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ABSTRACT

Background. The association between angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin II receptor
blockers (ARBs) and severe acute respiratory syndrome coronavirus 2 susceptibility, particularly via ACE-2 receptor
upregulation in the kidneys, raises concerns about potential kidney disease risks in long coronavirus disease (COVID)
patients. This study explores the association of ACEI/ARB therapy on acute kidney injury (AKI), chronic kidney disease
(CKD) and all-cause mortality in patients with and without long COVID.

Methods. A retrospective cohort study using TriNetX datasets was conducted, with diagnoses of long COVID via
International Classification of Diseases, Tenth Revision (ICD-10) codes and prescription for ACEI/ARB as the classification of
four cohorts: long COVID ACEI/ARB users (LCAUSs), long COVID ACEI/ARB non-users (LCANs), non-long COVID ACEI/ARB
users (NLCAUSs) and non-long COVID ACEI/ARB non-users (NLCANSs). Multivariable stratified Cox proportional hazards
regression models assessed the adjusted hazard ratios (aHRs) across groups. Additional analyses were conducted,
including time-dependent exposure analysis and comparison with an active comparator, calcium channel blockers.
Results. Our study included 18 168 long COVID and 181 680 propensity score-matched non-long COVID patients from
October 2021 to October 2023. ACEI/ARB use did not significantly affect the risk of AKI or CKD when comparing LCAUs
with LCANs and NLCAUs with NLCANs. However, a protective effect against all-cause mortality was observed {aHR 0.79
[95% confidence interval (CI) 0.65-0.93]} in the NLCAU group compared with the NLCAN group. Conversely, long COVID
was associated with increased risks of CKD [aHR 1.49 (95% CI 1.03-2.14)] and all-cause mortality [aHR 1.49 (95% CI
1.00-2.23)] when comparing LCANs with NLCANSs. The additional analyses support the primary findings.

Conclusions. ACEI/ARB treatment does not increase the incidence of CKD or AKI, regardless of long COVID status.
However, long COVID itself is associated with increasing risks of kidney diseases and all-cause mortality.
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GRAPHICAL ABSTRACT

Clinical
Kidney
Journal

Effects of ACE inhibitor/ARB therapy and long COVID on kidney

disease: a retrospective cohort study using real-world data

In vitro studies have suggested that ACEl/ARB upregulate ACE-2 expression, the receptor for SARS-CoV-2 entry, particularly in kidneys.
It was hypothesized that the risk of kidney diseases may be elevated in individuals with long COVID receiving ACEl/ ARB therapy.

_—
LI it

N=18,168 N = 181,680

Four parallel cohorts

Results
Exposure Subgroup Event Adjusted HR
ACEI/ARB use to non use Non long COVID group ~ CKD —-— 1.15 (0.97, 1.36)
AKI —.— 1.05 (0.88, 1.26)
Death x 0.79 (0.65, 0.93)
ACEI/ARB use to non use Long COVID group CKD . 1.03 (0.76, 1.40)
AKI —a— 0.96 (0.71, 1.30)
Death —— 0.67 (0.42, 1.05)
Long COVID to non long COVID  ACEI/ARB non use group  CKD —a——> 1.49(1.03, 2.14)
AKI —=—— 1.26(0.85,1.89)
Death ——a——> 1.49(1.00, 2.23)
Long COVID to non long COVID  ACEI/ARB use group CKD e 1.02 (0.66, 1.61)
AKI ——a—— 1.36(0.81, 2.26)
Death +—= i 0.56(0.19, 1.31)
0105 1.0 1520
Hazard ratio

Conclusion: ACEl/ARB treatment does not increase the incidence of CKD or AKI,

regardless of long COVID status. However, long COVID itself is associated with
increasing risks of kidney diseases and mortality.
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KEY LEARNING POINTS

What was known:

In vitro studies suggest that the use of angiotensin-converting enzyme inhibitors/angiotensin receptor blockers (ACEIs/ARBs)
may increase the risk of severe acute respiratory syndrome coronavirus 2 entering cells, particularly in the kidney, thereby
raising safety concerns regarding the use of ACEIs/ARBs.

Controversial conclusions have been drawn from current studies regarding whether the use of ACEIs/ARBs increases the
risk of kidney diseases for patients without coronavirus disease 2019 (COVID-19).

Current studies indicate that ACEI/ARB use may be safe for COVID-19 patients in the short term, yet evidence remains
insufficient from long-term follow-up, especially in cases of long COVID symptoms.

This study adds:

Utilizing real-world data from >199 848 patients in the USA, while using propensity score matching, this study confirms
that the use of ACEIs/ARBs does not increase the risk of chronic kidney disease (CKD), acute kidney injury (AKI) or all-cause
mortality.

This is the first study to demonstrate it is long COVID, not ACEI/ARB use, that increases the risk of CKD and higher mortality.
By comparing the use of ACEIs/ARBs and calcium channel blockers, our retrospective cohort study suggests that, contrary
to findings from in vitro studies, the mechanism of ACEIs/ARBs may not increase the risk of kidney disease in a population
study.

Potential impact:

This study provides evidence supporting the safe use of ACEIs/ARBs for both long COVID and non-long COVID patients over
lengthy follow-up periods, guiding physician practice.

