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Abstract

Deep white matter hyperintensity (DWMH) and periventricular white matter lesion volumes (PV)
are associated with age and subsequent stroke. We studied age differences in these volumes
accounting for collinearity and risk factors. Subjects were 563 healthy family members of early-
onset coronary artery disease (CAD) patients. Using 3T MR, lesions were classified as DWMH
or PV. Age association with lesion classification was analyzed using random effects Tobit
regression, adjusting for intracranial volume (ICV), and risk factors. Subjects were 60% women,
36% African-American, mean age 51 + 11 years. In multivariable analysis adjusted for PV and
ICV, DWMH was associated with age (p<0.001), and female sex (p = 0.003) . PV, adjusted for
DWMH and ICV, was age associated (p<0.001). For each age decade, DWMH showed 0.07 log
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units/decade greater volume (95% CI = 0.04-0.11); PV was 0.18 log units/decade greater (95% CI
0.14 - 0.23); slope differences (p < 0.001). In people with a family history of CAD, PV and
DWMH are independently and differentially associated with age controlling for traditional risk
factors.
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1. INTRODUCTION

White matter hyperintensities (WMH) on cranial magnetic resonance imaging (MRI) are
thought to represent lesions caused largely by ischemic small vessel disease in the brain,
although other pathophysiologic possibilities exist. WMH lesions increase in volume and
number with age and are associated with an increased risk for subsequent stroke and
dementia.(Vermeer, et al., 2003,Young, et al., 2008) Two lesion subtypes have been
proposed based on their proximity to the ventricles (1) periventricular lesions (PV), which
are contiguous with the ventricles, and (2) deep WMH (DWMH) lesions, which are distinct
and separate from the ventricles. (Enzinger, et al., 2006,Fazekas, et al., 1993,Rostrup, et al.,
2012,Spilt, et al., 2006) Extreme DWMH lesion volumes have been associated with African
American (AA) race, and in women in the oldest age ranges. (Nyquist, et al., 2014,van den
Heuvel, et al., 2004) Additionally, hypertension causing aortic pulse wave variability, and
pulse wave encephalopathy may affect PV and DWMH lesions differently.(Henry-Feugeas
and Koskas, 2012,Inatomi, et al., 2008,Ishimitsu, et al., 2008) Both types are strongly
associated with age.(The, et al., 2011) These lesion classifications have been supported by
previous pathologic and radiologic studies. Specifically, DWMHSs have been associated with
endothelial activation and different magnetization transfer and diffusion tensor imaging
characteristics.(Enzinger, et al., 2006,Fernando, et al., 2006,Jack, et al., 2001,Rostrup, et al.,
2012,Spilt, et al., 2006,Young, et al., 2008) Nonetheless, physiologic differences and the
robustness of these categorizations remain uncertain. Cross-sectional studies have shown the
two subtypes to be highly collinear, with similar progression patterns in lesion size and total
WMH burden.(DeCarli, et al., 2005,Sachdev and Wen, 2005) Distinctions in the total
burden of PV and DWMH lesions across different age groups may help to establish a
physiologic substrate for each lesion type. We hypothesized that DWMH volume and PV
volume would demonstrate different patterns of association with age even when accounting
for the correlation between the two types of lesions, intracranial volume (ICV), and risk
factors.

We have reported a markedly higher prevalence of vascular disease risk factors in healthy
family members of patients with early-onset coronary artery disease (CAD). (Becker, et al.,
1998, Nyquist, et al., 2009) This population is enriched for vascular disease of all types and
may represent a group at increased risk for ischemic white matter disease at younger ages.
To date, almost all studies of PV and DWMH have been carried out in older populations or
in the context of dementia, or other neurologic disease where WML volumes of both
subtypes are so great that discrimination is not possible. We thus examined distinct DWMH
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and PV lesion volumes in relation to age and risk factors in a cross-sectional study of
generally middle-aged healthy asymptomatic subjects at an increased risk of vascular
disease in order to determine the extent to which the different regions represent possible
distinct and different pathophysiologic subprocesses.

