
UCLA
UCLA Previously Published Works

Title
Comparative First-Line Effectiveness and Safety of ACE (Angiotensin-Converting Enzyme) 
Inhibitors and Angiotensin Receptor Blockers

Permalink
https://escholarship.org/uc/item/56q1d0m5

Journal
Hypertension, 78(3)

ISSN
0194-911X

Authors
Chen, RuiJun
Suchard, Marc A
Krumholz, Harlan M
et al.

Publication Date
2021-09-01

DOI
10.1161/hypertensionaha.120.16667
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/56q1d0m5
https://escholarship.org/uc/item/56q1d0m5#author
https://escholarship.org
http://www.cdlib.org/


Comparative first-line effectiveness and safety of angiotensin 
converting enzyme inhibitors and angiotensin receptor blockers: 
a multinational cohort study

RuiJun Chen, MD, MA1,2, Marc A. Suchard, MD PhD3,4, Harlan M. Krumholz, MD, SM5,6, 
Martijn J. Schuemie, PhD3,7, Steven Shea, MD1,8, Jon Duke, MD9, Nicole Pratt, PhD10, 
Christian G. Reich, MD, PhD11, David Madigan, PhD12, Seng Chan You, MD13, Patrick B. 
Ryan, PhD1,7, George Hripcsak, MD, MS1,14

1.Department of Biomedical Informatics, Columbia University Irving Medical Center, New York, 
NY, USA

2.Department of Translational Data Science and Informatics, Geisinger, Danville, PA

3.Department of Biostatistics, Fielding School of Public Health, University of California, Los 
Angeles, CA, USA

4.Department of Biomathematics, David Geffen School of Medicine at UCLA, University of 
California, Los Angeles, CA, USA

5.Section of Cardiovascular Medicine, Department of Medicine, Yale University School of 
Medicine, New Haven, CT, USA

6.Center for Outcomes Research and Evaluation, Yale-New Haven Hospital, New Haven, CT, USA

7.Epidemiology Analytics, Janssen Research and Development, Titusville, NJ, USA

8.Department of Medicine, Columbia University, New York, NY, USA

9.Georgia Tech Research Institute, Georgia Tech College of Computing, Atlanta, GA, USA

Corresponding author: George Hripcsak MD, MS, Department of Biomedical Informatics, Columbia University Irving Medical 
Center, 622 West 168th Street PH20, New York, NY 10032, hripcsak@columbia.edu, Phone: 212-305-5712.
Author Contributions:
Study conception and design: RC, MAS, HMK, MJS, NP, DM, SCY, PBR, GH
Acquisition, analysis, or interpretation of data: RC, MAS, MJS, SS, JD, NP, CGR, SCY, PBR, GH
Drafting of the manuscript: RC, MAS, MJS, GH
Critical revision of the manuscript for important intellectual content: All authors
Statistical analysis: RC, MAS, MJS, NP, DM, SCY, PBR, GH
Administrative, technical, or material support: MAS, MJS, SCY, GH
Study supervision: MAS, GH
GH is the guarantor of the study. The corresponding author attests that all listed authors meet authorship criteria and that no others 
meeting the criteria have been omitted.

Ethical approval: This study was approved by the Columbia University institutional review board as an OHDSI network study. 
The use of databases was reviewed by the New England Institution Review Board and was determined to be exempt from broad 
institutional review board approval because this research project did not involve human subjects research. Informed consent was also 
waived for this reason.

Data Sharing: All code, materials, and intermediate results have been made publicly available through the Observational Health Data 
Science and Informatics (OHDSI) network and Github and can be accessed at https://data.ohdsi.org/LegendBasicViewer/ and https://
github.com/OHDSI/Legend, respectively. For commercial databases, licenses to the data are available from the owners. Patient-level 
data are not available for the Korean or Columbia data set. Requests for data can be made to the corresponding author.

HHS Public Access
Author manuscript
Hypertension. Author manuscript; available in PMC 2022 September 01.

Published in final edited form as:
Hypertension. 2021 September ; 78(3): 591–603. doi:10.1161/HYPERTENSIONAHA.120.16667.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://data.ohdsi.org/LegendBasicViewer/
https://github.com/OHDSI/Legend
https://github.com/OHDSI/Legend


10.Quality Use of Medicines and Pharmacy Research Centre, Clinical and Health Sciences, 
University of South Australia, Adelaide, SA, Australia

11.Real World Solutions, IQVIA, Cambridge, MA, USA

12.Department of Statistics, Columbia University, New York, NY, USA

13.Department of Biomedical Informatics, Ajou University School of Medicine, Suwon, Korea

14.Medical Informatics Services, New York-Presbyterian Hospital, New York, NY, USA

Abstract

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) are 

equally guideline-recommended first-line treatments for hypertension yet few head-to-head studies 

exist. We compared the real-world effectiveness and safety of ACE inhibitors vs. ARBs in the 

first-line treatment of hypertension. We implemented a retrospective, new-user comparative cohort 

design to estimate hazard ratios using techniques to minimize residual confounding and bias, 

specifically large-scale propensity score adjustment, empirical calibration, and full transparency. 

