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3.Timeline:   
  

The data needed for this analysis are currently available; we plan to submit for 
publication within 1 year.   

 
  
4.Rationale:   
  
Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2), can result in acute respiratory disease syndrome (ARDS). Current 

data indicates that older adults, men and those with underlying comorbidities such as 

cardiovascular disease (CVD), hypertension, diabetes and chronic respiratory disease are at 

particularly higher risk for severe COVID-19 associated illness and death1-3.  Furthermore, adults 

with COVID-19 mediated cardiac injury exhibit poor prognosis and higher risk of mortality4-5.  

In a recent study of 416 patients with confirmed COVID-19 infections, patients with 

cardiac injury as defined by elevated high-sensitivity troponin above the 99th percentile were 

more likely to be older and have prevalent comorbidities such as coronary heart disease (CHD), 

cerebrovascular disease and hypertension. Furthermore, patients with cardiac injury 

demonstrated four-fold increased risk of death compared to those without cardiac injury (hazard 

ratio, 4.26; 95% CI, 1.92 - 9.49), after adjustment for age, comorbidities (CHD, diabetes, chronic 

obstructive pulmonary disease, renal failure, cancer), ARDS, creatinine elevation and NT-

proBNP levels4. Concentrations of high-sensitivity cardiac troponin-T (hs-cTnT) increase with 

age and are higher in men than women6. We have previously shown in Atherosclerosis Risk in 

Communities (ARIC) that a high proportion of older adults (mean age 75) had detectable hs-

cTnT >6 ng/L (~64%) and elevated NT-proBNP > 100 pg/mL (~57%). Moreover, both NT-

proBNP and hs-cTnT were independent predictors of CVD and improved short-term risk 

prediction in older adults7. We hypothesize that the changing prevalence of subclinical CVD as 
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measured by elevated levels of hs-cTnT and NT-proBNP is related to the higher mortality rates 

seen with COVID-19 in older male individuals.  

 The renin-angiotensin-aldosterone system (RAAS) is an important hormone system 

involved in regulation of blood pressure and fluid/electrolyte balance. SARS-CoV-2 interacts 

with RAAS by entering human cells through angiotensin converting enzyme 2 (ACE2) 

receptors8,9. ACE2 is a crucial counter-regulatory enzyme of RAAS and opposes the activity of 

angiotensin II. ACE-inhibitors (ACEi) and angiotensin-receptor blockers (ARB), which inhibit 

the RAAS system, may theoretically modulate the activity of ACE2, raising concern for potential 

increased virulence of SARS-CoV-2 in patients being treated with these medications10,11.  

The beneficial effects of ACE2 are well-established. In animal models, ACE2 deficiency 

has been shown to result in cardiac hypertrophy, adverse ventricular remodeling and cardiac 

fibrosis12. Furthermore, ACE2 is protective against severe acute lung injury. Whereas, ACE and 

angiotensin II induce pulmonary edema and impair lung function13. SARS-CoV-2 appears to 

down-regulate ACE2 expression in lungs, and it has been postulated that unabated angiotensin II 

activity may in part be responsible for organ injury. Preclinical studies have shown that ACE2 

levels decrease with age14, with higher levels found in older females than males14,15. However, 

there is limited clinical data of the association of ACE2, ACE, renin and angiotensin levels with 

either subclinical cardiac injury or those with prevalent cardiovascular disease.  

Pharmacological inhibition of RAAS has a definitive role in prevention of heart failure, 

kidney disease, coronary artery disease and cardiovascular mortality in high-risk patients16-18. As 

such, withdrawal of these agents may increase risk for adverse cardiovascular events, especially 

in adults with hypertension or cardiovascular disease who are already susceptible to severe 

COVD-19.  On the other hand, animal models have shown inconsistent findings regarding 



effects of ACEi or ARBs on ACE2 levels or activity with some showing increase in RNA 

expression or proteins levels of ACE2 in tissue19,20 and others showing no effect21.  Few studies 

have evaluated effects of RAAS inhibition on ACE2 in humans. We hypothesize that unopposed 

activity of the renin-angiotensin system may in fact be associated with increased risk for heart 

failure and cardiovascular disease.  

