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Background: White matter lesions (WMLs) play a role in cognitive decline and dementia. 

Little is known about gray matter (GM) changes in WMLs. This study aimed to investigate 

GM changes in WML patients.

Materials and methods: Correlations between altered structural volume and cognitive 

assessment scores were investigated. GM and white matter (WM) changes in 23 WML-vascular 

dementia (VaD) patients, 22 WML-non-dementia vascular cognitive impairment (VCIND) 

patients, and 23 healthy control (HC) subjects were examined. Gray matter density (GMD) was 

calculated by measuring local proportions of GM at thousands of homologous cortical locations. 

WM volume was obtained by fully automated software using voxel-based morphometry (VBM).

Results: Widespread GMD was significantly lower in WML patients compared to control 

subjects in cortical and subcortical regions (p,0.05). Greatest differences were found in the 

bilateral anterior cingulate cortex, inferior frontal gyrus, insula, angular gyrus, caudate, precentral 

gyrus, and right middle temporal gyrus, right thalamus. Secondary region of interest (ROI) 

analysis indicated significantly greater GMD in the bilateral caudate among WML-VCIND 

patients (n=22) compared to HCs (p,0.05). There was a significant difference in WM volume 

between WML patients and control subjects (p,0.05). Greatest differences were located in  the 

genu/body/splenium of the corpus callosum and superior corona radiata L, and posterior corona 

radiata L. There was a significant association between structural changes and cognitive scores 

(Montreal Cognitive Assessment [MoCA] score) (p,0.05). There was no significant correla-

tion between structural changes and Mini Mental State Examination (MMSE) scores ( p.0.05).

Conclusion: GMD and WM volume were changed in WMLs, and the changes were detectable. 

Correlation between structural changes and cognitive function was promising in understanding 

the pathological and physiological mechanisms of WMLs.

Keywords: white matter lesions, vascular dementia, gray matter density, dementia

Introduction
White matter lesions (WMLs), which can be studied in vivo by imaging techniques, are 

related to cognitive impairment.1,2 Although other studies observed that severe WML 

is not necessarily associated with cognitive impairment,3,4 some studies suggest that 

clinically, WMLs act as risk factors for cortical and the subcortical brain atrophy.5,6 

Neuronal activity is related to gray matter (GM) activity. The complex structural 

abnormalities of GM in WML patients may be the explanation for the association 

between WML and cognitive impairment.

Structural MRI can provide morphological information that reveals the cortical and 

subcortical deformation in response to pathological attacks. Voxel-based morphometry 

(VBM) is an automated technique that offers rapid unbiased assessment of local brain 

tissue changes on a whole-brain level.7,8 VBM has recently been successfully used 
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to characterize the structural brain differences in several 

degenerative brain disorders.9–11

With respect to cognitive impairment, Seo et al12 found that 

the subcortical vascular mild cognitive impairment patients 

showed cortical thinning in inferior frontal. Li et al13 also found 

that subcortical vascular mild cognitive impairment exhibited 

widespread abnormalities in structural volume. WML is one of 

the most common causes of subcortical vascular mild cogni-

tive impairment.14 Therefore, identifying the GM changes over 

the whole brain in WML patients is very important.

Therefore, our study was intended to determine whether 

structural abnormalities exist in the gray matter density 

(GMD) and white matter (WM) volume of WML patients 

using the VBM technique. We hypothesized that there would 

be alterations in GMD in WML patients compared with 

healthy controls (HCs). Furthermore, we examined whether 

correlations existed between structural changes and cognitive 

assessment scores.

Materials and methods
Subjects
Forty-five patients with WMLs were recruited from Beijing 

Tiantan Hospital, Capital Medical University, China. The 

diagnosis of WMLs was made unanimously by two radi-

ologists who independently evaluated the fluid-attenuated 

inversion recovery (FLAIR) MR images visually without the 

knowledge of the participants’ clinical profiles. Twenty-three 

HCs were recruited with age, gender, and education levels 

matching the patients. The inclusion criteria for the WML 

patients were as follows: 1) patients aged between 50 and 

85  years, 2) patients who showed WMLs on MRI scans 

according to a revised version of the scale of Fazekas, 

and 3) presence of a contactable informant throughout the 

study.15 The exclusion criteria for the WML patients were as 

follows (WMLs with the following comorbidities should be 

excluded): 1) cardiac or renal failure, cancer, or other severe 

systemic diseases, 2) unrelated neurological diseases such 

as epilepsy, traumatic brain injury, and multiple sclerosis, 

3) chronic cerebral infarction or other lesions, 4) leuko-

encephalopathy of non-vascular origin, 5) dementia of non-

vascular origin, 6) psychiatric diseases or drug addiction, 

7) consciousness disruption or aphasia, or 8) inability or 

refusal to undergo brain MRI.

