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Objective: In the current study we investigated topological abnormalities of the cerebral white matter networks in narcolepsy type 1
(NT1) patients and its relationship with their cognitive abnormalities using diffusion tensor imaging (DTI) technology.

Methods: DTI and the Beijing version of the Montreal Cognitive Assessment (MoCA-BJ) were applied to 30 NT1 patients and 30
age-matched healthy controls. DTI studies were also carried using the 3T MRI system. Next, DTI data was used to establish a cerebral
white matter network for all subjects and graph theory was applied to analyze the topological characteristics of the white matter
structural network. Topographical parameters (such as local efficiency (Eloc), global efficiency (Eglob) and small-world (o)) between
NTI1 patients and controls were then compared. The correlation between MoCA-BJ scores and topological parameters was also
analyzed.

Results: MoCA-BJ scores in NT1 patients were lower than those in the healthy controls. Compared with healthy controls, the global
efficiency of the white matter network and attributes of the small world network were significantly reduced in NT1 patients. Finally,
the global efficiency of the white matter structural network was related to the MoCA-BJ score of NT1 patients.

Conclusion: The abnormal topological characteristics of the white matter structural network in NT1 patients may be associated with
their cognitive impairment.
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Introduction
Narcolepsy type 1 (NT1), characterized by irresistible daytime sleepiness, sleep paralysis and nocturnal sleep distur-
bances, cataplexy, and sleep hallucinations,' is a chronic neurological disease. NT1 patients usually exhibit weakness,
seizures, and significant abnormal concentrations of the neuropeptide orexin A in the cerebrospinal fluid due to large loss
of neurons that produce hypothalamic orexin.?

In recent years, multiple psychiatric studies on NT1 patients have confirmed that the disease has cognitive
diversity, including subjective perception attention deficits,® abnormal emotional learning,* lack of ability to activate
attention and stimulate related areas,” and lack of selectivity or perseverance in decision making.® Sleepiness

increases the risk of cognitive impairment.” In contrast to severe cognitive impairment, common cognitive
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impairments mainly include mild cognitive impairment (MCI) and dementia. The term MCI is generally used to refer
to a transitional state between normal cognitive function and clinically probable Alzheimer’s disease (AD).®
Cognitive impairment is a potentially significant diagnosis. It is regarded as a prodrome of dementia, involving
greater forgetfulness than one would expect for their age, yet retaining all or most of the day-to-day independence
and not meeting criteria for clinically probable dementia. Overall, 6% to 15% of MCI patients will progress to
dementia per year. Even though current drug treatments are not indicated for cognitive impairment, early diagnosis
has benefits; the future care needs of the patients can be, to some degree, anticipated and arrangements can be made
in good time, with the patient being involved in these decisions at a stage where their decision-making is relatively
unimpaired.® When individuals with MCI are followed over time, some progress to AD and other dementia types, but
some individuals are stable or even recover.” Many diseases can be accompanied by cognitive impairment, such
as AD, Huntington’s disease, Wilson's disease, idiopathic rapid eye movement sleep behavior disorder, epilepsy, and
hereditary spastic paraplegia.'®'?

In the past decade, a series of neuroimaging studies have been conducted to study the neural mechanism of cognitive
impairment related to NT1 disorders. They revealed significant abnormalities in several brain areas, including the

13717 thalamus, hypothalamus, cerebellar hemispheres, anterior medial temporal white matter

amygdala, hippocampus,
(WM), and corpus callosum.'®2° In addition, functional studies have also revealed impaired and abnormal functional
connections in the executive attention network?' >* of patients with NT1.?* Previous studies have reported that alterations
in brain topology and connectivity of some cerebral regions in NT1 patients were related to somnolence, impulsive
behavior, and depression.?

In 1994, Basser et al*® first reported diffusion tensor imaging (DTI) technology, which could noninvasively detect the
anisotropy of water molecules in different tissues in the body to quantitatively evaluate cytoarchitecture. DTI technology
has been shown to be a powerful tool to investigate the integrity of WM structural connectivity. Whole-brain WM
connectivity can then be reconstructed from the WM structural network and be further analyzed by graph theoretical
methods.

