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INSOMNIA

Sleep-Wake Differences in Relative Regional Cerebral Metabolic Rate for 
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Study Objectives: The neurobiological mechanisms of insomnia may involve altered patterns of activation across sleep-wake states in brain regions 

associated with cognition, self-referential processes, affect, and sleep-wake promotion. The objective of this study was to compare relative regional cerebral 

metabolic rate for glucose (rCMRglc) in these brain regions across wake and nonrapid eye movement (NREM) sleep states in patients with primary insomnia 

(PI) and good sleeper controls (GS).

Methods: Participants included 44 PI and 40 GS matched for age (mean = 37 y old, range 21–60), sex, and race. We conducted [18F]fluoro-2-deoxy-d-

glucose positron emission tomography scans in PI and GS during both morning wakefulness and NREM sleep at night. Repeated measures analysis of 

variance was used to test for group (PI vs. GS) by state (wake vs. NREM sleep) interactions in relative rCMRglc.

Results: Significant group-by-state interactions in relative rCMRglc were found in the precuneus/posterior cingulate cortex, left middle frontal gyrus, left 

inferior/superior parietal lobules, left lingual/fusiform/occipital gyri, and right lingual gyrus. All clusters were significant at Pcorrected < 0.05.

Conclusions: Insomnia was characterized by regional alterations in relative glucose metabolism across NREM sleep and wakefulness. Significant 
group-by-state interactions in relative rCMRglc suggest that insomnia is associated with impaired disengagement of brain regions involved in cognition 

(left frontoparietal), self-referential processes (precuneus/posterior cingulate), and affect (left middle frontal, fusiform/lingual gyri) during NREM sleep, or 

alternatively, to impaired engagement of these regions during wakefulness.
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INTRODUCTION

Insomnia disorder is defined as a persistent complaint of dif-
ficulty initiating or maintaining sleep, associated with daytime 
impairment or distress, and not accounted for by inadequate 
opportunity or circumstances for sleep.1,2 Chronic insomnia 
disorder affects approximately 10% of adults3 and is associ-
ated with cognitive impairments, reduced work productivity, 
lower quality of life, comorbid mental disorders, higher health 
care costs, and increased mortality risk.4,5 The mechanisms 
through which insomnia is associated with these negative out-
comes remains unclear, in part due to limited knowledge of the 
pathophysiology of insomnia itself.

Some clues to the pathophysiology of insomnia may be de-

rived from its clinical features. Impairments associated with 
insomnia can be categorized into cognitive (e.g., episodic 
memory retrieval, working memory, planning, and naming),6,7 

self-referential (e.g., rumination),8 affective (depression and 
altered positive/negative valence),9,10 and sleep-wake promo-

tion (sleep initiation/maintenance difficulties) domains. The 
first three domains are associated with brain regions that most 
consistently involve left frontoparietal, anterior and posterior 
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Significance
This study builds on prior polysomnography and neuroimaging studies by using the high spatial resolution of positron emission tomography to address 

critical questions on the pathophysiology of insomnia. This study provides a detailed description of sleep-wake differences in relative regional glucose 

metabolism in good sleepers and patients with primary insomnia. Compared with good sleeper controls, we found that insomnia is associated with 

altered sleep-wake differences in relative glucose metabolism in major nodes of the default mode and executive control networks. These regionalized 

and state-specific findings add to the growing body of literature that suggests insomnia is a true sleep disorder with a complex and potentially 
multifaceted pathophysiology. These findings may inform new models of and novel treatments for insomnia.

cingulate, and temporal cortices.11–18 Structures more critically 
involved in sleep-wake promotion, at the whole brain level, in-

clude brainstem, hypothalamic, and thalamic nuclei.
Neuroimaging studies of normal sleep provide a basis for 

investigating the pathophysiology of insomnia and its clinical 
features. Compared with wakefulness, nonrapid eye movement 
(NREM) sleep is associated with reduced cerebral blood flow 
and glucose metabolism in several brain regions related to cog-

nition (frontoparietal regions), self-referential processes (fron-

toparietal, anterior cingulate, insular, temporal, and precuneus/
posterior cingulate regions), affect (orbitofrontal cortex, medial 
temporal, and insular regions), and sleep-wake promotion (thal-
amus, hypothalamus, basal forebrain, basal ganglia, brainstem, 
and cerebellum).19–29 Changes in blood flow/metabolism during 
NREM sleep are mainly thought to reflect decreased activity 
of cognitive, affective, and arousal systems19,30 but may also 
reflect region-specific, use-dependent sleep intensity. Under 
normal circumstances, sleep-promoting and wake-promoting 
systems are thought to be mutually inhibitory. However, co-

activation of these systems can be induced by threat or stress, 
as demonstrated by an animal model of acute insomnia.31 
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Thus, insomnia could plausibly involve heightened activation 
of arousal systems, reduced use-dependent sleep intensity, or 
coactivation of sleep- and wake-promoting processes during 
NREM sleep. In each of these scenarios, insomnia may involve 
smaller wake-NREM sleep differences in relative glucose me-

tabolism in brain regions that typically show decreases during 
NREM sleep relative to wake.32,33

Other imaging modalities, such as structural and functional 
magnetic resonance imaging during wake or NREM sleep, have 
also been used to address the pathophysiology of insomnia and 
its daytime symptoms. Although these studies have used dif-
ferent criteria for insomnia, used different imaging methods, 
and reported some inconsistent findings, several studies have 
implicated alterations in structures or circuits related to cogni-
tion, self-referential processes, affect, and sleep-wake promo-

tion.34–49 However, a consistent set of brain regions or pattern 
of regional brain activity across wake and NREM sleep has not 
yet been identified in association with insomnia.

Only one prior neuroimaging study has investigated re-

gional brain activity during both wake and NREM sleep in 
insomnia. Using the [18F]fluoro-2-deoxy-d-glucose (FDG) 
positron emission tomography (PET) method, Nofzinger and 
colleagues reported that, relative to good sleeper controls (GS; 
n = 12), patients with primary insomnia (PI; n = 7) had smaller 
NREM sleep-wake differences in relative glucose metabo-

lism in the medial frontal cortex, medial temporal lobe, insula, 
hypothalamus, thalamus, and brainstem.33 Results from that 
study, although preliminary, are consistent with the hypothesis 
that insomnia involves an altered pattern of activity in brain 
regions most strongly associated with affective processing and 
sleep-wake promotion.32

In this study, we sought to test whether insomnia involves 
altered patterns of regional glucose metabolism across sleep-
wake states in a larger sample of participants. Based on the 
clinical features of insomnia, current models of sleep-wake 
neurobiology, and previous neuroimaging studies on insomnia, 
we hypothesized that, compared with GS, PI would have al-
tered patterns of relative glucose metabolism between wake 
and NREM sleep in brain regions involved in cognition, self-
referential processes, affect, and sleep-wake promotion.

METHODS

Participants

Participants in this study included individuals with PI, deter-
mined by a structured clinical interview in accordance with 
Diagnostic and Statistical Manual of Mental Disorders, 4th 

edition (DSM-IV) criteria (PI; n = 44),50 and GS who had no 
symptoms of insomnia, determined by a Pittsburgh Sleep 
Quality Index (PSQI) score < 5 (GS, n = 40). Demographic 
and clinical characteristics are presented in Table 1. In brief, 
participants were young to middle-aged adults (mean = 37 y, 
range 21–60), 58% female, and 82% white. Groups were well 
matched for age, sex, and race.

Participants were drawn from eight protocols conducted at 
the University of Pittsburgh between 1998 and 2012 that used 
the FDG-PET method51 for studying regional brain metabo-

lism in sleep-wake states (MH24652 helped fund all studies, 

MH61566 funded two studies, PSE00001 funded one study, 
and HL65112 funded one study). Protocols were approved by 
the Institutional Review Board and the Human Use Subcom-

mittee of the Radiation Safety Committee at the University of 
Pittsburgh. Participants gave written informed consent and 
were compensated for participation.

