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Abstract

Relative regional cerebral metabolic rate of glucose in rapid eye movement (REM) sleep and

wakefulness was explored in combat veterans with and without PTSD, using positron emission

tomography. Hypermetabolism in brain regions involved in arousal regulation, fear responses, and

reward processing persist during REM sleep in combat veterans with PTSD.
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1. Introduction

Posttraumatic stress disorder (PTSD) refers to symptoms of re-experiencing, avoidance, and

hyperarousal that persist for more than one month after exposure to a traumatic event, such

as combat. Nightmares, a cardinal symptom of PTSD, are prominently phenomenon of

rapid-eye movement (REM) sleep. Objective REM sleep disruption has been associated with

an increased risk of developing PTSD following trauma exposure (Mellman et al., 2002).

Thus, PTSD may be at least partially mediated by REM sleep mechanisms (Germain et al.,

2008).

Neuroimaging studies have shown that REM sleep offers a unique entry into the primitive

emotional brain on a nightly basis through activation of the limbic system, the seat of

emotional memories (Nofzinger et al., 1998). Here, we used [18F]-fluorodeoxyglucose

(FDG) PET imaging to explore metabolic changes in the limbic system during wakefulness
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and REM sleep in combat-exposed military veterans from Operations Enduring and Iraqi

Freedom (OEF/OIF), with and without a diagnosis of PTSD.

2. Methods

This study was approved by the University of Pittsburgh Institutional Review Board.

Eligible participants were OEF/OIF military veterans between 18 and 50 years-old,

medication-free, and free of medical comorbidity. Eighteen veterans provided written,

informed consent and completed a detailed diagnostic evaluation, as well as a physical

examination with blood work and urine drug screen to determine health status and ascertain

the absence of recent substance use. The Clinician Administered PTSD Scale (Blake et al.,

1995) was administered to determine current PTSD status and severity. Eight veterans met

diagnostic criteria for current PTSD, and 10 did not. The Structured Clinical Interview for

DSM Disorders (SCID; First et al., 1996) was used to verify the absence of comorbid Axis I

disorders, including mood and alcohol/substance use disorders. All participants were free of

psychiatric comorbidity. Current concussive symptoms were assessed with the Military
Acute Concussion Evaluation (MACE; French et al., 2008). None endorsed concurrent

concussive symptoms at the time of the study. Two veterans with PTSD and one without

PTSD endorsed a history head injury with subsequent symptoms suggestive of a concussion,

but denied receiving a formal diagnosis. Three other veterans without PTSD and two with

PTSD reported being exposed to a blast of an explosion, but denied experiencing any

concussive symptom at the time.

Participants slept for three nights in the sleep laboratory. The first night served as a

screening night to rule out the presence of obstructive sleep apnea. The second night served

as a baseline night, and data collected was used for group comparisons on objective PSG

sleep measures. Waking PET scans were acquired on the morning following the second

night, two hours after final awakening in the morning. Electroencephalography (EEG) was

continuously monitored to ascertain that wakefulness was maintained during the FDG

uptake period. On the third and final night, REM sleep PET scans were collected during the

second REM sleep period. REM sleep PET scans reflected brain activity over a 20-minute

period that began at the onset of the second REM period. Continuous EEG recordings

verified REM sleep during the uptake period.

Relative rCMRglc were assessed during wakefulness and REM sleep by using a previously

validated FDG PET method (Nofzinger et al., 1997; Nofzinger et al., 1998). Image analysis

included statistical parametric mapping (SPM8; Penny et al., 2007) and magnetic resonance-

guided whole-brain analyses. Group differences during wakefulness and REM sleep were

then evaluated in separate analyses using global metabolism as a covariate. Group (PTSD

vs. non-PTSD) by State (REM vs. wake) interactions were conducted to evaluate (1) greater

increases and (2) smaller decreases in rCMRglc from wakefulness to REM in veterans

PTSD compared to veterans without PTSD. Within-group state differences were evaluated

using paired t-test. Results from these analyses are described in the Supplementary

Materials.

3. Results

Two of the eight veterans without PTSD and four of the 10 veterans with PTSD did not

maintain REM sleep during the FDG uptake period, and were excluded from analyses. Six

veterans met diagnostic criteria for current PTSD (M age = 29.1 ± 4.6 years old) and six did

not meet diagnostic criteria for PTSD (M age = 29.3 ± 5.4 years old). Mean PTSD duration

was 80 months (SD = 63.92 months). During the baseline night, the PTSD group showed a
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slightly greater percent REM sleep (t(10) = 2.7, p = 0.02) (see Supplementary Materials,

Table 1).

The number of 20-second epochs spent in wakefulness, REM sleep, or light sleep (sleep

stages 1–2) during the uptake period of the wakefulness or REM scans did not differ

between groups; over 90% of uptake periods indeed comprised the targeted physiological

state (i.e., wake and REM sleep).

