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	 Background:	 Elderly people with white-matter hyperintensities (WMHs) typically show cognitive impairment. Attention, con-
sisting of 3 independent component processes (alerting, orienting, and executive control), is crucial for cogni-
tive functioning. Little is known about how WMHs interfere with these attention subdomains. In the present 
study, we sought to describe characteristics of attention deficits in patients with age-related WMHs and to as-
sess whether the severity and location of lesions differentially affect specific attention subdomains using the 
attention network test (ANT), which is a computer-based paradigm tailored to accurately provide behavioral 
measures of the aforementioned subdomains.

	 Material/Methods:	 A total of 39 WMH patients and 39 age-, sex-, and education-matched controls underwent comprehensive neu-
ropsychological and ANT evaluation. Brain magnetic resonance imaging (MRI) was performed to visualize se-
verity of total and location-specific WMH lesions. Multiple linear regression analyses adjusted for possible con-
founders were performed.

	 Results:	 Compared with controls, WMH patients showed pronounced deficits in orienting and executive control effi-
ciencies (P<0.050), but not alerting efficiency (P=0.642). As total WMH severity increased, efficiencies in the 
impaired subdomains significantly declined (P<0.050). In terms of lesion location, fronto-parietal type of peri-
ventricular WMH (PWMH) and deep WMH (DWMH) in the parietal lobe affected orienting efficiency, while 
all PWMH types and DWMH in the frontal, parietal, and temporal lobes affected executive control efficiency 
(P<0.050). Additional adjustment for other MRI lesions significantly changed the impact on orienting, but not 
on executive control efficiency.

	 Conclusions:	 Our results reveal specific attention deficits in patients with age-related WMH and may help clarify how the 
location of lesions influences their effects on attention subdomains.
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Background

White-matter hyperintensity (WMH) of presumed vascular 
origin, also called leukoaraiosis or white-matter lesion, is the 
most common lesion in age-related cerebral small vascular dis-
ease (SVD). It commonly appears as bilateral and symmetrical 
hyperintense signals on T2-weighted images in white-matter 
areas, and is mainly a consequence of chronic hypoperfusion 
and breakdown of the blood-brain barrier [1]. WMH was his-
torically considered silent because of its insidious onset and 
slow progression. Recent epidemiological studies taking ad-
vantage of the widespread use of magnetic resonance imag-
ing (MRI) check-ups suggest that the prevalence of WMH is 
approximately 11–21% in adults around 65 years and up to 
94% in the elderly [2]. Thus, the lesion has been extensively 
studied as a correlate of vascular changes in the ageing brain. 
Accumulating evidence from population-based data identifies 
the WMH as a major risk factor for stroke, all-cause mortal-
ity, and functional disturbance (e.g., gait and urinary impair-
ment) [3–7]. Many elderly people frequently experience a spec-
trum of cognitive symptoms that can affect daily living, which 
highlights the importance of characterizing the impact of WMH 
on cognitive abilities. WMH lesions have been typically linked 
to deficits in information-processing speed and executive func-
tion arising from frontal-subcortical circuit dysfunction [8,9]. 
This implies a link between WMH and attention, since atten-
tion involves the allocation of limited cognitive resources for 
information processing and is essential for most types of cog-
nitive functioning and social skills [10]. However, studies on 
WMH and attention have reported mixed results, which may 
reflect the difficulty of detecting mild cognitive defects us-
ing conventional neuropsychological scales and the masking 
of these defects by other clinical symptoms. These mixed re-
sults may also reflect differences in study populations, such 
as whether they have already manifested cognitive symptoms 
(e.g., mild cognitive impairment) or are high-risk populations 
with vascular risk factors or vascular disease [8]. Attention in 
many studies has been measured using the Stroop test and 
trail making test, which has the disadvantages that it involves 
subjective effects, mainly represents executive function, and 
is inappropriate for less-educated subjects [11]. Studies also 
tend to aggregate the attention function with other cognitive 
domains such as psychomotor speed or executive function us-
ing a composite score [8,12].

The present study examined attention specifically using an 
instrument that separates it from other processes: the atten-
tion network test (ANT) [13], based on attention network the-
ory [14]. This theory, which integrates the findings of function-
al imaging and lesion studies, postulates that attention not 
simply represent a general property of the whole brain, but 
rather consists of 3 independent subdomains, each represent-
ing a different set of attentional processing networks. These 

attention subsystems include an alerting component, which 
produces and maintains optimal vigilance to detect upcoming 
stimuli; an orienting component, which selects high-priority in-
formation from numerous sensory inputs for further process-
ing; and an executive control component, which resolves con-
flicts among numerous stimuli. This theory permits the use of 
attention as a model for exploring relationships between brain 
function and behavior. The computer-based ANT paradigm can 
effectively differentiate among the attention subdomains, al-
lowing researchers to address whether attention dysfunction 
reflects a global deficit of cognitive abilities or selective im-
pairment of specific attention subdomains. These attentional 
subdomains involve different anatomical regions of the brain, 
based on pharmacological, electrophysiological, and neuro-
imaging studies [15]. Generally speaking, the alerting system 
is associated with the thalamus and the parietal cortical net-
works in the right hemisphere. The orienting system interacts 
with the temporal-parietal junction and superior parietal lobe. 
The executive control system has been found to be related to 
the midline frontal areas and the prefrontal cortex, including 
the anterior cingulate, lateral prefrontal cortex, and the right 
inferior frontal gyrus. From the perspective of attention net-
work theory, cognitive evaluation using the ANT has helped 
clarify the specific mechanisms of attention dysfunction in 
various neuropsychiatric disorders [16–18], but this literature 
has neglected WMH patients. Therefore, we sought to provide 
a comprehensive evaluation of attentional functioning mea-
sured by the ANT in conjunction with various neuropsycholog-
ical tests among patients with age-related WMH. We hypoth-
esized that WMH patients would show selective impairment 
of attention subdomains, and we wanted to examine wheth-
er lesion severity and location significantly affect the associ-
ation between WMH and attention function as well as neuro-
psychological performance.

Material and Methods

Study participants

This case-control study involved consecutive inpatients or 
outpatients admitted to the Cerebrovascular Disease Clinic in 
the Department of Neurology at the First Affiliated Hospital of 
Anhui Medical University between June 2017 and June 2018, 
who were aged 50–85 years, right-handed, and diagnosed with 
ischemic WMH based on magnetic resonance imaging (MRI) 
(Fazekas score > 2) [19]. We followed the inclusion procedure 
of the LADIS (leukoaraiosis and disability) study [5]. The most 
frequent reasons for which patients were referred to our hos-
pital were chronic symptoms (e.g., complaints related to cog-
nitive status, gait, and mood), regular follow-up after a tran-
sient ischemic attack or clinical lacunar stroke syndrome, or 
unintentional findings on MRI or computed tomography (CT). 
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For patients with clinical lacunar syndrome, cognitive testing 
was performed at least 3 months after stroke onset to avoid 
any acute effects of stroke on cognitive performance.

Patients were excluded if medical records, neuroimaging, and 
laboratory examinations indicated a non-vascular or hereditary 
form of leukoaraiosis, such as multiple sclerosis, CO poison-
ing, metabolic origin, vasculitis, cerebral autosomal dominant 
arteriopathy with subcortical infarcts, and leukoencephalopa-
thy. We further excluded patients who declined to participate 
or who had been diagnosed with movement disorders, oth-
er diseases that severely affect cognitive function, or serious 
physical illnesses. Patients with comorbid anxiety or depres-
sion (Hamilton Anxiety Scale and Hamilton Depression Scale 
scores >7) were also excluded.

Control subjects were recruited during the same period from 
among patients who were seen at the same clinic for unre-
lated reasons and who showed no evidence of WMH, lacunar 
infarction, or the aforementioned diseases. Control subjects 
who were first admitted were matched to WMH patients for 
age, sex, years of education, and date of clinic visit. All controls 
were drawn from the same geographic regions as the patients. 
This study was approved by the Medical Ethics Committee of 
the First Affiliated Hospital of Anhui Medical University. All 
subjects signed an informed consent form before undergoing 
cognitive assessment.

MRI evaluation

All patients underwent MRI on a 3.0-T scanner (GE Signa HDxt, 
WI, USA). The imaging protocol included axial T1-weighted im-
ages (T1WI), axial T2-weighted images (T2WI) fast-spin echo 
(FSE), axial fluid-attenuated inversion recovery (FLAIR), and 
diffusion-weighted imaging (DWI) sequences. The settings 
of FLAIR parameters were: TR/TE=8000–9000/140–200 mil-
lisecond, FOV=220×220 mm, slice thickness=5 mm, and pix-
el spacing=1.5 mm. The FSE T2WI images were obtained at 
TR/TE=3000–4500/80–150 millisecond, FOV=220×220 mm, slice 
thickness=5 mm, and pixel spacing=1.5 mm. Definitions of MRI 
lesions were based on the STRIVE guidelines [20]. WMH was 
defined as spotty or patchy changes in periventricular white 
matter or the centrum semiovale. T1WI presented as iso- or 
hypointense signals, and T2WI and FLAIR presented as hyper-
intense signals. The visual Fazekas scale rates total WMH bur-
den in both the periventricular and subcortical regions on a 
3-point scale [19]. We defined extensive WMHs as deep WHM 
(DWMH) with Fazekas scores 2–3 (confluent lesions) or periven-
tricular WMH (PWMH) with Fazekas score 3 (irregular lesions 
extending into the deep white matter) [21]. To evaluate the lo-
cation-specific effects of WMH on attention, the semiquantita-
tive Scheltens scale was used to assess regional WMH burden 
separately in the periventricular and subcortical regions based 

on lesion size and number [22]. Specifically, PWMH was subdi-
vided into 3 severity types: adjacent to anterior horns of the 
lateral ventricles (frontal caps), adjacent to posterior horns of 
the lateral ventricles (occipital caps), and along the lateral ven-
tricles in the fronto-parietal regions (bands). We graded each 
PWMH type according to the following criteria: 0 point=none, 
1 point=smooth halo (1–5 mm), and 2 points=large confluent 
lesions (5–10 mm). Subcortical DWMH was rated for each of 
frontal, temporal, parietal, and occipital WMHs as follows: 0 
point=none; 1 point=size <4 mm and number <5; 2 points=size 
<4 mm and number >5; 3 points=4–10 mm and number <5; 4 
points=size 4–10 mm and number >5; 5 points=size >10 mm 
and number >1; 6 points=confluent lesions. This scale also in-
cludes ratings for basal ganglia and infratentorial areas accord-
ing to the criteria for DWMH. We analyzed the types of DWMH 
separately because recent international SVD guidelines suggest 
that lesions in the subcortical grey matter or brainstem should 
not be included in the category of SVD-related WMH [20].

