.8% (0.3–5%) for absolute and 1.5±2.1%
(1.4–4.1%) for normalized K*. Intraclass correlations be-
tween test and retest conditions were 0.61±0.34 for absolute
K* values and 0.73±0.20 for K* values normalized by
global mean. SPM99 analysis using a height threshold of
p=0.05 (two tailed) and an extent threshold of 100 voxels
showed no significant differences between scans.
Conclusion: Rest measurements in healthy male volunteers
of the trapping constant forα[11C]MT, using PET, appeared
to be stable during an average interval of 3 weeks.
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Introduction

The in vivo measurement of biochemical parameters of the
serotonin (5-HT) system may reveal important aspects of
5-HT pharmacology in health and disease. Although sev-
eral aspects of 5-HT neurotransmission have been de-
scribed using positron emission tomography (PET) receptor
ligand techniques, little information is available concern-
ing in vivo 5-HT biosynthetic pathways. The aromatic
amino acid decarboxylase (AAAD) substrate [11C]-5-hy-
droxy-L-tryptophan was initially proposed as a probe for
5-HT synthesis [1]; however, among other limitations, this
tracer lacks specificity for 5-HT fibers since the enzyme
AAAD is present in all monoaminergic terminals [2]. Re-
cently, a PET method designed to estimate 5-HT synthe-
sis rate in vivo in the human brain, using the tracer α-[11C]
methyl-L-tryptophan (α[11C]MT), has been developed [3,
4]. The method is based on in vivo measurements of the
α[11C]MT plasma to brain trapping constant (K*, ml g−1

min−1) and, with some assumptions [5], provides a con-
version into regional rates of brain 5-HT synthesis. αMT is
a synthetic analog of the essential amino acid precursor of
serotonin, L-tryptophan. Unlike L-tryptophan, αMT is not
incorporated into protein [5]. Similarly to L-tryptophan,
αMT crosses the blood–brain barrier, is taken up into se-
rotonin neurons [6], and is metabolized into α-M-serotonin
by tryptophan hydroxylase [7]; however, only a small
fraction of the tracer will be metabolized during PET scan.

Hence, the assessment of time-dependent changes in
brain serotonin synthesis, as a result of physiological and/
or pharmacological interventions, is now deemed possible
using repeated α[11C]MT/PET measurements. However,
intraindividual variability in α[11C]MT brain trapping
may hamper interpretation of such experiments, particularly
when there are long interscan intervals. Indeed, several
nonspecific factors are known to influence various aspects
of serotonergic neurotransmission (i.e., tryptophan hydrox-
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ylase activity) across repeat measurements, including age,
circadian and seasonal rhythms, diet, sleep, motor activity,
and level of stress. Intraindividual variability in α[11C]MT
brain trapping under rest conditions is not known.

The primary goal of the present study was to estimate
the within-subject stability for the α[11C]MT brain trap-
ping constant during repeat measurements carried out in
healthy volunteers at an average interval of 3 weeks. The
comparison of test and retest conditions was performed
using automatically generated volumes of interest (VOIs)
and statistical parametric mapping (SPM).

Materials and methods

Subjects

The study was carried out in accordance with the Declaration of
Helsinki [8] and was approved by the Research Ethics Committee
of the Montreal Neurological Institute, McGill University. Six male,
right-handed, healthy volunteers were selected via advertisements in
a local newspaper. The study was restricted to one gender (male)
because of recent reports of gender-related differences in α[11C]MT
brain trapping [9]. All subjects were physically healthy and drug free,
as determined by a physical examination and standard laboratory
tests, together with urine drug screens obtained on the morning pre-
ceding each PET measurement (Biosite Diagnosis, San Diego, CA,
USA). Personal and family history of psychopathology was assessed
using the Structured Clinical Interview for DSM-IV Non-Patient
Edition [10], the Hamilton Depression Rate Scale (HDRS), and the
Diagnostic Interview for Genetic Studies [11]. Exclusion criteria

included a personal or first-degree relative history of psychiatric
disorders, a Beck Depression Inventory score >10, and a urine drug
screen positive for illicit drugs. All subjects provided written in-
formed consent.

