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Abstract
Administration of doxapram hydrochloride, a respiratory stimulant, is experienced by panic disorder
patients to be similar to panic attacks but has reduced emotional effect in normal volunteers thus
providing a laboratory model of panic for functional imaging. Six panic patients and seven normal
control subjects underwent positron emission tomography with 18F-deoxyglucose imaging after a
single-blinded administration of either doxapram or a placebo saline solution. Saline and doxapram
were administered on separate days in counterbalanced order. Patients showed a greater heart rate
increase on doxapram from saline than controls, indicating differential response. On the saline
placebo day, patients had greater prefrontal relative activity than controls. In response to doxapram,
patients tended to decrease prefrontal activity more than controls, and increased cingulate gyrus and
amygdala activity more than controls. This suggests that panic disorder patients activate frontal
inhibitory centers less than controls which may lower the threshold for panic.

Keywords
doxapram; PET; panic; prefrontal cortex; amygdala; neuroimaging

INTRODUCTION
Panic disorder (PD) is a psychiatric illness characterized by recurrent and unexpected panic
attacks, a fear of having more attacks, and a resultant change in behaviors to avoid further
attacks (American Psychiatric Association, 1994). A panic attack is a period, in most cases
lasting about 10 to 15 minutes, of symptoms of autonomic stimulation (chest pain, palpitations,
shortness of breath, sweating, chills, choking sensation, nausea, and, lightheadedness or
dizziness) accompanied by fears of dying or losing control and of unreality. The biological
basis of panic disorder is thought to be related to an abnormal conditioned fear response
(Gorman et al., 2000). One prominent neuroanatomic pathway for panic attacks is thought to
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begin with sensory inputs from the thalamus, which then send stimuli to the amygdala and the
medial prefrontal cortex. From the amygdala, projections to the parabrachial nucleus, locus
coeruleus, periaqueductal gray region, and hypothalamus, are responsible for the physical
symptoms associated with a panic attack. The frontal cortex is suggested to be involved in
higher-level modulation of sensory information (Gorman et al., 2000). Other conceptions have
emphasized the serotonergic connections of the periaqueductal gray (Graeff, 2004). The model
of Grove et al. (1997) places less emphasis on the periaqueductal gray but included the caudate
and putamen.

Preclinical research has shown that the amygdala is the crucial brain structure for acquisition
and expression of conditioned fear (Rauch et al., 2003; Anand and Shekhar, 2003). Although
the amygdala has been repeatedly linked to fear behavior, it does not act in isolation but rather
functions within a network of brain regions that together modulate the complex manifestations
of fear and anxiety (Cahill and McGaugh, 1998; Davis, 1992; Fredrikson and Furmark,
2003; Furmark et al., 2002; Gorman et al., 2000; LeDoux, 1995). Multiple neuroimaging
studies have shown amygdala activation in normal subjects during presentation of fear inducing
stimuli, such as fearful faces or fear-laden words (Morris et al., 1996; Lane et al., 1997; Whalen
et al., 1998; Tabert et al., 2001; Schaefer et al., 2002). There is also evidence that patients with
anxiety disorders, including posttraumatic stress disorder (PTSD), social anxiety disorder
(SAD), and panic disorder, have a threshold for amygdala activation during the presentation
of fearful stimuli that is significantly lower than that for normal volunteers (Furmark et al.,
2002; Liberzon et al., 1999; Fredrikson and Furmark, 2003). In humans, the orbitofrontal cortex
(OFC) has most frequently been linked to decision-making, emotional memory, and the
evaluation of reward (Armony and Dolan, 2002; Bechara et al., 2000). Several preclinical and
human imaging studies have now shown that activation of the prefrontal cortex (PFC) inhibits
activation of the amygdala (Hariri et al., 2000; Rosenkranz and Grace, 1999).

In the clinical laboratory, many agents have been used to induce panic attacks in patients with
PD. Doxapram, a respiratory stimulant primarily used in anesthesiology, is thought to stimulate
the carotid body chemoreceptors, thereby increasing respiratory rate (Folgering et al., 1981).
It requires only minimal injection volumes, has a rapid onset of action, has minimal side effects
(Winnie, 1973), and does not appreciably cross the blood-brain barrier or affect vascular flow
(Folgering et al., 1981; Burki, 1984; Calverley et al., 1983). Doxapram has been shown to
increase anxiety behaviors in a rodent model of panic (Sullivan et al., 2003; Choi et al.,
2005). In human studies of doxapram, Abelson and colleagues (Lee et al., 1993; Abelson et
al., 1996a, b; Abelson et al., 2007) have shown a panic rate of up to 80% in subjects with PD,
compared to 20% in normal volunteers. In a prior study by our group, doxapram (0.5 mg/kg
in 10 ml saline) was administered over 15 seconds to six patients with PD and four normal
controls (Gutman et al., 2005). A trained rater kept blind to whether the subject was a patient
or control judged if a panic attack occurred. All six of the patients with PD but none of the four
controls panicked according to the blinded rater. The patients with PD also developed higher
scores on the Acute Panic Inventory (API) than controls. In a second series of doxapram
infusions, again a panic rate of 6/6 in patients and 1/6 in normal volunteers was found (Kent
et al., 2005). We decided to consider together as a panic attack group both patients with panic
disorder and normal controls who panicked during doxapram administration. This is because
previous work with CO2-induced panic we showed that the panic attacks experienced by these
two groups were identical physiologically as well as emotionally; the only difference between
the groups was the rate at which panic occurred in each group (Gorman et al., 2001). Given
these data, doxapram is a potent and reliable agent for inducing panic attacks, ideal for use in
imaging studies.

In a pilot study using 15O-H20 PET imaging to assess changes before and during doxapram
administration in five subjects with PD and five normal volunteers, results showed that
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anticipating a panic attack is associated with marked decrease in blood flow within the orbital
frontal cortex between pre- and post-doxapram administration (Kent et al., 2005). All subjects
demonstrated significant decreases in cerebral blood flow (CBF) in all regions of interest
(ROIs), including subcortical and cortical areas, in response to doxapram. There were no
differences between the patient and control groups. However, among the five panicking
subjects (four patients with useable data plus one control) compared to four non-panicking
subjects (all controls), there was a statistically significant difference during the placebo-
condition, pre-doxapram administration orbitofrontal CBF. In addition, for subjects with PD,
orbitofrontal CBF during placebo-condition premedication was negatively correlated with
post-doxapram scores on the API and on a 10-point Likert-type Anxiety Scale.

Although the data in the 15O-H20 PET imaging study are obviously preliminary given the pilot
nature of the study and small sample size, an important point of interest for planning future
studies emerged. In the past, using a measure of cerebral blood flow such as 15O-H2O PET,
we were unable to discriminate regional changes between patients and controls during panic
attacks (Kent et al., 2005). We have speculated that this may be because of marked
hyperventilation produced by doxapram in all subjects, which results in vasoconstriction and
therefore a likely “floor” effect beyond which any further changes produced by a panic attack
cannot be measured (Kent et al, 2005). As all methods of panic induction tested to date produced
hyperventilation (Bourin et al., 1995), this problem will not be limited to doxapram alone.
Rather, we believe that measures of brain activity that are based on blood flow, such as 15O-
H20 PET and fMRI, may not be ideal for studying the acute panic attack, leading us to switch
to a measure of brain metabolism, FDG-PET, for the current study.

