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BACKGROUND: There are theoretical concerns that
angiotensin-converting enzyme inhibitors (ACEIs) and
angiotensin receptor blockers (ARBs) could increase the
risk of severe Covid-19.
OBJECTIVE: To determine if ACEIs and ARBs are associ-
ated with an increased risk of Covid-19 hospitalization
overall, or hospitalization involving intensive care unit
(ICU) admission, invasive mechanical ventilation, or
death.
DESIGN: Observational case-control study.
PARTICIPANTS: Medicare beneficiaries aged ≥ 66 years
with hypertension, treated with ACEIs, ARBs, calcium
channel blockers (CCBs), or thiazide diuretics.
MAIN MEASURES: Adjusted odds ratios (OR) and 95%
confidence intervals (CI) for the outcomes of Covid-19
hospitalization, or hospitalization involving ICU admis-
sion, invasive mechanical ventilation, or death.
RESULTS: A total of 35,300 cases of hospitalized Covid-
19 were matched to 228,228 controls on calendar date
and neighborhood of residence. The median age of cases
was 79 years, 57.4% were female, and the median dura-
tion of hospitalization was 8 days (interquartile range 5–
12). ACEIs and ARBs were associated with a slight reduc-
tion in Covid-19 hospitalization risk compared with treat-
ment with other first-line antihypertensives (OR for ACEIs
0.95, 95% CI 0.92–0.98; OR for ARBs 0.94, 95% CI 0.90–
0.97). Similar results were obtained for hospitalizations
involving ICU admission, invasivemechanical ventilation,
or death. There were no meaningful differences in risk for
ACEIs compared with ARBs. In an analysis restricted to
monotherapy with a first-line agent, CCBs were associat-
ed with a small increased risk of Covid-19 hospitalization

compared with ACEIs (OR 1.09, 95%CI 1.04–1.14), ARBs
(OR 1.10, 95% CI 1.05–1.15), or thiazide diuretics (OR
1.11, 95% CI 1.03–1.19).
CONCLUSIONS: ACEIs and ARBs were not associated
with an increased risk of Covid-19 hospitalization or with
hospitalization involving ICU admission, invasive me-
chanical ventilation, or death. The finding of a small in-
creased risk of Covid-19 hospitalization with CCBs was
unexpected and could be due to residual confounding.
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INTRODUCTION

Coronavirus disease 2019 (Covid-19) is caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which establishes infection by binding of its envelope spike
protein to the angiotensin-converting enzyme 2 (ACE2) re-
ceptor on the surface of respiratory epithelium.1 In humans,
ACE2 converts angiotensin II, a proinflammatory vasocon-
strictor, into angiotensin-(1–7), a vasodilator with anti-
inflammatory properties.2,3 In some animal models, treatment
with angiotensin-converting enzyme inhibitors (ACEIs) and
angiotensin receptor blockers (ARBs) upregulates the expres-
sion of ACE2, leading to concern that such upregulation, if it
occurred in humans, might increase susceptibility to SARS-
CoV-2 infection in patients treated with these medications.2
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Also, binding of SARS-CoV-2 to the ACE2 receptor leads to
downregulation of ACE2 receptor density, which may con-
tribute to angiotensin II accumulation and increased pulmo-
nary toxicity.4 Given that over 20% of the US population aged
60–79 years are treated with ACEIs,5 the public health impor-
tance of understanding whether ACEIs and ARBs alter Covid-
19 risk or severity is great.
Since the beginning of the pandemic, many observational

