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Abstract

Aims—Left ventricular (LV) systolic elastance (Ees) and diastolic elastance (Eed) correlate with 

arterial elastance (Ea), but it is unknown how chronic changes in arterial compliance and 

resistance, which determine Ea, might differentially affect cardiac properties with aging. We 

sought to characterize chronic changes in pulsatile and resistive arterial load and correlate them 

with longitudinal changes in LV structure and function in a prospective, community-based study.

Methods and results—Comprehensive echocardiography was performed in 722 subjects 

participating in a randomly-selected community-based study at two examinations separated by 4 

years, allowing for assessment of LV Ees, Eed, end diastolic volume (EDV), Ea, total arterial 

compliance and systemic vascular resistance at both examinations. Chronic changes in resistance 

and heart rate were the dominant contributors to change in Ea. Changes in arterial compliance had 

little impact on changes in Ea, but were strongly associated with changes in Ees. The combination 

of increased resistance and decreased compliance was associated with the largest increase in LV 

diastolic stiffness, an effect that was mediated by decrease in LVEDV. In contrast, subjects with 

both improved arterial compliance and decreased resistance displayed an increase in LVEDV over 

time, with no increase in LV Eed.

Conclusion—Increases in pulsatile arterial load with aging contribute more to LV systolic 

stiffening, while combined pulsatile and resistive loading changes are associated with positive and 
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negative chamber remodeling and diastolic stiffness. Therapies designed to improve arterial 

resistance particularly enhance aortic compliance may hold promise to deter or reverse cardiac 

aging and its sequelae.
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INTRODUCTION

Interactions between the left ventricle (LV) and the arterial system are key determinants of 

cardiovascular function. Ventricular-arterial interaction refers to the coupling between the 

LV during contraction (end-systolic elastance, Ees) and the load imposed by the systemic 

vasculature, effective arterial elastance (Ea). Ea is a lumped parameter or “net” arterial 

stiffness that is related to mean systematic vascular resistance, heart rate, aortic 

characteristic impedance and total arterial compliance.1 Acute and chronic changes in Ea are 

correlated with changes in Ees.2 However, different combinations of resistance and 

compliance can yield the same Ea, but impose different loads on the LV due to differences in 

pulsatile versus resistive loading.3 Acute changes in pulsatile arterial loading are known to 

exert negative effects on LV relaxation,4 but it remains unclear how chronic changes in mean 

vascular resistance and arterial compliance might differentially modulate LV structure and 

function.

Left ventricular Ees and end-diastolic elastance (Eed) increase with senescence.2 Recent 

studies suggest LV chamber volume may decrease in normal aging,5 coupled with a 

leftward-shifted diastolic pressure volume relationship.6 It is possible that chronic changes 

in systemic arterial resistance and compliance might differentially contribute to changes in 

LV properties with aging. Demonstration of any such difference would be important to 

inform future efforts to prevent or attenuate age-related LV stiffening and remodeling and 

the secondary diseases associated with it, such as heart failure with preserved ejection 

fraction (HFpEF).

We hypothesized that deconvolution of arterial load into resistive and oscillatory 

components may provide additional insight into age-related changes in ventricular function 

and remodelling. To test this hypothesis, we compared the impact of chronic changes in 

arterial compliance and resistance on LV structure and function over 4 years’ time in a 

longitudinal, population-based study.

METHODS

Study Population

A random sample of Olmsted County residents ≥45 years of age was identified in 1997 by 

applying a sampling fraction of 7% within each sex- and age-specific (5years) stratum. 4203 

persons were invited and 2042 (47%) participated in Exam 1 (1997–2000). Four years later 

all participants were invited to return and 1402 participated in Exam 2 (2001–2004). 

Examination at both exams consisted of physical examination, echocardiography, and 
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medical record abstraction. Diabetes history was based on physician diagnosis and 

treatment. Myocardial infarction and hypertension were diagnosed according to criteria from 

the World Health Organization and the Sixth Report of the Joint National Committee on 

Prevention, Detection, Evaluation, and Treatment of High Blood Pressure, respectively. 

