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ABSTRACT

Objectives Evaluate associations between ACE inhibitors
(ACEis) and angiotensin receptor blockers (ARBs) and
clinical outcomes in acute viral respiratory illness (AVRI).
Design Retrospective cohort analysis of claims data.
Setting The USA; 2018-2019 influenza season.
Participants Main cohort: people with hypertension
(HTN) taking an ACEi, ARB or other HTN medications, and
experiencing AVRI. Falsification cohort: parallel cohort
receiving elective knee or hip replacement.

Main outcome measures Main cohort; hospital
admission, intensive care unit, acute respiratory distress
(ARD), ARD syndrome and all-cause mortality. Falsification
cohort; complications after surgery and all-cause
mortality.

Results The main cohort included 236 843 episodes of
AVRI contributed by 202629 unique individuals. Most
episodes were in women (58.9%), 81.4% in people with
Medicare Advantage and 40.3% in people aged 75+
years. Odds of mortality were lower in the ACEi (0.78
(0.74 10 0.83)) and ARB (0.64 (0.61 to 0.68)) cohorts
compared with other HTN medications. On all other
outcomes, people taking ARBs (but not ACEis) had a
>10% reduction in odds of inpatient stays compared with
other HTN medications.

In the falsification analysis (N=103 353), both ACEis

(0.89 (0.80 to 0.98)) and ARBs (0.82 (0.74 t0 0.91))

were associated with decreased odds of complications
compared with other HTN medications; ARBs (0.64

(0.47 t0 0.87)) but not ACEis (0.79 (0.60 to 1.05)) were
associated with lower odds of death compared with other
HTN medications.

Conclusions Outpatient use of ARBs was associated
with better outcomes with AVRI compared with other
medications for HTN. ACEis were associated with reduced
risk of death, but with minimal or no reduction in risk of
other complications. A falsification analysis conducted

to provide context on the possible causal implications

of these findings did not provide a clear answer. Further
analysis using observational data will benefit from
additional approaches to assess causal relationships
between these drugs and outcomes in AVRI.
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Strengths and limitations of this study

» This study draws on a large and diverse cohort of US
residents including people with commercial insur-
ance and Medicare Advantage.

» It builds on prior literature by rigorously comparing
baseline characteristics of people taking different
types of hypertension medications and by using a
falsification test.

» We are unable to directly assess blood pressure
control, which could affect mortality.

» The cohort does not include uninsured people or
people with Medicaid or other insurance types.

» We are unable to make causal claims about the
relationship between ACE inhibitors or angiotensin
receptor blockers and outcomes with acute viral re-
spiratory illness.

INTRODUCTION
Theoretical concerns have been raised about
the possibility that ACE inhibitors (ACEis)
and angiotensin receptor blockers (ARBs)
may increase susceptibility to SARS-CoV-2.!
Currently, no high-quality clinical evidence
suggests that patients with COVID-19 have
worse outcomes while continuing to take
ACEis or ARBs. Furthermore, ACEis and
ARBs have been proposed to have protec-
tive effects based on their mechanism of
action,1 2 and current recommendations
by major clinical societies are that patients
should continue treatment with these agents
if there is no other reason for discontinua-
tion.”” Clinical trials are underway to assess
safety of continued use of ARBs and ACEis in
people with COVID-19 and efficacy of these
drug treatments for COVID-19.*

ACEis block the activity of ACE, which is
part of the renin-angiotensin system that
converts angiotensin I to angiotensin II
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ARBs inhibit the angiotensin II type 1 receptor. Both
classes of medications decrease blood pressure through
inhibition of the renin-angiotensin—aldosterone system
(RAAS) which plays a crucial role in the pathophysiology
of hypertension (HTN) through its vasoconstrictive, pro-
inflammatory and pro-oxidative effects.’ This system is
also implicated in infection and disease associated with
both SARS-CoV-1 and SARS-CoV-2.” ACE2 is expressed in
cells from the heart, kidneys and lungs and is the prin-
cipal target cells for SARS-CoV-2. ACE2 in the alveolar
epithelial cells of the lungs has been associated with respi-
ratory distress secondary to increased permeability in the
lungs seen in COVID-19 disease.”

Dysregulation of the RAAS may play a key role in the
pathophysiology of acute respiratory distress syndrome
(ARDS) both in association with COVID-19 and other
aetiologies' as severe ARDS secondary to impaired ACE2
activity has been identified in other viral pneumonias."’
Previous reports attributed a critical role in regulating
HTN and acute lung injury caused by viruses, such as
SARS'' and influenza (H7N9)' to the RAAS. Following
this physiology, the use of RAAS inhibitors like ACEis
and ARBs will affect ACE2 expression.” The advent of
COVID-19 gives additional urgency to the question of
whether ACEis or ARBs are protective in lower respiratory
infections. A living systematic review currently reports
that ACEi and ARB use is not associated with more severe
COVID-19 disease,” though the published studies are all
observational, many with small sample sizes and drawing
from a single healthcare system.

