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Introduction: White matter hyperintensities (WMHSs) are a common age- and
vascular risk factor-related disease and have been recognized to play an important
role in cognitive impairment. However, it is still unclear what the mechanism of
this effect is. In this study, intravoxel incoherent motion (IVIM) was employed to
assess the microvasculature and parenchymal microstructure changes of WMHSs
and explore their relationship with cognitive function.

Methods: Forty-nine WMH patients and thirty-one healthy controls underwent
IVIM imaging, a diffusion technique that provides parenchymal diffusivity D,
intravascular diffusivity D*, and perfusion fraction f. The IVIM dual exponential
model parameters were obtained in specific regions of interest, including
deep white matter hyperintensities (DWMHs), periventricular white matter
hyperintensities (PWMHs), and normal-appearing white matter (NAWM). The
independent-sample t-test or Mann—-Whitney U-test was utilized to compare IVIM
parameters between patients and controls. The Kruskal-Wallis test or one-way
analysis of variance was used to compare IVIM parameters among DWMH, PWMH,
and NAWM for patients. The Wilcoxon two-sample test or independent-sample t-
test was used to assess the differences in IVIM parameters based on the severity
of WMH. The multivariate linear regression analysis was conducted to explore the
factors influencing cognitive scores.

Results: WMH patients exhibited significantly higher parenchymal diffusivity D
than controls in DWMH, PWMH, and NAWM (all p < 0.05). IVIM parameters in the
three groups (DWMH, PWMH, and NAWM) were significantly different for patients
(all p < 0.001). The severe WMH group had a significantly higher parenchymal
diffusivity D (DWMH and PWMH) than mild WMH (both p < 0.05). The multiple
linear regression analysis identified D in DWMH and PWMH as influencing cognitive
function scores (all p < 0.05).

Conclusion: IVIM has the potential to provide a quantitative marker of
parenchymal diffusivity for assessing the severity of WMH and may serve as a
quantitative marker of cognitive dysfunction in WMH patients.

KEYWORDS

white matter hyperintensity, intravoxel incoherent motion imaging, diffusion weighted
imaging, cognitive impairment, parenchymal diffusivity
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1 Introduction

White matter hyperintensities (WMHs) are usually defined
as bilaterally symmetrical hyperintense areas in periventricular
white matter and centrum semiovale on fluid-attenuated inversion
recovery (FLAIR) and T2-weighted (T2W) images (Wardlaw et al.,
2013). The histopathology of WMHs mainly reflects astrogliosis,
myelin, and axonal loss as a consequence of chronic ischemia
caused by cerebral small vessel disease (Pantoni and Garcia, 1995;
Pantoni and Simoni, 2003). Age- and vascular risk factor-related
WMHs may lead to cognitive decline and dementia (Gorelick and
Bowler, 2010; Pantoni, 2010; Potter et al., 2015). Hypoperfusion
was found in WMHs using magnetic resonance imaging (MRI)
perfusion, consistent with the above pathological findings (Markus
et al.,, 2000). Conversely, some studies have reported that there was
no significant difference in cerebral blood volume (CBV) between
the WMH regions and normal-appearing white matter (NAWM)
(Marstrand et al., 2002). Moreover, even increased CBV was found
in some cases of WMHs (Yamada et al., 2010). Further exploration
of the hemodynamic status of WMHs can help us understand
the pathophysiological basis of cognitive impairment in patients
with WMH.

Intravoxel (IVIM) MRI is
invasive diffusion weighted imaging (DWI) technique that

incoherent motion a non-
can quantitatively measure microvasculature and parenchymal
microstructural tissue properties (Le Bihan et al., 1988). Unlike the
conventional diffusion-weighted technique in which microvascular
signals confound the parenchymal signal, IVIM can separate
microvascular and parenchymal MRI effects (Le Bihan et al., 1988).
The purpose of the present study was to investigate the correlation
between changes in microcirculation and microstructure
indicated by IVIM parameters and the severity of WMH and
cognitive function.

