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Study Objective: To investigate the structural changes in patients with chronic primary insomnia and the relationships with clinical features of
insomnia.

Design: Statistical parametric mapping 8-based voxel-based morphometry was used to identify differences in regional gray and white matter
between patients with chronic primary insomnia and normal controls.

Setting: University hospital.

Patients and Participants: Twenty-seven patients and 27 age/sex-matched controls.

Interventions: Regional differences were compared using two-sample t-tests with age, sex, and intracranial volume as covariates.
Measurements and Results: The patients were a mean age of 52.3 y and had a mean history of insomnia of 7.6 y. Patients displayed cognitive
deficits in attention, frontal/executive function, and nonverbal memory. Patients also displayed significantly reduced gray matter concentrations
(GMCs) in dorsolateral prefrontal and pericentral cortices, superior temporal gyrus, and cerebellum and decreased gray matter volumes in medial
frontal and middle temporal gyri compared with control patients with the cluster threshold = 50 voxels at the level of uncorrected P < 0.001. Negative
correlations were found between GMC of the prefrontal cortex and insomnia severity and the wakefulness after sleep onset, and between GMC of
pericentral cortex and sleep latencies. None of the findings continued to be significant after correction for multiple comparisons.

Conclusions: We found gray matter deficits in multiple brain regions including bilateral frontal lobes in patients with psychophysiologic insomnia.
Gray matter deficit of the pericentral and lateral temporal areas may be associated with the difficulties in sleep initiation and maintenance. It is still

unclear whether gray matter reductions are a preexisting abnormality or a consequence of insomnia.
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INTRODUCTION

Chronic primary insomnia (PI) is a disorder whereby pa-
tients experience chronically disturbed sleep and sleep loss,
non-refreshing sleep, and heightened arousal in bed; these con-
ditions cannot be attributed to a comorbid medical or psychiat-
ric disorder.! PI may accompany neurocognitive problems, and
deficits in attention and working memory.*®

Many neuroimaging studies have been performed to in-
vestigate the structural or functional derangement in brains
of patients with chronic insomnia. Patients suffering from PI
displayed a relative increase of global cerebral metabolic rate
for glucose utilization during sleep and while awake, com-
pared with normal controls (NCs) in a study that used posi-
tron emission tomography.” These findings were consistent
with the suggestion that chronic insomnia is associated with
enhanced brain metabolism and that a hyperarousal state dur-
ing sleep might contribute to the occurrence of chronic insom-
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nia.® However, another study that used single-photon emission
computed tomography yielded contrary findings, with patients
with PI displaying a significant decrease in regional cerebral
blood flow in frontal, parietal, and occipital cortices and basal
ganglia during sleep.’ Despite their contrasting findings, the
functional imaging studies both provided evidence that brain
regions with altered function explain the pathophysiology
and the clinical symptoms accompanied by chronic insomnia.
However, the relatively few patients involved in these two
studies could be a limitation.'"” Several magnetic resonance
imaging (MRI) studies have been conducted with patients
with PI. They too yielded controversial results. Although one
study reported smaller hippocampal volumes in patients with
PI compared with NCs,'' the other study did not reveal any dif-
ference in volume.'?

Voxel-based morphometry (VBM) is an automated technique
that has grown in popularity since its introduction,'>!* reflecting
the fact that it provides a comprehensive assessment of ana-
tomical differences throughout the brain.' An earlier optimized
VBM study showed that patients with PI had gray matter (GM)
deficits in the left orbitofrontal cortex and precuneus compared
with NCs.!"” However, optimized VBM does have a circular-
ity problem'® because the registration requires an initial tissue
classification and vice versa.' SPM8-based VBM has been re-
fined through the development of a registration method termed
Diffeomorphic Anatomical Registration Through Exponenti-
ated Lie algebra (DARTEL), which is a more sensitive means
of identifying differences of GM and white matter (WM).'
Thus, SPM8-based VBM provides more accurate localization
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than optimized VBM in terms of supporting precise intersubject
alignment and segmentation performance throughout the itera-
tive unified model.'5!”

The current study used SPM8-based VBM to evaluate GM
and WM changes in patients with PI and to investigate the re-
lationships between structural brain changes and characteristic
clinical features as well as cognitive function.

