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ABSTRACT
OBJECTIVES This study aims to compare ethnic difference in proximal aortic pulse wave velocity (PWV) and
characteristic impedance (Zc).
BACKGROUND Increased aortic stiffness is an independent predictor of target organ damage, incident hypertension,
and all-cause mortality. However, previous studies have not directly assessed proximal aortic function in Blacks, the
ethnic population with disproportionately high risk for incident hypertension and target organ complications.
METHODS We evaluated the multiethnic, population-based DHS (Dallas Heart Study) participants (N ¼ 2,544, 54.2%
women, 49.7% Black) who underwent cardiac magnetic resonance at 1.5-T. Aortic stiffness and Zc were determined from
aortic arch PWV and lumen area measurements. Linear regression was used to evaluate ethnic differences in proximal aortic
wall stiffness using aortic arch PWV and Zc as dependent variables with and without adjustment for traditional cardiovascular risk factors. Because cardiac output was signiﬁcantly higher in Blacks compared to Whites and Hispanics, additional
comparisons of PWV and Zc were performed after adjustment for cardiac output and peripheral vascular resistance.
RESULTS Compared with Whites, both Blacks and Hispanics had higher levels of aortic arch PWV (4.25, 95% conﬁdence
interval [CI]: 4.15 to 4.35 m/s, vs. 4.72, 95% CI: 4.64 to 4.81 m/s, vs. 4.48, 95% CI: 4.33 to 4.63 m/s, respectively,
both p < 0.05 vs. White), and Zc (64.9, 95% CI: 63.3 to 66.6 dyne$s/cm5, vs. 75.6, 95% CI: 74.0 to 77.2 dyne$s/cm5, vs. 70.1,
95% CI: 67.6 to 72.8 dyne$s/cm5, respectively, both p < 0.01 vs. White) after adjustment for age, age squared, sex, body
mass index, height, mean arterial blood pressure, antihypertensive treatment, heart rate, total cholesterol, diabetes
mellitus, and smoking. Compared with Hispanics, Blacks also had higher level of both PWV and Zc (both p < 0.01). Ethnic
differences in PWV and Zc persisted after adjustment for cardiac output and peripheral vascular resistance.
CONCLUSIONS In a multiethnic population-based-sample, Blacks and Hispanics had higher proximal aortic stiffness
compared with Whites independent of blood pressure and relevant risk factors. (J Am Coll Cardiol Img 2017;10:54–61)
© 2017 by the American College of Cardiology Foundation.
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lacks suffer a disproportionately increased risk

remain incompletely elucidated. Properties of the

for hypertension and hypertensive target

arterial system, such as aortic stiffness, may contribute

organ damage (1). The mechanisms underlying

to risk for developing hypertension (2). Increased

these ethnic differences have been explored but

aortic stiffness may also represent a consequence of
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long-standing hypertension. Blacks have higher pulse

METHODS

ABBREVIATIONS
AND ACRONYMS

pressure (3) which is a measure of arterial pressure pulsatility and is closely related to arterial stiffness.

STUDY SAMPLE. Written informed consent

Various measures have been developed to assess aortic

was obtained from all participants. The study

stiffness directly, with the best-characterized nonin-

was approved by the Institutional Review

vasive measurement being pulse wave velocity

Board of the University of Texas South-

(PWV) (4). PWV is an independent risk predictor of

western Medical Center. Participants were

target organ damage (5,6), cardiovascular events

enrolled in the DHS (Dallas Heart Study), a

(7,8),

multiethnic,

incident
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hypertension

(2),

and

all-cause-

population-based

BP = blood pressure
CMR = cardiac magnetic
resonance

PWV = proximal aortic pulse
wave velocity

Zc = characteristic impedance

probability

mortality (4). Characteristic impedance of the prox-

sample of Dallas County. The study design and

imal aorta (Zc) is another useful measure of arterial

methodology have been described previously (17).

