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Abstract
Background—This study compared diurnal variation in mood and regional cerebral metabolic
rate of glucose (rCMRglc) in depressed and healthy subjects.

Methods—Depressed and healthy subjects were investigated using [18F]-fluoro-deoxyglucose
positron emission tomography scans during morning and evening wakefulness. All subjects
completed subjective mood ratings at both times of day. Statistical parametric mapping was used
to compare rCMRglc between the two groups across time of day.

Results—Depressed patients showed evening mood improvements compared with healthy
subjects. Compared with healthy subjects, depressed patients showed smaller increases in
rCMRglc during evening relative to morning wakefulness in lingual and fusiform cortices,
midbrain reticular formation, and locus coeruleus and greater increases in rCMRglc in parietal and
temporal cortices. Depressed patients had hypermetabolism in limbic-paralimbic regions and
hypometabolism in frontal and parietal cortex at both times of day compared with healthy
subjects.

Conclusions—Variation in rCMRglc differs across times of day in depressed and healthy
subjects. In depressed patients, evening mood improvements were associated with increased
metabolic activity in ventral limbic-paralimbic, parietal, temporal, and frontal regions and in the
cerebellum. This increased metabolic pattern during evening wakefulness may reflect partial
normalization of primary and compensatory neural systems involved in affect production and
regulation.
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Diurnal variation in mood characterizes many depressed patients, with evening mood
improvement relative to the morning mood (Gordijn et al. 1994; Leibenluft et al. 1992;
Tolle 1987). This diurnal variation appears to be mediated by subjective and possibly
autonomic arousal (Bouhuys et al. 1990; Kuhs and Tölle 1991; Rechlin et al. 1995; Szuba et
al. 1991). Increased magnitude of ultradian (i.e., within-day) mood variability also
characterizes depressed patients compared with nondepressed subjects (Cowdry et al. 1991;
Hall et al. 1991; Wefelmeyer and Kuhs 1996). Diurnal mood variation in depression may
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relate to regional cerebral metabolic changes during evening relative to morning
wakefulness. However, regional brain metabolic correlates of diurnal mood variation have
not been examined.

The primary focus of the present study was to investigate the regional changes in brain
activity that correlate with diurnal mood variation in depressed compared with healthy
subjects. Diurnal mood variation in depression may relate to functional changes in
components of the ventral and dorsal emotion neural systems (Phillips et al. 2003a). The
ventral emotion neural system is believed to subserve affect production and includes the
amygdala, ventral anterior cingulate and orbitofrontal cortex, ventral striatum, and insula.
The dorsal emotion neural system is involved in effortful affect regulation and includes the
hippocampus, dorsal cingulate, and prefrontal cortex (Phillips et al. 2003a). Functional
anomalies in either or both of these neural systems underlie abnormal affect and emotion
regulation (Phillips et al. 2003b).

Findings from clinical and experimental neuroimaging studies in depressed patients and
healthy subjects support the notion that diurnal mood variation may relate to functional
changes in either or both ventral and dorsal emotion neural systems. Depression severity has
been shown to correlate positively with blood flow and glucose metabolism in the amygdala
(Drevets et al. 2002b) and negatively with blood flow or glucose metabolism in the
prefrontal, cingulate, and temporoparietal cortex (Baxter et al. 1989). In healthy subjects,
induced sadness is associated with increased blood flow in ventral cerebral regions,
including the subgenual cingulate and insula, and reduced blood flow in frontal and parietal
regions (Mayberg et al. 1999; Phan et al. 2002). In depressed patients, pretreatment to
posttreatment improvements in mood ratings have been associated with changes in blood
flow and glucose metabolism in the amygdala, dorsolateral frontal cortices, anterior
cingulate cortex, and orbital frontal cortex (e.g., Brody et al. 1999; Drevets et al. 2002b;
Goldapple et al. 2004; Mayberg et al. 1999). Changes in regional cerebral metabolic activity
in components of the ventral and dorsal emotion neural system may parallel mood changes
and may be associated with diurnal mood variation in depression. Therefore, we first
hypothesized that group differences in morning-to-evening mood ratings would parallel
group differences in relative regional cerebral metabolic rate of glucose (rCMRglc) during
morning and evening wakefulness. Specifically, we hypothesized that evening mood
improvements in depressed patients would be accompanied by a reduction in rCMRglc in
components of the ventral emotion neural system and/or an increase in rCMRglc in
components of the dorsal emotion neural system during evening relative to morning
wakefulness compared with healthy subjects.