Several other MRI features of SVD were also assessed in our 
study. Lacunes were defined as rounded or ovoid lesions of 
cerebrospinal fluid-like signal intensity with a diameter of 
3–15 mm, generally with a surrounding rim of hyperintensi-
ty on the FLAIR sequence, and with no hyperintense signal on 
the DWI sequence. This definition accords with the STRIVE cri-
teria and has been applied in previous studies [23,24]. Non-
strategic lacunes were evaluated and counted in the basal gan-
glia, thalamus, internal or external capsule, or brain stem, and 
the number of lacunes was categorized as none, few (1–3), or 
many (>4) [5]. Enlarged perivascular space (EPVS) was defined 
as a lesion appearing as round (axial section) or linear-shaped 
(longitudinal section) with a diameter of no more than 3 mm 
and without a hyperintense rim. EPVS lesions were hyperin-
tense signals on T2WI FSE, but usually were not visible on 
FLAIR; if visible on FLAIR, they were hypointensive signals on 
FLAIR and T1WI. The number of EPVS across the slide of bas-
al ganglia was counted within the most affected hemisphere, 
and was graded into 3-point categories (0–10, 10–25, or >25) 
[25,26]. However, we could not determine EPVS scores for con-
trols because they lacked the T2 FSE sequence. Cerebral at-
rophy was defined as ventricular and sulcal widening based 
on FLAIR or T1WI and reference brain MRI template of normal 
subjects. Enlargement of ventricles (deep) and sulcus (periph-
eral) was rated as absent, mild, moderate, or severe, using a 
3-point scale [27]. Two trained raters (S.S.C. and W.P.), blind-
ed to clinical data, assessed all MR images, and any disagree-
ments were resolved through discussion with another pro-
fessional neurologist when necessary. Interobserver reliability 
(Cohen kappa score) was determined through 2 evaluations 
of 11 scans (WMH, 0.72; high-grade EPVS, 0.84; lacune, 0.82; 
global atrophy, 0.66).
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Neuropsychological assessment

Trained examiners who were blinded to the clinical and cat-
egorization information of participants administered a well-
established standardized battery of neuropsychological tests 
to determine a comprehensive cognitive profile. Tests includ-
ed the Montreal Cognitive Assessment (MoCA), Digit Span 
(DS) subtest of the Wechsler Adult Intelligence Scale-Revised, 
Color Trial Test (part A and part B), Stroop color-word test, ver-
bal fluency test (VFT), and episodic memory (Chinese auditory 
verb learning test) (Supplementary Table 1). These tests can 
measure patterns of cognitive impairment associated with 
SVD [28]. All subjects were informed of the test scores only 
after all data had been collected.

Attention network test

The ANT paradigm in our study included a full-feedback prac-
tice stage with 24 trials and triplicate 96-trial experimental 
stages without feedback [13]. During assessment, subjects 
adopted an appropriate sitting position at an approximate 
distance from the computer screen, with their right fingers 
placed on the left and right buttons in the keyboard. Subjects 
were instructed to respond quickly and accurately by press-
ing the corresponding button once they saw the arrow direc-
tion of the target stimulus, which randomly appeared at the 
top and bottom of the centrally located fixation point. The ap-
pearance of the target arrow varied according to 1 of 3 dif-
ferent types of stimuli: neutral, congruent, or incongruent. In 
the neutral condition, the target stimulus appeared as a sin-
gle arrow flanked by 4 horizontal lines. In the congruent con-
dition, the direction of the target arrow was the same as that 
of the remaining 4 arrows. In the incongruent condition, the 
target arrow was accompanied by pairs of opposite arrows in 
the sides. The presence of target stimuli was preceded by 1 of 
4 cue conditions: no cue, central cue, double cue, and spatial 
cues. In the no cue condition, only the central fixation point 
appeared. In the central cue condition, there was an asterisk 
cue in the center. In the double cue condition, there were 2 
cues simultaneously below and above the fixation point. These 
cues did not hint at the correct position of the target stimu-
lus. In the spatial cue condition, the cue presented above or 
below the fixation point at which the target stimulus consis-
tently appeared. The computer recorded reaction time (RT) 
and accuracy throughout the experiment.

In our study, the ANT experiment occurred in 4 stages. In the 
first stage, a “+” fixation point randomly appeared on the 
screen, with a duration of 400–1600 milliseconds (fixation 
phase). During the second stage, the cue stimulus appeared 
for a fixed duration of 100 milliseconds. In the third stage, the 
fixation point appeared on the screen for 400 milliseconds. In 
the fourth stage, the target stimulus appeared until the subject 

pressed a key in response. During this stage, the stimulus ap-
peared for a maximum duration of 2700 milliseconds. If the 
subject’s response time was shorter than that, the target stim-
ulus disappeared after the subject pressed the key. Based on 
the duration and reaction time in the first stage, the comput-
er adjusted the duration after the subject pressed the key for 
the target stimulus, in order to ensure a fixed experimental 
interval. Each run featured 48 experimental conditions: 2 di-
rections for target stimuli ×4 types of cues ×3 flanker condi-
tions ×2 target positions. The different experimental condi-
tions were presented to subjects in a randomized sequence.

Efficiencies of different attention subdomains

We calculated the efficiency of the alerting, orienting, and ex-
ecutive components based on the RTs of various experimen-
tal conditions, as described previously [13]. The alerting effi-
ciency was obtained by subtracting the mean RT under the 
double cue condition from the value under the no cue condi-
tion; the orienting efficiency, by subtracting the mean RT un-
der the spatial cue condition from that under the central cue 
condition; and the executive control efficiency, by subtract-
ing the mean RT under congruent conditions from that under 
incongruent conditions. Higher mean scores for alerting and 
orienting components indicate greater efficiency; conversely, 
higher mean scores for the executive control component indi-
cate lower efficiency. We also calculated the overall mean RT 
and accuracy during the entire trial.

Statistical analysis

For analyses involving total WMH, we divided patients into mild 
or extensive WMH groups according to the aforementioned def-
initions because of the small sample assigned to each Fazekas 
score. For analyses involving regional WMH, we classified pa-
tients by lesion burden as none, mild, or extensive. The median 
Scheltens score was used to separate the mild and extensive 
groups. Inter-group differences in continuous variables were as-
sessed for significance using the t test or the Mann-Whitney U 
test, and differences in categorical variables were assessed using 
the chi-square test. Alternatively, one-way ANOVA or Kruskal-
Wallis tests were performed when appropriate. To control for 
multiple comparisons, post hoc comparisons with adjusted al-
pha level were conducted. Least square means and 95% con-
fidence intervals were calculated for efficiencies of attention 
subdomains according to the categories of WMH burden. We 
applied multivariable linear regression models to assess the in-
dependent relationships of MRI lesions and neuropsychological 
tests with efficiencies on the 3 attention subdomains. Models 
were initially adjusted for age, sex, group, and years of educa-
tion. Our analyses were further adjusted for MoCA and over-
all mean RT because of the influence of global cognition and 
mental flexibility on attention. We applied similar covariates 
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Characteristics
WMH patients

(n=39)
Extensive WMH

(n=24)
Mild WMH

(n=15)
Healthy control

(n=39)
P 

value

Age (years), mean (SD) 	 69.23	 (9.31) 	 69.92	 (10.83) 	 68.13	 (6.36) 	 68.26	 (9.00) 0.754

Female, n (%) 	 19	 (48.72) 	 11	 (45.83) 	 8	 (53.33) 	 17	 (43.59) 0.794

Years of education, mean (SD) 	 8.54	 (2.80) 	 8.12	 (2.72) 	 9.20	 (2.88) 	 8.90	 (3.16) 0.480

Lacunes, n (%) <0.001

	 None 	 19	 (48.7) 	 10	 (41.7) 	 9	 (60.0) 	 39	 (100)

	 Few 	 14	 (35.9) 	 10	 (41.7) 	 4	 (26.7) 	 0	 (0)

	 Many 	 6	 (15.4) 	 4	 (16.7) 	 2	 (13.3) 	 0	 (0)

Global atrophy, n (%)* 0.166

	 None 	 6	 (15.4) 	 2	 (8.3) 	 4	 (26.7) 	 11	 (28.2)

	 Mild 	 23	 (59.0) 	 14	 (58.3) 	 9	 (60.0) 	 23	 (59.0)

	 Extensive 	 10	 (25.6) 	 8	 (33.3) 	 2	 (13.3) 	 5	 (12.8)

Neuropsychological tests

	 HAMA, median(IQR) 	 2.00	 (1.00–3.00) 	 2.00	 (1.00–2.00) 	 2.00	 (1.00–3.00) 	 1.00	 (1.00–2.00) 0.181

	 HAMD, median(IQR) 	 2.00	 (1.00–2.50)# 	 2.00	 (1.00–2.00) 	 2.00	 (1.50–3.00) 	 2.00	 (1.00–2.00) 0.167

	 MoCA, mean (SD) 	 21.69	 (2.78)## 	 21.54	 (2.75) 	 21.93	 (2.91) 	 23.92	 (2.79) 0.003

Digital span, median (IQR)

	 DS-forward 	 8.00	 (7.00–8.00) 	 8.00	 (7.00–8.00) 	 8.00	 (8.00–8.00) 	 8.00	 (8.00–8.00) 0.123

	 DS-backward 	 5.00	 (3.50–5.00)# 	 4.50	 (3.00–5.00) 	 5.00	 (4.50–5.00) 	 5.00	 (5.00–6.00) 0.008

	 VFT, median (IQR)
14.00 

(12.00–16.00)#

12.50 
(10.00–15.25)

15.00 
(15.00–16.00)

15.00 
(14.00–16.00)

0.014

CAVLT, mean (SD)

	 Immediate recall 	 9.26	 (1.62)## 	 8.79	 (1.56) 	 10.00	 (1.46) 	 10.85	 (1.37) <0.001

	 Delayed recall 	 7.41	 (1.58))## 	 6.96	 (1.43) 	 8.13	 (1.60) 	 8.92	 (1.69) <0.001

	 Recognition 	 6.51	 (1.83))## 	 6.08	 (1.74) 	 7.20	 (1.82) 	 8.08	 (1.92) <0.001

SCWT (sec), mean (SD)@

	 Stroop-dot test 	 23.10	 (7.32)# 	 24.79	 (7.42) 	 20.40	 (6.52) 	 19.21	 (6.22) 0.007

	 Stroop-word test 	 29.04	 (8.51)# 	 31.15	 (8.91) 	 25.66	 (6.82) 	 24.15	 (7.55) 0.004

	 Stroop-Interference test 	 42.71	 (12.46)# 	 45.30	 (12.94) 	 38.58	 (10.79) 	 34.91	 (10.62) 0.003

CTT(sec), mean(SD)@

	 CTT-A 	 83.02	 (19.03))## 	 84.63	 (18.61) 	 80.45	 (20.05) 	 61.05	 (13.40) <0.001

	 CTT-B 	139.60	 (29.12))## 	143.55	 (28.89) 	133.29	 (29.35) 	 99.26	 (22.95) <0.001

Table 1. Demographic and neuropsychological characteristics of study participants.

WMH – white matter hypertensity; HAMA – Hamilton Anxiety Scale; HAMD – Hamilton Depression Scale; MoCA – Montreal Cognitive 
Assessment; VFT – verbal fluency test; CAVLT – Chinese auditory verb learning test; SCWT – Stroop color-word test; CTT – color trial 
test; SD – standard deviation; IQR – interquartile range. * Mild global atrophy (0-6 score) was defined as total score of 1 and 2 on 
a rating scale, and extensive global atrophy was defined as a total score >2. # P<0.05 for WMH vs. control. ## P<0.001 for WMH vs. 
control. @ Higher score corresponded to lower performance unless otherwise noted.
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adjustment when analyzing the influence of MRI lesions on 
time-dependent neuropsychological tests. For analyses of ANT 
data, we additionally controlled for the accuracy of ANT perfor-
mance. To describe the independent effect of each MRI lesion, 
other lesions were additionally included in the multivariable 
models. Subgroup analyses were used to explore whether our 
primary results varied with group, sex, age (<70 y vs. >70 y), 
or MoCA score (<24 vs. >24). Effect modification by prespeci-
fied covariates was estimated from the likelihood-ratio test of 
models with and without interaction terms. Receiver operat-
ing characteristic (ROC) analyses were used to determine the 
sensitivity and specificity of attention subdomain efficiency rel-
ative to other cognitive measures. To prove the reliability of 
results, we defined an alternative category of WMH burden us-
ing Fazekas scores in patients as follows: low burden (PWMH 
1/DWMH 1, PWMH 1/DWMH 2, PWMH 2/DWMH 1), moder-
ate burden (PWMH 1/DWMH 3, PWMH 2/DWMH 2, PWMH 2/
DWMH 3, PWMH 3/DWMH 1, PWMH 3/DWMH 2), and high 
burden (PWMH 3/DWMH 3). A two-tailed P<0.05 was consid-
ered statistically significant. All analyses were carried out us-
ing R software (http://www.R-project.org).