METHODS

Patients

Forty patients who had sleep onset and/or maintenance insom-
nia were recruited from the sleep disorder clinic of the univer-
sity hospital (Samsung Seoul Hospital) located in Seoul, South
Korea. Inclusion criteria were an age of 40-70 y, conformity to
the definition of PI by the International Classification of Sleep
Disorders-2 (ICSD-2)," and a duration of insomnia > 1 y.

NCs who were age-, sex-, and education status-matched to
the patients with PI were recruited through an advertisement
in a local community. The history of medical and sleep disor-
ders was evaluated with a clinical interview and the history of
psychiatric disorders was evaluated with the Structured Clinical
Interview for DSM-IV in the patients with PI and the healthy
control patients. All patients completed a sleep diary for at least
2 weeks and a number of self-questionnaires, such as the Pitts-
burgh Sleep Quality Index (PSQI), Beck Depression Inven-
tory-II (BDI-II), Insomnia Severity Index (ISI), and Epworth
Sleepiness Scale (ESS). In addition, all patients completed a
physical examination, blood tests that included complete blood
counts, chemistry battery, and serum electrolytes and toxic
screening, overnight polysomnography (PSG), brain MRI, and
neuropsychological tests. PSG was performed within 2 weeks
after the patient was first enrolled in this study. PSG was started
between 10:30pm and 12:00pm according to the usual bedtime
of the patient and ended when the patient awoke in the morning.
The brain MRI and neuropsychological test were performed
within 2 weeks after the PSG.

Exclusion criteria for study patients and controls were: (1) a
total sleep time < 7 h on history only for NCs; (2) obstructive
sleep apnea syndrome (OSA, apnea-hypopnea index greater
than 5/h); (3) moderate to severe periodic limb movement dur-
ing sleep (PLMS, total PLM index > 25/h); (4) abnormal sleep-
wake rhythms; (5) hypertension, diabetes, heart, or respiratory
diseases; (0) history of cerebrovascular disease; (7) other neu-
rological (neurodegenerative diseases, epilepsy, head injury) or
psychiatric diseases (psychosis, current depression); (8) alcohol
or illicit drug abuse or current intake of psychoactive medica-
tions; and (9) a structural lesion on brain MRI. To avoid the
possible effect of medications on the results, three patients who
had a history of taking antidepressants, anxiolytic agents, or
sleeping pills were excluded. Five patients were excluded due
to definite sleep disorders confirmed by PSG; four with mod-
erate to severe OSA (apnea-hypopnea index, 18.3-40.2/h) and
1 with periodic limb movement disorder (total index 50.1/h,
movement arousal index 10.5/h). Seven subjects (five with PI
and two NCs) who showed diffuse brain atrophy or lacunar
infarctions on brain MRIs were also excluded. Finally, 27 pa-
tients with PI and 27 NCs were included in the study. Informed
consent was obtained from all participants for all tests in the
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protocol, and the institutional review board of our hospital au-
thorized the study protocol and design. Nineteen patients with
PI and 17 control patients were commonly involved in the pre-
vious study."?

Overnight PSG

The day before the sleep studies, patients were asked to
refrain from drinking alcohol or caffeinated beverages. Sleep
studies were recorded using a Remlogic device (Embla Sys-
tems, Denver, CO, USA). A night PSG was performed using a
four-channel electroencephalogram (EEG, C3/A2; C4/Al1; O1/
A2; O2/Al); a four-channel electrooculogram; an electromyo-
gram of the submental, intercostal, and anterior tibialis muscles;
and an electrocardiogram with surface electrodes. A thermistor
for monitoring nasal airflow, a nasal air pressure monitor, an
oximeter for measuring oxygen saturation, piezoelectric bands
for determining thoracic and abdominal wall motion, and a
body position sensor were attached to each patient. Patients
were recorded on videotape using an infrared video camera
and were continuously observed by a PSG technician. Sleep
architecture was scored in 30-sec epochs, and sleep staging was
interpreted according to previously published criteria.'” Apneas
and hypopneas were defined by previously established criteria.
Obstructive apnea was defined as a reduction in airflow greater
than 90% that lasted at least 10 sec, during which there was
evidence of a persistent respiratory effort. A central apnea was
defined as a reduction in airflow of more than 90% that lasted at
least 10 sec, during which there was no evidence of respiratory
effort. A hypopnea was defined as a reduction in airflow by a
reduction of airflow by 30% for more than 10 sec, which was
accompanied by a 4% or greater oxygen desaturation. Arousals
were classified as breathing-related arousals (occurring within
3 sec following apnea, hypopnea, or snoring) and other type
of arousals (spontancous arousal, periodic limb movements-
associated arousals).?

