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Purpose: This study aimed to characterize white matter lesions (WMLs) and regional

cerebral perfusion, and evaluate their correlations with cognitive deficits in Alzheimer’s

disease (AD) patients.

Patient and methods: One hundred and twenty-eight patients with AD (AD group) and 75

subjects without AD (control group) were recruited. The medical information was collected

from each subject. Montreal cognitive assessment (MoCA) was employed for the assessment

of cognition. Cranial MRI was performed, and the KIM scoring system was used to evaluate

the white matter hyperintensity. The CT perfusion (CTP) imaging was employed to assess

the whole cerebral perfusion, and the region of interest (ROI) was selected to determine the

blood perfusion at different parts.

Results: The education level and MoCA score in AD group were significantly lower than in

control group (P<0.001). The KIM score of juxtaventricular WML (JVWMLs) was signifi-

cantly different between two groups (P<0.05) and AD group showed a higher incidence of

severe JVWML and periventricular WML (PVWMLs); in AD group, the total KIM score

and KIM scores of JVWMLs, PVWMLs and deep WML (DWMLs) showed negative

relationships with the MoCA score (P<0.001). As compared to control group, the blood

perfusion of either whole brain or different parts in the AD group reduced significantly

(P<0.05). In the AD group, there was a negative correlations of blood perfusion at JVWM

and PVWM with corresponding KIM scores (P<0.05 or 0.01). In the AD group, the blood

perfusions of the whole brain, JVWMLs, PVWMLs and deep WML were negatively related

to MoCA score (P<0.05).

Conclusion: In conclusion, the cognitive deficits in the AD patients are associated with the

degree of WMLs, especially the JVWML, PVWML and DWML as well as with the reduced

perfusion of JVWM, PVWM and deep WM.
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Introduction
Emerging studies have confirmed that cerebral perfusion and white matter lesions

(WMLs) are closely related to the occurrence and development of Alzheimer's

disease (AD).1–5 More than 50% of the elderly suffer from WMLs which are

closely associated with cognitive impairment6–10 and may significantly increase

the risk for dementia.11–13 However, it is controversial on the relationships between

WMLs at different brain parts and cognitive impairment.14–18 There is evidence

showing that the periventricular WMLs (PVWMLs), rather than the deep WMLs
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(DWMLs), are an important factor related to the pathogen-

esis of cognitive impairment,15,16 but other studies indicate

DWML hyperintensity has a stronger relationship with the

degree of cognitive impairment.17,18 This discrepancy may

be ascribed to the difference in the WML scoring system

used. In clinical practice, the scoring system reported by

Fazekas et al19 is often used to assess the degree of WML,

but its classification of WML is general and the definitions

of various types of lesions are ambiguous based on this

system, failing to reflect the complex pathology and etiol-

ogy of WMLs. This may be one of the reasons for

conflicting results about the etiology, pathology and clin-

ical manifestations of WMLs. Based on the anatomical

location, etiology and pathophysiology of WMLs,

KIM et al20 classified WMLs into juxtacortical WMLs

(JCWMLs), DWMLs, PVWMLs and juxtaventricular

WMLs (JVWMLs). Compared with the traditional dichot-

omy, the KIM classification is intuitive, easy to understand

and well defined, which helps to reduce the heterogeneity.

In the majority of studies, the relationship between WMLs

and cognitive function is investigated in only PVWMLs

and DWMLs. In recent years, JCWMLs were reported to

be related to the cognition impairment or the progression

of dementia in the elderly.21,22 Therefore, it is necessary to

further study the relationships of JCWML and JVWMLs

with cognitive impairment. Currently, the pathogenesis of

WMLs remains still unclear, and many studies have pro-

posed it is related to the cerebral-reduced perfusion.1,5 The

findings are mainly from the animal studies or autopsy

studies, but few direct evidences come from clinical stu-

dies concerning cerebral perfusion. Therefore, KIM

classification20 was employed to compare the distribution

and severity of JVWML, PVWML, DWML and JCWML,

characterize the cerebral perfusion in these regions and

assess the relationship of WMLs and cerebral perfusion

with cognitive impairment in AD patients.