It emphasizes the necessity for increased focus on long COVID patients, particularly concerning their risk of progressing to
CKD.

It illustrates the application of comprehensive methodologies through three independent study designs, offering a valuable
template for addressing similar research questions in the future.

INTRODUCTION

In the current post- coronavirus disease 2019 (COVID-19) pan-
demic period, the post-acute sequelae of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection (PASC), col-
loquially referred to as ‘long COVID’, has become a significant
and ongoing public health challenge [1, 2]. Kidney diseases have
been reported as significant in PASC. Several retrospective co-
hort studies have observed increased risks of chronic kidney
disease (CKD) and acute kidney injury (AKI) following COVID-19
infections [3-6]. However, existing research predominantly ad-
dresses kidney complications following acute COVID-19 infec-
tions and overlooks the potential risk of kidney diseases in pa-
tients exhibitinglong COVID symptoms. As of 1 October 2021, the
introduction of a new International Classification of Diseases, Tenth
Revision, Clinical Modification (ICD-10-CM) code, U09.9, in the USA
for ‘Post COVID-19 condition, unspecified’ [7], facilitates more
detailed research using real-world data to explore the risks of
kidney diseases in patients presenting with post-COVID-19 con-
ditions.

Meanwhile, as studies on the mechanism of SARS-CoV-
2 continue, there is growing concern regarding the use of
angiotensin-converting enzyme inhibitors/angiotensin receptor
blockers (ACEIs/ARBs) in patients with long COVID. SARS-CoV-
2 primarily enters host cells by attaching its spike (S) protein
to angiotensin-converting enzyme 2 (ACE2) [8]. ACEI/ARB med-
ications are known to upregulate ACE2 expression, notably in
the kidneys [9]. This information has led to widespread discus-
sions about the safety of ACEI/ARB therapy for individuals with
COVID-19. Also, given conflicting views on the relationship be-
tween ACEIs/ARBs and the occurrence of AKI [10, 11], determin-
ing whether ACEI/ARB use increases the risk of kidney diseases
in long COVID patients is an urgent question.

In this study, our objective was to utilize national real-world
clinical data to investigate whether patients with a long COVID
diagnosis, who have a history of ACEI/ARB exposure, are at risk
for adverse outcomes with continued use of these medications,
considering the potential risk of kidney diseases. We executed
three distinct study designs with the intention of thoroughly
evaluating the impact of ACEI/ARB use on kidney diseases in in-
dividuals with and without long COVID.

MATERIALS AND METHODS
Data source

This analysis was conducted using a TriNetX database with
data extracted from 1 October 2020 to 1 October 2023. TriNetX
serves as a federated, multi-institutional health research net-
work that compiles de-identified data derived from electronic
health records (EHRs) across a broad spectrum of healthcare or-
ganizations [12].

Cohort derivation and assessment of exposure

Long COVID patients, >18 years of age, were identified from 1 Oc-
tober 2021 to 1 October 2023 utilizing the ICD-10-CM code U09.9.
The Centers for Disease Control and Prevention (CDC) officially
characterizes long COVID as a post-COVID condition manifest-
ing in patients with a confirmed or probable history of SARS-
CoV-2 infection. The corresponding ICD-10 code for this condi-
tion became effective on 1 October 2021 [13]. ACEI/ARB users
were defined as patients who had any ACEI/ARB prescription
history within 1 year prior to the index dates, based on the med-
ical prescription normalized code (RxNorm) [14] and National
Drug Code (NDC) (Supplementary Appendix).
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Long COVID participants with at least one-
month follow-up after Oct 1st, 2021,
without any kidney disease histories

(N=18,793)

Exclude:

(1) Participants with
missing value of age,
sex, and death date
before Oct. 2021 (N =
396)

(2) Participants with
kidney diseases earlier
than index date, or
with max follow up
date earlier than index
date (N =229)

Y

Eligible participants with
Long COVID
(N =18,168)

l
Y 1

Non-Long COVID participants with at least
one-month follow-up after Oct 1st, 2021,
without any kidney disease histories and
COVID-19 diagnosis before the index date

(N =600,000 random sampling from
control pool )

1:10 Matching

Exclude:

(1) Participants

without unique identifier ( N
=9,907)

(2) Participants with
missing value of age, sex,
and death date before Oct.
2021 (N =11,669)

(3) Participants with
| location outside the United
States (N = 50,513 )

(4) Participants with kidney
3 diseases earlier than index
date, or with max follow up
date earlier than index date

Eligible participants without

Long COVID (N=29,086)
(N =447,605)
(5) Participants with follow-
up time less than 1 month

== after index date (N = 51,220)
Non-Long COVID participants

matched with Long COVID
participants
(N =181,680)

I
Y 1

ACEVARB non-
users
( N=15,307 )

ACEI/ARB users
(N=2,861)

ACEVARB non-
users
(N=156,129)

ACEI/ARB users
(N =25,551)

Figure 1: Participant selection flow diagram for long COVID and non-long COVID groups from the TriNetX dataset.

