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Background: Partial or total overnight sleep deprivation produces immediate mood improvement in about 50% of patients with depression, but not in healthy controls. Our objectives were to compare the neurochemical changes that accompanied partial overnight sleep
deprivation in healthy and depressed participants, and to compare baseline neurochemical profiles and overnight neurochemical
changes between those depressed participants who did and did not respond to sleep loss with mood improvement. Methods: We studied 2 brain regions (left dorsal prefrontal area and pons) in 12 women with unipolar depression and in 15 healthy women using proton
magnetic resonance spectroscopy acquired at 1.5 T. The scans took place at baseline and 24 hours later after a night with sleep
restricted to a maximum of 2.5 hours (22:30–01:00). We assessed 3 neurochemical signals (referenced to internal water):
N-acetylaspartate (NAA), choline compounds (Cho) and creatine-plus-phosphocreatine (tCr). Results: In both groups combined, sleep
restriction caused a 20.1% decrease in pontine tCr (F1–16 = 5.07, p = 0.039, Cohen’s d = 0.54) and an 11.3% increase in prefrontal Cho
(F1–21 = 5.24, p = 0.033, Cohen’s d = 0.46). Follow-up tests revealed that prefrontal Cho increases were significant only among depressed
participants (17.9% increase, t9 = –3.35, p = 0.008, Cohen’s d = 1.06). Five depressed patients showed at least 30% improvement in
mood, whereas 6 showed no change or worsening in mood after sleep restriction. Baseline pontine Cho levels distinguished subsequent
responders from nonresponders to sleep restriction among depressed participants (z = 2.61, p = 0.008). Limitations: A limitation of this
study is the relatively small sample size. Conclusion: Sleep restriction altered levels of pontine tCr and prefrontal Cho in both groups
combined, suggesting effects on phospholipid and creatine metabolism. Baseline levels of pontine Cho were linked to subsequent mood
responses to sleep loss, suggesting a role for pontine phospholipid metabolism in mood effects of sleep restriction.

Introduction
Investigating the brain changes that accompany depression
and recovery from depression is complicated by the fact that
treatments typically take days or weeks to have substantial
effects on mood.1 During the interval between depressed
state and mood improvement, lengthy chains of regulatory
changes may occur (e.g., in neurotransmitter levels, gene expression cascades, synaptic and other structural changes).
Overnight sleep deprivation therapy can reliably produce an
antidepressant response in some patients within a 24-hour
period.2–4 Its rapid effects create an opportunity to use sleep

deprivation as a model for studying rapid neurochemical
processes in the brain that correlate with, and may underlie,
mood regulation in depression. Unlike many other treatment
modalities, sleep deprivation can also be applied ethically to
healthy controls so that neurochemical changes specific to
mood regulation in depression can be distinguished from
nonspecific changes accompanying sleep loss in healthy participants. In addition, since half of patients typically respond
to sleep deprivation,2–4 neurochemical differences between responders and nonresponders can be assessed.
Previous studies have reported effects of sleep deprivation on
brain chemistry. Two proton magnetic resonance spectroscopy
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(1H-MRS) studies of healthy volunteers conducted at 1.5 T reported decreases in occipital levels of N-acetylaspartate (NAA)
and choline-containing compounds (Cho) after sleep deprivation5 and increases in unresolved γ-aminobutyric acid, glutamate and glutamine in the pons.6 Two phosphorus MRS
(31P-MRS) studies (which provide information on membrane
phospholipids and on metabolism of high-energy phosphates)
of healthy volunteers after sleep deprivation, conducted at 1.5 T
(using a surface coil), reported no changes in measures of brain
chemistry in the frontal lobes7 and in a large medial prefrontal
region.8 A single 1H-MRS study of inpatients with major depression reported increases in levels of creatine-plusphosphocreatine (tCr) and Cho in the left dorsal prefrontal
region after sleep deprivation.9
In the present study, we used 1H-MRS to identify the neurochemical correlates of sleep restriction in 2 selected volumes of
interest: the left dorsal prefrontal region and the pons (Fig. 1).
Functional brain imaging studies have consistently reported a
reduction in metabolic rate in dorsal prefrontal and frontal

regions in depression,10–14 which is normalized after successful
treatment.15,16 The pons was selected because it is involved in
regulation of sleep and arousal17 and because neurotransmitter
systems in this region are involved in mood regulation.18
Based on previous studies,2–4 we anticipated that about half
of depressed participants would show substantial mood improvement after sleep loss. We predicted that clinical and
neurochemical responses to sleep loss would differ between
depressed participants and healthy controls and that responders and nonresponders to sleep restriction would differ in
their neurochemical characteristics.

