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A B S T R A C T   

Purpose: Reported rates of acute kidney injury (AKI) have varied significantly among studies of coronavirus 
disease 2019 (COVID-19) published to date. The present meta-analysis was conducted to gain clarity regarding 
AKI incidence and renal replacement therapy (RRT) use in COVID-19 patients. 
Methods: The PubMed, Embase, Web of Science, medRxiv, and bioRxiv databases were systematically searched 
for COVID-19-related case reports published through 25 July 2020. Pooled analyses were conducted using R. 
Results: The pooled incidence of AKI in 51 studies including 21,531 patients was 12.3% (95% CI 9.5–15.6%), 
with higher rates of 38.9% in 290 transplant patients (95% CI 27.3–51.9%), 39.0% in 565 ICU patients (95% CI 
23.2–57.6%) and 42.0% among 1745 deceased patients (95% CI 30.3–54.7%). RRT usage was reported in 39 
studies of 17,664 patients, with an overall pooled use of 5.4% (95% CI 4.0–7.1%), with higher rates of 15.6% in 
117 transplant patients (95%CI 9.9–23.8%) and 16.3% in 776 ICU patients (95% CI 11.1–23.3%). 
Conclusion: AKI and RRT use among COVID-19 patients represent a major public health concern, and early and 
appropriate intervention should be called upon to improve the prognosis of patients suffering from AKI.   

1. Introduction 

Within the past two decades, two previously unknown coronaviruses 
known as severe acute respiratory syndrome coronavirus (SARS-COV) 
and Middle East respiratory syndrome coronavirus (MERS-COV) have 
caused serious epidemic outbreaks associated with high mortality rates 
[1,2]. A new form of pneumonia associated with a novel coronavirus 
emerged in late 2019 in Wuhan, China [3], and rapidly began spreading 
between humans after initial local spread in a seafood market. The 
disease caused by this novel SARS-related coronavirus (SARS-CoV-2), 
which was designated coronavirus disease 2019 (COVID-19), was 
declared a global pandemic by the World Health Organization in March 
2020. As of July 31, 2020, over 17 million COVID-19 cases and 670,000 
deaths associated with this virus had been reported [4]. Early symptoms 
of COVID-19 include fever, a dry cough, and dyspnea [5]. The disease 
can progress rapidly and can cause high rates of mortality or severe life- 
threatening organ damage in some patients. 

One retrospective analysis of 536 SARS patients found that while 
acute kidney injury (AKI) was uncommon among these patients (36 

cases), its incidence was associated with a 91.7% mortality rate [6]. A 
male patient that died of acute pneumonia and renal failure in Saudi 
Arabia in 2012 was the first patient from whom MERS-CoV was isolated 
[2], underscoring the potential for severe renal damage associated with 
these viruses. Xu et al. [7] determined that SARS-CoV and SARS-CoV-2 
are highly homologous, and computational models revealed that SARS- 
CoV-2 exhibits a strong affinity for human angiotensin-converting 
enzyme 2 (ACE2). There is evidence to suggest that COVID-19 infec-
tion has the potential to induce kidney damage in infected patients. For 
example, Li et al. [8] found that blood urea nitrogen was elevated in 
30.1% (59/193) of analyzed COVID-19 patients, while creatinine levels 
were elevated in 22.3% (43/193) of these patients. These same patients 
also frequently exhibited proteinuria (59.9%; 88/147) and hematuria 
(48.3%; 71/147), and most exhibited abnormal renal radiographic 
findings consistent with edema and inflammation. AKI incidence in 
COVID-19 patients has also been found to be an independent predictor 
of poor prognosis and elevated mortality rates [9]. Chan et al. reported a 
high pooled mortality rate of 93.27% among 65 patients with AKI [10]. 
In the present study, we thus undertook a comprehensive approach to 
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reviewing relevant literature to conduct a systematic review and meta- 
analysis regarding rates of AKI and renal replacement therapy (RRT) 
use among COVID-19 patients. 

