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Abstract

White matter lesions (WMLs) in normal elderly are related to chronic ischemia, and progression of WML occurs mostly in
moderate to severe disease. However, the mechanism is uncertain. Thus, we enrolled fifty-six normal elderly patients
without large artery disease. The severity of WML on MRI was graded as grade 0, I, II and III using the modified Fazekas scale.
Cerebral blood flow (CBF) was measured by Xenon-CT. We found that CBF (mL/100 g/min) within periventricular lesions and
in the right and left centrum semiovales were 20.33, 21.27 and 21.03, respectively, in group I; 16.33, 15.55 and 15.91,
respectively, in group II; and 14.05, 14.46 and 14.23, respectively, in group III. CBF of normal-appearing white matter
(NAWM) around periventricular areas and in the right and left centrum semiovales were 20.79, 22.26 and 22.15, respectively,
in group 0; 21.12, 22.17 and 22.25, respectively, in group I; 18.02, 19.45 and 19.62, respectively, in group II; and 16.38, 18.18
and 16.74, respectively, in group III. Significant reductions in CBF were observed not only within lesions but also in NAWM
surrounding the lesions. In addition, CBF was reduced significantly within lesions compared to NAWM of the same grade.
Furthermore, CBF was reduced significantly in NAWM in grades II and III when compared to grades 0 and I. Our finding
indicates that ischemia may play a role in the pathogenesis of WML. Additionally, our finding provides an alternative
explanation for finding that the progression of WML occurred more commonly in patients with moderate to severe WML.
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Introduction

White matter lesions (WMLs) are frequently observed on Flair

and T2-weighted brain MRI scans in clinically normal elderly

patients and are strongly associated with increasing age [1,2].

Clinical evidence has shown that WMLs are related to a variety of

neurological diseases, especially vascular cognitive impairment [3–

5]. Anatomical and pathological studies have suggested that

chronic ischemia caused by diffuse arteriolosclerosis may contrib-

ute to the presence of WML [6–9]. Many studies have found

significant reduction in blood flow within the WMLs by measuring

cerebral blood flow (CBF) using different technique [10–14].

However, whether a reduction of blood flow is the cause of WML

or just a secondary response to the reduced demands of damaged

tissue is still unknown.

Using Flair and T2-weighted brain MRI, O’Sullivan et al [11]

were the first to report a reduction in CBF in both periventricular

WMLs and normal–appearing white matter (NAWM) around

periventricular areas. This finding further suggests that chronic

ischemia may be the cause of WMLs. If this is the case, areas with

NAWM with decreased CBF may develop into WML in long-term

follow-up studies. However, there are some limitations in this

study that may weaken these important findings. First, all

participants had a history of clinical lacunar syndrome, which

may be caused by a sudden disruption of blood supply in one of

the perforating arteries. Diagnosis of intracranial large artery

disease was based on the diameter of the acute infarct on MRI;

hence, intracranial large artery disease cannot be completely ruled

out. Second, the MMSE score of some participants was less than

24; thus, patients with dementia, including Alzheimer disease, may

have been enrolled. Third, the relatively small sample size limited

classification of participants by the severity of WML, and as a

result, the relationship between the CBF in NAWM regions and

WMLs and the severity of the WML is not clear.

More recent longitudinal studies [15–17] have shown that the

progression of WML occurred mostly in moderate to severe WML

during the following period. All those findings indicated that the
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severity of WML was associated with the progression of WML.

However, the mechanism is uncertain.

Chronic ischemia is the underlying cause of WML; therefore,

our hypothesis is that blood flow is decreased not only in white

matter lesions but also in areas of NAWM around the lesions and

that the reduction of the blood flow in both areas is associated with

the severity of WML. To test this hypothesis, we measured CBF

within white matter lesions and in normal-appearing white matter

around the lesions by Xeon-CT in normal elderly subjects, which

may provide further evidence regarding the role of chronic

ischemia in the pathogenesis of WML.

Methods

Participants and Data collection
One hundred eighty-three consecutive subjects who visited the

outpatient clinic of the neurological department for general health

check at Huashan Hospital, Shanghai, China, between October

2006 and June 2007 were studied. All subjects underwent a careful

neurological and general physical examination. A history of

hypertension, diabetes mellitus, stroke or transient ischemic attack,

ischemic heart disease, atrial fibrillation, smoking, and alcohol

consumption were also noted. Detailed information on risk factors

has been reported previously. This study and its methodology were

approved by the Institutional Review Board of Huashan Hospital

and by the ethics committee of Huashan Hospital.