The theoretical graphic method has been widely regarded as an effective method for assessing the whole-brain WM
structural network constructed using DTI technology.”” The WM structural network analysis method based on graph
theory has revealed several topological characteristics of the network, such as local efficiency (Eloc), global efficiency
(Eglob), and small-world (c), and proved the relationship between development and intelligence and these topological
measures.”*° Furthermore, changes in the WM network topology are indicators of various illnesses (such as head injury,
stroke, Parkinson’s disease, epilepsy, and schizophrenia) and can be used in the assessment of cognitive dysfunction;* >
however, few neuroimaging studies have been used to evaluate the overall topological feature of neural networks
throughout the brain, particularly the WM networks in NT1 patients.

The purpose of this study was to use the noninvasive synchronized DTI to analyze the characteristic changes in WM
structural connections and explore the relationship between them and the neurobehavioral abnormalities of patients

with NT1.

Materials and Methods

Objectives

Thirty-six right-handed patients (age, 10.0-27.0 years; male: female ratio, 21:15) diagnosed with NT1 disorder, as per the
International Classification of Sleep Disorders (ICSD)-3,*® were recruited from the Sleep Medicine Center of Shengjing
Hospital, China Medical University. Another 33 right-handed healthy controls (control group; age, 11.7-28.6 years;
male: female ratio, 19:14) were recruited from the community. Nine participants that refused the PSG examination were
subsequently excluded: six NT1 patients and three healthy controls. Ultimately, we analyzed data from 30 patients with
NTI1 disorders (64% male, age 22.8 & 6.9 years) and 30 healthy controls (60% male, age 23.1 + 3.9 years). According to
the Declaration of Helsinki, all participants signed an informed form before participating in the experimental study. All
participants under the age of 18 in this study obtained informed consent from their parents or legal guardians. This study
was approved by the Ethics Committee of Shengjing Hospital, China Medical University.
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The enrollment criteria for NT1 patients were as follows: sleep specialists diagnosed NT1 based on the ISCD-3
combined with a 3-month history of cataplexy and excessive daytime sleep. The final diagnosis was made based on the
results of the multiple sleep latency test (MSLT) and night PSG. In N1 patients and healthy controls, the severity of
sleepiness was measured by ESS. For ESS measurement, all subjects were asked to use a scale of 0 to 3 to illustrate the
probability of falling asleep in eight different situations. The diagnosis of excessive daytime sleepiness was based on
a total score > 10.%¢

The exclusion criteria for healthy controls and NT1 patients included: participants with other sleep disorders, brain
abnormalities (infarct foci, tumors, or hemorrhages), current or past serious physical or neurological diseases, history of
serious neurological or mental diseases in the immediate family, congenital genetic disorders, previous psychiatric or
current illnesses like anxiety, substance abuse or depression, pregnant or breastfeeding women, received any hypnotics,
antidepressants, antipsychotics, anticholinergics, memory enhancing drugs, antihistamines, central analgesics, central
nervous system stimulants, CYP3A inducers, CYP3A inhibitors, sleep-improving Chinese Medicines or proprietary
Chinese medicines, or any other insomnia therapy; people with a history of drug use or drug addiction or any lifestyle
that interferes with the test process or may interfere with sleep, hyperthyroidism, a history of drug abuse in the past 2
years, those who had a positive urine sample, or the presence of contraindications on MRI examination were excluded.

The complete procedure, purpose, clinical importance, and precautions of the experiment were carefully explained to
subjects before starting the MRI scan. In addition, each subject underwent a comprehensive neurological examination to rule
out central nervous system and peripheral nervous system diseases, and all subjects signed an informed consent form.

The Beijing Version of MoCA (MoCA-B))

The MoCA-BJF’ has been widely used in mainland China for the screening of cognitive function.”® Huang et a
validated the MoCA-BJ and found that it was an effective cognitive test to distinguish between NC, MCI, and mild and
moderate AD among the Chinese population with various levels of education. Other studies have assessed the ability of
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the MoCA-BJ in the detection of cognitive impairment in a variety of diseases including AD, cerebral small vessel
disease, and stroke.>**° The test includes attention and computation (6 points), orientation (6 points), delayed recall (5
points), cognitive domains such as visual-spatial and executive ability (5 points), naming (3 points), language (3 points),
and abstraction (2 points), with a total of 30 points and a required time of completion within 10 minutes. Subjects with
a score of less than 26 points are considered to be cognitively impaired.