We identified 18 793 patients coded as having long COVID,
as well as 600 000 control patients who were not diagnosed
with COVID-19 infection or long COVID. Each group had at least
1 month of follow-up after 1 October 2021. The index dates of the
long COVID group were defined as the earliest diagnosis dates of
long COVID. For the participants without long COVID, the earliest
possible index date is 1 October 2021 and the latest index date
is the maximum of the recorded dates for each patient, includ-
ing diagnosis records, lab test results and medication records.
Pseudo index dates were randomly assigned between these po-
tential earliest and latest index dates for each patient [15-18].
None of the patients in either group had a history of kidney dis-
ease prior to the index dates.

After all of the exclusion criteria were applied, we identified
a total of 18 168 eligible patients with long COVID and 447 605 el-
igible patients without COVID infection or long COVID. Nearest-
neighbour propensity score matching methods were further uti-
lized at a 1:10 matching ratio using the ‘without replacement’
sampling method [19]. This approach led to the final selection
of 18 168 patients with long COVID and a corresponding control
group of 181 680 patients who were subjected to in-depth anal-
ysis (Fig. 1). This study followed the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE) reporting
guideline for cohort studies [20].

Assessment of outcomes

The primary outcomes were the incidence of CKD (ICD-10 code
N18) and AKI (ICD-10 code N17) identified after the index dates

during the follow-up period. All-cause mortality, captured via
the TriNetX platform from death registries or EHR histories, was
also assessed.

Assessment of potential covariates

Demographic data on age (years), sex (male/female), race
(White/Black or African American/unknown/other) and US
regional location (South/West/Midwest/Northeast/unknown)
were extracted directly from TriNetX patients’ databases.
Patients’ comorbidities were assessed using the Elixhauser
Comorbidity Index (ECI), within 1 year prior to the index dates
through ICD-10 codes [21, 22]. The nine most prevalent and
potential kidney diseases or long COVID-related conditions,
including congestive heart failure (CHF) [23], hypertension
[24], diabetes [25], obesity [26], cardiac arrhythmia [27], chronic
pulmonary disease [28], hypothyroidism [29], solid tumour
[30] and depression [31], were selected from the ECI results.
Additionally, we evaluated the history of nine drugs—statins,
diuretics, calcium channel blockers (CCBs), antiplatelets, an-
ticoagulants, non-steroidal anti-inflammatory drugs, proton
pump inhibitors, insulin and beta-blockers—used within the
year preceding the index dates. These medications have been
identified as potential risk factors for kidney disease [6, 10, 32].

Study design and statistical analysis

To achieve a thorough evaluation of the impact of ACEI/ARB use
on kidney diseases in patients with or without long COVID, we
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utilized three independent study designs. This approach was in-
tended to mitigate various biases and facilitate cross-validation
among the different methods. A comprehensive study design di-
agram is presented in Supplementary Fig. S1, illustrating the ra-
tionale behind each aspect of the study.

Primary analysis: four parallel cohorts design

We built four parallel cohorts with the status of long COVID
and ACEI/ARB use histories, including long COVID ACEI/ARB
users (LCAUs), long COVID non-users (LCANs), non-long COVID
ACEI/ARB users (NLCAUs) and non-long COVID ACEI/ARB non-
users (NLCANSs), as shown in Fig. 2. Propensity score matching
with a 1:10 ratio was performed with individual covariates [age,
gender, race, location, cardiovascular disease (CVD), hyperten-
sion and diabetes] and two-way interactions between covariates
(race, CVD, hypertension and diabetes) in a binary logistic regres-
sion model to better control for baseline demographics and co-
morbidities [19]. CVD was defined as the combination of one or
more of CHF, cardiac arrhythmia, valvular disease, pulmonary
circulation disorders and peripheral vascular disorders.

We summarized baseline patients’ characteristics across
long COVID and non-long COVID groups, presented as before
matching and after 1:10 matching. The standardized mean dif-
ference (SMD) was used as a measure to evaluate the match-
ing result and an SMD >0.1 was the threshold recommended for
declaring imbalance [33].

We calculated the person-time of follow-up for each par-
ticipant following the index date to the first occurrence of an
outcome of interest (CKD, AKI and all-cause death), death date
(if applicable) or the maximum follow-up date (the latest date
recorded in diagnosis records, lab test results and medication
records), whichever occurred first. We conducted subgroup anal-
yses by calculating the unadjusted incidence rates and corre-
sponding 95% confidence intervals (Cls) per 1000 person-years
of follow-up for the four cohorts within each subgroup. Subse-
quently, after confirming no violation of the proportional haz-
ards assumption, we implemented stratified Cox proportional
hazards regression models using a matching identifier con-
structed from the propensity scores for the outcomes of CKD,
AKI and all-cause death separately. These models accounted for
four demographic variables, nine common comorbidities and
histories of the use of nine drugs, delivering an adjusted hazard
ratio (aHR) with a 95% CIL.

A sensitivity analysis was conducted to assess the impact
of ACEI/ARB use and long COVID on kidney diseases, account-
ing for the competing risk of all-cause mortality, using the Fine-
Gray subdistribution hazard model [34]. The primary outcome
measured was the time until the development of CKD or AKI as
separate events. All-cause mortality was considered a compet-
ing event. Instances where neither CKD nor AKI developed, nor
all-cause death occurred, were treated as censoring times.

