S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Clinical Investigations

Renin-angiotensin-aldosterone system &
inhibitors and SARS-CoV-2 infection: an
analysis from the veteran’s affairs healthcare
system
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Mary K. Goldstein, MD ¢, and Paul A Heidenreich, MD, MS* Stanford, CA; Tokyo, Japan; Palo Alto, CA

Background Angiotensin-converting enzyme inhibitors (ACEIl) and angiotensin receptor blockers (ARB) are known to
impact the functional receptor for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The association between
chronic therapy with these medications and infection risk remains unclear.

Obijectives The objective was to determine the association between prior ACEl or ARB therapy and SARS-CoV-2
infection among patients with hypertension in the U.S. Veteran’s Affairs health system.

Methods We compared the odds of SARS-CoV-2 infection among three groups: patients treated with ACEI, treated
with ARB, or treated with alternate firstline anti-hypertensives without ACEI/ARB. We excluded patients with alternate in-
dications for ACEl or ARB therapy. We performed an augmented inverse propensity weighted analysis with adjustment for
demographics, region, comorbidities, vitals, and laboratory values.

Results Among 1,724,723 patients with treated hypertension, 659,180 were treated with ACEI, 310,651 with ARB,
and 754,892 with neither. Before weighting, patients treated with ACEI or ARB were more likely to be diabetic and use more
anti-hypertensives. There were 13,278 SARS-CoV-2 infections (0.8%) between February 12, 2020 and August 19, 2020.
Patients treated with ACEl had lower odds of SARS-CoV-2 infection (odds ratio [OR] 0.93; 95% Cl: 0.89-0.97) while those
treated with ARB had similar odds (OR 1.02; 95% Cl: 0.96-1.07) compared with patients treated with alternate first-line
anti-hypertensives without ACEI/ARB. In falsification analyses, patients on ACEI did not have a difference in their odds of
unrelated outcomes.

Conclusions Our results suggest the safety of continuing ACEI and ARB therapy. The association between ACE therapy
and lower odds of SARS-CoV-2 infection requires further investigation. (Am Heart J 2021;240:46-57 )

Angiotensin-converting enzyme inhibitors (ACED and
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commonly prescribed chronic therapies for hyperten-
sion, have garnered widespread interest as they may im-
pact the incidence or severity of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection.'
Angiotensin-converting enzyme 2 receptor (ACE2) is the
cellular receptor for the SARS-CoV-2 spike protein and is
present in lungs.! Select animal models have shown ACEI
and ARB therapy are associated with increased tissue
ACE2 levels, although this has not been demonstrated
in lung tissue or in humans.> However, this has sparked
concerns that ACEI or ARB therapy may increase the risk
of developing SARS-CoV-2 infection.®”

To date, multiple observational studies have found
mixed results regarding the association between chronic
ACEI/ARB utilization and coronavirus disease 2019
(COVID-19) outcomes.®?! Early studies, including re-
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ports from Wuhan, China, demonstrated that hyperten-
sion was common among patients with SARS-CoV-2 in-
fection and associated with worse outcomes,*?? lead-
ing to speculation that the increased risk may be re-
lated to ACEI or ARB treatment. Others have hypothe-
sized that ACEI or ARB treatment may prevent the lung
injury of SARS-CoV-2 given prior data that ACEI or ARB
therapy may reduce lung injury with acute respiratory
infection.?>?* However, for most studies, the relatively
modest sample sizes have yielded inadequate precision
to detect small but potentially meaningful effects. Addi-
tionally, most studies included patients without hyper-
tension or with alternate indications for ACEI/ARB ther-
apy, which may introduce selection bias if the conditions
treated by ACEI/ARB impact SARS-CoV-2 infection risk.
Finally, studies that evaluated patients being tested or
those infected - as opposed to a population-based co-
hort - may inaccurately estimate the effect on outcomes
if ACEI/ARB therapy also impact the risk of contracting
the disease or developing symptoms. Therefore, there re-
mains limited population-based US data evaluating the as-
sociation between ACEI/ARB therapy and SARS-CoV-2 in-
fection.

With over 10% of the adult population over 40 taking
ACEI therapy, understanding the impact on SARS-CoV-2
infection is critical.”> We performed an observational co-
hort analysis among Veterans Affairs (VA) patients with
a diagnosis of hypertension on at least one of the five
most common anti-hypertensive therapy classes (ACEI,
ARB, calcium channel blocker [CCB], thiazide diuretic,
or beta-blocker). We compared the likelihood of being
diagnosed with SARS-CoV-2 infection between patients
with hypertension treated with ACEI, ARB, or neither
therapy after excluding patients with alternate ACEI/ARB
indications.