studies of varying quality have explored the association of
ACEIs and ARBs on the risk of developing severe Covid-19.
Mackey and colleagues performed a living systematic review of
published observational studies on this topic, with monthly
updates.6 While the conclusion of this review was that ACEIs
and ARBs are not associated with an increased risk of develop-
ing Covid-19 or of experiencing amore severe outcome, most of
the studies cited were relatively small, limited to single institu-
tions or geographic regions, and conducted in countries other
than the USA.6 Only a handful of larger, population-based
studies of Covid-19 risk in association with ACEI or ARB use
have been reported.7–17 Despite their population-based nature,
many were too small to exclude clinically important risks and
none examined individually the full range of outcome severity,
including intensive care unit (ICU) admission, invasive mechan-
ical ventilation use, and Covid-related death. Only 4 of these
studies were conducted in the USA,7,8,13,16 of which 3 were
limited to a single closed healthcare system and employed non-
users as the reference,7,8,13 thereby increasing the possibility of
confounding by indication18 as well as confounding by hyper-
tension severity and related comorbidities. The other US study
involved a single national commercial insurance plan and com-
pared patients treated with ACEIs and ARBs with patients
treated with any other antihypertensive agent.16 The US studies
were relatively small in size, did not examine ACEI and ARB
risk in subgroups defined by race or nursing home residence, and
did not examine risk across the full range of outcome severity.
To address the limitations of previous studies, we performed

a nationally representative case-control study of the risk of
Covid-19 hospitalization or hospitalization involving ICU ad-
mission, invasive mechanical ventilation, or death, within the
population of older patients enrolled in fee-for-service Medi-
care, diagnosed with hypertension, and treated with ACEIs,
ARBs, or another first-line antihypertensive medication.

METHODS

Medicare provides health insurance coverage to persons aged
65 years and older as well as to persons under age 65 who have
end-stage kidney disease or are disabled. We performed a
case-control study in the population of Medicare beneficiaries
who were 66 years of age or older; had at least 1 year of
enrollment in fee-for-service Medicare Part A (hospitaliza-
tion), Part B (office-based care), and Part D (prescription drug
coverage); had a diagnosis of hypertension; and had a recently
filled prescription for a first-line antihypertensive agent

(ACEIs, ARBs, calcium channel blockers (CCBs), thiazide
diuretics). In March 2020, this population included 9.8 million
patients.
The study period ran from April 1, 2020 (the date when the

International Classification of Diseases, Tenth Revision, Clin-
ical Modification (ICD-10-CM) code specific for Covid-19
(U07.1) became effective), through July 28, 2020. Over this
period, we identified all patients in the study population with
an incident ICD-10-CM inpatient hospital discharge diagnosis
of Covid-19 in any diagnosis position. Patients with uncon-
firmed probable or suspected Covid-19 hospitalizations prior
to study start were excluded. The date of Covid-19 hospital
admission was defined as the index date for matching with
controls (Supplement Figure 1).
Incidence density sampling with replacement was used to

randomly select up to 10 controls per case,19 matched on index
date and neighborhood of residence (determined by census
block or block group), from the base population restricted to
those who had not been previously hospitalized for Covid-19.
Given that the intensity of the Covid-19 pandemic across the
USA varied temporally and geospatially, this matching strat-
egy ensured that cases and controls had similar opportunity of
being exposed to SARS-CoV-2.
Over the 365 days preceding the index date, data for each

case and control were collected on demographics, medical
comorbidities, chronic medications, and healthcare utilization
(Table 1, Supplement Table 1). We also estimated the frailty
score (a validated measure of patient frailty),20,21 the Charlson
comorbidity index (a validated metric that correlates with the
probability of death in the subsequent year),22,23 and the
adapted diabetes complications severity index (aDCSI; a val-
idated measure of diabetes severity).24,25

Treatment with a first-line antihypertensive drug was defined
as having a recently filled prescription that provided ≥ 15 days
of medication supply during the 30 days prior to the index date.
The exposure of interest was treatment with an ACEI (without
ARB) or ARB (without ACEI), and these patients could also be
receiving CCBs and/or thiazide diuretics. The comparator ex-
posure was defined as treatment with a CCB and/or thiazide
diuretic, without treatment with an ACEI or ARB. All patients
could also be treated with non-first-line antihypertensives. A
study from early in the pandemic suggested that CCBs and
thiazides were neutral with respect to Covid-19 risk.26

