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Abstract
Background: Acute kidney injury (AKI) is a potentially fatal complication of Coronavirus Disease-2019 (COVID-19). Binding 
of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the virus responsible for COVID-19, to its viral 
receptor, angiotensin converting enzyme 2 (ACE2), results in viral entry and may cause AKI.
Objectives: We performed a systematic review and meta-analysis of the frequencies of AKI and renal replacement therapy 
(RRT) in critically ill COVID-19 patients and compared those frequencies with patients who were infected by respiratory 
viruses that bind or downregulate ACE2 (ACE2-associated viruses) and viruses that do not bind nor downregulate  ACE2 
(non-ACE2-associated viruses).
Design: Systematic review and meta-analysis.
Setting: Observational studies on COVID-19 and other respiratory viral infections reporting AKI and RRT were included. 
The exclusion criteria were non-English articles, non-peer-reviewed articles, review articles, studies that included patients 
under the age of 18, studies including fewer than 10 patients, and studies not reporting AKI and RRT rates.
Patients: Adult COVID-19, Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syndrome (MERS), and 
influenza patients.
Measurements: We extracted the following data from the included studies: author, year, study location, age, sex, race, 
diabetes mellitus, hypertension, chronic kidney disease, shock, vasopressor use, mortality, intensive care unit (ICU) admission, 
ICU mortality, AKI, and RRT.
Methods: We systematically searched PubMed and EMBASE for articles reporting AKI or RRT. AKI was defined by 
authors of included studies. Critical illness was defined by ICU admission. We performed a random effects meta-
analysis to calculate pooled estimates for the AKI and RRT rate within each virus group using a random intercept 
logistic regression model.
Results: Of 23 655 hospitalized, critically ill COVID-19 patients, AKI frequencies were not significantly different between 
COVID-19 patients (51%, 95% confidence interval [CI]: 44%-57%) and critically ill patients infected with ACE2-associated 
(56%, 95% CI: 37%-74%, P = .610) or non-ACE2-associated viruses (63%, 95% CI: 43%-79%, P = .255). Pooled RRT rates 
were also not significantly different between critically ill, hospitalized patients with COVID-19 (20%, 95% CI: 16%-24%) and 
ACE2-associated viruses (18%, 95% CI: 8%-33%, P = .747). RRT rates for both COVID-19 and ACE2-associated viruses 
were significantly different (P < .001 for both) from non-ACE2-associated viruses (49%, 95% CI: 44%-54%). After adjusting 
for shock or vasopressor use, AKI and RRT rates were not significantly different between groups.
Limitations: Limitations of this study include the heterogeneity of definitions of AKI that were used across different virus 
studies. We could not match severity of infection or do propensity matching across studies. Most of the included studies 
were conducted in retrospective fashion. Last, we did not include non-English publications.
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Conclusions: Our findings suggest that viral ACE2 association does not significantly alter the rates of AKI and RRT among 
critically ill patients admitted to the ICU. However, the rate of RRT is lower in patients with COVID-19 or ACE2-associated 
viruses when compared with patients infected with non-ACE2-binding viruses, which might partly be due to the lower 
frequencies of shock and use of vasopressors in these two virus groups. Prospective studies are necessary to demonstrate 
whether modulation of the ACE2 axis with Renin-Angiotensin System inhibitors impacts the rates of AKI and whether they 
are beneficial or harmful in COVID-19 patients.

