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Study Objectives: To investigate whether subjective sleep quality is associated with brain volume independent of comorbid psychiatric conditions.
Design: Cross-sectional.

Setting: Department of Veterans Affairs (VA) Medical Center.

Participants: One hundred forty-four Gulf War Veterans (mean age 45 years; range: 31-70 years; 14% female).

Interventions: None.

Measurements and Results: Total cortical, lobar gray matter, and hippocampal volumes were quantified from 1.5 Tesla magnetic resonance
images using Freesurfer version 4.5. Subjective sleep quality was assessed with the Pittsburgh Sleep Quality Index (PSQI). Multiple linear
regressions were used to determine the association of sleep quality with total and regional brain volumes. The global PSQI score was positively
correlated with lifetime and current posttraumatic stress disorder (PTSD) and current depressive symptoms (P < 0.001) and was higher in veterans
with Gulf War lliness, trauma exposure, and those using psychotropic medication (P < 0.03). After adjusting for these comorbid variables, age,
intracranial volume, and multiple comparisons, global PSQI was inversely associated with total cortical and frontal gray matter volume (adjusted
P < 0.03). Within the frontal lobe, total PSQI was inversely associated with the superior and middle frontal, orbitofrontal, anterior cingulate, and
frontal pole volumes (adjusted P < 0.02). Examination of the 3-factor structure of the PSQI revealed that the associations were driven by perceived
sleep quality.

Conclusions: Poorer subjective sleep quality was associated with reduced total cortical and regional frontal lobe volumes independent of comorbid
psychiatric conditions. Future work will be needed to examine if effective treatment of disturbed sleep leads to improved structural and functional

integrity of the frontal lobes.
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INTRODUCTION

Recent neuroimaging studies suggest that sleep disturbances
are associated with structural brain changes, particularly in the
frontal lobe. For example, Koenigs et al. reported a significant
association between insomnia and left dorsomedial prefrontal
damage in a study of patients with focal brain lesions.' Altena
and colleagues reported reduced orbitofrontal cortex volume
in elderly insomnia patients relative to matched controls.? Joo
and colleagues found reduced orbitofrontal and superior frontal
volumes in patients with obstructive sleep apnea syndrome
and narcolepsy with cataplexy, and thinner cortex in the dorso-
lateral, medial frontal, and anterior cingulate in narcoleptic
patients with cataplexy relative to matched controls.’® In
healthy subjects without insomnia, there have been reports of
negative correlations between orbitofrontal cortex volume and
early morning awakening and daytime sleepiness.®’

Sleep complaints are common among patients with post-
traumatic stress disorder (PTSD),%® major depressive disorder
(MDD),"*!"" and Gulf War Illness.'*'* Structural brain altera-
tions have also been noted in PTSD and MDD.">"' The goal of
this study was to investigate whether subjective sleep quality
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is associated with cortical volume independent of comorbid
psychiatric conditions. Based on the findings of the neuroim-
aging studies of sleep disturbances studies cited above, we
hypothesized that sleep quality would be inversely associated
with reduced gray matter volume in the frontal lobe, particularly
in the medial and orbitofrontal cortex. We also examined the
relationship between hippocampal volume and subjective sleep
quality. Because Reimann et al.'® have reported decreased bilat-
eral hippocampal volumes in patients with primary insomnia
and because we previously found a significant, inverse correla-
tion between the Insomnia Severity Index (ISI) and total hippo-
campal volume,"” we hypothesized that sleep quality would
also be inversely associated with hippocampal volume.

METHODS

Participants

We conducted a secondary analysis of imaging and clinical
data of 144 Gulf War Veterans. These veterans represent a
subset of those used in a previous cross sectional study of the
effects of service in the Persian Gulf War on the brain. Clinical
and imaging data from the study have been reported in previous
publications on relationship between Gulf War Illness, brain
N-acetylaspartate, and PTSD,® the effects of current versus
lifetime PTSD symptom severity on hippocampal volume,?' and
the effects of suspected low-level sarin exposure on brain struc-
ture and function.”” All participants provided written informed
consent. Details of the original study design, recruitment, and
participant characteristics have been described elsewhere.?!
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All research was approved by the University of California at
San Francisco and the Veterans Administrations Committees
on Human Research and the Department of Defense Human
Subjects Research Review board.

