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Prediction of Antidepressant Effects of Sleep Deprivation
by Metabolic Rates in the Ventral Anterior Cingulate

and Medial Prefrontal Cortex
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Michael Wiegand, M.D., Ahmad Najafi, Ph.D., Eric Klein, B.S., 
Kaye Hazen, B.S., and William E. Bunney, Jr., M.D.

Objective: Sleep deprivation has been shown to have an antidepressant benefit in a
subgroup of depressed patients. Functional imaging studies by the authors and others
have suggested that patients with elevated metabolic rates in the anterior cingulate gyrus
at baseline are more likely to respond to either sleep deprivation or antidepressant medi-
cations than patients with normal metabolic rates. The authors extend their earlier work in
a larger group of patients and explore additional brain areas with statistical probability map-
ping. Method: Thirty-six patients with unipolar depression and 26 normal volunteers were
studied with positron emission tomography before and after sleep deprivation. Response to
sleep deprivation was defined as a 40% or larger decrease in total scores on the Hamilton
Depression Rating Scale. Results: One-third of the depressed patients had a significant
response to sleep deprivation. Responders had higher relative metabolic rates in the me-
dial prefrontal cortex, ventral anterior cingulate, and posterior subcallosal gyrus at baseline
than depressed patients who did not respond to sleep deprivation and normal volunteers.
Lower Hamilton depression scores correlated significantly with lower metabolic rates in the
left medial prefrontal cortex. After sleep deprivation, significant decreases in metabolic
rates occurred in the medial prefrontal cortex and frontal pole in the patients who re-
sponded positively to sleep deprivation. Conclusions: High pretreatment metabolic rates
and decreases in metabolic rates after treatment in the medial prefrontal cortex may char-
acterize a subgroup of depressed patients who improve following sleep deprivation and,
perhaps, other antidepressant treatments. 

(Am J Psychiatry 1999; 156:1149–1158)

Sleep deprivation is the only known intervention in
depressive illness that has proven antidepressant bene-
fits within 24 hours (1, 2). More than 61 reports (N=
1,700 patients) have documented that total or partial
sleep deprivation leads to significant, albeit transitory,

improvement in 30%–50% of severely depressed pa-
tients. The antidepressant effects of sleep deprivation
have been demonstrated in patients who range in age
from adolescence (3) to late life (4), as well as in patients
with diverse clinical and demographic characteristics.
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Although the form of depressive symptoms has not
generally differentiated responders from nonresponders,
patterns of functional brain activity may be more infor-
mative. Brain imaging studies from our group (5) and
others (table 1) have suggested that patients with rela-
tively high rates of metabolism or perfusion in the an-
terior cingulate gyrus before sleep deprivation are
more likely to show a favorable clinical response to
sleep deprivation than are patients with lower rates of

baseline activity. Not only did activity in the anterior
cingulate gyrus predict therapeutic response, but pa-
tients whose depressive symptoms were diminished af-
ter sleep deprivation showed a posttreatment decre-
ment in metabolism in the medial prefrontal cortex
and the frontal pole. The predictive value of pretreat-
ment metabolic activity in the cingulate gyrus is not
limited to sleep deprivation. Two studies of antidepres-
sant medications also linked degree of clinical im-

TABLE 1. Findings of Cingulate Metabolism in Brain Imaging Studies of the Effect of Sleep Deprivation or Medication in Affective
Disordera

Study Year Methodb

Number 
of

Subjects

Number of 
Subjects 

Who Were 
Not

Receiving 
Medication

Relative (R)
or

Absolute (A) 
Metabolism 

Rate Task Finding

Studies of sleep deprivation

Ebert 
et al. (6)

1991 SPECT 10 10 R Rest Increased cingulate metabolism in 
responders

Wu 
et al. (7)

1992 PET FDG 15 15 A Continuous
Performance Test

Increased cingulate metabolism in 
responders

Volk 
et al. (8)

1992 SPECT 20 20 R Rest Increased orbitofrontal metabolism in 
responders

Ebert 
et al. (9)

1994 SPECT 20 9 R Rest Increased inferior anterior cingulate 
metabolism in respondersc

Studies of antidepressant medication

Buchsbaum 
et al. (10)

