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Background: This umbrella review aims to consolidate evidence from systematic reviews and meta-analyses investigating the impact of the coronavirus disease−2019 (COVID-19) on kidney health, and the associations between kidney diseases and clinical outcomes in COVID-19 patients.

Methods: Five databases, namely, EMBASE, PubMed, Web of Science, the Cochrane Database of Systematic Reviews and Ovid Medline, were searched for meta-analyses and systematic reviews from January 1, 2020 to June 2, 2022. Two reviewers independently selected reviews, identified reviews for inclusion and extracted data. Disagreements were resolved by group discussions. Two reviewers independently assessed the methodological quality of all included reviews using ROBIS tool. A narrative synthesis was conducted. The characteristics and major findings of the included reviews are presented using tables and forest plots. The included meta-analyses were updated when necessary. The review protocol was prospectively registered in PROSPERO (CRD42021266300).

Results: A total of 103 reviews were identified. Using ROBIS, 30 reviews were rated as low risk of bias. Data from these 30 reviews were included in the narrative synthesis. Ten meta-analyses were updated by incorporating 119 newly available cohort studies. Hospitalized COVID-19 patients had a notable acute kidney injury (AKI) incidence of 27.17%. AKI was significantly associated with mortality (pooled OR: 5.24) and severe conditions in COVID-19 patients (OR: 14.94). The pooled prevalence of CKD in COVID-19 patients was 5.7%. Pre-existing CKD was associated with a higher risk of death (pooled OR: 2.21) and disease severity (pooled OR: 1.87). Kidney transplant recipients were susceptible to SARS-CoV-2 infection (incidence: 23 per 10,000 person-weeks) with a pooled mortality of 18%.

Conclusion: Kidney disease such as CKD or recipients of kidney transplants were at increased risk of contracting COVID-19. Persons with COVID-19 also had a notable AKI incidence. AKI, the need for RRT, pre-existing CKD and a history of kidney transplantation are associated with adverse outcomes in COVID-19.

Systematic review registration: www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021266300, identifier: CRD42021266300.
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Introduction

The coronavirus disease−2019 (COVID-19) pandemic has caused huge challenges in healthcare globally. According to the World Health Organization (WHO), as of June 6, 2022, more than 529 million patients had been diagnosed worldwide with over 6 million COVID-19 related deaths (1). The broad clinical spectrum of COVID-19 ranges from an asymptomatic response to mild upper respiratory tract infection to critical illness with acute respiratory distress syndrome (2, 3).

Although respiratory symptoms are the dominant feature, accumulative evidence suggests that acute kidney injury (AKI) is prevalent among patients with COVID-19, particularly among critically ill patients (4–6). The presence of AKI in COVID-19 patients, particularly those with severe disease, is associated with a poor prognosis (7). A large prospective cohort study of 20,133 hospitalized COVID-19 patients noted that the mortality risk was 1.28-fold higher among CKD patients as compared to non-CKD patients (8). Recently, a rapidly growing evidence base has suggested that the presence of AKI, CKD, and other kidney impairments were associated with the poor prognosis of COVID-19 patients (1, 9–13).

Despite our understanding of COVID-19 and kidney diseases, the considerable number of studies has inevitably resulted in substantial heterogeneity in study designs and variability of risk estimates and occasionally conflicting data. When focusing on large number of meta-analyses and systematic reviews published, the highest level of evidence, the variety of evidence quality and the duplication of patient data are problematic and might hinder the identification and application of evidence-based strategies in medical practice.

Given the paucity of current knowledge, the purpose of this umbrella review of meta-analyses and systematic reviews was to summarize and consolidate evidence addressing the following two research questions: (1) what is the incidence/prevalence of AKI, CKD, and kidney transplant in COVID-19 patients? (2) what is the impact of these kidney diseases on the clinical outcomes in patients with COVID-19?



Methods

This umbrella review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (14). The review protocol was prospectively registered in the Prospective Register of Systematic Reviews (PROSPERO, CRD42021266300).