Magnetic Resonance Imaging

MRI was performed using a GE Signa 1.5 Tesla scanner
(GE Medical Systems, Milwaukee, WI, USA). All patients
underwent spoiled gradient echo (SPGR), T1-weighted, T2-
weighted, and fluid attenuated inversion recovery (FLAIR) im-
aging protocols. Coronal SPGR MRI data were obtained using
the following scanning variables: 1.6-mm thickness, no gap,
124 slices, repetition time/echo time (TR/TE) = 30/7 ms, flip
angle (FA) = 45°, number of excitations (NEX) = 1, matrix =
256 % 192, and field of view (FOV) = 22 x 22 cm. The voxel
dimension of SPRG MR images was 0.86 x 0.86 x 1.6 mm.
Oblique coronal FLAIR MRI was performed using a 4.0-mm
slice thickness, 1.0-mm gap, 32 slices, TR/TE = 10,002/127.5
msec, 1 NEX, matrix = 256 x 192, and FOV = 20 x 20 cm.
Oblique coronal T2-weighted magnetic resonance images were
obtained with a 3.0-mm slice thickness, 0.3-mm gap, 56 slices,
TR/TE =5,300/99 msec, FA =90°, 3 NEX, matrix =256 x 192,
and FOV =20 x 20 cm.

Voxel-Based Morphometry

All the VBM preprocessing and statistical analyses were
performed using the SPMS8 software (Welcome Department
of Cognitive Neurology, Institute of Neurology, University
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College London, UK; http://www.fil.ion.ucl.ac.uk/spm)
on Matlab 2008a (Mathworks, Sherborn, MA, USA) and
the VBMS toolbox (http://dbm.neuro.uni-jena.de/vbm.
html). The original images were reoriented into sagittal
alignment. Next, the images were simultaneously cor-
rected for bias-field inhomogeneity, registered by linear
(12-parameter affine) and nonlinear transformations, and
segmented into GM, WM, and cerebrospinal fluid by an
integrated one-pass procedure (the unified segmentation).
The method was further refined by accounting for partial
volume effects,'® by applying adaptive maximum a pos-
teriori estimations,?! and a hidden Markov random field
model* as previously described.?® Thus, the model could
avoid the circularity problem of the optimized VBM pro-
cedure.” To identify both the regional differences in the
volume of a particular tissue that requires information
about absolute volumes to be preserved and the relative
concentration of GM or WM structures in the spatially
normalized images with the deformation fields within 1.5
x 1.5 x 1.5 voxel sizes, obtained by the DARTEL suite
of tools that allows a highly accurate intersubject reg-
istration of brain images, we applied a further optional
preprocessing step, which is usually referred to as modu-
lation. It can be used to detect differences GM or WM
volumes, whereas the unmodulated GM and WM images
allow identify differences of GM and WM concentra-
tions. To achieve the modulated images, GM and WM
images were imported into DARTEL, and nonlinear de-
formations for their optimal alignment were estimated by
alternating between building a template and registering
the tissue class images with the template. Subsequently,

Table 1—Characteristics of subjects
Pl NCs P
Demographics
Mean age, y 52378 51.7+54 0.478
Female, n (%) 25(92.5) 23 (85.0) 0.646
Duration of insomnia, y 76+6.1 - -
Body mass index, kg/m? 234+26 229+25 0.216
Education, y 11.8+3.1 112+29 0.190
Sleep questionnaires
Pittsburgh Sleep Quality Index ~ 19.1£4.3 32112 0.001*
Insomnia Severity Index 20.1+£3.3 25+14 0.045*
Epworth Sleepiness Scale 29+13 0705 0.020*
Beck Depression Inventory-II 10.1+£5.2 50+4.1 0.482
Night polysomnography
Total sleep time, min 349.1+60.9 391.4+409 0.005*
Sleep latency, min 255+27.7 8.7+6.5 0.003*
REM latency, min 140.7+£77.3 85.4 +31.7 0.001*
Sleep efficiency, % 805+10.0 888+55 <0.001*
WASO, min 58.0+37.0 423+230  0.066
Arousal index, /h 13.3+6.6 94+6.0 0.154
Apnea-hypopnea index, /h 25+28 12+£17 0.036*
PLMS index, /h 40+6.0 2880 0.006*
Movement Arousal Index, /h 1.0+£1.7 07+19 0.256
N1, % 13.3+6.0 13664 0.827
N2, % 627+123 540+64 0.002*
N3, % 49+6.8 95+3.0 0.053
REM sleep, % 19.2+9.0 234+38 0.033*
NCs, normal controls; PI, patients with chronic primary insomnia; PLMS, periodic
limb movement in sleep; REM, rapid eye movement; WASO, wakefulness after
sleep onset. *P < 0.05, independent t-test.

