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Abstract

Systemic vascular stiffness is recognized as one of the major contributors to the
development of left ventricular (LV) diastolic dysfunction and heart failure; however
little is known about the relationship of systemic vascular stiffness and the right ventricle
(RV). Using data from the Multi-Ethnic Study of Atherosclerosis, we explored the
association between systemic vascular stiffness measures (total arterial compliance
(TAC), systemic vascular resistance (SVR), aortic augmentation index and reflection
magnitude) and the RV morphology (RV mass, RV end-systolic volume, RV end-diastolic
volume and RV ejection fraction). All analyses were adjusted for allometric, demographic
and clinical variables as well as the corresponding LV parameter. A total of 3,842
subjects without clinical cardiovascular disease who had complete data on the systemic
vascular measures and the RV measures were included in the analysis. The mean age of
the study sample was 61 + 10 years with 48% males, 39% non-Hispanic white, 25%
Chinese-American, 23% Hispanic, and 13% African American participants. Lower TAC
and higher SVR were significantly associated with lower RV mass and smaller RV
volumes in fully adjusted models. A 1 mL/mmHg increase in TAC was associated with a
2.4 grams greater RV mass, a 3.9 mL larger RVESV and a 7.6 mL larger RVEDV. A 5
Wood unit increase in SVR was associated with a 1.8 grams smaller RV mass, a 4.9 mL
smaller RVESV and a 12.3 mL smaller RVEDV. We also found significant effect
modification by age and sex for TAC with RV mass and volumes. Similarly, we found
significant effect modification by race and age for SVR with RV mass and volumes.
Higher aortic augmentation index and reflection magnitude were associated with smaller
RV end-diastolic volume. A 1% increase in aortic augmentation index was associated
with a 0.2 mL smaller RVEDV and a 1 unit increase in RM was associated with a 10.1 mL
smaller RVEDV. We also found significant effect modification by age and sex for aortic

augmentation index with RVEDV. Increased systemic vascular stiffness was associated
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with lower RV mass and smaller RV volumes in a population of adults without clinical
cardiovascular disease. Whether therapies that target systemic vascular stiffness can also

impact the RV morphology remains to be determined.
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Introduction

There is growing recognition of the importance of the right ventricle (RV) in
common diseases of the left ventricle, such as heart failure with preserved ejection
fraction (HFpEF) and congestive heart failure.(1-3) One of the major contributors to the
development of HFpEF and associated left ventricular (LV) diastolic dysfunction is
systemic vascular stiffness.(4-6) The relationship between systemic vascular stiffness
and RV morphology and function has not been well-studied. Increased vascular stiffness
can have considerable adverse mechanical and cellular consequences via the release of
vasoactive and inflammatory mediators. First, increased vascular stiffness imposes
greater pressure afterload on the LV, which leads to its eventual remodeling and
dysfunction and downstream increased pressure afterload on the RV.(7, 8) Both the LV
and RV demonstrate similar subendocardial fibrosis in HFpEF.(9) Second, the systemic
vascular endothelial layer is exposed to shear-stress forces and turbulent flow in the
setting of increased stiffness, leading to endothelial dysfunction and the release of a
cascade of inflammatory markers.(10-12) Studies demonstrate that increased pulmonary
arterial stiffness leads to both RV dysfunction and downstream endothelial cell
dysfunction in the smaller pulmonary vessels,(13-15) effects comparable to the changes
that occur in the systemic vasculature as a result of atherosclerotic disease and increased
stiffness.(10-12) Third, systemic vascular function could serve as an indicator of
pulmonary vascular health.(16-20)

Indices of systemic vascular stiffness have been shown to complement
echocardiographic measures for the diagnosis of HFpEF.(6) Interventions such as the
sodium-restricted Dieatary Approaches to Stop Hypertension diet, aimed at reducing the
morbidity from diseases associated with HFpEF not only reduced systolic and diastolic
blood pressure but also improved vascular stiffness and reduced the oxidative stress.(21)

In light of its demonstrated para- and endocrine effects, systemic vascular pathobiology



offers a compelling potential driver of RV dysfunction in disease states such as HFpEF.
Identifying whether such an association exists in healthy individuals or in a pre-clinical
state would provide a promising potential therapeutic target to halt the progression to
HFpEF and RV dysfunction.

Using baseline data from the well-characterized Multi-Ethnic Study of
Atherosclerosis (MESA) study, we examined the cross-sectional association between
different pulsatile and resistive measures of the systemic vasculature (total arterial
compliance (TAC), reflection magnitude, aortic augmentation index and systemic
vascular resistance (SVR)) and RV morphology as assessed by cardiac magnetic
resonance imaging (CMR) in individuals without clinical cardiovascular disease. We
hypothesized that lower TAC, higher SVR, higher aortic augmentation index, and higher
reflection magnitude would be associated with greater RV mass, larger RV end-systolic
volume (RVESV) and end-diastolic volumes (RVEDV) and lower RV ejection fraction

(RVEF).

Methods
Subjects

The MESA is a multicenter prospective cohort of 6,814 men and women aged 45-
84 years free from clinical evidence of cardiovascular disease with the purpose of
investigating the prevalence, correlates, and progression of subclinical cardiovascular
disease in a racially and ethnically diverse population. All participants were recruited
between 2000 and 2002 from six US communities: Forsyth County, North Carolina;
Northern Manhattan and the Bronx, New York; Baltimore City and Baltimore County,
Maryland; St. Paul, Minnesota; Chicago, Illinois; and Los Angeles, California.
Individuals were eligible to participate in MESA if they are “persons living within the

defined geographic boundaries for each Field Center who were between the ages of 45



and 84 at enumeration, who are African-American, Chinese-American, Caucasian, or
Hispanic, and who do not meet any of the exclusion criteria.”(22) The exclusion criteria
were: 1) age younger than 45 or older than 84 years, 2) physician-diagnosed heart attack,
3) physician-diagnosed angina or taking nitroglycerin, 4) physician-diagnosed stroke or
transient ischemic attack, 5) physician-diagnosed heart failure, 6) current atrial
fibrillation, 7) having undergone procedures related to cardiovascular disease (coronary
artery bypass graft, angioplasty, valve replacement, pacemaker or defibrillator
implantation, any surgery on the heart or arteries), 8) active treatment for cancer, 9)
pregnancy, 10) any serious medical condition which would prevent long-term
participation, 11) weight>300 pounds, 12) cognitive inability as judged by the
interviewer, 13) living in a nursing home or on the waiting list for a nursing home, 14)
plans to leave the community within five years, 15) language barrier (speaks other than
English, Spanish, Cantonese or Mandarin), 16) chest CT scan in the past year. During the
baseline examination, participants completed questionnaires on demographics,
socioeconomic variables, medical history and medication use, diet and physical activity.
Participants also had their height, weight, waist and hip circumference as well as blood
pressure measured. In addition, chest CT, CMR, carotid ultrasound and high-resolution
ultrasound imaging for the brachial artery and electrocardiography were performed and
blood and urine samples were obtained. Of the 6,814 MESA participants, 5,098 had
CMRs of which 5,004 were interpretable for LV measures at the baseline examination.
The MESA-Right Ventricle Study is an ancillary study that selected 4,634 of these scans
without regard to age, sex or race and completed the assessment of RV morphology in
4,204, which were available and interpretable. The study protocols were approved by the
institutional review boards of all participating centers and all study participants signed

informed consent.



Demographic and clinical variables

The details of the baseline study visit have been previously described.(22) Race
and ethnicity were self-reported. Height and weight were measured and blood pressure
was measured three times in the seated position after a 5-minute rest using the Dinamap
model PRO 100 automated oscillometric device (Critikon, Tampa, FL). Medical history,
smoking status and medication use were obtained by standard questionnaires. Fasting
blood samples were collected for determination of study participant’s lipid profile.
Physical activity was assessed using the MESA Typical Week Physical Activity Survey,

adapted from the Cross-Cultural Activity Participation Study.(23)

Cardiac MRI measures

RV structure and function can be directly measured by cardiac magnetic
resonance imaging (CMR), which has emerged as the gold standard for RV
assessment.(24, 25) The CMR protocol has been previously described and methods of
interpretation of LV and RV parameters have been previously reported.(26-28) Images
were performed with 1.5-T magnets with a 4-element phased-array surface coil
positioned anteriorly and posteriorly and ECG gating. CMR images were transmitted to
Johns Hopkins University in Baltimore, MD, and image analysis was done on Windows
workstations with QMASS software (version 4.2; Medis, the Netherlands). The
endocardial and epicardial borders of the RV were traced manually on the short-axis cine
images at the end-systolic and end-diastolic phases. The outflow tract was included in
the RV volume and RVEDV and RVESV were calculated using Simpson’s rule by
summation of areas on each slice multiplied by the sum of the slice thickness and image
gap. RV mass was determined at the end-diastole phase as the difference between the
end-diastolic epicardial and endocardial volumes multiplied by the specific gravity of the

heart (1.05 g/cm3). RVEF was calculated by dividing the difference of RVESV and



RVEDV by RVEDV. The intrareader and interreader intraclass correlation coefficients
from random, blinded rereads of 229 scans were 0.94 for RV mass and from 230 scans

were 0.99 for RVEDV and 0.89 for RVEF.(29)

Measures of arterial load

The systemic vasculature has both pulsatile and resistive components.(30) The
pulsatile load is reflected by the TAC,(4, 31, 32) the reflection magnitude,(30, 31, 33, 34)
and the aortic augmentation index,(33, 35) which encompass the vascular elastance and
the wave reflection physiology. The SVR is other main physiologic component.(36, 37)
Radial tonometry data were recorded for 30 seconds using the HDI/PulseWave-CR2000
tonometry device (Hypertension Diagnostics, Eagan, MN) and the data were digitized at
200 Hz for offline processing. Analysis of waveforms was performed using MatLab (The
MathWorks, Natick, MA).

