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Grading and Interpretation of White Matter
Hyperintensities Using Statistical Maps

Wi-Sun Ryu, MD, PhD*; Sung-Ho Woo, PhD*; Dawid Schellingerhout, MD;
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Ki-Hyun Cho, MD, PhD; Joon-Tae Kim, MD, PhD; Beom Joon Kim, MD, PhD;
Moon-Ku Han, MD, PhD; Jun Lee, MD, PhD; Jae-Kwan Cha, MD, PhD;

Dae-Hyun Kim, MD, PhD; Soo Joo Lee, MD, PhD; Youngchai Ko, MD;

Yong-Jin Cho, MD, PhD; Byung-Chul Lee, MD, PhD; Kyung-Ho Yu, MD, PhD;
Mi-Sun Oh, MD, PhD; Jong-Moo Park, MD, PhD; Kyusik Kang, MD, PhD;

Kyung Bok Lee, MD, PhD; Tai Hwan Park, MD, PhD; Juneyoung Lee, PhD;
Heung-Kook Choi, PhD; Kiwon Lee, MD; Hee-Joon Bae, MD, PhD; Dong-Eog Kim, MD, PhD

Background and Purpose—We aimed to generate rigorous graphical and statistical reference data based on volumetric
measurements for assessing the relative severity of white matter hyperintensities (WMHs) in patients with stroke.

Methods—We prospectively mapped WMHs from 2699 patients with first-ever ischemic stroke (mean age=66.8+13.0 years)
enrolled consecutively from 11 nationwide stroke centers, from patient (fluid-attenuated-inversion-recovery) MRIs onto a
standard brain template set. Using multivariable analyses, we assessed the impact of major (age/hypertension) and minor
risk factors on WMH variability.

Results—We have produced a large reference data library showing the location and quantity of WMHs as topographical
frequency-volume maps. This easy-to-use graphical reference data set allows the quantitative estimation of the severity
of WMH as a percentile rank score. For all patients (median age=69 years), multivariable analysis showed that age,
hypertension, atrial fibrillation, and left ventricular hypertrophy were independently associated with increasing WMH (0—
9.4%, median=0.6%, of the measured brain volume). For younger (£69) hypertensives (n=819), age and left ventricular
hypertrophy were positively associated with WMH. For older (=70) hypertensives (n=944), age and cholesterol had
positive relationships with WMH, whereas diabetes mellitus, hyperlipidemia, and atrial fibrillation had negative
relationships with WMH. For younger nonhypertensives (n=578), age and diabetes mellitus were positively related to
WMH. For older nonhypertensives (n=328), only age was positively associated with WMH.

Conclusions—We have generated a novel graphical WMH grading (Kim statistical WMH scoring) system, correlated to risk
factors and adjusted for age/hypertension. Further studies are required to confirm whether the combined data set allows
grading of WMH burden in individual patients and a tailored patient-specific interpretation in ischemic stroke-related
clinical practice. (Stroke.2014;45:3567-3575.)
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hite matter hyperintensities (WMHs) are frequently

observed on MRIs of elderly people.! The presence of
WMHs seems to more than double the future risk of stroke.>*
Known risk factors for WMHs are age and hypertension.'’
Other risk factors such as diabetes mellitus, hyperlipidemia,
atrial fibrillation, and smoking were inconsistently reported in
the literature and seem less strongly associated with WMHs
(Table I in the online-only Data Supplement).>¢1°

Despite a rapidly growing body of knowledge from popula-
tion studies, substantial variability in WMH volume among
individuals with similar cerebrovascular risk factors compli-
cates a tailored interpretation of patient-specific implications
of WMHs in daily clinical practice.'™!'?> What is lacking is a
comprehensive, quantitative study with substantial numbers,
and robust methodology, which correlates WMHs to stroke
risk factors so that the associations and interplay between
risk factors can be better understood. Clinically, there have
been no rigorous graphical and statistical reference data avail-
able for the individualized estimation of the relative severity
(expressed as percentile ranks) of WMH burden adjusted for
major risk factors (age/hypertension).

In this study, we have combined (1) a large number of
patients representing a contiguous 10-month window sample
of a population of 50 million, (2) at an important clinical
landmark, the diagnosis of a first ischemic stroke, with (3)
a quantitative image-based statistical analysis methodology.
We provide an easy-to-use visual grading system for WMH
reflecting the statistical prevalence of WMH in the stroke
population, demonstrating both WMH volumes and spatial
distributions. We also performed multivariable analyses to
investigate the impact of major (age and hypertension) and
minor risk factors on WMH volumes and distribution.

Materials and Methods
Study Population

This is a prospective multicenter study that involved 11 academic
and regional stroke centers in Korea. From May 2011 to February
2012, we consecutively enrolled 2699 patients with first-ever acute
ischemic stroke within 7 days after symptom onset (Figure I in the
online-only Data Supplement). The institutional review boards of all
participating centers approved this study. All patients or their legally
authorized representatives provided a written informed consent for
study participation.

Clinical Database

Under a standardized protocol,’* we prospectively collected de-
mographic data, prior medication history, laboratory data, and the
presence of vascular risk factors (Methods in the online-only Data
Supplement).

Brain MRI and Quantitative Image Registration

Detailed protocols of MRI and quantitative image registration are pro-
vided in the Methods in the online-only Data Supplement. In brief,
MRI was performed on 1.5-Tesla (n=2338) or 3.0-Tesla (n=331) MRI
system (Table II in the online-only Data Supplement). As previously
reported,'*!% in every patient, all fluid-attenuated inversion recovery
MRIs (usually 20-26 5 mm thick slices/patient) were converted into
a patient-independent quantitative visual format (Figure II in the on-
line-only Data Supplement) using the Montreal Neurological Institute
brain template. After normalization of images, each patient’s high sig-
nal intensity lesions on fluid-attenuated inversion recovery MRIs were

segmented and registered semiautomatically (by research assistants
operating Image_QNA, ! a custom-built software package) onto the
brain templates under close supervision by C.K.K. and M.U.J. These
2 vascular neurologists reviewed the translation process by comparing
all the source MR images and corresponding postprocessed images on
the template set to either confirm that lesions were faithfully translated
or not. Results could be redone or adjusted until approved. On final ap-
proval, the graphical record was locked down in the database.

WMH volume percentage was calculated as 100xtotal WMH vox-
el count (in the template) divided by total brain parenchymal voxel
count (also in the template), both adjusted for differences in slice
spacing (ie, slice thickness and interslice gap) between acquisition
(fluid-attenuated inversion recovery MR) images and template im-
ages (Table III and Figure III in the online-only Data Supplement).
A validation study demonstrated a strong linear correlation (R?=0.86)
between the volume calculations done in the template space and vol-
ume calculations in the original source MR image space (Figure IV
in the online-only Data Supplement).

Statistical Anatomic Maps: WMH Frequency-
Volume Maps

To display our data as visual maps, we used 3 Montreal Neurological
Institute template slices (centered on 5.5 mm, 20.5 mm, and 35 mm
on the z axis) representing the levels of Striatocapsular (5.5+5 mm),
Corona Radiata (20.5+5 mm), and Centrum Semiovale (355 mm)
regions, respectively. These slices were chosen on the basis of clini-
cal experience, as being useful in the grading and interpretation of
WMH, and are representative visual images of a larger data set com-
prising the whole brain. In each of these 3 slices, a WMH frequency
map was constructed as previously published'*!*!” by plotting the
frequency of incidence of WMH lesions at each voxel coordinate of
the slice as a heat map (Figure 1). To facilitate the use of our data as
reference standard for grading purposes of WMH, we plotted the data
as frequency-volume maps to show the statistical volume and spatial
distribution in a single format, arranged to reflect the percentile dis-
tribution of disease in our study population (Figure 1).

Statistical Analysis

Data are presented as mean+SD or median (interquartile range).
Intergroup differences and bivariate associations were assessed using
nonparametric tests because of a skewed distribution of WMH vol-
umes. Multiple linear regression analysis was performed to identify
independent risk factors of WMH volume. For more detailed infor-
mation for the statistical analysis, please see Methods in the online-
only Data Supplement.

Results

Patients and WMHs

Table 1 shows the clinical characteristics of 2699 patients at
the time of their first-ever ischemic stroke. The mean age was
66.8+13.0 (range, 20-98) years and 59.5% were men. The
most common stroke subtype was large artery disease (38.3%).
The median National Institutes of Health Stroke Scale score at
presentation was 4 (interquartile range, 2-8). WMH volumes
ranged from 0% to 9.37% (median 0.61%; interquartile range,
0.30%-1.31%) of the measured brain volume.

