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Purpose:

Materials and
Methods:

Results:

Conclusion:

To evaluate the relationship between penetrating arterial
pulsation and the progression of white matter hyperinten-
sities (WMHs) by using the sonographic resistance index
(RI) along the M1 segment of the middle cerebral artery
(MCA).

The study design was approved by the institutional review
board of Seoul National University Hospital. The study
included 450 individuals who had undergone initial tran-
scranial Doppler (TCD) sonography and magnetic reso-
nance imaging, with follow-up imaging performed within
34-45 months, and who had no stenosis of 30% or more
in the internal carotid artery or MCA or a history of stroke
other than an old lacunar infarction. MRIR was defined
as distal RI divided by proximal RI, where the distance
between proximal MI and distal M1 was approximately
20 mm based on TCD evaluation. WMH progression was
quantitatively evaluated by subtracting WMH volume at
baseline from WMH volume at follow-up.

At baseline, mean MRIR was 0.974 = 0.045 (standard de-
viation), and mean WMH volume was 9.66 mL = 14.54.
After a mean of 38.3 months * 3.4, the WMH volume
change was 4.06 mL * 7.35. WMH volume change was
linearly associated with MRIR (r = 0.328, P < .001), along
with the baseline WMH volume (r = 0.433, P < .001) and
mean MCA pulsatility index (r = 0.275, P = .037). MRIR
values greater than or equal to 1.000 were associated with
a greater increase in WMH volume (P < .001).

MRIR might reflect the pulsation of penetrating arteries
and is independently associated with WMH progression.

©RSNA, 2017

Online supplemental material is available for this article.
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erebral white matter hyperintensi-

ties (WMHSs) are prevalent in el-

derly individuals and have substan-
tial clinical implications (1). Increased
age and hypertension have been shown to
be related to WMH severity, but they do
not account for much of the risk (1-4).
The relevance of other conventional cere-
brovascular risk factors to WMH is also
uncertain (1,3-6) since the mechanism
of WMH progression is distinct from that
of large artery atherosclerosis (1,7,8).
Although not fully elucidated, increasing
evidence indicates that WMH progres-
sion is a consequence of impaired solute
clearance via the perivascular glymphatic
system around the cortical penetrating
arteries (1,7-10). Furthermore, because
the solute clearance is mainly driven by
pulsation of the penetrating arteries,
age-related reduction of compliance
in those vessels (luminal distensibility
per a given intraluminal pressure incre-
ment) (11) is increasingly recognized as

Advances in Knowledge

B A sonographic marker of cerebral
microvascular compliance, resis-
tance index ratio along the
middle cerebral artery (MCA)
(MRIR), can be used to evaluate
the compliance of perforating
arterioles from the M1 segment
of the MCA.

® MRIR was linearly associated
with cerebral white matter
hyperintensity (WMH) progres-
sion (P < .001) along with the
baseline WMH volume (P <
.001) and mean MCA pulsatility
index (MMPI) (P = .037) after
adjustment for factors known to
affect cerebral WMH progression
(ie, increasing age and conven-
tional cerebrovascular risk
factors).

B Linear association between the
MRIR and WMH volume pro-
gression was significant for both
periventricular and deep WMH
(P < .001 for periventricular
WMH, P = .004 for deep WMH);
however, the association was
higher for periventricular WMH
progression.

the fundamental mechanism underlying
WMH progression (7-10,12).

Because the pulsatility of the pen-
etrating arteries has different physio-
logic properties from those of large pial
arteries (8), it is necessary to identify a
measurable index of penetrating arterial
compliance to facilitate proper prognos-
tication and to alleviate WMH progres-
sion. However, to our knowledge, the
role of penetrating arterial compliance
in WMH progression has not been
elucidated in patients. Biomarkers of
systemic vascular stiffness have been in-
vestigated in relation to WMH progres-
sion (13,14); however, those markers
represent only systemic large artery
compliance. The pulsatility index (PI)
at the M1 portion of the middle ce-
rebral arteries (MCAs) also has been
suggested to be a cerebrovascular com-
pliance marker (15). However, in con-
sideration of the fact that M1 is a large
artery (approximately 2.8-3.0 mm in
diameter) with low resistance and that
its diameter remains nearly constant
in response to changes in intravascular
pressure (16), an increased Pl would
reflect the systemic pulse pressure ac-
centuation delivered to M1 rather than
the reduced compliance of the cerebral
penetrating arteries.

