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Purpose: To evaluate the relationship between pulse wave velocity 
(PWV) from the aortic arch and subsequent cerebral mi-
crovascular disease independent of other baseline cardio-
vascular risk factors among the participants in the multi-
ethnic Dallas Heart Study.

Materials and 
Methods:

Each subject gave written consent to participate in this 
HIPAA-compliant, institutional review board–approved 
prospective study. Aortic arch PWV was measured with 
phase-contrast magnetic resonance (MR) imaging in a 
population sample (n = 1270) drawn from the probability-
based Dallas Heart Study. Seven years later, the volume 
of white matter hyperintensities (WMHs) was determined 
from brain MR images. Linear regression was conducted 
with aortic arch PWV, 15 other cardiovascular risk fac-
tors, and age, sex, and ethnicity included as predictors 
of WMH. The authors implemented a smoothly clipped 
absolute deviation–penalized variable selection method to 
evaluate an optimal predictive risk factor model.

Results: Aortic arch PWV helped predict WMH volume indepen-
dent of the other demographic and cardiovascular risk 
factors (regression coefficient: 0.29; standard error: 0.06; 
95% confidence interval: 0.17, 0.42; P , .0001). The 
optimal predictor variables of subsequent WMH volume 
adjusted for sex and ethnicity included aortic arch PWV, 
age, systolic blood pressure, hypertension treatment, and 
congestive heart failure. The authors estimated that a 1% 
increase in aortic arch PWV (in meters per second) is 
related to a 0.3% increase in subsequent WMH volume 
(in milliliters) when all other variables in the model are 
held constant.

Conclusion: Aortic arch PWV measured with phase-contrast MR im-
aging is a highly significant independent predictor of sub-
sequent WMH volume, with a higher standardized effect 
than any other cardiovascular risk factor assessed except 
for age. In an optimal predictive model of subsequent 
WMH burden, aortic arch PWV provides a distinct con-
tribution along with systolic blood pressure, hypertension 
treatment, congestive heart failure, and age.
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nic, multistep, probability-based study 
of civilian noninstitutionalized English- 
or Spanish-speaking Dallas County 
residents with oversampling of African 
Americans. The DHS was designed to 
produce unbiased population estimates 
of biologic and social variables, as pre-
viously described (17). Each partici-
pant gave written consent to participate 
in this Health Insurance Portability and 
Accountability Act–compliant, institu-
tional review board–approved prospec-
tive study. There were two waves to 
the study, DHS-1 and DHS-2, and they 
were performed approximately 7 years 
apart.

In DHS-1, 2596 participants un-
derwent aorta and cardiac imaging 
and clinical evaluation. Of those 2596 
subjects, 1320 returned for DHS-2 and 
completed brain imaging. These sub-
jects were eligible for inclusion in our 
study. Of those 1320 subjects, 33 were 
excluded because of self-reported his-
tory of stroke and 17 because an image 
artifact or observed abnormality pre-
cluded automated analysis. Thus, 1270 
subjects participated in our study.

between the highly elastic aorta and the 
more muscular branch vessels, including 
the carotid and renal arteries (9,14). 
This vascular impedance mismatch re-
sults in partial reflection of the pulse 
wave, potentially protecting the micro-
vasculature. With aging there is greater 
loss of compliance in the aorta than in 
the branch vessels, resulting in imped-
ance matching (14) and diminished 
wave reflection (9,15). Phase-contrast 
magnetic resonance (MR) imaging may 
therefore have utility for studying the 
importance of compliance on the de-
velopment of chronic cerebrovascular 
disease by accurately measuring pulse 
wave velocity (PWV) (16) from only the 
aortic arch, where the cerebral circula-
tion arises. Previous physiology studies 
evaluating the association between PWV 
from the entire aorta and WMH have 
mixed results, with some studies show-
ing a highly significant independent as-
sociation (8,9) and others showing that 
the association is attenuated (10) or 
loses significance with adjustment for 
blood pressure and standard cardiovas-
cular risk factors (11,12).

