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Fig. 2. (a) Gray matter concentration reductions in patients with
schizophrenia were displaved on a glass brain, (b) Reduced concentration
in the medial prefrontal cortex of patients with schizophrenia. (¢) Adjusted
concentration in the MPFC plotted against the scores in subtask 4 in patients
with schizophrenia,

abscriable to the variation of the PIQ. However. such a possibility
was ehiminated because no significant correlation was found
between the estimated PIQ scores and subtask 4 scores in the

patients group (Spearman’s r=0.377. P=0.1). No other relation-
ship was observed between regional GMCs and PAT scores (all
comparisons: P>0.1).

Discussion

This study mainly aimed to explore the relationship between
regional gray matter abnormality and social cognition m individuals
with schizophrenia. The results yielded three main findings.

First. the behavioral task revealed that the ability to atiribute
cemotions to facial expressions and to the story protagonists is
significantly  compromised in schizophrenic patients.  Impaired
emotion recognition observed in subtask 2 1y compatible with
previous reports (Mandal et al.. 1998). In contrast to several other
studies  (Johnston <t al. 2001 itact processing of facial
configurations in BFRT in our patients suggested that deficits in
facial expression processing in schizophrenic patients are specific
to the emotional component. Furthermore. it is possible that this is
specific for certain negative emotions, with the greatest difficulty
in recognizing fear, and to some cxtent. anger or sadness (Mandal
et al.. 1998 Edwards et al.. 2002). Our results indicated that
schizophrenic patients were less accurate than healthy participants
i recogmzing surprised and angry expressions, There was no
significant difference between groups on fear identification.
although fearful expressions were poorly recognized by schizo-
phrenic patients. which might reflect the difficuity with which
fearful expressions are recogmized (Ekman and Friesen. 1976).

In subtasks 1. 3. and 4. the participants were presented with
verbal or nonverbal scenarios depicting various social situations
and were asked to identify the emotion of the main protagonists.
The schizophrenic patients were markedly affected in these tasks:
this 1s similar to the observations of previous studies in which
various ToM-related tasks were repeatedly applied and defective
ToM performances by schizophrenic patients were demonstrated
(Brune. 2005). However. in contrast to the ToM tasks in the
previous studies. which mainly examined cognitive mental
attribution. lLe.. intentions or beliefs, our tasks focused more on
the emotional component of mental atiribution. in other words.
empathetic ToM. Indeed, some researchers have begun investigat-
ing the possible fractionation of functional requirements of
cognitive ToM and empathetic ToM (Hynes et al. 2006 Vollm
et al.. 2006). However. these two aspects {i.e.. ToM and empathy)
do not have to be mutually distinctive but can also share some sub-
components. Notably, 1t was postulated that. a decoupling
computational mechanism between self and other plays a critical
role in both ToM and empathic understanding (Decety and
Jackson. 2004 2006). This would be further advanced by future
studies. Based on the results of the present study. it appears hikely
that schizophrenic patients have more general deficits in
representing the emotional states of others rather than a simple
perceptual deficit in decoding emotional signals displayved by
others.

The second finding of this study is the concentration reductions
in the multiple frontal and temporal lobe structures. i.e.. the MPFC,
bilateral inferior frontal gyri. right anterior cingulate gyrus. left
superior and middle temporal gyri. and right insula, in schizo-
phrenic patients. In a recent meta-analysis of VBM studies
conducted by Honca et al. {2005). reductions in the left superior
and middle temporal gyri were most robustly observed in
schizophrenic patients. followed by reductions in frontal lobes
and msula. with which the present findings are consistent.
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The third main finding of the present study is that among these
abovementioned regions. we observed a specific association only
between the MPFC abnormality and emotion-atiribution deficit in
schizophrenic patients. A number of neuroimaging and neuropsy-
chological studies have indicated that the representation of mental
states of others incorporates the MPFC (Brunet ot al. 2000:
Fletcher et al.. 1995; Gallagher et al., 2000: Stone et al.. 199%&:
Stuss et al.. 2001: Vogeley et al.. 2001). The relationship between
the MPFC and emotion attribution in the present study would be in
agreement with these carlier findings: the more pronounced the
structural abnormalities of the MPFC. the greater is the impairment
of the mentalizing ability. This view is also in line with the PET
activation study that demonstrated abnormal activation within the
MPFC during a ToM task in schizophrenic patients (Brunet ef al..
2003).

However, as mentioned above, there appear to be functional
and anatomical fractions in the ToM-related processes: cognitive
ToM-attribution of cognitive states- and empathetic ToM-attribu-
tion of emotional states. These possible fractionations were directly
investigated only very recently. Wider areas of activation in the
MPFC in cognitive and empathetic ToMs have been demonstrated.
using verbal (Hynes et al.. 2006) or nonverbal scenarios (Volim e
al.. 2006). Although some regions were activated in both the
cognitive and the empathetic ToM. the ventral segments of the
MPFC were activated strongly in the empathetic ToM. This region
roughly corresponded to the abnormal concentration observed in
the present study. Therefore, in contrast to the general mental
attribution that is processed in the dorsal MPFC. the ventral sector
could be associated with emotional components embedded in
social interaction that would be particularly relevant to the
empathetic aspects. Thus, based on the present findings. it may
be speculated that the structural abnormalities of the ventral
MPEC the possible key structure for the empathetic ToM underlie
impaired emotional processes in real-life social interactive
situations observed in schizophrenia.