Materials and methods
Subjects
Subjects were recruited from the Department of Neurology

and the Department of Memory Clinic of Shanghai Tongji

Hospital and divided into two groups: AD group and control

group. Inclusion criteria were as follows: AD group

(n=128): 1) AD was diagnosed based on the clinical diag-

nostic criteria for probable AD of NIA-AA (2011);23 2) the

MoCA score was <24. Control group (n=75): 1) patients

had no dementia; 2) the MoCA score was ≥24. Exclusion

criteria were as follows: 1) there was a definite history of

stroke; 2) there was definite history of other diseases of the

central nervous system such as infection, demyelinating

diseases and Parkinson’s disease; 3) there was a definite

history of mental illnesses such as schizophrenia and major

depressive disorder; 4) subjects had serious physical dis-

ease; 5) subjects had alcohol or drug addiction; 6) subjects

were unable to cooperate with neuropsychological tests; 7)

subjects had contraindications to MRI and 8) subjects were

sensitive to iodine.

Medical record and findings of systematic neurological

examination were collected, including the gender, age,

education level, history of neurological and psychiatric

diseases and history of major medical conditions (such as

heart disease, hepatic insufficiency, renal insufficiency,

thyroid dysfunction and cancer). The risk factors for cere-

brovascular diseases (such as hypertension, diabetes, heart

disease, hyperlipidemia, hyperhomocysteinemia, stroke),

smoking and alcohol abuse and history of familial cere-

brovascular disease were recorded.

The study was supported by the Ethics committee of

Tongji Hospital (SHEN-KYSB-2016–99) and conducted

in accordance with the Declaration of Helsinki. Written

informed consent had been obtained from each patient.

Montreal cognitive assessment
All the subjects received neuropsychological assessment.

In the present study, the Montreal Cognitive Assessment

(MoCA) was used to evaluate the global cognition func-

tion and the Activity of Daily Living (ADL) Scale was

employed to assess the basic functions of daily life. The

assessments were performed by a clinician qualified with

neuropsychological assessment.

MRI acquisition
MRI was performed with the 3.0T MR system (Magneton

Verio, Siemens Medical Systems, Erlangen, Germany)

with an orthonormal head coil. During the MRI scanning,

all the subjects were asked to lay in a supine position and

keep calm. The head was fixed with surrounding sponges.

The fluid-attenuated inversion recovery (FLAIR) sequence

MRI was done with the following parameters: time of

repetition (TR), 5000 ms; time of echo (TE), 94 ms; time

of inversion (TI), 1800 ms; slice thickness, 5 mm; slice

interval, 1 mm; field of view (FOV), 230 mm. The AC-PC

line served as a baseline, and a total of 23 slices were

acquired.
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WML grading
WML was evaluated on the axial FLAIR images on three

classic layers of the brain which were selected by the

investigator blind to the study. These layers included cen-

trum semiovale layer (a layer above the corpus callosum),

lateral ventricular body layer (a layer between the mid-

points of top-bottom lines of bilateral ventricles) and basal

ganglion layer (a layer between lower parts of antecornu

and postcornu of lateral ventricles) according the classifi-

cation system proposed by Kim et al.20 The KIM score of

each WML ranges from 0 to 3. The WML was scored as

follows (Figure 1): for JVWML: 0 – no WML, 1 – small

cap or thin lining lesion, 2 – larger cap or smooth halo

lesion, 3 – extending cap or irregular extended hyperin-

tensity; for PVWML, DWML and JCWML: 0 – no WML,

1 – punctuated lesion, 2 – more punctuated lesion with

confluence, 3 – lesion with massive confluence. The final

KIM score was the sum of scores of bilateral white matters

at different layers. Assessment of WML was done by two

experienced physicians who were blind to the patients’

cognitive function. Before the assessment, the two raters

received training for the assessment of brain layers, and

the intra-rater consistence was high. If there was a discre-

pancy in the score between two raters, the score was

determined after consultation.

CT perfusion scanning protocol
All the participants underwent whole-brain perfusion ima-

ging with a 320-detector row system (Aquilion ONE;

Toshiba Medical Systems, Tokyo, Japan). The volume scan

parameters were as follows: 100 kV tube voltage, 150 mA

tube current, 512×512 matrices, 220 mm FOV, 0.5 seconds

rotation time, 0.5 mm slice thickness and 140 mm z-direction

coverage. A total of 50 mL of nonionic contrast media

(Iohexol, with an iodine content of 350 mg/mL) was admi-

nistered at a flow rate of 5 mL/s through an antecubital vein.