Assessments

Global subjective sleep quality was measured by the
Pittsburgh Sleep Quality Index (PSQI).* We also examined
the 3-factor structure of the PSQL?* which correspond to
measures of sleep efficiency, perceived sleep quality, and daily
disturbances. Lifetime and current PTSD symptom severity
were assessed with the Clinician Administered PTSD scale
(CAPS).” Participants were considered to have adult trauma
if they experienced traumatic life events that met Criterion
A. The Structured Clinical Interview for DSM-IV (SCID)*
was used to diagnose Axis I disorders: 58 participants (40%)
had lifetime major depression disorder (MDD); 18 (13%) had
current MDD; 26 (18%) had current PTSD; 28 (19%) had
recovered from PTSD (e.g., had lifetime CAPS > 40 but did
not meet criteria for current PTSD); 4 had anxiety disorders
other than PTSD (3%); 1 had obsessive compulsive disorder
(OCD; 1%); 72 (50%) had past alcohol abuse/dependence;
and 24 (17%) had past substance abuse/dependence. Partici-
pants with bipolar, psychotic, and dissociative disorders were
excluded from the study. All diagnoses were made by trained
clinical interviewers who calibrated their assessments at
weekly case consensus meetings, supervised by an experienced
PhD-level clinical psychologist. Depressive symptoms were
assessed with the Hamilton Depression Scale (HAMD).?” To
determine the presence or absence of childhood trauma before
the age of 14 years, we used the interview version of the Life
Stressor Checklist (LSC).?® The LSC assesses 21 stressful life
events. For each event, the respondent indicated (1) whether
the event occurred; (2) whether at the time of exposure the
event triggered intense emotions consistent with DSM-IV
criterion A2 for PTSD; (3) whether the event occurred once
or multiple times; and (4) the ages at which the event first and
last occurred. Participants were considered to have childhood
trauma if they experienced traumatic life events to the extent
that they felt serious personal life threat or physical harm to
the self in 5 items assessed by the LSC (i.e., physical neglect,
family violence, physical abuse, forced sexual touch, or forced
sexual intercourse) before age 14.2%3!

MRI: Acquisition

Structural MRI data were acquired with a 1.5-T scanner
(Vision, Siemens Medical Systems, Iselin, New Jersey) and
a three-dimensional magnetization prepared T1-weighted
gradient echo sequence with the following parameters: repeti-
tion time/spin-echo time/inversion time = 10/4/300 msec, 1 x 1
mm? in-plane resolution, and 1.5-mm slab thickness, angulated
perpendicular to the long axis of the hippocampus.

