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a  b  s  t  r  a  c  t

Background:  The  uncertainty  about  COVID-19  outcomes  in  angiotensin-converting  enzyme  inhibitors
(ACEI)/angiotensin  receptor  blockers  (ARB)  users  continues  with  contradictory  findings.  This  study  aimed
to determine  the effect  of  ACEI/ARB  use  in patients  with  severe  COVID-19.
Methods:  This  retrospective  cohort  study  was  done  in  two  Saudi  public  specialty  hospitals  designated  as
COVID-19  referral  facilities.  We  included  354  patients  with  a  confirmed  diagnosis  of  COVID-19  between
April  and  June  2020,  of which  146  were  ACEI/ARB  users  and  208  were  non-ACEI/ARB  users.  Controlling
for  confounders,  we conducted  multivariate  logistic  regression  and  sensitivity  analyses  using  propensity
score  matching  (PSM)  and  Inverse  propensity  score  weighting  (IPSW)  for  high-risk  patient  subsets.
Results:  Compared  to non-ACEI/ARB  users,  ACEI/ARB  users  had  an  eight-fold  higher  risk  of  developing
critical  or  severe  COVID-19  (OR  =  8.25,  95%CI  =  3.32–20.53);  a nearly  7-fold  higher  risk  of  intensive
care  unit  (ICU) admission  (OR  =  6.76,  95%CI  = 2.88–15.89)  and  a nearly  5-fold  higher  risk  of requiring
noninvasive  ventilation  (OR  = 4.77,95%CI  =  2.15–10.55).  Patients  with  diabetes,  hypertension,  and/or
renal  disease  had  a  five-fold  higher  risk  of  severe  COVID-19  disease  (OR  = 5.40,95%CI  =  2.0−14.54].  These

results  were  confirmed  in the  PSM and  IPSW  analyses.

Conclusion:  In general,  but esp
ACEI/ARB  use  is associated  wit
care.

© 2021  The  Author(s).  Pub
Health  Sciences.  This  is  an  ope

Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin recep
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CoV-2, severe acute respiratory syndrome coronavirus; MOH, Ministry of Health; NIV, no
chain  reaction (RT-PCR); LOVD, Leiden open variation database.

∗ Corresponding author.
E-mail address: sasdag@mcst.edu.sa (S.M.B. Asdaq).

https://doi.org/10.1016/j.jiph.2021.03.004
1876-0341/© 2021 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Ab
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ecially  among  patients  with  hypertension,  diabetes,  and/or  renal  disease,
h  a significantly  higher  risk  of  severe  or critical  COVID-19  disease,  and  ICU

lished  by  Elsevier  Ltd on  behalf  of  King  Saud  Bin  Abdulaziz  University  for
n  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

tor blockers; RAAS, renin-angiotensin-aldosterone system; COVID-19, Coronavirus
; ICU, intensive care unit; OR, odds ratio; WHO, World Health Organization; SARS-
n-invasive ventilation; MV,  mechanical ventilation; RT-PCR, real-time polymerase

dulaziz University for Health Sciences. This is an open access article under the CC

https://doi.org/10.1016/j.jiph.2021.03.004
http://www.sciencedirect.com/science/journal/aip/18760341
http://www.elsevier.com/locate/jiph
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiph.2021.03.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sasdag@mcst.edu.sa
https://doi.org/10.1016/j.jiph.2021.03.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


M

S

c
1
5
B
m
r
w
a

P

f
u
I
f
6
a
h
n
u
m
i
c
h

D

(
P
p
(
a
h
s
s
f
n
(

C

W
r
t
s
a
d
d
r
a
2
l
a

A.A. Alrashed et al. 

Introduction

Coronavirus disease 2019 (COVID-19) is a pandemic disease
caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) [1]. It emerged in Wuhan, the largest city in Hubei Province,
China, and rapidly spread to become a worldwide pandemic [2].
The World Health Organization (WHO) reported as of 31 August
2020 more than 25 million confirmed cases of COVID-19 and
more than 800,000 death cases globally [3]. The virus is transmit-
ted through respiratory droplets or aerosols and direct contact.
The disease is characterized by a wide range of symptoms, and
patients may  experience mild, severe, or critical illness [4]. The
overall mortality rate in various countries ranges from 2% to 13%
[5].

