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Abstract

Primary insomnia (PI) is a very common phenomenon and associated with functional impairments of attention, memory and
mood regulation. However, its neurobiology is poorly understood. To date, the studies about integrity of white matter (WM)
tracts in PI patients have been still rare. In the present study, we used Automated Fiber Quantification (AFQ), which reliably and
efficiently quantified diffusion measurements at multiple locations along the WM trajectory based on diffusion tensor imaging
(DTI), to assess WM diffusion properties differences between 23 PI patients and 32 matched healthy controls in 18 tracts. The
relationships between neuroimaging differences and sleep behaviors were explored, including Pittsburgh Sleep Quality Index
(PSQI) and Insomnia Severity Index Scale (ISI). Compared with healthy control group, right arcuate fasciculus (Arc) and
superior longitudinal fasciculus (SLF) showed significant higher fractional anisotropy (FA), mean diffusivity (MD) and radial
diffusivity (RD) along tract length in PI patients (FWE corrected, p <0.01). Axial diffusivity (AD) for PI patients was higher in
right Arc and lower in right SLF. Correlation analyses revealed that FA of right Arc and MD of right SLF were negatively
correlated with PSQI score in PI patients, and AD of right Arc and FA of right SLF were positively correlated with PSQI score.
Negative correlation was observed between FA of right Arc and AD of right SLF and ISI score in PI patients. Our findings can
help us to improve the understanding of the neural mechanisms of primary insomnia at abnormalities in WM microstructure.
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Introduction

Primary insomnia is an independent psychiatric syndrome that
is characterized by difficulties in falling asleep or maintaining
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sleep for at least 1 month (Edinger et al. 2004). It is associated
with decreased quality of life and reduced work efficiency
(Léger et al. 2002; Kyle et al. 2010). In its chronic form,
primary insomnia increases the probability of medical disor-
ders like heart disease, high blood pressure, and mental disor-
ders including depression and anxiety (Breslau et al. 1996;
Chien et al. 2010; Sarsour et al. 2011).

Recent neuroimaging studies suggested that sleep distur-
bances were associated with structural and functional brain
changes, i.e., reduced gray matter (GM) density or volume
particularly in the thalamus, hippocampal, orbitofrontal cor-
tex, superior frontal cortex (Altena et al. 2010; Winkelman
et al. 2010; Joo et al. 2013; Stoffers et al. 2012; M. Li et al.
2018). Meanwhile, a number of functional neuroimaging
studies showed abnormal resting state functional connectivity
(RSFC) of the thalamus, amygdala, premotor and sensorimo-
tor cortices, anterior cingulate cortex, and medial prefrontal
cortex and insular (Nofzinger et al. 2004; Huang et al. 2012;
Yuan et al. 2013; Yongli Li et al. 2014; Yuan et al. 2016b).
Despite great progress, the brain mechanisms of primary in-
somnia remain elusive, hampering the development of effec-
tive treatments. Particularly, the functional repertoire of any
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system is ultimately determined by its structural composition.
White matter (WM) structures also play a prominent role in
regulating brain activity and mediating the functional cou-
pling between brain regions and behavior (Yuan et al. 2016a,
2017; Y. Li et al. 2017; Yuan et al. 2018a, b). To date, the
differences in WM diffusion properties of the interested tracts
between primary insomnia patients and good sleepers as well
as the behavioral implications of such differences remain
largely unclear. Therefore, it is of great significance to inves-
tigate the underlying neural mechanisms of primary insomnia
patients.

Diftusion tensor imaging (DTI), a magnetic resonance im-
aging (MRI) method, allows for a detailed quantification of
WM diffusion properties in WM in multiple directions
(Feldman et al. 2010; Baser 1995; Basser and Pierpaoli
2011). Diffusion properties are routinely used for group com-
parisons between clinical populations and control groups to
infer the neurobiology of the disease. Among primary insom-
nia patients, the abnormalities of WM diffusion properties
have been investigated and several studies have revealed sig-
nificant effects using DTI techniques, i.e. voxel-based analy-
ses (VBA) and tract-based spatial statistics (TBSS)
(Spiegelhalder et al. 2014; Shumei Li et al. 2016). They
showed that primary insomnia was associated with the re-
duced FA values compared with healthy controls in multiple
brain regions, including the right anterior internal capsule, the
right posterior internal capsule, the right anterior corona
radiata, the right superior corona radiata, the right superior
longitudinal fasciculus, the right thalamus and the corpus
callosum. However, these methods have certain limitations.
VBA does not have sufficient accuracy at the individual level
due to significant changes in the shape of long-range tracts
among subjects (Wassermann et al. 2012). TBSS cannot en-
sure that any voxel corresponds to the same area of the subject,
and the consistency of the area defined by the TBSS and the
actual location of a tract in the individual’s brain are modest
(Stephen M. Smith et al. 2006).