Methods

Data source

We used claims and electronic health records for all
VA patients provided care in 2020. We extracted data
from the VA National Corporate Data Warehouse includ-
ing demographics, encounters, diagnoses, laboratory re-
sults, vital signs, and pharmacy dispensing records. Pa-
tients with positive tests for SARS-CoV-2 infection were
identified using the COVID-19 Shared Data Resource.?°
This national dataset tracks veterans with positive SARS-
CoV-2 lab tests either in VA facilities or outside the VA, in-
cluding asymptomatic patients tested for surveillance or
as a pre-procedure precaution. We included SARS-CoV-2
infections through August 19, 2020. The dataset also in-
cludes SARS-CoV-2-associated hospitalizations, defined as
occurring within 15 days before or 60 days after a posi-
tive test.
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Population

We included patients with an inpatient or outpatient di-
agnosis of hypertension in either the VA electronic health
record or among non-VA fee basis claims in the year prior
to February 12, 2020. The index date was set to February
12, 2020, since this was the day before symptom devel-
opment for the first United States case of probable com-
munity transmission of SARS-CoV-2 infection.?’

To be included, we required a medication fill for one
of the five most common anti-hypertensives - ACEI, ARB,
thiazide diuretics, CCBs, or beta-blockers - within the 6
months before February 12, 2020. The first-line drug re-
quirement identified a more homogeneous population
receiving standard treatment to improve the comparabil-
ity of ACEI/ARB users and non-users. We excluded pa-
tients without therapy to reduce differences in hyperten-
sion severity or healthcare utilization.

We excluded patients with alternate first-line indica-
tions for ACEI/ARB therapy: heart failure with reduced
ejection fraction (HF-rEF), diabetic nephropathy, renal
artery stenosis, or non-diabetic advanced chronic kid-
ney disease (estimated glomerular filtration rate below
60 ml/min) (diagnosis codes listed in Supplement Table
2).28:2% Patients with proteinuric chronic kidney disease
have an indication for ACEI/ARB and those without pro-
teinuria are less likely to be treated with ACEI/ARB.?%:3!
Patients with these conditions who are not on ACEI/ARB
therapy are more likely to have other unmeasured dif-
ferences in patient characteristics, including milder dis-
ease severity, inaccurate diagnoses, greater frailty, or re-
luctance to take medications.’**> Excluding these pa-
tients was important because heart failure, diabetes, and
chronic kidney disease have all been hypothesized as risk
factors for SARS-CoV-2 infection.?*3°

Given the challenges in accurately identifying patients
with HF-rEE>’ we used a combination of outpatient and
inpatient systolic heart failure diagnostic codes (either
two outpatient diagnoses or an inpatient primary diagno-
sis). Such patients are almost universally on ACEI/ARB;
we would be unable to differentiate the impacts of HF-
rEF and ACEI/ARB therapy. Patients with diabetes were
identified using diagnoses, an elevated hemoglobin Alc,
or insulin therapy. Coexisting nephropathy was identi-
fied by diagnoses of chronic kidney disease or protein-
uria or an estimated glomerular filtration rate below 60
on their most recent laboratory results. We also excluded
non-diabetic patients with an estimated glomerular fil-
tration rate below 60. Renal artery stenosis was defined
based on diagnostic codes alone. We excluded patients
prescribed aliskiren given its potential effects on the
renin-angiotensin system, and patients treated with both
ACEI and ARB.

Defining exposures
We established two exposure cohorts: patients pre-
scribed ACEI therapy and those prescribed ARB ther-
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apy. These exposure cohorts were compared to patients
without ACEI/ARB who were prescribed either thiazides,
CCBs, or beta-blockers. Patients in both the exposure and
control arm could receive thiazide, CCB, or beta-blocker
therapy. To account for potential imbalance regarding hy-
pertension severity, we adjusted for the total number of
anti-hypertensive classes and systolic and diastolic blood
pressure, as described below.