The sleepiness in MoCA-BJ test was assessed using the Stanford Sleepiness Scale (SSS).*' All participants filled out the
scale twice before and after the test. Before and after the test, the average scores of NT1 patients were 1.8 (SD =0.7) and 1.9
(SD = 1.0). Before and after the test, the average scores of the healthy controls were 1.2 (SD = 0.5) and 1.6 (SD = 0.8).

Epworth Sleepiness Score (ESS)

ESS was used to evaluate the degree of daytime sleepiness in healthy controls and N1 patients. For ESS assessment, all
subjects were asked to use a scale of 0 to 3 to indicate the probability of falling asleep in eight different situations. If the
total score exceeded 10, subjects were diagnosed with excessive daytime sleepiness.*®

The Multiple Sleep Latency Test (MSLT)

The latency of MSLT is an objective test that measures the tendency to fall asleep under controlled conditions. It is based
on the notion that sleep latency reflects underlying physiological sleepiness. The latency of MSLT consists of four to five
naps taken 2 hours apart during the day, following a standardized procedure. The mean sleep latency for all naps is used
as the measure of sleepiness.*?

DTI Scan

All DTT images were collected using a Philips 3.0T superconducting MRI scanner (Philips Medical Systems, Best, The
Netherlands) equipped with a 32-channel sensitivity encoding head coil for receiving signals. In order to rule out any
apparent organic cerebral injury, all subjects underwent conventional axial T2ZWI scans. During the scan, the angular line
was used as the baseline. After the scan, an experienced radiologist performed on-site analysis.
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The DTI data were obtained by using a single spin-echo echo planar imaging sequence with the following scan
parameters: TR = 8000 ms, TE = 90 ms, voxel size =2 x 2 x 2 mm3, matrix size = 112 x 112, FOV = 224%x224 mm,
sensitivity encoding factor = 2, FA = 90°, number of scanning layers = 55, b-value = 800s/mm?, and diffusion sensitizing
gradients = 32. The duration of the DTI scan for each subject was 7 minutes.

DTI Data Preprocessing

The preprocessing of the DTI data involved FSL 5.3 software. DTI data processing included correction of eddy currents
and motion artifacts, estimation of the diffusion tensor, and FA calculation. First, the eddy current distortion and motion
artifacts in the DTI data were corrected by applying the affine alignment of each diffusion-weighted image to the b =0
image. After correction, the diffusion tensor elements were estimated, and following estimation, the reconstructed
diffusion tensor matrix was diagonalized to obtain three values and three eigenvectors, after which the corresponding
FA value of each voxel was calculated.

White Matter Structural Network Construction
In the current study, we defined all of the WM network nodes and edges using the following procedures.

Network Node and Edge Definition

The individual FA image in native space was co-registered to a T1-weighted structural image using an affine transforma-
tion for each participant. After co-registration, the single structural image was registered to the MNI template. Based on
the two-stage combined transformation, an inverse warping transformation from the standard space to the local DTI
space was obtained. The standard atlases in the MNI space were inversely warped back to the individual local space by
applying this inverse transformation. Next, the inverse transformations were used to warp the automated anatomical
labeling (AAL) atlas from the MNI space to the native DTI space. The discrete labeling values were preserved via the
nearest-neighbor interpolation method. Using this procedure, 90 cortical and subcortical regions, each representing
a node of the network, were obtained.

WM Tractography

Diffusion tensor tractography was performed using the fiber assignment by the continuous tracking method. All of the
WM tracts in the DTI data were calculated by seeding each voxel with an FA greater than 0.2. If the track turned at an
angle greater than 45 degrees or reached a voxel with an FA less than 0.2, it was terminated.