The objectives of this study were to evaluate associa-
tions between patients taking ACEis and ARBs and their
clinical outcomes after an acute viral respiratory illness
(AVRI), with attention to causal inference using a falsifi-
cation test to attempt to distinguish the plausibility of a
causal effect. We compare severity of illness and mortality
in AVRI across cohorts of patients with HTN using ACEis,
ARBs and other HTN medications. We then repeat the
exercise in a cohort hypothesised to have no mechanism
for better outcomes with ACEis or ARBs: people receiving
elective hip or knee replacement surgeries.

METHODS

We adhered to the REporting of studies Conducted
using Observational Routinely collected health Data
statement."”

Study design and setting

We conducted an analysis of de-identified administra-
tive claims data from the OptumLabs Data Warehouse
(OLDW), focusing on episodes of AVRI during the 2018-
2019 influenza season, defined by the Centers for Disease
Control and Prevention as spanning 30 September 2018
through 18 May 2019."* The OLDW includes medical
and pharmacy claims, laboratory results, and enrolment
records for commercial and Medicare Advantage (MA)
enrollees.”” The database contains longitudinal health

information on enrollees and patients, representing a
diverse mixture of ages, ethnicities and geographical
regions across the USA.

Patient involvement

No patients were involved in setting the research ques-
tion or the outcome measures, nor were they involved
in developing plans for design or implementation of the
study. No patients were asked to advise on interpretation
or writing up of results. The results will be disseminated
to the relevant patient community through press releases,
media engagement, and social media posts explaining
the study and its findings.

Cohort

We created a cohort of patients with one or more
episodes of AVRI with an initial date of service between
30 September 2018 and 18 May 2019. Episodes started
on the first date on which a patient received healthcare
services coded with one of the AVRI diagnosis codes (the
index date) and ended the last day before patients began
a 30-day period with no encounters coded with an AVRI
diagnosis. Codes for AVRI were identified using a series
of diagnosis codes that represent viral causes of respira-
tory illness, including bronchitis, pneumonia, influenza,
influenza-like illness and lower respiratory infections;
bacterial infection diagnosis codes were excluded. The
complete list of AVRI codes is available in online supple-
mental table 1.

We limited the cohort to people with continuous enrol-
ment in both medical and pharmacy insurance benefits
for at least 180 days before the beginning of the episode;
this period of prior insurance enrolment was used to
ascertain patient comorbidities. Because some HTN
medications are also used for other conditions, we limited
the cohort to people who met claims criteria for compli-
cated or uncomplicated HTN, as described below.

The cohort of interest is people taking an ACEi or an
ARB. People taking other HTN medications comprise the
comparison cohort. Tables include descriptive measures
for both the HTN medication cohorts and for people
with AVRI who are not taking any HTN medications;
descriptions of this latter group are provided only for
context: regression analyses exclude people not taking
HTN medications.

Variables

We used insurance enrolment information to determine
patient age, gender, state of residence and insurance type
(commercial or MA).

HTN and comorbidities

We determined patient comorbidities using diagnoses
from claims for healthcare services received in the period
from 180 days before the index date up to and including
the index date. HTN was classified hierarchically as
uncomplicated or complicated (ie, a person with codes
for both uncomplicated and complicated HTN was classi-
fied as having complicated HTN). Other chronic diseases
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that could affect patient outcomes with AVRI were defined
using previously published lists of diagnosis codes for
chronic obstructive pulmonary disease, diabetes (hier-
archical: no diabetes, diabetes without complications,
diabetes with complications), asthma, cancer, coronary
artery disease, chronic kidney disease and chronic liver
disease.'® ' We required one inpatient or two outpatient
dates of service with a diagnosis from the comorbidity list
to assign a comorbidity to a patient.

HTN medications

We developed a comprehensive list of medications used
to treat HTN from a clinical reference guide to HTN
treatment,'® then identified those drugs in a comprehen-
sive table of National Drug Code codes used during the
study period. Pharmacy fill claims for these drugs were
retrieved for the 90 days leading up to the index date
and used to determine whether the patient was using an
ACEi, ARB, and/or other HTN medications, or no HTN
medication. People taking both an ACEi (or ARB) and
some other classes of medication (beta-blocker, diuretic
and so on) were classified as ACEi (or ARB) users. People
not using an ACEi or ARB were classified as other HTN
medication users. A small number of people had fills
for both an ACEi and an ARB during the 90 days before
their index dates. We excluded this group from further
analysis.

Outcomes

We specified five outcomes that represented more serious
cases of AVRI: hospital admission for one or more nights,
any time spentin the intensive care unit (ICU) or coronary
care unit (CCU) during an admission (defined as services
with an ICU or CCU revenue code on the inpatient claim),
any diagnosis of acute respiratory distress while in the
hospital (ICD-10 code: R06.03), any diagnosis of ARDS
while in the hospital (ICD-10 code: J80) and mortality.
To protect patient privacy, only the month and year of
death are available in the OLDW. We captured deaths in
the same or following calendar month in the mortality
outcome. For example, if an episode of AVRI ended on
5 January 2019, death in January 2019 or February 2019
was included in the mortality measure. Mortality was iden-
tified using a combination of data from the Death Master
File from the Social Security Administration, from claims
(ie, discharge status was ‘deceased’), and from insurance
enrolment records. A small number of people had incon-
sistent death information (N=410 (0.17%) in the AVRI
cohort and N=170 (0.16%) in the falsification cohort)
indicating death more than 1 calendar month before
surgery. These people were excluded from the mortality
analysis but included in other outcome analyses.