1997 PET FDG 17 R Continuous
Performance Test

High baseline gyrus rectus metabolism 
predicted response to sertraline

Little 
et al. (11)

1996 PET FDG 11 R Rest Low medial frontal metabolism at 
baseline predicted response to 
venlafaxine or bupropion

Mayberg 
et al. (12)

1997 PET FDG 18 R Rest Increased cingulate metabolism at 
baseline predicted response to 
antidepressant

Studies of patients with affective disorder and comparison subjects

Mayberg 
et al. (13)

1994 SPECT 13 0 R Rest Cingulate metabolism lower in 
patients than comparison subjects

Bench 
et al. (14)

1992 PET rCBF 40 20 R Rest Anterior cingulate (left) metabolism lower 
in patients than comparison subjects

Ho 
et al. (15)

1996 PET FDG 10 10 R Non-REM sleep Anterior cingulate metabolism lower in 
patients than comparison subjects

Drevets 
et al. (16)

1997 PET rCBF 10 10 R Rest Anterior cingulate metabolism lower in 
patients than comparison subjects

George 
et al. (17)

1997 PET 11 R Stroop Anterior cingulate less activated in 
patients than comparison subjects

Bonne 
et al. (18)

1996 SPECT 20 20 R Rest Anterior cingulate (left) metabolism lower 
in patients than comparison subjects 
(test was one-tailed)

Studies of affect localization in depressed patients

Bench 
et al. (19)

1995 PET rCBF 25 11 R Rest Anterior cingulate metabolism 
elevated with recovery

Ebmeier 
et al. (20)

1997 SPECT 20 5 R Rest Cingulate metabolism elevated with 
severity of global depression

Bremner 
et al. (21)

1997 PET rCBF 25 25 R Rest Anterior medial frontal metabolism 
higher in tryptophan depletion relapse

a Not all studies used uniform Talairach and Tournoux (28) coordinates or fully specified medial frontal position. For this reason, the cingu-
late, orbitofrontal cortex, and medial frontal cortex were included in the review of cingulate activity in affective disorder in the table. Further,
because the medial prefrontal cortex (Brodmann area 32) is referred to by some writers as part of the anterior paracingulate or cingulate,
it is also included in the table.

b SPECT=single photon emission computed tomography; PET=positron emission tomography; FDG=[18F]fluorodeoxyglucose; rCBF=re-
gional cerebral blood flow.

c Talairach-Tournoux level <0, personal communication from Ebert et al.
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provement to baseline metabolic rates in the anterior
cingulate (10, 12).

Despite agreement within the functional imaging liter-
ature on the importance of the anterior cingulate as a
predictor of therapeutic response, studies that attempt
to localize the affected area more precisely and explore
functionally related brain areas are needed. Since partial
volume effects, inaccuracy in region of interest place-
ment, and use of large medial region of interest boxes
for activity assessment may average together or dilute
ventral anterior cingulate effects, variation in the loca-
tion and direction of anterior medial activity may be
prominent. In the current study we extended our data
analysis, using statistical probability mapping and a
larger number of subjects to increase statistical power.

METHOD

Subjects

We used [18F]fluorodeoxyglucose (FDG) positron emission to-
mography (PET) to study 36 depressed patients and 26 normal vol-
unteers (table 2) while awake after a night of normal sleep and again
following all-night sleep deprivation. Fifteen of the 36 depressed pa-
tients and 15 of the 26 volunteers were included in our previous
study (5). As established by the Structured Clinical Interview for
DSM-III-R (22), all patients met criteria for unipolar major depres-
sive disorder, and all had scores of 17 or higher on the 24-item
Hamilton Depression Rating Scale (23). Patients had no additional
axis I diagnoses. Neither patients nor volunteers had taken psycho-
active medications for at least 2 weeks, and none had been treated
previously with fluoxetine or depot neuroleptics.

All subjects were free of physical disorders. Normal volunteers
were without mental disorders in themselves or first-degree relatives.
Informed consent was obtained from all subjects after the procedure
was fully explained.

