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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 ( LCAUs) , long COVID ACEI/ARB non-users ( LCANs) , non-long COVID ACEI/ARB 
users ( NLCAUs) and non-long COVID ACEI/ARB non-users ( NLCANs) . 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 NLCANs. 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 

Keywords: acute kidney injury, angiotensin-converting enzyme inhibitors ( ACEIs) , angiotensin II receptor blockers 
( ARBs) , chronic kidney disease, long COVID, real-world analysis 
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KEY LEARNING POINTS 

What was known: 

• In vitro studies suggest that the use of angiotensin-convert
may increase the risk of severe acute respiratory syndrom
raising safety concerns regarding the use of ACEIs/ARBs.

• Controversial conclusions have been drawn from current
risk of kidney diseases for patients without coronavirus d

• Current studies indicate that ACEI/ARB use may be safe
insufficient from long-term follow-up, especially in cases 

This study adds: 

• Utilizing real-world data from > 199 848 patients in the U
that the use of ACEIs/ARBs does not increase the risk of ch
mortality.

• This is the first study to demonstrate it is long COVID, not 
• By comparing the use of ACEIs/ARBs and calcium channe

to findings from in vitro studies, the mechanism of ACEIs/
study.

Potential impact: 

• This study provides evidence supporting the safe use of A
lengthy follow-up periods, guiding physician practice.

• It emphasizes the necessity for increased focus on long C
CKD.

• It illustrates the application of comprehensive methodolo
template for addressing similar research questions in the

NTRODUCTION 

n the current post- coronavirus disease 2019 ( COVID-19) pan- 
emic period, the post-acute sequelae of severe acute respira- 
ory syndrome coronavirus 2 ( SARS-CoV-2) infection ( PASC) , col- 
oquially referred to as ‘long COVID’, has become a significant
nd ongoing public health challenge [1 , 2 ]. Kidney diseases have
een reported as significant in PASC. Several retrospective co- 
ort studies have observed increased risks of chronic kidney 
isease ( CKD) and acute kidney injury ( AKI) following COVID-19 
nfections [3 –6 ]. However, existing research predominantly ad- 
resses kidney complications following acute COVID-19 infec- 
ions and overlooks the potential risk of kidney diseases in pa-
ients exhibiting long COVID symptoms. As of 1 October 2021, the
ntroduction of a new International Classification of Diseases, Tenth 
evision, Clinical Modification ( ICD-10-CM) code, U09.9, in the USA 

or ‘Post COVID-19 condition, unspecified’ [7 ], facilitates more 
etailed research using real-world data to explore the risks of
idney diseases in patients presenting with post-COVID-19 con- 
itions. 
Meanwhile, as studies on the mechanism of SARS-CoV- 

 continue, there is growing concern regarding the use of
ngiotensin-converting enzyme inhibitors/angiotensin receptor 
lockers ( ACEIs/ARBs) in patients with long COVID. SARS-CoV- 
 primarily enters host cells by attaching its spike ( S) protein 
o angiotensin-converting enzyme 2 ( ACE2) [8 ]. ACEI/ARB med- 
cations are known to upregulate ACE2 expression, notably in 
he kidneys [9 ]. This information has led to widespread discus-
ions about the safety of ACEI/ARB therapy for individuals with
OVID-19. Also, given conflicting views on the relationship be- 
ween ACEIs/ARBs and the occurrence of AKI [10 , 11 ], determin-
ng whether ACEI/ARB use increases the risk of kidney diseases
n long COVID patients is an urgent question. 
nzyme inhibitors/angiotensin receptor blockers ( ACEIs/ARBs) 
ronavirus 2 entering cells, particularly in the kidney, thereby 

ies regarding whether the use of ACEIs/ARBs increases the 
e 2019 ( COVID-19) .
OVID-19 patients in the short term, yet evidence remains 
g COVID symptoms.

while using propensity score matching, this study confirms 
c kidney disease ( CKD) , acute kidney injury ( AKI) or all-cause 

ARB use, that increases the risk of CKD and higher mortality.
ckers, our retrospective cohort study suggests that, contrary 
 may not increase the risk of kidney disease in a population 

ARBs for both long COVID and non-long COVID patients over 

 patients, particularly concerning their risk of progressing to 

hrough three independent study designs, offering a valuable 
e.