To date, there have been a limited number of studies of FDG-PET in panic disorder. Nordahl
and colleagues (1990, 1998) investigated cerebral glucose metabolism in PD patients at rest,
versus healthy control subjects, and found asymmetric left-right ratios of cerebral glucose
metabolism in the hippocampus and posterior inferior prefrontal cortex (Nordahl et al.,
1990), and decreased ratio in the posterior orbital frontal cortex in patients treated with
imipramine (Nordahl et al., 1998). In a study of women with PD, Bisaga et al. (1998) found
that in patients who experienced a lactate-induced panic attack, there was an increase in glucose
metabolism in the left hippocampus and the left parahippocampal area, and a decrease in the
right superior temporal and right inferior parietal areas. There was, however, no correlation
between the score on anxiety scales or severity of panic attacks with the PET findings. Sakai,
Kumano, and others (2005) studied 12 unmedicated subjects with PD at rest, versus 22 controls.
They reported that PD subjects had higher FDG uptake in the bilateral amygdala, hippocampus,
midbrain, thalamus, pons, medulla, and cerebellum, compared to healthy controls, with no
evidence of asymmetry. The findings are attributed to anticipatory anxiety to the laboratory
situation, or possibly to contextual fear of the imaging machine.

To date, there are only two known investigations of the effects of cognitive behavior therapy
(CBT) using FDG-PET in panic disorder patients. Prasko and others (2005) studied 12 subjects
with PD, half of whom were randomly assigned to receive three months of treatment with CBT
while the other half received an antidepressant (citalopram, sertraline, or venlafaxine). After
treatment, subjects receiving CBT showed increased resting state FDG uptake in the left
inferior frontal gyrus [Brodmann area (BA) 9], left middle temporal gyrus (BA 21), left insula
(BA 13), middle frontal gyrus (BA 46) and precentral gyrus (BA 6), and decreased uptake in
right inferior temporal gyrus (BA 20), right superior and inferior temporal gyrus (BA 20), right
superior and inferior frontal gyrus (BA 10, BA 45), and left medial frontal gyrus (BA 6). They
concluded that changes in FDG uptake in cortical brain regions were similar for those subjects
treated with antidepressants and CBT, with a right-left asymmetry. The study was limited by
a small sample size, lack of control group, and the use of different antidepressant medications
in the medicated patient group. Sakai et al. (2006), in an FDG-PET investigation of 11 subjects
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with PD, found that after CBT treatment, there was decreased metabolism in the right
hippocampus, left ventral anterior cingulate cortex, and pons, and increased utilization in the
medial prefrontal cortex. The study was limited by the lack of a control group. It is important
to re-emphasize that neither of the above studies imaged the subjects during an acute panic
state.

To our knowledge, there are no known FDG-PET studies of panic patients undergoing an
induced panic attack. The goal of our investigation is to examine two main areas of the brain
associated with panic, including the orbitofrontal and polar areas of the prefrontal cortex, and
the limbic system including the anterior cingulate, hippocampus and amygdala. Prefrontal areas
8 and 9 were included as control areas of the PFC, not hypothesized to have an effect and to
allow a test of the specificity of effects to the fronto-limbic system. We used FDG-PET imaging
to avoid nonspecific effects of carbon dioxide on cerebral blood flow. PD patients were
examined after saline placebo and doxapram on separate days to allow imaging of subjects
experiencing panic attacks induced by doxapram. Our hypotheses were as follows: (1) Prior
to treatment, following a saline (placebo) injection but anticipating that they will receive the
panicogen doxapram, patients with PD will show altered metabolic activity in the prefrontal
and orbitofrontal cortex as measured by FDG-PET compared to normal comparison subjects.
(2) There will be significant statistical associations between OFC activity, increased anxiety,
increased heart rate, and increased minute ventilation (the product of respiratory frequency and
the tidal volume of breathing) following saline administration (i.e. in the anticipatory state) in
PD patients. Panicking subjects will show altered, asymmetrical metabolic activity in the
hippocampus, anterior cingulate, prefrontal cortex, OFC and amygdala compared to non-
panicking subjects. (3) Increased metabolic activity measured by PET would correlate with
increased heart rate, respiration, and anxiety during the panic attack itself. To test these
hypotheses we used repeated measures ANOVA, incorporating both specific and nonspecific
areas and focusing on the frontal/limbic system interaction to minimize exploratory analyses.

EXPERIMENTAL PROCEDURES
Subjects

Thirteen subjects, six patients with panic disorder and seven controls, were enrolled in the
study. The panic disorder group (four women, two men, mean age = 31.3 years, SD = 10.7)
met DSM-IV criteria for panic disorder with or without agoraphobia, had recurrent panic
attacks in the four weeks prior to study entry, and were between 18 and 65 years of age. Only
patients who had not taken any psychoactive medications in the past four weeks were included
(six weeks in the case of fluoxetine). Exclusion criteria for this group included a DSM-IV
diagnosis of schizophrenia, bipolar disorder, obsessive-compulsive disorder (OCD), eating
disorder, or PTSD or substance abuse or dependence within the six months prior to study.
Subjects who were pregnant or planning to become pregnant, had diabetes mellitus, or that had
a Hamilton Depression Rating Scale Score >22, and patients already on effective treatment for
PD, were also excluded. The normal control group (four women, three men, mean age = 36.3
years, SD = 6.5) consisted of individuals with no major Axis I diagnoses including major
depressive disorder, PD, generalized anxiety disorder, PTSD, OCD, schizophrenia, bipolar
disorder, or substance use disorders. Patients with nicotine and caffeine use were not excluded,
although this is a point worth considering for future studies. Age and sex distribution were not
significantly different in patients and controls. Other exclusion criteria included major medical
illness or pregnancy. The study was approved by the Mount Sinai School of Medicine
Institutional Review Board, and all subjects signed written, informed consent before
participation.
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Procedure
After thorough screening and obtaining informed consent, each subject reported to the
Laboratory of Clinical Psychobiology on the morning of testing at 8:30 a.m. Subjects were
fitted with the Life Shirt System, a noninvasive ambulatory recording device that continuously
acquires and stores respiratory, heart rate, and pulse oximetry information onto a computer
memory card for later analysis (VivoMetrics, Inc.). Subjects were told that they will have two
PET sessions, one on each day. They were then told they will receive either an injection of 0.5
mg/kg of doxapram, a respiratory stimulant, on the first day and then saline on the second day,
or vice versa. Subjects were told that doxapram has a high rate of producing panic attacks in
patients with PD. Order was counterbalanced so that seven subjects (four PD and three NC)
received saline on the first day and six subjects (two PD and four NC) received doxapram on
first day.