To our knowledge, no large popu-
lation-based study has evaluated the 
PWV from the aortic arch with phase-
contrast MR imaging and its impor-
tance in enabling the prediction of 
WMH volume at a later point in time. 
The purpose of our study was to evalu-
ate the association between PWV from 
the aortic arch and subsequent cerebral 
microvascular disease independent of 
other baseline cardiovascular risk fac-
tors among the participants in the mul-
tiethnic Dallas Heart Study (DHS).

Materials and Methods

Study Population and Participants
The subject sample was drawn from the 
DHS, a large population-based, multieth- 

White matter hyperintensities 
(WMHs), which are presum-
ably sequela of microvascular 

ischemic disease (1), are associated 
with accelerated motor and cognitive 
decline, stroke, and death (2). Cerebral 
microvascular disease may often coex-
ist with illnesses or conditions that lead 
to dementia, lowering the threshold for 
disease expression (1). To formulate 
treatment and prevention strategies, it 
is essential to understand the mecha-
nisms underlying cerebral microvascu-
lature disease. Hypertension has re-
peatedly been identified as a primary 
risk factor (3,4). The high resting blood 
flow and low vascular resistance in the 
cerebral circulation may make it partic-
ularly susceptible to damage from pul-
satile blood flow (5).

Aortic stiffness, a key determinant of 
pulsatile flow as well as an indicator of 
target organ damage (6), has been shown 
to improve prediction of diverse cardio-
vascular events and all-cause mortality 
(7). More recent work has demonstrated 
an association between aortic stiffness 
and cerebrovascular disease (8–12).

The aortic arch, from which the ce-
rebral circulation arises, has a different 
compliance at baseline and experiences 
different rates of change in compliance 
with aging compared with the remain-
der of the aorta (13). In addition, it may 
have a distinct association with cerebral 
microvascular disease (9). In the healthy 
state, there is a difference in compliance 

Implication for Patient Care

 n PWV from the aortic arch pro-
vides functional information 
about vessel compliance that may 
help determine risk for cerebro-
vascular disease.

Advances in Knowledge

 n Aortic arch pulse wave velocity 
(PWV) is an independent pre-
dictor (P , .0001) of subsequent 
white matter hyperintensity 
(WMH) volume, with a greater 
standardized effect and level of 
significance than all other cardio-
vascular risk factors assessed 
except for age.

 n In an optimal predictive model, 
aortic arch PWV provides a dis-
tinct contribution to WMH 
burden along with systolic blood 
pressure, hypertension treat-
ment, history of congestive heart 
failure, and age.
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Continuous measurements included sys-
tolic and diastolic blood pressure (in 
millimeters of mercury) measured five 
times with an automated oscillometric 
device (Welch Allyn, Skaneateles Falls, 
NY), with the reported value taken from 
the average of the third to fifth record-
ings, heart rate (in beats per minute), 
and body mass index. The following risk 
factors were binary indicator variables 
operationalized as the presence or ab-
sence of the condition (with “absence 
of the condition” being the reference 
group): abnormal glucose tolerance 
(fasting glucose level of 100 mg/dL or 
nonfasting glucose level of 140 mg/dL 
or treatment), elevated serum triglyc-
eride level (fasting triglyceride level of 
150 mg/dL or treatment), low serum 
high-density lipoprotein level (,40 mg/
dL for men and ,50 mg/dL for women 
or treatment), and large waist circum-
ference (.102 cm for men and .88 cm 
for women). These values were calcu-
lated according to National Institutes of 
Health Cholesterol Education Program 
ATP III Guidelines (26). Hypercholes-
terolemia was defined as calculated 
low-density lipoprotein cholesterol level 
greater than 160 mg/dL (4.1 mmol/L) 
with a fasting sample, direct low-density 
lipoprotein cholesterol level greater than 
160 mg/dL (4.1 mmol/L) with a nonfast-
ing sample, total cholesterol level greater 
than 200 mg/dL (5.2 mmol/L), or use 
of statin medication. Diabetes mellitus 
was defined either through self-report 
accompanied by use of antihyperglyce-
mic medication or as an elevated serum 
glucose level (fasting glucose level .126 
mg/dL [7.0 mmol/L], nonfasting glucose 
level .200 mg/dL [11.1 mmol/L]). His-
tory of smoking was classified as “never 
smoked” or “current or former smoker.” 
Hypertension treatment and diagnosis 
by a health care professional of conges-
tive heart failure or myocardial infarc-
tion were self-reported.