The reason why only subtask 4 showed an association with the
MPFC concentration clearly necessitates further investigation:
nevertheless, one interpretation may be feasible. Although there
appears 10 be general consensus that the MPFC plays a major role
in social cognition. some authors assert that the role of the MPFC
becomes particularly critical when the stimulus contains an explicit
social context that can be direcily identified (Vollm et al.. 2006;
Walter et al.. 2004). Given that the same applies to the current
findings. the photographs of actual social scenes used in subtask 4.
which surpass subtasks 1 and 3 in explicitness or direciness. may
explain the selective association between this task and the MPFC
abnormality,

The present study suggested only a weak association between
clinical symptoms and the structural abnormalities. Further studies
may discover a structure symptom relationship by categorizing
the clinical symptoms in a more scrutinized manner such as in
Liddle’s tripartite model of schizophrenic symptomatology
(Liddle. 1987). Another limitation of the present study is that
we obtained a significant group difference in the analysis of GMC
but not in that of GMV. These two analyses are considered to
detect the different aspects of GM abnormalities (Good ot al..
2001): thus. the reason why one analysis yielded a significant
difference whereas the other did not need further investigation.
Moreover. even though we found the interesting association
between the MPFC and a social cognitive task. we did not correct
it for multiple comparisons. Thus. we should take this conclusion

as a preliminary one, though it would be expected for future
studies by locusing on specific brain regions under specific
hypothesis to verity the finding observed here. Finally. our tasks
used static pictures as stimuli. but real-life social interactions are
usually held in a dynamic way. Further experiments would be
warranted to confirm the observed effect by using dynamic stimuli
such as video-clips (Gross and Levenson. 1995) or moving faces
(Yoshikawa and Sato. 2006).

In conclusion. the present study has exhibited a clear evidence
of impaired social cognition in schizophrenia. Schizophrenic
patients were impaired in attributing emotions not only 10 facial
expressions but also to the story protagonists, which suggested
general deficits in interpreting the emotional states of other people.
Most importantly. it was demonstrated that the deficit in cmotion
attribution involving a social situation was correlated with
concentration reductions in the MPFC of these patients. In this
study, the possible link between social cognitive deficit and
regional brain abnormality has been elucidated for the first time.
This finding will help us to better characterize the nature of social
dysfunctioning in schizophrenia and will further validate the neural
basis of social cognition.
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The aim of this study was to investigate the correlation between noise equivalent count(NEC)rates and
the signal-to-noise ratio (S/N)in reconstructed images. The NEC rates were determined using uniform 20
cm and 70 cm tall, 20 cm diameter cylinders filled with 'C. The phantoms were scanned in both two-di-
mensional and three-dimensional modes. The reconstructed image noise was evaluated using FBP and OSEM
algorithms (4 iterations and 8 subsets). The images were filtered to a final image resolution of 6.5 mm. From
the reconstructed image sets, averages and standard deviations of images were generated, from which the
average image S/N (=average/standard deviation)was calculated within an 18 cm central ROL The S/N of a
central slice and an end slice was compared with the NEC. The NEC was found to have a linear relationship
to the image S/N of all slices, depending on differences in noise properties specific to the reconstruction
algorithm. In two-dimensional mode, although the image S/N of the central slice and the edge slice showed
a linear relationship with the NEC, in three-dimensional mode, the S/N of the central slice did not show a
relationship with the NEC. The linear relationship was also found in both two- and three-dimensional ac-
guisition modes, as well as for the different activity distributions. These results indicate that the NEC is not
only a measure for comparing the count rate performance of imaging systems. However, an absolute evalu-
ation is impossible to depend on reconstruction algorithm, slice number, and phantom type.

vords: positron emission tornography (PET), noise equivalent count (NEC), image quality, filtered back pro-
Jection (FBP), ordered subsets expectation maximization (OSEM)
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Table Reported JIRA 1994 performance characteristics for PET scanner.
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Scatter fraction of Systemn (%)

19 37
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Development of a Flexible End-Shield Using
Tungsten Curtains for 3D PET

S. Yamamoto, Member, [EEE, S. Sakamoto, K. Matsumoto, and M. Senda, Member, IEEE

Abstract—In the three-dimensional (3D) acquisition of positron
emission tomograph (PET) without septa, random and scatter due
to events from outside the field of view (FOV) become a serious
problem. They decrease the signal to noise ratio and the quantita-
tion of the image and also limit the count rate capability of the PET
system. To reduce these effects, we developed a flexible end-shield
using tungsten curtains (curtain-shield) that consists of a mobile
stand, a cylindrical support, and flexible tungsten curtains. The
tungsten curtains are made of four layers of 30 mm square, 1 mm
thick tungsten plates contained in pockets of cloth. Because the
tungsten curtains are flexible, they can safely be used even in body
studies. Reduction of random and scatter were observed by using
the curtain-shield in both phantom and human studies. Results in-
dicate that the curtain-shield has a potential to improve the image
quality of PET studies.

Index Terms—End-shield, flexible, positron emission tomog-
raphy (PET), tungsten.

1. INTRODUCTION

N the three-dimensional (3D) acquisition of positron emis-
sion tomograph (PET) without septa, random and scatter
due to events from outside the field of view (FOV) become a
serious problem. They decrease the signal to noise ratio and
the quantitation of images and also limit the count rate capa-
bility. One solution to decrease these out-of-FOV events is the
use of a fixed end-shield [11-[3]. However, the shield decreases
the diameter of the patient port of the PET scanner and has
some difficulties in whole-body studies. Another solution is to
use a fixed body-shield [4]-[6]. Although a body-shield can
be used for whole body scanning, it needs modifications on
the bed. Because the height of the body-shield is shorter than
the diameter of the patient port, its use needs more caution to
the subject during scanning. To overcome these limitations on
fixed-shields, we developed a flexible end-shield using tungsten
curtains called curtain-shield.