Jacobian-scaled (modulated) warped tissue class images
were created. After finishing the preprocessing, we checked
the data quality using the modules ‘display one slice for all
images’ and ‘check sample homogeneity using covariance.’
Finally, the GM and WM partitions were smoothed with an
8-mm full-width at half-maximum Gaussian kernel and were
used for statistical analysis.

Neuropsychological Assessments

Patients underwent a battery of neuropsychological tests and
an individual standardized intelligence test. Neuropsychological
tests consisted of the Korean California Verbal Test (K-CVLT)
and the Rey Complex Figure Test (RCFT) for memory function,
the digit span tests from the Wechsler Memory Scale-Revised,
the Corsi Block tapping tests (forward and backward), the Trail
Making Tests A and B, the digit symbol test for attention and
working memory, the Stroop test and the Controlled Oral Word
Association Test (COWAT) for executive function, and the Ko-
rean Boston naming test (K-BNT) for verbal function. It took
approximately 2.5 h to complete all the tests. Detailed informa-
tion and test procedures were described previously.'?

Statistical Analyses

The demographics and PSG data between the patients with PI
and NCs were compared using the Mann-Whitney U-test. Two-
sample #-tests were used to compare the GM between patients
with PI and NCs using analysis of covariance, with age and sex
as covariates in SPM8. Each patient’s intracranial volume (ICV)

SLEEP, Vol. 36, No. 7, 2013

1001

measurement was used to correct variations in individual head
size and to obtain more focused results. The statistical threshold
was corrected for multiple comparisons with extent threshold of
100 voxels and more than 50 voxels, respectively.

The correlation analyses were performed by multiple regres-
sions. Variables were demographics (age, education years, insom-
nia duration, body mass index, and sleep questionnaire scores),
PSG and neuropsychological parameters, and a self-reported
psychometric questionnaire (SCL-90R). There was no a priori
hypothesis for the correlations between GM and the previously
mentioned parameters and no significant results were reported
after correction for multiple comparisons in patients with PL'S
To test the hypotheses of regional specific covariates effects, the
estimates were compared using two linear contrasts (positive or
negative correlation). Covariates were age, sex, and ICV.

All results are presented as Montreal Neurological Institute
(MNI) coordinates. The MNI coordinates for relevant ana-
tomical names of the selected voxel or cluster(s) in databases
(xBrain, Google Scholar and Pubmed) were obtained by an
xjView toolbox* compatible with SPMS.

RESULTS

Clinical Characteristics

The details of the demographics and PSG parameters are
summarized in Table 1. All subjects were right-handed. The
mean age of the patients with PI (52.3 y) and NCs (51.7 y) was
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Table 2—Comparison of neuropsychologic results between patients with
chronic primary insomnia and normal controls
B (Coefficient) P
MMSE (30) -1.008 0.068
Attention
Digit span forward -0.786 0.238
Digit span backward -0.832 0.077
Corsi block forward -0.927 0.097
Corsi block backward -0.764 0.205
Trail making test A 18.111 0.140
Trail making test B 34.372 0.146
Digit symbol test -11.966 0.001*
Visuospatial function
RCFT -2.345 0.090
Memory
RCFT, immediate recall -6.182 0.022*
RCFT, delayed free recall -5.481 0.037*
RCFT, recognition score -1.389 0.038*
K-CVLT, total -3.042 0.492
K-CVLT, short delay free recall -0.451 0.644
K-CVLT, long delay free recall -1.399 0.207
K-CVLT, recognition 0.946 0.187
Language
K-BNT -4.532 0.026*
Frontal/executive function
COWAT semantic (animal) -0.709 0.614
COWAT semantic (supermarket) -1.100 0.571
COWAT phonemic -0.693 0.859
Stroop test, word reading -7.546 0.080
Stroop test, color reading -15.594 0.031*
COWAT, Controlled Oral Word Association Test; K-BNT, Korea version
of the Boston Naming Test; K-CVLT, Korean version of California Verbal
Learning Test; MMSE, mini-mental state examination; RCFT, Rey-
Osterrieth Complex Figure Test. *P < 0.05 between patients with chronic
primary insomnia and normal controls by multiple linear regression.