Results

Demographic characteristics

Our study included a total of 39 WMH patients (mean [SD] age, 
69.2 [9.3] years; 19 [48.7%] were women) and 39 control sub-
jects (mean [SD] age, 68.3 [9.0] years; 17 [43.6%] were wom-
en). There were no significant differences between the groups 
in age or sex. Of the total patients, 15 (38.5%) had mild WMH 
lesion burden and 24 (61.5%) had extensive lesion burden. In 
addition, 51.3% of patients had lacunes. Among patients, 23 
(59.0%) showed mild global atrophy and 10 (25.6%) showed 
extensive global atrophy; among control subjects, 23 (59.0%) 
showed mild global atrophy and 5 (12.8%) showed extensive 
atrophy (Table 1). The proportions of location-specific WMH 
lesions in patients are shown in Supplementary Figure 1. 
Extensive WMH lesions were observed mostly in the fronto-
parietal type (bands) of PWMH (61.5%) and DWMH in frontal 
(61.5%) and parietal lobes (66.7%).

Adjusted means and 95% 
confidence interval (CI)*

Adjusted means and 95% CI 
across total WMH burden categories Ptrend

valueHealthy control
(n=39)

WMH patients
(n=39)

Healthy control
(n=39)

Mild WMH
(n=15)

Extensive WMH
(n=24)

Crude RT (ms)

Alerting
26.42 

(16.27, 36.56)
30.07 

(19.93, 40.22)
26.27 

(16.12, 36.43)
24.33 

(8.69, 39.97)
33.89 

(21.02, 46.76)
0.405

Orienting
65.30 

(55.66, 74.93)
50.45 

(40.81, 60.08)##

65.52 
(55.99, 75.05)

59.59 
(44.91, 74.27)

44.37 
(32.29, 56.45)

0.014

Executive control
107.45 

(95.46, 119.45)
145.88 

(133.89, 157.87)@

107.16 
(95.32, 118.99)

133.69 
(115.47, 151.92)

153.98 
(138.99, 168.98)

<0.001

Standardize-d RT#

Alerting ratio
0.03 

(0.02, 0.04)
0.04 

(0.02, 0.05)
0.03 

(0.02, 0.04)
0.03 

(0.01, 0.05)
0.04 

(0.02, 0.05)
0.417

Orienting ratio
0.08 

(0.07, 0.09)
0.06 

(0.05, 0.07)
0.08 

(0.07, 0.09)
0.07 

(0.06, 0.09)
0.06 

(0.04, 0.07)
0.020

Executive control ratio
0.13 

(0.11, 0.14)
0.16 

(0.15, 0.18)@

0.13 
(0.11, 0.14)

0.15 
(0.13, 0.17)

0.17 
(0.16, 0.19)

<0.001

Overall mean RT (ms)
833.30 

(790.72, 875.88)
916.52 

(873.94, 959.10)##

833.61 
(791.37, 875.85)

877.73 
(811.04, 944.43)

940.26 
(887.51, 993.00)

0.004

Accuracy
0.95 

(0.94, 0.97)
0.95 

(0.93, 0.96)
0.95 

(0.94, 0.97)
0.95 

(0.93, 0.97)
0.94 

(0.93, 0.96)
0.578

Table 2. �Efficiencies in three attention subdomains in healthy controls and WMH patients stratified by severity(based on Fazekas 
scores).

MoCA – Montreal Cognitive Assessment; RT – reaction time; ms – millisecond. * Values are least square means and 95% confidence 
intervals, adjusted for sex (male vs. female), age (continuous), years of education (continuous), MoCA score (continuous), and overall 
mean RT (continuous) when approximate. # The standardized ratio scores were the mean RT of each attention subdomain divided by 
participant’s overall RT. ## P<0.05 for WMH patients vs. control. @ P<0.001 for WMH patients vs. control.
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Figure 1. �The changing trend of directional network and executive network efficiency was compared with the increase of WMH degree.
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Neuropsychological tests

The WMH and control groups did not differ significantly in 
HAMA, HAMD, DS-forward, or VFT (P>0.05; Table 1).WMH 
patients displayed lower scores than controls on the MoCA 
(P<0.001), DS-backward (P=0.004), and delayed memory tests 
(P<0.001). The WMH group had significantly longer completion 
time than the control group in the Stroop dot test (P=0.014), 
Stroop word test (P=0.009), Stroop interference test (P=0.004), 
CTT-A (P<0.001), and CTT-B (P<0.001). As the WMH burden 
(based on Fazekas score) increased, there were marked dif-
ferences on performance in most of the aforementioned tests 
among the 3 groups (all P<0.01). In the Stroop tests, differenc-
es were predominantly observed between patients with exten-
sive WMH and controls (post hoc P<0.01). In the CTT-A test, 
patients with extensive or mild WMH had significantly longer 
completion times than controls (post hoc P <0.001).

Efficiencies of attention subdomains

WMH patients showed remarkably lower efficiency than con-
trol subjects in executive control (P<0.001) or orienting com-
ponent (P=0.050; Table 2). The 2 groups did not differ signifi-
cantly in alerting efficiency (P=0.642). The overall mean RT was 
longer in WMH patients (916.52 millisecond vs. 833.30 milli-
second, P=0.012). A significant trend was observed toward re-
duced efficiency in orienting (Ptrend=0.014) and executive con-
trol (Ptrend<0.001) components with increasing WMH burden. 
For the orienting component, a difference was observed ex-
clusively in the extensive WMH group (post hoc P=0.038). For 
the executive control component, patients with extensive or 

mild WMH showed significantly lower efficiency (extensive 
vs. control, P<0.001; mild vs. control, P=0.024; extensive vs. 
mild, P=0.121). No group differences were found for alerting 
efficiency (P=0.405). Furthermore, there was a significant in-
teraction effect between WMH burden and MoCA score (<24 
vs. >24) for orienting efficiency (Pinteraction=0.032, Figure 1 and 
Supplementary Table 2).

Because the overall mean RT of the WMH group was signifi-
cantly longer than that of the control group, we repeated the 
analysis using a standardized RT to exclude the influence of 
retardation of global information processing. We calculated a 
ratio score by dividing the mean RT of each attention subdo-
main by the participant’s overall RT (Table 2). Consistent with 
the results above, the standardized RT of the executive control 
component was significantly different between the 2 groups 
(P<0.001), but the difference in orienting component was of 
borderline significance (P=0.080).

MRI lesions, efficiencies of attention subdomains, and 
neuropsychological performance

For ANT performance, the linear regression model controlling 
for covariates demonstrated that patients with highest total 
WMH burden had the lowest efficiencies of orienting (P=0.012) 
and executive control (P<0.001) relative to controls (Table 3). In 
terms of regional WMH lesions, patients with increased burden 
of DWMH in the parietal lobe (P=–15.06, 95%CI –29.02, –1.09, 
P=0.038) had significantly lower orienting efficiency, while all 
types of PWMH (frontal caps, occipital caps, and bands) and 
most types of DWMH (frontal, parietal, and temporal regions) 

Attention subdomains
WMH burden#

No (n=39) Mild (n=15) P value Extensive (n=24) P value

Alerting

Unadjusted Ref. 	 4.07	 (–13.80, 21.95) 0.657 	 15.16	 (–0.10, 30.43) 0.055

Adjusted Ref. 	 –1.72	 (–20.53,17.09) 0.858 	 8.83	 (–8.22, 25.88) 0.314

Orienting

Unadjusted Ref. 	 –1.36	 (–17.95,15.23) 0.873 	 –18.07	 (–32.24, –3.90) 0.015

Adjusted Ref. 	 –5.50	 (–21.25,10.25) 0.496 	 –18.80	 (–33.08, –4.52) 0.012

Executive control

Unadjusted Ref. 	 28.02	 (7.52, 48.51) 0.009 	 50.57	 (33.07, 68.08) <0.001

Adjusted Ref. 	 26.23	 (4.56, 47.91) 0.021 	 45.18	 (25.53, 64.83) <0.001

Table 3. Effect of total WMH lesions on the efficiencies of attention subdomains estimated by multivariable linear regression models*.

Ref – reference; WMH – white matter hyperintensity. * Data indicated coefficient b and 95% confidence interval. Models were adjusted 
for age (continuous), sex, group, education (continuous), Montreal Cognitive Assessment (MoCA) score (continuous), overall mean 
reaction time (continuous) and accuracy (continuous). # WMH burden (score 0-6) was classified and rated according to the Fazekas 
scale.
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were associated with significantly lower executive control ef-
ficiency (all P<0.01, Table 4). Additional adjustment for other 
MRI lesions, including lacunes and global atrophy, did not sig-
nificantly attenuate the effects on executive control, but did 
substantially alter the relationships between all WMH lesions 
and orienting efficiency (all P>0.05, Supplementary Table 3). 
Similar results were observed for the independent impact of 
WMH lesions, especially frontal PWMH and DWMH in frontal 

and temporal lobes, on the standardized executive control ef-
ficiency (Supplementary Table 4). Furthermore, we found that 
the numbers of lacunes or existence of deep atrophy also had a 
significant effect on orienting efficiency, even after controlling 
for other MRI lesions (Supplementary Table 5). Meanwhile, the 
numbers of lacunes were significantly related to executive con-
trol efficiency (P=24.80, 95%CI 0.44, 49.16), but results became 
non-significant after further adjustment for lesions including 

Alerting Orienting Executive control

No Mild Extensive No Mild Extensive No Mild Extensive

PWMH#

Total (0-6 points)
(N=39/19/20)## Ref.

2.71
(–14.88, 
20.30)

6.49
(–11.97, 
24.95)

Ref.
–10.44
(–25.27, 

4.40)

–16.61
(–32.18, 
–1.04)@

Ref.
34.93
(14.44, 
55.43)@

40.09
(18.58, 

61.60)@@

Frontal caps (0–2 points)
(N=39/19/20)## Ref.

6.94
(–10.75, 
24.64)

1.63
(–16.68, 
19.95)

Ref.
–11.36
(–26.34, 

3.61)

–15.41
(–30.91, 

0.09)
Ref.

38.82
(18.16, 

59.48)@@

35.59
(14.21, 
56.96)@

Occipital caps (0–2 points)
(N=39/18/21)## Ref.

–0.70
(–18.15, 
16.75)

10.30
(–7.81, 
28.41)

Ref.
–13.17
(–28.07, 

1.73)

–13.38
(–28.84, 

2.08)
Ref.

36.42
(15.89, 

56.94)@@

38.30
(17.00, 

59.60)@@

Bands (0–2 points)
(N=39/15/24)## Ref.

4.76
(–15.04, 
24.55)

4.27
(–12.53, 
21.06)

Ref.
–12.50
(–29.25, 

4.24)

–13.70
(–27.91, 

0.50)
Ref.

44.99
(22.09, 

67.88)@@

32.93
(13.50, 

52.36)@@

DWMH#

Total (0–24 points)
(N=39/20/19)## Ref.

6.60
(–10.36, 
23.55)

1.07
(–18.24, 
20.38)

Ref.
–8.70

(–22.88, 
5.47)

–20.42
(–36.57, 
–4.27)@

Ref.
36.99
(17.18, 

56.79)@@

37.79
(15.23, 
60.34)@

Frontal (0–6 points)
(N=39/15/24)## Ref.

9.48
(–9.14, 
28.11)

0.43
(–16.97, 
17.84)

Ref.
–14.78
(–30.62, 

1.06)

–12.07
(–26.87, 

2.73)
Ref.

42.49
(20.76, 

64.23)@@

33.16
(12.85, 
53.48)@

Parietal (0–6 points)
(N=39/13/26)## Ref.

