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Abstract  
Many studies have demonstrated that leukoaraiosis is associated with impaired cerebrovascular reserve function. However, the definitive 
hemodynamic changes that occur in leukoaraiosis are not clear, and there are many controversies. This study aimed to investigate he-
modynamic changes in symptomatic leukoaraiosis using transcranial Doppler ultrasonography and the breath-holding test in a Chinese 
Han population, from northern China. A total of 203 patients who were diagnosed with ischemic stroke or clinical chronic progressive 
ischemic symptoms were enrolled in this study, including 97 males and 106 females, with an age range of 43–93 years. The severity of 
leukoaraiosis was evaluated according to the Fazekas grading scale, and patients were divided into four groups accordingly. Grade 0 was 
no leukoaraiosis, and grades I, II, and III were mild, moderate, and severe leukoaraiosis, respectively, with 44, 79, 44, and 36 cases in each 
group. Transcranial Doppler ultrasonography and the breath-holding test were performed. The mean blood flow velocity of the bilateral 
middle cerebral artery was measured and the breath-holding index was calculated. The breath holding index was correlated with leukoara-
iosis severity and cognitive impairment. Patients with a low breath holding index presented poor performance in the Montreal Cognitive 
Assessment (MoCA) and executive function tests. That is, the lower the breath holding index, the lower the scores for the MoCA and the 
higher for the trail-making test Parts A and B. These results indicate that the breath-holding index is a useful parameter for the evaluation 
of cerebrovascular reserve impairment in patients with leukoaraiosis. In addition, the breath-holding index can reflect cognitive dysfunc-
tion, providing a new insight into the pathophysiology of leukoaraiosis. This study was approved by the Ethics Committee of the Fifth 
People’s Hospital of Shenyang, China (approval No. 20160301) and registered in the Chinese Clinical Trial Registry (registration number: 
ChiCTR1800014421).
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Graphical Abstract   

Cognitive function and hemodynamic evaluation of patients with leukoaraiosis

Introduction 
The incidence of ischemic cerebrovascular disease, and espe-
cially cerebral small vessel disease, is increasing year by year, 
and is a global health issue. Leukoaraiosis (Hachinski et al., 
1987), also known as white matter hyperintensity and white 
matter lesions (Wardlaw et al., 2013), is the most common 
imaging sign of subcortical small vessel disease (Wallin et al., 
2018), and has attracted much attention from researchers. 

A large number of studies have been carried out to explore 
the pathogenesis of leukoaraiosis, especially hemodynamic 
changes. Investigators have used various neuroimaging mo-
dalities, including positron emission tomography/computed 
tomography, single-photon emission computed tomogra-
phy, and functional magnetic resonance imaging (MRI) (van 
der Veen et al., 2015; Cheng et al., 2017). Arba et al. (2017) 
observed intracranial hypoperfusion in patients with leuko-
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araiosis using computed tomography (CT) and MRI, and 
found that this hypoperfusion was correlated with the se-
verity of leukoaraiosis (Arba et al., 2017). In addition, some 
researchers have found a relationship between white matter 
disconnection and cognitive impairment in leukoaraiosis 
patients using magnetic resonance diffusion tensor imaging. 
Based on these studies, it has been proposed that diffusion 
tensor imaging parameters may be potential predictors for 
cognitive function impairment, and that cognitive function 
changes are related to impaired white matter integrity rather 
than reduced cerebral blood supply (Wang et al., 2017; Yuan 
et al., 2017; Zhong et al., 2017).

The hemodynamic changes observed in patients with 
leukoaraiosis are yet to be elucidated. Transcranial Doppler 
ultrasonography is a non-invasive and low-cost method for 
hemodynamic monitoring. In previous studies, Turk et al. 
(2016a) found that patients with leukoaraiosis had a high-
er pulsatility index and higher resistance index compared 
with normal controls. Additionally, the blood flow velocity 
(BFV) of the middle cerebral artery was reduced with carot-
id atherosclerosis progression (Turk et al., 2016a). However, 
current studies are mainly limited to measuring hemody-
namic features in the resting state. As a crucial metabolic 
factor, carbon dioxide can stimulate vasoconstriction and 
vasodilatation. Thus, we speculated that the measurement 
of hemodynamic parameters during the breath-holding test 
may be a sensitive indicator for cerebrovascular reactivity. 
Some researchers have investigated the correlation between 
the breath-holding index (BHI) and cognitive impairment 
in patients with multiple cerebral infarction and Alzheimer’s 
disease (Matteis et al., 1998). However, there is currently no 
uniform standard for testing hemodynamic impairment in 
leukoaraiosis. To the best of our knowledge, this is the first 
transcranial Doppler ultrasonography study to reveal hemo-
dynamic changes during the breath-holding test in symp-
tomatic leukoaraiosis patients of Han ethnicity. 