The frequency distribution of WMH volumes was skewed
to the right; after log-transformation, log-transformed WMH
volume (, WMHV) were close to being normally distributed
(P=0.06). Not only the skewed distribution but also the well-
known age correlation of WMH volumes was well corrobo-
rated by the topographical frequency-volume maps and scatter
plots for WMHs (Figure 2; Figure V in the online-only Data
Supplement).
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Figure 1. Generating topographical frequency-volume maps to show the statistical volume and spatial distribution of white matter hyper-
intensities (WMH) in a single format. A, Determining percentile values. The number of voxels involved in 2669 consecutive patients with
first-ever ischemic stroke are listed in rank order and assigned a percentile value based on their position in the list. In this case, at the 50,
75, and 95 percentiles, there are 1023, 2120, and 4897 voxels abnormal, respectively. Generating frequency maps (B) and frequency-
volume maps (B-D). A custom-built software package (Image_QNA)'“ is used to generate a color-coded WMH frequency map, which is
coded into a color to reflect the number of patients who have a lesion in each voxel (B). Voxels in the color-coded area of the frequency
map are collected in the order of their RGB (Red Green Blue) values ([255, 0, 0]— [0, 255, 0]—[0, 0, 255]) until the total voxel count
reaches the number closest to each of the percentile values of WMH voxel counts (B and C). The other unselected voxels are made trans-
parent (C). The selected voxels are highlighted as red-color overlays (D).

Frequency-Volume Maps

Figure 2 shows the results of a combined mapping of both
spatial location and frequency of occurrence of WMH
lesions. Figure 2A demonstrates with color-coded maps the
location and incidence of WMH in the entire patient study
population. In Figure 2B, an alternate display technique is
used to indicate the percentiles of WMH incidence on all
the patients in the study. In Figure 2C, percentile results are
broken down by age group, allowing comparison and grad-
ing of individual patients to an age-matched cohort. The age
stratum-specific topographical frequency-volume maps for
WMHs showed that WMH volume on each percentile map
gradually increased with increasing age. In addition, the
appearance or gradual expansion of WMHs predominantly

occurred around the anterior and posterior horns of the lat-
eral ventricle.

Associations Between WMH Volume and Risk
Factors

Bivariate analyses (Table 2) showed that age (Figure V in
the online-only Data Supplement), sex, hypertension, left
ventricular hypertrophy (LVH), prior use of antiplatelet,
atrial fibrillation, smoking, and body mass index were all
related to WMH volume. Multiple linear regression analysis
showed that age ($=0.500, P<0.01), hypertension (3=0.089,
P<0.01), and LVH (B=0.055, P=0.01) had an indepen-
dent positive relationship with lOgWl\/IHv (Table 2, right).
In contrast, atrial fibrillation (f=—0.072, P<0.01) had an
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Table 1. Clinical Characteristics of 2669 Patients With First-
Ever Acute Ischemic Stroke

Characteristic First-Ever Stroke (n=2669)*

Age, y 66.8+13.0
Sex, men 1589 (59.5%)
1763 (66.1%
Diabetes mellitus 847 (31.7%
Hyperlipidemia 927 (34.7%

(

(

(

Hypertension )
)
)
1115 (41.8%)
)
)

Smoking, current or quit <5y

Atrial fibrillation 543 (20.3%
Coronary artery disease 311 (11.7%
Body mass index, kg/m? 23.6+3.3
Prior use of antiplatelet 584 (21.9%)
Prior use of statin 273 (10.2%)
Stroke subtype
Large artery disease 1012 (38.3%)
Small vessel occlusion 454 (17.2%)
Cardioembolism 550 (20.8%)
Undetermined 564 (21.4%)
Other determined 61 (2.3%)
NIHSS, median (IQR) 4(2-8)
Left ventricular hypertrophy 354 (13.3%)
Total cholesterol, mmol/L 4.66+1.08
HDL cholesterol, mmol/L 1.15+0.32
LDL cholesterol, mmol/L 2.93+0.95
Hemoglobin, g/dL 13.6+2.0
Glucose, mmol/L 6.41+2.56
HbA1c, % 6.47+1.46
Systolic blood pressure 145+27
Diastolic blood pressure 86+16

WMH volume (percent of brain volume), median
(IQR)

HbA1c indicates hemoglobin Alc; HDL, high-density lipoprotein; IQR,
interquartile range; LDL, low-density lipoprotein; NIHSS, National Institutes of
Health Stroke Scale; and WMH, white matter hyperintensity.

*Data are presented as n (%) or mean+SD.

TWMH volumes were not statistically different between the 1.5-Tesla and
3-Tesla MRI scanners (P=0.61, Figure VIl in the online-only Data Supplement),
although, for unclear reasons, the clinical characteristics of the patients differed
somewhat between these groups (Table Vil in the online-only Data Supplement).

0.611 (0.30-1.31)

independent negative relationship with, WMHv. Sex, prior
use of antiplatelet, body mass index, and smoking were not
significantly associated with 1og WMHY. After adjusting for
participating centers, these associations were unchanged
(data not shown).

Age-adjusted logWMHV was higher in patients with stroke
because of small vessel occlusion (SVO, n=454) than in
patients (n=2126) with other stroke subtypes (Figure VI in
the online-only Data Supplement). In the SVO subgroup com-
pared with the non-SVO subgroup, the presence of hyperten-
sion had a higher standardized coefficient (0.13 versus 0.07;
Results and Table IV in the online-only Data Supplement),
suggesting a differentially higher impact of hypertension on
the increase of WMH volume in the SVO subgroup than in the

non-SVO subgroup. In contrast, the standardized coefficients
for age in both subgroups were similar (0.50 versus 0.49).

Analyses After 2-by-2 Stratification by
Hypertension and Age (<69 Versus 270)

There was a significant interaction between hypertension and
age (P<0.01; Figure VII in the online-only Data Supplement).
Age/hypertension-stratified frequency-volume maps
(Figure 3A) showed that WMH volumes appeared to be the
highest in the older hypertensive, followed by the older non-
hypertensive, younger hypertensive, and then younger nonhy-
pertensive. Statistical parametric mapping further elucidated
the age- and hypertension-related effects on WMH volume
and distribution (Figure 3B; Results in the online-only Data
Supplement).

Multiple linear regression analysis identified subgroup-
specific predictors of 1oe WMHYV (Figure 3C). In the younger
patients with hypertension, age and LVH were independently
related to, WMHyv. In the older patients with hypertension,
age and cholesterol had a positive relationship with | WMHy.
However, diabetes mellitus , hyperlipidemia, and atrial fibril-
lation were negatively associated with  WMHyv. In the
younger nonhypertensive patients, age and diabetes mellitus
were positively related to, WMHYv. In the older nonhyperten-
sive patients, only age was independently associated with |
WMHy. Further adjustment for the prior use of statins did not
change the above results, except that the associations of cho-
lesterol, hyperlipidemia, and diabetes mellitus with 10gWMHV
lost significance in the older hypertensive patients (Table V in
the online-only Data Supplement). In addition, prior statin use
was inversely associated with, WMHy in the older nonhyper-
tensive patients (f=—0.149; P 0. 01).

Discussion

In this nationwide prospective multicenter study, we have
generated topographical frequency-volume maps for WMHs
using the entire fluid-attenuated inversion recovery MRI data
sets of 2699 consecutive patients with first-ever ischemic
stroke. This large statistical sample, presented graphically as
statistical maps, provides an objective and quantitative grad-
ing (Kim statistical WMH scoring) system for WMH. This, to
our knowledge, represents the largest study on WMH mapping
and quantification done to date, and the only such study taken
at the clinically relevant life event of first ischemic stroke.

We specifically chose patients with first-time stroke, at the
time of their first stroke, and excluded from the imaging vol-
umes any WMH attributable to the infarct itself, to obtain a
picture of the disease course of WMH right up to the moment
of a cerebrovascular incident. Further studies, in different
populations, are warranted to test if the new grading system is
actually useful as a clinically applicable (Movie in the online-
only Data Supplement) imaging reference standard for a
patient-specific interpretation in WMH. The value of the grad-
ing system as a predictor for stroke risk, for example, is an
obvious (though as yet unproven) hypothesis that would need
verification in future trials, and in more general populations.