A secondary goal of the study was to examine whether patterns of morning-to-evening
changes in rCMRglc differed in depressed and healthy subjects in brain systems that
promote wakefulness. Using [18F]-fluoro-deoxyglucose ([18F]-FDG) positron emission
tomography (PET) in healthy adults, we have previously shown that relative rCMRglc
increases during evening compared with morning wakefulness in wake-promoting brainstem
and hypothalamic regions (Buysse et al. 2004). We suggested that this pattern may reflect
input from the circadian timing system to promote wakefulness in the face of increasing
sleep pressure. Based on the notion that circadian rhythms are blunted in depression (Schulz
and Lund 1983), we hypothesized that diurnal variations in rCMRglc in brainstem and
hypothalamic areas may be blunted in depressed compared with healthy individuals.
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Methods and Materials
Study Design

Studies were conducted in the University of Pittsburgh General Clinical Research Center
(GCRC) and PET Facility. These results were part of a larger project investigating relative
regional glucose metabolism during wakefulness and sleep (MH 24652). As part of this
study, each subject completed PET studies using the [18F]-FDG method to assess regional
cerebral glucose metabolism: one phase was conducted during morning wakefulness, and
one was conducted during evening wakefulness at the subject's usual bedtime. Sleep-wake
state was monitored by continuous electroencephalographic (EEG) recordings during each
of the [18F]-FDG PET studies.

Participants
All participants signed written informed consent according to guidelines of the University of
Pittsburgh Institutional Review Board. Twelve right-handed depressed patients (10 women,
2 men; mean age = 38.1, SD = 12.6) and 13 age- and sex-matched healthy participants (10
women, 3 men; mean age = 37.3, SD = 11.5) participated in this study. Data collected in this
sample of healthy participants have been reported elsewhere (Buysse et al. 2004). Depressed
participants met research diagnostic criteria (Spitzer et al. 1978) for major depression on the
basis of the Structured Clinical Interview for DMS-III-R (SCID) (Spitzer et al. 1992). All
depressed patients had a minimum score of 15 on the Hamilton Rating Scale for Depression,
25-item version (Hamilton 1960). Only participants who were not medicated at the time of
the intake assessments were recruited and included in this study. There was no protocol to
change or discontinue medications for enrolled participants. All were free of medication for
at least 2 weeks (8 weeks for fluoxetine) prior to the EEG sleep and PET studies. A nightly
urine drug screen confirmed that all participants were free of alcohol and recreational drugs
during the studies. None of the healthy subjects had current or past medical or psychiatric
conditions, as determined by the SCID. Medical histories, physical examinations, and
laboratory tests were conducted on all subjects at entry into the study. Subjects with an
apnea/hypopnea index >10 or with an index of periodic leg movement with arousal >10 on
night 1 on the screening night were excluded from further study. All had stable sleep-wake
patterns as verified by 2-week diaries prior to the study. All female subjects had negative
serum pregnancy tests (obtained within 48 hours prior to PET scans). During screening
evaluation, participants completed the Hamilton Rating Scale for Depression (HRSD)
(Hamilton 1960), the Raskin Severity of Depression and Mania Scale (Raskin 1988), and the
Pittsburgh Sleep Quality Index (Buysse et al. 1989). Participants also completed the self-
report Circadian Type Questionnaire (CTQ) (Folkard et al. 1979), which includes a
morningness-eveningness subscale. On the latter subscale, a score of 1 indicates a
preference for eveningness, whereas a score of 100 indicates a preference for morningness.

An initial polysomnographic (PSG) screening study was conducted at subjects' usual sleep
times to rule out sleep disorders and to serve as an accommodation night. A second night of
sleep studies for baseline sleep measures was conducted the following night. On the third
morning, 2 to 4 hours after awakening, subjects underwent the morning [18F]-FDG PET
study. On the evening of the third night, subjects completed the waking study. The 2- to 4-
hour window was selected to minimize the effects of sleep inertia on brain activity (Balkin
et al. 2002) and to optimize alertness during the scanning procedures.

