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Abstract

Introduction: The aim of this study was to analyze the glymphatic system function

and its relationship with clinical characteristics, global diffusion tensor imaging (DTI)

parameters, and global structural connectivity in treatment-naïve patients with newly

diagnosed focal epilepsy.

Methods: This retrospective single-center study investigated patients with focal

epilepsy and healthy controls. All participants underwent routine brainmagnetic reso-

nance imaging and DTI. DTI analysis along the perivascular space (DTI-ALPS) was used

to evaluate glymphatic system function.We also calculated themeasures of global DTI

parameters, including whole-brain fractional anisotropy (FA), mean diffusivity (MD),

axial diffusivity (AD), and radial diffusivity (RD), and performed a graph theoretical net-

work analysis tomeasure global structural connectivity.

Results: A total of 109 patients with focal epilepsy and 88 healthy controls were

analyzed. There were no significant differences in the DTI-ALPS index (1.67 vs. 1.68,

p = 0.861) between the groups. However, statistically significant associations were

found between the DTI-ALPS index and age (r = -0.242, p = 0.01), FA (r = 0.257,

p = 0.007), MD (r = −0.469, p < 0.001), AD (r = −0.303, p = 0.001), RD (r = −0.434,

p < 0.001), and the assortative coefficient (r = 0.230, p = 0.016) in patients with focal

epilepsy.

Conclusion: The main finding of this study is that DTI-ALPS index is significantly cor-

related with global DTI parameters and structural connectivity measures of the brain

in patients with focal epilepsy. In addition, DTI-ALPS index decreases with age in these

patients. We conclude that the DTI-ALPS index can be used to investigate glymphatic

system function in patients with focal epilepsy.
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1 INTRODUCTION

The glymphatic system is a waste clearance system in the brain that

plays an important role in body homeostasis.(Benveniste et al., 2019;

Mestre et al., 2020; Rasmussen et al., 2018) It consists of pathways

where the subarachnoid cerebrospinal fluid (CSF) enters into the brain

parenchyma through the periarterial spaces, blends with parenchy-

mal interstitial fluid and waste products, facilitated by aquaporin-

4 water channels that are embedded in the astrocytic end-feet,

and consecutively drains through the perivenous spaces surrounding

veins.(Benveniste et al., 2019; Mestre et al., 2020; Rasmussen et al.,

2018) Dysfunction of the glymphatic system has recently been dis-

covered in various neurological diseases, includingAlzheimer’s demen-

tia, traumatic brain injury, multiple sclerosis, idiopathic normal pres-

sure hydrocephalus, and small vessel disease.(Benveniste et al., 2019;

Mestre et al., 2020; Rasmussen et al., 2018)

Epilepsy is one of the most common neurological diseases (Sadr

et al., 2018). So far, there have been only a few studies investigating the

potential role of the glymphatic system in the pathogenesis of epilepsy

(Liu et al., 2020; Salimeenet al., 2021).One recent studyanalyzedglym-

phatic system function in patients with febrile seizures and epilepsy

using Virchow–Robin space counts and volume and demonstrated that

febrile seizures are associated with glymphatic system dysfunction

(Salimeen et al., 2021). Another study in patients with idiopathic gen-

eralized epilepsy using the same methods established that epileptic

seizures may also change glymphatic system function (Liu et al., 2020).

It is plausible that the impairment of the blood-brain barrier related

to a dysfunction of the endothelial tight junctions caused by proin-

flammatorymediators in epilepsy contributes to anabnormal exchange

between CSF and interstitial fluid, thus affecting the glymphatic sys-

tem (Rabinovitch et al., 2019; Rabinovitch, Aviram et al., 2020; Vez-

zani et al., 2013). Considering that the glymphatic system ismost active

during sleep and many patients with epilepsy have poor sleep quality,

this may further alter glymphatic system function (Anzai &Minoshima,

2021). To date, no studies have investigated glymphatic system func-

tion in patients with focal epilepsy.