Abrégé
Mise en contexte: L’insuffisance rénale aiguë (IRA) est une complication potentiellement mortelle de la maladie à 
coronavirus-2019 (COVID-19). Obligatoire du Coronavirus 2 du Syndrome Respiratoire Aigu Sévère (SARS-CoV-2), le virus 
responsable du COVID-19, à son récepteur, l’enzyme de conversion de l’angiotensine 2 (ACE2), entraîne une entrée virale 
et peut provoquer une IRA.
Objectifs de l’étude: Nous avons effectué une revue systématique et une méta-analyse des fréquences de l’IRA 
et de la thérapie de remplacement renal (RRT) chez les patients COVID-19 gravement malades et a comparé ces 
fréquences avec les patients qui ont été infectés par des voies respiratoires virus qui lient ou régulent négativement 
l’ACE2 (virus associés à l’ACE2) et les virus qui ne régulent pas négativement ni ne lient l’ACE2 (virus non associés 
à l’ACE2).
Cadre et type d’étude: Revue systématique et méta-analyse. Des études d’observation sur le COVID-19 et d’autres 
infections virales respiratoires signalant une AKI et une RRT ont été incluses. Les critères d’exclusion étaient des articles non 
anglophones, des articles non évalués par des pairs, des articles de revue, des études incluant des patients moins de 18 ans, 
les études incluant moins de 10 patients et les études ne rapportant pas les taux d’IRA et de RRT.
Patients: Adultes COVID-19, syndrome respiratoire aigu sévère (SRAS), syndrome respiratoire du Moyen-Orient (MERS) 
et malades de la grippe.
Mesures: Nous avons extrait les données suivantes des études incluses : auteur, année, lieu de l’étude, âge, sexe, race, 
diabète sucré, hypertension, maladie rénale chronique, état de choc, utilisation de vasopresseurs, mortalité, admission en 
unité de soins intensifs (USI), Mortalité en soins intensifs, AKI et RRT. 
Méthodologie: Nous avons systématiquement recherché dans PubMed et EMBASE les articles rapportant AKI ou 
RRT. AKI a été défini par les auteurs des études incluses. La maladie grave a été définie par l’admission aux soins 
intensifs. Nous avons effectué une méta-analyse à effets aléatoires pour calculer estimations regroupées pour le 
taux d’IRA et de RRT au sein de chaque groupe de virus à l’aide d’un modèle de régression logistique d’interception 
aléatoire.
Résultats: Sur 23 655 patients hospitalisés et gravement malades COVID-19, les fréquences AKI n’étaient pas 
significativement différentes entre patients COVID-19 (51 %, intervalle de confiance à 95 % [IC] : 44 %-57 %) et patients 
gravement malades infectés par l’ACE2 associé (56 %, IC à 95 % : 37 % à 74 %, P = 0,610) ou des virus non associés à l’ACE2 
(63 %, IC à 95 % : 43 % à 79 %, P = 0,255). Tarifs RRT groupés n’étaient pas non plus significativement différents entre les 
patients hospitalisés gravement malades atteints de COVID-19 (20 %, IC à 95 % : 16 % à 24 %) et virus associés à l’ACE2  
(18 %, IC à 95 % : 8 % à 33 %, P = 0,747). Taux de RRT pour les virus associés au COVID-19 et à l’ACE2 étaient 
significativement différents (P < 0,001 pour les deux) des virus non associés à l’ACE2 (49 %, IC à 95 % : 44 % à 54 %). Après 
ajustement pour le choc ou l’utilisation de vasopresseurs, les taux d’IRA et de RRT n’étaient pas significativement différents 
entre les groupes.
Limites de l’étude: Les limites de cette étude incluent l’hétérogénéité des définitions de l’IRA qui ont été utilisées pour 
différents virus études. Nous n’avons pas pu faire correspondre la gravité de l’infection ou faire une correspondance de 
propension entre les études. La plupart des études incluses ont été menées de manière rétrospective. Enfin, nous n’avons 
pas inclus les publications non anglophones.
Conclusions: Nos résultats suggèrent que l’association virale ACE2 ne modifie pas de manière significative les taux d’IRA 
et de RRT parmi les patients gravement malades admis aux soins intensifs. Cependant, le taux de RRT est plus faible chez 
les patients atteints de COVID-19 ou associés à l’ACE2 virus par rapport aux patients infectés par des virus ne se liant 
pas à l’ACE2, ce qui pourrait être dû en partie à la plus faible fréquences de choc et utilisation de vasopresseurs dans ces 
deux groupes de virus. Des études prospectives sont nécessaires pour démontrer si la modulation de l’axe ACE2 avec 
les inhibiteurs du système rénine-angiotensine a un impact sur les taux d’IRA et si ells sont bénéfiques ou nocifs chez les 
patients COVID-19. 
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What was known before

While a small proportion of patients with Coronavirus 
Disease-2019 (COVID-19) were known to develop acute 
kidney injury or require renal replacement therapy, the true 
rates of acute kidney injury and renal replacement therapy in 
hospitalized, critically ill COVID-19 patients were unknown. 
Furthermore, the rates of acute kidney injury and renal 
replacement therapy in hospitalized patients infected with 
other respiratory viruses that do or do not bind or downregu-
late angiotensin converting enzyme 2 (ACE2) have been 
described in isolation but, it remains unclear whether these 
rates are different than those in COVID-19. The ongoing 
debate of whether Renin-Angiotensin System (RAS) inhibi-
tors confer protection against or increases susceptibility to 
COVID-19 infection underscores the dire need to understand 
whether viral association with ACE2, through binding or 
downregulation, is correlated with the development of end-
organ injury such as AKI.