TAC was calculated as the ratio of LV stroke volume obtained from cardiac MRI
to arterial pulse pressure determined from arterial tonometry.

Left ventricular stroke volume

Total arterial compliance = - -
Systemic arterial pulse pressure

The reflection magnitude and aortic augmentation index were determined from
wave reflection analysis.(38) Reflection magnitude is the ratio of the amplitude of the
backward reflected wave to that of the forward wave generated by the LV.(33, 34)

Amplitude of Backward Reflected Aortic Wave
Amplitude of Forward Aortic Wave

Reflection magnitude =

As arterial stiffness increases, the backward wave merges with the forward wave
in systole instead of diastole leading to augmentation of the systolic blood pressure; the
ratio of the augmented blood pressure to the pulse pressure is referred to as the aortic

augmentation index.(39)



SVR was calculated as the ratio of the mean arterial pressure determined by

arterial tonometry to the cardiac output determined from CMR.

Mean Arterial Pressure

Systemic Vascular Resistance = -
Cardiac Output

Statistical analysis
Normality for each of the continuous variables was evaluated graphically by

plotting histograms (Figure 1 shows some examples).
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Upon visual inspection of the distribution of the RV mass and total arterial compliance

variables, there is a slight skew to the right in both distributions; however given the large



sample size, the central limit theorem was assumed. The height and weight variables

distributions were normal.

Variables that were not normally distributed were log transformed. (Figure 2

shows one example).

Figure 2
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The distribution of the urine albumin to creatinine ratio (ACR) variable is skewed to the

right, hence the variable was log transformed. After logarithmic transformation, the

assumption of linearity of ACR with the right ventricular mass (one of the outcomes) was

met.

Continuous variables were summarized as means + standard deviations if they

were normally distributed or as medians and interquartile ranges if not normally



distributed. Categorical variables were summarized as counts and percentages.
Univariate analyses were performed to assess the association between each of the
independent variables (TAC, reflection magnitude, aortic augmentation index, SVR) and
the dependent RV measures (RV mass, RVESV, RVEDV, RVEF). The assumptions of the
linear regression model were assessed for each model built. Assumptions for the linear
regression models were assessed for each model built. The subjects in the MESA cohort
were independently collected on 6,814 subjects. Scatterplots for the outcome and the
explanatory variables were created to assess the assumption of linearity (Figure 3 shows

one example).

Figure 3
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The assumption of linearity of the linear regression were assessed for each explanatory

variable with each of the outcomes visually by plotting the outcome against the



explanatory variable. In the examples shown above, the assumption of linearity is met.
Total arterial compliance, height and weight were positively correlated with right
ventricular (RV) mass whereas age was negatively correlated with RV mass.

The assumption of homoscedasticity was assessed by plotting the residuals
against the fitted values for each model (Figure 4 shows one example) and the
assumption of normality was assessed by plotting the histograms of residuals for each

model (Figure 5 shows one example).

Figure 4
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The plot demonstrates a random scatter of points of the residuals against the fitted
values from the univariate linear regression model of total arterial compliance for right

ventricular mass. The assumption of homoscedasticity for the linear regression is met.
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Figure 5

Univariate analysis of TAC for the outcome of RV mass
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The distribution of the residuals of the univariate model for total arterial compliance for
right ventricular mass is normal, satisfying the assumption of normality of the residuals
for the linear regression model.

Multivariate linear regression models were created by including variables based
on a priori clinical knowledge of covariates thought to be associated with RV structure
and function and/or affect systemic vascular function including age (years), sex
(males/females), race/ethnicity (white, Chinese-American, black, Hispanic), height (cm),
weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than
college, college or higher), presence of hypertension (yes/no), presence of diabetes
(yes/no), urinary albumin-to-creatinine ratio, total cholesterol (mg/dL), high-density
lipoprotein cholesterol (mg/dL), current diuretic use (yes/no), physical activity (MET-
min/week), and the corresponding LV parameter (LV mass, LV volumes, and ejection

fraction). The initial limited multivariate model only adjusted for allometric variables
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(age, sex, race/ethnicity, height and weight). The adjusted multivariate model included
the variables from the limited model in addition to the other clinical and demographic
variables (education level, heart rate, total cholesterol, HDL cholesterol, smoking status,
diabetes, hypertension, urinary albumin:creatinine, physical activity, and diuretic use).
Finally the models were adjusted additionally for the corresponding LV parameter (LV
mass or LV volume or LVEF). There is an interplay between the lung volumes and the
intrathoracic pressure which in turn can affect the pericardial pressure and cardiac
chamber filling and function;(40) therefore, it would be important to adjust for lung
volumes in our multivariate analyses. Forced expiratory volume in 1 second (FEV1) and
forced vital capacity (FVC), were performed on a subset of the study population for a
different ancillary study (MESA-Lung) (n = 2,584). Multivariate analyses were repeated
with additional adjustment for FEV1 and FVC.

Based on prior knowledge of effect modification on the relation between vascular
stiffness and the left ventricular measures by age, race/ethnicity and sex,(8, 41, 42)
interactions between each of the independent variables of vascular function and age (as a
continuous variable), sex, race/ethnicity and hypertension were assessed separately in
the multivariate models and retained if the adjusted p-value for the interaction was <
0.05. Significance of interactions for race/ethnicity were tested by analysis of variance

(ANOVA) F-tests. All analyses were performed in R version 3.2.1.

Results

Of the 6,814 participants in the MESA study cohort, 5,098 subjects underwent
CMR, of which 5,004 scans were interpretable for LV measures. The MESA-RV Study
randomly selected 4,634 cardiac MRI scans for interpretation of RV parameters, of

which 4,204 were available and interpretable for RV morphology and function. Of those,
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3,842 participants had complete data for our primary outcomes and main predictors and

were included in the analysis (Figure 6).

Figure 6: Study population
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Table 1 shows that the study sample (n=3,842) was similar to those excluded
(n=2,972) in terms of demographics, anthropometrics, and comorbidities. The mean age
of the study sample was 61 + 10 years with 48% males, 39% non-Hispanic white, 25%
Chinese-American, 23% Hispanic, and 13% African American participants. A diagnosis

of hypertension was present in 43% and a diagnosis of diabetes in 12%.
Yp p

Table 1: Baseline characteristics of study subjects

All Study Sample Excluded

(n=6,814) (n=3,842) (n=2,972)

Age, years 62 + 10 61 + 10 63 + 10



Males, n (%)
Race/Ethnicity, n (%)
White
Chinese-American
Black, African-American
Hispanic
Height, cm
Weight, kg
Body mass index, kg/m2
Education level, n (%)
< High school
High school
> High school, < College
> College
Diabetes, n (%)
Hypertension, n (%)
Total cholesterol, mg/dL
HDL cholesterol, mg/dL
Urine albumin:creatinine, mg/g
Smoking status, n (%)
Never
Former
Current
Physical activity, MET-min/week
Moderate and vigorous PA
Total intentional exercise
Heart rate, beats/min
Total arterial compliance, mL/mmHg"
Systemic vascular resistance, WU"
Aortic augmentation index, %"

Reflection magnitude”

3213 (47)

2622 (38)
1892 (28)
804 (12)
1496 (22)
166.4 + 10

78.6 £ 17

28.3+5.5

1225 (18)
1236 (18)
1109 (16)
3221 (47)
859 (13)
3058 (45)
194 + 36
51+ 15

5.4 [3.30 — 11]

3418 (50)
2487 (37)

887 (13)

4020 [1980 — 7500]

825 [105 — 2021]

63 + 10

1845 (48)

