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BACKGROUND AND PURPOSE: On MR imaging, white matter hyperintensities (WMH) on T2-weighted
images are generally considered as a surrogate marker of ischemic small vessel disease in elderly
subjects. Pulsed arterial spin-labeling (PASL) is a noninvasive MR perfusion-weighted technique. We
hypothesized that elderly subjects with diffuse confluent WMH should have lower cerebral blood flow
(CBF) measurements than subjects with punctiform or beginning confluent WMH.

MATERIALS AND METHODS: MR images of 21 subjects (13 women; mean age, 76 years; SD, 5),
stratified for the degree of WMH, from a single center within the multinational Leukoaraiosis and
Disability (LADIS) study, were investigated. CBF images were obtained by means of quantitative
imaging of perfusion by using a single-subtraction second version, with thin-section TI periodic
saturation PASL. Values of cortical gray matter, subcortical (including white matter and deep gray
matter), and global CBF were calculated. CBF measurements of subjects with diffuse confluent WMH
(n � 7) were compared with those of subjects with punctiform or beginning confluent WMH (n � 14).

RESULTS: Subjects with diffuse confluent WMH were found to have approximately 20% lower mean
global CBF (43.5 mL/100 mL/min; SD, 6.3) than subjects with punctiform or beginning confluent WMH
(57.9 mL/100 mL/min; SD, 8.6; P � .01), as well as approximately 20% lower mean subcortical (P �
.01) and cortical gray matter CBF (P � .05).

CONCLUSION: PASL revealed a significant reduction of CBF measurements in elderly subjects with
diffuse confluent WMH.

On MR imaging, white matter hyperintensities (WMH) on
T2-weighted images, fluid-attenuated inversion recovery

(FLAIR) images, and proton density–weighted images are
generally considered as a surrogate marker of ischemic small
vessel disease in elderly subjects,1 but their significance is still
under debate.

Arterial spin-labeling (ASL) is a functional MR imaging
technique that represents an alternative to both nuclear med-
icine and dynamic susceptibility contrast echo-planar MR im-
aging (EPI) for the evaluation of cerebral perfusion. By using
water as a diffusible tracer, ASL does not require either ioniz-
ing radiation or an exogenous contrast bolus injection. Water
proton spins in the arterial blood can be inverted (magneti-
cally labeled) before entering the capillary level, after applying
an appropriate series of radio-frequency pulses. When these
labeled water protons enter the capillary level, they alter the
magnetization of the tissue in a way that can be measured

quantitatively.2 Pulsed ASL (PASL) techniques generally label
a large blood volume in a thick slab just below the planes of
image acquisition, by inverting the magnetization of water
protons with adiabatic hyperbolic secant radio-frequency
pulses.3

Because WMH most probably represent ischemic small
vessel disease,1,4 we hypothesized that subjects with diffuse
confluent WMH should have lower cerebral blood flow (CBF)
measurements than subjects with punctiform or beginning
confluent WMH. In fact, single-photon emission CT,
positron-emission tomography, and dynamic susceptibility
contrast perfusion-weighted MR imaging studies have shown
that diffuse confluent WMH are associated with reduced ce-
rebral perfusion,5-7 but most of them did not yield quantifica-
tion of CBF. To our knowledge, no previous study has shown
a relation between different grades of WMH and CBF mea-
surements by means of ASL. Therefore, our purpose was to
compare CBF measurements of subjects with diffuse conflu-
ent WMH with those of subjects with punctiform or begin-
ning confluent WMH by using PASL.

Materials and Methods

Subjects
We included 21 subjects (8 men, 13 women) from a single center

within the Leukoaraiosis and Disability (LADIS) study.8 The current

study was approved by both the local and the LADIS study institu-

tional review boards, as well as by the LADIS study steering commit-

tee. All subjects gave written informed consent.

The LADIS study is a prospective longitudinal multicenter Euro-

pean study on the role of WMH as an independent predictor for

transition to disability in nondemented elderly subjects.8 Inclusion

criteria for the LADIS study were the following: age between 65 and 84
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years, WMH on MR imaging of any degree according to the Fazekas

scale,9 absence of disability, presence of a regularly contactable infor-

mant, and agreement to sign an informed consent. Exclusion criteria

were the following: presence of severe illnesses, severe unrelated neu-

rologic diseases, leukoencephalopathy of nonvascular origin, severe

psychiatric diseases, inability to give an informed consent, and inabil-

ity or refusal to undergo cerebral MR imaging.