1I. MATERIALS AND METHODS

In Fig. 1, we show a schematic drawing of a curtain-shield
attached to a PET scanner. The curtain-shield consists of 4 mo-
bile stand, a cylindrical support, and flexible tungsten curtains
made of tungsten plates contained in pockets ot cloth. They are
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Fig. 1. Schematic drawing of developed shield using tungsten (W) curtains.

Fig. 2.
suppott.

Photograph of curtain-shield observed from one end of the cylindrical

hung from a cylindrical support. Because the tungsten plates are
separated from each others, the curtain-shield is so flexible that
subject can be safely moved into or out of the patient port with
minimum or no gap between subject and the tungsten curtain.

In Fig. 2, we show a photograph of the curtain-shield taken
from one end of the cylindrical support. The curtain-shield was
designed for CTI EXACT 47 or EXACT HR+ PET scanner.
The PET scanner used for the experiments has aring diameter of
82 cm and patient port of 56 cm. The PET scanner has relatively
long (~13 cm) internal fixed end-shields at both sides of the
edges of the axial FOV,

The inside diameter of the cylindrical support was 54 c¢m,
slightly smaller than the patient port of the PET scanner. From
the upper inside of the cylindrical support, tungsten plates were
hung. The size of a single tungsten plate was 30 mm x 30

0018-9499/$20.00 © 2006 IEEE
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Fig. 3. Photograph of developed curtain-shield with subject.

mm x 1 mm, hung in four layers (4 mm) that absorb approxi-
mately 70% of the 511 keV gamma photons. There are some
spaces between pockets for the tungsten plates. The maximum
length (vertical height) of the curtain-shield was 15 cm.

Also an additional fixed end-shield was inserted in the gap
below the bed because this does not disturb patients. The height
of the fixed end-shield was 7 cm at maximum, 40 cm wide, and
5 mm thick (4 mm lead plus 1 mm stainless steel). The patient
port in the vertical direction was reduced to 32 c¢m due to the
upper and lower shields that may limit the size of the patients.
A mobile stand is used to replace the curtain-shield when it is
not used.

Fig. 3 shows a developed curtain-shield with a subject. When
the curtain-shield touches the subject. it can bend without
harming the patient.

III. RESULTS

A. Phantom Experiments

First, we measured the random and scatter rates for a cylin-
drical phantom positioned out-of-FOV to evaluate the rejection
capability of the curtain-shield for these events. A PET scanner,
CTI EXACT 47, was used for all of the measurements. The
lower energy threshold of the PET scanner was set to 350 keV.

Using a 20 cm diameter, 20 cm height cylindrical phantom
that contained 20 MBq of Ge-68, random and scatter rates were
measured as a function of the distance between the edge of the
axial FOV of the PET scanner and the phantom. The arrange-
ment of the phantom is shown in Fig. 4(A).

Measurements were made with and without the cur-
tain-shield. Because no radioactivity was positioned in the
FOV, the prompt minus delay rate measured by PET scanner
was identified as scatter rate. An experiment with only a
phantom outside the field of view will not necessarily reflect
the rejection capability of the shielding for random coinci-
dences since it shows only random coincidences between
singles that both arose from activity outside the scanner. Extra
random coincidences associated with out-of-FOV activity are,
however, more likely between a single from activity within the
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Fig. 4. Experimental set-up for random and scatter rates for phantom posi-
tioned out-of-FOV (A). random rate (B). and scatter rate (C) with and without
the curtain-shield for a 20 cm diameter, 20 cm height cylindrical phantom posi-
tioned out-of-FOV.

scanner and a single from activity outside the scanner. The
measurement is more a reflection of the reduction of outside
singles with the shield.

Figs. 4(B) and (C) show random and scatter rates as a func-
tion of the distance from the edge of the FOV. Using the cur-
tain-shield, random rate decreased 35%—60% and scatler rate
decreased 25%—65% depending on the position of the phantom.
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Next, we measured the prompt minus delay and random rates
with two 20 cm diameter, 20 cm long phantoms. One, con-
taining 20 MBq, was placed in the scanning field, and another,
containing 100 MBgq, was placed 10 cm from the edge of the
FOV. The phantom arrangement of this experiment is shown in
Fig. 5(A). This measurement was intended to simulate human
body study in which the large amount of radioactivity exists
out-of-FOV. Measurements were made with and without the
curtain-shield.

Results are shown in Fig. 5. In this figure, true™ is the prompt
minus delay rate, which is equivalent to the true plus scatter
rate. Using the curtain-shield, true™ rate slightly decreased prob-
ably because of the decrease of the scatter from the out-0f-FOV
phantom. The random rate decreased 25% by using the cur-
tain-shield. In this experiment, true™ rates decreased with the
out-of-FOV phantom both with and without the curtain-shield.
This probably reflects the deadtime from the out-of-field ac-
tivity.

We measured the reconstructed pixel value and percentage
standard deviation (%SD) of the same set-up as the previous ex-
periment (phantom of 20 MBq in the FOV of the PET scanner
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of 20 MBq in the FOV and another phantom of 100 MBq with and without
positioned out-of-FOV.

and another phantom of 100 MBq positioned out-0f-FOV). Nei-
ther scatter correction nor deadtime correction were applied for
the reconstruction images. Fig. 6 shows average pixel counts
and %SD for each slice. For slices 3-20 (farthest slices from
the out-of-FOV activity), both average pixel counts and %SD
increased with the out-of-FOV phantom.