1492 (39)
979 (25)
496 (13)
875 (23)
166.4 + 10.0
77.3 £ 16.2

27.8 £ 5.0

637 (17)
713 (18)
607 (16)
1885 (49)
452 (12)
1643 (43)
194 + 35
51+ 15

5.2[3.3 —10.1]

1995 (52)
1375 (36)

472 (12)

13

1368 (46)

1130 (38)
913 (31)
308 (10)
621 (21)
166.3 + 10.1
80.3 £+ 18.6

29.0 £ 6.0

588 (20)
523 (18)
502 (17)
1336 (45)
407 (14)
1415 (48)
194 £ 37
51+ 15

5.6 [3.4 —12.5]

1423 (48)
1112 (38)

415 (14)

4140 [2055 — 7738] 3848 [1860 — 7200]

840 [210 — 2076]

63+9
1.6 £ 0.5
20.5 £ 4.7
15.0 + 2.4

0.84 +£ 0.05

760 [35 —1972]

64 + 10
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Right ventricular mass (g) - 21.1+ 4.4 -
RVESV, mL == 37.5 £ 14.2 -
RVEDV, mL - 124.5 £ 30.8 -
RVEF, % -- 70.4 + 6.5 --

Results presented as mean = standard deviation or median [interquartile range]

HDL: High density lipoprotein; MET: Metabolic equivalent of task; PA: Physical activity; RVESV: right
ventricular end-systolic volume; RVEDV: right ventricular end-diastolic volume; RVEF: Right ventricular
ejection fraction; WU: Wood units

*The values are within the normal to low-normal range.

The mean RV mass in the study sample was 21.1 + 4.4 grams, the mean RVESV
was 37.5 + 14.2 mL, the mean RVEDV was 124.5 + 30.8 mL and the mean RVEF was
70.4 £ 6.5 %. The mean TAC of the study sample was 1.6 + 0.5 mL/mm Hg, the mean
SVR was 20.5 + 4.7 Wood units, the mean aortic augmentation index was 15.0 + 2.4 %,

and the mean reflection magnitude was 0.84 + 0.05 (Table 1).

Table 2: Univariate models for the association of systemic vascular measures with the

right ventricular measures (n = 3,842)

RV mass RVESV RVEDV RVEF

B SEB p B SEB) P p SE@B) p B SEB) p

TAC per 1 mL/mm 4.8 0.1 <0.001 13.2 0.4 <0.001 37.5 0.8 <0.001 -1.5 0.2 <0.001
Hg
SVR per 5 WU -1.8 0.1 <0.001  -4.9 0.2 <0.001  -12.3 0.5 <0.001 1.0 0.1 <0.001
Al per 1% -0.3 0.03 <0.001  -1.0 0.1 <0.001  -2.3 0.2 <0.001 0.3 0.04 <0.001
RM -5.4 1.4 <0.001  -11.9 4.4 0.008  -41.2 9.6 <0.001 -1.1 2.0 <0.001
Age per 10 year -1.3 0.07 <0.001  -3.3 0.2 <0.001 -7.8 0.5 <0.001 0.8 0.1 <0.001
Male sex 3.8 0.1 <0.001  14.7 0.4 <0.001  32.0 0.9 <0.001 -4.2 0.2 <0.001
Race/Ethnicity
White Reference Reference Reference Reference
Chinese-Am 0.06 0.2 0.75 1.0 0.6 0.08 1.1 1.2 0.36 -0.7 0.3 0.01
Black, AA -2.6 0.2 <0.001 -7.1 0.7 <0.001 -18.4 1.6 <0.001 1.4 0.3 <0.001
Hispanic -0.4 0.2 0.03 -0.7 0.6 0.2 -2.0 1.3 0.12 -0.007 0.3 0.98
Height per 1 cm 0.2  0.006  <0.001 0.8 0.02 <0.001 1.9 0.04 <0.001 -0.2 0.01 <0.001

Weight per 1 kg 0.2  0.004  <0.001 0.4 0.01 <0.001 11 0.03 <0.001  -0.08 0.006  <0.001



HR per 1 bpm -0.08 0.007
Smoking status
Never Reference
Former 1.0 0.2
Current 1.1 0.2
Level of education
<High school Reference
High school 0.7 0.2
>High school, 1.0 0.2
<College
=College 1.6 0.2
Hypertensive -0.4 0.1
Diabetic 0.1 0.1
Log ACR per 1 unit -0.2 0.07
Total cholesterol per 1 -0.01  0.002
mg/dL
HDL per mg/dL -0.06  0.005
Diuretic use -0.8 0.2
PA per 100 MET- 0.01  0.003
min/week
LV parameter 0.07  0.001

<0.001

<0.001

<0.001

0.002

<0.001

<0.001

0.002

0.34

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

-0.2 0.02
Reference
3.2 0.5
3.7 0.7
Reference
2.5 0.8
4.1 0.8
5.1 0.6
-2.6 0.5
0.1 0.3
-1.3 0.2
-0.05 0.007
-0.2 0.02
-3.2 0.7
0.05 0.01
0.5 0.01

<0.001

<0.001

<0.001

0.001

<0.001

<0.001

<0.001
0.69

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

-0.8 0.05
Reference
8.6 1.1
6.8 1.6
Reference
5.0 1.7
8.6 1.7
11.9 1.4
-3.1 1.0
-0.1 0.7
-2.3 0.5
-0.1 0.01
-0.5 0.03
-6.2 1.5
0.12 0.02

0.8 0.009

<0.001

<0.001

<0.001

0.002

<0.001

<0.001

0.002

0.88

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.009 0.01

Reference
-0.7 0.2
-1.4 0.3
Reference
-1.2 0.4
-0.7 0.4
-1.3 0.3
1.1 0.2
-0.1 0.2
0.5 0.1
0.02 0.003

0.08 0.007
0.8 0.3

-0.01 0.004

0.4 0.01

15

0.42

0.004

<0.001

<0.001

0.04

<0.001

<0.001
0.41

<0.001

<0.001
<0.001
0.009

0.01

<0.001

Am indicates American; AA indicates African-American; HR indicates heart rate; bpm indicates beats/min;
ACR: Albumin-to-creatinine ratio; HDL indicates high-denisty lipoprotein cholesterol; PA indicates physical
activity; RV indicates right ventricle; RVESV indicates right ventricular end-systolic volume; RVEDV

indicates right ventricular end-diastolic volume; RVEF indicates right ventricular ejection fraction; LV
indicates left ventricle; WU: Wood units

*Corresponding LV parameter (LV mass for RV mass model, LVESV for RVESV, LVEDV for RVEDV, LVEF

for RVEF).

Table 3: Multivariate regression models for right ventricular mass in main cohort (n =

3,842)
Limited* Model Adjustedt Model Adjusted’ + LV Mass
Model
p SE(B) p p SE(B) p p SE(B)

TAC per 1 mL/mm

2.7 0.1 <0.001 2.7 0.1 <0.001 2.4 0.1 <0.001
Hg
SVR per 5 WU -0.10 0.08 0.20 -0.08 0.08 0.30 -0.4 0.08 <0.001
Al per 1% 0.04 0.02 0.06 -0.03 0.02 0.26 -0.03 0.02 0.23
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RM 0.5 1.0 0.66 0.1 1.0 0.96 -1.8 1.0 0.07

TAC: Total arterial compliance; SVR: Systemic vascular resistance; Al: Aortic augmentation index; RM:
Reflection magnitude; WU: Wood units

* Limited model includes age, sex, race/ethnicity, height, and weight.

t Adjusted model includes age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no) and
physical activity (MET-min/week).

Table 4: Multivariate regression models for right ventricular end-systolic volume in main

cohort (n = 3,842)

Limited* Model Adjustedt Model Adjusted’ + LV Mass
Model
p SE(B) p p SE(B) p p SE(B) p
TAC per 1 mL/mm
6.0 0.4 <0.001 5.5 0.4 <0.001 3.9 0.4 <0.001

Hg
SVR per 5 WU -0.6 0.3 0.02 -0.08 0.3 0.76 -0.6 0.2 0.01
Al per 1% 0.1 0.08 0.06 -0.02 0.08 0.79 -0.06 0.07 0.41
RM 4.1 3.4 0.23 3.8 3.4 0.25 -2.9 3.1 0.36

TAC: Total arterial compliance; SVR: Systemic vascular resistance; Al: Aortic augmentation index; RM:
Reflection magnitude; WU: Wood units

* Limited model includes age, sex, race/ethnicity, height, and weight.

t Adjusted model includes age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no) and
physical activity (MET-min/week).