2. METHODS

2.1 Sample and Recruitment

Using a cross-sectional study design, subjects were randomly selected from among 2573
participants in a long-term prospective study of predictors of incident cardiovascular and
cerebrovascular disease in families of index patients with documented early-onset CAD
(The GeneSTAR Study: Genetic Study of Atherosclerosis Risk).(Vaidya, et al., 2007) The
study sample consisted of 563 healthy asymptomatic individuals from 315 families with an
early-onset CAD index case (one per family); on average, 1.8 + 1.2 relatives per family
(range 1- 8). Early-onset CAD, defined as any acute coronary syndrome before the age of
60 years, was used as a marker for increased risk of vascular disease in healthy relatives.
CAD index patients and study subjects were 36% African American. Index cases were
33.6% female. The original index cases, not included in this MRI study, were identified
during hospitalization for an acute myocardial infarction or an acute coronary syndrome
with angiographic evidence of a flow-limiting stenosis of >50% diameter in at least one
coronary artery. Apparently healthy asymptomatic siblings, their offspring, and the offspring
of the index cases were eligible for this MRI study if they were 30 to 75 years of age and
had no known history of CAD, stroke, or transient ischemic attacks, no history of atrial
fibrillation, heart disease of any kind, life-threatening diseases such as active AIDS, renal
failure, or cancer; no neurologic diseases that would preclude accurate MRI interpretation;
and no implanted metals that were contraindications to performing cranial MRI.

2.2 Participant Screening

Subjects underwent a physical examination, medical history, and comprehensive screening
for traditional Framingham stroke and cardiovascular risk factors, including blood
hypertension, total cholesterol, diabetes, obesity and smoking.(Wang, et al., 2003) We
measured height (in inches) and weight (in pounds) in light clothing with no shoes. Body
mass index (BM1) was calculated as weight in kilograms/ (height in meters) 2. Obesity was
defined as a BMI > 30 kg/m? in accordance with national guidelines.(Expert-Panel, 1998)
Current cigarette smoking was assessed by self-report of any smoking within the past month
and/or two expired carbon monoxide levels of =8 ppm. Blood pressure was measured at
three standard times over the course of an eight hour day. The average systolic and diastolic
blood pressures were each recorded and used to characterize blood pressure. Hypertension
was defined as an average blood pressure =140 mmHg systolic or =90 mmHg diastolic,
and/or use of any antihypertensive medication. After subjects had fasted for 9-12 hours
overnight, blood was taken for measurement of total cholesterol and glucose levels. Type 2
diabetes was defined as a fasting glucose level =126 mg/dL (= 7 mmol/L), and/or use of
antidiabetic medications. Total cholesterol was measured according to the United States
Centers for Disease Control standardized methods. (Myers, et al., 2000)
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2.3 Magnetic Resonance Imaging

All subjects underwent magnetic resonance imaging (MRI) with a Philips 3T scanner
according to a standard protocol. The series included the following imaging sequences. 1)
Axial T1-weighted MPRAGE (magnetization prepared rapid gradient echo): TR (repetition
time) 10 ms, TE (time to echo) 6 ms, Tl (inversion time) 983 ms, voxel size 0.75 x 0.75 x
1.0 mm3, contiguous slices, with field of view imaging (FOV) 240 mm, matrix
256x256x160 mm. 2) Axial turbo spin echo FLAIR (fluid attenuated inversion recovery):
TR 11000 ms, T1 2800 ms, TE 68 ms, voxel size 0.47 x 0.47 x 3.0 mm3, contiguous slices,
FOV 240 mm, matrix 256 X 256 mm. All images were reviewed by a study neuroradiologist
for clinical pathology, and confirmed by a clinical neuroradiologist, and then stored on the
in-house reading system for processing. Final image processing and volumetric analyses
were completed by study biomedical engineers, neuroradiologists, radiologists, and their
technical staff.