MRI: Processing

The publicly available Freesurfer v4.5 (http://surfer.nmr.
mgh.harvard.edu/) volumetric segmentation and cortical
surface reconstruction methods were used to obtain regional
measures of neocortical volumes (mm?). Each cortical surface
was spatially normalized to a template cortical surface,
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allowing for the automatic parcellation of the cortical surface
into 34 anatomical ROIs per cortical hemisphere.** To protect
against type I error, homologous parcel volumes were summed
across hemispheres and parcels were combined to create
volumes for total cortical gray matter, frontal, temporal, pari-
etal, and occipital lobes. In the Desikan nomenclature, the
constituents of the frontal lobe parcel included the precentral
gyrus, superior frontal, caudal and rostral middle frontal, pars
opercularis, pars triangularis, pars orbitalis, lateral and medial
orbitofrontal cortex, frontal pole, and caudal and rostral ante-
rior cingulate gyri. The parietal lobe included the postcen-
tral gyrus, inferior parietal, superior parietal, supramarginal,
paracentral, precuneus, posterior cingulate, and isthmus of the
cingulate. The temporal lobe included the transverse temporal,
bank of the superior temporal sulcus, superior, middle, and
inferior temporal gyri, temporal pole, entorhinal cortex, fusi-
form, and parahippocampal gyri. The occipital lobe included
the lateral occipital, cuneus, pericalcarine, and lingual gyri.
Total cortical gray matter volume included all of these parcels
and the insula. The reconstructed cortical surface models for
each participant were manually inspected to ensure segmenta-
tion accuracy. Because cortical parcellations were combined
to derive total and lobar gray matter volumes, subjects who
had poor segmentation (i.e., underestimation of gray matter)
due to poor image quality or misregistration in any parcella-
tion were excluded from statistical analyses. Cases where the
addition of control points did not correct underestimation of
the temporal pole (n = 48), superior temporal gyrus (n = 27),
fusiform gyrus (n = 25), inferior temporal gyrus (n = 14),
middle temporal gyrus (n = 10), entorhinal cortex (n = 7),
lateral orbitofrontal (n = 1), and superior frontal cortex (n= 1)
were excluded. In many instances, there was underestima-
tion of gray matter in multiple brain regions. The final data
set included MRIs with good segmentation accuracy and
complete datasets for the relevant sleep and clinical informa-
tion in 144 veterans of the 247 veterans who participated in
the original study.

Statistical Analysis

Pearson correlation was used to examine the relationship
between PSQI scores and continuous variables (e.g., age, body
mass index, lifetime and current CAPS, HAMD). Independent
sample t-tests were used to examine sleep quality differences
among dichotomous variables (e.g., gender, Gulf War Illness,*
sarin exposure status,*** early life and adult trauma exposure,
lifetime alcohol abuse/dependence). Multiple linear regres-
sions were used to test the association of sleep quality with
measures of total brain and lobar volume. The regressions were
adjusted for age and intracranial volume as well as variables
that correlated significantly with PSQI (i.e., lifetime and current
CAPS and HAMD) or that resulted in different PSQI scores
(e.g., subjects with Gulf War Illness, adult trauma, and those
using psychotropic medication had higher PSQI than subjects
without). The a level for the main effects was adjusted for
multiple comparisons based on the Tukey, Ciminera, and Heyse
multiple endpoint adjustment procedure®®: with 6 ROIs (total
GM, frontal, temporal, parietal, occipital lobes, and hippo-
campus) and an average intercorrelation of r = 0.750 among the
ROlIs, the adjusted a level was P < 0.032.
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Post Hoc Analyses

I. Because we found a significant relationship between
PSQI and frontal lobe volume, we further examined the asso-
ciation between PSQI and volumetric measures of sub-regions
of the frontal lobe. To protect against type I error, the frontal
lobe parcels, excluding the precentral gyrus, were combined
to create 6 ROIs: superior, middle, and inferior frontal, frontal
pole, orbitofrontal cortex, and anterior cingulate cortex
(Figure 1). The P-values were adjusted for the 6 ROIs and the
average intercorrelation (r = 0.789) among the ROIs. We also
examined the relationship between the 3-factor structure of
the PSQI (sleep efficiency, perceived sleep quality, and daily
disturbances?*) with total frontal and regional frontal volumes.
Again, the a level for the main effects was adjusted for multiple
comparisons based on the Tukey, Ciminera, and Heyse multiple
endpoint adjustment procedure®: with 7 ROIs and an average
intercorrelation of r = 0.812 among the ROIs, the adjusted o
level was P < 0.035.

II. To investigate whether the current findings are related to
sleep related breathing disorders (SBD), we included body mass
index (BMI) and an estimate of SBD derived from PSQI ques-
tions that pertained to snoring and breathing during sleep (Q5:
During the past month, how often have you had trouble sleeping
because you (d) cannot breathe comfortably, (¢) cough or snore
loudly; Q10: According to your roommate or bed partner, if you
have one, how often in the past week have you had (a) loud
snoring; (b) long pauses between breaths while asleep) in the
regression models along with the other covariates.