A previous study suggested that the
ratio of the resistance index (RI) dec-
rement to decreases in distal arterial
resistance represents the actual vascu-
lar compliance (11); however, there are
limitations to its clinical interpretation.
Additionally, a recent study showed that
Pl in large cerebral arteries decreases as
it moves from proximal to distal, and the

Implications for Patient Care

® MRIR can be used as a marker of
cerebral microvascular compli-
ance and to predict or monitor

the long-term progression of
cerebral WMH.

® A cutoff MRIR might be used as
an indicator of diminished cere-
bral microvascular compliance,
as an MRIR greater than or
equal to 1.000 was strongly asso-
ciated with significant WMH pro-
gression in this study.

reduction of dampening capacity is asso-
ciated with increasing age and increased
microvascular damage (17). Since the
diameter change in M1 is negligible
(16) and since the relationship between
flow volume and blood velocity in M1
is nearly linear (18), RI approximately
represents the ratio of additional flow
delivered by a systolic pulse.

The penetrating arteries from M1
are the main blood supplier to the peri-
ventricular white matter, and they are a
major supplier to the subcortical white
matter (19); therefore, their flow vari-
ation during a pulse cycle, which could
be evaluated by calculating the RI ratio
along M1 (MRIR), might be an indica-
tor of WMH progression. Hence, this
study aimed to evaluate the relationship
between penetrating arterial pulsation
and the progression of WMH by using
the sonographic index MRIR.

Materials and Methods

Study Population and Follow-up

This study was reviewed and approved
by the institutional review board of

https://doi.org/10.1148/radiol.2017162064

Content code:
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Abbreviations:

ACEi = angiotensin-converting enzyme inhibitor
ARB = aldosterone receptor blocker

MCA = middle cerebral artery

MMPI = mean MCA pulsatility index

MRIR = Rl ratio along the MCA

Pl = pulsatility index

RI = resistance index

TCD = transcranial Doppler

WMH = white matter hyperintensity
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Seoul National University Hospital. In-
formed consent was waived, as patient
medical information was made anon-
ymous and deidentified by an author
(K.H.J.) directly after it was obtained
by permanently deleting the patient
number and substituting it with a
random subject number generated by
using Excel software (Microsoft, Red-
mond, Wash).

We retrospectively evaluated individ-
uals who visited a tertiary hospital and
underwent brain magnetic resonance
(MR) imaging, MR angiography, and
transcranial Doppler (TCD) sonography
within a 3-month interval and who un-
derwent follow-up MR imaging or MR an-
giography within 34-45 months after the
initial evaluation between January 2005
and March 2012. Our search initially
identified 1033 individuals. To minimize
a potential source of bias that might have
influenced WMH progression, patients
were excluded if they (a) were younger
than 50 years; (b) were incapable of in-
dependent daily living; (c) had a stenosis
of 30% or more in the intra- or extracra-
nial internal carotid arteries or MCAs at
initial MR angiography; (d) had prior his-
tory or interval development of a chronic
systemic illness; (e) had a stroke with a
cause other than lacunar infarction, intra-
arterial intervention, intracranial or neck
radiation therapy, major head trauma, or
a recent (=90 days) lacunar stroke; (f)
had central nervous system inflammatory
or degenerative disorders; and (g) had a
poor temporal window for TCD or poor
MR image quality. Patients with a history
of lacunar infarction were included to
cover various baseline WMH severities
in the study population. On the basis of
these criteria, 450 patients qualified for
the final analysis (Table E1 [online]). The
indications for the baseline MR imaging
and TCD evaluations were part of a reg-
ular medical check-up program provided
by the Seoul National University Hospi-
tal Healthcare System in 186 (41.3%)
patients, evaluation for headache or
dizziness in 118 (26.2%), follow-up of
one small (=3 mm) unruptured intra-
cranial aneurysm in 33 (7.3%), and fol-
low-up of an old lacunar infarction in 113
(25.1%). Indications for follow-up MR
imaging or MR angiography included a

regular medical check-up program in 186
(41.3%) patients, follow-up of baseline
WMH in 82 (18.2%), follow-up of one
small unruptured aneurysm in 40 (8.9%),
and follow-up of an old lacunar infarction
in 142 (31.6%) (Table E2 [online]).