stiffness that is related to clinical outcomes (9). Zc is

Brieﬂy, the DHS phase 1 consisted of 3 sequential

related to PWV but is also highly sensitive to aortic

visits, including 2 home visits and a clinical visit.

lumen area, which also inﬂuences arterial pressure

During the ﬁrst 2 visits, a survey was administered

pulsatility. For some subgroups of patients, such as di-

through a face-to-face interview and self-reported

abetics, Zc is a more sensitive measure of central aortic

ethnicity was obtained. In the third visit, 2,971 par-

stiffness than PWV (10). Because of differing relations

ticipants

with aortic wall stiffness and diameter, PWV and Zc

including CMR. Participants were excluded from

each provide distinct insights and can change discor-

analysis if CMR image quality was insufﬁcient for

dantly under certain circumstances. If the aortic wall

interpretation (n ¼ 340) or if self-reported ethnicity

stiffens and diameter is unchanged, PWV and Zc will

was not Black, White, or Hispanic (n ¼ 84). A total of

change proportionately. On the other hand, if stiffness

2,544 participants (54.2% women, 49.7% Black) ages

returned

for

various

imaging

studies,

and diameter both change, the resulting change

19 to 67 years comprised the analysis cohort.

in PWV and Zc can differ dramatically and may even

COVARIATE DEFINITIONS. Brachial blood pressure

change in opposite directions. Between young adult-

was

hood and midlife, aortic diameter is expected to in-

ferromagnetic arm blood pressure cuff and automated

crease while the wall stiffens; PWV could therefore

blood pressure monitor. Four separate blood pressure

increase while Zc and pulse pressure decrease (11).

measurements were acquired at various time points: 1)

SEE PAGE 62

measured

noninvasively

using

a

non-

before scanning, outside the magnet; 2) before scanning, inside the magnet; 3) after scanning, inside the

Prior population-based studies assessing ethnic

magnet; and 4) immediately after scanning, outside

differences in aortic stiffness (12,13) used measures

the magnet. The second and third blood pressure

derived from radial artery tonometry, which are in-

measurements were averaged for each subject.

direct and less precise than PWV (14). Carotid and

Hypertension was deﬁned as systolic blood pressure

femoral artery applanation tonometry is the most

$140 mm Hg, diastolic blood pressure $90 mm Hg, or

widely used technique for measuring aortic PWV;

use of blood pressure lowering medication. Pulse

however, the proximal arch (proximal to the origin of

pressure was deﬁned as the difference between sys-

the brachiocephalic artery) cannot be assessed with

tolic and diastolic blood pressure. Mean arterial pres-

this technique (4). In this regard, cardiac magnetic

sure was deﬁned as: (2  diastolic blood pressure þ

resonance (CMR) has the potential advantage of being

systolic blood pressure)/3. Diabetes mellitus was

able to measure stiffness in multiple user-speciﬁed

deﬁned as a fasting glucose $125 mg/dl or use of hy-

segments of the aorta, including measurement of

poglycemic medications. Body mass index (BMI) was

aortic arch PWV (15). Further, with the advent of

calculated using the equation weight/height2 (kg/m 2).

automated post-processing techniques, CMR-derived

Ethnicity, cigarette smoking, and use of antihyper-

aortic arch PWV is readily obtained during routine

tensive medication were determined by self-report.

CMR with minimal additional scan time (16).
Accordingly, our study aimed to use CMR-derived

CMR. Participants underwent CMR using a 1.5-T

aortic arch PWV and Zc in a large multiethnic, popu-

whole-body system (Intera, Philips Medical Systems,

lation to assess ethnic differences in proximal aortic

Best, the Netherlands). All CMR studies were acquired

stiffness across different ages. To understand these

with a 4-element surface array coil. Aortic arch PWV

relationships we will also adjust for risk factors that

was assessed using a breath-hold, velocity-encoded,

may inﬂuence stiffness as well as potential contri-

phase-contrast gradient echo sequence acquired

butions of aortic lumen area. As a secondary aim, we

perpendicular to the course of the ascending aorta 4 cm

evaluate ethnic differences in pulse pressure.

above the aortic valve plane. The ascending and
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descending thoracic aorta were imaged in cross-

variables were compared between each ethnicity, we

section with a temporal resolution of <40 ms,

only performed a post hoc comparison if the main

256  256 matrix, 34-cm ﬁeld of view, 20  ﬂip angle,

interaction p value was <0.0023 (0.05 per 22.00).

