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Abstract: Chronic insomnia is one of the most prevalent central nervous system diseases, however, its
neurobiology is poorly understood. Up to now, nothing is known about the integrity of white matter
tracts in insomnia patients. In this study, diffusion tensor imaging (DTI) was used in a well-
characterized sample of primary insomnia (PI) patients and good sleeper controls to fill this void. Vox-
elwise between-group comparisons of fractional anisotropy (FA) were performed in 24 PI patients (10
males; 14 females; 42.7 6 14.5 years) and 35 healthy good sleepers (15 males; 20 females; 40.1 6 9.1
years) with age and sex as covariates. PI patients showed reduced FA values within the right anterior
internal capsule and a trend for reduced FA values in the left anterior internal capsule. The results
suggest that insomnia is associated with a reduced integrity of white matter tracts in the anterior inter-
nal capsule indicating that disturbed fronto-subcortical connectivity may be a cause or consequence of
the disorder. Hum Brain Mapp 35:3431–3438, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Chronic insomnia is one of the most prevalent central
nervous system diseases [Morin and Benca, 2012]. While
often viewed as a nuisance symptom in clinical practice, it
is associated with a severely reduced quality of life [Kyle
et al., 2010b], cognitive impairments [Fortier-Brochu et al.,
2012], physical complaints [Buysse et al., 2007] and poor
social functioning [Kyle et al., 2010a]. Furthermore, chronic
insomnia confers a substantially increased risk for psychi-
atric disorders, especially depression [Baglioni et al., 2011;
Riemann and Voderholzer, 2003], and cardiovascular mor-
bidity and mortality [Sofi et al., in press]. Accordingly,
insomnia is associated with a huge increase in health care
consumption, work disability and absenteeism, and,
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consequently, with very high costs for our societies
[Shahly et al., 2012]. For the US, the costs of insomnia due
to low work performance and absenteeism have been esti-
mated to exceed 60 billion $ per year [Kessler et al., 2011].
Thus, insomnia significantly contributes to the major dis-
eases of our aging society and to a significant part of the
health expenses. Despite the huge socio-economic impact
of chronic insomnia, its neurobiological causes and conse-
quences are poorly understood. Structural neuroimaging
studies reported inconsistent results. While a number of
cross-sectional studies suggested that hippocampus vol-
umes may be reduced in insomnia patients [Neylan et al.,
2010; Riemann et al., 2007; Taki et al., 2012], other investi-
gations did not find this effect [Altena et al., 2010; Joo
et al., 2013; Noh et al., 2012; Spiegelhalder et al., 2013;
Winkelman et al., 2010]. Similarly, frontal lobe morphome-
try may be altered in insomnia according to two investiga-
tions [Altena et al., 2010; Joo et al., 2013] but was not
found to be different from normal in another one [Spiegel-
halder et al., 2013]. In contrast to this body of research,
nothing is known about structural connectivity in insom-
nia although a reduction in white matter integrity is gener-
ally assumed to be involved in the pathophyiology of
psychiatric disorders [Kanaan et al., 2005; Sexton et al.,
2009]. Diffusion tensor imaging (DTI) is a magnetic reso-
nance imaging (MRI) technique that allows the investiga-
tion of white matter integrity. Fractional anisotropy (FA),
the most commonly used parameter in DTI studies, indi-
cates the degree of directionality of water diffusion in the
tissue and has a range of zero (complete isotropic diffu-
sion, i.e. equal diffusion in all directions) to one (complete
anisotropic diffusion, i.e. diffusion in only one direction).
Of particular importance for the current study, decreased
FA values can be attributable to decreased fiber coherence
which may result from a degenerative process. The aim of
the current study was to analyze the integrity of white
matter tracts in insomnia patients in comparison with
good sleeper controls. It was hypothesized that insomnia
is associated with abnormal FA levels.

