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Abstract
Study Objectives: Suggested neural correlates of insomnia disorder have been hard to replicate. Even the most consistent finding, 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 (β = −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 (β = −8.05e− 4 FA/ISI point, 

SE = 2.60e− 4, p = .008). Ancillary whole brain voxel-wise analyses showed no significant group difference or association with insomnia severity 

after correction for multiple comparisons.

Conclusions: The internal capsule shows small but consistent insomnia-related alterations. The findings support a circuit-based approach to 

underlying mechanisms since this tract connects many brain areas previously implicated in insomnia.
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Statement of Significance

Insomnia disorder is a major burden for individuals and society alike. While the current first-line treatment for insomnia is highly effective 
on average, it brings insufficient 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 findings on the involvement of white matter tracts. We here confirm 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 difficulty 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 finding 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 fiber 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 quantified 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 

of the microstructure. This could be a lesser degree of myelin-
ation, a different proportion of crossing fibers or an alteration 
in the interstitial space between fibers [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 fulfilled the 
diagnosis of insomnia disorder in accordance to the International 
Classification of Sleep Disorders, Third edition [28], Diagnostic and 
Statistical Manual of Mental Disorders, Fourth [29] or Fifth edition 
[3], and included quantification 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-
flect 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 insufficient quality of 
the diffusion-weighted images. The final 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; Ninsomnia = 22, 

Table 1. Group demographics and polysomnographic sleep 
parameters 

Control 
(N = 64)

Insomnia 
(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 efficiency (%) 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 (%).

 †Ninsomnia = 62.
‡N = 125 (Ncontrol = 60, Ninsomnia = 65). 

*p < .05. 

http://www.sleepregistry.org


Bresser et al. | 3

Ncontrol  =  16), (sample 2)  the Spinoza Centre—Roeterseiland 
(Philips Achieva 3T; Ninsomnia  =  25, Ncontrol  =  24), and (sample 
3)  the Spinoza Centre for Neuroimaging (Philips Achieva 3T; 
Ninsomnia = 26, Ncontrol =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 (Ninsomnia = 65, Ncontrol = 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 
amplifier, input impedance: 200 MΩ, A/D converter: 24 bits).

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/mm2) preceded by five additional im-
ages without diffusion weighting (b = 0 s/mm2). The sequence 
parameters were as follows: 14,000 ms repetition time, 85.5 ms 
echo time, 256 × 256 matrix, 256 × 256 mm field of view, 2.4 mm 
section thickness, voxel size 1 mm3, 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 

(b = 1,000 s/mm2) followed by one additional image without dif-
fusion weighting (b = 0 s/mm2). Scanning parameters: 16,070 ms 
repetition time, 48  ms echo time (shortest), 112  × 112 matrix, 
224 × 224 mm field of view, 2 mm section thickness, voxel size 
2 mm3 (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]. FSL’s 
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 fitting a tensor model to 
the raw diffusion data. After brain extraction [34], all partici-
pants’ FA images were aligned to a 1 × 1 × 1 mm target FA 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 affine 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 fiber bundles. In the final 
step, the aligned FA data of all participants were projected onto 
this skeleton by searching for the local center of the relevant 
fiber 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-specific 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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internal capsule based on the skeletonized FA images (Figure 1). 
Both regions were defined by masks based on the JHU ICBM-
DTI-81 White Matter labels atlas [37].

Sleep measures

Insomnia severity was assessed with the Insomnia Severity 
Index (ISI, range 0–28) [38, 39], where higher scores indicate 
more severe insomnia complaints. The second night of PSG was 
visually scored by experienced raters according to standard pro-
cedures [40] to obtain the objective sleep measures: total sleep 
time (TST, min), sleep onset latency (SOL, min), wake after sleep 
onset (WASO, min), and sleep efficiency (SE, %). All question-
naires were completed within the measuring period. In practice, 
this was within a week of the MRI scan.