2 Materials and methods

2.1 Study participants

A prospective collection of 49 patients with WMH hospitalized
in the Department of Neurology of our hospital from October
2021 to January 2023 was included. Thirty-one age- and sex-
matched healthy controls were included, who were stroke-free
without cognitive failures. All participants’ baseline characteristics
were recorded, including age, sex, and cardiovascular factors
such as diabetes mellitus, hypertension, hypercholesterolemia,
and smoking.

The inclusion criteria for WMH patients included WMHs seen
on T2W or FLAIR, no stroke on current DWI images (except
lacunar infarction), and age > 60 years. The exclusion criteria
included definite non-angiogenic leukoencephalopathy (such as
multiple sclerosis, immune demyelination, metabolism, poisoning,
infection, and tumor), suspected neurodegenerative disease other
than vascular cognitive impairment (e.g., Alzheimer’s disease), and
a history of neurological or psychiatric disease interfering with
cognitive testing, carotid stenosis of >50%, or a potential cardiac
embolic source (e.g., atrial fibrillation). MRI imaging that showed
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severe head motion artifacts or with MRI contraindications was
also excluded.

2.2 MRI acquisition

All participants underwent multimodal MRI, including T1-
weighted (T1W) with voxel size = 0.7 x 0.7 x 5 mm?, FOV =
220 x 220mm, TR = 1,800 ms, TE = 33 ms, slice thickness =
5mm, T2W (voxel size = 0.7 x 0.7 x 5mm?>, FOV = 220 mm
x 220 mm, TR = 4200 ms, TE = 94 ms, slice thickness = 5 mm),
T2-FLAIR (voxel size = 0.7 x 0.7 x 5 mm>, FOV = 220 x
220 mm, TR = 8,000 ms, TE = 83 ms, slice thickness = 5mm),
and IVIM, on a 3.0T MRI scanner (MAGNETOM Prisma, Siemens
Healthcare, Erlangen, Germany) using a 20-element head coil
suitable for parallel imaging. The IVIM image was based on
a diffusion-weighted spin echo single-shot echo-planar imaging
pulse sequence. The specific parameters were as follows: applying
gradient field in three directions perpendicular to each other, taking
12 b wvalues (0, 50, 100, 150, 200, 250, 300, 500, 800, 1,000, 1,200,
1,500 s/mm?), TR = 3,600 ms, TE = 80 ms, slice thickness = 5 mm,
FOV = 220 x 220 mm, and acquisition time = 4 min 23 s.

2.3 Image analysis

According to the research standards on small vessel diseases
published by Wardlaw et al. (2013), WMHs are typically
defined as bilaterally symmetrical hyperintense areas in the
periventricular white matter and centrum semiovale on FLAIR
and T2W. The regions of interest (ROIs) included deep white
matter hyperintensities (DWMHs), periventricular white matter
hyperintensities (PWMHs), and NAWM. PWMHs are defined as
contiguous with the margins of each lateral ventricle and DWMHs
as those separate from it (Fazekas et al., 1987; De Leeuw et al., 2000);
NAWM generally is selected in the normal white matter adjacent to
PWMH. The Fazekas scale rates WMHs in the periventricular and
subcortical region combined on a 0-3-point scale (Fazekas et al.,
1987). PWMH was graded as 0 = absence, 1 = small “caps” or
pencil-thin lining, 2 = smooth “halo”, and 3 = irregular WMH
extending into the deep white matter. DWMH was rated as 0 =
absence, 1 = punctate foci, 2 = beginning confluence of foci, and
3 = large confluent areas. DWMH and PWMH two partial scores
were added to obtain a total score (0-6 points). The severity of
WMH was categorized as severe (3+3,3+2,3+1,3+0,2+2) or
mild (04 1,1 + 1, 1 + 2). Two neuroradiologists who were blinded
to the clinical information of the patients used the Fazekas scale for
rating WMHs. A consensus was reached through discussion in the
case of inconsistent scoring results.

