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Abstract

Background

The presence of white matter hyperintensity (WMH) is related to poor long-term outcomes

in stroke patients. However, the long-term outcome is unknown in patients with both large

artery atherosclerosis (LAA) and WMH.

Methods

We investigated the impact of WMH on long-term outcome in patients with LAA. Consecu-

tive patients in a prospective stroke registry were included. Patients were followed for a

median of 7.7 years (interquartile range, 5.6–9.7). The degree of WMH was assessed by

Fazekas grade on fluid-attenuated inversion recovery images. Total WMH burden was cal-

culated by summation of Fazekas scores in periventricular and deep white matter. Severe

WMH was defined as total burden score� 3.

Results

Among 2529 patients, 639 patients (25.3%) were classified with the LAA subtype. After

applying exclusion criteria, the data from 538 patients were analyzed. The mean patient age

was 65.7 ± 10.3 years. Severe WMHs were found in 243 patients (45.2%). During follow-up,

200 patients (37.2%) died. Cox regression analysis showed that LAA patients with severe

WMH had a 1.50-fold (95% CI, 1.12–2.00, p = 0.007) higher death rate compared to those

without. In the older age group (�65 years), Cox regression revealed that patients with

severe WMH had a 1.75-fold (95% CI, 1.15–2.65, p = 0.008) higher 5-year death rate,

whereas the younger age group did not have this association.
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Conclusion

The degree of WMH might be a surrogate marker for long-term outcome in patients with

LAA. Atherosclerotic burdens in both small and large arteries might impact long-term prog-

nosis in ischemic stroke patients.

Introduction

White matter hyperintensity (WMH) is a small vessel disease defined as patchy or confluent

periventricular and subcortical areas of higher signal intensity on magnetic resonance imaging

(MRI) [1]. It is well known that WMH increases the risk of long-term mortality in the general

population [2], young patients with ischemic stroke [3], and patients with systemic atheroscle-

rotic diseases [4].

Among stroke subtypes, WMH is strongly linked to lacunar infarction as they share com-

mon small artery pathologies [5]. The small vessel disease is associated with microvascular

pathogenesis including endothelial dysfunction and leakage of the blood-brain barrier. Recent

studies also showed that WMH is also associated with large artery atherosclerosis (LAA) [6–9].

Considering the possible prognostic implication of WMH in combination with LAA, little

is known about the impact of WMH on the long-term outcome in stroke patients with the

LAA subtype. We hypothesized that ischemic stroke patients with LAA and WMH might have

poor outcomes because they have both large and small artery diseases. Since WMH is a chronic

process, we investigated long-term outcomes in patients with LAA according to the degree of

WMH.

Materials and methods

Patients and evaluation

The study subjects were drawn from consecutive patients with acute ischemic stroke who had

been registered in the prospective stroke registry from January 2001 to June 2007. During

admission, all patients with cerebral infarction within 7 days after symptom onset were thor-

oughly investigated. Patients were evaluated with angiography, 12-lead electrocardiography,

chest x-ray, lipid profile and standard blood tests. Transesophageal echocardiography, trans-

thoracic echocardiography, heart CT, Holter monitoring and continuous EKG monitoring in

stroke unit were also performed. Among the study patients, 388 (72.1%) patients underwent

continuous EKG monitoring and 246 (45.7%) patients underwent echocardiography. More

detailed information about etiologic evaluations of the patients was described in S1 Table.

Patients with acute ischemic stroke of LAA origin were included and those without MRI or

fluid attenuation inversion recovery (FLAIR) image were excluded. LAA was defined when the

patient had significant (�50%) stenosis of the large cerebral artery relevant to the acute infarc-

tion, according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) classification

[10]. This study was approved by the Severance Hospital Institutional Review Board, Yonsei

University Health System.

Assessment of white matter hyperintensity

WMH was defined as supratentorial hyperintense lesions on FLAIR imaging according to the

standards for reporting vascular changes on neuroimaging criteria [1]. MRI examinations

were performed on either a 1.5T (Signa Horizon 1.5T, GE Medical System, Milwaukee, Wis;
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or Intera 1.5T, Philips Medical Systems, Best, Netherlands) or a 3.0T MRI system (Achieva

3.0T, Philips Medical Systems, Best, the Netherlands). MRI images were obtained parallel to

the orbitomeatal line using the following parameters: time repetition (TR)/time echo (TE) =

2,600–6,500/42–70 ms, interslice gap = 2 mm, field of view (FOV) = 230×230 mm, slice thick-

ness = 5 mm, six different directions of diffusion gradient (x, y, z, xy, yz, and zx), and two b

values (0 and 1000) for diffusion-weighted imaging (DWI); TR/TE = 9,000/120 ms, FOV =

230×230 mm, pixel spacing = 0.449 mm/0.449 mm, and slice thickness = 5 mm for FLAIR

imaging. When the patients underwent multiple MRI studies, the first MRI was used for white

matter grading.

The degrees of both periventricular WMH and deep WMH were assessed using a 4-level

ordinal scale (none, mild, moderate, or severe) based on the methodology of Fazekas [11].