Covariate adjustment

We adjusted for additional patient characteristics
which could potentially influence the likelihood of SARS-
CoV-2 infection. Given the substantial geographic varia-
tion in risk, we adjusted for the VA’s 19 geographically-
based Veterans Integrated Service Networks and popula-
tion density using census data.’®

We captured patient demographics and socioeco-
nomic status. Demographics included age, sex, and
race/ethnicity. Race/ethnicity was stratified as Black, His-
panic, White, Asian, Native-American, Pacific Islander,
Other, and missing. We included marital status and VA el-
igibility status. We evaluated community socioeconomic
status using the Agency for Healthcare Research and
Quality Socioeconomic Status index based on ZIP-code
level data from the American Community Survey.®”>40

We adjusted for medical comorbidities potentially as-
sociated with the risk of COVID-19 or likelihood of
ACEI/ARB therapy using vital signs, diagnoses, medica-
tions, and lab values. Vital signs included most recent
heart rate, systolic blood pressure, diastolic blood pres-
sure, respiratory rate, and oxygen saturation within 1
year before the index date. Body mass index (BMI) was
calculated from height and weight. Non-physiologic vi-
tal signs were dropped (detailed in Supplement Table
1). We adjusted for comorbidities using diagnostic codes
within the prior 2 years: chronic kidney disease, chronic
obstructive pulmonary disease, diabetes, heart failure,
ischemic heart disease, liver disease, other pulmonary
disease, malignancy, and prior stroke (codes listed in
Supplement Table 2). In addition, we used pharmacy
records to measure insulin fills within 6 months before
the index date. We included common laboratory tests
previously found to be associated with disease morbid-
ity across conditions including potentially COVID-19: es-
timated glomerular filtration rate based on the Modifi-
cation of Diet in Renal Disease equation, hemoglobin,
hemoglobin Alc, and sodium.’®#"-%> We used lab data
within 1 year before the index date. Each lab value and
vital sign was treated as a continuous variable. We iden-
tified frail patients based on the presence of at least 2
diagnoses previously used to evaluate frailty with claims
data.* Finally, we adjusted for hospitalization within 1
year before the index date.
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Statistical analysis

We performed descriptive analyses of the population
stratified into three cohorts: ACEI therapy, ARB ther-
apy or neither. Continuous variables are displayed as
mean and standard deviation [SD] while categorical vari-
ables are listed as percentages. We compared differences
across the cohorts using standardized mean differences
with Cohen’s d.

We assumed missing vital signs, labs, and BMI were
missing at random and used multiple imputation using
chained equations with linear regression to construct 40
imputed datasets.** We included all model variables in
the imputation model. We added indicator variables for
missing values given missingness may be informative.*>
We performed multiple sensitivity analyses around this
approach. First, we dropped vitals, labs, and BMI from
the analysis. Second, we performed a complete case anal-
ysis. Third, we repeated the multiple imputation but as-
sumed missing variables were more extreme than pre-
dicted (1 standard deviation higher or lower risk than
predicted). Finally, we used categorical values based on
quintiles with missing indicators for lab, vitals, and BMI.
For missing race/ethnicity, marital status, and VA eligibil-
ity, we included a missing category alone.

Primary analyses

The primary analysis was a comparison of the ad-
justed odds of SARS-CoV-2 infection between patients
treated with ACEI, ARB, or neither. We used an aug-
mented inverse-propensity weighted logistic regression
model adjusted for patient demographics, geography, so-
cial risk, comorbidities, vital signs, and laboratory val-
ues.’® We calculated stabilized propensity weights us-
ing a multinomial logistic regression that evaluated the
propensity to be in each arm based on the same charac-
teristics listed above.?” We used robust standard errors.
We then repeated the analysis for a second model that
directly compared ACEI and ARB therapy.

As a secondary outcome, we evaluated the association
between ACEI, ARB, or neither therapy and SARS-CoV-
2-associated hospitalization. We used the hospitalization
definition described above.

We performed stratified subgroup analyses based on
age, race/ethnicity, AHRQ SES Index, diabetes, and is-
chemic heart disease. We divided continuous charac-
teristics based on the median value. For race/ethnicity,
we only included Black, Hispanic, and White given
the small sample size and limited interpretability of
the “Other” category. We re-estimated the propensity
weights within each subgroup to reduce potential bias.*®
With two subgroups, we tested the heterogeneity of odds
ratios by calculating log odds ratios and determining
the Z statistic given we ran two independent models.
For race/ethnicity, with three subgroups, we calculated
Cochrane’s Q statistic.”
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Figure 1

Diagnosis in Prior Year

VA Patients with Hypertension
n = 3,340,870
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Broad Population
(Includes other indications)
n=2,133,806