Risk factors associated with the clinical severity of COVID-19
include age (especially >75 years old), obesity, selected medi-
cations, and comorbidities such as hypertension, diabetes, and
cardiovascular disease [6–10]. Noteworthy is the frequent presence
of angiotensin-converting enzyme inhibitors (ACEI) or angiotensin
II type-I receptor blockers (ARB) in these patients’ pharmacolog-
ical treatment. It has been hypothesized that exposing patients
to ACEI/ARB may  increase the expression of ACE2 by a negative
feedback mechanism, thus facilitating the binding process of coro-
navirus to epithelial cells of the kidney, intestine, lung, and blood
vessels [11] and increasing the risk of developing severe and fatal
COVID-19 disease [12–14]. Clinical research evidence to date has
been equivocal, especially in terms of identifying differentiating
factors that may  mediate the ACEI/ARB and COVID-19 severity rela-
tionship [15–17].

In the case of Saudi Arabia, we have a young developing country
with a median age of 30.8 years burdened with comorbid dis-
eases [18]. Saudi Arabia’s healthcare system is mainly funded by
the public sector through the Ministry of Health (MOH) which
serves 23 million people. Though at different levels, critical care
services are provided in primary, secondary, and tertiary/specialty
hospitals; with complex cases being referred to tertiary/specialty
hospitals that are well equipped with specialized intensive care
units (ICU) and highly trained intensivists [19]. Regarding comor-
bid disease in the Saudi general population and despite extensive
healthcare resources, the WHO  ranks Saudi Arabia 7th in the world
in terms of rates of diabetes with an estimated 7 million people
affected, followed by hypertension (26.1%), and rapidly emerging
because of its association with both conditions, chronic kidney dis-
ease (6%) [20–22]. Studies link the development of these diseases to
ACE insertion/deletion (I/D) polymorphism in certain populations
including Saudis [23–26].

The uncertainty about COVID-19 outcomes in ACE/ARB users
may  be a function of how patients with diabetes, hypertension,
and/or chronic renal disease are clinically compromised and there-
fore more susceptible to severe COVID-19 disease. A systematic
review concluded that patients with diabetes, hypertension, and
chronic renal disease had an increased mortality risk in the setting
of Middle Eastern respiratory syndrome (MERS) coronavirus infec-
tion (a coronavirus closely related to SARS-CoV-2 that originated
in Saudi Arabia in 2012) [27]. We  report here on a retrospective
real-world clinical study in two public tertiary/specialty hospi-
tals to which severe COVID-19 cases were referred to assess the
association of ACEI/ARB and clinical severity of COVID-19. The
severity of COVID-19 disease in ACE/ARB users was  based on
the following variables: ICU admission, non-invasive and invasive
mechanical ventilation, in-hospital mortality, and hospital length
of stay. In addition to outcomes observed in the overall popula-

tion of referred patients, we also evaluated severity outcomes for
high-risk patients with diabetes, hypertension, and/or renal dis-
ease.
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ethods

tudy design and study setting

This retrospective study was conducted in the tertiary spe-
ialty referral hospitals known as King Fahad Medical City (KFMC;
200 beds) and Prince Mohammed Bin Abdulaziz hospital (PMAH;
00 beds), both in Riyadh, Saudi Arabia. The Institutional Review
oards at KFMC and PMAH (IRB 20-200) approved the study. All
ethods were performed following the relevant guidelines and

egulations. Institutional review boards of both KFMC and PMAH
aived informed consent since it was an exempt study conducting

 retrospective analysis.

articipant selection

Lists of discharged or dead COVID-19 patients were obtained
rom the health informatics officer and categorized into ACEI/ARB
sers and ACEI/ARB non-users based on their medication history.