In the current study, we apply the automated fiber quanti-
fication (AFQ) approach, a novel and sensitive analytic meth-
odology for clinical research and practice, has overcome the
above limitation (i.e. VBA and TBSS). DTI has the potential
to improve the localization information of WM lesions be-
cause it can reveal detailed WM anatomy (Marco Catani
et al. 2002; Setsu Wakana et al. 2004). AFQ can capitalize
on the precision of tractography for automatically identifying
and localizing fiber tracts in individual brain (Yeatman et al.
2012). It can quantize the information of the diffusion mea-
surements at multiple locations along the entire trajectories for
analysis. We aim to assess diffusion properties of 20 WM
tracts systematically between primarily insomnia patients
and healthy good sleepers. We hypothesize that primary in-
somnia patients would show different diffusion properties
within the right arcuate fasciculus (Arc) and right superior

longitudinal fasciculus (SLF) compared with healthy good
sleepers, and such abnormalities would be correlated with
poor sleep quality.

Methods
Ethics statement

This study was approved by the Ethics Committee of medical
research in First Affiliated Hospital of Baotou Medical
College, Inner Mongolia University of Science and
Technology, Baotou, China. Informed written contents were
obtained from all participants.

Participants

Participants were 27 right-handed adults with primary insom-
nia (9 males, 18 females; age =42.11 £9.39 years) meeting
diagnostic criteria according to Diagnostic and Statistical
Manual of Mental Disorders, 4th edition (DSM-IV) and 39
age-, hand-, and sex-matched healthy control participants (16
males, 23 females; age =41.08 £9.17 years) at the time of
scanning (Cooper 2001). The arcuate fasciculus (Arc) could
not be tracked in 4 primary insomnia patients and 7 healthy
controls due to the consequence of the Arc exhibiting high
curvature and great partial voluming with the superior longi-
tudinal fasciculus. Thus, the final number of participants for
the primary insomnia group was 23 (6 males, 17 female; age =
41.43 £9.47 years) and for the healthy control group was 32
(14 males, 18 females; age =39.38 +9.38 years). Details were
shown in Table 1.

All primary insomnia patients complained of difficulty fall-
ing sleeping, maintaining sleep or early awakening at least
1 month, and had no other sleep disorders (including
hypersomnia, parasomnia, sleep-related breathing disorder,
sleep-related movement disorder, and circadian rhythm sleep
disorder) or other psychiatric disorders. All primary insomnia
patients were right-handed, as assessed with the Edinburgh
Handedness Inventory and free of any psychoactive medica-
tion at least 2 weeks prior to and during the study (Oldfield
1971). The healthy control participants were included in the
study according to the following criteria: good sleep quality
and a good sleep onset and/or maintenance, lower the total
score of Pittsburgh Sleep Quality Index (PSQI) than five
(Buysse et al. 1989); at least 3 months without consumption
of any stimulants, cigarettes, alcohol or coffee before the cur-
rent study; and no history of psychiatric or neurologic dis-
eases. The healthy control participants were right-handed.

