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Objective: The serotonin system is be-
lieved to play a role in modulating impul-
sivity and violence. Previous imaging
studies have implicated the anterior cin-
gulate and orbitofrontal cortex in impul-
sive aggression. This study evaluated re-
gional serotonin transporter distribution
in the brain of individuals with impulsive
aggression by using positron emission to-
mography (PET) with the serotonin trans-
porter PET radiotracer [11C]McN 5652.

Method: Ten individuals with impulsive
aggression and 10 age- and sex-matched
healthy comparison subjects underwent
[11C]McN 5652 PET. All individuals were
medication free at the time of scanning.
Regional total distribution volumes were
derived by using a one-tissue compartment
kinetic model with arterial input function.
Outcome measures of serotonin trans-
porter availability included the binding

potential and the specific-to-nonspecific
partition coefficient (V3′′).

Results: Serotonin transporter availabil-
ity was significantly reduced in the ante-
rior cingulate cortex of individuals with
impulsive aggression compared with
healthy subjects, as noted by differences
in both binding potential (mean=3.1 ml/g
[SD=1.9] versus 5.0 ml/g [SD=2.0], respec-
tively) and V3′′ (mean=0.15 [SD=0.09] ver-
sus 0.26 [SD=0.09]). In other regions
examined, serotonin transporter density
was nonsignificantly lower in individuals
with impulsive aggression compared with
healthy subjects.

Conclusions: Pathological impulsive ag-
gressivity might be associated with lower
serotonergic innervation in the anterior
cingulate cortex, a region that plays an
important role in affective regulation.

(Am J Psychiatry 2005; 162:915–923)

Reduced activity of the serotonin (5-HT) system has
been implicated in impulsive violence and aggression in
studies that have used a variety of paradigms, including
measurement of CSF serotonin metabolites, hormonal re-
sponse to serotonergic probes, and imaging metabolic
changes with serotonergic agents. In initial studies, reduced
CSF concentration of the serotonin metabolite 5-hydroxy-
indoleacetic acid was demonstrated in individuals with a
history of aggression (1, 2). Subsequent studies have linked
this finding to impulsive aggression (3). Moreover, a blunted
hormonal response to pharmacological manipulation of
central serotonin function has been observed in personality
disorder patients with impulsive aggression (4, 5).

Studies of brain lesions have pointed to the orbitofron-
tal cortex and the anterior cingulate gyrus as key areas reg-
ulating the generation of aggressive behaviors (6–10). Irri-
tability and angry outbursts have been associated with
orbitofrontal cortex damage in neurologic patients (11).
Lesions of the medial orbital cortex early in childhood can
result in antisocial, disinhibited, aggressive behavior later
in life (12). These studies suggest that the orbital frontal
and adjacent medial frontal cortex exert an inhibitory
influence on aggressivity. Studies combining positron
emission tomography (PET) imaging of regional glucose

metabolism with pharmacologic challenges aimed at in-
creasing serotonergic function also point toward altered 5-
HT function in these regions. In healthy subjects, a single
dose of the serotonin-releasing agent fenfluramine re-
sulted in an increase in glucose metabolism in the orbito-
frontal cortex and medial frontal and cingulate regions.
Such an increase was not observed in subjects with impul-
sive aggression (13). Furthermore, patients with impulsive
aggression demonstrated altered metabolic response to
the serotonergic agent meta-chlorophenylpiperazine
(m-CPP) in the orbitofrontal cortex and the anterior cingu-
late cortex (14). Together, these findings are consistent
with the existence of reduced 5-HT function in the orbito-
frontal cortex and anterior cingulate cortex in subjects
with impulsive aggression.

In this study, we assess regional brain serotonin inner-
vation in subjects with impulsive aggression by using in
vivo imaging of serotonin transporter with PET and
[11C](+)-6β-(4-methylthiophenyl)-1,2,3,5,6α,10β-hexa-
hydropyrrolo[2,1-a]isoquinoline ([11C]McN 5652). This ra-
diotracer has been successfully developed to image sero-
tonin transporter density in humans (15–19) and has been
used in a number of clinical studies, including studies of
patients with mood disorders (20), obsessive-compulsive
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disorder (21), and ecstasy abuse (22, 23). Given that the
strongest finding in our m-CPP study was reduced activa-
tion of the cingulate cortex (14), the main hypothesis of
this study was that individuals with impulsive aggression
would have reduced serotonin transporter density in the
anterior cingulate cortex. Serotonin transporter density in
the orbitofrontal cortex is too low to be accurately mea-
sured with PET and [11C]McN 5652 (18), so this region was
not evaluated in this study.