The first scanning was performed at 7th second after injec-

tion, the continuous intermittent scanning was done once

every 2 seconds from the 12th second, and the enhancement

effects peaked between 18th second and 28th second. Then, a

5-second interval was used in the venous phase between the

40th second and the 60th second. The lap rotation time was

0.5 seconds, and the total duration of scanning was 60 sec-

onds. Finally, the 19 whole-brain volume data were acquired

for every subject.

Acquisition of cerebral perfusion data
CTP image data were collected, and the quality of perfu-

sion images was evaluated. Images with motion artifacts

or dark skull base artifacts were excluded. All qualified

CTP images were pre-processed with the perfusion mis-

match analyzer (PMA, Ver. 5.0.0.0.) software (http://asist.

umin.jp/index-e.htm) to calculate the perfusion maps of

cerebral blood flow (CBF). The software automatically

selects 10 arterial input functions (AIFs) in one slice

with the Circle of Willis as a reference layer. The venous

output function (VOF) was automatically chosen in the

intracranial veins above the skull base. The perfusion

maps were calculated with a delay-insensitive deconvolu-

tion algorithm, the block-circulant Singular Value

Decomposition (bSVD).24 Calculations were performed

with PMA, the parameters of which remained at default.

First, one well-placed CTA image with an average

head diameter was selected as the template and the loca-

tion of template brain was adjusted as follows: for axial

images, the interhemispheric fissure was vertically on the

middle line and the bilateral temporal poles were on the

same horizontal plane; for coronal images, the superior

sagittal sinus was vertically on the middle line and the

tops of bilateral ventricles were on the same horizontal

1 score

A

B

C

2 score 3 score

Figure 1 KIM score of white matter lesions. A, B, C, three layers of the brain

(A=centrum semiovale, B=lateral ventricular body, C=basal ganglia); KIM score of

each layer: 1 – small cap or thin lining lesion or punctuated lesion; 2 – larger cap or

smooth halo lesion or more punctuated lesion with confluence; 3 – extending cap

or irregular extended hyperintensity or lesion with massive confluence.
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plane; for sagittal images, the line between the bottoms of

bilateral ventricles was horizontal. Second, three layers are

selected based on the positioning of sagittal images: cen-

trum semiovale layer is the layer above the corpus callo-

sum, lateral ventricular body layer is a layer between the

midpoints of top-bottom lines of bilateral ventricles and

basal ganglion layer is a layer between lower parts of

antecornu and postcornu of lateral ventricles. Third, the

region of interest (ROI) was delineated according to the

definition of KIM’s classification20 (Figure 2). Forth, after

the original ROI was determined, the CTA images of each

patient were imported into Mango software; then, the

template brain was loaded as an overlay for six-parameter

adjustment and alignment of anatomical landmarks.

Moreover, the contour of the brain and ventricle structure

of all the patients were also adjusted in line with the

template. The resultant parameters were stored and applied

to the CTP images of each patient for the acquisition of

normalized CTP images. Fifth, the original ROIs were

loaded to the normalized CTP images and then ROIs

were fine-tuned to avoid the sinuses and ventricles, aiming

to reduce the measuring errors. The cerebral blood flow

(CBF) of each ROI was obtained at each layer.

Statistical method
All statistical analyses were performed with the IBM

SPSS Statistics version 23.0. A descriptive analysis was

done to describe the characteristics of age, sex, education

level, other clinical data and MoCA scores in two groups.

The CBF between AD group and control group was

compared using two independent sample t-test, and the

KIM score with non-parametric test. The incidence of

WMLs between two groups was compared with Chi-

square test. The association was evaluated with

Spearman correlation analysis. A value of two-sided

P<0.05 was considered statistically significant.

Results
Clinical characteristics between AD

group and control group
There were no significant differences between AD group and

control group in the age, sex, family history, diabetes, heart

disease, hyperlipidemia, hyperhomocysteinemia, smoking and

alcohol use (P>0.05). Significant differences in the education

level and MoCA score were found between two groups

(P<0.001) (Table 1).