Exclusion criteria for all participants were as
follows:primary insomnia caused by organic disease or severe
mental disease secondary to depression or generalized anxi-
ety; history of neurological or other physical diseases such as
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Table 1  Demographic and clinical characteristics of all participants
Parameter Primary Insomnia (PI) Healthy Control (HC) p value

Pre PI(N=27) Post PI(N=23) Pre HC(N=39) Post HC(N=32)
Gender (M/F) 9/18 6/17 16/23 14/18 0.526 0.517
Age (years) 42.11+£9.39 41.43+9.47 41.08+9.17 39.38+9.38 0.526 0.427
Education (years) 12.51+£3.72 12.96 +3.47 13.21+2.89 13.44+3.03 0.402 0.587
PSQI 13.67+3.5 13.35+3.7 3.54+1.37 425+2.14 <0.001* <0.001%*
ISI 17.3+6.44 17.74+6.5 - - - -

Data are mean =+ standard deviation (SD). N = participates. *p < 0.05
PSQI Pittsburgh sleep quality index, S/ Insomnia severity index scale

Pre_PI Pre-exclude primary insomnia subject, Post_PI Excluded primary insomnia subject
Pre_HC Pre-exclude healthy control subject, Post HC Excluded healthy control subject

respiratory, cardiac, renal, hepatic and endocrinal diseases;
addiction disorder (i.e. smoking or coffee); any medication
that might affect sleep or cerebral function within 2 weeks
before the scans; and women who were pregnant, nursing,
or menstruating.

All study participants were asked to complete the
Insomnia Severity Index (ISI), the Pittsburgh Sleep
Quality Index (PSQI) to assess sleep patterns prior to
the MRI scanning.

MRI acquisition

The participants underwent MRI scanning after completing all
the questionnaires. Meanwhile, MRI scanning was carried out
by a professional doctor to control the MRI acquisition time.
T1-weighted MRI and DTI data were acquired on a 3 T
Philips scanner (Achieva; Philips Medical Systems, Best,
The Netherlands) with an eight-channel phase-array head coil
to restrict head motion and diminish scanner noise at the First
Affiliated Hospital of Baotou Medical College, Inner
Mongolia University of Science and Technology, Baotou,
China. First, T1-weighted images for each participant were
obtained with the following parameters: repetition time
(TR) = 8.5 ms; echo time (TE) = 3.4 ms; flip angle = 12°; in-
plane matrix size =240 X 240; slices = 140; field of view
(FOV) =240 %240 mm?; slice thickness=1 mm. Then, the
DTlIs were acquired: 60 non-collinear directions (b= 1000 s/
mm?) together with an acquisition without diffusion
weighting (b= 0 s/mm?). The other imaging parameters were
75 continuous axial slices with a slice thickness of 2 mm and
no gap, FOV =256 x 256 mm?, repetition time/echo time =
9400/84 ms, acquisition matrix = 128 x 128. DTI were ac-
quired with two averages, resulting in 2 mm isotropic voxels.
Finally, gradient echo-planar images were obtained during cue
reactivity with the following parameters (TR = 2000 ms; TE =
30 ms; flip angle = 90°; FOV =240 x 240 mmz; data matrix =
64 x 64; axial slices = 30; slice thickness =5 mm and no slice
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gap, total volumes = 185). Subsequently, participants were
asked how they felt during the scan to eliminate the effect of
anxiety on the DTL

Data preprocessing

DTI data preprocessing software was available as part of
open-source mrDiffusion (http://web.stanford.edu/group/
vista/cgi-bn/wiki/index.php/mrDiffusion) implemented in
MATLAB R2015a (Math Works). Eddy current distortions
and subject motion in the diffusion tensor images were
removed by a 14-parameter constrained non-linear co-regis-
tration based on the expected pattern of eddy current distor-
tions given the phase-encode direction of the acquired data
(Rohde et al. 2004).

DTI data were aligned to the T1 anatomical scans that had
been averaged and rotated to align with the ac-pc plane.
Alignment between DTI and T1 data was achieved by regis-
tering the b0 images to the resampled T1 image using the same
mutual information maximization algorithm used for T1 image
co-registration provided through SPM8(http://www.fil.ion.ucl.
ac.uk/spm). Resampling was completed by combining the
motion correction and the anatomical registration transforms
into an omnibus transform and subsequently resampling the
data using trilinear interpolation. The rotation component of
the omnibus coordinate transform was applied to the diffusion-
weighting gradient directions to preserve their orientation with
respect to the resampled diffusion images. For each voxel in
the aligned and resampled volume, tensors were fit to the dif-
fusion measurements using a robust least-squares algorithm
designed to remove outliers and data points corrupted by mo-
tion at the tensor estimation step (Chang et al. 2005). We
computed the eigenvalue decomposition of the diffusion ten-
sor and the resulting three eigenvalues (A}, A, A3) were used to
compute fractional anisotropy (FA), axial diffusivity (AD),
mean diffusivity (MD), and radial diffusivity (RD) (Basser
and Pierpaoli 2011).
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Automating Fiber tract quantification