A second sensitivity analysis was adjusted for additional
covariates of estimated glomerular filtration rate (eGFR) and
proteinuria. Specifically, eGFR was calculated based on creati-
nine values using the 2021 race-free Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) creatinine equation [35].
If participants had multiple eGFR values within 1 year prior
to the index date, the mean eGFR was calculated. The Logi-
cal Observation Identifiers Names and Codes (LOINC) were em-
ployed to extract creatinine values [36]. The history of pro-
teinuria was identified using the ICD-10 code (R80). How-
ever, due to missing values in laboratory test results, this

sensitivity analysis was conducted with a reduced sample
size.

Additional analysis 1: time-dependent variable design

In the primary analysis, a potential concern was the random as-
signment of index dates and the possible immortal time bias
introduced by the inconsistency between the ACEI/ARB use date
and the diagnosed date of long COVID. To address these con-
cerns, we incorporated time-dependent exposures for ACEI/ARB
or long COVID separately to verify the results [37, 38].

We extracted the earliest recorded date for each participant
from a variety of sources within the dataset, including diagno-
sis records, laboratory test records and medication records. For
those patients whose earliest recorded date fell on or before 1
October 2021, we established 1 October 2021 as their index date.
Conversely, if the earliest recorded date occurred after 1 October
2021, we assigned this earliest date as the index date for these
patients.

Stratified Cox proportional hazards regression models were
implemented for the outcomes of CKD, AKI and all-cause
death separately. To address potential biases, we introduced
time-dependent variables into our model [39]. Specifically,
while investigating the effects of long COVID, time-dependent
ACEI/ARB use was included as a covariate. Conversely, in
analysing the impact of ACEI/ARB use, time-dependent long
COVID status was incorporated as a covariate.

Additional analysis 2: active comparator cohort design

Another potential bias of this observational study design was
the unmeasured confounding and selection bias. To mitigate
these biases, we adopted a pharmaco-epidemiological approach
known as the active comparator cohort design [40]. Instead of
comparing ACEI/ARB users with non-users as in previous anal-
yses, this method involved contrasting ACEI/ARB use with CCB
use. This approach aimed to examine any potential differences
in kidney disease incidence between these groups. The princi-
pal strength of this research design was the likelihood of similar
baselines between the groups, as both ACEIs/ARBs and CCBs are
commonly prescribed drugs for the treatment of hypertension
[41, 42]. Moreover, considering that ACEIs/ARBs could potentially
facilitate the entry of SARS-CoV-2 into kidney cells [8, 9], this de-
sign allowed us to investigate whether the specific mechanism
of ACEIs/ARBs could be correlated with an increased risk of kid-
ney diseases in long COVID patients.

We constructed two cohorts: one with ACEI/ARB use and no
CCB use and another with exclusive CCB use and no ACEI/ARB.
Patients with histories of both ACEI/ARB and CCB use were ex-
cluded. The index dates corresponded to the initiation dates of
these drugs. Multivariable Cox proportional hazards regression
models were applied separately for the outcomes of CKD and
AKI comparing the ACEI/ARB and CCB groups. These models ad-
justed for four demographic factors, nine prevalent comorbidi-
ties and the history of eight types of drug use (excluding CCB
compared with the primary analysis), providing an aHR with a
95% CI. Due to the sample size limitation, all-cause death was
not included in this analysis.

A third sensitivity analysis was conducted that included only
patients >40 years of age, based on the higher prevalence of hy-
pertension in this age group [43].

Data were analysed in R version 3.6.2 (R Foundation for Sta-
tistical Computing, Vienna, Austria) and SAS version 9.4 (SAS In-
stitute, Cary, NC, USA) using a two-tailed « of 0.05.
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Table 1: Distribution of matching variables and SMDs for participants with or without long COVID before and after matching.

Before matching

After 1:10 matching

Variables No long COVID Long COVID SMD# No long COVID Long COVID SMD?
N 447 605 18 168 181 680 18 168
Age (years), mean (SD) 51.16 (18.0) 50.61 (14.6) 0.033 51.17 (14.7) 50.61 (14.6) 0.033
Female, n (%) 271 079 (60.6) 12 439 (68.5) 0.166 121 227 (66.7) 12 439 (68.5) 0.037
Race, n (%) 0.131 0.020

White 303 843 (67.9) 13 236 (72.9) 133 605 (73.5) 13236 (72.9)

Black or African American 61237 (13.7) 1801 (9.9) 17 044 (9.4) 1801 (9.9)

Unknown 62 253 (13.9) 2445 (13.5) 24109 (13.3) 2445 (13.5)

Other 20 272 (4.5) 686 (3.8) 6922 (3.8) 686 (3.8)
Location, n (%) 0.235 0.027

Midwest 73 680 (16.5) 3593 (19.8) 36 416 (20.0) 3593 (19.8)

Northeast 127 131 (28.4) 4958 (27.3) 51 405 (28.3) 4958 (27.3)

South 188 957 (42.2) 6063 (33.4) 59 077 (32.5) 6063 (33.4)

West 57 837 (12.9) 3554 (19.6) 34782 (19.1) 3554 (19.6)
CVD, n (%) 36 920 (8.2) 4280 (23.6) 0.428 30 801 (17.0) 4280 (23.6) 0.165
Hypertension, n (%) 74 156 (16.6) 4908 (27.0) 0.255 48 118 (26.5) 4908 (27.0) 0.012
Diabetes, n (%) 29 970 (6.7) 2075 (11.4) 0.165 18 706 (10.3) 2075 (11.4) 0.036

2An SMD >0.2 is a threshold recommended for declaring imbalance.