Some clinical and echocardiographic data from this population have been previously 

reported,2, 7–9 but the current study findings regarding the impact of chronic changes in 

arterial compliance and resistance on end-systolic and end-diastolic elastance over time have 

not been reported. The study was approved by the Institutional Review Boards of Mayo 

Clinic and Olmsted Medical Center and complied with the Declaration of Helsinki. 

Participants provided written informed consent for evaluation and medical record follow-up.

Assessment of LV Structure and Function

Comprehensive echocardiographic assessment was performed by registered diagnostic 

cardiac sonographers using standardized instruments and techniques as previously 

described.7, 10 Exam 1 and 2 echocardiograms were performed by the same three 

sonographers and reviewed by two cardiologists who were masked to clinical and Exam 1 

echocardiogram findings. All parameters were measured in triplicate and averaged. LV 

stroke volume (SV) was calculated from pulse wave Doppler of the LV outflow tract and LV 

outflow tract diameter. Cardiac output (CO) was determined as the product of stroke volume 

and heart rate. Brachial blood pressure (BP) was measured by automated device at the time 

of echocardiographic examination. End-systolic pressure (ESP) was determined from the 

product of 0.9*systolic BP.

The ratio of echo-Doppler and tissue-Doppler early diastolic velocities (E/e’) was used to 

estimate LV end diastolic pressure (LVEDP) as previously validated (=11.96+0.596*E/e’).11 

Operating LV end diastolic chamber stiffness (Eed) was estimated by the ratio of LVEDP 

and end diastolic volume.12 LV end systolic elastance (Ees) was determined by the single 

beat technique of Chen and colleagues based upon measured SV, EF, BP and systolic 

preejection and ejection time (ET) intervals as previously reported.7, 10

Assessment of Arterial Function and Ventricular-Arterial Interaction

Effective arterial elastance (Ea), a measure of total arterial load that incorporates both mean 

and pulsatile components, was determined as ESP/SV. Systemic vascular resistance (SVR) 

was calculated as =mean BP*80/CO and total arterial compliance (TAC) as =SV/pulse 

pressure. The ratio Ea/Ees was used to assess ventricular-arterial coupling.10 Ventricular and 

arterial elastances represent static measures, and in order to evaluate time-related 

measurements, longitudinal changes in ET were evaluated.

Statistical methods

Continuous values are expressed as mean ± SD or estimated marginal mean (95% 

confidence interval). Proportions are expressed as percentages. In graphs estimated marginal 

mean and 95% confidence interval is plotted. Longitudinal changes in categorical variables 

were assessed with McNemar test and continuous variables by paired t-test or Wilcoxon 

signed-rank test, as appropriate. Stepwise linear regression with adjustment for age, sex and 

baseline values was used to assess factors influencing Ea, Ees, compliance and resistance 
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change over time. Semi-partial R2 is reported, which represents proportion of explained 

variability by each variable. Due to significant correlation between compliance and 

resistance (r= −0.52, p<0.0001) that may have effect on results of the linear regression 

analysis (despite the tolerance factor assessing multicollinearity was not <0.1), in order to 

further evaluate the independent influence of chronic changes in arterial compliance and 

resistance on Ea, Ees and Eed changes over time, we created four groups according to 

compliance and resistance change. We used univariate general linear model to compare 

differences in Ea, Ees, Eed changes over time with adjustment for age, sex and baseline 

values of Ea, Ees and Eed, respectively. Bonferroni correction was used to correct for 

multiple testing. ANOVA and χ2 tests were used to compare differences between groups, as 

appropriate. Also results of these tests were corrected using the Bonferroni correction. 

Calculations were done using SPSS 19 (IBM Corporation, NY, USA). A two-sided p-value 

<0.05 was considered statistically significant.

RESULTS

Of 1402 Olmsted County residents participating in examination 2, 772 had complete 

echocardiographic data to allow for assessment of ventricular elastance and arterial 

compliance, elastance and resistance at both examinations. Subjects with complete 

echocardiographic data were slightly younger (60±9 vs. 61±10 years, p=0.03) but did not 

differ in sex proportion from individuals with incomplete paired data. As previously 

reported,2 over 4 years, systolic, diastolic, and mean BPs decreased by 4.6±18.3, 4.3±9.7, 

and 4.4±11.3 mmHg, respectively, while pulse pressure did not change (+0±15 mmHg; 

p=0.4; Table 1). LV mass decreased, while chamber size and LVEF remained stable on 

average. Ea decreased by 3% (p=0.003), while Ees and Eed increased by 14% and 8%, 

respectively (both p<0.0001). Longitudinal changes in Ea were correlated with changes in 

Ees (r=0.59, p<0.0001) and changes in Eed (r=0.56, p<0.0001).