2.4 Cognitive assessment
All subjects underwent the cognitive assessment comprising
of the Mini-Mental State Examination (MMSE) and the Montreal

Cognitive Assessment (MoCA) (Bergeron et al., 2017) carried out
by a psychiatrist who did not know the clinical and imaging data.
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2.5 Image processing and analysis

The IVIM parametric maps were reconstructed using prototype
software (Body Diffusion Toolbox 1.4; Siemens Healthineers).
The IVIM signal decay was fitted with a biexponential curve
using a modified two-compartment diffusion model representing
a vascular and a non-vascular component (Le Bihan et al., 1988).
Model fitting formula: S(b)/S0 = (1-f) X expxD) 4 f i
expl~0x(P+DI] where SO represents the signal intensity at b-value
0 s/mm?, S(b) the signal intensity at b-value b (b is the diffusion
factor dependent on the scanning sequence), f the microvascular
perfusion fraction, D the parenchymal diffusivity, and D* the
intravascular (pseudo) diffusivity.

ROIs were manually segmented on IVIM images using software
(imagesRadiAnt DICOM Viewer 2021) by a neuroradiologist
(H.L. with 4 years of experience), who also identified and
excluded infarcts and perivascular spaces (PVS). ROIs include
DWMH, which is located apart from the cerebral ventricle in
the subcortical white matter (uniformly selected in the center of
semioval), PWMH, which is attached to the ventricular system
(selected in the contiguous with the margins of each lateral
ventricle), and NAWM, generally chosen in the normal white
matter adjacent to PWMH. The ROI sizes varied slightly but
were generally similar (area: 0.1-0.3 cm?), and they need to be
adjusted appropriately based on the actual size of the lesion.
Each ROT’s mean parameters (D, D*, and f) were measured twice
and averaged.

2.6 Statistical analysis

Statistical analysis was carried out using the Statistical Package
for the Social Sciences (version 26.0; SPSS, IBM Corp., Armonk,
NY). The distribution of quantitative variables was checked for
normality and the corresponding description or method was
chosen according to normality. Statistical significance was inferred
for a p-value of <0.05.

Normally distributed continuous data were expressed as mean
+ standard deviation (SD), non-parametric data as the median
and interquartile range (IQR), and the counting data as n (%).
The categorical variables were compared using the chi-square test.
To compare IVIM parameters (D, D*, f) in different ROIs among
patients and controls, we used the independent-sample t-test or
Mann-Whitney U-test. Cognitive scores (MMSE, MoCA) were
compared using the Mann-Whitney U-test among patients and
controls. The Kruskal-Wallis test or one-way analysis of variance
(ANOVA) test was used to compare IVIM parameters (D, D¥,
and f) among the three groups (DWMH, PWMH, and NAWM)
for patients, and then, a pairwise comparison between groups was
made. The significance values were adjusted by the Bonferroni
correction for multiple tests. The Wilcoxon two-sample test or
independent-sample t-test was used to compare IVIM parameters
(D, D*, and f) between different severity of WMH. A multiple linear
regression analysis was used to estimate relationships between the
independent parameters and cognitive function scores (MMSE and
MoCA). Variables with a p-value ranging between 0.1 and 0.05
were considered statistically significant in univariate analysis. The
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influencing factors of a p-value of <0.1 on univariate analysis
were further entered into the multiple linear regression model.
Figures 1, 2 were made using ggplot2 software (www.rstudio.com).