Clinical Procedure and Assessment

Subjects were deprived of sleep under continuous supervision
from approximately 5:00 p.m. until completion of the PET scan the
following afternoon between 1:00 p.m. and 5:00 p.m. Mood was
measured with a modified Hamilton depression scale that omitted
sleep-related items (items 4–6) on the baseline PET scan day after a
night of normal sleep and again on the second PET scan day after
sleep deprivation. Trained Hamilton depression scale raters were pe-
riodically evaluated throughout the study. Patients were defined as
responders to sleep deprivation if their Hamilton depression scale
scores decreased by 40% or more after total sleep deprivation (24).
The FDG PET procedure (25) and the Continuous Performance Test
(26), a visual vigilance task performed during FDG uptake, have
been described elsewhere.

Brain Imaging Protocol

Images were obtained on a NeuroECAT scanner (needle source
measured 7.6-mm axial resolution, full width at half maximum). An
individually molded plastic mask was used to immobilize each sub-
ject. Repositioning of subjects between the two scans was accurate
to within 2 mm (25). Calibrated images were acquired (600,000–
1,000,000 counts), attenuation-corrected, and filtered (25). The
scanner was calibrated and normalization obtained in a standard-
ized way (by C.T. and M.S.B.) over the entire data collection period.

Image Analysis

PET scans were assigned to match the Matsui and Hirano atlas
((27) slice plane (number 13) and the corresponding Talairach

and Tournoux atlas (28) slice plane (number 14) by a technician
without knowledge of diagnosis or experimental condition and
converted to relative data (metabolic rate for region of interest/
metabolic rate for whole brain). For some additional analyses,
square regions of interest of 3-by-3 and 6-by-6 pixels were placed
according to standard methods (10, 28)

Statistical Probability Mapping

Images were first converted into a standardized coordinate sys-
tem. The average PET edge across all individual slices was com-
puted, and these mean edges were used to conform each individual
PET slice to the average edge contour with a radius-length-adjust-
ment method. Between-group t tests (pixel-by-pixel) were performed
on averaged PET images for depressed patients (responders and non-
responders to sleep deprivation) and normal volunteers in a manner
essentially similar to that of other related research reports (12, 14,
19). For a priori hypotheses based on previous work (5–7, 10, 12),
one-tailed t tests were used.

Resampling Methods to Evaluate Statistical Significance

As reviewed by other investigators (29, 30), resampling or random-
ization methods in PET analysis avoid poorly met statistical assump-
tions inherent in some imaging applications. We used resampling in
this study to evaluate the probabilities of random occurrences of t val-
ues yielding p<0.05 in a cluster of adjacent pixels (31, 32). Groups of
normal subjects matching the patients (12 responders, 24 nonre-
sponders) were randomly selected from a larger pool of subjects (N=
109). The first 12 were compared by t test against the remaining 24
subjects, and a p map was computed. This p map was then thresh-
olded at the p<0.05 level and a frequency distribution for suprathresh-
old pixel cluster sizes tabulated. After 100 resampling runs drawing
on a total of 5,000 clusters, the resulting frequency distributions were
averaged into one cumulative distribution to determine the minimum
size of contiguously clustered pixels that occurred less than once in 20.
In place of the conventional p<0.05 t test criterion, only clusters larger
than 95% of clusters appearing on resampling trials were accepted as
statistically significant. A similar process was used for correlation im-
ages to determine the minimum contiguous cluster size to be statisti-
cally significant (resampling p<0.05).

Cortical Brodmann areas and subcortical regions were defined (by
J.F.) by using corresponding representative magnetic resonance images
(MRI) and brain atlases (27, 28) (figure 1). These boundaries are based
on only two atlases and unavoidably reflect a limited sample. A statis-
tical study of Brodmann area margins and their proportional slice mar-
gins is not available. Since our resolution was 7.6 mm in plane, all cor-
tical areas reported are greater than 4 full width at half maximum.

To assess the reliability of medial prefrontal cortex and cingulate
gyrus locations on our template, the proportional coordinates were
compared with MRI measurements from an independent group of 16
subjects selected for having a single visible sulcus (separating Brod-
mann area 24 from Brodmann area 32) for all slice levels covering the
cingulate from interior to superior segments (31). Distance from the
anterior edge of the slice as a percent of the anterior/posterior distance
was measured (28). For the MRI slices (z=12), the mean y value for
the cingulate center was 20.9% plus 2.9%. Our cingulate region tem-
plate extended from y=18% to y=25% (y values of 23–36 at z=12), so
the group mean from the MRI successfully overlapped the template.