Exclusion criteria for the current analyses were: (1) age 
younger than 18 y or older than 60 y, (2) self-reported left-
handedness, (3) self-reported sleep disorders (other than in-

somnia for the PI group), (4) apnea-hypopnea index ≥ 15, (5) 
periodic limb movements with awakening ≥ 20/h, (6) caf-
feine > 400 mg per day on average, (7) inability to abstain from 
tobacco and alcohol during the study, (8) inability to abstain 
from drugs known to affect sleep for at least 2 w before par-
ticipation (4 w for fluoxetine), (9) positive pregnancy test for 
women, and (10) presence of a significant current medical or 
psychiatric condition.

We identified a potential analysis sample of 104 participants 
who had either a morning wake or NREM sleep PET scan and 
met the aforementioned inclusion/exclusion criteria. From this 
sample, 20 participants were excluded based on criteria specific 
to the current analyses: having only a wake (n = 7) or NREM 
sleep (n = 2) PET scan, occurrence of REM sleep during the 
NREM sleep FDG uptake period (n = 3), or technical prob-

lems involving the wake (n = 2) or NREM sleep (n = 6) PET 
scan, such as limited field of view (FOV), low FDG dose, or 
co-registration complications. There were no significant group 
differences in the percentage or pattern of unusable scans.

Procedures

Participant demographics, clinical characteristic, and sleep 
quality were assessed with validated self-report question-

naires. To rule out sleep, psychiatric, and medical disorders, 
all participants were also assessed with validated clinician-ad-

ministered questionnaires and interviews, overnight polysom-

nography (PSG), and medical history/physical examination.

Clinical Interview

The Structured Clinical Interview for DSM-IV Axis I Disor-
ders was used to assess current and past history of psychiatric 
disorders.52 Participants were free of current psychiatric disor-
ders. Participants were not excluded from this study for a prior 
psychiatric history. Among PI, prior history included depres-

sion (n = 7), anxiety (n = 1), and substance use (n = 2) disorders. 
One GS had a prior psychiatric history including depression, 
anxiety, and substance use disorders.

Mood Measures

Instruments used to measure the severity of anxiety (Beck 
Anxiety Inventory,53 a standard Visual Analog Scale for Anx-

iety, or the State-Trait Anxiety Index - Form Y-154) and depres-

sion (Beck Depression Inventory,55 Inventory of Depressive 
Symptomatology,56,57 or Profile of Mood States-depression 
score58) symptoms differed across protocols. The total scores 
for each measure (minus sleep items) were converted to stan-

dard ordinal scales delineating minimal from mild-moderate 
levels of anxiety or depression severity.59–63 Although having a 
current psychiatric diagnosis was exclusionary, 51% of the PI 
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group had mild-moderate symptoms of anxiety or depression 
compared to only 10% of the GS group (Table 1).

Sleep Measures

The PSQI was used to assess sleep quality over the past 
month.64,65 The PSQI is a well-validated, 18-item self-report 
measure. Scores range from 0 to 21, with higher scores de-

noting worse sleep quality. A score greater than 5 indicates 
clinically significant levels of sleep disturbance.66

The Pittsburgh Sleep Diary was used to measure daily sleep 
onset latency, wake-time after sleep onset, total sleep time, 
time in bed, and sleep efficiency.67 Participants were instructed 
to complete the diaries each morning directly after rising from 
bed. Sleep diary variables reported in Table 1 represent values 
averages across 7 nights.

Participants completed at least three overnight sleep studies, 
including screening/adaptation, baseline, and FDG-PET nights 
using standard procedures described in detail previously.68

 

Sleep apnea and periodic limb movement disorder were 
screened during the initial screening/adaptation PSG night. 
Sleep apnea was assessed with a nasal pressure transducer, 
oronasal thermistor, fingertip oximeter, and respiratory in-

ductance plethysmograph. Periodic limb movements were as-

sessed with bilateral anterior tibialis electrodes. Sleep features 
other than apnea-hypopnea index and periodic limb move-

ment arousal index were not compared across groups on the 
screening night due to well-characterized effects of adaptation 
on sleep.69 Standard PSG-assessed sleep features (described in 
the next paragraphs) were assessed on a subsequent uninter-
rupted baseline night. An overnight FDG-PET night occurred 
on average 2 nights following the baseline night (range, 1 to 16 
nights). Nightly urine screens were conducted to confirm that 
participants were free of alcohol and recreational drugs and 
that female participants were not pregnant.

Although the study protocols from which these data were ex-

tracted used slightly different PSG montages (e.g., some studies 
recorded the full PSG montage on all nights whereas others 
included a simplified PSG montage following the screening/
adaptation night), core components were consistent across 
studies. The PSG montage included the C4/A1-A2 electro-

encephalogram (EEG) channel, bilateral electro-oculograms 
referenced to A1-A2, and submental electromyogram. These 
PSG signals were digitized and visually scored for staging in 
20-sec epochs according to validated procedures by sleep tech-

nicians who were blinded to participant group.70 All studies 
were scored according to Rechtschaffen and Kales criteria be-

cause the American Academy of Sleep Medicine scoring rules 
had not yet been published at the time the earliest studies were 
conducted.

The criterion for PSG-assessed sleep onset latency was the 
number of minutes from lights out until sleep onset, defined 
as the start of the first stage 2 NREM sleep epoch followed 
by at least 10 min of sleep (NREM stages 2–4 or REM sleep) 
interrupted by no more than 2 min of wake or stage 1. Sleep 
onset latency was calculated for both the baseline night and the 
NREM sleep PET scan night. Wake-time after sleep onset was 
the number of minutes scored as wake between sleep onset and 
the final sleep wake-up time according to PSG criteria. Total 

sleep time was the number of minutes spent in any PSG sleep 
stage following sleep onset until the final awakening. Time in 
bed was the number of minutes between lights out and final 
wake-up time. Sleep efficiency was defined as [ ( total sleep 
time / time in bed) × 100]. On the NREM sleep PET night, 
PSG was only collected directly before and during the uptake 
period. Thus, only sleep onset latency was assessed for that 
night, which was used to help determine whether the NREM 
sleep PET night differed from the baseline night in regard to 
this sleep feature.

Neuroimaging Protocol

The FDG-PET method used in this study has been described in 
detail in previous publications.51,71,72 Structural MRI data were 
collected using either a 1.5 Tesla (T) GE Signa (GE Medical 
Systems, Milwaukee, WI) or 3.0 T Siemens Magnetom TIM 
Trio (Siemens Medical Systems, Malvern, PA) scanner. Partici-
pants were positioned in a standard head coil and received either 
a volumetric spoiled gradient recalled echo (three-dimensional 
[3D]-SPGR) pulse sequence in the 1.5 T scanner (n = 48) or a 
magnetization-prepared rapid acquisition with gradient echo 
(MPRAGE) pulse sequence in the 3 T scanner (n = 36). The 
3D-SPGR sequence was optimized for maximal contrast of 
gray matter, white matter, and cerebrospinal fluid and was 
acquired in the coronal plane, n = 48; echo time (TE) = 5.00 
msec, repetition time (TR) = 2500 msec, flip angle = 40°, 
number of excitations (NEX) = 1, image matrix = 256 × 256 
mm pixels, 124 continuous slices, slice thickness = 1.5 mm, 
in-plain resolution = 0.9375 × 0.9375 mm. The MPRAGE was 
collected using one of three sequences: (1) n = 29, TE = 2.98 
msec, TR = 2300 msec, flip angle = 9°, NEX = 1, image ma-

trix = 240 × 256 mm, 160 continuous sagittal slices, slice 
thickness = 1.2 mm, in-plain resolution = 1 × 1 mm; (2) n = 5; 
TE = 3.31 msec, TR = 2100 msec, flip angle = 8°, NEX = 1, 
image matrix = 208 × 256 mm, 176 continuous axial slices, 
slice thickness = 1 mm, in-plain resolution = 1 × 1 mm; or 
(3) n = 1; TE = 3.43 msec, TR = 2300 msec, flip angle = 9°, 
NEX = 1, image matrix = 208 × 256 mm, 176 continuous axial 
slices, slice thickness = 1 mm, in-plain resolution = 1 × 1 mm. 
The scanning parameters for one participant’s MPRAGE were 
missing. These structural T1-weighted magnetic resonance 
images (3D-SPGR or MPRAGE) were AC-PC aligned using 
Statistical Parametric Mapping (SPM) version 8 (http://www.
fil.ion.ucl.ac.uk/spm/software/spm8), then normalized to the 
International Consortium for Brain Mapping 152 template 
(Montreal Neurological Institute) via the unified segmentation 
technique.73