3 Results

3.1 Clinical characteristics and imaging
date of WMHSs and controls

Table 1 summarizes the clinical characteristics of the two
groups. The information about age, gender, and cardiovascular
factors was described. The difference in hypertension between
the two groups was statistically significant (p < 0.05). No
significant differences in age, gender, or other cardiovascular
factors (diabetes mellitus, hypercholesterolemia, and smoking)
were identified among the two groups (Table 1). The results of
comparison IVIM parameters (D, D*, and f) in various ROIs
among patients and controls are also listed in Table 1. There
were 2 (4.1%), 15 (30.6%), 11 (22.4%), and 21 (42.9%) patients
with DWMH scores of 0, 1, 2, and 3, respectively. There were
17 (34.7%), 12 (24.5%), and 20 (40.8%) patients with PWMH
scores of 1, 2, and 3, respectively. Patients had significantly higher
parenchymal diftfusivity D in DWMH, PWMH, and NAWM than
controls (all p < 0.05). A lower intravascular (pseudo) diffusivity
D* was found in NAWM for patients compared to controls (p
< 0.05). There were no significant differences for intravascular
diffusivity D* in DWMH and PWMH (p > 0.05). Patients had
lower perfusion fraction f than controls in all ROIs, but the
differences were not significant (all p > 0.05). Cognitive scores
(MMSE and MoCA) in patients were significantly lower than in
controls (both p < 0.05).

3.2 Comparison of IVIM parameters (D, D*,
f) among the three groups (DWMH, PWMH,
and NAWM) for patients

The Kruskal-Wallis test and ANOVA test showed that D,
D*, and f among the three groups (DWMH, PWMH, and
NAWM) had a significant difference for patients (all p <
0.001). Pairwise comparison showed that PWMH regions had
significantly higher parenchymal diffusivity D than DWMH and
NAWM (both p < 0.001). An intravascular diffusivity D* in
DWMH and PWMH was significantly higher than NAWM
(both p< 0.05). DWMH regions had a significantly higher
perfusion fraction f than PWMH and NAWM (both p <
0.05) (Figure 1).

3.3 Comparison of IVIM parameters
between different severity of WMH

The severity of WMH was categorized as severe (3 + 3,
342, 3+ 1,3+0 2+ 2 ormild (0 + 1, 1 +
1, 1 + 2). Twenty-one cases (42.9%) were divided into mild
WMH, and 28 patients (57.1%) were in the severe WMH group.
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FIGURE 1

Comparison of D, D*, and f in DWMH, PWMH, and NAWM regions for patients. **P < 0.05; ***P < 0.001; ****P < 0.0001. D, parenchymal diffusivity;
D*, intravascular (pseudo) diffusivity; f, microvascular perfusion fraction; DWMH, deep white matter hyperintensity; PWMH, periventricular white
matter hyperintensity; NAWM, normal-appearing white matter; ns, no significance.
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FIGURE 2

Comparison of D, D*, and f in DWMH and PWMH in patients with different severity. ***P < 0.001; **P < 0.05. D, parenchymal diffusivity; D*,
intravascular (pseudo) diffusivity; f, microvascular perfusion fraction; DWMH, deep white matter hyperintensity; PWMH, periventricular white matter

hyperintensity; ns, no significance.

The severe WMH group had a statistically significant higher  between different severity of WMH for perfusion fraction f and
parenchymal diffusivity D in DWMH and PWMH than mild intravascular diffusivity D* in DWMH and PWMH (all p > 0.05)
WMH (both p < 0.05). There were no significant differences  (Figure 2).
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TABLE 1 Baseline characteristics and imaging data of WMH patients and controls.