The cardiac MR imaging protocol 
for the DHS consisted of short-axis 
breath-hold electrocardiographically 
gated cine MR imaging from the apex to 
the base of the left ventricle with use of 
the following parameters: 6-mm-thick 
sections, 4-mm gap, 36–40-cm FOV, ac-
quired pixel size at 36-cm FOV of 1.29 

acquisition gradient-echo imaging was 
performed with the following param-
eters: axial sections reconstructed at 
1.0-mm section thickness, 9.6/5.8 (rep-
etition time msec/echo time msec), 12° 
flip angle, and 260 3 260-mm FOV.

Predictor Variables
The primary predictor variable in the 
current study was PWV from the aortic 
arch. Images were acquired as part of 
DHS-1 by using two comparable 1.5-T 
MR units (ACS-NT and Intera, Philips 
Medical Systems). A cardiac-gated, 
through-plane flow sequence (velocity-
encoding value, 150 cm/sec through 
plane; FOV, 34 cm; 10/5; temporal 
resolution, 40 msec) was performed 
in the transverse plane at the level of 
the pulmonary artery to image the as-
cending and descending aorta in cross 
section. The time-velocity curve was 
interpolated to a temporal resolution 
of 10 msec by using a cubic spine for 
subsequent analysis. A second, oblique, 
double inversion-recovery spin-echo 
image (FOV, 33 cm; electrocardio-
graphically gated repetition time; echo 
time, 5.3 msec; echo train length, 32) 
was obtained through the ascending 
aorta, transverse portion of the aortic 
arch, and descending aorta (termed 
the “candy cane” view). A scout line 
indicating the position of the phase-
contrast acquisition image plane was 
displayed on the candy cane view of 
the aortic arch. With use of ImageJ 
software (National Institutes of Health, 
Bethesda, Md), the aortic arch distance 
was determined by drawing a freehand 
line through the center of the aorta 
parallel to the aortic walls between the 
positions in the ascending and descend-
ing aorta at which the arterial flow was 
measured, as indicated by the scout 
line. This distance was termed the aor-
tic arch distance. PWV was calculated 
by dividing the aortic arch distance by 
the transit time, which was calculated 
as the time between the ascending and 
descending upstroke velocities at half 
maximum (23–25). Further details re-
garding aortic arch PWV measurement 
are shown in the Figure.

Cardiovascular risk factors.—Vari-
ables were assessed at entry into DHS-1. 

Outcome Variable
The outcome measure for our study was 
WMH volume (in milliliters) automati-
cally quantified from two-dimensional 
fluid-attenuated inversion recovery and 
three-dimensional magnetization-pre-
pared rapid acquisition gradient-echo 
brain images obtained during follow-up 
evaluation as part of DHS-2 with a 3.0-
T MR unit (Achieva; Philips Medical 
Systems, Best, the Netherlands). Our 
WMH segmentation method and val-
idation has previously been described 
(18). In brief, initial tissue segmenta-
tion was based on a processing algo-
rithm of magnetization-prepared rapid 
acquisition gradient-echo imaging by 
using the freely available FSL software 
(FMRIB Software Library, available at 
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) 
and three FSL command-line tools: BET 
(brain extraction and/or extrameninge-
al tissue removal) (19), FAST (intensi-
ty-based segmentation to generate gray 
and/or white and/or cerebrospinal fluid 
and the gray and/or white periphery) 
(20), and FIRST (model-based segmen-
tation to extract subcortical gray mat-
ter and identify the brainstem and cer-
ebellum) (21). The white matter masks 
generated were transformed to fluid-
attenuated inversion recovery images 
by using the FLIRT tool of the FSL soft-
ware (22). WMHs were automatically 
identified from the white matter mask 
by using a threshold of 3 standard devi-
ations above the mean fluid-attenuated 
inversion recovery signal intensity from 
the cerebral periphery to limit skew-
ing of the signal intensity distribution 
from hyperintense periventricular 
white matter voxels. The brainstem and 
cerebellum were excluded from this 
analysis. Parameters for two-dimen-
sional fluid-attenuated inversion recov-
ery imaging were as follows: 32 sections 
were acquired with 11 000/130/2800 
(repetition time msec/echo time msec/
inversion time msec), echo train length 
of 44, sensitivity encoding factor of 2, 
field of view (FOV) of 250 3 250 mm, 
4-mm-thick sections with a 1-mm gap 
between sections, and matrix of 240 3 
138, yielding a voxel size of 4 3 0.96 
3 1.33 mm = 5.11 mm3. Three-dimen-
sional magnetization-prepared rapid 
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deviation for continuous variables and 
the frequency and percentage for cat-
egorical variables. WMH volume and 
aortic PWV were log-transformed to ob-
tain a more normal distribution. Multi-
ple linear regression with ordinary least 
squares (OLS) estimation was conducted 
on the log of WMH volume from DHS-2 
(as the outcome variable), with the log 
of aortic PWV and the 15 cardiovascular 
risk factors assessed at DHS-1 and four 
demographic variables included in the 
model as predictors (covariates). We 
also implemented the smoothly clipped 
absolute deviation (SCAD)–penalized 
variable selection method (28), in the 
context of a linear regression model, 
with the log of WMH volume as the 
outcome variable and with sex and race 
“forced in” the final model. The goal of 
the SCAD-penalized regression is to se-
lect a parsimonious and well-fitting sub-
set of potential predictor variables for 