A 24- gauge angiocath was inserted in the antecubital vein and a 0.9% saline drip started.
Patients were then moved to a sound-attenuated room. Subjects rested in the room about ten
minutes for a baseline period of psychophysiological recordings and then 5 microcuries (mCi)
of 18F-fluorodeoxyglucose was injected into the port in the intravenous tubing followed by the
administration of doxapram over 30 seconds. Patients rested quietly in the room for 35 minutes,
were taken to the bathroom to urinate, and then positioned in the scanner. Typical subjects
experienced some increased respiration and some described symptoms of panic, but all
remained seated and cooperative. Respiratory and heart rate measures were collected
continuously during the testing. API, Borg, and anxiety scales were collected 10 minutes before
doxapram/placebo injection and at 30 minutes post injection. All subjects tolerated the
injections and cooperated fully with the scans, which were of high quality without excessive
motion artifact.

Measurements
Assessments made by rater during PET scans include the Acute Panic Inventory (API), 10-
point Anxiety Scale, and Borg (breathlessness) Scale. The API is a 27-item questionnaire that
measures anxiety and physiological sensations (Dillon et al., 1987). The 10-point Anxiety Scale
is a 0-to-10 Likert-type scale that measures level of anxiety (Houtman and Bakker, 1999). The
Borg (breathlessness) Scale is a 1-to-10 level scale that measures level of sensation of effort
to breathe (Borg, 1982). Scales administered before PET scan sessions included the Clinical
Global Impression of Severity (CGI-S) and Improvement (CGI-I) Scales, which are widely
used 7-point clinician-rated instruments (Guy, 1976) to assess global severity and
improvement, and the Panic Disorder Severity Scale (PDSS), a 7-item clinician-rated scale
providing ratings of the core features of PD (panic frequency, distress during panic, anticipatory
anxiety, panic-related avoidance of situations and sensations, and the degree of work and social
impairment/interference due to PD (Shear et al., 1997).

PET and MRI Scanning
PET scans (20 slices, 6.5-mm thickness) were obtained with a head-dedicated GE scanner
(model PC2048B) with measured resolution of 4.5 mm in plane (4.2–4.5 mm across 15 planes).
Fifteen slices at 6.5-mm intervals were obtained in two sets to cover the entire brain. Slice
counts of 1.5–3 M counts are typical. Scans were reconstructed with a blank and a transmission
scan using the Hanning filter (width 3.15). PET images were obtained in nanocuries/pixel and
standardized as relative glucose metabolic rate (rGMR) by dividing each pixel by the mean
value for the entire brain (defined by brain edge from coregistered MRI). While this limits
interpretations of single structure absolute activity, this method is widely used when evaluating
hypotheses related to patterns of metabolic rate across brain areas and was used in earlier
imaging studies of serotonin activation (Hazlett et al., 1999).
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MRI scans (T1-weighted axial) were acquired with the GE Signa 5x system (TR = 24 ms, TE
= 5 ms, flip angle = 40 degrees, slice thickness = 1.2 mm, pixel matrix = 256×256, field of
view = 23 cm, total slices = 128). PET-MRI coregistration used the algorithm of Woods et al.
(1993). Brain edges were visually traced on all MRI axial slices with inter-tracer reliability of
0.99.

Region of interest assessment
Cortical Brodmann’s area measurements were conducted based on the Perry coronal atlas of
the brain (Perry, personal communication, 1993). This method is described in detail elsewhere.
Briefly, we divided the distance between the front (first slice containing the cortical ribbon)
and the back (last slice containing the cortical ribbon) of the coronal brain aspect into 33 evenly
spaced sections. For each of the temporal lobes, the distance between the temporal pole and
the most posterior extent of the Sylvian fissure was divided into 13 equally spaced sections.
Each of the obtained coronal slices (33 nontemporal and 26 temporal) was further divided into
20 radial sectors in each hemisphere and 10 midline sectors, assigned to 39 Brodmann’s areas
identified by Perry and assessed for gray and white pixels within each sector. Image
segmentation into gray and white pixels was performed using cut-off values individually
determined by visual examination of each subject’s axial within-brain-edge histogram.
Relative glucose metabolic rate for gray matter pixels identified on MRI was measured from
each subject’s co-registered PET. The resultant numbers were summed across successive slices
to yield averages for each of the 39 Brodmann areas in each hemisphere (78 variables per
subject). However, only key prefrontal and cingulate structures were entered into data analysis
to minimize type II error.

Statistical analysis
All autonomic and scale rating data were analyzed for the baseline condition before doxapram,
to examine pre-challenge activity. For the physiological measures, this was the pre-FDG, pre-
drug injection period. For the FDG, we examined the saline placebo day data only as indicative
of a baseline condition, recognizing that it was the placebo arm of a medication challenge. For
the doxapram effect in psychophysiological data, we compared pre- and post challenge data
on the saline and drug days in a three way ANOVA with independent groups (patients, controls)
and repeated measures for medication (placebo, drug) and time (before, after). For the PET
data there was no time factor.

The activity in cortical Brodmann areas were assessed using the techniques described above.
For the Brodmann analysis, a 2×2×4×3×2 mixed-factorial ANOVA design was applied to
rGMR data obtained from ROIs in the frontal cortex. This design was applied to rGMR values
in a with an independent group dimension (patients, normals) and repeated measures
dimensions for hemisphere (left, right), frontal lobe division (anterior, medial, orbital, and
dorsolateral) and Brodmann area within each frontal lobe division (anterior BA 8, 9, 10; medial
BA 32, 25, 24; orbital BA 11, 12, 47, and dorsolateral BA 44, 45, 46) and tissue type (gray,
white). A second phase of the data was analyzed with an additional repeated measures factor
to assess the effect of drug (placebo, doxapram). All significant interactions with group for
baseline analysis and group × drug effect are reported. To minimize Type II error, interactions
containing only anatomical dimensions (e.g., hemisphere by tissue type) or not containing
group by drug are not reported. In addition, our hypotheses are tested only on the key structures
and a limited number of prefrontal but control areas. When lobe divisions by BA interactions
were found, post-hoc analyses on each lobe division were carried out to identify the strongest
sources of effects, but not to confirm the interaction.
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Exploratory significance probability mapping
To provide a pixel-by-pixel analysis of the entire brain slice, we carried out voxel-by-voxel t-
tests on the same brain slices assessed by the stereotaxic ROI method. The significance
probability mapping technique is similar to other approaches but uses MRI-edge based spatial
normalization. Continuous edges were manually delineated around the brain. Nine midline
points equally spaced in the z direction were identified. Slices were then adjusted by the number
of rows and columns so that every slice contained an equal number of pixels with every edge
pixel-aligned and midline pixels positioned in a vertical strip at edge center. PET images for
placebo and drug were coregistered to the same MRI, similarly standardized, and between
groups t-tests carried out for drug-placebo difference scores. To confirm our expectation of
amygdala activation, we examined the region of the amygdala at p < 0.05.

RESULTS
Physiological measures

Baseline—We measured the baseline average heart rate of each subject 10 minutes prior to
FDG injection. Baseline heart rate data averaged across the placebo and doxapram days did
not differ significantly between the groups.