Primary Analysis Population

n=1,724,723
ACEI Cohort
n = 659,180

ARB Cohort
n = 310,651

¢ Exclusions A
ACEI and ARSB fills within prior 6 months (n=11,423)
Aliskiren fills within prior 6 months (n=57)

No fills for any of 5 major anti-hypertension classes within prior
\_ 6 months (n=1,195,584) )
4 Alternate Indication Exclusions h
Diabetic nephropathy (n=226,163)

Chronic kidney disease (n=58,614)

Heart failure, systolic (n=121,421)

Renal artery stenosis (n=2,885
\_ ry ( ) )
Control Cohort
n =754,892

Flow Diagram. Abbreviations: ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker. This figure displays the

inclusion and exclusion of patients in the study.

Sensitivity analyses

First, we evaluated the association between ACEI/ARB
therapy and falsification outcomes: influenza diagnosis,
vertebral fracture or hip fracture/dislocation, and urinary
tract infection (UTI). The diagnosis codes are listed in
Supplement Table 2. We determined the frequency of
each of these diagnoses in the inpatient or outpatient set-
ting over the same period as our primary outcome.

Second, we performed a sensitivity analysis related to
the control arm. A recent analysis found a large differ-
ence in COVID-19 hospitalization rates between patients
treated with ACEI/ARB versus CCB.?" This analysis raised
the concern that risk may differ across the therapies
in our control arm. To evaluate this, we performed an
exploratory analysis with the following exposure arms:
ACEI without ARB/CCB, ARB without ACEI/CCB, CCB
without ACEI/ARB, and thiazide diuretic or beta-blocker
without ACEI/ARB/CCB. We recalculated our propensity
weights with four potential outcomes.

Third, we stratified our exposure into two groups:
chronic versus only recent exposure. We defined chronic
exposure as a medication fill both within 6 months be-
fore the index data and between 6-18 months while those
with only recent exposure did not have a medication
fill between 6-18 months. We excluded patients who
switched exposures between the recent and prior expo-
sure periods. We repeated our analysis in each subgroup.

Finally, we performed a quantitative bias analysis for
the primary analysis. We calculated e-values for both the
observed association and the confidence interval.’! The
e-value is the minimum strength of association of an un-
measured confounder with both therapy (ACEI or ARB)

and outcome (SARS-CoV-2 infection) that would account
for the observed association.

This study was approved by the Stanford Institutional
Review Board. Analyses were performed using SAS ver-
sion 9.4 (SAS Institute, Cary, NC, USA). Our study was
funded by the AHA COVID-19 Rapid Response Award
and the National Heart, Lung, and Blood Institute. The
authors are solely responsible for the design and conduct
of this study, all study analyses, the drafting and editing
of the paper and its final contents.

Results

We found 3,340,870 veterans with a hypertension di-
agnosis between February 12, 2019 and February 12,
2020. Figure 1 displays the study exclusions. We ex-
cluded 1,195,584 patients (35.8%) who were on nei-
ther ACEI, ARB, thiazide diuretic, CCB, or beta-blocker
therapy, 11,480 patients (0.3%) with fills of both ACEI
and ARB or aliskiren, and 409,083 patients (12.2%) due
to alternate clinical indications besides hypertension for
ACEI/ARB therapy. Following exclusions, we included
659,180 patients on ACEIL, 310,651 on ARB, and 754,892
on neither.

The average patient age was 67.4 (SD 12.0 years)
(Table I). The ACEI and ARB cohorts received more anti-
hypertensive medication classes than the control cohort
with neither. The largest source of imbalance between
cohorts was diabetes status (Figure 2). Both ACEI and
ARB cohorts had higher prevalence of diabetes and in-
sulin utilization.