EEG Studies
During the morning and evening [18F]-FDG uptake periods, a technologist constantly
monitored the EEG for signs of drowsiness and incipient sleep (e.g., slow rolling eye
movements, increased EEG amplitude, and reduced EEG frequency) and called the subject's
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name or tapped a pencil to alert the subject if such signs occurred. Procedures for EEG sleep
recording, monitoring, and data processing and definitions for visually scored sleep
variables have been provided elsewhere (Doman et al. 1995).

Magnetic Resonance and PET Study Procedures
All subjects received a brain magnetic resonance (MR) scan prior to PET studies to screen
for pathology and to provide a high-resolution anatomical image for co-registration with
PET scan images. Magnetic resonance imaging was performed at the University of
Pittsburgh MR Center using a GE Signa 1.5 Tesla scanner (GE Medical Systems,
Milwaukee, Wisconsin). Subjects were positioned in a standard head coil and a brief scout
T1-weighted image was obtained. The following axial series oriented to the plane
connection the anterior commissure-posterior commissure line (AC-PC line) will be
acquired to screen subjects for unexpected pathology: fast spin-echo T2-weighted (effective
echo time [TE] = 17, repetition time [TR] = 2500, number of excitations [NEX] = 1, slice
thickness = 5 mm/1 mm interslice). A volumetric spoiled gradient recalled echo (SPGR)
sequence with parameters optimized for maximal contrast among gray matter, white matter,
and cerebrospinal fluid (CSF) was acquired in the coronal plane (TE = 5, TR = 25, flip angle
= 40°, NEX = 1, slice thickness = 5 mm/0 mm interslice). A field of view of 24 cm and
image matrix of 256 × 192 pixels was used for all axial MR series.

Morning and evening waking [18F]-FDG PET scans used identical methodology except for
time of day. Prior to each scan, subjects completed rating scales which included a rating of
subjective mood and alertness using either a 100 mm Visual Analog Scale (VAS) (prior to
morning scans) or Likert scales from the Profile of Mood States (POMS) (prior to evening
scans) (McNair et al. 1971). The depression item of the POMS was used to assess mood at
the two times of day. Data from the Visual Analog Scales for alertness and depression were
converted to Likert scales to allow for comparison between morning and evening subjective
ratings as follows: VAS score 0–20 = 0; VAS score 21–40 = 1; VAS score 41–60 = 2; VAS
score 61–80 = 3; VAS score 81–100 = 4, allowing assessment of the direction and
magnitude of self-reported mood and alertness changes in the evening relative to the
morning. To investigate group × time of day interactions on subjective ratings of mood and
alertness, data from both scales were converted to z-scores.

Each PET study began with a 20-minute accommodation period, during which subjects sat
quietly in a comfortable chair with eyes closed, ears open, and no specific cognitive task,
while EEG was monitored for wakefulness. A 5 mCi dose of [18F]-FDG was then injected
via an indwelling venous catheter, with continued EEG monitoring for wakefulness during a
20-minute uptake period. Twenty minutes following [18F]-FDG injection, subjects were
transported to the PET Facility (see Buysse et al. 2004; Nofzinger et al. 2004 for details on
scanning procedures). Positron emission tomography imaging was performed on an ECAT
HR+ tomograph (CTI PET Systems, Knoxville, Tennessee) in three-dimensional (3-D)
mode (septa retracted). Emission data were corrected for scatter and for attenuation (by
transmission).