Method

Human Subjects

The study was approved by the institutional review boards of
the New York State Psychiatric Institute, Columbia Presbyterian
Medical Center, Mount Sinai Hospital, and the Bronx Veterans Af-
fairs Medical Center. Written informed consent was obtained
from each subject after explanation of the study procedures. All
subjects were free of significant medical problems, had no cur-
rent or past neurological disorder, had no history of loss of con-
sciousness, were not pregnant or nursing, and had not taken any
psychoactive medications in the 3 weeks preceding the PET scan
(6 weeks for fluoxetine). Ten patients (five men and five women;
mean age=35 years [SD=9, range=18–51]) meeting criteria for in-
termittent explosive disorder–revised (impulsive aggression) (24)
were recruited through advertisements in local newspapers and
referrals from outpatient psychiatrists at the Bronx Veterans Af-
fairs Medical Center and Mount Sinai School of Medicine. Pa-
tients were considered eligible for the impulsive aggression group
if they met research diagnostic criteria for intermittent explosive
disorder–revised (25) and the DSM-IV borderline personality dis-
order “impulsiveness” criterion or the borderline personality dis-
order “self-damaging” criterion according to a “Module for Inter-
mittent Explosive Disorder-Revised” (prepared by Coccaro et al.,
personal communication). The Structured Interview for DSM-IV
Personality Disorders (26) was used for personality disorder diag-
noses. Patients with a history of schizophrenia or other psychotic
disorder according to the Structured Clinical Interview for DSM-
IV Axis I Disorders (27) were excluded. All subjects with a history
of alcohol/drug dependence or substance abuse that had been
active in the preceding 6 months were also excluded from the
study. Ten healthy comparison subjects (five men and five
women; mean age=34 years [SD=8, range=24–49]) with no current
or past DSM-IV axis I psychiatric disorder were recruited through
advertisements in local newspapers.

The absence of pregnancy and medical and neurological abnor-
malities was confirmed by a review of the patient’s history and sys-
tems, physical examination, routine blood tests including preg-
nancy test, urine toxicology, and electrocardiogram recordings.

Radiotracer

The standard (+)-McN 5652 was a gift from R.W. Johnson Phar-
maceutical Research Institute. The precursor for the production
of [11C] (+)-McN 5652, (+)-McN butyryl thioester tartrate, was pre-
pared from (+)-McN 5652 by a modified literature procedure (28)
as described previously (29). Radiochemical and chemical purity
of [11C](+)-McN 5652 in saline was >95%.

PET Protocol

PET imaging was performed with the ECAT EXACT HR+ (Sie-
mens/CTI, Knoxville, Tenn.). Sixty-three slices covered an axial
field of view of 15.5 cm, axial sampling of 3.46 mm, three-dimen-
sional mode in plane and axial resolution of 4.4 and 4.1 mm, re-
spectively, full width at half maximum at the center of the field of
view. An arterial catheter was inserted in 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,
Tampa, Fla.) (30). A 10-minute transmission scan was obtained
before radiotracer injection. [11C]McN 5652 was injected intra-
venously over 45 seconds. Emission data were collected in the
three-dimensional mode for 120 minutes as 21 successive frames
of increasing duration (three for 20 seconds, three for 1 minute,
three for 2 minutes, two for 5 minutes, 10 for 10 minutes).

Input Function Measurement

Following radiotracer injection, arterial samples were collected
every 10 seconds with an automated sampling system for the first 2
minutes, and manually thereafter at longer intervals. A total of 32
samples were obtained per scan. Seven samples (collected at 2, 16,
30, 50, 70, 90, and 120 minutes) were further processed by high-per-
formance liquid chromatography to measure the fraction of plasma
activity representing unmetabolized parent compound (18).

A biexponential function was fitted to the seven measured un-
metabolized fractions, which was then used to interpolate values
between the measurements. The smallest exponential of the un-
metabolized fraction curve, λpar, was constrained to the differ-
ence between λcer, the terminal rate of washout of cerebellar ac-
tivity, and λtot, the smallest elimination rate constant of the total
plasma activity (31).