Across this population, we observed 13,278 SARS-CoV-
2 infections (0.8%) between February 12, 2020 and Au-
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Table 1. Patient characterisfics*
Overall ACEI cohort ARB cohort Control SMD, ACEI SMD, ARB SMD, ACEI
population Cohort vs. Control  vs. Control vs. ARB
1,724,723 659,180 310,651 754,892
Sociodemographic
Characteristics
Age, years 67 .4 67.4 68.2 67.1 0.02 0.09 -0.07
(12.0) (11.5) (11.5) (12.5)
Female Sex, % 6.1 4.2 6.5 7.6 0.14 -0.04 -0.10
Race/ethnicity, %
Hispanic 5.6 6.3 5.9 4.8 0.07 0.05 0.02
Black 213 17.1 20.3 25.4 -0.20 0.12 -0.08
White 65.6 69 65.5 62.7 0.13 0.06 0.07
Other 5.4 5.4 6.1 5.0 0.02 0.05 -0.03
Missing 2.2 2.2 2.2 2.1 0.01 0.01 0.00
Marital Status, %
Married 56.1 557 61.8 54.2 0.03 0.16 -0.12
Divorced 243 24.9 21.5 24.9 0.00 -0.08 0.08
Never Married 10.1 10.1 8.1 11.0 -0.03 0.10 0.07
Other 9.1 9 8.2 9.6 -0.02 -0.05 0.03
Missing 0.4 0.4 0.4 0.4 0.00 0.01 -0.01
AHRQ SES Index 50.2 50.2 50.4 50.2 -0.01 0.06 -0.07
(3.9) (3.8) (3.9) (3.9)
Vitals, most recent prior
to index date within last
year
Systolic blood pressure 134.9 134.7 136.6 134.5 0.01 0.12 0.11
(mmHg) (16.9) (17.3) (17.0) (16.5)
Diastolic blood pressure 77.7 77.3 77.7 78 -0.07 -0.03 -0.04
(mmHg) (10.4) (10.4) (10.4) (10.3)
Heart rate (bpm) 74.1 74.3 73.7 74.1 0.01 -0.03 0.04
(13.4) (13.5) (13.2) (13.4)
Respiratory Rate (rpm) 17.6 17.6 17.6 17.6 0.00 0.00 0.00
(1.8) (1.8) (1.8) (1.8)
Oxygen saturation (%) 96.6 96.6 96.6 96.7 -0.03 -0.06 0.03
(2.2) (2.1) (2.2) (2.2)
Comorbidities in last 2
years (%)
Chronic obstructive 20.2 18.8 21.2 20.9 -0.05 0.01 -0.06
pulmonary disease
Chronic kidney disease' 8.2 7.5 9.3 8.3 -0.03 0.03 -0.06
Diabetes 34.5 42.2 42.3 24.6 0.38 0.38 0.00
Heart failure 47 5.1 6.0 3.8 0.06 0.10 -0.04
Ischemic heart disease 22.0 23.4 24.5 19.7 0.09 0.12 -0.03
Ischemic stroke 3.7 4.1 3.6 3.4 0.03 0.01 0.02
Liver disease 7.3 7.2 6.9 7.7 -0.02 -0.03 0.01
Malignancy 10.5 10.0 10.3 10.9 -0.03 -0.02 -0.01
Other chronic lung disease 19.0 18.4 20.1 19.1 -0.02 0.03 -0.04
Other Medical
Characteristics
Admission, prior 9.5 9.8 8.5 9.7 0.00 0.04 0.05
year, %
BMI (kg/m?) 30.9 30.9 31.8 30.4 0.08 0.22 -0.14
(6.2) (6.2) (6.2) (6.2)
Frailty, % 4.8 4.7 4.5 5.0 -0.01 -0.02 0.01
Medications
Anti-hypertensive 1.9 2.1 2.3 1.6 0.61 0.84 0.21
medications, # of drug (1.0 (1.0) (1.1) (0.8)
classes
Hypertension Monotherapy, 42.0 32.8 24.1 57.5 0.51 0.72 0.19

%
Insulin fills, % 10.3 13.6 13.7 6.0 0.26 0.26 0.00

(continued on next page)
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Table 1. (continued)

Laboratory Values. most
recent prior to index
date within last year

Estimated Glomerular 77.8 78.4 77.0 77.7 0.04 0.04 0.08

Fillration Rate (17.2) (16.7) (16.8) (17.9)

(mL/min/1.73m2)

Hemoglobin (g/dl) 14.2 14.3 14.2 14.3 0.00 -0.05 0.05
(1.6) (1.5) (1.5) (1.6)

Hemoglobin Alc (%) 6.4 6.6 6.6 6.2 0.33 0.31 0.03
(1.3) (1.4) (1.3) (1.1)

Sodium (mEg/L) 139.1 138.9 139.1 139.2 0.11 -0.02 0.08
2.9) (2.9) (2.8)

Abbreviations: ACEI: angiotensin-converting enzyme inhibitor; AHRQ SES: Agency for Healthcare Research and Quality Socioeconomic Status; ARB: angiotensin receptor
blocker; BMI: body mass index; bpm: beats per minute; ICD: International Classification of Diseases; rpm: respirations per minute; SMD: Standardized mean differences.