2.4 Volumetric Assessment

MPRAGE images were skull-stripped and co-registered to FLAIR images. Spatial
normalization of the co-registered MPRAGE and FLAIR images into MNI space was
performed via affine transformation. A trained neuroimaging rater manually delineated the
WMHs on the normalized FLAIR images (with reference to the MPRAGE images for
verification of pathology) using Medical Image Processing, Analysis, and Visualization
(MIPAV) software.(Bazin, et al., 2007) We segmented the brain in native MPRAGE space
using an automated probabilistic methodology that employs a topology-preserving algorithm
and mapped the resulting tissue mask to MNI space.(Shiee, et al., 2010) We measured total
brain, intracranial, cortical grey matter, and white matter volumes in native MPRAGE space,
and WMH volumes in MNI space (taking into account the transformation of volume
between the two spaces). Total brain volume (in cubic millimeters) was identified as the sum
of white matter, WMH, and grey matter volume from the vertex of the brain to the foramen
magnum. Intracranial volume was defined (in cubic millimeters) as the sum of all meningeal
material, soft tissue, and sulcal and ventricular cerebrospinal volumes inferior to bone from
the vertex to the foramen magnum.(Carass, et al., 2011)

We characterized the WMHs spatially using in-house software designed by biomedical
engineers to determine location in relation to the ventricles and subcortical region (also
called the deep white matter region) in three-dimensional space. Connected components of
WMHSs were determined by using digital 26 connectivity.

Periventricular lesions were defined as contiguous with a lesion voxel that was within 4 mm
of a ventricle. DWMH lesions were those that were not contiguous with the ventricles (For
reference, total WMH was the sum of the DWMH and PV lesion volumes in cubic
millimeters). Figures 1 (a) and (b) respectively represent concentrated PV lesions and
DWMH lesions.

While certain approaches for separating WMH voxels into PV and DWMH are based on
thresholding the distances from the ventricle, meaning that part of a contiguous lesion might
be classified as both PV and DWMH (DeCarli 2005, Sachdev 2004, Sachdev 2007), others
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assign a single class to a contiguous lesion (Ramirez 2011). These contiguous models
require direct connectivity with the ventricles to classify a lesion as PV and designate the
rest as DWMH.

We followed a modified version of the latter contiguous approach and required that a PV
lesion be in contact with the 4 mm-thick strip around the ventricles, as defined in three
dimensional space. This 4mm threshold modification was motivated by the observation that
the region around the ventricles is affected by cerebrospinal fluid leakage, suggesting an
alternative periventricular etiology for lesions that are close enough to, but not immediately
in contact with the ventricles (Sachdev 2008). Our choice of 4 mm was supported by a
multivariate Gaussian mixture model analysis performed on the lesion volume and
ventricular distance data. We found that the upper threshold for the ventricular distance for
the periventricular class was approximately 4 mm. The 4 mm strip was defined in all 3
dimensions using our method incorporating 26 voxel connectivity.

2.5 Statistical Analysis

Demographic and cardiovascular risk factor variables were tabulated for the full study
sample, and also by the presence of detectable DWMH or PV. Distributions were presented
either as means and standard deviations for continuous variables, or as percentages for
categorical variables and group differences were tested using t-tests or 2 tests, respectively.
The distributions of DWMH and PV were skewed with a large number of zeros, likely
representing very small volumes below the level of detection. We thus added 0.5*
(minimum detected volume of DWMH or PV) before log-transforming them prior to
graphing, and these points were placed with a slight random offset to differentiate overlaid
symbols. We examined the association of DWMH and PV separately with demographic and
risk factor variables using random effects Tobit regression that corrected for intrafamilial
correlations, and zero volumes were flagged as censored low values. The regression
coefficients are presented as differences in logarithmically transformed volume of
comparison groups vs. reference groups as described in the results. Risk factors in the
models included female sex, AA race, diabetes, smoking, hypertension, total cholesterol,
obesity, ICV, and age decade. The differences between the regression coefficients for PV
and DWMH for specific independent variables were tested using the standard error of the
difference of the estimates.