Doxapram effect—We measured the average heart rate of each subject 10 minutes before
FDG injection, as well as the average heart rate during 10 minute intervals during the 30-minute
FDG uptake period. We entered the heart rate data into a repeated-measures ANOVA: group
by condition (placebo, doxapram) × time. The heart rate of the panic disorder subjects increased
with the injection of the doxapram, most dramatically shown in the first 10 minutes. The heart
rate of the control population increased only slightly during the first 10 minutes, but returned
to baseline levels during the second and third measurements (see Figure 1, group × condition
× time interaction (F(3,33) = 4.25, p = 0.012). The main effect of group was not significant (F
= 4.12, df = 1,11, p = 0.067) consistent with the lack of pre-drug baseline heart rate differences
in this small sample. In addition, we performed a similar ANOVA and controlled for injection
order; there was no significant effect of order, but cell sizes were below the accepted standard
of five persons per cell.

Behavioral ratings
Baseline—Panic disorder patients were significantly more symptomatic on the API, Borg,
and on the ten-point anxiety scale before receiving either doxapram or placebo (Table 1),
compared to healthy control subjects.

Doxapram effects—Doxapram increased API ratings more in patients than in normal
controls. This was tested with a diagnostic group by condition (doxapram, placebo) by time
(pre, 30 minutes post) interaction (F = 9.04, df = 1,10, p = 0.013; main effect of group F = 13.4,
df = 1,10, p = 0.004). Ratings on the Borg and ten-point anxiety scale showed significant effects
of doxapram but did not show a significantly greater response in panic patients.

Our criteria for panic were an increase in 4 or more DSM-IV panic items on the API
questionnaire with a score of 2 or more. Using these criteria all (n = 6) of the panic disorder
patients and two of the controls had a panic attack to the doxapram injection.

Prefrontal Cortex
Placebo condition—We entered the Brodmann areas of the prefrontal cortex into a group
by hemisphere by frontal lobe division [anterior, medial, orbital, and dorsolateral (AMOD)],
by selected sets of Brodmann areas within each region (anterior: BA 8, 9, 10; medial: BA 32,
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25, 24; orbital: BA 11, 12, 47; and dorsolateral: BA 44, 45, 46), by matter type (gray, white).
On placebo, the subjects with panic disorder had higher activity in the gray matter in all areas
of the prefrontal cortex except for BA 8, and right BA 45, when compared to controls. In the
white matter, controls had higher activity in all areas on the left hemisphere and most areas on
the right hemisphere; PD subjects had higher activity in the white matter in right BA 10, 12
and 44, compared to controls (see figure 2) (diagnostic group by hemisphere by frontal lobe
division by Brodmann area by matter type; F(6,66) = 2.59, p = 0.025; multivariate F p = 0.11).

Doxapram effect—On receiving doxapram, both healthy controls and PD patients generally
decreased in activity within the anterior and orbital prefrontal lobe. However, PD patients
decreased in activity within the dorsolateral lobe, whereas controls increased in activity. Within
the medial prefrontal cortex, the PD population increased in activity with doxapram, and the
controls decreased in activity. This was observed in a group by drug condition by hemisphere
by frontal lobe division by Brodmann area interaction; (F = 2.29, df = 6, 66, p = 0.045, see
figure 3). For this reason, we carried out post-hoc ANOVA on each division of the frontal lobe.
The orbital and anterior frontal divisions showed significant interactions, but the medial and
dorsolateral divisions did not and therefore the analyses are not presented.

Orbitofrontal cortex
Placebo condition—We entered the three Brodmann areas that compose the orbitofrontal
cortex into a group by hemisphere by region by matter type repeated-measures ANOVA. On
placebo, the subjects with PD had higher gray matter relative metabolism in all areas of the
orbitofrontal cortex in comparison with normal volunteers. However, controls had higher white
matter activation on all areas except for the right Brodmann area 12, (diagnostic group,
hemisphere, Brodmann area, activity within matter type; F = 4.19, df = 2, 22, p = 0.29, see
Figure 4).

Doxapram effect—Upon receiving doxapram, both the controls and the subjects with panic
disorder showed decreased activity in the gray matter of the orbitofrontal cortex. In white
matter, the controls had decreased activity with drug; PD subjects showed increased activity
in BA areas 11 and 12, (diagnostic group by treatment by Brodmann area by tissue type; F =
6.61, df = 2, 22, p = 0.006, see Figure 5).

Anterior Prefrontal Cortex
Placebo condition—On placebo, subjects with panic disorder had more activity in the gray
matter of BA 9 and 10 than the control group. In addition, PD subjects had less activity
throughout the white matter of the anterior prefrontal cortex than controls (diagnostic group
by hemisphere by Brodmann area by matter type; F = 5.21, df = 2, 22, p = 0.14, see Figure 6).

Doxapram effect—Analysis with treatment revealed no main effects by diagnosis or
significant interactions.

Cingulate Gyrus
Placebo condition—We entered the Brodmann areas that consist of the cingulate region
(BA 25, 24, 31, 23, 29) into a similar analysis as above. Subjects with panic disorder had higher
activity than the control group in the gray matter of the cingulate except for BA 23 (Wilks
lambda = 0.327, F = 4.114, df = 4,8, p = 0.042, see Figure 7).

Doxapram effect—Panic disorder subjects showed increased activity in the left gray matter
of BA 25, 23, and 29 with doxapram; in contrast, we observed a decrease in metabolism in
these regions in the control population. On the right hemisphere, PD subjects increased in
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activity in BA 23, whereas activation decreased in controls with doxapram. In addition, panic
disorder subjects decreased in relative metabolism in the gray matter of right BA 24 and 29,
and control subjects increased in activation with doxapram in these areas (group by treatment
by hemisphere by Brodmann area by matter type; F = 3.47, df = 4,44, p = 0.15; see Figure 8).

We also observed activation in the white matter of the cingulate with doxapram. On the left
hemisphere, the panic disorder subjects increased in activation in the white matter in BA 31,
23, and 29, whereas, the control population decreased in activation with doxapram. On the
right hemisphere, the panic disorder subjects showed increased activation in BA 24, and 23,
and the control sample decreased in activation in these areas. In the right white matter of BA
29, the panic disorder subjects decreased whereas the control population increased with
doxapram (see Figure 9).

Hippocampus
Hippocampal volume—We segmented the volume of the hippocampus into four equally
spaced, anterior-to-posterior segments. PD subjects had a significantly higher volume of the
hippocampus (4210 mm3, SD = 506) than that of the control sample (3730 mm3, SD = 207);
(main effect of diagnosis; F = 5.13, df = 1,11, p = 0.045) and this was most marked in the first
two anterior segments (diagnostic group by segmented section; Wilks lambda = 0.405, F= 4.41,
df = 3,9, p = 0.036). Volume relative to whole brain size did not show significant differences
although the effect was essentially the same (F = 3.63, df = 3, 9, Wilks lambda = 0.452, p =
0.057).