Statistical analysis

Two-sample two-tailed t-tests were used to determine differ-
ences in age, ISI, and objective sleep measures between people 
with insomnia and controls. A  Pearson χ 2 test was performed 
to determine group differences in the proportion of females 
and males. We used linear mixed-effects analysis in R (version 
3.4.3) [41] with the package lme4 [42] to evaluate multiple models 
describing FA of the anterior internal capsule. The independent 
variables that were tested included (1) an indicator variable “in-
somnia” for the diagnosis of insomnia, (2) ISI score, (3) TST, (4) 
WASO, (5) SE, and (6) insomnia duration. For each independent 
variable, we performed separate models to evaluate the mean 
FA of the left and right anterior limb of the internal capsule 
(see Table 2). Furthermore, all models included age and sex as 
covariates and “sample” as random intercept covariate. The 
random intercept variable “sample” is included to account for 
the structural differences that might occur between the three 
original studies due to the scanner site and/or scan acquisition 

parameters. Visual inspection of residual plots did not reveal de-
viations from homoscedasticity or normality. Reported p-values 
are for the fixed effect of ISI or diagnosis of insomnia on FA. 
Table  2 shows the p-values of the likelihood-ratio tests of 
the models with versus without the independent variable. 
Interaction effects between ISI and sample, age, or insomnia 
duration were tested using linear regression and/or likelihood-
ratio tests by comparing the mixed model with interaction term 
to the model without. Standardized beta’s of the linear mixed 
models were computed using the “sjstats” package [43].

For whole brain voxel-wise case–control comparison of FA 
and the association of insomnia severity with FA, we com-
bined tract-based spatial statistics [33] with permutation-
based nonparametric testing [44] (500 permutations with a 
“tail approximation” acceleration method [45]). Permutations 
were made within each sample [46]. Threshold-Free Cluster 
Enhancement was applied with a significance level set at p < 
.05 and Family Wise Error correction for multiple comparisons. 
Age and sex were added as covariates in the model. The clusters 
in the supplementary were listed using FSL’s “autoaq” function 
with the JHU ICBM-DTI-81 White Matter Labels and JHU White 
Matter Tractography Atlases.

Results

Demographic and sleep characteristics

Table  1 presents the characteristics of the insomnia and con-
trol group. Demographic characteristics of participants with 
insomnia did not differ from the controls without sleep com-
plaints. As expected, the ISI score was significantly higher 
in people with insomnia (M ± SD = 16.4 ± 5.0) compared with 
controls (3.6 ± 4.1; p < .001). With respect to objective sleep, par-
ticipants with insomnia had lower TST (p = .011), higher WASO 
(p = .001), and lower SE (p < .001).

Lower FA in the anterior internal capsule in 
insomnia

Linear mixed models were used to estimate whether inde-
pendent variables (insomnia, ISI, TST, WASO, SE, or insomnia 
duration) were associated with the mean FA of the anterior in-
ternal capsule. TST, WASO, SE, and insomnia duration showed 
no significant association with the mean FA of the right or left 
anterior internal capsule (see Table 2).

Right internal capsule FA was significantly lower in par-
ticipants with insomnia (β ID  =  −9.76e− 3; SE  =  4.17e− 3; p  =  .034). 
Lower FA in the right internal capsule was significantly asso-
ciated with higher ISI (β ISI = −8.05e− 4; SE = 2.60e− 4; p =  .008, see 
also Supplementary Figure S1). FA of the left internal capsule 
showed a similar trend level association with ISI (β ISI = −4.97e− 4; 
SE = 2.67e−4; p = .08). We found no evidence for interaction effects 
of either a diagnosis of insomnia, or ISI, with sample, age, or 
the duration of insomnia. Standardized beta coefficients show 
that the dimensional model of association of right anterior in-
ternal capsule FA with ISI (β ISI = −.148; SE =  .048; AIC = −611.3) 
is somewhat stronger than the alternative, categorical, model 
of an association of right anterior internal capsule FA with 
the presence versus absence of the diagnosis of insomnia dis-
order (β ID = −.114; SE = .049; AIC = −607.3). Although the 4 units 

Table 2. Likelihood-ratio tests of linear mixed models with different 
independent variables

Linear mixed model

Anterior limb of  
the internal 
capsule P-value

FA ~ insomnia + age + sex + (1|sample) Right .021*
Left .219

FA ~ ISI + age + sex + (1|sample) Right .002*
Left .064

FA ~ TST + age + sex + (1|sample)† Right .096
Left .104

FA ~ WASO + age + sex + (1|sample)† Right .628
Left .174

FA ~ SE + age + sex + (1|sample)† Right .252
Left .155

FA ~ insomnia duration + age + sex + 
(1|sample)‡

Right .505
Left .748

Clinical data were not available for all participants. FA, fractional anisotropy; 

ISI, Insomnia severity index; TST, total sleep time; WASO, wake after sleep 

onset; SE, sleep efficiency.
†N = 125 (Ncontrol = 60, NInsomnia = 65).
‡Ninsomnia =62.