We used Automatic Fiber Quantification (AFQ) software
tools (https://github.com/jyeatman/AFQ) in MATLAB
R2015a (Math Works) to identify 20 white matter tracts in
each participant’s brain. AFQ mainly included three steps:
(1) whole-brain tract tractography, (2) waypoint region-of-
interest (ROI)-based tract segmentation and cleaning, and (3)
tract quantification (Fig. 1). Whole-brain tract tractography
was performed using a deterministic streamline tracking algo-
rithm (STT) with a fourth-order Runge-Kutta path integration
method and 1-mm fixed-step size (Conturo et al. 1999; Press
et al. 1994). The tracking algorithm was seeded with a white
matter mask defined as all voxels with a total FA value greater
than 0.3. For a given tract group, tracts that intersected ROI
were identified (Wakana et al. 2007). Each identified tract was
then scored based on its correspondence to the standard tract
probability map. Low-scoring tracts were discarded. The giv-
en tract groups were then limited to the central portion of the
tracts that crossed the waypoint ROIs. Next, 100 equidistant
points along each tract were identified and the position of the
tract group core was determined by the average position of
each node. At each node, the diffusion properties (i.e. FA, RD,
AD and MD) were calculated by taking a weighted average
across all tracts belonging to the tract. The contribution of
each tract to the average was weighted by the probability of

the tract as a fascicle member, calculated as the Mahalanobis
distance from the tract core. Figure 1 shows a visualization of
this concept. Yeatman et al. described AFQ in more detail
(Yeatman et al. 2012).

Statistical analyses

First, two sample t-test was used to examine differences be-
tween the primary insomnia patients and healthy controls on
demographic data and behavior performance. The test was
two tailed. Next, the diffusion properties (i.e. FA, RD, AD
and MD) mean values from corresponding points along each
AFQ-identified tract were compared between the primary in-
somnia patients and healthy controls using two sample t-test.
Then, the between-group differences at each point were tested
using the permutation-based nonparametric inferences (5,000
random permutations). The threshold for the statistical signif-
icance was set as p <0.01, using threshold-free cluster en-
hancement (TFCE) with a family-wise error (FWE) correction
for multiple comparison corrections (5,000 permutations)
(Nichols and Holmes 2001; S. M. Smith and Nichols 2009;
Eklund et al. 2016). We extracted the mean values of the nodes
showed different diffusion properties for each tract. Then,
Pearson correlation was employed to evaluate the correlation
between the abnormal properties of localized tracts and clini-
cal variables (i.e. PSQI and ISI) in the sample of primary
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Fig. 1 Tract Fractional Anisotropy (FA) Profile. a Arcuate fasciculus
(Arc) and superior longitudinal fasciculus (SLF) identified in a represen-
tative subject. b A three-dimensional rendering is shown for values of FA

along the Arc and SLF. ¢ Tract FA Profiles show the FA along the core
fiber (y-axis) at each of 100 equidistant points (x-axis) along the Arc and
SLF
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insomnia. The correlation between the total score of the PSQI
and ISI score was checked by using Pearson correlation in the
primary insomnia patients.

Results
Demographic and clinical characteristics

The demographic and clinical characteristics of the partici-
pants in this study were presented in Table 1. There were no
significant differences in gender (t=0.62, p=0.517), age (t=
0.79, p=0.427), or education (t=0.48, p=0.587) between
primary insomnia and healthy control groups. As expected,
the primary insomnia patients had higher the total score of
PSQI than healthy controls (PI: PSQI=13.35+3.7; HC:
PSQI=4.25+2.14).

Fiber tracking

Using automated tract segmentation procedures, we success-
fully identified 20 tracts in the majority of both the primary
insomnia and healthy control groups (Fig. 2). In this study,
since the Cingulum hippocampal (HCC) tract was drawn only
in 4 primary insomnia patients and 6 healthy controls used by
AFQ, the next analysis of the results did not include the left
and right HCC tracts. The reason for the tractography results
of the two HCC tracts was discussed in more detail below.