 In this study, we plan to 1) trend the change in hs-cTnT and NT-proBNP across visits 

serial visit 2 (1990-1992) to visit 7 (2018-2019) 2) assess associations of ACE2, ACE, renin and 

angiotensinogen with elevated hs-cTnT, NT-proBNP and CVD in the ARIC study.  

The ARIC study is ideal for this analysis given the comprehensive assessment of 

cardiovascular risk factors and cardiovascular events and availability of Somalogic data to 

measure ACE2, ACE, renin and angiotensinogen levels at visit 3 and visit 5. Measurement of hs-

cTnT and NT-proBNP using the same assay were performed from visit 2 (1990-1992, mean age 

57 years), visit 4 (1996-1998, mean age 63 years), visit 5 (2011-2013, mean age 76), visit 6 

(2016-2017, mean age 79) and visit 7 (2018-2019) allows for serial assessment over long term 

follow-up of 18 years. This allows us to examine the prevalence of elevated levels of hs-cTnT 

and NT-proBNP in the same cohort over almost 2 decades in the population that has shown the 

greatest risk for COVID19.  

  
5. Main Hypothesis/Study Questions:   
  
Aim 1: Evaluate the prevalence of elevated levels of hs-cTnT and NT pro BNP from middle aged 

to older age adults 

 Hypothesis 1a: The prevalence of “detectable” and “elevated” hs-cTnT will be higher in 

older adults  

Hypothesis 1b: The prevalence of elevated NT-proBNP levels will be higher in older adults  



  

Aim 2: Examine the association of ACE2, ACE, renin and angiotensinogen levels (measured 

using SomaScan) with elevated markers of subclinical cardiac injury i.e. hs-cTnT and NT-

proBNP and prevalent CVD   

Hypothesis 2: ACE2 levels, ACE, renin and angiotensinogen levels are associated with 

elevated levels of cardiac markers of subclinical injury or prevalent global CVD (CHD, 

ischemic stroke or heart failure).  

Aim 3: Examine the association of ACE2, ACE, renin and angiotensinogen levels (measured 

using SomaScan) with incident global CVD (CHD, ischemic stroke or heart failure) at visit 3 

(mid-life) and visit 5 (late-life).  

Hypothesis 3: ACE2, ACE, renin and angiotensinogen levels (measured using 

SomaScan) are associated with incident CHD, ischemic stroke or heart failure events.  

Aim 4: If ACE2 levels or any of the other biomarkers of the RAAS axis in aim 2 and 3 show any 

significant associations with markers of subclinical cardiac injury, we will also conduct an 

exploratory aim to examine the biological pathways associated with elevated plasma ACE2 

levels in the participants in ARIC visit 5 using proteomic data available in ARIC.  

Hypothesis 4: There are unique biological pathways associated with levels of ACE2 in 

those with subclinical cardiac injury or prevalent CVD and may help explain the higher 

mortality seen in older adults and may provide insights into why these individuals may 

exhibit increased risk of complications with SARS-CoV2 virus.  

   
6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, 
and any anticipated methodologic limitations or challenges if present).  
  
Aim 1:  



  
Study Design: cross- sectional analysis at ARIC visit 2 (1990-1992), 4 (1996-1998), 5 (2011-

2013), 6 (2016-2017), 7 (2018-2019)  

Exclusions:   

• Participants with prior ASCVD or HF hospitalization will be excluded  

Exposure:   
• hs-cTnT measured at each visit  

  
hs-cTnT at each time point (visit) will be categorized as: “undetectable” (hs-cTnT <6 ng/L), 

detectable” (hs-cTnT ≥6 and <14 ng/L) or “elevated” (hs-cTnT ≥14ng/L). The level of 6 ng/L 

was chosen as it is the limit of quantification for the assay in the manufactures package insert 

and 14 ng/L reflects the 99th percentile upper reference limited as recommended by the Joint 

European Society of Cardiology/American College of Cardiology Foundation/American Heart 

Association/World Heart Federation Task Force for the Universal Definition of Myocardial 

Infarction22.  

