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Abstract

Study Objectives: Suggested neural correlates of insomnia disorder have been hard to replicate. Even the most consistent nding, altered white
matter microstructure in the anterior limb of the internal capsule, is based on handful studies. The urge for replicable targets to understand the
underlying mechanisms of insomnia made us study white matter fractional anisotropy (FA) across three samples of cases and controls.
Methods: 3-Tesla MRI diffusion tensor imaging data of three independent samples were combined for analysis, resulting in n = 137
participants, of whom 73 were diagnosed with insomnia disorder and 64 were matched controls without sleep complaints. Insomnia

severity was measured with the Insomnia Severity Index (ISI). White matter microstructure was assessed with FA. White matter tracts were
skeletonized and analyzed using tract-based spatial statistics. We performed a region-of-interest analysis using linear mixed-effect models to
evaluate case control differences in internal capsule FA as well as associations between internal capsule FA and insomnia severity.

Results: FA in the right limb of the anterior internal capsule was lower in insomnia disorder than in controls ( = 9.76e 3; SE=4.17e 3,

p = .034). In the entire sample, a higher ISI score was associated with a lower FA value of the right internal capsule ( = 8.05e * FA/ISI point,
SE = 2.60e *, p =.008). Ancillary whole brain voxel-wise analyses showed no signi cant group difference or association with insomnia severity
after correction for multiple comparisons.

Conclusions: The internal capsule shows small but consistent insomnia-related alterations. The ndings support a circuit-based approach to
underlying mechanisms since this tract connects many brain areas previously implicated in insomnia.

Statement of Signi cance

Insomnia disorder is a major burden for individuals and society alike. While the current rst-line treatment for insomnia is highly effective
on average, it brings insuf cient relief to a considerable proportion of people. Knowledge of underlying vulnerability and associated de-
viations in brain structure and function can provide rational targets for the development of novel treatment. Explorative neuroimaging
studies reported equivocal ndings on the involvement of white matter tracts. We here con rm altered white matter microstructure in
the internal capsule in insomnia disorder across three independent samples. Interestingly, this structure connects brain areas where
insomnia-related alterations have previously been reported. It may, therefore, be hypothesized that the risk of insomnia involves a vul-
nerability anywhere in this circuit, not necessarily showing voxel-wise overlap across individuals. Since the circuit accommodates the
so-called salience and limbic networks, it could help direct the development of novel interventions. These might, for example, target coping
with altered sensory processing, attention, or emotion regulation.
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Introduction

Insomnia disorder is one of the most prevalent mental disorders,
affecting about 10% of the general population [1, 2]. Insomnia
complaints include dif culty falling asleep, maintaining sleep,
early morning waking, and subjectively impaired daily func-
tioning. If insomnia symptoms occur at least three times a week
and persist for more than 3 months, a diagnosis of insomnia
disorder can be considered [3]. We will here refer to insomnia
disorder as insomnia . People with insomnia are more likely to
experience impaired academic performance or work disability
[4, 5]. In addition, insomnia is associated with an increased
risk of obesity, cardiovascular disease [6, 7], and psychiatric
disorders, such as depressive and anxiety disorders [8, 9].
Neurobiological mechanisms underlying insomnia are still elu-
sive [10]. Neuroimaging studies on insomnia have usually been
explorative, with low reproducibility, and remain inconclusive
about pathophysiology [11, 12]. Studies demonstrating replic-
able results in larger samples are direly needed. Because indi-
vidual differences in objective sleep quality and white matter
microstructure are associated [13], several studies investigated
white matter microstructure in insomnia but with varying out-
comes [14 16]. Currently, the most consistent nding may be
that people with insomnia show an altered microstructure in
the anterior limb of the internal capsule [14 16]. This structure
forms a white matter hub with numerous ber bundles to and
from, for example, the prefrontal cortex [17]. The anterior limb of
the internal capsule accommodates connections of brain areas
that change their activity in association with wake and sleep
states, such as the thalamus, prefrontal cortex, and pontine
brain stem [18, 19]. The anterior limb of the internal capsule also
connects brain areas that show altered structure or function in
insomnia, such as orbitofrontal cortex (OFC), anterior cingulate
cortex (ACC), putamen, and the head of the caudate nucleus
[20 26]. This makes the anterior internal capsule a white matter
region of particular interest in insomnia. White matter micro-
structure can be quanti ed by fractional anisotropy (FA) from
diffusion tensor images. FA represents the degree of direction-
ality of water diffusion in tissue and ranges from zero (equal
diffusion in all directions) to one (diffusion in only one direc-
tion). A lower FA in white matter regions indicates an alteration