Imaging acquisition protocol

All subjects underwent two α[11C]MT brain PET studies, 22±17
days apart, under strictly identical conditions (dim light, open eyes,
and ears unplugged); both scans were performed between 11:00 A.M.
and 12:00 P.M., using an ECAT EXACT HR+ PET camera (Siemens,
CTI). Each α[11C]MT brain trapping measurement was preceded by
a 24-h low protein diet in order to minimize intersubject variability of
plasma concentrations of tryptophan and possibly other amino acids
due to differences in diet. Each α[11C]MT dynamic PET acquisition
had a duration of 60 min and was preceded by a 15-min 68Ga trans-
mission scan. Dynamic acquisition was started concomitantly with
the venous injection of 370 MBq (10 mCi; specific activity >500
Ci/μmol) of α[11C]MT, administered over a 2-min period. Images
were acquired in the three-dimensional mode and reconstructed using
filtered back-projection [Hanning filter, full-width at half-maximum
(FWHM)=8 mm] with 24 frames, each with 128×128 voxels and 63
slices and a voxel size of 2.4×2×2 mm. During acquisition, 13 blood
samples were drawn from the antecubital vein, at progressively
longer time intervals, in order to provide plasma radioactive counts
as well as plasma samples for the determination of concentrations
of total and free tryptophan by means of high-performance liquid
chromatography (HPLC). Input function was estimated from a com-
bination of the brain venous sinus activity (first 20 min) and the
venous plasma curve from 20 to 60 min [9].

All subjects underwent an MRI scan to provide an anatomical
framework for VOIs and special normalization of α[11C]MT K*

Fig. 1. Summary of the auto-
matic determination of VOIs
using axial planes. Each in-
dividual MRI in native space
(A1) was corrected for non-uni-
formities and resampled (A2) in
the ICBM 305 1-mm stereotaxic
space in order to be classified
(A3) and segmented into VOIs
(A4, A5). Seven VOIs were
selected a priori and incorporated
into an MRI volume (A5). Dy-
namic PETscans were resampled
from the native (B1) to the stan-
dard ICBM 2-mm stereotaxic
space (B2). Tissue radioactivity
maps were obtained using indi-
vidual anatomical VOIs applied
to the dynamic PET scans
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images. MRI was performed on a Philips Gyroscan 1.5-T supercon-
ducting magnet system (Philips Medical System, Eindhoven, the
Netherlands). Images were collected using a three-dimensional vol-
ume acquisition, T1-weighted (3D fast field echo scan, TR=18 ms,
TE=10 ms, flip angle=30°), over the whole brain. MRI data were
stored in a 256×256×160 mm matrix with 1-mm cubic isotropic
voxels.

Imaging analysis protocol and statistics

The α[11C]MT brain trapping constant (K*, ml g−1 min−1) was cal-
culated using the arterial input graphical method for irreversible
tracers [12], using dynamic data acquired between 20 and 60 min
after the injection of α[11C]MT. The assumptions (and limitations)
underlying this analysis and α[11C]MT kinetics are discussed in
detail elsewhere [13–16]. K* was calculated at the voxel level, in
VOIs and in the whole gray matter including subcortical structures
(global K*). In VOIs the test–retest variability (Eq. 1), reliability
(Eq. 2) [17], and coefficient of variation (Eq. 3) were defined as
follows:

Variability ¼ 100 � K �test �K�retest½ �
K �test þK�retestð Þ�2 (1)

Reliability ICCð Þ ¼ MSBS �MSWS

MSBS þ n� 1ð ÞMSWS
(2)

Coefficient of variation ¼ 100� �K�
�K�

(3)

where MSBS and MSWS are the mean sum of squares between and
within subjects, respectively, n is the number of within subject mea-
surements, and μ K* and σK* refer to the mean and standard deviation
of K* of VOIs.