This study was approved by the Ethics Committee 

of Beijing Tiantan Hospital, Capital Medical University, 

Beijing, China. All the patients have written the consent 

forms and approved this study. This study was conducted 

in accordance with the Declaration of Helsinki.

Clinical cognitive assessment
All subjects were instructed to complete the Chinese version 

of Mini Mental State Examination (MMSE), the Beijing 

version of Montreal Cognitive Assessment (MoCA), and the 

Clinical Dementia Rating scale (CDR) under the supervi-

sion of a physician.16,17 The tests were completed in a strict 

order in accordance with the standard protocols in a quiet 

room. The following education-specific reference cutoff 

values for MMSE scores were used: middle and high-27, 

elementary-24, and illiterate-21.18 For MoCA, the cutoff 

value for cognitive impairment was less than 26.19 In addition, 

one additional point was added to the raw MoCA score when 

the subject’s education years were less than 12.18

Based on the results of these cognitive tests, the subjects 

were divided into three groups, including WML patients 

with non-dementia vascular cognitive impairment (WML-

VCIND, n=22), WML patients with vascular dementia 

(WML-VaD, n=23), and HC subjects with normal cogni-

tion (HC, n=23). The WML-VCIND patients complied with 

the following criteria: 1) CDR=0.5, 2) 24#  MMSE  ,27 

with years of education $6, or 20#  MMSE  ,24 with 

years of education ,6, or 17# MMSE ,21 with years of 

education =0, and 3) MoCA ,26. The WML-VaD patients 

complied with the following criteria: 1) CDR  $1, 2) 

MMSE ,24 with years of education $6, or MMSE ,20 

with years of education ,6, or MMSE ,17 with years of 

education =0, and 3) MoCA ,22. The HCs complied with 

the following criteria: 1) MRI showed normal brain structure, 

2) CDR =0, 3) MMSE $27 with years of education $6, or 

MMSE $24 with years of education ,6, or MMSE $21 

with years of education =0, and 4) MoCA $26.

Acquisition of images
All the subjects were analyzed and scanned by utilizing a 

3 Tesla Siemens Magnetom Verio MRI scanner. A T2W-

FLAIR sequence was applied to detect WMLs. A standard 

T1-weighted 3D magnetization prepared rapid gradient echo 

sequence was applied with repetition time (TR)  =2,300 ms, 

echo time (TE)  = 3.28 ms, time inversion (TI)  = 1,200 ms, matrix 

size  = 256×256, flip angle (FA)  =9°, slice thickness = 1 mm, 

interslice gap = 0.5 mm, and number of slices  =256. Rubber 

earplugs were used to reduce noise, and foam cushions were 

used to fix their head to minimize potential motion artifacts.

Processing of images
We used the VBM8 toolbox of the Statistical Parametric 

Mapping (SPM) software (http://www.fil.ion.ucl.ac.uk/spm/) 

to analyze the T1 data. T1 images were first segmented into 
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the WM, GM, and cerebrospinal fluid (CSF) by utilizing 

the unified segmentation module. These segmented GM 

and WM images were then used to obtain a more accurate 

intersubject registration model using DARTEL. This model 

alternates between computing a group template and warping 

an individual’s tissue probability maps into alignment with 

this template and ultimately creates an individual flow field 

of each participant. Then, each participant’s images were 

normalized into the Montreal Neurological Institute space 

with the normalized images modulated to ensure that rela-

tive GM and WM volumes were well preserved following 

spatial normalization. Finally, these images were smoothed 

with an 8 mm full width at half maximum Gaussian kernel.

Statistical analysis
Statistical analysis was performed in SPSS Statistics V.19.0 

(IBM Corporation, Armonk, NY, USA). Demographic 

and behavioral differences between groups were tested by 

ANOVA. In VBM analysis, ANOVA was used to calculate 

the voxel-wise GM and WM volume differences among 

WML-vascular dementia (VaD), WML-non-dementia vas-

cular cognitive impairment (VCIND), and normal control 

groups (NC). The significance threshold was set at p,0.05 

(family-wise error [FWE] corrected for multiple comparisons 

performed by permutation test with threshold-free cluster 

enhancement [TFCE]). Then, post hoc Tukey-Kramer/HSD 

test was carried out to further explore the possible between-

group differences in regions with significant ANOVA 

results. The statistical significance for post hoc test was set 

at p,0.001 and cluster size .50. Then, the difference in 

mean values in WMLs and controls was tested by ANOVA.