not statistically significant (P = 0.478). The sex ratio (female
92.5% vs. 85%, same respective order) was also not signifi-
cantly different (P = 0.646). Subjective sleep quality was deter-
mined by the PSQI, which was assessed during the previous 2
weeks of the study; the mean PSQI was significantly higher in
patients with PI than in the NCs.

Patients with PI reported severe insomnia symptoms (mean
ISI, 20.1). Mean score of BDI-II seemed to be higher, albeit
nonsignificantly, in patients with PI (10.1) than in NCs (5.0).
Although patients with PI had shorter total sleep time than
NCs (349.1 vs. 391.4 min, respectively, P = 0.005), much lon-
ger sleep latency (25.5 vs. 8.7 min, respectively, P = 0.003),
and lower sleep efficiency (80.5% vs. 88.8%, respectively,
P < 0.001), arousal index of the patients with PI was not defi-
nitely higher than NCs (13.3 vs. 9.4/h, respectively, P = 0.154),
and wake after sleep onset (WASO) was not different (58.0 vs.
42.3 min, respectively, P = 0.066).

Neuropsychological Tests
Multiple regression analyses were performed after adjust-
ing for age, sex, and years of education to compare cognition
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between the patients with PI and NCs. The patients with PI
displayed significantly lower scores on tests of attention and
frontal/executive function and showed impaired nonverbal
memory and language function compared with NCs (Table 2).

Group Differences of Regional GM and WM

Patients with PI showed significant reduction of GMC in left
or right dorsolateral prefrontal cortices (right superior frontal
gyrus, left middle frontal gyrus, and bilateral inferior frontal
gyri), pericentral cortex (left precentral gyrus and bilateral post-
central gyri), and superior temporal gyrus compared to NCs
with the cluster threshold of 100 voxels at the level of uncor-
rected P < 0.001. When the cluster threshold more than 50 vox-
els was applied, GMC decreased in the larger brain areas with
the same anatomical coordinates as the results of the cluster
threshold of 100 voxels and decreased additionally in medial
frontal gyri and cerebellum. Table 3 and Figure 1 showed the
results with the cluster threshold more than 50 voxels.

In addition, no brain region revealed significant GMV re-
duction at the cluster threshold of 100 voxels. However, in the
analysis with the cluster threshold more than 50 voxels, GMV
was decreased in left medial frontal gyrus where GMC reduced
(xty:z=-2,29,-15, K cluster extent = 195) and in left middle
temporal gyrus (x: y: z =-51, -15, 38, K = 41) at the level of
uncorrected P < 0.001.

However, none of the brain regions showing either GMC or
GMYV decrease in patients with PI continued to be significant
after applying correction for multiple comparisons.

There were no brain regions showing increased GMC or
GMYV and insignificant WM changes in patients with PI com-
pared with NCs in neither cluster thresholds.

Regression Analyses of GM Concentrations with Other Clinical
Variables in Patients with Pl

GMCs in the left middle frontal gyrus were negatively cor-
related with IST and WASO by multiple regressions. Prolonged
sleep latency was related to the reduced GMC:s in the right post-
central gyrus and longer WASO was associated with the decrease
of GMCs in the right precentral gyrus (Table 4 and Figure 2).
Demographics, other PSG parameters except sleep latency and
WASO, neuropsychological scores, and SCL-90R scores did not
show significant correlations with GM of PI patients.

In NCs, there was no significant correlation between GM and
data.