A

1
2

3

1
2

3

B MRI CTA CTP

60

0

Figure 2 Reference lines and regions of interest for the assessment of cerebral blood flow. (A) Reference lines on the sagittal images. Line 1 – the tangent line at the top of the

corpus callosum corresponding the layer of centrum semiovale; line 2 – the middle points of line 1 and line 3 corresponding the layer of lateral ventricular body; line 3 – the line

that connects the antecornu and postcornu of the lateral ventricle the layer of basal ganglia. (B) ROIs for CBF assessment and corresponding KIM classification. 1, 2, 3 – three

layers of the brain (1=centrum semiovale, 2=lateral ventricular body, 3=basal ganglia); green – JCWM; red – DWM; blue – PVWM; yellow – JVWM.

Abbreviations: ROI, region of interest; CBF, cerebral blood flow.
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KIM scores of WML and correlation with

MoCA
Significant difference in the total KIM score was noted

only in the JVWML between AD group and control group

(P<0.05). In AD group, the incidence of severe WML

(KIM score =3) in the PVW (29.7% vs 14.7%, P=0.017)

and JVW (29.7% vs 12.0%, P=0.005) was significantly

higher than in control group, but significant difference was

not observed in the DWM and JCWM. In addition, the

prevalence of WMLs of other grades (KIM score =2 or

KIM score =1) has no significant difference between the

two groups.

Correlation analysis showed the total KIM score and

score of DWML, PVWML and JVWML were negatively

related to MoCA score in AD group (r=−0.346, −0.375,

−0.380, −0.323, P<0.001), but this relationship was not

observed between KIM score of JCWML and MoCA

score. In control group, MoCA score had no relationship

with the above parameters (Figure 3).

CBF and its relationships with KIM scores

of WML
Compared with the control group, the total CBF and

regional CBF in the AD group reduced to different extents.

Significant differences were observed between two groups

in the total CBF (26.98±10.48 vs 31.10±9.48, P=0.007),

JVWM CBF (26.12±10.70 vs 30.70±9.05, P=0.001),

PVWM CBF (21.52±8.86 vs24.70±8.18, P=0.012),

DWM CBF (23.22±9.55 vs 26.71±8.58, P=0.010) and

JCWM CBF (37.07±15.47 vs 42.29±13.13, P=0.011).

Correlation analysis showed that there were negative cor-

relations of KIM scores of JVWML and PVWML with the

corresponding CBF in the AD group (r=−0.308 and

−0.219, P<0.05), but CBF of the whole brain and of

DWM or JCWM had no relationship with the KIM score

of WML (P>0.05). In the control group, there was no

significant correlation between CBF and KIM score

(Figure 4).

Correlation between CBF and MoCA

score
In the AD group, there was a positive correlation between

CBF of the whole brain and total MoCA score (r=0.207,

P=0.035). In addition, the CBF of the JVWM, PVWM and

DWM was also positively related to the MoCA scores

(r =0.236, 0.215 and 0.244, respectively, P<0.05), while

there was no significant correlation between CBF of JCWM

and MoCA score (P>0.05). In the control group, there was no

relationship between CBF and KIM score (Figure 5).

Discussion
The white matter hyperintensity has been considered as the

imaging marker of cerebrovascular disease and it is closely

related to the occurrence of cerebrovascular disease and

cognitive impairment.1,3–5,25 Studies have proposed that

the cerebral cortex and neurons are the main targets

affected by the AD. However, some studies have revealed

that the prevalence of WML is as high as 28.9–100% in

the AD patients.26,27 In recent years, the relationship

between white matter hyperintensity and cognitive impair-

ment in AD patients has attracted increasing attention of

clinicians. However, few studies have focused on the

characteristics of WML in AD patients, and there is no

conclusion about the effects of white matter hyperintensity

at different regions of the brain on the cognitive function

in AD patients. It is also unclear whether there is a rela-

tionship between cerebral-reduced perfusion and white

Table 1 Demographic and clinical characteristics of subjects in AD and control group

