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目的：血液脳関門（BBB）の機能障害は正常な老化でも起こりうるが，脳小血管病（cSVD）
の病態生理においても重大な関連があると考えられる。本研究では，cSVDに関連した
BBBの漏出と老化に関連した漏出とを識別するため，ダイナミック造影MRI（DCE-MRI）
を用い，cSVD患者と年齢および性別をマッチさせた対照被験者において，BBBの漏出の
速度と空間的な広がりを定量した。

方法：臨床的に明らかなcSVDのある患者80例と年齢および性別をマッチさせた対照被験
者40例において，脳の構造MRIとDCE-MRIを実施した。Patlakの薬物動態モデルを用い
て漏出速度を算出した。平均漏出速度と相対漏出体積はノイズ補正ヒストグラム解析で
算出した。正常にみえる白質（normal-appearing white matter；NAWM），白質高信号域

（WMH），皮質灰白質（CGM），深部灰白質において，漏出速度と漏出体積をcSVD患者と
対照被験者との間で比較した。

結果：年齢，性別，心血管危険因子で補正した多変量線形回帰分析において，NAWM，
WMH，CGMにおける漏出体積は，対照被験者に比べてcSVD患者で有意に大きかった。
いずれの組織領域でも漏出速度に有意差はみられなかった。

結論：本研究の結果，cSVD患者では，BBBの漏出はわずかであるが，漏出の起こっている
組織体積は対照被験者よりも大きいことが示された。この所見はNAWM，WMH，CGM
でみられ，cSVDの一般的な性質であることが支持された。
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脳小血管病患者では血液脳関門の漏出が�
より広範囲にみられる
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図2　fluid-attenuated inversion recovery（FLAIR）画像と漏出マップ

with controls. In addition, multivariable regression
analysis showed a significantly higher leakage volume
in patients with cSVD in the NAWM, WMH, and
CGM. This higher leakage volume is mainly observed
in the range of the low leakage rates (figure 3).

Blood plasma volume. Patients with cSVD showed
a tendency to have lower blood plasma volume values
than did controls in all tissue regions. However, these
differences were not significant.

In the multivariable analyses of the 3 outcome
measures, none of the cardiovascular risk factors
showed consistent independent association with
BBB leakage, except for hypercholesterolemia, which
is associated with a lower leakage volume in the
NAWM, CGM, and DGM (data not shown).

Comparison between the 2 patient groups using
univariable and multivariable analysis showed no sig-
nificant differences in leakage volume and a higher
leakage rate in the DGM andWMH in lacunar stroke
patients compared with mVCI patients (table e-2).

DISCUSSION In this study, we found that patients
with cSVD exhibit a larger volume of subtle leakage

in the NAWM, CGM, and WMH compared with
controls, whereas leakage rate did not differ. This
finding indicates that spatial extent of leaky brain
tissue is significantly larger in patients with cSVD
than controls.

The current approach was tailored to measure very
subtle BBB leakage rates with values towards or in
the noise range. Therefore a dual-time resolution
DCE-MRI technique was applied with 2 different time
resolutions to adequately discern the early recirculation
of the contrast agent from the later washout, a relatively
long measurement time, and a dedicated analysis
method that corrected for the inherent noise. Introduc-
ing the concept of leakage volume, it appeared that the
differences in leakage between patients with cSVD and
controls manifested particularly in an increased spatial
extent of very subtle leakage. Differences between
patients with cSVD and controls manifested for the
very low leakage rate values, which appeared more
prominent in cSVD, and not the average of (locally)
high leakage rate values (figure 3). The values of these
low leakage rates were in the order of the noise level,
and could only be detected due to the methodologic
optimization (noise filtering).

Our finding that patients with cSVD have a larger
tissue volume showing BBB leakage is in line with
the assumption that cSVD is a disease with diffuse,
endothelial damage.1 Although subtle, the endothelial
failure was detectable and appears to extend to the
white matter as well as CGM. cSVD was primarily
considered a white matter disease but recent studies
show that CGM is also involved.2,19,20 Our results are
in accordance with these advanced insights and
underline the importance of investigating both
cortical and white matter involvement in cSVD.

BBB leakage rate was not higher in patients with
cSVD compared with controls. This may reflect the
subtle nature of BBB dysfunction, which is supported
by recent neuropathologic studies, which showed that
markers associated with BBB integrity were reduced,
but extravasation of large plasma proteins was not sig-
nificantly increased in cSVD.25,26 Apparently, BBB
dysfunction is present but possibly only small mole-
cule leakage can be measured.

In contrast to our finding, an earlier study showed
stronger BBB leakage rates in the white matter of
patients with VCI compared with controls, using
DCE-MRI and pharmacokinetic modeling.10 How-
ever, their controls were not matched by age, nor were
the results corrected for age, and the investigated
group also included patients with cortical stroke. As
aging is thought to be associated with an increase in
BBB permeability, the difference in age criteria of the
control group may explain the different observations
and underline the importance of age-matching.4,27

Furthermore, our finding that leakage rate does not

Figure 2 Fluid-attenuated inversion recovery (FLAIR) image and leakage map

(A) Example of a FLAIR image and (B) a leakage map of one patient with cerebral small vessel
diseasewith extensive white matter hyperintensities and a lacunar infarct (arrow in A). The
leakage is diffuse throughout the brain.