Table 5: Multivariate regression models for right ventricular end-diastolic volume in main

cohort (n = 3,842)

Limited* Model Adjustedt Model Adjusted’ + LV Mass
Model
p SE(B) p p SE(B) p p SE(B) p
TAC per 1 mL/mm
24.2 0.8 <0.001 23.4 0.8 <0.001 7.6 0.7 <0.001

Hg
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SVR per 5 WU -0.9 0.5 0.06 -0.3 0.5 0.51 -1.7 0.4 <0.001
Al per 1% 0.5 0.2 0.002 -0.2 0.1 0.21 -0.2 0.1 0.05
RM -0.1 6.8 0.99 -4.3 6.6 0.51 -10.1 5.0 0.04

TAC: Total arterial compliance; SVR: Systemic vascular resistance; Al: Aortic augmentation index; RM:
Reflection magnitude; WU: Wood units

* Limited model includes age, sex, race/ethnicity, height, and weight.

t Adjusted model includes age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no) and
physical activity (MET-min/week).

Table 6: Multivariate regression models for right ventricular ejection fraction in main

cohort (n = 3,842)

Limited* Model Adjustedt Model Adjusted’ + LV Mass
Model

p SE(B) p p SE(B) p p SE(B) p
TAC per 1 mL/mm

1.1 0.2 <0.001 1.4 0.2 <0.001 0.1 0.2 0.61
Hg
SVR per 5 WU 0.3 0.1 0.02 0.1 0.2 0.53 0.3 0.1 0.06
Al per 1% -0.01 0.04 0.77 -0.04 0.05 0.40 -0.007 0.04 0.87
RM -3.8 1.9 0.05 -4.4 1.9 0.02 -0.4 1.8 0.83

TAC: Total arterial compliance; SVR: Systemic vascular resistance; Al: Aortic augmentation index; RM:
Reflection magnitude; WU: Wood units

* Limited model includes age, sex, race/ethnicity, height, and weight.

t Adjusted model includes age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no) and
physical activity (MET-min/week).

Total arterial compliance

On univariate analysis, higher TAC was associated with greater RV mass, larger
RVESV and RVEDV and lower RVEF (Tables 2). After adjusting for allometric and
clinical covariates as well as the corresponding LV parameter, higher TAC remained

significantly associated with greater RV mass and larger RVESV and RVEDV but not
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with RVEF. A 1 mL/mmHg increase in TAC was associated with a 2.4 grams greater RV

mass, a 3.9 mL larger RVESV and a 7.6 mL larger RVEDV (Tables 3-6).

We found effect modification by age for TAC with RV mass and volumes (Table
7), with younger individuals having greater increases in RV mass and volumes than older
individuals (p for interaction 0.02, 0.006 and 0.002 for RV mass, RVESV and RVEDV,
respectively). Sex also had an effect on the association of TAC with RV volumes (Table 7),
with males having larger increases in RVEDV and RVESV as compared to females (p for

interaction <0.001 and 0.002 for RVESV and RVEDV, respectively).

Table 7: Effect modification for TAC for the right ventricular measure

] SE(B) p p for interaction
TAC (at 51y of age) per 1 mL/mm Hg 2.6 0.1 <0.001
RV mass 0.02
TAC (at 71y of age) per 1 mL/mm Hg 2.1 0.2 <0.001
TAC (at 51y of age) per 1 mL/mm Hg 4.6 0.5 <0.001
0.006
TAC (at 71y of age) per 1 mL/mm Hg 2.9 0.5 <0.001
RVESV
TAC (female) per 1 mL/mm Hg 2.5 0.6 <0.001
<0.001
TAC (male) per 1 mL/mm Hg 4.7 0.5 <0.001
TAC (at 51y of age) per 1 mL/mm Hg 8.9 0.8 <0.001
0.002
TAC (at 71y of age) per 1 mL/mm Hg 5.8 1.0 <0.001
RVEDV
TAC (female) per 1 mL/mm Hg 5.6 1.0 <0.001
0.002
TAC (male) per 1 mL/mm Hg 8.9 0.8 <0.001

TAC indicates total arterial compliance; RV indicates right ventricle; RVESV indicates right ventricular end-
systolic volume; RVEDV indicates right ventricular end-diastolic volume.

Models adjusted for age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no), physical
activity (MET-min/week), and the corresponding LV parameter and corresponding LV parameter (LV mass
for RV mass model, LVESV for RVESV model, LVEDV for RVEDV model).

Data for non-significant interactions with age, sex, race/ethnicity and hypertension not shown.
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Systemic vascular resistance

Higher SVR was associated with smaller RV mass, RVESV and RVEDV and
higher RVEF on univariate analysis (Table 2). After multivariate adjustment, SVR
remained significantly associated with RV mass, RVESV and RVEDV (Tables 3-6). A 5
Wood unit increase in SVR was associated with a 1.8 grams smaller RV mass, a 4.9 mL
smaller RVESV and a 12.3 mL smaller RVEDV.

We found significant effect modification by race and age for SVR with RV mass
and volumes (Table 8), with younger individuals having greater decrease in RV mass and
volumes (p for interaction <0.001, 0.006 and 0.002 for RV mass, RVESV and RVEDV,
respectively). Race/ethnicity had a significant effect on the association of SVR with RV
mass (Table 8), with white individuals having a greater decrease in RV mass as
compared to Chinese-Americans, blacks and Hispanics (p for interaction 0.03). We also
found effect modification by sex for SVR with RV volumes (Table 8), with males having a
larger decrease in RVESV and RVEDV as compared to females (p for interaction <0.001

for both RVESV and RVEDV).

Table 8: Effect modification for SVR for the right ventricular measures

] SEB) p p for interaction
SVR (white) per 5 WU -0.6 0.1 <0.001
SVR (Chinese-American) per 5 WU -0.4 0.1 0.005
0.03
SVR (black) per 5 WU -0.3 0.1 0.02
RV mass
SVR (Hispanic) per 5 WU -0.3 0.1 0.02
SVR (at 51y of age) per 5 WU -0.8 0.1 <0.001
<0.001
SVR (at 71y of age) per 5 WU -0.3 0.08 <0.001
SVR (at 51y of age) per 5 WU -1.3 0.3 <0.001
0.006
RVESV SVR (at 71y of age) per 5 WU -0.4 0.3 0.13

SVR (female) per 5 WU -0.02 0.3 0.93 <0.001
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SVR (male) per 5 WU -1.8 0.3 <0.001
SVR (at 51y of age) per 5 WU -2.9 0.6 <0.001
0.002
SVR (at 71y of age) per 5 WU -1.3 0.4 0.002
RVEDV
SVR (female) per 5 WU -0.9 0.4 0.03
<0.001
SVR (male) per 5 WU -3.3 0.5 <0.001

SVR indicates systemic vascular resistance; RV indicates right ventricle; RVESV indicates right ventricular
end-systolic volume; RVEDV indicates right ventricular end-diastolic volume; WU indicates Wood units.
Models adjusted for age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no), physical
activity (MET-min/week), and the corresponding LV parameter and corresponding LV parameter (LV mass
for RV mass model, LVESV for RVESV model, LVEDV for RVEDV model).

Data for non-significant interactions with age, sex, race/ethnicity and hypertension not shown.

Aortic augmentation index

Higher aortic augmentation index was associated with smaller RV mass, RVESV
and RVEDV and higher RVEF on univariate analysis (Table 2); however after
multivariate adjustment, aortic augmentation index only remained significantly
associated with RVEDV albeit the magnitude of the association was very small whereby a
1% increase in aortic augmentation index was associated with a 0.2 mL smaller RVEDV
(Tables 3-6).

We found significant effect modification by age and sex for aortic augmentation
index with RVEDV (Table 9). Younger individuals had a greater decrease in RVEDV as
compared to older individuals (p for interaction = 0.008). Males had a decrease in

RVEDYV as compared females (p for interaction < 0.001).

Table 9: Effect modification for aortic augmentation index for the right ventricular

measures

B SE(B) p p for interaction

RVEDV Al (female) per 1% 0.02 0.1 0.90 <0.001
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Al (male) per 1% -0.8 0.2 <0.001
Al (at 51y of age) per 1% -0.5 0.2 0.001

0.008
Al (at 71y of age) per 1% -0.003 0.1 0.99

Al indicates aortic augmentation index; RVEDYV indicates right ventricular end-diastolic volume.

Models adjusted for age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no), physical
activity (MET-min/week), and the corresponding LV parameter and corresponding LV parameter (LVESV
for RVESV model).

Data for non-significant interactions with age, sex, race/ethnicity and hypertension not shown.

Reflection magnitude

On univariate analysis, higher reflection magnitude was significantly associated
with smaller RV mass, RVESV and RVEDV (Table 2). After multivariate adjustment,
reflection magnitude remained only significantly associated with smaller RVEDV (10.1
mL, p = 0.04) (Tables 3-6). We did not find any significant effect modification by age,

sex or race with reflection magnitude.