Severe periventricular WMH and deep WMH was defined as Fazekas score�2. Total WMH

burden was calculated by summation of the scores for periventricular WMH and deep WMH,

and ranged between 0 and 6. The degree of WMH was dichotomized into no or mild (Fazekas

score = 0 to 2) and severe (Fazekas score = 3 to 6) [12]. Two raters, who were blinded to the

clinical findings, separately assessed WMH. Inter-rater reliability of determining the degree of

WMH was excellent (the kappa values of periventricular WMH and deep WMH were 0.805

and 0.755, respectively).

Functional outcome at 3 months and long-term mortality

Short-term functional outcomes at 3 months were determined based on the modified Rankin

scale (mRS). Poor outcome was defined as a mRS score� 3. Long-term mortality and causes

of death were identified using death certificates from the Korean National Statistical Office.

In Korea, by law, all deaths of Koreans must be reported to the National Statistical Office. For

deaths not certified by physicians, any vague or missing item on the death certificate is clarified

by the National Statistical Office via telephone [13]. Deaths among subjects from January 2001

to December 31, 2013 were confirmed by matching the information in the death records and

identification numbers assigned to the subjects at birth [13]. The cause of death was coded

according to the International Classification of Disease, 10th revision. Cardiovascular death

included fatal stroke (I60-64) and fatal ischemic heart disease caused by myocardial infarction

(I21-23, I46).

Statistical analyses

SPSS for Windows (version 21.0, SPSS Inc., Chicago, IL, USA) was used for statistical analysis.

The Pearson Chi-square test was used to compare frequencies. For continuous variables, data

distributions were examined for normality using the Kolmogorov-Smirnov test. If the data did

not deviate from a normal distribution, the mean and standard deviation (SD) were calculated

and independent sample t-tests were used for comparisons. For data that were not normally

distributed, we reported descriptive statistics as the median and interquartile range (IQR) and

compared them using the Kruskal-Wallis test. Independent predictors for poor outcome at 3

months were determined using the logistic regression analysis. The Kaplan-Meier analysis was

used to estimate survival conditions and the log-rank test was used to compare rate estimates.

The Cox proportional hazard regression analysis was performed to calculate crude and

adjusted hazard ratios (HRs) with 95% confidence intervals (CIs). Variables with p<0.1 in the

univariable analyses along with age and sex were entered in the Cox regression. Since older age

is major determinant of severe WMH and long-term mortality, we tested the interaction effect

between age and severe WMH at an alpha level of 0.15. To investigate the association between

age and WMH, Spearman correlations were determined. And partial correlation coefficients

Impact of WMH on mortality of patients with large artery atherosclerosis
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after adjusting the values p <0.1 in univariable analyses were calculated. Steiger’s Z-test was

used to compare these correlation coefficients.

Results

Study population

During the study period, 2529 cerebral infarction patients were registered in the stroke regis-

try. 639 patients (25.3%) were categorized with the LAA subtype. After excluding 43 patients

without MRI data and 58 patients without FLAIR imaging data, 538 patients were finally

enrolled in the study. Severe WMH was found in 243 patients (45.2%). Patients with severe

WMH were older (p<0.001), more frequently had hypertension (p = 0.004), and were less

likely to be current smokers (p = 0.009) and men (p = 0.042) compared to those with no or

mild WMH. Patients with severe WMH showed higher pulse pressure, and lower triglyceride

level than those with no or mild WMH, whereas serum creatinine level was similar (Table 1).

Functional outcome at 3 months

Patients with severe WMH showed similar poor outcome at 3 months compared to those with

no or mild WMH (32.9 vs. 28.5%, p = 0.265). Univariable analyses showed that patients with

Table 1. Demographic characteristics of study patients according to degree of white matter hyperintensity (WMH).

Total Severe WMH No or mild WMH p-value

n = 538 n = 243 n = 295

Age, years

mean ± SD 65.7 ± 10.3 69.6 ± 8.3 62.5 ± 10.7

median 67.0 [59.0–73.0] 69.0 [64.0–75.0] 63.0 [55.0–70.0] <0.001

<65 233 (43.3) 68 (28.0) 165 (55.9)

�65 305 (56.7) 175 (72.0) 130 (44.1)

Sex, men 361 (67.1) 152 (62.6) 209 (70.8) 0.042

Hypertension 416 (77.3) 202 (83.1) 214 (72.5) 0.004

Diabetes 221 (41.1) 98 (40.3) 123 (41.7) 0.749

Hyperlipidemia 68 (12.6) 28 (11.5) 40 (13.6) 0.479

Smoking 268 (49.8) 106 (43.6) 162 (54.9) 0.009

Pulse pressure (mmHg) 71.1 ± 20.6 73.3 ± 21.6 69.4 ± 19.6 0.034

Total cholesterol (mmol/L) 4.7 ± 1.0 4.7 ± 0.9 4.7 ± 1.0 0.725

Triglyceride (mmol/L) 1.5 ± 0.8 1.4 ± 0.7 1.6 ± 0.9 0.001

HDL (mmol/L) 1.1 ± 0.4 1.1 ± 0.4 1.1 ± 0.4 0.284

LDL (mmol/L) 2.8 ± 1.0 2.9 ± 1.0 2.8 ± 1.1 0.136

Serum creatinine (μmol/L) 1.0 ± 0.6 1.0 ± 0.6 1.0 ± 0.6 0.602

Initial NIHSS score 4.0 [2.0–8.25] 4.0 [2.0–9.0] 4.0 [2.0–8.0] 0.752

0–2 195 (36.2) 93 (38.3) 102 (34.6)

