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BACKGROUND AND PURPOSE: Traditional cardiovascular risk factors have been associated with white matter disease. Because hyper-
tension results in vascular stiffness and impaired cerebral perfusion, we hypothesized that it would be the most relevant risk factor for
microstructural white matter disruption in apparently healthy middle-aged individuals with a family history of early-onset coronary artery
disease.

MATERIALS AND METHODS: This was a cross-sectional analysis of participants in the Genetic Study of Atherosclerosis Risk with DTI.
Regional fractional anisotropy of 181 segmented brain regions was measured using Eve WM Atlas. Risk factors were examined using
univariate analysis for 48 regions representing deep WM structures. Minimal multivariable linear regression models adjusting for age, sex,
and race and maximal linear regression models adjusting for cardiovascular risk factors were performed for regions meeting the Bonferroni
threshold in the initial analysis.

RESULTS: Included were 116 subjects (mean age, 49 = 11 years; 57% men) with a moderate load of cardiovascular risk factors. Subjects with
hypertension had significantly lower regional fractional anisotropy in the right cingulum and left stria terminalis in the minimal and maximal
regression models. Additionally, there was lower regional fractional anisotropy in the left fornix in the maximal model and right sagittal
stratum in the minimal model. Systolic blood pressure values were significantly associated with regional fractional anisotropy in the left
superior longitudinal fasciculus in the maximal model. There were no significant differences among regional fractional anisotropy values
for other cardiovascular risk factors.

CONCLUSIONS: In middle-aged apparently healthy individuals with susceptibility to vascular disease, among all known cardiovascular risk
factors, hypertension was associated with microstructural WM disruption.

ABBREVIATIONS: BMI = body mass index; BP = blood pressure; CSVD = cerebral small vessel disease; FA = fractional anisotropy; LDL = low-density lipoprotein;

rFA = regional fractional anisotropy

White matter hyperintensities, frequently incidentally ob-
served on brain MR imaging, have been attributed to cere-
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bral small vessel disease (CSVD)." Histopathologically, WM hy-
perintensity areas show nonspecific changes of gliosis, myelin and
axonal loss, tissue rarefaction, and lipohyalinosis.” The exact
mechanisms leading to CSVD remain undefined.” It has been
hypothesized that interactions between genetics and environ-
mental factors lead to small-vessel changes causing white matter
damage secondary to vasculopathy and arteriosclerosis, resulting
in hypoxia and hypoperfusion. These events are influenced by
altered cerebrovascular autoregulation as well as endothelial and
blood-brain barrier dysfunction.* Among traditional cardiovas-
cular risk factors, hypertension has been consistently found to be

versity, 333 West 10th Ave, Graves Hall 3170D, Columbus, OH 43210; e-mail:
yousefhannawi®yahoo.com

O Indicates open access to non-subscribers at www.ajnr.org
E Indicates article with supplemental on-line tables.

B Indicates article with supplemental on-line photo.
http://dx.doi.org/10.3174/ajnr.A5871

AJNR Am J Neuroradiol 39:2243-48 Dec 2018 www.ajnr.org 2243


https://orcid.org/0000-0001-8614-3974
https://orcid.org/0000-0001-7117-1075
https://orcid.org/0000-0001-9493-2084
https://orcid.org/0000-0002-7164-1601
https://orcid.org/0000-0003-4805-3403
https://orcid.org/0000-0002-1708-2079
https://orcid.org/0000-0001-6078-3543

related to CSVD.” Rat models of hypertension develop diffuse
WM disease.° Human studies have linked hypertension directly to
arterial stiffness, leading to WM changes related to CSVD.””
Other traditional atherogenic risk factors such as diabetes, smok-
ing, and hyperlipidemia have been less consistently linked to
CSVD compared with hypertension.'”'" DTI has emerged as a
valuable tool for assessment of WM in health and disease through
measurement of signal attenuation in the fiber tracts.'” DTI has
an advantage over conventional T2 or FLAIR sequences due to
improved mapping and 3D diffusion characterization incorpo-
rating spatial location. This property can be used to describe the
magnitude, degree, and orientation of diffusion anisotropy.'?