This study will therefore evaluate the relationship between 
the BHI and image performance in patients with leukoara-
iosis of Han ethnicity in northern China, and explore the 
BHI’s relationship with cognitive and executive functions. 
From a hemodynamics perspective, this study aims to ana-
lyze the pathogenesis of patients with symptomatic leuko-
araiosis, and to explore the simple and convenient method 
of intracranial hypoperfusion in leukoaraiosis, to provide a 
good theoretical basis for clinical diagnosis and treatment.

Participants and Methods 
Design 
This was a cross-sectional study.

Participants
A total of 203 patients of Han ethnicity were enrolled from 
the Department of Neurology in the Fifth People’s Hospital 
of Shenyang, China, between November 2016 and October 
2017. This study was approved by the Ethics Committee of 
the Fifth People’s Hospital of Shenyang, China (approval No. 
20160301) and registered in the Chinese Clinical Trial Registry 
(registration number: ChiCTR1800014421). Written informed 
consent was obtained from each participant.

Inclusion criteria
(1) Patients were aged 43–93 years, and were either diag-
nosed with ischemic stroke or showed clinical chronic pro-
gressive ischemic symptoms including dizziness, headache,
aphasia, numbness, and memory loss (Podgorska et al.,
2002; Jokinen et al., 2009; Debette and Markus, 2010; Brick-
man et al., 2011). (2) Depression (Longstreth et al., 1996;
Teodorczuk et al., 2010) and gait instability (Longstreth et
al., 1996; Baezner et al., 2008; Srikanth et al., 2009). Leuko-
araiosis was diagnosed based on brain MRI. Patients agreed
to undergo MRI, transcranial Doppler ultrasonography, and
the breath-holding test. (3) There was no more than 50%
stenosis of the middle cerebral artery, vertebrobasilar artery,
or intracranial or external carotid artery. (4) Leukoaraiosis
was diagnosed based on brain MRI (Fazekas et al., 1987).

Exclusion criteria
(1) Contraindications to brain MRI; (2) severe cerebrovascu-
lar disease sequelae, such as a disturbance of consciousness
or visual impairment meaning that the patient cannot com-
plete behavioral assessments; (3) severe respiratory, cardio-
vascular, or hepatorenal disease; (4) white matter damage or
disease, such as subcortical arteriosclerotic encephalopathy,
autoimmune white matter demyelination, hypoxic encepha-
lopathy, normal intracranial pressure hydrocephalus, hypo-
glycemia- or intoxication-induced encephalopathy, multiple
sclerosis, or hereditary white matter disease; (5) a disability
preventing the Valsalva maneuver; (6) an intracranial infarc-
tion lesion with diameter > 1.5 cm; or (7) moderate or severe
stenosis (> 50%) of the intracranial or extracranial carotid
artery, middle cerebral artery, or vertebrobasilar artery.

The individual medical profiles were documented, in-
cluding age, gender, and history of smoking and drinking, 
hypertension, diabetes, coronary heart disease, and previous 
stroke. Additionally, multiple laboratory examinations were 
performed, including routine blood and urine tests, as well 
as tests for liver and renal functions, thyroid function, and 
immunity. An electrocardiography, carotid artery ultra-
sound, head CT, and head MRI were performed.