DISCUSSION

This study explored the alterations of GM in the brains of pa-
tients with PI using a unified segmentation model and DARTEL
method of VBM analysis. Brain regions with GM deficit may
suggest the relationship with clinical symptoms and cognitive
dysfunctions in patients with PI.

GM Deficits in the Dorsolateral Prefrontal Cortex in Patients with Pl

The dorsolateral prefrontal cortex is involved in executive
functions.? Task assessments of shifting attention and working
memory have revealed deficits among individuals with chronic
insomnia more often than not.>* When a task of sustained atten-
tion requires a response choice, individuals with chronic insom-
nia tend to display consistent attention deficits.>*627-28
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Table 3—Brain regions showing significant decrease of gray matter concentration in patients with chronic primary insomnia compared with normal controls

MNI coordinates (mm)

Location K: Side
Superior frontal gyrus 232 R
Middle frontal gyrus 10 L

223 R

474 R

Inferior frontal gyrus 497 L
497 L

497 L

134 R

193 R

Orbitofrontal gyrus 80 L
Medial frontal gyrus 258 L
258 R

Precentral gyrus 474 L
81 R

Postcentral gyrus 59 L
59 L

474 L

70 L

81 R

Superior temporal gyrus 66 L
193 R

420 R

Cerebellum tuber pyramid 108 L
108 L

Ke, a cluster extent; L, left; MNI, Montreal Neurological Institute; R, right.

X y z T Uncorrected P
27 60 -5 547 <0.001
-44 42 -8 4.05 <0.001
53 15 30 4.56 <0.001
47 29 35 3.92 <0.001
-51 17 17 47 <0.001
-54 15 24 4.36 <0.001
-48 9 30 419 <0.001
45 44 3 4.36 <0.001
53 23 9 428 <0.001
27 20 -26 4.01 <0.001
-8 36 -15 3.59 <0.001

2 32 -17 3.9 <0.001
-57 -5 33 414 <0.001
60 -15 39 3.79 <0.001
-60 27 20 3.7 <0.001
-57 -23 14 3.37 0.001
-51 -15 41 4.36 <0.001
-60 -15 35 3.65 <0.001
65 -23 32 411 <0.001
-41 5 -14 3.8 <0.001
56 9 -3 4.2 <0.001
45 0 -3 3.45 0.001
41 -7 -41 3.65 <0.001
-45 -69 -42 3.58 <0.001

We observed a significant reduction of GMCs in the dorso-
lateral prefrontal cortex (bilateral superior, middle, and infe-
rior frontal gyri) in the patients with PI. These patients showed
significantly lower scores in the digit symbol test, Stroop test,
and color reading test, which indicated that the patients with
PI had impaired attention and frontal lobe function compared
to NCs even after controlling for age, sex, and years of educa-
tion. Moreover, the ISI and WASO of the patients with PI were
negatively correlated with GMCs in the middle and/or inferior
frontal gyri. A first published VBM study in patients with PI re-
ported that there was no correlation between insomnia severity
and duration and GM deficit in prefrontal cortex.'s There was
no prior hypothesis regarding correlation between regional GM
deficit and clinical and sleep data in patients with PI. However,
these preliminary results showing significantly negative corre-
lation may support the possible relationship of the prefrontal
cortex with sleep quality.

Nonverbal memory was significantly impaired in patients
with PI compared with NCs. The data from numerous stud-
ies support the role of sleep for memory registration and con-
solidation. Visual declarative memory performance has been
significantly associated with total sleep time, sleep efficiency,
duration of nonrapid eye movement sleep (NREM) and number
of NREM-rapid eye movement sleep cycles.?** We observed
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that Rey-Osterrieth Complex Figure Test scores, which reflect
nonverbal memory function, were significantly associated with
total sleep time (r = 0.765, P = 0.012) and sleep efficiency
(r = 0.691, P = 0.038) in patients with PI. This suggests that
a lack of sleep and poor sleep quality may cause non-verbal
memory dysfunction.

GM deficits in the dorsolateral prefrontal cortex may provide
the anatomical substrates to be related to attention deficit, fron-
tal lobe dysfunction, and nonverbal memory decline of patients
with PI, which might be associated with poorer sleep.