–8.62
(–28.32, 
11.07)

10.93
(–5.18, 
27.04)

Ref.
–9.67

(–26.74, 
7.40)

–15.06
(–29.02, 
–1.09)@

Ref.
36.03
(12.44, 
59.61)@

37.93
(18.64, 

57.22)@@

Occipital (0–6 points)
(N=44/25/9)## Ref.

21.07
(–8.31, 
50.45)

24.81
(–9.29, 
58.91)

Ref.
15.55
(–9.39, 
40.48)

6.33
(–22.61, 
35.27)

Ref.
–2.44

(–36.93, 
32.05)

14.51
(–25.52, 
54.54)

Temporal (0–6 points)
(N=42/26/10)## Ref.

–1.24
(–36.76, 
34.28)

12.01
(–27.71, 
51.73)

Ref.
–15.69
(–45.78, 
14.40)

–11.27
(–44.91, 
22.38)

Ref.
56.58
(17.11, 
96.05)@

60.26
(16.12, 

104.39)@

Table 4. �Effects of regional WMH lesions on the efficiencies of attention subdomains estimated by multivariable linear regression 
models*.

WMH – white matter hyperintensity; PWMH – periventricular white matter hyperintensity; DWMH – deep white matter 
hyperintensity. * Data indicated coefficient b and 95% confidence interval. Models were adjusted for age (continuous), sex, group, 
education (continuous), Montreal Cognitive Assessment (MoCA) score (continuous), overall mean reaction time (continuous) and 
accuracy (continuous). # For PWMH, mild and extensive total burden were respectively defined as Scheltens score of 3–4 points or 
5–6 points, since patients in our study score between 3 to 6 points; mild or extensive regional burden were respectively defined as 
Scheltens score of 1 or 2 points. For DWMH, mild or extensive total burden was respectively defined as Scheltens score of 1–12 or 
13–24 points; mild or extensive regional burden were respectively defined as Scheltens score of 1–3 points or 4–6 points, except in 
the case of occipital burden, where the corresponding score definitions were 1–2 or 3–4 points because the observed scores ranged 
from 0 to 4 points. ## Numbers in parentheses represent the sample size of each category (no vs. mild vs. extensive) for regional WMH 
lesions. @ P<0.05; @@ P<0.001.
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WMH and global atrophy (Supplementary Table 5). For other 
neuropsychological tests, all regional WMH lesions were inde-
pendently related to decline in recall memory in the fully ad-
justed model (Supplementary Table 6). All WMH lesions, but 
not occipital and temporal DWMH, were significantly associ-
ated with CTT performance. Only temporal DWMH showed an 
effect on the Stroop interference test (P<0.05). For other MRI 
lesions, the numbers of lacunes were significantly associated 
with poorer performance on the CTT-A test (Supplementary 
Table 7). These associations were not significant in the case 
of brain atrophy (P>0.05).

Exploratory analyses

We observed a significant decline in efficiency of the exec-
utive control component for every 1-unit increase in CTT-B 
score (P=0.49, 95%CI 0.13, 0.86; Table 5). In the subgroup 
analyses, we further found that age or education level sig-
nificantly modified the associations between the efficien-
cy of the executive control component and performance on 
CTT and Stroop interference (all Pinteraction<0.05, Supplementary 
Figure 2). Other variables, including sex, group, and cognitive 
status (MoCA) did not appear to modify the aforementioned 
associations. The ROC curves showed that executive control ef-
ficiency discriminated WMH patients from controls (sensitivity 

79.5%, specificity 94.9%) better than other neuropsychologi-
cal markers of attention or memory (an important marker for 
dementia) (Supplementary Figure 3). Similar results were ob-
served in subpopulations with different cognitive status and 
age (Supplementary Figure 4).

Additional analyses

In an analysis of another WMH burden category (none, low, 
moderate, or high), we found a similar and robust trend 
in the association between increased total WMH severi-
ty and decreased efficiency of executive control component 
(Supplementary Table 8).

Discussion

This cerebral SVD, mainly including WMH, is an important cause 
of cognitive decline and vascular cognitive impairment. While 
previous studies have shown associations between general 
neuropsychological functions and SVD pathologies, evidence 
linking these lesions to specific impairment of attention sub-
domains has generally been limited by the absence of defini-
tive attention assessment. Our study is the first to addressed 
these unsolved issues by using the brief ANT assessment rather 

Neuropsychological
tests

Alerting Orienting Executive control

Model I Model II Model I Model II Model I Model II

Delayed recall memory
–4.18

(–9.32, 0.95)
–1.81

(–7.43, 3.82)
–1.02

(–5.95, 3.91)
0.67

(–4.10, 5.44)
–1.03

(–7.13, 5.08)
–0.42

(–7.00, 6.16)

VFT
–0.53

(–3.57, 2.50)
–0.88

(–3.99, 2.23)
2.22

(–0.60, 5.05)
0.57

(–2.06, 3.21)
–0.89

(–4.44, 2.66)
0.67

(–2.96, 4.30)

DS-backward
–3.09

(–10.59, 4.40)
–3.54

(–10.95,3.87)
6.51

(–0.44,13.46)
3.85

(–2.39,10.09)
–2.58

(–11.36,6.21)
0.22

(–8.47, 8.91)

Stroop-Interference
–0.24

(–0.94, 0.47)
–0.30

(–1.02, 0.41)
–0.21

(–0.87, 0.45)
0.10

(–0.50, 0.71)
0.43

(–0.38, 1.25)
0.10

(–0.74, 0.94)

Stroop RTincongruent–RTneutral

–1.35
(–2.6,–0.11)#

–1.14
(–2.37, 0.08)

–0.74
(–1.94, 0.46)

–0.40
(–1.46, 0.65)

0.61
(–0.88, 2.11)

0.45
(–1.00, 1.91)

CTT-A
–0.20

(–0.70, 0.30)
–0.31

(–0.81, 0.20)
–0.15

(–0.62, 0.32)
0.01

(–0.43, 0.44)
0.59

(0.02, 1.16)#

0.43
(–0.16, 1.01)

CTT-B
0.08

(–0.24, 0.39)
0.03

(–0.30, 0.36)
–0.23

(–0.52, 0.06)
–0.12

(–0.40, 0.16)
0.58

(0.24, 0.92)##

0.49
(0.13, 0.86)#

CTT-B-CTT-A
0.34

(–0.12, 0.81)
0.32

(–0.15, 0.79)
–0.39

(–0.82, 0.05)
–0.25

(–0.65, 0.14)
0.80

(0.28, 1.31)##

0.66
(0.13, 1.20)#

Table 5. �Associations between neuropsychological tests and the efficiencies of attention subdomains estimated by multivariable linear 
regression models*.

VFT – verbal flucency test; DS – digital span; CTT – color trial test. * Data indicated coefficient b and 95% confidence interval. Models 
were adjusted for age (continuous), sex, group, and education (continuous) in Model I and additional adjustment for Montreal 
Cognitive Assessment (MoCA) score (continuous), overall mean reaction time (continuous) and accuracy (continuous) in model II. 
# P<0.05; ## P<0.01.
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than only simple neuropsychological tests. The main finding 
in our study was that patients with age-related WMH had a 
selective impairment of the orienting or executive attention 
component, but the alerting component remained preserved. 
WMH severity was significantly associated with decline in the 
efficiencies of the 2 impaired subdomains, and these effects 
remained equally robust in various subgroups, except for the 
modifying effect of MoCA on orienting – mild WMH was weak-
ly associated with orienting efficiency in patients with higher 
MoCA. Nevertheless, the effect of extensive WMH remained 
consistent regardless of MoCA category. Cognitive reserve may 
contribute to this phenomenon [29].

The differing cognitive profiles associated with different WMH 
locations have been studied [8,30], but the influence of WMH 
location on attention subdomains has never been reported. 
Notably, our study demonstrated specific correlations between 
regional WMH and attention subdomains. The PWMH and fron-
tal, parietal, and temporal DWMH lesions may have a critical 
role in the observed impact on the executive control compo-
nent, while the parietal WMH in DWMH appears to mainly af-
fect the orienting efficiency.

We simultaneously investigated the independent impact of 
other MRI lesions, including lacunes and brain atrophy. The in-
fluence of WMH lesions on the executive control component 
of attention was independent of other SVD lesions, while the 
orienting effect disappeared after adjusting for other SVD le-
sions. The significant orienting effect in our population was 
attributed mainly to silent lacunar infarct and brain atrophy.

We followed standard procedures to evaluate neurocognitive 
disorder in the Diagnostic and Statistical Manual of Mental 
Disorders 5th edition (DSM-5), and investigated the effects of 
WMH on domain-specific cognitive performance. Our results go 
one step further by demonstrating that cognitive deficits at-
tributable to WMH lesions could extend to other subdomains 
apart from processing speed and executive function, which is 
consistent with a recent meta-analysis [12]. Furthermore, we 
found that memory deficit in WMH patients may be related 
to distributed WMH lesions, but not associated with the brain 
atrophy that commonly contributes to memory impairment in 
Alzheimer’s disease. However, we caution that our study did 
not use a volumetric measurement to assess brain atrophy. 
Furthermore, we found that WMH lesions that were associated 
with decreased processing speed and executive function were 
located mainly in the frontal and parietal lobes. Among other 
SVD lesions, only lacunes were associated with lower process-
ing speed. Our relatively small sample may have resulted in 
an underpowered interpretation. Importantly, neither slowed 
information processing nor impaired memory can account for 
the observed difference in efficiencies of attention subdomains.

The strengths of our study include sensitive attention assess-
ment and comprehensive neuropsychological tests. We also 
were able to make adequate adjustments, even for global cog-
nition and other MRI factors, reducing the risk of confounding. 
Despite a hospital-based design, our results may be applicable 
to other elderly samples, since we recruited consecutive pa-
tients with age-related WMH on neuroimaging who were ad-
mitted to the hospital due to clinically heterogeneous symp-
toms. We also explicitly assessed the influence of various lesions 
commonly observed in the ageing population.

The Stroop test and CTT have frequently been regarded as 
representative indicators of executive function. Our subgroup 
analyses suggest that impaired performance of executive func-
tion is associated with efficiency of executive control only in 
younger or more highly educated individuals. The results of 
these analyses should be considered preliminary because of 
the relatively small sample, which likely helps explain the broad 
confidence intervals for the effects estimates. Thus, the inter-
pretation of these results should be conservative. Further re-
search is needed to confirm whether age or education actual-
ly modifies the associations between executive function and 
the executive control component on the ANT test. The ageing 
and floor effects in traditional neuropsychological tests may 
explain why we observed these modifying effects. The ANT 
paradigm may help overcome these shortcomings. Indeed, our 
study provides evidence that the executive control efficiency 
may be a useful and stable marker, since it proved to be good 
at differentiating WMH subjects from controls across a broad 
range of age and cognitive status.

The patients in our study also showed a significant decline in 
efficiency of the orienting component. Consistently, another 
ANT study indicated that subcortical vascular patients with 
mild cognitive impairment (MCI), but not those with non-vas-
cular MCI, showed a deficit in the orienting component but 
not in the other 2 components [31]. Cholinergic deficiency, re-
garded as the underlying mechanism of vascular cognitive im-
pairment [32], significantly interferes with the ability to shift 
attention to a target (orienting effect) [33]. Our study and the 
aforementioned work by Fernandez appear to be the only pub-
lished studies of WMH patients using theory-based attention 
assessment. However, the latter study did not quantify effi-
ciency of the 3 attention components or determine the influ-
ence of detailed lesion features on ANT performance. In con-
trast, our study attempted to isolate the attention components 
using quantitative analysis and explored the effects of vascu-
lar pathologies on these attention subdomains.