Sensitivity Analyses
These results did not significantly change after additional adjustment for lung
volumes in the sensitivity cohort (Tables 10-14).

Table 10: Baseline characteristics of study subjects in the sensitivity analysis cohort

Sensitivity Excluded
Study Sample
Analysis (n=1258)
(n=3,842)
(n=2,584)
Age, years 61 + 10 61 + 10 63 + 10
Males, n (%) 1845 (48) 1281 (50) 564 (45)
Race/Ethnicity, %
White 1492 (39) 920 (35) 572 (45)
Chinese-American 979 (25) 460 (18) 36 (3)

Black, African-American 496 (13) 614 (24) 365 (29)



Hispanic
Height, cm
Weight, kg
Body mass index, kg/m2
Education level, n (%)

< High school

High school

> High school, < College

> College
Diabetes, n (%)
Hypertension, n (%)
Total cholesterol, mg/dL
HDL cholesterol, mg/dL
Urine albumin:creatinine, mg/g
Smoking status, n (%)

Never

Former

Current

Physical activity, MET-minutes/week

Moderate and vigorous physical activity

Total intentional exercise
Heart rate, bpm

Right ventricular mass (g)

Right ventricular end-systolic volume, mL

Right ventricular end-diastolic volume, mL

Right ventricular ejection fraction, %
Forced expiratory volume in 1 sec, L
Forced vital capacity, L

FEV1/FVC ratio, %

875 (23)
166.4 + 10.0
77.3 £ 16.2

27.8 £ 5.0

637 (17)
713 (18)
607 (16)
1885 (49)
452 (12)
1643 (43)
194 £ 35
51+ 15

5.2[3.3 -10.1]

1995 (52)
1375 (36)

472 (12)

4140 [2055 — 7738]
840 [210 — 2076]
63+9
211+ 4.4
37.5 + 14.2
124.5 + 30.8

70.4 + 6.5

590 (23)

166.6 + 10.0

76.5 + 16.1

27.5+ 4.8

414 (16)
473 (18)
409 (16)
1288 (50)
267 (10)
1042 (40)
194 £ 35

51+ 15

5.0 [3.2 —9.8]

1401 (54)
898 (35)

285 (11)

22

285 (23)
166.1+ 9.9
78.9 + 16.2

28.5+ 5.2

223 (18)
240 (19)
198 (16)
597 (47)
185 (15)
601 (48)
195 £ 35
51+ 15

5.5[3.5-10.9]

594 (47)
477 (38)

187 (15)

4121 [2055 — 7770] 4189 [2057 — 7642]

840 [210 — 2100]

63 £9

21.0 + 4.3

37.8 £ 14.4

125.3 + 30.9

70.3 £ 6.4
2.4 +£0.7

3.2+ 1.0

75+ 8

840 [123 —1993]

63 £ 10
20.7 £ 4.6
36.9 £ 13.9

122.9 + 30.6

70.4 + 6.5

HDL High density lipoprotein; MET Metabolic equivalent of task; FEV1 Forced expiratory volume in 1

second; FVC Forced vital capacity
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Table 11: Multivariate regression models for right ventricular mass in sensitivity analysis

with spirometry (n = 2,584)

Limited* Model Adjusted Model Adjusted’ + LV Mass Model

B SE() p B SE(B) p p SE(B) p
TAC per 1 mL/mm Hg 2.6 0.1 <0.001 2.5 0.2 <0.001 2.3 0.1 <0.001
SVR per 5 WU -0.09 0.1 0.35 -0.08 0.1 0.45 -0.4 0.1 <0.001
Al per 1% 0.05 0.03 0.04  -0.01 0.03 0.63 -0.009 0.03 0.74
RM -0.3 1.2 0.80 -0.6 1.2 0.59 -2.2 1.1 0.05

TAC: Total arterial compliance; SVR: Systemic vascular resistance; Al: Aortic augmentation index; RM:
Reflection magnitude; WU: Wood units

* Limited model includes age, sex, race/ethnicity, height, and weight.

t Adjusted model includes age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no), physical
activity (MET-min/week), forced expiratory volume in 1 second (L), and forced vital capacity (L).

Table 12: Multivariate regression models for right ventricular end-systolic volume in

sensitivity analysis with spirometry (n = 2,584)

Limited* Model Adjustedt Model Adjusted’ + LVESV Model

B SE(B) p p SE(B) p p SE(B) p
TAC per 1 mL/mm Hg 5.5 0.5 <0.001 4.8 0.5 <0.001 3.3 0.5 <0.001
SVR per 5 WU -0.1 0.3 0.003 -0.4 0.4 0.23 -1.0 0.3 0.002
Al per 1% 0.1  0.09 0.13 -0.003 0.1 0.98 -0.03 0.09 0.73
RM 0.7 4.0 0.86 0.6 4.1 0.88 -5.3 3.7 0.15

TAC: Total arterial compliance; SVR: Systemic vascular resistance; Al: Aortic augmentation index; RM:
Reflection magnitude; LVESV indicates left ventricular end-systolic volume; WU: Wood units

* Limited model includes age, sex, race/ethnicity, height, and weight.

t Adjusted model includes age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no), physical
activity (MET-min/week), forced expiratory volume in 1 second (L), and forced vital capacity (L).

Table 13: Multivariate regression models for right ventricular end-diastolic volume in

sensitivity analysis with spirometry (n = 2,584)
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Limited* Model Adjusted® Model Adjustedt + LVEDV Model

B SE(B) p B SEP) p p SE(B) p
TAC per 1 mL/mm Hg 22.9 0.9 <0.001 21.8 0.9 <0.001 5.9 0.9 <0.001
SVR per 5 WU -1.2 0.6 0.06 -0.7 0.7 0.28 -2.2 0.5 <0.001
Al per 1% 0.4 0.2 0.03 -0.2 0.2 0.37 -0.1 0.1 0.45
RM -7.4 7.9 0.35 -9.4 7.8 0.22 -12.2 5.8 0.04

TAC: Total arterial compliance; SVR: Systemic vascular resistance; Al: Aortic augmentation index; RM:
Reflection magnitude; LVEDV indicates left ventricular end-diastolic volume; WU: Wood units

* Limited model includes age, sex, race/ethnicity, height, and weight.

t Adjusted model includes age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no), physical
activity (MET-min/week), forced expiratory volume in 1 second (L), and forced vital capacity (L).

Table 14: Multivariate regression models for right ventricular ejection fraction in

sensitivity analysis with spirometry (n = 2,584)

Limited* Model Adjustedt Model Adjustedt + LVEF Model

p SE(B) p B SEP) p p SE(B) p
TAC per 1 mL/mm Hg 1.2 0.3 <0.001 1.5 0.3 <0.001 0.2 0.3 0.59
SVR per 5 WU 0.6 0.2 <0.001 0.3 0.2 0.08 0.5 0.2 0.01
Al per 1% 0.002 0.05 0.97 -0.04 0.06 0.48 -0.02 0.05 0.72
RM -2.3 2.2 0.31 -2.5 2.3 0.27 1.2 2.1 0.55

TAC: Total arterial compliance; SVR: Systemic vascular resistance; Al: Aortic augmentation index; RM:
Reflection magnitude; LVEF indicates left ventricular ejection fraction; WU: Wood units

* Limited model includes age, sex, race/ethnicity, height, and weight.

t Adjusted model includes age (years), sex (males/females), race/ethnicity (white, Chinese-American, black,
Hispanic), height (cm), weight (kg), heart rate (beats/min), smoking status (never, former, current), level of
education (less than high school, high school, more than high school but less than college, college or higher),
presence of hypertension (yes/no), presence of diabetes (yes/no), urinary albumin-to-creatinine ratio, total
cholesterol (mg/dL), high-density lipoprotein cholesterol (mg/dL), current diuretic use (yes/no), physical
activity (MET-min/week), forced expiratory volume in 1 second (L), and forced vital capacity (L).

Discussion
This is the first study to examine the association between systemic vascular
measures and the right ventricle. In a large US multi-ethnic cohort of individuals without

clinical cardiovascular disease, higher TAC was associated with higher RV mass and
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larger RV volumes. We also found that higher SVR was associated with smaller RV mass
and volumes. Higher aortic augmentation index and reflection magnitude were
associated with smaller RVEDV and higher aortic augmentation index was also
associated with lower RVEF. These associations were independent of a number of
confounders including allometric, demographic, and clinical variables as well as the
corresponding LV parameters. These findings indicate that systemic arterial
characteristics are associated with right ventricular morphology. The representation of
minorities in the MESA cohort also provides a unique opportunity to examine
heterogeneity of effect by sex and race/ethnicity.