Table 2: Demographic and clinical characteristics stratified by ACEI/ARB use and long COVID status after 1:10 matching.

No long COVID (n = 181 680)

Long COVID (n = 18 168)

Characteristics No ACEI/ARB (n = 156 129)

ACEI/ARB (n = 25 551)

No ACEI/ARB (n = 15 307) ACEI/ARB (n = 2861)

Age (years), mean (SD)
Female, n (%)
Race, n (%)

50.6 (14.7)
107 510 (68.9)

White 114 465 (73.3)
Black or African American 14 086 (9.0)
Unknown 21331 (13.7)
Other 6247 (4.0)
Location, n (%)
Midwest 30710 (19.7)
Northeast 44 244 (28.3)
South 50 193 (32.1)
West 30 982 (19.8)
CHF, n (%) 2902 (1.8)
Hypertension, n (%) 26 657 (17.1)
Diabetes, n (%) 11076 (7.1)
Obesity, n (%) 11707 (7.5)
Cardiac arrhythmia, n (%) 14 302 (9.2)
Chronic pulmonary disease, n (%) 9669 (6.2)
Hypothyroidism, n (%) 9384 (6.0)
Solid tumour, n (%) 6479 (4.2)
Depression, n (%) 11774 (7.5)

60.2 (11.9) 50.0 (14.6) 59.2 (11.9)
13717 (53.7) 10 773 (70.4) 1666 (58.2)
19 140 (74.9) 11 165 (72.9) 2071 (72.4)

2958 (11.6) 1432 (9.4) 369 (12.9)

2778 (10.9) 2109 (13.8) 336 (11.7)

675 (2.6) 601 (3.9) 85 (3.0)

5706 (22.3) 2942 (19.2) 651 (22.8)

7161 (28.0) 4314 (28.2) 644 (22.5)

8884 (34.8) 4947 (32.3) 1116 (39.0)

3800 (14.9) 3104 (20.3) 450 (15.7)

2817 (11.0) 357 (2.3) 300 (10.5)
21461 (84.0) 2644 (17.3) 2264 (79.1)

7630 (29.9) 1155 (7.5) 920 (32.2)

5838 (22.8) 2404 (15.7) 1018 (35.6)

4983 (19.5) 2416 (15.8) 674 (23.6)

3426 (13.4) 3027 (19.8) 833 (29.1)

2917 (11.4) 1356 (8.9) 405 (14.2)

1768 (6.9) 392 (2.6) 182 (6.4)

3495 (13.7) 2815 (18.4) 726 (25.4)

RESULTS
Primary analysis results

The present analysis incorporated 181 680 non-long COVID pa-
tients {mean age 51.17 years [standard deviation (SD) 14.7],66.7%
female, 73.5% White} and 18 168 long COVID patients [mean age
50.61 years (SD 14.6), 68.5% female, 72.9% White]. Prior to match-
ing, imbalances in distribution were noted for patient regional
location (SMD 0.235), baseline CVD status (SMD 0.428) and base-
line hypertension status (SMD 0.255). After the matching pro-
cess, we observed balanced distributions across all covariates,
with all SMDs <0.2 (Table 1).

After the matching process, it was evident that the group us-
ing ACEIs/ARBs included older individuals and a smaller propor-
tion of females compared with the group not taking ACEIs/ARBs.
Furthermore, the ACEI/ARB users exhibited a higher prevalence
of all nine comorbidities at baseline. These trends were con-
sistent across both long COVID and non-long COVID patients.
Additionally, the LCAU group presented the highest prevalence
of CHF (10.5%), hypertension (79.1%), diabetes (32.2%), obesity
(35.6%), cardiac arrhythmia (23.6%), chronic pulmonary disease
(29.1%), hypothyroidism (14.2%) and depression (25.4%) when
compared with the other three parallel cohorts (Table 2). These
statistics highlight the comparatively poorer baseline health
conditions of the LCAU group.
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Exposure
ACEVARB use to non use

Subgroup Event
non Long COVID group CKD
AKI
Death
Long COVID group CKD
AKI
Death
ACEIARB non use group CKD
AKI
Death
ACEVARB use group CKD
AKI
Death

ACEVARB use to non use

Long COVID to non Long COVID

Long COVID to non Long COVID

adjusted HR
—— 1.15(0.97, 1.36)
—— 1.05(0.88, 1.26)
—a— 0.79 (0.65, 0.93)
— 1.03 (0.76, 1.40)
— 0.96 (0.71, 1.30)
——y

0.67 (0.42, 1.05)
1.49 (1.03,2.14)
1.26 (0.85, 1.89)
1.49 (1.00, 2.23)
1.02 (0.66, 1.61)
- . 1.36 (0.81, 2.26)

0.56 (0.19, 1.31)

01 05 1 1.5 2 25

Hazard Rato

Figure 2: Effects of ACEI/ARB use and long COVID on CKD, AKI and all-cause death. All models were adjusted for four demographic variables (age, gender, race and
location), nine common comorbidities at baseline (CHF, hypertension, diabetes, obesity, cardiac arrhythmia, chronic pulmonary disease, hypothyroidism, solid tumour
and depression) and histories of the use of nine drugs [statins, diuretics, antiplatelets, anticoagulants, CCBs, non-steroidal anti-inflammatory drugs (NSAIDs), proton

pump inhibitors (PPIs), insulin and beta-blockers].