The input function was calculated as the product of total
counts and interpolated unmetabolized fraction at each time
point. The measured input function values (Ca(t) [mCi/ml]) were
fitted to a sum of three exponentials from the time of peak plasma
activity, and the fitted values were used as the input to the kinetic
analysis. The initial distribution volume (Vbol [liters]) was calcu-
lated as the ratio of injected dose to peak plasma parent concen-
tration. The clearance of the parent compound (CL [liters/hour])
was calculated as the ratio of the injected dose to the area under
the curve of the input function (32).

The high retention (>90%) of free [11C]McN 5652 on the filter
precludes the free fraction measurement of [11C]McN 5652; there-
fore, plasma f1 was not determined (18).

MRI Acquisition and Segmentation Procedures

MRIs, three-dimensional spoiled gradient-recall acquisition in
the steady state, were acquired on a GE 1.5-T Signa Advantage
system, as previously described (33). MRI segmentation was per-
formed within MEDx (Sensor Systems, Inc., Sterling, Va.), with
original subroutines implemented in MATLAB (The Math Works,
Inc., Natick, Mass.). Steps for MRI segmentation included correc-
tion for field inhomogeneities, fitting of the intensity distribution
to a sum of three Gaussian functions, voxel classification, and
post filtering (34).

Image Analysis

Images were reconstructed to a 128×128 matrix (pixel size of
2.5×2.5 mm2). Reconstruction was performed with attenuation
correction that used the transmission data and a Shepp 0.5 filter
(cutoff 0.5 cycles/projection ray). Reconstructed image files were
then processed with the image analysis software MEDx (Sensor
Systems, Inc., Sterling, Va.). If indicated following visual inspec-
tion, frames were realigned to a frame of reference using a least-
squares algorithm for within-modality coregistration (automated
image registration) (35). The results of the frame-to-frame re-
alignment were checked again visually. Following frame to frame
registration, the 21 frames were summed to one dataset, which
was coregistered to the MRI dataset using automated image regis-
tration (35). The spatial transformation derived from the summed
PET registration procedure was then applied to each individual
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frame. Thus, each PET frame was resampled in the coronal plane
to a voxel volume of 1.5×0.9×0.9 mm3.

Regions of interest (N=10) and region of reference (cerebellum)
boundaries were drawn on the MRI according to criteria derived
from brain atlases (36, 37) and published reports (38–41). Analysis
was restricted to regions of interest where serotonin transporter
density is high enough to provide a reliable signal. Regions of in-
terest included the midbrain (encompassing serotonin trans-
porter dense structures such as the raphe nuclei, substantia nigra,
locus ceruleus, ventral tegmental area, and superior and inferior
colliculi), thalamus, dorsal caudate, dorsal putamen, ventral stri-
atum, amygdala, entorhinal cortex, hippocampus, parahippo-
campal gyrus, and the anterior cingulate cortex. A segmentation-
based method was used for the neocortical regions, and a direct
identification method was used for the subcortical regions (33).
For bilateral regions, right and left values were averaged. The con-
tribution of plasma total activity to the regional activity was cal-
culated assuming a 5% blood volume in the regions of interest
(42), and tissue activities were calculated as the total regional ac-
tivities minus the plasma contribution.

Derivation of Distribution Volumes

Derivation of [11C]McN 5652 regional tissue distribution vol-
umes was performed with kinetic modeling using the arterial input
function and a one-tissue compartment model. This model has
been demonstrated to provide reliable estimates of total distribu-
tion volume for [11C]McN 5652 (16, 18, 19). Total distribution vol-
ume (VT [ml/g]), which is equal to the ratio of tissue to plasma par-
ent activity at equilibrium, was derived as the K1/k2 ratio, where K1

(ml/g/min) and k2 (1/min) are the unidirectional fractional rate
constants for the transfer of the tracer in and out of the brain, re-
spectively (43, 44). Kinetic parameters were derived by nonlinear
regression using a Levenberg-Marquart least-squares minimiza-
tion procedure (45) implemented in MATLAB (The Math Works,
Inc., South Natick, Mass.) as previously described (43). Given the
unequal sampling over time (increasing frame acquisition time
from the beginning to the end of the study), the least-squares min-
imization procedure was weighted by the frame acquisition time.