MATERIALS AND METHODS

Participants

Twenty-eight patients meeting diagnostic criteria for pri-
mary insomnia (PI) according to DSM-IV-TR (American
Psychiatric Association, 2000) and 40 good sleeper controls
were included in the present study. Structural brain imag-
ing results of this sample obtained by analyzing T1-
weighted MRI data have been published elsewhere [Spie-
gelhalder et al., 2013]. Insomnia patients were referred to
our sleep disorders clinic by their primary care provider
or medical specialist. Healthy controls were recruited
through local advertisements. Two control participants
were excluded from the analysis because of pathological
MRI scans; 4 PI patients as well as 3 further control partic-
ipants were excluded due to missing data resulting from
technical problems during the DTI acquisition. Thus, the

final sample consisted of 24 PI patients and 35 good
sleeper controls.

A semi-standardized psychiatric and sleep-related inter-
view was conducted by an experienced psychiatrist to rule
out any lifetime history of psychiatric disorder, shift work
or sleep disorder (including hypersomnia, parasomnia,
sleep-related breathing disorder, sleep-related movement
disorder, and circadian rhythm sleep disorder). Further-
more, all participants underwent a standard physical
examination, including electrocardiogram, electroencepha-
logram (EEG), and routine blood work (blood cell count,
liver, renal, and thyroid function) to exclude those with
serious medical conditions. All participants were right-
handed, as assessed with the Edinburgh Handedness
Inventory [Oldfield, 1971] and free of any psychoactive
medication at least 2 weeks prior to and during the study.
Participants with a periodic leg movements during sleep
arousal index per total sleep time of more than 5.0=h or a
sleep apnea index per total sleep time of more than 5.0=h
were not included in this study.

All study participants were asked to complete the
Insomnia Severity Index [ISI; Bastien et al., 2001], the Pitts-
burgh Sleep Quality Index [PSQI; Buysse et al., 1989], the
brief version of the Dysfunctional Beliefs and Attitudes
about Sleep Scale [DBAS-16; Morin et al., 2007], the Glas-
gow Sleep Effort Scale [GSES; Broomfield and Espie, 2005],
the Pre-Sleep Arousal Scale [PSAS; Nicassio et al., 1985],
the Epworth Sleepiness Scale [ESS; Johns, 1991], the Beck
Depression Inventory [BDI; Beck and Steer, 1987], and the
State-Trait Anxiety Inventory [STAI; Spielberger et al.,
1983].

The study was conducted in accordance with the Decla-
ration of Helsinki. The study protocol was approved by
the Institutional Review Board of the University Medical
Center Freiburg. All participants gave their informed writ-
ten consent prior to inclusion in the study.

Polysomnography

As outlined in detail in Spiegelhalder et al. [2013], all
participants underwent two consecutive nights of PSG
sleep monitoring. Sleep was recorded for 8 h from “lights
out” (10–11 pm) until “lights on” (6–7 am) and was scored
visually by experienced raters according to standard crite-
ria (American Academy of Sleep Medicine, 2007). All par-
ticipants had to refrain from alcohol, caffeine, and daytime
naps during the recording days.

MRI Acquisition and Analysis

T1-weighted MRI and DTI data were acquired on a 3
Tesla MRI scanner (Magnetom TIM-Trio, Siemens, Erlan-
gen, Germany). T1 data were acquired using an MPRAGE
sequence (TR 2.2 s; TE 2.6 ms; 160 sagittal slices of 256 3

256 voxels, 1.0 3 1.0 3 1.0 mm3; Mugler, 3rd and Brooke-
man, 1990). All scans were inspected for the absence of
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pathological findings by a neurologist under the supervi-
sion of a board-certified neuroradiologist.

The diffusion-weighted data were acquired using a
diffusion-weighted single-shot spin-echo echo-planar
sequence along 31 noncollinear directions (TR 9.9 s; TE
101 ms; 16 axial slices of 128 3 128 voxels, 2.0 3 2.0 3 2.0
mm3; effective b-value of 1,000 mm2/s; motion and distor-
tion correction by scanner software, Zaitsev et al., 2004).
An additional measurement without diffusion weighting
(b 5 0 mm2/s) was performed to allow calculation of the
apparent diffusion coefficient values. Head motion was
restrained by using cushions and proper instructions.

