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Abstract

Background: Angiopoietin-1 and 2 (Ang1, Ang2) are important mediators of angiogenesis. 

Angiopoietin levels are perturbed in cardiovascular disease, but it is unclear whether angiopoietin 

signaling is causative, an adaptive response, or merely epiphenomenon of disease activity.

Methods and Results: In a cohort free of cardiovascular disease at baseline (MESA), 

relationships between angiopoietins, cardiac morphology, and subsequent incidence of heart 

failure or cardiovascular death were evaluated. In cohorts with pulmonary arterial hypertension 

(PAH) or left heart disease (LHD), associations between angiopoietins, invasive hemodynamics, 

and adverse clinical outcomes were evaluated. In MESA, Ang2 was associated with a higher 

incidence of heart failure or cardiovascular death (HR 1.21 per standard deviation, P<0.001). Ang2 

was associated with increased right atrial pressure (PAH cohort) and increased wedge pressure and 

right atrial pressure (LHD cohort). Elevated Ang2 was associated with mortality in the PAH 

cohort.

Conclusion: Ang2 was associated with incident heart failure or death among adults without 

cardiovascular disease at baseline and with disease severity in individuals with existing heart 

failure. Our findings that Ang2 is elevated prior to disease onset and that elevations reflect disease 

severity, suggest Ang2 may contribute to heart failure pathogenesis.

Lay summary: This study evaluated angiopoietins in three different groups of study participants. 

The results of the study suggest that high angiopoietin levels in the blood may predict future onset 

of heart failure. High angiopoietin levels may also correlate with more severe heart failure in 

people with heart failure. These findings may help physicians to detect heart failure early and may 

lead to future therapies that could treat heart failure.

Keywords

Angiopoietin; heart failure; clinical outcomes

Introduction

The angiopoietin-Tie system is an important pathway in angiogenesis (1). Angiopoietin-1 

(Ang1), a Tie-2 receptor agonist, is thought to have stabilizing and anti-inflammatory effects 

on the endothelium (1–4). Angiopoietin-2 (Ang2) is primarily a Tie-2 competitive antagonist 

(5) released in response to endothelial stress, with destabilizing effects that increase vascular 

permeability and mediate vascular remodeling (1, 3).

Ang1 and Ang2 have been studied in a variety of cardiovascular diseases (CVD). Elevated 

Ang2 has generally been associated with disease severity and/or cardiovascular outcomes, 

including mortality, in pulmonary hypertension (2, 4, 6), coronary disease (7–9), peripheral 

arterial disease (10), stroke (11), and cohorts with high rates of CVD (12–14). With respect 
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to heart failure, studies have demonstrated Ang2 elevation in heart failure exacerbations 

(15), positive correlation between Ang2 and heart failure severity (16, 17), and prediction of 

mortality or heart transplant (18). In contrast, elevated Ang1 either has not been associated 

with CVD or has been a protective factor (2, 4, 9, 15). Despite this body of evidence, it 

remains unclear whether angiopoietin signaling contributes to heart failure progression, is an 

adaptive or protective response to heart failure, or is merely an epiphenomenon of heart 

failure. Studying Ang1 and Ang2 in healthy subjects prior to CVD onset strongly limits the 

possibility that differences in angiopoietin levels are a response to existing disease, whether 

as an epiphenomenon or adaptive response.

The aim of this study was to evaluate Ang1 and Ang2 across the spectrum of heart failure, 

from individuals without clinical heart disease at baseline to individuals with existing left 

and/or right heart failure. We hypothesized that elevated Ang2 levels would be associated 

with cardiac morphology and increased heart failure incidence in individuals without heart 

disease at baseline. We also hypothesized that elevated Ang2 would be associated with 

worse hemodynamics and mortality in individuals with existing heart failure. We further 

hypothesized that elevated Ang1 would have opposite relationships.

Methods

This work utilizes three cohorts to evaluate the relationship between angiopoietins and heart 

failure. Serum angiopoietin levels were measured in each cohort. The Multi-Ethnic Study of 

Atherosclerosis (MESA) Angiogenesis cohort was used to evaluate relationships between 

angiopoietins, cardiac morphology, and the risk of incident heart failure or cardiovascular 

death in individuals without CVD at the time Ang1 and Ang2 were measured. A pulmonary 

arterial hypertension (PAH) cohort was used to evaluate the relationship between Ang1, 

Ang2 and severity of isolated right heart failure, and a left heart disease (LHD) cohort was 

used to evaluate the relationship between Ang2 and severity of biventricular heart failure.