Patient medical records were eval-
uated to obtain clinical information, in-
cluding age; sex; presence of hyperten-
sion, diabetes mellitus, hyperlipidemia,
or coronary heart disease; previous
stroke history; smoking in the previous
S years; and use of statins (1), an an-
giotensin-converting enzyme inhibitor
(ACEi) or aldosterone receptor blocker
(ARB) (20), or antiplatelet agents dur-
ing the follow-up period (1).

Transcranial Doppler Analysis

Intracranial arteries were sonographi-
cally evaluated by using a 2-MHz pulsed-
wave and range-gated TCD probe (Dig-
ital PMD 100 or ST3 Digital PMD 150;
Spencer Technologies, Redmond, Wash)
with a 9-mm sample volume and a trans-
mit power level of 100 mW/cm?. The
protocol was standardized for every pa-
tient and was conducted by two skilled
sonographers with 10 and 8 years of
experience. TCD data—including peak
systolic velocity (PSV), minimal diastolic
velocity (MDV), and mean flow velocity
(MFV) (all were measured in centimeters
per second); PI; and RI—were obtained
along the M1 portion of the MCA (from
the temporal windows with an insonation
depth of 60-70 mm by identifying an ap-
proaching flow from the internal carotid
artery bifurcation) with 5-mm distance of
insonation depth for each obtained data
set (21,22). The mean of 15 consecutive
pulses was taken as the velocity value.
We designated MRIR as the mean ratio
of RI along M1 (distal RI to proximal RI)
in each hemisphere, where the distance
between proximal M1 and distal M1 was
fixed as approximately 20 mm. The mean
PI in both MCAs (MMPI) was defined as
the mean of Pls at proximal and distal
M1 (Fig 1).

MR Imaging

MR imaging was performed by using a
1.5-T MR imager with an eight-chan-
nel head coil (Philips Ingenia; Philips,
Best, the Netherlands) or a 3.0-T MR

imager with a 16-channel head coil
(Verio; Siemens, Erlangen, Germany).
In every instance, the MR imaging pro-
tocol included T1- and T2-weighted,
fluid-attenuated inversion recovery, and
gradient-echo sequences; intracranial
time-of-flight angiography, and either
time-of-flight angiography of the neck
or contrast material-enhanced MR an-
giography. Fluid-attenuated inversion
recovery MR imaging was performed
with the following parameters: repeti-
tion time msec/echo time msec, 9000-
9900/97-163; section thickness, 4.0
mm; no section gap; 24-27 sections cov-
ering the entire brain; field of view, 240
mm X 240 mm; and matrix, 220 X 220.
Common MR angiography parameters
included a flip angle of 20° and a matrix
of 384 X 292. Time-of-flight MR angiog-
raphy (20-25/3-7; field of view, 160 mm
X 160 mm) and contrast-enhanced MR
angiography (7.3/2.5; field of view, 240
mm X 240 mm) also were performed.
In every patient, MR imaging protocols
were identical at baseline and follow-up.
Images were reviewed by a radiologist
(Y.J.R., 6 years of experience) who was
blinded to the clinical data, as follows:
fluid-attenuated inversion recovery and
MR angiography sequences were re-
viewed to evaluate the presence of or
the mechanism underlying preexisting
ischemic lesions. Gradient-echo se-
quences were used to identify preexist-
ing intracerebral hemorrhage, and the
three-dimensional reconstructed images
acquired with time-of-flight or contrast-
enhanced MR angiography were used
to exclude subjects with stenosis of the
MCA or internal carotid artery (23-25).
Stenosis degree of more than 30% was
used as a cutoff (23,24,26). It was mea-
sured at the angle in which the highest
degree of stenosis was identified per the
established methods for intra- and extra-
cranial stenosis, which have been shown
to be highly reproducible (23-25).