3. RESULTS

The sample had more women, more European Americans, and a higher prevalence of all risk
factors than found in healthy reference populations. (Table 1) This is congruent with our
other studies in this population with a family history of early coronary disease.(Becker, et
al., 1998) Nearly half were obese and nearly half had hypertension. No symptomatic lacunar
infarcts were observed and less than 1% of our population had cystic lesions consistent with
silent lacunes. Most subjects had white matter lesions: 89.9% had DWMH lesions and
73.7% had PV lesions. The median (interquartile range) PV was 475 (range = 0-1741) mm?,
and median DWMH volume was 306.5 (range = 104-724.5) mm3. PV lesion volume was
greater than DWMH lesion volume in 55% of individuals, DWMH volume was greater than
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PV in 37% of individuals, and in the remaining 8%, both PV and DWMH volume were zero
(nonparametric sign rank test for paired difference between PV and DWMH volumes,
p<0.001). The demographic characteristics of the zero and non-zero values for DWMH and
PV with associated p values can be seen in table 2. Persons with non-zero lesion volumes of
either type were older and more likely to be hypertensive (both p < 0.001)

Figure 2 is a scatter plot of the relationship between PV and DWMH and age. In the
supplementary material (online appendix), the prevalence of non-zero volumes of DWMH
are presented by decade of age (Appendix Figure 1). Also presented in the supplementary
material are a multivariate relative prevalence regression analysis for detectable DWMH and
detectable PV (Appendix table 1), and a second stage regression analysis of lesion volumes
restricted to non-zero DWMH and non-zero PV (Appendix Table 2). In each analysis the
slope of the association of DWMH versus age is steeper than that of PV versus age, showing
that our results are robust to alternative models of analysis.

Table 3 shows the relationship of DWMH lesion volumes to risk factors and other brain
volumes using multivariable random effects Tobit regression. Female sex and age were
significantly associated when adjusted for PV lesion volumes and ICV which were also
significant. Smoking, obesity, diabetes, and total cholesterol level were not significant.
Table 4 shows the relationship of PV lesions to risk factors and other brain volumes,
adjusted for DWMH lesions and ICV. Only age and the other brain volumes were
significantly associated, with no risk factor or gender effect significantly associated.

Comparing the strength of association of correlates of DWMH and PV lesion volumes,
every decade of age was associated with 0.07 log units higher DWMH lesion volumes (95%
Cl =0.04-0.10), and PV lesion volumes were 0.18 log units higher per decade (95% CI 0.13
- 0.22) with a statistically significant difference between slopes (p < 0.001).

4. DISCUSSION

In our cross-sectional study of asymptomatic healthy generally middle-aged family members
of index cases with early-onset CAD we observed that PV and DWMH lesion volumes were
associated with age and each other. Additionally, female sex was significantly associated
with DWMH, but not with PV lesion volumes. Current smoking and hypertension showed a
trend towards association (p<0.10) with DWMH, but not with PVV. DWMH lesion volumes
were greater in women after adjustment for age, race, PV and ICV. The sex effect is not a
novel finding. Van den Heuvel et al, similarly observed this in a prospective study in elderly
cohorts with repeated measures where DWMH lesion volumes increased at a greater rate in
women.(van den Heuvel, et al., 2004) The reason for this sex difference remains unknown.
It may be biological, or it may also result from an epidemiological “artifact” such as strong
survival bias in women, as men who were higher risk a priori may have had higher mortality
rates at younger ages and not been in the cohorts studied.

White matter lesions in these two different regions have been associated with different
neurologic sequelae including differences in declining motor function and cognition
possibly related to different regional tract involvement, although specific and consistent
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patterns in the literature are difficult to discern.(Benson, et al., 2002,Bolandzadeh, et al.,
2012,Duering, et al., 2014, The, et al., 2011) Varying neurological findings related to motor
and cognitive function may be attributed to underlying effects of separate
pathophysiological processes or simply the effects of ischemic white matter disease on
different functional tracks located in different anatomic regions, PV versus DWMH.
(Duering, et al., 2014) It has been suggested that PV lesions may be related to several
processes associated with aging while DWMH lesions may more likely differentially
represent greater ischemic small vessel disease, although this is controversial. DWMH
lesion volumes have been reported to be subject to the influences of small vessel
atherosclerosis and endothelial activation associated with increased inflammation and
atherosclerotic risk factors.(Fazekas, et al., 1993, Fernando, et al., 2006, Hassan, et al.,
2003) Our own data show that even adjusted for age, hypertension had a trend toward
associatation with DWMH lesions. PV lesions may be more strongly affected by additional
factors related primarily to aging including hypotension, hypoperfusion, and atrophy.
(Wang, et al., 2003, Wen and Sachdev, 2004, Wen, et al., 2009) Definitive evidence of
specific causal variation, however, does not yet exist.