In this study, our objective was to utilize national real-world
linical data to investigate whether patients with a long COVID
iagnosis, who have a history of ACEI/ARB exposure, are at risk
or adverse outcomes with continued use of these medications,
onsidering the potential risk of kidney diseases. We executed
hree distinct study designs with the intention of thoroughly
valuating the impact of ACEI/ARB use on kidney diseases in in-
ividuals with and without long COVID. 

ATERIALS AND METHODS 

ata source 

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

ohort derivation and assessment of exposure 

ong COVID patients, > 18 years of age, were identified from 1 Oc-
ober 2021 to 1 October 2023 utilizing the ICD-10-CM code U09.9.
he Centers for Disease Control and Prevention ( CDC) officially 
haracterizes long COVID as a post-COVID condition manifest-
ng in patients with a confirmed or probable history of SARS-
oV-2 infection. The corresponding ICD-10 code for this condi-
ion became effective on 1 October 2021 [13 ]. ACEI/ARB users
ere defined as patients who had any ACEI/ARB prescription
istory within 1 year prior to the index dates, based on the med-
cal prescription normalized code ( RxNorm) [14 ] and National 
rug Code ( NDC) ( Supplementary Appendix) . 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae164#supplementary-data
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Figure 1: Participant selection flow diagram for long COVID and non-long COVID groups from the TriNetX dataset. 
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We identified 18 793 patients coded as having long COVID,
s well as 600 000 control patients who were not diagnosed 
ith COVID-19 infection or long COVID. Each group had at least 
 month of follow-up after 1 October 2021. The index dates of the 
ong COVID group were defined as the earliest diagnosis dates of 
ong COVID. For the participants without long COVID, the earliest 
ossible index date is 1 October 2021 and the latest index date 
s the maximum of the recorded dates for each patient, includ- 
ng diagnosis records, lab test results and medication records.
seudo index dates were randomly assigned between these po- 
ential earliest and latest index dates for each patient [15 –18 ].
one of the patients in either group had a history of kidney dis- 
ase prior to the index dates. 

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

ssessment of outcomes 

he primary outcomes were the incidence of CKD ( ICD-10 code 
18) and AKI ( ICD-10 code N17) identified after the index dates 
uring the follow-up period. All-cause mortality, captured via 
he TriNetX platform from death registries or EHR histories, was 
lso assessed. 

ssessment of potential covariates 

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

tudy design and statistical analysis 

o achieve a thorough evaluation of the impact of ACEI/ARB use 
n kidney diseases in patients with or without long COVID, we 
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tilized three independent study designs. This approach was in- 
ended to mitigate various biases and facilitate cross-validation 
mong the different methods. A comprehensive study design di- 
gram is presented in Supplementary Fig. S1, illustrating the ra- 
ionale behind each aspect of the study. 

rimary analysis: four parallel cohorts design 

e built four parallel cohorts with the status of long COVID
nd ACEI/ARB use histories, including long COVID ACEI/ARB 
sers ( LCAUs) , long COVID non-users ( LCANs) , non-long COVID 

CEI/ARB users ( NLCAUs) and non-long COVID ACEI/ARB non- 
sers ( NLCANs) , as shown in Fig. 2 . Propensity score matching
ith a 1:10 ratio was performed with individual covariates [age,
ender, race, location, cardiovascular disease ( CVD) , hyperten- 
ion and diabetes] and two-way interactions between covariates 
 race, CVD, hypertension and diabetes) in a binary logistic regres- 
ion model to better control for baseline demographics and co-
orbidities [19 ]. CVD was defined as the combination of one or
ore of CHF, cardiac arrhythmia, valvular disease, pulmonary 
irculation disorders and peripheral vascular disorders. 