What this adds

Acute kidney injury occurs to approximately the same 
degree in critically ill patients, that is, patients admitted to 
the ICU, regardless of viral association with ACE2. The 
minimal impact of ACE2 association with rates of acute kid-
ney injury restates the need for and provides a rationale for 
trials of RAS inhibitors for the therapeutic management of 
COVID-19.

Introduction

Coronavirus-Disease 2019 (COVID-19) has resulted in over 
140 000 000 cases and over 3 000 000 deaths since it was first 
identified in December 2019.1-3

Angiotensin converting enzyme 2 (ACE2) is the viral 
receptor for Severe Acute Respiratory Syndrome Coronavirus 
2 (SARS-CoV-2).4-6 ACE2 cleaves angiotensin II (Ang II) 
into the vasodilatory, anti-inflammatory peptide angiotensin 
1-7 (Ang [1-7]).7,8

ACE2 is also the viral receptor for SARS-CoV-1.9 The 
cellular distribution of ACE2, on the vascular endothelium, 
kidney, heart, and lungs, may explain, in part, the frequent 
occurrence of acute kidney injury (AKI), acute cardiac injury 
(ACI), and acute respiratory distress syndrome (ARDS) in 
COVID-19 patients.10-13 SARS-CoV-2 binding to ACE2 
leads to SARS-CoV-2 entry and downregulation of ACE2 at 
the cell membrane, similar to SARS-CoV-1.14 Other respira-
tory viruses also downregulate ACE2 expression (eg, influ-
enza H1N1, H5N1, H7N9).15-17

The main proposed mechanisms of AKI in COVID-19 
include (1) renal hypoperfusion due to fever, gastrointestinal 
losses, cardiomyopathy, shock, and use of vasopressors, (2) 
direct viral injury, (3) sepsis and septic shock-associated 
acute tubular necrosis, (4) increased inflammation due to 
increased pro-inflammatory cytokines and cytokine storm, 
(5) rhabdomyolysis, (6) micro- and macro-vascular throm-
bosis, and (7) micro-embolism.18-20

To our knowledge, no studies compare AKI and RRT in 
COVID-19 with other respiratory viruses that bind to or 
downregulate ACE2 and those viruses that are not associ-
ated with ACE2. This comparison enhances understanding 
of the role of ACE2 in the pathophysiology of AKI and 
could inform therapeutic strategies such as targeting of 
ACE2 with angiotensin converting enzyme inhibitors 
(ACEi) or angiotensin receptor blockers (ARBs) to mitigate 
AKI in COVID-19.

Accordingly, our objectives were to review and perform a 
meta-analysis of the frequencies of AKI and RRT in criti-
cally ill COVID-19 patients and compare those frequencies 
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with critically ill patients who were infected by respiratory 
viral infections due to viruses that bind or downregulate 
ACE2 (ACE2-associated viruses) and viruses that do not 
involve ACE2 (non-ACE2-associated viruses).

Methods

Eligibility Criteria

We searched PubMed/MEDLINE and EMBASE from data-
base inception up until March 25, 2021, for cohort studies, 
case control studies, and other systematic reviews and 
meta-analyses that reported the frequency of AKI, acute 
renal failure (ARF), or RRT in adults (18 years old or 
greater) infected with COVID-19. Full-text peer-reviewed 
articles and peer-reviewed articles published ahead of print 
were included. Letters and commentaries were also included 
if they provided patient characteristics. Only articles in 
English were included in the final analysis. Studies with 
less than 10 patients were excluded as were studies on 
cohorts of deceased patients and studies that reported only 
patients on dialysis or kidney transplant recipients. Non-
peer-reviewed articles were excluded as were article 
abstracts, incomplete articles, research posters, conference 
abstracts, books, theses, and retracted articles.

Search Strategy and Study Selection

We used a broad search strategy to find relevant articles 
using the following search terms: COVID, COVID-19, 
2019-nCov, and SARS-CoV-2. These terms were combined 
using “AND” with the terms clinical features, clinical char-
acteristics, kidney injury, renal, kidney, creatinine, renal 
replacement, and dialysis. For ACE2 and non-ACE2 asso-
ciated viruses, we used similar search terms for kidney 
injury as above and replaced COVID-19 with these search 
terms: influenza, H1N1, H5N1, H3N2, H7N9, SARS, 
SARS-CoV-1, and MERS (see Supplemental Appendix for 
full search strategy details).