nclusion criteria were age >18 years admitted at KFMC or PMAH
rom April to June 2020; being treated with ACE/ARB inhibitors

 months before and continued during hospital admission and
fter discharge for any indications such as hypertension, stroke,
eart failure, myocardial infarction, diabetes mellitus, chronic kid-
ey disease or nephrotic syndrome (criteria only for ACEI/ARB
sers); and SARS-CoV-2 infection confirmed by real-time poly-
erase chain reaction (RT-PCR) from nasopharyngeal swab for

nclusion. Patients were excluded if pregnant, incomplete medi-
al records due to patients being transferred recently from other
ospitals or unknown medications history.

ata collection

Data were extracted manually from electronic health records
Cortex system and HIM system in KFMC, and Cerner Systems in
MAH) by a trained team and included demographic and anthro-
ometric variables such as age, height, weight, body mass index
BMI), class of obesity; a medical history of hypertension, diabetes,
sthma, cardiovascular disease (including coronary artery disease,
eart failure), renal disease (chronic kidney disease or nephrotic
yndrome); COVID-19 treatment regimen; use of ACE/ARB; the
pectrum of illness severity; the need for ICU admission; the need
or non-invasive ventilation (NIV) (e.g., face mask, nasal cannula,
asal mask, or helmet); need for invasive mechanical ventilation
MV); in hospital-death; and length of hospitalization.

OVID-19 Spectrum of severity definitions

We defined the spectrum of disease severity according to the
HO [28]. The mild illness was  defined as uncomplicated upper

espiratory tract viral infection and may have non-specific symp-
oms such as fever, fatigue, cough, anorexia, malaise, muscle pain,
ore throat, dyspnea, nasal congestion, or headache. The moder-
te illness was the development of non-severe pneumonia that
oes not require supplemental oxygen. Severe pneumonia was
efined as fever plus symptoms ≥1 of the following: respiratory
ate ≥30/min, dyspnea, respiratory distress, SpO2 ≤ 93% on room
ir, PaO2/FiO2 ratio <300 or lung infiltrate >50% of lung field within
4−48 h. Critical illness manifested by symptoms ≥1 of the fol-

owing: acute respiratory distress syndrome (ARDS), septic shock,
ltered consciousness, or multi-organ failure.
tudy outcomes

The primary outcome was COVID-19 severity classified as mild,
oderate, severe, or critical according to the WHO  classification in
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ACEI/ARB users as compared to non-ACEI/ARB users. Secondarily,
we evaluated the need for ICU admission, NIV and MV,  in-hospital
death, and length of hospital stay in patients on ACEI/ARB as com-
pared to non-ACEI/ARB users. We  also assessed COVID-19 severity
(severe or critical) in patients with (1) one of the three comorbidi-
ties of interest (diabetes, hypertension, or renal disease); (2) both
diabetes and hypertension; (3) diabetes only; and (4) hypertension
only.

Statistical analysis

Using R Core Team (2020) software (R Foundation for Statis-
tical Computing, Version 4.0.1, Vienna, Austria), continuous data
were expressed as mean with standard deviation (±SD) or median
with interquartile range (IQR). If the normality assumption was
met  using a normal Q Q plot and the Shapiro–Wilk test, we used
the Student’s t-test for group comparisons; if not met, we used
the Mann-Whitney. Categorical data were reported as frequencies
and percentages and analyzed either using the Chi-square test for
nxm tables or Fisher’s exact test for 2 × 2 tables group compar-
isons. To obtain odds ratios, we performed a multivariable logistic
regression model adjusting for the confounders (either P < 0.3 in a
univariable logistic regression model or clinically important con-
founders) of age, sex, BMI, diabetes, hypertension, renal disease,
number of comorbidities (diabetes, hypertension, cardiovascular
disease [heart failure/coronary artery disease], stroke, renal dis-
ease, asthma, and obesity) and COVID-19 treatment regimen. All
statistical inferences were drawn with 95% confidence intervals
with P < 0.05. Bonferroni adjustments were applied to control for
multiplicity [29].