Group comparisons of tract properties

Of 18 fiber groups identified by AFQ, two exhibited signifi-
cantly differences between the primary insomnia and healthy
control participants from corresponding points along each
tract using two sample t-test (p < 0.05): the right arcuate fas-
ciculus (Arc) and right superior longitudinal fasciculus (SLF).
Figure 3 specifically showed the effects of comparing the
diffusion properties of two tracts between primary insomnia
and healthy control groups. Given the high degree of correla-
tion between neighboring points on the tract profile each point
should not be treated as an independent comparison (Yeatman
et al. 2012). We used the permutation-based nonparametric
inferences to appropriately adjust p values given the correla-
tion structure of the data. Then, compared with healthy con-
trols, the primary insomnia patients showed higher FA, MD
and RD values in the right Arc (nodes 31-80) and right SLF
(nodes 26-85)(FWE corrected, p <0.01). AD values for the
primary insomnia patients was higher in the right Arc (nodes
31-80) than healthy controls, and lower in the right SLF
(FWE corrected, p <0.01).
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White matter tracts

FMinor

Fig. 2 Tractography of 20 white matter tracts. Single subject results
are shown for each of the tracts in the left hemispheric. In the forceps
major and minor tracts, the quantification originated in the left
hemisphere and proceeded to the right. Panels illustrates the following
tracts: ATR Anterior thalamic radiation, SLF" Superior longitudinal
fasciculus, UF Uncinate fasciculus, Arc Arcuate fasciculus, /FOF
Inferior fronto-occipital fasciculus, /LF Inferior longitudinal fasciculus,
Fmajor Forceps major, Fminor Forceps minor, Cingulum Cing,
Cingulum hippocampal (HCC), CST Corticospinal tract

Association with clinical variables within the primary
insomnia group

The correlation between diffusion properties of the right Arc
and SLF and clinical variables (i.e. PSQI, ISI) in primary
insomnia patients were as follows. The FA value in the right
Arc (Fig. 4a, p =—0.023) and MD values in the right SLF (Fig.
4c, p = —0.015) in primary insomnia patients showed a nega-
tive correlation with the total score of the PSQI. The AD value
in the right Arc (Fig. 4b, p = 0.023) and the FA in the right
SLF (Fig. 4c, p = 0.045) in primary insomnia patients showed
a positive correlation with the total score of the PSQI. A pos-
itive correlation was observed between the AD value in the
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Diffusion parameters vary along the length of tracts
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Fig. 3 Group differences vary along the length of tracts. Diffusion
parameters vary along the length of the right arcuate fasciculus (Arc)
and superior longitudinal fasciculus (SLF) from primary insomnia pa-
tients and healthy controls. Each plot depicts AD, RD, MD or FA within
100th nodes of each tract, and indicates a significant effect of each tract

right Arc (Fig. 4e, p = 0.037) and the FA in the right SLF (Fig.
4f, p = 0.031) and ISI score in primary insomnia patients. We
also analyzed the correlation between the total score of the
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for the diffusion parameter plotted. Shaded gray background indicates a
tract segment where mean diffusion properties of the primary insomnia
patients are significantly different compared to the healthy controls after
FWE correction

PSQI and ISI score, and the result showed no correlation be-
tween the total score of the PSQI and ISI score in primary
insomnia patients.
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Fig. 4 The correlation between clinical variables and diffusion
properties along the arcuate fasciculus (Arc) and superior longitudi-
nal fasciculus (SLF). The FA value in the right Arc (Fig. 4a, p =—0.023)
and MD values in the right SLF (Fig. 4c, p =—0.015) in primary insomnia
patients showed a negative correlation with the total score of the PSQI.
The AD value in the right Arc (Fig. 4b, p = 0.023) and the FA in the right

SLF (Fig. 4c, p = 0.045) in primary insomnia patients showed a positive
correlation with the total score of the PSQIL. Similarly, a positive correla-
tion was also observed between the AD value in the right Arc (Fig. 4e, p =
0.037) and the FA in the right SLF (Fig. 4f, p = 0.031) and Insomnia
Severity Index (ISI) score in primary insomnia patients
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Discussion

Primary insomnia was a naturally occurring clinical condition
characterized by disorders of the sleep process (i.e. chronically
disturbed sleep and loss of sleep) and cognitive dysfunction
(decreased memory function and decreased attention function)
(Ohayon 2002; Morin et al. 2009; Riemann et al. 2015). So
far, there had been few studies on the white matter (WM)
microstructure of the brain in primary insomnia patients
(Spiegelhalder et al. 2014; Shumei Li et al. 2016; Lu et al.
2017; Wu et al. 2018). Therefore, its neurological mechanism
was still not clear.

