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Objective: In subjects with mood disor-
ders, positron emission tomography (PET)
with ['8F]fluorodeoxyglucose has shown
prefrontal cortical metabolism deficits, in-
cluding in a subgenual region in subjects
with familial illness. The authors applied
a dl-fenfluramine challenge method to
study metabolic response in this region to
serotonergic challenge in familial major
depression.

Method: The study group consisted of
19 depressed subjects with major depres-
sive disorder or bipolar disorder, all of
whom had at least one first-degree rela-
tive with history of major depression, and
10 healthy volunteers with similar age
and gender distributions. PET images
were acquired under placebo and chal-
lenge conditions, and volumetric MRI
scans were also obtained. Group compar-
isons of metabolic and volumetric data
were performed. Ratings of acute mood

change during serotonergic challenge
were compared with the imaging data.

Results: Within Brodmann’s area 32, a
glucose metabolism deficit in the de-
pressed subjects on placebo day was
observed by voxel-level analysis, but no
volumetric deficit was found in the sub-
genual regions examined. Under chal-
lenge, both groups suppressed metabo-
lism similarly. Within the patient group,
the correlation between acute mood im-
provement during challenge and greater
metabolic suppression approached sig-
nificance.

Conclusions: In familial mood disorders,
a ventromedial prefrontal cortical deficit
in baseline metabolism is not due to al-
tered structural volume, and the response
to serotonergic challenge appears predic-
tive of acute mood response. The poten-
tial to predict treatment response can be
tested by a combined challenge and
treatment study.

(Am | Psychiatry 2003; 160:76-82)

Neuroimaging studies of mood disorders have more
consistently shown functional than structural deficits (1).
For example, 11 of 12 studies of the prefrontal cortex found
a decreased rate of regional cerebral glucose metabolism
(1), whereas one-half or fewer of published studies found
alterations in the volume of key brain regions thought to
play a role in mood disorders (2). We have previously re-
ported blunted responses in relative prefrontal cortical ce-
rebral glucose metabolism in several brain regions to the
release of serotonin by fenfluramine in subjects with mood
disorders in vivo by using PET and ['®F]fluorodeoxyglucose
(FDG) (3). Drevets et al. (4) found that a subgenual prefron-
tal cortical region in subjects with familial mood disorders
exhibited striking deficits of blood flow, metabolism, and
structural volume. Replication studies of the volumetric
finding have produced mixed results (5-8). Mayberg et al.
(5) found that in ventral prefrontal regions, elevations in
blood flow and glucose metabolism occurred during in-
duced sadness in comparison subjects, and decreases ac-
companied recovery from depression in patients. Reduc-
tions in frontal blood flow and glucose metabolism with
treatment response in depression have been documented
in other studies (9, 10).
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The ventromedial prefrontal cortex, with its limbic (an-
terior cingulate) and paralimbic (ventral prefrontal cor-
tex) components, has been implicated in mood disorders
in many studies (see for example references 11-13). Hu-
mans with lesions that include the ventromedial prefron-
tal cortex demonstrate failure to experience emotion or
exhibit abnormal autonomic responses to emotional ex-
periences (14, 15).

Our goal was to perform FDG PET studies under placebo
and dl-fenfluramine challenge conditions as well as MRI
studies comparing subjects with familial mood disorders
and healthy volunteers. Our purpose was to test the meta-
bolic response of the ventromedial prefrontal cortex and
subjective mood to serotonergic challenge. With this ap-
proach, we sought to test the hypothesis that there are
structural or metabolic abnormalities in this region in sub-
jects with familial mood disorders and to determine their
relation to serotonergic function and mood response.