III. Because we?*¥ and others®* have previously found
evidence of morphometric brain changes in GW veterans with
suspected low-level sarin exposure, we re-ran the analyses with
sarin exposure status in the regression models along with the
other covariates.

IV. Because the goal of this study was to investigate the asso-
ciation between subjective sleep quality and cortical volume
independent of comorbid psychiatric conditions, we re-ran the
analyses in a subset of 108 subjects without current PTSD,
MDD, OCD, or anxiety disorders other than PTSD. The regres-
sions were adjusted for age and intracranial volume, Gulf War
Illness status, adult trauma, lifetime CAPS, and HAMD.

RESULTS

Detailed characteristics of the participants are shown in
Table 1. The veterans were 45 + 10 years old, had an average
of 15 + 2 years of education, and a mean PSQI global score
of 8.6 + 4.6 (range 1-19). Twenty-two (15%) veterans were
women. Twenty-six (18%) veterans satisfied the definition of
Weathers et al.** for PTSD (CAPS > 40). Seventeen (13%)
veterans had current major depressive disorder (MDD) and 72
(50%) veterans had past alcohol abuse or dependence according
to the SCID. Thirty-two (22%) veterans met the criteria of
Fukuda et al.** for Gulf War Illness, and 18 (13%) veterans had
suspected low-level sarin exposure according to the Directorate
for Deployment Health Support of the Special Assistant to the
Under Secretary of Defense (Personnel and Readiness) for Gulf
War Illness Medical Readiness and Military.**

There were significant, positive correlations between total
PSQI and lifetime (r = 0.32, P < 0.001) and current (r = 0.43,
P <0.001) CAPS and HAMD (r = 0.63, P < 0.001). BMI was
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Figure 1—Example of Freesurfer frontal lobe parcels on an inflated brain.
The middle frontal (MF; brown), inferior frontal (IF; tan), and frontal pole
(FP; light blue) parcels are shown on the lateral surface of the brain.
Superior frontal (SF; light green) and orbitofrontal (OF; dark green)
parcels are shown on the lateral and medial surfaces of the brain. The
anterior cingulate cortex (ACC; purple) is shown on the medial surface.

not correlated with the total PSQI (r = 0.14, P = 0.09). Subjects
with Gulf War Illness (t =2.24, df = 142, P=0.03), adult trauma
(t = 2.36, df = 142, P = 0.02), and those taking psychotropic
medication (t = 3.75, df = 142, P < 0.001) had higher PSQI
scores than subjects without Gulf War Illness or adult trauma.

Table 2 shows the relationships between global sleep quality
and measures of total and regional cortical gray matter volumes.
All fits were significant (all model P < 0.0001; 0.44 <R?<0.81).
Significant inverse relationships were observed between PSQI
and total cortical (standardized B = -0.11, adjusted P = 0.03)
and frontal lobe (standardized p = -0.15, adjusted P = 0.02)
gray matter volume (Figure 2). As expected, older age was
significantly associated with decreased volume, while larger
intracranial volume was significantly associated with increased
volumes in all regions. Unexpectedly, Gulf War Illness was
associated with greater temporal lobe volume (standardized
B =0.11, adjusted P = 0.03). Contrary to our hypothesis, there
was no significant relationship between PSQI and total hippo-
campal volume (standardized f =-0.08, P =0.37).