The primary purpose of the present study was to determine
WM diffusion properties in primary insomnia patients using
Automatic Fiber Quantification (AFQ) method. The AFQ
method was a more sensitive diffusion tensor imaging (DTI)
tractography technique compared to traditional DTI methods,
such as the voxel-based analysis (VBA) and the tract-based
spatial statistics (TBSS) (Yeatman et al. 2012). It was able to
identify equivalent brain WM microstructure in each subject’s
native space. This avoided a series of problems such as insuf-
ficient accuracy at the individual level and the inability to
ensure that any voxel corresponds to the same area of the
subject. AFQ allowed for the comparison of diffusion proper-
ties of multiple locations along the trajectory of each tract
(tract profiles). Analyzing tract profile of diffusivity measure-
ments along the trajectory can provided novel insights into the
changes of the WM microstructure (Gong et al. 2005;
O'Donnell et al. 2009). The AFQ method had been success-
fully used in many previous disease researches (Johnson et al.
2014; Samson et al. 2016; Keller et al. 2017). By using this
method, we observed that primary insomnia patients exhibited
significant abnormalities of WM diffusion properties in the
right arcuate fasciculus (Arc) and right superior longitudinal
fasciculus (SLF). The FA, AD, MD and RD values along the
right Arc and the FA, AD and MD values along the right SLF
were higher in primary insomnia patients. The RD value along
the right SLF was lower in primary insomnia patients.

DTI had become the most common method for quantifying
and detecting WM microstructural changes associated with
clinical conditions, such as primary insomnia. WM micro-
structure was typically quantified by calculating fractional an-
isotropy (FA), axial diffusivity (AD), mean diffusivity (MD)
and radial diffusivity (RD). FA indexed the degree of direc-
tional preference in water diffusion and consisted of AD and
RD. AD and RD respectively quantified the speed of water
diffusion along the principal and perpendicular diffusion di-
rections (Heidi et al. 2010; Basser and Pierpaoli 2011). MD
was a measure for the average rate of water displacement
within a voxel. In the previous DTI researches, as the most
frequently used DTI-derived index, FA was highly sensitive to
microstructural changes, but not very specific to the types of
changes (i.e. radial or axial). Therefore, systematic detection
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of the differences in multiple diffusion properties allowed for
more comprehensive analysis of WM microstructure anoma-
lies. AFQ method by quantifying multiple WM diffusion
properties (i.e. FA, AD, MD and RD) along the entire tract
might help deduce the pathophysiological features of WM
changes for primary insomnia.

Previous neuroimaging researches that focused on DTI
techniques had examined the WM microstructural features
in primary insomnia patients, including the VBA and TBSS
methods (Spiegelhalder et al. 2014; Shumei Li et al. 2016).
However, there were two limitations in these methods: the
alignment problems in the VBA method were unresolved
(Wassermann et al. 2012); and the TBSS method could not
ensure the area it defined corresponds to the same area of
individual’s brain (Stephen M. Smith et al. 2006). Our study
used the AFQ method that could overcome these above lim-
itations (Yeatman et al. 2012). It did not require normalization
for the comparison of equivalent WM tracts across subjects.
Tracking within native space allowed for the comparison of
equivalent tract pathways across individuals even if those
tracts were in slightly different locations within the brain.
The AFQ method can examine specific tissue property chang-
es through measuring diffusion parameters at multiple loca-
tions along each interested tract. Thus, our results were higher
in spatial resolution by revealing the specific locations of Arc
and SLF between primary insomnia and controls:the Arc was
from 31 to 80 nodes, and the SLF was from 26 to 85 nodes.
Therefore, AFQ could efficiently and automatically quantify
diffusion measurements at multiple locations along the trajec-
tory of a WM tract in individual brain and simultaneously
preserved information about the diffusion measurements at
different locations on the tracts.