Control group (n=75) AD group (n=128) P

Age, y, mean ± SD 69.39±8.10 70.49±10. 01 0.419

Female, n (%) 32 (42.7%) 71 (55.47%) 0.078

Years of education, y, mean ± SD 10.71±2.73 7.88±4. 15 <0.001

Family histroy, n (%) 1 (1.3%) 7 (5.5%) 0.262

Hypertension, n (%) 36 (48.0%) 72 (56.3%) 0.308

Diabetes mellitus, n (%) 8 (10.7%) 16 (12.5%) 0.823

Heart disease, n (%) 5 (6.7%) 12 (9.4%) 0.605

Smoking, n (%) 9 (12.0%) 6 (4.7%) 0.092

Alcohol abuse, n (%) 4 (5.3%) 2 (1.6%) 0.197

MoCA score, mean ± SD 26.19±1.80 16.34±5.92 <0.001

Abbreviation: AD, Alzheimer’s disease.
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matter hyperintensity in AD patients. In the present study,

KIM classification system was employed to assess WMLs

including JVWML, PVWML, DWML and JCWML, and

the characteristics of WMLs and the CBF of the corre-

sponding regions were further explored in AD patients.

Moreover, the relationships among WMLs, CBF and cog-

nitive function were also evaluated in these patients as

compared to controls.

Although a variety of studies on white matter hyper-

intensity have been conducted to investigate the relation-

ship between WML and cognitive dysfunction in patients

with cerebrovascular diseases,15–18 the findings are still

conflicting. Some studies have suggested that PVWML is

more related to cognitive function,15,16 and others indicate

DWML is more associated with cognitive impairment.17,18

This discrepancy may be ascribed to some factors, among

which the difference in the WML classification is an

important one. In most of the studies, the Fazekas19

method was used to classify WML into PVWML and

DWML, which is simple and practical, but has some

disadvantages. For example, it is a general classification

of WML because the nerve fibers at different regions

receive different blood supplies and have distinct func-

tions. It is imperative to develop a more practical tool for

the clinical assessment of WML. At present, KIM20 clas-

sification is the most suitable one for this purpose. The

KIM system divides WML into four types in terms of the

location of the lesion and the artery responsible for the

blood supply. Vascular risk factors also play an important

role in the pathogenesis of AD.28 Therefore, it is necessary

to explore the characteristics of WMLs at different regions

based on the above classification. To our knowledge, this

study for the first time classified the WML in AD patients

according to the KIM system.

Our study showed that the total KIM score and KIM

score of each region (JCWML, PVWML, DWML and

JVWML) were comparable between AD group and control

group. This suggests that the load of WMLs at different

regions is comparable in controls and AD patients. Of

note, the prevalence of severe WML at JVWML and

PVWML in the AD group was significantly higher than

in the control group. This indicates the JVWM and
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Figure 3 KIM score of different regions and their correlation with MoCA score. (A) KIM scores in the AD group and control group. (1) The non-parametric test for KIM

scores between AD group and control group. The KIM score of JVWML was significantly different between two groups (P<0.05) while there was no marked difference in the
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JCWMLs and MoCA score; the KIM scores of DWMLs, PVWMLs and JVWMLs were negatively related to the MoCA score in the AD group, but this was not found in the

control group. *P<0.05, **P<0.01.
Abbreviations: KIM total, KIM total score; JCWML, juxtacortical white matter lesion; PVWML, periventricular white matter lesion; DWML, deep white matter lesion;

JVWML, juxtaventricular white matter lesion; AD, Alzheimer’s disease.
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PVWM are more susceptible to severe damage in AD

patients. Correlation analysis showed the higher the KIM

score of PVWML, DWML and JVWML, the lower the

MoCA score is. This indicates the higher the load of

WML, the poorer the cognitive function is in AD patients.

However, this was not found in the JCWML. These
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Figure 5 Correlation between CBF and MoCA score in the AD and control group. In the AD group, the CBF of the whole brain, DWM, PVWM and JVWM showed a
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findings suggest the WMLs at PVWML, DWML and

JVWML are related to the cognitive impairment in AD

patients, but the JCWML has no relationship with the

cognitive impairment. At present, there is no enough evi-

dence supporting that the white matter fibers at different

regions are involved in the composition of cerebral asso-

ciation fibers (callosum), junction fibers (arcuate fiber,

uncinate fasciculus, cingulum fasciculus, etc.) and projec-

tion fibers. There is a white matter fiber connection among

the cortical areas associated with cognitive function. When

these fibers are damaged, the transfer of cognitive infor-

mation will be influenced. The JVWML, PVWML and

DWML may affect specific acetylcholine conductive path-

ways at certain regions of the brain, resulting in abnormal

information transmission and finally the cognitive

impairment.12,29 The JCWM is mainly composed of arcu-

ate fibers and functions to connect the neurons in adjacent

brain regions or different neurons in the same brain region.