Fractional anisotropy (FA) is a sensitive biomarker for WM
integrity, reflecting axonal loss or demyelination.'* Decreased
FA has been found in cases of demyelination, edema, or in-
flammation.'” In patients with CSVD, impaired WM micro-
structure has been detected by DTI studies."” In Nyquist etal,'*
our group demonstrated that WM hyperintensity contributes
to subclinical psychomotor impairment in apparently healthy
subjects. In the current work, we aimed to investigate the rela-
tionship of various atherogenic vascular risk factors with the
impairment of WM microstructure as measured by DTI. We
hypothesized that early changes in regional WM can be de-
tected by DTI in apparently healthy middle-aged individuals
and that these changes are primarily associated most strongly
with hypertension.

MATERIALS AND METHODS

Sample and Recruitment

We selected healthy participants who underwent DTT as part of
the Genetic Study of Atherosclerosis Risk (GeneSTAR) silent
stroke study. GeneSTAR is an ongoing prospective study of
vascular disease risk factors, occult coronary artery disease and
cerebrovascular disease, and incident coronary artery disease
and strokes in 3533 initially healthy family members ascer-
tained from probands hospitalized with documented coronary
artery disease younger than 60 years of age.'* Of these initially
healthy family members, 808 were screened with cranial MR
imaging for WM hyperintensity; of those, 116 healthy subjects
had DTI sequences.

The 116 participants included apparently healthy asymptom-
atic siblings, their offspring, and the offspring of the probands
who were 3072 years of age. None had a known history of coro-
nary artery disease, stroke, or transient ischemic attacks and rep-
resented 97 families. Exclusion criteria included the following:
chronic corticosteroids, life-threatening diseases, neurologic dis-
eases impairing accurate MR imaging interpretation, implanted
metals prohibiting MR imaging, atrial fibrillation, and symptom-
atic cardiovascular or cerebrovascular disease. The study was ap-
proved by the Johns Hopkins Medicine institutional review board
(NA_00002856). All participants provided written informed con-
sent before screening.

Participant Screening and Data Collection

Each participant was examined by a physician. All participants
were screened for coronary artery disease and stroke risk factors,
including hypertension, diabetes, total cholesterol, low-density
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lipoprotein (LDL) cholesterol, high-density lipoprotein choles-
terol, body mass index (BMI), and cigarette smoking.15 Race was
self-reported. Height and weight were measured and BMI was

calculated.'®

Current cigarette smoking was defined by self-report
of any smoking within the past month and/or 2 expired carbon
monoxide levels of =8 ppm. Blood pressure (BP) was measured 3
times during 1 day, and the average systolic and diastolic BP was
used to characterize BP according to guidelines of the American
Heart Association.'” Hypertension was defined as an average
measured BP = 140 mm Hg systolic or 90 mm Hg diastolic and/or
use of antihypertensive drugs. Blood for measurements of choles-
terol and glucose levels was collected following a 12-hour fast
overnight. Type 2 diabetes was defined as a physician-diagnosed
history, a fasting glucose level of =126 mg/dL, and/or use of hy-
poglycemic antidiabetic medications. Total cholesterol, high-
density lipoprotein, and triglyceride levels were measured accord-
ing to the United States Centers for Disease Control standardized
methods.'® LDL cholesterol was estimated using the Friedewald
formula."”