Sensitivity analyses

Propensity score-matched analysis
The propensity score-matched (PSM) procedure was  imple-

mented to the dataset. Using the MatchIt package in R [30], the
treatment assignment was modeled with a multivariable logistic
regression with the following specifications: nearest neighbor 1:3
with replacement and a caliper of 0.1. Multiple models were fit-
ted and compared using the “cobalt” package to plot propensity
score distributional mirror diagrams and standardized mean dif-
ference (SMD) before and after matching. The SMD  check for data
balance is an indicated statistical procedure to judge the quality of
matched data rather than the means or standard deviations of the
matched subjects [31]. In our case, we considered values of SMD
< 0.1 to be indicative of adequate balance and fruitful matching.
We carefully examined models in which we evaluated different
interaction terms. The final model was then selected based on the
above criterion. The following covariates were included in the final
model: age, BMI, diabetes, hypertension, renal disease, and sev-
eral comorbidities. We  illustrated the propensity score distribution
(prior matching was also evaluated using mirror diagram and the
love plot for SMD  distribution) (see Supplementary Figs. S1 and S2).

Inverse propensity score weighting (IPSW)
In addition to PSM, we  considered a secondary sensitivity analy-

sis for high-risk patients (diabetes, hypertension, or renal disease).
We limited the analysis to the severity outcome to avoid a multi-
plicity problem. In this technique, we used “Weightit” and “ipw”
packages in R to calculate inverse propensity weights [32,33]. The
following covariates were considered in the IPSW analysis: age,
gender, diabetes, hypertension, renal disease, cardiovascular dis-

ease, body mass index, and asthma, and several comorbidities. For
specifics, see Fig. S3 on covariates selected and balance distribu-
tion. Again, various models were fitted and toughly tested before
selecting the best model for each data subsets. Following the rec-
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mmendation from Desai et al. [34], the estimand was  the average
reatment effect. Stabilized weights were utilized in our analysis
nd then we examined weights with plots and summary statistics
o prevent variance inflation from extreme weights. Love plots for
MD  distribution presented in supplementary. Lastly, we fitted a
tructural causal model using “Survey” package to obtain robust
ariance estimation (sandwich type).

esults

eneral description

From April to June 2020, a total of 532 confirmed cases of COVID-
9 disease were admitted to the KFMC and PMAH hospitals. Of
hese, 178 patients were excluded from analysis as they did not

eet eligibility criteria. A total of 146 patients on ACEI/ARB and 208
ere non-ACEI/ARB users included in multivariable logistic regres-

ion analysis. Propensity score matching yielded 145 ACEI/ARB
sers and 63 patients’ non-ACEI/ARB users (Fig. 1).

The mean (±SD) age of the ACEI/ARB group was 56.3 (11.9),
MI  was  28.8 kg/m2 (6.3) and 78.1% were men, compared with
0.2 years (11.5), BMI  of 27.4 kg/m2 (7.4) and 81.7% were men  in
on-ACEI/ARB group (Table 1). Rates of diabetes of 41.6%, hyperten-
ion of 34.5%, and renal disease of 7.3% were observed in the total
ample. The propensity score matching controlling for the selected
ovariates was  done and presented in supplementary table (Table
1). Supplementary Fig. S1 for propensity scores distribution and
ig. S2 (love plot) shows the balance of covariates. Covariate balance
or IPSW/PSM analysis presented in supplementary (Fig. S3). In the
SM analyses, the balance of these covariates variation was checked
sing standardized mean difference (SMD) and found to be accept-
ble. Using SMD, we judged the quality of age balance between the
wo groups and found it to be acceptable (−0.083) in the PSM anal-
sis. In addition to this, SMD  for diabetes and hypertension were
.124 and 0.066, respectively.

amples

From crude counts and percentages (Table 2), the two multivari-
ble logistic regression models estimated the adjusted odds ratios
or the unmatched and matched data for the entire sample. Com-
ared to non-ACEI/ARB users, patients treated with ACEI/ARB were
t significantly higher risk of developing severe/critical COVID-19
ompared to non-users (OR = 8.25, 95%CI = 3.32–20.53, P < 0.001);
eing admitted to the ICU (OR = 6.76, 95%CI = 2.88–15.89, P <
.001); and requiring noninvasive ventilation (OR = 4.77, 95%CI =
.15–10.55, P < 0.001); but at statistically equal risk of requiring
echanical ventilation or in-hospital death. The results remained

ignificant after adjusting for multiplicity and were confirmed in
he PSM sensitivity analysis. Cases classified as a mild-moderate
ategory were higher among non-ACEI/ARB users (P < 0.001; Sup-
lementary Table S2). All other comparisons between ACEI/ARB
sers and non-users on the outcomes of interest were statistically
on-significant. Of note, age was  independently associated with
n increased need for non-invasive ventilation in the multivariable
ogistic regression (OR = 1.03, 95%CI = 1.00−1.06, P = 0.036].