We summarized baseline patients’ characteristics across 
ong COVID and non-long COVID groups, presented as before 
atching and after 1:10 matching. The standardized mean dif- 

erence ( SMD) was used as a measure to evaluate the match- 
ng result and an SMD > 0.1 was the threshold recommended for
eclaring imbalance [33 ]. 
We calculated the person-time of follow-up for each par- 

icipant following the index date to the first occurrence of an
utcome of interest ( CKD, AKI and all-cause death) , death date 
 if applicable) or the maximum follow-up date ( the latest date 
ecorded in diagnosis records, lab test results and medication 
ecords) , whichever occurred first. We conducted subgroup anal- 
ses by calculating the unadjusted incidence rates and corre- 
ponding 95% confidence intervals ( CIs) per 1000 person-years 
f follow-up for the four cohorts within each subgroup. Subse-
uently, after confirming no violation of the proportional haz- 
rds assumption, we implemented stratified Cox proportional 
azards regression models using a matching identifier con- 
tructed from the propensity scores for the outcomes of CKD,
KI and all-cause death separately. These models accounted for 
our demographic variables, nine common comorbidities and 
istories of the use of nine drugs, delivering an adjusted hazard
atio ( aHR) with a 95% CI. 

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

A second sensitivity analysis was adjusted for additional 
ovariates of estimated glomerular filtration rate ( eGFR) and 
roteinuria. Specifically, eGFR was calculated based on creati- 
ine values using the 2021 race-free Chronic Kidney Disease 
pidemiology Collaboration ( CKD-EPI) creatinine equation [35 ].
f participants had multiple eGFR values within 1 year prior
o the index date, the mean eGFR was calculated. The Logi-
al Observation Identifiers Names and Codes ( LOINC) were em- 
loyed to extract creatinine values [36 ]. The history of pro-
einuria was identified using the ICD-10 code ( R80) . How- 
ver, due to missing values in laboratory test results, this
ensitivity analysis was conducted with a reduced sample
ize. 

dditional analysis 1: time-dependent variable design 

n the primary analysis, a potential concern was the random as-
ignment of index dates and the possible immortal time bias
ntroduced by the inconsistency between the ACEI/ARB use date
nd the diagnosed date of long COVID. To address these con-
erns, we incorporated time-dependent exposures for ACEI/ARB 
r long COVID separately to verify the results [37 , 38 ]. 
We extracted the earliest recorded date for each participant

rom a variety of sources within the dataset, including diagno-
is records, laboratory test records and medication records. For
hose patients whose earliest recorded date fell on or before 1
ctober 2021, we established 1 October 2021 as their index date.
onversely, if the earliest recorded date occurred after 1 October
021, we assigned this earliest date as the index date for these
atients. 
Stratified Cox proportional hazards regression models were 

mplemented for the outcomes of CKD, AKI and all-cause
eath separately. To address potential biases, we introduced
ime-dependent variables into our model [39 ]. Specifically,
hile investigating the effects of long COVID, time-dependent
CEI/ARB use was included as a covariate. Conversely, in
nalysing the impact of ACEI/ARB use, time-dependent long
OVID status was incorporated as a covariate. 

dditional analysis 2: active comparator cohort design 

nother potential bias of this observational study design was
he unmeasured confounding and selection bias. To mitigate
hese biases, we adopted a pharmaco-epidemiological approach 
nown as the active comparator cohort design [40 ]. Instead of
omparing ACEI/ARB users with non-users as in previous anal-
ses, this method involved contrasting ACEI/ARB use with CCB
se. This approach aimed to examine any potential differences
n kidney disease incidence between these groups. The princi-
al strength of this research design was the likelihood of similar
aselines between the groups, as both ACEIs/ARBs and CCBs are
ommonly prescribed drugs for the treatment of hypertension
41 , 42 ]. Moreover, considering that ACEIs/ARBs could potentially
acilitate the entry of SARS-CoV-2 into kidney cells [8 , 9 ], this de-
ign allowed us to investigate whether the specific mechanism
f ACEIs/ARBs could be correlated with an increased risk of kid-
ey diseases in long COVID patients. 
We constructed two cohorts: one with ACEI/ARB use and no