Methods
Participants
We recruited women with a current diagnosis of moderate
unipolar depression and healthy controls. We diagnosed depression and ruled out potential comorbidities according to

Fig. 1: Positions of the 2 spectroscopic volumes of interest (VOI): the left dorsal prefrontal region and the pons. We first acquired data from a
16 × 16 × 16–mm VOI in the left dorsal prefrontal region (left panels) and then from a 13 × 13 × 13–mm VOI in the pons (right panels). The
VOIs are illustrated in the sagittal plane (above) and the coronal plane (below).
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the criteria of the DSM-IV, text revised,19 using the MiniInternational Neuropsychiatric Interview.20 Using the Hamilton Depression Rating Scale (HDRS),21 we assessed the severity of depressive symptoms. We obtained self-reports of
depressive symptoms using the Profile of Mood States
(POMS)22 and the Hamilton Depression Inventory (HDI).23
A score of 18 or higher on the 17-item HDRS was required
for inclusion in the depressed group. We applied the following exclusion criteria to all participants: first-degree relatives
with bipolar disorder, presence of neurologic disorders, current suicidal plans, psychotic symptoms, use of prescribed
medication other than a stable antidepressant treatment and
current use of illegal drugs. An abstinence period of 1 year
was required of any participant reporting previous alcohol or
substance dependence; however, all participants denied such
dependence. We sought depressed women not currently receiving antidepressant drug therapy preferentially, but permitted current stable pharmacotherapy. Previous studies
have reported substantial mood improvement in depressed
patients after sleep deprivation, regardless of medication status.4 A psychiatrist (S.D.) interviewed all selected participants
to confirm that they met inclusion and exclusion criteria.
The Capital District Health Authority Research Ethics
Board approved our study protocol, and we obtained informed consent in writing from each participant after the
nature of the procedures had been fully explained.