The SLF was a large bundle of association tracts in the WM
of each cerebral hemisphere connecting the parietal, occipital
and temporal lobes with ipsilateral frontal cortices (Kamali
et al. 2014; Wang et al. 2016). The Arc was a bundle of axons
that formed part of the SLF. The connectivity of the Arc had
been shown to correspond to various functional areas within
the temporal, parietal, and frontal lobes (M. Catani and
Thiebaut de Schotten 2008; Phillips et al. 2011). These brain
regions were well known for its roles in brain functions such
as memory integration function, emotional function, and cog-
nitive function (Kimberg and Farah 1993; Stuss et al. 1992;
Rowe et al. 2001; E. E. Smith and Kosslyn 2007). Recent
neuropsychological and insomnia studies indicated that pri-
mary insomnia patients exhibited deficits of memory forma-
tion and emotion regulation during sleep compared to healthy
good sleepers (Baglioni et al. 2010; Fortier-Brochu et al.
2012). Thence, we hypothesized that abnormality of diffusion
properties in right SLF and right Arc might be related to the
above clinical features of primary insomnia patients. Notably,
we found the diffusion properties of the right Arc (i.e. FA and
AD) and right SLF (i.e. FA and MD) were associated with the
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total score of the PSQI in primary insomnia patients. The AD
value of the right Arc and the FA value of the right SLF were
positive correlated with ISI score in primary insomnia pa-
tients. These indicated a possible link between the right Arc
and right SLF and poor sleep quality. In addition, we also
found the ISI score showed a positive correlation with the total
score of the PSQI in the primary insomnia patients. From
these we hypothesized that primary insomnia severity was
closely related to the abnormality of the diffusion properties
in the Arc and SLF fiber tracts. These might provide further
evidences of potential neurobiological mechanisms for prima-
ry insomnia.

In the current study, we did not analyzed the left and right
cingulum hippocampal (HCC) tracts which were reconstruct-
ed successfully only in 4 primary insomnia patients and 6
healthy controls. If the two HCC tracts were included in the
statistical analysis, the results would be inaccurate. It had been
shown that tractography could faithfully reconstruct the cores
of WM tracts by using existing anatomical knowledge
(Stieltjes et al. 2001; Marco Catani et al. 2002). Whether the
WM tracts could be reconstructed successfully was affected
by many factors. For instance, the reconstruction of interested
tracts was sensitive to the partial volume effect and convolu-
tion of axon structures having different orientations in each
voxel. In addition to the above, the tractography results could
be affected by diseased brains that might have altered DTI
parameters. Even if an interested tract had a normal dimen-
sions and 3D trajectory, tractography might not reveal its en-
tire course in the presence of reduced diffusion anisotropy
(Hua et al. 2008). The specific reasons for the failure of the
HCC fasciculus to be reconstructed in a large number of sub-
jects remained to be studied.

Limitations

We still have certain limitations in the current study. First, this
is a cross-sectional study and the direction of the relationship
between primary insomnia and disrupted WM integrity re-
mains unclear. Longitudinal studies may help to resolve this
question. Second, we only tested the tests associated with
sleep and mood in the study. We found that abnormalities in
the white matter properties of right Arc and right SLF tracts
may be related to the impairments of memory and cognitive
function. Therefore, we will use a battery of neuropsychologic
tests to comprehensively understand the specific cognitive
functions of the primary insomnia patients in future studies.

Conclusions

The study investigated the abnormalities of WM microstruc-
ture in major tracts among primary insomnia patients by the
AFQ method. The present study showed that primary insom-
nia was relatively robust to the changes of diffusion properties

along the right Arc and right SLF tracts. Although the signif-
icance of these findings for pathophysiologic models of pri-
mary insomnia remains to be elucidated, the AFQ method,
which had been applied generally in clinical research and
practice, has increased the sensitivity to detection of clinical
changes and the specificity for the identification of locations
of change compared to the methods that summarize an entire
tract with a single statistic in primary insomnia. It may provide
more specific biomarkers of WM neuropathology for primary
insomnia. Therefore, the current results may shed new insights
into the neural mechanisms of primary insomnia and provide
new clues for primary insomnia treatment in the future.
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