Each participant had two FDG-PET studies, one during 
wakefulness and one during NREM sleep. The FDG injections 
for PET imaging were conducted at the Sleep and Chronobi-
ology Laboratory during morning wakefulness (2 to 3 h after 
wake-up time) and during the first NREM sleep cycle. These 
times were chosen to provide consistent timing across partici-
pants, to avoid any effects of sleep inertia, and to capture a pe-

riod of stable NREM sleep that was unlikely to include REM 
or wake transitions. Intravenous catheters were placed in each 
arm of participants: one for the FDG injections and another for 
venous blood sampling. The FDG injections for the wake PET 
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scans occurred after 15 to 20 min of continuous wakefulness 
as participants lay supine in bed with eyes closed. Participants 
were left undisturbed for 20 min after the injection before being 
transported by wheelchair to the PET Research Center for the 
wake PET scan. The FDG injections for the NREM sleep PET 
scans occurred after 20 min of continuous sleep (NREM stage 
2–4) in bed. These injections occurred on average 39 h after 
the wake FDG injection. Participants were left undisturbed for 
20 min before being awakened and transported by wheelchair 
to the PET center for the NREM sleep PET scan. There were no 
significant groups differences in injected FDG dose (PI vs. GS) 
for either the wake or NREM sleep scan, median dose = 6.3 
mCi [interquartile range = 6.0, 6.7 mCi] and median dose = 5.5 
mCi [interquartile range = 5.4, 7.6 mCi], respectively. Groups 
did not differ in the amount of time between wake and NREM 
sleep FDG injections. Sleep-wake states before, during, and 20 
min after FDG injections were confirmed using EEG.

Sixty minutes after FDG injection, participants underwent 
PET imaging using a Siemens/CTI ECAT HR+ tomograph 
(CTI PET Systems, Knoxville, TN) in 3D mode (63 transaxial 
planes, FOV = 15.2 cm, slice width = 2.4 mm). Subjects were 
positioned in the scanner to maximize full brain coverage 
(cortex through brainstem). A 30 min emission scan (six se-

quential 5-min scans) was acquired over the 60 to 90 min 
postinjection period, while participants lay with eyes closed. 
Venous blood was sampled (1 mL each) at six time points (45, 
55, 65, 75, 85, and 90 min postinjection), for the determina-

tion of FDG radioactivity (all samples) and glucose (first and 
last samples) plasma concentrations. A windowed transmis-

sion scan (10 to 15 min) was acquired before emission imaging 
and used for PET attenuation correction. Other corrections 
included scanner normalization, dead time, scatter, random 
coincidences, and radioactive decay. The PET data were re-

constructed by filtered back-projection. The final in-plane 
spatial resolution was 6.0 mm. Attenuation-corrected, decay-
corrected, FDG-PET data were motion-corrected (if needed) 
and averaged over all frames (60 to 90 min postinjection) 
using AIR 3.0 software (http://bishopw.loni.ucla.edu/AIR3/
index.html).74 Each subject’s averaged FDG-PET data were 
coregistered to their AC-PC aligned structural T1-weighted 
MRI (3D-SPGR or MPRAGE), normalized using the previ-
ously obtained transformation parameters, and smoothed with 
a 10.0 mm full width at half maximum Gaussian filter. Data 
were quality control checked for FOV positioning, motion, and 
coregistration problems. Relative regional cerebral metabolic 
rate for glucose (rCMRglc) was calculated at each voxel by di-
viding the global FDG-PET intensity across all brain voxels for 
each scan, then multiplying by 50. This calculation accounts 
for global nuisance effects and puts these relative data into an 
intuitively accessible scale.

The FDG and glucose plasma concentrations were used to 
quantify the absolute metabolic rate of deoxyglucose (MRDglc) 
in the body based on a modified version of a simplified ki-
netic method,75 validated and routinely applied in our labora-

tory.72 Because the brain metabolizes a large portion of the 
total glucose utilized in the body, MRDglc provides an indirect, 
semiquantitative measure of absolute whole-brain glucose 
metabolism.

Analyses

Assumptions that data were missing at random and normally 
distributed were checked for each variable. All variables had 
missing values < 5%. Here, variables with normal distributions, 
determined using Kolmogorov-Smirnov test for normality, 
are reported as mean (standard deviation) and variables with 
non-normal distributions are reported as median [interquartile 
range]. Demographic and sleep features were compared across 
groups using Student t, Mann-Whitney U, or chi-square tests 
(Tables 1 and 2). Repeated measures analysis of variance was 
used to examine a group (PI vs. GS) by state (wake vs. NREM 
sleep) interaction, main effect of group, and main effect of 
state for MRDglc (semiquantitative estimate of whole-brain me-

tabolism). Aforementioned analyses were conducted in IBM 
SPSS 22 (IBM Corp., Armonk, NY, USA) or SAS version 9.3 
(SAS Institute, Cary, NC).

Relative regional cerebral metabolic rate for glucose 
(rCMRglc) was compared voxelwise across wake and NREM 
sleep in PI and GS using SPM version 12 (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12/). Given the large number of 
potential brain regions involved in insomnia and their wide 
distribution, we took a whole-brain voxelwise approach to 
capture all of these regions in a single analysis, rather than 
investigating each brain region individually. To correct for 
multiple comparisons, familywise error (FWE) correction 
and clusterwise extent thresholds were determined using 
3dClustSim (3DC; http://afni.nimh.nih.gov/pub/dist/doc/pro-

gram_help/3dClustSim.html). Group (PI vs. GS) by state 
(wake vs. NREM sleep) interactions in rCMRglc were tested 
using repeated-measures analysis of variance.76 For this in-

teraction analysis, cluster sizes greater than 249 were signifi-

cant at height threshold, Puncorrected < 0.005; cluster threshold, 
P3DC_corrected < 0.05; no interactions were significant at the 
more stringent FWE correction. Main effects for group in 
rCMRglc, averaged voxelwise across wake and NREM sleep 
states, were tested using an independent samples t-test. For 
this group analysis, cluster sizes greater than 698 were sig-

nificant at height threshold, Puncorrected < 0.005; cluster threshold, 
P3DC_corrected < 0.05; no group main effects were significant at 
the more stringent FWE correction. Main effects for state in 
rCMRglc, independent of group, were tested using a paired 
t-test. For this state analysis, cluster sizes greater than 200 
were significant at cluster threshold, PFWE_corrected < 0.05. For 
these main effects analyses, we masked out regions that were 
significant in the interaction analysis. In Figures 1 through 4, 
significant clusters were mapped onto brain images in Mon-

treal Neurological Institute space using BrainNet Viewer 
(https://www.nitrc.org/projects/bnv/).77 To help interpret the 
brain images, mean rCMRglc for voxels within selected clus-

ters that showed a significant group-by-state interaction, group 
main effect, or state main effect were extracted and plotted for 
each group in each state. We then generated 95% confidence 
intervals for these clusters using voxelwise data that relied on 
the voxelwise standard deviation rather than the standard de-

viation of the mean of the cluster. In the supplemental material 
(Figures S1 through S3), we also present these same results 
mapped onto high-resolution structural brain images in xjView 
(http://www.alivelearn.net/xjview8/). In the supplemental 
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material (Figures S4 through S7 and Table S1), we report the 
results of separate post hoc analyses that investigated PI-GS 
differences in rCMRglc during wake and during NREM sleep 
considered separately, as well as NREM sleep-wake differ-
ences in PI and GS considered separately.