Volumetric Analysis

For volumetric analysis of the WMH
burden, fluid-attenuated inversion re-
covery images were registered at an of-
fline workstation. WMH was defined as
hyperintense lesions without central hy-
pointensity in the cerebral white matter,
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which differentiates these WMHs from
perivascular spaces or lacunar infracts
(1,27). Lesions were classified as peri-
ventricular WMHs if they were directly
connected to the lateral ventricles and
as deep WMHs if they were not (28,29);
all lesions were outlined by a neurolo-
gist (W.J.L., 6 years of experience) us-
ing semiautomated freeware (NeuRoi;

4

Christopher Tench, Nottingham Uni-
versity, Nottingham, England) (30).
Measurement was performed with the
reader blinded to whether an image
was a baseline or follow-up image and
to other clinical information. Lesions lo-
cated in the brain stem or cerebellum
were excluded. The total volume of
WMH lesions and total brain volume

Figure 1:  Schematic description of how sono-
graphic parameters are obtained. A, Initially, MCA was
identified as flow toward the probe at an insonation
depth of 50—55 mm from the temporal windows. By
slowly increasing insonation depth to 65—75 mm,
bifurcation of the terminal internal carotid artery is
identified as two flows, one going away from the probe
and one going toward it (anterior cerebral artery and
MCA, respectively) (arrows). B—F, By adjusting depth of
insonation from this point, the entire length of M1 flow
is followed (usually 30—35 mm to 65—75 mm) until
the signal is divided into two or three branches (M2 of
MCA) (21,22). Peak systolic velocity (PSV), minimum
diastolic flow velocity (MDV), and mean flow velocity
(MFV), all of which are measured in centimeters per
second, were obtained from proximal to distal M1 with
5-mm intervals of insonation depth, as a routine eval-
uation procedure (21). Rl and P! at each point were
calculated as A= =MV g pr— PSVMOY (11,15).
MRIR was defined as the mean value of the ratios of
distal RI (insonation depth, 40—50 mm) to proximal Rl
(insonation depth, 60—70 mm) along the M1 of each
hemisphere, where the distance between the two
points was fixed as 20 mm. MMPI was evaluated by
calculating the mean values of Pl at four points (distal
M1 and proximal M1 in each hemisphere).

were calculated by using NeuRoi soft-
ware (30). The change in WMH volume
was calculated by subtracting lesion vol-
ume on baseline MR images from lesion
volume on follow-up MR images; all vol-
umes were measured in random order.

Statistical Analyses

Statistical software (SPSS, version 21.0;
SPSS, Chicago, Ill) was used for all sta-
tistical analyses. Data are reported as
number and percentage of patients with
a given finding, mean * standard devi-
ation, or the median and interquartile
range, as appropriate. Correlations be-
tween continuous variables and WMH
volume change were assessed by using
Pearson correlation coefficients. For
categorical variables, WMH volume
changes were compared between two
subgroups by using Student t tests or the
Mann-Whitney U test. Variables with P
< .15 in those univariate analyses were
entered into a linear regression analysis.
For linear regression analysis, baseline
WMH volume was log transformed to ob-
tain a normal distribution. The variance

Radiology: \olume 284: Number 3—September 2017 = radiology.rsna.org
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inflation factor was used to access a
multicolinearity between variables. For
all analyses, P < .05 was considered to
indicate a significant difference.

Among the 450 individuals included in
this study (overall mean age, 65.9 years
+ 8.2; age range, 50-87 years), 226
(50.2%) were male (mean age, 66.2
years * 8.3) and 224 (49.8%) were fe-
male (mean age, 65.6 years * 8.2 years)
(P = .447). Mean baseline WMH volume
was 9.66 mL £ 14.54 (mean, 6.52 mL
* 9.65 in the periventricular region and
3.11 mL * 4.89 in the deep white mat-
ter region). Follow-up MR imaging was
performed a mean of 38.3 months * 3.4
(range, 34-45 months) after initial MR
imaging. At follow-up, the mean WMH
volume change was 4.06 mL = 7.35
(mean, 3.15 mL = 5.74 in the periven-
tricular region and 0.91 = 1.68 mL in
the deep white matter region) (Table 1).
Reproducibility for WMH volume change
measurements was evaluated by reanalyz-
ing 20 randomly allocated pairs of base-
line and follow-up MR images and was

Table 1

Demographic, Clinical, Sonographic, and Radiologic Profiles of the Study Population