All subjects underwent an MR imaging examination at baseline.

In our center, follow-up MR imaging examinations were performed

yearly, and the current report focuses on data obtained during the

second or third year of follow-up.

On the basis of clinical findings at the time of undergoing MR

imaging, the included subjects for the current study were classified as

having normal cognition or cognitive impairment.10-15 Concurrent

medications and drugs possibly influencing CBF were also taken into

account.

MR Imaging Protocol
MR imaging examinations were performed at 1.5T (Sonata; Siemens,

Erlangen, Germany) and included axial FLAIR images (TE � 84 ms;

TR � 9000 ms; NEX � 2; TI � 2200 ms; FOV � 250 mm; section

thickness � 5 mm; number of sections � 24; acquisition matrix �

256 � 192, interpolated to image matrix � 512 � 384) and a high-

resolution 3D T1-weighted inversion recovery sequence (TE � 5.17

ms; TR � 2700 ms; TI � 950 ms; flip angle � 8 °; NEX � 1; FOV �

250 mm; section thickness � 1 mm; number of sections � 160; ac-

quisition matrix � 256 � 176 [69% FOV phase], interpolated to

image matrix � 512 � 352). In addition, to obtain relative CBF

(rCBF) images, we chose a quantitative imaging of perfusion by using

a single-subtraction second version, with a thin-section TI periodic

saturation (Q2TIPS) PASL sequence with proximal inversion and

control for off-resonance effects.16 To convert the signal intensity of

the rCBF images to absolute values of CBF, we performed a single-

shot EPI sequence of the fully relaxed brain tissue.

Q2TIPS Tailored to an Elderly Population
ASL techniques rely on subtracting control images (acquired with

blood and tissue water in identical magnetization states) from spin-

labeled images (acquired with blood and tissue water in different

magnetization states). The Q2TIPS variant of PASL enables the ac-

quisition of images in multiple sections and aims to control for 2

major systematic errors of ASL: the variable transit time from the

distal edge of the labeled region to the image sections, and the con-

tamination by intravascular signal intensity from labeled blood that

flows through the image sections by applying thin-section periodic

saturation pulses at the distal end of the labeled region.16

We used a 10-cm labeling region, a TE � 15 ms, a TI1 � 700 ms

(time between the inversion pulse and the beginning of periodic sat-

uration pulses), a TI1 stop time (TI1s) � 1600 ms (time between the

inversion pulse and the end of periodic saturation pulses), a TI2 �

1800 ms (time between the inversion pulse and acquisition of the

proximal image), and a TR � 2500 ms. By using a TI2 � 1800 ms, one

can obtain an appropriate brain tissue signal intensity in elderly sub-

jects, almost without intravascular signal intensity.17 To further im-

prove suppression of intravascular signal intensity, we additionally

used a bipolar crusher gradient. The sequence was repeated 200 times,

alternating between acquisition of 100 labeled and 100 control images

(total imaging time � 8.33 minutes), and prospective motion correc-

tion18 was applied before subtracting each labeled-control pair. After

subtraction, the difference images were averaged to obtain rCBF im-

ages in 6 sections (FOV � 224 mm, section thickness � 6 mm, inter-

section gap � 1.5 mm, matrix � 64 � 64, ascending section acquisi-

tion order).