10.3389/fnagi.2023.1258105

WMHs (n = 49) Controls (n = 31) P-value
Age (years) 70+£7.7 68+6.2 0.154
Male 31(63) 19 (61) 0.859
Hypertension 40 (82) 15 (48) 0.002**
Diabetes mellitus 23 (47) 10 (32) 0.194
Hypercholesterolemia 14 (29) 8(26) 0.787
Smoking 15 (31) 7(23) 0.433
D (x107* mm?/s) in DWMH 1.19 (1.03-1.31) 0.76 (0.73-0.95) <0.001***
D* (x1072 mm?/s) in DWMH 0.724£0.21 0.77 +0.16 0.239
f (%) in DWMH 51.60 + 17.82 51.86 (44.60-60.74) 0.801
D (x107* mm?/s) in PWMH 1.31 £0.18 1.02 (0.86-1.28) <0.001%*
D* (x1072 mm?/s) in PWMH 0.69 (0.55-0.79) 0.68 (0.59-0.84) 0.447
£ (%) in PWMH 39.65 + 16.63 44,95 420 0.204
D (x1073 mm?/s) in NAWM 0.77 £ 0.04 0.74 4 0.03 0.003**
D* (x1072 mm?/s) in NAWM 0.48 (0.40-0.71) 0.70 £ 0.23 0.002**
£ (%) in NAWM 37.48 +17.62 42.79 4 13.39 0.155
MMSE 24 (20-27) 30 (29-30) <0.001%*
MoCA 20 (16-23) 26 (25-28) <0.001%*

**P < 0.05; P < 0.001.

DWMH, deep white matter hyperintensity; PWMH, periventricular white matter hyperintensity; NAWM, normal- appearing white matter; MMSE, Mini-Mental State Examination; MoCA,

Montreal Cognitive Assessment.
Data are 7 (%), mean =+ standard deviation, or median (interquartile range).

3.4 Factors influencing cognitive scores

An MoCA score of 25 or less and MMSE score of 23-25 or
less was considered a sign of cognitive impairment. A multiple
linear regression analysis was used to detect which factors affect
cognitive scores. A univariate analysis showed that parenchymal
diffusivity D in DWMH, PWMH, and NAWM might influence
the MMSE scores (all p < 0.1). The multiple linear regression
analysis identified D in DWMH and PWMH as influencing MMSE
scores (both p < 0.05). Regarding the MoCA score, in univariate
analysis, the influencing factors included smoking, parenchymal
diffusivity D (including regions of DWMH, PWMH, and NAWM),
D* in NAWM, and fin NAWM (all p < 0.1). In the multivariable
linear regression analysis model, the factors influencing MoCA
scores were D in DWMH and PWMH (both p < 0.05). Details of
univariate analysis and multiple linear regression models are listed
in Table 2.

4 Discussion

WMHs are usually divided into two broad categories: PWMH,
which is attached to the ventricular system, and DWMH, which
is located apart from the cerebral ventricle in the subcortical
white matter. Differences in histopathology between DWMH and
PWMH are comprehensively discussed in a review by Fazekas
et al. (1998). It is essential to separate two types of WMH when
considering their different pathogenesis mechanisms and potential
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therapeutic interventions. Furthermore, NAWM, the vulnerable
tissue surrounding the visible WMH, is generally chosen in the
normal white matter adjacent to PWMH. Therefore, we selected
DWMH, PWMH, and NAWM for ROI analysis.

In this study, we showed that WMH patients exhibited
higher parenchymal diffusivity D than controls, and an increasing
parenchymal diffusivity D was associated with increased risks
of dementia or cognitive decline. Furthermore, parenchymal
diffusivity measured with IVIM in the DWMH region showed the
greatest relevancy to cognitive score. The severe WMH had higher
parenchymal diffusivity D in DWMH and PWMH than mild WMH
for patients.

WMH patients exhibited higher parenchymal diffusivity D than
controls, which was in line with previous studies (Wong et al,
2017). It has been demonstrated that loss of tissue integrity and
microstructural changes in tissue involve the loss of structural
barriers, axonal injury, myelin loss, and increased extracellular
space in WMH (Brown and Thore, 2011). Microstructural changes
in the tissue are characterized by increased brain tissue water
measured with IVIM as an increased parenchymal diffusivity
D (Alexander et al., 2007). Therefore, we speculate that in the
IVIM model, an increased parenchymal diffusivity D indicates
irreversible microstructural damage in the corresponding brain
regions. PWMH regions had higher parenchymal diffusivity
compared to DWMH and NAWM for patients. Previous studies
suggested increasing plasma leakage into the periventricular
regions and increased blood-brain barrier permeability during
aging, inducing a relatively high concentration of interstitial water
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TABLE 2 Univariate analysis and multiple linear regression analysis of factors influencing cognitive scores.