One reviewer (A.C.) screened titles and abstracts to iden-
tify reports of hospitalized COVID-19 patients with AKI or 
RRT. After reading the full texts of publications, studies were 
included if they reported the frequency of AKI, acute renal 
failure (ARF), or RRT in adults (18 years old or greater) 
infected with COVID-19. We similarly reviewed the litera-
ture on patients (18 years old or greater) infected with respi-
ratory viruses that are associated with ACE2 through ACE2 
binding or downregulation (SARS-CoV-1, influenza H1N1, 
influenza H7N9) and respiratory viruses that are not associ-
ated with ACE2 (e.g., Middle East Respiratory Syndrome 
Coronavirus [MERS-CoV] and other influenza strains 
besides H1N1, H7N9).9,14-17,21 Other studies were identified 
from the references in review articles and meta-analyses and 
were included if they met the inclusion criteria.

Data Extraction

One reviewer (A.C.) extracted the studies from the literature 
in duplicate using a systematic template. We extracted the 
following data from each included study: author, journal of 
publication, study type, study location, age, sex, race, diabe-
tes mellitus, hypertension, chronic kidney disease, shock, 
vasopressor use, intensive care unit (ICU) admission, ICU 
mortality, overall mortality, AKI, and RRT.AKI in the origi-
nal publications was defined using a variety of definitions 
including the Kidney Disease Improving Global Outcomes 
(KDIGO) criteria, the Acute Kidney Injury Network (AKIN) 
criteria, the risk of renal failure, injury to the kidney, failure 
of kidney function, loss of kidney function, and end-stage 
renal failure (RIFLE) criteria or the presence of elevated 
serum creatinine.22-24 Critical illness was defined as admis-
sion to the intensive care unit (ICU). Results were not 
reported according to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) check-
list, and a risk of bias assessment was performed on individ-
ual studies (Supplemental Table 4).

Statistical Analysis

Results of all included studies were summarized quantita-
tively. Pooled estimates for the AKI and RRT rate within 
each virus group and comparison of rates between groups 
were obtained using random effects (RE) meta-analysis 
based on a random intercept logistic regression model with 
logit link and covariate being virus group.25,26 Pairwise 
comparisons between virus groups were done by testing the 
appropriate regression coefficient using Wald-type test 
from the estimated model. Mixed effects meta-regression 
was further conducted to adjust for the prevalence of shock 
and vasopressors use in each study when comparing the 
virus groups. Among the included studies, only overall 
prevalence of shock and vasopressors use was reported, but 
not the ones within critically ill. Since shock is a critical 
illness and vasopressors are only administered in critically 
ill patients, we will assume all patients who had shock or 
used vasopressors are critically ill patients for the purpose 
of computing these prevalence rates within critically ill. 
Given that few studies have both shock and vasopressors 
use data available, we examined these variables as two sep-
arate adjusted analyses. Log odds of AKI or RRT was con-
sidered as the outcome variable in the regression. Results 
from the meta-regression were thus expressed as odds 
ratios. Random effects meta-analysis and mixed effects 
meta-regression were performed using the meta package in 
R 3.6.2 (R Foundation for Statistical Computing, Vienna, 
Austria). Study heterogeneity was assessed visually by fun-
nel plot with a minimum of 10 studies and asymmetry was 
assessed by the Begg adjusted rank correlation test. 
Statistical heterogeneity was assessed by I2.
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Results

Study Selection and Characteristics

After screening 6560 COVID-19 titles and abstracts, 5622 
studies were excluded. We assessed 938 full-text articles 
for their eligibility. Following assessment for eligibility, 
867 COVID-19 articles were excluded because they (1) 
were review articles or meta-analyses, (2) did not report 
rates of AKI or RRT in critically ill patients, (3) were not 
written in English, (4) included only patients on dialysis or 
kidney transplant recipients, or (5) included patients under 
18 years of age or did not specify the minimum age of 
study participants. After reviewing the full texts of 938 
articles, 71 COVID-19 studies were included in the meta-
analysis (Figure 1A).1-3,13,27-94 Similarly, 7742 articles on 
ACE2-associated (SARS-CoV-1, influenza H1N1, H7N9) 
and non-ACE2-associated viruses (MERS-CoV, other 
influenza strains) were screened based on their titles and 
abstracts and 6841 articles were excluded. The full-texts of 
901 articles were reviewed and 20 studies on ACE2-
associated viruses and 3 studies on non-ACE2-associated 
viruses were included in the meta-analysis (Figure 1B).95-117 
The majority of the included COVID-19 studies were from 
the United States (n = 28) and China (n = 17) but other 
included studies were from England (n = 5), France (n = 
4), Brazil (n = 3), South Korea (n = 2), Mexico (n = 2), 
and Canada, Sweden, Netherlands, Italy, Switzerland, 
Bahrain, India, United Arab Emirates, and Saudi Arabia 
(n = 1 each). The last study was conducted jointly in 
France and Spain.38 Included studies on ACE2-associated 
and non-ACE2-associated viruses were not predomi-
nantly associated with any country and were variable. 
The characteristics of the included studies are provided in 
Supplemental Table 1.