Quantification of CBF
Quantification of CBF by means of ASL is based on the difference in

longitudinal magnetization (�M) between labeled and control im-

ages. For Q2TIPS, �M at time t � TI2 is related to CBF by the follow-

ing formula16,19:

1) �M �t � TI2� � 2fm0
a�TI1e � TI2/T1b

for TI1 � tL and TI2 � TI1 � tT

TI1 and TI2 are sequence parameters. T1b is the T1 value of arterial

blood, � is the degree of spin inversion, m0
a is the arterial blood

longitudinal magnetization at equilibrium, tL is the time width of the

labeling, tT is the transit time from the distal edge of the labeled region

to the image sections, and f corresponds to absolute values of CBF. We

assumed that TI1 should be �tL and that TI2 should be �TI1 � tT to

obtain valid CBF measurements. In addition, we assumed T1b � 1400

ms and � � 0.97.16,19

To account for differences in proton density between blood and

brain tissue, we assumed an average value (between gray and white

matter) of 0.90 for the blood/brain partition coefficient (�), which is

defined by the following formula19,20:

2) � � M0 / m0
a

M0 corresponds to the brain tissue longitudinal magnetization at

equilibrium19 and is related to the magnitude of signal intensity at

equilibrium (S0) by the scanner gain G:

3) S0 � G � M0 � G � � � m0
a

S0 was determined by using a single-shot EPI sequence of the fully

relaxed brain tissue. This single-shot EPI sequence has an EPI readout

similar to that of Q2TIPS but does not have any presaturation, label-

ing, or periodic saturation pulses. In addition, a dead time of 10 sec-

onds was inserted between adjustment pulses of the scanner and the

acquisition of images.

Finally, the difference in signal intensity (�S) between labeled and

control images (signal intensity of rCBF images) is also related to �M

by the scanner gain G:

4) �S � G � �M

Combining equations 1, 3, and 4 and additionally accounting for

T2* effects of blood and brain tissue, we calculated a scaling factor C

to determine absolute CBF measurements from �S and S0:

5) f � �S � C / S0

Values for T2* of blood (40 ms) and brain tissue (100 ms, gray and

white matter average) were taken from the literature.21 Using these

values and the values of TE, TI1, TI2, T1b, �, and � listed above, C was

calculated to be 11.5 � 103 mL/100 mL/min for the proximal section.

Image Analysis
A single reader, with more than 5 years of experience, visually rated

the degree of WMH on axial FLAIR images. On the basis of the Faze-

kas scale,9 WMH were classified into the following categories: punc-

tiform (score 1), beginning confluent (score 2), and diffuse confluent

(score 3).

For all the included cases, the rCBF and S0 image sections were

uniformly positioned, parallel to the anterior/posterior commissure
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line, to include the deep gray matter and most of the cerebral white

matter. To analyze rCBF and S0 images, we used a statistical paramet-

ric mapping program (SPM5; Wellcome Department of Cognitive

Neurosciences, London, UK). For each subject, rCBF and S0 images

were coregistered22 to the T1-weighted images by using a stepwise

coregistration involving first the coregistration of mean EPI images,

obtained after averaging all labeled and control images, to the T1-

weighted images. Additionally, a segmentation algorithm23 combin-

ing anatomic information and signal intensity was applied to the T1-

weighted images to obtain probabilistic gray and white matter maps.

After normalization24,25 to the standard T1-weighted template, gray

and white matter probability maps were converted to binary masks.

Because most of WMH are isointense with gray matter on T1-

weighted images, the corresponding voxels have higher probability

values on the gray matter maps and lower probability values on the

white matter maps than voxels representing normal-appearing white

matter. Therefore, to reduce misclassification of white matter lesions

as gray matter after brain segmentation, we used a lower threshold to

obtain white matter binary masks than to obtain gray matter binary

masks (ie, voxels with values �40% on the gray matter probability

maps were assigned a value 1 on the gray matter binary masks, and

voxels with values �20% on the white matter probability maps were

assigned a value 1 on the white matter binary masks). The use of a 40%

threshold to obtain gray matter binary masks was also planned to

minimize partial volume effects of the CSF occurring, particularly in

cases with cortical atrophy. On the obtained binary masks, we still

created regions of interest either to correctly classify voxels represent-

ing lesions (eg, voxels representing white matter lesions misclassified

as gray matter) or to exclude nonbrain voxels.

Because both white matter and deep gray matter hyperintensities

are considered to represent subcortical ischemic small vessel disease,

we decided to combine voxels classified as deep gray matter and vox-

els classified as white matter into common subcortical binary masks.