Serotonin Transporter Parameters

Derivation of serotonin transporter parameters was based
upon the following assumptions: 1) given the negligible density of
serotonin transporter in the cerebellum (46–48), cerebellum total
distribution volume was assumed to be representative of equilib-

rium nonspecific binding; 2) the nonspecific binding did not vary
significantly between regions.

Two measures of serotonin transporter availability were calcu-
lated. The binding potential (ml/g) was derived as the difference
in total distribution volume between the region of interest and
the cerebellum, the reference region. The relationship between
binding potential and serotonin transporter receptor parameters
is given by (49)

where Bmax is the regional concentration of serotonin transporter
(nmol/liter), and KD is the in vivo affinity of the tracer for seroto-
nin transporter (nmol/liter).

The specific-to-nonspecific equilibrium partition coefficient
(V3′′ [unitless]) was derived as the ratio of binding potential to total
distribution volume in the cerebellum. The relationship between
V3′′ and serotonin transporter receptor parameters is given by (49)

where f2 is the free fraction of the nonspecific distribution volume
in the brain (f2=f1/ cerebellum VT).

Statistical Analysis

Between-group comparisons were assessed with unpaired
two-tailed t tests with a probability of 0.05 set as the level of signif-
icance. The a priori hypothesis of this study related to serotonin
transporter level in the anterior cingulate cortex, and therefore no
correction for multiple comparisons was employed in the exami-
nation of this brain region. The other brain regions were also ana-
lyzed for between-group differences to determine the specificity
of the difference seen in the anterior cingulate cortex. In order to
correct for multiple comparisons, these analyses employed a
univariate repeated-measures analysis of variance (ANOVA) with
brain regions as the within-subject factor and diagnosis as the be-
tween-subject factor.

Results

Group Composition

Demographic data for study participants are shown in
Table 1. No significant group differences were observed on
any demographic factor. One individual in the impulsive

TABLE 1. Demographic Characteristics and Scan Parameters for Subjects With Impulsive Aggression and Healthy Comparison
Subjects Who Underwent [11C]McN 5652 PET for Measurement of Regional Serotonin Transporter Density 

Variable Healthy Subjects (N=10)
Subjects With

Impulsive Aggression (N=10)

Analysis

t (df=18) p
N N

Gender
Male 5 5
Female 5 5

Ethnicity
African American 2 1
Hispanic 2 2
Caucasian 5 7
Asian 1 0

Mean SD Mean SD

Age (years) 34 8 35 9 –0.31 0.76
Injected dose (mCi) 11 6 12 4 –0.40 0.70
Injected mass (µg) 4.6 1.6 3.6 1.5 1.40 0.18
Clearance (liters/hour) 143 31 159 55 –0.77 0.45
Nonspecific distribution volume (ml/g)a 19.3 3.8 20.3 2.0 –0.75 0.46
a As represented by total distribution volume in the cerebellum, the reference region due to negligible serotonin transporter density.

BP
f1Bmax

KD
------------------,=

V3″
f2Bmax

KD
------------------,=
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aggression group reported taking fluoxetine for 5 months
several years before the study; all other participants were
medication naive at the time of the scan. A significant de-
gree of psychiatric comorbidity was present in the impul-
sive aggression group. This was particularly evident with
regard to axis II diagnoses. All subjects had at least one per-
sonality disorder, the most common being borderline per-
sonality disorder (N=7), followed by paranoid (N=4), nar-
cissistic (N=3), obsessive-compulsive (N=4), schizotypal
(N=2), antisocial (N=2), histrionic (N=2), dependent (N=1),
and avoidant (N=1) personality disorders. At the time of
scanning, no subject had an active axis I mood disorder.
However, several subjects were retrospectively diagnosed
with comorbid mood illness. These included major depres-
sive disorder (N=5), dysthymia (N=1), and bipolar II disor-
der (N=1). Anxiety disorders were also prevalent in this
group, such as generalized anxiety disorder (N=1), adjust-
ment disorder (N=1), social phobia (N=1), obsessive-com-
pulsive disorder (N=1), and body dysmorphic disorder (N=
1). In addition, there were two subjects with a history of al-
cohol dependence and two with a history of alcohol abuse;
all had been in remission for greater than 6 months.