Hippocampal metabolic effects—There were no significant group differences on placebo
for metabolic rates or effects of doxapram.

Amygdala
Placebo condition—Amygdala volume and glucose metabolic rate did not differ
significantly by ANOVA between normal volunteers and patients. Exploratory t-tests revealed
a larger right top of the amygdala in patients (1061 mm3, SD = 104) than in normal volunteers
(934 mm3, SD = 100, t = 2.24, p = 0.046).

Doxapram effect—ANOVA did not confirm significant differences in amygdala activation
between normal volunteers and patients.

Statistical probability mapping—Statistical probability mapping (drug minus placebo)
confirms the elevated activity due to doxapram in the amygdala of patients (see Figure 9). We
similarly calculated paired t-tests on four levels of the brain (Matsui-Harano levels 8–11; see
Figure 10) and provide a table indicating the areas of the brain which were significantly
activated (red) or blunted (blue) in patients due to doxapram (see Table 2).

Heart rate
Placebo condition correlations with heart rate—The healthy controls had significant
negative correlation between the entire left amygdala and the average heart rate measured
during the baseline saline scan (−0.80, p = 0.032). The panic subjects had a positive correlation
(r = 0.33, p =0.330) and the group difference was at a trend level (p = 0.092). The panic subjects
also had a significant negative correlation between right gray matter activity in the entire frontal
lobe and heart rate during the doxapram scan (r = −0.94, p = 0.006), while the controls had a
r = −0.22, p = 0.639 correlation. The group difference was not significant (p = 0.079).

There was a negative correlation between the baseline right orbital division of the frontal lobe
and the average heart rate difference (doxapram minus placebo) in the patient population (r =
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−0.87*) indicating that the lower the frontal activation initially the greater the doxapram-related
heart rate increase; the controls had a r = 0.41 correlation and the group difference was p =
0.046.

DISCUSSION
This pilot study was the first to actually image patients with panic disorder and control subjects
during acute increase in panic symptoms. Despite the small sample size, the doxapram
challenge was successful in creating a strongly different physiological response with much
greater heart rate and respiratory increase to doxapram in patients versus controls. This large
and nearly uniform difference between controls and patients supports the validity of the
doxapram challenge (at least in the current population), consistent with earlier studies (Lee et
al., 1993; Abelson et al., 1996a, b), including ours (Gutman et al., 2005; Kent et al., 2005). In
addition, anxiety symptom severity increased significantly on doxapram more in panic patients
than in normal controls.

The frontal cortex showed regionally different effects in its response to the doxapram challenge
in the two groups. In the dorsolateral prefrontal cortex, normals increased their metabolic rate
with doxapram, while panic patients decreased their metabolic rate. This is consistent with our
hypothesis that prefrontal inhibition of panic response is a component of the normal reaction
to stress. It is also consistent with the finding of Abelson et al. (2005) that a verbal cognitive
intervention moderated the response of panic patients to an endocrine stress and our finding
of the most marked patient differential in Brodmann area 45 in the left hemisphere speech
region is intriguing. The finding that patients with PD had greater metabolic increases in the
amygdala than controls suggests that while controls are using their frontal lobes in inhibiting
doxapram-induced panic, patients are failing to do so and therefore having greater symptomatic
response.

The gray matter of the orbitofrontal cortex shows a decrease with doxapram in both controls
and patients, although greater in patients; white matter showed an increase in patients and
decrease in controls. One might speculate that in the laboratory setting, dorsolateral, cognitive
mechanisms are more likely to be activated than orbitofrontal affective mechanisms, or that
an integrated whole prefrontal response to respiratory stress is necessary to suppress behavioral
symptoms.

Patients showed greater increases with doxapram than controls in the posterior cingulate gyrus.
This result is similar to that of Maddock et al. (2003) who found greater threat-related fMRI
activation to word lists containing stress-related words in panic disorder patients than controls
(terror, victim, injury, cancer, panic, dangerous, threatening, emergency, violence, destroyed)
in the posterior cingulate. They also found greater left frontal activation in panic patients, unlike
our finding of greater dorsolateral activation in normals. The threat words might well be
expected to activate left frontal regions, so differences in results may be attributable to the use
of abstract verbal concepts in their study and autonomic distress in ours. Importantly, our area
of greatest patient/normal difference in FDG-PET activation was Brodmann area 25, an area
related to visceral sensation, while area 25 did not show differential activation in the verbal
threat word study of Maddock et al. (2003).

One major limitation of our study is the small sample size, which may be associated with failure
to confirm some regional prefrontal effects or interactions, and contributed to poor statistical
power for the investigation of individual differences in magnitude of response. However the
sample size was adequate to produce robust and statistically significant group differences in
autonomic effects as well as prefrontal FDG-PET effects. A second limitation was that the
saline placebo condition was not a separate day without expectancy of doxapram, making the
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separation of anticipatory anxiety about doxapram administration and actual pharmacological
effects of doxapram difficult. Another possibility is that patients had memories of earlier panic
attacks triggered by the doxapram experience and therefore had altered prefrontal function just
as EEG may be differentially altered in volunteers and patients during recall of panic attacks
(e.g. Bob et al., 2006). However, if memory recall rather than actual panic were involved, one
might have expected the greatest difference in FDG response in the hippocampus and amygdala
rather than orbitofrontal cortex.