SPM8 (http:==www.fil.ion.ucl.ac.uk=spm=) was used for
the preprocessing of the data and the generation of FA maps.
Preprocessing included segmentation, coregistration with the
anatomical image, normalization and smoothing (FWHM, 8
mm). The voxel-based analyses of the FA maps were con-
ducted using the AFNI software [Cox, 1996]. These analyses
were restricted to white matter voxels. The corresponding
group-common white matter mask included 56,181 voxels. It
was generated by including all non-zero voxels after multi-
plying the normalized individual white matter masks as
obtained by the SPM8 segmentation algorithm.

A Monte-Carlo simulation using the AFNI program
“3dClustSim” was performed to estimate the probability
of false positive clusters. According to this, overall statisti-
cal significance of P < 0.05 was obtained for whole-brain
analysis by considering cluster sizes of at least 736 mm3

(92 voxels) at a voxel threshold of P < 0.005 (T > 2.93).
MRIcron (http:==www.mricro.com=mricron=install.html)
was used for three-dimensional visualization of the results
on a ch2better.nii.gz atlas.

For each participant, mean FA values were calculated
for those areas that were found to have significantly
decreased FA values in insomnia patients. Using multiple
linear regression analyses with age and sex as covariates,
the relationship between these indicators of white matter
integrity and the following variables were investigated: (a)

TABLE I. Description of the study population (means 6

standard deviations)

PI patients Healthy controls t=v2 P

Sex (M=F) 10=14 15=20 0.01 0.928
Age (years) 42.7 6 14.5 40.1 6 9.1 0.84 0.402
BMI (kg=m2) 23.2 6 2.0 23.1 6 3.4 0.17 0.868
ISI 15.9 6 3.0 2.5 6 2.3 19.32 <0.001
PSQI 11.2 6 2.8 3.8 6 1.8 12.30 <0.001
DBAS-16 4.7 6 1.4 2.3 6 1.0 7.57 <0.001
GSES 7.0 6 2.5 1.2 6 1.5 11.07 <0.001
PSAS – cognitive 17.8 6 6.1 13.6 6 4.3 3.14 0.003
PSAS – somatic 12.0 6 3.9 10.3 6 3.0 1.92 0.060
ESS 8.0 6 4.5 6.9 6 3.9 1.07 0.290
BDI 8.2 6 4.4 3.6 6 3.3 4.62 <0.001
STAI – state 34.5 6 6.7 34.6 6 6.3 20.05 0.957
STAI – trait 40.5 6 7.4 33.0 6 7.3 3.85 <0.001

TABLE II. Polysomnographic data (means 6 standard deviations)

First Night: PI patients Healthy controls t P

First Night

Total sleep time (min) 351.9 6 60.0 380.9 6 48.8 22.03 0.047
Sleep efficiency (%) 73.3 6 12.3 79.4 6 10.1 22.05 0.045
Sleep onset latency (min) 28.7 6 18.3 21.7 6 19.9 1.36 0.180
Wake after sleep onset (min) 87.8 6 47.6 69.5 6 39.8 1.59 0.118
Number of awakenings 32.2 6 16.4 40.3 6 15.0 21.95 0.057
Arousal index=TST (h-1) 19.7 6 7.1 20.8 6 7.8 20.54 0.591
Sleep apnea index=TST (h-1) 0.3 6 0.8 0.4 6 0.5 20.26 0.793
PLMS arousal index=TST (h-1) 0.3 6 0.6 0.4 6 0.8 20.58 0.566
Stage 1 (% SPT) 10.4 6 5.2 11.4 6 4.9 20.75 0.454
Stage 2 (% SPT) 47.6 6 9.7 49.1 6 8.6 20.63 0.534
SWS (% SPT) 7.7 6 7.8 7.0 6 6.8 0.37 0.716
REM (% SPT) 14.3 6 4.4 17.0 6 5.2 22.03 0.047