Table 1 Characteristics of patients with cerebral small vessel disease (cSVD)
and controls

Patients with cSVD (n 5 77) Controls (n 5 39)

Age, y, mean (SD) 70 (11) 69 (12)

Male, n (%) 46 (60) 23 (59)

Hypertension, n (%) 49 (64) 18 (46)

Hypercholesterolemia, n (%)a 50 (65) 13 (33)

Diabetes, n (%) 12 (16) 4 (10)

BMI, kg/m2, mean (SD) 26 (4) 27 (3)

Smoking, %a 19 (25) 3 (8)

Abbreviation: BMI 5 body mass index.
ap , 0.05 when comparing patients with cSVD and controls.
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広範囲の白質高信号域とラクナ梗塞（A
の矢印）を伴う脳小血管病患者1例にお
ける（A）FLAIR画像例と（B）漏出マップ。
漏出は脳全体にびまん性にみられる。

表2　脳小血管病（cSVD）患者と対照被験者の漏出速度，漏出体積，血漿体積

differ between patients with cSVD and age-matched
controls may suggest that changes in leakage rate are
aging-related processes, and are not specifically
cSVD-related. Other studies showed increased con-
trast enhancement in the white matter, suggesting
stronger leakage in lacunar stroke patients compared

with cortical stroke patients and with controls.8,9

Objective comparisons with our study remain diffi-
cult, as control groups were different or these 2 pre-
vious studies used semiquantitative analysis methods
in which intravascular and extravascular enhancement
were not separated and effects may be due to either

Table 2 Leakage rate, leakage volume, and blood plasma volume in patients with cerebral small vessel disease (cSVD) and controls

Patients with cSVD Controls

Univariable Multivariable

b p Value b p Value

NAWM

Ki (1023 min21) 0.97 (0.04) 1.05 (0.05) 20.119 0.20 21.960 0.05

vL (1022) 37.4 (2.15) 31.4 (2.91) 0.151 0.11 0.261 0.01a,b

vp (1022) 1.68 (0.10) 2.30 (0.45) 20.163 0.08 20.156 0.13

WMH

Ki (1023 min21) 0.85 (0.03) 0.87 (0.05) 20.042 0.66 20.086 0.41

vL (1022) 45.5 (2.31) 35.2 (3.00) 0.239 0.01a,b 0.329 0.001a,b

vp (1022) 1.61 (0.14) 2.27 (0.34) 20.199 0.03b 20.184 0.07

CGM

Ki (1023 min21) 1.43 (0.05) 1.49 (0.07) 20.071 0.45 20.140 0.17

vL (1022) 20.7 (1.56) 14.7 (1.76) 0.214 0.02a,b 0.313 0.002a,b

vp (1022) 3.56 (0.19) 4.39 (0.53) 20.165 0.08 20.162 0.12

DGM

Ki (1023 min21) 1.06 (0.04) 1.11 (0.06) 20.070 0.45 20.110 0.29

vL (1022) 33.3 (2.14) 30.4 (3.61) 0.068 0.47 1.77 0.08

vp (1022) 3.33 (0.20) 4.09 (0.57) 20.142 0.13 20.121 0.25

Abbreviations: CGM 5 cortical gray matter; DGM 5 deep gray matter; Ki 5 leakage rate; NAWM 5 normal-appearing white matter; vL 5 leakage volume;
vp 5 blood plasma volume; WMH 5 white matter hyperintensities.
Values are mean (standard error). Multivariable linear regression analysis with Ki, vL, and vp as dependent variable and age, sex, group, and cardiovascular
risk factors as independent variables.
a Significant.
bp Values that remain statistically significant after multiple comparison correcting for the testing of 4 tissue regions of interest.

Figure 3 Leakage rate in patients with cerebral small vessel disease (cSVD) and controls

Group average noise-corrected leakage rate histograms in the NAWM (A) and cortical gray matter (B) for patients with cSVD (black) and controls (yellow). The
x-axis shows the leakage rate (Ki), the y-axis represents the fraction (i.e., percentage divided by 100) of brain tissue with that leakage rate value. Note that
patients reveal a higher leakage fraction of the relatively low leakage rate values. This results in a larger area under the curve: patients demonstrate a larger
leakage volume. NAWM 5 normal-appearing white matter.
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略語：CGM＝皮質灰白質，DGM＝深部灰白質，Ki＝漏出速度，NAWM＝正常にみえる白質，VL＝漏出体積，VP＝血漿体積，WMH＝白質
高信号域
値は平均（標準誤差）。多変量線形回帰分析ではKi，VL，VPを従属変数，年齢，性別，群，心血管危険因子を独立変数とした。
a 有意差あり。
b 検討対象の4組織領域の検定に伴う多重比較を補正後，なお統計学的に有意であったp値。