Method

Subjects

Study subjects consisted of 19 subjects experiencing a DSM-
III-R major depressive episode and 10 healthy volunteers with
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similar age and gender distributions (Table 1 shows further de-
tails). Before and after each scan, patients were hospitalized in an
inpatient research unit for the evaluation and treatment of de-
pression. They received no payment for participation. Depression
severity was in the moderate range, as determined by the 17-item
Hamilton Depression Rating Scale (16) at the time of study (mean
score=22.3, SD=3.9, range=17-30). Five subjects had bipolar dis-
order (mean age=37 years, SD=15), and 14 had major depressive
disorder or unipolar depression (mean age=36 years, SD=10). Di-
agnoses were determined according to DSM-III-R criteria by us-
ing the Structured Clinical Interview for DSM-III-R (SCID) (17).
For comparability with prior studies of familial mood disorders
(e.g., Drevets et al. [4]), all patients had at least one first-degree
relative with a diagnosed mood disorder. Assessment of family
members was performed with a DSM-III-R checklist with infor-
mation obtained from the subject and, whenever possible, one
additional family member. All subjects were free of medication at
the time of study for at least 14 days (6 weeks in the case of fluoxe-
tine), except for benzodiazepines, which were discontinued at
least 24 hours before scanning in 12 cases but were needed within
24 hours of scanning for the remaining seven. Prior treatment
medications for 13 of the patients (six were medication-naive)
were fluoxetine (N=3), sertraline (N=2), and valproate (N=2); one
patient each was receiving paroxetine, bupropion, clomipramine,
doxepin, tranylcypromine, and hydroxyzine. Other medications
included the benzodiazepines clonazepam (N=3) and lorazepam
(N=4). Nine of the 19 patients had comorbid axis I diagnoses
(three had panic disorder, two had dysthymia, and one each had
social phobia, simple phobia, anorexia nervosa, and posttrau-
matic stress disorder). The healthy volunteers were recruited
through newsletter and newspaper advertisements and were ad-
mitted the day before the first scan to the Irving Center for Clini-
cal Research and discharged after the second scan. The screening
examination included the SCID (nonpatient version), history of
past suicidal behavior, and evaluation of family psychiatric his-
tory to exclude axis I diagnosis in the subjects or first-degree rela-
tives and history of suicidal behavior in the subjects. Patients and
healthy volunteers were free of medical illness as assessed by
medical history, physical examination, standard laboratory tests
(including blood count, electrolytes, thyroid indices, and toxicol-
ogy screen), and according to MRI and PET scans as reviewed by
a neuroradiologist. Pregnancy was excluded by history and by
testing on the morning of the PET studies, and premenopausal fe-
male subjects were studied within 5 days after onset of menses.
All subjects gave written informed consent following full explana-
tion of the study, including the risks of radiation exposure. The
study and consent procedures were as approved by the medical
center institutional review board.

Pharmacological Challenge and Plasma Levels

Brain response to serotonergic challenge was assessed by ad-
ministration of an oral dose of placebo or 60 mg (about 0.8 mg/
kg) of dl-fenfluramine as described previously (3, 18, 19). This
challenge raises intrasynaptic levels of serotonin both by release
from nerve terminals and by inhibiting transmitter reuptake. Lev-
els of fenfluramine and norfenfluramine were assayed by a gas-
liquid chromatography method (20) adapted as described previ-
ously (21). Prolactin levels were determined with an immunorad-
iometric assay (Hybritech, Inc., San Diego, Calif.).

Clinical Ratings

Acute mood symptom changes induced by the pharmacologi-
cal challenge were evaluated by using the Profile of Mood States
(POMS), a 65-item self-report scale that assesses aspects of cur-
rent mood and is widely used in pharmacological, experimental,
and treatment research (22). Scores range from -32 to 208, with
higher scores indicating greater mood disturbance. POMS ratings

Am | Psychiatry 160:1, January 2003

KEGELES, MALONE, SLIFSTEIN, ET AL.

TABLE 1. Characteristics of Depressed Subjects and
Healthy Comparison Subjects Who Underwent PET Imag-
ing for Assessment of Deficits in Prefrontal Cortical Metab-
olism

Depressed  Comparison
Subjects Subjects
Characteristic (N=19) (N=10) Analysis

N % N % x2 df p

Gender 0.21 1 0.65
Female 13 68.4 6 60.0
Male 6 31.6 4 40.0
Race 3.50 3 0.32
Hispanic 2 105 0 0.0
African American 0 0.0 1 10.0
Caucasian 16 84.2 9 90.0
Other 1 53 0 0.0

Mean SD Mean SD t df p
Age (years) 36 11 39 19 052 27 061
Height (inches) 66.5 26 67.7 48 087 27 0.39
Education (years) 15.9 30 16.0 25 0.10 27 0.92

Full-scale 1Q (WAIS-R) 109 13 104 4 0.89 16 0.39

were obtained within 1 hour after each of the two PET scanning
sessions.