Radiological evaluation
Brain MRI, including T1-weighted, T2-weighted, fluid 
attenuated inversion recovery, and magnetic resonance an-
giography sequences, was performed in all patients using a 
General Electric 1.5T MRI scanner (GE Healthcare, Wauke-
sha, WI, USA). The MRI data were independently reviewed 
by two radiologists and one neurologist. The clinical severity 
of leukoaraiosis was evaluated according to the Fazekas 
scale: no leukoaraiosis (grade 0), mild leukoaraiosis (grade I), 
moderate leukoaraiosis (grade II), and severe leukoaraiosis 
(grade III) (Fazekas et al., 1987).

Cognitive assessment
Individual cognitive function was assessed using identical 
versions of the Montreal Cognitive Assessment (MoCA), 
and cognitive impairment was defined as a score of < 26 
(Pendlebury et al., 2010, 2012). Executive function was as-
sessed using the trail-making test Part A (TMTA) and Part B 
(TMTB) (Reitan, 1955). TMTA and TMTB were measured 
in seconds, and tests were interrupted after 6 minutes if they 
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were not completed. Double-blind assessments were inde-
pendently performed by two neurologists.

Transcranial Doppler ultrasonography 
Conventional transcranial Doppler ultrasonography tests 
were performed to exclude patients with moderate or severe 
intracranial vascular stenosis (> 50%). Transcranial Doppler 
ultrasonography was performed before the breath-holding 
test. Blood flow signals were detected using a 2.0 MHz pulse 
probe at a depth of 50–60 mm via the left temporal window. 
When the unilateral common carotid artery was compressed 
along the anterior border of the sternocleidomastoid muscle, 
the ipsilateral middle cerebral artery BFV was obviously de-
creased. The baseline BFV (BFVbaseline) was measured in the 
resting state, and the mean BFVbaseline of the bilateral middle 
cerebral artery was calculated. Afterwards, the patient was told 
to take a deep breath and then hold the breath for at least 20 
seconds. The breath-holding time and the mean BFV after the 
breath-holding test (BFVafter) of the bilateral middle cerebral 
artery were documented. The BHI was calculated by (BFVafter – 
BFVbaseline) / (BFVbaseline × breath-holding time) × 100.

Statistical analysis
SPSS 24.0 software (IBM, Armonk, NY, USA) was used to per-
form statistical analyses. Enumeration data are presented as 
percentages and were analyzed using the chi-square test, while 
non-normally distributed data are expressed as the median. 
Quantitative data with non-normal distributions and hetero-
geneity of variance were compared using the Kruskal-Wallis 
test. P values ≤ 0.05 were considered statistically significant.

Results
Clinical characteristics and laboratory parameters
The patients’ ages ranged from 43 to 93 years. Among the 

four groups, as classified according to the Fazekas grad-
ing system, there was no significant difference in gender 
(P = 0.056), smoking history (P = 0.314), hypertension (P 
= 0.448), or diabetes (P = 0.918); however, older age (P = 
0.006), coronary heart disease (P = 0.000), and stroke history 
(P = 0.004) were identified as risk factors for leukoaraiosis.

Among the four groups, there were no differences in the 
levels of serum total cholesterol (P = 0.090), triglyceride (P 
= 0.551), low-density lipoprotein (P = 0.522), high-density 
lipoprotein (P = 0.317), apolipoprotein A/B (P = 0.307), 
apolipoprotein A1 (P = 0.670), glycosylated hemoglobin (P 
= 0.825), or homocysteine (P = 0.708). The statistical results 
are summarized in Table 1.

Cognitive functions
Individual MoCA scores ranged from 9 to 29 [median/inter-
quartile range (Q3–Q1): 26/9]. Pairwise comparisons revealed 
no differences in MoCA scores between the leukoaraiosis 
grade II and grade III groups (P = 0.473) or between the grade 
0 and grade I groups (P = 1.000). The MoCA scores in the 
grade 0 group were significantly higher than in the grade II 
(P = 0.000) and grade III (P = 0.000) groups, and the MoCA 
scores in the grade I group were also significantly higher than 
the grade II (P = 0.000) and grade III (P = 0.000) groups.