Procedures
We asked participants to maintain their usual sleep habits
during the week before the study. All participants reported
that they had a normal night’s sleep on the night preceding
the experiment. At 11:00 on the baseline day, they completed
the POMS and HDI and underwent a brain scan at either
12:00 or 13:00 (scan A). We then instructed participants to go
about their usual activities but to avoid napping. That
evening, participants completed the POMS at 22:00 and were
allowed to rest or sleep in bed from 22:30 until 01:00 the next
morning; sleep was not monitored. Such partial sleep deprivation has been shown to be almost as effective as a night of
total sleep deprivation.24 During the postsleep restriction day,
we obtained self-reports on the POMS at 01:00, 04:00, 07:30
and 11:30; the HDI was administered at 7:30 and 11:30. A second brain scan took place that day at 12:00 or 13:00 (scan B).
To help participants stay awake during brain scans, we did
not give them a blanket in the scanner, and we prompted
them to respond to short questions during the scan.
Image acquisition protocols
We performed magnetic resonance acquisitions with a 1.5 T
GE scanner and a standard quadrature head coil. We acquired coronal T1-weighted 3-dimensional fast spoiled gradient recall images with the following parameters: flip angle
40°, echo time (TE) 5 ms, repetition time (TR) 25 ms, field of
view 24 × 18 cm, matrix 256 × 160 pixels, number of excitations 1, no interslice gap, 124 images, slice thickness 1.5 mm.
We acquired single-volume 1H-MRS spectra with a pointresolved spectroscopy sequence: TE 30 ms, TR 2000 ms,
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320 acquisitions, 2500 Hz spectral bandwidth, 2048 data
points, duration 11.5 minutes; a water unsuppressed spectrum was acquired with the same parameters but only 16 acquisitions. Automated shimming took place before MRS
acquisitions, and we applied outer volume suppression
bands about 3 mm from the outside borders of each volume
of interest (VOI). We initially positioned a 16 × 16 × 16 mm
VOI in the left dorsal prefrontal region encompassing both
white and grey matter: the posterior border was immediately
anterior to the slice containing the corpus callosum (sagittal
view), the inferior border was 2 slices below the most superior slice containing the corpus callosum (sagittal view) and
the VOI was centred left-to-right within the hemisphere
(coronal view). Subsequently, we positioned a 13 × 13 ×
13 mm VOI in the mesopontine region centrally in each direction (Fig. 1). The Montreal Neurological Institute (MNI) coordinates for the central point of a representative VOI were
–18 mm (left), +44 mm (anterior) and +21 mm (superior) for
the prefrontal region; and +1 mm (right), –29 mm (posterior)
and –41 mm (inferior) for the pons.
Data processing
The focus of the analysis was on the 3 main spectral peaks:
NAA 2.0 ppm, Cho 3.0 ppm and tCr 3.2 ppm. Spectra were
line-shape corrected to restore the Lorentzian line shape using
combined QUALITY deconvolution and eddy current correction25 to remove artifacts caused by gradient coil vibration and
residual eddy current distortions. We removed the residual
water peak using an operator-independent singular value decomposition fitting algorithm.26 We then fitted spectroscopy
data in the time domain using fitMAN analysis software.27
We fitted data using 3 peaks, 1 for each resonance of interest. To minimize the influence of signals coming from short
T2 and J-coupled spectral peaks, we omitted the first 16.4 ms
at the beginning of the time domain signal.28 We also omitted
data beyond 200 ms from the fit because the signal had decayed to noise by 200 ms. We scaled metabolite levels using
the unsuppressed water as an internal standard and adjusted for the partial volumes of cerebral spinal fluid (CSF)
in the prefrontal VOI. Tissue-type segmentation was not
possible in the pons; it was performed in the prefrontal region using the 3dAnhist script provided by the program
Analysis of Functional NeuroImages.29,30 We did not adjust
Table 1: Demographic characteristics of women in the depressed
and control groups
Group; no.*
Characteristic
Age, mean (range), yr
Education level
Undergraduate
Graduate student
Handedness
Right
Left

Control (n = 15)
24 (19–30)

Depressed (n = 12)†
25 (21–30)

7
8

8
4

15
0

11
1

*Unless otherwise indicated.
†One depressed participant quit the study during the sleep deprivation night.
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ical in each VOI and on stability of tissue volumes in the prefrontal VOI. We considered each neurochemical independently; we did not apply a Bonferroni correction owing to the
pilot nature of our study. We conducted follow-up tests for
each group, contrasting scans A and B, and we calculated
Cohen’s d to estimate effect sizes.

for potential between-group differences in T1 and T2 relaxation
times, therefore neurochemical levels are reported in institutional units (IU) rather than as molar concentrations. Only
spectra with a line width narrower than 7 Hz and a signal-tonoise ratio for NAA above 10 are included in the analyses.

Statistical analyses

Results
We performed statistical analyses with SPSS software, version
11.5 (SPSS Inc.). The significance threshold was p < 0.05,
2-tailed. If the assumption of normality was violated (tested
with the Shapiro–Wilk test), we used the appropriate nonparametric test. Analyses of variance (ANOVAs) assessed the
effects of group and of scan time on levels of each neurochem-

Participants
Fifteen healthy women and 12 women with a current diagnosis of moderate unipolar depression participated in our
study. The demographic characteristics of both groups are

Table 2: Clinical characteristics of 11 women in the depressed group who completed the sleep
deprivation night, by participant subgroup
Age, yr

Current medication (duration)

Duration of
Start of
current episode first episode

HDRS score*
at screening

POMS score†
at screening

Responder
22
26
30
30
28
Nonresponder
27
21
22
23
25
21

Citalopram (2 yr)
None (1 yr drug-free)
Citalopram (2 mo)
None (7 mo w/o sertraline)
Venlafaxine and bupropion (3 yr)