MESA Cohort

MESA is a multicenter prospective cohort study that enrolled 6,814 participants aged 45–84 

free of clinically recognized CVD (19). A subset of MESA participants had cardiac 

magnetic resonance imaging (cMRI) through the MESA-Right Ventricle study (20). MESA-

Angiogenesis was an ancillary case-cohort study funded to evaluate markers of angiogenesis 

and pulmonary vasoconstriction in 1,538 MESA-Right Ventricle participants. All MESA 

participants with interpretable cMRI who developed incident heart failure or cardiovascular 

death through 2014 were selected for angiopoietin measurement (cases). Additionally, a 

random subset of MESA participants with available cMRI was selected as the MESA-

Angiogenesis cohort (cohort). Following a typical case-cohort design, the MESA-

Angiogenesis cohort included cases at a similar rate to the parent MESA population. This 

allows baseline cross-sectional cohort characteristics to be described without the distortion 

of over or under-representing cases, while preserving the power of all cases for weighted 

longitudinal case-cohort analyses of incident heart failure or cardiovascular death. For the 

present analysis, all case-cohort participants with measured angiopoietin levels, interpretable 

cMRI, and all other covariate data were included.
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Serum Ang1 and Ang2 (ng/ml) were measured at the baseline exam using a Meso Scale 

Discovery custom multiplex immunoassay. The inter-assay coefficient of variation was 

10.7% for Ang1 and 1.9% for Ang2 on seventy-eight duplicate samples. Cardiac MRIs were 

performed on all MESA participants included in the present study at the baseline exam. 

Methods for MRI interpretation in MESA are well described (21). Left and right ventricle 

measurements included: end-diastolic mass (g), end-diastolic volume (ml), stroke volume 

(ml), and ejection fraction (%). The clinical event of interest was defined as a composite of 

either incident heart failure or death due to cardiovascular disease. Time to event was 

defined by whichever event occurred first. Methodology for adjudicated longitudinal clinical 

events assessment is described in the MESA Clinical Events Manual of Operations (https://

www.mesa-nhlbi.org/manuals.aspx).

Demographic covariates included age, gender (self-reported), height, weight, study site, 

highest level of education attained, and race/ethnicity, categorized as non-Hispanic white, 

African American, Hispanic, and Asian (predominantly Chinese American). Cardiovascular 

risk factors included hypertension, systolic blood pressure (SBP), smoking status, duration 

of smoking history, diabetes, and total cholesterol. Exploratory models included glomerular 

filtration rate (GFR), brain natriuretic peptide (BNP) level, and medication use (beta-

blockers, angiotensin converting enzyme inhibitors, angiotensin receptor blockers, and non-

steroidal anti-inflammatory drugs). All covariates were measured as part of the baseline 

MESA evaluation. Covariate specification is included in the supplemental methods.

Cross-sectional analyses were performed using the MESA-Angiogenesis cohort. Baseline 

characteristics by angiopoietin tertile were described using mean ± standard deviation (SD) 

for continuous variables, and percentages for categorical variables. Linear regression was 

used to estimate associations between Ang1, Ang2, and cardiac morphology. For prospective 

clinical events, a case-cohort analysis was performed. All 235 participants in the parent 

cohort with available cMRIs who developed heart failure or cardiovascular death were 

included; however, only 1,277 of 3,967 participants in the parent cohort without heart failure 

or cardiovascular death during follow-up were included. To account for this under-sampling 

of participants without an event, event-free participants were given a weight of 3.11 relative 

to those with an event (3,967/1,277). Nelson-Aalen cumulative hazards were used to 

estimate unadjusted non-parametric associations, and Cox proportional hazards were used to 

estimate adjusted and unadjusted parametric associations between Ang1 and Ang2 and 

incident heart failure or cardiovascular death.

The same model specification was used for cross-sectional and case-cohort analyses. In 

limited models, relationships were adjusted for age, gender, race/ethnicity, height, weight, 

and study site. Full models were also adjusted for education level and cardiovascular risk 

factors. Exploratory models also account for differences in GFR, BNP, and co-medication 

use. As Ang1 and Ang2 may have antagonistic effects, additional models included Ang1 and 

Ang2 simultaneously to evaluate whether their relative levels may be important. Because 

distributions of Ang1 and Ang2 were positively skewed, hazards models were repeated with 

log transformations of these variables to ensure that this did not impact results.
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Heart Failure Cohorts

Pulmonary arterial hypertension cohort.—Adult participants in the Seattle Right 

Ventricle Translational Science (SeRVeTuS) study were recruited at the University of 

Washington from April 2014 through May 2016 (22). All participants were diagnosed with 

PAH using standard definitions at the time of enrollment (mean pulmonary artery pressure 

≥25 mmHg). Servetus participants gave blood, answered questionnaires, and allowed access 

to their medical record for imaging and hemodynamics from right heart catheterization 

(RHC). Ang1 and Ang2 were assayed using a multiplex assay as described above. 