PET Scans

Subjects fasted from midnight before the PET scan until shortly
after scan completion. Scans were of 1-hour duration and began
approximately 40 minutes after intravenous bolus injection of
FDG, 5 mCi, which followed drug administration (placebo or fen-
fluramine, see reference 3) by 3 hours. The 3-hour period was
chosen on the basis of prior data demonstrating robust prolactin
and symptomatic response to fenfluramine at this interval (21).
Subjects were provided with minimal, uniform sensory stimulus
for the 40 minutes of the distribution phase between FDG injec-
tion and scanning. Subjects were then positioned supine on the
scanning table with an individually molded, thermoplastic mask
to minimize head movement, which was reused for the second
PET study to enhance reproducibility of head positioning. Scans
were acquired with a Siemens ECAT EXACT 47 scanner (in-plane
spatial resolution 5.8 mm, axial resolution 4.3 mm full width at
half maximum at center) in two-dimensional mode in a series of
12 5-minute frames. Images were reconstructed as 12 transaxial
slices by using a Shepp radial filter with cutoff frequency of 0.35
and a ramp axial filter with cutoff frequency of 0.5. Attenuation
was measured by a 10-minute %8Ge/58Ga transmission scan ac-
quired immediately after the hour of image acquisition.

MRI Scans

MRI scans for volumetric analysis and anatomically based re-
gion of interest definition were acquired with a T;-weighted axial
sequence, slices parallel to the anterior commissure-posterior
commissure line, by using three-dimensional spoiled gradient re-
called acquisition in the steady state. These produced thin-sec-
tion images of the whole brain with the following gradient-echo
parameters: TR=34 msec, TE=5 msec, flip angle=45°, slice thick-
ness=1.5 mm with zero gap, voxels=1.5 mm x 0.78 mm x 0.78 mm.

Image Analysis

Three methods of PET image analysis were used to test the hy-
pothesis of a decreased rate of regional cerebral glucose metabo-
lism in the ventromedial prefrontal cortex in the patient group. All
image analysis was performed by using UNIX workstations (Sun
Microsystems, Inc., Palo Alto, Calif.) with the MEDx software sys-
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TABLE 2. Levels of Prolactin and Fenfluramine Plus Nor-
fenfluramine Following Fenfluramine Challenge and Body
Weights of 19 Depressed Subjects and 10 Healthy Compar-
ison Subjects

Depressed Comparison

Subjects Subjects Analysis
Measure Mean SD Mean SD t df p
Prolactin level change
(ng/ml)? 9.7 96 112 6.9 041 27 0.69

Fenfluramine plus
norfenfluramine
level (ng/ml)? 59.4 19.6 747 215 1.89 25 0.07
Body weight (Ib) 158.4 30.4 153.3 38.0 0.40 27 0.70

2 Values reflect average of 3- and 4-hour postchallenge levels.

tem (Sensor Systems, Inc., Sterling, Va.) or with Statistical Para-
metric Mapping, Version 96 (SPM 96).
The image analysis methods were as described below.