MR Imaging Acquisition

MR imaging was acquired on a 3T Achieva imaging unit (Philips
Healthcare, Best, the Netherlands) according to standardized
protocols. We acquired the following series: 1) axial T1-weighted
MPRAGE—TR, 10 ms; TE, 6 ms; voxel size, 0.75 X 0.75 X 1 mm?>;
contiguous slices; FOV, 240 X 240 mm; matrix, 320 X 320 mm; 2)
axial spin-echo T2 images—TR, 4685 ms; TE, 78 ms; voxel size,
0.47 X 0.47 X 3 mm?>; contiguous slices; FOV, 240 X 240 mm;
matrix, 512 X 512; 3) DTI—TR, 7043 ms; TE, 71 ms; voxel size,
0.83 X 0.83 X 2.2 mm?>; contiguous slices; FOV, 212 X 212 mm;
matrix, 256 X 256; 32 directions; b-value = 700 s/mm?.

DTI Processing and Analysis

DTI was preprocessed and analyzed using an MR imaging studio
package (DTIstudio, DiffeoMap, ROIEditor) publicly available at
www.mristudio.org through Johns Hopkins University. First, all
images (T1, T2, DWI) were reviewed by a board-certified physi-
cian in neurology and neurocritical care (Y.H.) for the presence of
any rotation, motion artifacts, or eddy current artifacts in the DTI
studio image viewer application, which was followed by tensor cal-
culation according to the standardized steps in DTIstudio.?* 3D FA,
mean diffusivity, and radial diffusivity maps were created following
tensor calculation.

WM segmentation was performed in the subject’s native space
according to the Eve WM Atlas in the DifeoMap and ROIEditor
package software.”' First, FA and mean B, maps were skull-
stripped in ROIEditor. Following skull-stripping, a dual-channel
large deformation diffeomorphic mapping algorithm was used in
DifeoMap to perform linear and nonlinear registration to the Eve
WM Atlas JHU-MNI-SS-SS template in the Montreal Neurolog-
ical Institute space. This step allowed automated segmentation of
the FA subject map in native space using the inverse registration
matrix into 181 regions (On-line Figure A—C). The mean regional
FA value (rFA) was calculated in each of the regions by choosing a
voxel FA threshold of =0.2 to exclude voxels that included CSF
and gray matter. Then, 48 regions of the Atlas representing the
deep white matter regions primarily affected by CSVD were se-



lected for the subsequent statistical analysis (On-line Table 1 and
On-line Figure D-F).

Statistical Analysis

Statistical analysis was performed using SAS software (Version
9.2; SAS Institute, Cary, North Carolina). Univariable analysis
comparing the mean rFA between participants with and without
current smoking, hypertension, and diabetes was completed us-
ing t tests. Spearman rank order correlations were used to test the
associations among continuous variables, including: systolic BP,

Table 1: Baseline characteristics of the study cohort (N = 116)

Characteristic Mean or %
Age (yr) 49.6 =111
Education (yr) 144 +28
Male sex 49.1%
African American race 40.5%
Hypertension 36.2%
Diabetes 12.0%
LDL cholesterol (mg/dL) 10.4 £39.2
Current smoking status 23.3%
Systolic blood pressure (mm Hg) 1227 £15.6
Diastolic blood pressure (mm Hg) 775+ 8.9
Glucose level (mg/dL) 98.8 =29
Triglyceride level (mg/dL) meé = 683
BMI (kg/m?) 287 +55
© |
2
S
8
c
<
g
o 4
g
{1
(o)
&
o N
&
<
o H
GCC(L) EC() CGH(R) ST(L) Fx(L) Fx(R) SS(R)
Brain Areas

[ 1 NoHypertension I Hypertension

FIG 1. Bar chart of the regions that showed a significant difference in
rFA between subjects with and without hypertension. CGH (R) indi-
cates right cingulum; EC (L), left external capsule; Fx (L), left fornix; Fx
(R), right fornix; GCC (L), left genu of the corpus callosum; SS (R), right
sagittal stratum; ST (L), left stria terminalis.