3 2.58, and temporal resolution of 40 
msec. Software (MASS; Medis Medical 
Imaging Systems, Leiden, the Nether-
lands) was used to analyze the data. En-
docardial and epicardial borders were 
traced manually, allowing calculation of 
left ventricular wall volumes. Left ven-
tricular hypertrophy was derived from 
the left ventricular mass normalized to 
derived body surface area by using a 
previously described method (27).

Demographic factors.—The demo-
graphic variables were age at the time 
of MR imaging (in years), sex (with 
male as the reference group), and race 
(African American and Hispanic sub-
jects compared with white subjects as 
the reference group).

Statistical Analysis
Demographic and clinical characteristics 
for the overall sample were described 
by using the sample mean and standard 

Measurement of PWV at phase-contrast MR imaging. (a) Phase-
contrast (left) and magnitude (right) MR images obtained with 
cardiac-gated flow sequence demonstrate method for measuring 
flow velocity in ascending (black circles) and descending (white 
circles) aorta. (b) Graph shows time points of half maximum ve-
locity in ascending (dark gray line) and descending (light gray line) 
aorta, which are used to determine time elapsed (arrow) as pulse 
wave traverses aortic arch. (c) Double inversion-recovery spin-
echo candy cane view of aorta shows distance traversed. PWV is 
calculated by dividing distance by time.

a linear regression and automatically fit 
an adjusted regression equation to this 
subset. SCAD-penalized regression, as 
described by Fan and Li (28), is a way of 
constructing a regression model by do-
ing predictor variable selection and coef-
ficient estimation together. This is done 
by optimizing a penalized least squares 
criterion that expresses a balance be-
tween good fit and parsimony. One such 
penalty function is the SCAD penalty 
(28). Given the size of our sample (n = 
1270), we chose a more “heavily penal-
ized” SCAD model, which is based on 
the Bayesian information criterion and 
is less likely to include unimportant var-
iables. For an in-depth explication of the 
theory and technical details of SCAD-pe-
nalized estimation, we refer the reader 
to the work of Fan and Li (28).

We performed all statistical 
analyses by using software (SAS, ver-
sion 9.2; SAS Institute, Cary, NC). The 
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level of significance for all tests was set 
at a = 0.05 (two-tailed). The proce-
dures of PROC REG in SAS software 
were used to conduct the OLS multiple 
linear regression analysis. The proce-
dures of PROC SCADLS (version 1.1.1;  
The Methodology Center, Penn State, 
University Park, Pa, available at http://
methodology.psu.edu) were used to im-
plement the SCAD-penalized variable 
selection method in the context of a lin-
ear regression model.

To ascertain the presence of any 
multicollinearity in our linear regression 
models, we examined the variance infla-
tion factor for each of the predictors 
in each model. The estimated variance 
inflation factors for the predictors were 
all close to 1 and less than 5 (Tables 1, 
2), which suggests that multicollinearity 
was not present or problematic for any 
of the covariates in our linear regres-
sion models.