2 yr
4 yr
6 mo
13 yr
3 yr

13 yr ago
4 yr ago
15 yr ago
13 yr ago
18 yr ago

21
21
20
22
26

79
150
98
76
58

Venlafaxine (1 mo)
None (drug-naïve)
Paroxetine (1 yr)
Citalopram (6 mo)
None (drug-naïve)
None (drug-naïve)

3 yr
11 yr
1 yr
9 yr
12 yr
2 yr

12 yr ago
11 yr ago
1 yr ago
9 yr ago
12 yr ago
5 yr ago

20
22
24
25
18
20

52
50
108
115
56
128

HDRS = Hamilton Depression Rating Scale;21 POMS = Profile of Mood States;22 w/o = without.
*Cutoff for inclusion in the study was 18 on the HDRS. Group mean (SD) scores at screening were 22.0 (2.3) for subsequent
responders and 21.5 (2.7) for nonresponders.
†Group (mean) scores on the POMS at screening were 92.2 (35.3) for subsequent responders and 84.8 (35.9) for nonresponders.

Table 3: Analyses of variance for neurochemicals (in institutional units) and for fractional content of tissues

Variable
Prefrontal
NAA
Cho
tCr
Grey matter
White matter
Cerebrospinal fluid
Pons§
NAA
Cho
Cho¶
tCr

Scan time*

Group†

Degrees of
freedom

F

p value

F

(1–21)
(1–21)
(1–21)
(1–21)
(1–21)
(1–21)

0.196
5.242
0.063
9.048
9.642
3.180

0.66
0.033**
0.81
0.007††
0.005††
0.09

0.121
0.116
0.849
0.992
0.872
0.122

(1–16)
(1–16)
(2–15)
(1–16)

1.719
1.555
1.603
5.070

0.21
0.23
0.22
0.039**

0.698
3.966
4.072
3.804

p value

Interaction‡
F

p value

0.73
0.74
0.37
0.33
0.36
0.73

0.795
0.942
0.746
7.352
7.657
1.987

0.38
0.34
0.40
0.013**
0.012**
0.17

0.42
0.06
0.039**
0.07

2.216
0.058
2.299
0.090

0.16
0.81
0.14
0.77

Cho = choline compounds; NAA = N-acetylaspartate; tCr = creatine-plus-phosphocreatine.
*Within-subject factor with 2 levels: A (baseline) and B (post–sleep restriction).
†Between-subject factor with 2 levels: control and depressed.
‡Scan time by group.
§Accurate segmentation of tissue types was not possible in the pons.
¶Variable for which the between-subject factor has 3 levels: control, responder and nonresponder.
**Significant at p < 0.05.
††Significant at p < 0.01.

355

J Psychiatry Neurosci 2009;34(5)

355

Bernier et al.

summarized in Table 1, and the clinical characteristics of
the depressed patients are provided in Table 2. One depressed participant withdrew during the night of sleep restriction; her baseline data are included in our analyses
where appropriate.

Mann–Whitney U tests showed that subsequent nonresponders had reduced baseline Cho levels relative to responders
(z = 2.611, p = 0.008) and controls (z = 2.951, p = 0.001),
whereas subsequent responders did not differ from controls
(z = 0.843, p = 0.44).

Mood scores

Discussion

Analyses of depression scores are provided in Appendix 1,
available at www.cma.ca/jpn. We classified depressed patients as responders to sleep restriction if they showed (1) improvement in HDI total score after sleep restriction and (2) at
least a 30% improvement in HDI mood score. Based on these
criteria, 5 of 11 participants were responders and 6 were nonresponders. Mann–Whitney U tests showed that responders
did not differ from nonresponders in baseline mood scores
(z = 1.792, p = 0.10) nor baseline HDI total scores (z = 0.940,
p = 0.42).