The exact mechanism underlying the differential effects of spatial 
distribution of WMH lesions on attention is not clear. Previous 
evidence from functional MRI during ANT experiments in healthy 
individuals implicated the midline frontal areas, prefrontal cortex, 
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and superior parietal lobe in the processing of executive con-
trol effect [33,34]. The significant correlation observed in our 
study between executive function and efficiency of executive 
control component may support the potential role of the fron-
tal lobe again, since it participates in executive function [35]. 
Periventricular WMH affects multiple cognitive domains, main-
ly by impairing long association fibers traveling across frontal-
subcortical circuits, while deep WMH causes distinct patterns 
of cognitive deficits in specific brain regions [30,36,37]. In our 
study, all types of PWMH lesion were indeed related to efficien-
cy of the executive control component, and DWMH lesions in-
fluenced the attentional subdomain that was dependent on the 
location: lesions in frontal, parietal, and temporal lobes affect-
ed executive control, while lesions in the parietal lobe affected 
orienting. Moreover, the pathophysiological dysfunction of the 
brain networks interacting with the frontal cortex may help ex-
plain the selective pattern of attentional deficits. Structural MRI 
techniques have shown morphological alterations such as grey-
matter volume and cortical thickness in bilateral parietal, dor-
solateral prefrontal, and cingulate gyrus cortex far from WMH 
lesions, and these alterations arose as a consequence of dis-
ruption of white-matter tracts [38,39]. Functional MRI and elec-
troencephalography of cerebral SVD patients [40] have shown 
impaired functional connectivity within and/or between the 
dorsal attention network, fronto-parietal control network, and 
other distributed intrinsic systems that support orienting and 
executive control [33,41]. The alerting component has been 
proposed to involve the thalamus and posterior parietal lobe 
in the right hemisphere and brainstem [33], but basal ganglia 
and infratentorial WMHs in our study were not significantly as-
sociated with attention subdomains (Supplementary Table 5). 
Moreover, our findings could have a biological plausibility. Our 
observation of an executive control defect in our patients may 
be related to the breakdown of ventral tegmental dopamine 
innervations, which was reported to be impaired in SVD pa-
tients [42]. Consistent with the well-established involvement 
of the temporal lobe in memory, our study found an associa-
tion between temporal DWMH and delayed memory. We also 
found a significant relationship between DWMH lesions in the 
temporal region and efficiency of executive control component. 
Our results are consistent with the non-traditional view that 
the temporal lobe is involved in more than memory; a recent 
study suggested that the medial temporal lobe (MTL), consist-
ing of the hippocampus and adjacent cortex, is also engaged 
in attentional and other cognitive processing [43]. These con-
siderations should be validated in future work on the relation-
ship of WMH lesions with attentional subdomains.

Our results should be interpreted with caution because 
of several limitations. One is selection bias caused by the 

cross-sectional, relatively small sample. Nevertheless, the re-
sults of this study provide some of the most extensive find-
ings so far about connections between WMH and specific 
attentional subdomains, thereby laying the founding for fu-
ture longitudinal studies. Computer-based paradigms such as 
the ANT test can be effective for detailed attentional assess-
ment [31,44]. Second, lack of deeper analysis of cerebral mi-
crobleeds and EPVS may have led to overestimation of WMH 
effects. Nevertheless, only 11.5% of our patients had moderate 
and severe EPVS lesion (more than 10). In fact, the prevalence 
of microbleeds or EPVS may be relatively low in the Chinese 
population [45,46]. Regardless, these lesions are frequently 
reported to be only weakly associated with cognition [47,48]. 
Third, we assessed lesion characteristics using a visual/semi-
automated rating scale rather than automated quantitative 
methods. Previous studies demonstrated good consistency 
between these 2 tools [49], and our method may be more ap-
propriate and clinically convenient than volumetric algorithms 
in clinical settings. Finally, additional studies should explore 
the interaction of WMH with the pathology of Alzheimer’s dis-
ease; although we did assess global atrophy in our study, none 
of our patients had been diagnosed with Alzheimer5s disease 
or other dementia.

WMH lesions are often highly prevalent but progress asymp-
tomatically into dementia [2,50], highlighting the need for 
cognitive screening of high-risk populations to ensure timely 
treatment. Our study shows that WMH patients, even those 
with mild lesions, have selective impairment in the executive 
control subdomain of attention. This impairment may be use-
ful as an end-point in clinical cognitive studies. It may be fea-
sible to combine the ANT task with other neuropsychological 
tests to provide more details about the behavioral phenotype. 
Future longitudinal studies could explore the possibility that 
combining the ANT with CTT can allow researchers to deter-
mine the effect of treatment on WMH lesions.

Conclusions

Our results reveal specific attention deficits in patients with 
age-related WMH and may help clarify how the location of le-
sions influences their effects on attention subdomains, and 
may assist in the recognition and treatment of early cognitive 
impairment in patients with leukoencephalopathy.
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Supplementary Figure 2. �(A–C) Relationship between neuropsychological performance and efficiency of the executive control 
component in exploratory subgroups.
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Supplementary Figure 4. �Receiver operating characteristic curves showing the sensitivity and specificity of efficiencies of attention 
subdomains on the ANT paradigm or other neuropsychological tests in participants stratified by cognitive 
status (Panel A) and age categories (Panel B).
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Test name Completion time Cognitive domains Administration methods Measures of performance

MoCA 15 min Global cognition Subdomains of visuospatial skill, 
executive function, memory, 
naming, attention, abstract 
reasoning, and orientation

A total score of 0 to 30 points, 
with higher scores indicating 
better performance

HAMA and 
HAMD

5 min Anxiety and 
depression

Include 14 and 17 items of 
mental and somatic symptoms, 
respectively

A total of score >7 was regarded 
as existence of symptoms

Digital span 5 min Working memory 
and general 
attention

Repeat increasingly long strings 
of digits directly (DS-forward) or 
in reverse order (DS-backward)

The highest number of digits in 
the sequence that the subject 
correctly repeated

VFT 2 min General frontal 
function, language

Word in a specific semantic 
category of animals within one 
minute

Total number of animals correctly 
spoken by the subject

CAVLT 45 min Episodic memory Immediate memory, delayed 
memory (30 min after the 
learning stage)

The total number correctly 
recalled by the subject

SCWT 5 min Attention, executive 
function (response 
inhibition)

Quickly and accurately say the 
color (red, green, yellow, and 
blue) of the dot (Stroop Dot test), 
word (Stroop Word test) or color-
word (Stroop Interference test)

Longer completion time 
corresponds to worse 
performance

CTT 8 min Information 
processing speed, 
executive function

Quickly and accurately connect 
circles containing numbers in 
an ascending order (CTT-A) 
and connect circles containing 
numbers in an ascending order 
accompanied by alternation 
between different circle colors 
(CTT-B)

Llonger completion time and/
or higher number of errors 
correspond to worse performance

Supplementary Table 1. Detailed characteristics of the neuropsychological battery.

MoCA – Montreal Cognitive Assessment; HAMA – Hamilton Anxiety Scale; HAMD – Hamilton Depression Scale; VFT – verbal fluency 
test; CAVLT – Chinese auditory verb learning test; SCWT – Stroop color-word test; CTT – color trial test
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Orienting efficiency Executive control efficiency

No WMH Mild WMH Extensive WMH
P value 

interaction# No WMH Mild WMH Extensive WMH
P value 

interaction#

Sex 0.072 0.055

	 Male (n=42) Ref.
–10.51 

(–29.86,8.84)
–29.93 

(–45.94,–13.91)@ Ref.
47.29 

(15.26,79.32)##

56.27 
(29.76,82.79)@

	 Female (n=36) Ref.
–0.95 

(–18.86,16.96)
–3.63 

(–22.34,15.08)
Ref.

2.75 
(–23.34,28.84)

26.77 
(–0.49,54.02)

Education 0.205 0.102

	 <12 y (n=47) Ref.
–14.46 

(–35.55,6.62)
–17.32 

(–33.31,–1.33)## Ref.
44.94 

(22.46,67.42)§
45.94 

(28.90,62.99)@

	 ³12 y (n=31) Ref.
3.89 

(–23.32,31.09)
–30.23 

(–70.69,10.22)
Ref.

13.13 
(–25.70,51.95)

57.94 
(0.20,115.67)

Age 0.707 0.254

	 <70 y (n=40) Ref.
–2.60 

(–20.08,14.87)
–13.39 

(–30.12,3.35)
Ref.

15.71 
(–18.40,49.83)

47.66 
(14.99,80.33)##

	 ³70 y (n=38) Ref.
–12.45 

(–38.42,13.53)
–22.33 

(–45.16,0.50)
Ref.

41.54 
(17.85,65.23)##

40.91 
(20.08,61.73)@

MoCA 0.032 0.032 0.032

	 <24 (n=38) Ref.
–11.59 

(–31.35,8.18)
–10.39 

(–28.12,7.34)
Ref.

32.23 
(13.35,51.10)@

37.33 
(20.40,54.26)@

	 ³24 (n=40) Ref.
11.60 

(–15.14,38.34)
–30.74 

(–53.97,–7.51)## Ref.
7.80 

(–34.81,50.40)
56.08 

(19.07,93.10)##

Supplementary Table 2. �Subgroup analyses of the relationship between total WMH burden and efficiencies of orienting and executive 
control components*.

MoCA – Montreal Cognitive Assessment; Ref. – reference; WMH – white matter hyperintensity.
* Data indicated coefficient b and 95% confidence intervals; models were adjusted for age (continuous), sex, group, 
education (continuous), MoCA score (continuous), overall mean reaction time (continuous) and accuracy (continuous) except for the 
variable of stratification.
# P values for interaction were calculated from the log likelihood ratio test between multivariate linear regression models with and 
without interaction terms, in which total WMH burden was treated as a categorical variable.
## P<0.05; @ P<0.001.
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WMH – white matter hyperintensity; PWMH – periventricular white matter hyperintensity; DWMH – deep white matter hyperintensity.
* Data indicated coefficient b and 95% confidence intervals; Models were adjusted for age (continuous), sex, group, 
education (continuous), Montreal Cognitive Assessment (MoCA) score (continuous), overall mean reaction time (continuous), 
accuracy (continuous), number of lacunes (no vs. few vs. many), and global atrophy (no vs. mild vs. extensive).
# For PWMH, mild or extensive total burden was respectively defined as a Scheltens score of 3–4 or 5–6 points, since patients in our 
study scored between 3 to 6 points. Mild or extensive regional burden was respectively defined as a Scheltens score of 1 or 2 points. 
For DWMH, mild or extensive total burden was respectively defined as a Scheltens score of 1–12 or 13-24 points. Mild or extensive 
regional burden was respectively defined as a Scheltens score of 1–3 or 4–6 points, except in the case of occipital burden, where the 
corresponding score definitions were 1–2 or 3–4 points because the observed scores ranged from 0 to 4 points.
## Numbers in parentheses represent the sample size in each category for regional WMH lesions (no vs. mild vs. extensive).
@ P<0.05; @@ P<0.01.

Alerting Orienting Executive control

No Mild Extensive No Mild Extensive No Mild Extensive

Total WMH Ref.
–0.93

(–21.43, 19.56)
10.96

(–9.93, 31.86)
Ref.

0.84
(–15.61, 17.29)

–9.56
(–26.33, 7.21)

Ref.
20.04

(–3.14, 43.22)

35.27
(11.64, 58.90) 

@@

PWMH#

Total 
(0–6 points) 
(N=39/19/20)##

Ref.
2.69

(–17.36, 22.75)
7.73

(–14.10, 29.56)
Ref.

–3.05
(–19.19, 13.09)

–5.72
(–23.29, 11.85)

Ref.
24.98

(2.24, 47.72)@

30.71
(5.96, 55.47)@

Frontal caps 
(0–2 points)
(N=39/19/20)##

Ref.
6.47

(–13.30, 26.25)
2.06

(–20.14, 24.25)
Ref.