Results

Participant Characteristics
The mean age of our sample (1270 

DHS participants meeting study inclu-
sion and exclusion criteria as discussed 
earlier) at the time of brain imaging in 
DHS-2 was 51.4 years 6 9.4 (standard 
deviation). The mean age of the 708 

Table 1

Predictors of Log of WMH Volume at Multiple Linear Regression Analysis

Variable Parameter Estimate* P Value† Standardized Estimate‡ VIF§

Female 0.147 6 0.044 .001 0.090 1.188
African American 0.016 6 0.048 .743 0.010 1.404

Hispanic 0.135 6 0.063 .034 0.058 1.217

Age 0.024 6 0.003 ,.0001 0.278 1.829

Log of aortic PWV 0.298 6 0.064 ,.0001 0.149 1.673

Left ventricular hypertrophy 20.070 6 0.081 .388 20.024 1.199

Systolic blood pressure 0.005 6 0.002 .059 0.098 4.348

Diastolic blood pressure 20.001 6 0.004 .782 20.013 3.679

Heart rate 0.002 6 0.002 .408 0.022 1.153

Hypertension treatment 0.139 6 0.064 .031 0.061 1.278

Congestive heart failure 0.528 6 0.168 .002 0.082 1.098

Myocardial infarction 20.061 6 0.176 .730 20.009 1.083

History of smoking 0.037 6 0.042 .380 0.022 1.051

Abnormal glucose tolerance 0.019 6 0.056 .735 0.010 1.434

Elevated triglycerides 0.029 6 0.052 .580 0.015 1.238

Low HDL level|| 20.041 6 0.045 .360 20.025 1.173

High total cholesterol 0.070 6 0.065 .284 0.028 1.082

Large waist circumference 20.023 6 0.056 .679 20.014 1.975

Diabetes 0.008 6 0.092 .930 0.003 1.348

Body mass index 20.007 6 0.005 .166 20.048 1.934

Note.—Data are from 1262 subjects because body mass index was missing for eight subjects. A 1% increase in aortic arch PWV 
(in meters per second) is related to a 0.297% increase {[(1.01)0.298 2 1] 3 100} in subsequent WMH volume (in milliliters) when 
all other variables in the model are held constant. Model R 2 = 0.232, adjusted R 2 = 0.219.

* Data are unstandardized regression coefficients 6 standard errors.
† P values are two sided.
‡ Data are standardized regression coefficients.
§ VIF = variance inflation factor.
|| HDL = high-density lipoprotein.

Table 2

Optimal Predictive Model for WMH Volume with a SCAD-penalized Variable Selection Method

Variable SCAD Parameter Estimate* OLS Parameter Estimate† OLS P Value‡ OLS Standardized Estimate§ OLS Variance Inflation Factor

Female 0.124 6 0.041 0.127 6 0.041 .002 0.078 1.040
African American 0.035 6 0.045 0.019 6 0.046 .679 0.012 1.289
Hispanic 0.127 6 0.062 0.113 6 0.062 .070 0.049 1.185
Age 0.026 6 0.003 0.025 6 0.003 ,.0001 0.285 1.674
Log of aortic arch PWV 0.336 6 0.063 0.309 6 0.063 ,.0001 0.154 1.634
Systolic blood pressure 0.003 6 0.001 0.004 6 0.001 .003 0.085 1.295
Hypertension treatment 0.049 6 0.024 0.124 6 0.063 .050 0.054 1.220
Congestive heart failure 0.417 6 0.141 0.520 6 0.164 .002 0.080 1.038

Note.—Data are for 1270 subjects. A 1% increase in aortic arch PWV (in meters per second) is related to a 0.335% increase {[(1.01)0.336 2 1] 3 100} for the SCAD-penalized regression model and a 
0.308% increase {[(1.01)0.309 2 1] 3 100} for the OLS regression model in subsequent WMH volume (in milliliters), respectively, when all other variables in the models are held constant. Final model 
R  2 = 0.224, adjusted R  2 = 0.219.