Individual TMTA scores ranged from 30 to 170 [medi-
an/interquartile range (Q3–Q1):57/47]. Individual TMTB 
scores ranged from 40 to 390 [median/interquartile range 
(Q3–Q1):128/129]. Pairwise comparisons showed no dif-
ference in the TMTA or TMTB scores between grade II and 
grade III groups (TMTA: P = 0.685; TMTB: P = 0.364) or 
between grade 0 and the grade I groups (TMTA: P = 1.000; 
TMTB: P = 1.000). However, TMTA and TMTB scores in 
the grade 0 group were significantly lower than in the grade 
II (P = 0.000) and grade III (P = 0.000) groups, and TMTA 

Table 1 Clinical characteristics and laboratory examination results of leukoaraiosis patients 

Characteristics

Fazekas scale

Z value P valueGrade 0 Grade I Grade II Grade III

Total number (n) 44 79 44 36 – –

Age (years) a 60.5(54.2–66.0) 65.0(58.0–78.0) 75.0(65.0–79.8) 77.0(72.0–82.0) 22.886 0.006
Male/female (n)b 25/19 40/39 22/22 10/26 7.558 0.056
Smoking history b 19(43.2) 29(36.7) 13(29.5) 9(25.0) 3.5555 0.314
Hypertension b 31(70.5) 57(72.2) 35(79.5) 30(83.3) 2.656 0.448
Diabetesb 14(31.8) 28(35.4) 17(38.6) 12(33.3) 0.502 0.918
Coronary heart disease b 7(15.9) 27(4.2) 15(34.1) 22(61.1) 17.883 0.000
Stroke history b 12(27.3) 25(31.6) 23(52.3) 21(58.3) 13.080 0.004
Total cholesterol (mM) a 4.68(4.01–5.63) 4.25(3.35–5.58) 3.80(3.16–5.01) 4.64(3.19–5.56) 6.502 0.090
Triglyceride (mM)a 1.78(1.69–2.70) 1.76(1.67–2.21) 1.71(1.66–2.26) 1.71(1.58–2.25) 2.106 0.551
Low-density  lipoprotein (mM)a 3.45(2.62–4.11) 3.42(2.69–4.14) 3.26(2.69–3.93) 3.63(2.84–4.15) 2.251 0.522
High-density lipoprotein (mM)a 1.18(0.98–1.89) 1.07(0.9–1.62) 1.17(0.96–1.89) 1.10(0.93–1.74) 3.527 0.317
Apolipoprotein A/Ba 1.00(0.88–1.06) 0.96(0.84–1.03) 0.97(0.88–1.05) 0.97(0.91–1.03) 3.606 0.307
Apolipoprotein A1 (mg/L) a 0.86(0.85–0.88) 0.86(0.84–0.88) 0.86(0.83–0.91) 0.86(0.86–0.87) 1.553 0.670
Glycosylated hemoglobin (%)a 5.80(5.63–6.58) 5.80(5.70–6.60) 5.70(5.60–6.35) 5.75(5.70–7.08) 0.902 0.825
Homocysteine (μM)a 13.75(12.60–22.10) 16.08(13.24–23.35) 14.17(12.29–27.35) 15.56(12.51–24.11) 1.389 0.708

aData are expressed as the median (interquartile range). bData are expressed as n(%). Quantitative data with non-normal distribution and 
heterogeneity of variance were compared using the Kruskal-Wallis test. 
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and TMTB scores in the grade I group were also significant-
ly lower than in the grade II (P = 0.000) and grade III (P = 
0.000) groups. The cognitive evaluation results are summa-
rized in Table 2.

Transcranial Doppler ultrasonography examination
Pairwise comparisons showed no difference in BHI between 
the grade II group and the grade III group (P = 0.924) or 
between the grade 0 group and the grade I group (P = 0.244). 
The BHI in the grade 0 group was significantly higher than 
in the grade II (P = 0.000) and grade III (P = 0.000) groups. 
The BHI in the grade I group was significantly higher than 
in the grade II (P = 0.000) and grade III (P = 0.000) groups. 
The results are displayed in Figure 1.

To analyze any correlation of the BHI with cognitive and 
executive functions (i.e., the MoCA, TMTA, and TMTB 
scores) in patients with leukoaraiosis, the average BHI value 
(0.84) was used as a reference value and the patients were 
divided into two groups. The lower BHI group comprised 
patients with a BHI ≤ 0.84, and the higher BHI group com-
prised patients with a BHI > 0.84. Nonparametric tests re-
vealed that BHI was negatively correlated with leukoaraiosis 
severity (P < 0.05) and significantly correlated with cognitive 
impairment (P < 0.05).