Scan Parameters

Scan parameters, including the injected dose, injected
mass, and specific activity, did not differ between groups
(Table 1). The plasma clearances of [11C]McN 5652 were
similar between the groups. No significant group difference
was observed in [11C]McN 5652 nonspecific distribution
volume, measured as the cerebellar distribution volume.

Regional Volumes

Table 2 lists the average size for each region of interest in
mm3. There was no difference in anterior cingulate cortex
volume between the groups (t=0.18, df=18, p=0.86). For
the other regions, a repeated-measures ANOVA showed a
significant effect of region (F=121.4, df=1, 21, p<0.0001),
no effect of group (F=0.04, df=1, 18, p=0.85), and no group-
by-region interaction (F=0.23, df=1, 21, p=0.99).

Region of Interest Kinetic Analysis

After injection, the accumulation of [11C]McN 5652 ac-
tivity was consistent with the known distribution of seroto-
nin transporter in the brain (Figure 1). The kinetic analysis
converged in all regions for all subjects. Regional values of

FIGURE 1. PET and MRI Images of Serotonin Transporter Distribution in a 37-Year-Old Woman With Impulsive Aggressiona

a The PET images represent the activity from 40 to 90 minutes after injection of 13.76 mCi of [11C]McN 5652. Accumulation of activity can be
seen in the thalamus and caudate in the midline sagittal plane images on the left. The region of interest for the anterior cingulate cortex is
shaded in red on both the sagittal and transaxial MRI slices. The transaxial section demonstrates the high level of serotonin transporter in the
striatum. The coronal plane images on the right show the ventral-dorsal serotonin transporter gradient in the striatum; the anterior cingulate
cortex is not visible in the coronal section at this level.

Midline Sagittal Plane

PET

MRI

Transaxial Section Coronal Plane
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the unidirectional fractional rate constant of tracer deliv-
ery as well as the regional total distribution volume values
are shown in Table 2. There was no difference between
groups in the tracer delivery values for the anterior cingu-
late cortex (t=–0.52, df=18, p=0.14). Examining all regions, a
significant region effect was observed (repeated-measures
ANOVA: F=153.0, df=1, 21, p<0.0001), with no difference
between groups (repeated-measures ANOVA: F=0.06, df=1,
18, p=0.81) and no group-by-region interaction (repeated-
measures ANOVA: F=0.635, df=1, 21, p=0.80). Similarly, for
total distribution volume, no group differences were
present in the anterior cingulate cortex (t=0.53, df=18, p=
0.60). For the other regions, a region effect was observed
(repeated-measures ANOVA: F=152.1, df=1, 21, p<0.0001),
with no effect of group (repeated-measures ANOVA: F=
0.09, df=1, 18, p=0.77) and no group-by-region interaction
(repeated-measures ANOVA: F=0.60, df=1, 21, p=0.83).

[11C]McN 5652 Binding Potential

As shown in Table 3, a significant difference in binding
potential between healthy subjects and subjects with im-
pulsive aggression was revealed in the anterior cingulate

cortex. For all other regions, no group differences were de-
tected (repeated-measures ANOVA: F=1.24, df=1, 18, p=
0.28). A significant regional effect was seen (F=137.1, df=1,
21, p<0.0001), with no group-by-region interaction (F=
0.48, df=1, 21, p=0.90).

[11C]McN 5652 Regional V3′′
As shown in Table 4, a significant difference in V3′′ be-

tween healthy subjects and subjects with impulsive ag-
gression was revealed in the anterior cingulate cortex. Ex-
amination of all regions in a repeated-measure design
resulted in no significant difference between the groups
(F=2.83, df=1, 18, p=0.11), with a significant regional dif-
ference (F=163.6, df=1, 21, p<0.0001) and no region-by-
group interaction (F=1.0, df=1, 21, p=0.43). The effect size
of the reduction in [11C]McN 5652 V3′′ in all regions exam-
ined is presented in Figure 2.