iabetes, hypertension or renal disease

Patients with diabetes, hypertension, or renal disease on
CEI/ARB therapy were found to have significantly higher COVID-
9 severity as compared to non-ACEI/ARB users (72.2% vs 27.8%)

ith OR 5.34[95% CI = 1.87–15.30] (Table 3). Patients with diabetes

nd hypertension, diabetes alone, or hypertension on ACEI/ARB had
 higher severity when compared to non-ACEI/ARB users (Table 3.
fter adjusting for multiplicity, results remained significant except
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Fig. 1. Study flow diagram. Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blockers; COVID-19, coronavirus disease 2019.

Table 1
Patients’ baseline characteristics.

Baseline ACEI/ARB (intervention) n = 146 Non-ACEI/ARB (control) n = 208 Total n = 354 P value

Age, mean (±SD) 56.36 (11.9) 40.29 (11.6) 46.9(14.11) <0.001
Male,  n (%) 114 (78.1) 170 (81.7) 284 (80.2) 0.396
BMI,  mean (±SD) 28.8 (6.3) 27.4 (7.4) 28(6.9) 0.059
Obesity, n (%) 41 (28.1) 40 (19.2) 81 (22.9) 0.051
Hypertension, n (%) 123 (84.2) 22 (10.6) 145 (41.0) <0.001
Diabetes, n (%) 98 (67.1) 42 (20.2) 140 (39.5) <0.001
Cardiovascular disease (HF,CAD), n (%) 42 (28.8) 5 (2.4) 47 (13.3) <0.001
Stroke, n (%) 3 (2.1%) 1 (0.5) 4 (1.1) 0.168
Renal  disease, n (%) 17 (11.6) 9 (4.3) 26 (7.3) 0.009
Asthma, n (%) 24 (11.5) 15 (10.3) 39 (11.01) 0.708
Current use of NSAIDs, n (%) 24 (16.4) 27 (13.0) 51 (14.4) 0.362
Number of comorbiditiesa, Median (IQR) 3.322 (1.050) 2 (0-2) 1.688 (0.990) 0 (0−1) 2.362 (1.295) 1 (0-2) <0.001
COVID-19 regimen
Supportive Care 105 (71.4) 159 (76.4) 264 (74.6) 0.402
Lopinavir/ritonavir 2 (1.4) 0(0) 2 (0.6) 0.00
Favipravir 2 (1.4) 0(0) 2 (0.6) 0.00
Hydroxychloroquine + Azithromycin 29 (19.9) 39(18.8) 68 (19.2) 0.357
Hydroxychoroquine 8 (5.5) 10(4.8) 18 (5.1) 0.332

zyme
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IQR: interquartile range. SD: standard deviations. ACEI: angiotensin-converting-en
2019.  HF: heart failure. CAD: coronary artery disease.

a Comorbidities include diabetes, hypertension, cardiovascular disease (heart fail

for the presence of diabetes alone. The PSM sensitivity analyses
confirmed these results except for the presence of hypertension
and diabetes together. IPSW agrees with the PSM results in which
we found significant severity outcome in the following subset of
patients: the presence of diabetes, hypertension or renal disease
(OR 1.44[95% CI = 1.18–1.76]), diabetes alone (OR 1.33[95% CI =
1.04–1.71]) and hypertension alone (OR 1.47[1.13–1.91]). IPSW
results shown in Table 4.