RESULTS

Baseline Metabolic Rate and Response to Sleep Deprivation

Therapeutic response. Of the 36 depressed patients
studied, 12 responded positively to sleep deprivation
(they had a 40% or greater decrease in total Hamilton
depression scale scores) and 24 did not respond to
sleep deprivation (table 2).
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Cingulate, medial prefrontal, and posterior subcallosal
cortex. At baseline, bilateral relative metabolic rates
within the ventral anterior cingulate (Brodmann area
24), medial prefrontal cortex (Brodmann area 32), and
posterior subcallosal cortex (Brodmann area 25) were
significantly higher in responders than nonresponders
or normal volunteers (table 3 and figure 2). In contrast,
nonresponders had significantly lower metabolic activ-
ity in the right anterior cingulate and medial prefrontal
cortex (Brodmann areas 24 and 32) than normal volun-
teers. No differences among the three groups of subjects
met resampling criteria for statistical significance in dor-
sal aspects (above Talairach z=12) of the anterior cingu-
late cortex. Increasing our region of interest to a large 6-

by-6-pixel midline box (x=0, y=–32) to evaluate poten-
tial resolution problems with adjacent midline struc-
tures produced similar results (responders’ mean=0.87,
SD=0.18; nonresponders’ mean=0.74, SD=0.15) (t=
2.07, df=34, p<0.05). This box is very close to the opti-
mal localization of the subgenual prefrontal cortex ab-
normality found by Drevets et al. (16) to distinguish all
unmedicated patients with depression from control sub-
jects (x=–2, y=32, z=–2, their figure 2).

Restricting our study group to the 21 subjects not
studied previously (7) confirmed the earlier-reported
regional cingulate effect (responders’ right mean=1.16,
SD=0.22, left mean=1.20, SD=0.22; nonresponders’

FIGURE 1. Neuroanatomical Key of Brain Areas Used in Analysis of Metabolic Activity in 36 Depressed Patients and 26 Normal
Volunteers Before and After Sleep Deprivationa

a Boundaries of cortical Brodmann areas (on right side) and subcortical structures (on left side) for statistical probability maps are shown in
yellow dotted lines. All subjects were proportionately standardized to this atlas diagram. Numbers are Brodmann areas: 6=premotor cor-
tex; 10=frontal pole; 11=deep orbital cortex; 17=primary visual cortex; 18 and 19=occipital cortex; 21=middle temporal gyrus; 22=superior
temporal gyrus; 23=posterior cingulate; 24=ventral anterior cingulate at z=–4-mm level; 25=posterior subcallosal gyrus; 31=posterior
paracingulate; 32=medial prefrontal cortex; 37=inferior temporal gyrus; 38=temporal tip; 39=inferior parietal lobule; 45 and 46=lateral pre-
frontal cortex; and 47=inferior lateral prefrontal cortex.

TABLE 2. Characteristics of 36 Depressed Patients and 26 Normal Volunteers Before and After Sleep Deprivationa

Characteristic

Depressed Patients

Responders (N=12)
Nonresponders

(N=24) Normal Volunteers

Baseline demographic features Mean SD Range Mean SD Range Mean SD Range

Age (years) 28.8 9.2 18–47 30.8 9.9 19–53 29.4 9.5 19–47

Sex N N N

Male 3 8 14
Female 9 16 12

Scores on tests before and after sleep 
deprivation

Before After Before After Before After
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Hamilton Depression Rating Scale score 23.0 7.3 8.2 4.0 24.1 8.4 21.5 7.9 0.4 0.9 1.8 2.0
Continuous Performance Test score 3.7 0.4 3.2 0.6 3.5 0.7 2.7 0.9 3.8 0.8 3.4 0.8

a Group-by-sleep condition, two-way ANOVA, nonresponders versus normal volunteers: group effect, F=4.50, df=1, 33, p=0.04; group-by-
condition interaction: F=5.77, df=1, 33, p=0.02. Other pairwise group comparisons were not significant. For the slice 10 analysis, two of
the nonresponders were excluded because the appropriate slices were not present. The nonresponder group studied included eight men
and 14 women (mean age=31.1 years, SD=10.0, mean Hamilton depression scale score=24.4, SD=8.7, before sleep deprivation and
mean=22.0, SD=7.8, after sleep deprivation).
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right mean=0.98, SD=0.20, left mean=0.97, SD=0.27)
(t=2.34 and t=2.77, df=19, respectively; effect size=
0.86 and 0.88, respectively; p<0.05).