Characteristics of Included Study Populations

Females made up 38% (n = 20 615) of the studied hospital-
ized COVID-19 population and represented 66% (n = 1082) 
and 32% (n = 120) of the populations infected with ACE2-
associated viruses and non-ACE2-associated viruses, 
respectively (Supplemental Tables 1a-c). Of the 30 COVID-
19 studies that reported race, 24% (n = 12 157) of the 
included population was Black or African American 
(Supplemental Table 1a). Similarly, 32% (n = 15 167), 27% 
(n = 8535), and 5% (n = 1163) of the included population 
were white, Hispanic or Latino, and Asian, respectively 
(data not shown). The frequency of hospitalized COVID-19 
patients that had diabetes mellitus, hypertension, and 
chronic kidney disease (CKD) were 35% (n = 18 959), 58% 
(n = 27 072), and 13% (n = 6054), respectively 
(Supplemental Table 1a). In hospitalized patients infected 
with ACE2-associated viruses, 20% (n = 261), 31% (n = 
159), and 6% (n = 69) had underlying diabetes mellitus, 

hypertension, and CKD, respectively (Supplemental Table 
1b). Similarly, rates of these underlying comorbidities in 
hospitalized patients infected with non-ACE2-associated 
viruses were 50% (n = 170), 50% (n = 6), and 29% (n = 
107), respectively (Supplemental Table 1c).

Acute Kidney Injury in COVID-19 and in ACE2-
Associated and Non-ACE2-Associated Viruses

Among hospitalized COVID-19 patients (n = 54 173), 44% 
were critically ill (n = 23 655) (Table 1). In patients hospital-
ized with ACE2-associated viruses (n = 1575), 94% (n = 
1485) were critically ill whereas in hospitalized patients with 
non-ACE2-associated viruses (n = 370), 100% (n = 370) 
were critically ill. AKI frequencies did not differ between 
virus groups in critically ill patients: COVID-19 51% (95% 
confidence interval [CI]: 44%-57%), ACE2-associated respi-
ratory viruses 56% (95% CI: 37%-74%, P = .610), and non-
ACE2-associated viruses 63% (95% CI: 43%-79%, P = 
.255) or between ACE2-associated respiratory viruses and 
non-ACE2-associated viruses (P = .624) (Figure 2).

Definitions of AKI varied between studies (Supplemental 
Table 2). After only including studies that defined AKI 
according to KDIGO criteria (61 studies, n = 43 257), the 
RE meta-analysis pooled AKI rate among critically ill 
COVID-19 patients was 52% (95% CI: 46%-58%).

Substantial statistical heterogeneity between studies was 
observed within each virus type (I2 = 98.1%, 83.9%, and 
79.9% in critically ill patients for COVID-19, ACE2-
associated, and non-ACE2-associated, respectively). The 
funnel plots (Figure 4) revealed no significant asymmetry 
(Begg test P > .05), but there seemed to exist some heteroge-
neity between studies. Four studies reported extreme AKI rate 
of either 100% or less than 1% (2 COVID-19 studies and 2 
studies which examined ACE2-associated viruses).28,84,110,112 
Sensitivity analysis which excluded these studies did not alter 
our conclusion for the comparisons between the 3 viruses.

Renal Replacement Therapy in COVID-19 and 
in ACE2-Associated and Non-ACE2-Associated 
Viruses

In critically ill patients, there were no significant differ-
ences in the pooled RRT rates between COVID-19 (20%, 
95% CI: 16%-24%) and ACE2-associated viruses (18%, 
95% CI 8%-33%; P = .747). However, both COVID-19 
and ACE2-associated viruses were significantly different 
(P < .001 for both) from non-ACE2-binding viruses (49%, 
95% CI: 44%-54%; Figure 3). Substantial statistical het-
erogeneity between studies was observed within each virus 
type, except for non-ACE2-associated viruses (I2 = 95.4%, 
89.6%, 0% in critically ill for COVID-19, ACE2-
associated, and non-ACE2-associated, respectively). The 
funnel plots (Figure 4) revealed one outlying study on 
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Figure 1. (continued)
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Figure 1. Flow diagrams of the search strategies showing included and excluded studies in the meta-analysis of acute kidney injury (AKI) 
and renal replacement therapy (RRT) in a) COVID-19 and b) ACE2- and non-ACE2-associated viral infections. 
Note. AKI = acute kidney injury; RRT = renal replacement therapy.