Objectives

To consolidate evidence to determine (1) the incidence/prevalence of AKI, CKD, and kidney transplant in COVID-19 patients and (2) the association between these kidney disorders and outcomes in patients with COVID-19.



Study design

Meta-analyses and/or systematic reviews assessing the associations between AKI, CKD, kidney transplant, and COVID-19 were included. The diagnosis was based on 2012 Kidney Disease: Improving Global Outcomes (KDIGO) AKI and 2012 KDIGO CKD definitions. Notably, we focused on patients with a history of CKD before being diagnosed with COVID-19, instead of patients developing CKD after COVID-19- induced AKI.

The study set no restrictions on the age, sex, and ethnicity of the participants investigated, and no restriction was applied to the original recruitment locations or settings. We limited the included reviews to those published in the English language. If multiple meta-analyses and/or systematic reviews on the same research question were identified, the most recent reviews with the largest number of studies and effect sizes were included. We also assessed the quality of the included studies, synthesized the results of the included studies, and provided sufficient details of the characteristics of the included studies.



Search strategies

Five databases, namely, EMBASE, PubMed, Web of Science, the Cochrane Database of Systematic Reviews and Ovid Medline, were systematically searched from January 1, 2020 to June 2, 2022, to identify systematic reviews and/or meta-analyses of observational studies examining the associations of kidney health with COVID-19. Appropriate free-text terms and medical subject headings (MeSH) were used to research kidney risk factors, kidney diseases, and COVID-19. The search strategy used the following terms/keywords: (“2019-nCoV” OR “Coronavirus” OR “COVID-19” OR “SARS-CoV-2” OR “2019-nCoV” OR novel coronavirus) AND (renal or kidney or nephron*) AND (meta-analysis or systematic review).



Eligibility criteria

The different results from the databases were exported into EndNote X9, and duplicates were removed. Two reviewers (ZYL and LJ) independently completed the title and abstract screening in duplicate. The full texts of potentially eligible articles were scrutinized independently by the same two investigators (ZYL and LJ) to identify reviews for inclusion. Studies were included in this review if they met the inclusion criteria as follows: (1) they were systematic reviews or meta-analyses; and (2) they included observational studies which reported the associations between kidney diseases and COVID-19. Studies were excluded for the following reasons: (1) the study only reported the management or therapeutic strategy; (2) the study was an abstract only; or (3) the study was not published in English. Disagreements were resolved through discussion to reach a consensus.



Data extraction

Two researchers (LJ and YC) independently performed the data extraction. For each eligible review, we extracted the following information: (1) name of the first author; (2) number of included studies; (3) publication year; (4) number of total participants; (5) population inclusion criteria; (6) exposures; (7) number of exposed groups; (8) controls; (9) number of controlled groups; (10) outcomes; (11) type of effect model; (12) odds ratios, risk ratios, or hazard ratios; (13) estimates; (14) 95% confidence intervals (-CIs -); (15) I2; heterogeneity (Q-test, P-value); and (16) publication bias (Egger's test, P-value). Disagreements were resolved by group discussion.



Quality assessment

Two reviewers (WW and LY) critically assessed the methodological quality of all included reviews using Risk of Bias in Systematic Review (ROBIS) (15). The quality of the included reviews was assessed in the following three phases: (1) relevance of the review, (2) identifying concerns within the systematic review process under the following four domains: study eligibility criteria, identification and selection of studies, data collection and study appraisal, and synthesis and findings and (3) judging risk of bias. Each included review was given a “low,” “high” or “unclear” risk of bias score. Disagreements were resolved by group discussion.



Data synthesis

Eligible systematic reviews and meta-analyses formed the unit of analysis. A narrative synthesis was conducted. The characteristics and major findings of the included reviews are presented using tables and forest plots.



Update of eligible reviews

An update of an included review was necessary if meeting the following criteria: (1) The review was rated as low risk of bias using ROBIS tool; (2) there were new eligible primary studies not yet included in the existing review. If more than one reviews on the same topic were eligible, we updated the most recent review. The pooled percentages were used to meta-analyze the incidence and prevalence of outcomes. The pooled ORs with 95% CIs were used to assess the associations between exposures and clinical outcomes. A random-effects model was used to allow for heterogeneity. P < 0.05 was considered statistically significant. The statistical analyses were conducted in Stata, version 16.0 (Stata Corp).