The primary outcome was hospitalization for Covid-19, de-
fined as an inpatient discharge diagnosis with ICD-10-CM code
U07.1. A recent study reported that this code had a sensitivity of
98% and a positive predictive value of 91.5%.27 Secondary
outcomes focused on severe complications of Covid-19 hospi-
talization and included ICU admission, invasive mechanical
ventilation, or death during hospitalization or within 7 days of
discharge, and a composite of these three (Supplement Table 2).
Our analysis found that 83% of patients who died during the
week following Covid-19 hospitalization had been discharged
to hospice, a skilled nursing facility, or a nursing home,
supporting the classification of these deaths as Covid-19-related.
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Cases andmatched controls were assessed for differences in
covariate distributions using standardized mean differences.28

The primary analysis was conducted in two stages. In the first
stage, multivariable conditional logistic regression was used to
examine the association of ACEIs or ARBs with hospitaliza-
tion for Covid-19. In the second stage, we estimated the risk of
ICU admission, invasive mechanical ventilation, or death, as
well as a composite of these three. For these analyses, we ran
multiple multivariable conditional logistic regression models,
with cases assigned their most severe outcome. This was
equivalent to fitting a conditional multinomial logistic regres-
sion model (Supplement Appendix).29 Our findings were re-
ported as odds ratios (ORs) and 95% confidence intervals (CI).
Because ACEIs and ARBs have guideline-specified indica-

tions for use that could lead to unmeasured confounding, a
secondary analysis excluded patients with guideline-
recommended indications for ACEI/ARB therapy: systolic heart
failure (as a surrogate for heart failure with reduced ejection
fraction), diabetes with proteinuria or with moderate to severe
chronic kidney disease (CKD), and moderate to severe CKD
with proteinuria (regardless of diabetes status).30–32 In addition,
we excluded patients with renal artery stenosis in whom ACEI/
ARB therapy can either be first-line or contraindicated depend-
ing on the severity of disease. Subgroup analyses examined the
consistency of results by age, sex, race, nursing home residence,
presence of diabetes or cardiovascular disease or chronic ob-
structive pulmonary disease or CKD, and geographic region.We
also investigated for a dose effect by subgrouping to high- and

Table 1 Demographic and Clinical Characteristics of Hospitalized
Covid-19 Cases and Neighborhood-Matched Controls from US

Medicare Data. Additional Variables Adjusted for in the Regression
Model are Shown in Supplement Table 1

Characteristic (%) Cases
(n =
35,300)

Controls
(n =
228,228)

Standardized
mean
difference

Demographics
Age, years, mean (SD) 79.5

(8.3)
77.3
(7.9)

0.27

Male 42.6 37.7 0.10
Race/ethnicity
White 63.2 70.2 0.15
Black 23.2 18.2 0.12
Hispanic 6.5 3.9 0.12
Other 7.0 7.7 0.03
Low income subsidy 57.4 40.3 0.35
Nursing home resident 31.7 12.9 0.46

Nursing home days in past
year
0 58.1 83.1 0.57
1–30 5.9 2.4 0.18
31+ 36.0 14.5 0.51

General medical
conditions
Alcohol dependence 2.6 1.9 0.04
Asthma 11.4 9.4 0.07
COPD 28.0 17.6 0.25
Chronic liver disease 5.7 4.6 0.05
Complicated
hypertension

6.3 3.1 0.15

Dementia 37.5 16.0 0.50
Diabetes 60.1 46.1 0.28
Diabetic nephropathy 22.0 11.7 0.28
Home oxygen use 9.5 3.9 0.23
Hospitalized pneumonia 8.7 2.8 0.25
Hyperlipidemia 79.0 78.7 0.01
Immunocompromised 11.6 4.1 0.28
Malignancy 16.7 15.6 0.03
Nicotine dependence 32.5 24.8 0.17
Obesity 28.9 25.4 0.08
Renal artery stenosis 1.3 0.9 0.04

Renal disease
Acute kidney injury 22.3 8.4 0.39
Chronic kidney disease⁎ 42.0 25.4 0.36
Dialysis 4.8 1.1 0.22
Cardiovascular disease
Acute myocardial
infarction