10 ms repetition time, 5 ms echo time, 150 cm/s

Multivariable linear regression was used to further

through-plane velocity encoding, and 8-mm slice

evaluate the relationship between ethnicity and min-

thickness. Images were acquired using prospective

imal aortic area with adjustment for age and height and

electrocardiogram gating. The time-velocity curve

for age and BMI. Aortic arch PWV and Zc were log

was interpolated to a temporal resolution of 10 ms by

transformed for regression analysis to produce a

using a cubic spline for subsequent analysis. The aortic

normal distribution. Ethnic differences in aortic arch

arch was also evaluated with an oblique sagittal, dou-

PWV and Zc were then analyzed in univariable and

ble inversion-recovery spin echo image (“candy cane”

multivariable linear regression models with the latter

view) with the following parameters: 33 cm ﬁeld of

models adjusted for age, age squared, sex, BMI, height,

view, electrocardiographically gated repetition time,

mean arterial blood pressure, use of antihypertensive

5.3 ms echo time, and 32 echo train length. Images were

medication, heart rate, total cholesterol level, diabetes

analyzed with MASS/FLOW (Medis, Leiden, the

mellitus, and cigarette smoking. Least squares means

Netherlands), which has been validated in prior

estimates of PWV and Zc for Blacks, Whites, and His-

studies (18). Area contours of the ascending and

panics were calculated adjusting for the foregoing

descending thoracic aorta were manually traced

covariates. In secondary analysis, ethnic differences in

through all phases of the cardiac cycle, and maximum

pulse pressure were explored using linear regression

and minimum cross-sectional areas of the ascending

with adjustment for age, age squared, sex, BMI, height,

aorta were measured. The operator assessing magnetic

mean arterial blood pressure, use of antihypertensive

resonance area contours was blind to the racial status

medication, heart rate, total cholesterol level, diabetes

of participants. Speciﬁc details of our technique have

mellitus, and cigarette smoking. The linear regression

been described previously (7).

evaluated the relationship between Black ethnicity

CALCULATION OF AORTIC ARCH PWV, IMPEDANCE,
AND CARDIAC OUTPUT. Time-velocity ﬂow curves of

the ascending and descending aorta were produced
using MASS/FLOW. Transit time was calculated as the
time

difference

between

the

ascending

and

descending upstroke velocities at half-maximum velocity. Arch distance was determined by drawing a
freehand line through the center of the aorta between
the ascending aorta position and descending aorta
position where ﬂow measurements were made (19).
Aortic arch PWV was calculated by dividing arch distance by transit time with larger velocities indicating
greater aortic stiffness (4).
Zc is a measure of the opposition of the circulation to
oscillatory ﬂow input (20). We estimated Zc, by using
the water hammer equation, as the product of aortic
arch PWV and blood density divided by the ascending
aortic area in diastole. Blood density was assumed to
be ﬁxed at 1.06 gram/cm 3 as previously described (21).
CMR imaging included a cine steady state free
precession series of 10 to 13 short axis slices spanning
the cardiac apex through the ventricular base, for
measurement of left ventricular stroke volume. Cardiac output was measured as stroke volume multiplied by heart rate as previously described (22).

and Hispanic ethnicity against White ethnicity. The
signiﬁcance of differences between Black and Hispanic
ethnic groups was determined by a linear contrast of
the regression coefﬁcients from the linear regression
models.
Statistical signiﬁcance was deﬁned as a 2-tailed
p value <0.05. All analyses were performed with SAS
version 9.1.3 (SAS Institute, Cary, North Carolina) and
MedCalc 8.1.0.0 for Windows (MedCalc Software,
Mariakerke, Belgium).