FIG 2. Axial, coronal, and sagittal sections of the FA map, showing areas, in distinct colors, that
demonstrate a significant difference of rFA between patients with and without hypertension and
areas that show correlation of rFA with systolic blood pressure. Magenta indicates right cingulum;
red, left external capsule; orange, left fornix; yellow, right fornix; blue, left genu of the corpus
callosum; pink, right sagittal stratum; green, left stria terminalis; white, left superior longitudinal

fasciculus.

diastolic BP; total cholesterol, triglyceride, high-density lipopro-
tein cholesterol, LDL cholesterol, and blood glucose levels; and
BMI with a mean rFA. The significance threshold was defined
using the Bonferroni method for adjustment for multiple com-
parisons as P = .001 (.05/48 rFA regions). A minimal linear re-
gression model predicting rFA and adjusting for age, sex, and race
was performed for the regions that met the Bonferroni signifi-
cance threshold. Then, to understand the effect of the combina-
tion of atherogenic risk factors on rFA, we performed a maximal
linear regression model predicting rFA and adjusting for age, sex,
race, hypertension, diabetes, total cholesterol level, BMI, and
smoking for these regions.

RESULTS

The study sample consisted of 116 middle-aged participants
(mean age, 49.6 = 11 years; 49.1% men; 40.5% African Ameri-
can), well-educated with moderate vascular risk factors (Table 1).
Review of T2 sequences did not reveal any stroke or localized WM
hyperintensity. WM hyperintensity involving the periventricular
and deep WM areas was largely symmetric without predilection to
any specific areas of the selected WM regions. Participants with
hypertension showed widespread reduced rFA compared with
participants with normal BP meeting the Bonferroni threshold
(=0.001) in the left genu of the corpus callosum, left external
capsule, right cingulum, left stria terminalis, bilateral fornices,
and right sagittal stratum (On-line Table 2 and Figs 1 and 2). This
relationship remained significant in the minimal regression
model, after adjusting for age, sex, and race, in the right cingulum;
left stria terminalis; and right sagittal stratum (Table 2). Addition-
ally, the relationship remained significantly independent of other
atherogenic vascular risk factors in the maximal linear regression
model in the right cingulum, left stria terminalis, and left fornix
(Table 2). The mean rFA correlated with the average systolic BP in
the left superior longitudinal fasciculus (On-line Table 3 and Figs
2and 3). There was a trend toward significance of the relationship
of the rFA of this region with hypertension in the minimal regres-
sion model (P = .08). However, this relationship was significant
in the maximal regression model following adjustment for other
vascular risk factors (Table 3).

Notably, rFA was not significantly associated with diabetes or
current smoking status in any of the regions (On-line Tables 4
and 5). Additionally, rFA was not significantly correlated with
blood glucose, LDL, high-density lipoprotein, total cholesterol,
and triglyceride levels; diastolic BP;
and BMIin any of the regions (On-line
Tables 6-12).

DISCUSSION

In this cross-sectional study, we show
that decreased rFA, reflecting micro-
structural WM disruption, is strongly
associated with hypertension in middle-
aged apparently healthy subjects at in-
creased risk for vascular disease in the
deep WM regions of the brain. We did
not observe additional associations be-
tween rFA and other traditional athero-
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Table 2: Minimal and maximal regression models predicting mean rFA of the WM regions that were significantly associated with

hypertension in the univariate analysis

Minimal Maximal
Normotensive Hypertensive Regression Model Regression Model
White Matter Structure Mean SD Mean SD  TtestP Value B SE P Value B SE P Value