Discussion
In this study, the breath holding test was used to observe that 
as the degree of leukoaraiosis was aggravated, the BHI de-
creased, and the hemodynamics of leukoaraiosis changed. Our 
results demonstrated that symptomatic leukoaraiosis showed 
intracranial hypoperfusion, thus indicating that the BHI can 
be used to assess impaired brain reserve function in leukoara-
iosis. However, currently the BHI is only an indicator used by 
scholars to explore the dynamic changes of blood flow. There 
is no uniform diagnostic standard for leukoaraiosis.

Recently, several researchers have suggested that transcra-
nial Doppler ultrasonography can be used as a non-invasive 
and sensitive approach to evaluate the functional status of 
intracranial vessels (both large arteries and downstream 
microvessels) (Fisse et al., 2016; Malojcic et al., 2017). Rel-
evant studies in vascular dementia patients have also noted 
that cognitive dysfunction may be related to impaired cere-

brovascular reserve function (Tsivgoulis et al., 2014). These 
findings indicate a potential use for hemodynamic moni-
toring in the risk assessment of leukoaraiosis and cognitive 
impairment. The BHI reflects the regulatory function of 
cerebral vessels, but at present, BHI changes in leukoaraiosis 
patients are controversial.

Zavoreo et al. (2010) enrolled 60–70-year-old elderly pa-
tients with mild cognitive impairment, and compared them 
with healthy young (30–40 years) and elderly (60–70 years) 
controls. Results showed that there were no statistically 
significant differences in BHI between the three groups. 
However, the regression analysis demonstrated that BHI 
was strongly correlated with MoCA score after controlling 
for age and the risk factors of cerebrovascular disease. It was 
therefore suggested that the BHI be used as a parameter of 
impaired cerebrovascular reactivity for small vessel cerebro-
vascular disease in the early stages of cognitive dysfunction 
(Zavoreo et al., 2010). In addition, Peisker et al. (2010) con-
ducted a breath-holding test in people of different ages. They 
observed that as age increased, the regulation of cerebral 
blood vessels decreased, and correlated with leukoaraiosis 
severity. In addition, leukoaraiosis was associated with the 
resistance index. Decreasing BHI can indicate a patient’s 
changed cerebral blood flow and brain reserve dysfunction 
(Peisker et al., 2010). More recently, Inhalakham et al. (2017) 
performed a breath-holding test in 15 patients with lacunar 
infarction to observe changes in BFV, heart rate, and blood 
pressure in the middle cerebral artery. The results showed 
that sympathetic nerve function in patients with ischemic 
cerebral infarction is decreased (Intharakham et al., 2017). 
Whether this phenomenon is due to the pathogenesis of la-
cunar infarction or hypertension still needs further research. 
However, there was no significant difference in the histo-
ry of hypertension between the four groups in this study. 
Therefore, the decrease in BHI is not associated with hyper-
tension, but it is independently associated with the decrease 
in brain reserve function in leukoaraiosis. 

However, conflicting results have also been reported. 
To verify the ability of the autonomic nervous system in 

Figure 1 Comparison of breath-holding index (BHI) between each 
leukoaraiosis grade.
**P < 0.01, vs. Grade I and II groups. Non-normally distributed data 
are expressed in lower quartile, median, and upper quartile. Quantita-
tive data were compared using the Kruskal-Wallis test. 

Table 2 Cognitive evaluation results of leukoaraiosis patients 

Fazekas scale n MoCA (scores) TMTA (seconds) TMTB (seconds)

Grade 0 44 26(24.00–26.75) 45(40.00–55.75) 84(69.00–122.75)
Grade I 79 25(24.00–26.00) 45(39.00–56.00) 98(78.00–128.00)
Grade II 44 18(15.00–20.00) 94(62.00–122.50) 204(152.00–245.75)
Grade III 36 15(13.00–17.00) 120(88.50–139.00) 236.5(214.00–274.5)

Data are expressed as the median/interquartile range. Quantitative 
data with non-normal distribution and heterogeneity of variance were 
compared using the Kruskal-Wallis test. Fazekas scale: No leukoaraiosis 
(grade 0), mild leukoaraiosis (grade I), moderate leukoaraiosis (grade 
II), and severe leukoaraiosis (grade III). MoCA: Montreal Cognitive 
Assessment; TMTA: Trail-making test Part A; TMTB: Trail-making test 
Part B.