MMSE MoCA
Univariate analysis  Multivariate analysis Univariate analysis Multivariate analysis
B p-value B p-value B p-value B p-value

Age —0.028 0.803 0.001 0.994
Male —0.015 0.895 0.053 0.639
Hypertension —0.182 0.106 —1.442 0.153
Diabetes mellitus —0.068 0.550 —0.062 0.584
Hypercholesterole-mia —0.007 0.949 —0.050 0.662
Smoking —0.903 0.413 —0.199 0.076* —0.081 0.400
D (x10~* mm?/s) in DWMH —0.591 <0.001* —0.424 <0.001* 0516 <0.001** —0.282 0.022**
D* (x10~2 mm?/s) in DWMH —0.050 0.659 0.052 0.646
f (%) in DWMH —0.125 0.271 —0.110 0.333
D (x107% mm?/s) in PWMH —0.514 <0.001** —0.238 0.037** —0.485 <0.001** —0.285 0.026"*
D* (x10~* mm?/s) in PWMH 0.168 0.137 0.144 0.203
f (%) in PWMH 0.076 0.501 —0.029 0.798
D (x10~% mm?/s) in NAWM —0.312 0.005"* —0.081 0.403 —0.366 0.001** —0.110 0.329
D* (x1072 mm?/s) in NAWM 0.172 0.127 0.275 0.013** —0.014 0.919
f (%) in NAWM 0.121 0.286 0.196 0.081* 0.154 0.280

*P<0.1; %P < 0.05.

DWMH, deep white matter hyperintensity; PWMH, periventricular white matter hyperintensity; NAWM, normal-appearing white matter; MMSE, Mini-Mental State Examination; MoCA,

Montreal Cognitive Assessment.

in the periventricular and perivascular regions (Topakian et al,
2010; Haller et al., 2013). In contrast, the DWMH regions had
a relatively low local water concentration. This may explain the
higher parenchymal diffusivity D in PWMH. It was previously
shown that the more severe the WMH was, the higher the ADC
values of the WMH regions became (Helenius et al., 2002). We
showed that the severe WMH group had higher parenchymal
diffusivity D than mild WMH. This observation supports that
parenchymal diffusivity increased with disease severity in WMH
(Wong et al, 2017). Therefore, we suggest that parenchymal
diffusivity D measured with IVIM is a promising quantitative
biomarker for assessing the severity of WMH.

It was demonstrated earlier that there were hypoperfusion
changes in WMH, such as decreased vascular density, tortuous
arterioles, and excessive collagen deposition in veins (Alexander
et al., 2007; Brown and Thore, 2011). Previous studies have
compared perfusion-related parameters in IVIM with CBV and
cerebral blood flow (CBF) measured by the dynamic susceptibility-
contrast (DSC) MR technique (Federau et al,, 2014; Wu et al,
2015, 2017). CBV and perfusion fraction f had a moderately high
coefficient of correlation (Wirestam et al., 2001). Based on DSC, it
was found that the perfusion in WMH was significantly reduced
compared to the surrounding NAWM area (van der Veen et al,
2015; van Dalen et al., 2016). We found that patients with WMH
had lower perfusion fraction f than control, indicating a decreasing
microvascular volume in the corresponding area, in line with
previous studies.

However, a higher perfusion fraction f was found in DWMH
and PWMH than in NAWM for patients. According to the
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relationship between perfusion fraction f and CBYV, the increasing
perfusion fraction f of WMH indicates increasing microvascular
volume, which may be the compensatory mechanism in the
occurrence and development of WMH. An earlier study also
supported this finding, suggesting that WMH was associated with a
high oxygen uptake fraction and that the cerebral oxygen metabolic
rate remains normal (Yamaji et al., 1997). It was previously shown
that there was a significant positive correlation between CBF
and perfusion fraction f in the early stages of stroke. With the
establishment of collateral circulation and compensatory dilation
of microvessels, perfusion fraction f was increased gradually,
while CBF did not significantly change. Therefore, the increasing
perfusion fraction f in WMH may be a compensatory change
in microcirculation independent of CBE and the IVIM model
can contain more microvascular compensatory information than
traditional perfusion imaging.