2. Methods 

The Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses (PRISMA) Statement and Meta-analysis of Observational 

Studies in Epidemiology (MOOSE) guidelines were used to guide the 
conceptualization and execution of this meta-analysis [11,12]. 

2.1. Search strategy 

The PubMed, Embase, Web of Science, medRxiv, and bioRxiv data-
bases were systematically searched for relevant studies published as of 
25 July 2020, without any language restrictions, using the following 

Fig. 1. PRISMA flow diagram.  
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search terms: “COVID-19”, “2019-nCoV”, “SARA-CoV-2”, “novel coro-
navirus” “Acute Kidney Injury”, and “Acute Renal Failure”. The search 
strategy was presented in Online Appendix 1. COVID-19-related reports 
in relevant literature reviews and the references of included studies were 
also searched to identify other relevant analyses. 

2.2. Study selection 

Studies eligible for inclusion in this meta-analysis were: (1) obser-
vational studies reporting rates of AKI and RRT use in COVID-19 pa-
tients; (2) published studies that met with relevant requirements, 
regardless of whether or not AKI definition was mentioned; and (3) pre- 

print articles that included an explicit definition of AKI. 
Studies were excluded from this analysis if they were abstracts, ed-

itorials, reviews, letters, conference abstracts, or commentaries. For any 
studies reporting on patient populations within the same hospital during 
overlapping time periods, only the study with the most comprehensive 
dataset was included in this analysis. 

2.3. Data extraction 

Two investigators (XPY and SST) independently reviewed studies, 
extracted data, and assessed study quality. Any discrepancies were 
resolved by a third investigator (HG). 

Table 1 
Characteristics of included studies.  

Study Location Study design N Average age Male AKI(total) AKI(ICU) AKI(death) RRT(total) RRT(ICU) 