The hemodynamic load is a predictor of LV workload at rest and during
exercise.(43) However, using a single vascular parameter such as TAC or SVR
underestimates the LV workload due to the complexity of the LV-vascular coupling
relationship hence the need for multiple indices that reflect the pulsatile and resistive
load of the arterial system.(44) With growing evidence of similar pathophysiologic
processes affecting the pulmonary and systemic vascular systems,(9) we hypothesized
that increased vascular stiffness (lower TAC, higher SVR, higher aortic augmentation
index and higher reflection magnitude) would be associated with greater RV mass, larger
RV volumes and lower RVEF. The results of our study were contrary to our original
hypotheses, namely that increased vascular stiffness markers were generally associated
with smaller RV volumes and lower RV mass. It is notable that prior investigations using
the MESA-RV dataset have similarly revealed inverted relationships between RV
phenotypes and biomarkers correlated with CV disease.(45-48) Our original hypothesis
was based on observations of the response of RV in the setting of HFpEF.(7, 8, 49) These
findings may reflect different pathophysiologic associations between systemic vascular
measures and the RV morphology in individuals without clinical cardiovascular disease.

Our surprising findings serve as a caution to extrapolating information from disease
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states to pre-clinical stages of disease. Our results also highlight the importance of
longitudinal follow-up of large cohorts such as the MESA cohort that allow for the study
of the progression from pre-clinical to clinical cardiovascular disease.

TAC as estimated by the ratio of stroke volume to arterial pulse pressure is a
reliable measure of pulsatile arterial load.(50) TAC decreases as vascular stiffness
increases and is largely dependent on the large caliber arteries.(51, 52) Arterial
compliance is determined by the vessel structure and tone as well as endothelial
function.(8) Lower TAC (more vascular stiffness) has been previously shown to be
associated with lower LV mass and higher LV wall to LV cavity volume ratio in
MESA.(30) We found a similar association between TAC and RV mass and RV volumes,
although this association was disproportionate for the RV since it persisted despite
adjustment for the respective LV measures. In our study, women had smaller decreases
in RV volumes with smaller decrements in TAC. Smaller RV volumes in women could
potentially signify a stiffer RV and an increased propensity for development of diastolic
dysfunction. While it is known that TAC decreases with advancing age and is associated
with increased arterial stiffness and impaired LV diastolic function,(37, 53) in our study
we found that younger age is associated with greater increases in RV mass and RV
volumes with larger increments of TAC, suggesting a stronger effect of vascular stiffness
in younger individuals.

Higher SVR was also associated with lower RV mass and smaller RV volumes.
SVR has been previously shown to affect LV wall:cavity ratio or remodeling with higher
SVR leading to concentric geometry of the LV.(30) We found that with increases in SVR,
whites had the greatest decrease in RV mass as compared to Chinese-Americans, blacks
and Hispanics. Racial and ethnic differences in RV mass have been previously
reported,(21, 29) and our study findings suggest a differential racial-ethnic response of

the RV mass to changes in SVR. Younger individuals had a greater decrease in RV mass



27

and volumes with increase in SVR in our study. This is likely related to the fact that in
young individuals, the SVR largely determines blood pressure and arterial load with less
contribution from large vessel compliance, which explains our findings of the impact of
age on the SVR-RV associations.(54) We also found that males had a greater decrease in
RV volumes as compared to females. While pre-pubertal women are known to have
higher vascular resistance as compared to their male counterparts, post-pubertal women
have lower vascular resistance until menopause.(41, 55) The changing vascular
resistance properties in women with aging likely attenuate the effect of SVR on RV
volumes as compared to men.

The timing and site of arterial wave reflection affects the LV afterload.(44, 56)
The aortic augmentation index and reflection magnitude represent different properties
of the arterial wave reflection.(57, 58) As aortic augmentation index and reflection
magnitude are derived from the properties of the arterial waveforms, they not only
reflect changes in the arterial stiffness but also reflect the complex interaction between
the heart, in this case the LV, and the arterial load.(59) Aortic augmentation index and
reflection magnitude are increased with isometric exercise and in hypertensive patients
and are highly correlated with LV mass. (43) We found no association between aortic
augmentation index and reflection magnitude and RV mass after multivariate
adjustment; however, higher aortic augmentation index and reflection magnitude were
associated with smaller RVEDV.

The vascular endothelium is involved in the production and release of several
vasoactive and inflammatory mediators.(60) Systemic vascular stiffness induces
enhanced reactive oxygen species stress which in turn activates the IL-6 signaling
pathway in both adventitial and endothelial layers of the vasculature.(61-64) Interleukin-
6 (IL-6) and its downstream product C-reactive protein (CRP) are known inflammatory

cytokines that have been well-established independent predictors of cardiovascular



28

disease and all-cause mortality.(65-68) In the MESA-RV cohort higher levels of IL-6 and
CRP have been shown to be associated with lower RV mass and smaller RV volumes.(46)
IL-6, and its signaling pathways through glycoprotein 130, mediate the interface between
the cardiomyocyte’s compensatory remodeling and apoptosis in response to injury,
which could explain the reduction in RV size.(68-71) Smaller RVEDV was shown to be
associated with increased risk of dyspnea and increased all-cause mortality.(47) Our
study found significant associations between markers of increased systemic vascular
stiffness and the RV morphology, which could be explained by endothelial dysfunction,
oxidative stress and heightened inflammation.

Our study has several limitations. One limitation is the observational cross-
sectional design, which does not permit inferences regarding the directionality of the
relation between RV morphology and systemic vascular stiffness, and therefore
causation. While it is hard to conceive that decreases in RV size would increase systemic
vascular stiffness, this is still possible. We adjusted our models for several demographic,
socioeconomic and clinical variables that could affect the association between the
systemic vascular measures and the RV measures; however the possibility of residual
confounding remains, especially because invasive pulmonary hemodynamic measures
were not available. We also chose not to adjust p-values to account for multiple testing of
different outcomes. A priori each outcome was of equal interest. By providing resulting
p-values interpreters of our work may apply their own thresholds of determining
significance.

The study has several strengths being the largest, multi-ethnic, population-based
study cohort with complete data on several measures of systemic vascular health and RV
size and function. This is the first study to investigate the association between systemic

arterial load metrics and RV size and function in subjects free of cardiovascular disease.
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This study’s representation of minorities provides a unique opportunity to examine the

effects of sex and race on the relationship between these vascular measures and the RV.

Conclusion

Systemic vascular load metrics are significantly associated with RV mass, and
volumes in a population free of cardiovascular disease. These findings persisted after
adjustment for potential confounders and have important clinical implications of the
systemic vasculature affecting the morphology of the RV. Whether therapeutic
modification of the systemic vascular stiffness could impact RV morphology and patient

outcomes remains to be determined.



30

References

1. Melenovsky V, Hwang SJ, Lin G, Redfield MM, Borlaug BA. Right heart dysfunction
in heart failure with preserved ejection fraction. Eur Heart | 2014; 35: 3452-
3462.

2. Mohammed SF, Hussain I, Abou Ezzeddine OF, Takahama H, Kwon SH, Forfia P,
Roger VL, Redfield MM. Right ventricular function in heart failure with
preserved ejection fraction: a community-based study. Circulation 2014; 130:
2310-2320.

3. Braunwald E. The Right Ventricle: A Step-child No Longer. 12 Oct 2012.

4. Chen CH, Nakayama M, Nevo E, Fetics BJ, Maughan WL, Kass DA. Coupled systolic-
ventricular and vascular stiffening with age: implications for pressure
regulation and cardiac reserve in the elderly. ] Am Coll Cardiol 1998; 32:
1221-1227.

5. Kawaguchi M, Hay I, Fetics B, Kass DA. Combined ventricular systolic and arterial
stiffening in patients with heart failure and preserved ejection fraction:
implications for systolic and diastolic reserve limitations. Circulation 2003;
107: 714-720.

6. Weber T, Wassertheurer S, O'Rourke MF, Haiden A, Zweiker R, Rammer M,
Hametner B, Eber B. Pulsatile hemodynamics in patients with exertional
dyspnea: potentially of value in the diagnostic evaluation of suspected heart
failure with preserved ejection fraction. | Am Coll Cardiol 2013; 61: 1874-
1883.

7. Mitchell GF, Vita JA, Larson MG, Parise H, Keyes M], Warner E, Vasan RS, Levy D,
Benjamin EJ. Cross-sectional relations of peripheral microvascular function,
cardiovascular disease risk factors, and aortic stiffness: the Framingham
Heart Study. Circulation 2005; 112: 3722-3728.

8. Wohlfahrt P, Redfield MM, Melenovsky V, Lopez-Jimenez F, Rodeheffer R], Borlaug
BA. Impact of chronic changes in arterial compliance and resistance on left
ventricular ageing in humans. Eur | Heart Fail 2015; 17: 27-34.