Analysis

We used logistic regression to calculate adjusted ORs for
each outcome across the medication groups (ACEi, ARB,
other HTN medications) while adjusting for observed
demographic and clinical characteristics (female sex,

age (categorical), insurance type (Medicare Advantage
vs commercial), census division, race/ethnicity, binary
variables for comorbidities (coronary artery disease,
congestive heart failure, chronic pulmonary disease,
renal failure, liver failure, metastatic cancer, lymphoma
and non-metastatic solid tumour), and hierarchical
comorbidity variables for HTN (uncomplicated HTN,
complicated HTN) and diabetes mellitus (DM) (no DM,
DM without complications, DM with complications). All
regressions were specified with Huber/White SEs, clus-
tered on patient ID, to adjust SEs for correlation due to
multiple illness episodes for some patients. Complete
regression results in supplemental materials include
episode count, number of unique patients, model pseu-
do-R* and the number of outcome events observed in the
analysis cohort.

To assess the similarity of the medication cohorts on
demographic and clinical characteristics, we calculated
unadjusted risk ratios (RRs) comparing the ACEi cohort
with the ARB cohort and comparing the combined ACEi
or ARB cohort with the other HTN medications cohort.
These RRs were calculated for each binary or categorical
variable value. For example, for the binary variable female
versus not female sex, we calculated the proportion of the
ACEi cohort members who were female (ACEi,) and the
proportion of the ARB cohort members who were female
(ARB,), then calculated the RR ACEi /ARB, along with its
CI and the p value for the hypothesis test that the RR=1.
For categorical variables, separate RRs were calculated for
each value (eg, proportion age 85+ years).

The descriptive analysis encompasses a large number of
comparisons. To limit the overall type I error across these
comparisons, we used the Holm method to estimate p
values corrected for multiple comparisons, with a family-
wise error rate of 0.05."" ** In the analysis of differences
in cohort demographic and clinical characteristics, the
family of comparisons is defined as the complete set of
comparisons by cohort (ACEi vs ARB on all characteris-
tics and ACEi or ARB vs other on all characteristics): a
total of 72 comparisons in the AVRI cohort and a total of
70 comparisons in the falsification cohort.

Falsification analysis

To better understand the potential causal implications
of our results, we decided a priori to conduct a falsifica-
tion analysis. A falsification hypothesis is a claim, distinct
from the one being tested, which is not causally related to
the intervention in question. Its testing uses more similar
statistical methods than the primary analysis.”' Falsifica-
tion analysis helps to support the validity of observational
studies. The idea behind a falsification test in this context
is to select a condition that would not be expected to be
causally affected by the treatment being studied, then
assess whether this alternative condition shows a treat-
ment effect. If no treatment effect is seen with the alter-
native condition, it supports, but does not prove, that
there may be a causal treatment effect for the primary
treatment studied. If the falsification analysis does show a
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treatment effect in the alternative condition, it may indi-
cate that the treatment effect for the main analysis is a
result of unmeasured confounding; a failed falsification
analysis may also indicate there is a treatment effect in
the falsification cohort. A successful falsification analysis
can strengthen the causal claims underlying observa-
tional studies by demonstrating that the treatment effect
is at least partially specific to the condition being studied
rather than solely a reflection of unmeasured differences
in underlying health.

The cohort selected for the falsification analysis was
elective knee and hip joint replacement surgeries with
discharge dates between 1 October 2015 and 2 October
2019. We tested whether people with HTN taking ACEis
or ARBs undergoing these procedures had fewer compli-
cations after surgery when compared with those taking
other antihypertensives. The outcomes included in the
falsification analysis were obtained from a Centers for
Medicare and Medicaid Services procedure-specific
complication measure for hospitals and included the
following complications: acute myocardial infarction or
sepsis within 7 days; surgical site complication, pulmo-
nary embolism or death within 30 days; and mechanical
complication or periprosthetic wound infection/compli-
cation within 90 days.*® The original specification includes
pneumonia as a complication, but because our primary
study includes pneumonia, we excluded that outcome
from the falsification analysis. We tested two outcomes: a
composite measure of one or more complications other
than death, and death in the same or following calendar
month. As with the main analysis, we limited the cohort
to people with at least 180 days of medical and pharmacy
coverage before the index date and to people who met
claims criteria for uncomplicated or complicated HTN.
This analysis followed patients for up to 90 days; we there-
fore excluded patients with less than 90 days of contin-
uous enrolment after surgery, unless the patient died
during that time.