We included all patients with hypertension initiating monotherapy with an ACE inhibitor or 

ARB between 1996-2018 across eight databases from the USA, Germany, and South Korea. The 

primary outcomes were acute myocardial infarction (AMI), heart failure, stroke, and composite 

cardiovascular events (CVEs). We also studied 51 secondary and safety outcomes including 

angioedema, cough, syncope, and electrolyte abnormalities. Across eight databases, we identified 

2,297,881 patients initiating treatment with ACE inhibitors and 673,938 patients with ARBs. We 

found no statistically significant difference in the primary outcomes of AMI (HR 1.11 for ACE 

vs. ARB; 95% CI 0.95-1.32), heart failure (HR 1.03; 0.87-1.24), stroke (HR 1.07; 0.91-1.27), or 

composite CVEs (HR 1.06; 0.90-1.25). Across secondary and safety outcomes, patients on ARBs 

had significantly lower risk of angioedema, cough, pancreatitis, and GI bleeding. In our large­

scale, observational network study, ARBs do not differ statistically significantly in effectiveness at 

the class level compared with ACE inhibitors as first-line treatment for hypertension but present a 

better safety profile. These findings support preferentially prescribing ARBs over ACE inhibitors 

when initiating treatment for hypertension.

Keywords

angiotensin-converting enzyme inhibitor; angiotensin receptor blocker; hypertension; real-world 
effectiveness; safety; cardiovascular outcomes

Introduction

Angiotensin converting enzyme (ACE) inhibitors and angiotensin receptor blockers 

(ARBs) effectively lower blood pressure (BP) through inhibition of the renin-angiotensin 

system (RAS) and are equally recommended as first-line medications in the treatment 

of hypertension. In the 2017 American College of Cardiology (ACC)/American Heart 

Association (AHA) and the 2018 European Society of Cardiology (ESC)/European Society 

of Hypertension (ESH) guidelines on hypertension, ACE inhibitors and ARBs both carry 

the strongest recommendation, class I, as first-line agents for initiation of antihypertensive 
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therapy based on the highest level of evidence, A.1,2 There is extensive evidence that 

blood pressure lowering by RAS inhibition using these drug classes improves cardiovascular 

outcomes, as shown in the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart 

Attack Trial (ALLHAT) and Heart Outcomes Prevention Evaluation (HOPE) trials as well as 

in meta-analyses and systematic reviews.3–10

However, there are limited head-to-head comparisons in the literature which report 

conflicting results. High-quality systematic reviews and meta-analyses generally conclude 

ARBs have similar efficacy and improved tolerability with fewer side effects as compared 

with ACE inhibitors, but are limited by the inclusion of no more than 4 randomized 

controlled trials (RCTs) for these comparisons, most of which contained fewer than 500 

patients and fewer than 10 events in each cohort.3,8,11–15 Furthermore, unlike most patients 

initiating antihypertensive therapy in clinical practice, these RCTs were often performed in 

high-risk populations with preexisting vascular disease, diabetes, or in the elderly.8,13–15 In 

an example of conflicting data, the Reduction of Atherothrombosis for Continued Health 

(REACH) registry study concluded that patients on ARBs had 10% fewer cardiovascular 

events while another study found that ARBs instead increased the risk of myocardial 

infarction (MI).16,17 Accordingly, the Agency of Healthcare Research and Quality (AHRQ) 

called for prioritizing new comparative effectiveness studies with long-term cardiovascular 

outcomes in their 2011 review of ACE inhibitors and ARBs, yet scant new evidence has 

been generated since that time.12 Despite these limitations, both classes are recommended 

as first-line treatment choices, and ACE inhibitors continue to be far more commonly 

prescribed in the treatment of hypertension than ARBs, with lisinopril being the most 

commonly used antihypertensive medication worldwide.18,19

Therefore, as part of the Large-scale Evidence Generation and Evaluation across a Network 

of Databases for Hypertension (LEGEND-HTN) study, we sought to compare the real­

world effectiveness and safety of ACE inhibitors and ARBs for the first-line treatment of 

hypertension across a global network of eight large observational databases.

Methods

All code, materials, and intermediate results have been made publicly available through 

the Observational Health Data Science and Informatics (OHDSI) network and Github 

and can be accessed at https://data.ohdsi.org/LegendBasicViewer/ and https://github.com/

OHDSI/Legend, respectively. For commercial databases, licenses to the data are available 

from the owners. Patient-level data are not available for the Korean or Columbia data set.