Systemic vascular resistance decreased by 83±354 dyne/second*cm5 (p<0.0001), while total 

arterial compliance did not change in the overall population (+0.02±0.55 mL/mmHg, 

p=0.25). Systemic resistance and compliance displayed a hyperbolic relationship with one 

another at both examinations (Figure 1), and compared to Examination 1, the resistance-

compliance curve shifted slightly leftward over 4 years (p=0.01, ANCOVA after log-log 

transform).

In multivariable regression analysis, the change in Ea from Examination 1 to 2 was largely 

mediated by changes in resistance, which explained 42% of the variability in ΔEa, followed 

by changes in HR that explained 22% of ΔEa (Table 2). Changes in arterial compliance 

explained only 3% of the variability in ΔEa.

Changes in Ees were correlated with changes in Ea (r=0.59, p=0.001). However, while 

changes in compliance explained little of the variability in ΔEa, reductions in arterial 

compliance were the strongest correlate of the age-related ΔEes, explaining 13% of its 

variability (Table 2). In contrast, changes in resistance and HR explained only 3% and 4% of 

the variability in the change in Ees. Changes in resistance and HR explained 13% and 7% of 

Eed variability, while change in arterial compliance was not associated with ΔEed.
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Multivariable linear regression (Table 2) is susceptible to co-linearity between explanatory 

variables, which may falsely decrease the strength of (or even mask) the association between 

one explanatory variable and the dependent variable. Because TAC and SVR are strongly 

correlated with one another (Figure 1), we next evaluated the influence of changes in arterial 

compliance and resistance on cardiovascular structure and function by creating four groups 

that were sorted according to the proposed effect of changes in pulsatile (TAC) and resistive 

(SVR) load. Comparison across these groups is not influenced by co-linearity, thus 

providing a more unbiased insight than the regression analysis. Groups 1 to 4 were ordered 

by progressively increasing arterial load. In groups 1 and 4, both pulsatile and resistive load 

either decreased (Group 1: ↑TAC and ↓SVR) or increased (Group 4: ↓TAC and ↑SVR). In 

Groups 2 and 3, pulsatile load decreased (↑TAC but ↑SVR; Group 2) or increased (↓TAC but 

↓SVR; Group 3) with discordant changes in resistive load.

There were no differences in age, sex, baseline medication use or changes in medication use 

between the 4 groups (Table 3). After adjusting for age, sex, and baseline values, ΔEa, and 

ΔEes increased with progressive increases in pulsatile and/or resistive load across groups (p 

for linear trend <0.001, Figure 2). There was more reduction in Ea in Group 1 (pulsatile and 

resistive load decrease) compared to Group 2 (only pulsatile load decrease, p<0.001; Figure 

2A), yet there was no difference in ΔEes between these groups that both shared a reduction 

in pulsatile load (p=0.3) (Figure 2B). Conversely, there was no statistically significant 

difference in ΔEa between Groups 2 and 3 (with opposing changes in pulsatile and resistive 

load), yet there were marked differences in ΔEes, which increased more in subjects with 

compliance reduction as compared to those with resistance increase (p=0.005).

There was no difference in ΔEed between groups 1 and 2 (p=0.10) or 2 and 3 (p=0.99) after 

adjustments. However, the combination of both pulsatile and resistive load increase (Group 

4) was associated with greater increases in Eed as compared to all other groups (Figure 3A). 

Left ventricular end-diastolic volume (LVEDV) significantly increased in subjects with 

pulsatile and resistive load decrease (Group 1) as compared to all other groups (all p<0.05), 

while LVEDV decreased in subjects with pulsatile and resistive load increase (Group 4) as 

compared to all other groups (all p<0.01) (Figure 3B) in the adjusted model. There was no 

difference in changes in left ventricular mass index decrease between groups (p=0.3).