Pons

The mean line width (standard deviation [SD]) of the water
peaks from all spectra was 5.46 (0.59) Hz. The fractional volumes of tissue types in prefrontal VOIs did not vary between
groups at either scan time. However, within the depressed
group, small differences in positioning of prefrontal VOIs resulted in an increase from 66.7% to 76.2% in white matter
partial volume and a decrease from 32.4% to 23.3% in grey
matter partial volume from scan A to B; CSF partial volumes
were stable at 0.9% (scan A) and 0.4% (scan B) of the VOI
(Table 3).
Prefrontal region
We found a significant main effect of scan time for prefrontal
Cho, indicating an 11.3% increase (Cohen’s d = 0.46) in Cho
levels after sleep restriction in both groups combined (Fig. 2,
Table 3, Table 4). Follow-up paired t tests revealed a 17.9%
increase in the depressed group (t 9 = –3.352, p = 0.008,
Cohen’s d = 1.06) after sleep restriction, but no change in controls (t9 = –0.835, p = 0.42). We observed no clustering of values with respect to medication status. We evaluated whether
the increase in prefrontal Cho could be an artifact of the observed increase in white matter partial volume during the
second scan in the depressed group (see the Discussion section and Appendix 1).
Pontine region
We observed a significant main effect of scan time for pontine tCr (Fig. 3, Table 3, Table 4), revealing a 20.1% decrease
(Cohen’s d = 0.54) from scan A to scan B. Follow-up Wilcoxon
tests showed no significant change in controls (z = 1.023,
p = 0.32) or depressed participants alone (t9 = 1.236, p = 0.25).
This main effect was attributable to both groups combined.
Exploratory mixed ANOVAs conducted to compare
neurochemical levels between scan times and between controls and depressed responders/nonresponders to sleep restriction revealed a significant main effect of group for baseline pontine Cho levels (Fig. 4, Table 3, Table 4). Follow-up
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Level of prefrontal choline, institutional units

Imaging data

The pons contains nuclei and monoamines that are implicated in mood disorders and targeted in their pharmacotherapy.18,31 It is also critically involved in sleep–wake regulation.17
Our results indicate that pontine levels of tCr were reduced
after sleep restriction in all participants combined. Both depressed and control participants showed similar trends, but
there may have been insufficient power to demonstrate significant changes for each group separately (Fig. 3). Since the
creatine kinase/phosphocreatine network is involved in connecting sites of production and consumption of adenosine
triphosphate (ATP), the primary source of metabolic energy
in the brain,32 these findings suggest changes in ATP-related

5.0
3.0
4.5

2.5
2.0

4.0

1.5
3.5

3.0

2.5

2.0

Baseline

After sleep restriction

Time of scan
All participants
Control group
Depressed group

Fig. 2: Concentration levels of choline compounds in institutional
units (IU) acquired in the left prefrontal region for both groups combined and for the control (n = 13) and depressed (n = 10) groups (inset) during the baseline scan and 24 h later after overnight sleep restriction. Levels increased significantly after sleep restriction for both
groups combined (*p = 0.033, Cohen’s d = 0.46). There was no significant change in the control group alone, but a significant increase
among depressed participants (#p = 0.008, Cohen’s d = 1.06). Error
bars representing 1 standard deviation are shown in 1 direction only
for clarity. The number of values varies because only participants
with scans meeting quality criteria on both days are included.
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metabolic activity. Consistent with this interpretation, a
positron emission tomography study of sleep deprivation effects in healthy people reported lower metabolic rates in the
mesopontine and pontine regions after sleep deprivation.33
Levels of pontine Cho during the baseline scan did not differ between the depressed and control groups. However,
pontine Cho values in depressed women at baseline predicted subsequent mood responses to sleep restriction: all depressed women who subsequently met the criterion for
mood improvement had higher baseline Cho levels than
those who did not (Fig. 4). This result should be regarded
with caution because of the small size of these subgroups.
Membrane-bound phosphatidylcholine modulates concentrations of phosphorylcholine and glycerophosphorylcholine,
the 2 major constituents of the Cho signal.34 Thus, changes in
the Cho peak may reflect changes in metabolic activity of
phosphatidylcholine. Since phospholipid metabolic activity

consumes about 20% of total ATP in the brain,35 these data
may also reflect differences in pontine metabolic activity.