CB use and another with exclusive CCB use and no ACEI/ARB.
atients with histories of both ACEI/ARB and CCB use were ex-
luded. The index dates corresponded to the initiation dates of
hese drugs. Multivariable Cox proportional hazards regression 
odels were applied separately for the outcomes of CKD and
KI comparing the ACEI/ARB and CCB groups. These models ad-
usted for four demographic factors, nine prevalent comorbidi-
ies and the history of eight types of drug use ( excluding CCB
ompared with the primary analysis) , providing an aHR with a
5% CI. Due to the sample size limitation, all-cause death was
ot included in this analysis. 
A third sensitivity analysis was conducted that included only

atients ≥40 years of age, based on the higher prevalence of hy-
ertension in this age group [43 ]. 
Data were analysed in R version 3.6.2 ( R Foundation for Sta-

istical Computing, Vienna, Austria) and SAS version 9.4 ( SAS In-
titute, Cary, NC, USA) using a two-tailed α of 0.05. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae164#supplementary-data
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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 

a No long COVID Long COVID SMD 

a 

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) 13 236 ( 72.9) 
Black or African American 61 237 ( 13.7) 1801 ( 9.9) 17 044 ( 9.4) 1801 ( 9.9) 
Unknown 62 253 ( 13.9) 2445 ( 13.5) 24 109 ( 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) 34 782 ( 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

a An 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) 50.6 ( 14.7) 60.2 ( 11.9) 50.0 ( 14.6) 59.2 ( 11.9) 
Female, n ( %) 107 510 ( 68.9) 13 717 ( 53.7) 10 773 ( 70.4) 1666 ( 58.2) 
Race, n ( %) 
White 114 465 ( 73.3) 19 140 ( 74.9) 11 165 ( 72.9) 2071 ( 72.4) 
Black or African American 14 086 ( 9.0) 2958 ( 11.6) 1432 ( 9.4) 369 ( 12.9) 
Unknown 21 331 ( 13.7) 2778 ( 10.9) 2109 ( 13.8) 336 ( 11.7) 
Other 6247 ( 4.0) 675 ( 2.6) 601 ( 3.9) 85 ( 3.0) 

Location, n ( %) 
Midwest 30 710 ( 19.7) 5706 ( 22.3) 2942 ( 19.2) 651 ( 22.8) 
Northeast 44 244 ( 28.3) 7161 ( 28.0) 4314 ( 28.2) 644 ( 22.5) 
South 50 193 ( 32.1) 8884 ( 34.8) 4947 ( 32.3) 1116 ( 39.0) 
West 30 982 ( 19.8) 3800 ( 14.9) 3104 ( 20.3) 450 ( 15.7) 

CHF, n ( %) 2902 ( 1.8) 2817 ( 11.0) 357 ( 2.3) 300 ( 10.5) 
Hypertension, n ( %) 26 657 ( 17.1) 21 461 ( 84.0) 2644 ( 17.3) 2264 ( 79.1) 
Diabetes, n ( %) 11 076 ( 7.1) 7630 ( 29.9) 1155 ( 7.5) 920 ( 32.2) 
Obesity, n ( %) 11 707 ( 7.5) 5838 ( 22.8) 2404 ( 15.7) 1018 ( 35.6) 
Cardiac arrhythmia, n ( %) 14 302 ( 9.2) 4983 ( 19.5) 2416 ( 15.8) 674 ( 23.6) 
Chronic pulmonary disease, n ( %) 9669 ( 6.2) 3426 ( 13.4) 3027 ( 19.8) 833 ( 29.1) 
Hypothyroidism, n ( %) 9384 ( 6.0) 2917 ( 11.4) 1356 ( 8.9) 405 ( 14.2) 
Solid tumour, n ( %) 6479 ( 4.2) 1768 ( 6.9) 392 ( 2.6) 182 ( 6.4) 
Depression, n ( %) 11 774 ( 7.5) 3495 ( 13.7) 2815 ( 18.4) 726 ( 25.4) 
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ESULTS 

rimary analysis results 

he present analysis incorporated 181 680 non-long COVID pa- 
ients {mean age 51.17 years [standard deviation ( SD) 14.7], 66.7% 

emale, 73.5% White} and 18 168 long COVID patients [mean age 
0.61 years ( SD 14.6) , 68.5% female, 72.9% White]. Prior to match- 
ng, imbalances in distribution were noted for patient regional 
ocation ( SMD 0.235) , baseline CVD status ( SMD 0.428) and base- 
ine hypertension status ( SMD 0.255) . After the matching pro- 
ess, we observed balanced distributions across all covariates,
ith all SMDs < 0.2 ( Table 1 ) . 
c