In evaluating crude incidence rates per 1000 person-years,
LCAUs presented incidence rates for CKD (33.2 cases/1000
person-years) and AKI (34.1 cases/1000 person-years), which
were higher than the incidence rate for LCANs with CKD (14.3
cases/1000 person-years) and AKI (14.5 cases/1000 person-years)
when accounting for long COVID status while comparing the
impact of ACEI/ARB use. Similarly, with ACEI/ARB use and as-
sessing long COVID’s influence, LCAUs maintained a higher inci-
dence rate than NLCAUS, evidenced by 29.3 cases of CKD and 25.9
cases of AKI per 1000 person-years (Supplementary Table S1).

Stratified Cox proportional hazards models were used to as-
sess the influence of ACEI/ARB use within the long COVID and
non-long COVID cohorts, as well as the impact of long COVID
among individuals with and without ACEI/ARB use. ACEI/ARB
use did not significantly influence the incidence of CKD or AKI
in either the long COVID [CKD: aHR 1.03 (95% CI 0.76-1.40), AKI:
aHR 0.96 (95% CI 0.71-1.30)] or non-long COVID cohorts [CKD:
aHR 1.15 (95% CI 0.97-1.36), AKIL: aHR 1.05 (95% CI 0.88-1.26)].
Furthermore, although ACEI/ARB use did not markedly affect
all-cause mortality in the long COVID cohort [aHR 0.67 (95% CI
0.42-1.05)], it did exhibit a significant protective effect against
all-cause mortality in the non-long COVID cohort [aHR 0.79 (95%
CI 0.65-0.93)]. Moreover, in patients without ACEI/ARB use, long
COVID had a significant effect on the incidence of CKD [aHR
1.49 (95% CI 1.03-2.14)] and all-cause mortality [aHR 1.49 (95% CI
1.00-2.23)]. However, the effect on AKI was not significant [aHR
1.26 (95% CI 0.85-1.89)]. In contrast, among individuals taking
ACEIs/ARBs, these associations were not statistically significant,
with aHRs of 1.02 (95% CI 0.66-1.61) for CKD, 1.36 (95% CI 0.81-
2.26) for AKI and 0.56 (95% CI 0.19-1.31) for all-cause mortality
(Fig. 2).

The first sensitivity analysis, accounting for the compet-
ing risk of all-cause mortality, yielded consistent results for
CKD across four scenarios. However, when examining the aHR
for the impact of long COVID in both the ACEI/ARB use and
non-use groups, long COVID demonstrated a significantly in-
creasing effect on the incidence of AKI. This result was ob-
served after adjusting for the competing risk of all-cause
mortality and the same covariates in the primary analysis
(Supplementary Table S2).

The second sensitivity analysis included 12 732 patients with
long COVID and 59 779 control patients. The results of this sen-
sitivity analysis were consistent with those of the primary anal-
ysis (Supplementary Table S3).

Additional analysis 1 results

When treating the status of long COVID as a time-dependent
variable to assess the effects of ACEI/ARB use in the entire pop-
ulation, we found that ACEI/ARB use did not exhibit significant
effects on either CKD [aHR 1.11 (95% CI 0.95-1.29)] or AKI [aHR
0.97 (95% CI 0.83-1.14)]. However, ACEI/ARB use demonstrated a
significant protective effect against all-cause mortality [aHR 0.77
(95% CI 0.65, 0.91)]. Furthermore, when considering ACEI/ARB
use as a time-dependent variable, long COVID had a significant
impact on CKD [aHR 1.47 (95% CI 1.03-2.10)] and AKI [aHR 1.55
(95% CI 1.04-2.31)] but no significant effect on AKI [aHR 1.32 (95%
CI 0.89-1.96)], as shown in Fig. 3.

Additional analysis 2 results

Overall, ACEI/ARB users and CCB users exhibited similar demo-
graphic distributions and baseline comorbidities. Nevertheless,
the ACEI/ARB group had a lower proportion of females compared
with the CCB group, a higher proportion of White individuals and
a lower proportion of Black individuals and an increased preva-
lence of diabetes (Supplementary Table S4).

We observed no significantly elevated hazards in patients on
ACEIs/ARBs compared with those on CCBs in the long COVID
group. The aHR for ACEI/ARB use relative to CCBs on CKD was
0.89 (95% CI 0.57-1.38) and on AKI was 1.06 (95% CI 0.63-1.79),
after accounting for demographics, baseline comorbidities and
other drug use histories. Comparable non-significant results
were also noted in non-long COVID groups (Fig. 4).