Wang2020[13] China ROS 138 56 75 (54.3%) 5 (3.6%) 3 (8.3%)  2 (1.5%) 2 (5.6%) 
Wang 2020 [14] China POS 116 54 67 (57.8%) 0 0    
Richardson 2020 [15] USA ROS 5700 63 3437 (60.1%) 1370 (24.0%)  347 (62.7%) 225 (3.9%)  
Huang 2020 [16] China ROS 41 49 30 (73.2%) 3 (7.3%) 3 (23.1%)  3 (7.3%) 3 (23.1%) 
Cheng 2020 [17] China POS 701 63 367 (52.4%) 36 (5.1%)     
Chen 2020 [18] China ROS 274 62 171 (62.4%) 29 (10.6%)  28 (24.8%) 3 (1.1%)  
Guan 2020 [19] China ROS 1099 42 640 (58.2%) 6 (0.5%)   9 (0.8%)  
Alberici 2020 [20] Italy ROS 20 59 16 (80.0%) 6 (30.0%)   1 (5.0%)  
Yang 2020 [21] China ROS 52 59.7 35 (67.3%) 15 (28.8%) 15 (28.8%) 12 (37.5%) 9 (17.3%) 9 (17.3%) 
Zhou 2020 [22] China ROS 191 56 119 (62.3%) 28 (14.7%)  27 (50.0%) 10 (5.2%)  
Chen 2020 [23] China ROS 99 55.5 67 (67.7%) 3 (3.0%)   9 (9.1%)  
Arentz 2020 [24] USA ROS 21 70 11 (52.4%) 4 (19.1%) 4 (19.1%)    
Banerjee 2020 [25] UK ROS 7 47.6 4 (57.1%) 4 (57.1%)     
Deng 2020 [26] China ROS 225 NR 124 (55.1%) 20 (8.9%)  20 (18.3%)   
Guo 2020 [27] China ROS 187 58.5 91 (48.7%) 18 (9.6%)     
Lei 2020 [28] China ROS 34 55 14 (41.2%) 2 (5.9%) 2 (13.3%)  1 (2.9%) 1 (6.7%) 
Shi 2020 [29] China ROS 416 64 205 (49.3%) 8 (1.9%)   2 (0.5%)  
Wang 2020 [30] China ROS 107 51 57 (53.3%) 14 (13.1%)  14 (73.7%) 4 (3.7%)  
Zhang 2020 [31] China ROS 221 55 108 (48.9%) 10 (4.5%)   5 (2.3%)  
Zhang 2020 [32] China ROS 645 NR 328 (50.9%) 2 (0.3%)   0  
Hu 2020 [33] China ROS 323 61 166 (51.4%) 17 (5.3%) 10 (38.5%)  72 (22.3%) 4 (15.4%) 
Brill 2020 [34] UK ROS 450 72 272 (60.4%) 85 (18.9%)  54 (31.2%)   
Cheung 2020 [35] USA ROS 10 79.7 2 (20.0%) 1 (10.0%)     
Salacup 2020 [36] USA ROS 242 66 123 (50.8%)    24 (9.9%)  
Piva 2020 [37] Italy POS 33 64 30 (90.9%)    1 (3.4%) 1 (3.4%) 
Argenziano 2020 [38] USA ROS 850 NR 511 (60.1%) 288 (33.9%) 184 (78.0%)  117 (13.8%) 83 (35.2%) 
Anish 2020 [39] Canada ROS 117 69 79 (67.5%)    16 (13.7%) 16 (13.7%) 
Aggarwal 2020 [40] India ROS 32 54.5 19 (59.4%) 13 (40.6%)     
Haydar 2020 [41] USA ROS 242 66 123 (50.8%)    26 (10.7%)  
Yi 2020 [42] China ROS 54 63 33 (61.1%) 2 (3.7%)     
Wan 2020 [43] China ROS 135 47 72 (53.3%) 5 (3.7%)   5 (3.7%)  
Nowak 2020 [44] Poland ROS 169 63.7 87 (51.5%) 17 (10.1%)  10 (21.7%) 1 (0.6%)  
Goyal 2020 [45] USA ROS 375 62.2 238 (63.5%)    18 (4.8%)  
Hardy 2020 [46] USA ROS 15 51 10 (66.7%) 6 (40.0%)   2 (13.3%)  
Crespo 2020 [47] Spain ROS 15 73.6 11 (73.3%) 5 (33.3%)  5 (71.4%) 3 (20.0%)  
Borobia 2020 [48] Spain ROS 2226 61 1074 (48.2%) 173 (7.8%)  120 (26.1%)   
Cravedi 2020 [49] 12 centers ROS 144 62 94 (65.3%) 74 (52.1%)  26 (59.1%)   
Husain-Syed 2020 [50] Germany POS 23 60 19 (82.6%) 12 (52.2%) 10 (83.3%)  3 (13.0%) 3 (25.0%) 
Nair 2020 [51] USA ROS 10 57 6 (60.0%) 5 (50.0%)     
Akalin 2020 [52] USA ROS 28 60 22 (78.6%)    6 (21.4%)  
Wang 2020 [53] China ROS 344 64 179 (52.0%) 86 (25.0%)  80 (60.2%) 9 (2.6%)  
Demir 2020 [54] Turkey ROS 40 44.9 20 (50%) 3 (7.5%)     
Li 2020 [8] China ROS 193 57 95 (49.2%) 55 (28.5%)   7 (3.6%)  
Zhao 2020 [55] China ROS 77 52 34 (44.2%) 2 (2.6%)     
Xiao 2020 [56] China ROS 287 62 160 (55.7%) 55 (19.2%)     
Jiang 2020 [57] China ROS 55 45 27 (55.7%) 3 (5.5%)     
Zheng 2020 [58] China ROS 34 66 23 (67.6%) 7 (20.6%)   5 (14.7%)  
Rubin 2020 [59] France ROS 71 61.2 55 (77.5%) 57 (80.3%) 57 (80.3%)  10 (14.1%) 10 (14.1%) 
Almazeedi 2020 [60] Kuwait ROS 1096 41 888 (81.0%) 14 (1.3%)   5 (0.5%)  
Yang 2020 [61] China ROS 463 60 231 (49.9%) 35 (7.6%) 19 (28.8%)  10 (2,2%) 9 (13.6%) 
Ayed 2020 [62] Kuwait ROS 103 53 88 (85.4%)    21 (20.4%) 21 (20.4%) 
Gaetano 2020 [63] Italy ROS 307 65.2 219 (71.3%) 69 (22.4%) 24 (39.3%)  5 (1.6%)  
Shi 2020 [64] China ROS 134 46 69 (51.5%) 3 (2.2%)   1 (0.7%)  
Lubetzky 2020 [65] USA ROS 39 59 31 (79.5%) 20 (51.3%)   5 (12.8%)  
Chan 2020 [66] USA ROS 3235 66.5 1868 (57.7%) 1406(43.5%)   280 (8.6%)  
Pongpirul 2020 [67] Thailand ROS 193 37 113 (58.5%) 7 (6.3%) 5 (83.3%)    
Xu 2020 [68] China ROS 45 56.7 29 (64.4%) 7 (15.6%)   4 (8.9%)  
Yan 2020 [69] China ROS 168 51 81 (48.2%) 6 (3.6%)     