Prefrontal region
We found that Cho levels increased in the prefrontal region
after sleep restriction for both groups combined; this increase
was statistically significant for depressed participants alone
but not for controls. The selectivity of this effect should be
considered tentative given the small number of participants;
however, previous studies also reported that sleep deprivation did not affect brain chemistry in the frontal and prefrontal regions of healthy volunteers,7,8 whereas it marginally
increased concentrations of Cho and tCr in the left dorsal prefrontal region of depressed inpatients.9 Our results confirmed
only the increases in Cho, perhaps because our sample consisted of outpatients with moderate levels of depression

Table 4: Neurochemical values (in institutional units) for the pons and the left prefrontal region
Magnetic resonance spectroscopy scan;* mean (SD)
Brain region; participant group Neurochemical
Pons
All participants

Controls

Depressed (all)

Responders

Nonresponders

Left prefrontal region
All participants

Controls

Depressed (all)

Responders

Nonresponders

Scan A

Scan B

n†

Cho
tCr
NAA
Cho
tCr
NAA
Cho
tCr
NAA
Cho
tCr
NAA
Cho
tCr
NAA

3.79
8.14
15.07
4.12‡
8.86
14.16
3.53
7.56
15.80
4.31‡
7.80
16.32
2.74‡
7.32
15.28

(1.01)
(2.02)
(1.93)
(1.02)
(1.02)
(1.61)
(0.98)
(2.46)
(1.93)
(0.74)
(3.25)
(1.64)
(0.21)
(1.72)
(2.23)

3.32
6.50§
16.03
3.55
6.97
16.52
3.14
6.12
15.65
2.94
5.31
15.51
3.34
6.93
15.79

(0.94)
(1.91)
(2.20)
(0.80)
(1.57)
(1.92)
(1.04)
(2.15)
(2.43)
(0.94)
(2.22)
(1.73)
(1.21)
(1.96)
(3.20)

18
18
18
8
8
8
10
10
10
5
5
5
5
5
5

Cho
tCr
NAA
Cho
tCr
NAA
Cho
tCr
NAA
Cho
tCr
NAA
Cho
tCr
NAA

2.49
8.21
10.07
2.58
8.22
10.26
2.38
8.20
9.83
2.21
7.21
9.44
2.54
9.19
10.23

(0.70)
(1.86)
(0.87)
(0.68)
(1.77)
(0.97)
(0.75)
(2.08)
(0.68)
(1.00)
(1.40)
(0.12)
(0.45)
(2.30)
(0.79)

2.78§
8.14
9.88
2.76
8.53
9.79
2.80¶
7.63
9.99
2.80
7.33
10.14
2.80
7.93
9.85

(0.61)
(1.51)
(1.31)
(0.49)
(1.14)
(1.28)
(0.76)
(1.83)
(1.42)
(1.01)
(2.60)
(1.30)
(0.54)
(0.74)
(1.66)

23
23
23
13
13
13
10
10
10
5
5
5
5
5
5

Cho = choline compounds; NAA = N-acetylaspartate; tCr = creatine-plus-phosphocreatine.
*Scan A took place on the baseline day at 12:00; scan B took place the following day at 12:00 after restriction of sleep to a
maximum of 2.5 h.
†The number of values varies because only those with scans meeting quality criteria on both days are included.
‡Analysis of variance showed that the between-group factor was significant (p < 0.05). Follow-up t tests showed that
nonresponders at scan A differed from both controls and responders (p < 0.01).
§Analysis of variance showed that the repeated measures factor was significant (p < 0.01).
¶Follow-up t test was significant (p < 0.01).
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tions of Cho are somewhat lower in white matter relative to
grey matter in the cerebrum.36,37 Whether Cho concentrations
in each tissue type are stable or change after loss of sleep is
unknown. Regardless, the increase in white matter proportion alone could not account for the 17.9% increase in Cho at
scan B. The increase in prefrontal Cho thus appears to be
attributable to the effects of sleep loss and not to the change
in VOI tissue type content (Appendix 1).