After the matching process, it was evident that the group us- 
ng ACEIs/ARBs included older individuals and a smaller propor- 
ion of females compared with the group not taking ACEIs/ARBs.
urthermore, the ACEI/ARB users exhibited a higher prevalence 
f all nine comorbidities at baseline. These trends were con- 
istent across both long COVID and non-long COVID patients.
dditionally, the LCAU group presented the highest prevalence 
f 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 
ompared with the other three parallel cohorts ( Table 2 ) . These 
tatistics highlight the comparatively poorer baseline health 
onditions of the LCAU group. 
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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]. 
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In evaluating crude incidence rates per 1000 person-years,
CAUs presented incidence rates for CKD ( 33.2 cases/1000 
erson-years) and AKI ( 34.1 cases/1000 person-years) , which 
ere higher than the incidence rate for LCANs with CKD ( 14.3
ases/1000 person-years) and AKI ( 14.5 cases/1000 person-years) 
hen accounting for long COVID status while comparing the 

mpact of ACEI/ARB use. Similarly, with ACEI/ARB use and as-
essing long COVID’s influence, LCAUs maintained a higher inci- 
ence rate than NLCAUs, evidenced by 29.3 cases of CKD and 25.9
ases of AKI per 1000 person-years ( Supplementary Table S1) . 

Stratified Cox proportional hazards models were used to as- 
ess the influence of ACEI/ARB use within the long COVID and
on-long COVID cohorts, as well as the impact of long COVID
mong individuals with and without ACEI/ARB use. ACEI/ARB 
se did not significantly influence the incidence of CKD or AKI
n either the long COVID [CKD: aHR 1.03 ( 95% CI 0.76–1.40) , AKI:
HR 0.96 ( 95% CI 0.71–1.30) ] or non-long COVID cohorts [CKD: 
HR 1.15 ( 95% CI 0.97–1.36) , AKI: aHR 1.05 ( 95% CI 0.88–1.26) ].
urthermore, although ACEI/ARB use did not markedly affect 
ll-cause mortality in the long COVID cohort [aHR 0.67 ( 95% CI
.42–1.05) ], it did exhibit a significant protective effect against 
ll-cause mortality in the non-long COVID cohort [aHR 0.79 ( 95% 

I 0.65–0.93) ]. Moreover, in patients without ACEI/ARB use, long 
OVID had a significant effect on the incidence of CKD [aHR
.49 ( 95% CI 1.03–2.14) ] and all-cause mortality [aHR 1.49 ( 95% CI 
.00–2.23) ]. However, the effect on AKI was not significant [aHR
.26 ( 95% CI 0.85–1.89) ]. In contrast, among individuals taking 
CEIs/ARBs, these associations were not statistically significant,
ith aHRs of 1.02 ( 95% CI 0.66–1.61) for CKD, 1.36 ( 95% CI 0.81–
.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- 
ng risk of all-cause mortality, yielded consistent results for 
KD across four scenarios. However, when examining the aHR 
or the impact of long COVID in both the ACEI/ARB use and
on-use groups, long COVID demonstrated a significantly in- 
reasing effect on the incidence of AKI. This result was ob-
erved after adjusting for the competing risk of all-cause 
ortality and the same covariates in the primary analysis 