Genu of corpus callosum (L)  0.668 0.02 0.651 0.02 .0003 —0.201 0202 32 —0.286 0195 14
External capsule (L) 0.417 0.02 0.403 0.02 .0002 —0191 0202 .34 —0162 0228 48
Cingulum (R) 0.509 0.02 0494  0.02 .0004 —0.586 0193  .002* —0.635 0202 .002%
Stria terminalis (L) 0.516 0.02 0.5 0.02 .0008 —0.446 0.217 .04° —0.487 0.216 .03%
Fornix (L) 0.48 0.04 0.441 0.05 <.0001 —0.267 0172 12 —0.51 0.191 .008°
Fornix (R) 0.531 0.05 0486  0.06 <.0001 0.026 0.71 .88 —0.068 0186 .72
Sagittal stratum (R) 0.501 0.02 0.482 0.02 .0006 —0.527 0.201 .009* —0256 0292 38

Note:—L indicates left, R, right; SE, standard error; SD, standard deviation.
2 Significant; P < .05.
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FIG 3. Scatterplot showing the relationship of rFA of the left superior
longitudinal fasciculus and systolic blood pressure. SLF (L) indicates
left superior longitudinal fasciculus.

genic vascular risk factors such as diabetes, total cholesterol level,
LDL, BMI, or smoking. The role of DT in detecting WM disrup-
tion in subjects with vascular risk factors has been addressed
previously.**’

Hypertension has been consistently associated with decreased
FA and elevated mean diffusivity in different WM regions, includ-
ing normal-appearing WM.>*?*?”*! In addition, increased BP
values linearly correlated with decreased FA in the right anterior
corpus callosum, inferior fronto-occipital fasciculus, and the fi-
bers that project from the thalamus to the superior frontal gyrus
in 1 study.”® Most of these studies have assessed elderly subjects

222729 or investigated the

with an average age of 65.8—83 years
effect of hypertension in middle life on the development of WM
disruption at a later age.”" Two previous studies investigated the
relationship of systolic BP and WM microstructure at a younger
age (39.2-48 years).””** One of them linked adiposity as mea-
sured by waist circumference with BP and WM microstructure.”*
The second article analyzed the systolic BP relationship with re-
gional DTI metrics by measuring the number of voxels within
each WM region that correlated with the systolic BP value.”” Our
study used a different approach by analyzing the average rFA of a
well-defined WM atlas in relation to vascular risk factors. Given
the healthy nature of our relatively younger cohort compared
with cohorts in the literature, we believe that we captured the
disease at an early stage when it had not progressed yet to involve
all the subcortical WM in a symmetric fashion. Indeed, our results
reflect that by showing a lower rFA of selected WM regions.
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Brain DTT of patients with diabetes showed reduced FA using
Tract-Based Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/TBSS) in patients with mild cognitive impairment com-
pared with those without it.”” A similar analytic method showed a
significant decrease in the WM tract DTI metrics in closely related
areas to the default mode network in patients with type 2 diabetes
compared with healthy controls.”® Finally, the Atherosclerosis
Risk in Communities (ARIC) neurocognitive study found a rela-
tionship between midlife and late-life elevated blood glucose lev-
els and worse WM microstructural integrity in late life.”' We did
not observe a relationship between diabetes or glucose levels and
rFA in our cohort. This is likely secondary to the healthy nature of
our subjects, who are cognitively intact, younger in age, and with
fewer atherogenic risk factors.

In contrast to diabetes and hypertension, the relationship be-
tween WM microstructures and other atherogenic vascular risk
factors is modest and inconsistent. The ARIC study did not ob-
serve a relationship between lipid levels at midlife and late life with
late-life DTI metrics.>! However, another study found an associ-
ation between lipids, especially LDL levels, and WM microstruc-
ture integrity in 125 generally healthy older adults (mean age, 68
years).”> BMI was found to be associated with WM microstruc-
ture integrity in selected ROIs in a sample of older healthy com-
munity participants (mean age, 71.3 years).>” The combination of
atherogenic vascular risk factors (=2) was associated with a lon-
gitudinal drop in FA in WM regions compared with no vascular
risk factors in elderly subjects (mean age, 73.9 years).”” Finally,
smoking was associated with increased FA in WM regions in ad-
olescent/young adult smokers in a recent systematic review.”> An-
other study of chronic smokers showed decreased FA of the hip-
pocampus in association with decreased memory performance
compared with nonsmokers.”*