Statistical and Image Analysis
Group differences on clinical data were investigated using t tests. Group × time of day
differences on mood, alertness, and time spent awake during scans were computed using
analysis of variance (ANOVA) with time of day as the repeated measure. Spearman
correlations were conducted to assess the relationship between the changes in absolute
cerebral metabolic rate of glucose in morning and evening in depressed patients and
differences in mood scores.
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Positron emission tomography image analyses included evaluation of morning-evening
differences in relative rCMRglc. Morning-evening differences were first investigated in the
depressed sample only. Two interaction models were then conducted using Statistical
Parametric Mapping, 1999 version (SPM 99) (Friston et al. 1990, 1991, 1995) to provide
whole-brain voxel-by-voxel analyses of between-group differences during morning and
evening waking scans. Image processing, spatial normalization, smoothing, and MR-PET
co-registration were conducted according to standard methods (Minoshima et al. 1993;
Wiseman et al. 1996; Woods et al. 1992, 1993). Post hoc analyses were also conducted to
assess group differences within each state. Changes in rCMRglc were considered significant
if the corrected p value was < .05. Morning and evening scans were corrected for global
metabolism using analysis of covariance (ANCOVA). Statistical images across all 63 brain
slices, consisting of at score at every voxel, were created for the contrasts of interest.
Statistical inferences were based on p values corrected for multiple comparisons (Germain et
al. 2004; Nofzinger et al. 1999, 2002, 2004). In addition to global analysis, volume-of-
interest analyses using small volume corrections were conducted for the interaction and post
hoc tests on regions of the dorsal and ventral emotion systems (Phillips et al. 2003a) and
wake-promoting areas (Buysse et al. 2004) using previously reported Tailarach coordinates
(Buysse et al. 2004; Mayberg et al. 1999). The Tailarach coordinates of these regions are
indicated in Table 1. Volume-of-interest analyses were considered significant if the
corrected cluster-level p value was < .05.

Results
Mean HRSD scores for depressed and healthy participants were 24.42 (SD = 4.87) and .3
(SD = .5), respectively [t(16) = 16.68, p < .001]. Depressed patients were not on lithium
prior to the study. Only participants who were not medicated at the time of the intake
assessments were recruited and included in this study. There was no protocol to change or
discontinue medications for enrolled participants. All included depressed patients were
experiencing a recurrent major depressive episode. Mean duration of the current major
depressive episode was 50.73 weeks (SD = 41.25 weeks; range = 1 to 124). On average,
patients had 4.22 prior major depressive episodes (SD = 1.92; range 1 to 6). None of the
healthy subjects presented with diurnal mood variation, as rated on the HRSD. One of the 12
depressed patients demonstrated obvious changes in mood across time of day on the HRSD,
as determined by a score of 2 on the diurnal variability item of the HRSD. Five depressed
patients were rated as showing mild and infrequent changes in mood variation (HRSD item
score = 1), and six presented no diurnal variation in mood on the HRSD (HRSD item score
= 0). Also based on HRSD, five depressed patients showed no current melancholic features
(HRSD item score = 0), five showed some current melancholic feature (HRSD item score =
1), and one showed definite current melancholic features (HRSD item score = 2). This
information was not available for the remaining patient.

Self-reported diurnal variation in subjective mood ratings improved in the evening relative
to morning ratings in six patients, remained unchanged in five patients, and worsened in one
patient. Data from the morningness subscale of the Circadian Type Questionnaire (Folkard
et al. 1979) were available for 11 healthy subjects and 9 depressed subjects. The mean
morningness score for healthy subjects was 57.27 ± 13.85 (range = 37–90), and the mean
morningness score for depressed patients was 57.11 ± 13.34 (range = 27–73). Mean scores
did not differ between the two groups, t(18) = .26, ns. The Spearman correlation between the
score on the HRSD item on diurnal variation and the morningness subscale of the CTQ in
depressed patients did not reach statistical significance (rho = .61, p = .08).

The repeated measure ANOVA revealed a significant group × time of day interaction for the
mood scale [F(1,21) = 11.56, p = .003]. Depressed patients showed improvements in mood
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ratings in the evening relative to morning, whereas healthy participants showed lower mood
ratings in the evening compared with the morning (Figure 1A). There was no group (healthy
vs. depressed) × time of day (morning vs. evening) interaction on alertness ratings [F(1,21)
= .12, ns], no main effect of group [F(1,21) = 4.07, ns), and no main effect of time of day
[F(1,21) = .04, ns; Figure 1B).

Absolute glucose metabolism data were complete and available for 11 depressed patients
and 8 healthy subjects. There was no correlation between changes in absolute glucose
metabolism and changes in mood scores in depressed patients (Spearman rho = .08, ns).
Similarly, there was no significant correlation between these measures in healthy subjects
(Spearman rho = .06, ns).