There are a variety of methods to assess the function of the glym-

phatic system in humans (Taoka & Naganawa, 2020a, 2020b). Among

these, diffusion tensor imaging analysis along the perivascular space

(DTI-ALPS) is particularly useful in clinical practice because it does not

require intrathecal injection by lumbar puncture or gadolinium-based

contrast agents deposition in the brain (Taoka et al., 2017). Although

DTI-ALPS index is reported to be influenced by the imaging plane, the

number of motion-proving gradients, and echo time in the imaging

sequence, the index is robust under the fixed imaging method (Taoka

et al., 2021). At this point, no studies have utilized DTI-ALPS index to

assess glymphatic system function in epilepsy.

DTI maps and characterizes the three-dimensional diffusion of

water as a function of spatial location (Sundgren et al., 2004). Water

diffusion within tissues is altered by impaired microstructure integrity

of white matter. Consequently, DTI is a powerful tool for characteriz-

ing the effects of diseases on tissue microstructure by measuring the

global DTI parameters, including the fractional anisotropy (FA), mean

diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD; Sund-

gren et al., 2004). In addition, DTI has recently been used to evaluate

structural connectivity and brain networks and shown good test-retest

reliability of graph theory measures of structural connectivity (Dennis

et al., 2012).

In this study, we aimed to investigate the DTI-ALPS index in

patients with newly diagnosed focal epilepsy and normal brain mag-

netic resonance imaging (MRI) and to compare it to that of healthy

controls, thereby eliminating potential effects of anti-seizure med-

ication (ASM). Furthermore, we sought to use correlation analysis

to understand the relationship between DTI-ALPS index and clinical

characteristics, global DTI parameters, and global structural connec-

tivity. We hypothesized that there would be significant associations

between these factors in patients with focal epilepsy. These con-

firmations will contribute towards discovering the pathogenesis of

epilepsy.

2 METHODS

2.1 Participants

This was a retrospective study conducted at a single epilepsy center.

We included patientswith epilepsy based on the following eligibility

criteria: (Berg et al., 2010) 1) ictal semiology and electroencephalog-

raphy findings compatible with focal epilepsy; 2) newly diagnosed

epilepsy with drug-naïve status; 3) having undergone DTI between

March 2018 and March 2021; 4) sufficient quality of DTI for quantita-

tive analysis; 5) no structural lesions on routine brain MRI in the visual

assessment; and 6) no further medical, neurological, or psychiatric dis-

eases.

We obtained the demographic and clinical characteristics of

patients, such as age, sex, age at seizure onset, time from the first

seizure until the performance of MRI, and seizure frequency (total

number of seizures before MRI taken) from the hospital’s electronic

medical records.

As a control group, we included age- and sex-matched healthy con-

trols from one of our previous studies (Jang et al., 2017). All controls

had a normal brainMRI based on visual inspection and nomedical, neu-

rological, or psychiatric diseases.

The study protocol was approved by the institutional review body

of our hospital. Informed written consent was waived because of the

retrospective nature of the study.

2.2 DTI acquisition

All MRI scans of the patients with focal epilepsy and healthy controls

had been obtained using the same 3T MRI scanner with a 32-channel

head coil (Achieva 3.0 TX, Philips Healthcare). In our epilepsy patients,

these had been obtained as part of their routine work-up. DTI was
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conducted using spin-echo single-shot echo-planar pulse sequences

with a total of 32 different diffusion directions (repetition time/echo

time = 8620/85 ms, flip angle = 90 ◦, slice thickness = 2.25 mm,

acquisition matrix = 120 × 120, field of view = 240 × 240 mm2, and

b-value= 1000 s/mm2).

2.3 DTI processing

We processed the DTI data using the DSI Studio software, version

2021May (http://dsi-studio.labsolver.org).We read theDTI raw files in

the Digital Imaging and Communications inMedicine standard format.

Then,wedid correct the eddy current and phase distortion artifact.We

set up a mask to filter out the background region, increase reconstruc-

tion efficacy, and facilitate further visualization. We performed recon-

struction applying the DTI method to characterize the major direction

ofwater diffusion and subsequently fiber tracking using default param-

eters.Whole-brain seedingwas conductedwith a total of 10,000 seeds,

and the angular threshold was 60 ◦. Tracks of less than 30 mm length

were discarded. The automated anatomical labeling templatewas used

for brain parcellation, and every white matter fiber was evaluated for

extreme points.