3–5 133 (24.7) 56 (23.0) 77 (26.1)

�6 210 (39.0) 94 (38.7) 116 (39.3)

Previous antithrombotics 40 (7.4) 18 (7.4) 22 (7.5) 0.982

Antiplatelet 37 (6.9) 16 (6.6) 21 (7.1) 0.807

Anticoagulant 4 (0.7) 3 (1.2) 1 (0.3) 0.332

Previous statin 24 (4.5) 11 (4.5) 13 (4.4) 0.947

Data are expressed as the mean ± SD, median [interquartile range], or number (%);

HDL, high density lipoprotein; LDL, Low density lipoprotein; NIHSS, National Institute of Health Stroke Scale.

https://doi.org/10.1371/journal.pone.0189611.t001
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hypertension, or higher initial NIHSS score were more likely to have poor functional outcomes

at 3 months. Logistic regression analysis showed initial stroke severity was an independent

predictor of poor outcome at 3 months. However, there was no difference in functional out-

come at 3 months between patients with and without severe WMH (p = 0.525) (Table 2).

Cumulative death rates

Study patients were followed for a median of 7.7 years (IQR, 5.6–9.7). During the follow-up

period, 200 patients (37.2%) died. Patients with severe WMH showed higher cumulative death

rates compared to patients with no or mild WMH (13.2 vs. 8.1% within 1 year, p = 0.062; 23.0

vs. 12.5% within 3 years, p = 0.002; 32.1 vs. 17.3% within 5 years, p< 0.001) (Fig 1A). In total,

108 patients (20.1%) died because of cardiovascular causes: fatal stroke in 88 patients (16.4%)

and fatal ischemic heart disease in 20 patients (3.7%). Patients with severe WMH showed

higher cumulative cardiovascular death rates compared to patients with no or mild WMH (9.5

vs. 4.1% within 1 year, p = 0.014; 15.6 vs. 6.8% within 3 years, p = 0.001; 20.2 vs. 9.2% within 5

years, p< 0.001) (Fig 1B). All underlying causes of death including 92 patients who died

because of other causes were shown in S2 Table.

Univariable and multivariable analyses of long-term mortality

Kaplan-Meier survival analysis showed that patients with severe WMH had a higher all-cause

(p< 0.001, Fig 2A) and cardiovascular (p = 0.003, Fig 2B) death rate than patients without

Table 2. Univariable and multivariable analyses for poor outcome at 3 months (mRS 3–6).

Univariable Multivariable

HR (95% CI) p-value HR (95% CI) p-value

Age (years)

<65 1

�65 1.20 (0.83–1.74) 0.342 1.12 (0.69–1.80) 0.649

Sex (men) 0.89 (0.60–1.31) 0.544 1.21 (0.75–1.97) 0.438

Hypertension 1.63 (1.02–2.61) 0.041 1.52 (0.86–2.68) 0.149

Diabetes 1.10 (0.76–1.60) 0.616

Hyperlipidemia 1.11 (0.64–1.91) 0.720

Smoking 0.94 (0.65–1.36) 0.751

Pulse pressure (mmHg) 1.00 (1.00–1.01) 0.415

Total cholesterol (mmol/L) 1.13 (0.93–1.37) 0.213

Triglyceride (mmol/L) 0.78 (0.60–1.01) 0.057 0.82 (0.62–1.10) 0.190

HDL (mmol/L) 1.54 (0.95–2.48) 0.078 1.67 (0.95–2.93) 0.076

LDL (mmol/L) 1.03 (0.86–1.23) 0.789

Serum creatinine (μmol/L) 0.96 (0.69–1.33) 0.791

Initial NIHSS score

0–2 1 1

3–5 6.02 (2.75–13.17) <0.001 6.08 (2.75–13.48) <0.001

�6 30.39 (14.74–62.66) <0.001 30.95 (14.82–64.66) <0.001

Previous antithrombotics 1.11 (0.56–2.20) 0.773

Previous statin 1.15 (0.48–2.74) 0.756

Severe WMH 1.23 (0.85–1.78) 0.265 1.17 (0.73–1.86) 0.525

Data are expressed as the hazard ratio (95% CI);

HDL, high density lipoprotein; LDL, Low density lipoprotein; NIHSS, National Institute of Health Stroke Scale; WMH, white matter hyperintensity.

https://doi.org/10.1371/journal.pone.0189611.t002
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severe WMH. Cox regression analysis revealed that older age, history of diabetes, serum creati-

nine level, initial stroke severity, and the presence of severe WMH were independent predictors

of long-term mortality. Patients with severe WMH had a higher death rate compared to patients

with no or mild WMH after adjustment (HR 1.50, 95% CI 1.12–2.00, p = 0.007) (Table 3).