2.2 1.0 0.10

Other ischemic heart
disease

44.4 32.3 0.25

Atrial fibrillation 26.5 17.3 0.22
Heart failure (systolic) 14.1 6.8 0.24
Heart failure (diastolic,
other)

35.5 18.6 0.39

Peripheral arterial
disease

52.2 34.1 0.37

Stroke 1.6 0.6 0.09
Other cerebrovascular
disease

28.1 15.8 0.30

Frailty score, mean (SD) 0.31
(0.21)

0.20
(0.17)

0.60

Charlson score, mean
(SD)†

4.55
(2.83)

2.96
(2.50)

0.59

Diabetes complications
severity index, mean
(SD)†

4.14
(2.48)

3.05
(2.31)

0.45

Medication use‡

Antiarrhythmics 5.2 3.7 0.07
Anticoagulants (oral) 20.7 14.5 0.16
Antiplatelet agents 16.5 11.5 0.14

Antidiabetic agents
Insulin 21.5 10.6 0.30
Metformin 23.3 21.8 0.04
Other 22.6 16.7 0.15
Digoxin 2.3 1.6 0.05

(continued on next page)

Table 1. (continued)

Characteristic (%) Cases
(n =
35,300)

Controls
(n =
228,228)

Standardized
mean
difference

Fibrates 3.8 3.5 0.02
Nitrates 11.1 7.2 0.14
Oral corticosteroids§ 3.8 1.9 0.12

Pulmonary inhalers
Inhaled corticosteroids 13.4 9.5 0.12
Long-acting inhalers 13.9 9.9 0.12
Short-acting inhalers 24.7 15.4 0.23
Statins 67.8 67.7 0.00

2nd-line antihypertensive
drugs‖

Beta blockers 49.5 43.1 0.13
Loop diuretics 27.1 15.1 0.30
Direct vasodilators 12.5 7.0 0.18
Mineralocorticoid
receptor blockers

4.2 3.3 0.05

Other 8.3 7.3 0.04

SD standard deviation, COPD chronic obstructive pulmonary disease
⁎Chronic kidney disease (CKD) was included in the model as a 3-level
categorical variable: no CKD, CKD without proteinuria, and CKD with
proteinuria
†Charlson score and the adapted diabetes complications severity index
were modeled categorically; distributions can be found in Supplement
Table 1
‡Unless otherwise noted, medication use is defined as ≥ 1 day of use in
the 365 days prior to index
§Defined as ≥ 15 days of use in the 30 days prior to index
‖Defined as ≥ 1 day of use in the 30 days prior to index
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low-dose exposure groups. Sensitivity analyses varied the case
definition by including cases with ongoing hospitalizations iden-
tified through professional services claims; evaluated the impact
of claims lag by using a study end date that was 2 weeks earlier;
varied the number of days of treatment required to be classified
as exposed; restricted the analysis to patients using only one
first-line antihypertensive agent (second-line co-treatments were
permitted); restricted the mortality outcome to inpatient deaths;
and assessed the potential for unmeasured confounding using
the E-value,33 which is the minimum strength of residual con-
founding required to fully explain away the observed treatment
effect. We also conducted post hoc analyses where (1) we used
the nursing home–reported mailing address instead of the
beneficiary-reported mailing address among beneficiaries who
resided in a nursing home on the index date, and (2) we repeated
the monotherapy analysis stratified by race.
This project was classified as public health surveillance by

FDA and was exempt from review by the agency’s institu-
tional review board. Analyses were performed using SAS v
9.4 (SAS Institute Inc., Cary, NC) and R 3.6.0 (R Foundation
for Statistical Computing, Vienna, Austria).