Substantial group differences on relative rCMRglc were observed during both wakefulness

and REM sleep (Figure 1). During wakefulness, veterans with PTSD showed significantly

greater relative rCMRglc in a large cluster of 70,326 contiguous voxels (MNI coordinates of

voxel of maximal significance: −8, −34, −6; Z = 4.70, pFWE < 0.001), and included the

premotor and supplementary motor area, medial superior and inferior frontal gyri,

orbitofrontal cortex, gyrus rectus, and pars triangularis. This area also extended bilaterally

into the anterior, dorsal, and posterior cingulate cortex, and into the rolandic operculum,

supramarginal and angular gyri, temporal gyri, and fusiform and parahippocampal gyri.

Limbic structures included in this cluster consisted of the hippocampus, amygdala, and

insula, as well of the basal ganglia (putamen, caudate, and pallidum), and thalamus. Parietal

regions included the postcentral gyrus, and precuneus, extended into the cuneus and

occipital gyri. Finally, this region included brainstem regions involved in arousal and REM

sleep regulation, including the midbrain reticular formation, left and right locus coeruleus,

raphe nuclei and REM-sleep regulating pedunculopontine tegmentum and laterodorsal

tegmentum, as well as the cerebellum. Eigenvariate values were extracted from for each

veteran and group means were calculated for selected brain regions included in this

significant cluster (Figure S2A).

This pattern persisted during REM sleep (MNI coordinates of voxel of maximal

significance: −30, −24, 34; Z = 4.44, pFWE < 0.001), although the extent of this cluster was

more restricted (30,865 versus 70,326 contiguous voxels). Frontally, the regions of

significance were restricted bilaterally to the medial prefrontal and paralimbic cortices,

including premotor and supplementary motor areas, the anterior, medial, and posterior

cingulate cortices, and ventrolateral and ventromedial frontal cortex, pars triangularis, and

rolandic operculum, and extended into the temporal inferior and superior cortex, and cuneus.

Parietal regions included the postcentral gyrus, superior lobule, and the anterior part of the

precuneus. The thalamus was also included in the area of significance, as well as the right

amygdala, caudate, putamen, pallidum, insula parahippocampal gyrus, and the left

hippocampus. Finally, the significant cluster included a large mediodorsal region of the

brainstem that comprised the midbrain reticular formation, raphe nuclei, and right locus

coeruleus, and cerebellum. Eigenvariate values were also extracted from for each veteran

and group means were calculated for selected brain regions included in this significant

cluster (Figure S2B).

4. Discussion

The present findings highlight the feasibility of using sleep neuroimaging methods in

combat veterans with and without PTSD. A pattern of hypermetabolism in the brainstem,

and limbic and cortical regions involved in arousal regulation and in fear response was

observed in OEF/OIF veterans with PTSD during wakefulness and REM sleep compared to

veterans without PTSD. These findings provide preliminary support for our previously

proposed model that identified plausible neural interactions between sleep and the

neurocircuitry involved in chronic PTSD (Germain et al., 2008).
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Veterans with PTSD also showed hypermetabolism in the basal ganglia during wakefulness

and REM sleep. The involvement of the basal ganglia may have particular significance to

elucidate the neural underpinnings of the comorbidity between PTSD and mood and

addictive disorders (Forbes, 2009; Kalivas and Volkow, 2005).

The cross-sectional nature of this study does not allow for speculation regarding the

temporal course of the observed changes in brain metabolism in PTSD: altered brain

functions that underlie PTSD symptoms during wakefulness may alter REM sleep, or

alterations of REM-sleep mechanisms following trauma may contribute to chronic

impairments in fear- and/or reward-related neural circuits, which in turn contribute to PTSD

symptoms. If the latter were true, integrity of REM sleep following trauma may be critical to

psychological resilience to trauma. Another possibility is that trauma exposure is associated

with simultaneous changes in the sleep and arousal regulatory systems and the fear and

reward systems during both wakefulness and REM sleep, and that both contribute to trigger

and sustain PTSD symptoms.

The present findings highlight the need for animal and human experimental studies to probe

the neural mechanisms underlying the possible causal relationships between stress/trauma

exposure, sleep and arousal regulation, and PTSD. Normalizing the underlying altered brain

systems during both wakefulness and REM sleep in PTSD may be crucial pathways to

enhance resilience and hasten the recovery from trauma reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Render images (A) and axial planes (B) depicting brain regions where veterans with PTSD

show greater relative rCMRglc than control veterans without PTSD (CTL) during

wakefulness (WAKE) and rapid-eye movement (REM) sleep. Statistical maxima were

identified in MNI (x, y, z) coordinates. The alpha level for significance was set at 0.05, with

family-wise error (FWE) correction for multiple comparisons.
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