* Data are SCAD-penalized least squares regression coefficients 6 robust sandwich standard error estimates.
† Data are OLS unstandardized regression coefficients 6 standard error estimates.
‡ OLS linear regression P values, which are two sided, are associated with the OLS parameter estimates and standard errors.
§ Data are standardized regression coefficients from OLS regression.
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arch PWV had a significant positive lin-
ear relationship with subsequent WMH 
volume while adjusting for the other 
demographic and cardiovascular risk 
factors. However, to interpret the pos-
itive linear relationship between aortic 
arch PWV and subsequent WMH vol-
ume—because both WMH and aortic 
arch PWV were log-transformed to a 
natural log scale—we back-transformed 
the unstandardized parameter esti-
mate (0.298) into the original metric. 
Thus, for the full OLS regression model 
(where the unstandardized parameter 
estimate is 0.298; Table 1), in which the 
appropriate back transformation was 
applied when both the outcome and 
predictor are log-transformed, we esti-
mate that a 1% increase in aortic arch 
PWV is related to a 0.297% increase 
{[(1.01)0.298 2 1] 3 100} in subsequent 
WMH volume when all other variables 
in the model are held constant. In other 
words, when all other variables in the 
model are held constant, we estimate 
about a 0.29% increase in subsequent 
WMH volume when aortic arch PWV  
increases by 1%. The OLS regression 
results for the full model, with all pre-
dictor variables included, are shown 
in Table 1. (For expanded tables with 
more comprehensive statistical details, 
please see Tables E1 and E2 [online].)

The subset of predictor variables 
that were selected from the SCAD-
penalized variable selection method 
are reported in Table 2. With sex and 
race “forced in” the final model, the 
SCAD-penalized least squares linear 
regression revealed that aortic arch 
PWV, age, systolic blood pressure, hy-
pertension treatment, and congestive 
heart failure were significant predictors 
of subsequent WMH volume at year 7. 
As shown in Table 2, for the subset of 
retained predictor variables both the 
SCAD-penalized and OLS parameter 
estimates (and standard errors) were 
of similar magnitude and suggested that 
aortic arch PWV had a significant posi-
tive linear relationship with subsequent 
WMH volume (where the unstandard-
ized parameter estimates were 0.336 
and 0.309 for the SCAD-penalized and 
OLS regression models, respectively). 
Thus, for both the SCAD-penalized and 

pressure was 125.4 mm Hg 6 17.2 and 
78.5 mm Hg 6 9.8, respectively. The 
average body mass index was 28.2 kg/
m2 6 5.8. The average WMH volume 
was 1.6 mL 6 3.6, with a median of 
0.88 mL (interquartile range, 0.58–1.41 
mL). The average aortic arch PWV was 
4.8 m/sec 6 2.8, with a median of 4.2 
m/sec (interquartile range, 3.3–5.5 m/
sec). Participant characteristics are 
summarized in Table 3.

The initial DHS-1 group of 2596 
subjects with complete aortic arch 
PWV and cardiac MR imaging and 
initial clinical evaluation had a slightly 
lower proportion of female subjects (n 
= 1418, 54.6%) and a higher propor-
tion of Hispanics (n = 450, 17.3%) and 
African Americans (n = 1264, 48.7%) 
compared with our final sample. For 
the main predictors in our final model, 
the initial DHS-1 group had slightly 
higher mean aortic PWV (5.0 m/sec 6 
3.1) and systolic blood pressure (127.8 
mm Hg 6 19.3) as well as a higher 
proportions of subjects undergoing hy-
pertension treatment (n = 470, 18.1%) 
and with a history of congestive heart 
failure (n = 82, 3.2%). Our final study 
sample was therefore composed of indi-
viduals from DHS-1 with slightly lower 
risk factor severity, which may lower 
the observable effect from the predic-
tors in our model.