Characteristic Finding

Age (y)* 65.9 + 8.2
Male sex’ 226 (50.2)
Previous stroket 117 (26.0)
Hypertension® 287 (63.8)
Diabetes mellitus’ 140 (31.1)
Coronary heart disease’ 49 (10.9)
Smoking in past 5 yearst 48 (10.7)
Hyperlipidemia® 154 (34.2)

Use of statinst 242 (53.8)
ACEi or ARB use’ 202 (44.9)

Use of antiplatelet agents’ 340 (75.6)
MMPI* 0.942 + 0.168
MRIR* 0.974 = 0.045

Baseline total WMH volume (mL)*
Periventricular WMH volume (mL)*

Deep WMH volume (mL)*

MR imaging interval (mo)*

WMH total volume change (mL)*
Periventricular WMH volume change (mL)*
Deep WMH volume change (mL)¥

Lacunar infarction®

9.66 + 14.54 (3.72) [1.25-13.87]
6.52 + 9.65 (2.89) [0.97—9.21]
3.1 + 4.89 (0.84) [0.28-4.60]
38.3 + 3.4

4.06 + 7.35 (1.17) [0.09-4.93]
3.15  5.74 (0.85) [0.07-3.85]
0.91 * 1.68 (0.30) [0.03-1.10]
20 (4.4)

* Data are mean * standard deviation.

T Data are number of patients, with parentheses in percentages.
* Data are mean + standard deviation, with median in parentheses and interquartile range in brackets.
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Figure 2:  Distribution of study population according to MRIR values. Bar graph denotes the number of patients in each
subgroup defined by intervals of MRIR value. A total of 144 (32.0%) patients had an MRIR greater than 1.00 (dark blue bars).

Normal distribution curve is also shown
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0.999 (95% confidence interval: 0.998,
1.000) for both deep and periventricular
WMH volume changes. In TCD analyses,
mean MMPI was 0.942 + 0.168 (range,
0.575-1.437), and mean MRIR was
0.974 = 0.045 (range, 0.846-1.136). A
total of 144 (32.0%) of 450 patients had
MRIR values of 1.000 or greater (Fig 2).
The intraclass correlation coefficient of
MRIR, evaluated with the 20 pairs of
short-term (obtained within 12 weeks
of interval) repetitive TCD studies from
the study population, was strong (mean,
0.882; 95% confidence interval: 0.732,
0.948).

Correlation analyses revealed that
WMH volume change was associated
with age, baseline WMH volume, MRIR,
and MMPI (P < .001 for all) (Table 2).
In the univariate analyses for categorical
parameters, hypertension (P < .001),
diabetes mellitus (P = .008), hyperlipid-
emia (P = .045), prior use of ACEi or
ARB (P = .0006), prior use of antiplatelet
agents (P = .014), and indications for
initial MR imaging or TCD evaluations,
only follow-up of an old lacunar infarc-
tion (P = .002) was associated with a
higher WMH volume change (Table 3).

In the subsequent multivariate linear
regression analysis adjusting for the to-
tal brain volume and the follow-up MR
imaging intervals, total WMH volume
change was linearly associated with
MRIR (P < .001), along with the log
value of baseline WMH volume (P <
.001) and MMPI (P = .037). However,
age (P = .078), history of lacunar infarc-
tion (P =.294), hypertension (P = .468),
diabetes mellitus (P = .236), hyperlipid-
emia (P = .311), use of ACEi or ARB (P
.951), and use of antiplatelet agents (P
.583) were no longer significantly as-
sociated with WMH progression. When
linear regression analyses were applied
to WMH volume changes in separate
white matter regions, both periventric-
ular and deep WMH volume changes
were significantly associated with MRIR
(periventricular region, P < .001; deep
region, P = .004), MMPI (periventricu-
lar region, P = .035; deep region, P =
.044), and baseline WMH volumes (P <
.001 for both regions) of each relevant
region. However, MRIR showed a stron-
ger association with WMH progression

Correlation Coefficiencies of Continuous Variables with WMH Progression

Variable WMH Volume Change P Value
Age 0.278 <.001*
Baseline WMH volume 0.433 <.001*
MR imaging interval (mo) 0.003 .954
MRIR 0.328 <.001*
MMPI 0.275 <.001*

*P<.01.