Heart rate normalized ejection time change (ΔET) was inversely associated with ΔSVR (r= 

−0.20, p<0.0001), and directly associated with ΔTAC (r=0.12, p<0.001). The ET increased 

over time in group 1 as compared to group 4 (Table 3). In multivariable analysis with SVR, 

TAC and heart rate change, ΔET was not associated with Eed or Ea change. When Ea and 

Eed comparisons across groups were adjusted for ET, differences among groups did not 

change.

DISCUSSION

In this large population-based, longitudinal study we have shown differential effects of 

chronic changes in systemic arterial compliance and resistance on age-related changes in left 

ventricular structure and function. We confirm previous studies showing that systemic 

resistance and heart rate are the dominant contributors to arterial elastance. However, while 
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changes in arterial compliance had little impact on Ea, they were strongly correlated with the 

age-related increase in Ees. Differential changes in pulsatile and mean resistive load were 

not evident from inspection of Ea change alone. The combination of increased resistance and 

decreased compliance (Group 4) was associated with the largest increase in LV systolic and 

diastolic stiffness, with the latter being related to reduction in LV chamber volume rather 

than estimated LV filling pressure (E/e′ ratio). In contrast, subjects with improved arterial 

compliance and drop in systemic vascular resistance over 4 years (Group 1) displayed an 

increase in LV chamber volume, with no progression in LV Eed. These data suggest the 

chronic changes in systemic arterial resistance and compliance play differing but additive 

roles in promoting LV stiffening and chamber remodeling. Interventions that improve 

arterial compliance may be more effective to prevent age-related increases in systolic 

elastance, while combined improvements in compliance and resistance may be needed to 

prevent remodeling and diastolic stiffening.

Total arterial compliance, a parameter of pulsatile load, expresses the ability of the arterial 

system to store blood in systole without excessive pressure rise. A decrease in compliance is 

associated with increased pulse wave velocity and wave reflection, which contributes to 

increased pulsatile load. Reduced compliance is associated with excessive myocardial 

oxygen consumption during exercise and worsening ischemia.13, 14 Compliance is 

determined by vessel tone, endothelial function, and vascular structure and composition. On 

the other hand, resistance represents the steady load on LV, which is dependent on vascular 

tone of arterioles and precapillary sphincters. Prior cross sectional studies have shown that 

while total arterial compliance decreases with aging, mean systemic vascular resistance 

tends to remain stable.15 The importance of pulsatile load, particularly the late systolic load, 

on LV structure-function relationships has been demonstrated in healthy volunteers and heart 

failure patients,4, 16–21 and late-systolic arterial loading is determined largely by wave 

reflections and arterial compliance.22

This is the first longitudinal, population-based study to examine how arterial resistance and 

compliance change over time, and how these changes correlate with changes in LV structure 

and function. We have previously demonstrated in this sample that LV stiffness increases 

even as Ea decreases on average, suggesting that age-related LV stiffening is mediated in 

part by afterload-independent factors.2 Despite these load-independent components, LV Ees 

and Eed remain intimately related to Ea (r=0.5–0.6, p<0.0001), and we now demonstrate 

that this relationship is mediated more by pulsatile components than resistive load. 

Multivariable linear regression and Group analyses revealed a strong relationship between 

compliance and Ees, but changes in compliance were not independently related to Eed 

change in linear regression. Because of the collinearity between compliance and resistance 

(Figure 1), we felt that regression analysis was not the best approach to separate the effects 

of resistance and compliance.

To overcome this problem, subjects were separated by compliance and resistance change 

over time in a group analysis. This group analysis revealed that in subjects with compliance 

increase and resistance increase, Eed did not change significantly from baseline and was 

significantly lower as compared to subjects with compliance decrease but resistance 

increase. This suggests that compliance change had an effect on Eed progression that was 
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underestimated by multivariable regression, likely due to correlation between compliance 

and resistance. Collectively these data point suggest that loss of arterial compliance plays an 

important role in LV stiffening during both systole and diastole.