RESULTS

Of 35,348 patients hospitalized with Covid-19, 35,300
(99.9%) were successfully matched to 228,228 controls on
calendar date and neighborhood of residence (mean = 6.5
controls per case). Among cases, the median age was 79 years,
57.4%were female, and themedian duration of hospitalization
was 8 days (interquartile range 5–12). Compared with con-
trols, case patients were older and more likely to be male,
Black or Hispanic, and lower income, and to reside in a
nursing home (Table 1). Case patients were also more likely
to have a wide variety of medical comorbidities, to have been
treated with a variety of chronic medications, and to have had
more hospitalizations and emergency department visits in the
prior year (Table 1, Supplement Table 1).
Angiotensin-converting enzyme inhibitors and ARBs were

associated with a slight but significant reduction in risk of
Covid-19 hospitalization compared with other first-line anti-
hypertensive drugs [OR (95% CI) = 0.95 (0.92–0.98) for
ACEIs and 0.94 (0.90–0.97) for ARBs] (Fig. 1, Supplement
Table 3). Similar results were obtained for the secondary
outcomes of ICU admission, invasive mechanical ventilation
use, and death. There were no significant differences in risk
between ACEIs and ARBs. In a prespecified secondary anal-
ysis that excluded patients with specific indications for ACEIs
or ARBs, the OR (95% CI) for Covid-19 hospitalization was
0.93 (0.89–0.98) for ACEIs and 0.92 (0.88–0.96) for ARBs.
There was no evidence of increased Covid-19 hospitaliza-

tion risk with ACEIs or ARBs in subgroups defined by race or
nursing home residence, or when stratified by higher or lower
dose (Figs. 2 and 3). With age, there was small but statistically
significant effect modification for the comparison of ACEIs

vs. ARBs. Sensitivity analyses were consistent with the pri-
mary analysis (Fig. 4). However, the monotherapy analysis
found that CCBswere associated with a small increased risk of
Covid-19 hospitalization compared with ACEIs [OR (95%
CI) 1.09 (1.04–1.14)], ARBs [1.10 (1.05–1.15)], and thiazides
[1.11 (1.03–1.19)] (Fig. 5). The post hoc monotherapy analy-
sis stratified by race showed qualitatively similar results with-
out evidence of effect modification by race (Supplement
Figure 2). For the primary analysis of Covid-19 hospitalization
risk, the E-value for ACEIs was 1.29 and for ARBs, 1.33,
indicating that a small degree of residual confounding could
explain the observed effects.

DISCUSSION

In our primary analysis, we found that ACEIs and ARBs were
associated with a slight reduction in risk of Covid-19 hospital-
ization compared with other first-line antihypertensive agents
and that there was no difference in risk between ACEIs and
ARBs. This apparent protective effect was explained by the
prespecified monotherapy analysis finding that CCB use was
associated with a small increased risk of Covid-19 hospitaliza-
tion compared with ACEI, ARB, or thiazide diuretic use.
Among these latter first-line agents, the risk of Covid-19 hos-
pitalization was comparable. Risk of ICU admission, invasive
mechanical ventilation, and death was similar among first-line
antihypertensive agents in our primary analysis. Findings from
both the prespecified subgroup and the post hoc monotherapy
analysis stratified by race found no evidence of effect differ-
ences by race, and the effect on Covid-19 hospitalization risk
was similar in subgroups defined by sex, nursing home status,
medical comorbidities, and dose of ACEI or ARB. However,
there was possible effect modification by age, with a small
reduction in risk of Covid-19 hospitalization among ACEI-
compared with ARB-treated patients aged 66–74 years, and a
reversal of this pattern in patients aged 75 years and older. If this
is a real effect, our data indicate that it is very small. The
secondary analysis, restricted to patients with hypertension but
without other specific indications for ACEIs or ARBs, yielded
results indistinguishable from the primary analysis, and sug-
gested that confounding by indication was unlikely.18

The finding of a small increase in Covid-19 hospitalization
risk with CCBs should be interpreted cautiously as it was not
our primary hypothesis and could have arisen from residual
confounding. The effect of CCBs on Covid-19 risk was ex-
amined in a handful of other published larger observational
studies. In several of these, CCBs were not associated with an
increased risk of Covid-19 infection or hospitalization,10,13 or
with all-cause mortality following Covid-19 hospitalization.15