*p <.05; P-values were obtained by likelihood ratio tests of the full model with 

the independent variable in question (insomnia, ISI, TST, WASO, SE, or in-

somnia duration) compared with the model without this variable.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa031#supplementary-data
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difference between these Akaike information criterion (AICs) 
indicates that a dimensional association of FA with insomnia 
severity is somewhat more likely than a categorical difference 
in FA between cases and controls [47], such conclusion would re-
quire replication in future studies. Estimated standardized beta 
coefficients and standard errors of the association of ISI with FA 
were of a similar order of magnitude: β ISI = −.148, SE = .048 for 
the whole sample, β ISI = −.120, SE = .081 for the subset of controls, 
and β ISI = −.098, SE = .064 for the subset of cases with insomnia 
disorder. As a result of the smaller sample sizes, significance 
was not reached in the subsamples.

Whole brain cluster analysis showed no significant 
differences in FA

Voxel-wise comparison using tract-based spatial statis-
tics showed a few clusters with lower FA values in insomnia 
including in the bilateral anterior internal capsule. After cor-
recting for multiple comparisons, there were no significant dif-
ferences in FA between insomnia and controls without sleep 
complaints or an association with ISI (see Supplementary Tables 
S1 and S2 for a list of clusters based on the uncorrected results 
of the association with ISI).

Discussion
This study set out to evaluate the robustness of the association 
between insomnia and FA in the anterior limb of the internal 
capsule. We performed a region-of-interest analysis on the an-
terior limb of the internal capsule because it may represent 
the brain region with the least equivocal association with in-
somnia [14–16]. By combining three samples, we were able to 
compile a larger dataset than commonly reported in the studies 
on insomnia disorder. People with insomnia showed signifi-
cantly lower FA values in the right internal capsule compared 
with controls without sleep complaints. In line with this finding, 
higher ISI scores were significantly associated with lower FA 
values of the right internal capsule. Ancillary subgroup analyses 
investigated whether the association of white matter micro-
structure of the right anterior limb of the internal capsule with 
insomnia severity was specifically driven by either controls or 
participants with insomnia. Whereas beta coefficients did not 
reach significance within the subgroups of only controls or par-
ticipants with insomnia, their order of magnitude was compar-
able to the standardized beta coefficient of the whole sample. 
The reductions in significance apparently result from smaller 
sample sizes. Inspection of the data did not suggest a discon-
tinuity in the slope of ISI, although admittedly the variance 
would make it difficult to find it by eyeballing (Supplementary 
Figure S1). Together, this indicates that insomnia is associated 
with altered white matter microstructure in this area. The an-
cillary whole brain voxel-wise analyses showed no significant 
group difference or association with insomnia severity after cor-
rection for multiple comparisons.
Alterations in the white matter microstructure of the anterior 
limb of the internal capsule have been linked to insomnia in 
several other studies. One previous study found that FA in the 
right anterior internal capsule was lower in people with in-
somnia than in controls and that FA in both left and right an-
terior internal capsule correlated negatively with insomnia 

severity [15]. A second study found that people with insomnia 
had lower FA values in several tracts in the right hemisphere, 
most pronounced in the anterior and posterior limbs of the in-
ternal capsule [14]. A  third study showed that people with in-
somnia had lower FA values and lower axial diffusivity values 
in tracts connecting the left thalamus and the pars triangularis 
of the prefrontal cortex [16]. Notably, the tractography results 
reported in that study show that a large proportion of the af-
fected tracts between the thalamus and pars triangularis run 
through the anterior internal capsule. Lastly, a study in a large 
sample of community-dwelling older adults reported lower 
FA in the right anterior internal capsule in participants with a 
poor sleep quality as compared with those that reported good 
sleep [48]. Robustness of lower FA in the anterior internal cap-
sule, especially in the right hemisphere, is now supported by 
our study that included three independent samples of people 
with insomnia and matched controls without sleep complaints. 
Together with the previous findings, our results underline and 
support the role of the anterior internal capsule in insomnia. 
Its neuroanatomical and functional properties deserve closer 
attention.