Discussion

Our findings suggested that ACEI/ARB use can adversely affect
the severity of COVID-19 illness as evident by the need for ICU
admission, and non-invasive ventilation (suggesting more oxygen
demand) in ACEI/ARB users. However, similar to the majority of
reported studies, there was no association found in the increased

need for mechanical ventilation and in-hospital death [15,35,36].
Whether this is a general trend among ACEI/ARB users with COVID-
19 or limited to some high-risk substrata is unclear and here our
findings may  prove relevant.
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 inhibitors. ARBs: angiotensin II receptor blockers. COVID-19: coronavirus disease

ronary artery disease), stroke, renal disease, asthma, and obesity.

Many of the patients in our study had comorbid hyper-
ension, diabetes, and renal disease and therefore were being
reated with ACEI/ARB agents. It is in these high-risk patients
hat we observed proportionately more of the severe COVID-
9-associated outcomes, which is physiologically plausible. The
enin-angiotensin-aldosterone system (RAAS) is reported to play a
ajor role in the pathogenesis of type 2 diabetes and hypertension

37]. Over 30 different variants of the ACE2 gene reported in the Lei-
en open variation database (LOVD) [38]. Several studies showed

 potential link between certain ACE2 variants and the develop-
ent of cardiovascular diseases such as hypertension [39,40], while

ther reports find the evidence is inconclusive [41–43]. The high
ates of comorbidities in our population may  be linked to the exis-
ence of ACE2 polymorphism. In particular, the association between
CE insertion/deletion (I/D) polymorphism and the development
f type 2 diabetes and hypertension was  reported by Alsaikhan

t al. in 2017 in Saudi Arabian population [23]. Moreover, studies
n Malaysian, Taiwanese, Iranian, and Turkish populations reported
imilar findings [24–26,42]. The evidence that ACEI/ARB use in
OVID-19 patients is associated with more severe COVID-19 dis-
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ase is growing but still insufficient to be conclusive yet biologically
lausible. One hypothesis is that SARS-CoV-2 uses ACE2 receptors
or cellular entry and that, therefore, ACEI/ARB use can block the
eceptor and thus prevent viral attachment, entry, and multiplica-
ion. In this hypothesis, ACEI/ARB use would ultimately improve
atients’ outcomes. Conversely, and the hypothesis being evalu-
ted more intensively, that continuous use of these medications
ay  lead to over-expression of ACE2 receptors by a negative feed-

ack mechanism and thus increase coronaviruses binding to target
ells [11,43]. Whether the existence of genetic susceptibility to
CE2 polymorphism and ACEI/ARB use has an effect on COVID-19
everity or not is yet to be determined [44].

Although the definitions of the severity of COVID-19 disease
eed to be harmonized, the contradictory findings reported in dif-

erent populations with regards to the severity of COVID-19 may
uggest population differences [16,17,45–49]. For example, in a
S study, Mehta et al. showed no significant association between
CEI/ARB use and mortality, though it reported potential harm-

ul effects with ACEI/ARB use including, higher hospital and ICU
dmissions [45]. Another study in France by Liabeuf et al. and two
tudies in the United States by Rentsch et al. and Richardson et al.
eported similar findings with regards to greater COVID-19 dis-
ase severity [46,49]. In contrast, a large multicenter retrospective
tudy in the United Kingdom (UK) and a single-center retrospective
tudy in Italy observed significantly lower severity of COVID-19 ill-
ess among ACEI/ARB users [16,48]. Most of the above-mentioned
tudies defined the severity of COVID-19 illness as ICU admission
ates [16,48]. Further, there could be an ethnicity signal certain
opulations are more susceptible to severe COVID-19 disease in
ssociation with ACEI/ARB use. In addition to our study in a high-
isk Saudi population treated in tertiary referral hospitals, a large
K cohort study found that Black Africans on ACEI/ARB had a
igher risk of COVID-19 disease [50]. Our population may  be con-
idered similar to a study conducted in Turkey [51] that found that
CEI/ARB use in hypertensive patients was  independently associ-
ted with ICU admission, mechanical ventilation, and in-hospital
ortality.
Our study has several strengths and provides additional insights