The functional impairment secondary to this short fiber

damage depends on the local cortical function. For exam-

ple, the motor dysfunction is secondary to the damage to

the connected fiber in the motor cortex.30 Thus, the white

matter damage in this region has little influence on the

global cognitive function.

Clinical and animal studies have confirmed that AD and

WMLs are associated with cerebral-reduced perfusion.1–5

However, few clinical studies focus on the WMLs at dif-

ferent brain regions and corresponding CBF in AD patients.

In this study, KIM scoring system was used to investigate

the CBF in 4 brain regions. Our study showed that the total

CBF and regional CBF in the AD group reduced to differ-

ent extents as compared to control group, suggesting that

AD patients are more prone to reduced perfusion, which

was consistent with previous findings.2,31,32 In most studies,

reduced perfusion is mainly found in local areas such as the

parietal and temporal lobes,33–36 and little is known about

the CBF of WM in AD patients. In a study with small

sample size,37 MR perfusion imaging technique was used

for the assessment of CBF, and results showed the CBF of

the PVWM reduced in asymptomatic WMLs patients as

compared to normal controls, but further correlation analy-

sis was not performed. In addition, some studies38,39

employ SPECT to investigate the CBF and WML in AD

patients and asymptomatic old patients, and results showed

the WMH regions were more prone to reduced perfusion,

but the classification of WMLs and correlation analysis

were not done in these studies.

Although the CBF of all the regions in the AD group

was lower than in the control group, only PVWML and

JVWML had relationship with corresponding reduced per-

fusion, and there was no association of DWML and

JCWML with reduced perfusion. Thus, we speculate that

the WMLs at different regions may depend on some fac-

tors such as the distribution of blood vessels and their

permeability. Reduced perfusion may cause blood-brain

barrier damage, plasma protein leakage and myelin sheath

edema or demyelination, all of which may result in

JVWML.40,41 The PVWM represents the border zone of

ventricular and cortical blood supply; blood vessels in the

regions have sparse connection with the superficial blood

vessels of the brain; the collateral circulation is poor and

thus this region is particularly sensitive to the reduction of

CBF. However, the DWM is supplied by the medullary

arteries arising from the cortical branches of middle cere-

bral arteries; the JCWM has dual blood supply systems

including the long perforating branch nutrient arteries

supplying the white matter and the short perforating

branch nutrient arteries supplying the cortex, and thus it

is relatively tolerant to the reduction of CBF.20

In addition, our study showed a positive correlation

between CBF of the whole brain and total MoCA score

in AD patients. A positive correlation was also found

between the CBF of JVWM, PVWM and DWM and the

MoCA score, but this was not noted between CBF of

JCWML and MoCA. These results suggest that brain-

reduced perfusion has a certain correlation with the overall

cognition decline in AD patients, which was consistent

with previously reported.42 Moreover, the reduced perfu-

sion of JVWM, PVWM and DWM had a close relation-

ship with the global cognitive impairment. Of note, the

regions with reduced perfusion corresponded to those with

lesions found above.

Based on these findings, we speculate that the cogni-

tive impairment in AD patients is associated with the

damage to the white matter pathway due to reduced perfu-

sion (especially at PVWML and JVWML), which affects

the information transmission and finally the cognitive

function.

Conclusion
Cerebral reduced perfusion and white matter hyperinten-

sity are involved in the occurrence and development of

cognitive impairment in AD patients. The JVWM and

PVWM are more susceptible to injury in AD patients

and the JVWMLs and PVWMLs are closely related to
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the global cognitive impairment. The reduced perfusion at

these regions may be important causes of white matter

hyperintensity and cognitive impairment.

One limitation of this study was that visual scoring

scale was used for the assessment of WMLs. In addition,

this study was only a single-center cross-sectional study

with small sample size, and the causal relationship among

WML, CBF and cognitive impairment in AD patients

cannot be determined. Thus, more longitudinal cohort

studies with large sample size are needed to confirm our

findings.
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