Considering that the reported mean brain volume of an
elderly Korean population was 1170 cm?,'® the median WMH
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Figure 2. Topographical frequency-volume maps for grading the relative severity (percentile rank) of white matter hyperintensities

(WMHSs). A and B, In all 2669 consecutive patients with first-ever ischemic stroke, 256 color-coded frequency maps (A) and red color-
overlaid grading maps (B, frequency-volume maps) for WMHSs are displayed at 3 representative brain template slices (5.5 mm, 20.5 mm,
35 mm in z axis of Montreal Neurological Institute space). These slices, the Striatocapsular, Corona Radiata, and Centrum Semiovale
levels, are listed from top to bottom in 3 rows, with percentile severity increasing to the right. C, Age stratum-specific WMH frequency-
volume maps show the age-dependence of WMH volume. Please note that the total voxel count in the red color-overlaid areas of each
frequency-volume map is equal or close to the designated (1%-99%) percentile value of WMH voxel counts in the overall (B) or age-
stratified groups of (C) patients. The topographical maps from the large cohort can be used in a user-friendly fashion to grade WMH in
patients at risk for stroke. This might have value in both clinical and research settings for the following reasons: (1) current WMH grad-
ing systems are subjective and not finely graded (typical scales are mild, moderate, or severe), whereas the new grading system is both
objective and finely calibrated, with a solid statistical underpinning for its findings. (2) The grading system is easy to apply in clinic. Each
patient’s fluid-attenuation-inversion-recovery MR lesions can simply be visually matched to the grading scales we have provided to gen-
erate a percentile rank (please also see Movie in the online-only Data Supplement). (3) The visual nature of the grading system lends itself
to patient education and might help clinicians to motivate patients in executing lifestyle changes.

volume in this study corresponds to 7.3 c¢cm® (interquartile
range, 3.5-15.3 cm?®), which is similar to the values of prior
reports on patients with stroke.”!” However, general popula-
tion studies have reported relatively small WMH volumes.
(Table VI in the online-only Data Supplement).”

Our patients were either studied as an undivided group or
were stratified by hypertension and age as 2 major risk fac-
tors. Multivariable analysis on the entire patient population
showed that age, hypertension, and LVH were positive pre-
dictors of 102WMHV, while atrial fibrillation was a negative
predictor, independent of other factors including sex, prior
use of antiplatelets, and smoking. ' WMHyv was estimated to
increase by 0.38 (=1.46% of brain volume) per 10 years of
aging and by 0.21 (=1.23% of brain volume) in the presence
of hypertension.

mgWMHV increased linearly as a function of increasing age.
It was notable that patients of similar age had variable WMH
volumes (Figure V in the online-only Data Supplement).
Considering that age and hypertension are the 2 strongest risk
predictors of WMH volume, we stratified our patients by age
(269 versus 270) and the presence or absence of hyperten-
sion. In each of the 4 subgroups formed by this stratification,
age was consistently associated with increased | WMHy.
Topographical frequency-volume maps, multivariable analy-
ses, and statistical parametric mapping also showed that
WMH volume was primarily affected by age and secondarily
by hypertension.

In the older age groups, the WMH difference between the
hypertensive and nonhypertensive patients were only margin-
ally significant. In the younger age groups, however, compared
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Table 2. Bivariate and Multivariable Analyses to Identify Risk Factors Associated With White Matter Hyperintensities

Bivariate* Multivariablet

Variables Yes No PValue Coefficient (SE) Standardized Coefficient PValue
Sex, men 0.54 (0.28-1.14) 0.75(0.36-1.58 <0.01 0.035 (0.045) 0.017 0.44
Hypertension 0.72(0.37-1.48) 0.44 (0.20-0.94 <0.01 0.185 (0.041) 0.089 <0.01

Diabetes 0.62 (0.33-1.30) 0.61(0.29-1.35 0.37 0.054 (0.050) 0.027 0.28
Hyperlipidemia 0.60 (0.31-1.23) 0.63 (0.30-1.38 0.19 —0.043 (0.040) -0.022 0.28
Smoking, current or quit <5y 0.51 (0.26-1.06) 0.71(0.34-1.50 <0.01 —0.042 (0.044) —-0.021 0.34
Atrial fibrillation 0.67 (0.36-1.25) 0.59 (0.29-1.32 0.055  -0.179 (0.049) -0.072 <0.01

Coronary artery disease 0.67 (0.38-1.38) 0.60 (0.29-1.31 0.09 —0.082 (0.059) -0.027 0.16
Left ventricular hypertrophy 0.72 (0.37-1.53) 0.60 (0.29-1.29 <0.01 0.160 (0.055) 0.055 <0.01

Prior use of antiplatelet 0.71 (0.37-1.53) 0.58 (0.29-1.28 <0.01 0.008 (0.048) 0.003 0.87
Age, y p=0.501 <0.01 0.038 (0.002) 0.500 <0.01

Body mass index, kg/m? p=-0.091 <0.01 0.002 (0.006) 0.007 0.73
Total cholesterol, mmol/L p=-0.040 0.04 0.022 (0.020) 0.025 0.25
HDL cholesterol, mmol/L p=-0.005 0.79 —-0.024 (0.062) -0.008 0.70
LDL cholesterol, mmol/L p=-0.031 0.12 Not applicablet

HbA1c, % p=0.014 0.51 —0.029 (0.016) —-0.043 0.08

HbA1c indicates hemoglobin A1c; HDL, high-density lipoprotein; and LDL, low-density lipoprotein.
*Data were presented median (interquartile range) or Spearman rank correlation coefficient.

TWhite matter hyperintensity volumes were transformed to a logarithmic scale. Adjusted R? was 0.269.
FLDL cholesterol was not entered into the multivariable model because of multicollinearity.

with the nonhypertensive patients, patients with hypertension
had a significantly higher WMH. In addition, older nonhyper-
tensive patients had a significantly higher WMH than younger
hypertensive patients. Statistical parametric mapping showed
that the hypertension-related increase in the WMHs in younger
patients was observed mostly in the posterior half of the cen-
trum semiovale and around the posterior horn of the lateral
ventricle, compared with the anterior regions. In contrast,
the hypertension-related aggravation of the WMH increase
in the older versus younger patients was observed mainly in
the anterior half of the brain subcortically. Intriguingly, the
literature has consistently shown that the anterior regions of
brain exhibit stronger age-related differences than the poste-
rior regions.?*

In the younger patients with hypertension, but not in the
older patients with hypertension, LVH were independently
related to 1OgWMHV. A few previous studies also reported that
the duration and control status of hypertension were associ-
ated with WMH independently of hypertension®? and that
subclinical left ventricular dysfunction is associated with
WMH.?> Part of the Perindopril Protection Against Recurrent
Stroke Study suggested that an active blood pressure—lower-
ing regimen prevented or delayed the progression of WMHs
in patients with cerebrovascular disease.” These data indicate
that WMH is another type of target organ damage because of
hypertension and could serve as a surrogate marker of blood
pressure control in cerebrovascular patients under the age 70.
In the older patients with hypertension, however, the vari-
ability of | WMHv could not be explained by LVH. It is sug-
gested that hypertensive insult may have a ceiling effect on the
progression of WMH. Alternatively, many people with severe
WMH because of long-standing uncontrolled hypertension
might not survive or live stroke-free until their 70s.

In the older patients with hypertension, cholesterol level
was a positive predictor of | WMHv, but hyperlipidemia was
a negative predictor, independent of age and other risk factors.
These findings are in line with the results of a previous study
on 2 different ischemic stroke cohorts, which also reported
that hyperlipidemia was associated with less severe WMHs
albeit not adjusted for statin treatment.’ Although speculative,
cholesterol plays a crucial role in the development and main-
tenance of synaptic connections and neuronal plasticity and
might have exerted protective effects against ischemic damage
in the white matter” that is rich in myelin, of which choles-
terol is a major component.

Alternatively, prior statin treatment, which was the most
frequently found in the older patients with hypertension,
might have attenuated endothelial dysfunction that could con-
tribute to the development of WMHs.?® The relatively frequent
use of statin may also explain the positive association between
cholesterol level and e VMHY in these patients. The associa-
tions of | WMHyv with hyperlipidemia and cholesterol level
lost significance after an additional adjustment for statin use.
In addition, statin use itself was negatively associated with
WMHYy in the older nonhypertensive patients. These results
are in accordance with a prior report showing that hyperlip-
idemia and statin use mutually mitigate the susceptibility of
brain to ischemic insult.?’