–3.64
(–19.56, 12.28)

–5.00
(–22.86, 12.86)

Ref.
30.36

(7.97, 52.74)@@

22.53
(–2.58, 47.64)

Occipital caps 
(0–2 points)
(N=39/18/21)##

Ref.
–0.67

(–20.32, 18.98)
13.04

(–8.68, 34.76)
Ref.

–5.68
(–21.67, 10.30)

–1.85
(–19.52, 15.81)

Ref.
27.02

(4.44, 49.59)@

27.87
(2.92, 52.83)@

Bands 
(0–2 points)
(N=39/15/24)##

Ref.
4.82

(–17.45, 27.10)
4.76

(–15.11, 24.62)
Ref.

–5.29
(–23.20, 12.61)

–3.45
(–19.41, 12.52)

Ref.
34.74

(9.67, 59.81)@@

22.72
(0.37, 45.08)@

DWMH#

Total 
(0–24 points)
(N=39/20/19)##

Ref.
5.89

(–13.10, 24.87)
1.57

(–22.97, 26.12)
Ref.

–1.72
(–16.88, 13.43)

–11.23
(–30.82, 8.36)

Ref.
29.09

(7.59, 50.60)@

22.32
(–5.48, 50.12)

Frontal 
(0–6 points)
(N=39/15/24)##

Ref.
8.88

(–11.97, 29.73)
0.68

(–20.18, 21.53)
Ref.

–6.17
(–22.98, 10.65)

–2.15
(–18.97, 14.67)

Ref.
33.76

(10.21, 57.31)@@

20.95
(–2.60, 44.50)

Parietal (0-6 
points)
(N=39/13/26)##

Ref.
–8.23

(–29.84, 13.38)
12.88

(–6.36, 32.12)
Ref.

–2.35
(–20.25, 15.55)

–5.29
(–21.22, 10.65)

Ref.
27.41

(2.15, 52.67)@

27.33
(4.83, 49.82)@

Occipital 
(0–6 points)
(N=44/25/9)##

Ref.
25.91

(–5.89, 57.71)
33.62

(–4.80, 72.05)
Ref.

5.13
(–20.78, 31.04)

–7.32
(–38.63, 23.99)

Ref.
3.68

(–32.78, 40.15)
22.50

(–21.57, 66.56)

Temporal 
(0–6 points)
(N=42/26/10)##

Ref.
–2.27

(–39.42, 34.89)
14.09

(–27.48, 55.65)
Ref.

–11.19
(–41.27, 18.89)

–4.61
(–38.26, 29.04)

Ref.
55.54

(15.10, 95.97)@@

55.79
(10.55, 101.02)@

Supplementary Table 3. �Independent effects of WMH lesions on efficiencies of attention subdomains after further adjustment for 
other MRI lesions*.
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Standardized Alerting Standardized Orienting Standardized Executive control

No Mild Extensive No Mild Extensive No Mild Extensive

Total WMH
Ref. 0.000 0.012 Ref. 0.002 –0.011 Ref. 0.013 0.027

(–0.023, 0.024) (–0.011, 0.036) (–0.016, 0.020) (–0.029, 0.008) (–0.015, 0.040) (–0.001, 0.055)

PWMH#

Total
(N=39/19/20)## Ref.

0.003
(–0.020, 0.026)

0.010
(–0.014, 0.035)

Ref.
–0.004

(–0.021, 0.014)
–0.005

(–0.024, 0.014)
Ref.

0.019
(–0.008, 0.046)

0.020
(–0.009, 0.050)

Frontal caps
(N=39/19/20)## Ref.

0.007
(–0.016, 0.029)

0.005
(–0.020, 0.030)

Ref.
–0.003

(–0.021, 0.015)
–0.006

(–0.025, 0.014)
Ref.

0.026
(0.000, 0.053)@

0.009
(–0.020, 0.038)

Occipital caps
(N=39/18/21)## Ref.

0.000
(–0.022, 0.023)

0.014
(–0.010, 0.039)

Ref.
–0.006

(–0.023, 0.012)
–0.002

(–0.021, 0.017)
Ref.

0.020
(–0.007, 0.047)

0.019
(–0.011, 0.048)

Bands
(N=39/15/24)## Ref.

0.007
(–0.018, 0.032)

0.005
(–0.017, 0.028)

Ref.
–0.008

(–0.027, 0.012)
–0.002

(–0.019, 0.016)
Ref.

0.029
(–0.001, 0.059)

0.013
(–0.013, 0.040)

DWMH#

Total
(N=39/20/19)## Ref.

0.007
(–0.015, 0.028)

0.004
(–0.023, 0.032)

Ref.
–0.002

(–0.018, 0.015)
–0.011

(–0.032, 0.010)
Ref.

0.024
(–0.002, 0.049)

0.008
(–0.024, 0.041)

Frontal
(N=39/15/24)## Ref.

0.009
(–0.014, 0.033)

0.003
(–0.020, 0.027)

Ref.
–0.005

(–0.024, 0.013)
–0.003

(–0.021, 0.016)
Ref.

0.029
(0.001, 0.057)@

0.010
(–0.017, 0.038)

Parietal
(N=39/13/26)## Ref.

–0.008
(–0.032, 0.017)

0.015
(–0.007, 0.037)

Ref. –0.002
(–0.021, 0.018)

–0.006
(–0.023, 0.012)

Ref.
0.017

(–0.013, 0.047)
0.021

(–0.006, 0.048)

Occipital
(N=44/25/9)## Ref.

0.028
(–0.008, 0.064)

0.037
(–0.006, 0.080)

Ref.
–0.001

(–0.030, 0.027)
–0.011

(–0.045, 0.023)
Ref.

0.004
(–0.040, 0.048)

0.012
(–0.040, 0.065)

Temporal
(N=42/26/10)## Ref.

0.005
(–0.037, 0.047)

0.019
(–0.028, 0.066)

Ref.
–0.015

(–0.048, 0.019)
–0.008

(–0.045, 0.029)
Ref.

0.067
(0.019, 0.115)@@

0.059
(0.006, 0.113)@

Supplementary Table 4. �Effects of WMH lesions on standardized efficiencies of attention subdomains estimated by multivariable 
linear regression models*.

WMH – white matter hyperintensity; Ref. – reference; PWMH – periventricular white matter hyperintensity; DWMH – deep white 
matter hyperintensity.
* Data indicated coefficient b and 95% confidence intervals. Models were adjusted for age (continuous), sex, group, 
education (continuous), Montreal Cognitive Assessment (MoCA) score (continuous), accuracy (continuous), number of Lacunes (no vs. 
few vs. many), and global atrophy (no vs. mild vs. extensive).
# For PWMH, mild or extensive total burden was respectively defined as a Scheltens score of 3–4 or 5–6 points, since observed 
scores ranged from 3 to 6 points; mild or extensive regional burden was respectively defined as a Scheltens score of 1 or 2 points. 
For DWMH, mild or extensive total burden was respectively defined as a Scheltens score of 1–12 or 13–24 points; mild or extensive 
regional burden was respectively defined as a Scheltens score of 1–3 or 4–6 points, except in the case of occipital burden, where the 
corresponding score definitions were 1–2 or 3–4 points because the observed scores ranged from 0 to 4 points.
## Numbers in parentheses represent the sample size of each category for regional WMH lesions (no vs. mild vs. extensive).
@ P<0.05; @@ P<0.01.
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MRI lesions
Alerting Orienting Executive control

Model I Model II Model I Model II Model I Model II

Basal ganglia WMH

	 No (n=51) Ref. Ref. Ref. Ref. Ref. Ref.

	 Mild (n=17)
11.88

(–11.40, 35.16)
12.90

(–11.13, 36.94)
0.54

(–21.67, 22.75)
2.98

(–19.66, 25.62)
–18.32

(–45.58, 8.94)
–20.89

(–48.44, 6.66)

	 Extensive (n=10)
10.51

(–14.98, 36.01)
10.06

(–16.87, 37.00)
–7.42

(–31.74, 16.91)
–2.48

(–27.85, 22.88)
–20.97

(–50.82, 8.89)
–26.42

(–57.29, 4.45)

Infratentorial WMH#

	 No (n=69) Ref. Ref. Ref. Ref. Ref. Ref.

	 Yes (n=9)
3.18

(–20.82, 27.18)
1.27

(–24.12, 26.66)
–0.34

(–23.15, 22.46)
3.76

(–19.97, 27.48)
–3.04

(–31.42, 25.34)
–8.21

(–37.73, 21.31)

Lacune presence

	 No (n=58) Ref. Ref. Ref. Ref. Ref. Ref.

	 Yes (n=20)
0.35

(–18.97, 19.67)
–1.93

(–21.85, 17.99)
–19.24

(–34.94, –3.54)@

–17.63
(–33.77, –1.49)@

21.88
(–0.04, 43.80)

18.69
(–3.87, 41.26)

Lacune burden

	 No (n=58) Ref. Ref. Ref. Ref. Ref. Ref.

	 Few (n=14)
1.73

(–19.78, 23.23)
–1.56

(–24.00, 20.88)
–15.29

(–32.64, 2.06)
–13.06

(–31.07, 4.95)
24.80

(0.44, 49.16)@

21.42
(–3.95, 46.80)

Many (n=6)
–2.69

(–30.81, 25.43)
–2.69

(–31.71, 26.32)
–27.99

(–50.67, –5.30)@

–27.18
(–50.46, –3.89)@

15.43
(–16.42, 47.28)

12.98
(–19.83, 45.79)

Global atrophy##

	 No (n=17) Ref. Ref. Ref. Ref. Ref. Ref.

	 Mild (n=46)
0.54

(–17.30, 18.38)
–0.40

(–18.71, 17.91)
–5.90

(–20.96, 9.17)
–4.68

(–19.37, 10.01)
–3.85

(–24.68, 16.97)
–3.86

(–24.56, 16.84)

Extensive (n=15)
–4.99

(–28.70, 18.72)
–7.06

(–32.30, 18.18)
–3.94

(–23.96, 16.08)
0.48

(–19.77, 20.74)
–1.16

(–28.84, 26.51)
–1.86

(–30.39, 26.68)

Deep atrophy##

	 No (n=36) Ref. Ref. Ref. Ref. Ref. Ref.

	 Mild (n=24)
0.35

(–16.40, 17.10)
–3.89

(–21.91, 14.14)
–16.45

(–30.12, –2.78)@

–15.28
(–29.35, –1.20)@

6.24
(–13.30, 25.78)

2.38
(–18.10, 22.86)

Extensive (n=18)
–6.54

(–26.18, 13.09)
–11.79

(–33.66, 10.08)
–5.53

(–21.55, 10.49)
–2.79

(–19.86, 14.28)
0.21

(–22.69, 23.11)
–2.79

(–27.63, 22.05)

Peripheral atrophy##

	 No (n=24) Ref. Ref. Ref. Ref. Ref. Ref.

	 Mild (n=26)
11.14

(–6.27, 28.56)
11.19

(–6.60, 28.98)
3.99

(–10.98, 18.96)
4.46

(–10.08, 19.00)
–16.93

(–37.16, 3.29)
–16.13

(–36.14, 3.89)

	 Extensive (n=28)
–0.27

(–18.00, 17.45)
–1.03

(–19.40, 17.34)
1.79

(–13.44, 17.02)
4.26

(–10.76, 19.28)
–14.50

(–35.08, 6.08)
–15.56

(–36.23, 5.11)

* Data indicated coefficient b and 95% confidence intervals. Models are adjusted for age (continuous), sex, group, 
education (continuous), Montreal Cognitive Assessment (MoCA) score (continuous), overall mean reaction time (continuous) and 
accuracy (continuous) in Model I and additional adjustment for various MRI lesions including total WMH burden (no vs. mild vs. 
extensive), number of lacunes (no vs. few vs. many, for atrophy analysis), and global atrophy (no vs. mild vs.extensive, for lacune 
analysis).
# Infratentorial WMH was divided into binary variable because of the limited sample.
## Mild global atrophy was defined as a total score of 1–3; extensive global atrophy, 3–6; mild deep or peripheral atrophy, 1; and 
extensive deep or peripheral atrophy, 2–3 (since few subjects scored 3).
@ P<0.05.