However, in one study, CCBs were associated with severe
Covid-19 illness compared with non-users in a subgroup
analysis restricted to patients with hypertension.7 In another,
a non-significant increased risk of Covid-19 hospitalization
was observed with CCBs compared with ACEIs but not
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ARBs.14More recently, a nationwide study from France found
increased risks of Covid-19 hospitalization and of a composite
outcome of intubation or death with CCBs compared sepa-
rately with ACEIs and ARBs.17 The mechanism by which
CCBs might increase Covid-19 risk is unclear.
Our study had many unique strengths that addressed limita-

tions of previous studies evaluating ACEIs, ARBs, and Covid-
19-related outcomes (Supplement Table 4). It was substantially

larger than previously published studies, leading to precise
estimates of risk with narrow 95% confidence intervals. It was
national in scope and, by matching on neighborhood and cal-
endar date, was the only study to adjust for the Covid-19
circulation rate, which waxed and waned across the USA as
the pandemic evolved. Most of the larger published observa-
tional studies had a non-user reference group,7–9,11–13 and none
required treatment with ACEIs or ARBs at the time of Covid-19

Figure 1 Adjusted odds ratios (95% confidence intervals) for Covid-19 hospitalization and more serious outcomes in older Medicare
beneficiaries treated with a first-line antihypertensive medication.

Age 66-74 11,490 61,768

Age 75-84 13,277 71,539

Age 85+ 10,011 48,253

Male 14,934 80,635

Female 20,251 121,981

White 22,247 139,629

Black 7,824 38,342

Hispanic 1,848 6,111

Other Race 2,208 9,091

In Nursing Home 12,041 108,178

Not In Nursing Home 24,114 149,843

Atherosclerotic CVD 26,057 157,005

No Atherosclerotic CVD 9,144 49,291

Chronic Kidney Disease 14,617 71,323

No Chronic Kidney Disease 20,459 126,157

COPD 9,509 41,875

No COPD 25,409 157,377

Diabetes 21,148 120,418

No Diabetes 14,049 82,303

Northeast 11,899 82,962

Midwest 6,145 38,438

West 4,138 24,758

South 13,118 82,070

N, Cases N, Controls

Figure 2 Subgroup analyses showing adjusted odds ratios and 95% confidence intervals for Covid-19 hospitalization in older Medicare
beneficiaries treated with first-line antihypertensive medications. Abbreviations: CVD, cardiovascular disease; COPD, chronic obstructive

pulmonary disease.
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diagnosis,7–17 increasing the potential for exposure misclassifi-
cation bias toward the null. Our study required medication
supply with a first-line antihypertensive at the time of likely
exposure to SARS-CoV-2, thereby reducing the risk of expo-
sure misclassification bias or confounding by indication.18

The larger published observational studies were generally
limited to a small slice of Covid-19-related outcomes, includ-
ing a Covid-pos i t ive tes t , 7 , 8 , 1 3 , 1 4Covid- re la ted

hospitalization,13,14,16,17Covid-related death,14,15,16 or a mix
of severe outcomes.7–11,17 None examined the full spectrum of
serious Covid-related outcomes. Our studywas the only one to
examine Covid-related hospitalization as well as more severe
outcomes of ICU admission, invasive mechanical ventilation,
and death, and had substantial statistical power for each of
these outcomes. By assigning cases to their most severe out-
come, our analysis recognized that the severity of outcomes is

Figure 3 Adjusted odds ratios and 95% confidence intervals for risk of Covid-19 hospitalization by dose of angiotensin-converting enzyme
inhibitor or angiotensin receptor blocker.