Table 1. Group demographics and polysomnographic sleep
parameters

Control Insomnia

(N =64) (N=73) P-value
Male/female 22/42 16/57 .152
Age (years) 43.33 (14.7)  46.47 (13.8) .203
Duration of insomnia (years) 19.20 (15.13)
Insomnia Severity Index 3.56 (4.1) 16.42 (5.0) <.001*

Objective sleep (PSG)

Total sleep time (min) 431.81 (53.1) 403.75 (67.9) .011*

Sleep onset latency (min) 15.13 (18.1)  13.29 (11.8) .504
Wake after sleep onset (min)  29.62 (21.2) 56.22 (48.2) <.001*
Sleep ef ciency (%) 90.48 (7.0) 84.67 (11.0) .001*

Mean (standard deviation) provided where relevant. Insomnia duration and

polysomnography (PSG) measures were not available for all participants.

Objective sleep measures are reported in minutes (min) or as percentage (%).
Ninsomma = 62

N =125 (N

*p <.05.

conror = 80 Nipgomnia = 65)-

of the microstructure. This could be a lesser degree of myelin-
ation, a different proportion of crossing bers or an alteration
in the interstitial space between bers [27]. The current study,
therefore, investigated whether lower FA in the internal capsule
in insomnia could robustly be demonstrated across three inde-
pendent neuroimaging study samples. Furthermore, we con-
ducted whole brain voxel-wise analyses to explore additional
white matter differences in insomnia.

Methods
Participants

Participants with insomnia and controls without sleep com-
plaints were recruited through advertisement or through the
Netherlands Sleep Registry (www.sleepregistry.org). Applicants
were eligible if they were between 18 and 70 years of age. After
application, participants were contacted by phone and later
face-to-face to evaluate whether they met the inclusion criteria,
did not meet exclusion criteria, and whether people reporting
insomnia symptoms met the criteria for insomnia disorder.
Exclusion criteria were (1) a current diagnosis of sleep apnea, (2)
restless leg syndrome, (3) narcolepsy, (4) any other neurological,
psychiatric, or somatic disorders, (5) the use of sleep or other
psychotropic medication in the 2 months prior to the study,
(6) current shift work, or (7) any magnetic resonance imaging
(MRI) contraindication such as non-MR compatible metal im-
plants, claustrophobia, or pregnancy. In the case of participants
reporting insomnia, we determined whether they ful lled the
diagnosis of insomnia disorder in accordance to the International
Classi cation of Sleep Disorders, Third edition [28], Diagnostic and
Statistical Manual of Mental Disorders, Fourth [29] or Fifth edition
[3], and included quanti cation of the duration of the disorder.
Comorbid sleep-disorders were part of the exclusion criteria
and assessed in the following way. First, the screening included
questions on diagnosed sleep disorders as well as validated ques-
tionnaires to detect undiagnosed probable comorbid sleep dis-
orders, including restless legs, sleep apnea, and circadian rhythm
disorders. Candidates with a diagnosis or probable diagnosis
were excluded. Second, polysomnography (PSG) included video,
audio, tibialis electromyography (EMG), and respiratory belts.
EMG signal was visually inspected on periodic leg movements
and breathing belt signals on phase asynchrony that could re-
ect respiratory effort to overcome upper airway obstruction. If
there were symptoms suggesting sleep disorders other than in-
somnia, the participant was excluded from the analysis. The
procedures led to exclusion of 17 people. For this study, 170 parti-
cipants were included who had diffusion-weighted images. After
quality control, 33 were excluded due to insuf cient quality of
the diffusion-weighted images. The nal sample (see Table 1) in-
cluded 73 people with ID (age M — SD = 46.5 years — 13.8, 16 male)
and 64 people without sleep problems (age M — SD = 43.3 years —
14.7, 22 male). Assessments were part of more elaborate studies
that were approved by the ethical board of the VU Medical Center
or the University of Amsterdam. Written informed consent was
obtained from all participants.