* Categorical variables presented as percentages; continuous variables presented as mean (standard deviation). Proportion of missing variables for vital signs, BMI, and
laboratory values detailed in Supplement Table 3.

T Defined based on ICD diagnosis codes as opposed to estimated glomerular filtration rate below.

+Defined as the presence of at least two ICD diagnosis codes indicating potential frailty.

Figure 2
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Abbreviations: ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; AHRQ SES: Agency for Healthcare Re-
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Figure 3
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Abbreviations: ACEl: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; AHRQ SES: Agency for Healthcare Re-

search and Quality Socioeconomic Status; IHD: ischemic heart disease.

gust 19, 2020. There were 4,734 infections (0.7%) in the
ACEI cohort, 2,542 in the ARB cohort (0.8%), and 6,002
(0.8%) in the control cohort. Among these 13,278 infec-
tions, there were 3,330 hospitalizations (25.1%).

Adjusted analyses

We calculated propensity weights as the inverse prob-
ability of each patient being in their respective cohort.
The propensity weight balance is displayed in Supple-
ment Figure 1. Following inverse propensity weighting,
baseline characteristics were well-balanced across the co-
horts (Figure 2).

Using inverse propensity weights and adjustment for
baseline characteristics, we evaluated the association be-
tween ACEI or ARB therapy with SARS-CoV-2 infection.
Treatment with ACEI was associated with lower odds of
SARS-CoV-2 infection (OR 0.93; 95% CI: 0.89-0.97). Treat-
ment with an ARB was not associated with a difference in
the odds of SARS-CoV-2 infection (OR 1.02; 95% CI: 0.96-
1.07). The e-values for ACEI therapy, compared with the
control arm, were 1.36 and 1.21 for the point estimate

and the confidence interval, respectively. In the model di-
rectly comparing ACEI and ARB therapy, we found ACEI
therapy was associated with lower odds of SARS-CoV-2
infection (OR 0.92; 95% CI: 0.87-0.96). The e-values for
ACEI therapy, compared with ARB, were 1.42 and 1.27
for the point estimate and the confidence interval, re-
spectively.

Treatment with an ACEI was also associated with lower
odds of hospitalization (OR 0.90; 95% CI: 0.82-0.98). ARB
treatment was not significantly associated with the odds
of hospitalization (OR 0.91; 95% CI: 0.81-1.02)

We conducted subgroup analyses across patient char-
acteristics (Figure 3). While the point estimates differed,
we did not find evidence of statistically significant het-
erogeneity. Stratifying patients based on a marker of
chronic exposure (medication fill between 6-18 months
before the index date) led to 1,353,770 patients with
chronic exposure and 282,964 with only recent expo-
sure. There was not significant heterogeneity between
these groups.
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Sensitivity analyses

We evaluated the association between ACEI and ARB
therapy with alternate outcomes (Supplement Figure 2).
We find no significant association between ACEI therapy
and diagnoses of influenza, fractures, or UTIs. However,
we did find a significant association between ARBs and
lower odds of both UTI (OR 0.84; 95% CI: 0.77-0.92) and
vertebral/hip fracture (OR 0.81; 95% CI: 0.73-0.90).

We performed an exploratory analysis, which included
1,403,750 patients, in which we separated CCB therapy
from our other control treatments. Compared with a con-
trol group on thiazide or beta-blockers but not CCB, nei-
ther ACEI nor ARB were significantly associated with the
odds of SARS-CoV-2 infection (OR 0.97; 95% CI: 0.92-1.03
for ACEI and OR 1.04; 95% CI: 0.96-1.12 for ARB). How-
ever, CCB therapy was associated with higher odds of
SARS-CoV-2 infection (OR 1.08 95% CI: 1.02-1.15) com-
pared with thiazide or beta-blocker therapy.

Finally, we repeated our primary analysis with multiple
sensitivity analyses around our approach to missing data.
We found no substantial difference in our results across
these analyses (results listed in Supplement Table 6).

Discussion

Among VA patients with medically treated hyperten-
sion, neither ACEI nor ARB therapy were associated
with higher odds of SARS-CoV-2 infection. ACEI ther-
apy was associated with lower odds of SARS-CoV-2 in-
fection compared with alternate anti-hypertensives. In
an exploratory analysis in which we separated our con-
trol population into those on CCB versus other anti-
hypertensives, CCBs were associated with higher odds
of SARS-CoV-2 infection compared with patients on
ACEI/ARB/other anti-hypertensives. Overall, our results
support existing evidence and society guidelines that nei-
ther ACEI nor ARB therapy should be discontinued due
to concerns of SARS-CoV-2 infection.>?>?