Exploratory Analyses

We sought to confirm that group-by-state interactions in rC-

MRglc were not driven by the small number of wake epochs that 
occurred in some participants during the NREM sleep uptake 
period or the small number of NREM sleep epochs that oc-

curred during the wake uptake period. We conducted a sepa-

rate exploratory repeated measures analysis of covariance in 
SPM that adjusted for the number of epochs scored as wake 
during the morning wake and NREM sleep uptake periods.

We also investigated whether insomnia severity, indexed by 
sleep efficiency, was related to glucose metabolism. Within PI, 
regression analyses were used to determine whether sleep ef-
ficiency, assessed by daily sleep diary or PSG, was associated 

with whole-brain MRDglc or rCMRglc during wake or NREM 
sleep (Figure 4 and Table 6). For the exploratory rCMRglc re-

gression analyses, cluster sizes greater than 222 were signifi-

cant at height threshold, Puncorrected < 0.005; cluster threshold, 
P3DC_corrected < 0.05); no exploratory rCMRglc regressions were 
significant at the more stringent FWE correction.

RESULTS

Sleep Features

Table 1 shows sleep characteristics of PI and GS. Patients 
with PI had significantly higher PSQI scores than GS. On av-

erage, PI reported clinically significant symptoms of insomnia 
on sleep diaries, including > 30 min of unwanted wake time 
during the night, short sleep duration (< 6 h), and < 80% sleep 
efficiency. On the baseline night, only PSG-assessed sleep ef-
ficiency differed between PI and GS.

On the NREM sleep PET scan night, no group differences 
were observed for PSG-assessed sleep onset latency, PI = 21 

Table 1—Characteristics of patients with primary insomnia (PI) compared with good sleeper controls (GS).

Characteristic PI (n = 44) GS (n = 40) t / χ2 / Z DF P

Age, y 37 (10) 38 (11) t = −0.6 82 0.585

Sex, female 24 (55%) 25 (63%) χ2 = 0.6 1 0.460

Race, White 38 (86%) 31 (78%) χ2 = 1.1 1 0.289

Mood symptoms a

Mild-moderate depressive symptoms 18 (42%) 2 (5%) χ2 = 14.9 1 < 0.001

Mild-moderate anxiety symptoms 14 (32%) 1 (3%) χ2 = 9.8 1 0.002

Pittsburgh Sleep Quality Index, total 12 (3) 2 [1,3] Z = −7.9 < 0.001

Sleep diary

Sleep onset latency, min 41 (28) 13 (7) t = 6.1 81 < 0.001

Wake-time after sleep onset, min 33 [18,60] 3 [1,9] Z = −6.5 < 0.001

Total sleep time, min 348 (72) 431 (50) t = −6.0 81 < 0.001

Time in bed, min 469 (46) 462 (53) t = 0.7 81 0.335

Sleep efficiency, % 78 [67,82] 93 (3) Z = −7.4 < 0.001

Polysomnography, baseline night

Sleep onset latency, min 20 [11, 34] 15 [8, 22] Z = −1.8 0.070

Wake-time after sleep onset, min 27 [17, 74] 23 [12, 43] Z = −1.6 0.112

Total sleep time, min 391 [355, 420] 403 (55) Z = −1.3 0.194

Stage 1, min 18 [13, 28] 18 [11, 25] Z = −0.9 0.382

Stage 1, % 5 [3, 7] 4 [3, 6]

Stage 2, min 242 (48) 250 (41) t = −0.8 82 0.409

Stage 2, % 62 (8) 62 (8)

Stages 3 and 4, min 20 [7, 48] 23 [8, 59] Z = −0.4 0.697

Stages 3 and 4, % 5 [2, 12] 6 [2, 14]

REM sleep, min 95 (23) 100 (29) t = −0.9 82 0.363

REM sleep, % 25 (5) 24 (5)

Time in bed, min 457 (48) 453 (54) t = 0.4 82 0.714

Sleep efficiency, % 89 [78, 92] 93 [86, 94] Z = −2.6 0.008

Apnea-hypopnea index 1 [1, 3] 2 [1, 5] Z = −0.9 0.380

Periodic limb movement arousal index 3 [2, 6] 4 [2, 7] Z = −0.3 0.806

Group values are reported as mean (standard deviation), n (%), or median [interquartile range]. a Protocols from which these data were pooled used different 

instruments for assessing anxiety and depression symptoms. Scores were categorized as minimal or mild-moderate symptoms. Participants did not meet 

criteria for a current anxiety or depression diagnosis. 
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and NREM sleep than other brain regions. Thus, all group-by-
state interactions in rCMRglc should be interpreted as showing 
a smaller NREM sleep-wake difference in PI than GS in those 
clusters relative to other brain regions.

Group Differences in Relative Regional Cerebral Metabolic 

Rate for Glucose, Independent of State

There was a significant main effect of group (PI-GS) for rela-

tive rCMRglc across states (Figure 2 and Table 4). Compared 
with GS, PI had lower rCMRglc in several large clusters in-

cluding the precuneus/posterior cingulate, anterior cingulate/
medial frontal, insula, and temporal cortices. All clusters were 
significant at P3DC_corrected < 0.05. Significant clusters are shown 
in the left panel of Figure 2. In the right panel of Figure 2, the 
extracted mean signal and 95% confidence interval from ana-

tomically distinct regions of the two largest clusters, left pre-

cuneus/posterior cingulate and right anterior cingulate (circled 
in the left panel), were plotted to help interpret the general pat-
tern of the group main effects. See Figure S2 to view results 
mapped onto a normalized high-resolution structural MRI.

Results for follow-up analyses investigating group differ-
ences during wake and during NREM sleep considered sep-

arately are reported in Figures S4 and S5, respectively, and 
Table S1. Visual comparisons of group differences found in 
only one state should not be used to infer statistically signifi-

cant state-dependent group differences.

State Differences in Relative Regional Cerebral Metabolic Rate 

for Glucose, Independent of Group

There was a significant main effect of state (NREM sleep-wake) 
for relative rCMRglc, across groups (Figure 3 and Table 5). Com-

pared with wake, rCMRglc was significantly lower during NREM 
sleep in large clusters throughout the brain, most notably in the 
prefrontal cortex. Higher rCMRglc during NREM sleep com-

pared with wake was found in the brainstem, basal ganglia, me-

dial temporal lobe, and motor cortex. Clusters were significant at 
PFWE_corrected < 0.05. Significant clusters are shown in the left panel 
of Figure 3. In the right panel of Figure 3, extracted mean signal 
and 95% confidence interval from anatomically distinct regions 
of the two largest clusters, right middle frontal gyrus (circled in 

[12, 41] min and GS = 26 (21) min, Z = −0.5, P = 0.64. There 
were no significant group differences in the duration of spe-

cific sleep-wake stages during either the wake or NREM sleep 
uptake periods (Table 2).