Longitudinal data on lung transplant and mortality were also collected. This comprised a 

cohort of individuals with predominantly right heart failure.

Left heart disease cohort.—Adult patients undergoing RHC for evaluation of clinical 

heart failure at Medical University of South Carolina from December 2016 through July 

2018 were screened for participation in a longitudinal cohort of patients with advanced heart 

failure. Clinical and demographic data were obtained from medical records including 

etiology of heart failure. Ang2 was assayed using a multiplex ELISA (EveTechnologies). 

Longitudinal data on heart transplant, left ventricular assist device (LVAD) implantation, and 

mortality were collected. A full description of the LHD cohort methods has been previously 

published (23). This comprised a cohort of individuals with left heart with or without 

accompanying right heart failure.

For both heart failure cohorts, linear regression was used to evaluate associations of Ang1 

and Ang2 (PAH cohort), or Ang2 only (LHD cohort), with hemodynamics measured or 

calculated during RHC. Dependent hemodynamic variables included right atrial pressure, 

mean pulmonary artery pressure, pulmonary artery wedge pressure, pulmonary vascular 

resistance, cardiac index by thermodilution, and SBP. Cox proportional hazards models were 

used to estimate associations between angiopoietins and the composite of transplant, LVAD 

implantation (LHD cohort), and all-cause mortality. In adjusted models, associations were 

adjusted for age, gender, and race/ethnicity, categorized as white and non-white in the PAH 

cohort, and black and non-black in the LHD cohort. Etiologies of PAH (idiopathic, 

connective tissue disease, toxin mediated, congenital, and portopulmonary) and LHD 

(ischemic vs non-ischemic) were included in adjusted models. Covariate specification is 

included in the online supplement.

The Institutional Review Boards of participating institutions approved study protocols and 

all participants provided informed consent. A significance level of 0.05 was used. Analyses 

were performed using STATA v14.2 (StataCorp LP, College Station, TX).

Results

MESA Cohort

The MESA-Angiogenesis cohort included 1,383 participants selected randomly from the 

parent MESA cohort. In addition, 155 MESA participants outside the MESA-Angiogenesis 

cohort experienced incident heart failure or cardiovascular death; these participants were 

included in longitudinal case-cohort analyses only. In the current study, 1,358 participants in 
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the MESA-Angiogenesis cohort (81 cases, 1,277 non-cases) and 154 additional cases 

outside the cohort had all available covariates and were included in analyses. The case-

cohort selection process is depicted in Figure 1.

Participants in the highest Ang1 tertile were more likely to be male, Hispanic, and current 

smokers. Participants in the highest Ang2 tertile were more likely to be older, female, less 

educated, black or Hispanic, current smokers, and have a higher BNP. Baseline 

characteristics are presented in Table 1. Mean values of Ang1 and Ang2 in the MESA-

Angiogenesis cohort were 1.74 ng/ml and 5.33 ng/ml respectively.

In unadjusted cardiac morphology analysis, a SD increase in Ang1 was associated with a 

0.4% absolute greater left ventricular ejection fraction (LVEF, 95% confidence interval 0.1% 

to 0.6%, P=0.002). This association with LVEF remained significant in adjusted models, but 

Ang1 was not associated with any other metrics of cardiac morphology. A SD increase in 

Ang2 was associated with a 0.4% absolute greater right ventricular ejection fraction (RVEF, 

95% confidence interval 0.1% to 0.8%, P=0.01) in unadjusted analyses; however, there was 

no association between Ang2 and RVEF in adjusted models. Ang2 was not associated with 

any other metrics of cardiac morphology in adjusted or unadjusted analyses. Results from 

cardiac morphology analyses are presented in Table 2. Log transformations of Ang1 and 

Ang2 did not significantly change model results. Further exploratory models adjusting for 

GFR, BNP, and co-medication use did not meaningfully impact associations (Supplemental 

e-Table 1). In addition, sensitivity analyses modelling study site as a random effect, rather 

than as an adjustment variable, did not significantly impact results.

Mean follow-up for MESA participants was 11.4 years, maximum follow-up was 14.5 years, 

and total follow-up was 17,289 person-years. The incidence of heart failure or 

cardiovascular death among members of the cohort was 5.0 events per 1,000 person-years, 

with a median time to event of 7.4 years. There was no association between Ang1 and 

hazard of heart failure or cardiovascular death (unadjusted hazard ratio 1.02 per SD 

difference in Ang1, 95% confidence interval 0.78 to 1.34, P=0.88). Conversely, higher Ang2 

at baseline was strongly associated with the hazard of heart failure or cardiovascular death 

(unadjusted hazard ratio 1.37 per SD increase in Ang2, 95% confidence interval 1.27 to 