Inclusion and Exclusion Criteria
Subjects were enrolled in this study if the following criteria were

fulfilled: (1) no history of stroke and atrial fibrillation, (2) MMSE.

24, and (3) no signs or symptoms of neurological manifestations

when examined by a neurologist. Subjects younger than 60 years

of age or with a history of head trauma or neurosurgery were

excluded. Carotid artery ultrasonography was performed in each

individual using a color-flow B-mode Doppler ultra-sonography

(ATL3000, USA) with a 7.5-MHz imaging transducer. Carotid

artery stenosis was defined according to standardized criteria.

Subjects with carotid stenosis of .50% lumen diameter reduction

were excluded. MR angiography was performed for each

individual to rule out intracranial artery stenosis that might

interfere with the hemodynamic status. A total of 56 subjects were

included in the study and underwent further neuroimaging

examinations. The mean age of all participants was 67.468.2

(range, 60–79) years, and 34 (60.7%) were men. Each subject

signed an informed consent form.

MRI Examinations
Brain MRI examination was performed with a 1.5 T scanner

(GE Signa Horizon) using a head coil with quadrature detection.

The brain imaging protocol involved (1) T1- and T2-weighted

spin-echo axial images (TR/TE 440/14 ms and TR/TE/3000/

110 ms, respectively) and sagittal T1-weighted images (2) fluid

attenuated inversion recovery (FLAIR) axial images (TR/TE

10002/126 ms). All axial images had a 5-mm slice thickness with a

0.5-mm slice gap and a matrix of 2566205.

WMLs were detected as hyperintensity on FLAIR sequence of

MRI, without prominent hypointensity on T1-weighted scans, and

they were 2 mm or more in diameter on hard copy film. The

lesions were classified into four grades according to the modified

Fazekas rating scale [18]: grade 0, no lesion (including symmet-

rical, well defined caps or bands); grade I, focal lesions .2 mm;

grade II, beginning confluence of lesions; and grade III, diffuse

involvement of the entire region, with or without involvement of U

fibers.

Xenon Contrast CT Examinations
Xenon CT was performed within 30 days of the MRI

examinations. To match the slices of CT and MR imaging, the

Figure 1. Flair imaging, normal CT and Xe-CT at different levels of subjects with WML.
doi:10.1371/journal.pone.0112832.g001
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CT table was adjusted to the same slice width as that of the MR

imaging. An initial conventional CT scan was executed. We

examined 4 CT sections that showed that WML matched with

MRI on xenon contrast CT scan. Each participant inhaled a gas

mixture containing 28% stable xenon, 25% oxygen, and 47% air

for 4.3 minutes. For each section, CT scans were performed twice

before the xenon inhalation and 4 times during the xenon

inhalation. At the end of the study, the results were transferred to a

workstation. Data analysis was performed with dedicated post-

processing software (Xe-CT System 2; Diversified Diagnostic

Products Inc, Houston, TX).

Analysis of Regional CBF
To analyze regional CBF, the whole brain was divided into

cortex, white matter and basal ganglia. The cortex was then

subdivided into frontal, parietal, occipital and temporal lobes. The

white matter region was subdivided into centrum semiovale and

periventricular regions (including anterior, lateral and posterior

regions of ventricle). The basal ganglia were subdivided into

caudate nucleus, lenticular nucleus and thalamus.

To calculate the values of CBF in each region of white matter

and basal ganglia, a round ROI (region of interest) of 40 pixels was

selected as a measurable unit. We placed the round ROI on each

distinct WML or normal-appearing white matter region separately

at each section level in each individual, and the mean value of

CBF was then calculate for each region (Figure 1). The mean

values of CBF in each region of the cortex were calculated

automatically by the software. CBF measurement was carried out

by the same radiologist.

Statistical Analysis
Statistical analysis software (SAS) 6.12 was used for the

statistical analysis. Statistical significance for intergroup differences

was assessed by the 2-tailed Fisher’s exact test, chi-squared test for

categorical variables and Student’s t-test for continuous variables.

A level of P,0.05 was considered statistically significant.

Results

Of the 56 cases, 10 had grade 0 WML, 13 had grade I lesions,

12 had grade II lesions and 16 had grade III lesions. The clinical

characteristics of all participants with and without WML are

shown in table 1. We did not find any significant differences in

age, gender or other vascular risk factors among the different

grades of WML.

The mean values of CBF within periventricular lesions and in

the right and left centrum semiovales among different WML

grades are shown in table 2. The mean CBF (mL/100 g/min)

within lesions in these areas were 20.33 (2.52), 21.27 (1.02) and

21.03 (1.83), respectively, in group I; 16.33 (2.03), 15.55 (1.71) and

15.91 (0.98), respectively, in group II; and 14.05 (2.63), 14.46

(2.17) and 14.23 (1.95), respectively, in group III. Group

differences in terms of CBF between different severities of WML

were significant (P,0.05) within most WML regions.