Significant clusters obtained from both the WM and the GM 

were analyzed to evaluate the differences among the WML-

VaD, WML-VCIND, and HC groups. Then, comparisons of 

significant clusters of the region of interest (ROI) were carried 

out. In order to clarify the correlations among all the predictor 

variable differences, GMD, WM volumes, and the cognitions, 

the multiple linear regression analysis was employed to evaluate 

the critical predictor variables, white and GM clusters, age, sex, 

and the levels of education. First, each outcome variable of edu-

cation, hypertension, and age were regressed in this study. The 

relationship between WM volume and GMD was also tested.

Results
Demographic and clinical data
The results showed that there were no significant differences 

between WML and HC groups for the demographic data 

(p=0.001), but not for the age (Table 1). The mean age of 

WMLs was older compared to that in HC groups. The WML 

patients showed significantly lower scores for the MMSE 

(p=0.000) and MoCA (p=0.000).

Changes in GMD in cortical and 
subcortical GM
VBM illustrated extensive and significant differences of the 

GMD in WML patients compared to that of the HC group 

(p,0.001) (Figure 1A and Table 2), which included one cluster 

of high density in the WML group. The WML-VaD patients 

exhibited decreased GMD in cortical regions (Figure 1B), 

which included the frontal gyrus, cingulate cortex, and tem-

poral and occipital gyrus. Compared to WML-mild cognitive 

impairment, the differences were also in the cortical regions 

Table 1 Demographic data of the WML-VCIND, WML-VaD, and healthy control subjects

Variables NC (n=23) WML-VCIND (n=22) WML-VaD (n=23) Statistics P-value

Age, years 55.34±10.07 63.14±7.36 65.35±8.82 8.09 0.001

Women, n (%) 11 (47.83) 10 (45.45) 7 (30.43) 1.682 0.431

Education, n (%)

Primary 0 1 (4.54) 3 (13.04) 1.682 0.431

Secondary 12 (52.17) 14 (63.64) 16 (69.56)

Superior 11 (47.83) 7 (31.82) 4 (17.40)

Hypertension, n (%) 9 (39.13) 6 (27.27) 14 (60.87) 5.265 0.068

Smoking, n (%) 6 5 4 0.514 0.773

Diabetes, n (%) 4 2 5 1.364 0.505

Cholesterol, n (%) 5 3 6 1.094 0.579

Body mass index 23.87±1.18 24.27±1.12 24.13±1.01 0.772 0.466

MMSE 28.91±1.31 25.54±1.84 22.04±1.99 89.89 0.000

MoCA 27.65±1.49 22.23±1.45 17.39±2.92 140.407 0.000

Note: Numbers represent mean ± SD.
Abbreviations: MMSE, Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; WML, white matter lesion; VaD, vascular dementia; VCIND, non-dementia 
vascular cognitive impairment.
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(Figure 1C). The subcortical region is mainly located in the cau-

date. Interestingly, the WML-MCI patients showed increased 

GMD in the caudate compared to the HCs (Figure 1D).

Changes in WM volumes
We found differences in clusters in the WM analysis 

(Table 3 and Figure 2). Particularly, the WML-VaD patients 

exhibited a significant lower volume in four clusters (Table 4 

Figure 1 Differences in GMD.
Notes: (A) GMD in WML patients. (B) GMD in cortical regions of WML-VaD patients. (C) GMD in cortical regions of WML-MCI. (D) GMD in caudate of WML-MCI 
patients.
Abbreviations: GM, gray matter; GMD, gray matter density; WML, white matter lesion; VaD, vascular dementia; MCI, mild cognitive improvement.

Table 2 Regions showing GMD changes in WML patients

Brain regions MNI coordinates (mm)

x y z

ACC.L −3 41 20

ACC.R 6 37 20

IFG.L −49 31 13

IFG.R 46 42 15

INS.L −42 6 0

INS.R 44 7 −2

MTG.R 58 −27 −5

ANG.L −52 −51 48

ANG.R 58 −51 31

CAU.L −11 8 12

CAU.R 13 6 12

THA.R 6 −20 4

PrCG.L −47 −1 50

PrCG.R 53 0 48

Abbreviations: ACC, anterior cingulate cortex; ANG, angular gyrus; CAU, caudate; 
GMD, gray matter density; IFG, inferior frontal gyrus; INS, insula; MTG, middle 
temporal gyrus; PrCG, precentral gyrus; THA, thalamus; WML, white matter lesion.