WMH and Aortic Arch PWV
Results of OLS multiple linear regres-
sion revealed that aortic arch PWV 
at study entry was a significant pre-
dictor of subsequent WMH volume 7 
years later when adjusting for all the 
other demographic and cardiovascular 
risk factors (unstandardized regres-
sion coefficient = 0.29; standard error 
= 0.06; 95% confidence interval: 0.17, 
0.42; P , .0001). The OLS regression 
analysis also revealed that, among the 
cardiovascular risk factors in the model 
other than age, aortic arch PWV had 
the greater statistical significance and 
magnitude of effect in the expected 
relationship with subsequent WMH 
volume (as interpreted from the stan-
dardized regression coefficient estimate 
of 0.148). The OLS regression results 
from the full model suggest that aortic 

female participants, who comprised 
56% of our sample, was 51.6 years 6 
9.6. The mean age of the 562 male par-
ticipants was 51.2 years 6 9.1. There 
was no significant age difference be-
tween sexes (P = .54, t test). The eth-
nic distribution was as follows: 553 of 
the 1270 subjects (43.5%) were African 
American, 506 (39.8%) were white, 
and 183 (14.4%) were Hispanic. Twen-
ty-eight subjects (2.2%) were of an-
other race. One hundred two subjects 
(8%) had left ventricular hypertrophy 
at MR imaging. One hundred eighty-
four of the 1270 subjects (14.5%) 
self-reported a history of hypertension 
treatment, and 20 (1.6%) reported a 
history of congestive heart failure. The 
average systolic and diastolic blood 

Table 3

Summary of Demographic and 
Clinical Characteristics

Parameter Value 

Mean age (y) 51.4 6 9.4
No. of women 708 (55.7)
Race
 African American 553 (43.5)
 White 506 (39.8)
 Hispanic 183 (14.4)
 Other 28 (2.2)
Mean WMH volume (mL) 1.6 6 3.6
Mean aortic arch PWV (m/sec) 4.8 6 2.8
Mean blood pressure (mm Hg)
 Systolic 125.4 6 17.2
 Diastolic 78.5 6 9.7
Mean heart rate (beats/min) 74.6 6 11.0
Mean body mass index (kg/m2) 28.2 6 5.8
Diabetes 89 (7.0)
Elevated triglyceride level 303 (23.8)
Abnormal glucose tolerance 314 (24.7)
Low HDL level* 489 (38.5)
High total cholesterol level 146 (11.5)
Large waist circumference 607 (47.8)
Current or prior smoker 523 (41.2)
Hypertension treatment 184 (14.5)
Congestive heart failure 20 (1.6)
Myocardial infarction 18 (1.4)
Left ventricular hypertrophy 102 (8.0)

Note.—Except where indicated, data are numbers of 
subjects (n = 1270), with percentages in parentheses. 
WMH volume and patient age were assessed at DHS-2. 
The remaining characteristics were assessed at DHS-1.

* HDL = high-density lipoprotein.
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volume (P , .0001). It can be specu-
lated that the previous study may have 
suffered from insufficient power owing 
to lower numbers of participants. This 
is supported by a follow-up study by 
this same group of a slightly larger size 
(n = 86) performed in patients with 
type 1 diabetes mellitus, which dem-
onstrated an independent association 
between aortic PWV and WMH after 
adjustment for other risk factors (35).

A limitation of our study is the lack 
of baseline brain MR imaging at study 
entry during DHS-1. Aortic arch PWV 
measurements were obtained from 7 
years before brain MR imaging. As a 
group, we can be certain that WMH 
burden will increase during this time. 
Still, it is not possible to delineate what 
component of WMH is incident since 
the time of aortic arch PWV measure-
ment at study entry. Furthermore, al-
though the association between aortic 
arch PWV and WMH persisted after 
adjustment for numerous cardiovascu-
lar risk factors, their association may 
still reflect related end-organ disease. 
Future work to elucidate the underlying 
pathophysiology will need to assess the 
complex interaction between cardiac 
physiology and aortic stiffness (36). 
Herein, we account for two of the more 
significant hemodynamic associations 
of aortic stiffness: blood pressure and 
left ventricular hypertrophy (6,37–39). 
Future studies would benefit from eval-
uating directly the interaction of car-
diac physiology with aortic stiffness.