9. Morris DA, Gailani M, Vaz Perez A, Blaschke F, Dietz R, Haverkamp W, Ozcelik C.
Right ventricular myocardial systolic and diastolic dysfunction in heart
failure with normal left ventricular ejection fraction. ] Am Soc Echocardiogr
2011; 24: 886-897.

10. Boon RA, Horrevoets AJ. Key transcriptional regulators of the vasoprotective
effects of shear stress. Hamostaseologie 2009; 29: 39-40, 41-33.

11. Brooks AR, Lelkes PI, Rubanyi GM. Gene expression profiling of human aortic
endothelial cells exposed to disturbed flow and steady laminar flow. Physiol
Genomics 2002; 9: 27-41.

12. Passerini AG, Polacek DC, Shi C, Francesco NM, Manduchi E, Grant GR, Pritchard
WF, Powell S, Chang GY, Stoeckert CJ, Jr., Davies PF. Coexisting
proinflammatory and antioxidative endothelial transcription profiles in a
disturbed flow region of the adult porcine aorta. Proc Natl Acad Sci U S A
2004; 101: 2482-2487.



31

13.Li M, Tan Y, Stenmark KR, Tan W. High Pulsatility Flow Induces Acute
Endothelial Inflammation through Overpolarizing Cells to Activate NF-
kappaB. Cardiovasc Eng Technol 2013; 4: 26-38.

14. Stevens GR, Garcia-Alvarez A, Sahni S, Garcia M], Fuster V, Sanz J. RV dysfunction
in pulmonary hypertension is independently related to pulmonary artery
stiffness. JACC Cardiovasc Imaging 2012; 5: 378-387.

15. Tan W, Madhavan K, Hunter KS, Park D, Stenmark KR. Vascular stiffening in
pulmonary hypertension: cause or consequence? (2013 Grover Conference
series). Pulm Circ 2014; 4: 560-580.

16. Friedman D, Szmuszkovicz ], Rabai M, Detterich JA, Menteer ], Wood ]JC. Systemic
endothelial dysfunction in children with idiopathic pulmonary arterial
hypertension correlates with disease severity. | Heart Lung Transplant 2012;
31: 642-647.

17. de Man FS, Tu L, Handoko ML, Rain S, Ruiter G, Francois C, Schalij I, Dorfmuller P,
Simonneau G, Fadel E, Perros F, Boonstra A, Postmus PE, van der Velden |,
Vonk-Noordegraaf A, Humbert M, Eddahibi S, Guignabert C. Dysregulated
renin-angiotensin-aldosterone system contributes to pulmonary arterial
hypertension. Am ] Respir Crit Care Med 2012; 186: 780-789.

18. Peled N, Shitrit D, Fox BD, Shlomi D, Amital A, Bendayan D, Kramer MR.
Peripheral arterial stiffness and endothelial dysfunction in idiopathic and
scleroderma associated pulmonary arterial hypertension. ] Rheumatol 2009;
36:970-975.

19. Wolff B, Lodziewski S, Bollmann T, Opitz CF, Ewert R. Impaired peripheral
endothelial function in severe idiopathic pulmonary hypertension correlates
with the pulmonary vascular response to inhaled iloprost. Am Heart ] 2007;
153: 1088 e1081-1087.

20. Gabrielli LA, Castro PF, Godoy I, Mellado R, Bourge RC, Alcaino H, Chiong M,
Greig D, Verdejo HE, Navarro M, Lopez R, Toro B, Quiroga C, Diaz-Araya G,
Lavandero S, Garcia L. Systemic oxidative stress and endothelial dysfunction
is associated with an attenuated acute vascular response to inhaled
prostanoid in pulmonary artery hypertension patients. / Card Fail 2011; 17:
1012-1017.

21. Hummel SL, Seymour EM, Brook RD, Kolias TJ, Sheth SS, Rosenblum HR, Wells
JM, Weder AB. Low-sodium dietary approaches to stop hypertension diet
reduces blood pressure, arterial stiffness, and oxidative stress in
hypertensive heart failure with preserved ejection fraction. Hypertension
2012; 60: 1200-1206.

22. Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR, Greenland
P, Jacob DR, Jr., Kronmal R, Liu K, Nelson JC, O'Leary D, Saad MF, Shea S, Szklo
M, Tracy RP. Multi-ethnic study of atherosclerosis: objectives and design. Am
J Epidemiol 2002; 156: 871-881.

23. Ainsworth BE, Irwin ML, Addy CL, Whitt M(C, Stolarczyk LM. Moderate physical
activity patterns of minority women: the Cross-Cultural Activity Participation
Study. ] Womens Health Gend Based Med 1999; 8: 805-813.



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

32

Benza R, Biederman R, Murali S, Gupta H. Role of cardiac magnetic resonance
imaging in the management of patients with pulmonary arterial
hypertension. ] Am Coll Cardiol 2008; 52: 1683-1692.

Greil GF, Beerbaum P, Razavi R, Miller O. Imaging the right ventricle: non-
invasive imaging. Heart 2008; 94: 803-808.

Chahal H, Johnson C, Tandri H, Jain A, Hundley WG, Barr RG, Kawut SM, Lima JA,
Bluemke DA. Relation of cardiovascular risk factors to right ventricular
structure and function as determined by magnetic resonance imaging
(results from the multi-ethnic study of atherosclerosis). Am J Cardiol 2010;
106: 110-116.

Tandri H, Daya SK, Nasir K, Bomma C, Lima JA, Calkins H, Bluemke DA. Normal
reference values for the adult right ventricle by magnetic resonance imaging.
Am ] Cardiol 2006; 98: 1660-1664.

Bluemke DA, Kronmal RA, Lima JA, Liu K, Olson ], Burke GL, Folsom AR. The
relationship of left ventricular mass and geometry to incident cardiovascular
events: the MESA (Multi-Ethnic Study of Atherosclerosis) study. ] Am Coll
Cardiol 2008; 52: 2148-2155.

Kawut SM, Lima JA, Barr RG, Chahal H, Jain A, Tandri H, Praestgaard A, Bagiella E,
Kizer ]JR, Johnson WC, Kronmal RA, Bluemke DA. Sex and race differences in
right ventricular structure and function: the multi-ethnic study of
atherosclerosis-right ventricle study. Circulation 2011; 123: 2542-2551.

Zamani P, Bluemke DA, Jacobs DR, Jr., Duprez DA, Kronmal R, Lilly SM, Ferrari
VA, Townsend RR, Lima JA, Budoff M, Segers P, Hannan P, Chirinos JA.
Resistive and pulsatile arterial load as predictors of left ventricular mass and
geometry: the multi-ethnic study of atherosclerosis. Hypertension 2015; 65:
85-92.

Laurent S, Cockcroft ], Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson [, Struijker-Boudier H, European
Network for Non-invasive Investigation of Large A. Expert consensus
document on arterial stiffness: methodological issues and clinical
applications. Eur Heart ] 2006; 27: 2588-2605.

Mohammed SF, Borlaug BA, Roger VL, Mirzoyev SA, Rodeheffer R], Chirinos JA,
Redfield MM. Comorbidity and ventricular and vascular structure and
function in heart failure with preserved ejection fraction: a community-based
study. Circ Heart Fail 2012; 5: 710-719.

Chirinos JA, Kips ]G, Jacobs DR, Jr., Brumback L, Duprez DA, Kronmal R, Bluemke
DA, Townsend RR, Vermeersch S, Segers P. Arterial wave reflections and
incident cardiovascular events and heart failure: MESA (Multiethnic Study of
Atherosclerosis). ] Am Coll Cardiol 2012; 60: 2170-2177.

Zamani P, Jacobs DR, Jr., Segers P, Duprez DA, Brumback L, Kronmal RA, Lilly SM,
Townsend RR, Budoff M, Lima JA, Hannan P, Chirinos JA. Reflection
magnitude as a predictor of mortality: the Multi-Ethnic Study of
Atherosclerosis. Hypertension 2014; 64: 958-964.

Kaess BM, Rong ], Larson MG, Hamburg NM, Vita JA, Levy D, Benjamin EJ, Vasan
RS, Mitchell GF. Aortic stiffness, blood pressure progression, and incident
hypertension. JAMA 2012; 308: 875-881.



33

36. Levy BI, Ambrosio G, Pries AR, Struijker-Boudier HA. Microcirculation in
hypertension: a new target for treatment? Circulation 2001; 104: 735-740.

37.Redfield MM, Jacobsen SJ], Borlaug BA, Rodeheffer R], Kass DA. Age- and gender-
related ventricular-vascular stiffening: a community-based study. Circulation
2005; 112: 2254-2262.