Table 3 Different regions in white matter volume between 
WMLs and HC: coordinates are defined in standard space

Brain regions Volume (mm3) F MNI coordinates 
(mm)

sCC 768 13.314 3 30 6

gCC 1,521 10.445 5 −39 17

ACR.L 585 9.892 −26 −53 27

PCR.L 241 7.941 −27 −11 39

Abbreviations: HC, healthy control; WML, white matter lesion; sCC, splenium 
of corpus callosum; gCC, genu of  corpus callosum; ACR.L, left anterior corona 
radiata; PCR.L, left posterior corona radiata.
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and Figure 3). The abovementioned four clusters mainly 

comprised the following fibers: 1) genu/body/splenium of 

corpus callosum (F=10.045, p=0.000) and 2) superior corona 

radiata L, posterior corona radiata L (F=9.871, p=0.000).

Correlation of gray and WM changes 
with cognitive impairment
Higher white matter density (WMD) was associated with 

lower GMD, most prominently in the ACC.L and CAU.R 

(Figure 4). As shown in Table 5, sCC (r=0.344, p=0.004), 

gCC (r=0.284, p=0.02), ACR.L (r=0.34, p=0.005), and 

PCR.L (r=0.401, p=0.001) were significantly correlated 

with the MoCA score (p,0.05). But, there were no global 

metrics with significant correlation with MMSE (Table 5).

Discussion
To our knowledge, our study is the first study to combine the 

GM and WM volume abnormalities in patients with WMLs. 

The main findings were listed as follows: 1) Compared with 

HCs, patients with WMLs showed decreased GMD in the 

frontal gyrus, cingulate cortex, temporal and occipital gyrus, 

and the subcortical region mainly located in the caudate. 

2) Compared with HCs, patients with WMLs showed a 

significantly lower WM volume in the genu/body/splenium 

of the corpus callosum, superior corona radiata L, and pos-

terior corona radiata L. 3) The higher WMG was related to 

the lower density of GM. Summarily, the abovementioned 

results hint that WMLs could predict the brain structure 

changes associated with the cognitive function, including 

caudate and frontal lobes.

WMLs are prevalent in older population, particularly in 

populations aged 60 years.20 In this study, we also found that 

the mean age of the WML group was more than 60 years. 

Aging populations tend to have higher WML burden, patients 

with cognitive impairment often have an even higher WML 

burden.21 Multiple cross-sectional studies have documented 

Figure 2 White matter volume difference between WMLs and HC.
Abbreviations: HC, healthy control; WML, white matter lesion.

Table 4 WM volume difference between WMLs and NC

WM region Mean ± SD F2,65 P-value

WML-VaD WML-VCIND NC

sCC 0.527±0.072 0.644±0.101 0.583±0.088 10.045 0.000

gCC 0.451±0.072 0.543±0.077 0.521±0.069 9.871 0.000

ACR.L 0.621±0.166 0.763±0.119 0.756±0.095 8.697 0.000

PCR.L 0.671±0.122 0.78±0.084 0.779±0.109 7.856 0.001

Abbreviations: NC, normal control; WM, white matter; WML, white matter lesion; VaD, vascular dementia; VCIND, non-dementia vascular cognitive impairment.
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Figure 3 Histogram of white matter volume differences between WMLs and HC.
Note: *p,0.05.
Abbreviations: sCC, splenium of corpus callosum; gCC, genu of  corpus callosum; ACR.L, left anterior corona radiata; PCR.L, left posterior corona radiata; WMLs-VCIND, 
WMLs patients with vascular no dementia; WMLs-VaD, WMLs patients with vascular dementia; NC, normal control; WML, white matter lesion.

Figure 4 Regression-based model of relationships among gray matter density, white matter volume, and MMSE/MoCA scores.
Notes: Gray matter density was extracted using the VBM in SPM5. The predictor variables derived from multiple linear regression (p,0.05). The direction of the arrows is 
based on the relationship between pairs of variables.
Abbreviations: MMSE, Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; SPM, Statistical Parametric Mapping; VBM, voxel-based morphometry; 
ACC.L, left anterior cingulate cortex;  ACC.R, right anterior cingulate cortex; ACR.L, left anterior corona radiata; PCR.L, left posterior corona radiata.
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Table 5 Correlation between WH changes and the cognitive 
impairment

WM 
regions

MoCA MMSE

r P-value r P-value

sCC 0.344 0.004 – .0.05

gCC 0.284 0.02 – .0.05

ACR.L 0.34 0.005 – .0.05

PCR.L 0.401 0.001 – .0.05

Note: The MoCA and MMSE were evaluated at the different periods.
Abbreviations: sCC, splenium of corpus callosum; gCC, genu of  corpus callosum; 
ACR.L, left anterior corona radiata; PCR.L, left posterior corona radiata; MMSE, 
Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; WM, white 
matter.