1. Anatomically defined region of interest. MRI-based ana-
tomically defined regions of interest allow evaluation of function
in regions specified by brain structure and by anatomical land-
marks. The fact that the design of our study was, in part, a replica-
tion of the study of Drevets et al. (4) led to the use of this method,
since that paper specified anatomical landmarks. In this method,
the subgenual cingulum was manually traced within the ventro-
medial prefrontal cortex by using anatomic criteria on the MRI
scan of each subject by an operator blind to placebo or fenflu-
ramine condition and to diagnosis. The subgenual cingulum as
defined here included the Drevets subgenual cingulum, or Brod-
mann’s areas 33 and 24 (termed “subgenual prefrontal cortex” by
Drevets et al. [4]), plus the subgenual portion of Brodmann’s area
32. The criteria included the agranular and granular cortex (4, 23)
bounded anteriorly by the most anterior extent of the genu of the
corpus callosum and posteriorly by the most anterior plane
where the internal capsule no longer divides the striatum. Supe-
rior-inferior extent ranged from the inferior surface of the corpus
callosum to the inferior boundary of the second gyrus ventral to
the corpus callosum. Gray matter within the manually traced re-
gion was defined in this approach by an MRI tissue segmentation
method that used a triple-Gaussian curve fit to the histogram of
voxel intensities from the whole brain to accommodate peaks for
cerebrospinal fluid, gray matter, and white matter (24). Interrater
reliability was evaluated for four raters who measured volumes of
prefrontal cortical gray matter regions that included the subgen-
ual cingulum for nine cases, using the above tissue segmentation
method for gray matter selection. Intraclass correlation coeffi-
cient ranged from 0.91 to 0.92 across these cases. The corre-
sponding regional signal from the individually coregistered PET
images was computed, with intermodality image coregistration
performed by using the AIR algorithm (25) as incorporated in the
MEDx software system. PET images were rescaled to a gray matter
mean metabolic rate of 53 pmol/100 gm tissue/minute (26).

2. Statistical parametric mapping. The second analytic ap-
proach was a functional, pixel-based method (27) that used SPM
96 as incorporated into the MEDx system to test differences in the
mean metabolism between groups, in the a priori defined ventro-
medial prefrontal cortical region. The statistical parametric map-
ping method allows functional activity differences to determine
regions of comparison. These procedures were as previously de-
scribed (3) except for the use of a newer version of statistical para-
metric mapping. One-tailed t tests of the differences of the means
between groups at each voxel under each of the two conditions
were converted to z scores for graphical display as parametric
maps. For the a priori specified ventromedial prefrontal cortical
region, protection against type I error accumulation in multiple
comparisons using the theory of Gaussian random fields in statis-
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tical parametric mapping exploratory analyses was not needed
(28). The statistical parametric mapping analysis identifies the
voxels of significantly lower cerebral glucose metabolism in the
patient group as computed by the aforementioned methods.

3. Functionally defined region of interest. The third ap-
proach was a functionally defined region of interest method, used
in prior SPECT, PET, and fMRI studies (29-31). When a function-
ally defined region of interest is determined by the result of a sta-
tistical parametric mapping analysis, as in the current study, the
resulting region of interest data are not independent of the statis-
tical parametric mapping data, and the image data analysis re-
sults are not additional to the statistical parametric mapping re-
sults but merely corroborative. The advantage, however, of
generating functionally defined region of interest data is the
availability of these data for comparison with other variables that
are not image-related (plasma data, clinical ratings).

The z threshold value of 2.88 was selected to define a localized
region in the ventromedial prefrontal cortex on the statistical
parametric map of the placebo condition group difference. The
method does not provide independent testing of the placebo con-
dition deficit but does yield new data for further statistical analy-
sis of the challenge condition (whose data play no role in the
functional region definition). This region of interest was then ap-
plied to each individual PET image in the study, both pre- and
postchallenge, in the stereotaxic-atlas-transformed space. Gray
matter (defined by using the statistical parametric mapping crite-
rion as all voxels of intensity greater than 0.8 of the image mean)
signal intensity was rescaled for all images to a mean of 53 pmol/
100 g tissue/minute (26). Statistical analyses were then applied to
the mean PET region of interest values.