Surprisingly, we found an inverse relationship between
atrial fibrillation and logWMHV in the older patients with
hypertension. This finding is in line with a study on Spanish
patients with ischemic stroke’; however, it contradicts a report
from the population-based Rotterdam Scan Study, in which
atrial fibrillation was positively associated with WMH.’
Atrial fibrillation can cause ischemic stroke in the absence of
other risk factors that could increase the volume of WMH. In

Downloaded from http://stroke.ahajournals.org/ by guest on November 24, 2014


http://stroke.ahajournals.org/

Ryu et al Grading and Interpretation of WMH 3573

Age Effect

Older non-hypertensives > Younger non-hypertensives Older hypertensives > Younger hypert

Hypertension Effect

[

Older hypertensives > Older non-hypertensives Younger h

Interaction between Age And Hypertension

Older hypertans > Younger non-hypertensives Younger hypertens

C Nonhypertensives Hypertensives

=69 (n=578) 270 (n=328) <69 (n=819) 270 (n=944)

B P B P B P B P
> i Age 0425 <0.01 0.242 <001 0359 <0.01 0.147 <0.01
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Left ventricular hypertrophy 0.036 034 0001 098 0.079 002 0045 0.16
older FyBaans Total cholesterol -0.022 058 0048 042 0016 066 0.072 003

Figure 3. Age/hypertension-adjusted white matter hyperintensity (WMH) maps and vascular risk factors. A, In 2669 consecutive patients
with first-ever ischemic stroke stratified by the presence of hypertension and age (<69 vs >70), 256 color-coded frequency maps and

red color-overlaid frequency-volume maps for WMHs are displayed at 3 representative brain template slices (5.5 mm, 20.5 mm, and 35
mm in z axis of Montreal Neurological Institute space, referred to as the Striatocapsular, Corona Radiata, and Centrum Semiovale levels,
respectively). Please note that the total voxel count in the red color-overlaid areas of a frequency-volume map is equal or close to the
designated (1%-99%) percentile value of WMH voxel counts in each group of patients. B, Statistical parametric mapping visualizes age/
hypertension-related effects on WMH volume and distribution: age has a major effect on WMH (top), whereas hypertension has only
minor effects (middle), but there is an interactive effect of both together (bottom). Based on 2-dimensional random field theory,2%?' statis-
tical parametric mapping analyses are performed to produce corrected P value maps comparing the regional differences in the frequency
of having WMH (at each voxel) between age- and hypertension-stratified groups. For a more detailed interpretation of these statistical
parametric mapping results, please see the Results in the online-only Data Supplement. C, Multiple regression analyses (f=standardized
coefficient) after the stratification by age (€69 vs >70) and hypertension identify subgroup-specific predictors of WMH volume. WMH
volumes were transformed to a logarithmic scale by using the equation log (WMH volume+0.05) after considering that the frequency
distribution of WMH volumes was skewed and some patients had no WMH. By taking into account both age/hypertension-adjusted topo-
graphical frequency-volume maps and age/hypertension-adjusted multivariable analysis results, one may pose that a younger patient
with a high rank percentile of WMH has an undiagnosed condition, such as diabetes mellitus or left ventricular hypertrophy, and then go
looking for these diseases. Contrariwise, if an elderly patient despite having hypertension ranks low (ie, low WMH burden), we might pose
that WMH-related risk factors may have been well controlled or that there might be an unknown (eg, genetically) protective effect for pre-
venting white matter lesions.

general population, however, a positive association between
atrial fibrillation and WMH volume is likely to be observed,
because hypertension, which acts to increase the volume of
WMH, is a major risk factor for atrial fibrillation.*

Several lines of evidence have suggested a positive rela-
tionship between diabetes mellitus and WMH, albeit not con-
sistently.®*'“? One study reported that diabetes mellitus was
related to WMH in younger patients (<75 years) but not in the
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elderly.®! Of note, the frequency of hypertension in the study
was as low as 26%.%' In addition, another study, in which the
mean age was as low as 54.7 years and hypertension was not
associated with WMH, also demonstrated an independent
association between diabetes mellitus and WMH.?> However,
other studies that included elderly and hypertensive subjects
have rarely showed significant relationships between diabe-
tes mellitus and WMH.*** Likewise, in our study, diabetes
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mellitus was an independent negative predictor of | WMHv
in the older patients with hypertension. In contrast, diabetes
mellitus was a positive independent predictor in the younger
nonhypertensive patients. Thus, diabetes mellitus does seem
to contribute to the WMH pathology while possibly increas-
ing the frequency and severity of hypertensive vascular
events. Subsequently, an increase of cardiovascular mortality
or earlier stroke onset before the age 70 might reduce the
incidence of first-ever stroke in hypertensive diabetic patients
after the age 70, who would have extensive WMH.

When we split our patient population by stroke pathogen-
esis into SVO and non-SVO subgroups, the presence of hyper-
tension could explain more of the data variability in the SVO
subgroup than in the non-SVO subgroup, after adjustment for
other WMH risk factor covariates. This implies that hyper-
tension had a differential impact in the SVO group, being
associated with higher WMH-increasing effects than in the
non-SVO group. The effects of aging did not show this dif-
ferential, and showed similar standardized coefficients both
in the SVO and non-SVO subgroups. These findings suggest a
higher vulnerability of SVO (as opposed to non-SVO) patients
to hypertension-mediated white matter injury (please see
Discussion in the online-only Data Supplement). In addition,
SVO stroke was associated with a larger age-adjusted WMH
volume compared with other stroke subtypes, which is in line
with a previous report.®

Because of the multiplicity of data, hypotheses, and analy-
ses,*® results of this descriptive study need careful interpre-
tation, as well as further confirmatory research. First, the
statistical map-based visual volume assessment method
that we provide could yield an equal WMH percentile rank
for contiguous or multiple scattered lesions (as long as the
total volume is equal) in a clinical setting. Second, our study
population is from a single ethnicity, at presentation with a
first-ever ischemic stroke, which may limit the applicability
of our data to more general populations with varying ethnici-
ties and disease profiles. We focused on patients with first-
ever stroke, whose WMH were not attributable to clinically
evident prior stroke. In addition, we have made great efforts
to enroll the subjects in a consecutive manner to minimize
any selection bias that may have caused inconsistent associa-
tions between various risk factors and WMH in prior studies.
Furthermore, WMH-related factors that were found in this
study were largely, although not wholly (Table VII in the
online-only Data Supplement), comparable to those of pre-
vious studies on general elderly or high-risk populations.?*
However, future studies must confirm that the current results
from our first-ever stroke patient population could also be
extrapolated to high-risk patients who have not yet had
stroke. Third, a correlative study cannot aspire to establish
causality, and our study, using a cross-sectional design is
certainly not suited to establish a causal link between WMH
and, for example, subsequent risk of stroke. But, it does
allow causal hypotheses to be posed (Figure 3) and tested
in a more quantifiable manner. We hope that our reference
data will help to pose interesting hypotheses and provide
tools to execute future studies aimed at establishing causal
relationships.

Conclusions

This is the first, large nationwide multicenter study to report
on the incidence and volume of WMH in patients with first-
time stroke. We find age and hypertension to be the strongest
predictors of WMH. We derived visual reference data sets,
including age and hypertension-adjusted statistical frequency-
volume maps to allow the easy statistical ranking of WMH
in individual clinic patients. Our data, based on a large popu-
lation, and rigorously analyzed with topographical statistical
analysis, could serve as a useful grading system for WMH and
as a tool to further trials and studies.
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Supplemental Methods
Vascular risk factors

Hypertension was defined as systolic blood pressure > 140 mm Hg after stabilization of neurological and
medical condition or pre-stroke treatment with antihypertensive drugs.! Diabetes was defined as previous
diagnosis of type I or II diabetes, fasting blood glucose > 7.0 mmol/l (126 mg/dl) or HbAlc > 6.5%, or a
history of taking hypoglycemic agents.> Hyperlipidemia was defined as a fasting serum cholesterol level >
6.2mmol/l (240 mg/dl), a fasting low-density lipoprotein level > 4.1mmol/l (160 mg/dl), or previous diagnosis
of hyperlipidemia with current use of lipid-lowering medications.’ Coronary artery disease was defined as a
history of myocardial infarction, angina, percutaneous coronary intervention, or coronary bypass surgery. Left
ventricular hypertrophy (LVH) was diagnosed by using electrocardiogram or echocardiogram. Smokers were
defined as patients who reported current smoking or quit smoking < 5 years. Initial neurologic severity was
estimated using the National Institutes of Health Stroke Scale. Subtypes of index stroke were determined by
the consensus of experienced neurologists of each participating centers as follows; large artery disease, small
vessel occlusion, cardioembolism, other determined etiology, and undetermined etiology, as described in Trial
of Org 10172 in Acute Stroke Treatment (TOAST).*