Multiple studies have evaluated the association be-
tween ACEI/ARB therapy and COVID-19 diagnosis. Most
studies have found no significant association between ei-
ther therapy and COVID-19 diagnoses. However, there
are important differences both across existing studies
and with ours with regards to the study design and re-
sults. Several studies evaluated test positivity among a
population being tested or evaluated severe adverse out-
comes among those hospitalized for SARS-CoV-2. These
designs introduce potential collider bias if the expo-
sure - ACEI or ARB - influence the likelihood of hav-
ing symptomatic infection leading to testing or hospital-
ization. Therefore, we evaluated a broader population.
However, our approach may also introduce collider bias
if the likelihood of being tested is associated with anti-
hypertensive therapy independent of symptoms (e.g.,
patients on ACEI being more likely to be tested given
the initial concerns about ACEIs). Second, including pa-

Sandhu et al 53

tients with non-hypertension indications for ACEI or ARB
(e.g., HFrEF) could impact the findings because condi-
tions like heart failure and chronic kidney disease are as-
sociated with more severe COVID-19 outcomes.>-3¢:54
We excluded patients with strong non-hypertension indi-
cations for ACEI/ARB given concern that differences in
condition severity between arms would introduce bias.
Finally, many studies have limited sample sizes with rel-
atively imprecise estimates of association. Our study in-
cluded a large cohort on ACEI/ARB, adjusted for detailed
patient characteristics in addition to administrative data,
and excluded patients with alternate therapy indications.

Previous studies have consistently shown no difference
in the odds of COVID-19 related outcomes with ACEI or
ARB therapy. There are, however, important differences
across studies. Hippisley-Cox and colleagues found a sig-
nificant association with lower risk of COVID-19 diagno-
sis for both ACEI (HR 0.71; 95% CI: 0.67-0.94) and ARB
therapy (HR 0.63; 95% CI 0.59-0.67) in a general practice
database in England.” Their primary analysis included the
general population with and without hypertension and
hypertensive therapy. Adjusting for the number of hyper-
tension drugs attenuated the association for both drugs
(ACEI HR: 0.87 [95% CI 0.72-1.05] and ARB HR: 0.82
[95% CI: 0.68 to 0.99]). Comparing ACEI/ARB therapy
to non-users will lead to an imbalance in hypertension
severity, which is important given the potential relation-
ship between hypertension and COVID-19 related out-
comes. This imbalance is also present in our study, which
is why we adjusted for the number of anti-hypertensives
and prior blood pressure.

Two large studies found non-significant associations
between ACEI/ARB therapy and COVID-19 related out-
comes but had substantially different point estimates
across ACEIs and ARBs, potentially suggestive of het-
erogeneity across these therapies. De Abajo and col-
leagues compared hospitalized COVID-19 patients with
hypertension with matched controls without COVID-
19 in Madrid, Spain.!! Compared with alternate anti-
hypertensives, the adjusted odds ratio for COVID-19 hos-
pitalization was 0.80 (95% CI: 0.64-1.00) for ACEIs com-
pared with 1.10 (95% CI: 0.88-1.37) for ARBs. Fosbgl and
colleagues evaluated severe COVID-19 outcomes among
hypertension patients without heart failure or chronic
kidney disease.® They found a hazard ratio of 0.85 (95%
CI: 0.70-1.01) for ACEI therapy compared with 1.15 (95%
CL: 0.96-1.37) for ARBs. We found a significant associa-
tion between ACEI therapy and lower odds of SARS-CoV-
2 infection but not for ARB therapy. Interpreting our ARB
results are challenging. While the falsification endpoints
were consistently negative for ACEI, we also found lower
odds of vertebral/hip fracture and UTI with ARB therapy.
This is suggestive of residual confounding and potential
downward bias in our ARB estimates.