After sleep deprivation, responders showed signifi-
cantly decreased metabolic activity in the left medial
prefrontal cortex (Brodmann area 32) and frontal pole
(Brodmann area 10) (table 3 and figure 2) compared
with baseline values. Among the depressed patients as
a group, the change in metabolic rate in the left medial
prefrontal cortex correlated significantly with the
change in Hamilton depression scale score after sleep
deprivation (r=0.35, N=36, p<0.05) (figure 3). That is,
the greater the antidepressant effect, the greater the re-
duction in the relative metabolic rate.

Striatal region. At baseline, both responders and
nonresponders had significantly lower striatal relative
metabolic rates than normal volunteers (table 3). After
sleep deprivation, neither responders nor nonre-
sponders showed significant striatal changes, but nor-
mal volunteers showed significant decreases.

Frontal and occipital cortex. At baseline, both de-
pressed responders and nonresponders showed signifi-
cantly higher metabolic activity in the occipital cortex
than normal volunteers (table 3 and figure 2). After
sleep deprivation, responders showed significant in-

creases in the right lateral prefrontal cortex (Brod-
mann area 46), but volunteers showed a decrease.

Temporal cortex. At baseline, responders had sig-
nificantly higher metabolic activity in the left superior
temporal area (Brodmann area 38) (table 3 and figure
2) than nonresponders and significantly lower activity
in the right inferior temporal area (Brodmann area 37)
than normal volunteers. After sleep deprivation, re-
sponders showed a significant increase in the right in-
sula (Brodmann area 52). Depressed patients as a
group showed a significant negative correlation be-
tween metabolic change in the left temporal cortex and
change in Hamilton depression scale score after sleep
deprivation (figure 3).

Task Performance After Sleep Deprivation

Not surprisingly, all groups showed decreased vigi-
lance on the Continuous Performance Test (26) after
sleep deprivation compared with baseline scores, but
the decrease was statistically significant only in de-
pressed nonresponders and normal volunteers (table
2). Since there were no significant between-group dif-
ferences in vigilance scores at baseline, performance
differences cannot explain baseline differences in me-
tabolism between responders and nonresponders.

TABLE 3. Relative Metabolic Rates Determined by Brain Imaging in 36 Depressed Patients and 26 Normal Volunteers Before and
After Sleep Deprivationa

Brain Region
Brodmann 

Area

Coordinateb Coordinateb Coordinateb

x y z tc x y z tc x y z tc

Baseline group differences
Responders Versus

Nonresponders
Responders Versus

Control Subjects
Nonresponders Versus 

Control Subjects
Ventral anterior cingulate and 

medial prefrontal cortex 24 and 32 3 25 –4 3.8 8 27 –4 –2.6
Posterior subcallosal gyrus 25 7 17 –4 2.4
Putamen –31 21 10 –2.1 –22 –4 10 –3.1
Putamen, caudate (striatum) 24 6 10 –3.7
Frontal pole 10 –17 57 –4 2.9

24 53 –4 1.9
Medial prefrontal cortex 47 –49 24 –4 –2.0
Occipital cortex 18 and 19 9 –86 10 3.8 –16 –82 10 4.0

–29 –75 –4 3.2
27 –64 –4 2.8

Superior temporal cortex 38 –47 –13 –4 3.2
37 46 –40 –4 –2.8

Inferior temporal cortex 38 and 21 64 –15 –4 3.2 64 –18 –4 2.5 42 –31 –4 –2.5
Midbrain 7 –2 –4 –2.4 –6 –8 –4 –2.5 19 –10 –4 –2.9
Hippocampus 22 –49 –4 –2.3
Insula 34 21 –4 1.9