The asymmetry of the slice sensitivity (average pixel counts)
came from the scatter events from out-of-FOV activity; i.e., the
slices (detector rings) closer to the out-of-FOV phantom were
shaded by the internal fixed-shield of the PET scanner from the
scatter events produced in the out-of-FOV phantom, while the
slices (detector rings) farthest from the phantom were not effec-
tively shaded. Also the decrease of the average counts in higher
slices (~30-45: closer to the curtain-shield) with out-of-FOV
phantom probably came from the increase of the singles dead-
time. Using curtain-shield, the both average pixel counts and
%SD slightly decreased meaning that scatter and random de-
creased.

B. Human Studies

To show the effectiveness of the curtain-shield in clinical sit-
uations, we measured the prompt minus delay (true™), random,
and noise equivalent count (NEC) rates for FDG human volun-
teer studies (3D-acquisition mode). The true® in this measure-
ment contains scatter because the scatter contribution is difficult
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TABLE I
TRUE®, RANDOM, AND NEC RATES FOR FDG HUMAN STUDIES WITH AND
WITHOUT THE CURTAIN-SHIELD FOR CHEST AND ABDOMINAL REGIONS

Region Chest Abdominal
True* Random | NEC | True* | Random | NEC
Without 107 70.6 46.1 84.8 71.4 315
shield keps keps keps keps keps keps
With 107 57.0 51.8 | 85.0k 594 355
shield keps keps keps cps keps keps

to estimate and separate from the true®. The NEC rate is calcu-
lated by the following equation:

NEC rate = (true*)?/(true* + 2 x random).

This calculation overestimates the NEC rate for both without
and with shield conditions because scatter is not included in the
calculation and the true® contains scatter.

A subject was injected with 200 MBq of FDG. Measurements
were started S0 min after injection. Measurements were made
for the chest and abdominal regions, which are respectively af-
fected by FDG accumulation in the brain and bladder.

Table I shows the true®, random, and NEC rates for FDG
human studies with and without the curtain-shield. In the FDG
studies in both chest and abdominal region imaging, random
rates decreased approximately 20%. NEC rates increased 12%
for the chest region and 13% for the abdominal region.

IV. DISCUSSION AND CONCLUSION

We developed and tested a curtain-shield. Because it is flex-
ible, it could be used safely even in body studies.

In the experiments, the curtain-shield was only attached to the
front region of the PET scanner. It can also be used on the back
of the PET scanner. By using the curtain-shield on both sides
of the PET scanner, the effectiveness (reduction of random and
scatter) will be increased more although it is difficult to hang
the shield at the back end of the detector ring.

For obese subjects, the curtain-shield might touch them and
could be dragged into the scanner. This might decrease the sen-
sitivity of the slices near the curtain-shield and may cause ar-
tifacts in the images. To avoid these problems, a solution is to
reduce the length of the curtain-shield by folding it up at the
joints of the tungsten plates before scanning because the joints
of the curtain shield are flexible and easy to fold.
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In Fig. 6(A), asymmetry distribution of the slice sensi-
tivity (pixel counts) with out-of-FOV phantom was significant
without scatter and deadtime corrections. Precise corrections
are needed to correct the asymmetry distribution. The cur-
tain-shield can improve the asymmetry distribution although
the impact is not large.

Contributions from scatter and random events from
out-of-FOV will be more serious for new PET scanners
with longer axial FOV [7] and for PET/CT scanners with larger
patient ports [8], [9]. In these PET systems, the developed
curtain-shield will be more effective in random and scatter
rejection.
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Brain Serotonin Transporter Density and Aggression
in Abstinent Methamphetamine Abusers

Yoshimoto Sekine, MD, PhD; Yasuomi Ouchi, MD, PhD; Nori Takei, MD, PhD, MSc; Etsuji Yoshikawa, BA;
Kazuhiko Nakamura, MD, PhD; Masami Futatsubashi, BA; Hiroyuki Okada, BA; Yoshio Minabe, MD, PhD;
Katsuaki Suzuhki, MD, PhD; Yasuhide Iwata, MD, PhD; Kenji J. Tsuchiya, MD; Hideo Tsukada, PhD;
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Comnfext: In animals, methamphetamine is known to have
aneurotoxic effect on serotonin neurons, which have been
implicated in the regulation of mood, anxiety, and aggres-
sion. Itremainsunknown whether methamphetamine dam-
ages serotonin neurons in humans.

Objective: To investigate the status of brain serotonin neu-
rons and their possible relationship with clinical character-
istics in currently abstinent methamphetamine abusers.

Besigm: Case-control analysis.
Sefting: A hospital research center.

Participants: Twelve currently abstinent former metham-
phetamine abusers (5 women and 7 men) and 12 age-, sex-,
and education-matched control subjects recruited from the
community.

imterventiemns: The brain regional density of the seroto-
nin transporter, a structural component of serotonin neu-
rons, was estimated using positron emission tomography
and trans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)
phenyl]pyrrolo-[2,1-alisoquinoline (["'C](+)McN-
5652). Estimates were derived from region-of-interest and
statistical parametric mapping methods, followed by within-
case analysis using the measures of clinical variables.

Mein Gutcome Measwres: The duration of metham-
phetamine use, the magnitude of aggression and depressive
symptoms, and changes in serotonin transporter density rep-
resented by the [*C](+)McN-5652 distribution volume.