Limitations
A number of limitations of this study should be addressed in
future investigations of these issues, including studying
larger numbers of participants. Some depressed participants
were undergoing stable pharmacological treatments. Although they did not appear to differ from untreated participants in their neurochemical or mood characteristics, it
would be preferable to include only medication-naïve participants. Monitoring sleep electrophysiologically at baseline
and during the sleep-restriction period would allow a test of
whether sleep differences among participants might have
affected the results obtained.

10
13

Level of choline in the pons, institutional units

Level of creatine in the pons, institutional units

rather than inpatients. In view of the relation between the
subcomponents of the Cho peak and brain metabolism noted
previously,34,35 these results suggest an increase in metabolic
activity in this region after sleep loss in depressed patients.
This interpretation is consistent with previous functional
imaging studies that reported that remission of depressive
symptoms after a course of antidepressant medication was
associated with increased metabolic rates in this region.15,16
Despite the use of precise guidelines and landmarks in
positioning VOIs, there is a risk that small differences in positioning VOIs in repeated-measures studies can alter the
fractional content of white matter, grey matter and CSF.
Neurochemical concentrations are known to differ among
white matter, grey matter and CSF.36,37 Fractional CSF has the
greatest effect on measured neurochemical concentrations,
therefore we adjusted measured concentrations for fractional
CSF in each VOI.
The prefrontal VOIs, however, had a 9.5% higher proportion of white matter in depressed participants during scan B
compared with scan A (Table 3), so we considered whether
this change could have contributed to the observed increase
in Cho. Previous studies reported that absolute concentra-

8

12
11

6

10

4

9
8
7
6
5

Baseline

7

Control group
Responders
Nonresponders

6

5

4

3

2

After sleep restriction
Baseline

Time of scan

Time of scan

All participants
Control group
Depressed group

Fig. 3: Concentration levels of creatine-plus-phosphocreatine (tCr)
in the pons for both groups combined (n = 18) and separately for
the control (n = 8) and depressed (n = 10) groups (inset) during the
baseline scan and 24 hours later after overnight sleep restriction. In
both groups combined, tCr levels declined by 20.1% after sleep restriction relative to baseline values (*p = 0.039, Cohen’s d = 0.54).
We observed similar patterns in the 2 groups (inset), but neither
group alone was statistically significant. Error bars representing
1 standard deviation are shown in 1 direction only for clarity. The
number of values varies because only participants with scans meeting quality criteria on both days are included.
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After sleep restriction

Fig. 4: Concentration levels of choline compounds (Cho) acquired
in the pons during the baseline scan and 24 hours later after
overnight sleep restriction. Data are shown for the control group
(n = 10) and separately for depressed participants showing at least
30% mood improvement after sleep loss (responders, n = 5) and
those failing to show such improvement (nonresponders, n = 5).
The omnibus test showed a significant effect of group (p = 0.039).
Follow-up tests showed that Cho levels were significantly lower at
baseline for nonresponders compared with both responders
(*p = 0.008) and controls (#p = 0.001). Error bars representing
1 standard deviation are shown in 1 direction only for clarity. The
number of values varies because only participants with scans meeting quality criteria on both days are included.
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resonance spectroscopy after total sleep deprivation in healthy
adult men. Sleep 2003;26:573-7.

Conclusion
In summary, the significant increase after sleep restriction in
Cho levels in the dorsal, prefrontal region only in depressed
women may reflect increased metabolic activity, consistent
with numerous previous studies showing that metabolic activity in this region is correlated with mood state. In addition,
the results demonstrate that the level of Cho in the pons is
not correlated with mood state, but that its level at baseline
strongly predicts responsiveness of depressed women to the
mood-elevating effects of sleep restriction. These findings
suggest that pontine Cho levels may be a marker for biological differences between responders and nonresponders to
sleep loss. A better understanding of the physiologic processes contributing to acute mood improvement after sleep
loss could provide insight into the mechanisms underlying
depressive disorders and their treatment.
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