nto the association of ACEI/ARB use and severity of COVID-19
isease as potentially mediated by ethnicity. First, to our knowl-
dge, this is the first retrospective study conducted in two public
pecialty hospitals in the Gulf Cooperation Council (GCC) region
esignated specifically as national referral hospitals for complex
OVID-19 patients that other hospitals in the country cannot man-
ge. The setting lends external validity to the study as these
ospitals accommodate patients from all social backgrounds in
audi Arabia. Secondly, we  used multiple definitions to capture
he severity of the disease, all of which were significant except
or the need for mechanical ventilation, length of stay, and in-
ospital death. Thirdly, unlike other studies, we conducted three
odels to adjust for potential confounders with adjustment for
ultiplicity problems [47,52–55]. The three analytical approaches

onfirm the severity outcome. It is noteworthy, the research ques-
ion of ACEI/ARB versus non-ACEI/ARB users and COVID-19 severity
resents a statistical challenge because ACEI/ARB medications are

ndicated for a particular set of patients that differs from control
ubjects. This will eventually lead to non-overlapping propensity
core distributions. The PSM model will try to find close matches
f the control and the treatment based on our specifications and
ropensity scores, but in this process, many cases from the con-
rol/or treatment will be discarded leading to decrease sample size
nd imprecise estimates. The IPSW circumvents this problem by

tilizing all the available sample by assigning weights to observa-
ions. The balance can be achieved by creating a pseudo-population
n which treatment allocation is independent of observed covari-
tes. In this analysis, extreme weights can be problematic, and
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Table 3
Clinical severity by comorbidity.

Population ACEI/ARB
(unmatched) n, (%)

Non-ACEI/ARB
(unmatched) n, (%)

Adjusted odds
ratiob (95% CI)

P value Adjustment* ACEI/ARB
(matched) n, (%)

Non-ACEI/ARB
(matched) n, (%)

Adjusted odds
ratio‡ (95% CI)

P value Adjustment*

DM or HTN or Renal
disease

135(72.2) 52(27.8) – – – 134(77.5) 39(22.5) – – –

unmatched (n = 187)
Matched (n = 173)
Severe or criticala, n (%) 117(86.7) 28(53.8) 5.34(1.87–15.30) 0.002 0.004 116(86.6) 19(48.7) 5.40(2.01−14.54) <0.001 0.003
DM  + HTN 87(87) 13(13.0) – – – 86(86.9) 13(13.1) – – –
Unmatched (n = 100)
Matched (n = 99)
Severe or criticala, n (%) 81(93.1) 10(76.9) 5.54(2.00−15.34) 0.001 0.004 80(93) 10(76.9) 5.01(0.80 31.43) 0.085 0.339
DM  alone 98(70) 42(30.0) – – – 97(77) 29(23) – – –
Unmatched (n = 140)
Matched (n = 126)
Severe or criticala, n (%) 89(90.8) 24(57.1) 5.19(1.29−20.87) 0.020 0.081 88(51.7) 15(90.7) 5.32(1.45−19.56) 0.012 0.047
HTN  alone 123(84.8) 22(15.2) – – – 122(84.7) 22(15.3) – – –
Unmatched (n = 145)
Matched (n = 144)
Severe or criticala, n (%) 108(87.8) 13(59.1) 5.72(1.69−19.32) 0.005 0.020 107(87.7) 13(59.1) 5.279(1.60–17.47) 0.006 0.025

DM:  diabetes; HTN: hypertension; CI: confidence interval.
‡Note: Odds ratios adjusted using propensity score matching model.

a Severe or critical defined according to WHO  severity definition.
b Odds ratio adjusted using logistic regression model with the following variables: age, sex, BMI, diabetes, hypertension, renal disease, number of comorbidities (that includes diabetes, hypertension, cardiovascular disease

(heart  failure/coronary artery disease), stroke, renal disease, asthma and obesity) and inpatient COVID-19 regimen.
* For multiplicity correction, Bonferroni method was  used to adjust the P values.
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Table  4
Inverse propensity score weighting (IPSW) results for clinical severity/critical
outcomes.