Laterality

Given the finding of reduced serotonin transporter pa-
rameters in the anterior cingulate cortex of patients rela-
tive to healthy comparison subjects, we performed a post

TABLE 2. Tracer Delivery, Total Distribution Volume, and Size for Regions in Which Serotonin Transporter Density Was
Measured With [11C]McN 5652 PET in Subjects With Impulsive Aggression and Healthy Comparison Subjects

Healthy Subjects (N=10) Subjects With Impulsive Aggression (N=10)

Tracer Delivery 
(ml/g/min)

Total 
Distribution 

Volume (ml/g) Size (mm3)
Tracer Delivery 

(ml/g/min)

Total 
Distribution 

Volume (ml/g) Size (mm3)

Region Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Cerebellum 0.32 0.06 19.3 3.8 55311 17553 0.33 0.05 20.3 2.0 52198 19909
Midbrain 0.26 0.04 45.3 10.6 6613 700 0.26 0.04 43.6 7.5 7082 1441
Thalamus 0.35 0.06 35.4 7.2 7932 1661 0.34 0.04 33.9 4.7 8358 2942
Dorsal caudate 0.33 0.06 34.9 7.3 5429 542 0.34 0.05 33.0 5.6 5506 1370
Dorsal putamen 0.37 0.08 39.2 8.2 8575 1437 0.38 0.05 38.1 5.7 10129 2865
Ventral striatum 0.32 0.07 39.7 8.0 1991 703 0.33 0.05 38.9 6.8 1960 1075
Amygdala 0.23 0.05 36.2 8.3 3839 750 0.24 0.03 35.0 4.9 4155 1280
Entorhinal cortex 0.24 0.04 26.4 5.1 3117 2155 0.25 0.04 27.2 3.4 2711 2135
Hippocampus 0.25 0.05 25.2 5.0 7611 1472 0.26 0.03 24.7 2.9 8403 1585
Parahippocampal gyrus 0.25 0.05 22.8 5.0 7973 2550 0.26 0.04 23.3 2.6 7560 2023
Anterior cingulate 0.24 0.13 24.3 4.9 3631 1027 0.33 0.05 23.3 2.5 3519 1683

TABLE 3. Binding Potential for Regions in Which Serotonin
Transporter Density Was Measured With [11C]McN 5652
PET in Subjects With Impulsive Aggression and Healthy
Comparison Subjects

Binding Potential (ml/g)

Healthy
Subjects
(N=10)

Subjects With
Impulsive 
Aggression 

(N=10) Analysis

Region Mean SD Mean SD t (df=18) p
Midbrain 26.0 7.7 23.3 6.9 0.83 0.42
Thalamus 16.2 4.5 13.6 3.9 1.35 0.19
Dorsal caudate 15.6 4.5 12.7 4.7 1.40 0.18
Dorsal putamen 19.9 5.4 17.8 5.1 0.90 0.38
Ventral striatum 20.4 5.5 18.6 6.2 0.71 0.49
Amygdala 16.9 5.6 14.7 5.1 0.92 0.37
Entorhinal cortex 7.1 3.2 6.9 3.8 0.12 0.91
Hippocampus 5.9 2.3 4.4 2.7 1.38 0.19
Parahippocampal 

gyrus 3.6 2.5 3.0 1.9 0.58 0.57
Anterior cingulate 5.0 2.0 3.1 1.9 2.26 0.04

TABLE 4. Specific-to-Nonspecific Partition Coefficient (V3′′)
of Serotonin Transporter Density for Regions Measured
With [11C]McN 5652 PET in Healthy Subjects and Subjects
With Impulsive Aggression

V3′′

Healthy 
Subjects 
(N=10)

Subjects With
Impulsive 
Aggression 

(N=10) Analysis

Region Mean SD Mean SD t (df=18) p
Midbrain 1.35 0.27 1.16 0.33 1.46 0.16
Thalamus 0.84 0.19 0.67 0.19 1.99 0.06
Dorsal caudate 0.82 0.21 0.63 0.23 1.93 0.07
Dorsal putamen 1.04 0.22 0.88 0.26 1.47 0.16
Ventral striatum 1.07 0.24 0.92 0.29 1.27 0.22
Amygdala 0.88 0.22 0.74 0.27 1.28 0.22
Entorhinal cortex 0.38 0.18 0.35 0.21 0.34 0.74
Hippocampus 0.31 0.11 0.22 0.14 1.59 0.13
Parahippocampal 