In the open-science LEGEND-HTN study, we executed a systematic, large-scale analysis 

across the Observational Health Data Science and Informatics (OHDSI) distributed data 

network using statistical and informatics approaches to minimize confounding and bias. 

In total, we generated over 6 million effect estimates for 55 outcomes comparing all 

recommended first-line antihypertensives across 9 observational databases.20 Our approach 

was specifically designed to promote transparency and minimize bias and p-hacking.
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Data Sources

For the comparison of ACE inhibitors and ARBs, we included all databases from the 

overarching set of nine LEGEND-HTN databases with at least 2,500 patients exposed 

to each drug class and met the inclusion/exclusion criteria below. Eight observational 

databases (five administrative claims and three electronic health record (EHR) databases) 

qualified for this study. All databases were standardized to the OMOP common data model 

(CDM) version 5 (https://github.com/OHDSI/CommonDataModel) and are listed as follows: 

1) IBM MarketScan Commercial Claims and Encounters (CCAE, US employer-based 

private payer, age<=65, claims database), 2) IBM MarketScan Medicare Supplemental 

Beneficiaries (MDCR, US retirees, age>65, claims database), 3) IBM MarketScan Multi­

state Medicaid (MDCD, US Medicaid enrollees, all ages, claims database), 4) Optum De­

Identified Clinformatics Data Mart Database (Optum, US private payer, mostly age<=65, 

claims database), 5) Korea National Health Insurance Service/National Sample Cohort 

(NHIS/NSC, South Korea, all ages, claims database), 6) IMS/IQVIA Disease Analyzer 

Germany (German ambulatory care, all ages, EHR database), 7) Columbia University Irving 

Medical Center (CUMC, US academic medical center, all ages, EHR database), 8) Optum 

De-Identified Electronic Health Record Dataset (Optum EHR, US health systems, all ages, 

EHR database). All of these databases have been used extensively in prior research.20–24 All 

participating sites and data partners obtained prior Institutional Review Board approval or 

exemption to be included in this study.

Study Design and Population

We used a retrospective new-user comparative cohort design and included all patients 

initiating antihypertensive treatment with a single agent, either an ACE inhibitor or ARB.25 

Patients were required to have at least one year of prior observation in the database before 

treatment initiation and a recorded diagnosis of hypertension at the time of initiation or 

during the one year prior. We included results across participating data sources spanning 

from July 1996 to March 2018. In addition, for each database, the study was restricted to 

the period when both treatments are observed to ensure drugs are compared when they 

are both on the market and available to patients. We excluded all patients who were 

previously exposed to any antihypertensive medication and patients who initiated another 

antihypertensive in the seven days after index exposure to an ACE inhibitor or ARB in order 

to prevent the potential inclusion of patients starting combination therapy.

Outcomes

In total, we studied the relative risk of 55 outcomes: four primary effectiveness outcomes 

and 51 secondary outcomes. The four primary effectiveness outcomes were: acute 

myocardial infarction (AMI), hospitalization for heart failure (HF), ischemic or hemorrhagic 

stroke (stroke), and a composite cardiovascular events (CVEs) outcome that included the 

previous three outcomes and sudden cardiac death. We chose these outcomes due to their 

clinical importance to patients and providers, which also reflects the design of previous 

blood pressure trials such as SPRINT.26 The 51 secondary outcomes largely represent 

safety outcomes or adverse effects based on known or suspected side effects from the 

product labels of antihypertensive medications, including angioedema, cough, hypotension, 
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syncope, and electrolyte abnormalities. Supplemental Table S1 lists all studied outcomes. 

All outcome cohorts were defined by previously published algorithms, typically involving 

the date-stamped presence of one or more diagnosis codes, and these cohort definitions were 

individually reviewed and confirmed by clinical domain experts.20 For each outcome, we 

excluded patients who experienced that outcome prior to antihypertensive initiation.

Analysis

We defined our analysis using two different time-at-risk windows: on-treatment and intent­

to-treat (ITT). For each patient, on-treatment analysis begins on the day after treatment 

initiation and concludes at the end of continuous treatment exposure. We define continuous 

exposure as consecutive drug dispensings or prescriptions in the database with less than a 

30-day gap. ITT analysis includes patient observation beginning on the day after initiation 

and stops at the end of observation in the database. We conducted both analyses, reporting 

on-treatment analyses in the main paper and ITT results in the supplement.