Electroencephalographic studies showed that depressed participants remained awake for a
mean time of 18.58 minutes (SD = 2.20) during the morning uptake period and 19.64
minutes (SD = .96) during the evening uptake period. Healthy subjects remained awake for a
mean of 19.42 minutes (SD = 1.34) of the 20-minute [18F]-FDG uptake period during the
morning study and for a mean of 19.73 minutes (SD = 0.66) during the evening study. Time
spent awake during morning and evening scans did not differ between groups or time of day
[i.e., no significant group × time of day interaction; F(1,20) = .49, p = .49], confirming that
the PET scans represent brain metabolic activity during wakefulness rather than sleep in
both groups.

Evening-Morning Differences in rCMRglc in Depressed Patients
In depressed patients, relative rCMRglc was significantly greater during evening
wakefulness compared with morning wakefulness in two areas (Figure 2). The first area
(Tailarach coordinates x, y, z of voxel of maximum = 28, 36, 8; extent: 4829 contiguous
voxels; z = 4.27, p = .001) included midline medial prefrontal cortex, dorsal anterior and
pregenual cingulate cortices, basal ganglia (striatum and globus pallidus), thalamus, and
hypothalamus and extended into the left medial temporal regions including hippocampus,
parahippocampal cortex, amygdala, uncal gyrus, fusiform gyrus, and the cerebellum. The
second area was composed of 1282 voxels (voxel of maximum significance = 34, 0, -16; z =
4.48, p < .001). This area included the right superior temporal gyrus and extended into the
fusiform and parahippocampal gyrus, hippocampus, and cerebellum.

Volume-of-interest analyses confirmed that rCMRglc was greater during evening
wakefulness compared with morning wakefulness in the left amygdala (z = 3.20, p = .001;
Figure 2C), left anterior cingulate gyrus (z = 3.22, p = .02; Figure 2D), and posterior
hypothalamus (z = 2.93, p = .006; Figure 2E).

Group × Time of Day Interaction Analyses
Depressed patients showed a statistically significant smaller morning-to-evening increase in
relative rCMRglc compared with healthy subjects in one cluster. This cluster was composed
of 1647 contiguous pixels (voxel of maximal significance at Taila-rach coordinates x, y, z =
-20, -76, -4; z = 3.97, p < .001) and included bilaterally the lingual and fusiform gyri.
Figures 3A and 3B depict this area onto glass brains and rendered images. Two volumes of
interest also achieved statistical significance: the right midbrain reticular formation (Figure
3C; z = 2.26, p = .02), and the left locus coeruleus (Figure 3D; z = 2.07, p = .03). None of
the other volumes of interest showed smaller increases in rCMRglc during evening relative
to morning wakefulness in depressed compared with healthy subjects.

One area of 726 contiguous voxels reached statistical significance (voxel of maximal
significance at Tailarach coordinates x, y, z = 42, -26, 36; z = 3.13, p = .04) for the
interaction analysis conducted to investigate areas where depressed patients showed greater
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increase in rCMRglc during evening wakefulness relative to morning wakefulness compared
with healthy subjects (Figure 3E and 3F). This area included the central postcentral gyrus
and superior and inferior parietal cortices and extended into the superior temporal gyrus.
Small volume correction analyses revealed that rCMRglc was significantly greater in
depressed patients during evening wakefulness relative to morning wakefulness compared
with healthy subjects in the right inferior parietal cortex only (z = 2.72, p = .01; Figure 3G).

Post Hoc Group Differences During Morning and Evening Wakefulness
Post hoc analyses were conducted to identify between-group differences during each time of
day (Figure 4). During morning wakefulness, depressed patients showed lower rCMRglc
than healthy subjects bilaterally in the superior and middle frontal gyrus, medial frontal
gyrus, and left central and superior parietal gyri and precuneus (3238 voxels; voxel of
maximal significance at coordinates x, y, z = 34, 8, 44; z = 3.79; p < .001; Figure 4A). The
volume of interest corresponding to the right dorsolateral prefrontal cortex also showed
significantly lower rCMRglc during morning wakefulness in depressed patients compared
with healthy subjects (z = 3.44, p = .03). None of the other volumes of interest showed
significantly reduced rCMRglc during morning wakefulness in depressed compared with
healthy subjects. A similar pattern persisted during evening wakefulness. Specifically,
depressed patients showed lower rCMRglc bilaterally in the medial dorsal anterior cingulate
cortex, medial frontal cortex, and middle and superior frontal gyri during evening
wakefulness compared with healthy subjects (Germain et al. 2004) (Figure 4C).
Additionally, relative rCMRglc did not differ between groups during evening wakefulness in
any of the volumes of interest.