Graph Theory Analysis
Gretna, a graph-theoretical network analysis toolbox, was used to locate the completed preprocessed DTI data in order to
build functional brain networks in each subject for each time period.** Finally, according to the AAL markers,** the
whole brain was divided into 90 cortical and subcortical regions and the average time series of the 90 regions was
extracted. Pearson’s correlation coefficient was used to calculate each pair of regions in the average time series of all 90
regions, the data was converted to z-values, and Fisher’s z-transformation was performed if the data were considered to
have a normal distribution. According to the threshold range selected by the correlation matrix, a positive binary vector
less connected generic network was constructed. After transformation, the z-scored correlation coefficient was assigned
to each subject in the same sleep stage (Figure 1).

Topological metrics can be divided into Eloc, and Eglob (Eloc) and global efficiency (Eglob)** and small-world
network parameters.** The graph-theoretical network analysis toolbox was used to evaluate the topological and
organizational properties of the whole brain WM network.

Data Analysis

SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) was used to analyze cognitive, PSG, and demographic data. The
normality hypothesis of continuous variables was tested using the Kolmogorov—Smirnov test. Descriptive statistical
analysis was first carried out. We used the mean + standard deviation to represent normally distributed continuous
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Figure | Construction of brain white matter network in the participant Construction of brain white matter (WM) network in the participants. An individual T| image (A)
was co-registered to the BO image (B). For registration from the T| image in the native DTl space to the MNI Tl-weighted template in the MNI space (D), the
transformation matrix was shown as T. The application of the inverse transformation (T;,,) to the AAL atlas in the MNI space (E) resulted in individual-specific parcellation in
the native DTI space (F). The reconstruction of whole-brain WM fibers is shown in (C). The connection matrix and three-dimensional representation the of WM structural
network are shown in (G).

data, and used the median of the interquartile range to represent non-normally distributed data. The data included
questionnaire scores and age. Based on the normality and homoscedasticity of variances of the variables, we used
Mann-Whitney U-tests or t-tests to compare the NT1 patients and the healthy controls. Fisher’s exact test or the y*
test was used to compare sex ratios between NT1 patients and healthy controls. The demographic characteristics of
all subjects excluded from the study were also compared with the population included in the study. The Mann—
Whitney U-test or ¢-test was used to compare functional network topological parameters and PSG data between the
two groups. All brain network topology parameters were compared by using Bonferroni correction, and a p-value
less than 0.016 was considered to be statistically significant. Spearman correlation analysis was used to investigate
the relationship between brain network parameters and MoCA scores in NT1 patients, and P < 0.05 was considered
to be statistically significant.

Results
The study included the demographics, imaging data, and MoCA-BJ scale scores of 60 participants (30 NT1 patients and
30 healthy controls).

Table 1 summarizes the demographics data of all participants. The age and sex of the two groups were matched. 30
NT1 disorder patients: 22.8 + 6.9 years, 63% male; 30 healthy controls: 23.1 + 3.9 years, 67% male. Before each patient
performed the MOCA-BJ test, the SSS test was first performed. When the SSS result was less than 3, the MOCA-BJ test
was performed to ensure that the subject was in a state of concentration during the cognitive assessment. The MoCA-BJ
score of the NT1 patients was significantly lower than that of health controls (P < 0.05).

Compared with the healthy controls, the small-world attributes and Eglob of the NT1 patients decreased
significantly (P < 0.016, Table 2). There was an obvious correlation between the MoCA-BJ score and Eglob of

Table | Demographics Data of All Study Participants

Patients (n = 30) Healthy Controls (n = 30) Chi-Square, t or Z value P value
Age 22.8 (6.9) 23.1 (3.9) 0.207 0.836
Sex (% male) 19 (63%) 20 (67%) 0.073 0.787
MoCA-B] scores 25 (24-26) 30 (0-0) <0.001*
Disease duration (years) 7.1 3.8) -
ESS I5 (13-20.25) 2 (1-3.25) <0.001*
The latency of MSLT (min) 5.7 (4.075-6.350) 18.55 (11.6-20.0) <0.001*

Notes: Data were presented as median (IQR), frequency (%), or mean (SD). *P value were corrected using Bonferroni method, P < 0.05.
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Table 2 Brain Structural Network Parameters in NT| Patients and Healthy Controls