Stata/MP V.16.0 was used for all analyses (StataCorp
College Station, Texas, USA, 2019). The lead author had
complete access to the database and conducted all anal-
yses. All authors had access to summary data and analysis
output.

RESULTS

During the 2018-2019 influenza season, 236 843 episodes
of AVRI contributed by 202629 unique individuals were
observed in the OLDW that met inclusion criteria for this
study (cohort flow diagram provided in online supple-
mental figure 1). Similar proportions were associated with
an ACEi (31.7%) or an ARB (31.2%) (table 1); somewhat
more episodes were associated with other HTN medica-
tions (37.1%). More than 80% of episodes were in people
with MA insurance (N=192829; 81.4%). More than half
of episodes were in female enrollees (N=139438; 58.9%)
and white enrollees (N=139024; 58.7%). People aged
75 years and over contributed 95327 episodes (40.3%).

All nine census divisions were represented, with the
largest number of episodes in the South Atlantic division
(N=93144; 39.3%).

There were differences in the demographic and clin-
ical characteristics of patients across the medication
groups (figures 1 and 2; underlying data in online supple-
mental table 2). The largest difference between the
other HTN group and the group taking ACEis or ARBs
was in the proportion with lymphoma: the ACEi or ARB
group had 40% fewer people with lymphoma than the
other HTN medications group (RR 0.60 (95% CI 0.56
to 0.65); adjusted p<0.001). People using ACEis or ARBs
were more likely to have commercial insurance (RR 1.43
(95% CI 1.30 to 1.46)), to have uncomplicated diabetes
(RR 1.43 (95% CI 1.40 to 1.46)), and to be of Hispanic
ethnicity (RR 1.41 (95% CI 1.38 to 1.45)), and less likely
to be aged 85 years or older (RR 0.65 (95% CI 0.63 to
0.66)), or to have metastatic cancer (RR 0.64 (95% CI
0.61 to 0.68)), renal failure (RR 0.64 (95% CI 0.63 to
0.65)), liver failure (RR 0.65 (95% CI 0.62 to 0.68)),
congestive heart failure (RR 0.65 (95% CI 0.64 to 0.66)),
complicated HTN (RR 0.72 (95% CI 0.70 to 0.73)), non-
metastatic solid tumour cancer (RR 0.73 (95% CI 0.71 to
0.75)), coronary artery disease (RR 0.79 (95% CI 0.78 to
0.80)), or chronic pulmonary disease (RR 0.80 (95% CI
0.79 to 0.80)) than those using other HTN medications,
all with adjusted p<0.001.

Generally, the ACEi and ARB cohorts were more similar
to each other than to the other HTN medications group,
except for two characteristics: people taking ACEis were
more likely to be under age 25 years (RR 2.49 (95% CI
1.69 to 3.66)), and less likely to be Asian (RR 0.50 (95%
CI 0.47 to 0.54)) than those taking ARBs, both with
adjusted p<0.001.

Unadjusted outcome rates for AVRI are presented in
table 2. Poor outcomes were somewhat more common
among those taking no HTN medications and those
taking HTN medications other than ACEis or ARBs
compared with those taking ACEis or ARBs. Inpatient
stays were common, with admission rates ranging from
11.6% among ARB users (N=8565 admissions) to 17.1%
among those taking other HTN medications (N=15042).
A relatively large proportion of the cohort died the same
or the following calendar month: 4.2% of the included
cohort (N=10015), including 2.9% (N=2128) of those
using ARBs, 3.5% (N=2591) of those using ACEis, 6.0%
(N=5296) of those using other HTN medications. In
comparison, among people with AVRI meeting the claims
definition for HTN but not using any HTN medications,
6.2% (N=2604) died the same or following calendar
month.

With demographic and clinical differences across the
HTN groups, unadjusted outcome rates are likely to be
confounded. We conducted logistic regression analyses
to estimate adjusted ORs for inpatient stay, ICU/CCU,
acute respiratory distress, ARDS and death (figures 3 and
4 present ORs after logistic regression for the medication
groups by outcome; complete regression result tables

4

Jeffery MM, et al. BMJ Open 2021;11:¢044010. doi:10.1136/bmjopen-2020-044010

“ybuAdoo Aq parosroid 1sanb Aq 120z ‘8z |1idy uo ywod fwg uadolwg//:dny wouy papeojumod "TZ0Z YdJe 2T Uo 0T0vY0-020z-uadolwag/osTT 0T St paysiignd 1say :uado NG


https://dx.doi.org/10.1136/bmjopen-2020-044010
https://dx.doi.org/10.1136/bmjopen-2020-044010
https://dx.doi.org/10.1136/bmjopen-2020-044010
https://dx.doi.org/10.1136/bmjopen-2020-044010
http://bmjopen.bmj.com/

Table 1 Cohort characteristics; values are numbers (percentages) except where specified

Included cohort
No HTN meds* Other HTN meds only ACEi ARB

Female 22109 (53.0) 53650 (61.1)
Insurance type

Total included cohort
40226 (53.5) 45562 (61.7) 139438 (58.9)