This is, to our knowledge, the first study to document greater amygdala activation during panic-
related stress among panic disorder patients compared to controls. Our findings here support
our hypothesis (Gorman et al., 2000) that panic attacks involve abnormal decrease in prefrontal
function and increase in amygdala function. Specifically, we conclude from these data that
during the panicogenic stress represented by doxapram injection, panic disorder patients did
not activate the dorsolateral prefrontal cortex sufficiently to inhibit amygdala response. It will
be of great interest to see if these findings can be replicated with a larger sample size and if
effective anti-panic treatment normalizes brain metabolic responses to doxapram among
patients with panic disorder.
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Figure 1.
Effect of Doxapram on Heart Rate. Patient increase in heart rate relative to normal volunteer
change (patient’s heart rate minus normal volunteer heart rate. Note patient heart rate is faster
than controls but the increment in heart rate with doxapram is significantly larger. Post-hoc t-
tests show no significant difference in 10-minutes pre-injection but significant in minutes 0–
9 (normal volunteers 70.9, sd = 9.6, patients 87.3, sd = 5.65, t = 3.68, p = 0.0036).
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Figure 2.
On saline, patients generally show greater activity in the gray matter throughout the PFC, but
decreased activity in the white matter.
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Figure 3.
Effect of doxapram on prefrontal cortex. Upon receiving doxapram, normals activate
dorsolateral areas 44, 45, and 46, while patients show decreases in this area. In orbital and
anterior cortex, both groups show decreases. In the medial frontal cortex, patients show a large
inferior cingulate area 25 increase while both normals and patients show decreases in other
areas.
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Figure 4.
Saline condition activity in the orbitofrontal cortex. Patients show increased activity in the
orbitofrontal cortex gray matter and decreased activity in the white matter.
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Figure 5.
Doxapram effect in the orbitofrontal cortex. Both patients and controls showed deactivation
in the gray matter of the orbitofrontal cortex with doxapram. The patients increased in activity
in the white matter.
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Figure 6.
Saline condition activity in the anterior prefrontal cortex. In the anterior prefrontal cortex, the
Panic Disorder patients show increased activity in the gray matter but decreased white matter
activity.
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Figure 7.
Cingulate Activity at Saline condition. Cingulate gyrus arch shows patients with relatively
higher activity than normals in the anterior portion and lower in the midsection; white matter
shows decreases throughout.
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Figure 8.
Doxapram effect on the cingulate. Patients show increases and controls decreases in anterior
cingulate gyrus gray matter and larger increases than controls in anterior cingulate white matter.
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Figure 9.
Statistical mapping for test of greater amygdala activation in patients with panic disorder than
in normal controls. Confirmatory mapping of amygdala hypothesis: red indicates areas with
greater doxapram-induced activation in panic disorder patients than in normal controls; t-test
on doxapram minus placebo relative metabolic rate, p < 0.05, 1-tailed. Arrow marks 40 pixel
patch in amygdala/hippocampus centered at −22, −13, −16; anterior edge at −22, −10, −16,
which is on the edge of the gray matter of the parahippocampal gyrus 41%, amygdala 32%,
7×7×7 search box on Talairach daemon, using excel2td.
http://ric.uthscsa.edu/projects/tdc/suggestedUses.html. The patch has a mean t of 2.36 and the
highest t is 3.17, df = 11, p < 0.005.
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Figure 10.
SPM Maps of MH levels 8–11. Confirmatory mapping of amygdala hypothesis: red indicates
areas with greater doxapram-induced activation in panic disorder patients than in normal
controls; t-test on doxapram minus placebo relative metabolic rate. Each numbered patch refers
to the table above. The threshold is p<0.05, 1-tailed (dark red margin of each spot), but the
reader can choose the preferred p value from the table. Thus the center of the amygdala (see
table) is 3.17, p = 0.005.

Garakani et al. Page 24

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2009 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Garakani et al. Page 25
Ta

bl
e 

1
G

ro
up

 S
ta

tis
tic

s o
n 

D
ay

 o
ne

 p
re

-in
je

ct
io

n

gr
p

N
M

ea
n

St
d.

 D
ev

ia
tio

n
t

df
p

ap
i1

PD
6

13
.1

66
7

13
.8

04
59

2.
07

5.
1

0.
09

N
C

7
1.

42
86

1.
81

26
5

an
x1

PD
6

3.
16

67
3.

06
05

0
1.

24
5.

57
0.

26

N
C

7
1.

57
14

.7
86

80

bo
rg

1
PD

6
1.

08
33

1.
20

06
9

2.
21

5.
00

0.
08

N
C

7
.0

00
0

.0
00

00

R
es

pi
ra

to
ry

 ra
te

 m
ea

n
PD

6
19

.7
83

3
1.

83
56

7
2.

31
11

0.
04

N
C

7
16

.9
57

1
2.

46
09

3

R
es

pi
ra

to
ry

 ra
te

 S
D

PD
6

8.
90

00
2.

69
22

1
1.

75
11

0.
11

N
C

7
5.

40
00

4.
21

78
2

H
ea

rt 
R

at
e 

m
ea

n
PD

6
75

.6
66

7
6.

53
19

7
2.

92
11

0.
01

N
C

7
63

.4
28

6
8.

28
36

6

H
ea

rt 
R

at
e 

SD
PD

6
6.

33
33

1.
96

63
8

0.
56

11
0.

59

N
C

7
5.

57
14

2.
76

02
6

Ti
da

l V
ol

um
e 

m
ea

n
PD

6
44

1.
26

67
10

3.
67

19
0

2.
50

11
0.

03

N
C

7
30

2.
67

14
96

.3
23

65

Ti
da

l V
ol

um
e 

SD
PD

6
24

9.
50

50
58

.1
86

43
3.

27
11

0.
00

8

N
C

7
11

5.
35

71
84

.7
18

61

M
in

ut
e 

V
en

til
at

io
n 

m
ea

n
PD

6
8.

12
00

1.
77

87
1

3.
91

11
0.

00
2

N
C

7
4.

93
00

1.
14

15
8

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2009 June 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Garakani et al. Page 26
gr

p
N

M
ea

n
St

d.
 D

ev
ia

tio
n

t
df

p

M
in

ut
e 

V
en

til
at

io
n 

SD
PD

6
5.

85
50

2.
98

55
4

2.
40

11
0.

04

N
C

7
2.

50
86

2.
03

26
6

Th
es

e 
ar

e 
va

lu
es

 o
n 

da
y 

1,
 b

ef
or

e 
sa

lin
e 

in
je

ct
io

n.
 F

or
 th

e 
ph

ys
io

lo
gi

ca
l m

ea
su

re
s t

he
se

 a
re

 5
 m

in
ut

e 
m

ea
ns

 b
ef

or
e 

in
je

ct
io

n.
 F

or
 th

e 
sc

al
es

 th
es

e 
ar

e 
th

e 
−1

0 
m

in
ut

e 
m

ea
su

re
s.

A
PI

 a
nd

 B
or

g 
sh

ow
 a

 tr
en

d 
to

w
ar

d 
si

gn
ifi

ca
nc

e 
be

tw
ee

n 
th

e 
tw

o 
gr

ou
ps

. H
ow

ev
er

 th
e 

re
sp

ira
to

ry
 v

ar
ia

bl
es

 a
nd

 h
ea

rt 
ra

te
 a

re
 si

gn
ifi

ca
nt

ly
 h

ig
he

r i
n 

th
e 

PD
 g

ro
up

s p
rio

r t
o 

in
je

ct
io

n.
 W

ith
 si

gn
ifi

ca
nt

ly
gr

ea
te

r v
ar

ia
nc

e 
(s

ta
nd

ar
d 

de
vi

at
io

ns
) f

or
 ti

da
l v

ol
um

e 
an

d 
m

in
ut

e 
ve

nt
ila

tio
ns

 in
 th

e 
PD

 g
ro

up
. Y

ou
 c

an
 a

rg
ue

 th
at

 th
is

 d
iff

er
en

ce
 is

 c
au

se
d 

by
 th

e 
gr

ea
te

r a
nt

ic
ip

at
or

y 
an

xi
et

y 
in

 th
e 

pa
tie

nt
s, 

to
 re

ce
iv

in
g

th
e 

in
je

ct
io

n 
(w

hi
ch

 th
e 

pa
tie

nt
s b

el
ie

ve
 c

an
 b

e 
do

xa
pr

am
 a

nd
 c

au
se

 a
 p

an
ic

 a
tta

ck
).

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2009 June 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Garakani et al. Page 27
Ta

bl
e 

2
V

al
ue

s o
f a

re
as

 d
el

in
ea

te
d 

in
 S

PM
 a

na
ly

si
s o

f M
H

 le
ve

ls
 8

–1
1.