Supplementary Table 5. �Effects of other MRI lesions on efficiencies of attention subdomains estimated by multivariable linear 
regression models*.
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Delayed recall memory Stroop-Interference CTT-A CTT-B

Mild Extensive Mild Extensive Mild Extensive Mild Extensive

Total WMH
–0.46

(–1.29, 0.37)

–1.34

(–2.17, –0.51)@

3.13

(–3.59, 9.84)

7.73

(0.92, 14.53)@

14.36

(5.19, 23.54)@

14.12

(4.81, 23.42)@

26.25

(11.92, 40.57)@@

29.06

(14.54, 43.58)@@

PWMH#

Total

(N=39/19/20)##

–0.67

(–1.49, 0.15)

–1.18

(–2.05, –0.32)@

5.59

(–1.02, 12.19)

5.06

(–2.06, 12.18)

17.15

(8.39, 25.92)@@

10.30

(0.86, 19.75)@

28.79

(14.87, 42.70)@@

26.03

(11.05, 41.01)@

Frontal caps

(N=39/19/20)##

–0.70

(–1.51, 0.11)

–1.19

(–2.08, –0.31)@

5.12

(–1.37, 11.61)

5.76

(–1.54, 13.05)

11.42

(2.83, 20.01)@

18.81

(9.15, 28.46)@@

24.51

(10.95, 38.06)@@

32.63

(17.40, 47.86)@@

Occipital caps

(N=39/18/21)##

–0.78

(–1.60, 0.03)

–1.07

(–1.96, –0.18)@

6.15

(–0.36, 12.66)

4.17

(–3.05, 11.38)

16.78

(8.11, 25.45)@@

10.37

(0.76, 19.98)@

28.01

(14.27, 41.76)@@

27.01

(11.78, 42.24)@@

Bands

(N=39/15/24)##

–0.60

(–1.51, 0.31)

–1.07

(–1.87, –0.28)@

3.44

(–3.84, 10.73)

6.50

(0.07, 12.93)

19.03

(9.34, 28.71)@@

11.40

(2.86, 19.95)@

34.28

(19.08, 49.48)@@

23.66

(10.26, 37.06)@

DWMH#

Total

(N=39/20/19)##

–0.65

(–1.41, 0.11)

–1.53

(–2.48, –0.57)@

4.53

(–1.68, 10.74)

7.71

(–0.28, 15.71)

13.38

(4.99, 21.76)@

16.69

(5.89, 27.49)@

26.36

(13.25, 39.48)@@

31.16

(14.28, 48.04)@@

Frontal

(N=39/15/24)##

–0.44

(–1.28, 0.40)

–1.30

(–2.11, –0.49)@

4.42

(–2.46, 11.30)

6.27

(–0.55, 13.09)

13.11

(3.83, 22.38)@

15.34

(6.14, 24.54)@

24.88

(10.42, 39.35)@

30.26

(15.91, 44.60)@@

Parietal

(N=39/13/26)##

–0.74

(–1.65, 0.16)

–1.00

(–1.81, –0.19)@

3.75

(–3.52, 11.02)

6.37

(–0.11, 12.86)

19.13

(9.50, 28.76)@@

11.17

(2.57, 19.76)@

30.76

(15.43, 46.09)@@

25.64

(11.96, 39.31)@@

Occipital

(N=44/25/9)##

–1.63

(–2.90, –0.37)@

–1.94

(–3.44, –0.43)@

–0.79

(–11.30, 9.72)

3.65

(–9.18, 16.48)

3.73

(–10.37, 17.82)

10.44

(–6.77, 27.66)

7.54

(–14.03, 29.11)

24.79

(–1.55, 51.13)

Temporal

(N=42/26/10)##

–1.24

(–2.73, 0.25)

–1.89

(–3.52, –0.27)@

8.66

(–3.05, 20.36)

16.62

(3.64, 29.59)@

–8.23

(–24.37, 7.91)

1.98

(–15.91, 19.88)

4.12

(–20.83, 29.06)

23.02

(–4.65, 50.68)

Supplementary Table 6. Covariate-adjusted associations of neuropsychological performance with WMH lesion characteristics*.

Abbreviations: WMH, white matter hyperintensity; PWMH, periventricular white matter hyperintensity; DWMH, deep white matter 
hyperintensity.
* Data were expressed as coefficient b (95% confidence interval) with “no” WMH category as the reference. Models were adjusted for 
age (continuous), sex, group, education (continuous), Montreal Cognitive Assessment (MoCA) score (continuous), overall mean reaction 
time (continuous, only for Stroop-Interference and CTT), number of Lacunes (no vs. few vs. many), and global atrophy (no vs. mild vs. 
extensive).
# For PWMH, mild or extensive total burden was respectively defined as a Scheltens score of 3–4 or 5–6 points (since observed 
scores ranged from 3 to 6 points); mild or extensive regional burden was respectively defined as a Scheltens score of 1 or 2 points. 
For DWMH, mild or extensive total burden was respectively defined as a Scheltens score of 1–12 or 13–24 points; mild or extensive 
regional burden was respectively defined as a Scheltens score of 1–3 or 4–6 points, except in the case of occipital burden, where the 
corresponding score definitions were 1–2 or 3–4 points because the observed scores ranged from 0 to 4 points.
## Numbers in parentheses represent the sample size of each category for regional WMH lesions (no vs. mild vs. extensive).
@ P<0.05; @@ P<0.001.
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Delayed recall memory Stroop-Interference CTT-A CTT-B

Basal ganglia WMH

	 No (n=51) Ref. Ref. Ref. Ref.

	 Mild (n=17) 	 –0.12	 (–1.08, 0.84) 	 –5.50	 (–13.39, 2.39) 	 –5.50	 (–16.19, 5.19) 	 –10.05	 (–26.77, 6.68)

	 Extensive (n=10) 	 –0.36	 (–1.47, 0.75) 	 –0.39	 (–9.11, 8.32) 	 –6.92	 (–18.73, 4.90) 	 –3.83	(–22.31, 14.65)

Infratentorial WMH#

	 No (n=69) Ref. Ref. Ref. Ref.

	 Yes (n=9) 	 –0.47	 (–1.51, 0.58) 	 4.22	 (–4.06, 12.50) 	 5.79	 (–5.38, 16.95) 	 –2.92	(–20.48, 14.65)

Lacune presence

	 No (n=58) Ref. Ref. Ref. Ref.

	 Yes (n=20) 	 0.07	 (–0.73, 0.87) 	 –0.98	 (–7.46, 5.51) 	 8.98	 (0.07, 17.88) 	 12.08	 (–1.78, 25.93)

Lacune burden

	 No (n=58) Ref. Ref. Ref. Ref.

	 Few (n=14) 	 –0.10	 (–0.99, 0.78) 	 –1.34	 (–8.58, 5.90) 	 10.89	 (1.00, 20.79)@ 	 13.94	 (–1.51, 29.38)

	 Many (n=6) 	 0.49	 (–0.69, 1.66) 	 –0.18	 (–9.69, 9.34) 	 4.75	 (–8.25, 17.75) 	 7.97	(–12.33, 28.26)

Global atrophy##

	 No (n=17) Ref. Ref. Ref. Ref.

	 Mild (n=46) 	 0.61	 (–0.12, 1.34) 	 –3.38	 (–9.38, 2.63) 	 1.15	 (–7.06, 9.35) 	 7.72	 (–5.08, 20.52)

	 Extensive (n=15) 	 –0.21	 (–1.21, 0.79) 	 –1.50	 (–9.77, 6.78) 	 –1.36	 (–12.67, 9.95) 	 2.63	(–15.02, 20.29)

Deep atrophy##

	 No (n=36) Ref. Ref. Ref. Ref.

	 Mild (n=24) 	 0.28	 (–0.45, 1.00) 	 0.84	 (–5.00, 6.69) 	 –0.92	 (–9.00, 7.16) 	 6.36	 (–6.32, 19.03)

	 Extensive (n=18) 	 –0.74	 (–1.60, 0.12) 	 5.78	 (–1.34, 12.90) 	 –2.23	 (–12.07, 7.61) 	 2.71	(–12.72, 18.15)

Peripheral atrophy##

	 No (n=24) Ref. Ref. Ref. Ref.

	 Mild (n=26) 	 0.57	 (–0.17, 1.32) 	 –0.16	 (–6.04, 5.72) 	 –0.93	 (–9.04, 7.18) 	 4.09	 (–8.67, 16.85)

	 Extensive (n=28) 	 0.43	 (–0.35, 1.21) 	 –4.00	 (–10.07, 2.07) 	 –1.92	 (–10.29, 6.45) 	 0.45	(–12.73, 13.62)

Supplementary Table 7. Covariate-adjusted associations of neuropsychological performance with other MRI lesion characteristics*.

* Values were the regression coefficient b (95% confidence interval) calculated by multivariate linear regression analysis, adjusted for 
age (continuous), sex, group, education (continuous), Montreal Cognitive Assessment (MoCA) score (continuous), overall mean reaction 
time (continuous, only for Stroop-Interference and CTT), total WMH burden (no vs. mild vs. extensive), number of lacunes (no vs. 
few vs. many, only for atrophy analysis), and global atrophy (no vs. mild vs. extensive, only for lacune analysis)
# Infratentorial WMH was treated as a binary variable because of the small sample.
## Mild global atrophy was defined as total score of 1-3; extensive global atrophy, 4-6; mild deep or peripheral atrophy, 1; and 
extensive deep or peripheral atrophy, 2-3 (since few subjects scored 3).
@ P<0.05.
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Attention subdomains
WMH burden#

No (n=39) Low (n=16) Moderate (n=11) High (n=12)

Alerting

	 Unadjusted Ref. 	 3.64	 (–13.89, 21.18) 	 17.93	 (–2.23, 38.10) 	 14.12	 (–5.38, 33.62)

	 Model I Ref. 	 –2.34	 (–20.99, 16.31) 	 9.16	 (–12.09, 30.41) 	 10.12	 (–11.41, 31.65)

	 Model II Ref. 	 –1.36	 (–22.14, 19.42) 	 10.75	 (–12.59, 34.10) 	 13.62	 (–14.08, 41.33)

Orienting

	 Unadjusted Ref. 	 –6.32	 (–22.89, 10.26) 	 –14.87	 (–33.93, 4.18) 	 –15.78	 (–34.20, 2.65)

	 Model I Ref. 	 –8.50	 (–24.28, 7.28) 	 –20.65	 (–38.63, –2.67)# 	 –12.68	 (–30.90, 5.54)

	 Model II Ref. 	 0.92	 (–15.53, 17.36) 	 –14.67	 (–33.15, 3.81) 	 6.78	 (–15.15, 28.71)

Executive control

	 Unadjusted Ref. 	 39.59	 (18.92, 60.27)## 	 43.46	 (19.69, 67.24)## 	 43.53	 (20.54, 66.52)##

	 Model I Ref. 	 35.78	 (13.93, 57.62)# 	 44.71	 (19.81, 69.60)# 	 31.43	 (6.20, 56.65)#

	 Model II Ref. 	 25.04	 (1.59, 48.49)# 	 35.80	 (9.45, 62.15)# 	 10.47	 (–20.80, 41.73)

Supplementary Table 8. �Adjusted association of total WMH lesions with efficiencies of attention subdomains based on additional 
analysis using an alternative categorization of total WMH severity*.