ROS: retrospective observational study; POS: prospective observational study; AKI: acute kidney injury; RRT: renal replacement therapy; ICU: intensive care unit; 
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Table 2 
Newcastle-Ottawa score of the included studies.  

Study Exposed 
cohortepresentative 

Non exposed 
cohort selected 
from same 
source 

Exposure 
ascertained 

Outcome of study 
was not present at 
start of the study 

Comparability Adequate 
assessment 

Follow up 
was long 
enough 

Adequate 
follow-up 

Quality 
score 

Wang 2020 * * *  * * * * ******* 
Wang 2020 * * * * * * * * ******** 
Richardson 

2020 
* * *  * * * * ******* 

Huang 2020 * * *  * * * * ******* 
Cheng 2020 *  * *  * * * ****** 
Chen 2020 * * *  * * * * ******* 
Guan 2020 *  *  * * * * ****** 
Alberici 

2020 
*  *   * * * ***** 

Yang 2020 * * *  * * * * ******* 
Zhou 2020 * * *  * * * * ******* 
Chen 2020 *  *   * * * ***** 
Arentz 2020 *  *   * * * ***** 
Banerjee 

2020 
*  *    * * **** 

Deng 2020 * * *  *  * * ****** 
Guo 2020 *  *    * * **** 
Lei 2020 * * *  * * * * ******* 
Shi 2020 *  *   * * * ***** 
Wang 2020 * * *  * * * * ******* 
Zhang 2020 *  *  * ** * * ****** 
Zhang 2020 *  *  *  * * ***** 
Hu 2020 * * *  *  * * ****** 
Brill 2020 * * **  * * * * ******* 
Cheung 2020 *  *   * ** * ***** 
Salacup 

2020 
* * *  *  * * ****** 

Piva 2020 *  * *   * * ***** 
Argenziano 

2020 
* * *  * * * * ******* 

Anish 2020 *  *    * * **** 
Aggarwal 

2020 
*  **  * * * * ****** 

Haydar 2020 *  *    * * **** 
Yi 2020 *  *   * * * ***** 
Wan 2020 *  **  * * * * ****** 
Nowak 2020 * * *  ** * * * ******* 
Goyal 2020 * * *  **  * * ****** 
Hardy 2020 *  *    * * **** 
Crespo 2020 * * *  *  * * ****** 
Borobia 

2020 
* * *  * * * * ******* 

Cravedi 2020 * * *  * * * * ******* 
Husain-Syed 

2020 
* * * * * * * * ******** 

Nair 2020 *  *   * * * ***** 
Akalin 2020 *  *    * * **** 
Wang 2020 * * *  * ** * * ******* 
Demir 2020 *  *   * * * ***** 
Li 2020 *  *  * * * * ****** 
Zhao 2020 *  *  * * * * ****** 
Xiao 2020 *  *   * * * ***** 
Jiang 2020 *  *  * * * * ****** 
Zheng 2020 * * *  * * * * ******* 
Rubin 2020 *  ** * * ** * * ****** 
Almazeedi 