Brain MRI and quantitative image registration

Brain MRI was performed on 1.5-Tesla (n = 2,338) or 3.0-Tesla (n = 331) MRI system (Table II in the
online-only Data Supplement). Fluid-attenuated inversion recovery (FLAIR) protocols were TE 76—160ms,
TR 6000-11,000ms, voxel size 1x1x3 ~ 1x1x7mm?, interslice gap 0-2.25mm, FOV 250mm, and matrix size
256x256. All scans were transferred to the Korean Brain MRI Data Center for central data storage and
quantitative image analysis. As previously reported,> ¢ in every patient all FLAIR MRIs were converted into
a patient-independent quantitative visual format. Brain template images were prepared (139 slices, 0.5 x 0.5
x 1mm?® voxels) from the Montreal Neurological Institute (MNI) ch2better-template (316 slices, 0.5 x 0.5 x
0.5 mm? voxels) within the range of -63.5 to 74.5 mm in the Z-axis of Talairach space. After normalization of
images, each patient’s high signal intensity lesions on FLAIR MRIs were semi-automatically segmented and
registered onto the brain templates (Figure II in the online-only Data Supplement) under close supervision by
vascular neurologists. To do this, the assistants did the following: a) segment white matter hyperintensity
(WMH) by manually drawing a region of interest (ROI) containing high signal intensity lesions and clicking
on any WMH-related pixel inside the ROI, providing a starting point for the smart region selection algorithm
of Image QNA to select the lesions to the first approximation, b) adjust the initial segmentation by the
exclusion or inclusion of additional pixels of similar signal intensity range by rolling the wheel of the computer
mouse up or down, c) exclude fresh stroke related signal, based on a careful comparison between FLAIR and
diffusion-weighted images, by using image-editing tools of the software package, d) find the corresponding
template image, ) let the software automatically transfer the selected lesions to the template while distorting
the x and y scales of the image/template, f) make fine adjustments to the location, size, and shape of the lesions
by using the image-editing tools, and g) save the final data.

As described above, only chronic WMH lesions were registered by excluding the FLAIR high signal
lesions due to acute infarction.” When chronic lesions on FLAIR and acute lesions on diffusion-weighted
image overlapped, the extent and distribution of FLAIR WMH contralateral to the location of acute infarct
served as a reference to determine what volumes to include and exclude, by assuming a symmetric distribution
of WMH across the midline. This semiautomatic method was shown to produce more accurate results than the
statistical parametric mapping (SPM)-based automatic method.> During the process of quantification for
WMH lesion volume, the inter-rater variability was minimal (Figure VIII in the online-only Data Supplement).
Furthermore, intra-observer correlation coefficient was also high, ranging from 0.987 to 0.995 (data not
shown).

WMH volume was calculated as a simple percentage of the number of voxels included in registered
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lesions (in the template space) divided by the total number of brain parenchymal voxels (in the template space),
with both the numerator and denominator adjusted for differences in slice spacing (i.e. slice thickness and
interslice gap) between acquisition (FLAIR MR) images and template images (Table III and Figure III in the
online-only Data Supplement). We validated our method of WMH volume (%) measurement in 163 randomly
selected patients from Dongguk University Ilsan Hospital. In these patients, in addition to the template based
approach described above, we also did WMH voxel counts and brain parenchymal voxel counts in the native
MR space using the raw images in each patient. We calculated the total number of voxels in WMH lesions,
which was then divided by the total number of voxels in the whole brain parenchyma, and then multiplied by
100.® These template based and raw image based WMH percentages were correlated to provide verification
of our volumetric methodology.

WMH Frequency-Volume Maps

For WMH lesion mapping, we used three MNI template slices (centered on 5.5mm, 20.5mm, and 35mm
on the Z-axis) that represent the levels of striatocapsular (5.5 £ 5Smm), corona radiata (20.5 =+ Smm), and
centum semiovale (35 = 5Smm) regions, respectively. In each of these three slices, a WMH frequency map was
constructed as previously published™ * ! by plotting the frequency of incidence of WMH lesions at each voxel
coordinate of the slice as a heat map (Figure | in the main manuscript). At each level, the number of voxels
involved in all patients or a group of patients are listed in rank order, and assigned a percentile value based on
their position in the list. Then, voxels in the color-coded area of a frequency map were collected in the order
of their RGB values [(255, 0, 0) — (0, 255, 0) — (0, 0, 255)] until the total voxel count reached the number
closest to a chosen number that corresponded to a percentile value of WMH voxel counts (at each level) in all
patients or a group of patients. Then, to facilitate the use of our data as reference standard for grading purposes
of WMH, we plotted the data as frequency-volume maps to show the statistical volume and spatial distribution
in a single format, arranged to reflect the percentile distribution of disease in our study population (Figure 1
in the main manuscript).

Statistical analyses

Data are presented as mean + standard deviation, median (interquartile range) or number (percentage),
as appropriate. Inter-group differences and bivariate associations of WMH volume were assessed using
nonparametric tests (Kruskal-Wallis test, Mann-Whitney U-test, or Spearman correlation) because of a skewed
distribution of WMHs. Multiple linear regression analysis was performed to identify independent risk factors
of WMH volume. For this analysis, as a dependent variable we used (natural) log-transformed WMH volume
(logWMHvV): log (WMH volume + 0.05) due to skewed distribution of WMHs and some patients having no
WMH. The normality of 1,WMHv was evaluated using the Kolmogorov-Smirnov test. In the multiple
regression model, predefined variables reportedly associated with WMH in previous studies were used as
independent variables.!!"'* We further adjusted for the prior use of statins to investigate an independent
association of hyperlipidemia or cholesterol levels with 1o, WMHYv.

Small vessel occlusion (SVO), as compared to other stroke subtypes, is known to have a closer
association with WMH.!® Thus, in order to compare WMH volumes between stroke subtypes, age-adjusted
1ogWMHyv was calculated by using marginal linear prediction after ANOVA, followed by pairwise comparison
with a Bonferroni correction.'® In addition, multiple linear regression analysis was performed to evaluate the
associations between WMH volume and risk factors in patients with SVO stroke (n=454) vs. non-SVO stroke
(n=2126; large artery disease, cardioembolism, and undetermined subtypes pooled together as one group).

Age and hypertension are the most consistent and strong risk factors for WMHs.!” Thus, to refine our
statistical analyses and allow lesion maps to be tailored more precisely, the patients were stratified by the
presence of hypertension and/or age. Dichotomization of age was done at 69 years (< 69 vs. > 70) because the
median age of our patients was 69. In addition, a previous study that investigated interactive effects of age and
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hypertension on volumes of brain structure while adjusting for WMH severity divided their subjects by age of
69 years.'® Post-hoc analysis showed that the largest interaction effect between hypertension and age on
e WMHYV was observed when ages were dichotomized at 69 years (¢ for interaction = -3.65, P < 0.01, Figure
IX in the online-only Data Supplement).

Multiple linear regression analyses were performed independently for each of the four groups formed by
the age-hypertension matrix. Thereafter, based on 2D random field theory,'®- 2 statistical parametric mapping
analyses were performed using a custom-written program to produce corrected P-value maps comparing the
regional differences in the frequency of having WMH (at each voxel) between age and hypertension-stratified
groups. All the analyses were performed using the R package, STATA 13.0 (Stata-Corp, College Station, TX)
and MATLAB (MathWorks Inc., Natick, MA). P < 0.05 was considered statistically significant.

Supplemental Results

There was a strong linear correlation (R-square = 0.86, P < 0.01) between volume calculations in the
original source MR image space and the volume calculations that were done in the template space and used
for the main studies (Figure IV in the online-only Data Supplement), indicating that our template based
approach is valid, and a close approximation of raw volume calculations.

Multivariable analysis showed that in the SVO subgroup, compared with the non-SVO subgroup, the
presence of hypertension had a higher standardized coefficient (Table IV in the online-only Data Supplement).
In addition to the presence of hypertension, LVH was a statistically significant independent predictor of WMH
volume in the non-SVO subgroup (P<0.01), whereas the association was only marginally significant in the
SVO subgroup (P=0.06). It is also notable that male sex was significantly associated with WMH in the SVO
subgroup, but not in the non-SVO subgroup.

Statistical parametric mapping to show the age and hypertension-related effects on WMH

P-value maps of the non-hypertensive patients (older non-hypertensives > younger non-hypertensives)
corrected for multiple comparisons revealed regions of significantly higher WMH frequency in the older vs.
younger patients (Upper panel of Figure 3B in the main manuscript). The significant clusters were observed
in the centrum semiovale at the Centrum Semiovale level and around the anterior and posterior horns of the
lateral ventricle at the Corona Radiata level.

Compared with the non-hypertensive patients, in the P-value maps of the hypertensive patients (older
hypertensives > younger hypertensives) corrected for multiple comparisons, there were relatively extensive
regions with significantly higher WMH frequency in the older vs. younger patients (Figure 3B in the main
manuscript). The hypertension-related increase in the extents of regions with significantly higher WMH
frequency in the older vs. younger patients were mainly observed in the anterior half of the centrum semiovale
at the Centrum Semiovale level and around the anterior horns of the lateral ventricle at the Corona Radiata
and Striatocapsular level, compared with the posterior portions.