**

**
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maintaining a steady cerebral physiological function in the 
elderly, Bohr et al. (2015) enrolled 45 elderly patients (75–89 
years old) to perform the Valsalva maneuver, and used two-
way echo functional MRI to evaluate the effective transverse 
relaxation rate (R2) and calculate the volume of leukoaraio-
sis. Although there was an overlap between the leukoaraiosis 
area and the excitatory deoxidization area, there was no 
significant correlation between these independent variables 
after statistical analyses. The authors suggested that tran-
sient-repeated hypoxia does not give a high signal of white 
matter in the brain, so the study does not support the cumu-
lative effect of autonomic dysfunction on the pathogenesis of 
white matter hyperintensity (Bohr et al., 2015). In addition, 
Fisse et al. (2016) identified patients with autosomal domi-
nant cerebral arterial disease with subcortical infarction and 
leukoencephalopathy by recording transcranial Doppler ul-
trasonography parameters after a breath-holding test. There 
was no significant difference between pulsatility index, resis-
tance index, and BHI in the normal control group. In addi-
tion, Birns et al. (2009) observed changes in blood pressure 
and BFV in the middle cerebral artery in 64 patients with 
small vessel disease (lacunar infarction and leukoaraiosis) 
after inhalation of 8% CO2. The results demonstrated that 
cerebral autoregulation function and CO2 reactivity are two 
different processes that are not related to white matter le-
sions, but instead are related to blood pressure levels and the 
course of hypertension. Combined with previous methods, 
MRI and gas inhalation are not feasible, and the measure-
ment criteria are inconsistent. In contrast, transcranial Dop-
pler ultrasonography and the breath-holding test are simple 
and easy. Therefore, this study was designed to assess the 
relationship between BHI and leukoaraiosis.

The current study is innovative for a number of reasons. 
We enrolled patients with symptomatic leukoaraiosis, in-
cluding acute ischemic stroke and chronic progression of 
ischemic symptoms. The subjects were restricted to the 
category of small vessel disease (lesion diameter less than 
1.5 cm). In contrast, previous international studies includ-
ed community health groups, lacunar infarction, or mild 
cognitive impairment patients. In addition, in the present 
study, patients with leukoaraiosis were grouped using a 
semiquantitative classification in an attempt to match the 
confounding factors of each group, so that these factors did 
not influence the conclusion. However, some international 
studies did not match all confounding factors. 

This study demonstrates that the BHI is negatively cor-
related with leukoaraiosis severity, suggesting that cerebro-
vascular reserve is impaired in patients with leukoaraiosis. 
When the subject takes a deep breath, oxygen is consumed 
in the body and the arterial carbon dioxide partial pressure 
increases, leading to vasodilatation and increased BFV (Ju 
et al., 2017). It has been suggested that these hemodynamic 
changes lead to intracranial hypoperfusion (Mok et al., 2012; 
Poels et al., 2012; Nasel et al., 2017), resulting in cognitive 
dysfunction (Lin et al., 2017). Indeed, statistical analyses 
confirmed that the severity of leukoaraiosis was strongly 
correlated with MoCA and executive function scores. These 

results are consistent with the findings of Sivakumar et al., 
who observed a correlation between leukoaraiosis severity 
and the level of subcortical cognitive impairment following 
stroke (Sivakumar et al., 2017). 