Reswlis: Methamphetamine abusers showed increased
levels of aggression compared with controls. Region-of-
interest and statistical parametric mapping analyses re-
vealed that the serotonin transporter density in global brain
regions (eg, the midbrain, thalamus, caudate, putamen, ce-
rebral cortex, and cerebellum) was significantly lower in
methamphetamine abusers than in control subjects, and
this reduction was significantly inversely correlated with
the duration of methamphetamine use. Furthermore, sta-
tistical parametric mapping analyses indicated that the den-
sity in the orbitofrontal, temporal, and anterior cingulate
areas was closely associated with the magnitude of aggres-
sion in methamphetamine abusers.

Conclusions: Protracted abuse of methamphetamine may
reduce the density of the serotonin transporter in the brain,
leading to elevated aggression, even in currently absti-
nent abusers.
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ETHAMPHETAMINE 1S A
powerfully addictive
drug, and the number
of its abusers has been
steadily increasing
worldwide.”* Long-term methamphet-
amine abuse can produce various psychi-
atric symptoms, including psychosis, de-
pression, anxiety, and aggression, under
conditions of intoxication and with-
drawal.®” These psychiatric states are some-
times prolonged, in the form of residual
symptoms, and are easily exacerbated in
some long-term abusers by methamphet-
amine reuse or by psychological stress.**!"

In animal studies, the biochemical ef-
fects of the neurotoxicity of methamphet-
amine on mature neurons, especially on
the dopaininergic and serotonergic axon

arbors, are well documented,'*'? al-
though neurotoxic methamphetamine may
also cause cell death through apoptosis or
necrosis.’*"* However, methamphetamine-
induced neuronal damage is thought to
vary across species.'*!> For example, in
contrast to the findings in rats," which in-
dicate that serotonergic neurons are more
sensitive to the methamphetamine-
induced toxicity than are dopaminergic
neurons, recent findings'® have sug-
gested that serotonergic neurons in non-
human primates seem to be less affected
by methamphetamine administration than
are dopaminergic neurons.

In vivo studies using positron emis-
sion tomography (PET) are helpful for un-
derstanding the contribution of metham-
phetamine neurotoxicity and induced
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Table 1. Demographic and Clinical Characteristics of the 24 Study Participants
Contro! Subjects Methamphetamine Abusers
(n=12) {n = 12)*

. ‘Mean + 8D Range IMean = S0 Range l
Age,y 318:66 . 21-44 31468 21-44
Education, y 115412 9-12 1.1z21 9-12
Duration of methamphetamine use, y NA NA 6.7+3.2 1.5-11.0
Duration of methamphetamine abstinence, y NA NA 1613 0.5-5.0
BPRS positive symptoms subscale score NA NA 53x3.9 0-14
BPRS negative symptoms subscale score NA NA 0.0£0.0 0.0
17-item HAM-A score NA NA 3863 0-16
17-ltem HAM-D score NA NA 40£6.3 0-19
Scale for methamphetamine craving score NA NA 49+34 1-10
Aggression Questionnaire scoret 30217 29-34 75.0 £ 13.9¢ 46-97

Abbreviations: BPRS, Brief Psychiatric Rating Scale; HAM-A, Hamilton Rating Scale for Anxiety; HAM-D, Hamilton Rating Scale for Depression;

NA, not applicable.
*All the abusers took methamphetamineg intravenously.
THigher scores represent greater aggression.
$Significantly difference from control subjects using the #test (P<.001).

neural damage to the long-term withdrawal syndrome.
Recent PET studies have shown that long-term use of
methamphetamine decreases the density of DA trans-
porters, which are located on dopaminergic terminals in
the human brain' 178, moreover, long-term use of meth-
amphetamine may cause severe positive symptoms (eg,
delusions and hallucinations) and an increased reduc-
tion in DA transporter density.>'® However, to date, no
studies have addressed the alteration of serotonergic neu-
rons in methamphetamine abusers. In addition, itis not
known whether such changes, if found, could be related
to the psychiatric symptoms frequently observed in cur-
rently abstinent methamphetamine abusers.

We, therefore, examined the possibility of changes in
the density of the serotonin transporter, an index of sero-
tonin neuronal damage,'®? in methamphetamine abus-
ers by means of PET. This information was then consid-
ered as part of an evaluation of the potential associations
between serotonin transporter density and participant
clinical characteristics.

PARTICIPANTS

The ethics committees of the Hamamatsu University School of
Medicine and Hamamatsu Medical Center approved this study.
Written informed consent was obtained from each participant
after they were provided an explanation of the study proce-
dures. Twelve currently abstinent methamphetamine abusers
who had previously abused only methamphetamine (ie, mono-
drug abusers) and 12 age-, sex-, and education-matched con-
trol subjects participated in this study (Feable ). Potential par-
ticipants were recruited from the community by means of poster
advertisements and word of mouth in and around Hamamatsu
City, which is located in the middle of the mainland of Japan.
The participants in the methamphetamine group were re-
quired to attend a weekly meeting at the Drug Detoxification
and Rehabilitation Program Center of Hattori Mental Hospital
(Iwata, Japan) to maintain and ensure abstinence until the PET
study was conducted.