Depressed patients showed greater rCMRglc in two regions compared with healthy subjects
(Figure 4B) during morning wakefulness. The first area (5347 contiguous pixels) included
the right inferior occipital gyrus; parahippocampal, lingual, and fusiform gyri; hippocampus;
thalamus; and striatum (voxel of maximal significance at coordinates x, y, z = 32, -86, 0; z =
4.22, p < .001). The second cluster included the left parahippocampal and lingual gyri,
striatum, thalamus, insula, uncus, and amygdala (1836 contiguous voxels; coordinates x, y, z
for voxel of maximum significance = -14, -38, 4; z = 3.54, p = .02). Volume-of-interest
analyses also revealed that depressed patients showed greater rCMRglc than healthy
participants in morning wakefulness in left amygdala (z = 2.46, p = .01), left (z = 2.92, p = .
04) and right (z = 2.35, p = .03) subgenual cingulate cortex, right (z = 2.19, p = .01) and left
(z = 2.72, p = .002) mid-anterior insula, and left (z = 3.36, p = .006) and right (z = 2.96, p = .
005) locus coeruleus. During evening wakefulness, relative rCMRglc was greater in
depressed compared with healthy subjects in a large area composed of 5235 contiguous
pixels (voxel of maximum significance at x, y, z coordinates = -26, -20, -16; z = 4.22, p < .
001) that included bilaterally the cerebellum, fusiform and parahippocampal gyri, and
hippocampus and extended into the uncus, striatum, and pulvinar (Figure 4D). None of the
volumes of interest showed greater rCMRglc in depressed patients compared with healthy
participants during evening wakefulness.

Discussion
Differences in diurnal mood variations have been described in depressed and healthy
subjects. In this study, mood ratings improved across time of day in depressed patients
compared with healthy subjects and were associated with different patterns of morning-to-
evening changes in rCMRglc in the two groups. Consistent with previous studies,
hypometabolism in frontal cortical areas and hypermetabolism in subcortical and limibic-
paralimbic structures (e.g., striatum, amygdala, insula, uncus) characterized depressed
patients and persisted across time of day. Nevertheless, evening improvements in mood in
major depressive disorder (MDD) patients were paralleled by increases in rCMGglc in the
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parietal and temporal cortices, basal ganglia, and cerebellum. To our knowledge, this is the
first study to provide preliminary indications that regional metabolic changes associated
with depression show diurnal variations and that metabolic changes relative to healthy
subjects persist across time of day. The findings also suggest that potential compensatory
systems, which may be involved in preserving emotional homeostasis (Mayberg 2003) and
which include the parietal and temporal cortices, basal ganglia, and cerebellum, may
contribute to evening mood improvements in depressed patients.

The findings partially supported the initial hypothesis that evening mood improvements in
depressed patients would be associated with inverse changes in rCMRglc in components of
the ventral and dorsal emotion systems as suggested by Phillips et al. (2003a). Concomitant
with evening mood improvements, depressed patients demonstrated greater increases in
central, parietal, and temporal cortices during evening wakefulness relative to morning
wakefulness compared with healthy subjects. However, post hoc analyses indicated that
depressed patients nevertheless remained hypometabolic in frontal, central, and parietal
cortices across time of day compared with healthy subjects. This is consistent with
previously reported hypofrontality characterizing depression across the sleep-wake cycle
(Baxter et al. 1989; Buchsbaum et al. 1986; Germain et al. 2004; Nofzinger et al. 2004).
Post hoc analyses also revealed that depressed patients continue to have hypermetabolism in
ventral regions (i.e., pre-genual cingulate cortex, striatum, thalamus, amygdala, and uncal
gyrus) during both morning and evening wakefulness compared with healthy subjects.
Together, these observations suggest that evening mood improvements in depression may
reflect partial normalization of the balance between the ventral and dorsal emotion neural
systems (Phillips et al. 2003a, 2003b).