 Supplementary Table S2) . 
The second sensitivity analysis included 12 732 patients with 

ong COVID and 59 779 control patients. The results of this sen-
itivity analysis were consistent with those of the primary anal-
sis ( Supplementary Table S3) . 
A  
dditional analysis 1 results 

hen treating the status of long COVID as a time-dependent
ariable to assess the effects of ACEI/ARB use in the entire pop-
lation, we found that ACEI/ARB use did not exhibit significant
ffects on either CKD [aHR 1.11 ( 95% CI 0.95–1.29) ] or AKI [aHR
.97 ( 95% CI 0.83–1.14) ]. However, ACEI/ARB use demonstrated a
ignificant protective effect against all-cause mortality [aHR 0.77
 95% CI 0.65, 0.91) ]. Furthermore, when considering ACEI/ARB 
se as a time-dependent variable, long COVID had a significant
mpact 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%
I 0.89–1.96) ], as shown in Fig. 3 . 

dditional analysis 2 results 

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

We observed no significantly elevated hazards in patients on
CEIs/ARBs compared with those on CCBs in the long COVID
roup. The aHR for ACEI/ARB use relative to CCBs on CKD was
.89 ( 95% CI 0.57–1.38) and on AKI was 1.06 ( 95% CI 0.63–1.79) ,
fter accounting for demographics, baseline comorbidities and 
ther drug use histories. Comparable non-significant results 
ere 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
bserved in additional analysis 2 ( Supplementary Table S5) . 

ISCUSSION 

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

To the best of our knowledge, this study is the first to clearly
xplain the complex effects of long COVID and the use of
CEIs/ARBs on kidney diseases. Additionally, our research serves

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae164#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae164#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae164#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae164#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae164#supplementary-data
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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]. 

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]. 
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s an extension, providing insights into the long-term effects of 
OVID-19 on kidney diseases, especially accounting for the com- 
eting risk of death and time-dependent effects of ACEI/ARB use 
r a long COVID diagnosis. Moreover, this comparison between 
CEIs/ARBs and CCBs is the first to examine the ACEI/ARB mech- 
nism leveraging real-world data with long COVID patients. 

onsistency of ACEI/ARB effects with previous studies 

ur findings confirm the results of prior studies. First, our find- 
ngs align with earlier research on the use of ACEIs/ARBs for 
idney diseases and all-cause death. A prospective cohort study 
nvestigating the link between ACEI/ARB use and recurrent AKI 
ost-hospitalization found that the use of ACEIs/ARBs did not 
eighten the risk of recurrent AKI [10 ]. Additionally, several ret- 
ospective cohort studies examining ACEI/ARB use following AKI 
lso highlighted their protective effects against all-cause death 
44 , 45 ]. 

In the context of COVID-19 and its acute outcomes, our find- 
ngs agree with the results of several key studies. A randomized 
linical trial involving 659 patients ( 334 in the discontinuation 
roup and 325 in the continuation group) who were hospitalized 
ith mild–moderate COVID-19 and were on ACEIs/ARBs prior to 
dmission showed no significant difference in the mean num- 
er of days alive and out of the hospital between the discontin- 
ation and continuation groups [46 ]. Additionally, a multicentre 
rospective cohort study of 1129 hospitalized COVID-19 patients 
ith hypertension revealed that inpatient use of ACEIs/ARBs 
as linked to a lower risk of all-cause mortality compared with 
on-users [47 ]. Although these studies are characterized by rela- 
ively short follow-up periods and primarily focus on acute out- 
omes after COVID-19, their results are consistent with our find- 
ngs over longer periods, particularly in relation to the effects of 
ong COVID. 

Lastly, guidelines from the European [48 ] and American [49 ] 
ocieties of Cardiology advised against routinely discontinuing 
CEIs/ARBs in response to the COVID-19 pandemic. Our findings 
urther extend this guidance by suggesting that for individuals 
ith long COVID, the routine cessation of ACEI/ARB treatment is 
ot indicated. 

ong COVID effects on kidney diseases 

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

ompeting risk effect of all-cause mortality 

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

In our primary analysis, we found that long COVID increased
he risk of all-cause mortality. Subsequently, we performed a 
ensitivity analysis, adjusting for the competing risk of all-cause 
eath, that revealed a significantly increased risk of AKI. This
nding can be seen in the strong correlation between hospital-
zation for AKI and mortality [50 , 51 ]. It is plausible that all-cause
ortality might preclude the development of AKI in some pa-

ients. Therefore, when evaluating the impact of long COVID-19,
onsidering the competing risk of all-cause death is crucial, as
t may transform an effect from non-significant to significant. 