In summary, our study cohort is unique because it tests a rel-
atively young and healthy group of subjects who are relatives of
patients with coronary artery disease compared with most previ-
ous literature that evaluated elderly subjects, patients who have
advanced vascular risk factors, or subjects with cognitive impair-
ments. Our findings indicate hypertension as being the most
important risk factor in otherwise healthy subjects at early
stages of the disease. The identified WM regions in our study
likely play important roles in cognition and memory. The stria
terminalis and fornix are critical for normal cognitive func-
tioning and memory.*® Fornix pathology can be found in Alz-
heimer disease. The cingulum is known to play a role in exec-


http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS

Table 3: Minimal and maximal regression models predicting mean rFA of the WM region that were significantly associated with systolic

blood pressure in the univariate analysis

Minimal Maximal
Spearman Regression Model Regression Model
White Matter Structure Rank Test P Value B SE P Value B SE P Value
Superior longitudinal fasciculus (L) —0.309 .0007 —0.012 0.007 .08 —0.014 0.006 .03?

Note:—L indicates left; SE, standard error.
# Significant; P < .05.

utive control, emotion, and episodic memory, and it has been
implicated in multiple psychiatric diseases and Alzheimer dis-
ease.*' The superior longitudinal fasciculus abnormalities on
DTI have been attributed to age-related language decline.**
Finally, the sagittal stratum carries multiple functional fibers
implicated in language and visual function.*?

Despite available animal and human data suggesting a mech-
anistic relationship of hypertension to CSVD, the underlying pro-
cesses leading to these events are yet to be established.* Arterial
stiffness has been closely linked to hypertension and aging. Arte-
rial stiffness results from remodeling of the arterial wall secondary
to degradation of elastin and accumulation of collagen and cal-
cium deposition.” Measures of arterial stiffness such as the ankle-
brachial pressure index have been associated with the develop-
ment of CSVD findings.>” Additionally it is well-known that
hypertension is associated with arteriosclerosis, which is the main
pathologic feature of CSVD, characterized by fibrohyaline mate-
rial, narrowing of the lumen, and thickening of the vessel wall.”
Moreover, hypertension leads to impaired cerebral autoregula-
tion, which results in cerebral hypoxia and WM injury.** It is
plausible that hypertension plays an important role in early WM
damage compared with other atherogenic risk factors in middle-
aged apparently healthy subjects.*> Recently, an alternative path-
way involving disruption of the blood-brain barrier leading to
CSVD has been heavily investigated.*** The exact relationship of
hypertension to BBB dysfunction needs to be thoroughly investi-
gated in the future.

Our study has certain limitations, and it should be interpreted
within its context. First, given the cross-sectional nature of the
study, a mechanistic relationship between the atherogenic vascu-
lar risk factors and WM microstructure disruption cannot be as-
certained in our sample. Second, more regions of deep WM struc-
tures could have been involved in this disease; however, they were
not detected given the relatively small sample size. We decided to
choose a conservative method for adjustment for multiple com-
parisons (Bonferroni method) despite the distributed nature of
the CSVD in the brain because we aimed to avoid any possibility
of finding false-positive results. In addition, an interaction anal-
ysis among vascular risk factors and associated WM damage could
not be performed due to the relatively small sample size. Finally,
we did not examine the severity of hypertension and blood pres-
sure control at baseline to assess its relationship to the severity of
WM disease.

CONCLUSIONS

In apparently healthy middle-aged subjects at increased risk for
vascular disease, among traditional risk factors, hypertension is
most closely associated with microstructural WM impairment.
These findings have implications for patient care by early selec-

tion of subjects who are at risk for future cognitive impairment
through identification of these impaired tracts. This may even
prove to be of further value because novel therapies are being
developed for patients with CSVD.
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