While most raised concerns that ACEI/ARB therapy
may increase COVID-19 risk due to upregulated ACE2
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levels, there is also a biologic mechanism by which these
therapies may reduce risk.”> Angiotensin II drives lung
injury and inflammation. ACEIs decrease production of
Angiotensin IT and ARBs blocks its effect. ACEIs and ARBs
may have different effects on SARS-CoV-2 given they act
via different mechanisms and have differential effects on
ACE2 levels. In animal models, losartan led to greater in-
creases in ACE2 levels compared with lisinopril, although
this is not consistently observed with renal ACE2 levels.?
There is limited data regarding the impact on pulmonary
ACE2 levels, the impact in human tissue, or how changes
in ACE2 levels impact SARS-CoV-2 infection and sever-
ity.”> Overall, the difference in our results between ACEI
and ARB should be interpreted with caution. However,
this remains an important question worth further eval-
uation given ACEI and ARB therapy are often clinically
interchangeable.

Semenzato and colleagues compared ACEI and ARB
therapy with CCB therapy among 1.8 million individu-
als with hypertension in France.’” They found ACEI and
ARB therapy were associated with significantly lower
rates of COVID-19 hospitalization (ACEI HR: 0.74 [95%
CI, 0.65-0.83] and ARB HR: 0.84 [0.76-0.93]). In this
context, we performed an exploratory analysis in which
we separated patients on CCBs from each arm. Com-
pared to the beta-blocker/thiazide control group, ACEI
and ARB had similar odds of SARS-CoV-2 infection but
CCB users had higher adjusted odds. These findings are
exploratory and there is potential confounding related
to anti-hypertensive selection. For example, CCBs do not
require lab monitoring and may be preferable for pa-
tients with difficulty getting blood draws. However, these
results suggest the importance of further evaluation of
CCBs with SARS-CoV-2 infection.

In addition to observational studies, there are now two
randomized clinical trials that have evaluated the safety
of continued ACEI/ARB therapy among hospitalized pa-
tients with COVID-19.°%57 In both trials, continuation of
ACEI/ARB therapy was not associated with adverse out-
comes. Although this does not directly address the initial
risk of infection, this is consistent with the lack of evi-
dence regarding increased risk of SARS-CoV-2 infection
among patients on chronic therapy.

There are multiple important strengths of our analysis.
First, this national US study includes a racially gi popu-
lation, which is a potential contributor to differences in
outcomes, including those related to comorbidities and
socioeconomic characteristics. Second, we adjust impor-
tant characteristics that are often absent in administra-
tive data: laboratory values and vital signs. We also ad-
justed for social risk, an important factor in this pan-
demic. Third, our large sample allowed us to restrict our
analysis to a population with hypertension without other
indications for ACEI/ARB therapy while still providing
precise estimates.
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Limitations

There are important limitations to our analysis. First,
our quantitative bias analysis suggested modest unmea-
sured confounding could account for our findings. While
we used a large set of covariates based on our current
understanding of risk factors for SARS-CoV-2 infection
and anti-hypertensive selection, there is still potential
confounding. Our ARB falsification analysis findings ac-
centuate this concern. We selected these falsification
endpoints given an expectation that ACEI/ARB therapy
would not affect outcomes. An alternate explanation
would be an improper selection of a priori falsification
endpoints given limited studies suggesting lower risk of
fracture with ARB than ACEI therapy.’® However, this has
not been seen with UTIs.

The second limitation is potential exposure measure-
ment error given we classified exposure based on medi-
cation fills within 6 months. This potentially classified pa-
tients as ACEI or ARB users despite being non-adherent
or having stopped therapy. However, most ACEI/ARB
treatment is chronic as seen in our analysis. Additionally,
such bias would generally attenuate finding towards the
null. We also have potential measurement error in iden-
tifying infections given not all patients were tested for
SARS-CoV-2 and the VA dataset may miss some infections
outside of the VA.

Third, there is potential time-related bias because our
study does not account for patients with less time at risk
for developing infection due to death without SARS-Cov2
infection. Finally, the risk of infection has marked spa-
tiotemporal variation. Small differences in regional uti-
lization of ACEI/ARB may have important effects. We con-
trolled for patient region and geographic characteristics,
but additional analyses with more granular geographic
data will be important.

Conclusions

We found ACEI therapy was associated with lower
odds of SARS-CoV-2 infection in a VA population with
medically-treated hypertension. Given the current evi-
dence and the clinical benefits of ACEI/ARB therapy for
multiple conditions, neither ongoing ACEI nor ARB ther-
apy should be stopped due to risks of developing COVID-
19 infection. In an exploratory analysis, we found the
odds of SARS-CoV-2 infection were similar between ACEI,
ARB, and beta-blocker/thiazide users but were higher
among CCB users. Further analyses to evaluate potential
protective effects of ACEI therapy or an increase in risk
with CCB therapy will be important.
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