Univariate Analyses for Categorical Parameters Associated with WMH Progression

WMH Volume Change (mL)
Variable Yes No PValue
Clinical parameter
Male sex 4.66 + 7.73 3.77 = 7.00 .398
Previous lacunar infarction 6.17 = 9.05 3.33 = 6.53 .002*
Hypertension 4.96 = 8.16 2.48 = 5.36 <.001*
Diabetes mellitus 5.67 = 9.53 3.34 = 6.02 .008*
Coronary heart disease 520 = 1.10 3.92 +6.80 .251
Smoking in past 5 years 4.79 * 6.02 3.98 + 7.51 .469
Hyperlipidemia 5.19 * 967 3.48 =575 .045f
Use of statins 432 £7.94 3.76 = 6.64 423
ACE:i or ARB use 5.15 = 8.51 3.18 = 6.15 .006*
Use of antiplatelet agents 449 +7.75 2.76 +5.84 014t
Indication for work-up
Medical check-up 3.59 = 7.01 4.40 = 7.59 .250
Headache or dizziness 3.02 = 5.95 443 =778 .075
Small unruptured intracranial aneurysm#* 6.17 = 9.05 3.33 £6.53 .002*
0ld lacunar infarction 3.09 + 5.82 414 =747 A1

Note.—Unless otherwise indicated, data are mean =+ standard deviation.

*P<.01.
TP<.05.

* Patients with a recent diagnosis of intracranial aneurysm at baseline MR imaging or MR angiography were included.

in periventricular regions than in deep
white matter regions (Table 4). In every
linear regression analysis, variance infla-
tion factor values for each variable were
less than 1.500. When the study popula-
tion was divided into subgroups accord-
ing to MRIR values of less than 0.940,
0.940-0.969, 0.970—0.999, and 1.000
or more, the higher MRIR values ap-
peared to be associated with increased
progression of both periventricular and
deep WMH volumes. Notably, MRIR
greater than 1.000 was associated with
markedly increased WMH progression
(mean, 6.07 mL = 6.61 vs 1.77 mL =

4.63 in the periventricular region and
1.57 mL = 1.77 vs 0.60 mL % 1.52 in
the deep white matter region; P < .001
for both) (Fig 3). In addition, the physi-
ologic base that shows MRIR can reflect
the compliance of the cerebral penetrat-
ing arterioles is shown in Figure 4.

In this study, we used a noninvasive
method in a fairly large population to
show that a sonographic index MRIR
might reflect the pulsation of penetrat-
ing arteries and that it is independently
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Table 4

Linear Regression Analyses for WMH Volume Change

Variance
Variable Unstandardized Coefficient Standardized Coefficient PValue Inflation Factor
Total WMH volume change* —37.122 (—50.863, 23.381) <.001f
Age* 0.075 (—0.009, 0.159) 0.084 .078 1.349
Baseline WMH volume* 1.275 (0.868, 1.682) 0.293 <.001f 1.349
MRIR* 30.608 (16.641, 44.574) 0.189 <.001t 1.143
MMPI* 4.342 (0.259, 8.426) 0.099 .0378 1.344
Lacunar stroke history 0.774 (—0.674,2.221) 0.046 294 1.148
Hypertension 0.555 (—0.947, 2.057) 0.036 468 1.484
Diabetes mellitus 0.823 (—0.541,2.187) 0.052 .236 1.135
Hyperlipidemia 0.665 (—0.622, 1.951) 0.043 311 1.061
Use of ACEi or ARB 0.045 (—1.403, 1.494) 0.003 .951 1.477
Use of antiplatelet agents —0.414 (—1.894,1.067) —0.024 583 1.153
Periventricular WMH volume change' —30.886 (—41.498, 20.274) <.001t
Age* 0.060 (—0.004, 0.125) 0.087 .067 1.347
Baseline WMH volume** 0.980 (0.657, 1.303) 0.282 <.001f 1.339
MRIR* 26.021 (15.252, 36.790) 0.207 <.001f 1.140
MMPI¥ 3.384 (0.232, 6.536) 0.100 .0358 1.344
Lacunar stroke history 0.630 (—0.488, 1.747) 0.048 .269 1.147
Hypertension 0.459 (—0.701, 1.619) 0.039 437 1.484
Diabetes mellitus 0.618 (—0.435, 1.670) 0.050 .250 1.135
Hyperlipidemia 0.492 (—0.502, 1.485) 0.041 .331 1.061
ACE:i or ARB use 0.049 (—1.069, 1.167) 0.004 .931 1.478
Use of antiplatelet agents —0.281 (—1.424,0.862) —0.021 .630 1.153
Deep WMH volume change** —5.841 (—9.073, 2.608) <.001f
Age* 0.016 (—0.003, 0.036) 0.080 .100 1.348
Baseline WMH volume+tt 0.274 (0.189, 0.358) 0.310 <.001* 1.360
MRIR¥ 4.775 (1.536, 8.013) 0.129 .004t 1.148
MMPI* 0.970 (0.026, 1.915) 0.098 .0448 1.344
Lacunar stroke history 0.162 (—0.173,0.497) 0.042 .344 1.149
Hypertension 0.104 (—0.244, 0.451) 0.030 .558 1.484
Diabetes mellitus 0.203 (—0.112,0.519) 0.056 .206 1.135
Hyperlipidemia 0.179 (—0.119, 0.477) 0.051 .239 1.061
ACE:i or ARB use 0.001 (—0.334, 0.336) 0.000 .997 1.477
Use of antiplatelet agents —0.124 (—0.467,0.218) —0.032 ATT 1.152