Estimated Whole-Brain Glucose Metabolism

There were no significant group-by-state interaction effects, 
nor significant main effects of group (PI vs. GS) for MRDglc, 
the semiquantitative estimate of whole-brain glucose metab-

olism. There was a significant main effect of state (NREM 
sleep-wake) for MRDglc, which was 18% lower during NREM 
sleep than wake, NREM sleep = 11.0 (1.7) μmol/100 mL/min, 
wake = 13.4 (1.9) μmol/100 mL/min, F(1,75) = 179.5, P < 0.001. 
Among PI, sleep diary-assessed sleep efficiency was not as-

sociated with MRDglc in either wake or NREM sleep. Lower 
PSG-assessed sleep efficiency was associated with lower wake 
MRDglc, r(43) = 0.4, P = 0.016, but was not associated with 
NREM sleep MRDglc.

Group-by-State Interactions in Relative Regional Cerebral 

Metabolic Rate for Glucose

Significant group (PI vs. GS) by state (wake vs. NREM sleep) 
interactions for rCMRglc were found in clusters located in the 
right precuneus/posterior cingulate cortex, left middle frontal 
gyrus, left inferior/superior parietal lobules, left fusiform/lin-

gual/occipital gyri, and, right lingual gyrus, P3DC_corrected < 0.05 
for all clusters (Table 3). Significant clusters are shown in the 
left panel of Figure 1. In the right panel of Figure 1, the extracted 
mean signal and 95% confidence interval from each cluster are 
plotted to help interpret the general pattern of interactions. See 
Figure S1 to view results mapped onto a normalized high-res-

olution structural MRI. In exploratory analyses, adjusting for 
the amount of wake during morning wake and NREM sleep did 
not alter the pattern or level of significance of the interactions.

Significant group-by-state interactions in rCMRglc (relative 
glucose metabolism) should be interpreted in the context of sig-

nificantly lower MRDglc (absolute glucose metabolism) during 
NREM sleep than wake. In this context, higher relative rC-

MRglc during NREM sleep than wake indicates these clusters 
had smaller differences in glucose metabolism between wake 

Table 2—Polysomnographic characteristics during the wake and nonrapid eye movement (NREM) sleep [18F]fluoro-2-deoxy-d-glucose positron emission 

tomography uptake periods in patients with primary insomnia (PI) and good sleeper controls (GS).

Characteristic PI (n = 44) GS (n = 40) Z P

Wake uptake period

NREM stages 1–4, min 0.0 [0.0, 0.5] 0.0 [0.0, 0.5] Z = −0.4 0.712

REM, min 0 0 – –

NREM sleep uptake period a

Wake, min 0.2 [0.0, 0.5] 0.2 [0.0, 0.3] Z = −0.1 0.892

NREM stage 1, min 0.0 [0.0, 1.0] 0.0 [0.0, 0.3] Z = −1.1 0.263

NREM stage 2, min 10.7 (5.8) 13.8 [8.0, 17.0] Z = −1.4 0.173

NREM stages 3–4, min 6.0 [1.3, 12.5] 4.3 [1.3, 8.0] Z = −0.7 0.468

Group values are reported as mean (standard deviation) or median [interquartile range]. a In follow-up analyses (data not shown) we investigated whether 

groups differed in the number of minutes scored as wake during each 5-min block of the 20-min NREM sleep FDG uptake period. Groups did not differ in 

the amount of wake during the NREM sleep [18F]fluoro-2-deoxy-d-glucose positron emission tomography (FDG-PET) uptake period in any of the 4 blocks 

(P > 0.5, for all). Individuals were excluded from this study for having any REM sleep during the NREM sleep FDG-PET uptake period. 
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Table 3—Group-by-state interactions in relative regional cerebral metabolic rate for glucose.

Cluster a Brain Region  k b F-statistic (max) x y z

a Right precuneus and posterior cingulate cortex 307 17.3 22 −56 46

b Left middle frontal gyrus 349 16.4 −40 22 38

c Left inferior and superior parietal lobules 391 17.6 −30 −52 54

d Left lingual, fusiform, middle occipital, and inferior occipital gyri 818 18.6 −26 −72 −14
e Right lingual gyrus and occipital cortex 315 17.6 8 −78 −6

a Clusters a–e correspond to the clusters labeled in Figure 1. b Cluster sizes (k) greater than 249 were significant at height threshold, P < 0.005; cluster 
threshold, P3DC_corrected < 0.05.

Figure 1—Group-by-state interactions in relative regional cerebral metabolic rate for glucose. We assessed relative regional cerebral metabolic rate 

for glucose (rCMRglc) in a sample of 44 patients with primary insomnia (PI) and 40 good sleeper controls (GS) during wake and nonrapid eye movement 

(NREM) sleep. Clusters showing significant group (PI vs. GS) by state (wake vs. NREM sleep) interactions for relative rCMRglc are indicated by red-yellow 

colors in the above brain images. The color bar represents F values in the identified clusters. Clusters with significant interactions were identified in regions 
of the (a) right precuneus/posterior cingulate cortex, (b) left middle frontal gyrus, (c) left inferior/superior parietal lobules, (d) left lingual/fusiform/occipital 

gyri, and (e) right lingual gyrus, P3DC_corrected < 0.05 for all (Table 3). We extracted the voxelwise data from the circled clusters and plotted these data to the 

right. In these line graphs, the closed circles connected with a solid line represent extracted average relative rCMRglc from the respective significant cluster 
(a–e) for PI and the open circles connected by a dotted line represent GS. Error bars represent the 95% confidence interval computed voxelwise within 
each cluster. L = left; R = right.
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the left panel) and left brainstem are plotted to help interpret the 
general pattern of the state main effects. See Figure S3 to view re-

sults mapped onto a normalized high-resolution structural MRI.

Significant main effects for state in relative rCMRglc should 
be interpreted in the context of significantly lower whole-
brain metabolic rate for deoxyglucose (MRDglc) during NREM 

Table 4—Group differences in relative regional cerebral metabolic rate for glucose (rCMRglc), independent of sleep-wake state.

Cluster a Brain Region k b t-statistic (max) c x y z

a Bilateral precuneus, posterior cingulate cortex, middle cingulate 
cortex, superior temporal gyrus, middle temporal gyrus, hippocampus, 
insula, inferior frontal gyrus, inferior parietal lobe, fusiform gyrus, 
brainstem, and midbrain

9767 −5.5 12 −40 22

b Bilateral anterior cingulate, medial frontal gyrus, prefrontal pole, 
superior frontal, middle frontal, inferior frontal, olfactory gyrus, 
and caudate

4044 −5.4 12 30 −10

c Right hippocampus, amygdala, superior temporal gyrus 800 −4.7 36 0 −24
d Right fusiform gyrus and superior temporal gyrus 762 −3.6 36 −44 16

a Clusters a–d correspond to the clusters labeled in Figure 2. b Cluster sizes (k) greater than 698 voxels were significant at height threshold, P < 0.005; 
cluster threshold, P3DC_corrected < 0.05. c Negative t-statistics indicate patients with primary insomnia had lower rCMRglc than good sleeper controls.