To adjust for potential confounding and improve balance between the ACE inhibitor and 

ARB patient cohorts, we used propensity score (PS) models that include tens of thousands 

of measured baseline covariates including: demographics, diagnoses, drug exposures, 

drug groups, procedure occurrences, measurements (such as labs or vitals, if available), 

comorbidity or risk scores (including Charlson Comorbidity Index, Diabetes Complications 

Severity Index, CHADS2Vasc), and other observations in the database. PS models were 

fitted using regularized regression and used in two ways: variable-ratio matching and 

stratification of the two cohorts into ten strata.27–29 We then estimated hazard ratios (HR) 

between the ACE inhibitor and ARB cohorts using a conditional Cox proportional hazards 

model for the risk of each outcome in each database, accounting for time-at-risk as above 

and censoring. We assessed for covariate balance across these thousands of variables, 

defined as a standardized difference of the mean not exceeding 0.1. Finally, we aggregated 

HRs across data sources using a random-effects meta-analysis.30 Across these 55 outcomes, 

eight databases, one meta-analysis, two time-at-risk definitions and two PS adjustments, we 

generated a total of 1,760 individual effect estimates.

To account for residual bias even after controlling for measured confounding, we further 

used 76 negative control outcomes, outcomes that are unlikely to be caused or prevented by 

either ACE inhibitors or ARBs, and for which therefore the true hazard ratio is expected 

to be 1 (Supplemental Table S2). Candidate negative controls were identified through a data­

rich algorithm, and manually reviewed by clinical experts.31 We supplement our negative 

controls with positive controls to detect biases not captured by negative controls alone, such 

as bias towards the null. Unlike for negative controls, we seldom know the true effect size 

of real positive controls, so we employ synthetic positive controls, constructed by adding 

simulated outcomes to real negative controls.32 These simulated outcomes are only inserted 

during exposure to the treatment, thus artificially increasing the effect size. By applying the 

same study design used to estimate the effects for the outcomes of interest, we computed 

hazard ratio estimates for the negative and positive control outcomes, allowing estimation of 

an empirical null distribution and calibration of all hazard ratio estimates, 95% confidence 

intervals (CIs), and p-values.33,34 To evaluate empirical equipoise, defined as the majority 
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of patients in both cohorts having scores between 0.3 and 0.7, we used preference score 

distributions, a transformation of propensity scores adjusted for differences in prevalence 

between populations. We also report full study diagnostics for each effect estimate including 

power calculations, preference scores, cohort balance before and after PS-adjustment, 

fitted null distributions (Supplemental Figures S2-5), positive and negative calibration plots 

(Supplemental Figure S6), and Kaplan-Meier plots to examine proportionality assumptions 

of hazards over time. If any database failed these study diagnostics, we executed the 

meta-analysis both with and without these failed databases, presenting the meta-analysis 

excluding them in the main manuscript while also including the full meta-analysis with all 

databases in the supplement.

This study was conducted using the open-source OHDSI CohortMethod R package 

(https://github.com/OHDSI/CohortMethod), with large-scale analytics through the Cyclops 

R package (https://github.com/OHDSI/Cyclops). The prespecified LEGEND-HTN study 

protocols and open, executable source code are all available online (https://github.com/

OHDSI/Legend).

Sensitivity Analysis

Given the potential mediatory effect of BP on cardiovascular outcomes along with the lack 

of such measurements in some observational databases, we also performed a sensitivity 

analysis which includes BP. The Optum EHR database contains records of systolic and 

diastolic BP for most patients within this database. We recreated the PS models to match or 

stratify for baseline BP, adjust for BP confounding, and recalculated effect estimates for all 

outcomes.

Results

Across all eight databases, we identified a total of 2,297,881 patients initiating 

antihypertensive treatment with an ACE inhibitor and 673,938 patients initiating treatment 

with an ARB. The majority of new users of ACE inhibitors received lisinopril (80%), 

followed by ramipril and enalapril, while the most common ARB used was losartan 

(45%), followed by valsartan and olmesartan. Among all patients initiating antihypertensive 

treatment in the overarching LEGEND-HTN study, 48% of patients initiated monotherapy 

with an ACE inhibitor while 15% of patients initiated treatment with an ARB. In each 

database, there were far more patients on ACE inhibitors than patients on ARBs except in 

the South Korean database NHIS/NSC.

Table 1 reports baseline patient characteristics for our largest database, CCAE, before 

and after PS stratification. Baseline characteristics for all other databases are available 

in the supplement (Supplemental Tables S2-8). In CCAE, we identified 779,041 patients 

initiating treatment with ACE inhibitors and 230,002 with ARBs, collectively providing 

over 785,000 total years of follow-up. Of these patients, over 123,000 patients on ACE 

inhibitors and 44,000 on ARBs had more than 500 days of follow-up. While there 

were significant differences in variables pre-stratification, such as comorbid diabetes or 

usage of diabetes drugs, all covariates in CCAE had a standardized difference of the 

mean of less than 0.02 after stratification, showing excellent balance across all variables. 
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Approximately 39% of patients were female, 17% had diabetes, 37% had hyperlipidemia, 

and 9% had preexisting heart disease. Baseline characteristics for all databases show 

similarly appropriate balance after PS adjustment (Figure 1) except for NHIS/NSC, which 

had five variables with a standardized difference of the mean exceeding 0.1, our predefined 

threshold for covariate balance. Figure 2 shows the preference score distribution across all 

eight databases, with significant overlap demonstrating equipoise between cohorts again 

in all databases except NHIS/NSC, suggesting that results from this latter subpopulation 

may not be as generalizable. Because the NHIS/NSC database did not meet our study 

diagnostics, we exclude them from the main analysis results reported here in the manuscript, 

although analyses with all databases included remain available in the Supplement and 

online. All LEGEND-HTN study results are publicly accessible at https://data.ohdsi.org/

LegendBasicViewer/.