RESULTS
Table 1 shows demographic and baseline characteristics of the study sample. Systolic blood pressure,
diastolic blood pressure, and pulse pressure were
higher in Blacks than non-Blacks (p < 0.01). Prevalence of diabetes mellitus was higher in Blacks than in
Whites but was similar to Hispanics and other ethnic
groups. Serum triglyceride level was lower whereas
high-density cholesterol was higher in Blacks than all
other ethnic groups. Cardiac output was signiﬁcantly
higher in Blacks compared to Whites and Hispanics
(both p < 0.001), although cardiac index was similar
in all ethnic groups (all p > 0.1) (Table 1). In univariate
analysis, aortic area was smaller in Hispanics than

STATISTICAL ANALYSIS. Ethnic differences in base-

Blacks and Whites (both p < 0.01) whereas the areas

line characteristics (Black vs. Hispanic, Black vs.

were similar in Blacks and Whites (Table 1). In

White, and Hispanic vs. White) were evaluated using

multivariate analysis, Hispanics in our sample were

analysis of variance. Because 22 baseline characteristic

shorter (p < 0.0001) and younger (p < 0.0001)
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T A B L E 1 Characteristics of Study Participants (N ¼ 2,544)

p Value

Black
(n ¼ 1,264)

White
(n ¼ 830)

Hispanic
(n ¼ 450)

Black vs. White

Hispanic vs. White

Black vs. Hispanic

Interaction

Age, yrs

45  10

45  10

41  9

0.991

<0.0001

<0.0001

<0.0001

Female

56

50

58

NA

NA

NA

0.006

Systolic

130  18

124  14

120  15

<0.0001

<0.0001

<0.0001

<0.0001

Diastolic

80  10

77  9

75  9

<0.0001

<0.0001

<0.0001

<0.0001

51  15

46  11

46  12

<0.0001

0.918

<0.0001

<0.0001

45

25

16

<0.0001

0.0008

<0.0001

<0.0001

Blood pressure, mm Hg

Pulse pressure
Hypertension
Cigarette smoking (current)

31

27

20

0.0103

0.0035

<0.0001

<0.0001

Diabetes mellitus

13

6

12

<0.0001

0.0002

0.4188

<0.0001

Antihypertensive medication

26

16

11

<0.0001

0.0115

<0.0001

<0.0001

Lipid lowering medication

6

7

4

NA

NA

NA

0.098

<0.0001

0.068

<0.0001

<0.0001

0.0005

0.029

0.649

Fasting lipids, mg/dl
Triglycerides

105  92

137  106

150  129

Total cholesterol

179  40

185  37

180  40

High-density

52  15

49  15

46  12

Low-density

<0.0001

0.0001

0.0018

<0.0001

<0.0001

106  38

109  34

105  33

NA

NA

NA

0.087

Weight, kg

90  92

84  20

79  19

<0.0001

<0.0001

<0.0001

<0.0001

Height, cm

<0.0001

168  10

170  10

161  9

0.0005

<0.0001

<0.0001

Body mass index, kg/m2

31  8

29  6

30  6

<0.0001

<0.0001

0.06

Minimum aortic area, cm2

7.1  2.0

7.2  1.9

6.3  1.7

0.249

<0.0001

<0.0001

Stroke volume, ml

74  19

73  17

70  15

0.209

0.001

<0.0001

0.0002

Heart rate, beats/min

77  12

76  12

75  11

NA

NA

NA

0.006

Cardiac output, l/min

5.0  1.4

4.9  1.2

4.7  1.2

0.081

<0.0001

<0.0001

0.0003

Cardiac index, l/min/m2

2.5  0.6

2.5  0.5

2.5  0.6

NA

NA

NA

0.0001
<0.0001

0.984

Values are mean  SD or %.
NA ¼ not applicable.

compared with Whites and Blacks. Hispanic ethnicity

are shown in Figure 1 and estimates for Zc are

was no longer signiﬁcantly associated with smaller

shown in Figure 2.