A second limitation of our study is 
the use of relatively low temporal resolu-
tion imaging of 40 msec for the velocity-
encoded MR imaging sequence used to 
derive the aortic arch PWV. This reflects 
in part the limitations in acquiring this 
sequence as part of a population-based 
trial with limited imaging time for each 
sequence and use of the 1.5-T technology 
available to us at that time. This loss of 
granularity was thought unlikely to un-
duly limit significant associations in our 
population-based trial but does limit the 
precision of data from any given indi-
vidual. This would be expected to have 
the effect of introducing additional noise 
to our aortic arch PWV measurement 
that would tend to lessen the degree of 

Stiffening of the aortic arch may 
alter transmission of pulsatile hemody-
namic forces to the anterior circulation 
of the brain distinct from its influence 
on systemic blood pressures (9). The 
healthy aortic arch has a higher compli-
ance than the brachiocephalic and com-
mon carotid arteries. The relationship of 
higher compliance to slower wave veloc-
ity is described in models as impedance. 
When pressure waves encounter a site 
of impedance mismatch, a portion of 
the wave is reflected. With aging, there 
is a more rapid decrease in compliance 
of the aorta than its branch vessels and 
the protective effects of impedance mis-
match may be lost (9,13).

The results of our study are best 
understood in the context of the grow-
ing evidence supporting aortic stiffness 
as a significant independent predictor 
of cardiovascular disease, including 
all-cause mortality (7) and fatal stroke 
(29). Aortic PWV is a forceful marker 
that improves determination of risk for 
cardiovascular events both in indicating 
higher risk among those with otherwise 
low risk as well as further stratification 
among those already identified as at risk 
(30–32). In particular, our results are in 
keeping with those from previous large 
studies evaluating associations between 
carotid femoral aortic PWV measured 
by means of applanation tonometry and 
WMH volume (8,9,33). The method 
used for WMH assessment may explain 
some of the discrepancy in previous aor-
tic PWV studies, as studies with contin-
uous volumetric assessment of WMH 
demonstrated a persistent association 
(8,9,33) whereas those losing signifi-
cance used a visual scale (11,12).

A previous study using phase-con-
trast MR imaging to determine PWV 
from the aortic arch in a modestly sized 
(n = 50) sample of patients with hy-
pertension showed an association with 
concurrently measured WMH burden, 
which became insignificant after ad-
justing for age, sex, and hypertension 
duration (34). Data from our popula-
tion-based study (n = 1270), however, 
demonstrated PWV from the aortic 
arch obtained with phase-contrast MR 
imaging to be a highly significant inde-
pendent predictor of subsequent WMH 

OLS regression coefficients (from Table 
2)—with application of the aforemen-
tioned back transformation—we esti-
mate that a 1% increase in aortic arch 
PWV is related to a 0.335% increase 
{[(1.01)0.336 2 1] 3 100} and a 0.308% 
increase {[(1.01)0.309 2 1] 3 100}, re-
spectively, in subsequent WMH volume  
when all other variables in the models 
are held constant.

Discussion

Our findings indicate that aortic arch 
PWV, as derived with phase-contrast 
MR imaging, helps predict subsequent 
WMH volume (P , .0001) independent 
of a broad range of demographic and 
cardiovascular risk factors in a multi-
ethnic population–based sample (n 
= 1270). This included adjusting for 
systolic and diastolic blood pressure, 
which addresses potential effects of 
aortic stiffening on blood pressures at 
one point in time as well as left ven-
tricular hypertrophy, which is generally 
a reflection of hypertensive effects over 
a period of time. Despite adjusting for 
numerous covariates, there was no evi-
dence of significant multicollinearity for 
aortic arch PWV. These results provide 
evidence of a link between large-vessel 
disease in the aortic arch and small-
vessel disease in the brain.

We then evaluated the relative con-
tribution of aortic arch PWV in an op-
timal predictive model of subsequent 
WMH volume derived with a SCAD-pe-
nalized variable selection method (opti-
mizing a penalized least squares crite-
rion that expresses a balance between 
good fit and parsimony) while adjust-
ing for sex and race. With use of this 
method, the optimal model consisted 
of age, aortic arch PWV, systolic blood 
pressure, hypertension treatment, and 
history of congestive heart failure, 
with each providing independent con-
tributions to the prediction of WMH 
volume. Aortic arch PWV emerged as 
the primary predictor of WMH apart 
from age, with a greater statistical sig-
nificance and standardized coefficient 
of effect than any of the other factors 
in either the full model or the optimal 
predictive model.
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