We found no statistically significant differences between patients on ACE inhibitors and 

patients on ARBs for risk of the primary outcomes of AMI (HR 1.11; 95% CI 0.95-1.32), 

HF (HR 1.03; 95% CI 0.87-1.24), stroke (HR 1.07; 95% CI 0.91-1.27), or composite CVEs 

(HR 1.06; 95% CI 0.90-1.25) (Table 2). Over the study period, patients on ACE inhibitors 

had a total of 5,960 AMI events, 8,165 HF events, 6,775 stroke events, and 18,213 CVEs. 

Patients on ARBs had a total of 1,699 AMI events, 2,468 HF events, 1,991 stroke events, 

and 5,463 CVEs. Before calibration, we found an increased risk of AMI for patients on 

ACE inhibitors using both PS stratification and PS matching along with an increased risk for 

composite CVE using PS matching. However, these differences were no longer statistically 

significant after calibration. The risk of these primary outcomes was consistent and similar, 

with all 95% CI’s including 1, across individual databases and meta-analyses (Figure 3).

Across secondary and safety outcomes, ACE inhibitors showed a significantly increased risk 

of acute pancreatitis (HR 1.32; 95% CI 1.04-1.70, p=0.02), angioedema (HR 3.31, 95% CI 

2.55-4.51, p<0.01), cough (HR 1.32, 95% CI 1.11-1.59, p<0.01), gastrointestinal bleed (HR 

1.18, 95% CI 1.01-1.41, p=0.04), and abnormal weight loss (HR 1.18, 95% CI 1.01-1.41, 

p=0.04), along with a corresponding decreased risk of abnormal weight gain (HR 0.84, 

95% CI 0.74-0.98, p=0.04), as compared with ARBs (Table 3). There was no statistically 

significant difference across any of the other 49 secondary or safety outcomes including 

deterioration of renal function and electrolyte abnormalities. When using a conservative 

Bonferroni correction for 55 hypotheses, cough and angioedema remained statistically 

significant.

In our sensitivity analysis, after adjusting for baseline BP in the Optum EHR database, there 

was no change in the results for any of primary outcomes (Supplemental Figure S1). That 

is, there remained no significant difference between ACE inhibitors and ARBs on the risk of 

AMI, HF, stroke or composite CVEs.

Discussion

In this large-scale observational study of over 3 million patients initiating antihypertensive 

treatment with ACE inhibitors or ARBs across eight databases worldwide, we found no 

statistically significant difference in the effectiveness of ACE inhibitors versus ARBs on 
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AMI, HF, stroke, or composite CVEs, while ARBs had a better safety profile with lower 

risks for acute pancreatitis, angioedema, cough, and GI bleed. This study represents the 

largest head-to-head comparison of ACE inhibitors with ARBs and supports the preferential 

prescribing of ARBs over ACE inhibitors.

Our findings, which show no significant difference in effectiveness outcomes, are consistent 

with findings from previous systematic reviews or meta-analyses conducted from RCTs 

or from comparative clinical studies of other design.3,9–12,35–37 We cannot rule out a 

moderate difference in effectiveness (for example, the primary composite effectiveness 

outcome confidence interval was 0.90 to 1.25), but prior studies also demonstrated that 

ACE inhibitors and ARBs have similar effects on blood pressure control, along with no 

difference in major outcome risk including mortality, cardiovascular mortality, stroke, heart 

failure, MI, composite cardiovascular events, kidney disease, or diabetes.11,12,35,36 However, 

these studies also note the numerous limitations of existing literature: the scarcity of head­

to-head studies, particularly RCTs; the lack of long-term outcomes; small sample sizes; 

concerns about generalizability as few studies investigated strictly hypertensive patients 

longitudinally; and significant heterogeneity across treatment protocols.11,12,35 In addition, 

there is little prior evidence and no prior head-to-head studies directly addressing first-line 

therapy, such as in our study here of treatment-naïve hypertensive patients.