aortic area (p ¼ 0.1) after adjustment for age and

To account for ethnic difference in cardiac output

height. After adjustment for age and BMI, however,

and potential inﬂuence of peripheral vascular resis-

aortic area was smaller in Blacks (p ¼ 0.005) and

tance, analysis was repeated after cardiac output and

Hispanics (p < 0.0001) compared to Whites.

total peripheral resistance (mean arterial pressure

Percentiles for aortic arch PWV and Zc by age and

divided by cardiac output) was included in the model

ethnicity are shown in Online Table 1. Multivariable

separately along with relevant variables (age, age

models of log-transformed aortic arch PWV, Zc, and

squared, sex, BMI, height, systolic blood pressure,

pulse pressure are shown in Table 2. Blacks and His-

antihypertensive treatment, heart rate, total choles-

panics had higher levels of aortic arch PWV (Black vs.

terol, diabetes mellitus, and cigarette smoking). We

White, p < 0.0001; Hispanic vs. White, p ¼ 0.017),

found that ethnic difference in PWV and Zc persisted

Zc (Black vs. White, p < 0.0001; Hispanic vs. White,

despite accounting for cardiac output or peripheral

p ¼ 0.002) and pulse pressure (Black vs. White,

vascular resistance (Online Tables 2 and 3).

p < 0.0001; Hispanic vs. White, p ¼ 0.037) compared
with Whites after adjustment for age, age squared,

DISCUSSION

sex, BMI, mean arterial blood pressure, antihypertensive treatment, heart rate, total cholesterol, dia-

In the multiethnic, community-based DHS cohort,

betes mellitus, and smoking.

Blacks and Hispanics, as compared to Whites, disBlack

played greater proximal aortic stiffness, whether

ethnicity was associated with higher aortic arch

assessed as aortic arch PWV or Zc, in models that

PWV (p ¼ 0.007) and Zc (p ¼ 0.0005) but not pulse

adjusted for various standard vascular risk factors.

pressure (p ¼ 0.058). Least squares means estimates

Blacks demonstrated higher prevalence of numerous

calculated for PWV by Black, White, and Hispanic

cardiovascular

ethnicity adjusting for the covariates in the models

contribute to aortic stiffness (4,23). However, these

Compared

with

Hispanic

ethnicity,

disease

risk

factors

that

may

57
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T A B L E 2 Multivariable Linear Regression Models of Aortic Arch PWV, Zc, and Pulse Pressure

Log Aortic Arch PWV
Regression
Coefﬁcient*

Standard
Error

Black vs. White ethnicity

0.104

Hispanic vs. White
ethnicity
Black vs. Hispanic
ethnicity

Log Zc

p Value

Regression
Coefﬁcient

Standard
Error

0.015

<0.0001

0.152

0.051

0.021

0.017

0.054

0.20

0.007

Pulse Pressure

p Value

Regression
Coefﬁcient*

Standard
Error

p Value

0.017

<0.0001

2.6

0.48

<0.001

0.074

0.024

0.002

1.4

0.67

0.037

0.078

0.022

0.0005

1.2

0.63

0.058

*Exponentiation of the regression coefﬁcient values indicates fold difference in the variables between each ethnicity. For example, a coefﬁcient of 0.104 indicates that aortic
arch PWV is 11% higher in Blacks than Whites (i.e., e0.104 ¼ 1.11 ¼ the fold higher in blacks as compared to whites). Multivariable models of log-transformed aortic arch PWV, Zc,
and Pulse Pressure, after adjustment for age, age squared, sex, BMI, height, mean arterial blood pressure, antihypertensive treatment, heart rate, total cholesterol, diabetes
mellitus, and cigarette smoking. The regression coefﬁcient is in reference to the 2 ethnicity variables.
BMI ¼ body mass index; PWV ¼ proximal aortic pulse wave velocity; Zc ¼ characteristic impedance.