In prior studies, identification of distinct PV and DWMH lesion volumes has been limited
by inadequate measurement methods and population extremes of age and clinical pathology.
Our healthy study population is unique, with a wide age distribution, from 30 to 75 years.
Our observations were applied to all age decades, not just the elderly. This enabled us to
detect associations that are often not observable in much older or diseased cohorts where
WMH burden is so great the two regions coalesce and cannot be discriminated well.
(Appelman, et al., 2009) With 3T MRI, we directly measured lesion volumes using
advanced white matter segmentation algorithms and a combination of standardized and
replicable semi-automated and manual lesion delineation. We were able to directly measure
PV lesion and DWMH volumes and more robustly determine their association with age. Our
3T volumetric analysis likely has better sensitivity for the detection of WMH than MRI
techniques with smaller field strengths. It provides improved signal-to-noise ratios (Jack, et
al., 2001,Zwanenburg, et al., 2010), which allow for more accurate assessment of lesion
volumes as well. In general, the prevalence and volumes measured for DWMH and PV
lesions are significantly higher than those observed with 1.5T methods. (Wen and Sachdev,
2004, Wen, et al., 2009) We also used replicable in-house advanced computational methods
to separate, localize, and measure WMH volumes as compared to previous studies where
methods generally utilized in part more subjective visualization. (Bazin, et al., 2007).

5.1 Study Considerations

We have documented an age association of two different white matter lesions areas of the
brain and shown different patterns of risk factor and demographic relationships in our
population of healthy subjects with a family history of early-onset CAD. (Becker, et al.,
1998) This group may represent a population with unique properties that predispose them to
subclinical vascular disease, resulting in increased WMH lesion burden. Possible reasons
include a potential genetic susceptibility in addition to exposure to shared environmental
factors and related inherited comorbidities that are proatherogenic, such as diabetes and
hypertension.(Becker, et al., 1998)
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Our study population is thus generally enriched for traditional atheroscleraotic risk factors.
These factors may have contributed to our observation of increased DWMH lesions and
their association with hypertension in younger age groups. Thus, these findings may not
apply to a broad population with a lower propensity to vascular disease.

Because our study was cross-sectional, it cannot demonstrate lesion progression over time
and with incremental age in the same persons. Other longitudinal studies have reported
increased rates of WMH lesions with aging, including increased rates of DWMH
enlargement as compared to those of PV and total WMH. (Sachdev, et al., 2007) These prior
studies used different methods of lesion volume measurement, such as assigning subjective
values according to ordinal scales based on visual inspection of MRIs that had smaller field
strengths. (Sachdev, et al., 2007, Schmidt, et al., 1999) Our definition of PV lesions required
a voxel-by-voxel analysis of the connectivity of all voxels to a voxel within 4 mm of the
ventricles. It is also possible that in individuals with particularly large lesion sizes, some
lesions that were originally DWMHSs may have been misclassified because of the
development of confluence with periventricular lesions.

6. Conclusion

In our sample of healthy family members of persons with early-onset CAD, periventricular
and deep white matter lesion volumes were each associated with age and different patterns
of risk factors adjusting for one another and intracranial volume. These findings support the
hypothesis that PV and DWMH lesions are distinct lesion subtypes with different patterns of
associations with age, sex and risk factors. By improved identification of the two distinct
areas over the age range, these results support further studies that promote a better
understanding of pathophysiologic processes. Prospective studies starting at younger ages
than heretofore studied may ultimately promote early detection and novel therapeutic
modalities to prevent clinical sequelae of white matter lesions that increase with age in the
brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Panel (a): Periventricular white matter lesions (subject a) Panel (b): Deep white matter lesions (subject b)