Despite these limitations, some authors have argued there should be a preference for ACE 

inhibitors given the longer history and more extensive placebo-controlled RCTs which have 

been conducted for ACE inhibitors relative to ARBs.11 A small number of studies have 

reached conflicting conclusions about increased risk for AMI and CAD in patients on ARBs, 

as compared to ACE inhibitors, while others have suggested that ARBs actually reduce 

the risk for CVEs by 10%.16,17,38 However, given the length of time both drug classes 

have been on the market, wide availability of inexpensive generic forms, proven efficacy in 

hypertension, and widespread use, it is unlikely that future large RCTs will be conducted 

to directly compare ACE inhibitors or ARBs for the treatment of hypertension and fill 

any remaining evidence gaps. Therefore, real-world evidence such as the results generated 

by this large-scale study may be both the most appropriate and only context in which to 

compare the effects of these two commonly used medications.

Our findings from secondary outcomes of higher risk of side effects and worse safety 

profile with ACE inhibitors also build upon what has been established in the existing 

safety literature. The effect of ACE inhibitors on preventing degradation of bradykinin 

is well known, so our findings of significantly increased risk for angioedema and cough 

in patients on ACE inhibitors is both expected and mechanistically plausible. Given the 

extent of the previous literature and known associations on these side effects, confirming 

these same findings in our study could represent a positive litmus test for the validity of 

our approach. Interestingly, our study also showed a significantly increased risk of acute 

pancreatitis and GI bleed with ACE inhibitors. The association of ACE inhibitors with 

pancreatitis has been previously reported, primarily in case reports, and is thought to be 

precipitated by the accumulation of bradykinin leading to localized edema of the pancreatic 

duct and pancreas.39–41 In one case-control study, ACE inhibitors were associated with 

increased risk of pancreatitis with an adjusted odds ratio of 1.5 (95% CI 1.1-2.2). This effect 
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increased with dose, and the highest risk occurred during the first 6 months of therapy.42 

The association of ACE inhibitors with increased risk for GI bleeding may be a novel 

finding, as there is little evidence previously on this topic and no prior studies comparing the 

effects of both ACE inhibitors and ARBs on GI bleeding. One case-control study of patients 

hospitalized for GI bleed showed an unadjusted rate ratio of 1.66 with ACE inhibitors but 

an adjusted rate ratio of 0.95 (95% CI 0.70–1.31), while ARBs were not studied.43 These 

findings may also be due to chance, as they remained significant after PS adjustment and 

calibration, but not with conservative Bonferroni correction.

As with other observational studies, our study remains subject to the limitation of potential 

residual confounding and bias. However, to minimize this risk, we employed statistical 

methods to detect and adjust for residual bias including multiple approaches to propensity 

score adjustment as well as p-value calibration using positive and negative controls. We 

report extensive diagnostics which allow us to evaluate the validity and generalizability of 

our results, including covariate balance across tens of thousands of covariates to evaluate 

measured confounding, preference score distributions to assess equipoise, and negative 

controls to assess residual systematic error, which led to the exclusion of the South Korean 

NHIS/NSC database on the basis of its failing our predefined threshold for covariate balance 

or empirical equipoise. Our study was also limited to the drug class level and as such, 

our findings may not extend to all individual drug level comparisons within these classes. 

In addition, not all variables of interest may be available or recorded systematically in 

observational databases, such as blood pressure, social determinants of health, or cost 

of medications. For blood pressure, we conducted a sensitivity analysis by including BP 

measurements from Optum EHR to ascertain whether the results would be affected by 

the inclusion of BP. The study results were not substantively affected, suggesting that 

BP treatment effects are similar and any BP differences at baseline were likely already 

accounted for indirectly by other variables among the thousands of covariates currently 

incorporated into the models. Although we excluded patients initiating combination therapy 

within 7 days, patients may still receive additional therapies as escalation of treatment 

beyond 7 days. These criteria remain appropriate for our investigation of first-line therapy 

and we include both time-at-risk windows of on-treatment and intent-to-treat in our analysis. 

Our study was a comparison of first-line treatment only and may not be applicable to 

patients who are not initiating treatment such as those switching medications. Finally, 

lisinopril accounts for the majority ACE inhibitor use which suggests that lisinopril may 

have a disproportionately large effect on the drug class comparison as compared to other 

ACE inhibitors. However, given that this high proportion reflects real world use and we 

often consider ACE inhibitors equivalent as a class in terms of effectiveness and safety in 

both research and clinical practice, we posit that the validity and generalizability remain 

relevant to real-world populations.

Our large-scale, observational network study demonstrates that ARBs do not have 

significantly different effectiveness in long-term cardiovascular outcomes compared with 

ACE inhibitors and have a better safety profile. While current US and European guidelines 

consider ACE inhibitors and ARBs to be equally recommended first-line therapies and other 

international guidelines group ACE inhibitors and ARBs together as a single treatment 

category, these results lend further support to recent calls for the differentiation and elevation 
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of ARBs as first-line therapy over ACE inhibitors in the treatment of hypertension.1,2,44,45 

Our findings support preferentially starting ARBs rather than ACE inhibitors for patients 

and providers who intend to treat hypertension through RAS inhibition.