All fits in the post hoc analysis of frontal lobe sub-regions
were significant (all model P <0.0001, 0.48 <R?<0.98). There
were significant inverse relationships between PSQI and the
middle frontal (standardized B = -0.23, adjusted P = 0.001),
frontal pole (standardized B = -0.20, adjusted P = 0.003),
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Table 1—Participant characteristics
Mean
N or% SD Range
Age (years) 144 450 96 31-70
Body mass index 144 276 4.2 17.7-39.5
No. Female 22 15%
Ethnicity
Caucasian 9% 67%
African American 25 17%
Latino 9 6%
Other 14 10%
Education (years) 144 147 21 9-20
WRAT Ill reading 144 49 5 28-57
Estimated 1Q? 144 104 15 65-143
Early life trauma reported® 33 23%
Adult trauma exposure 84  58%
PTSD (# of cases) 26 18%
Current CAPS 144 164 257  0-108
Lifetime CAPS 144 314 36.0 0-125
Lifetime MDD 58 40%
Current MDD 18 13%
HAM-D 144 64 56 025
Psychotropic medication use
Antidepressant 25 17%
Anticonvulsant 6 4%
Benzodiazepine 8 6%
Sedative-Hypnotic medication use? 2 1%
PSQI-Global score 144 86 4.6 1-19
Gulf War lliness® (# of cases) 32 22%
Sarin exposure' 18 13%
Lifetime alcohol abuse/dependence 72 50%
Current avg. drinks/month? 133 12 22
Lifetime avg. drinks/month? 141 29 41
Lifetime substance abuse/dependence 24 17
3Estimated from WAIS-III Digit Symbol and Vocabulary Subtests. "Based
on Life Stressor Checklist?®. “Buspirone. Zolpidem. *Based on criteria
described by Fukuda et al.** Based on Directorate for Deployment Health
Support of the Special Assistant to the Under Secretary of Defense
(Personnel and Readiness) for Gulf War lliness Medical Readiness and
Military (2002)%. 9From Lifetime Drinking History. WRAT, Wide Range
Achieve Test; PTSD, posttraumatic stress disorder; CAPS, clinician
Administered PTSD Scale; MDD, major depressive disorder; HAM-D,
Hamilton Depression Scale; PSQI, Pittsburgh Sleep Quality Index.

orbitofrontal (standardized 3 = -0.19, adjusted P = 0.02), and
anterior cingulate cortex (standardized p = -0.04, adjusted
P = 0.02) volume. There was also a marginal relationship
between PSQI and the superior frontal lobe volume (standard-
ized B =-0.17, unadjusted P = 0.04).

Table 3 shows the relationships between the 3-factor struc-
ture of the PSQI and measures of total and regional frontal lobe
volumes. Again, all fits were significant (all model P < 0.0001;
0.50 < R? <0.98). There were significant inverse relationships
between perceived sleep quality and total frontal (standard-
ized B = -0.18, adjusted P = 0.005), middle frontal (standard-
ized f =-0.17, adjusted P = 0.02), inferior frontal (standardized
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B = -0.23, adjusted P = 0.003), frontal pole (standardized
B =-0.17, adjusted P = 0.02), and anterior cingulate (standard-
ized B = -0.04, adjusted P = 0.02) volumes.

Accounting for BMI and our estimate of SDB based on
PSQI questions that related to snoring and breathing during
sleep in post hoc analyses did not alter any of the main findings
concerning regional frontal lobe volumes. However, accounting
SDB did render the relationship between PSQI and total cortical
volume marginally significant (standardized 3 = -0.10, unad-
justed P = 0.05). Accounting for BMI and SDB also rendered
the unexpected finding of greater temporal lobe volume in
veterans with Gulf War Illness insignificant. Accounting for
suspected sarin exposure status, past alcohol and substance
abuse/dependence did not alter any of the significant main find-
ings concerning total or regional frontal lobe volumes.

When we re-ran the analyses in a subset of 108 subjects
without current comorbid psychiatric conditions, all fits were
significant (all model P < 0.0001, 0.42 < R* < 0.98). As with
the entire cohort, there were significant inverse relationships
between PSQI and total cortical gray matter (standardized

= -0.14, adjusted P = 0.01), total frontal lobe (standard-
ized B = -0.14, adjusted P < 0.03), middle frontal (standard-
ized B = -0.22, adjusted P = 0.003), frontal pole (standardized
B = -0.19, adjusted P = 0.009), and anterior cingulate cortex
(standardized 3 = -0.05, adjusted P = 0.01) volume. There were
also trends towards an inverse relationship between PSQI and
parietal and temporal lobe volumes (standardized B = -0.12,
unadjusted P = 0.07 for both).