Fig 1. Cumulative (A) all cause and (B) cardiovascular death rate according to the presence of severe white matter hyperintensity

(WMH). An asterisk indicates p <0.05; two asterisks indicates p <0.001.

https://doi.org/10.1371/journal.pone.0189611.g001

Fig 2. Kaplan-Meier survival curve according to the presence of severe white matter hyperintensity (WMH). Univariable Kaplan-

Meier survival analysis revealed that large artery atherosclerosis (LAA) patients with severe WMH showed (A) higher mortality (p<0.001)

and (B) higher cardiovascular death rate (p = 0.003) than patients with no or mild WMH.

https://doi.org/10.1371/journal.pone.0189611.g002
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Subgroup analysis of long-term mortality according to age

WMH is strongly associated with age [5], which is one of important determinants of long-

term outcome. We also found that there was an interaction between age and severe WMH

(unstandardized beta = 0.031, SE = 0.018, p for interaction = 0.096) in multivariable interac-

tion model and performed additional subgroup analysis according to median age: a younger

age group (<65 years old) and an older age group (�65 years old). Patients in the older age

group were more likely to have severe WMH compared to the younger age group patients

(57.5% vs. 29.2%, p< 0.001). The older age group also had a higher cumulative death rate

than the younger age group during follow-up (57.4 vs. 29.2%, p< 0.001). Among the older age

group, patients with severe WMH showed a tendency toward a higher all cause (p = 0.059, Fig

3A) and cardiovascular (p = 0.087, Fig 3B) mortality than patients with no or mild WMH. In

the younger age group, all cause and cardiovascular mortality were not different between

patients with and without severe WMH (p = 0.882 and p = 0.728).

Because of the long-term follow-up period and since old age itself is a major determinant of

mortality rate, we performed an additional analysis which limited the follow-up period to 5

years. The older age group with severe WMH showed higher all cause (p = 0.034, Fig 3C) and

cardiovascular (p = 0.045, Fig 3D) death rates compared to patients with no or mild WMH.

Cox regression revealed that older age group patients with severe WMH had a 1.75-fold (95%

CI, 1.15–2.65, p = 0.008) higher 5-year mortality rate compared to patients without severe

WMH (Table 4). In the younger age group, 5-year mortality was not different between patients

with and without severe WMH in multivariate model (HR 1.72, 95% CI 0.78–3.82, p = 0.182).

Table 3. Cox regression analysis of long-term mortality.

Univariable Multivariable

HR (95% CI) p-value HR (95% CI) p-value

Age (years)

<65 1 1

�65 2.96 (2.15–4.10) <0.001 2.91 (2.05–4.12) <0.001

Sex (men) 1.26 (0.93–1.72) 0.141 0.84 (0.61–1.15) 0.836

Hypertension 0.90 (0.65–1.24) 0.504

Diabetes 1.30 (0.98–1.71) 0.067 1.48 (1.11–1.97) 0.007

Hyperlipidemia 0.84 (0.54–1.31) 0.450

Smoking 1.00 (0.76–1.32) 0.984

Pulse pressure (mmHg) 1.00 (0.99–1.62) 0.368

Total cholesterol (mmol/L) 0.99 (0.85–1.14) 0.847

Triglyceride (mmol/L) 0.78 (0.64–0.96) 0.017 0.92 (0.76–1.12) 0.397

HDL (mmol/L) 1.19 (0.85–1.65) 0.317

LDL (mmol/L) 1.02 (0.89–1.17) 0.761

Serum creatinine (μmol/L) 1.50 (1.33–1.69) <0.001 1.37 (1.21–1.56) <0.001

Initial NIHSS score

0–2 1 1

3–5 1.85 (1.25–2.75) 0.002 2.15 (1.43–3.23) <0.001

�6 2.73 (1.93–3.87) <0.001 3.14 (2.18–4.52) <0.001

Previous antithrombotics 1.09 (0.62–1.91) 0.771

Previous statin 0.67 (0.27–1.62) 0.368

Severe WMH 1.65 (1.25–2.18) <0.001 1.50 (1.12–2.00) 0.007

Data are expressed as the hazard ratio (95% CI);

HDL, high density lipoprotein; LDL, Low density lipoprotein; NIHSS, National Institute of Health Stroke Scale; WMH, white matter hyperintensity.

https://doi.org/10.1371/journal.pone.0189611.t003
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Patterns of deep and periventricular WMH

We investigated the patterns of periventricular WMH and deep WMH because the different

patterns may explain the differences in pathophysiology and age effects. The coefficient of

Fig 3. Kaplan-Meier survival curve according to the presence of severe white matter hyperintensity (WMH) in the older age group.