Patients (n = 30) Healthy Controls (n = 30) t or Z value P value Cohen’s d
akg 0.82 (0.058) 0.74 (0.055) 5.501 <0.001* 1.42
aEloc 1.12 (0.067) 1.07 (0.075) 2.723 0.009* 0.70
aSigma 2.45 (0.150) 2.28 (0.113) 4.958 <0.001* 1.28

Notes: Data were presented as median (IQR), frequency (%), or mean (SD). P value were corrected using Bonferroni method.

the whole brain WM structural network in NT1 patients (» = 0.519, P = 0.003, Figure 2B). In addition, the latency
of MSLT of NT1 patients was significantly correlated with the Eglob of the whole brain WM structural network (r =
0.519, P = 0.003. Figure 2C).

Discussion

In the current study, we found that the Eloc, Eglob, and small-world characteristics of the cerebral WM structure network
of NT1 patients were lower than that of healthy controls. Our results also suggested that the Eglob of the WM network
was correlated with the severity of cognitive impairment.

29,45
T we

As it has been shown that the Eglob of brain networks was mainly affected by long-distance connections,
speculated that the Eglob reduction of WM networks may be caused by defects in long-distance connections and
commissural WM fiber connections. Brain sensory-motor networks, such as the auditory, somatomotor, visual, dorsal
attention, abdominal attention, default mode, frontal parietal, salient, and linguistic have been shown to elicit
continuous neural activity.*® Indeed, abnormalities in the efficiency of the WM network topology may reduce the
connectivity between the brain gray matter areas, as has been suggested for the salience and executive,”* default
mode, sensory-motor, auditory, visual, and dorsal attention networks.*” The reduced interactions may result in the
cognitive deficits in NT1 patients. Therefore, the inefficiency of the brain WM structure network in NT1 patients
may cause a decline in information processing abilities, which may extend to cognitive impairment in the awake
state.

The ESS is a simple, self-administered questionnaire which is shown to provide a measurement of the subject’s
general level of daytime sleepiness.*® The ESS assesses the likelihood of falling asleep in eight different situations. Each
situation represents a moment of inactivity, from lying down in the afternoon to resting in a traffic jam or sitting in a car
in a traffic jam. However, under the above circumstances, it is difficult for patients with N1 disorder to complete the
relevant assessment of MOCA-BJ, so we did not discuss the correlation between MOCA-BJ and ESS scores. Our study
did not find a significant relationship between whole brain WM topological characters and ESS results, which may be due
to the fact that several brain areas do not participate in the process of alternations during waking and sleeping. The
topological characteristic within the sleep-related brain networks may have an obvious relationship between ESS data
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Figure 2 Relationship between the global efficiency of the whole brain white matter structural network and MoCA score in NT| participants. (A) Compared with the
healthy controls, NT| patients had significantly lower Eglob and small-world attributes (Bonferroni correction, P < 0.05). (B) There was a significant correlation between the
Eglob of the whole brain WM structural network, in NI patients, and MoCA-BJ score in the stage N2 sleep. (C) There was a weak correlation between the Eglob of the
whole brain WM structural network, in NI patients, and the latency of MSLT in the stage N2 sleep.
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and topological characteristics. There was a weak correlation between the latency of MSLT and MOCA-BJ scores, and
the related issue is reflected in the Supplementary Material.

Although the current study provides preliminary evidence of deficiencies in the brain WM structure of NT1 patients,
there were still several limitations. First, the number of patients with NT1 disorder was very limited. It can be seen from
Table 2 that the diagnostic power of this study was sufficient, however, in future studies we will increase the sample size.
Second, the age distribution of NT1 patients was relatively large; therefore, we only measured the MoCA-BJ scores to
evaluate cognitive abilities. Furthermore, the sleepiness assessments (ESS, SSS, and MoCa-BJ) in this study were
derived from self-reports, and more objective methods are needed in the future. Finally, hypocretin-1 levels were not
assesses in the current study and as NT1 is, in cases, directly related to cataplexy, future research should incorporate its
testing.*’

In summary, we found that the abnormal topological characteristics of the WM structural brain network in NT1
patients may be associated with their cognitive impairment.
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