Statistical Analysis

Plasma levels of prolactin, fenfluramine, and norfenfluramine
were assessed for group effects by two-tailed t tests. Two-tailed t
tests were used to evaluate volume differences between the diag-
nostic groups, supplemented by analysis of covariance (ANCOVA)
to control for whole brain volume. Repeated-measures analysis of
variance (ANOVA) was applied to both the anatomically defined
and functionally defined regional metabolism data. In the statis-
tical parametric mapping analysis, significance testing was per-
formed with one-tailed t tests of differences between the adjusted
means at each voxel, which were then converted to z scores as im-
plemented in SPM 96. Simple regression analysis with Spearman’s
test of significance was used to study the relation of the metabolic
changes to the POMS depression scores. A mixed-effects model
(32) was used to assess the potential confounding effects of
plasma fenfluramine and norfenfluramine levels on the brain
metabolism data derived from the functionally defined region of
interest method. This model contained metabolic activity as the
response and diagnosis, fenfluramine plus norfenfluramine
plasma levels (0 on day 1, and 3- and 4-hour postchallenge aver-
age on day 2), the interaction between diagnosis and fenflu-
ramine plus norfenfluramine plasma levels, and subject as the
random effect in the analysis.

Results

Plasma Levels

Prolactin levels at the time of injection of FDG (3- and 4-
hour postchallenge average) were not different between
patients and healthy volunteers (Table 2). However, fen-
fluramine plus norfenfluramine levels (3- and 4-hour
postchallenge average) showed a group difference that ap-
proached significance, with mean plasmalevel 26% higher
in healthy volunteers than in depressed subjects. This dif-
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FIGURE 1. Regions of Significantly Lower Cerebral Glucose Metabolism Rates in 19 Depressed Subjects Relative to 10

Healthy Comparison Subjects Following Placebo Challenge?

Right

2 The statistical parametric mapping on the left depicts regions of greater metabolic activity in the healthy subjects than in the depressed sub-
jects. The most anterior region, shown in the image on the right, was in Brodmann’s area 32, inferior and anterior to the genu of the corpus
callosum (Talairach-Tournoux coordinates for the epicenter voxel: x=4, y=34, z=—12). The z height threshold displayed is zo=2.88, corre-
sponding to p<0.002 (one-tailed t test). The highest z score for the anterior cingulum region was 3.52 (p<0.0003).

ference was not attributable to group mean body weight
difference (Table 2). Therefore, a mixed-effects model was
used to covary fenfluramine plus norfenfluramine levels
and compare region of interest metabolism changes con-
trolling for this plasma level difference.

MRI Anatomically Defined Region of Interest

Volumes and PET metabolic activity measures showed
no group differences for the MRI-based subgenual cingu-
lum regions. Volumes of the right subgenual cingulum re-
gion were not different between the patients (mean=445.5
mm?, SD=116.3) and the healthy volunteers (mean=509.8
mm?3, SD=171.1) (t=1.20, df=27, p=0.24). Results were sim-
ilar for the left subgenual cingulum region (patients:
mean=518.9 mm?3, SD=190.0; healthy volunteers: mean=
535.0 mm3, SD=172.9) (t=0.22, df=27, p=0.83). Subgenual
cingulum region of interest volumes were also not differ-
ent after we controlled for total brain volume (right: F=
1.47, df=1, 25, p=0.24; left: F=0.281, df=1, 25, p=0.60). Met-
abolic activity (PET signal intensity in the subgenual cin-
gulum region of interest per unit volume) was not differ-
ent between patients and healthy volunteers within the
right subgenual cingulum region of interest on placebo
day (patients: mean=48.2, SD=5.57; healthy volunteers:
mean=47.8, SD=6.78) (t=—0.15, df=27, p=0.88) or on fenflu-
ramine challenge day (patients: mean=49.0, SD=6.06;
healthy volunteers: mean=47.7, SD=6.99) (t=-0.52, df=27,
p=0.61). Results were similar for the left subgenual cingu-
lum region of interest on placebo day (patients: mean=
48.1, SD=5.03; healthy volunteers: mean=48.8, SD=4.61)
(t=0.39, df=27, p=0.70) and on challenge day (patients:
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mean=48.2, SD=5.76; healthy volunteers: mean=49.6, SD=
5.00) (t=0.67, df=27, p=0.51).