Figure 2—Group differences in relative regional cerebral metabolic rate for glucose, independent of sleep-wake state. We assessed relative regional 

cerebral metabolic rate for glucose (rCMRglc) in a sample of 44 patients with primary insomnia (PI) and 40 good sleeper controls (GS) during wake and 

nonrapid eye movement (NREM) sleep. To assess group (PI-GS) differences independent of sleep-wake state, we averaged relative rCMRglc values across 

wake and NREM sleep for each voxel in each participant. The color bar represents t values; blue indicates regions where PI had lower relative rCMRglc than 

GS across wake and NREM sleep, including the (a) bilateral precuneus/posterior cingulate cortex (b) bilateral anterior cingulate/medial frontal cortex, and 

(c) right hippocampus/amygdala, and (d) right fusiform gyrus, P3DC_corrected < 0.05 for all. A full list of brain regions involving these clusters is presented in 

Table 4. We extracted the voxelwise data from anatomically distinct regions of the circled clusters, (a) the left precuneus/posterior cingulate and (b) the right 

anterior cingulate cortex and plotted these data to the right. In these line graphs, the closed circles connected with a solid line represent extracted average 

rCMRglc from the respective regions for PI, and the open circles connected by a dotted line represent GS. Error bars represent the 95% confidence interval 
computed voxelwise within each cluster. L = left; R = right.
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sleep than wake. In other words, regions with higher relative 
rCMRglc during NREM sleep than wake had the smallest re-

ductions during NREM sleep compared with wake, and re-

gions with significantly lower relative rCMRglc during NREM 
sleep than wake had the greatest reductions during NREM 
sleep compared with wake.

Results for follow-up analyses investigating state (NREM 
sleep-wake) differences in PI and GS considered separately 
are reported in Figures S6 and S7, respectively, and Table S2 
in the supplemental material. Visual comparisons of state dif-
ferences found in only one group should not be used to infer 
statistically meaningful group differences.

Insomnia Severity and Relative Regional Cerebral Metabolic 

Rate for Glucose

Figure 4 displays brain regions showing an association be-

tween sleep efficiency, assessed with sleep diary or PSG, and 
rCMRglc during either wake or NREM sleep. These analyses 

were conducted in the PI group alone. Lower sleep efficiency 
measured with sleep diaries was associated with lower relative 
glucose metabolism during wakefulness in the left insula and 
with higher relative glucose metabolism during wakefulness 
in a cluster in the right supramarginal gyrus/postcentral gyri 
(Figure 4, left panel). Sleep diary-assessed sleep efficiency was 
not associated with rCMRglc during NREM sleep. During both 
wake and NREM sleep, lower sleep efficiency measured with 
PSG on the baseline night was associated with higher relative 
glucose metabolism in frontal, parietal, occipital, and cer-
ebellar regions (Figure 4, middle and right panels). A full list 
of brain regions associated with sleep efficiency is presented 
in Table 6.

DISCUSSION

We found altered patterns of relative glucose metabolism across 
wake and NREM sleep in brain regions involved in cogni-
tion, self-referential processes, and affect among PI compared 

Figure 3—Sleep-wake state differences in relative regional cerebral metabolic rate for glucose, independent of group. We compared relative regional 

cerebral metabolic rate for glucose (rCMRglc) in the total sample, 44 patients with insomnia (PI) and 40 good sleeper controls (GS), during nonrapid eye 

movement (NREM) sleep to that during wake. The color bar represents t values; blue indicates regions where rCMRglc was relatively lower during NREM 

sleep than wake, and orange indicates regions where rCMRglc was relatively higher during NREM sleep than during wake. Relative rCMRglc was significantly 
lower during NREM sleep than wake in regions of the (a) left inferior parietal lobule, (b) right inferior parietal lobule, (c) bilateral prefrontal cortex, (d) right 

temporal cortex, (f) bilateral thalamus, (g) bilateral occipital cortex. Relative rCMRglc was significantly higher during NREM sleep than during wake in 
regions of the (e) bilateral brainstem/basal ganglia/cingulum/motor areas. All clusters were significant at PFWE_corrected < 0.05. A full list of significant regions 
is presented in Table 5. We extracted the voxelwise data from anatomically distinct regions of the circled clusters, (c) the right dorsolateral prefrontal cortex 

and (e) the left brainstem (a not depicted), and plotted these data to the right. The closed circles connected with a solid line represent extracted average 

relative glucose metabolism from the respective regions for PI, and the open circles connected by a dotted line represent GS. Error bars represent the 95% 

confidence interval computed voxelwise within each cluster. L = left; R = right.
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to GS. However, we did not find evidence for altered NREM 
sleep-wake differences in relative glucose metabolism in brain 
regions typically discussed as wake-promoting centers (i.e., 
brainstem). Consistent with several previous PET studies in 
good sleepers, the greatest NREM sleep-wake differences for 
both groups were observed in the prefrontal cortex, parietal 
cortex, and cerebellum. As found in a prior study that used the 
FDG PET method,29 higher relative glucose metabolism during 
NREM sleep than wake was observed in several regions, in-

cluding the brainstem. In contrast, prior studies that used the 
H2

15O PET method consistently showed lower blood flow in the 
brainstem during NREM sleep than wake.19,20,22 Differences 
across studies may be due to methodology, such as the PET 
method used (i.e., H2

15O, which measures blood flow vs. 18F-

FDG, which measures regional glucose metabolism); the sleep 
environment (i.e., scanner in many previous studies vs. bed 
for the current study); and the use of sleep deprivation prior to 
scanning, which has been used in several previous studies, but 
not in the current study. In the current study, both groups had 
significantly lower whole-brain glucose metabolism during 
NREM sleep than during wake. Therefore, regions with higher 
relative glucose metabolism during NREM sleep than wake 
should be interpreted as having smaller sleep-wake differences. 
Moreover, interactions in which PI had higher relative glucose 
metabolism during NREM sleep than wake, compared with 
GS, should be interpreted as PI having smaller NREM sleep-
wake differences than GS. All interactions suggest that PI had 
a smaller decline than GS during NREM sleep compared with 
wake or, equivalently, a smaller increase during wake com-

pared with NREM sleep in these clusters. Our findings build 

on the growing number of neuroimaging studies suggesting 
that insomnia is a neurobiologically complex disorder charac-

terized by regional alterations in brain activity across wake 
and NREM sleep. The median PSG sleep efficiency of the PI 
group was 89%, which indicates that a large number of patients 
lacked objective markers of insomnia on the baseline night; 
thus, these findings may not generalize to all insomnia sub-

types, including those with more objectively severe insomnia. 
It is also worth noting that we used a stringent definition of 
sleep efficiency, with the denominator including only time be-

tween lights out and final awakening, and that all participants 
slept at habitual sleep-wake times, rather than a fixed 8-h in-

terval. Although causal inferences cannot be made with these 
data, our findings may help elucidate the pathophysiological 
mechanisms and neurobehavioral consequences of chronic 
insomnia.

Pathophysiology of Insomnia

Differences in relative glucose metabolism between PI and GS 
may provide new insights regarding the pathophysiology of 
insomnia, within the framework of “hyperarousal” and other 
neurobiological models. Hyperarousal is a loosely-defined 
construct that denotes heightened cognitive, cortical, affec-

tive, or central nervous system activity that disrupts sleep and 
causes daytime impairments.78 In the context of the current 
and previous33 FDG-PET studies, hyperarousal may be in-

ferred from smaller NREM sleep-wake differences in regional 
brain metabolism among PI compared with GS (i.e., group-
state interactions). We found such interactions in the precu-

neus/posterior cingulate cortex, left middle frontal gyrus, left 

Table 5—Sleep-wake state differences in relative regional cerebral metabolic rate for glucose (rCMRglc), independent of group.