GM Deficits in Precentral and Postcentral Gyri in Patients with PI

Although no structural imaging study presented the GM
changes in the precentral gyrus in individuals with chronic insom-
niacs, functional alterations related to precentral areas had been
reported. An electroencephalography study using high-density
source mapping in individuals with chronic insomnia revealed
hypoactivation of the premotor region, ventromedial prefrontal
cortex, and anterior cingulate.’' Individuals with chronic insom-
nia had disturbed intracortical excitability, as evidenced by a
larger motor-evoked potential size to stimulation of precentral
area and by an attenuated intracranial facilitation in a transcranial
magnetic stimulation study.*? This abnormal excitability persist-
ed despite sleep therapy that effectively improved sleep quality,*
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Figure 1—A statistical brain map showing a decrease in gray matter concentration (GMC) in patients with chronic primary insomnia (PI) compared with
normal controls (NCs). GMCs were significantly decreased in Pl compared with NCs (uncorrected at P < 0.001, two-sample t-test) in the following brain
structures: right superior frontal gyrus, left orbitofrontal gyrus, right inferior frontal gyrus, right medial frontal gyrus, right middle frontal gyrus, right precentral
gyrus, left postcentral gyrus (A) coronal; left postcentral gyrus, left inferior frontal gyrus, right middle frontal gyrus, right inferior frontal gyrus, right superior
temporal gyrus, left middle frontal gyrus, left cerebellum, right superior frontal gyrus, left medial frontal gyus (B) sagittal; left postcentral gyrus, right middle
frontal gyrus, right precentral gyrus, left inferior frontal gyrus, right superior frontal gyrus, right inferior frontal gyrus, right superior temporal gyrus, left middle
frontal gyrus, left medial frontal gyrus (C) axial. The overall areas with reduced GMCs were shown in a three-dimensional brain surface rendering view (D).
The results were displayed with the cluster threshold more than 50 voxels. Scales in the color bar are t scores. The left side of the images represents the left
hemisphere of the brain.

Table 4—Multiple regression analyses between gray matter deficits and characteristics of patients with chronic primary insomnia

Coordinates (mm) Peak-level
Factor Location LR X y z T Z

Insomnia Severity Index Middle frontal gyrus L -35 56 9 4.430 3.730
Sleep latency,® min Postcentral gyrus R 57 -24 38 5.160 4.160
REM sleep latency, min Precentral gyrus L -29 -26 56 4.260 3.620
R 50 -1 45 4.130 3.540

WASO, min Precentral gyrus R 56 -1 42 5.510 4.360
Middle frontal gyrus L -42 12 32 4.990 4.070

Inferior frontal gyrus R 38 21 5 4.340 3.670

All values are statistically significant at the level of uncorrected P < 0.001. 2Sleep latency survived at the level of false discovery rate P < 0.05. L, left; MNI,
Montreal Neurological Institute; R, right.
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Insomnia severity index with GMC:s in left middle frontal gyrus

Figure 2—Significant brain regions showing negative correlation with characteristics of patients with chronic primary insomnia. With the controlled confounders
of age, sex, and intracranial volume, a negative correlation was observed between gray matter concentrations (GMCs) in the left middle frontal gyrus and
the Insomnia Severity Index (r = -0.613, P = 0.014) (A), between GMCs in the right postcentral gyrus and the sleep latency (r = -0.411, P = 0.019) (B), and
between GMCs in the right precentral gyrus and the wakefulness after sleep onset (r = -0.443, P = 0.018) (C).

which implied that individuals with chronic insomnia might have
accompanying functional and structural abnormalities in the pre-
central area. In the current study we found that reduced GMC in
the right precentral gyrus was significantly related to longer du-
ration of WASO. This finding suggests that disturbed nocturnal
sleep might have a harmful effect on the precentral area.

The postcentral gyrus is the main receptive region for exter-
nal stimuli as the location of the primary somatosensory cortex.
Individuals with chronic insomnia have difficulty disengaging
from the awakening process at sleep onset.** Recently, the post-
central gyrus was implicated with the default mode network,*
which are functional brain hubs showing coupled signal fluc-
tuations in the absence of external stimuli during restful waking
and sleep.*> Our patients had more prolonged sleep latencies
on PSG than NCs, and sleep latency was negatively correlat-
ed with GMCs in the right postcentral gyrus. These observa-
tions suggest that alterations of GM in the postcentral gyrus
in patients with PI are related to difficulty in sleep initiation of
patients due to a reduced capacity to disengage from external
information processing.
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GM Deficits in Lateral Temporal Cortices in Patients with Pl