DISCUSSION

The main finding of this study is that poor sleep quality was
associated with decreased frontal lobe gray matter volume. As
expected, current and lifetime PTSD symptom severity and
current depressive symptoms were negatively correlated with
PSQI scores. Veterans with adult trauma, Gulf War Illness, and
those using psychotropic medication also had poorer subjec-
tive sleep quality. However, the inverse relationship between
subjective sleep quality and frontal lobe volume remained
significant even after accounting for these comorbid conditions.

Not only do individuals with insomnia frequently report
cognitive difficulties, but there is evidence of impaired working
memory and executive function—processes that depend on the
integrity of the prefrontal cortex—in insomniacs relative to
good sleepers.*!-* Positron emission tomography (PET) studies
have demonstrated decreased cerebral glucose metabolism in
the frontal, temporal, and parietal cortices of insomniacs rela-
tive to good sleepers.* Finally, there is evidence that suggests
functional deficits may exist in the absence of behavioral
differences. For example, insomnia patients had less medial
prefrontal and inferior frontal gyrus activation than controls
during a verbal fluency task despite performing comparably
to controls.’” Together, these findings support the frontal lobe
hypothesis, which posits that sleep deprivation acts primarily
on the frontal lobe to produce frontal cortex dysfunction.*®

Data from the present and other morphometric studies
extend the frontal lobe hypothesis by linking sleep abnormali-
ties with structural integrity of the frontal lobe. For example
voxel-based morphometry studies have reported significant
gray matter reductions within the ventral medial prefrontal
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Region Intercept PSQl Age ICV
Total gray matter 127722 (24220) -1080 (494) -1288 (192) 0. 255 (0.013)
Frontal Lobe 57132 (11317) -567 (231) -540(90) 0.087 (0.006)
Parietal Lobe 32733 (8394)  -237 (171) -343(37) 0.073 (0.004)
Temporal Lobe 25180 (7110)  -148 (145) -261 (56) 0.059 (0.004)
Occipital Lobe 8858 (5179) -86 (106) -128 (41) 0.028 (0.003)
Hippocampus 3653 (789) 15 (16) -8 (6)  0.004 (0.000)
Frontal subregions

Superior frontal 2654 (765) -32(16) -19(6)  0.004 (0.000)
Middle frontal 18414 (5056)  -338 (103) -176 (40) 0.031 (0.003)
Inferior frontal 19903 (3821)  -42(78)  -137(30) 0.021 (0.002)
Frontal pole 22170 (5464) -332 (111) -203 (43) 0.036 (0.003)
Orbitofrontal 5607 (1421)  -70(29) -39 (11)  0.007 (0.001)
ACC 184855 (34127) -1646 (696) -1828 (271) 1.34(0.018)

PSQl, Pittsburgh Sleep Quality Index; ICV, intracranial volume; GWI, Gulf War lliness; HAM-D,
Italic: P < 0.05, unadjusted; bold: P < 0.05 adjusted.

GWI  Adulttrauma PsychMed CAPS CAPS HAM-D
7938 (4430) 5735 (5665) -6127 (5054) -28 (142) 6 (164) 287 (438)
1600 (2070) -8 (2647) -2828 (2376) 38 (67) -23(77) 239 (205)
2881 (1535) 1307 (1964) -304 (1762) -5(49) -12(57) 20 (152)
2008 (1300) 3225 (1663) -752 (1493) -41(42)  9(48)  31(129)
581(947) 999 (1211) -2110 (1087) -17 (30) 21(35) -3 (94)
26 (144) 308(185)  37(166) 9(5) 6(5  -2(14)
72(140) 207 (179) -307(161) -7(4)  7(5)  16(14)
543 (925) -233(1183) -1547 (1061) 12(30) -9(34) 201(92)
300 (366) -549 (894) 468 (802) 25(22) -26(26) -23(69)
209(999) 199 (1278) -1583 (1147) 10(32) -9(37) 171(99)
92(260) 251(332) -353(298) -5(8)  7(10) 23(26)
9628 (6241) 5727 (7983) -8955 (7164) 10 (201) -17 (232) 256 (618)

Table 2—Relationships of PSQI to measures of brain volume reported as unstandardized regression coefficient and standard error in parentheses.