gyrus 0.19 0.11 0.15 0.09 0.77 0.45
Anterior cingulate 0.26 0.09 0.15 0.09 2.59 0.02
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hoc analysis to determine if this finding was specific to the
left or right hemisphere. Table 5 shows the results of this
analysis. No difference was seen in total distribution vol-
ume in either the right or left anterior cingulate cortex in
patients relative to healthy subjects. However, for the out-
come measures binding potential and V3′′, patients with
impulsive aggression had significantly lower values in the
left anterior cingulate cortex than did the healthy subjects,
whereas no significant difference was seen in the right an-
terior cingulate cortex. This finding was not due to differ-
ences between the right and left anterior cingulate cortex
in healthy subjects, since total distribution volume, bind-
ing potential, and V3′′ values were not different in the left
relative to the right anterior cingulate cortex. For patients
with impulsive aggression, no differences in total distribu-
tion volume were seen when comparing the left anterior
cingulate cortex with the right anterior cingulate cortex.
However, for binding potential and V3′′, the values in the
left anterior cingulate cortex tended to be lower than the

right anterior cingulate cortex (paired t test, p=0.06). No
significant differences were observed for any other region
in this analysis.

Discussion

This study suggests that pathological impulsive aggres-
sivity is associated with a reduction in serotonin trans-
porter availability in the anterior cingulate cortex, a re-
duction that might reflect reduced 5-HT innervation.
Although not statistically significant, our data also sug-
gest a modest decrease in serotonin transporter availabil-
ity in other regions.

The use of a fully quantitative imaging method was a
strength of this study. The kinetic analysis is not affected
by potential group differences in radiotracer plasma clear-
ance or regional cerebral blood flow (50). Measurement of
the arterial input function enabled the quantitative deri-
vation of distribution volumes, from which both binding
potential and V3′′ were calculated. Although methods for
deriving [11C]McN 5652 V3′′ without arterial sampling
have been proposed (20), only with the arterial input func-
tion could we demonstrate the absence of group differ-
ences in cerebellum distribution volumes and thus vali-
date the use of V3′′ for between-group comparisons of
receptor parameters. In the absence of group differences
in cerebellum distribution volumes, results derived with
binding potential and V3′′ (i.e., binding potential normal-
ized by the nonspecific distribution volume) are essen-
tially similar, which was the case here.

This study has several limitations. The small size of this
study group was adequate to detect the relatively large de-
crease in serotonin transporter in the anterior cingulate
cortex in subjects with impulsive aggression but limited
our power to detect potential significant differences in
other regions. As described, in all regions, V3′′ values were

FIGURE 2. Effect Size of the Differences in Specific-to-Nonspecific Partition Coefficient (V3′′) of Serotonin Transporter
Density Between Healthy Subjects and Subjects With Impulsive Aggressiona

a Values are Cohen’s effect size (d) for unpaired t test, N=10 per group.
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TABLE 5. Laterality of Serotonin Transporter Binding Param-
eters in the Anterior Cingulate Cortex of Healthy Subjects
and Subjects With Impulsive Aggression

Parameter 
and Side

Healthy 
Subjects 
(N=10)

Subjects With
Impulsive 
Aggression 

(N=10) Analysis

Mean SD Mean SD t (df=18) p
Total distribution 

volume (ml/g)
Left 24.2 4.7 22.8 2.4 0.87 0.39
Right 24.3 5.1 23.9 2.9 0.23 0.82

Binding potential
(ml/g)
Left 4.94 2.00 2.48 1.64 3.02 0.01
Right 5.06 2.11 3.60 2.36 1.45 0.16

V3′′ (unitless)
Left 0.26 0.10 0.12 0.08 3.37 0.003
Right 0.26 0.10 0.18 0.12 1.70 0.11
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lower for the subjects with impulsive aggression than the
healthy subjects. Analysis of a larger group would be re-
quired to further explore this difference. Examination of
the overall effect size for the repeated-measures ANOVA
reveals that approximately 30 individuals per group would
be required to detect this difference at the level of p<0.05.
The effect size (d) for the differences in the individual re-
gions ranged from 1.22 in the anterior cingulate cortex to
0.16 in the entorhinal cortex.

Another limitation of this study arises from the use of
[11C]McN 5652 to measure serotonin transporter. This ra-
diotracer is associated with high levels of nonspecific
binding, limiting the ability to quantify serotonin trans-
porter in regions of low serotonin transporter density such
as the neocortex (18). The ability to detect differences in
these regions will likely be enhanced by the use of newly
developed radiotracers for serotonin transporter such as
[11C]3-amino-4-[2-[(dimethylamino)methyl]phenylthio)
benzonitrile ([11C]DASB) (51) and [11C]2-[2-(dimethyl-
aminomethylphenylthio)]-5-fluoromethylphenylamine
([11C]AFM) (52, 53). Both tracers markedly improve the sig-
nal-to-noise ratio compared with [11C]McN 5652 (29, 53).