Figure 4 Secondary and sensitivity analysis results showing adjusted odds ratios and 95% confidence intervals for risk of Covid-19
hospitalization in older Medicare beneficiaries treated with first-line antihypertensives.
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linked for a given individual. Of note, only one other study
examined the outcomes of ICU admission and mechanical
ventilation individually, reporting a significant increase in
ICU admission risk with ACEIs but not ARBs.8 This study
had insufficient statistical power to exclude a 2- to 2.9-fold
increase in risk for these outcomes. Our study provides strong
evidence that ACEIs and ARBs are not associated with in-
creased risks of Covid-related ICU admission, invasive me-
chanical ventilation, or death, or with a composite of these.
Only one other larger study, from the UK, explored the effect
of race, reporting that ACEIs and ARBs were associated with
an increased risk of Covid-19 in Black Africans.11 Our study
was substantially larger and found no evidence of differential
Covid-19 hospitalization risk with ACEIs or ARBs based on
race. One previous study examined ACEIs and ARBs com-
bined and found no evidence of a dose effect on risk of Covid-
19 hospitalization, although this analysis was underpowered
and could not exclude a 2.1-fold increase in risk.13 Our study
examined ACEIs and ARBs individually and found no evi-
dence of a dose effect with narrow confidence intervals. Fi-
nally, our study was sufficiently powered to show that ACEIs
and ARBs were not associated with increased Covid-19 hos-
pitalization risk among nursing home residents. No other
observational study has examined the effect of ACEIs and
ARBs in this vulnerable and high-risk population.
Our study had several limitations. It was not a randomized

trial and thus could be subject to residual confounding by
unmeasured patient characteristics. We sought to minimize this
by restricting the study to patients with hypertension who had a
recently filled prescription for a first-line antihypertensive med-
ication. In a secondary analysis, we further restricted to the
subset of patients without a specific indication for ACEIs or
ARBs. Our study was based on Medicare claims data and thus
lacked granular data related to the severity of comorbidities or
the quality of blood pressure control. To mitigate this, we

adjusted for a wide range of medications used to treat various
comorbidities, including non-first-line antihypertensives and
total number of antihypertensive classes prescribed, and we also
adjusted for health care utilization in the prior year. Although
we required all cases and controls to have a sufficient supply of
a first-line antihypertensive drug and to have been treated with
that medication for ≥ 15 of the 30 days preceding the index date,
we cannot exclude the possibility of non-adherence in some
patients. The impact of non-adherence would be to bias any
observed associations toward the null. To test for this, we
performed a sensitivity analysis that required all cases and
controls to have available days’ supply of their antihypertensive
in both the month before and during the 3 to 6 months prior to
the index date, with no change in our results.
In summary, we found that ambulatory treatment of older

hypertensive patients with ACEIs or ARBs was not associated
with an increased risk of hospitalization for Covid-19 or of
hospitalization involving ICU admission, invasive mechanical
ventilation, or death. Calcium channel blockers may be asso-
ciated with a small increase in Covid-19 hospitalization risk
compared with ACEIs, ARBs, or thiazide diuretics, but un-
measured confounding cannot be excluded.

Corresponding Author: David J. Graham, MD, MPH; Office of
Surveillance and Epidemiology, Center for Drug Evaluation and
Research, US Food and Drug Administration, 10903 New Hampshire
Ave, Building 22, Room 4314, Silver Spring, MD 20993, USA
(e-mail: david.graham1@fda.hhs.gov).

Supplementary Information The online version contains supple-
mentary material available at https://doi.org/10.1007/s11606-021-
07155-z.
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Cases Controls Cases Controls

ACEI alone vs ARB alone 6,273 40,368 5,015 34,376

Thiazide alone vs ACEI alone 1,407 11,979 6,273 40,368

Thiazide alone vs ARB alone 1,407 11,979 5,015 34,376

CCB alone vs ACEI alone 9,106 42,856 6,273 40,368

CCB alone vs ARB alone 9,106 42,856 5,015 34,376

CCB alone vs Thiazide alone 9,106 42,856 1,407 11,979

N, referenceN, exposure

Figure 5 Adjusted odds ratios and 95% confidence intervals for risk of Covid-19 hospitalization among patients with monotherapy treatment
with a first-line antihypertensive medication.
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