The mean values of CBF in the periventricular NAWM regions

and in right and left centrum semiovales among different grades of

WML are shown in table 2. The mean CBF (mL/100 g/min) of

NAWM in these areas were 20.79 (2.78), 22.26 (1.9) and 22.15

(2.4), respectively, in group 0; 21.12 (1.50), 22.17 (1.50) and 22.25

(2.13), respectively, in group I; 18.02 (2.41), 19.45 (1.94) and 19.62

(1.54), respectively, in group II; and 16.38 (3.22), 18.18 (2.84) and

16.74 (2.97), respectively, in group III. There is no significant

difference in CBF values of NAWM between grade 0 and I. but

significant differences (P,0.05) in CBF were found in subjects with

grade II and III WMLs when compared to those with grade 0 and

I WMLs. And the differences in CBF of NAWM between grades II

and III WMLs were also significant (P,0.05).

A comparison of CBF between NAWM and lesions in the same

grade WML is shown in table 2. A significant reduction in CBF

was noted in all regions with grade II and III WML when

compared with the corresponding areas of NAWM (P,0.05). A

significant reduction in CBF was also found in some regions with

grade I WML when compared with that of NAWM.

A comparison of CBF between different regions in the same

grade WML or in the NAWM around the same grade WML is

shown in table 3. There were not significant differences (P.0.05)

in CBF between right or left centrum semiovale area and

periventricular area in each grade WML or in the NAWM

around the grade I or III WML.

The mean CBF values in various grey matter regions are shown

in table 4. Significant reductions in CBF of the bilateral temporal

lobes and the lenticular nucleus were observed in grades II and III

when compared with CBF of grades 0 and I (P,0.05). CBF in

other grey matter regions and nuclei did not show significant

differences when compared to the flow within WMLs of different

severities.

Discussion

Our data showed that the regional cerebral blood flow in white

matter lesions and in normal-appearing white matter was

decreased in normal elderly with white matter lesions. Moreover,

the degree of the decrease was related to the severity of the lesions.

Our study showed ischemia within WMLs, which is consistent

with other studies using a variety of techniques to measure CBF

[10–14,19]. Furthermore, reductions of CBF within lesions were

Table 1. Clinical characteristics of all participants (n = 56) in each grade.

Clinical characteristics Grade 0 (n = 10) Grade I (n = 13) Grade II (n = 17) Grade III (n = 16) P*

Age, years, Mean (SD) 65.366.3 64.565.8 68.967.7 68.168.1 0.310

Male, n 7 8 11 8 0.672

Hypertension, n 4 5 9 10 0.434

Diabetes mellitus, n 1 1 1 4 0.211

Ischemic heart disease, n 1 0 2 0 0.168

Smoking, n 0 1 1 3 0.269

Alcohol consumption, n 0 0 1 1 0.662

*Compared among the four groups.
doi:10.1371/journal.pone.0112832.t001
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associated with the severity of WMLs in both the centrum

semiovale and the periventricular regions. Using xenon contrast

CT methods, Miyazawa et al [10] found a similar reduction in

CBF in the centrum semiovale in a group of neurological normal

elderly without large artery disease. But they did not measure the

CBF within WMLs in the periventricular regions because subjects

with periventricular WMLs were excluded in their study.

Hatazawa et al [13] found a reduction in blood flow within the

WML using the positron emission tomographic (PET). However,

there was no significant difference in CBF between subjects with

severe and mild WML. The limitations of the study included a

relatively small sample size and poor spatial resolution of PET to

differentiate normal and abnormal white matter, which may

underestimate the reduction of cerebral blood flow.

The most important finding of our study is that the reduction of

CBF is not only in WML areas but also in NAWM areas around

the lesion, and the CBF in WML is lower than in NAWM areas

around it. Using 1.5 T MRI and 99 mTc single-photo emission

computed tomography (SPECT), a recent study [19] found that

the WMH perfusion was lower than NAWM perfusion in normal

elderly, which is consistent of our results. Using Flair and T2-

weighted brain MRI, O’Sullivan [11] also found a reduction of

CBF in the periventricular lesions when compared to areas with

normal-appearing white matter. However, a similar reduction in

CBF was not observed in the centrum semiovale, and the

reduction in CBF in NAWM regions was not associated with the

severity of WML. Recent study found that microstructural

deterioration within NAWM in cerebral small vessel diseases by

DTI [20], and the decrease of CBF in NAWM exhibited in our

results may be a possible explanation of this finding. Therefore,

combining the DTI and flair images can better assess the white

matter changes [21]. Our finding of reduced CBF in both WML

and NAWM regions provides further evidence that chronic

ischemia may play a role in the pathogenesis of WML in the

centrum semiovale and periventricular regions.