The superior temporal cortex contains the primary auditory
area, which is responsible for sound processing. Normal activa-
tion of the auditory cortex is decreased to help maintain sleep
in response to external stimuli.** However, individuals with
chronic insomnia are hypervigilant and ruminative according
to neurocognitive models,’”* and show an excessive hyper-
arousal of the central nervous system throughout the night in
electrophysiological studies.* We found the reduction of GMC
in the left and right superior temporal gyri in patients with PI,
which might suggest the altered processing of external stimuli
in the auditory cortex, which results in a hyperarousal state dur-
ing sleep and related sleep onset, and the ensuing maintenance
of insomnia.

Comparison with a Previous VBM Study

Recently Altena et al.'® reported the first VBM results in pa-
tients with chronic primary insomnia.”” They reported smaller
GM volumes in the left orbitofrontal and parietal cortices in
insomnia patients and the negative correlation between orbito-
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frontal GM and insomnia severity, without any correlation with
mood ratings.'> We observed similar GM changes in the orbito-
frontal gyrus, not in the precuneus. Orbitofrontal involvement
in sleep vulnerability appears a robust finding.** The ISI scores
of our patients with PI were inversely correlated to GM in the
dorsolateral prefrontal cortices. Several factors may be respon-
sible for these partial discrepancies. The subject characteristics
between the current and prior studies could be different. Vol-
ume reduction in the orbitofrontal cortex has been related to
major depression*' and advanced age.** In the study of Altena
et al.,"”” in only one patient the diagnosis of major depression
with a prior history of antidepressant medication use was made.
We also excluded patients who had a history of any kind of
psychiatric disease and use of antidepressants, hypnotic agents,
or anxiolytic agents to avoid chronic mood or medication ef-
fects on the brain. Mean age of patients in their study'® was
older (60.3 y) than our patients with PI (52.3 y). Aging also may
have influenced the results. Another factor may be difference
in analysis methods between the two VBM studies. They used
optimized VBM analysis,'* which is known to have a circularity
problem.'” To avoid the problem of registration,* we adopted
SPMS8-based VBM embedded in a newly developed registra-
tion method (DARTEL), which is more sensitive to identify dif-
ferences of GM and WM. '® Different methodologies may lead
to different results in neuroimaging studies.

Previous VBM studies by Altena et al.'® demonstrated the
areas showing only GMV reduction in patients with chron-
ic insomnia. In the current study, we observed the decreases
in both GMC and GMV and brain regions showing volume
changes were much smaller than that with concentration reduc-
tion. In optimized VBM, GMC in the local unit (i.e., voxel)
can be transformed to the GMV through the commonly known
“modulation” process while accounting for regional stretch-
ing and compression occurring during coregistration.'” The
GMC is generally interpreted as GM tissue density relative to
WM whereas GMV as absolute volume regardless of WM.#
Quantifying these two measures does not necessarily lead to
overlapped results due to their different underlying properties
and rather complements aspects of brain structural alterations.'”
According to previous neuroimaging studies,”-*® we therefore
reported the results of both metrics.

It should be noted that the current study has several limita-
tions. We presented the results of group differences and correla-
tion analyses with a statistical threshold of P<0.001 uncorrected
level. When multiple comparison analyses had been performed
using family-wise error or false discovery rate, no brain regions
remained significant. Sleep latencies on PSG showing negative
correlation with GMC in patients with PI had survived after
correction of multiple comparisons. Because there was no a
priori hypothesis for the correlations between GM and the de-
mographics, PSG parameters, and neuropsychological factors,
we performed regression analyses between them. To the best of
our knowledge, insomnia severity was reported to be negatively
correlated with left orbitofrontal GM volume without correc-
tion."

Although GM deficits in our patients with PI might not be
large enough to survive in the analyses of multiple comparison,
it seems to be clear that structural changes of brain may be as-
sociated with the chronic insomnia. As the other study' pointed
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out, GM deficit might precede the development of chronic in-
somnia because GM reductions were not correlated with in-
somnia duration, as in our study. GM reduction as well as a lack
of sleep or poorer sleep quality in the patients with PI might be
responsible for clinical features and cognitive dysfunction in
chronic insomnia.
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