1.47, P<0.001). Incident heart failure accounted for 62% of outcomes. The association 

between elevated Ang2 and increased incidence of heart failure or cardiovascular death 

remained strong after adjusting for differences in demographics and cardiovascular risk 

factors in parametric Cox models (Table 3). Figure 2 shows complementary results from 

non-parametric analyses (Nelson-Aalen cumulative hazards by tertile). Exploratory models 

accounting for Ang1 and Ang2 levels simultaneously, GFR, and co-medication use did not 

strongly influence these results. When accounting for differences in BNP at baseline, the 

significant association between Ang2 and incident heart failure or cardiovascular death was 

markedly attenuated. Sensitivity analyses using a log transformation of Ang1 and Ang2 and 

analyses treating study site as a random effect did not significantly change model results. All 

results from the clinical events analysis are presented in Table 3.

Peplinski et al. Page 6

J Card Fail. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PAH cohort

The mean age of PAH cohort participants was 52 (±14) years. Eighty-one percent were 

female and 92% were white. Thirty-nine percent had idiopathic PAH, 23% had PAH due to 

connective tissue disease, 17% had toxin-associated PAH, and 21% had PAH from other 

causes. Mean values of Ang1 and Ang2 in the PAH cohort were 2.83 ng/ml (SD 2.65 ng/ml) 

and 15.03 ng/ml (SD 12.68 ng/ml), respectively. After excluding individuals with missing 

data, 73 participants were included in cross-sectional analyses. Increased Ang1 was 

associated with higher SBP and trends toward lower mean pulmonary artery pressure and 

higher cardiac index (Table 4). Increased Ang2 was associated with higher right atrial 

pressure and a trend toward lower SBP (Table 4). All RHC hemodynamic data are presented 

in Supplemental e-Table 2.

All 116 PAH cohort members were evaluated for the relationship between angiopoietins and 

the composite of lung transplant or mortality. Mean follow-up was 2.6 years, maximum 

follow-up was 3 years, and total follow-up was 304 person-years. The incidence of death 

from any cause was 63 deaths per 1,000 person-years. There were no lung transplants. 

Higher Ang2 was associated with mortality in unadjusted models (hazard ratio 1.69 per SD 

difference in Ang2, 95% confidence interval 1.23 to 2.34, P=0.001). This association 

strengthened after accounting for differences in age, race/ethnicity, gender, and etiology of 

PAH (hazard ratio 1.91 per SD difference in Ang2, 95% confidence interval 1.34 to 2.70, 

P<0.001). An exploratory analysis further accounting for resting hemodynamics (right atrial 

pressure, mean pulmonary artery pressure, and pulmonary vascular resistance) in the limited 

cohort for whom these covariates were available did not significantly change associations 

between Ang2 and mortality. There was no association between Ang1 and mortality.

LHD cohort

The mean age of LHD cohort participants was 55 (±14) years. Thirty-eight percent were 

female and 45% were black. Eighty-two percent had non-ischemic cardiomyopathy. The 

mean Ang2 value in the LHD cohort was 11.86 ng/ml (SD 19.58 ng/ml). All 56 cohort 

members were included in the cross-sectional analysis. Increased Ang2 was associated with 

higher right atrial pressure and pulmonary artery wedge pressure, and a trend toward higher 

mean pulmonary artery pressure. All results are presented in Table 4, and hemodynamic data 

is presented in Supplemental e-Table 2.

Fifty-five LHD cohort members were evaluated for the relationship between Ang2 and 

mortality, heart transplant, or LVAD placement. Mean follow-up was 2.1 years, maximum 

follow-up was 2.9 years, and total follow-up was 118 person-years. The incidence of heart 

transplant, LVAD placement, or death from any cause was 93 events per 1,000 person-years. 

Ang2 was not associated with the composite outcome of mortality, transplant, or LVAD 

placement.

Discussion

To our knowledge, this is the first study to demonstrate that elevation in Ang2 is associated 

with a higher risk of heart failure or cardiovascular death in individuals without heart disease 
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at baseline. We also confirm and expand previous observations suggesting that Ang2 is 

associated with more severe disease in individuals with existing heart failure. Taken 

together, this suggests Ang2 elevation precedes heart disease, is unlikely to merely represent 

a reaction to existing disease, and may cautiously suggest that Ang2 contributes to disease 

pathogenesis. By evaluating both heart failure and non-heart failure cohorts, we were able to 

characterize the temporality of changes in Ang2 relative to disease onset. Temporality, 

alongside other aspects such as consistency and plausibility, are important elements which 

inform the possibility for casual inference in epidemiology as articulated by the Bradford 

Hill criteria.