2020 
*  *   * * * ***** 

Yang 2020 * * *  * * * * ******* 
Ayed 2020 *  *   * * * **** 
Gaetano 

2020 
* * *  * * * * ******* 

Shi 2020 *  *  * ** * * ****** 
Lubetzky 

2020 
*  *  * * * * ****** 

Chan 2020 *  *  * * * * ******** 
Pongpirul 

2020 
* * *  ** * * * ******* 

Xu 2020 * * *  * * * * ******* 
Yan 2020 *  *  * * * * ******  
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Data extracted from each study included study design, study title, 
first author, year of publication, country, patient information, AKI 
incidence, and rates of RRT use. 

Observational study quality was evaluated using the Newcastle- 
Ottawa Scale. 

Primary study outcomes included AKI incidence among total COVID- 

19 patients, among COVID-19 patients admitted to the intensive care 
unit (ICU), and among deceased COVID-19 patients. Secondary out-
comes included RRT use in total COVID-19 patients and among COVID- 
19 patients admitted to the ICU. 

Fig. 2a. Forest plot depicting the incidence of AKI in COVID-19 patients.  
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Fig. 2b. Subgroup analysis depicting the incidence of AKI in COVID-19 patients.  
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Fig. 2c. Subgroup analysis depicting the incidence of AKI between different continents in COVID-19 patients.  

X. Yang et al.                                                                                                                                                                                                                                    



International Immunopharmacology 90 (2021) 107159

8

2.4. Statistical analysis 

The “meta” package for R (v.4.0.2) was used to conduct the present 
meta-analysis when there are five or more studies reporting the same 
outcome with the same definition. The normality of data distributions 
was assessed, and data were used in their raw form when normally 
distributed, whereas they were otherwise subjected to Logit trans-
formation. Freeman-Tukey Double arcsine transformation was con-
ducted for variables for which many values were either 0 or 1 in order to 
facilitate variance stabilization. A continuous correction of 0.5 was used 
for studies with rates of 0. Corresponding 95% confidence intervals (CIs) 
were computed for all pooled result analyses. The I2 statistic was used to 
assess heterogeneity among studies. When I2 ＞50%, a random-effects 
model was used for analyses, whereas a fixed-effects model was other-
wise used. Potential sources of heterogeneity were identified through 
sensitivity and subgroup analyses. 

3. Results 

3.1. Study characteristics 

The PRISMA flow diagram was shown in Fig. 1. Our search strategy 
identified 165 potentially studies, of which 13 were not peer-reviewed 
and failed to define AKI, 32 failed to report AKI or RRT outcomes in 
patients, 50 with wrong design and 12 utilized data from the same 
source. The remaining 58 studies of 22,671 patients were included in the 

present meta-analysis [8,13–69]. Individual studies incorporated 7 – 
5700 patients, with average patient ages ranging from 37 to 79.7 years 
(Table 1). The Newcastle-Ottawa scale was used to assess the quality of 
these included studies (Table 2). Studies came from China (n = 29), the 
USA (n = 12), Italy (n = 3), the UK (n = 2), Spain (n = 2), Kuwait (n = 2), 
France (n = 1), Germany (n = 1), Canada (n = 1), Thailand (n = 1), India 
(n = 1), Poland (n = 1) and Turkey (n = 1). One study included data 
from 12 countries. All studies were observational in nature, including 54 
retrospective studies and 4 prospective studies. Of these studies, 15 were 
multi-center analyses. 

3.2. Clinical outcomes 

3.2.1. Acute kidney injury 
Incidence of AKI among COVID-19 patients was reported in 51 of the 

included studies. Of the 21,531 patients included in these studies, 4121 
developed AKI, with a pooled AKI incidence rate of 12.3% among 
COVID-19 patients (95% CI 9.5–15.6%, I2 = 97%) (Fig. 2a). In an effort 
to identify sources of heterogeneity among included studies, a sensitivity 
analysis was conducted which failed to identify the drivers of such 
heterogeneity. As AKI incidence was highest among kidney transplant 
recipients, we additionally conducted a subgroup analysis, which 
revealed that the incidence of AKI among transplant patients was 38.9% 
(95% CI 27.3–51.9%, I2 = 67%), whereas among non-transplant patients 
this incidence rate was 9.8% (95% CI 7.4–12.9%, I2 = 98%) (Fig. 2b). 