Allthe methampbetamine abusers had used the drug recreation-
ally and had no history of toxic or high-dose methamphetamine
use. None of the abusers had any history of hospitalization or treat-
ment at psychiatric hospitals. We assessed the participants regard-
ing the use of other illicit drugs, including (+)3,4-methylene-
dioxymethamphetamine, cocaine, cannabis, heroin, and toluene,
because these substances are known to cause psychiatric symp-
toms and to affect neural transmission in the brain.'*2¥ However,
none of the methamphetamine abusers recruited for the present
study were found to have a history of such illicit drug use. All the
methamphetamine abusers were naive to neuropsychiatric medi-
cations, such as antipsychotics and antidepressants. None of the
methamphetamine abusers had a history of psychiatric disorders,
including antisocial or intermittent explosive disorder, or a his-
tory of increased aggression before the use of methamphetamine.
The controls were healthy and had never used methamphetamine
orany otherillicit drugs, and none of them met any of the relevant
criteria according to the Diagnostic and Statistical Manual of Men-
tal Disorders, Fourth Edition.® The control and methamphetamine
groups showed similar habits of occasional drinking and smok-
ing, but none of the participants fulfilled either the alcohol- or the
nicotine-related Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition criteria. These evaluations were determined
using the Structured Clinical Interview for the Diagnostic and Sta-
tistical Manual of Mental Disorders, Fourth Edition.” To increase
the accuracy of the abusers’ profiles, detailed information on the
duration of methamphetamine use and the history of psychiatric
symptoms was retrospectively obtained using Structured Clinical
Interview for the Diagnostic and Statistical Manual of Mental Dis-
orders, Fourth Edition-based interviews with the abusers and their
family members. The period of methamphetamine use was defined
as the duration between the first and last use. When intervals of
abstinence longer than 1 month occurred during the duration of
methamphetamine use as defined, these intervals were subtracted
from the total duration value. The methamphetamine abstinence
period was arbitrarily defined as the duration between the day of
the last use of methamphetamine and that of the PET examination.

DRUG SCREENING

During the weekly meeting at the Drug Detoxification and Re-
habilitation Program Center, the absence of recent methamphet-
amine and other drug use was regularly confirmed using a rapid
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immunoassay for the qualitative detection of the metabolites of
the following 8 classes of drugs: amphetamines, including meth-
amphetamine and (+)3,4-methylenedioxymethamphetamine; bar-
biturates; benzodiazepines; cocaine; methadone; opiates; tetra-
hydrocannabinol; and tricyclic antidepressants (Triage8; Biosite
Diagnostics, San Diego, Calif). In addition, the participants were
tested for urinary hippuric acid, a biomarker of toluene use,
using high-performance liquid chromatography according to
the standard diagnostic methods.?”” These assessments were also
performed on the same day as the PET examination. When nec-
essary, we assessed hair samples using high-performance lig-
uid chromatography, which enabled us to verily long periods
of methamphetamine abstinence >

CLINICAL EVALUATION

The severity of psychiatric symptoms in methamphetamine abus-
ers was evaluated using the Aggression Questionnaire (AQ)*,
the scores can range from 29 to 145, with higher scores rep-
resenting greater aggression. In addition, the 17-item Hamil-
ton Rating Scale for Anxiety,* the 17-item Hamilton Rating Scale
for Depression,® and positive and negative symptom sub-
scores® on the Brief Psychiatric Rating Scale® were included
in the evaluation. The Subjective Drug Effect Rating Scale for
Cocaine™ was modified and used for the assessment of crav-
ings for methamphetamine. The scores on this assessment can
range from 1 to 10, with higher scores representing more in-
tense craving sensations (Table 1). These evaluations were per-
formed on the day of the PET examination by a trained re-
search psychiatrist masked to the PET results. -

MAGNETIC RESONANCE IMAGING
AND MAGNETIC RESONANCE IMAGING-TO-PET
COORDINATE PROCEDURES

Three-dimensional magnetic resonance imaging (MRI) was per-
formed just before the PET examination using a 0.3-T MRI unit
(MRP7000AD; Hitachi Medical Corp, Tokyo, Japan) and the
following acquisition parameters: repetition time, 200 milli-
“seconds; echo time, 23 milliseconds; flip angle, 75°; slice thick-
ness, 2 mm with no gap; and matrix, 256 X 256. In reference
to the measurements of the tilt angle and spatial coordinates
obtained in the procedure for determining the anterior-
posterior intercommissural line on each participant’s sagittal
MRIs, a PET gantry was set parallel to the anterior-posterior
intercommissural line by tilting and moving the gantry for each
participant, which permitted reconstruction of the PET im-
ages parallel to the anterior-posterior intercommissural line with-
out reslicing; using this approach, we allocated regions of in-
terest (ROIs) on the target areas of the original PET images.”’

PET PROCEDURES

We used a high-resolution brain PET scanner (model SHR12000;
Hamamatsu Photonics KK, Hamamatsu,]apan}, which was ca-
pable of yielding 47 PET images simultaneously.*® Before dy-
namic scanning, a 20-minute transmission scan was per-
formed for attenuation correction using a germanium Ge 68/
gallium Ga 68 source with the participant’s head fixed by means
of a radiosurgery-purpose thermoplastic face mask. Then, af-
ter a bolus intravenous injection of a 370-MBq dose of trans-
1,2,3,5,6,10-beta-hexahydro-6-{4-(methylthio)phenyl]pyrrolo-
[2,1-alisoquinoline ([''C](+)McN-5652), a ligand with high
specificity to serotonin transporter,'* 38 serial PET scans (time
frames: 4 X 60, 20X 120, and 14 X300 seconds) were per-
formed for 92 minutes. A total of 23 arterial blood samples were
collected at intervals of 10 seconds to 15 minutes after the tracer

injection. The blood samples were analyzed using thin-layer
chromatography (Whatman AL SIL G/UV 20 X 20 cm; What-
man Japan KK, Tokyo) and a storage phosphorscreen bioim-
aging analyzer (inodel BAS-1500; Fuji Photo Film Co, Tokyo)
to determine the levels of unmetabolized tracer. ’