We observed a strong association between Ang2 elevation and subsequent incidence of heart 

failure or cardiovascular death in MESA participants. Conversely, we did not observe 

associations between Ang2 and cardiac morphology. This joins the observation that the 

median time until heart failure or cardiovascular death was more than seven years after Ang2 

was measured. Although alternative explanations are possible, this reinforces our confidence 

that Ang2 was measured at a time before overt heart disease was present. In turn, this 

increases our confidence that the association between Ang2 and heart failure is unlikely to 

merely represent a response to existing or mild disease. This explanation is potentially 

challenged by the observation that accounting for differences in BNP markedly attenuated 

the association between Ang2 and heart failure incidence. This observation, and the very 

small difference in ejection fraction, might support the alternative hypothesis that Ang2 is 

not a cause of heart failure but instead a marker of subclinical disease that precedes overt 

heart failure.

While our results in a population without heart disease at baseline are novel, our results in 

individuals with existing heart failure confirm and are consistent with other observational 

studies in LHD (8, 16, 17) and PAH (2, 24). For example, elevated Ang2 was also associated 

with increased mortality in a previous PAH cohort study (2). Endothelial dysfunction is 

connected to cardiovascular remodeling and CVD risk factors (25, 26), and may be one 

mechanism by which Ang2 is related heart disease. Ang2-related endothelial destabilization 

may promote atherosclerosis and microvascular dysfunction (27, 28) predisposing 

individuals to ischemic heart disease, cerebrovascular disease, or peripheral arterial disease. 

In addition, a growing body of research has identified associations between Ang2 and renal 

disease (25, 29). That having been said, while renal disease may exacerbate existing heart 

failure it is less likely to mediate the initial development of heart failure independent of a 

primary cardiac derangement.

Ang2 was predictive of worse hemodynamics in the LHD cohort and with worse 

hemodynamics and mortality in the PAH cohort. Surprisingly, Ang2 was not associated with 

incident transplant, LVAD placement, or all-cause mortality in the LHD cohort. This may 

argue against prognostic significance of Ang2 in LHD relative to PAH and agrees with a 

prior study suggesting Ang2 levels were not associated with increased risk of death in a left 

heart failure cohort in adjusted analyses (18). That having been said, the difference in the 

relationships between Ang2 and vital status in the PAH and LHD cohorts is not fully 

explained. It is possible that small differences in follow-up time between these cohorts 

contributed; however, it is perhaps more likely that non-physiologic aspects of LVAD or 
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transplant decisions, including patient goals, insurance, and scheduling, distorted the 

relationships between angiopoietins, natural history, deranged physiology, and this 

composite outcome.

Our hemodynamic observations may provide some physiologic insight into the relationship 

between Ang2 and heart failure. In both heart failure cohorts, higher Ang2 was associated 

with elevated filling pressures specific to the failing ventricle; however, higher Ang2 was not 

associated with pulmonary vascular resistance in the PAH cohort nor with pulmonary 

vascular resistance or SBP in the LHD cohort. This may suggest that the association 

between Ang2 and heart failure severity may not be mediated by increased afterload.

Importantly, heart failure is not a homogeneous disease, and there are likely a range of 

different etiologies and pathways that lead to heart failure. Despite this heterogeneity, there 

are likely cofactors or vulnerabilities that contribute to heart failure regardless of etiology. 

The fact that Ang2 is elevated prior to the onset of heart failure in community dwelling 

adults, is elevated in patients with PAH who have more severe right heart failure, and is 

elevated in patients with left heart disease who have more severe left heart failure is notable. 

This suggests that differences in Ang2 and angiopoiesis may be one such cofactor or 

vulnerability that is important across a spectrum of different diseases complicated by heart 

failure.

Elevated Ang1 was associated with a small, but significant increase in LVEF on cMRI in the 

MESA cohort. In addition, elevated Ang1 was associated with a trend toward less severe 

hemodynamic impairment in the PAH cohort. Beyond this, Ang1 was not associated with 

cardiac morphology or clinical outcomes. This suggests that if Ang1 has a role in the 

pathogenesis of CVD, it is less prominent relative to Ang2. These findings are consistent 

with previous research. While some studies have suggested a protective effect (9, 11), others 

found no association between Ang1 and CVD severity or outcomes (2, 4). Additionally, 

while some studies showed the ratio of Ang1 to Ang2 may be important (7, 30), our results 

do not support this notion, as simultaneous adjustment for Ang1 and Ang2 did not change 

results.

The strengths of this study include the large MESA sample size, the evaluation of 

angiopoietins in a multi-ethnic cohort, and a presentation of angiopoietin associations across 

the spectrum of heart failure, including individuals without CVD at baseline. The inclusion 

of individuals with and without clinical disease is particularly important to minimize the 

potential for reverse causation to explain observed associations. In addition, the LHD and 

PAH cohorts were extensively phenotyped and demonstrated relatively strong and consistent 

associations despite their size.