ACE2-associated viruses.112 Removal of this study did not 
alter our conclusion for the comparisons between the 3 
groups of viruses.

After only including studies that defined AKI according 
to KDIGO criteria (61 studies, n = 43 257), RRT frequency 
among critically ill COVID-19 patients was 22% (n = 2801) 
(Table 1; RE meta-analysis pooled rate: 21% (95% CI: 
17%-25%).

Shock and Vasopressors in COVID-19 and 
Viruses That Are or Are not Associated With 
ACE2

In critically ill patients, shock occurred in 24%  
(n = 1813/6621) of COVID-19 patients, whereas vasopres-
sors were used in 26% (n = 9535/17 170) of patients (Table 1). 
In cohorts of patients infected with ACE2-associated viruses, 
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shock was seen in 25% (n = 76/299), whereas in patients 
infected with non-ACE2-associated viruses, 78% (n = 
267/342) of patients experienced shock (Tables 2D and 3C). 
Similarly, in cohorts of patients infected with ACE2-
associated viruses, vasopressors were initiated in 44% (n = 
390/884) whereas 78% (n = 289/370) of patients infected 
with non-ACE2 associated viruses received vasopressor 
treatment (Tables 2D and 3C). After adjusting for differences 
in prevalence of shock or vasopressor use between studies, 
the AKI and RRT rates were not significantly different 
between the 3 viruses (Supplemental Table 3). Shock and 
vasopressor use were, however, both positively associated 
with AKI (odds ratio [OR]: 1.31, 95% CI: 1.14-1.49 and OR: 
1.26, 95% CI: 1.07-1.48, respectively) and RRT use (OR: 

Figure 2. Forest plots of acute kidney injury (AKI) in critically ill patients with COVID-19 and ACE2- and non-ACE2-associated 
respiratory viral infections.
Note. AKI = acute kidney injury; CI = confidence interval; RE = random effects; ACE2 = angiotensin converting enzyme 2.

1.36, 95% CI: 1.18-1.56 and OR: 1.26, 95% CI: 1.11-1.42, 
respectively) (Supplemental Table 3).

Discussion

Among critically ill patients, there were no differences in 
frequencies of AKI between COVID-19 patients and patients 
infected with other respiratory viruses. However, RRT rate 
was significantly lower in patients with COVID-19 or 
ACE2-associated viruses when compared with patients 
infected with non-ACE2 associated viruses. Lower frequen-
cies of shock and use of vasopressors may partially account 
for lower RRT frequencies in COVID-19 and ACE2 associ-
ated viruses, because adjustments for shock and vasopressor 
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use revealed no significant differences in rates of RRT 
between virus classes. CKD prevalence was similar in 
COVID-19 (13%) and in patients who had infection with 
ACE2-associated viruses (6%) but lower than in patients 
with non-ACE2-associated viruses (29%).

The similar rates of AKI in critically ill patients across 
viral groups suggests, but does not prove, that downregula-
tion or binding of ACE2 may not be associated with 
increased rates of AKI. The AKI rates in COVID-19 in 
critically ill patients may not differ from other viruses 
because there may be common biological mechanisms by 
which COVID 19, other ACE2-associated and non-ACE2-
associated viruses lead to AKI. Studies of renal structure 
and function in COVID-19 suggest several mechanisms of 
AKI. Post-mortem renal tissue of COVID-19 patients with 
AKI shows viral particles in the kidney and SARS-CoV-2 
nucleoprotein antigen accumulation in renal tubules and in 
one study (n = 3), in all renal compartments.118-120 
However, there is debate on whether these particles are 
indeed viral particles or other intracellular structures.121 
Indications of diffuse proximal tubule injury, severe acute 

tubular necrosis, and lymphocyte infiltration have also 
been found.118-120 Evidence of renal tropism has also been 
found in cohorts of SARS, MERS, and influenza H1N1 
patients.122-124 In one large study of patients with COVID-
19-associated AKI, the most common cause of AKI was 
acute tubular necrosis, likely from hemodynamic instabil-
ity possibly due to volume depletion, sepsis, or nephro-
toxic drugs.69 Similarly, in another study, acute tubular 
injury (ATI) was the main post-mortem renal finding in 33 
COVID-19 patients who had AKI.125 Post-mortem analysis 
of renal tissues of SARS and influenza H1N1 patients also 
revealed evidence of ATN.124,126