As compared to baseline data, in subjects with afterload increase, left ventricular end-

diastolic volume decreased. These findings are in line with recently published cross 

sectional studies suggesting age-related shrinkage of the left ventricle.5, 6, 23 Recently, 

Cheng et al.5 showed that LV volume decreased out of proportion to LV mass with 

increasing age, thus increasing the mass/volume ratio. In another cross-sectional study,6 

Fujimoto and colleagues observed reductions in LV volume above the age of 65 years, with 

a leftward shifted diastolic pressure-volume relationship. In a cross-sectional study by 

Roman,24 pressure-independent stiffness index β was negatively associated with end-

diastolic diameter and positively associated with relative wall thickness, while no association 

with left ventricular mass was observed. The current longitudinal data confirms and extends 

upon these previous cross sectional studies, and suggests that the age-related reductions in 

arterial compliance and changes in arteriolar tone might contribute to LV stiffening through 

a novel mechanism of ‘volume loss’.

Conversely, decreased afterload (pulsatile and resistive) was associated with LV end-

diastolic volume increase. Eccentric LV remodeling has traditionally considered to be 

deleterious, but it is known that endurance trained athletes develop physiologic hypertrophy, 

and recently Brinker et al. observed that even in healthy middle-aged adults, fitness level 

was directly correlated with LVEDV and inversely correlated with estimated LV filling 

pressures.25 Indeed, when scaled to body size, some studies have observed that EDV is 

lower in HFpEF than age-matched controls,26 and in an animal model of HFpEF,27 

improvements in arterial compliance were associated with increases in LV end-diastolic 

volume. In aged humans, Chantler and colleagues have demonstrated that subjects with 

reduction in Ea during exercise display higher LV end-diastolic volumes compared to 

subjects with Ea increase during exercise.28 Thus unlike HFrEF, where afterload reduction 

decreases LV volumes,29 it is possible that in subjects with normal EF and increased LV 

stiffness, LV volume increase due to afterload reduction may be a marker of more healthy or 

‘successful’ aging compared to the decrease in LV size noted on average with aging in 

humans.24

In this study, difference in heart rate and SBP change explained differences in Ees among 

subjects with the same change in Ea caused by different combination of compliance and 

resistance. Our results show that decrease in heart rate is associated with compliance 

increase and Ees decrease. This finding is in line with an animal model, in which heart rate 

reduction using ivabradine improved vascular stiffness and was associated with lower Ees.27 

Furthermore, heart-rate reduction by ivabradine increases total arterial compliance and 

improves ventricular-arterial coupling among subjects with HFrEF.29 In other studies, 

exercise training was proven to decrease total arterial compliance in sedentary adults as in 

patients with heart failure.30, 31 Collectively, these observations suggest that heart rate 

decrease and exercise training may be effective to prevent or mitigate the age-related LV 

stiffening. We did not observe differences in anti-hypertensive medication use between 

Wohlfahrt et al. Page 7

Eur J Heart Fail. Author manuscript; available in PMC 2016 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



groups, suggesting that the blood pressure decrease may not have been caused by therapy, 

but rather by secular trends in population due to life-style changes.

Limitations

The noninvasive methods used to assess ventricular and arterial stiffness are each validated 

against gold-standard invasive methods, but echo-Doppler data inherently have greater 

variability compared with invasive measurements. The study cohort was almost exclusively 

white, and these results may apply to other ethnic groups. Longitudinal changes in 

ventricular-arterial mechanics in this study reflect not only aging but environmental factors 

and medication usage. Indeed, the reductions in blood pressure and LV mass likely reflect 

effects of medical intervention rather than cardiac aging. Because we did not record pressure 

and flow waves directly in the study, we could not assess the effects of aortic impedance, 

wave reflection and aortic pulse wave velocity on ventricular structure and function. The 

linear estimate of Eed based upon the ratio of estimated diastolic LV pressure to LVEDV is a 

simplification of the curvilinear end diastolic pressure-volume relationship as measured 

directly in the catheterization laboratory. Anti-hypertensive drug use was recorded but 

dosage was not in this study, and this may explain the different blood pressure changes in the 

4 groups of resistance-compliance changes despite similar medication use. This study 

examined the relationships between static measures of elastance, resistance and compliance. 

Future studies identifying chronic changes in pulse waveform analysis and wave reflections 

will provide greater insight into the nature of ventricular aging. Despite our finding that 

arterial compliance was most strongly correlated with LV systolic stiffening, we cannot 

exclude parallel stiffening that may reflect shared exposure to risk factors that are not 

causally linked. The major strength of this study is its longitudinal design, which allowed us 

to separate the effect of pulsatile and resistive afterload on LV stiffness.