There were also several limitations. The most prescient are that, while associations with 

clinical outcomes and heart failure severity were robust after adjustment for a variety of 

variables, unmeasured or residual confounding certainly may exist and explain the 

associations independent of a causal mechanism involving angiopoietins. Furthermore, our 

demonstration of associations across multiple cohorts is important in suggesting causality 

and supported by our results, but our discussion of mechanism is speculative. The PAH and 
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LHD cohorts were small, particularly for the hemodynamic analyses. In addition, for the 

MESA and PAH cohorts, serum was not always drawn on the same day as RHC or cMRI 

measurements and the Ang2 assay used for the MESA and PAH cohorts differed from the 

LHD cohort. These differences may lead to misclassification and type II error. Stochastic 

misclassification of the exposure is unlikely to result in false positive associations and does 

not substantially weaken the observations regarding Ang2 but may impact the inference for 

null results largely observed for Ang1. Finally, as a result of multiple testing there was an 

increased likelihood of finding a significant result by chance alone; however, the consistency 

of results in different cohorts and across different metrics minimizes this possibility.

Conclusions

This study corroborates previous data identifying elevated Ang2 as a biomarker for heart 

failure severity. Our results suggest elevated Ang2 predicts increased risk of mortality in 

PAH, and increased risk of incident heart failure or cardiovascular mortality in individuals 

without cardiovascular disease. Because Ang2 is elevated prior to disease onset in the 

MESA cohort, and elevations reflect disease severity in right and left heart failure, Ang2 

could be a contributor to heart failure pathogenesis and not merely a marker of disease 

activity.

Supplementary Material
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Highlights

• Angiopoietin levels may predict an individual’s likelihood to develop heart 

failure

• Angiopoietin levels may help prognosticate for individuals who have heart 

failure

• This study may highlight a pathway that could be potentially targetable in 

individuals with heart failure
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Figure 1. 
Study sample selection for participants in the MESA analyses without heart failure at the 

time Ang1 and Ang2 were measured. Sample includes the MESA Cohort (baseline cross-

sectional analyses) and the MESA Case-Cohort (longitudinal analyses). Cases were defined 

as all MESA participants with interpretable cMRI who developed incident heart failure or 

cardiovascular death through the follow up period. The MESA-Angiogenesis Cohort 

consisted of a randomly selected subset of MESA participants with available cMRI.
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Figure 2. 
(Visual Take Home) Hazard of incident heart failure or cardiovascular death (N=1,512). 

TOP: Nelson-Aalen cumulative hazards by Ang1 tertile. BOTTOM: Nelson-Aalen 

cumulative hazard by Ang2 tertile.
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Table 1.

Baseline characteristics of MESA-Angiogenesis cohort (N=1,358)

Ang1 Tertile Ang2 Tertile

Low Middle High Low Middle High

Protein Range (ng/mL) (0.3–1.1) (1.1–1.6) (1.6–21.2) (1.4–4.0) (4.0–5.7) (5.7–33.8)

Age (years) mean ± SD 62 ± 10 60 ± 10 61 ± 10 59 ± 9 61 ± 10 63 ± 10

Female % 55.9 50.1 51.5 44.6 53.7 60.1

Race/ethnicity %

 White 45.4 35.5 40.2 39.2 43.0 39.0

 Black 30.4 26.9 22.9 20.8 26.6 33.4

 Hispanic 13.0 22.5 27.3 19.6 19.9 23.7

 Asian 11.2 15.0 9.6 20.4 10.5 3.9

Height (cm) mean ± SD 167 ± 10 166 ± 10 166 ± 10 167 ± 10 166 ± 10 166 ± 10

Weight (kg) mean ± SD 77 ± 17 78 ± 16 76 ± 16 75 ± 15 77 ± 16 79 ± 17

Education %

 No HS diploma 12.3 20.1 16.4 17.3 12.8 18.8

 HS diploma 31.8 32.9 38.2 27.5 38.0 38.1

 College degree 55.9 47.0 45.4 55.2 49.2 43.2

Smoking status %

 Never 53.0 54.3 51.3 58.1 55.0 44.8

 Former 39.2 34.4 35.2 36.5 36.0 36.2

 Current 7.8 11.3 13.5 5.4 9.0 19.0

Pack years mean ± SD 11 ± 21 9 ± 19 11 ± 24 7 ± 15 9 ± 17 16 ± 29

Hypertension % 43.0 44.6 43.0 38.8 40.9 51.5

Systolic BP mean ± SD 126 ± 21 125 ± 21 125 ± 21 122 ± 19 125 ± 22 128 ± 23

Diabetes % 11.6 11.5 11.6 7.7 10.5 16.9

Cholesterol (mg/dl) mean ± SD 190 ± 33 195 ± 33 198 ± 33 196 ± 31 194 ± 33 191 ± 36