α[11C]MT K* parametric images were generated following the
method developed and validated by Okazawa and Diksic [18, 19],
and analyzed voxel by voxel using SPM99. K* images were re-
sampled to the International Consortium for Brain Mapping (ICBM)
2 mm isotropic stereotaxic space (spatial normalization) using a
standard linear automatic algorithm [20]; subsequently these images
were smoothed with an isotropic Gaussian filter to a final resolution
of 14 mm FWHM, and normalized using proportional scaling in
order to cancel out global effects on regional K* values. Voxelwise
comparison of K* between scans 1 and 2 was performed using
SPM99 [16], assuming a cut-off level of p<0.05 (height threshold),
two tailed, and an extent threshold of 100 voxels [19, 21, 22].

Regional assessment of the stability of α[11C]MTwas performed
using 16 VOIs generated with an automatic algorithm. K* values
were calculated using VOI time–activity curves obtained from
dynamic PET scans resampled to the stereotaxic space. VOIs were
determined on each subject’s MRI scan using an automatic segmen-
tation method [23, 24] summarized in the Fig. 1. Briefly, individual
MRI data were corrected for field inhomogeneities and resampled in
a standard stereotaxic space [20, 25]. Subsequently, a tissue clas-
sification algorithm (INSECT) was used to classify MR images into
gray and white matter and cerebrospinal fluid [26]. Finally, these data
were submitted to Automatic Nonlinear Imaging Matching and
Anatomical Labelling (ANIMAL) for segmentation into 16 anatom-
ical volumes [20, 24]. All VOIs were visually inspected and errors
corrected manually when necessary. PET dynamic scans were then
resampled to MRI standard stereotaxic space, in order to calculate

Table 1. Tracer dose and serum tryptophan levels (mean±SD)

1st scan
(n=6 males)

2nd scan
(n=6 males)

Activity injected (mCi) 9.5±0.7 9.4±1.2
Plasma free tryptophan
(nmol/l)

14.1±4.6 16.4±5.8

Body weight (kg) 75.7±9.2 75.7±9.2

Fig. 2.MRI superimposed with t
statistic maps obtained from the
SPM comparing K* obtained
under two different baseline
conditions

1201

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 10, September 2005



time–activity curves. K* values obtained with VOIs were compared
using two-tailed paired t test with p<0.05 set as the level of
significance (without multiple correction).

Results

Six male subjects aged 34.3±10.9 years (range 25–56
years) were selected for this study. Subjective mood scores
and plasma concentrations of total and free tryptophan
obtained during the two PET sessions did not differ be-
tween test and retest (Table 1). SPM99 comparison of K*
functional images obtained during both PET measurements
of α[11C]MT trapping showed no significant differences
(Fig. 2). Likewise, VOI-based comparisons between test
and retest conditions showed no significant difference for
global (p=0.64) or regional absolute and normalized K*
values for any of the selected VOIs (Tables 1, 2).

Overall, test–retest variability averaged about 3.8±1.2%
(1–4.6%) for global absolute K* values and less than 1%
for normalised K*. The average regional test–retest dif-
ference between the two measurements was 2.3±1.2 %
(1.3–3.0%). Intraclass correlations between test and retest
conditions were 0.61±0.34 for absoluteK* values and 0.73±
0.20 for normalized K* values. Results are summarized in
Tables 1 and 2.

Discussion

In this study, the test–retest variability for α[11C]MT brain
trapping in healthy male volunteers studied twice at an
interval of 3 weeks averaged 2.6±1.8% for absolute and
1.55±2.1% for normalized regional K* values (Table 3).
This is well within the range of the test–retest variability
observed in studies with FDG [27] and amino acid PET
tracers such as FDOPA [28], [11C]-5-hydroxy-L-tryptophan
[1], and [11C]aminocyclohexanecarboxylate [29]; it is also
within the range of values previously reported for α[11C]
MT in anesthetized rhesus monkeys [30]. Furthermore, the
variability observed in the present study is approximately
one-third to one-half of that observed during repeat mea-
surements carried out in psychiatric patients studied once at
an index episode and once several weeks later, at the time
of recovery and/or treatment (unpublished data).