The cortical gray matter and subcortical binary masks were mul-

tiplied by the normalized rCBF images, as well as global binary masks

obtained after combining all gray matter and white matter. Global

binary masks were also multiplied by normalized S0 images. Then, the

average intensity of the product images was taken, and on the basis of

equation 5, values of cortical gray matter, subcortical (including white

matter and deep gray matter), and global CBF were calculated. For all

CBF calculations, we used a global average (combining all gray matter

and white matter) S0 intensity measurement.

Statistical Analysis
Statistical analysis was performed by means of the Statistical Package

for the Social Sciences 11.0 for Windows (SPSS, Chicago, Ill). Subjects

with Fazekas score 3 were compared with those with Fazekas score 1

or 2, because there were few subjects with Fazekas score 1 and the

sample size was limited. Given that the Shapiro-Wilk W test demon-

strated normality in the distribution of data, we used the indepen-

dent-samples Student t test to compare continuous variables, such as

CBF measurements. To compare proportions, we used the Fisher ex-

act test. The existence of a sex imbalance between the 2 groups ana-

lyzed led us to carry out a multiple linear regression analysis, to ac-

count for the effect of sex on CBF. Statistical significance was

considered when P values were � .05.

Results
Table 1 summarizes clinical and radiologic characteristics of
the subjects and shows values of CBF. At the time of undergo-
ing MR imaging for this study, 18 (85.7%) of the 21 subjects
had normal cognition. Of the 3 (14.3%) subjects with cogni-
tive impairment, 2 fulfilled diagnostic criteria for Alzheimer
disease, and 1, for subcortical ischemic vascular dementia.
Concurrent medications and drugs possibly influencing CBF
are also displayed.

Although the difference did not reach statistical signifi-
cance, the proportion of women among subjects with Fazekas
score 1 or 2 (78.6%) was much higher than the proportion of
women among subjects with Fazekas score 3 (28.6%). No sig-

Table 1: Characteristics of subjects (n � 21), CBF measurements in mL/100 mL/min, and WMH score

Subjects Sex Age Diagnosis Medication and Drugs Cortical CBF Subcortical CBF Global CBF WMH†
1 F 73 – Diuretic 64.1 37.1 50.5 1
2 M 70 – Diuretic 65.7 38.4 52.1 1
3 F 78 – – 69.6 40.4 54.8 1
4 F 79 – Diuretic 68.5 48.6 58.0 1
5 F 76 AD AA, nicotine 57.6 34.2 44.4 2
6 F 82 AD �-Bl 61.6 34.4 46.2 2
7 F 80 – – 62.1 37.1 47.9 2
8 F 78 – – 55.5 41.4 47.9 2
9 M 75 – Diuretic, CA 66.8 39.4 51.4 2
10 F 66 – AA 70.7 51.5 60.0 2
11 M 73 – – 72.5 47.8 60.4 2
12 F 70 – �2-agonist 81.2 48.1 62.9 2
13 F 70 – �-Bl, nitrate 77.1 53.3 64.4 2
14 F 72 – CA*, nitrate 106.1 60.2 78.9 2
15 M 80 – �-Bl, CA 51.3 26.7 36.2 3
16 M 70 – �-Bl, CA 48.7 26.9 37.8 3
17 F 84 – Diuretic, �-Bl, AA, nitrate 47.6 35.0 40.6 3
18 M 76 VaD Diuretic, ACE inhibitor 62.3 31.7 40.9 3
19 M 84 – ACE inhibitor 60.6 35.2 46.3 3
20 M 71 – Diuretic, �-Bl 65.3 37.0 49.4 3
21 F 79 – – 69.1 42.9 53.1 3
Mean (SD) – 75.5 (5.1) – – 65.9 (12.6) 40.3 (8.6) 51.6 (10.1) 2.1 (0.7)

Note:—AD indicates Alzheimer disease; VaD, vascular dementia; AA, angiotensin antagonist; �-Bl, �-blocker; CA*, calcium antagonist (*diltiazem); ACE inhibitor, angiotensin-converting
enzyme inhibitor; WMH, white matter hyperintensities; CBF, cerebral blood flow.
† Higher values indicate greater severity.
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nificant difference was found between the mean age of subjects
with Fazekas score 1 or 2 (74.4 years; SD, 4.6) and the mean age
of subjects with Fazekas score 3 (77.7 years; SD, 5.7).