 
•  NT-proBNP measured at each visit 
 
NT-proBNP will be categorized as low risk (<100 pg/mL), intermediate risk (≥100 and <300 

pg/mL) and high risk (≥300 pg/mL). These cut-point were chosen based on previous ARIC study 

evaluating risk prediction of NT-proBNP in older adults7.  

Statistical Analyses:   
  
Baseline characteristics will be tabulated by categories of both biomarkers, hs-cTnT and NT-

proBNP at visit 2, visit 4, visit 5, visit 6 and visit 7. Continuous variables will be reported using 

mean (SD) or median (IQR) depending on normality of the data, while categorical variables will 

be expressed as count (percentage). Differences will be tested using ANOVA, non-parametric 

testing, or chi-square testing as appropriate.   



For NT-proBNP and hs-cTnT, original assays were conducted at Baylor College of Medicine 

(BCM) in 2010 using stored plasma from visit 4, at BCM in 2011-13 using stored plasma from 

visit 5, and at UMN in 2011-13 using stored serum from visit 2. Plasma assays conducted at 

BCM from 2010 through 2013 were shown to be stable, and thus the original measurements from 

visits 4 and 5 were considered equivalent. To address the methodological difference between 

visit 2 and visits 4 and 5, we will re-calibrate based on prior study from ARIC23. 

The prevalence (SD) of undetectable, detectable and elevated hs-cTnT levels will be calculated 

for each time point (i.e. visit 2, 4, 5, 6, 7). Similarly, prevalence of low, intermediate or high risk 

NT-proBNP levels will be calculated at each visit. Results will be stratified by sex and 

race/ethnicity. 

 
Aim 2:   
  
Study Design: cross-sectional analysis at ARIC visit 5 (n= 6,538)  
 
Exclusions:   

• Standard race-center exclusions   

• Missing measurements of covariates  

Exposure: Natural log-transformed ACE2, ACE, renin and angiotensinogen levels (measured 

using SOMAScan) 

Outcomes:   

Markers of subclinical cardiac injury 

• hs-cTnT, categorized as “undetectable” (hs-cTnT <6 ng/L), detectable” (hs-cTnT ≥6 and 

<14 ng/L) or “elevated” (hs-cTnT ≥14ng/L).  

• NT-proBNP categorized as low risk (<100 pg/mL), intermediate risk (≥100 and <300 

pg/mL) or high risk (≥300 pg/mL) 

Prevalent cardiovascular events: 



• Prevalent CHD24 

• Prevalent ischemic stroke25 

• Prevalent ASCVD (cumulative of CHD, ischemic stroke) 

• Prevalent heart failure 26  

• Prevalent global CVD (cumulative coronary heart disease, ischemic stroke and heart 

failure) 

Statistical Analyses:   

Multivariable logistic or linear regression models will be used to assess cross-

sectional association between log-transformed ACE2, ACE, renin or angiotensinogen levels 

(measured using SomaScan) with clinical and biochemical variables: diabetes, hypertension, use 

of ACE/ARBi, hs-cTnT (per 1 SD) and NTproBNP (per 1 SD)  

ACE2, ACE, renin and angiotensinogen and prevalent outcomes 

Logistic regression models will be used to assess cross-sectional association between log-natural 

transformed ACE2, ACE, renin and angiotensinogen and tertile of hs-cTnT and NT-proBNP or 

prevalent CVD.  

Models will be sequentially adjusted for age, sex, race/ethnicity (Model 1) and hypertension, 

diabetes mellitus, dyslipidemia, obesity, cigarette smoking, alcohol use, BMI, SBP, LDL-C, 

HDL-C, HbA1c, lipid-lowering medication use, antihypertensive medication use, ACEi/ARB 

use, glucose-lowering medication use, eGFR (Model 2).   