Three continents were included in our study: Asia, North America 

Fig. 2d. Forest plot depicting the incidence of AKI in COVID-19 patients in China.  
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and Europe, and we conducted a subgroup analysis according to 
different continents, the AKI incidence was lower in Asia [6.9% (95% CI 
4.8–9.6%, I2 = 92%)] compared to Europe [22.9% (95% CI 12.1–38.9%, 
I2 = 97%)] and North America [34.6% (95% CI 24.9–45.7%, I2 = 98%)] 
(Fig. 2c). Meanwhile, most of the studies came from China and the USA, 

the AKI incidence was lower in 6858 Chinese patients [6.5% (95% CI 
4.5–9.2%, I2 = 92%)] compared to 9880 American patients [34.6% 
(95% CI 24.9–45.7%, I2 = 98%)] (Fig. 2d) (Fig. 2e). 

In total, 13 studies reported on AKI incidence among ICU patients. 
Overall, AKI occurred in 312/565 patients admitted to the ICU for an 

Fig. 2e. Forest plot depicting the incidence of AKI in COVID-19 patients in the USA.  

Fig. 2f. Forest plot depicting the incidence of AKI in intensive care unit Patients.  

Fig. 2g. Forest plot depicting the incidence of AKI in deaths.  

X. Yang et al.                                                                                                                                                                                                                                    



International Immunopharmacology 90 (2021) 107159

10

overall pooled incidence rate of 39.0% (95% CI 23.2–57.6%, I2 = 92%) 
(Fig. 2f). A total of 12 studies reported on AKI incidence among deceased 
patients, of whom 743/1745 exhibited signs of AKI for an incidence rate 
of 42.0% (95% CI 30.3–54.7%, I2 = 95%) (Fig. 2g). Furthermore, in 
seven studies [17,50,51,54,59,63,66], AKI patients were divided into 
three stages according to the Kidney Disease: Improving Global Out-
comes (KDIGO) guideline, among 1588 AKI patients, the proportions of 
stage 1, 2 and 3 AKI were 36.3%, 20.7%, 43.0%, respectively. 

3.2.2. Renal replacement therapy 
Data pertaining to the use of RRT among COVID-19 patients was 

reported in 39 of the studies included in the present meta-analysis. In 
total, RRT was used to treat 939 out of 17,664 COVID-19 patients in 
these studies, for a pooled application rate of 5.4% (95% CI 4.0–7.1%, I2 

= 93%) (Fig. 3a). Sensitivity analyses did not result in any meaningful 
changes in the high heterogeneity observed among the included studies. 
Subgroup analyses revealed that RRT was used in 15.6% of transplant 
patients (95% CI 9.9–23.8%, I2 = 0%) and in 4.8% of non-transplant 

patients (95% CI 3.5–6.4%, I2 = 93%) (Fig. 3b). 
In total, 12 studies reported on RRT use among COVID-19 patients 

admitted to the ICU. Overall, RRT use was reported for 162/776 of these 
patients for a pooled incidence rate of 16.3% (95% CI 11.1–23.3%, I2 =

75%) (Fig. 3c). 

4. Discussion 

We found that rates of AKI (12.3%) and RRT use (5.4%) were high 
among COVID-19 patients, the AKI incidence was lower in Asia (6.9%) 
compared to Europe (22.9%) and North America (34.6%). We also found 
that patients admitted to the ICU exhibited very high rates of AKI 
(39.0%) and RRT use (16.3%). This meta-analysis also reported the rates 
of AKI (38.9%) and RRT use (15.6%) among kidney transplant patients. 
While we were unable to specifically establish rates of mortality among 
AKI patients, we did determine that AKI was common among patients 
that died of COVID-19 (42.0%). 