the relationships between the cognition and the WMLs in 

the elderly individuals with normal cognitions.22–25 Previous 

study has found that higher WMLs reflecting greater cere-

bral small vessel disease are correlated with the lower 

volume of GM.26 Meanwhile, the WMLs were also associ-

ated inversely with the GM volume in cognitively normal 

elders.27 The GM atrophy is correlated with the higher WML 

in patients.28 A previous study also showed that in WMLs 

there was significant correlation between executive dysfunc-

tion and GM atrophy.28 Our study also demonstrated that 

WMLs affect the GMD, which is associated with the cogni-

tive assessment scores. Our study advanced the relationship 

of WMLs with specific regional damage. The higher WMG 

always triggers greater loss of the GM volume and lower 

neuropsychological test scores. These findings contributed 

to our understanding of the relationships among WMLs, GM 

atrophy, and cognitive impairment in patients.

Consistent with previous studies, our studies showed that 

WMLs were associated with the decreased volume of frontal 

lobe regions and cognitive decline.5,28–32 Our results indicated 

that there was a significant association between structural 

changes and cognitive scores (MoCA score). However, there 

were no significant correlations between structural changes  

splenium of corpus callosum (SCC), genu of  corpus callosum 

(gCC), left anterior corona radiata (ACR.L) and left posterior 

corona radiata (PCR.L) and MMSE scores in the present 

WML patients. It is well known that the frontal lobe circuit 

including the frontal lobe is a core neural pathway represent-

ing the pathophysiological feature of cognition.28 Particularly, 

the associated fibers within subcortical pathways and frontal 

lobe have been associated with executive functions.33,34 There 

are also a few tract connect areas in occipital cortex, frontal 

lobe, and temporal cortex. Meanwhile, the fibers play critical 

roles in the processing and integrating of the information, 

being the core feature of the cognitive dysfunction.35 In 

agreement with these findings, patients with WMLs showed 

decreased GMD in frontal gyrus, cingulate cortex, and tem-

poral and occipital gyrus in this study. In this sense, the WM 

tracts interconnect different lobes, suggesting that brain is a 

broad neural circuit. In this condition, the WMLs might be 

considered to be the imaging indicators of the potential or the 

underlying GM atrophy. GM tissue loss might subsequently 

cause the lower cognitive reserve.36,37 Figure 4 presents the 

possible pathway to cognitive impairment, the GM atrophy, 

or the disconnection of the neural circuit. Understanding 

these processes will contribute to our insight on prevent-

ing cognitive impairment. However, there are no reports of 

structural alterations in subcortical regions of WML patients 

to date. In our study, we found that the subcortical caudate 

exhibited increased GM volume compared to HCs, provid-

ing complementary evidence to the cognition dysfunction 

pathway of the aberrant fronto-subcortical circuits.

It is critical that the differences for the volume of WM 

between WML-MCI and WML-VaD were significant. As we 

expected, patients with different levels of cognition would 

differ from each other. However, these changes provided a 

promising biomarker for the two different illness trajectories.

Moreover, WMLs are often found in the other neurologi-

cal disorders or cardiovascular diseases, such as migraine 

and multiple sclerosis.38 The neurological or cardiovascular 

disorders might be associated with the WMLs in the patients. 

In the investigations that follow, we would investigate the 

correlations between the other WMLs occurred patients and 

the cognitive impairment.

There are several limitations in this study. First, the current 

study was cross-sectional. Second, we analyzed the whole 

brain WM volume, which cannot rate the extent of WMLs. 

In this study, we attempted to collect plenty of clinical informa-

tion and data so as to confirm the illness trajectories. Our find-

ings are consistent with those of the previous studies. Third, 

the detailed patient comorbidities have not been illustrated, 

and their correlations with cognitive impairment have been 

investigated. In the study that follows, we would profile a cor-

relation between patient comorbidities, WMLs, and cognitive 

impairment. Fourth, the T1 data were analyzed by using the 

VBM8 toolbox of the SPM software, which might misinterpret 

the WMLs as the GM, especially when they are hypointense 

in T1 sequences. We would employ the Lesion Segmen-

tation Tool (LST) to analyze the T1 data in the future study.

Conclusion
The present study provided a few evidence that WMLs is 

related to GM alterations and cognition. These changes affect 
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both cortical and subcortical regions, leading to the aberrant 

neural cognition pathways. Regardless, these results provided 

empirical evidence to support neural correlates of WMLs and 

cognition dysfunction.
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