Medicare Advantage 32160 (77.1) 75013 (85.4) 58855 (78.3) 58961 (79.8) 192829 (81.4)

Commercial 9577 (22.9) 12840 (14.6) 16270 (21.7) 14904 (20.2) 44014 (18.6)
Census division
New England 1593 (3.8) 4088 (4.7) 3273 (4.4) 2832 (3.8) 10193 (4.3)
Mid-Atlantic 3599 (8.6) 8425 (9.6) 5818 (7.7) 6554 (8.9) 20797 (8.8)
South Atlantic 15031 (36.0) 34339 (39.1) 28071 (37.4) 30734 (41.6) 93144 (39.3)
East North Central 5195 (12.4) 12221 (13.9) 10338 (13.8) 8588 (11.6) 31147 (13.2)
East South Central 2983 (7.1) 7007 (8.0) 5926 (7.9) 5808 (7.9) 18741 (7.9)
West North Central 4659 (11.2) 5988 (6.8) 5387 (7.2) 3949 (5.3) 15324 (6.5)
West South Central 5678 (13.6) 10643 (12.1) 11049 (14.7) 10279 (13.9) 31971 (13.5)
Mountain 1717 (4.1) 2833 (3.2) 3260 (4.3) 2693 (3.6) 8786 (3.7)
Pacific 1241 (3.0) 2281 (2.6) 1978 (2.6) 2406 (3.3) 6665 (2.8)
Unknown/other 41 (0.1) 28 (<0.1) 25 (<0.1) 22 (<0.1) 75 (<0.1)
Age (categories)
<25 181 (0.4) 90 (0.1) 91 (0.1) 36 (<0.1) 217 (0.1)
25-44 2544 (6.1) 2773 (3.2) 2927 (3.9) 2037 (2.8) 7737 (3.3)
45-64 11027 (26.4) 18632 (21.2) 20862 (27.8) 17374 (23.5) 56868 (24.0)
65-74 12448 (29.8) 26614 (30.3) 24974 (33.2) 25106 (34.0) 76694 (32.4)
75-84 10051 (24.1) 24981 (28.4) 18717 (24.9) 20700 (28.0) 64398 (27.2)
85+ 5486 (13.1) 14763 (16.8) 7554 (10.1) 8612 (11.7) 30929 (13.1)
Race/ethnicity
White 25024 (60.0) 52682 (60.0) 45886 (61.1) 40456 (54.8) 139024 (58.7)
Black 6345 (15.2) 15364 (17.5) 11033 (14.7) 12412 (16.8) 38809 (16.4)
Hispanic 4230 (10.1) 7527 (8.6) 7804 (10.4) 10224 (13.8) 25555 (10.8)
Asian 938 (2.2) 1623 (1.8) 1079 (1.4) 2107 (2.9) 4809 (2.0)
Unknown/other 5200 (12.5) 10657 (12.1) 9323 (12.4) 8666 (11.7) 28646 (12.1)
Comorbidities
Uncomplicated HTN 36890 (88.4) 73533 (83.7) 67103 (89.3) 64461 (87.3) 205097 (86.6)
Complicated HTN 4847 (11.6) 14320 (16.3) 8022 (10.7) 9404 (12.7) 31746 (13.4)
No diabetes 28677 (68.7) 57843 (65.8) 44096 (58.7) 44300 (60.0) 146239 (61.7)
Diabetes without CC 5004 (12.0) 9565 (10.9) 12096 (16.1) 11134 (15.1) 32795 (13.8)
Diabetes with CC 8056 (19.3) 20445 (23.3) 18933 (25.2) 18431 (25.0) 57809 (24.4)
Coronary artery disease 9309 (22.3) 26541 (30.2) 18320 (24.4) 17166 (23.2) 62027 (26.2)
Congestive heart failure 6859 (16.4) 25564 (29.1) 14087 (18.8) 14083 (19.1) 53734 (22.7)
Chronic pulmonary disease 15398 (36.9) 35861 (40.8) 24016 (32.0) 24385 (33.0) 84262 (35.6)
Renal failure 6161 (14.8) 21252 (24.2) 10678 (14.2) 12302 (16.7) 44232 (18.7)
Liver failure 1846 (4.4) 3912 (4.5) 2312 (3.1) 1986 (2.7) 8210 (3.5)
Metastatic cancer 1492 (3.6) 2434 (2.8) 1438 (1.9) 1221 (1.7) 5093 (2.2)
Lymphoma 694 (1.7) 1360 (1.5) 678 (0.9) 717 (1.0) 2755 (1.2)
Non-metastatic solid tumour 3976 (9.5) 7654 (8.7) 4843 (6.4) 4607 (6.2) 17104 (7.2)
Episode length (days)
Mean (SD) 8.7 (17.4) 9.6 (18.3) 7.5 (15.6) 7.5 (15.7) 8.3 (16.7)
Continued
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Table 1 Continued