Note.—Data in parentheses are 95% confidence intervals.
* R =0.262, P < .001.
tP<.01.

*The variables were log transformed to obtain a normal distribution.

§ p<.05.

'R =0.267, P < .001.

# Baseline periventricular WMH volume.
** R =0.237, P < .001.

1t Baseline deep WMH volume.

associated with WMH progression. Re-
markably, the relationship of MRIR with
WMH progression was stronger than
that of any previously established risk
factor for WMH progression, including
increased age and hypertension (1-4).
These data suggest that decreased

pulsatility in perforating arteries plays a
fundamental role in WMH progression
and that age, hypertension, and medi-
cation effects may be indirectly related
to WMH progression via arterial com-
pliance (7,8,12). Furthermore, associ-
ation of MRIR and WMH progression

was valid in both the periventricular
region and the deep white matter, al-
though the association was higher for
periventricular WMH progression. This
may be explained by the fact that most
of the periventricular region is directly
supplied by M1 perforating arteries,
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Figure 3:  Profiles of WMH volume change according to MRIR values. Horizontal lines above

the bars denote standard errors.

whereas the deep white matter region
is partly supplied by cortical penetrat-
ing arteries (19). Additionally, we ob-
served that baseline WMH volume and
PI of M1 were also independently re-
lated to WMH progression, which is
consistent with the findings of previous
studies (2,5,15).

Numerous studies have investigated
markers for the severity or progression
of WMH, including the parameters for
systemic arterial stiffness, such as pulse
pressure and aortic pulse wave veloc-
ities (13,14). However, relative to these
markers, MRIR has the advantage of
directly reflecting cerebral penetrating
arterial compliance. Accordingly, MRIR
has a closer relationship to the underly-
ing pathologic mechanisms that may en-
able it to be used in clinical practice to
predict or monitor long-term WMH pro-
gression. Furthermore, an MRIR cutoff
value could be used as an indicator of di-
minished cerebral microvascular compli-
ance, as MRIR of 1.000 or greater was
highly associated with more significant
WMH progression in this study.

The reflection of penetrating ar-
terial compliance by MRIR is based
on the distinct physiologic properties
of the penetrating arteries compared
with those of the pial vessels. The
penetrating arteries are much more

pulsatile than the pial arteries, and
they consume most of the pulse pres-
sure of the arterial system (8,31). In
particular, for the perforating arteries
that ramify directly from the M1 stem,
increased intravascular pressure in M1
derived with a systolic pulse is directly
delivered to them. As the perforating
arteries are highly compliant (8,9,31),
increased intraluminal pressure actively
dilates those arteries, inducing marked
reduction of resistance (32,33) and ul-
timately augmenting flow distribution
in the perforating artery territories
during systolic phases. In contrast, pial
vessels such as M1 have large diameters
and low resistance, and their diameter
changes only minimally with changes
in intraluminal pressure during a pulse
cycle (16). Thus, resistance change in
M1 during a pulse cycle is negligible,
and the amount of flow variation ap-
proximates the flow velocity changes.
An in vitro study of the murine MCA
and its penetrating arterioles showed
that incremental changes in intravas-
cular pressure significantly increase
the diameter of the penetrating arteri-
oles, whereas the pial arteries do not
dilate (34). Additionally, a study using
phase-contrast MR imaging reported
significant dampening of PI along the
M1; this dampening is not observed in

the internal carotid artery (17), further
supporting the variation in perforating
territory-specific pulsatile flow.