2.4 Obtaining the measures of global DTI
parameters and global structural connectivity

Consecutively, we calculated the measures of global DTI parameters

using region statistics in DSI studio based on whole-brain seeding,

including whole-brain FA, MD, AD, and RD. In the next step, we gen-

erated a connectivity matrix for each subjects, using the number of

tracts that passed the two region-of-interest (ROI) threshold by 0.001

of the sum to obtain the network measures. Graph theoretical analy-

sis views brain connections as a graph and applied graph-based mea-

sures to analyze it. A graph is defined as a set of nodes or vertices and

the edges or lines between them.Weused built-in atlas provided inDSI

studio, and we conducted a spatial normalization with the linear trans-

formation. Finally, we performed a graph theoretical network analy-

sis and calculated the measures of global structural connectivity from

the connectivity matrix at fixed density, including the assortative coef-

ficient, mean clustering coefficient, characteristic path length, diame-

ter, radius, global efficiency, local efficiency, small-worldness index, and

transitivity.Weused theweighted networkmeasures inwhich the con-

nectivity matrix is normalized so that themaximum value of thematrix

is one.

2.5 Calculation of DTI-ALPS index

We drew a rectangular ROI and obtained the fiber orientation and

diffusivities in all three directions along the x-, y-, and z-axes as voxel

levels. Among the several voxels, we selected one voxel for each fiber

on the same x-axis (projection, association, and subcortical fibers),

which showed the most frequent orientation in each fiber. The DTI-

ALPS index was calculated using the following formula:(Taoka et al.,

2017)

ALPS index =
mean (Dxxproj, Dxxassoci)
mean (Dyyproj, Dzzassoci)

Dxxproj: diffusivity along the x-axis in the projection fiber, Dxxas-

soci: diffusivity along the x-axis in the association fiber, Dyyproj: dif-

fusivity along the y-axis in the projection fiber, Dzzassoci: diffusivity

along the z-axis in the association fiber.

Figure 1 showed the process for calculation of DTI-ALPS index in

this study.

2.6 Statistical analysis

Categorical variables were expressed as numbers and percentages.

Continuous variables with normal distribution were presented as the

mean with standard deviations and continuous variables without nor-

mal distribution as the median values with interquartile ranges. Sta-

tistical comparisons were conducted using the chi-square test for cat-

egorical variables and the independent samples t-test for continuous

variables. Correlation analysis was conducted with Pearson’s correla-

tion test. Statistical significance was defined as a two-tailed p-value

of< 0.05.

We performed the Bonferroni correction for the multiple compar-

isons of the measures of global DTI parameters and global structural

connectivity (global DTI parameters, p < 0.012 [0.05/4 values]; struc-

tural connectivity, p < 0.005 [0.05/9 network measures]) between the

groups.

All statistical analyses were performed using MedCalc® Statistical

Software, version 20 (MedCalc Software Ltd.; https://www.medcalc.

org; 2021).

3 DATA AVAILABILITY STATEMENT

The data in this study are available from the corresponding author

upon reasonable request.

4 RESULTS

4.1 Clinical characteristics of the participants

One hundred and nine patients with focal epilepsy and 88 healthy con-

trols were enrolled in the study. Table 1 shows the clinical characteris-

tics compared between the groups. The mean age and sex distribution

were not statistically significantly different between patients with

focal epilepsy and the healthy controls (38.2 vs. 41.5 years, p = 0.20;

males 58 [53.2%] and 47 [53.4%], p= 0.98, respectively).

http://dsi-studio.labsolver.org
https://www.medcalc.org
https://www.medcalc.org
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F IGURE 1 Calculation of diffusion tensor
imaging analysis along the perivascular space
index. Figure is generated in the courtesy of
our previous study (H. J. Lee et al., 2021).

TABLE 1 Clinical characteristics of the participants in this study
on the glymphatic system in focal epilepsy

Patients with

focal epilepsy

(n= 109)

Healthy

controls

(n= 88) p-Value

Age (mean±SD), years 38.2±19.0 41.5±16.6 0.20

Male, n (%) 58 (53.2) 47 (53.4) 0.98

Age of onset, years 35.5 (19−52)

Time between the first

seizure andMRI, days

105 (7−1003)

Seizures beforeMRI, n 2 (2−3)

Data are presented as themedian (interquartile range) unless indicatedoth-

erwise.