Cluster a Brain Region k b t-statistic (max) c x y z

a Left inferior parietal lobule 632 −7.4 −40 −60 46

b Right inferior parietal lobule and postcentral gyrus 2333 −9.5 46 −58 40

c Bilateral prefrontal cortex 8585 −11.2 −16 38 −28
d Right superior temporal, middle temporal, inferior temporal, and 

fusiform gyri
1934 −7.5 62 −26 −6

e Bilateral brainstem, basal ganglia, middle cingulate cortex, 
postcentral, precentral gyri, supplemental motor area, premotor 
cortex, anterior cingulate cortex, medial frontal gyrus, middle frontal 
gyrus, and cerebellum

15355 11.2 12 −14 −40

f Bilateral thalamus 99 −5.7 4 −14 8

* Right precuneus 318 7.5 2 −70 68

g Bilateral occipital cortex, lingual gyrus, precuneus, posterior cingulate 
cortex, and superior parietal lobule

3359 −8.6 8 −90 2

* Right hippocampus and amygdala 227 7 28 6 −12
* Left cerebellum 2541 −9.6 −44 −64 −40
* Right cerebellum 3281 −11.5 30 −74 −44

a Clusters a–g correspond to the clusters labeled in Figure 3. Clusters with an * were significant but are not labeled in Figure 3. b Cluster sizes (k) greater 

than 200 voxels were significant at height threshold, PFWE_corrected < 0.05. The cluster in the thalamus was smaller than 200 voxels but was significant at PFWE_

corrected < 0.05. c Negative t-statistics indicate that rCMRglc was lower during nonrapid eye movement (NREM) sleep than wake; positive t-statistics indicate 

that rCMRglc was greater during NREM sleep than during wake. Sleep-wake state differences should be interpreted in the context of a global reduction in 

glucose metabolism during NREM sleep compared with wake. Thus, positive t-statistics indicate regions that had the least NREM sleep-wake differences 

in glucose metabolism and negative t-statistics indicate regions with the greatest NREM sleep-wake differences. 
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inferior/superior parietal lobules, and lingual/fusiform/occip-

ital gyri. Smaller NREM sleep-wake differences in metabolic 
rate in these regions may reflect relatively greater metabolic 
rate during NREM sleep, and therefore, could be consistent 
with a state-specific hyperarousal.

Hyperarousal may also be inferred from stable PI-GS dif-
ferences in regional brain metabolism across both wake and 
NREM sleep, i.e., main effects of group. Our findings in this 
regard are less consistent with the predictions of the hyper-
arousal model. Irrespective of state, PI had lower relative 
glucose metabolism in regions of the precuneus/posterior cin-

gulate, parietal lobe, medial prefrontal, anterior cingulate, and 
temporal regions, brain regions plausibly related to the cog-

nitive-affective symptoms of insomnia. Nevertheless, these 
brain regions are also involved in the default mode network, a 
network that is activated during quiet wakefulness compared 
with task engagement, and for which lower glucose metabo-

lism during morning wakefulness may reflect hyperarousal. 
Hyperarousal may also be indicated by an association between 

higher glucose metabolism and more severe insomnia symp-

toms. Sleep diary-assessed sleep efficiency was inversely re-

lated to relative glucose metabolism in the right supramarginal 
gyrus. Moreover, PSG-assessed sleep efficiency was inversely 
related to relative glucose metabolism in several frontal and 
parietal regions during both wake and NREM states, which 
may be seen as consistent with the hyperarousal hypothesis. 
However, several findings are less consistent with a general 
hyperarousal model of insomnia: sleep diary-assessed sleep 
efficiency was not associated with relative glucose metabo-

lism during NREM sleep; lower sleep diary-assessed sleep ef-
ficiency among PI was associated with lower relative glucose 
metabolism in the left insula during wakefulness; lower PSG-
assessed sleep efficiency among PI was associated with lower 
whole-brain glucose during wakefulness; and lower PSG-as-

sessed sleep efficiency was not related to whole-brain glucose 
metabolism during NREM sleep.

Our findings may also be interpreted in the context of 
other sleep-wake regulatory processes that contribute to the 

Figure 4—Sleep efficiency and relative regional cerebral metabolic rate for glucose in patients with insomnia. We tested associations between sleep 
efficiency (sleep diary and polysomnography assessed) and relative regional cerebral metabolic rate for glucose (rCMRglc) during wake and nonrapid eye 

movement (NREM) sleep in a sample of 44 patients with primary insomnia (PI). The color bar represents t values; orange indicates regions where sleep 

efficiency negatively correlated with relative rCMRglc and blue indicates regions where there was a positive correlation. Lower sleep diary-assessed sleep 

efficiency was associated with (a) lower relative rCMRglc during wakefulness in the left anterior insula and (b) higher relative rCMRglc during wakefulness 

in the right supramarginal gyrus (left panel). Sleep diary-assessed sleep efficiency was not associated with relative rCMRglc during NREM sleep. Lower 

polysomnography-assessed sleep efficiency was associated with higher relative rCMRglc during wakefulness in regions of the (c) left superior frontal 

gyrus, (d) occipital gyri, (e) right inferior parietal lobule/postcentral/precentral gyri, and (f) right superior frontal/medial frontal gyri (middle panel). Lower 

polysomnography-assessed sleep efficiency was associated with higher relative rCMRglc during NREM sleep in regions of the (g) left superior frontal/medial 

frontal gyri, (h) left postcentral gyrus, (i) bilateral superior parietal lobule/occipital gyri, (j) right superior parietal lobule/postcentral/precuneus gyri, and (k) 

right superior frontal/medial frontal gyri (middle panel). All clusters were significant at P3DC_corrected < 0.05. A full list of significant clusters and brain regions 
involving these clusters is presented in Table 6. L = left; R = right.
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pathophysiology of insomnia. For instance, it is plausible to 
hypothesize that brain regions involved in cognitive, self-ref-
erential, and affective processes show altered patterns of inhi-
bition during NREM sleep among individuals with insomnia. 
Altered inhibition during NREM sleep could result in a lack of 
regionally restorative sleep (i.e., reduced regional sleep inten-

sity, or a type of “localized sleep deprivation”), and ultimately, 
to daytime impairments in the functions subserved by these re-

gions. Alternatively, reduced engagement of specific brain re-

gions during wakefulness could lead to reduced use-dependent 
sleep intensity in those regions during NREM sleep, and hence 
to relative glucose metabolism during NREM sleep that is 
equivalent to or higher than that during wake. The significant 
group-by-state interactions identified in this study clustered 
in brain regions whose activation/deactivation is associated 
with homeostatic sleep drive (i.e., left frontal cortex) and 
consciousness (i.e., precuneus/posterior cingulate). This ex-

planation is consistent with other observations regarding use-
dependent increases in local sleep intensity.79 The finding that 
PI had lower glucose metabolism than GS during both wake 
and NREM sleep may reflect a state independent alterations as 
well. A recent study found that insomnia was associated with 
impaired structural connectivity in the default mode network, 
a network that has lower anterior-posterior connectivity during 

the sleep-wake transition.42 Thus, insomnia may also involve 
state-independent alterations in brain circuitry that character-
izes sleep-wake states.

These proposed mechanisms are not mutually exclusive. 
Regardless of whether one interprets these findings from the 
perspective of hyperarousal, impaired inhibition, use-depen-

dent sleep intensity, and/or impaired network connectivity that 
characterizes sleep-wake states, our findings strongly suggest 
that the pathophysiology of insomnia should be conceptual-
ized as a set of regional alterations in brain function, rather 
than as a global brain phenomenon.

Neurobehavioral Consequences of Insomnia

We found that PI differed from GS in terms of relative glucose 
metabolism across wake and NREM sleep in several brain 
regions involved in cognitive, self-referential, and affective 
brain processes. The left middle frontal gyrus and left parietal 
cortex are major nodes of the executive control network, which 
is involved in executive function broadly, attention, working 
memory, and episodic memory.80,81 The fusiform/lingual/oc-

cipital gyri are involved in the perceptual processing of faces 
and emotional expressions, naming, and self-referential pro-

cessing associated with self-appraisal and self-criticism (e.g., 
rumination).15,16,82,83 The posterior cingulate cortex and adjacent 

Table 6—Sleep efficiency and relative regional cerebral metabolic rate for glucose (rCMRglc) in patients with insomnia.