A
re

a
x

y
z

M
ax

 V
al

ue
Pr

im
ar

y 
R

eg
io

n 
(7

×7
 v

ox
el

 a
na

ly
si

s)
Se

co
nd

ar
y 

R
eg

io
n

M
H

 8

1
21

35
12

3.
83

R
ig

ht
 F

ro
nt

al
 L

ob
e 

Su
b-

G
yr

al
 W

hi
te

 M
at

te
r (

70
%

)
A

nt
er

io
r C

in
gu

la
te

 W
hi

te
 M

at
te

r (
18

%
)

2
−2

49
12

−5
.7

1
B

A
 1

0 
G

ra
y 

M
at

te
r (

35
%

)
In

te
r-

H
em

is
ph

er
ic

 (3
2%

)

3
8

9
12

−4
.4

8
C

au
da

te
 G

ra
y 

M
at

te
r (

77
%

)
La

te
ra

l V
en

tri
cl

e 
(2

3%
)

4
−7

14
12

−3
.0

4
C

au
da

te
 G

ra
y 

M
at

te
r (

49
%

)
La

te
ra

l V
en

tri
cl

e 
(4

5%
)

5
6

−2
9

12
−4

.4
8

Ex
tra

-N
uc

le
ar

 W
hi

te
 M

at
te

r (
56

%
)

C
or

pu
s C

al
lo

su
m

 (3
5%

)

6
24

−4
9

12
−3

.4
5

La
te

ra
l V

en
tri

cl
e 

(4
2%

)
Ex

tra
-N

uc
le

ar
 W

hi
te

 M
at

te
r (

38
%

)

7
39

−5
0

12
5.

61
Su

b-
G

yr
al

 W
hi

te
 M

at
te

r (
54

%
)

Su
pe

rio
r T

em
po

ra
l G

yr
us

 W
hi

te
 M

at
te

r (
39

%
)

8
18

−7
2

12
−3

.8
2

O
cc

ip
ita

l L
ob

e 
C

un
eu

s W
hi

te
 M

at
te

r (
52

%
)

B
A

 3
0 

G
ra

y 
M

at
te

r (
22

%
)

9
1

−6
8

12
3.

67
O

cc
ip

ita
l L

ob
e 

C
un

eu
s (

13
%

)
Po

st
er

io
r C

in
gu

la
te

 (1
3%

)

10
−1

0
−6

9
12

3.
45

O
cc

ip
ita

l L
ob

e 
C

un
eu

s W
hi

te
 M

at
te

r (
22

%
)

B
A

 2
3 

G
ra

y 
M

at
te

r (
15

%
)

11
−4

0
−5

5
12

3.
00

Te
m

po
ra

l L
ob

e 
Su

b-
G

yr
al

 W
hi

te
 M

at
te

r (
35

%
)

M
id

dl
e 

Te
m

po
ra

l G
yr

us
 W

hi
te

 M
at

te
r (

26
%

)

12
−3

8
−7

1
12

−3
.4

2
Te

m
po

ra
l L

ob
e 

Su
b-

G
yr

al
 W

hi
te

 M
at

te
r (

44
%

)
M

id
dl

e 
O

cc
ip

ita
l G

yr
us

 W
hi

te
 M

at
te

r (
31

%
)

M
H

 9

1
−3

57
4

−3
.8

1
B

A
 1

0 
G

ra
y 

M
at

te
r (

42
%

)
M

ed
ia

l F
ro

nt
al

 G
yr

us
 W

hi
te

 M
at

te
r (

23
%

)

2
44

32
4

−4
.2

6
In

fe
rio

r F
ro

nt
al

 G
yr

us
 (1

00
%

)
N

/A

3
40

14
4

−3
.5

2
In

su
la

 W
hi

te
 M

at
te

r (
41

%
)

B
A

 1
3 

G
ra

y 
m

at
te

r (
37

%
)

4
46

−8
4

3.
01

Su
b-

Lo
ba

r I
ns

ul
a 

(2
9%

)
B

A
 1

3 
G

ra
y 

M
at

te
r (

28
%

)

5
60

−2
3

4
−3

.4
8

Su
pe

rio
r T

em
po

ra
l G

yr
us

 W
hi

te
 M

at
te

r (
85

%
)

B
A

 2
2 

G
ra

y 
M

at
te

r (
12

%
)

6
40

−2
5

4
3.

94
Su

pe
rio

r T
em

po
ra

l G
yr

us
 W

hi
te

 M
at

te
r (

27
%

)
Ex

tra
-N

uc
le

ar
 W

hi
te

 M
at

te
r (

25
%

)

7
42

−4
2

4
4.

50
Su

b-
G

yr
al

 W
hi

te
 M

at
te

r (
71

%
)

M
id

dl
e 

Te
m

po
ra

l G
yr

us
 W

hi
te

 M
at

te
r (

20
%

)

8
13

−1
4

4
3.

32
Th

al
am

us
: V

en
tra

l L
at

er
al

 N
uc

le
us

 (3
9%

)
Th

al
am

us
 G

ra
y 

M
at

te
r (

37
%

)

9
−1

1
−2

0
4

5.
15

Th
al

am
us

 G
ra

y 
M

at
te

r: 
M

am
m

ill
ar

y 
B

od
y 

(4
0%

)
Th

al
am

us
 G

ra
y 

M
at

te
r (

33
%

)

10
−2

9
−2

6
4

4.
43

Su
b-

Lo
ba

r E
xt

ra
 N

uc
le

ar
 W

hi
te

 M
at

te
r (

98
%

)
Th

al
am

us
 G

ra
y 

M
at

te
r (

2%
)

11
−4

0
−3

4
4

2.
49

Te
m

po
ra

l L
ob

e 
Su

b-
G

yr
al

 W
hi

te
 M

at
te

r (
71

%
)

Su
pe

rio
r T

em
po

ra
l G

yr
us

 W
hi

te
 m

at
te

r (
21

%
)

12
−3

5
0

4
4.

03
Su

b-
Lo

ba
r E

xt
ra

 N
uc

le
ar

 W
hi

te
 M

at
te

r (
43

%
)

Su
b-

Lo
ba

r I
ns

ul
a 

W
hi

te
 M

at
te

r (
35

%
)

13
−4

7
−2

1
4

4.
07

Su
pe

rio
r T

em
po

ra
l G

yr
us

 W
hi

te
 M

at
te

r (
64

%
)

B
A

 2
2 

(1
8%

)

14
−4

9
−5

2
4

5.
63

M
id

dl
e 

Te
m

po
ra

l G
yr

us
 W

hi
te

 M
at

te
r (

10
0%

)
N

/A

15
14

−6
0

4
6.

33
O

cc
ip

ita
l L

ob
e,

 L
in

gu
al

 G
yr

us
 W

hi
te

 M
at

te
r (

55
%

)
Po

st
er

io
r C

in
gu

la
te

 W
hi

te
 m

at
te

r (
13

%
)

16
−5

−7
3

4
4.