GFR (ml/min) mean ± SD 81 ± 17 82 ± 18 80 ± 16 82 ± 16 81 ± 16 80 ± 19

BNP (pg/ml) mean ± SD 97 ± 144 101 ± 175 82 ± 116 60 ± 78 85 ± 127 141 ± 206

Medication use %

 Beta blocker 7.8 9.7 10.5 6.9 8.3 13.2

 ACEI/ARB 17.2 15.0 18.1 14.8 13.7 22.3

 NSAIDs 47.4 38.6 41.3 37.5 43.4 46.9

Continuous variables are presented by mean ± SD. Categorical variables are presented as percentages. ACEI=angiotensin converting enzyme 
inhibitor, Ang1=angiopoietin-1, Ang2=angiopoietin-2, ARB=angiotensin receptor blocker, BNP=brain natriuretic peptide, BP=blood pressure, 
GFR=glomerular filtration rate, HS=high school, NSAID=non-steroidal anti-inflammatory drug, SD=standard deviation.
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Table 2.

Multivariable linear regression estimating associations between Ang1, Ang2, and cardiac structure and 

function in the MESA-Angiogenesis cohort (N=1,358)

Parameter Model

Ang1 Ang2

Coefficient (95% CI) P-value Coefficient (95% CI) P-value

RVEDM (g) Unadjusted 0.0 (−0.2, 0.3) 0.77 −0.1 (−0.3, 0.1) 0.30

Limited 0.0 (−0.2, 0.1) 0.88 0.0 (−0.2, 0.2) 0.96

Full 0.0 (−0.2, 0.2) 0.97 0.0 (−0.2, 0.2) 0.80

RVEDV (ml) Unadjusted 0.3 (−1.2, 1.8) 0.73 −0.9 (−2.4, 0.6) 0.23

Limited −0.3 (−1.2, 0.5) 0.46 −0.3 (−1.4, 0.9) 0.65

Full −0.3 (−1.1, 0.6) 0.58 0.1 (−1.0, 1.2) 0.87

RVSV (ml) Unadjusted 0.0 (−1.0, 1.0) 0.97 −0.1 (−1.1, 1.0) 0.87

Limited −0.5 (−1.2, 0.2) 0.15 0.0 (−0.9, 0.9) 1.00

Full −0.4 (−1.1, 0.3) 0.24 0.3 (−0.5, 1.2) 0.46

RVEF (%) Unadjusted −0.2 (−0.5, 0.1) 0.29 0.4 (0.1, 0.8) 0.01

Limited −0.2 (−0.5, 0.1) 0.13 0.2 (−0.2, 0.5) 0.39

Full −0.2 (−0.5, 0.1) 0.19 0.2 (−0.1, 0.6) 0.18

LVEDM (g) Unadjusted 0.0 (−1.5, 1.4) 0.96 1.2 (−0.5, 2.9) 0.16

Limited −0.2 (−1.2, 0.9) 0.77 0.7 (−0.6, 2.0) 0.29

Full −0.3 (−1.2, 0.6) 0.51 −0.1 (−1.4, 1.2) 0.85

LVEDV (ml) Unadjusted −0.2 (−1.7, 1.4) 0.84 0.6 (−0.8, 2.1) 0.40

Limited −0.6 (−1.7, 0.5) 0.31 1.0 (−0.2, 2.2) 0.10

Full −0.6 (−1.7, 0.5) 0.27 1.1 (−0.2, 2.3) 0.09

All results presented per standard deviation increase in Ang1 (1.67 ng/ml) or Ang2 (2.59 ng/ml). Limited model: adjusted for age, gender, race/
ethnicity, height, weight, and study site. Full model: limited model + adjusted for education level, hypertension, systolic blood pressure, smoking 
status, pack-years smoking history, diabetes, total cholesterol. Ang1=angiopoietin-1, Ang2=angiopoietin-2, CI=confidence interval, EDM=end-
diastolic mass, EDV=end-diastolic volume, EF=ejection fraction, LV=left ventricle, RV=right ventricle, SV=stroke volume. Coefficients, 
confidence intervals, and P values are bold where statistically significant.
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Table 3.