* Data were expressed as regression coefficient b and 95% confidence interval. For the multivariable analyses, data were adjusted for 
age (continuous), sex, group, education (continuous), Montreal Cognitive Assessment (MoCA) score (continuous), overall mean reaction 
time (continuous) and accuracy (continuous) in Model I. Data were adjusted for the same variables in Model II, as well as number of 
lacunes (no vs. few vs. many) and global atrophy
(no vs. mild vs. extensive).
# P<0.05; ## P<0.001.

References:

	 1.	Martinez Sosa S, Smith KJ: Understanding a role for hypoxia in lesion forma-
tion and location in the deep and periventricular white matter in small ves-
sel disease and multiple sclerosis. Clin Sci (Lond), 2017; 131(20): 2503–24

	 2.	De Leeuw FE, de Groot JC, Achten E et al: Prevalence of cerebral white mat-
ter lesions in elderly people: A population based magnetic resonance imag-
ing study. The Rotterdam Scan Study. J Neurol Neurosurg Psychiatry, 2001; 
70(1): 9–14

	 3.	Kuller LH, Longstreth WT Jr. et al: White matter hyperintensity on crani-
al magnetic resonance imaging: A predictor of stroke. Stroke, 2004; 35(8): 
1821–25

	 4.	Wright CB, Dong C, Perez EJ et al: Subclinical cerebrovascular disease in-
creases the risk of incident stroke and mortality: The Northern Manhattan 
Study. J Am Heart Assoc, 2017; 6(9): pii: e004069

	 5.	 Inzitari D, Pracucci G, Poggesi A et al: Changes in white matter as determi-
nant of global functional decline in older independent outpatients: three-
year follow-up of LADIS (leukoaraiosis and disability) study cohort. BMJ, 
2009; 339: b2477

	 6.	Blahak C, Baezner H, Pantoni L et al: Deep frontal and periventricular age-
related white matter changes but not basal ganglia and infratentorial hy-
perintensities are associated with falls: Cross sectional results from the 
LADIS study. J Neurol Neurosurg Psychiatry, 2009; 80(6): 608–13

	 7.	 van Sloten TT, Sigurdsson S, van Buchem MA et al: Cerebral small vessel 
disease and association with higher incidence of depressive symptoms in 
a general elderly population: The AGES-Reykjavik Study. Am J Psychiatry, 
2015; 172(6): 570–78

	 8.	Debette S, Markus HS: The clinical importance of white matter hyperinten-
sities on brain magnetic resonance imaging: Systematic review and meta-
analysis. BMJ, 2010; 341: c3666

	 9.	 Prins ND, Scheltens P: White matter hyperintensities, cognitive impairment 
and dementia: an update. Nat Rev Neurol, 2015; 11(3): 157–65

	10.	Corbetta M, Shulman GL: Control of goal-directed and stimulus-driven at-
tention in the brain. Nat Rev Neurosci, 2002; 3(3): 201–15

	11.	Vasquez BP, Zakzanis KK: The neuropsychological profile of vascular cog-
nitive impairment not demented: a meta-analysis. J Neuropsychol, 2015; 
9(1): 109–36

	12.	Kloppenborg RP, Nederkoorn PJ, Geerlings MI, van den Berg E: Presence 
and progression of white matter hyperintensities and cognition: A meta-
analysis. Neurology, 2014; 82(23): 2127–38

	13.	 Fan J, McCandliss BD, Sommer T et al: Testing the efficiency and indepen-
dence of attentional networks. J Cogn Neurosci, 2002; 14(3): 340–47

	14.	 Posner MI, Petersen SE: The attention system of the human brain. Annu 
Rev Neurosci, 1990; 13: 25–42

	15.	 Fan J, McCandliss BD, Fossella J et al: The activation of attentional networks. 
Neuroimage, 2005; 26(2): 471–79

	16.	Vandenbossche J, Deroost N, Soetens E et al: Freezing of gait in Parkinson 
disease is associated with impaired conflict resolution. Neurorehabil Neural 
Repair, 2011; 25(8): 765–73

	17.	Rinne P, Hassan M, Goniotakis D et al: Triple dissociation of attention net-
works in stroke according to lesion location. Neurology, 2013; 81(9): 812–20

	18.	Hahn E, Ta TM et al: Test-retest reliability of Attention Network Test mea-
sures in schizophrenia. Schizophr Res, 2011; 133(1–3): 218–22

	19.	 Fazekas F, Kleinert R, Offenbacher H et al: Pathologic correlates of inci-
dental MRI white matter signal hyperintensities. Neurology, 1993; 43(9): 
1683–89

e921874-23
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Wang B. et al.: 
Differential influence of location-specific white-matter hyperintensities…
© Med Sci Monit, 2020; 26: e921874

CLINICAL RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



	 20.	Wardlaw JM, Smith EE, Biessels GJ et al: Neuroimaging standards for re-
search into small vessel disease and its contribution to ageing and neuro-
degeneration. Lancet Neurol, 2013; 12(8): 822–38

	21.	Klarenbeek P, van Oostenbrugge RJ, Rouhl RP et al: Ambulatory blood pres-
sure in patients with lacunar stroke: association with total MRI burden of 
cerebral small vessel disease. Stroke, 2013b; 44(11): 2995–99

	22.	 Scheltens P, Barkhof F, Leys D et al: A semi-quantitative rating scale for 
the assessment of signal hyperintensities on magnetic resonance imaging. 
J Neurol Sci, 1993: 114(1): 7–12

	23.	 Staals J, Makin SD, Doubal FN et al: Stroke subtype, vascular risk factors, 
and total MRI brain small-vessel disease burden. Neurology, 2014; 83(14): 
1228–34

	24.	Du J, Wang Y, Zhi N et al: Structural brain network measures are superi-
or to vascular burden scores in predicting early cognitive impairment in 
post stroke patients with small vessel disease. Neuroimage Clin, 2019; 22: 
101712

	25.	 Zhu YC, Tzourio C, Soumare A et al: Severity of dilated Virchow-Robin spac-
es is associated with age, blood pressure, and MRI markers of small ves-
sel disease: A population- based study. Stroke, 2010: 41(11): 2483–90

	26.	Klarenbeek P, van Oostenbrugge RJ, Lodder J et al: Higher ambulatory blood 
pressure relates to enlarged Virchow-Robin spaces in first-ever lacunar 
stroke patients. J Neurol, 2013; 260(1): 115–21

	27.	Doubal FN, MacLullich AM, Ferguson KJ et al: Enlarged perivascular spaces 
on MRI are a feature of cerebral small vessel disease. Stroke, 2010; 41(3): 
450–54

	28.	Wong A, Xiong YY, Wang D et al: The NINDS-Canadian stroke network vas-
cular cognitive impairment neuropsychology protocols in Chinese. J Neurol 
Neurosurg Psychiatry, 2013; 84(5): 499–504

	29.	 Ter Telgte A, van Leijsen EMC, Wiegertjes K et al: Cerebral small vessel dis-
ease: From a focal to a global perspective. Nat Rev Neurol, 2018; 14(7): 
387–98

	30.	Bolandzadeh N, Davis JC, Tam R et al: The association between cognitive 
function and white matter lesion location in older adults: A systematic re-
view. BMC Neurol, 2012; 12: 126

	31.	 Fernandez PJ, Campoy G, Garcia Santos JM et al: Is there a specific pattern 
of attention deficit in mild cognitive impairment with subcortical vascular 
features? Evidence from the Attention Network Test. Dement Geriatr Cogn 
Disord, 2011; l31(4): 268–75

	32.	 Liu Q, Zhu Z, Teipel SJ et al: White matter damage in the cholinergic sys-
tem contributes to cognitive impairment in subcortical vascular cognitive 
impairment, no dementia. Front Aging Neurosci, 2017; 9: 47

	33.	 Petersen SE, Posner MI: The attention system of the human brain: 20 years 
after. Annu Rev Neurosci, 2012; 35: 73–89

	34.	 Posner MI, Sheese BE, Odludas Y, Tang Y: Analyzing and shaping human at-
tentional networks. Neural Netw, 2006; 19(9): 1422–29

	35.	Demakis GJ: Frontal lobe damage and tests of executive processing: A me-
ta-analysis of the category test, stroop test, and trail-making test. J Clin 
Exp Neuropsychol, 2004; 26(3): 441–50

	36.	Nordahl CW, Ranganath C, Yonelinas AP et al: White matter changes com-
promise prefrontal cortex function in healthy elderly individuals. J Cogn 
Neurosci, 2006; 18(3): 418–29

	37.	Wiseman SJ, Booth T, Ritchie SJ et al: Cognitive abilities, brain white mat-
ter hyperintensity volume, and structural network connectivity in older age. 
Hum Brain Mapp, 2018; 39(2): 622–32

	38.	 Lambert C, Sam Narean J, Benjamin P et al: Characterising the grey matter 
correlates of leukoaraiosis in cerebral small vessel disease. Neuroimage 
Clin, 2015; 9: 194–205

	39.	 Tuladhar AM, Reid AT, Shumskaya E et al: Relationship between white mat-
ter hyperintensities, cortical thickness, and cognition. Stroke, 2015; 46(2): 
425–32

	40.	Dey AK, Stamenova V, Turner G et al: Pathoconnectomics of cognitive im-
pairment in small vessel disease: A systematic review. Alzheimers Dement, 
2016; 12(7): 831–45

	41.	Markett S, Reuter M, Montag C et al: Assessing the function of the fron-
to-parietal attention network: Insights from resting-state fMRI and the at-
tentional network test. Hum Brain Mapp, 2014; 35(4): 1700–9

	42.	Rosso AL, Bohnen NI, Launer LJ et al: Vascular and dopaminergic contrib-
utors to mild parkinsonian signs in older adults. Neurology, 2018; 90(3): 
e223–29

	43.	Mozaffari B: The medial temporal lobe-conduit of parallel connectivity: A 
model for attention, memory, and perception. Front Integr Neurosci, 2014; 
8: 86

	44.	Wallmark S, Lundström E, Wikström J et al: Attention deficits after aneu-
rysmal subarachnoid hemorrhage measured using the test of variables of 
attention. Stroke, 2015; 46(5): 1374–76

	45.	Han F, Zhai FF, Wang Q et al: Prevalence and risk factors of cerebral small 
vessel disease in a Chinese population-based sample. J Stroke, 2018; 20(2): 
239–46

	46.	 Shams S, Martola J, Charidimou A et al: Topography and determinants of 
magnetic resonance imaging (MRI)-visible perivascular spaces in a large 
memory clinic cohort. J Am Heart Assoc, 2017; 6(9): pii: e006279

	47.	 Patel B, Lawrence AJ, Chung AW et al: Cerebral microbleeds and cognition 
in patients with symptomatic small vessel disease. Stroke, 2013; 44(2): 
356–61

	48.	Huijts M, Duits A, Staals J et al: Basal ganglia enlarged perivascular spaces 
are linked to cognitive function in patients with cerebral small vessel dis-
ease. Curr Neurovasc Res, 2014; 11(2): 136–41

	49.	Kapeller P, Barber R, Vermeulen RJ et al: Visual rating of age-related white 
matter changes on magnetic resonance imaging: Scale comparison, inter-
rater agreement, and correlations with quantitative measurements. Stroke, 
2003; 34(2): 441–45

	50.	 van Leijsen EMC, de Leeuw FE, Tuladhar AM: Disease progression and re-
gression in sporadic small vessel disease-insights from neuroimaging. Clin 
Sci (Lond), 2017; 131(12): 1191–206

e921874-24
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Wang B. et al.: 
Differential influence of location-specific white-matter hyperintensities…

© Med Sci Monit, 2020; 26: e921874
CLINICAL RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