90
B

A
 1

8 
G

ra
y 

M
at

te
r (

30
%

)
O

cc
ip

ita
l L

ob
e,

 L
in

gu
la

 G
yr

us
 W

hi
te

 M
at

te
r (

22
%

)

17
0

−8
9

4
3.

03
B

A
 1

7 
G

ra
y 

M
at

te
r (

10
%

)
In

te
r-

H
em

is
ph

er
ic

 M
at

te
r (

10
%

)

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2009 June 14.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Garakani et al. Page 28
A

re
a

x
y

z
M

ax
 V

al
ue

Pr
im

ar
y 

R
eg

io
n 

(7
×7

 v
ox

el
 a

na
ly

si
s)

Se
co

nd
ar

y 
R

eg
io

n

18
−2

6
−9

0
4

2.
76

M
id

dl
e 

O
cc

ip
ita

l G
yr

us
 W

hi
te

 M
at

te
r (

55
%

)
O

cc
ip

ita
l S

ub
-G

yr
al

 W
hi

te
 M

at
te

r (
19

%
)

M
H

 1
0

1
−1

0
65

−4
2.

54
M

ed
ia

l F
ro

nt
al

 g
yr

us
 B

A
 1

0 
G

ra
y 

M
at

te
r (

28
%

)
Su

pe
rio

r F
ro

nt
al

 G
yr

us
 B

A
 1

0 
G

ra
y 

M
at

te
r (

21
%

)

2
1

33
−4

−3
.4

7
R

ig
ht

 A
nt

er
io

r C
in

gu
la

te
 (3

3%
)

Le
ft 

A
nt

er
io

r C
in

gu
la

te
 (1

9%
)

3
14

20
−4

4.
00

Fr
on

ta
l L

ob
e 

Su
b-

G
yr

al
 W

hi
te

 m
at

te
r (

31
%

)
Su

b-
Lo

ba
r E

xt
ra

 N
uc

le
ar

 W
hi

te
 M

at
te

r (
28

%
)

4
34

−2
−4

3.
07

Su
b-

Lo
ba

r E
xt

ra
 N

uc
le

ar
 W

hi
te

 M
at

te
r (

59
%

)
Su

b-
Lo

ba
r C

la
us

tru
m

 G
ra

y 
M

at
te

r (
22

%
)

5
51

−3
0

−4
3.

67
M

id
dl

e 
Te

m
po

ra
l G

yr
us

 W
hi

te
 M

at
te

r (
70

%
)

Te
m

po
ra

l L
ob

e 
Su

b-
G

yr
al

 W
hi

te
 M

at
te

r (
19

%
)

6
29

−3
7

−4
−5

.1
2

Pa
ra

hi
pp

oc
am

pa
l G

yr
us

 W
hi

te
 M

at
te

r (
61

%
)

Te
m

po
ra

l L
ob

e 
Su

b-
G

yr
al

 W
hi

te
 M

at
te

r (
17

%
)

7
5

−1
6

−4
3.

65
R

ig
ht

 B
ra

in
st

em
 (6

5%
)

R
ig

ht
 B

ra
in

st
em

, G
ra

y 
M

at
te

r R
ed

 N
uc

le
us

 (2
8%

)

8
−1

1
−2

9
−4

3.
01

Le
ft 

B
ra

in
st

em
 (6

7%
)

M
id

br
ai

n 
(2

6%
)

9
−3

0
−1

7
−4

3.
31

Su
b-

Lo
ba

r E
xt

ra
 N

uc
le

ar
 W

hi
te

 m
at

te
r (

42
%

)
Pu

ta
m

en
 G

ra
y 

M
at

te
r (

38
%

)

10
0

−5
8

−4
−4

.8
0

Le
ft 

A
nt

er
io

r L
ob

e,
 C

ul
m

en
 (5

5%
)

R
ig

ht
 A

nt
er

io
r L

ob
e,

 C
ul

m
en

 (4
1%

)

11
−4

2
−6

0
−4

−3
.3

7
O

cc
ip

ita
l L

ob
e 

Su
b-

G
yr

al
 W

hi
te

 M
at

te
r (

67
%

)
Te

m
po

ra
l L

ob
e 

Su
b-

G
yr

al
 W

hi
te

 M
at

te
r (

28
%

)

12
0

−5
8

−4
−4

.8
0

Le
ft 

C
ul

m
en

 (5
5%

)
R

ig
ht

 C
ul

m
en

 (4
1%

)

13
−1

−8
3

−4
6.

49
B

A
 1

8 
G

ra
y 

M
at

te
r (

38
%

)
R

ig
ht

 O
cc

ip
ita

l L
ob

e 
Li

ng
ua

l G
yr

us
 (9

%
)

14
39

−8
1

−4
3.

40
R

ig
ht

 In
fe

rio
r O

cc
ip

ita
l G

yr
us

 W
hi

te
 M

at
te

r (
35

%
)

B
A

 1
9 

G
ra

y 
M

at
te

r (
22

%
)

M
H

 1
1

1
43

18
−1

6
3.

09
B

A
 3

8 
G

ra
y 

M
at

te
r (

29
%

)
In

fe
rio

r F
ro

nt
al

 G
yr

us
 (2

0%
)

2
43

3
−1

6
2.

38
Su

pe
rio

r T
em

po
ra

l G
yr

us
 W

hi
te

 M
at

te
r (

56
%

)
Te

m
po

ra
l L

ob
e 

Su
b-

G
yr

al
 W

hi
te

 M
at

te
r (

39
%

)

3
2

−1
−1

6
3.

76
V

en
tri

cl
e 

(6
2%

)
W

hi
te

 M
at

te
r (

28
%

)

4
−1

2
7

−1
6

4.
58

Le
ft 

Fr
on

ta
l L

ob
e 

(2
8%

)
Su

bc
al

lo
sa

l G
yr

us
 W

hi
te

 M
at

te
r (

21
%

)

5
−4

3
8

−1
6

3.
32

Su
pe

rio
r T

em
po

ra
l G

yr
us

 W
hi

te
 M

at
te

r (
55

%
)

B
A

 3
8 

G
ra

y 
M

at
te

r3
6%

)

6
−5

4
11

−1
6

3.
82

B
A

 3
8 

G
ra

y 
M

at
te

r (
57

%
)

Su
pe

rio
r T

em
po

ra
l G

yr
us

 W
hi

te
 M

at
te

r (
20

%
)

7
−1

−3
8

−1
6

−4
.0

0
Le

ft 
B

ra
in

st
em

 (5
6%

)
R

ig
ht

 B
ra

in
st

em
 (2

2%
)

8
−2

3
−6

0
−1

6
2.

98
Le

ft 
Po

st
er

io
r L

ob
e,

 D
ec

liv
e 

(9
5%

)
Le

ft 
A

nt
er

io
r L

ob
e,

 C
ul

m
en

 (5
%

)

9
−2

2
−1

3
−1

6
3.

17
Pa

ra
hi

pp
oc

am
pa

l G
yr

us
 W

hi
te

 M
at

te
r (

41
%

)
A

m
yg

da
la

 G
ra

y 
M

at
te

r (
32

%
)

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2009 June 14.