It is known that AKI and use of RRT are associated with 
an increased mortality rate.127 Here, we found that the AKI-
associated mortality rate was 42% for COVID-19 patients, 
including those who were not critically ill, which is much 
less than what was seen in MERS patients (81%). Despite 
potential common pathophysiological mechanisms, this find-
ing lends support to distinct pathophysiological processes of 
AKI, even among coronaviruses. The high frequencies of 
AKI and use of RRT in Middle East Respiratory Syndrome 

Figure 3. Forest plots of renal replacement therapy (RRT) in critically ill patients with COVID-19 and ACE2- and non-ACE2-associated 
respiratory viral infections.
Note. CI = confidence interval; RE = random effects; RRT = renal replacement therapy; ACE2 = angiotensin converting enzyme 2.
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Figure 4. Funnel plots of acute kidney injury (AKI) and renal replacement therapy (RRT) in critically ill patients with COVID-19 and 
ACE2- and non-ACE2-associated respiratory viral infections.
Note. AKI = acute kidney injury; RRT = renal replacement therapy; ACE2 = angiotensin converting enzyme 2.

(MERS) may be due to the high renal expression of dipep-
tidyl peptidase-4, the viral receptor for MERS-CoV.21

A few other meta-analyses to date have also directly 
compared AKI and/or RRT rates among the different coro-
naviruses.128,129 In a meta-analysis comparing hospitalized 
patients infected with different coronaviruses and included 
studies until June 2020, the rates of AKI were found to be 
9.0%, 9.6%, and 42.0% in COVID-19 patients, SARS 
patients, and MERS patients, respectively.128 In addition, 
urgent start kidney replacement therapy rates were reported 

to be 3.4% and 35.0% for COVID-19 and MERS patients, 
respectively. However, the study did not report rates of 
AKI or RRT in critically ill, or ICU, patients as we have 
done here.

With respect to mortality, it was found that among patients 
infected with different coronaviruses including SARS-
CoV-2, the COVID-19 AKI mortality rate (78.0%) was lower 
than in SARS (86.6%) patients but higher than in MERS 
(68.5%) patients.129 Furthermore, another meta-analysis 
found that 72.3%, 98.9%, and 100% hospitalized patients 
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with AKI who died had COVID-19, SARS, and MERS.128 
The latter but not the former analysis is consistent with our 
findings that COVID-19-associated AKI mortality rates are 
lower than those in SARS or MERS-associated AKI 
(COVID-19 46%, SARS 90%, MERS 81%). Discrepancies 
in mortality rates across studies may be due in part to emerg-
ing evidence that suggests that AKI in COVID-19 has two 
distinct clinical phenotypes based on whether AKI presents 
early or late in patients during the course of illness.130 It has 
been suggested that different mechanisms underlie these 
phenotypes, each associated with an independent risk of 
mortality, with AKI-early possibly inciting multiple organ 
dysfunction whereas AKI-late may be a consequence of mul-
tiple organ dysfunction. Furthermore, AKI rates and AKI 
mortality appear to be much higher in the United States than 
in China, resulting in heterogeneity in AKI mortality rates 
among different studies.131

Variable definitions of AKI over these eras of COVID-19 
versus ACE2-associated and non-ACE2-associated viruses 
may have masked differing rates of AKI across viruses, which 
may have emerged had one standard definition of AKI been 
used across all included studies. Earlier and better recognition 
and resuscitation may also have decreased the risks of AKI in 
the COVID-19 era compared with the earlier eras of infection 
by ACE2-associated and non-ACE2 associated viruses. 
Given the difference in mortality rates between groups 
(COVID-19 25%, patients infected with ACE2-associated 
viruses 30%, patients infected with non-ACE2-associated 
viruses 63%), it is possible that more patients in the non-
ACE2 associated groups died before developing AKI, thereby 
underestimating true AKI rates among these patients.