These preliminary results also support the hypothesis that compensatory mechanisms or
neural networks that may be involved in preserving the emotional homeostasis (Mayberg
2003) become activated during evening wakefulness and parallel mood improvements.
Specifically, this hypothesis suggests that depression is a multidimensional disorder
characterized by a set of dysfunctions in brain regions and neurochemical systems, as well
as with a failure of remaining systems to maintain emotional homeostasis under stress.
However, the specific neurobiological and neurochemical mechanisms underlying this
failure remain undetermined. In the present study, evening mood improvements paralleled
increased metabolic activity in frontal regions in depressed patients. The observed
heightened limbic-paralimbic metabolic activity observed during evening relative to
morning wakefulness in depressed patients is consistent with the hypothesis that increased
activation in this ventral network may maintain frontal activation and mood improvement
(Mayberg 2003). Increased metabolism in parietal and temporal cortices during evening
wakefulness may also reflect the recruitment of cortical compensatory mechanisms by
heightened limbic-paralimbic activation. Studies comparing morning and evening rCRMglc
patterns in depressed patients with and without diurnal mood variation are necessary to
determine the presence and specific contribution of these hypothesized compensatory
mechanisms.

In addition, other components of a compensatory network may fail during morning
wakefulness in depressed patients. Specifically, evening improvements in mood in
depressed patients were paralleled by further increases in rCMRglc in the basal ganglia and
by significantly greater rCMRglc in the cerebellum. Both the basal ganglia and the
cerebellum have been implicated in the regulation of cognitive and affective processes (Afifi
2003; Konarski et al. 2005; Schmahmann and Caplan 2006). Neurological disorders
affecting the basal ganglia or the cerebellum are associated with depressive symptoms (Afifi
2003; Konarski et al. 2005). Hypometabolism in the basal ganglia has been reported in
depressed patients (Videbech et al. 2002). Hypermetabolism and increased perfusion in the
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cerebellum have been reported in healthy subjects during induced sadness paradigms, as
well as in depressed patients during resting states (Videbech et al. 2002). In depressed
patients, response to antidepressant treatment has been associated with changes in blood
flow and metabolic activity in the cerebellum (Holthoff et al. 2004; Mayberg et al. 2000).
Recently, metabolic activity in the basal ganglia and cerebellum has been associated with
the severity of insomnia complaints assessed on the Hamilton Rating Scale for Depression
(Milak et al. 2005). Increased metabolic activity in the basal ganglia and the cerebellum
during evening wakefulness may also contribute to stimulate and maintain increased frontal
metabolism concomitant with mood improvements. Specifically, heightened activity of the
cerebellum, the basal ganglia, and limbic system during evening wakefulness may stimulate
the frontal cortices and may relate to evening mood improvements. A similar global
hyperactivation process may underlie the mood-improving effects of prolonged wakefulness
by sleep deprivation in depressed patients.

Of note, the pattern of increased metabolic activity in the ventral emotional network
observed during evening wakefulness closely resembles the metabolic pattern previously
reported during nonrapid eye movement sleep (Nofzinger et al. 2005). Therefore,
heightened activity in ventral structures observed during evening wakefulness in depressed
patients and which may improve mood via activation of the frontal cortices may also
directly promote arousal via connections with the brainstem, basal forebrain, and
hypothalamus and adversely affect sleep. Further investigation of the neurobiological effects
underlying the effects of pharmacological or psychological antidepressant treatment across
the sleep-wake cycle are required to investigate the interrelations between mood regulation
compensatory mechanisms and sleep regulation mechanisms in depression.

Despite the lack of group × time differences in subjective ratings of alertness, patterns of
changes in rCMRlgc during morning and evening wakefulness differed in depressed and
healthy subjects in wake-promoting areas. Consistent with the second hypothesis, depressed
patients showed blunted increases in rCRMglc during evening relative to morning
wakefulness in the posterior cortex, midbrain reticular formation, and left locus coeruleus
compared with healthy subjects. Post hoc analyses indicated that these observations may
reflect ceiling effects, i.e., a lack of rCMRglc increase during evening wakefulness was
related to elevated rCMRglc during morning wakefulness in depressed patients compared
with healthy subjects, which persisted during evening wakefulness. Alternatively, depressed
patients may show normalization of increased arousal in the evening. Larger samples are
required to further elaborate on the possible clinical correlates of these differences.