Conclusions

In men and women greater aged 45 years and above, chronic changes in systemic arterial 

compliance and resistance are differentially correlated with age-related LV stiffening and 

chamber remodeling. Increases in pulsatile load contribute more to LV systolic stiffening 

while combined pulsatile and resistive loading changes are associated with positive of 

negative chamber remodeling. Therapies designed to improve resistance and in particular 

aortic compliance may hold promise to deter or reverse cardiac aging and the diseases 

associated with it, including HFpEF.
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Figure 1. 
Plot of total arterial compliance versus systemic vascular resistance at examination 1 (blue) 

and examination 2 (red) showing mean regression lines and 95% CI of the mean. P value 

reflects ANCOVA comparing the two relations after log-log transformation.
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Figure 2. 
[A,B] Longitudinal changes over 4 years in effective arterial elastance (ΔEa) and left 

ventricular end systolic elastance (ΔEes) according to groupings based upon longitudinal 

changes in total arterial compliance (TAC) and mean systemic vascular resistance (SVR), 

showing estimated marginal means ± 95% CI. Data are adjusted for age, sex and baseline 

elastance values. Bonferroni correction for multiple comparisons was used.
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Figure 3. 
[A,B] Longitudinal changes over 4 years in left ventricular end diastolic elastance (ΔEed) 

and left ventricular end diastolic volume according to groupings based upon longitudinal 

changes in total arterial compliance (TAC) and mean systemic vascular resistance (SVR), 

showing estimated marginal means ± 95% CI. Data are adjusted for age, sex and baseline 

Eed and end diastolic volumes, respectively. Bonferroni correction for multiple comparisons 

was used.
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Table 1

Patient characteristic at study entry and after 4 years

Examination 1
(1997–2000)

Examination 2
(2001–2004) p

Age, years 60±9 64±9 <0.001

Body mass index, kg/m2 27.9±4.9 28.1±4.8 0.001

Heart rate, bmp 64.8±10.4 65.6±12.0 0.04

Systolic BP, mm Hg 130.3±19.9 125.7±19.3 <0.001

Diastolic BP, mm Hg 73.2±9.8 69.0±9.6 <0.001

Pulse pressure, mm Hg 57.1±15.9 56.7±16.3 0.57

Mean BP, mm Hg 92.3±11.8 87.9±11.3 <0.001

SVR, dyne/second*cm5 1391±335 1309±341 <0.001

TAC, mL/mm Hg 1.63±0.57 1.65±0.59 0.25

Ea, mm Hg/mL 1.39±0.34 1.36±0.36 0.003

Ees, mm Hg/mL 2.09±0.66 2.26±0.70 <0.001

Eed, mm Hg/mL 0.13±0.03 0.14±0.04 <0.001

Ea/Ees 0.69±0.15 0.62±0.14 <0.001

LVEDV, mL 136±32 139±37 0.54

LV mass index, g/m2 95±19 91±20 <0.001

LVM/EDV 1.34±0.34 1.30±0.34 0.19

LV ejection fraction, % 64±7 64±7 0.9

BP – blood pressure; SVR – systematic vascular resistance; TAC – total arterial compliance; Ea – arterial elastance; Ees – end-systolic elastance; 
Eed – end-diastolic elastance; LVEDV – left ventricular end-diastolic volume; LV – left ventricular
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Table 2

Correlations between changes in Resistance, Compliance and Heart Rate changes on Ventricular-arterial 

Stiffness

Model Variables Beta R2 p

ΔEa

adj R2=86.7%, p<0.0001 ΔSVR   0.001 41.9% <0.0001

ΔHR   0.013 21.8% <0.0001

ΔTAC −0.130   3.0% <0.0001

ΔEes

adj R2=46.2%, p<0.0001 ΔTAC −0.233 13.2% <0.0001

ΔSVR   0.001   2.5% <0.0001

ΔHR   0.02   4.1% <0.0001

ΔEed

adj R2=34.7%, p<0.0001 ΔSVR   0.001 13.0% <0.0001

ΔHR   0.001   6.8% <0.0001

ΔTAC −0.001   0%   0.67
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