IMAGE ANALYSIS AND KINETIC MODELING

At the beginning of the study, the MRI voxel size was adjusted
to the PET voxel size 3-dimensionally using image processing
software (DrView, Asahi Kasei Co, Tokyo) on a Sun worksta-
tion (HyperSPARC ss-20; Sun Microsystems, Santa Clara, Calif).
These reformatted MRIs with 3-dimensional scales and coor-
dinates identical to those of the PET images were used as ana-
tomic Jandmarks for the ROI setting, which allowed for mini-
mization of the partial volume effects*'8*#! An investigator
masked to the participant’s condition placed 10 ROIs bhilater-
ally over the midbrain, thalamus, caudate nucleus, putamen,
amygdala, anterior cingulate cortex, dorsolateral prefrontal cor-
tex, orbitofrontal cortex, temporal cortex, and cerebellar cor-
tex on the MRIs, as previously described.”*#** After delinea-
tion of the ROls was completed on the reformatted MRIs, the
PET images were displayed side-by-side with the MRIs. Then,
the determined ROIs were placed on the same area on the MRIs
and the corresponding PET images.

To assess the brain serotonin transporter density, we ana-
lyzed the ["'C](+)McN-5652 binding data on the basis of amodel
that described the radioligand kinetics using a single-tissue com-
partment and 3 parameters—uptake of radioligand in brain tis-
sue (K)), release of radioligand from brain tissue (k;), and blood
volume—because the regional brain ['!C](+)McN-5652 distri-
bution volume (DV) (ie, the ratio of K\/k,) estimated by this model
is known to correlate with the known regional brain serotonin
transporter density?**# and has been reported to be suitable for
evaluating amphetamine-induced serotonergic neurotoxicity.* Ce-
rebral radioactivity was corrected for the contribution of plasma
radioactivity, assuming a 5% blood volume in the ROls. The K;
and k; values were estimated by fitting the metabolite-corrected
plasma time-radioactivity curves and the blood volume-—
corrected brain time~radioactivity curves using a nonlinear least
squares algorithm 184

STATISTICAL ANALYSIS

In addition to the ROI method described in the “Methods” sec-
tion, we also performed a voxel-based whole-brain analysis using
statistical parametric mapping (SPM) software (SPM99; Well-
come Department of Cognitive Neurology, Institute of Neu-
rology, London). Based on the same kinetic model as that used
for the ROI method, absolute parametric [''C](+)McN-5652
DV images were generated for each participant using biomedi-
cal image quantification and kinetic modeling software (PMOD
version 2.5; PMOD Technologies Ltd, Zurich, Switzerland)
(Figure 7)."% To normalize the absolute DV image to the stan-
dard stereotaxic brain atlas,”” we used transformation param-
eters for early integrated images of ["'C](+)McN-5652 (0-20
minutes after injection). *4° Subsequently, t statistics were per-
formed on a voxel-by-voxel basis (voxel size: 2.0 X2.0 X2.0
mm), resulting in t statistic maps. Then, the results were trans-
formed to the unit normal distribution. For the SPM analysis,
we assessed both group differences in the regional ['C](+)
McN-5652 DVs and the possible relationship between the re-
gional changes in [''C](+)McN-5652 DVs and the severity of
clinical symptoms in methamphetamine abusers. Age and sex
were treated as covariates, and the scores on the clinical mea-
sures (AQ, Hamilton Rating Scale for Anxiety, Hamilton Rat-
ing Scale for Depression, positive and negative symptoms on
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the Brief Psychiatric Rating Scale, and the scale for metham-
phetamine craving) were considered to be variables of inter-
est. To test hypotheses about the regional specific effects of these
variables, the estimates were compared using 2 linear con-
trasts (positive or negative correlation). According to recently
published PET studies®* of methamphetamine abusers, the level
of significance was determined using a voxel height threshold
of P=.05 (corrected). The cluster significance threshold was
also set at P=.03 (corrected).

To compare the mean values of the demographic and clini-
cal variables in control subjects and methamphetamine abus-
ers, an unpaired t test was used. We tested the main effect of
methamphetamine use on ['C](+)McN-5652 DVs derived from
10 brain regions using multivariate analysis of variance. Sta-
tistical significance was set at P<.05. To investigate the corre-
lation between the [M'C]{(+)McN-5652 DV and the clinical vari-
ables in methamphetamine abusers, including the duration of
methamphetamine use and abstinence, the Pearson correla-
tion coefficient was computed, with age and sex adjusted for;
after applying the Bonferroni correction, the level of statistical
significance was set at P=.005 (SPSS version 11.0J; SPSS Japan
Inc, Tokyo).

PSYCHIATRIC STATES OF ABSTINENT
METHAMPHETAMINE ABUSERS

Methamphetamine abusers showed no apparent
negative symptoms as demonstrated by Brief Psychiat-
ric Rating Scale assessment (Table 1). All methamphet-
amine abusers had previously experienced psychosis
during methamphetamine use. Two methamphetamine
abusers had persistent psychotic symptoms, such as
persecutory delusions and auditory hallucinations; 5 had
a depressed mood; 4 had anxiety; 4 showed severe ag-
gression; and 4 had no psychiatric symptoms except for
aggressive behavior. The mean AQ score was signifi-
cantly higher in methamphetamine abusers than in con-
trols (t=-11.1; P<.001).