Included cohort

No HTN meds* Other HTN meds only ACEi ARB Total included cohort

Median (25th, 75th 1(1,8) 1(1,10) 11,7 1(1,7) 1(1,8)

percentiles)

Number of days of healthcare with HTN diagnosis, 180 days before index date

Mean (SD) 5.0(7.2) 6.0 (7.2) 5.0 (5.9 5.0 (5.6) 5.4 (6.4)

Median (25th, 75th 3(2,5) 4(2,7) 32,5 3(2,6) 3(2,6)

percentiles)

N (episodes) 41737 87853 75125 73865 236843

N (unique people) 38011 75815 66283 63941 202629

*This group is not included in analyses; characteristics are presented for context.
ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; CC, complicating condition; HTN, hypertension.

are available in online supplemental table 3). Odds of
mortality were lower in both the ACEi (OR 0.78 (95% CI
0.74 to 0.83)) and ARB (OR 0.64 (95% CI 0.61 to 0.68))
cohorts compared with other HTN medications. On all
other outcomes, people taking ARBs had a >10% reduc-
tion in odds of inpatient stays (OR 0.82 (95% CI 0.79
to 0.84)), ICU/CCU (OR 0.82 (95% CI 0.79 to 0.86)),
acute respiratory distress (OR 0.78 (95% CI 0.70 to 0.87))
and ARDS (OR 0.70 (95% CI 0.58 to 0.85)) compared
with other HTN medications. For outcomes other than
mortality, people taking ACEis had similar odds as people

taking other HTN medications (ORs all between 0.93 and
0.96).

Falsification analyses result

We assessed complications and deaths in a cohort of
people receiving hip or knee replacement surgery,
comparing outcomes across the HTN medication groups
as a falsification analysis for the main cohort of people
with AVRI. The study sample included 103 353 surgeries
(93714 unique people). A cohort flow diagram (Figure B)
and table of cohort demographics (Table D) are provided

ACEi or ARB vs Other HTN meds unadjusted characteristics (AVRI cohort)

More likely in other HTN meds cohort

Female vs male
Commercial vs MA
New England

Mid Atlantic

South Atlantic

East North Central
East South Central
West North Central
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Mountain

Pacific

More likely in ACEi/ARB cohort
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|
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Unknown/other

Uncomplicated HTN

Complicated HTN

No diabetes

DM without complications

DM with complications

Coronary artery disease

Congestive heart failure ©-

Chronic lung disease

Renal failure -©-

Liver failure

Metastatic cancer

Lymphoma

Solid tumor, no mets

Figure 1

(o}
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Comparisons of cohort characteristics. Rate ratios comparing baseline characteristics of people taking ACEis or

ARBs with people taking other HTN medications; the comparison for age 25-44 years is not statistically significant after multiple
comparison adjustment (unadjusted p=0.02; adjusted p=0.24). ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; DM,

diabetes mellitus; HTN, hypertension; MA, Medicare Advantage.
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ACEi vs. ARB unadjusted characteristics (AVRI cohort)
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Figure 2 Comparisons of cohort characteristics. Rate ratios comparing baseline characteristics of people taking ACEis with
people taking ARBs. ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; DM, diabetes mellitus; HTN, hypertension; MA,

Medicare Advantage.

in the supplement. Comparisons of medication cohort
demographic and clinical characteristics similar to those
in figures 1 and 2 are provided in online supplemental
figure 2 and online supplemental table 5. Demographic
comparisons between the groups were broadly similar to
those in the AVRI cohort, for example, people in the ARB
group were much more likely to be Asian than people in
the ACEi group. Complications were rare in the falsifica-
tion analysis cohort (table 3).

Figure 4 presents adjusted ORs after logistic regression
for two outcomes: the composite outcome measuring
whether a patient had one or more of a list of compli-
cations, and the mortality outcome measuring whether
a person died in the same or the following calendar
month of their surgery. Complete regression results are
available in online supplemental table 4. Both the ACEi
and ARB cohorts had statistically significantly lower odds
of the composite outcome of non-death complications

Table 2 Unadjusted outcome rates for acute viral respiratory illness (AVRI) cohort by HTN medication group; values are

numbers of episodes (percentages)

Included cohort

No HTN Other HTN Total included
Outcome meds* meds only  ACEi ARB cohort
Inpatient stay for AVRI 6868 (16.5) 15042 (17.1) 9730 (13.0) 8565 (11.6) 33337 (14.1)
ICU or CCU in inpatient stay for AVRI 3176 (7.6) 7390 (8.4) 4686 (6.2) 4087 (5.5) 16163 (6.8)
Acute respiratory distress in inpatient stay for AVRI 401 (1.0) 1053 (1.2) 635 (0.8) 530 (0.7) 2218 (0.9)
Acute respiratory distress syndrome in inpatient stay 158 (0.4) 349 (0.4) 222 (0.3) 161 (0.2) 732 (0.3)
for AVRI
Died same or next calendar month 2604 (6.2) 5296 (6.0) 2591 (3.5) 2128(2.9) 10015(4.2)
N 41737 87853 75125 73865 236843
N with consistent mortality informationt 41682 87689 75009 73735 236433

*This group is not included in analyses; characteristics are presented for context.
tDenominator for death outcome excludes 410 people with inconsistent mortality information (date of death more than 1 calendar month

before AVRI episode ends).

ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; CCU, coronary care unit; HTN, hypertension; ICU, intensive care unit.
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AVRI cohort: adjusted odds ratios
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O ACE inhibitors ARBs
Figure 3 Adjusted ORs for five outcomes in AVRI cohort; ORs compare odds of outcome in ACEi cohort with those in the
other HTN medication cohort. Each logistic regression included the following covariates: gender, age (categorical), insurance
type (Medicare Advantage vs commercial), census division, race/ethnicity, diabetes (none, without complications, with
complications), HTN (without complications, with complications), CAD, CHF, chronic pulmonary disease, renal failure, liver
failure, metastatic cancer, lymphoma and non-metastatic solid tumour. ACEi, ACE inhibitor; ARB, angiotensin receptor blocker;
ARD, acute respiratory distress; ARDS, acute respiratory distress syndrome; AVRI, acute viral respiratory illness; CAD, coronary
artery disease; CCU, coronary care unit; CHF, congestive heart failure; HTN, hypertension; ICU, intensive care unit.

compared with the other HTN medications cohort (ACEi:
OR 0.89 (95% CI 0.80 to 0.98); ARB: OR 0.82 (95% CI
0.74 to 0.91)). The ARB cohort but not the ACEi cohort
had statistically significantly lower odds of death in the
same or following calendar month as the surgery (ARB:
OR 0.64 (95% CI 0.47 to 0.87); ACEi: OR 0.79 (95% CI
0.60 to 1.05)) compared with the other HTN medications

group.

DISCUSSION

In this observational study, we found that patients with
an AVRI who were taking ACEis or ARBs for manage-
ment of their HTN had a lower risk of death in the same
or following calendar month as their episode of illness
compared with patients on other antihypertensive medi-
cations like beta-blockers, diuretics or calcium channel
blockers. People taking ARBs also had a statistically signif-
icant reduced risk of hospitalisation, ICU or CCU stays,
acute respiratory distress and ARDS during that episode
of illness. The ACEi group had similar outcomes to the
other HTN medications group on all outcomes other
than death, with OR point estimates close to 1.

In the falsification cohort, point estimates for ORs for
both mortality and the composite complication outcome
were lower in the ARB than the ACEi cohort, but the
outcomes were rare and ORs were not statistically distin-
guishable from each other in either outcome.

Broadly speaking, the falsification test fails: the risk of
poor outcomes after knee or hip replacement was lower
in the ACEi and ARB cohorts than the cohort taking
other HTN medications. Furthermore, in the mortality
outcome measured in both the AVRI and falsification
cohorts, the OR point estimates were nearly identical
across the two analyses: the ACEi OR was 0.78 in the AVRI
cohort and 0.79 in the falsification cohort; the ARB OR
was 0.64 in both cohorts.

The case of postsurgical complications after hip or
knee replacement was intended to provide an example
of a medical condition unlikely to be affected by the
hypothesised mechanism for ACEis and ARBs in AVRI.
The failure of the falsification test may suggest that there
are unmeasured differences in the cohorts that favour the
ACEi and ARB groups or that there may also be a protec-
tive effect of these two drug classes in hip and knee surgery
relative to other HTN medications. It is possible that the
RAAS is stimulated by elective surgery and perhaps the
same mechanistic protective effects could apply to those
conditions, or any protective effect may not be related to
the RAAS but other properties of these medicines like
their antifibrotic activity, wound healing and local inflam-
mation properties. This study cannot distinguish between
the possibility of a true protective effect in the surgery
cohort versus uncontrolled confounding to explain the
results of the falsification analysis.
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Falsification cohort: adjusted odds ratios

More likely in other HTN meds cohort

Any complication

More likely in ACEVARB cohort

Death

.45 5 .55 6 65

(0]

75 8 .85 8 85 105 11 115 12 125 1.3

adjusted odds ratios (log scale)

O ACE inhibitors ARBs
Figure 4 Adjusted ORs for two outcomes in falsification (hip/knee replacements) cohort; ORs compare odds of outcome in
ACEi cohort with those in the other HTN medication cohort. Each logistic regression included the following covariates: gender,
age (categorical), insurance type (Medicare Advantage vs commercial), census division, race/ethnicity, diabetes (none, without
complications, with complications), HTN (without complications, with complications), CAD, CHF, chronic pulmonary disease,
renal failure, liver failure, metastatic cancer, lymphoma and non-metastatic solid tumour. ACEi, ACE inhibitor; ARB, angiotensin
receptor blocker; CAD, coronary artery disease; CHF, congestive heart failure; HTN, hypertension.