In the older age group (age�65 years), patients with severe WMH showed a tendency toward a higher (A) all cause (p = 0.059) and (B)

cardiovascular (p = 0.087) death rate. This association was not found in patients in the younger age group. In the limited analysis of follow-up

within 5 years, older age patients with severe WMH showed significantly higher (C) all cause (p = 0.034) and (D) cardiovascular (p = 0.045)

mortality rates than patients with no or mild WMH.

https://doi.org/10.1371/journal.pone.0189611.g003
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correlation between age and periventricular WMH (unadjusted ρ = 0.344, p< 0.001; adjusted

ρ = 0.322, p< 0.001) was higher than that between age and deep WMH (unadjusted ρ = 0.273,

p< 0.001; adjusted ρ = 0.250, p< 0.001). Steiger’s Z-test showed correlation between age and

periventricular WMH were higher than that of deep WMH (unadjusted p = 0.022; adjusted

p = 0.023). Multivariable Cox analyses showed that severe periventricular WMH was an

independent predictor of long term mortality in all age group (OR 1.49, 95% CI 1.04–2.16,

p = 0.032) and older age group (OR 1.77, 95% CI 1.18–2.66, p = 0.006). In contrast, severe

deep WMH was not (p = 0.974 in all age group). In younger age group, neither severe periven-

tricular nor deep WMH was associated with long-term mortality (p = 0.574 with severe peri-

ventricular WMH; p = 0.111 with severe deep WMH) (S3 Table).

Discussion

This study demonstrated that severe WMH was independently associated with long-term all

cause and cardiovascular mortality in stroke patients with the LAA subtype, especially in older

age patients. The relationship between severe WMH and long-term mortality in patients with

LAA remained significant after adjustment for well-known predictors including age and initial

stroke severity.

We found that severe WMH was frequently found in patients who had LAA (45.2%). It is

well known that lacunar infarction resulted from small artery occlusion is highly associated

with WMH. Besides small artery occlusion, our study supported the previous report that the

patients with LAA also frequently had WMH (55.4%) [7]. The association between LAA and

severe WMH may be explained by reduced cerebral perfusion and cerebrovascular reactivity

due to large artery atherosclerosis. A previous study reported that a higher burden of WMH

Table 4. Cox regression analysis of 5-year mortality in the older age group.

Univariable Multivariable

HR (95% CI) p-value HR (95% CI) p-value

Sex (men) 1.05 (0.70–1.57) 0.833 1.13 (0.74–1.71) 0.573

Hypertension 1.00 (0.62–1.61) 0.983

Diabetes 1.07 (0.72–1.58) 0.750

Hyperlipidemia 0.72 (0.37–1.44) 0.356

Smoking 1.30 (0.88–1.91) 0.189

Pulse pressure (mmHg) 1.00 (0.99–1.01) 0.555

Total cholesterol (mmol/L) 0.97 (0.79–1.20) 0.805

Triglyceride (mmol/L) 0.67 (0.48–0.93) 0.018 0.79 (0.58–1.10) 0.160

HDL (mmol/L) 0.90 (0.53–1.53) 0.699

LDL (mmol/L) 1.00 (0.82–1.22) 0.979

Serum creatinine (μmol/L) 1.39 (1.20–1.61) <0.001 1.30 (1.12–1.50) <0.001

Initial NIHSS score

0–2 1 1

3–5 2.91 (1.53–5.52) 0.001 3.59 (1.86–6.95) <0.001

�6 5.14 (2.92–9.04) <0.001 5.36 (2.97–9.66) <0.001

Previous antithrombotics 0.83 (0.39–1.80) 0.644

Previous statin 0.88 (0.32–2.39) 0.799

Severe WMH 1.55 (1.03–2.35) 0.036 1.75 (1.15–2.65) 0.008

Data are expressed as the hazard ratio (95% CI);

HDL, high density lipoprotein; LDL, Low density lipoprotein; NIHSS, National Institute of Health Stroke Scale; WMH, white matter hyperintensity.

https://doi.org/10.1371/journal.pone.0189611.t004

Impact of WMH on mortality of patients with large artery atherosclerosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0189611 December 12, 2017 9 / 13

https://doi.org/10.1371/journal.pone.0189611.t004
https://doi.org/10.1371/journal.pone.0189611


was found in patients with a higher degree of carotid stenosis [8]. On the other hands, arterial

stiffness may explain the association between LAA and severe WMH [9]. Previous study

showed that increased arterial stiffness is strongly associated with large artery atherosclerosis

at various arterial trees [14]. Arterial stiffness increases the pulse pressure and contributes to

systemic vessel wall injury. Because cerebral small vessels have a low vascular resistance and

are vulnerable to these increased pulse pressure, heightened arterial stiffness accompanied by

LAA may be linked with WMH [9].

This study showed that severe WMH was independently associated with long-term mortal-

ity. The underlying mechanism cannot be solely drawn from our study. However, considering

the association between LAA and WMH [6–8], severe WMH may be a surrogate marker of

atherosclerotic burden. Higher atherosclerotic burdens in multiple vascular beds are known to

be associated with poor prognosis in stroke patients [15]. In addition, increased arterial stiff-

ness itself is an independent predictor of long-term mortality [16]. Further prospective study

including evaluation of atherosclerosis in multiple vascular beds and measurements of arterial

stiffness might be needed to elucidate the mechanism of the association between severe WMH

and long-term mortality in patients with LAA.