ROT ANALYSIS

The traditional ROI-based analysis showed that meth-
amphetamine abusers had significantly decreased [''C]
(+)McN-5652 DVs in their global brain regions com-
pared with control subjects (Wilks A=0.001; P=.003)
(Figwre 2). Subsequent univariate analysis of variance
revealed that methamphetamine abusers had signifi-
cantly lower [Y'C](+)McN-5652 DVs than control sub-
jects in all 10 ROIs studied (P<<.001 for all). There was
no group X sex interaction effect in the ["'C](+)McN-
5652 DV, indicating no sex-specific effect in ['C)}(+)
McN-5652 DVs (Wilks A=0.47; P=.37).

Figure 3 shows the correlations between [M'C](+)
McN-5652 DVs and clinical variables in methamphet-
amine abusers. The [M'C](+)McN-5652 DVsin 5 of the 10
ROIs (ie, the midbrain, thalamus, caudate nucleus, puta-
men, and orbitofrontal cortex) significantly correlated nega-
dvely with the duration of methamphetamine use (P<.005
for all by Pearson correlaton coefficient) (Figure 3A). There
was no correlation in any of the 10 ROIs between [''C]
(+)McN-5652 DVs and the duration of methamphet-
amine abstinence, which lasted 6 months to 5 years in our

Figure 1. Voxel-based trans-1,2,3,5,8,10-beta-hexahydro-6-[4-(methylthio)
phenyl]pyrrolo-[2,1-alisoquinoline (["'C)(+)McN-5652) distribution volume
images from a control subject and a methamphetamine abuser. Thess
absolute parametric images were normalized to the standard stereotaxic
brain atlas using transformation parameters for early integrated images of
["'C)(~+)McN-5652 (0-20 minutes after injection). The [VC](+)MeN-5652
distribution volumes in broad areas of the brain of the methamphetamine
abuser were lower than those of the control subject.

participants (Figure 3B). The magnitude of aggression, as
assessed using the AQ, increased significantly with de-
creasing ["'C] (+)McN-5652 DVs in 8 of the 10 ROIs (ie,
the thalamus, caudate nucleus, putamen, anterior cingu-
late cortex, temporal cortex, orbitofrontal cortex, dorso-
lateral prefrontal cortex, and cerebellar cortex) (P<.005
for all by Pearson correlation coefficient) (Figure 3C). Qther
clinical variables, including craving, were not statistically
significantly correlated with changes in [*'C]{(+) McN-
5652 DVs (data not shown).

SPM ANALYSIS

Figure 4 illustrates the results of the whole-brain voxel-
based SPM analysis of ["'C](+)McN-5652 DVs. Figure 4A
shows that the methamphetamine group had widely dis-
tributed reductons in [M'C](+)McN-5652 DVs com-
pared with the control group (P<.05, corrected)
(Table 2). In accord with the findings derived from the
ROl analysis, the SPM analysis revealed an extensive clus-
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Figure 2. Mean regional brain frans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)phenylJpyrrolo-[2,1-ajisoquinoline (["'C}{+)McN-5652) distribution volumes
(DVs) in controf subjects and methamphetamine abusers. Methamphetamine abusers had significantly decreased ["C](+)McN-5652 DVs in the global regions
compared with controls (Witks A=0.001; P=.003, by multivariate analysis of variance). Univariate analysis of variance revealed that methamphetamine users had
significantly lower ['C](+)McN-5652 DVs than controls in all regions studied (P<<.007 for all). Error bars represent SE.

ter of voxels with reduced [M'C](+)McN-5652 DVs oc-
cupying the right insular area and extending out into the
bilateral putamen, caudate, thalamus, hypothalamus, mid-
brain, temporal, parietal, frontal, occipital, cerebellar, an-
terior cingulate, and posterior cingulate areas. This clus-
ter consisted of 45 315 voxels (363 mL). Figure 4B shows
clusters in which the magnitude of aggression increased
significantly with decreasing [*'C](+)McN-5652 DVs.
These clusters were located on the bilateral orbito-
frontal areas (P=.001), left inferior temporal area
(P<.001), and right anterior cingulate gyrus area
(P<.001) (Fable 3). The other clinical variables did not
reach statistical significance (data not shown).

In the present study, methamphetamine abusers had sta-
tistically significantly decreased [*'C](+)McN-5652 DVs,
a representative measure of serotonin transporter den-
sity,2%4% in their global brain regions compared with con-
trol subjects. The finding of significantly reduced ["'C]
(+)McN-5652 DVs in a several brain regions in meth-
amphetamine abusers, as revealed using the ROI ap-

proach, was in accord with the results of voxel-based SPM
analysis. In addition, there was no group X sex interac-
tion effect in terms of the [V'C](+)McN-5652 DV, indi-
cating that abnormal ["C](+)McN-5652 DVs in the brains
of methamphetamine abusers are observed in both sexes.
These findings suggest that the ingestion of metham-
phetamine leads to a global and severe reduction in the
density of human brain serotonin transporters.

The values of the density of serotonin transporters in
widely distributed brain regions, including the midbrain,
hypothalamus, thalamus, caudate, putamen, amygdala, tem-
poral cortex, and occipital cortex, were found to negatively
correlate with the duration of methamphetamine use. This
result implies that the longer methamphetamine is used,
the more severe the decrease in serotonin transporter den-
sity will be. Although the duration of methamphetamine
use is viewed as a proxy measure for the actual amount
ofintake of the drug, such arelationship in a dose-response
manner strongly suggests a link between the use of meth-
amphetamine and damage to serotonin neurons. This is
compatible with the results of animal experiments® dem-
onstrating dose-dependent methamphetamine-induced
serotonin transporter reduction.
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