Effects of sleep deprivationd Responders Nonresponders Control Subjects
Anterior medial prefrontal 

cortex and frontal pole 32 –5 48 –4 –2.3
Lateral prefrontal cortex 45 39 15 10 3.3

46 32 44 10 –2.6
Occipital cortex 19 0 –83 –4 3.2
Mid-temporal gyrus 21 –46 –22 –4 –2.0
Caudate 13 13 10 –2.7
Putamen 28 –9 10 –3.1
Hippocampus 36 –30 –4 2.2

a Data are from two slices corresponding to Matsui and Hirano (27) (slices 8 and 10) and Talairach and Tournoux (28) (z=10 and z=–4, 
respectively) were chosen to study the anterior cingulate, striatum, and thalamus.

b If the x coordinate is positive, the finding is in the right hemisphere, and if the x coordinate is negative, the finding is in the left hemisphere.
c Mean t values for cluster and location of cluster center for all tests for which the p value was <0.05, one-tailed.
d Rate at baseline minus rate after sleep deprivation nights.



1154 Am J Psychiatry 156:8, August 1999

ANTIDEPRESSANT EFFECTS OF SLEEP DEPRIVATION

DISCUSSION

This study has confirmed and extended two major
findings from our earlier study (7). First, depressed pa-
tients who showed a favorable clinical response to sleep
deprivation had higher relative metabolic rates in the
ventral anterior cingulate, medial prefrontal cortex, and
posterior subcallosal cortex at baseline than either nor-
mal volunteers or depressed patients who did not re-
spond to sleep deprivation. Second, metabolic activity in
the medial prefrontal cortex and frontal pole decreased

and normalized in responders after sleep deprivation
but not in nonresponders and normal volunteers, who
remained unchanged. Findings in the 21 new patients
confirmed findings in the 15 earlier-studied patients (7)
and are consistent with reports by other investigators
who used single photon emission computed tomogra-
phy to study sleep deprivation (6, 8, 9).

Do the metabolic correlates of the antidepressant re-
sponse to sleep deprivation (relatively high metabolism
in the ventral anterior cingulate at baseline and de-
creased metabolism in the medial prefrontal cortex af-

FIGURE 2. Differences in Baseline Relative Metabolic Rates Between 26 Normal Volunteers and 36 Depressed Patients Who Did
(N=12) or Did Not (N=24) Respond to Sleep Deprivationa

a In the top row, the Matsui-Hirano atlas (27) slice 10 is approximately equivalent to the Talairach-Tournoux atlas (28) slice z=–4 mm level.
Significant changes in regional metabolism that correspond to the a priori hypotheses described in the text are indicated. The color bar
indicates the percentage difference between the first group and the second group (e.g., red indicates that the relative metabolic rate in
responders was 35% higher than in nonresponders in the anterior cingulate). Paired t tests for each pixel were computed between base-
line and sleep deprivation conditions for each group to assess sleep deprivation effects. The images are thresholded for t values corre-
sponding to p<0.05, but only contiguous pixel clusters that met the resampling criterion for significance are displayed (see Method sec-
tion). The x and y scales are approximate Talairach-Tournoux positions. The bottom row shows changes in relative metabolic rates after
sleep deprivation and the percentage difference in relative metabolic rate for within-group regional differences due to change in sleep dep-
rivation (p<0.05 pixel clusters were confirmed as sufficiently large by resampling). Regions where rates decreased significantly after sleep
deprivation are blue-purple in color.
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ter clinical improvement) also characterize response to
other forms of treatment such as antidepressant medi-
cations, ECT, light therapy, and cognitive therapy?
What is the role of the anterior cingulate in affective
disorder and in normal affective function?

Table 1 summarizes several studies on the effects of
antidepressant medication. Buchsbaum et al. (10) re-
ported a significant correlation between extent of im-
provement measured by the Hamilton depression scale
and change in metabolic rate in the anterior cingulate
gyrus (summed across its extent) in patients treated
with sertraline. Increased relative metabolism in the
adjacent and slightly inferior region, at x=–10, y=16,
z=–12 (labeled “Brodmann area 25” [ventral cingu-
late] in Talairach and Tournoux [28] and “rectal gy-
rus” in Matsui and Hirano [27]), also predicted clini-
cal response to sertraline (r=0.76), a finding with an
effect center only about 14–19 mm distant from the
prediction area in the current data.