Statistical Parametric Mapping
Voxel-Level Analyses

Figure 1 depicts placebo scan day comparisons by voxel
and shows three brain regions with lower cerebral glucose
metabolism in the patient group compared with the
healthy volunteers. The z score threshold was chosen to be
70=2.88, corresponding to p<0.002 (one-tailed t test of pa-
tients lower than healthy volunteers) unprotected for mul-
tiple comparisons. These regions are seen to include a ven-
tromedial prefrontal cortical region, slightly to the right of
midline (z=3.52, p<0.0003) in Brodmann’s area 32 (with
Talairach-Tournoux atlas [33] coordinates for the epicenter
voxel of x=4, y=34, z=—12); a region in the left putamen (z=
3.55, p<0.0002) with coordinates (x=-26, y=8, z=—4); and a
right occipital cortical region (z=3.59, p<0.0002) with coor-
dinates (x=26, y=—64, z=4) in Brodmann’s area 18. The un-
protected one-tailed t test was highly significant (p<0.0003)
for the a priori specified ventromedial prefrontal cortical
region. The fenfluramine day group difference was also sig-
nificant for this region at the z=3.06 (p<0.002) level. Figure
1 also shows the anatomical location of the regions where
statistical parametric mapping identified lower cerebral
glucose metabolism in patients relative to healthy compar-
ison subjects under placebo conditions. The figure is re-
stricted to a near-midsagittal slice overlaid on an MRI in
Talairach space.

Functionally Defined Region of Interest

Repeated-measures ANOVA showed significantly lower
cerebral glucose metabolism in the functionally defined
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FIGURE 2. Metabolism in a Functionally Defined Region of
the Ventromedial Prefrontal Cortex in Healthy Comparison
Subjects and Depressed Subjects Following Placebo and
Fenfluramine Challenge?

65
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a Repeated-measures ANOVA showed significant main effects of diag-
nosis (F=13.90, df=1, 27, p=0.001) and challenge condition (F=
43.16, df=1, 27, p<0.0001).

region of interest in patients compared with healthy vol-
unteers. Main effects of diagnosis and challenge condition
were significant (Figure 2), confirming the statistical para-
metric mapping findings. Unipolar subjects did not differ
from bipolar subjects in cerebral glucose metabolism at
baseline or under fenfluramine challenge nor did comor-
bid axis I diagnoses affect metabolic response to fenflu-
ramine. Patients receiving no benzodiazepine medication
for atleast 24 hours before scan time (N=12) showed no dif-
ference in their fenfluramine-induced change in metabo-
lism from those receiving benzodiazepines at scan time
(N=7) (t=0.63, df=17, p=0.54). No significant group-by-con-
dition interaction was found, i.e., the patients and healthy
volunteers suppressed metabolism similarly with fenflu-
ramine challenge, even when fenfluramine levels were
controlled for (mixed-effects model, z=-0.42, p=0.68).

Clinical Ratings

These analyses are presented for the patients only.
Acute mood improvement assessed by the percent de-
crease in the POMS total score from placebo to fenflu-
ramine challenge condition correlated with fenfluramine-
induced percent decrease in functionally defined region of
interest metabolism. This relation is shown in Figure 3 for
the nine subjects with unipolar depression who were
rated. Nonsignificant relations in the same hypothesized
direction (mood improvement correlating with metabolic
suppression) were found with the POMS total score when
all patients rated (N=12) were analyzed (data not shown).
There was no effect of concurrent (N=6) compared with
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FIGURE 3. Relationship Between Acute Mood Improvement
and Metabolic Suppression in a Functionally Defined Re-
gion of the Ventromedial Prefrontal Cortex in Subjects With
Unipolar Depression Following Fenfluramine Challenge?
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more than 24-hour prior administration of benzodiaz-
epine medication (N=6) on acute mood ratings (t=0.35,
df=10, p=0.73).