Perspectives

In this large-scale observational study of over 3 million patients worldwide, we found no 

statistically significant difference in the effectiveness at the class level of ACE inhibitors 

versus ARBs, while ARBs had a better safety profile. Despite being equally guideline­

recommended first-line therapies for hypertension, these results support preferentially 

starting ARBs rather than ACE inhibitors when initiating treatment for hypertension for 

physicians and patients considering RAS inhibition. While this study compared these two 

classes of drugs, further study may be warranted to investigate any potential heterogeneity 

that may exist at the individual drug level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is New?

• This large-scale propensity-matched network study represents the largest 

head-to-head comparison of ACE inhibitors with ARBs for the first-line 

treatment of hypertension

• ARBs, as compared with ACE inhibitors, are not significantly different 

in effectiveness with regard to cardiovascular outcomes, including risk of 

acute myocardial infarction, heart failure, stroke, or composite cardiovascular 

events.

• ARBs had a significantly better safety profile, with lower risk of angioedema, 

cough, pancreatitis, and GI bleeding

What is Relevant?

• Angiotensin converting enzyme (ACE) inhibitors and angiotensin receptor 

blockers (ARBs) are equally recommended first-line therapies for the 

treatment of hypertension

• ACE inhibitors are far more commonly prescribed than ARBs

• Few head-to-head studies comparing ACE inhibitors with ARBs for 

hypertension treatment exist, some of which reach conflicting results

Summary

• ARBs demonstrate no statistically significant difference in real-world 

effectiveness at the class level and a significantly better safety profile as 

compared to ACE inhibitors in the first-line treatment of hypertension. 

Therefore, despite their equal standing in guidelines as recommended first­

line therapies, physicians and patients should consider preferentially starting 

ARBs rather than ACE inhibitors when initiating treatment for hypertension.
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Figure 1. Covariate balance before and after propensity score stratification across all databases.
Each point represents the standardized difference of means for a single covariate before and 

after large-scale propensity score stratification in new users of ACE inhibitors and ARBs. 

All databases achieved covariate balance, defined as a standardized difference of the mean ≤ 

0.1, except for the NHIS/NSC database.
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Figure 2. Preference score distributions across all databases.
Distribution of preference scores, a transformation of propensity score adjusting for 

differences in prevalence, in new users of ACE inhibitors (red) as compared to ARBs 

(purple). Greater overlap indicates that patients in the target and comparator populations 

are more similar in their likelihood of receiving the target treatment. We achieve clinical 

empirical equipoise in all comparisons except for the NHIS/NSC database.
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Figure 3: Risk of cardiovascular outcomes in ACE-inhibitors vs ARBs across all databases.
Forest plot of hazard ratios and 95% Cis for primary outcomes of acute myocardial 

infarction (MI), heart failure, stroke, and composite cardiovascular events (CVE) across 

all databases and meta-analyses. Meta-analysis 2 excludes the NHIS/NSC database while 

‘Meta-analysis’ includes all databases.
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Table 2.

Primary effectiveness outcomes for ACE inhibitors compared to ARBs (on-treatment, PS stratification, 

excluding NHIS/NSC)

Outcome HR (95% CI) P-value Calibrated HR (CI) Calibrated P-value

Acute myocardial infarction 1.10 (1.04-1.17) 0.00 1.11 (0.95-1.32) 0.19

Composite cardiovascular events (CVEs) 1.04 (0.99-1.10) 0.12 1.06 (0.90-1.25) 0.49

Heart failure 1.02 (0.94-1.11) 0.64 1.03 (0.87-1.24) 0.68

Stroke 1.06 (1.00-1.12) 0.06 1.07 (0.91-1.27) 0.40

Calibrated hazard ratios (HRs), confidence intervals (CIs) and p-values are calibrated empirically using the distributions of positive and negative 
control outcomes to minimize residual systematic error (see Methods for detailed description)

Hypertension. Author manuscript; available in PMC 2022 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen et al. Page 23

Table 3:

Secondary and Safety Outcomes for ACE inhibitors vs ARBs (on-treatment, PS stratification)

Outcome HR (95% CI) P-value Calibrated
HR (95% CI)