Numerous white matter fibers travel through the anterior 
limb of the internal capsule. The majority of the fibers serve con-
nection to and from the prefrontal cortex [17]. These connec-
tions include thalamocortical projections as well as projections 
of the prefrontal cortex to the pons and to subcortical struc-
tures, notably the head of the caudate nucleus. The anterior 
limb of the internal capsule also contains fibers that connect the 
caudate nucleus with other subcortical structures, such as the 
putamen and globus pallidus [49]. Structures connected through 
these fibers, such as the thalamus, prefrontal cortex, and pons, 
are known to modulate sleep [18, 19]. Fronto-subcortical circuits, 
for example, mediate the disrupting effects of stress on sleep in 
rodents [50]. Furthermore, previous studies report that people 
with insomnia show functional alterations in fronto-subcortical 
networks [51] and structural alterations in the fronto-limbic 
system as indicated by network properties of its white matter 
connectivity [25, 52]. Interestingly, the anterior limb of the in-
ternal capsule is surrounded by several structures reported to be 
involved in insomnia and serves their connectivity. These struc-
tures include the putamen and the head of the caudate nucleus. 
Both have been implicated in insomnia [25, 26, 53]. In addition, 
the anterior internal capsule accommodates fibers that connect 
more distant areas previously associated with insomnia, notably 
the OFC [20, 21] and the ACC [23, 24, 54]. Concertedly, the pic-
ture emerging from these findings is that insomnia involves a 
network of gray matter areas, including the OFC, ACC, putamen, 
caudate, and thalamus of which many interconnecting white 
matter tracts travel through the anterior limb of the internal 
capsule. We can only speculate about which aforementioned 
tracts specifically are involved. One possibility is that the altered 
microstructure of the anterior internal capsule in insomnia af-
fects the connectivity between the OFC and its primary projec-
tion target: the head of the caudate nucleus. Both structures 
have been associated with insomnia. Previous work, moreover, 
demonstrated a link between structural and functional devi-
ations. Reduced gray matter volume in the OFC was shown to be 
associated with insufficient functional recruitment of the head 
of the caudate nucleus [26]. Since this nucleus plays a key role 
in cortical inhibition, insufficient recruitment could contribute 
to the cortical hyperarousal, that is characteristic of insomnia 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa031#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa031#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa031#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa031#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa031#supplementary-data
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[55, 56]. The anterior limb of the internal capsule accommodates 
the primary projection of the OFC to the head of the caudate nu-
cleus. It is, therefore, conceivable that alterations in the internal 
capsule could likewise result in attenuated efferent functional 
connectivity from the OFC to the head of the caudate nucleus. 
Possibly, alterations in any of the above-described white matter 
tracts could result in a suboptimal balance and predispose in-
dividuals to hyperarousal, hypersensitivity, hyperreactivity, and 
insufficient emotion regulation, and consequently develop in-
somnia [57]. If so, it is understandable that whole brain voxel-
based studies are unlikely to always identify the same brain 
structures across studies [11, 12], as they sample from a popula-
tion with heterogeneity in the exact site(s) of alteration within 
the network. Indeed, contrary to a previous study employing 
tract-based spatial statistics [14], our study did not yield sig-
nificant differences between insomnia and controls with this 
approach, in spite of our large number of participants (n = 137). 
The stringent correction for multiple testing, that is, required 
for whole-brain voxel-based analysis, in combination with the 
possibility that alterations might be heterogeneous across par-
ticipants, could undermine the detection of differences in white 
matter. Evaluating a predefined network could be an appealing 
approach as it strongly reduces the number of comparisons, 
thus increasing statistical power. Another approach would be 
attempting to reduce heterogeneity by identifying subtypes of 
insomnia [58] that may have more similar structural or func-
tional deviations. Weak associations of brain structural meas-
ures are not only specific to insomnia, but are also characteristic 
of other mental disorders. The large sample sizes that are re-
quired to find reliable small effects benefit from pooling clin-
ical samples from many different sites. The benefits of pooling 
data transcend the disadvantage of variability due to scan site, 
as demonstrated in the successful ENIGMA cohorts.