Analysis Cluster a Brain Region  k b

t-statistic 
(max) c x y z

Diary sleep 
efficiency × wake rCMRglc

a Left insula 369 4.3 −30 22 10

* Right insula 279 −3.7 28 −28 18

b Right supramarginal and postcentral gyri 424 −3.5 54 −32 32

* Left cerebellum 1232 −4 −4 −84 −34

Diary sleep 
efficiency × NREM rCMRglc

N/A None N/A N/A N/A N/A N/A

Polysomnography sleep 
efficiency × wake rCMRglc

c Left superior frontal gyrus 328 −3.8 −18 38 46

d Bilateral superior occipital, middle occipital, precuneus, 
cuneus gyri

2442 −4.1 −14 −98 22

e Right inferior parietal lobule and postcentral and 
precentral gyri

572 −4.4 28 −36 60

f Right superior frontal and medial frontal gyri 439 −4.1 18 48 36

* Left cerebellum and lingual gyrus 907 −3.3 −38 −78 −22
* Right rectal gyrus 309 −3.7 0 24 −24
* Right cerebellum 606 −3.4 20 −92 −32
* Right cerebellum 324 −3.5 30 −42 −52

Polysomnography sleep 
efficiency × NREM rCMRglc

g Left superior frontal and medial frontal gyri 718 −5.2 −14 46 42

h Left postcentral gyrus 314 −3.8 −40 −32 54

i Bilateral superior parietal lobule and precuneus, 
cuneus, and middle occipital gyri

3062 −3.9 8 −96 22

j Right superior parietal lobule and postcentral and 
precuneus gyri

571 −3.7 22 −70 64

k Right superior frontal and middle frontal gyri 255 −3.8 24 38 44

a Clusters a–k correspond to the clusters labeled in Figure 4. Clusters with an * were significant but are not labeled in Figure 4. b Cluster sizes (k) greater 

than 222 voxels were significant at height threshold, P < 0.005; cluster threshold, P3DC_corrected < 0.05. c Negative t-statistics indicate negative correlations 

and positive t-statistics indicate positive correlations. NREM, nonrapid eye movement.
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precuneus are central nodes of the default mode network that is 
involved in mind-wandering, consciousness, episodic memory 
retrieval, and integrating cognitive and affective information in 
relation to self.84,85 Functional abnormalities in the precuneus/
posterior cingulate cortex, left hemisphere (including frontopa-

rietal regions),86 and fusiform/lingual gyri18,87 have been linked 
to depression.86,88 Insomnia has been associated with mild 
impairments in problem-solving, working memory, episodic 
memory, rumination, and facial processing.6,8,89 and prospec-

tively predicts the onset and severity of depressive syndromes.9 
Collectively, dysfunction in the brain regions identified in this 
study may correspond to the cognitive, self-referential, and af-
fective difficulties often experienced by PI. Regions identified 
in this study as showing altered NREM sleep-wake differences 
in PI compared with GS may be fruitful treatment targets for 
mitigating negative outcomes of insomnia.

Clinical Implications

Group and group-by-state differences in relative glucose 
metabolism occurred in the absence of clinically significant 
group differences in PSG-measured sleep. Insomnia disorder 
is diagnosed by self-report, and may reflect a state- and brain 
region-specific sleep disturbance experienced by patients and 
inadequately captured by objective measures of sleep that 
characterize sleep as a global state (e.g., PSG or actigraphy). 
Although insomnia diagnosis was generally associated with rel-
ative regional hypometabolism during wake and NREM sleep, 
our PSG indicator of poor sleep in PI was associated with rela-

tive regional hypermetabolism during wake and NREM sleep. 
Interestingly, our sleep diary indicator of poor sleep in PI was 
only associated with relative glucose metabolism during wake-

fulness (i.e., lower relative rCMRglc in the left anterior insula 
and higher relative rCMRglc in the right supramarginal gyrus). 
Thus, self-reported severity of sleep symptoms, above and be-

yond insomnia diagnosis, may relate more to functional brain 
alterations that occur during wakefulness than during NREM 
sleep. Future studies should address how self-reported and 
PSG-measured sleep features relate to regional measures of 
brain function during sleep and wakefulness as this may help 
identify evidence-based insomnia subtypes.

Although evidence-based treatments for insomnia are well 
developed,90,91 their mechanisms of action remain poorly un-

derstood. Studies examining regional brain function and brain 
metabolism may help elucidate treatment effects. For instance, 
treatments capable of more specifically targeting regional 
brain dysregulation in insomnia, such as cognitive training,7 
mindfulness meditation,92 or repetitive transcranial magnetic 
stimulation,93 may help to augment treatment efficacy. The left 
middle frontal gyrus, left inferior/superior parietal lobules, lin-

gual/fusiform gyri, and precuneus/posterior cingulate cortex—
as well as the brain networks they subserve—may represent 
meaningful targets for such interventions.

Strengths and Limitations

This study has several strengths, including the largest sample 
to date of FDG-PET imaging in insomnia patients, and well-
characterized study samples. Our sample is much larger 
than that in the preliminary FDG-PET study of insomnia 

from our group,33 and insomnia is a heterogeneous condition, 
which may account for discrepant findings across these two 
analyses. Using the FDG-PET method allows participants to 
sleep, without sleep deprivation, in a typical sleep laboratory 
bed during uptake and later be awakened for scanning. Thus, 
the functional patterns obtained from the FDG-PET method 
reflect NREM sleep occurring at a typical time, and after a 
typical duration of wakefulness for each individual.

The main limitation of the FDG-PET methodology is the 
necessity of injecting a radioactive tracer, which may cause 
awakenings. Nevertheless, the success rate for NREM sleep 
PET scans in this study (81%) was within the range achieved in 
previous PET sleep studies (range 31–93%).26,27,94,95

Other potential limitations relate to the study method and 
sample. Because the PET data result from sleep collected in 
the laboratory, findings may not generalize to sleep in patients’ 
typical sleep environment assessed over a longer period of 
time. Moreover, the cross-sectional design of this study did 
not allow us to differentiate whether the brain regions identi-
fied are causally related to the pathophysiology of insomnia, 
its onset or maintenance, or the negative consequences of in-

somnia. Our sample included individuals with PI diagnosed by 
clinical criteria, and the results may not generalize to patients 
with comorbid conditions or more severe objective sleep dis-

turbance. Although none of the PI participants had a currently 
diagnosed depression or anxiety disorder, they did have rela-

tively elevated symptoms compared with GS, and our findings 
could in part reflect these symptoms.

CONCLUSIONS

These findings support the conceptualization of insomnia as 
a regionally specific and state-dependent sleep disorder in-

volving brain regions related to cognitive, self-referential, 
and affective processes. Structural and functional abnormali-
ties in the precuneus/posterior cingulate cortex,48 left frontal 
cortex,33,48 left parietal cortex,33,44 and left fusiform gyrus47 

have been linked to insomnia using other types of neuro-

imaging methods (i.e., MRI, functional MRI, SPECT, PET). 
Brain region-specific differences were found in the absence of 
group (PI vs. GS) differences in global FDG uptake. We pro-

pose that group (PI vs. GS) by state (wake vs. NREM sleep) 
interactions in relative glucose metabolism may be explained 
by either reduced activation of these brain regions during wake 
or reduced deactivation during NREM sleep. This pattern may 
provide clues to the pathophysiological of insomnia and its 
neurophysiological consequences. Future studies investigating 
the neurobiology of insomnia may benefit from additional 
neuroimaging studies capable of capturing both temporal and 
spatial dimensions of insomnia pathophysiology that align 
with our current understanding of sleep neurobiology.96 These 
findings may also stimulate the search for novel models of in-

somnia and treatments that target the neurobiological basis of 
insomnia and its consequences.
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