Discussion

The functionally defined region of interest and the sta-
tistical parametric mapping methods both found a ven-
tromedial prefrontal cortical metabolic deficit in the pa-
tient group. This deficient area suppressed further with
serotonergic challenge. The results of our functional anal-
yses are consistent with the finding of Drevets et al. (4) ofa
region of lower cerebral glucose metabolism in the sub-
genual cingulum in subjects with familial mood disorders
at baseline. It is important to note that the brain region in
which we found a functional difference was slightly ante-
rior and inferior to the subgenual region identified by Dre-
vets et al. (4), although these regions are seen to overlap
when z thresholding is chosen to correspond to p=0.05
rather than p<0.0003 as displayed.

The failure of the MRI-based region of interest approach
to detect a metabolic or volume deficit may be correct and
differ from the functional data because of lack of exact an-
atomic correspondence between the definitions. The
MRI-based region of interest was defined as inferior to the
genu of the corpus callosum to retain comparability to
published studies, whereas the region found by the func-
tional methods was inferior but anterior to the genu. The
regions partly overlapped in the second gyrus (granular
cortex) inferior to the genu. Specification of reliable ana-
tomic criteria for this more anterior functionally defined
region might enable MRI-based methods to detect the
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metabolic difference reported here. Our MRI-defined gray
matter volume for the subgenual cingulum in normal vol-
unteers was 2.3-fold greater than that of Drevets et al. (4),
who measured the subgenual agranular cortex only. When
we measured a larger region of interest (the “subgenual
prefrontal cortex”) within the ventromedial prefrontal
cortex defined as the subgenual cingulum plus Brod-
mann’s area 25 (the subcallosal gyrus) and the gyrus rec-
tus, the volume was even larger and about 4.5-fold greater
than that of Drevets et al. (4). The volume also did not
differ between the depressed subjects and the healthy vol-
unteers. Thus, with neither of our two MRI region defini-
tions could we confirm the volume reduction reported by
Drevets et al. (4).

A limitation of our study may have been the pooling of
bipolar and unipolar depressed subjects into one group,
although this was justifiable based on the absence of pa-
tient subgroup differences. A larger subgroup of bipolar
subjects will be needed for definitive study of this issue.

Our study found that a further decrease in metabolism
in the fenfluramine condition appeared to correlate with
acute mood improvement. The study of Mayberg et al. (5)
assessed depressed subjects’ metabolism pre- and postre-
covery from depression but not relative to comparison
subjects. Our study design permitted the additional com-
parison with healthy subjects undergoing the same phar-
macological challenge, revealing that relative regional me-
tabolism was below normal at baseline in the functionally
defined region of interest in patients with depression and
was suppressed further with acute serotonergic challenge.
Since fenfluramine-induced serotonin release is not activ-
ity-dependent and therefore not affected by autoreceptor
activation, its acute effects may resemble late-phase treat-
ment when autoreceptors are thought to become desensi-
tized. If we therefore conjecture that acute metabolic re-
sponse to fenfluramine is similar to metabolic change seen
in recovery from depression, then our finding of a correla-
tion with acute mood improvement suggests consistency
between the prior results of Drevets et al. (4) and of May-
berg et al. (5). The ventromedial prefrontal cortex is hypo-
active in depression and becomes more so with mood im-
provement. This apparently paradoxical suppression with
recovery from depression has been found in both blood
flow and metabolism in the frontal cortex in studies of an-
tidepressant response to electroconvulsive therapy (9, 10).
How this metabolic inhibition might contribute to mood
improvement remains to be elucidated.

A remaining question is the mechanism of the baseline
functionally defined region of interest metabolic deficit it-
self. An important conclusion from the fenfluramine data
is that the deficit appears not to be related to serotonergic
transmission. That is, the absence of a difference in the
magnitude of the fenfluramine challenge response be-
tween depressed and healthy subjects suggests normal se-
rotonin function in this region. Instead, deficient metabo-
lism, both pre- and postchallenge, may involve a deficit of
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glial (34, 35) or pyramidal cells that might interfere with
glutamate transmission, the major mechanism of neu-
ronal energy consumption (36, 37).

Future work should aim to determine the predictive
value of the magnitude of the functionally defined region
of interest metabolic deficit and its responsivity to sero-
tonergic challenge as a potential predictor of response to
serotonergic antidepressant medication (compare with
reference 38) or other treatment.
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