Procedures

Participants were scanned at different sites: (sample 1) the
Amsterdam UMC, location VU (GE Signa HDxt 3T; N. =22,

insomnia
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= 16), (sample 2) the Spinoza Centre Roeterseiland
(Philips Achieva 3T, N, . = 25, N = 24), and (sample
3) the Spinoza Centre for Neuroimaging (Philips Achieva 3T;
Nicomnia = 26, N =24). Participants were asked to refrain from
alcohol and drugs on assessment days and were not allowed to
consume caffeinated beverages at least 6 hours before MRI as-
sessments. The majority of participants (N, ... =65, N =60)
completed two nights of PSG in the sleep lab at the Netherlands
Institute for Neuroscience to assess objective sleep. Participants
adhered to their habitual bedtime and wake-up time. PSG was
performed using high-density electroencephalography (HD-EEG,
256-channel Electrical Geodesic Inc., Eugene, OR, Net Amps 300
ampli er, input impedance: 200 M , A/D converter: 24 bits).

control

control

control

MRI acquisition

Diffusion-weighted imaging was performed using an 8-channel
head coil (sample 1) or a 32-channel head coil (samples 2 and 3).
Head motion during scanning was restricted by foam pads. In
sample 1, diffusion-weighted data were acquired using a single-
shot echo-planar imaging sequence with 30 diffusion gradient
directions (b = 1,000 s/mm?) preceded by ve additional im-
ages without diffusion weighting (b = 0 s/mm?). The sequence
parameters were as follows: 14,000 ms repetition time, 85.5 ms
echo time, 256 256 matrix, 256 256 mm eld of view, 2.4 mm
section thickness, voxel size 1 mm?, and 48 transverse sections
(slices) without gap covering the whole brain. In samples 2 and 3,
diffusion-weighted data were acquired using a single-shot echo-
planar imaging sequence with 32 diffusion gradient directions
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(b = 1,000 s/mm?) followed by one additional image without dif-
fusion weighting (b = 0 s/mm?). Scanning parameters: 16,070 ms
repetition time, 48 ms echo time (shortest), 112 112 matrix,
224 224 mm eld of view, 2 mm section thickness, voxel size
2 mm? (isotropic), and 65 transverse sections (slices) without gap
covering the whole brain.

MRI preprocessing

Diffusion-weighted data were analyzed with FMRIB s Diffusion
Toolbox of FMRIB Software Library (FSL) Version 5.0.10 [30]. FSLs
Eddy tool was used to correct for head motion, eddy currents,
and inter-slice intensity outliers [31, 32]. Further analysis of FA
data was based on tract-based spatial statistics [33]. First, in-
dividual FA images were created by tting a tensor model to
the raw diffusion data. After brain extraction [34], all partici-
pants FA images were alignedtoal 1 1 mm targetFA image
(FMRIB58_FA; FMRIB Software Library) using nonlinear registra-
tion [35, 36]. Next, the aligned FA images were transformed into
the Montreal Neurologic Institute 152 template using af ne re-
gistrations. A mean FA image across all participants was gener-
ated and thinned to create a mean FA skeleton which represents
the centers of all tracts common to the sample. We set an FA
threshold of 0.3 to form the skeleton, a spatial representation
of the majority of major white matter ber bundles. In the nal
step, the aligned FA data of all participants were projected onto
this skeleton by searching for the local center of the relevant

ber tract. For the region of interest analysis, we calculated a
separate mean FA value for the left and right anterior limb of the

Figure 1. Study-speci c FA skeleton used for analysis. Green represents the mean FA skeleton across all participants. Red depicts the left and right mask of the an-
terior limb of the internal capsule which was used to calculate the mean FA value of the structure. Underlying gray-scale images are the Montreal Neurologic Institute

152-T1 1 mm template.
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