In the P-value maps of younger patients (younger hypertensives > younger non-hypertensives) corrected
for multiple comparisons, there were limited regions with significantly higher WMH frequency in the
hypertensive vs. non-hypertensive patients (Middle panel of Figure 3B in the main manuscript). The extent of
the significant clusters was larger around the posterior horns and posterior half of the centrum semiovale,
compared with anterior portions. In the P-value maps of the older patients (older hypertensives > older non-
hypertensives), significant clusters were barely observed.



The extent of regions with significantly higher WMH frequency was largest for older hypertensive vs.
younger non-hypertensive patients, followed by older non-hypertensive vs. younger hypertensive patients
(Lower panel of Figure 3B in the main manuscript). ANOVA and post-hoc analyses with Bonferroni correction
supported these findings (all P<0.01) except between the latter two groups showing a marginal significant
difference (P=0.08). There was no region with significantly higher WMH frequency either for younger non-
hypertensive vs. older hypertensive patients or younger hypertensive vs. older non-hypertensive patients.

Supplemental Discussion

We performed a subgroup analysis in patients with stroke due to SVO vs. non-SVO, and found
suggestions that hypertension had a differentially higher impact in the SVO group. There were higher WMH
volumes associated with hypertension in the SVO group, than in the non-SVO group. When adjusting for the
presence of hypertension, we found a stronger than expected relationship between LVH and WMH for non-
SVO patients, as opposed to SVO patients. This likely suggests that the duration and control status of
hypertension are relatively more important in the WMH pathogenesis of non-SVO patients. In the SVO
patients however, it is speculated that the presence of hypertension (by itself) might be strong enough to have
an early ceiling effect on the progression of WMH. This seems to be in line with the relatively strong
association between WMH volume and the presence of hypertension in the SVO subgroup compared with the
non-SVO subgroup. However, these data and speculations should be viewed as hypotheses suggested by our
analysis, and would need to be confirmed in future, preferably prospective, studies.



Supplemental Table I. Summary of literature on the association between risk factors and white matter hyperintensities

No. of Prevalence
Year Author Population Mean age Measure Risk factors related to white matter hyperintensities
subjects of HT
1986  Awad et al.?! General population with or without stroke 82 64 40% Grading Age, prior stroke, hypertension
1992 Schmidt et al.?? General population with or without stroke 234 55 35% Grading Age, diabetes
1995  Ylikoski et al.?? General population without stroke 128 72 28% Grading Age
1996  Longstreth et al.* General population without stroke 3301 75 45% Grading Age, sex, smoking, race, hypertension, cardiovascular
disease, LVH
2000  Hirono et al.? Demented patients with or without stroke 131 74 30% Grading Age, hypertension
2004  Jeerakathil et al.?® General population without stroke 1814 62 18% Quantitative Age, smoking, cardiovascular disease, hypertension, LVH
2007  Khan et al.?’ Ischemic stroke 414 69 89% Grading Age, diabetes (inverse), hyperlipidemia  (inverse),
cardiovascular disease (inverse)
2007 Schwartz et al.'# General population without stroke” 610 63 81% Quantitative Age, hypertension, homocysteine, sex (only white)
2010  Jimenez-Conde et al.?® Ischemic stroke’ 631 65 62% Quantitative ~ Age, hyperlipidemia (inverse), smoking
2010  Jimenez-Conde et al.?® Ischemic stroket 504 69 67% Grading Age, sex, hypertension, hyperlipidemia (inverse), atrial
fibrillation (inverse), prior stroke
2010 Rost et al.? Ischemic stroke 602 65 62% Quantitative Age, atrial fibrillation, cardiovascular disease
2012 Rostrup et al.3 General population with or without stroke 695 74 70% Quantitative Age, hypertension, smoking

HT indicates hypertension; and LVH, left ventricular hypertrophy.

*White (n=343) and black (n=267) US adults

"US patients

*Spanish patients



Supplemental Table II. Imaging protocols of participating centers

. Slice Slice No. of
Hospital Scanner name, Company Tesla Thickness Spacing TR(ms)/TE(ms) patients
Achieva, Philips 3 5 6 11000/125 182
Hospital A Intera , Phillips 1.5 5 6 11000/140 161
Intera , Phillips 1.5 5 6 6000/120 44
Signa Exite Twin Speed, G.E. 1.5 5 6 10000/160 84
Hospital B
Skyra, Siemens 3 5 6 9000/76 4
Symphony Vision, Siemens 1.5 5 6 9000/117 91
Hospital C Sonata, Siemens 1.5 5 6 9000/122 113
Skyra, Siemens 3 5 6 9000/95 28
Hospital D Avanto, Siemens 1.5 5 7 8000/93 176
Signa Exite Twin Speed, G.E. 1.5 5 7 8002/127 179
Hospital E Signa Exite Twin Speed, G.E. 1.5 5 7 8002/134 85
Magnetom Vision, Siemens 1.5 5 7 9000/ 117 101
Achieva, Philips 3 5 7 8000/120 62
Hospital F
Avanto, Siemens 1.5 5 7 8500/112 22
Sonata, Siemens 1.5 5 6 10000/99 4
Hospital G Sonata, Siemens 1.5 5 6.25 10000/99 8
Sonata, Siemens 1.5 5 6.5 10000/99 71
Hospital H Intera , Phillips 1.5 5 7 9000/140 370
Avanto, Siemens 1.5 5 6 9000/93 97
Hospital 1 Avanto, Siemens 1.5 5 6.5 9000/93 4
Symphony Tim, Siemens 1.5 5 6 9000/98 72
Signa HDXT, G.E. 1.5 5 5.5 8802/144 262
Signa HDXT, G.E. 1.5 5 6 8802/144 288
Hospital J
Signa HDXT, G.E. 1.5 5 6.5 8802/144 3
Triotim, Siemens 3 5 5.5 7700/88 6
Achieva, Philips 3 5 7 9000/120 44
Hospital K
Intera , Phillips 1.5 5 7 11000/140 93

Outside film

Variable

45




Supplemental Table III. Fluid-attenuated inversion recovery (FLAIR) MRI parameters and number
of patients

Number of Voxels in Selected Slices

Slice Thickness Slice Spacing Number of Patients
of the Template

3 3 2155881 1

4 5 1289099 1

5 53 1289174 8

5 5.5 1078020 262
5 5.75 1078020 1

5 6 1078020 1168
5 6.25 1078020 8

5 6.5 917480 86
5 7 917480 1072
5 7.25 917480 4

5 7.5 806611 4

6 7 917766 48
6 7.2 917766 2

6 7.5 806654 1

6 7.8 806654 1

7 8 806737 1




Supplemental Table I'V. Multivariable association of vascular risk factors with WMH volume in patients
with acute ischemic stroke due to small vessel occlusion (SVO) vs. other etiologies (non-SVO)

Non-small vessel occlusion Small vessel occlusion

(n=2126) (n=454)
(stgl(l)gglg fggr) Beta P (stgr?gglg 1eerrfz)r) Beta P
Age 0.038 (0.002) 0.488  <0.001 0.038 (0.004) 0.504  <0.001
Sex, men 0.005 (0.050) -0.004 0.92 0.310 (0.111) 0.162 0.006
Body mass index 0.002 (0.007) 0.010 0.77 -0.013 (0.013) -0.044 0.34
Hypertension 0.163 (0.047) 0.073 0.001 0.249 (0.087) 0.128 0.004
Diabetes 0.082 (0.056) 0.042 0.14 -0.002 (0.111) -0.001 0.99
Hyperlipidemia -0.023 (0.045) -0.012 0.61 -0.044 (0.092) -0.023 0.63
Smoking -0.040 (0.050) -0.016 0.42 -0.179 (0.108) -0.096 0.10
Coronary artery disease -0.085 (0.063) -0.035 0.18 0.317 (0.195) 0.071 0.11
Prior use of antiplatelet -0.069 (0.052) -0.025 0.18 0.202 (0.114) 0.079 0.08
LVH 0.163 (0.061) 0.056 0.008 0.208 (0.118) 0.076 0.08
Total cholesterol 0.037 (0.022) 0.035 0.09 -0.004 (0.049) -0.004 0.94
HDL cholesterol -0.040 (0.070) -0.016 0.57 0.085 (0.152) 0.027 0.57
HbAlc -0.029 (0.018) -0.046 0.12 -0.018 (0.035) -0.029 0.61

Non-SVO infarctions include large artery disease, cardioembolic, and undetermined etiology strokes.

Beta denotes standardized coefficient.

LVH indicates left ventricular hypertrophy.