Similarly, Mayberg et al. (12) found that patients
with unipolar depression who had high pretreatment
metabolism in the rostral anterior cingulate later
proved to be responders to treatment with unspeci-
fied antidepressants. By contrast, Little et al. (11) re-
ported that low metabolism in the cingulate gyrus
predicted antidepressant response to venlafaxine or
bupropion. The discrepancies between studies could
reflect differential effects of the antidepressant treat-
ments studied, differences in anatomic localization,
or differences in dorsoventral level. Differing gender
compositions of the various study groups may be an-
other confounding variable.

The studies listed in table 1 generally support a role
for the cingulate in affect regulation. Cingulate activity
is usually lower in untreated depressed patients than in
comparison subjects and correlates with mood change
in studies of depressed patients.

The anterior cingulate and medial prefrontal cortex
are believed to modulate internal emotional response.
Devinsky et al. (33) distinguished the affect-related
role of rostral areas 24 and 25 from the cognitive role
of caudal Brodmann area 24 and Brodmann area 32.
Note that high metabolic activity at baseline in re-
sponders is found in both affective (Brodmann areas
24 and 25) and cognitive (Brodmann area 32) areas.
The posttreatment change in metabolic rate in re-
sponders to sleep deprivation was confined to cogni-
tive areas (Brodmann areas 32 and 10). Rostral Brod-
mann area 32 is connected to the amygdala and parts
of the autonomic brainstem nuclei (33); this differen-
tial effect suggests that cognitive factors could be im-
portant in the modulation of emotion.

We (15, 34, 35) and others (reviewed in reference
35) reported reductions in relative frontal lobe to oc-
cipital lobe metabolism in patients with unipolar and
bipolar depression while awake and in patients with
unipolar depression during non-REM sleep. Decreased
frontal lobe metabolism has also been reported in de-
pression associated with conditions such as Parkin-
son’s disease (36, 37), Huntington’s disease (38), and
seizure disorders (39). In the current study, sleep-de-
prived normal volunteers showed decreased metabo-
lism in the lateral prefrontal cortex but increased me-
tabolism in the occipital cortex (table 3), a pattern

FIGURE 3. Correlation Coefficients Between Change in Hamilton Depression Rating Scale Score and Change in Relative Meta-
bolic Rate After Sleep Deprivation in 36 Depressed Patientsa

a Change in Hamilton depression scale score is based on the baseline score minus score after sleep deprivation; change in relative meta-
bolic rate is based on the rate at baseline scan minus rate at scan after sleep deprivation. The color bar indicates the product-moment
correlation coefficient value. The red region in the z=–4 level indicates significant positive correlations (threshold for display at resampling
was p<0.05) in the left anterior medial prefrontal cortex.
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dissimilar to that seen in depressed patients who re-
sponded to sleep deprivation. Responders had signifi-
cantly higher metabolism in the bilateral visual associ-
ation cortex than did normal volunteers at baseline,
but they actually showed increased metabolism in the
lateral prefrontal cortex after sleep deprivation. Thus,
in responders, sleep deprivation seemed to partly cor-
rect the pretreatment pattern of relative hypofrontality
seen in other studies (reviewed in reference 15).

Note, however, that values for the ventral anterior
cingulate (Brodmann areas 25 and 24) were higher in
responders than in either nonresponders or normal
volunteers at baseline, but sleep deprivation effects
tended to be slightly more anterior and located in me-
dial prefrontal Brodmann area 32 rather than Brod-
mann areas 25 and 24. Posterior subcallosal Brod-
mann area 25 belongs to an infralimbic circuit that
comprises afferent projections from the amygdala, the
thalamic paraventricular nucleus, and the hypothala-
mus (40). The infralimbic area, which is considered the
cortical center of the autonomic nervous system (41),
is involved in the visceral motor response to stressful
behavioral and emotional events (42). This area, which
was predictive of therapeutic response to sleep depri-
vation, corresponds to the posterior subcallosal gyrus
or ventral compartment of the model proposed by
Mayberg et al. (12, 43).