This enables MRIR to reflect dy-
namic alterations of flow distribution
in perforating arteries. If F is flow in
proximal M1, fis flow in M1 perfo-
rators at diastole, and AF and Af are
additional flow volumes delivered by a
systolic pulse, RI of proximal M1 (RIP)
and distal M1 (RI ) would be approxi-
mately as follows:

Rlp ~ Ak JRId ~ Al Ar
F+AF (F—1)+AF - AF
AR - rx Ly af
F

= r=

f f.’
Fl-—)+AF1—-rx—
(1= )+ AR = rx )

When the perforating arteries are com-
pliant, r would be greater than 1 per
the increased proportion of flow in the
perforating artery territory, and MRIR
would be less than 1. As r increases
along the increasing arterial compliance,
MRIR would be lower. In this case, the
compliant lumen markedly dilates to
attenuate the velocity and shear rate
increment in the penetrating arterioles
(31), inducing effective transformation
of a systolic pulse into an elastic vessel
pulsation that ultimately facilitates sol-
ute clearance via the glymphatic system
(7,8,10,12). However, when the perfo-
rating arteries are stiff, the increase in
velocity should be maximized to com-
pensate for impaired lumen dilatation.
Additionally, the effective blood viscos-
ity, which has a strong inverse correla-
tion with arteriolar luminal diameters,
would maintain a high value (33). Con-
sequently, shear rate would be markedly
increased, inducing early wastage of the
pulse energy (32).The flow capacity of
the M1 perforators might be restricted
and would be reduced, even to less than
1, resulting in a higher MRIR. These
arteries would accordingly lack the ca-
pacity for solute clearance (7,8,12).
Additionally, highly fluctuating shear
stress might exacerbate endothelial
dysfunction (1,17,35), vascular inflam-
mation (1,35), and blood brain barrier
disruption (17), and it ultimately might
enhance WMH progression.
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Figure 4:  Schematic of physiologic base of MRIR. A and B show physiologic consequences derived by compliant or
stiff M1 perforating arteries, respectively. Formulas in rectangles describe relative amount of variations in flow volume,
lumen area, and flow velocity in a perforating artery, derived by a systolic pulse. Dashed parallelograms denote the dila-
tion capacity of arteries according to intraluminal pressure increments. F denotes flow in proximal M1; £, M1 perforators
at diastole; A, the lumen area; and V, flow velocity of the perforating arteries. A = additional value of each variable
delivered by a systolic pulse, ACA = anterior cerebral artery, /CA = internal carotid artery.

Several limitations of our study
should be addressed. First, the accu-
racy of measurement, operator depen-
dency, and the normal range of the
MRIR is not fully established. Second,
the reproducibility of MRIR, which
might be essential to validate its clini-
cal utility, was evaluated with only 20
pairs of TCD evaluations. Third, due to
a retrospective study design, patients
with heterogeneous clinical profiles and
indications for MR imaging and TCD
evaluations were included in the study
population. This might raise an issue of
selection bias. However, the potential
sources of bias were limited by imple-
mentation of the exclusion -criteria.
Furthermore, none of the indications of
initial MR imaging or TCD evaluation
showed a significant association with
WMH progression volume.

To establish the clinical utility of
MRIR, future prospective studies should
endeavor to validate and expand our find-
ings by applying a standardized follow-up
protocol and including data reproducibil-
ity evaluations. Furthermore, compara-
tive analyses of MRIR with more direct
measurements of cerebral microvascular
pulsatility (31) or other markers of arte-
rial compliance might elucidate the path-
ophysiologic relationship of microvascu-
lar compliance and WMH progression.
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