SD, standard deviation;MRI, magnetic resonance imaging.

TABLE 2 Differences in the global DTI parameters between
patients with focal epilepsy and healthy controls in this study on the
glymphatic system

Global DTI

parameters

Patients with

focal epilepsy

Healthy

controls

(n= 109) (n= 88) p-Value

Fractional anisotropy 0.352±0.048 0.339±0.012 0.04

Mean diffusivity 0.882±0.053 0.874±0.026 0.53

Axial diffusivity 1.212±0.055 1.190±0.027 *0.003

Radial diffusivity 0.716±0.067 0.720±0.026 0.64

*p< 0.012.

4.2 Differences in the global DTI parameters
between patients with focal epilepsy and healthy
controls

Table 2 compares global DTI parameters between patients with focal

epilepsy and healthy controls. The AD value was significantly higher

TABLE 3 Differences in global structural connectivity between
patients with focal epilepsy and healthy controls in this study on the
glymphatic system

Structural

connectivity

measures

Patients with

focal epilepsy Healthy controls

(n= 109) (n= 88) p-Value

Mean clustering

coefficient

0.145±0.088 0.140±0.082 0.74

Global efficiency 1.053±0.273 1.075±0.307 0.63

Local efficiency 1.444±0.558 1.517±0.621 0.44

Characteristic

path length

4.072±0.423 4.210±0.542 0.07

Small-worldness

index

0.124±0.109 0.122±0.101 0.90

Transitivity 0.159±0.107 0.159±0.101 0.99

Radius 2.024±0.337 1.996±0.342 0.60

Diameter 3.822±0.607 3.760±0.528 0.50

Assortative

coefficient

0.124±0.090 0.123±0.094 0.95

in patients with focal epilepsy than in healthy controls (1.21 vs. 1.19,

p = 0.003), whereas the FA, MD, and RD did not differ statistically sig-

nificantly after the Bonferroni correction between them.

4.3 The differences in the global structural
connectivity between patients with focal epilepsy
and healthy controls

There were no statistically significant differences in the measures

of global structural connectivity (assortative coefficient, mean clus-

tering coefficient, characteristic path length, diameter, radius, global

efficiency, local efficiency, small-worldness index, and transitivity)

between the groups (Table 3).



LEE ET AL. 5 of 8

F IGURE 2 Diffusion tensor imaging
analysis along the perivascular space index for
patients with focal epilepsy (n= 109) and
healthy controls (n= 88) in this study on the
glymphatic system. No significant differences
in the diffusion tensor imaging analysis along
the perivascular space indices existed between
the groups

4.4 The differences in DTI-ALPS index between
patients with focal epilepsy and healthy controls

No statistically significant differences in the DTI-ALPS index were

observed between patients with focal epilepsy and healthy controls

(1.67 vs. 1.68, p= 0.86) (Figure 2).

4.5 Correlation between variables and DTI-ALPS
index in patients with focal epilepsy

Significant correlations were observed between the DTI-ALPS index

and age (r = −0.242, p = 0.01), age at seizure onset (r = −0.239,

p = 0.01), FA (r = 0.257, p = 0.007), MD (r = −0.469, p < 0.001), AD

(r = −0.303, p = 0.001), RD (r = −0.434, p < 0.001), and the assor-

tative coefficient (r = 0.230, p = 0.02) in patients with focal epilepsy

(Figure 3).

However, other measures of clinical characteristics, including dura-

tion of seizures (r= 0.002, p= 0.98) and seizure frequency (r=−0.026,

p = 0.79), and the measure of structural connectivity, including mean

clustering coefficient (r=−0.050, p= 0.61), characteristic path length

(r=−0.013, p= 0.89), diameter (r= 0.012, p= 0.90), radius (r= 0.071,

p = 0.46), global efficiency (r = 0.101, p = 0.30), local efficiency

(r = 0.046, p = 0.63), small-worldness index (r = −0.018, p = 0.85),

and transitivity (r=−0.010, p=0.92), were not significantly correlated

with the DTI-ALPS index.