Figure 1 shows global CBF images representing the 6 ana-
lyzed sections from a subject with Fazekas score 1. Table 2
shows comparisons of CBF measurements between subjects
with Fazekas score 1 or 2 (n � 14) and subjects with Fazekas
score 3 (n � 7). Subjects with Fazekas score 3 were found to
have approximately 20% lower mean global, subcortical (in-
cluding white matter and deep gray matter), and cortical gray
matter CBF than subjects with Fazekas score 1 or 2 (Fig 2). The
multiple linear regression analysis showed that, after correc-
tion for sex, the difference remained statistically significant for
global CBF (P � .05).

The proportion of subjects under the various types of med-
ications or drugs did not significantly differ between the 2
groups. However, the only subject under therapy with dilti-
azem, a calcium antagonist with positive inotropic effect, pre-
sented with the highest CBF measurements (Table 1, subject
14).

Discussion
In this study, we determined CBF measurements in elderly
subjects with WMH by means of Q2TIPS, a PASL MR perfu-
sion-weighted sequence. Our study indicates that subjects
with diffuse confluent WMH have approximately 20% lower
CBF measurements than subjects with punctiform or begin-
ning confluent WMH.

So far, few ASL studies have presented absolute values of
CBF in elderly subjects17 or have analyzed CBF measurements
in healthy adult subjects, accounting for the effect of age.26

Considering that CBF quantification by means of ASL tech-
niques is reliable,26 we found, as in other studies,17,26 high
variation of CBF measurements between subjects.

Although there is no previous report of subcortical CBF
values combining white matter and deep gray matter with
which to compare, the mean global and cortical gray matter
CBF measurements in cases with punctiform or beginning
confluent WMH are in agreement with those previously re-

ported for subjects without evidence of WMH. Actually, they
are even slightly higher than expected.17,26 Therefore, subjects
with punctiform or beginning confluent WMH do not seem to
have considerable brain hypoperfusion. In contrast, subjects
with diffuse confluent WMH have global and cortical gray
matter CBF values falling below or in the lower range of those
previously reported,17,26 which leads us to consider them as
abnormally low.

The cross-sectional design of the current study precludes
inferring causality, but the existence of low CBF measure-
ments in subjects with diffuse confluent WMH adds support
to the concept that brain hypoperfusion is associated with
white matter lesions in the elderly, most probably because of
ischemic small vessel disease.1,4 The existence of histologic ev-
idence of decreased afferent vascular density in WMH, nor-
mal-appearing white matter, and cortical gray matter in pa-
tients with leukoaraiosis27 supports both that concept and our
findings. Longitudinal studies may help to clarify whether
brain hypoperfusion is a predictor of occurrence or increased
severity of WMH and, eventually, of other types of cerebro-
vascular lesions.

Follow-up results from the entire sample of the LADIS
study were published.28 These results indicate that function-
ally independent elderly subjects with diffuse confluent WMH
are at a considerable risk of becoming dependent in a short
period, mostly owing to motor and cognitive deterioration.
The demonstration of a considerable hypoperfusion in sub-
jects with diffuse confluent WMH by means of PASL helps to
explain the high risk of deterioration in such subjects.

WMH are often associated with Alzheimer disease,1 and
other studies already demonstrated hypoperfusion in patients
with Alzheimer disease and mild cognitive impairment by
means of ASL.29-31 In our sample, only 3 patients had the di-
agnosis of dementia. Although all of these patients presented
with low values of CBF, it was not appropriate to compare
their CBF measurements with those of the remaining subjects
because of insufficient statistical power. Both of our patients
with Alzheimer disease had beginning confluent WMH. Their
low values of CBF, which may have been the result of mecha-
nisms unrelated to vascular processes, even contradict the
global effect that we observed and do not seem to constitute a
bias to the major finding of the current study. To our knowl-
edge, no previous ASL study accounted for the effect of WMH
in patients with dementia. Therefore, WMH should be a factor
to take into account in future studies of brain perfusion in-
volving those patients. Furthermore, PASL may help to clarify
the contribution of brain hypoperfusion to cognitive impair-
ment in subjects with or at risk of developing dementia.