In both the AVRI and the falsification cohorts,
we found that patients taking ACEis or ARBs were
somewhat younger, more likely to have commercial
insurance and less likely to have some serious comor-
bidities including metastatic cancer, non-metastatic
solid tumours, liver failure, renal failure, coronary
artery disease or congestive heart failure than those
using other HTN medications. These underlying
health differences and others we were not able to
measure may in part explain the beneficial effects
associated with ACEis and ARBs in this and other

observational studies of outcomes in respiratory
illnesses, including COVID-19. For example, in a
study of VA inpatients with pneumonia or influenza,
Mortensen et al*® found that statins, ACEis and ARBs
were associated with decreased mortality and length
of stay compared with a propensity score-matched
cohort not taking those medications. Shah et al**
assessed risk of hospitalisation for pneumonia in the
first 90 days of various HTN medications. Compared
with calcium channel blockers, both ACEis and ARBs
were associated with reduced risk of the outcome.

Table 3 Unadjusted outcome rates for falsification (elective knee or hip replacement) cohort by HTN medication group; values

are numbers of episodes (percentages)

Included cohort

Outcome No HTN meds* Other HTN meds only ACEi ARB Total included cohort
Any complicationt 407 (2.1) 851 (2.7) 892 (2.3) 696 (2.1) 2439 (2.4)

Died same or next calendar month 38 (0.2) 113 (0.4) 91 (0.2) 67 (0.2) 271 (0.3)

N 19087 31659 39026 32668 103353

N with consistent mortality 19059 31603 38964 32616 103183

informationt

*This group is not included in analyses; characteristics are presented for context.

TAcute myocardial infarction or sepsis within 7 days of surgery; surgical site complication or pulmonary embolism within 30 days; and/or
mechanical complication or periprosthetic wound infection/complication within 90 days.

FDenominator for death outcome excludes 170 people with inconsistent mortality information (date of death more than 1 calendar month

before surgery).

ACEi, ACE inhibitor; ARB, angiotensin receptor blocker; HTN, hypertension.
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Beta-blockers and thiazide diuretics were not associ-
ated with a reduced risk of pneumonia hospitalisation.
A recent study including 1128 patients with HTN and
COVID-19, including 188 taking ACEi/ARB, found
that among hospitalised patients, inpatient use of
ACEi/ARB was associated with lower risk of all-cause
mortality compared with ACEi/ARB non-users.”” An
observational study from China including 476 patients
with COVID-19 found more patients taking ACEi/ARB
in the moderate disease severity group compared with
severe and critical groups; however, the total number
of patients on ACEi or ARB was very small (n=33 of the
113 who had HTN).*® Another observational study with
417 patients with COVID-19 including 17 on ACEi/
ARBs concluded using ACEis or ARBs potentially
contributed to the improvement of clinical outcomes
of patients with COVID-19 with HTN.?” Serum angio-
tensin II levels were significantly higher in COVID-19-
infected patients and had an association with viral load
and lung damage in one study.”® This can increase
pulmonary vasoconstriction and lead to ventilation/
perfusion mismatch, increased vascular permeability,
inflammation and oxidation, and ultimately the devel-
opment of ARDS.' * However, it is important to note
that none of these studies used methods to assess the
causal implications of differences in outcomes. The
Mortensen study used propensity score matching to
create a cohort balanced on observed characteristics,
but propensity score methods, like regression methods,
are not able to control for unmeasured confounders.”
Our results suggest that unmeasured differences
between medication cohorts may contribute to iden-
tified associations between ACEis and ARBs and
improved outcomes with acute illness or surgery.

Limitations

This study is limited to prescription fills submitted for
insurance payment and to a population of commercial
and MA beneficiaries. We do not include the uninsured,
or people with Medicaid or fee-for-service Medicare. This
study looks at the long-term effect of these medications in
patients taking ACEis/ARBs prior to getting sick; we are
not able to use claims data to test ACEi/ARB as an inter-
ventional treatment for people who have not received
them before. Prospective trials are necessary to establish
whether starting ACEis/ARBs has therapeutic benefit for
AVRI.

We have controlled for measured confounders but
cannoteliminate all potential confounders, and regression
cannot completely control for measured confounders. In
particular, we do not assess blood pressure control and
are unable to determine whether any of the medication
cohorts have better control, which could in turn system-
atically affect mortality. Finally, our mortality data are
limited in detail (month of death only) and rely in part
on data from the Social Security Death Master File, which
is an incomplete record of all US deaths.” However, these
data have been supplemented with mortality information

from hospital discharge information and insurance enrol-
ment records.

CONCLUSION

Chronic outpatient use of ARBs was associated with
better outcomes with AVRI compared with other
medications for HTN. Chronic use of ACEis was asso-
ciated with reduced risk of death with AVRI, but with
minimal or no reduction in risk of other complica-
tions. A falsification analysis conducted to provide
context on the possible causal implications of these
findings failed—ACEis and ARBs were associated with
reductions in the odds of complications and death
compared with the other HTN medications group.
Future work using observational data to assess causal
relationships between these drugs and outcomes in
AVRI must consider alternative approaches to assess
the importance of confounding in these relationships.
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