R-square values were 0.27 and 0.33 for the non-SVO subgroup and SVO subgroup, respectively.
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Supplemental Table V. Multivariable relationship between risk factors and white matter hyperintensities volume" after stratification by hypertension
and age (<69 years and >70 years): further adjustment for prior statin use

Non-hypertensives Hypertensives
<69 (n=578) >70 (n=328) <69 (n=819) >70 (n =944)
Standardized Standardized Standardized Standardized
P P P P
Coefficient Coefficient Coefficient Coefficient
Age 0.425 <0.01 0.239 <0.01 0.363 <0.01 0.151 <0.01
Sex -0.054 0.27 0.062 0.34 0.054 0.17 -0.001 0.97
Diabetes 0.084 0.03 -0.005 0.93 -0.009 0.79 -0.065 0.054
Hyperlipidemia 0.029 0.48 -0.004 0.94 -0.002 0.96 -0.053 0.17
Smoking 0.037 0.45 -0.022 0.73 -0.041 0.30 -0.030 0.41
Atrial fibrillation -0.061 0.13 -0.085 0.13 -0.027 0.44 -0.141 <0.01
Coronary artery disease 0.029 0.47 -0.066 0.25 -0.029 0.41 -0.022 0.52
Left ventricular hypertrophy 0.038 0.33 0.008 0.88 0.079 0.027 0.045 0.17
Total cholesterol -0.024 0.55 0.022 0.71 -0.027 0.46 0.061 0.08
Prior statin use 0.023 0.57 -0.149 0.01 -0.015 0.70 -0.059 0.14

*White matter hyperintensity (WMH) volumes were transformed to a logarithmic scale.
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Supplemental Table VI. Literature review on white matter hyperintensity volume: comparison with the present study

Mean

Prevalence of

Author Population Ethnicity . Unit Mean Median SD IQR Year Is\lllcgjec is
age Hypertension
Jimenez-Conde et al.?® Ischemic stroke Not reported 65 62 cm’ 8.0 3.9-162 2010 631
Schwartz et al.'4 General population without stroke White (US) 63 84 cm® 6.3 4.89.5 2007 343
Schwartz et al.? General population without stroke Black (US) 63 77 cm® 6.9 4999 2007 257
Rost et al.! Ischemic stroke Not reported (US) 65 71 cm? 6.9 3.1-11.9 2010 120
Rost et al.?’ Ischemic stroke Not reported (US) 65 62 cm® 8.2 42-16.3 2010 523
Rost et al.1? Ischemic and hemorrhagic stroke Almost white” (US) 65 65 cm? 7.5 3.4-14.7 2010 628
Ryu et al. (present study) Ischemic stroke Asian (Korea) 67 66 cm’ 7.3 3.5-15.3 2014 2669
Russo et al.?? General population without stroke Mainly Hispanic™ (US) 69 73 % 0.6 0.3 0.9 0.5 2013 439
Gardener et al.?? General population without stroke Mainly Hispanic* (US) 72 Not reported % 0.7 0.8 2012 966
Hoth et al.$ f;gf;i‘s’éﬁfragl‘:e‘avge“h Not reported (US) 73 76 % 0.7 1.2 2007 25
Ryu et al. (present study) Ischemic stroke Asian (Korea) 67 67 % 1.0 0.6 1.1 03-1.3 2014 2669

SD indicates standard deviation; and IQR, interquartile range.

Considering that the reported mean brain volume of an elderly Korean population was 1170cm?** and assuming a uniform distribution of disease, white matter hyperintensity
volume was calculated.

*>95% of subjects were White.
¥70% were Hispanic, 13% White, and 16% Black.
165% were Hispanic, 16% White, and 18% Black.
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Supplemental Table VII. A modified version of the Supplemental Table I, with the literature summary reorganized based on the mean age and prevalence
of hypertension, for comparison with the present study

Relation with White Matter Hyperintensity Volume

Author Population Mean Prevalence

age of HT

Age Sex, male DM HL Smoking Af CAD LVH Cholesterol

Ryu et al. Younge'r non-hyp er'tenswe subgroup of 55 0 Positive No Positive No No No No No No
(Present study) ischemic stroke patients
Schmidt et al.?" General population with or without stroke 55 35 Positive No Positive NA NA NA No NA NA
Awad et al.?! General population with or without stroke 64 40 Positive No No NA NA NA No NA NA
Jeerakathil et al.>®" General population without stroke 62 18 Positive No No NA Positive NA Positive Positive NA
Ryu et al. Younger lfypertenswe subgroup of ischemic 59 100 Positive No No No No No No Positive No
(Present study) stroke patients
Schwartz et al.'*" General population without stroke 63 81 Positive No No NA No NA No NA NA
Jimenez-Conde et al.?f Ischemic stroke 65 62 Positive No No Negative No No No NA NA
Rost et al.?** Ischemic stroke 65 62 Positive No No No NA Positive Positive NA NA
Ryu et al. Older non.-hypertenswe subgroup of ischemic 77 0 Positive No No No No No No No No
(Present study) stroke patients
Ylikoski et al.?f General population without stroke 72 28 Positive No No NA NA NA NA NA NA
Hirono et al® Demented patients with or without stroke 74 30 Positive No No No No NA No NA NA
Longstreth et al.' General population without stroke 75 45 Positive Negative NA NA Positive NA Positive NA NA
Ryu et al. Older hypertensive subgroup of ischemic .. . . . .
(Present study) stroke patients 78 100 Positive No Negative Negative No Negative No No Negative
Khan et al.”” Ischemic stroke* 69 89 Positive No Negative Negative No NA Negative NA NA
Jimenez-Conde et al*** Ischemic stroke 69 67 Positive Negative No Negative No Negative No NA NA
Rostrup et al.*** General population with or without stroke® 74 70 Positive Positive No NA Positive NA NA NA No

Red-colored cell, a positive association between the variable and white matter hyperintensity (WMH); Green-colored cell, a negative association; Light gray-colored cell, no
association; White-colored cell, not applicable (NA).

HT, hypertension; BMI, body mass index; DM, diabetes; HL, hyperlipidemia; Af, atrial fibrillation; CAD, coronary artery disease; LVH, left ventricular hypertrophy
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*WMH volume was quantitatively measured.
THT was not associated with WMHs.
{Lacunar stroke

$Some patients with minor focal cerebrovascular events were enrolled.
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Supplemental Table VIII. Patient characteristics: comparison between two different magnetic field
strengths (1.5 Tesla vs. 3.0 Tesla)

1.5 Tesla 3.0 Tesla .
(n=2,338) (n=331) d

Age, years 66.8+13.0 66.9+12.6 0.29
Sex, men 1394 (60%) 195 (59%) 0.81
Hypertension 1525 (65%) 238 (72%) 0.02
Diabetes 734 (31%) 113 (34%) 0.32
Hyperlipidemia 896 (38%) 107 (32%) 0.04
Smoking, current or quit < Syears 948 (41%) 167 (51%) <0.01
Atrial fibrillation 484 (21%) 59 (18%) 0.22
Coronary artery disease 252 (11%) 59 (18%) <0.01
Body mass index, kg/m? 23.5+3.3 23.7+33 0.84
Prior use of anti-platelet 487 (21%) 97 (29%) <0.01
Prior use of statin 222 (10%) 51 (15%) <0.01
Stroke subtype

Large artery disease 891 (39%) 121 (37%) 0.02

Small vessel occlusion 385 (17%) 69 (21%)

Cardioembolism 469 (21%) 81 (25%)

Undetermined 509 (22%) 55 (17%)

Other-determined 57 (3%) 4 (1%)
NIHSS, median (IQR) 4 (2-9) 3(2-5) <0.017
Left ventricular hypertrophy 294 (13%) 60 (18%) <0.01
Total cholesterol, mmol/l 4.68 £1.07 458+1.12 0.30
HDL cholesterol, mmol/l 1.16 £0.32 1.14 £ 0.31 0.80
LDL cholesterol, mmol/l 2.94 +0.94 2.90+0.98 0.26
Hemoglobin, g/dl 13.6 £2.0 13.6+2.1 0.95
Glucose, mmol/l 6.45 +2.63 6.16 £ 1.98 0.04
HbAlc, % 6.46 £ 1.46 6.49 +1.44 0.91
Systolic blood pressure 146 £ 27 151 £28 0.24
Diastolic blood pressure 86+ 16 84+ 17 0.08
WMH volume, median (IQR) 0.61 (0.30-1.31) 0.64 (0.31-1.32) 0.90f

To convert cholesterol to mg/dL, multiply values by 38.6.

To convert glucose to mg/dL, multiply values by 18.0.
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NIHSS, National Institutes of Health Stroke Scale; and IQR, interquartile range
Data are presented as number (percentage) or mean + standard deviation.
*P values from Student #-test or chi-square test.