Second Night

Total sleep time (min) 387.4 6 53.2 415.2 6 24.6 22.71 0.009
Sleep efficiency (%) 80.7 6 11.1 86.5 6 5.1 22.70 0.009
Sleep onset latency (min) 16.6 6 10.8 18.1 6 17.1 20.39 0.695
Wake after sleep onset (min) 65.3 6 45.3 42.1 6 17.2 2.76 0.008
Number of awakenings 31.1 6 11.9 36.5 6 13.8 21.55 0.126
Arousal index = TST (h-1) 16.9 6 6.1 16.1 6 6.5 0.49 0.629
Stage 1 (% SPT) 8.3 6 4.0 9.1 6 4.5 20.69 0.491
Stage 2 (% SPT) 50.9 6 9.6 53.6 6 5.8 21.37 0.177
SWS (% SPT) 9.5 6 8.8 8.7 6 7.4 0.38 0.704
REM (% SPT) 16.8 6 6.4 19.4 6 3.8 22.00 0.050
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total sleep time (TST) of the second sleep laboratory night,
(b) ISI scores, (c) BDI scores, and (d) STAI trait scores.

RESULTS

Sample Characteristics

Demographic characteristics and psychometric data of
the study sample are presented in Table I. The groups did

not differ significantly in sex distribution, age or body
mass index (BMI). The PI patients had significantly higher
ISI, PSQI, DBAS-16, and GSES scores as well as higher
scores on the cognitive subscale of the PSAS. Furthermore,
BDI scores were increased in PI patients even after exclud-
ing the two sleep-related items [PI patients: 5.2 6 4.0,

good sleeper controls: 3.1 6 2.9, t(57) 5 2.34, P 5 0.023]

and trait anxiety was increased as indicated by the trait

Figure 1.

Brain areas that showed reduced (right hemisphere) or a trend for reduced (left hemisphere) FA val-

ues for insomnia patients. For the illustration of the cluster in the left hemisphere, the minimal cluster

size for this figure was set at 320 mm3 (40 voxels) at a voxel threshold of P < 0.005 (T > 2.93).
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subscale of the STAI. No significant group differences

were found for the somatic subscale of the PSAS, the ESS,

and the state subscale of the STAI.
Three insomnia patients suffered from sleep-onset

insomnia, 6 from sleep-maintenance insomnia, and 14
from mixed insomnia. One patient had a complaint of
nonrestorative sleep in the absence of difficulties initiating
and maintaining sleep. The average duration of primary
insomnia was 12.0 6 10.9 years.

Polysomnography

The data of the polysomnographic investigation are pre-
sented in Table II. In both nights, PI patients had a signifi-
cantly lower total sleep time and sleep efficiency
compared with good sleeper controls. Additionally, PI
patients had a significantly decreased REM % in the first
night and a significantly increased wake after sleep onset
in the second night.

Diffusion Tensor Imaging

Corrected for multiple comparisons, a significant cluster
of 101 voxels with reduced FA values in PI patients was
found within the right anterior internal capsule (see Fig.
1). Of note, Figure 1 additionally shows a cluster in the
left anterior internal capsule which was also found to

show reduced FA values in insomnia. However, the size
of this cluster (80 voxels) narrowly failed to reach the
required cluster size for statistical significance. The mean
FA values of all participants in these two areas are pre-
sented in Figure 2.

Mean FA values in the area within the right internal
capsule were significantly associated with ISI scores [t 5

22.55, P 5 0.014; see Fig. 3], but not with TST of the sec-
ond sleep laboratory night [t(55) 5 0.79, P 5 0.44], BDI
scores [t(55) 5 20.13, P 5 0.90] or STAI scores [t(55) 5

21.23, P 5 0.23]. Similarly, mean FA values in the left
internal capsule were found to be significantly correlated
with ISI scores [t(55) 5 23.08, P 5 0.003; see Fig. 3], but
not with TST of the second sleep laboratory night [t(55) 5

0.39, P 5 0.70], BDI scores [t(55) 5 20.51, P 5 0.61], or
STAI scores [t(55) 5 21.32, P 5 0.19].

DISCUSSION

This is the first study to report disruptions of white mat-
ter integrity in PI, i.e. insomnia in the absence of a somatic
or mental illness. The results suggest that insomnia is
associated with a reduced integrity of white matter tracts
in the anterior internal capsule.