Limitations of the study must be acknowledged. First, the subjects encompassed a fairly
wide age range and included both men and women. It seems plausible that age, sex, or both
could influence the study findings. Second, we investigated only two time points during the
waking day and therefore do not have a detailed analysis of the time course of regional brain
activation patterns. Studies using other radioligands such as 15O-H2O would potentially
provide a more detailed temporal analysis but would not have equivalent spatial resolution
to the [18F]-FDG technique. Larger samples are required to investigate the clinical correlates
of diurnal variations in rCMRglc and to compare patients with and without marked diurnal
mood variation. Nevertheless, the present findings suggest that diurnal mood variation in
depression may relate to changes in rCMRglc across time of day. More generally, the
present findings are consistent with the hypothesis that a dysfunctional limbic-cortical
network underlies depression and that functional changes in the components of this network
underlies mood improvements (Mayberg 2003).
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Figure 1.
Z-score changes in morning and evening ratings for the mood (A) and alertness (B) scales in
healthy and depressed subjects.
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Figure 2.
Areas with greater relative glucose metabolism during evening wakefulness than morning
wakefulness in the depressed sample only (p < .05 at the corrected cluster level), projected
onto a glass brain (A) and transverse sections (B). The volumes of interest corresponding to
left amygdala (C), anterior cingulate cortex (D), and posterior hypothalamus (E) are also
presented. The color scale on the right depicts t values for the evening-morning contrast.
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Figure 3.
Areas where depressed patients significantly differed from healthy subjects during evening
relative to morning wakefulness projected onto glass brains (A) and (E) and rendered
images (B) and (F). The color scale depicts t values for the morning-evening contrast. Areas
where depressed patients showed smaller increases in rCMRglc during evening relative to
morning wakefulness compared with healthy subjects are presented in (A) and (B). Areas
where depressed patients showed greater increases in rCMRglc during evening relative to
morning wakefulness compared with healthy subjects are presented in (E) and (F). Volumes
of interest corresponding to the midbrain reticular formation volume (C), left locus
coeruleus (D), and inferior parietal cortex (G) are also presented. rCMRglc, regional
cerebral metabolic rate of glucose.
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Figure 4.
Between-group differences during morning and evening wakefulness. Areas where
rCMRglc is greater or smaller in depressed patients compared with healthy subjects during
morning wakefulness presented onto rendered images. Blue lines in the lower two images
included in (B) intersect at Tailarach coordinates corresponding to left and right locus
coereleus. rCMRglc, regional cerebral metabolic rate of glucose.
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Table 1
Tailarach Coordinates for Midpoints of Each Volume of Interest

Structure Talairach Coordinates of Volume of Interest (x, y, z; Right/Left)

Emotion Systema

 Amygdala 22, −6, −14/−22, −6, −14

 Subgenual Cingulate 2, 6, −6/−2, 6, −6

 Anterior Ventral Insula 30, 18, −8/−16, 18, −16

 Mid-anterior Insula 30, −2, 8/−26, −4, 8

 Posterior Insula 38, −18, 20/−34, −14, 20

 Lateral Frontal Cortex 42, 14, 20/−42, 14, 20

 Dorsolateral Prefrontal Cortex 28, 12, 38/−28, 12, 38

 Anterior Cingulate Cortex 10, 24, 24/−10, 24, 24

 Inferior Parietal Cortex 42, −34, 34/−40, −46, 34

Wakefulness Promoting Regions

 Posterior Hypothalamus 0, −6, −6

 Midbrain Reticular Formation 0, −26, −8

 Pontine Reticular Formation 0, −28, −24

 Raphe Nuclei 0, −34, −12

 Locus Coeruleus (right/left) 10, −38, −20/−10, −38, −20

Volumes of interest measured 10 × 10×8 mm.

a
Coordinates derived from Mayberg et al. (1999), except for the amygdala (from Tailarach and Tournoux 1988).
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