The sensitivity analysis conducted on the subgroup
>40 years of age demonstrated results consistent with those
observed in additional analysis 2 (Supplementary Table S5).

DISCUSSION

From our study, our primary conclusion is that the use of
ACEIs/ARBs does not appear to elevate the risk of CKD or AKI
with long COVID patients. Second, our findings suggest that long
COVID may increase the risk of CKD and potentially increase the
risk of all-cause mortality. Lastly, ACEI/ARB use appears to offer a
protective effect against all-cause mortality in patients without
long COVID.

To the best of our knowledge, this study is the first to clearly
explain the complex effects of long COVID and the use of
ACEIs/ARBs on kidney diseases. Additionally, our research serves
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Time-dependet Variable
Long COVID status

Exposure
ACEVARB use to ACEVARB non-use

in total population

Long COVID to non-Long COVID ACEVARB use

in total population

Event adjusted HR
CKD 1.11(0.95,1.29)
AKI 0.97(0.83,1.14)
Death 0.77 (0.65,091)
CKD —_ 1.47(1.03,2.10)
AKI L — 1.32(0.89, 1.96)
Death f— 1.55(1.04,2.31)
0I1 uls 1I 1I5 :; 2I5
Hazard Ratio

Figure 3: Effects of ACEI/ARB use and long COVID on CKD, AKI and all-cause death with time-dependent long COVID and ACEI/ARB status. All models were adjusted for
four demographic variables (age, gender, race and location), nine common comorbidities at baseline (CHF, hypertension, diabetes, obesity, cardiac arrhythmia, chronic
pulmonary disease, hypothyroidism, solid tumour and depression) and histories of the use of nine drugs [statins, diuretics, antiplatelets, anticoagulants, non-steroidal
anti-inflammatory drugs (NSAIDs), CCBs, proton pump inhibitors (PPIs), insulin and beta-blockers].

Exposure Subgroup Event
ACEI/ARB to CCB Long COVID CKD
Long COVID AKI

ACEI/ARB to CCB non Long COVID CKD

non Long COVID  AKI

adjusted HR
0.89 (0.57, 1.38)
1.06 (0.63, 1.79)
1.13 (0.90, 1.43)

0.1

 — 1.24 (0.95, 1.60)
I I I T ]
05 1 15 2
Hazard Ratio

Figure 4: Comparison of ACEI/ARB use with the active comparator, CCBs, with aHRs (95% CIs) for CKD and AKI in both long COVID and non-long COVID subgroups. All
models were adjusted for four demographic variables (age, gender, race and location), nine common comorbidities at baseline (CHF, hypertension, diabetes, obesity,
cardiac arrhythmia, chronic pulmonary disease, hypothyroidism, solid tumour and depression) and histories of the use of eight drugs [statins, diuretics, antiplatelets,
anticoagulants, non-steroidal anti-inflammatory drugs (NSAIDs), proton pump inhibitors (PPIs), insulin and beta-blockers].

as an extension, providing insights into the long-term effects of
COVID-19 on kidney diseases, especially accounting for the com-
petingrisk of death and time-dependent effects of ACEI/ARB use
or a long COVID diagnosis. Moreover, this comparison between
ACEIs/ARBs and CCBs is the first to examine the ACEI/ARB mech-
anism leveraging real-world data with long COVID patients.

Consistency of ACEI/ARB effects with previous studies

Our findings confirm the results of prior studies. First, our find-
ings align with earlier research on the use of ACEIs/ARBs for
kidney diseases and all-cause death. A prospective cohort study
investigating the link between ACEI/ARB use and recurrent AKI
post-hospitalization found that the use of ACEIs/ARBs did not
heighten the risk of recurrent AKI [10]. Additionally, several ret-
rospective cohort studies examining ACEI/ARB use following AKI
also highlighted their protective effects against all-cause death
[44, 45].

In the context of COVID-19 and its acute outcomes, our find-
ings agree with the results of several key studies. A randomized
clinical trial involving 659 patients (334 in the discontinuation
group and 325 in the continuation group) who were hospitalized
with mild-moderate COVID-19 and were on ACEIs/ARBs prior to
admission showed no significant difference in the mean num-
ber of days alive and out of the hospital between the discontin-
uation and continuation groups [46]. Additionally, a multicentre
prospective cohort study of 1129 hospitalized COVID-19 patients
with hypertension revealed that inpatient use of ACEIs/ARBs
was linked to a lower risk of all-cause mortality compared with
non-users [47]. Although these studies are characterized by rela-
tively short follow-up periods and primarily focus on acute out-

comes after COVID-19, their results are consistent with our find-
ings over longer periods, particularly in relation to the effects of
long COVID.

Lastly, guidelines from the European [48] and American [49]
Societies of Cardiology advised against routinely discontinuing
ACEIs/ARBs in response to the COVID-19 pandemic. Our findings
further extend this guidance by suggesting that for individuals
with long COVID, the routine cessation of ACEI/ARB treatment is
not indicated.