Hamilton Depression Index; ACC, anterior cingulate cortex.
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Figure 2—Scatterplots showing the relationships between (A) total cortical and (B) frontal lobe gray matter volume and total PSQI score. The PSQI score and
brain volumes were regressed on age, intracranial volume, adult trauma, lifetime and current CAPS, and HAM-D; the unstandardized residuals were plotted
against each other. The slope of the line of best fit is the same as the regression coefficient for total PSQI score in the linear models.

Adijusted total PSQl

parentheses

Region
Total frontal
Superior frontal
Middle frontal
Inferior frontal
Frontal pole
Orbitofrontal
ACC

187144 (34738) -1370

Sleep
Intercept efficiency
57836 (11427) -244 (556)
2633 (780) 62 (38)
18514 (5135)  -191 (250)
19781 (3805) 45 (185)
22463 (5539) -168 (269)
5632 (1453)  -61(71)
(

1690)

Table 3—Relationships between the 3-factor structure of the PSQI to measures of frontal lobe volume, reported unstandardized regression coefficient, and standard error in

Sleep Daily Adult Lifetime Current

quality disturb. Age ICV GwI trauma PsychMed CAPS CAPS HAM-D
-1416 (496) -25(835) -553 (89) 0.087 (0.006) 2062 (2062) -252 (2649) -2227 (2383) 51 (66) -44 (76) 268 (204)

-43 (34) 35 (57) -20(6) 0.004 (0.000) 60 (141) 257 (181) -320(163) -6 (5) 6 (5) 15 (14)
-518 (223) -359 (375) -176 (40) 0.031(0.003) 702 (927) -296 (1190) -1450 (1071) 16 (30) -18(34) 241(92)
-494 (165) 481(278) -146 (30) 0.021 (0.002) 456 (687) -752(882) -128(974) 31(22) -32(25) -24(68)
-591 (241) -323 (405) -205(43) 0.036 (0.003) 495 (1000) 141 (1284)-1417 (1155) 14(32) -18(37) 192 (99)
-106 (63) 6(106)  -41(11) 0.077 (0.001) 97 (262) 202(337) -354(303) -3(8) 5(10)  23(26)
-3546 (1509) 310 (2539) -1870 (272) 1.32 (0.02) 10279 (6269) 4866 (8052) -7848 (7246) 47 (201) -77 (230) 565 (621)

ICV, intracranial volume; GWI, Gulf War lliness; HAM-D, Hamilton Depression Index; ACC, anterior cingulate cortex. Bold: adjusted P < 0.05.
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cortex of patients with narcolepsy and cataplexy,* obstruc-
tive sleep apnea,® and chronic insomnia.? There have also
been reports that gray matter volume in the left ventrome-
dial prefrontal cortex was significantly related to greater self-
reported daytime sleepiness on the Epworth Sleepiness Scale,’
and that gray matter volume in the left inferior orbitofrontal
cortex was significantly associated with greater self-reported
early morning awakening.® Together with these previous find-
ings, the current result suggests that morphology of the medial
prefrontal and orbitofrontal cortex may be affected by, or may
contribute to, some sleep-related difficulties.

Our results extend these findings by showing that poor sleep
quality is not only related to atrophy in the orbitofrontal and
anterior cingulate cortex, but also globally in the entire frontal
lobe and in the middle frontal cortex and frontal pole. Exami-
nation of the three-factor structure of the PSQI revealed that
the inverse relationship between global and regional frontal
lobe volume, and the global PSQI score was driven primarily
by perceived sleep quality. It is interesting to note that when
we examined the three-factor structure of the PSQI, the infe-
rior frontal ROI was inversely associated with perceived
sleep quality, while the orbitofrontal and frontal pole ROIs—
which were associated with global PSQI—were not related
to perceived sleep quality. This suggests that sleep quality
and other measures of sleepiness and wakefulness may have
different effects on different regions of the frontal lobe.