38. Kips JG, Rietzschel ER, De Buyzere ML, Westerhof BE, Gillebert TC, Van Bortel
LM, Segers P. Evaluation of noninvasive methods to assess wave reflection
and pulse transit time from the pressure waveform alone. Hypertension
2009; 53: 142-149.

39. Agabiti-Rosei E, Mancia G, O'Rourke MF, Roman M], Safar ME, Smulyan H, Wang
JG, Wilkinson IB, Williams B, Vlachopoulos C. Central blood pressure
measurements and antihypertensive therapy: a consensus document.
Hypertension 2007; 50: 154-160.

40. Luecke T, Pelosi P. Clinical review: Positive end-expiratory pressure and cardiac
output. Crit Care 2005; 9: 607-621.

41. Bulpitt C], Rajkumar C, Cameron JD. Vascular compliance as a measure of
biological age. ] Am Geriatr Soc 1999; 47: 657-663.

42. Coutinho T, Borlaug BA, Pellikka PA, Turner ST, Kullo I]. Sex differences in
arterial stiffness and ventricular-arterial interactions. ] Am Coll Cardiol 2013;
61:96-103.

43. Chirinos JA, Segers P, Raina A, Saif H, Swillens A, Gupta AK, Townsend R, Emmi
AG, Jr., Kirkpatrick JN, Keane MG, Ferrari VA, Wiegers SE, St John Sutton MG.
Arterial pulsatile hemodynamic load induced by isometric exercise strongly
predicts left ventricular mass in hypertension. Am J Physiol Heart Circ Physiol
2010; 298: H320-330.

44. Pahlevan NM, Gharib M. Low pulse pressure with high pulsatile external left
ventricular power: influence of aortic waves. | Biomech 2011; 44: 2083-2089.

45. Harhay MO, Kizer JR, Criqui MH, Lima JA, Tracy R, Bluemke DA, Kawut SM.
Adipokines and the Right Ventricle: The MESA-RV Study. PLoS One 2015; 10:
e0136818.

46. Harhay MO, Tracy RP, Bagiella E, Barr RG, Pinder D, Hundley WG, Bluemke DA,
Kronmal RA, Lima JA, Kawut SM. Relationship of CRP, IL-6, and fibrinogen
with right ventricular structure and function: the MESA-Right Ventricle
Study. Int ] Cardiol 2013; 168: 3818-3824.

47. Kaufmann MR, Barr RG, Lima JA, Praestgaard A, Jain A, Tandri H, Bluemke DA,
Kawut SM. Right ventricular morphology and the onset of dyspnea: the
MESA-right ventricle study. PLoS One 2013; 8: e56826.

48. Leary PJ], Barr RG, Bluemke DA, Bristow MR, Hough CL, Kronmal RA, Lima JA,
McClelland RL, Tracy RP, Kawut SM. Von Willebrand factor and the right
ventricle (the MESA-Right Ventricle Study). Am J Cardiol 2012; 110: 1846-
1851.

49. Aschauer S, Kammerlander AA, Zotter-Tufaro C, Ristl R, Pfaffenberger S,
Bachmann A, Duca F, Marzluf BA, Bonderman D, Mascherbauer ]. The right
heart in heart failure with preserved ejection fraction: insights from cardiac
magnetic resonance imaging and invasive haemodynamics. Eur | Heart Fail
2015.



34

50. Chemla D, Hebert JL, Coirault C, Zamani K, Suard I, Colin P, Lecarpentier Y. Total
arterial compliance estimated by stroke volume-to-aortic pulse pressure
ratio in humans. Am J Physiol 1998; 274: H500-505.

51. Chirinos JA, Segers P. Noninvasive evaluation of left ventricular afterload: part 1:
pressure and flow measurements and basic principles of wave conduction
and reflection. Hypertension 2010; 56: 555-562.

52. Chirinos JA, Segers P. Noninvasive evaluation of left ventricular afterload: part 2:
arterial pressure-flow and pressure-volume relations in humans.
Hypertension 2010; 56: 563-570.

53. Borlaug BA, Redfield MM, Melenovsky V, Kane GC, Karon BL, Jacobsen S]J,
Rodeheffer R]. Longitudinal changes in left ventricular stiffness: a
community-based study. Circ Heart Fail 2013; 6: 944-952.

54.Jani B, Rajkumar C. Ageing and vascular ageing. Postgrad Med ] 2006; 82: 357-
362.

55. Ahimastos AA, Formosa M, Dart AM, Kingwell BA. Gender differences in large
artery stiffness pre- and post puberty. J Clin Endocrinol Metab 2003; 88:
5375-5380.

56. Borlaug BA, Melenovsky V, Redfield MM, Kessler K, Chang HJ, Abraham TP, Kass
DA. Impact of arterial load and loading sequence on left ventricular tissue
velocities in humans. | Am Coll Cardiol 2007; 50: 1570-1577.

57.Saba PS, Roman M], Pini R, Spitzer M, Ganau A, Devereux RB. Relation of arterial
pressure waveform to left ventricular and carotid anatomy in normotensive
subjects. ] Am Coll Cardiol 1993; 22: 1873-1880.

58. Weber T, Wassertheurer S, Rammer M, Haiden A, Hametner B, Eber B. Wave
reflections, assessed with a novel method for pulse wave separation, are
associated with end-organ damage and clinical outcomes. Hypertension 2012;
60: 534-541.

59. Westerhof N, Westerhof BE. The arterial load and its role on the heart.
Hypertension 2015; 65: 29-30.

60. Inagami T, Naruse M, Hoover R. Endothelium as an endocrine organ. Annu Rev
Physiol 1995; 57: 171-189.

61. Laurindo FR, de Souza HP, Pedro Mde A, Janiszewski M. Redox aspects of
vascular response to injury. Methods Enzymol 2002; 352: 432-454.

62. Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman BA, Griendling KK, Harrison
DG. Angiotensin [I-mediated hypertension in the rat increases vascular
superoxide production via membrane NADH/NADPH oxidase activation.
Contribution to alterations of vasomotor tone. J Clin Invest 1996; 97: 1916-
1923.

63. Recinos A, 3rd, LeJeune WS, Sun H, Lee CY, Tieu BC, Lu M, Hou T, Boldogh I,
Tilton RG, Brasier AR. Angiotensin Il induces IL-6 expression and the Jak-
STAT3 pathway in aortic adventitia of LDL receptor-deficient mice.
Atherosclerosis 2007; 194: 125-133.

64. van der Loo B, Labugger R, Skepper JN, Bachschmid M, Kilo ], Powell JM,
Palacios-Callender M, Erusalimsky ]JD, Quaschning T, Malinski T, Gygi D,
Ullrich V, Luscher TF. Enhanced peroxynitrite formation is associated with
vascular aging. /] Exp Med 2000; 192: 1731-1744.



35

65. Ridker PM, Rifai N, Stampfer MJ], Hennekens CH. Plasma concentration of
interleukin-6 and the risk of future myocardial infarction among apparently
healthy men. Circulation 2000; 101: 1767-1772.

66. Roig E, Orus ], Pare C, Azqueta M, Filella X, Perez-Villa F, Heras M, Sanz G. Serum
interleukin-6 in congestive heart failure secondary to idiopathic dilated
cardiomyopathy. Am J Cardiol 1998; 82: 688-690, A688.

67. Tsutamoto T, Hisanaga T, Wada A, Maeda K, Ohnishi M, Fukai D, Mabuchi N,
Sawaki M, Kinoshita M. Interleukin-6 spillover in the peripheral circulation
increases with the severity of heart failure, and the high plasma level of
interleukin-6 is an important prognostic predictor in patients with
congestive heart failure. ] Am Coll Cardiol 1998; 31: 391-398.

68. Hou T, Tieu BC, Ray S, Recinos lii A, Cui R, Tilton RG, Brasier AR. Roles of IL-6-
gp130 Signaling in Vascular Inflammation. Curr Cardiol Rev 2008; 4: 179-192.

69. Hirota H, Chen |, Betz UA, Rajewsky K, Gu Y, Ross ], Jr., Muller W, Chien KR. Loss
of a gp130 cardiac muscle cell survival pathway is a critical event in the onset
of heart failure during biomechanical stress. Cell 1999; 97: 189-198.

70. Hirota H, Yoshida K, Kishimoto T, Taga T. Continuous activation of gp130, a
signal-transducing receptor component for interleukin 6-related cytokines,
causes myocardial hypertrophy in mice. Proc Natl Acad Sci U S A 1995; 92:
4862-4866.

71. Negoro S, Kunisada K, Tone E, Funamoto M, Oh H, Kishimoto T, Yamauchi-
Takihara K. Activation of JAK/STAT pathway transduces cytoprotective
signal in rat acute myocardial infarction. Cardiovasc Res 2000; 47: 797-805.