Long COVID effects on kidney diseases

Our study primarily revealed that long COVID is associated with
an increased risk of CKD and all-cause mortality, but not AKI.
Previous cohort studies with 1 726 683 US veterans showed in-
creased risks of AKI, end-stage kidney disease and major adverse
kidney events shortly after COVID-19 infections among 30-day
survivors, with a median follow-up of ~172 days [6]. In our study
design, we specifically excluded individuals who had a prior di-
agnosis of AKI or CKD before the index dates, focusing solely on
the incidence of new AKI or CKD cases after diagnosis of long
COVID. This methodological approach likely explains why our
study observed an increased risk of CKD but did not find a signif-
icant association with AKI, as we excluded those who developed
AKIimmediately following COVID-19 infection and only focused
on effects of a long COVID diagnosis.

Competing risk effect of all-cause mortality

To assess the competing effect of all-cause mortality on CKD and
AKI, we performed sensitivity analyses for both the exposure to
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ACEIs/ARBs and long COVID, as outlined in our primary analy-
sis. After adjusting for the competing risk of all-cause death, the
association of ACEI/ARB use with both CKD and AKI remained
non-significant. This outcome supports the validity of our re-
sults with ACEI/ARB use.

In our primary analysis, we found that long COVID increased
the risk of all-cause mortality. Subsequently, we performed a
sensitivity analysis, adjusting for the competing risk of all-cause
death, that revealed a significantly increased risk of AKI. This
finding can be seen in the strong correlation between hospital-
ization for AKI and mortality [50, 51]. It is plausible that all-cause
mortality might preclude the development of AKI in some pa-
tients. Therefore, when evaluating the impact of long COVID-19,
considering the competing risk of all-cause death is crucial, as
it may transform an effect from non-significant to significant.

Comparison between ACEI/ARB use and CCB use

We selected CCBs as an active comparator to ACEIs/ARBs due
to their common use in treating hypertension, albeit through
differing mechanisms [52]. Our underlying assumption was that
ACEI/ARB users and CCB users would have comparable comor-
bidities and health conditions, potentially sharing similar un-
measured confounders. Thus, any observed difference in out-
comes likely stems from the mechanistic differences between
ACEIs/ARBs and CCBs.

In additional analysis 2, we conducted a sensitivity analysis
focusing exclusively on patients >40 years of age, a demographic
with a higher prevalence of hypertension [43]. The consistency of
these results with those of additional analysis 2 further validate
our findings.

Strengths and limitations of the study

A strength of this analysis is the use of multiple study designs
to increase the rigor of the work. We employed three distinct
study designs, mitigating potential biases and yielding consis-
tent conclusions across each one. The four parallel cohorts de-
sign (primary analysis) was straightforward, allowing us to com-
pare the effects of ACEI/ARB use and long COVID under different
comparisons. Our matching strategy facilitated the creation of
cohorts with similar baseline characteristics and reduced the se-
lection bias [53]. The time-dependent variable design (additional
analysis 1) addressed the bias introduced by a randomly as-
signed index for the non-long COVID group in the primary anal-
ysis, and it effectively minimized the immortal time bias [37,
38]. The active comparator design (additional analysis 2) was
implemented to compare ACEI/ARB and CCB use head to head
[40]. All three study designs demonstrated the non-significant
association between ACEI/ARB use and kidney diseases, regard-
less of long COVID status. Both the primary analysis and addi-
tional analysis 1 included all-cause mortality, revealing the po-
tential protective effects of ACEIs/ARBs. Primary analysis and
additional analysis 1 also assessed the effects of long COVID,
with both suggesting that long COVID could increase the risk of
CKD.

The interaction term test reinforces the validity of our study
results, demonstrating that the observed outcomes can be at-
tributed directly to either ACEI/ARB use or long COVID. Prior to
our main analysis, we incorporated an interaction term for long
COVID status and ACEI/ARB use into the Cox proportional haz-
ards regression model for CKD and AKI across the total popula-
tion. We found that the effects of this interaction term were not
statistically significant (CKD, P = .681; AKI, P = .438), indicating

that the observed outcomes related to long COVID (or ACEI/ARB
use) in our study are attributable to long COVID (or ACEI/ARB
use) itself rather than being modified by ACEI/ARB use (or long
COVID).

The extensive real-world dataset we used adds considerable
strength to our study. With the recent assignment of the ICD-10
code for long COVID, to the best of our knowledge, ours is the
first study examining the effects of long COVID on kidney dis-
eases within a substantial real-world sample, including 199 848
patients. Also, our research incorporates the latest data avail-
able through 1 October 2023, with a 2-year period of follow-up
for long COVID patients from 1 October 2021.

Our study also has some limitations. First, due to the na-
ture of observational studies, causality cannot be definitively es-
tablished. Second, we acknowledge the potential pitfalls of EHR
databases compared with prospective clinical trials: patients
might be misclassified due to misreporting or underreporting of
diagnostic codes or medications. Third, despite our efforts to ex-
clude patients with long COVID or COVID-19 diagnoses or those
testing positive for SARS-CoV-2, it is possible that some individu-
als in the control group had undiagnosed mild or asymptomatic
COVID-19 because they were not tested for infection. Such non-
differential misclassification of exposure could potentially un-
derestimate the strength of the association between long COVID
and the onset of CKD, AKI or all-cause death.

SUPPLEMENTARY DATA

Supplementary data are available at Clinical Kidney Journal online.
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