In addition to differences in anterior cingulate me-
tabolism, depressed patients had significantly lower
striatal and temporal relative metabolic rates than nor-
mal volunteers. The striatal finding is compatible with
reports that depressed patients have decreased relative
basal ganglia metabolism (15, 44) and perfusion (45).
In depressed patients, relative metabolism in the tem-
poral cortex correlated negatively with change in
Hamilton depression scale score after sleep depriva-
tion, a finding consistent with the report by Cohen et
al. (46) that depressed patients had decreased metabo-
lism in the temporal cortex relative to values in normal
volunteers.

The dopamine system may be implicated in the re-
sponse to sleep deprivation. Decreased dopamine ac-
tivity has been hypothesized for depression (47).
Dopaminergic projections from the ventral tegmental
area inhibit excitatory thalamic input into the sub-
genual region. Decreased dopaminergic firing in re-
sponders compared with normal volunteers or nonre-
sponders from the ventral tegmental area to the
paraventricular thalamic nucleus would result in a
disinhibition of thalamocortical firing that would be
compatible with increased activity in the infralimbic
Brodmann area 25 in the responders. This suggests
that responders may be hypodopaminergic compared
with nonresponders and normal volunteers.

Ebert et al. (9) reported that responders had signifi-
cantly greater displacement of D2 ligands after sleep
deprivation than before but that nonresponders
showed no changes. Their finding suggests that dopam-
inergic function in responders, but not nonresponders,
was enhanced by sleep deprivation.

Gerner et al. (48), in a comparison of CSF samples
from depressed patients before and after sleep depri-
vation, found increased posttreatment levels of the
dopamine metabolite homovanillic acid in responders
but not nonresponders, suggesting that dopamine activ-
ity was associated with clinical antidepressant effects.

Serotonin effects may also relate to differences be-
tween responders and nonresponders. High baseline
metabolic rates in ventral medial frontal regions pre-
dicted clinical response to the selective serotonin re-
uptake inhibitor sertraline (10). In that study, as in the
current study, metabolic rates in lateral prefrontal re-
gions increased after treatment (10). A complex inter-
action between sleep deprivation recovery and the se-
rotonin system is also suggested by serotonin depletion
studies (49). Specific studies of 3H-imipramine and 3H-
paroxetine binding, however, differentiated control
subjects and depressed suicide victims in the hippo-
campus but not the cingulate (50)

Our current results confirm our a priori hypothesis
about the involvement of the anterior cingulate and the
prefrontal cortex in the response to sleep deprivation.
Our observations, however, suggest secondary hypoth-
eses to be tested.

First, three other areas were implicated in the anti-
depressant response. The increase in metabolic rate in
the left superior temporal lobe (Brodmann area 37)
and right insula correlated significantly with improve-
ment in the depressed group after sleep deprivation.
Metabolic activity in the right lateral prefrontal cortex
(Brodmann area 45) also increased significantly after
sleep deprivation in responders.

Second, the metabolic rate in the putamen, occipital
cortex (Brodmann areas 18 and 19), inferior temporal
cortex (Brodmann areas 38 and 21), and midbrain was
abnormal both at baseline and after sleep deprivation
in responders and nonresponders. Despite a 64% im-
provement in mean depression ratings, responders did
not show changes in metabolic rate in these four areas,
suggesting that they may not be involved in the patho-
physiology or treatment of depressed mood per se.
One caveat, however, is that responders remained
mildly depressed (Hamilton depression scale mean
score=8.4 versus 1.8 for normal volunteers). It would
be interesting to determine whether metabolism com-
pletely normalizes in these and other areas after full
symptomatic recovery.

Third, nonresponders had abnormally low relative
metabolic activity in the anterior cingulate at baseline.
Many investigators (table 1) reported reduced perfu-
sion or metabolism in the anterior cingulate and pre-
frontal cortex ventral to the genu of the corpus callo-
sum in patients with affective disorders. Since there
were more nonresponders to sleep deprivation than re-
sponders, this group effect is not surprising. Differ-
ences between subtypes of patients with affective dis-
order based on therapeutic response are likely to
involve a network of brain regions, of which the ven-
tral anterior cingulate is only one.
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