Both intravascular (pseudo) diffusivity D* and perfusion
fraction f are related to microvessel density and can reflect
the changes in microcirculation perfusion. Our results showed
that WMH patients exhibited lower intravascular diffusivity D*
than healthy controls. However, no significant differences existed
between severe and mild WMH for D*. Our findings suggested that
the sensitivity of intravascular diffusivity D* to perfusion-related
movements is lower than the perfusion fraction f, which is indicated
by the IVIM model.

The clinical significance of WMH lies in its association
with an increased risk of cognitive decline, motor impairment,
depression, stroke, and dementia (Au et al., 2006; Prins and
Scheltens, 2015). Our results showed that parenchymal diffusivity
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D in DWMH and PWMH was negatively associated with
cognitive function assessed using MMSE and MoCA scores.
An increasing parenchymal diffusivity D measured with IVIM
indicates irreversible microstructural damage and loss of tissue
integrity in the corresponding brain regions, associated with
increased risks of dementia or cognitive decline, as shown
in a previous study (van Norden et al, 2012). Previous
radiologic-histopathologic studies have shown that the severity of
demyelination in the postmortem tissue was positively associated
with DWMH and PWMH (Haller et al., 2013). Furthermore,
parenchymal diffusivity D in the DWMH region showed the
greatest relevancy to cognitive score in this study. Therefore, we
speculate that microstructural damage measured with IVIM in deep
white matter areas (such as centrum semiovale) may play a key role
in the cognitive decline of WMH patients.

Our results showed that WMH patients have an increased
parenchymal diffusivity and exhibited lower intravascular
diffusivity D* of the NAWM than controls. However, IVIM
metrics within NAWM did not appear as significant variables from
the multivariate linear regression analysis. Our findings suggest
that NAWM was vulnerable tissue to underlying hemodynamic
and microstructural changes, which have not caused cognitive
impairment for the time being. NAWM is of increasing interest
as it has been shown to precede conversion into WMH over
time (de Groot et al, 2013; van Leijsen et al., 2018). Before
the morphological abnormalities were shown as WMH, the
microstructure of NAWM was damaged. Therefore, prevention
and treatment strategies targeting early changes in NAWM would
be expected to be more promising and rewarding.

5 Limitations

First, the relationship between changes in IVIM parameters
and the development of WMH was investigated only in a cross-
sectional design. Second, no gold standard has been established
for the assessment of WMH. This study was based on the visual
rating of WMH, according to Fazekas et al. (1987), which is fast
and reliable and does not require sophisticated and expensive post-
processing facilities. Third, our ROl-based analysis was performed
on selective WMH instead of whole volumes. Fourth, there is no
unified standard for the distinctions between PWMH and DWMH;
this study used the continuity rule applied in most of the visual
rating scales for WMH. Fifth, based on the relatively small sample
size, we defined a p-value of <0.1 as “significant” in univariate
analysis and further entered into the multiple linear regression
model. In addition, the relatively small sample size and lack of
longitudinal observation can be addressed in future studies.

6 Conclusion

We have shown that WMH patients had higher parenchymal
diffusivity D, which was associated with increased risks of dementia
or cognitive decline. Parenchymal diffusivity measured with
IVIM in the DWMH region showed the greatest relevancy
to cognitive score. The severe WMH group also had higher
parenchymal diffusivity than mild WMH patients. IVIM has the
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potential to provide a quantitative marker of parenchymal
diffusivity for assessing the severity of WMH and may
serve as a quantitative marker of cognitive dysfunction in
WMH patients.
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