"Mann-Whitney U test was used.
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4,779 Patients were screened,
from May 2011 to Feb. 2012

1,584 Excluded
514 Transient ischemic attack
1,070 Previous history of stroke

v

3,190 Patients with first-ever
ischemic stroke

519 Excluded
201 Contraindication to MRI

318 Poor quality or unavailability of
FLAIR MRI

y

2,671 Patients with first-ever Ischemic
stroke who had adequate
FLAIR MRI

2 Excluded (younger than 18 years)

2,669 Adults patients with first-ever
ischemic stroke who had
adequate FLAIR MRI

B. Study Flow Chart

Supplemental Figure 1. Distribution of participating centers and enrollment of study
subjects and study flow chart

(A and B) After screening 4,799 acute (< 1 week) stroke patients from May-2011 to
February-2012, a total of 2,699 first-ever ischemic stroke patients were enrolled
consecutively from 11 centers participating in the Korean Nationwide Image-based Stroke
Database Project,’ which is run by Korean Brain MRI Data Center (a National Center for
Standard Reference Data at Dongguk University Ilsan Hospital) in collaboration with the
Clinical Research Center for Stroke. The participating academic and regional stroke centers
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represent each region of Korea, approximately reflecting the size of the entire Korean
population of 50 million. Each center routinely (in >90% of cases) uses diffusion-weighted
MRI and MR angiography / computed tomography angiography to evaluate acute ischemic
stroke.>® This study adhered to the STandards for ReportIng Vascular changes on
nEuroimaging (STRIVE), which are recent recommendations on neuroimaging standards for
research into small vessel disease.*® We excluded the following patients: 1) age younger than
18 years (n=2), 2) transient ischemic attack (n=514), 3) contraindication to MRI (n=201), or
4) poor quality or unavailability of FLAIR MRI (n=318) (B).
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Supplemental Figure II. Registration of white matter hyperintensity lesions on the
template using a custom-built software package

(A) A patient’s FLAIR MRI is loaded, and normalized to give the background a ‘gray scale
pixel intensity’ of 0. The image is then rotated so that the inter-hemispheric fissure is vertical.
(B) The rater draws regions of interest (white circle) to encircle WMH lesion, and clicks on
any pixel inside the lesion. The WMH area is selected automatically and colored pink by the
software. The pink selection is then adjusted by excluding or including additional pixels of
similar signal intensity range by rolling the wheel of the computer mouse up or down. (C)
The adjusted area is automatically transferred to the Montreal Neurological Institute brain
template using a mesh-warping algorithm and linear interpolation. Then, the rater makes final
adjustments to the location and size of the WMH area to match the original source image as
closely as possible.
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Source MRIs

A

Template MRIs for
WMH registration

(1 mm thickness, 0 mm gap)

—

Template slice
for lesion
registration

5 mm thickness

1 mm gap

non-selected slice

Template slices
near the
template slice
for lesion
registration

Template slices
for non-lesional
areas

Template slice
for lesion
registration

5 mm thickness

non-selected slice

3 mm gap

non-selected slice

Template slices
near the
template slice
for lesion
registration

non-selected slice

Template slices
for non-lesional
areas

Estimation of WMH volume % in the registration data = 100 X } (yellow registered lesion X 5 / brain parenchyma in 10 red or blue slices)
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Supplemental Figure I1I. Estimation of white matter hyperintensity volume percentages
while adjusting for the effects of different spacing of source MRIs and template images

A (upper figure) and B (lower figure). Source MRI are in the left column, and template
images are in the right column. The bright red color indicates WMH lesion-containing source
MRI slices or template MRI slices with registered lesions; light blue colored source MRI
slices have no lesions, and light blue template MRI slices are similarly without lesions. The
light red colored template MRI sections are clustered around the template slice containing the
registered lesion, and indicate slices that might not be counted as abnormal, due to a
mismatch in slice thicknesses between the source and template images. For lesion volume
calculations to be accurate, the total thickness of the bright red-colored plus the light red-
colored template MRI slices needs to be equal to that of the red-colored source MR slices. )’
indicates summation of the entire whole brain dataset (except for the interslice gaps). Inlets
(in B) are for a magnified view of a single imaging section. Because the slice thickness of the
template is 1 mm, a white matter lesion detected inside a 5 mm thick clinical scan would map
to a single 1 mm template slice, falsely undercounting the lesion volume by a factor of 5. The
nearby template slices indicated by light red coloring should have been included in lesion
volume calculation, while excluding blue non-lesion containing slices. To balance this out,
the quantitation of WMH volume in the template should be multiplied by a factor of 5. Also
note the ambiguity introduced by the interslice gap; in the case of a scan with a larger (3 mm)
interslice gap, compared with a smaller (1 mm) interslice gap, the total brain volume
calculated using the source MRI decreases. The same patient scanned two different ways
would have a lower WMH lesion percentage in the top set of images, than in the lower set of
images. To counteract this effect, the template slices that fall between the lesional (red color)
and non-lesional (light blue color) scan slices are excluded (= non-selected slices in the
Figure) in the calculation of WMH volume percentage. Therefore, the total numbers of brain
parenchymal voxels used in the denominator for WMH volume calculations varied from
806,611 to 2,155,881, depending on the slice thickness (3 - 7 mm) and inter-slice gap (2.5 - 0
mm) of each center’s MRI (see Table III in the online only Data Supplement for specifics).
This adjustment ensures that the percentage WMH remains invariant with scanning
technique. Please note that in every patient of this study (n = 2,699), all, that is the complete
brain data set, including all ‘lesion-positive and lesion-negative’ FLAIR MRIs (usually 20 ~
26 Smm-thick slices per patient) were used for WMH segmentation and registration onto the
Montreal Neurologic Institute (MNI) template. Thus, WMH quantification was based on an
assessment of the entire brain volume in every patient.
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R-square = 0.86, P value < 0.01
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Supplemental Figure IV. Correlation between white matter hyperintensity (WMH)
volume calculations in the template image space (used for the lesion registration and
quantification for the main studies) and WMH volume calculations done in the original
FLAIR MRI space

Because of the skewed distribution of WMH volumes, log-transformed data are presented.
Each dot represents one patient’s WMH volume.
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Supplemental Figure V. Scatter plots and linear regressions (equations and R-square on figures) to show the age / hypertension-
dependence of white matter hyperintensity volume

A. All patients, B. Hypertensive patients, C. Non-hypertensive patients, and D. Overlay of B (blue line) and C (red line). Please note that the
blue line approaches the red line as age increases, indicating the presence of an interaction between age and hypertension. Dots indicate log-
transformed WMH volumes of individual patients. Solid line and light-colored area represent linear regression line and 95% confidence
interval, respectively. WMH volumes were transformed to a logarithmic scale by using the equation log (WMH volume + 0.05) after
considering that the frequency distribution of WMH volumes was skewed and some patients had no WMH.
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P<0.001*

P <0.001"
P=0.038"1

~1.07 n=1012 n=55

Log-transformed WMH volume

SVO LAD CE uD Non-SVO (LAD + CE + UD)
TOAST calssification

Supplemental Figure VI. Age-adjusted white matter hyperintensity volumes in different
stroke subtypes

Age-adjusted 10, WMHvV was calculated by using marginal linear prediction after ANOVA,
followed by pairwise comparison with a Bonferroni correction.

WMH, white matter hyperintensities; SVO, small vessel occlusion; LAD, large artery
disease; CE, cardioembolism; UD, undetermined etiology; TOAST, Trial of Org 10172 in
Acute Stroke Treatment.

*Student t-test was used.

*Pairwise comparison with a Bonferroni correction
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t for interaction

Supplemental Figure VII. t-values for interaction between hypertension and
dichotomized age

X-axis values indicate the age of dichotomization. When age is dichotomized at 69 years, t-
value becomes the lowest (r = -3.65, P <0.01).
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Supplemental Figure VIII. Box plots with scatter plots for white matter
hyperintensities: comparison between two different magnetic field strengths (1.5T vs.
3T)

The lower and upper horizontal bars outside each box represent 5% and 95% of the data. The
middle line in the box represents the median value of the data (50%), while the lower and
upper border of the box represent 25% and 75% of the data, respectively. There are no
significant differences in WMH volumes between these two groups (Mann-Whitney U-test, P
=0.61).
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Supplemental Figure IX. Inter-rater reliability of the measurement of white matter
hyperintensity volume

In the Bland-Altman plots, red dashed and solid lines represent mean difference and 95%
limits of agreement, respectively. There is a high level of agreement between three raters.
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Supplemental Video. Examples of using the new visual grading system for white matter
hyperintensity

The video illustrates examples of using the well-known Fazekas scale vs. our new age-
adjusted WMH-grading system that reflects the topographic statistical prevalence of WMHs
in a stroke population.
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