All subjects were studied under controlled conditions, at
rest, in a nonstressful environment, at approximately the
same time of the day, under a standard diet, and after a good
night of sleep; in this way it was ensured that none of these
factors had a significant influence on α[11C]MT brain
trapping [9]. Likewise, the reported variability in α[11C]
MT brain trapping could not be accounted for solely by
differences in free or total tryptophan plasma concen-
trations, since they did not differ significantly between the
two PET measurements. It may be argued that part of the
variability reported in this study could be accounted for by
differences in cerebral blood flow between times 1 and 2;
however, this interpretation is unlikely to explain the find-
ings since (1) test–retest variability for CBF measure-
ments usually exceeds the 10–15% range, and (2) the
trapping of α[11C]MT is not flow dependent [5]. Finally,
the variability in α[11C]MT brain trapping reported here
applies only to male volunteers; since previous findings
suggest that brain serotonergic function may differ between
males and fem- ales, in particular with respect to the in-
fluence of nonspecific factors such as diet or stress, studies
of test–retest variability probably also need to be conducted
in healthy female volunteers. However, it is unlikely that
test–retest measurements would be less stable in females
than in males.

Overall, α[11C]MT brain trapping did not differ sig-
nificantly between test and retest in any of the brain regions

Table 2. Test–retest variability
for absolute α[11 C]MT K*
(ml g−1 min−1 )

CI coefficient of variation, p
two-tailed paired Student’s t test,
ICC intraclass correlation

VOI 1st scan
(mean±SD)

2nd scan
(mean±SD)

Variability
(%)

CI (test)
(%)

CI (retest)
(%)

p ICC

Global 5.61±0.75 5.47±0.82 4.6 13.3 14.8 0.64 0.56
Frontal 5.33±0.74 5.31±0.68 <1 13.9 12.8 0.96 0.99
Cingulate 6.02±0.70 5.76±1.10 4.5 11.6 19.1 0.60 0.62
Parietal 5.41±0.77 5.39±0.65 <1 14.2 12.1 0.97 0.99
Temporal 5.34±0.62 5.09±0.97 5.03 11.6 19.0 0.56 0.54
Occipital 5.09±0.70 5.02±0.82 1.41 13.7 16.4 0.88 0.50
Striatum 6.50±1.05 6.33±0.94 2.77 16.2 14.8 0.70 0.83
Thalamus 5.56±0.89 5.41±0.78 4.68 16.1 14.4 0.75 0.82

Table 3. Test–retest variability for α[11 C]MT K* normalized by
global K* mean (unitless)

VOI 1st scan
(mean
±SD)

2nd scan
(mean
±SD)

Variability
(%)

CI
(test)
(%)

CI
(retest)
(%)

p r

Frontal 110±9 114±5 3.9 8.5 4.7 0.17 0.90
Cingulate 124±1 123±1 1.6 10.4 10.0 0.75 0.79
Parietal 111±8 116±3 4.1 7.9 2.78 0.32 0.88
Occipital 105±7 107±6 2.5 7.3 3.96 0.68 0.93
Temporal 110±8 108±1 1.4 7.9 10.0 0.30 0.86
Striatum 133±9 136±7 1.5 7.7 5.43 0.44 0.73
Thalamus 114±8 116±4 1.5 7.5 4.1 0.66 0.94

CI coefficient of variation, p two-tailed paired Student’s t test, r
correlation coefficient
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examined. However, mean change for α[11C]MT brain
trapping varied considerably across VOIs; thus, while
some cortical (frontal, parietal, temporal, and occipital cor-
tices), limbic (cingulate cortex), and subcortical (striatum,
thalamus) measurements were very stable across time, oth-
ers varied by a margin of 5% or more (temporal cortex,
precentral gyrus). Whether these regional differences in
variability, though not statistically significant, reflect bio-
logical variability needs to be further examined in a larger
sample. The reduced variability obtained after global nor-
malization indicates that a global effect is present in this
sample.

In conclusion, α[11C]MT brain trapping appears to be a
stable and reproducible measure in healthy male volunteers
studied at rest, ca. 3 weeks apart. The stability was con-
sistent in both voxelwise and VOI comparisons. These
conclusions, if replicated in female volunteers and con-
firmed in a larger sample, support the use of this method to
assess dynamic changes in brain 5-HT metabolism, i.e., 5-
HT synthesis, in response to therapeutic interventions.
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