Hazard of Incident Heart Failure or Cardiovascular Death per Standard Deviation Increase in Angl or Ang2 

(MESA Case Cohort) (N= 1512)

Model HR (95% Cl) P Value

Angl

 Unadjusted 1.02 (0.78–1.34) .88

 Limited 1.03 (0.84–1.28) .76

 Full 1.00 (0.78–1.28) .996

 GFR 1.00 (0.79–1.27) .98

 BNP* 1.02 (0.78–1.34) .88

 Medic ations 1.00 (0.78–1.28) 1.00

Ang2

 Unadjusted 1.37 (1.27–1.47) <.001

 Limited 1.27 (1.19–1J7) <.001

 Full 1.21 (1.10—133) <.001

 GFR 1.23 (1.11–137) <.001

 BNP* 1.03 (0.82–1.28) .81

 Medications 1.22 (1.10—135) <.001

All results presented per standard deviation increase in Angl (1.96 ng/ mL> or Ang2 (2.95 ng/mL). The limited model is adjusted for age. sex. race/
ethnicity, height, weight, and study site. The full model encompasses the limited model and is adjusted for education level, hypertension, systolic 
blood pressure, smoking status, pack-years smoking history, diabetes, and total cholesterol. Medication models were adjusted for use of bcta- 
blockcrs, angiotensin convening enzyme inhibitors, angiotensin receptor blockers, and nonsteroidal anti-inilammatoty drugs.

Abbreviations as in Tables 1 and 2.

Coefficients, confidence intervals, and P values arc bold where statistically significant.

*
For models including BNP, N= 1257 owing to missing data.
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Table 4.

Multivariable linear regression models estimating associations between Ang1, Ang2 and hemodynamic 

measurements in pulmonary arterial hypertension (N=73) and left heart disease (N=56) cohorts

Model

PAH Cohort LHD Cohort

Coefficient (95% CI) P-value Coefficient (95% CI) P-value

Ang1

RAP Unadjusted −0.7 (−2.0, 0.7) 0.34 - - -

(mmHg) Adjusted −0.5 (−2.0, 0.9) 0.45 - - -

mPAP Unadjusted −2.8 (−5.7, 0.1) 0.06 - - -

(mmHg) Adjusted −2.6 (−5.6, 0.4) 0.09 - - -

PAWP Unadjusted −0.7 (−1.8, 0.4) 0.21 - - -

(mmHg) Adjusted −0.8 (−1.9, 0.3) 0.16 - - -

PVR Unadjusted −0.8 (−1.9, 0.3) 0.17 - - -

(Wood units) Adjusted −0.8 (−2.0, 0.3) 0.15 - - -

Cardiac Index Unadjusted 0.1 (0.0, 0.3) 0.15 - - -

(L/min/m2) Adjusted 0.2 (0.0, 0.3) 0.07 - - -

SBP Unadjusted 4.8 (1.1, 8.4) 0.01 - - -

(mmHg) Adjusted 5.5 (1.8, 9.2) 0.004 - - -

Ang2

RAP Unadjusted 1.3 (0.0, 2.7) 0.05 3.0 (2.0, 4.0) <0.001

(mmHg) Adjusted 1.8 (0.5, 3.2) 0.009 2.7 (1.7, 3.8) <0.001

mPAP Unadjusted 0.8 (−2.1, 3.8) 0.57 3.6 (0.5, 6.6) 0.02

(mmHg) Adjusted 1.4 (−1.7, 4.4) 0.37 2.8 (−0.2, 5.8) 0.07

PAWP Unadjusted 0.3 (−0.8, 1.4) 0.61 3.5 (1.8, 5.2) <0.001

(mmHg) Adjusted 0.8 (−0.4, 1.9) 0.18 3.4 (1.6, 5.3) 0.001

PVR Unadjusted 0.6 (−0.5, 1.7) 0.27 0.2 (−0.1, 0.6) 0.23

(Wood units) Adjusted 0.6 (−0.6, 1.8) 0.30 0.1 (−0.2, 0.5) 0.41

Cardiac Index Unadjusted −0.1 (−0.3, 0.1) 0.20 −0.2 (−0.4, 0.1) 0.18

(L/min/m2) Adjusted −0.1 (−0.3, 0.0) 0.11 −0.2 (−0.4, 0.0) 0.10

SBP Unadjusted −4.3 (−8.0, −0.7) 0.02 −2.0 (−7.9, 3.9) 0.50

(mmHg) Adjusted −3.7 (−7.5, 0.2) 0.06 −1.8 (−7.9, 4.4) 0.56

All results presented per standard deviation increase in Ang1 (PAH 2.65 ng/ml) or Ang2 (PAH 12.68 ng/ml, LHD 19.58 ng/ml). Adjusted model: 
adjusted for age, gender, race/ethnicity, and etiology of pulmonary hypertension (PAH cohort) or heart failure (LHD cohort). Ang1=angiopoietin-1, 
Ang2=angiopoietin-2, CI=confidence interval, LHD=left heart disease, mPAP=mean pulmonary artery pressure, PAH=pulmonary arterial 
hypertension, PAWP=pulmonary artery wedge pressure, PVR=pulmonary vascular resistance, RAP=right atrial pressure, SBP=systolic blood 
pressure.

Coefficients, confidence intervals, and P values are bold where statistically significant.
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