Populationa Odds ratio (95% CI)b P value

DM or HTN or renal disease (n = 187) 1.44(1.18–1.76) <0.001
DM  + HTN (n = 100) 1.37(0.90−2.10) 0.138
DM  alone (n = 140) 1.33(1.04–1.71) 0.023
HTN alone (n = 145) 1.47(1.13–1.91) 0.004

DM:  diabetes; HTN: hypertension; CI: confidence interval.
a Severe or critical defined according to WHO  severity definition.
b Odds ratios were obtained after fitting a marginal structural model for average

treatment effect using weights calculated from propensity scores. Robust sandwich
type estimator was used to estimate confidence intervals. The following covari-
ates  were considered in the IPSW analysis: age, gender, diabetes, hypertension,
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renal disease, cardiovascular disease, body mass index, and asthma, and the num-
ber  of comorbidities. For specifics, see Fig. S3 on covariate selected and balance
distribution.

running weighted logistic regression may  lead to variance infla-
tion because pseudo-population size may  be inflated or deflated.
In our analysis, we used stabilized weights and weights trimming
was not necessary. The robust variance estimator from the “Sur-
vey” package gave us precise confidence intervals. We limited the
IPSW analysis to a subset of the high population to which we  think
it’s safe to assume that this population will have an indication for
ACEI/ARB use. All of the three analyses point towards higher odds
of severity among ACEI/ARB users; especially in high risk patients.
Due to the small sample size, the COVID-19 severity was  not found
in the diabetes and hypertension subset of patients. Both PSM and
IPSW are very powerful tools for observational studies as means to
reduce bias.

Clinically, a temporary ACEI/ARB withdrawal in COVID-19
patients with frequent blood pressure monitoring and manage-
ment with other appropriate therapies may  be a prudent action
especially for ICU patients where the risk is higher than the (short-
term) benefit in the short term until randomized controlled trials
evaluate the impact of interim ACEI/ARB cessation in COVID-19
patients in the hospital setting. This may  be viewed by some as
a strong statement that goes against the mainstream recommen-
dation to continue these medications [56]; however, our clinical
experience is that a short-term ACEI/ARB withdrawal (≤2 weeks)
strategy does not seem to increase the risk of cardiovascular dis-
ease deterioration in low-risk patients. Indirect evidence may  be
inferred from a randomized trial comparing ACEI (quinapril) con-
tinuation or withdrawal (by giving placebo) for 16 weeks in heart
failure patients, which showed that heart failure symptoms wors-
ened only after 4–6 weeks following ACEI withdrawal [57]. The two
weeks strategy we propose as an interim clinical approach, though
subject to formal evaluation in a clinical trial, might reduce the
severity of COVID-19 disease, the need for ICU admission, and the
need for oxygen through non-invasive ventilation. Admittedly, this
debated question can be answered by well-designed RCTs. Until
such trials as REPLACECOVID in the US, the BRACE-CORONA trial in
Brazil, and the ACEI-COVID trial in Austria, that compare the effects
of ACEI/ARB continuation or withdrawal in hospitalized COVID19
patients [58–60].

Limitations

We  recognize that the retrospective nature of this study is a
limitation, though due largely because it was virtually impossi-
ble to mount a study when the hospitals were being overwhelmed
with complex and severe cases of COVID-19. We  could not stratify

patients according to their chronicity of ACEI/ARB use because this
information was not available. Notwithstanding the multiple mod-
els to adjust for confounding variables, we may  have overlooked
other variables that may  explain the severity of COVID-19 disease.
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ome confidence intervals are wide and may  limit the interpretabil-
ty of some of the results. We could not assess the duration of
on-invasive ventilation in patients on ACEI/ARB as compared to
on-ACEI/ARB users. Lastly, our study did not differentiate between
he two classes of antihypertensive agents (ACEI or ARB).

onclusions

ACEI/ARB use was found to be associated with adverse effects on
he severity of COVID-19 disease in Saudi Arabian patients, most of
hem with the comorbidities, singularly or concomitantly, of hyper-
ension, diabetes, and renal disease. As compared to non-ACE/ARB
sers, ACEI/ARB users had higher disease severity and ICU admis-
ion, and non-invasive ventilation. Notably, patients on ACEI/ARB
ith diabetes, hypertension and renal disease were at higher risk of
eveloping severe COVID-19 disease compared to non-ACEI/ARB.
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