The anterior internal capsule contains fibers connecting
subcortical nuclei and the prefrontal cortex including fron-
tothalamic and frontopontine fibers [Alexander et al., 1986,
1990; Axer and Keyserlingk, 2000; Haber and Calzavara,
2009]. The pons, the thalamus and the prefrontal cortex
are key structures for the regulation of sleep and wakeful-
ness [Saper et al., 2005], and synchronized activity in a
cortico-thalamic feedback-loop is thought to underlie the
emergence of consolidated NREM sleep [Steriade, 2006].
Furthermore, altered function in fronto-subcortical circuits
has been suggested to be involved in the pathophysiology
of insomnia [Cano et al., 2008; Nofzinger et al., 2004].
While the exact neurobiological mechanisms underlying
insomnia remain unclear, it seems reasonable to assume
that reduced white matter integrity in the anterior internal
capsule may contribute to disturbed sleep-specific fronto-
subcortical neuronal synchronization and, thus, to the
experience of insomnia.

It has also been suggested that disturbed fronto-
subcortical connectivity is a key factor of psychopathology
[Mega and Cummings, 1994]. In line with this, decreased
FA values in the internal capsule were found in affective
disorders [Haznedar et al., 2005; Sussmann et al., 2009;
Zhang et al., 2013; Zou et al., 2008], schizophrenia [Guo
et al., 2012; Levitt et al., 2012; Lee et al., 2013; Sussmann
et al., 2009], and ADHD [van Ewijk et al., 2012]. Further-
more, deep brain stimulation of the anterior internal cap-
sule has been reported to ameliorate symptoms in
obsessive-compulsive disorder [Abelson et al., 2005] and
depression [Malone et al., 2009]. Most psychiatric disor-
ders are characterized by sleep disturbances [Benca et al.,
1992] with a bidirectional relationship between insomnia

Figure 2.

Mean FA values for the those areas within the left and right ante-

rior internal capsule that showed reduced (right hemisphere) or a

trend for reduced (left hemisphere) FA values for insomnia

patients. Presented FA values are age-, and sex-adjusted by using

the residual method. Horizontal bars represent group means.

GSC, good sleeper controls; PI, primary insomnia.

r Reduced White Matter Integrity in Insomnia r

r 3435 r



and depression [Baglioni et al., 2011]. The current study
suggests that PI, a sleep disorder without any underlying
psychiatric comorbidity, may be associated with disturbed
white matter integrity in the anterior internal capsule.
Therefore it may be important to measure and control for
insomnia when investigating white matter integrity in
other psychiatric disorders.

Mean FA values in the left and right anterior internal
capsule were significantly related to ISI scores, but not to
the TST of the second sleep laboratory night. With respect
to these analyses, it has to be noted that the same dataset
was used for selection and selective analysis, thus result-
ing in circularity [Kriegeskorte et al., 2009]. Consequently,
the more interesting finding is the absence of a significant
relationship between polysomnographically determined
TST and white matter integrity in the internal capsule sug-
gesting a specific role of this area for subjective aspects of
insomnia.

Two limitations of the current investigation have to be
acknowledged. First, this was a cross-sectional study.
Therefore, conclusions about causality can not be drawn
and the direction of the association between insomnia and
disturbed white matter integrity in the anterior internal
capsule remains unclear. Second, primary insomnia
patients had higher depression and trait anxiety scores
than good sleeper controls. Although none of our partici-
pants had an affective or anxiety disorder, a subtle impact
of subclinical depression or anxiety on white matter integ-
rity can not be excluded. However, in the current study,

BDI and STAI values were not correlated with FA values
in the internal capsule.

In summary, our study suggests that insomnia may
either result from, or contribute to, decreased white matter
integrity in the anterior internal capsule. While the signifi-
cance of this finding for pathophysiological models of
insomnia [Espie et al., 2006; Harvey, 2002; Morin, 1993;
Perlis et al., 1997; Riemann et al., 2010, 2011, 2012] remains
to be elucidated, the current result may implicate that
insomnia is characterized by disturbed fronto-subcortical
connectivity.
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