In the present study, there were acute stroke episodes 
and chronic ischemic progression, and the study group was 
based on the imaging of leukoaraiosis. Leukoaraiosis is a 
subtype of small vessel disease often accompanied by lacu-
nar infarction, and presents with multiple clinical manifes-
tations (Nam et al., 2017). When patients with leukoaraiosis 
experience long-term hypertension, diabetes, and other cere-
brovascular diseases, arterial hardness increases (Hainsworth 
et al., 2017), and cerebrovascular arterial stenosis results in 
impaired cerebrovascular autoregulation. Many previous 
studies showed that the hemodynamic changes in leukoarai-
osis were modified; the BFV of the middle cerebral artery de-
creased, while the pulsatility index value and resistance index 
value increased (Turk et al., 2016a), whether it was acute (Arba 
et al., 2017), subacute (Webb et al., 2012), or chronic (Turk et 
al., 2016a). BHI is strongly associated with BFV. When blood 
vessels are stimulated by systolic and diastolic stimulation, 
the cerebral BFV changes, and the cerebrovascular reactivity 
is determined by the degree of these changes (Smolinski and 
Czlonkowska, 2016). In the present study, there was no sig-
nificant difference in BHI and cognitive function when there 
was no image change or only a mild lesion of white matter 
(i.e., grades 0 or I). Nevertheless, when there were early con-
fluent and flaky confluent lesions (i.e., grades II and III), the 
patients’ cognitive and executive function impairments were 
obvious, and there was a significant difference in the BHI be-
tween grades 0, I and grades II, III. One possible explanation 
for this result is that tissue structure damage of small vessel 
disease is homogeneous. When the white matter lesion is 
mild, the changes in abnormal and normal structures are less 
obvious. However, as leukoaraiosis gradually worsens, intra-
cranial tissue structure and cerebrospinal fluid permeability 
increases, and then the blood brain barrier is damaged (Val-
des Hernandez et al., 2017), leading to vascular endothelial 
injury (Tan et al., 2017), oxidative stress (De Silva and Miller, 
2016), cerebral arteriosclerosis (Hainsworth et al., 2017), and 
intracranial hypoperfusion (Maccarrone et al., 2017). There-
fore, our results suggest that the pathological mechanism 
of leukoaraiosis is multivariate (Traylor et al., 2016). Small 
spot lesions are associated with confounding etiology, and 
leukoaraiosis with confluent lesions is related to small vessel 
disease (Traylor et al., 2016). However, the exact pathogenesis 
and pathological changes are still unclear. It is necessary to 
expand the sample size for further clinical and basic research 
in the future.

Additionally, Lin et al. (2017a) proposed that subependy-
mal leukoencephalopathy is pathologically characterized 
by ependymal damage and might be caused by chronic 
ischemia of arterioles. Recent studies also demonstrate he-
modynamic changes in patients with leukoencephalopathy 
(Turk et al., 2016a,b). It is well understood that cerebral 
blood flow is regulated by blood pressure, as well as neuro-
genic and metabolic factors (Hamel, 2006). In populations 
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with hypertension, diabetes, or cerebrovascular diseases, ar-
teriosclerosis and/or arteriostenosis can reduce cerebrovas-
cular reactivity, and thus increase the risk for leukoaraiosis 
(Hainsworth et al., 2017). Our study demonstrates that older 
age, coronary heart disease, and previous stroke history were 
strongly correlated with leukoaraiosis severity in this sample 
of patients, which is consistent with the above hypothesis.

There are some limitations to the present study. One lim-
itation is the sample size, which was relatively small. Some 
patients could not cooperate with the breath-holding test 
and neurological assessment, for reasons such as poor pen-
etration of the temporal window, aphasia, poor hearing or 
vision, or severe cognitive impairment. In addition, some 
patients could not undergo MRI scanning, for various rea-
sons. Another limitation of our study is that the leukoaraio-
sis grading method was only semi-quantitative; quantitative 
morphometry was not performed. An additional limitation 
is that the patients’ age and risk factors for cerebrovascular 
disease, such as stroke history and coronary heart disease, 
were not completely matched to eliminate the effects of var-
ious confounding factors. Finally, this study had a cross-sec-
tional design, and there were no long-term clinical obser-
vational data. Therefore, further clinical studies with a large 
cohort that include long-term longitudinal observations are 
needed to provide a reliable theoretical basis for the clinical 
prevention and treatment of leukoaraiosis.

The BHI is an indicator reflecting the impairment of cere-
brovascular reserve in patients with leukoaraiosis, and the 
BHI is associated with cognitive dysfunction. This study pro-
vides a new insight into the pathophysiology of leukoaraiosis.
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