Given previous studies implicating the anterior cingu-
late cortex in impulsive aggression, this area was the pri-
mary focus of our study. The finding of a reduction in sero-
tonin transporter density in this region is consistent with
results from studies of cerebral metabolism in impulsive
aggression. In response to serotonergic challenges, includ-
ing d,l-fenfluramine and m-CPP, the relative glucose meta-
bolic rate of individuals with impulsive aggression is blunted
in the anterior cingulate cortex relative to healthy subjects
(13, 14). Fenfluramine acts by causing a direct release of se-
rotonin and antagonizing its reuptake, whereas m-CPP acts
as a partial agonist at the postsynaptic 5-HT2A and 5-HT2C

receptors. On the basis of these mechanisms of action
alone it is not possible to comment on the locus of the
abnormality in impulsive aggression, i.e., whether the
blunted response is secondary to a pre- or postsynaptic
problem. Our study provides some insight into this ques-
tion, suggesting that a presynaptic deficiency in serotonin
innervation exists in the anterior cingulate cortex in this
disorder. This result is in line with the observations from
studies of serotonin metabolites that have linked reduced
serotonin markers with impulsive aggression (1, 3, 54). Our
findings are also in agreement with the postmortem find-
ing of a decrease in serotonin transporter binding in sui-
cide victims (55), viewed as a specific form of self-directed
impulsive/aggressive behavior, as well as the finding of re-
duced platelet serotonin transporter in aggression (56).

Davidson et al. (57) proposed that disruption of the nor-
mal regulation of emotion–which involves several inter-
connected brain regions including the orbitofrontal cor-
tex, amygdala, and anterior cingulate cortex—plays a role
in the generation of violence. The anterior cingulate cor-
tex can be separated into a dorsal “cognitive” portion and

a rostral-ventral “affective” region (58). Evidence from a
variety of domains indicates that the affective subdivision
of the anterior cingulate cortex regulates the intensity of
response to emotional stimuli. For example, stimulation
of this area in animal models increases the latency of at-
tack behavior (59). In humans, PET studies of cerebral
blood flow demonstrate activation of the ventral anterior
cingulate cortex when anger is induced in healthy men us-
ing imagery (60). This same area is activated when symp-
toms are provoked in individuals with simple phobia,
OCD, or PTSD (61–63). Further evidence that the rostral-
ventral anterior cingulate cortex plays a role in emotional
regulation comes from the finding that this area was acti-
vated when men attempted to suppress sexual arousal in
response to erotic film excerpts but not in the nonsup-
pression condition (64). Given the aforementioned limita-
tions of the radiotracer, we were unable to separate the an-
terior cingulate cortex into the dorsal and rostral-ventral
components. However, we did examine the laterality of
our finding. Previously, there have been no reports of ag-
gression-related laterality in the anterior cingulate cortex,
although work by our group has demonstrated blunted
metabolic response to m-CPP in the left orbitofrontal cor-
tex (14). The results of this study, indicating a left-sided
predominance of the abnormality, are consistent with
findings showing that traumatic brain lesions to the left
frontal cortex give rise to aggression and hostility, whereas
right-sided lesions lead to anxiety/depression (8).

Our finding of an abnormality of the serotonergic inner-
vation in the anterior cingulate cortex in subjects with im-
pulsive aggression is consistent with the hypothesis that
alterations in the normal function of this area may lead to
difficulties with affect and impulse modulation, resulting
in increased impulsivity and aggression.

Conclusions

This study detected a significant difference in anterior
cingulate cortex serotonin transporter availability in indi-
viduals with impulsive aggression. These individuals react
aggressively in response to emotionally laden interpersonal
stimuli, such as conflict or perceived disrespect. This is hy-
pothesized to result from impaired regulation of negative
emotions, believed to be one of the primary functions of the
anterior cingulate cortex (57). Future work extending the
results of this study to other brain regions involved in the
regulation of emotion and behavioral responses, such as
the orbitofrontal cortex, is warranted to further character-
ize alterations of 5-HT function in impulsive aggressivity.
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