Altered white matter microstructure in the anterior limb of 
the internal capsule is also reported in other disorders, notably 
major depression disorder where a meta-analysis reports re-
duced FA in the anterior limb of the internal capsule and a plaus-
ible correlation with depression severity [59]. An interesting 
question is also whether altered anterior internal capsule FA 
could be normalized by treatment. At present, cognitive behav-
ioral therapy for insomnia (CBT-I) is the first-line treatment for 
insomnia with results equivalent to sleep medication and no 
side effects [60]. As far as we know, the effect of CBT-I on white 
matter has not been addressed in insomnia. For other disorders, 
we could only find one study that described cognitive behavioral 
therapy (CBT) in obsessive–compulsive disorder (OCD) and its 
effects on FA [61]. OCD patients had significant lower FA in right 
orbital frontal cortex, left orbital frontal cortex, right cerebellum, 
left superior parietal gyrus, and higher FA in the right putamen 
nucleus compared with controls. After 12 weeks of CBT, several 
FA values were changed specifically in patients who responded, 
most notable in the left orbital frontal cortex, right cerebellum, 
and right putamen nucleus. After successful CBT, these brain 
areas showed no significant difference in FA between OCD and 
controls, although the authors did not report whether there was 
a significant interaction effect of time by treatment success on 
FA. It would be interesting to investigate similar effects in in-
somnia disorder.

The current study shows significant associations of insomnia 
with white matter features in the anterior limb of the internal 
capsule in the right hemisphere. A  trend was seen in the left 

hemisphere. Previous studies have reported associations either 
or both in the left and right hemispheres [14–16, 25]. Overall, 
the findings do not support the hemispheric specificity of the 
association. Due to the cross-sectional design of our study, we 
can only speculate on the causal interpretation of the altered 
white matter microstructure in the internal capsule of people 
with insomnia. We found no association between anterior in-
ternal capsule FA and insomnia duration, which is in line with 
previous work reporting no association between insomnia dur-
ation and neuroimaging measures [16, 20, 23, 26, 62]. This hints 
toward the possibility that individual differences in brain struc-
ture may predispose toward insomnia. Testing this hypothesis 
requires longitudinal studies that commence with symptom-
free participants.

This study has several limitations that should be taken into 
account. Focusing on insomnia, our sleep recordings do not 
routinely include the (oronasal) airflow and oxygen desatur-
ation sensors that would be required to formally exclude the 
presence of comorbid sleep apnea. To exclude apnea to the 
best of our ability, participants were screened extensively both 
during inclusion and by monitoring throughout the night of 
PSG. As described in Methods section, any indication of sus-
pect sleep apnea led to exclusion of the participant. Diffusion 
MRI has well-known limitations. Alterations in diffusion 
values can be driven by several factors, including fiber geom-
etry (amount of crossing fibers), axon density, axon diameter, 
and level of myelination. From our results, we can only specu-
late about which fibers within the internal capsule differ in 
insomnia. Interestingly, a recent study combining molecular 
tracing and diffusion MRI showed a relative spatial topology 
in the anterior internal capsule [63]. This topology within the 
tract represented different prefrontal cortex areas that are 
connected with subcortical areas. This finding opens up the 
possibility for future studies to distinguish between fronto-
subcortical fiber bundles.

In summary, our results support that insomnia and insomnia 
severity are associated with altered microstructure in the right 
anterior limb of the internal capsule. The anterior internal cap-
sule accommodates several tracts that connect brain areas pre-
viously related to sleep in general and insomnia in particular. 
Future studies could focus on which specific tracts within the 
anterior limb of the internal capsule are affected. Moreover, 
future studies might benefit from novel approaches that can 
account for individual differences in where exactly deviations 
within a connected circuit occur. Such approaches may be key to 
improve our understanding of the neurobiological mechanism 
underlying insomnia.
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