4.6 Correlation between variables and DTI-ALPS
index in healthy controls

Significant correlations were also observed between the DTI-ALPS

index and age (r = −0.226, p = 0.02), FA (r = 0.198, p = 0.01), MD

(r = −0.369, p < 0.001), AD (r = −0.245, p = 0.002), RD (r = −0.344,

p = 0.001), and the assortative coefficient (r = 0.183, p = 0.026) in

healthy controls.

However, othermeasures of structural connectivity, includingmean

clustering coefficient (r=−0.001, p= 0.99), characteristic path length

(r = 0.018, p = 0.81), diameter (r = 0.010, p = 0.89), radius (r = 0.047,

p = 0.54), global efficiency (r = 0.077, p = 0.31), local efficiency

(r = 0.062, p = 0.42), small-worldness index (r = 0.027, p = 0.72), and

transitivity (r= 0.026, p= 0.74), were not significantly correlated with

the DTI-ALPS index.

5 DISCUSSION

The main findings of this study on the glymphatic system in newly

diagnosed patients with focal epilepsy with normal brain MRI were

that 1) the DTI-ALPS index was not statistically significantly different

between these patients and healthy controls, suggesting that there

was no difference in glymphatic system function; 2) negative correla-

tions existed between the DTI-ALPS index and subjects’ age, indicating

that their glymphatic system function decreasedwith aging, and 3) sta-

tistically significant correlations existed between the DTI-ALPS index

and the FA, MD, AD, RD, and assortative coefficient, demonstrating

that the glymphatic system function was correlated with global DTI

parameters and structural connectivity. These findings confirmed our

hypothesis.

The strengths of our study were: 1) It was the first to evaluate the

DTI-ALPS index in patients with focal epilepsy; 2) We only analyzed

patients with newly diagnosed focal epilepsy and a normal brain MRI,

increasing the homogeneity of patients and excluding potential effects

ofASMonDTI-ALPS index; and3)Weenrolled large patientswith focal

epilepsy, which was possible because of the specific routine epilepsy

MRI protocols at our center that include DTI.
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F IGURE 3 Correlation analysis between the index of diffusion tensor imaging analysis along the perivascular space and the clinical
characteristics, global DTI parameters, andmeasures of structural connectivity in patients with focal epilepsy. These figures reveal a significant
positive correlation between the diffusion tensor imaging analysis along the perivascular space index, fractional anisotropy value (C), and
assortative coefficient (G), whereas a negative correlation was found between the diffusion tensor imaging analysis along the perivascular space
index and age (A), age at seizure onset (B), mean diffusivity (D); axial diffusivity (E), and radial diffusivity values (F). FA, fractional anisotropy;MD,
mean diffusivity; AD, axial diffusivity; RD, radial diffusivity

Regarding our finding that DTI-ALPS index decreased with age in

both patients with focal epilepsy and healthy subjects, a previous

study found that age was related to a steep decline in glymphatic

system function in the brain of wild-type mice (Kress et al., 2014).

Advanced age was associated with a dramatic reduction in the effi-

ciency of the exchange between the subarachnoid CSF and the brain

parenchyma, evaluated by fluorescence microscopy and radiotracer

clearance assays (Kress et al., 2014). In healthy Chinese subjects, arte-

rial stiffening and compliance reductions progressed with aging, which

was interpreted by the authors as being caused by a degeneration of

the elastic lamellar architecture of the arterial wall (Avolio et al., 1983).

In addition, mechanical remodeling of the microvasculature, resulting

from the deposition of advanced glycation end-products in the vessel

wall and intima and media calcification, contributes to arterial stiffen-

ing seen with aging (O’Rourke & Safar, 2005). Worsening vessel stiff-

ness increases arterial pulse wave velocity and pressure in the brain,

which affects the pulsatile component of cerebral blood flow and CSF

transport (Tsao et al., 2013). These observationsmayexplainwhyglym-

phatic system function decreases with age.