omparison between ACEI/ARB use and CCB use 

e selected CCBs as an active comparator to ACEIs/ARBs due
o their common use in treating hypertension, albeit through 
iffering mechanisms [52 ]. Our underlying assumption was that 
CEI/ARB users and CCB users would have comparable comor- 
idities and health conditions, potentially sharing similar un- 
easured confounders. Thus, any observed difference in out- 
omes likely stems from the mechanistic differences between 
CEIs/ARBs and CCBs. 
In additional analysis 2, we conducted a sensitivity analysis 

ocusing exclusively on patients ≥40 years of age, a demographic
ith a higher prevalence of hypertension [43 ]. The consistency of
hese results with those of additional analysis 2 further validate
ur findings. 

trengths and limitations of the study 

 strength of this analysis is the use of multiple study designs
o increase the rigor of the work. We employed three distinct
tudy designs, mitigating potential biases and yielding consis- 
ent conclusions across each one. The four parallel cohorts de-
ign ( primary analysis) was straightforward, allowing us to com- 
are the effects of ACEI/ARB use and long COVID under different
omparisons. Our matching strategy facilitated the creation of 
ohorts with similar baseline characteristics and reduced the se- 
ection bias [53 ]. The time-dependent variable design ( additional 
nalysis 1) addressed the bias introduced by a randomly as- 
igned index for the non-long COVID group in the primary anal-
sis, and it effectively minimized the immortal time bias [37 ,
8 ]. The active comparator design ( additional analysis 2) was 
mplemented to compare ACEI/ARB and CCB use head to head
40 ]. All three study designs demonstrated the non-significant 
ssociation between ACEI/ARB use and kidney diseases, regard- 
ess of long COVID status. Both the primary analysis and addi-
ional analysis 1 included all-cause mortality, revealing the po- 
ential protective effects of ACEIs/ARBs. Primary analysis and 
dditional analysis 1 also assessed the effects of long COVID,
ith both suggesting that long COVID could increase the risk of
KD. 
The interaction term test reinforces the validity of our study

esults, demonstrating that the observed outcomes can be at- 
ributed directly to either ACEI/ARB use or long COVID. Prior to
ur main analysis, we incorporated an interaction term for long
OVID status and ACEI/ARB use into the Cox proportional haz-
rds regression model for CKD and AKI across the total popula-
ion. We found that the effects of this interaction term were not
tatistically significant ( CKD, P = .681; AKI, P = .438) , indicating
hat the observed outcomes related to long COVID ( or ACEI/ARB
se) in our study are attributable to long COVID ( or ACEI/ARB
se) itself rather than being modified by ACEI/ARB use ( or long
OVID) . 
The extensive real-world dataset we used adds considerable

trength to our study. With the recent assignment of the ICD-10
ode for long COVID, to the best of our knowledge, ours is the
rst study examining the effects of long COVID on kidney dis-
ases within a substantial real-world sample, including 199 848
atients. Also, our research incorporates the latest data avail-
ble through 1 October 2023, with a 2-year period of follow-up
or long COVID patients from 1 October 2021. 

Our study also has some limitations. First, due to the na-
ure of observational studies, causality cannot be definitively es-
ablished. Second, we acknowledge the potential pitfalls of EHR
atabases compared with prospective clinical trials: patients 
ight be misclassified due to misreporting or underreporting of
iagnostic codes or medications. Third, despite our efforts to ex-
lude patients with long COVID or COVID-19 diagnoses or those
esting positive for SARS-CoV-2, it is possible that some individu-
ls in the control group had undiagnosed mild or asymptomatic
OVID-19 because they were not tested for infection. Such non-
ifferential misclassification of exposure could potentially un- 
erestimate the strength of the association between long COVID
nd the onset of CKD, AKI or all-cause death. 

UPPLEMENTARY DATA 

upplementary data are available at Clinical Kidney Journal online .
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