Figure 1.
(a) and (b). Axial magnetic resonance imaging showing the position of nearly exclusive

perventricular white matter lesions (a) and deep white matter lesions (b)
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Figure 2. Scatter plot of DWMH and PV vs. age
Deep white matter hyperintensity volumes (filled circles and solid line) and periventricular

hyperintensity volumes (hollow symbols and dotted line) on the logarithmic scale vs. age
and best fit unadjusted linear fit. Volumes below the level of detection have been plotted at
the level of half the minimum detectable volume. Small random numbers have been added
to the plotted points so that overlaid symbols can be seen separately. The unadjusted slope
for DWMH (7% higher volume per year) was lower than that for PV (12% higher volume
per year, p < 0.001)
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Table 1

Sample demographic and risk factor characteristics (n = 563)

Characteristic Mean (SD) or %a

Age (years) 51 (11)
Female sex 60%
African-American race 36%
Diabetes 14%
Current smoking 18%
Hypertension 43%
Obesity (BMI = 30 kg/m?) 44%
Total cholesterol (mmol/L) 5.02 (1.06)

BMI, body mass index.

a . . . .
Continuous variables are presented as mean (SD); categorical variables are presented as percent.
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Sample demographic and risk factor characteristics for DWMH and PV lesions with Tobit “zero” and “non-

zero” volumes with P values

DWMH “zero” DWMH “non-zero PV “zero” PV “non-zero”
Characteristics Mean (SD) or %2 P Mean (SD) or %2 P

Age (years) 43(9.12) 52(10)  <0.001 44 (8) 54 (10)  <0.001

Female Sex 56 60 0.565 58 60 0.569

African American 39 36 0.696 32 38 0.234

Diabetes 89 13 0.488 9 15 0.047

Current Smoker 14 18 0.437 20 17 0.377
Hypertensive 14 46 <0.001 28 48 <0.001

Obese (BMI = 30 kg/m?) 46 43 0.802 48 43 0.302

Total Cholesterol (mmol/L) 191 (42) 194 (40)  0.517 191 (39) 195 (41) 0.381

BMI, body mass index.

a . . . .
Continuous variables are presented as mean (SD); categorical variables are presented as percent.
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Table 3

Multivariate regression analysis of DWMH (Random effects Tobit regression)

Characteristic Regression coefficient (natural log units) 95% ClI p
Female sex 0.08 0.02t00.15 0.011
African-American race 0.02 -0.05t00.08 0.57
Diabetes -0.05 -0.13t0 0.03 0.22
Current smoking 0.07 0.00t0 0.14 0.068
Hypertension 0.05 -0.01t00.12  0.080
Obesity (BMI = 30 kg/m?) -0.02 -0.08t00.04  0.48
Periventricular lesion volume (log scale) 0.34 0.27t00.40  <0.001
Intracranial volume (log scale) 0.48 0.10t0 0.87  <0.001
Age (per decade) 0.07 0.04t00.11  <0.001

BMI, body mass index; CI, confidence interval; DWMH, deep white matter hyperintensity; PV, periventricular lesion volume.
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Table 4

Multivariate regression analysis of PV (Random effects Tobit regression)

Characteristic Regression coefficient (natural log units) 95% ClI p
Female sex 0.08 -0.03t00.18 0.14
African-American race 0.04 -0.06t00.14 0.41
Diabetes 0.06 -0.06 t0 0.18 0.34
Current smoking 0.03 -0.08 t0 0.15 0.56
Hypertension 0.03 —0.06 t0 0.13 0.50
Obesity (BMI = 30 kg/m?) -0.07 -0.16 t0 0.02 0.13
DWMH lesion volume (log scale) 0.74 0.60t00.88  <0.001
Intracranial volume (log scale) 0.79 0.20to 1.38 0.009
Age (per decade) 0.18 0.14t00.23  <0.001

BMI, body mass index; CI, confidence interval; DWMH, deep white matter hyperintensity; PV, periventricular lesion volume.
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