risk factors do not explain the ethnic differences in

relationships, starting with the relationship between

aortic arch PWV and Zc, as we adjusted for them in

diameter and stiffness.

our analysis. Thus, mechanisms underlying higher

Higher levels of Zc in Hispanics and Blacks

aortic stiffness in Blacks and Hispanics are uncertain

compared with Whites in our study was driven in part

and represent important targets for future research.

by smaller aortic area, suggesting a possible impair-

Previous large epidemiological studies have pro-

ment in aortic remodeling. Univariate analysis shows

vided conﬂicting evidence regarding ethnic differ-

Hispanics had signiﬁcantly smaller aortic area as a

ences in aortic stiffness (12,13). Although the Bogalusa

group than non-Hispanic Whites or Blacks. Further

Heart Study showed increased large artery stiffness in

exploration shows that this association is lost after

Blacks for the age range 18 to 44 years, the Multi-

adjusting for the lower age and height of Hispanics in

ethnic Study of Atherosclerosis evaluated partici-

our study. The observation that aortic lumen area

pants 45 to 84 years of age and found no ethnic

seems appropriate for height may reﬂect strong,

differences in arterial stiffness after adjustment for

parallel genetic contributions to height and aortic

height (12,13). These studies may have obtained

area, which have heritabilities that exceed 0.5 (33,34).

different results due to their differences in age

Both Hispanic and Black ethnicity were associated

ranges; the use of radial artery tonometry in these

with smaller aortic areas, however, when adjustment

studies also has several potential limitations (24–30).

was made for BMI. The latter observation suggests

Our study uses a validated technique that directly

there may be a mismatch between aortic diameter

assesses central aortic stiffness and our sample has an

and adiposity in Hispanics and Blacks. Another

age range that encompasses most of the adult lifespan

interesting ﬁnding is the contrasting relation of BMI

(19 to 67 years of age).

with pulse pressure (positive) and Zc (negative). With

Stiffness may be considered as factors related to

increasing adiposity, cardiac output increases and the

wall stiffness but is also related to pressure pulsa-

aorta remodels, driving down Zc. However, the in-

tility. PWV is a good measure of wall stiffness because

crease in peak ﬂow presumably exceeds the decrease

it is relatively insensitive to geometry (i.e., diameter).

in Zc, resulting in an increase in pulse pressure.

We further assessed Zc which is a sensitive indicator

Beyond the factors we explore here, age-related

of the contribution of aortic stiffening and matching

differences in aortic stiffening may also be due in

between ﬂow and aortic diameter to the pathogenesis

part to genetic differences in vascular collagen con-

of high pulse pressure and systolic hypertension

tent and endothelial response to cell injury (35).

(31,32). From the water hammer equation, Zc is

Other factors, including male sex, elevated blood

directly proportional to PWV and inversely propor-

pressure (BP), cigarette smoking, obesity, and dia-

tional to vessel lumen area (10). Pulse pressure is, of

betes are not likely to explain ethnic difference in Zc

course, the best measure of pressure pulsatility. An

or PWV in our study as the difference persisted after

important question is whether increased pulsatility in

adjustment for these relevant factors. Increased

Blacks can be explained by a stiffer wall or by other

aortic stiffening may also be related to excess sodium

factors such as higher ﬂow or smaller aortic diameter.

intake or low potassium intake which has been shown

To completely address these factors strays beyond

to be associated with larger increase in BP in Blacks in

our scope, but we will explore some essential

the DHS (36) and other large population studies (37).
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Secondary analysis of ethnic differences in pulse
pressure

reveals

some

interesting

relationships.