In our study, functional outcome at 3 months was similar regardless of the presence of

severe WMH. In a longitudinal cohort study of all subtypes of ischemic stroke, those with

severe WMH showed poor functional outcomes at 3 months [17]. On the other hand, because

WMH is a long-term process, short-term outcomes may not be related with the presence of

severe WMH. In addition, because the overall prognosis of patients with LAA subtypes is poor

among stroke subtypes, short-term outcome may be encompassed with poor prognosis of the

LAA subtype [18]. In contrast, in terms of long-term mortality, the burdens of both large and

small cerebral arteries might have a synergistic effect on long-term prognosis.

In subgroup analyses, we found that older age in patients with severe WMH was associated

with higher mortality within 5 years. In contrast, there was no such association in younger

patients. Our finding suggests that the impact WMH on long-term outcome is different

according to age in stroke patients with LAA. Both age and presence of WMH may have an

impact on the long-term prognosis. However, our results may be confounded from relative

small number of younger age group. To confirm this, further large studies might be needed.

Among the WMH, we found that older age group was highly associated with periventricu-

lar WMH than deep WMH. For an increase in each age decade, periventricular WMH showed

a greater volume increase than deep WMH [19]. The periventricular white matter is located in

the arterial border zone and supplied by long perforating arteries which makes it particularly

vulnerable to decreases in cerebral blood flow [8]. A previous report showed that severe peri-

ventricular WMH increased the risk of death, while deep WMH did not [20]. In addition,

another study showed that cardiovascular risk factors were associated with periventricular

WMH, but not with deep WMH [21]. In our study, severe WMH, especially periventricular,

was associated with higher mortality only in the older age group (S3 Table). Therefore, our

findings of differential impact of severe WMH on long-term outcome according to age may

be explained by the higher involvement of periventricular white matter in the older age group

compared to the younger age group.

There were some limitations in our study. First, this study is a retrospective analysis in a

single stroke center, so possible selection bias may exist. However, the enrollment of conse-

cutive patients and long-term follow-up are strengths of our study. We conducted long-term

follow-up of patients for over 7 years. Because WMH is a chronic process, the impact of

WMH on mortality is difficult to determine with a short follow-up period. Second, we

did not quantify WMH burden with volumetry, which has been reported as more sensitive

and can help avoid the ceiling-effect of ordinal scales. However, the Fazekas scale is well
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established and was found to be well correlated with WMH volume in a previous study [22].

Third, although we enrolled the patients with LAA, subclinical cardiac dysfunction could

be one of confounding factor [23]. In this study, echocardiography was performed in only

about half of patients. Further prospective study, which evaluates echocardiography in all

study patients might be helpful.

Conclusion

Severe WMH was independently associated with long-term mortality in stroke patients with

the large artery atherosclerosis, especially in the older age group. Burdens of atherosclerosis in

both small and large arteries might have a synergistic impact on the poor long-term prognosis

in ischemic stroke patients.

Supporting information

S1 Table. Etiologic evaluations according to degree of WMH. WMH indicates white matter

hyperintensities; CTA, CT angiography; MRA, MR angiography; DSA, digital subtraction

angiography; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

Values are n (%).

(DOCX)

S2 Table. Causes of death.

(DOCX)

S3 Table. Cox regression analysis of long-term mortality in patients with severe periventri-

cular or deep WMH according to age group. � Adjusted for sex and the variables with p<0.1

in univariable analyses. WMH, white matter hyperintensity.

(DOCX)

Author Contributions

Conceptualization: Minyoul Baik, Hyo Suk Nam.

Data curation: Minyoul Baik.

Formal analysis: Hyo Suk Nam.

Funding acquisition: Hyo Suk Nam.

Investigation: Minyoul Baik, Kyoungsub Kim, Joonsang Yoo, Ki Hoon Kim, Hyung Jong

Park, Young Dae Kim, Hyo Suk Nam.

Methodology: Minyoul Baik, Seong Ho Jeong, Ki Hoon Kim.

Resources: Kyoungsub Kim, Joonsang Yoo, Seong Ho Jeong, Hyung Jong Park, Young Dae

Kim, Ji Hoe Heo, Hyo Suk Nam.

Supervision: Hyeon Chang Kim, Ji Hoe Heo, Hyo Suk Nam.

Writing – original draft: Minyoul Baik.

Writing – review & editing: Hyeon Chang Kim, Hyo Suk Nam.

References
1. Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R, et al. (2013) Neuroimaging

standards for research into small vessel disease and its contribution to ageing and neurodegeneration.