Calibrated
P-value

Abdominal pain 1.00 (0.96-1.03) 0.87 1.01 (0.88-1.19) 0.87

Abnormal weight gain 0.82 (0.79-0.86) 0.00 0.84 (0.74-0.98) 0.04

Abnormal weight loss 1.18 (1.11-1.25) 0.00 1.18 (1.01-1.41) 0.04

Acute pancreatitis 1.32 (1.09-1.60) 0.00 1.32 (1.04-1.70) 0.02

Acute renal failure 1.13 (1.08-1.18) 0.00 1.14 (0.98-1.35) 0.10

Anaphylactoid reaction 1.31 (1.00-1.72) 0.05 1.31 (0.98-1.79) 0.07

Anemia 0.96 (0.92-0.99) 0.02 0.97 (0.84-1.14) 0.76

Angioedema 3.53 (2.99-4.16) 0.00 3.31 (2.55-4.51) 0.00

Anxiety 0.98 (0.95-1.00) 0.03 0.99 (0.86-1.16) 0.91

Bradycardia 0.96 (0.86-1.08) 0.52 0.98 (0.82-1.18) 0.84

Cardiac arrhythmia 0.96 (0.91-1.02) 0.22 0.98 (0.84-1.15) 0.82

Chest pain or angina 0.99 (0.97-1.01) 0.23 1.00 (0.87-1.17) 0.92

Chronic kidney disease 1.00 (0.93-1.08) 0.98 1.01 (0.87-1.20) 0.84

Cough 1.32 (1.23-1.42) 0.00 1.32 (1.11-1.59) 0.00

Decreased libido 0.96 (0.90-1.03) 0.29 0.98 (0.84-1.16) 0.83

Dementia 1.12 (1.06-1.18) 0.00 1.13 (0.97-1.34) 0.14

Depression 1.02 (0.99-1.05) 0.20 1.03 (0.90-1.21) 0.65

Diarrhea 1.06 (1.02-1.09) 0.00 1.07 (0.92-1.25) 0.40

End stage renal disease 0.87 (0.62-1.20) 0.39 0.88 (0.63-1.25) 0.50

Fall 1.03 (0.96-1.10) 0.46 1.04 (0.89-1.23) 0.64

Gastrointestinal bleed 1.18 (1.11-1.25) 0.00 1.18 (1.01-1.41) 0.04

Gout 1.00 (0.97-1.04) 0.83 1.02 (0.88-1.19) 0.81

Headache 0.97 (0.94-1.00) 0.04 0.98 (0.86-1.15) 0.87

Hepatic failure 1.02 (0.89-1.17) 0.74 1.03 (0.86-1.27) 0.71

Hospitalization with preinfarction syndrome 1.02 (0.90-1.15) 0.77 1.03 (0.86-1.25) 0.74

Hyperkalemia 1.17 (1.04-1.30) 0.01 1.17 (0.98-1.42) 0.09

Hypokalemia 0.95 (0.89-1.03) 0.21 0.97 (0.83-1.15) 0.74

Hypomagnesemia 0.96 (0.89-1.04) 0.36 0.98 (0.84-1.16) 0.83

Hyponatremia 1.12 (1.06-1.19) 0.00 1.13 (0.97-1.34) 0.13

Hypotension 1.13 (1.09-1.17) 0.00 1.14 (0.98-1.35) 0.10

Impotence 1.06 (1.01-1.12) 0.02 1.07 (0.92-1.27) 0.37

Malignant neoplasm 0.97 (0.89-1.05) 0.39 0.98 (0.84-1.16) 0.85

Measured renal dysfunction 0.87 (0.66-1.14) 0.31 0.88 (0.66-1.20) 0.44

Nausea 1.10 (1.06-1.13) 0.00 1.11 (0.95-1.30) 0.20

Neutropenia or agranulocytosis 0.96 (0.89-1.02) 0.18 0.97 (0.84-1.15) 0.76

Rash 0.96 (0.93-1.00) 0.04 0.98 (0.85-1.15) 0.82
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Outcome HR (95% CI) P-value Calibrated
HR (95% CI)

Calibrated
P-value

Rhabdomyolysis 1.10 (0.91-1.34) 0.32 1.11 (0.88-1.43) 0.37

Syncope 1.02 (0.96-1.07) 0.56 1.03 (0.89-1.21) 0.71

Thrombocytopenia 1.01 (0.96-1.06) 0.69 1.02 (0.88-1.20) 0.76

Type 2 diabetes mellitus 1.04 (0.99-1.08) 0.12 1.05 (0.90-1.24) 0.54

Vasculitis 1.01 (0.85-1.20) 0.88 1.03 (0.83-1.29) 0.80

Venous thromboembolism 0.97 (0.90-1.04) 0.35 0.98 (0.84-1.16) 0.84

Vertigo 0.95(0.92-0.99) 0.01 0.97 (0.84-1.13) 0.73

Vomiting 1.15 (1.11-1.19) 0.00 1.15 (0.99-1.36) 0.07

Calibrated hazard ratios (HRs), confidence intervals (CIs) and p-values are calibrated empirically using the distributions of positive and negative 
control outcomes to minimize residual systematic error (see Methods for detailed description)
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