Sensitivity analysis:  

Results will be stratified by sex, age (categorized as <60, 60-70, 70-80, ≥80 years), presence of 

hypertension, presence of diabetes, use of ACEi/ARB. Multiplicative interaction testing will be 



performed between ACE2, ACE, renin or angiotensinogen and each of the and each of the 

aforementioned groups and tested for significance in multivariable models (Models 1 and 2 as 

described above).  

Aim 3: 

Study Design: prospective analysis at ARIC visit 3 (n=12887) and visit 5 (n= 6,538)  
 
Exclusions:   

• Standard race-center exclusions   

• Missing measurements of covariates  

Exposure: Natural log-transformed ACE2, ACE, renin and angiotensinogen levels (measured 

using SOMAScan) 

Outcomes:  

• Incident CHD 

• Incident ischemic stroke 

• Incident ASCVD (CHD + ischemic stroke) 

• Incident heart failure hospitalization 

• Incident global CVD (CHD + ischemic stroke + heart failure hospitalization)  

Statistical analysis: 

ACE2, ACE, renin and angiotensinogen and incident global CVD:  

Multivariable Cox regression models will be used to study the association of log-transformed 

ACE2, ACE, renin or angiotensinogen levels (per 1 SD increase) and incident CVD events at 

visit 3 (mid-life) and visit 5 (late-life).  

Models will be sequentially adjusted for age, sex, race/ethnicity (Model 1) and hypertension, 

diabetes mellitus, dyslipidemia, obesity, cigarette smoking, alcohol use, BMI, SBP, LDL-C, 



HDL-C, HbA1c, lipid-lowering medication use, antihypertensive medication use, ACEi/ARB 

use, glucose-lowering medication use, eGFR (Model 2).  

Sensitivity analysis:  

Results will be stratified by sex, age (categorized as <60, 60-70, 70-80, ≥80 years), presence of 

hypertension, presence of diabetes, use of ACEi/ARB, prevalent CVD. Multiplicative interaction 

testing will be performed between ACE2, ACE, renin or angiotensinogen and each of the and 

each of the aforementioned groups and tested for significance in multivariable models (Models 1 

and 2 as described above). Analyses of incident ASCVD will account for competing risk of non-

cardiovascular death using the method of Fine and Gray.  

Aim 4 

Exposures: SOMAScan proteins, excluding non-human proteins detected due to cross-reactivity 

(n ~ 5,000) 

Outcome: Log-transformed ACE2  

Analysis: 

1) Cross-sectional analysis of plasma proteins measured in the SomaLogic proteomics assay 

and ACE2 levels at visit 5. Proteins (as measured by SomaLogic assay) that are significantly 

associated with ACE2 level based on p-values for the β coefficient from linear regression 

analysis with model 2 (see above) adjustment will be identified. P-values will be corrected 

for multiple testing using the Benjamini–Hochberg false discovery rate procedure. A false 

discovery rate <0.05 will be used as a threshold for statistical significance.  

2) Exploratory pathway using Ingenuity Pathway Analysis (using Qiagen, Hilden, Germany) 

based on proteins/corresponding genes significantly associated with ACE2 to 1) construct a 

network of interacting proteins 2) elucidate potential upstream regulators (direct or non-



direct mediator genes) among proteins significantly associated with ACE2. Proteome-wide 

significance will be defined based on a Bonferroni-corrected p-value of 9.46e-. The pathway 

analysis will use all proteins in the study as a background/reference to account for possible 

selection biases of proteins used in the aptamer assay 

Limitations:  

• There is the potential for residual confounding.   

• Ideally, we would have ACE2, ACE, renin and angiotensinogen levels measured by 

immunoassay at visit 5. However, we have renin and ACE2 levels measured using Olink 

proteomic assay at visit 5(n=476) which we will use to validate renin and ACE2 levels 

measured using SomaScan (n=476) 
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