Lancet Neurol 12: 822–838. https://doi.org/10.1016/S1474-4422(13)70124-8 PMID: 23867200

Impact of WMH on mortality of patients with large artery atherosclerosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0189611 December 12, 2017 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189611.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189611.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189611.s003
https://doi.org/10.1016/S1474-4422(13)70124-8
http://www.ncbi.nlm.nih.gov/pubmed/23867200
https://doi.org/10.1371/journal.pone.0189611


2. Bokura H, Kobayashi S, Yamaguchi S, Iijima K, Nagai A, Toyoda G, et al. (2006) Silent brain infarction

and subcortical white matter lesions increase the risk of stroke and mortality: a prospective cohort

study. J Stroke Cerebrovasc Dis 15: 57–63. https://doi.org/10.1016/j.jstrokecerebrovasdis.2005.11.

001 PMID: 17904049

3. Putaala J, Haapaniemi E, Kurkinen M, Salonen O, Kaste M, Tatlisumak T, et al. (2011) Silent brain

infarcts, leukoaraiosis, and long-term prognosis in young ischemic stroke patients. Neurology 76:

1742–1749. https://doi.org/10.1212/WNL.0b013e31821a44ad PMID: 21576692

4. Conijn MM, Kloppenborg RP, Algra A, Mali WP, Kappelle LJ, Vincken KL, et al. (2011) Cerebral small

vessel disease and risk of death, ischemic stroke, and cardiac complications in patients with atheroscle-

rotic disease: the Second Manifestations of ARTerial disease-Magnetic Resonance (SMART-MR)

study. Stroke 42: 3105–3109. https://doi.org/10.1161/STROKEAHA.110.594853 PMID: 21868739

5. Pantoni L (2010) Cerebral small vessel disease: from pathogenesis and clinical characteristics to thera-

peutic challenges. Lancet Neurol 9: 689–701. https://doi.org/10.1016/S1474-4422(10)70104-6 PMID:

20610345

6. Song TJ, Kim YD, Yoo J, Kim J, Chang HJ, Hong GR, et al. (2016) Association between aortic atheroma

and cerebral small vessel disease in patients with ischemic stroke. J Stroke 18: 312–320. https://doi.

org/10.5853/jos.2016.00171 PMID: 27488980

7. Lee SJ, Kim JS, Lee KS, An JY, Kim W, Kim YI, et al. (2008) The leukoaraiosis is more prevalent in the

large artery atherosclerosis stroke subtype among Korean patients with ischemic stroke. BMC Neurol

8: 31. https://doi.org/10.1186/1471-2377-8-31 PMID: 18687146

8. Kandiah N, Goh O, Mak E, Marmin M, Ng A (2014) Carotid stenosis: a risk factor for cerebral white-mat-

ter disease. J Stroke Cerebrovasc Dis 23: 136–139. https://doi.org/10.1016/j.jstrokecerebrovasdis.

2012.11.007 PMID: 23265783

9. Rundek T, Della-Morte D, Gardener H, Dong C, Markert MS, Gutierrez J, et al. (2017) Relationship

between carotid arterial properties and cerebral white matter hyperintensities. Neurology 88: 2036–

2042. https://doi.org/10.1212/WNL.0000000000003951 PMID: 28446647

10. Adams HP Jr., Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, et al. (1993) Classification of

subtype of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org

10172 in Acute Stroke Treatment. Stroke 24: 35–41. PMID: 7678184

11. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA (1987) MR signal abnormalities at 1.5 T in

Alzheimer’s dementia and normal aging. AJR Am J Roentgenol 149: 351–356. https://doi.org/10.2214/

ajr.149.2.351 PMID: 3496763

12. Yakushiji Y, Charidimou A, Hara M, Noguchi T, Nishihara M, Eriguchi M, et al. (2014) Topography and

associations of perivascular spaces in healthy adults: the Kashima scan study. Neurology 83: 2116–

2123. https://doi.org/10.1212/WNL.0000000000001054 PMID: 25361776

13. Nam HS, Kim HC, Kim YD, Lee HS, Kim J, Lee DH, et al. (2012) Long-term mortality in patients with

stroke of undetermined etiology. Stroke 43: 2948–2956. https://doi.org/10.1161/STROKEAHA.112.

661074 PMID: 22933583

14. van Popele NM, Grobbee DE, Bots ML, Asmar R, Topouchian J, Reneman RS, et al. (2001) Association

Between Arterial Stiffness and Atherosclerosis: The Rotterdam Study. Stroke 32: 454–460. PMID:

11157182

15. Cimminiello C, Zaninelli A, Carolei A, Sacco S, Toni D, Gensini G (2012) Atherothrombotic burden and

medium-term prognosis in patients with acute ischemic stroke: findings of the SIRIO study. Cerebro-

vasc Dis 33: 341–347. https://doi.org/10.1159/000335833 PMID: 22378350

16. Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L, et al. (2001) Aortic stiffness is an inde-

pendent predictor of all-cause and cardiovascular mortality in hypertensive patients. Hypertension 37:

1236–1241. PMID: 11358934

17. Kissela B, Lindsell CJ, Kleindorfer D, Alwell K, Moomaw CJ, Woo D, et al. (2009) Clinical prediction of

functional outcome after ischemic stroke: the surprising importance of periventricular white matter disease

and race. Stroke 40: 530–536. https://doi.org/10.1161/STROKEAHA.108.521906 PMID: 19109548