F I G U R E 1 Ethnic Differences in Aortic Arch Pulse Wave Velocity

Aortic lumen area, wall stiffness, and blood ﬂow are

APWV

the primary determinants of forward pressure wave

5.0

amplitude, which is a major determinant of pulse

†

pressure. Even after accounting for distending pressure (mean arterial pressure), aortic wall stiffness

*

4.8

(PWV), and lumen area, Blacks and Hispanics have

*

higher pulse pressure than whites. This suggests that
m/s

either there is higher relative ﬂow in Blacks and Hispanics (i.e., there is mismatch between ﬂow and Zc)

4.6

or that there is a difference in wave reﬂection or

4.4

ampliﬁcation between the central aorta (where we
measured stiffness and lumen area) and the arm
4.2

(where we measured pulse pressure). This will need
to be explored in future studies.
Our demonstration of ethnic differences in arterial

4.0

White

stiffness is an important step in understanding the

Black

Hispanic

mechanisms that mediate ethnic differences in cardiovascular disease. In light of prior prospective ob-

The graph demonstrates differences in least square mean and 95% conﬁdence interval of

servations showing that PWV was an independent

APWV for each ethnicity. Model adjusts for age, age squared, sex, BMI, height, mean

predictor of incident hypertension in a White cohort

arterial blood pressure, use of antihypertensive medication, heart rate, total cholesterol

(2), our study may provide a potential explanation for
excess risk of hypertension and target organ compli-

level, diabetes mellitus, and cigarette smoking. *p < 0.05 versus whites. †p < 0.01 versus
Hispanics. APWV ¼ aortic arch pulse wave velocity; BMI ¼ body mass index.

cation in Blacks. Beyond the factors we explore here,
ethnic differences in aortic stiffening may be due in

ampliﬁcation is not necessarily ﬁxed and may

part to genetic differences in vascular collagen con-

decrease with age as the aorta stiffens. Strengths of

tent and endothelial response to cell injury (35).

our study include a large sample of ethnically diverse
participants with routinely ascertained, detailed

STUDY

LIMITATIONS. The

study

uses

a

cross-

sectional design and hence does not allow inferences

F I G U R E 2 Ethnic Differences in Characteristic Impedance of the Proximal Aorta

on causality or longitudinal change. However, this
sample will be studied over time to ascertain whether

Zc

longitudinal measurements conﬁrm our present cross80

sectional ﬁndings. Limited temporal resolution of

†

*

CMR measurements may confound our measurements
of PWV, as a higher temporal resolution allows for

*

75

more precise estimates of aortic arch PWV (38). We
when calculating Zc in the proximal aorta, which is a
reasonable assumption (39). However, use of the water hammer is expected to provide lower estimates of

dyne*s/cm5

assumed that the water hammer equation is applicable
70

Zc (40), which was the case in our study as compared
to prior reports based on pressure-ﬂow relations (11). A

65

limitation of ﬂow-based PWV, in general, is that wave
reﬂection blunts the upstroke of ﬂow, leading to progressive over-estimation of the arrival time of the ﬂow
waveform at more distal locations within the aorta and

60

White

Black

Hispanic

hence a longer transit time. Our study used brachial BP
measurements, which often differ from the central
BPs within the aorta due to peripheral pulse ampliﬁ-

The graph demonstrates differences in mean Zc for each ethnicity and 95% conﬁdence
interval. Model adjusts for age, age squared, sex, BMI, height, mean arterial blood pressure, use of antihypertensive medication, heart rate, total cholesterol level, diabetes

cation. This ampliﬁcation will result in an increased

mellitus, and cigarette smoking. *p < 0.01 versus whites. †p < 0.01 versus Hispanics.

systolic and pulse pressure in the arm compared

Zc ¼ characteristic impedance; other abbreviation as in Figure 1.

with the aorta for some individuals. Further, this

59

60
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measurements of aortic structure and function, and

Hines

related risk factors.

Wanpen.Vongpatanasin@UTSouthwestern.edu.

CONCLUSIONS

have identiﬁed higher stiffness of the proximal aorta in
Blacks and Hispanics as compared to Whites, even
after adjustment for traditional cardiovascular disease
risk factors. Future studies are needed to identify
interventions that ameliorate or prevent abnormal
large artery function in these high-risk ethnic groups.
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cardiovascular risk in these 2 ethnic populations when
compared to Whites.
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