White matter CBF measurements by means of ASL may be

Fig 1. CBF images representing the 6 analyzed sections from subject 4.

Table 2: Comparisons of CBF in mL/100 mL/min between groups of
subjects with different grades of WMH

Mean CBF (SD) Relative
Difference

(%) P value
WMH Score 1 or 2

(n � 14)
WMH Score 3

(n � 7)
Global 55.7 (9.2) 43.5 (6.3) 21.9 �.01
Subcortical 43.7 (7.9) 33.6 (5.8) 23.1 �.01
Cortical 69.9 (12.6) 57.9 (8.6) 17.2 �.05
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problematic, due to a low signal intensity-to-noise ratio. Ad-
ditionally, arterial transit times in the white matter can be
significantly longer than those for gray matter, especially in
vascular borderzones. Campbell and Beaulieu17 suggested
1800 ms as a reasonable postlabel delay time for elderly sub-
jects, and this served as the rationale to use a TI2 � 1800 ms in
the current study. However, given that the mean age of our
sample was slightly older than that of their study and because
vascular abnormalities occurring in subjects with diffuse con-
fluent WMH may be associated with longer arterial arrival
times, it is quite plausible that a TI2 � 1800 ms may not have

been sufficiently long to be confident that all of the labeled
blood could reach the brain tissue. Therefore, our CBF mea-
surements may have been underestimated, especially in sub-
jects with diffuse confluent WMH.

A potential confounder of the current study is the existence
of a sex imbalance between the 2 groups analyzed. Given that a
previous study has shown that women have approximately
13% higher CBF than men at a given age,26 it is possible that
the results of our study may be, in part, a reflection of the fact
that the proportion of men in the group of subjects with dif-
fuse confluent WMH was higher than that in the group with

Fig 2. A, Axial FLAIR images, T1-weighted images, cortical gray matter CBF images, subcortical CBF images, and global CBF images combining all gray and white matter at the level of
the basal ganglia and thalamus (above) and at the level of cerebral white matter (below) from subject 4. B, Corresponding images from subject 18. On the CBF images, note that the cerebral
cortex, the cortical-subcortical transition, and the thalamus are highly perfused structures. Also note the perfusion differences between subject 18 (with diffuse confluent WMH on FLAIR
images) and subject 4 (with punctiform WMH on FLAIR images). Finally, on the subcortical and global CBF images from subject 18, note the relative hypoperfusion of the right thalamus,
where a lacunar infarct occurs (arrow).
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punctiform or beginning confluent WMH. However, the dif-
ference for global CBF remained statistically significant, even
after correction for sex. Another potential confounder is that
the observed effect may have also been driven by differences in
medications and drugs, but the proportion of subjects receiv-
ing the various types of medications or drugs possibly influ-
encing CBF did not significantly differ between the 2 groups.

A limitation of the current study is the absence of healthy
elderly control subjects without WMH. Given that our sample
was taken from the LADIS study,8 which only recruited sub-
jects with WMH, we were unable to determine values of CBF
from age-matched controls without WMH. However, accord-
ing to large population-based and community-dwelling stud-
ies on the prevalence of WMH, subjects without WMH repre-
sent no more than approximately 5% of the elderly.4,32 Other
limitations are the small sample size, the absence of control for
the presence and degree of flow-limiting carotid stenoses, and
the relatively poor signal intensity-to-noise ratio and low spa-
tial resolution of the acquired rCBF and S0 images. Because of
their low spatial resolution, we decided to analyze rCBF and S0

images globally, by using a statistical parametric mapping pro-
gram, instead of taking CBF measurements from regions of
interest, such as from regions representing the white matter
lesions or normal-appearing white matter. In future studies,
the acquisition of images with higher spatial resolution, by
means of higher field strengths, may allow further investiga-
tion of this issue. Nevertheless, because we found a significant
reduction of subcortical (including white matter and deep
gray matter), cortical gray matter, and global CBF values in
subjects with diffuse confluent WMH, it seems that such sub-
jects have indeed a generalized cerebrovascular disease process
rather than one confined to lesions.27

Conclusion
PASL enabled us to demonstrate a significant reduction of
CBF in elderly subjects with diffuse confluent WMH.
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