Neuro-epidemiological studies showed that the progression of

WMLs occurred mostly in moderate to severe WML but seldom in

mild WML during the follow-up period [15–17]. In our study, The

CBF in NAWM surrounding grades II and III WML areas was

substantially lower than that surrounding grades 0 and I WML

areas, which means that even look like normal form MRI imaging,

in fact, the hypoperfusion in areas around WML in grades II and

III is serious. Recently, a prospective study showed that the

changes of NAWM precede visually appreciable WML that was

only the tip of the iceberg of white matter alteration [22]. The

significant decline of CBF in NAWM surrounding moderate or

severe WML observed by us suggests the grade II or III WML

may be more likely to develop than grade I WML. However, the

relationship between the CBF in NAWM and the progression of

WML needs to be evaluated in longitudinal studies.

Although there has been some controversy regarding whether

WML in centrum semiovale and in periventricular regions

represent distinct subcategories of WML or should be considered

as a continuum [6,8,23–25], our data indicated that WMLs in the

centrum semiovale and in the periventricular regions may share a

common underlying chronic ischemic mechanism. We found that

reduction of CBF is only associated with the severity but not the

location of the lesions. Our results are consistent with evidence

from anatomical and pathological studies [6–8,25]. Blood supply

in the centrum semiovale and periventricular regions come from

long perforating arterioles with few collateral compensation; thus,

these areas are considered watershed areas, which are more

vulnerable to the assault by hypoperfusion caused by the

fluctuation in blood pressure [7]. Pathological studies [6,8] have
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also demonstrated that vascular fibrosis and lipohyalinosis were

observed in the centrum semiovale and the periventricular regions.

DeCarli et al [25] failed to identify distinct subcategories of lesions

located in the centrum semiovale and the periventricular regions

using a MRI 3D mapping technique. All the aforementioned

studies suggest that categorical distinctions between these two

regions may be arbitrary.

Notably, in our study, a higher severity of WMLs was associated

with lower regional CBF in bilateral temporal lobes and the

lenticular nucleus. Reductions of CBF in the basal ganglia have

also been reported by a PET study with H2
15O and 15O2 that was

performed in subjects with or without WML [13], but we are the

first to show an association between reduced CBF in the temporal

lobe and the severity of WML. The values of CBF in each lobe

were calculated automatically by the software to avoid method-

ological bias; thus, the results are reliable. Two points may help

explain the association between the severity of WMLs and the

decrease of CBF in temporal lobe and lenticular nucleus. First,

WML is strongly associated with increasing age and arterioloscle-

rosis is a systemic disease, we believe that apart from white matter

lesions, reduced blood supply in the vascular bed due to brain

atrophy may also contribute to the relatively low blood flow.

Second, the connectional diaschisis may also an alternative

explanation of those results. The cortical-subcortical circuits go

though the centrum semiovale and periventricular white matter,

and the ischemia in whiter matter may lead to the dysfunction of

brain network, which may contribute to connectional diashcisis

[26,27] that further cause the reduction of CBF in remote areas by

the impaired neurovascular coupling [28].

The spatial limitation of xenon-CT must be considered when

interpreting our results. As the sensitivity of CT in detecting WML

is lower than MRI, it is difficult to discriminate normal-appearing

white matter from the white matter lesions on xenon-CT mapping

completely. The drawing of ROI may be arbitrary to some extent

even though we compared the lesions on MRI and CT carefully

before calculating the values of CBF. To minimize the measure-

ment error, all the ROI analyses were completed by the same

radiologist.

In summary, we found that the reductions of CBF not only in

WML but also in NAWM regions were associated with the severity

of WML in the centrum semiovale and the periventricular regions

in neurologically normal elderly subjects without large artery

occlusive disease. The reduction of CBF in bilateral temporal lobes

and the lenticular nucleus further support our hypothesis that

chronic ischemia may play a major role in the pathogenesis of

WML. Moreover, our findings might provide an alternative

explanation for the phenomenon that progression of WML occurs

more commonly in patients with moderate to severe WML. Long-

term follow-up studies may help to know if NAWM regions with

reduced CBF further develop into white matter lesions, and help

to generate a causal relationship between chronic ischemia and

WML.
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