Although the mechanisms underlying the relationship
between frontal lobe volume and subjective sleep quality
remain uncertain, it is noteworthy that a recent magnetoen-
cephalography study localized the greatest activity increases
during both REM and deep sleep to left dorsomedial prefrontal
cortex.” Another study using high-density electroencephalog-
raphy found that sleep slow waves preferentially originate in
the left frontoinsular area and cingulate gyrus.® In a study of
192 patients with focal brain lesions, Koenigs et al. showed a
significant association between insomnia and left dorsomedial
prefrontal damage.! Together, these results suggest that left
medial prefrontal cortex and insula may play a critical role in
sleep maintenance and insomnia.

Frontal lobe volume may also be associated with poorer
sleep quality or decreased capacity for sleep to be experienced
as restorative. It has been proposed that part of the orbitofrontal
cortex (the “orbital network™) is essential for the hedonic
evaluation of somatosensory input, including the evaluation
of thermal comfort.®'*®* Thus, it is possible that compromised
thermal comfort, known to be prominent in elderly insomniacs,*
is linked to gray matter volume reduction in the orbitofrontal
cortex. Studies that use prospective designs and randomized
treatment trials that involve effective treatment for sleep distur-
bances will be needed to resolve issues related to causality in
the association between sleep and frontal lobe structure.

Although we hypothesized that sleep quality would be
inversely associated with total hippocampal volume, we found
no significant relationship between the global PSQI score
and total hippocampal volume in this study and in a previous
study that examined structural MRI data acquired on a 4 Tesla
scanner.” While this contradicts a previous report of smaller
hippocampal volumes in subjects with insomnia,'® it is note-
worthy that other researchers have not been able to replicate
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that finding,>*>% possibly due to differences to sample compo-
sition and method of MRI assessment. In our prior study at 4 T,
we did observe a significant negative correlation between the
PSQI and CA3/dentate subfield. It is possible that the relation-
ship between sleep and hippocampal structure is only found in
this subfield. We are not able to examine if this same relation-
ship holds in this study because the structural resolution at 1.5 T
is not sufficient to accurately measure subfield volumes.

A number of limitations should be considered in the inter-
pretation of the current findings. First, the cross-sectional
design limits our ability to determine a causal relationship
between sleep and frontal lobe volume. Second, the study has
limited generalizability because our sample consisted solely of
Gulf War Veterans, some of whom had Gulf War Illness and/
or suspected sarin exposure. However, it should be noted that
neither condition affected frontal lobe volume. Furthermore,
accounting for Gulf War Illness and sarin exposure status
in the regression models did not alter the effect of PSQI on
total brain, frontal lobe, or regional frontal volumes. A third
limitation is the lack of objective sleep measures. Fourth, we
did not have information about whether or not participants
suffered from sleep related disorders (e.g., primary insomnia,
obstructive sleep apnea). However, accounting for body mass
index and an estimate of possible sleep disordered breathing
derived from sub-scores of the PSQI in post hoc analyses did
not alter the main findings concerning total or regional frontal
lobe volume and subjective sleep quality. Fifth, the imaging
data was acquired on a 1.5 Tesla scanner, which has poorer
gray/white matter contrast and larger voxel size than images
acquired on higher field strength scanners. Finally, the a priori
parcellations may be insensitive to regional findings that do
not corresponding to parcel boundaries. Future whole-brain
or vertex-wise analyses will be needed to examine the possi-
bility of missed foci of volume loss or cortical thinning. These
limitations notwithstanding, our results suggest that poor sleep
quality, which has been linked to impaired psychosocial, phys-
ical, and occupational functioning,*' is associated with frontal
lobe atrophy independent of trauma exposure, current and life-
time PTSD symptom severity, current MDD, and Gulf War
[llness status. Future work will be needed to examine if effec-
tive treatment of disturbed sleep leads to improved frontal lobe
structural and functional integrity.
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