AKI development in COVID-19 patients may be driven by several 

Fig. 3a. Forest plot depicting the incidence of RRT use in COVID-19 patients.  
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mechanisms. For one, the virus may directly infect and damage renal 
cells. SARS-CoV-2 utilizes ACE2 as a cell entry receptor [70], and in 
humans, ACE2 is expressed on proximal tubular cells and podocytes 
[71,72]. A postmortem analysis of postmortem renal histopathology in 
26 COVID-19 patients conducted in China detected the presence of 
coronavirus particles within proximal tubular cells and podocytes, with 
these particles coinciding with diffuse acute proximal tubular injury and 
occasional podocyte vacuolation [73]. In a systematic review involving 
11 studies, the positive rate of SARS-CoV-2 viral RNA in urine of 195 
patients was 5.74% [10]. SARS-CoV-2 viral particles also have been 

detected in patient’s blood, with an average period of one week between 
virus detection in the blood and AKI, suggesting that direct renal 
infection may be a key process driving the incidence of this dangerous 
condition [16,19,74,75]. Another study found that SARS-CoV-2 may 
also be able to enter target cells using CD147, which is highly expressed 
in the kidneys, as a cell surface receptor [76,77]. In critically ill patients, 
sepsis is also thought to be the primary driver of AKI incidence [78], and 
is common in deceased COVID-19 patients [18,22]. Indeed, up to 20% of 
severe hospitalized COVID-19 patients develop viral sepsis and acute 
respiratory distress syndrome (ARDS) [79]. In individuals suffering from 

Fig. 3b. Subgroup analysis depicting the incidence of RRT use in COVID-19 patients.  
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sepsis, hypoxia-related acute tubular necrosis (ATN) and severe hyper-
inflammation can drive AKI development [80]. Such hyperinflammation 
is closely associated with cytokine release syndrome (CRS), which re-
sults in intrarenal inflammation and increased vascular permeability 
[81]. CRS has frequently been detected among COVID-19 patients, with 
particularly elevated levels of IL-6 having bene detected in affected in-
dividuals [16,82]. Organ crosstalk may also govern AKI pathogenesis. 
Indeed, ARDS and associated hypoxemia, inflammation, and the need 
for mechanical ventilation can result in the degradation of kidney he-
modynamics and functionality [83]. Annat et al [84] found that 
continuous positive pressure ventilation (CPPV) was sufficient to 
decrease urine output, glomerular filtration rate (GFR), and renal blood 
flow (RBF), potentially resulting in AKI. Drug- or hyperventilation- 
related rhabdomyolysis can also result in tubular toxicity, and ana-
lyses of COVID-19 patient renal histopathology have suggested that 
rhabdomyolysis may be a disease-related complication as evidenced by 
the presence of pigmented casts within tubules and increased levels of 
creatine phosphokinase [73]. Ultimately, a number of pathogenic fac-
tors are likely to contribute to the incidence and severity of AKI in in-
dividuals suffering from COVID-19. 

There are multiple limitations to the present study. For one, some of 
these outcomes were associated with high heterogeneity that may be 
attributable to the diverse COVID-19 incidence rates and treatment 
approaches in different countries, as well as to differences in study 
design and mutation-related changes in viral virulence. In addition, the 
definition of AKI was not always clear as it was generally not the main 
study outcome. As such, only pre-print studies that explicitly define AKI 
and published studies were included in this analysis. Furthermore, the 
majority of the studies included in this meta-analysis were conducted in 
China, and their applicability to other regions remains to be established. 

In summary, AKI frequently occurs among patients suffering from 
COVID-19 and is most common among severely ill patients and among 
those that ultimately succumb to this disease. It is thus essential that the 
incidence of AKI be identified as quickly as possible in these patients so 
that RRT and other treatments can be initiated as appropriate in an 
effort. We believe that the present study will underscore the severity of 
AKI rates among COVID-19 patients, while emphasizing the need for 
further clinical studies of this severe complication. 
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