We found that whole-brain FA was positively and MD was nega-

tively correlated with the DTI-ALPS index, which corresponds to pre-

vious results. FA reflects the main direction of water diffusion within

a given voxel and MD is the rate of water diffusion, irrespective of

its direction (Assaf & Pasternak, 2008). A higher FA is linked to pre-

served fiber integrity, whereas increases in MD are related to struc-

tural disintegration (Assaf & Pasternak, 2008). While AD is related to

axonal integrity, RD provides information about the degree ofmyelina-

tion (Winklewski et al., 2018). Bothwerenegatively correlatedwith the

DTI-ALPS index in our patients. We interpret the negative correlation

in FAand concomitant positive correlation inMD,AD, andRDaspoten-

tial signs of global DTI parameters associated with poor glymphatic

system function in our patients. A previous study examined the rela-

tionships between whole-brain FA, MD, AD, RD, and composite scores

of memory and executive function and found significant relationships

between the FA, MD, AD, and RD and executive function, suggesting

that DTI has the potential to measure cognitive function (Mayo et al.,

2018). Interestingly, an earlier study using the DTI-ALPS method also

showed that the glymphatic system function correlated with cognitive

function (Zhang et al., 2021). Thus, we can assume that glymphatic sys-

tem function is related to globalDTI parameters and cognitive function.

Our study showed a positive correlation between the DTI-ALPS

index and assortative coefficient as one of the measures reflecting

global structural connectivity. Increasing evidence exists that focal

epilepsy is a network disease, andDTI is used to assess structural brain
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connectivity (D. A. Lee et al., 2021; van Diessen et al., 2014). This study

is the first to demonstrate a significant association between brain con-

nectivity and glymphatic system function. The coefficient measures

assortativity, meaning the tendency of nodes with similar properties

to connect with each other (Newman, 2002). There were reports that

epileptic networks show more assortative patterns (Bialonski & Lehn-

ertz, 2013; Sone et al., 2016). We previously demonstrated that the

assortative coefficient predicted ASM response in patients with newly

diagnosed focal epilepsy (Park et al., 2020). Further studies investi-

gating the relationship between glymphatic system function and brain

connectivity are needed to scrutinize our findings.

However, we could not find any differences in the DTI-ALPS index

between patients with focal epilepsy and healthy controls, suggesting

no alterations in glymphatic system function in focal epilepsy. This find-

ing was inconsistent with previous reports showing glymphatic system

dysfunction in patients with epilepsy (Liu et al., 2020; Salimeen et al.,

2021). This discrepancy may originate from several factors. We only

investigated patients with newly diagnosed epilepsy who were drug-

naïve to exclude potential effects of ASM on glymphatic system func-

tion. Furthermore, we only included patients with focal epilepsy and a

normal brainMRI, which were different criteria from those in previous

studies. Finally, we investigated glymphatic system function with DTI-

ALPS, whereas previous studies used Virchow-Robin space counts and

volume (Liu et al., 2020; Salimeen et al., 2021).

Only a few studies haveusedDTI-ALPS to assess the glymphatic sys-

tem function in neurological diseases, i.e., Alzheimer’s disease (Taoka

et al., 2017), Parkinson’s disease (Chen et al., 2021), cerebral small ves-

sel disease (Zhang et al., 2021), and idiopathic normal pressure hydro-

cephalus (Bae et al., 2021). All of these studies demonstrated glym-

phatic system dysfunction in these conditions. Our study also con-

firmed that theDTI-ALPS index could beused to investigate glymphatic

system function in patients with epilepsy, providing a foundation for

future studies.

There are several limitations to this study. First, this study was ret-

rospectively conducted at a single epilepsy center. Multicenter studies

with larger sample sizes are required to confirm our findings. Second,

this was a retrospective study. Follow-up data to investigate the DTI-

ALPS index in patients with focal epilepsy are needed to determine the

causal relationship among DTI-ALPS index, global DTI parameters, and

structural connectivity. Third, although we only analyzed patients with

focal epilepsy and normal brain MRI, the origins of epileptic seizures

varied.

6 CONCLUSION

The main findings of this study are that DTI-ALPS index is significantly

correlated with global DTI parameters and structural connectivity and

decreases with age in patients with focal epilepsy. However, the DTI-

ALPS index in newly diagnosed focal epilepsy patients with normal

brain MRI does not differ from that in healthy controls. The DTI-ALPS

index can be used to investigate glymphatic system function in patients

with focal epilepsy.
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