Shock, such as septic shock due to bacterial sepsis, and 
use of vasopressors are common precedents and causes of 
AKI and need for RRT because of shock- and vasopressor-
associated induced changes in total renal blood flow and dis-
tribution of renal blood flow as well as increased levels of 
pro-inflammatory cytokines and other mediators of AKI.132-

136 In cohorts of critically ill patients with COVID-19, 84% 
and 70% of non-survivors had septic shock while 60% and 
50% had AKI, respectively, suggesting that sepsis and septic 
shock contribute to AKI among critically ill COVID-19 
patients.12,86 Septic AKI may also be due to pro-inflamma-
tory cytokines which worsen AKI as well as angiotensin II 
because it is pro-inflammatory.132-135 Here, adjusting for 
shock and vasopressors using meta-regression analysis 
removed the significant differences in rate of RRT between 
virus classes suggesting—but not proving—that the lower 
rates of shock and use of vasopressors explains in part the 
lower rate of RRT in COVID-19 and ACE2-associated 
viruses compared with the non-ACE2-associated viruses.

Our study complements and extends a meta-analysis by 
Silver and colleagues that found similar rates of AKI (46%, 
95% CI: 35%-57%) in critically ill COVID-19 patients but 
included fewer studies (because they only searched up until 
October 14, 2020, and excluded studies not using KDIGO 
criteria to define AKI), did not adjust for presence of shock 

or use of vasopressors, and did not compare rates of AKI and 
RRT in COVID-19 with those rates in patients infected with 
viruses that do or do not downregulate ACE2.137 Similarly, 
they found that kidney replacement therapy rates among 
critically ill COVID-19 patients was 19% (95% CI: 15%-
22%).137 After including studies that defined AKI using 
KDIGO criteria, we found that AKI and RRT rates among 
hospitalized, critically ill COVID-19 patients were 52% and 
22%, respectively.

The low prevalence (6%) of pre-existing CKD among 
cohorts of COVID-19 patients suggests that having CKD 
may not increase patient susceptibility to SARS-CoV-2 
infection (Table 1). Use of ACEi or ARBs are cornerstones 
of CKD treatment and may have conferred a protective 
effect on these patients. However, the role of ACEi and 
ARBs in protecting from COVID-19 is controversial and 
unproven thus far. It is unclear whether developing AKI 
associated with COVID-19 alters the risk of developing 
CKD later in life.138

Our result that ACE2 association has a minimal impact 
on rates of AKI in hospitalized patients provides a ratio-
nale for trials of renin-angiotensin system inhibitors for 
the therapeutic management of COVID-19. Two recent 
randomized controlled trials of continuing or discontinu-
ing ARBs in hospitalized patients already on ARBs found 
no difference in mortality between groups. However, we 
note that the mortality rates in the Brazil trial were very 
low (2.8% vs 2.7% continuing vs discontinuing ARBs, 
respectively) and therefore the trial was underpowered for 
such low rates.139,140

Our study has limitations which include the variable defi-
nitions for AKI used in different eras and in different cohorts. 
AKIN and RIFLE criteria were used to diagnose AKI in ear-
lier SARS, influenza, and MERS studies whereas KDIGO 
was used in the majority of COVID-19 studies.22-24 While 
there is much overlap in the criteria, they are not identical, so 
some of the difference in AKI rates may be attributable to the 
different criteria used. We acknowledge that there is a pos-
sibility of overlap in reported cases as has been reported in 
other COVID-19 studies.141 Another limitation is that we 
could not match severity of infection or do propensity match-
ing across studies. Other limitations include the high I2 value 
associated with COVID-19 studies (98.1%) and that only 
one reviewer screened the literature and extracted the data. 
Last, we did not include non-English publications. The inclu-
sion of many studies from China aided our accurate reflec-
tion of AKI frequency in COVID-19.

Conclusions

In conclusion, AKI frequencies were not significantly differ-
ent between critically ill patients, that is, patients admitted to 
the ICU, with COVID-19 and other respiratory viral infec-
tions. However, the rate of RRT is lower in patients with 
COVID-19 or ACE2-associated viruses when compared with 
patients infected with non-ACE2-binding viruses, which 
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might partly be due to the lower frequencies of shock and use 
of vasopressors in these two virus groups. However, despite 
being statistically significant, only 3 studies on non-ACE2-
associated viruses were included in the meta-analysis and 
thus, more studies on non-ACE2-associated viruses are nec-
essary to support this finding. Shock and vasopressor use may 
contribute to AKI and RRT in COVID-19. Lastly, underlying 
CKD rates were similar in COVID-19 and in patients who 
had infection with ACE2-associated and non-ACE2-associ-
ated viruses. Data from comprehensive prospective registries 
may elucidate true rates of AKI and RRT in COVID-19.
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