18. Derex L, Nighoghossian N, Hermier M, Adeleine P, Froment JC, Trouillas P (2002) Early detection of

cerebral arterial occlusion on magnetic resonance angiography: predictive value of the baseline NIHSS

score and impact on neurological outcome. Cerebrovasc Dis 13: 225–229. https://doi.org/10.1159/

000057847 PMID: 12011545

19. Nyquist PA, Bilgel M, Gottesman R, Yanek LR, Moy TF, Becker LC, et al. (2015) Age differences in peri-

ventricular and deep white matter lesions. Neurobiol Aging 36: 1653–1658. https://doi.org/10.1016/j.

neurobiolaging.2015.01.005 PMID: 25659858

20. Bokura H, Kobayashi S, Yamaguchi S, Iijima K, Nagai A, Toyoda G, et al. (2006) Silent brain infarction

and subcortical white matter lesions increase the risk of stroke and mortality: a prospective cohort

study. Journal Stroke Cerebrovasc Dis 15: 57–63.

Impact of WMH on mortality of patients with large artery atherosclerosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0189611 December 12, 2017 12 / 13

https://doi.org/10.1016/j.jstrokecerebrovasdis.2005.11.001
https://doi.org/10.1016/j.jstrokecerebrovasdis.2005.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17904049
https://doi.org/10.1212/WNL.0b013e31821a44ad
http://www.ncbi.nlm.nih.gov/pubmed/21576692
https://doi.org/10.1161/STROKEAHA.110.594853
http://www.ncbi.nlm.nih.gov/pubmed/21868739
https://doi.org/10.1016/S1474-4422(10)70104-6
http://www.ncbi.nlm.nih.gov/pubmed/20610345
https://doi.org/10.5853/jos.2016.00171
https://doi.org/10.5853/jos.2016.00171
http://www.ncbi.nlm.nih.gov/pubmed/27488980
https://doi.org/10.1186/1471-2377-8-31
http://www.ncbi.nlm.nih.gov/pubmed/18687146
https://doi.org/10.1016/j.jstrokecerebrovasdis.2012.11.007
https://doi.org/10.1016/j.jstrokecerebrovasdis.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23265783
https://doi.org/10.1212/WNL.0000000000003951
http://www.ncbi.nlm.nih.gov/pubmed/28446647
http://www.ncbi.nlm.nih.gov/pubmed/7678184
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.2214/ajr.149.2.351
http://www.ncbi.nlm.nih.gov/pubmed/3496763
https://doi.org/10.1212/WNL.0000000000001054
http://www.ncbi.nlm.nih.gov/pubmed/25361776
https://doi.org/10.1161/STROKEAHA.112.661074
https://doi.org/10.1161/STROKEAHA.112.661074
http://www.ncbi.nlm.nih.gov/pubmed/22933583
http://www.ncbi.nlm.nih.gov/pubmed/11157182
https://doi.org/10.1159/000335833
http://www.ncbi.nlm.nih.gov/pubmed/22378350
http://www.ncbi.nlm.nih.gov/pubmed/11358934
https://doi.org/10.1161/STROKEAHA.108.521906
http://www.ncbi.nlm.nih.gov/pubmed/19109548
https://doi.org/10.1159/000057847
https://doi.org/10.1159/000057847
http://www.ncbi.nlm.nih.gov/pubmed/12011545
https://doi.org/10.1016/j.neurobiolaging.2015.01.005
https://doi.org/10.1016/j.neurobiolaging.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25659858
https://doi.org/10.1371/journal.pone.0189611


21. Spilt A, Goekoop R, Westendorp RG, Blauw GJ, de Craen AJ, van Buchem MA (2006) Not all age-

related white matter hyperintensities are the same: a magnetization transfer imaging study. AJNR Am J

Neuroradiol 27: 1964–1968. PMID: 17032876

22. van Straaten EC, Fazekas F, Rostrup E, Scheltens P, Schmidt R, Pantoni L, et al. (2006) Impact of

white matter hyperintensities scoring method on correlations with clinical data: the LADIS study. Stroke

37: 836–840. https://doi.org/10.1161/01.STR.0000202585.26325.74 PMID: 16439704

23. Russo C, Jin Z, Homma S, Elkind MS, Rundek T, Yoshita M, et al. (2013) Subclinical left ventricular dys-

function and silent cerebrovascular disease: the Cardiovascular Abnormalities and Brain Lesions

(CABL) study. Circulation 128: 1105–1111. https://doi.org/10.1161/CIRCULATIONAHA.113.001984

PMID: 23902759

Impact of WMH on mortality of patients with large artery atherosclerosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0189611 December 12, 2017 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/17032876
https://doi.org/10.1161/01.STR.0000202585.26325.74
http://www.ncbi.nlm.nih.gov/pubmed/16439704
https://doi.org/10.1161/CIRCULATIONAHA.113.001984
http://www.ncbi.nlm.nih.gov/pubmed/23902759
https://doi.org/10.1371/journal.pone.0189611