Results


Literature search

Overall, the searches identified 522 studies in the five databases. After the removal of duplicates, and reviewing the titles and abstracts, 126 studies were selected for full-text screening. After applying the inclusion and exclusion criteria, 103 reviews that addressed the research questions were identified. The process of the literature search is summarized in Figure 1. The full reference list is provided in Supplementary Table 1.


[image: Figure 1]
FIGURE 1
 The flowchart of the study search and selection process.




Methodological quality

Using ROBIS tool, the methodological quality of 103 included reviews was assessed. Thirty reviews (29.1%) were rated as low risk of bias, and 73 reviews (70.9%) were rated as high risk of bias. Fifty-five reviews (53.4%) did not establish the methods prior to the conduct of the review. Forty-four reviews (42.7%) did not examine if the pooled results were robust through sensitivity analysis or funnel plot. Seventy-three reviews (70.9%) did not address the bias of included primary studies. The full assessments are provided in Supplementary Table 2.



Update of eligible reviews

One hundred and nineteen primary studies were incorporated for review update. The list was presented in Supplementary Table 3.



Characteristics of the reviews at low risk of bias

Data from 30 reviews rated as low risk of bias were included in the narrative synthesis. The number of studies in the included reviews ranged from 6 (16) to 348 (17). Among these reviews, the earliest date of literature search was March 1, 2020 (16), and the last date of literature search was July, 2021 (18). The characteristics of these 30 reviews are shown in Table 1.


TABLE 1 The characteristics of 30 reviews at low risk of bias.
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Acute kidney injury in COVID-19
 
The incidence of AKI in COVID-19 patients

Of the reviews reporting the incidence of AKI in COVID-19 patients, six were rated as low risk of bias. The findings are summarized in Table 2.


TABLE 2 The incidence of AKI in COVID-19 patients.
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The overall incidence of AKI in general COVID-19 patients

Five reviews at low risk of bias reported the incidence of AKI in general COVID-19 patients. All these five reviews included hospitalized patients. The largest of which (Chan et al.) included COVID-19 patients from 17 countries (Austria, Brazil, Canada, China, Denmark, France, Germany, India, Iran, Italy, Japan, Korea, Malaysia, Spain, Turkey, United Kingdom, and United States) and suggested that the incidence of AKI in general hospitalized COVID-19 patients was 20.4% (95% CI: 12.7–28.4%) (41).



The incidence of AKI in severe or critically ill COVID-19 patients

Four reviews at low risk of bias reported the incidence of AKI in severe or critically-ill COVID-19 patients. The review by Chang et al. focused on 12,437 COVID-19 patients admitted to the ICU in seven countries (the USA, China, UK, Italy, Spain, France, and Mexico) and reported that the incidence of AKI was 32% (95% CI: 13–58%) (36). Hansrivijit et al. included a total of 31 studies from three countries (China, the USA, and Spain) and found that the prevalence of AKI was higher in critically ill COVID-19 patients (19.9%) than in general COVID-19 patients (7.3%) (25).

Two reviews at low risk of bias examined the association between the severity of COVID-19 and the prevalence of AKI. Liu et al. conducted the largest review (n = 36 studies) and reported that the incidence of AKI was significantly increased in the severe group compared with the non-severe group (OR: 11.02, 95% CI: 6.54–18.57) (45).



The incidence of AKI in children and adolescents with COVID-19

One review rated as low risk of bias included three studies focused on pediatric COVID-19 patients and reported that the incidence of AKI was 16.11% (41).



The incidence of AKI in patients with COVID-19 and pre-existing CKD

One review at low risk of bias by Chung et al. focused on new-onset AKI in patients with COVID-19 and CKD. The incidence of AKI was 73 per 1,000 person-weeks (95% CI: 60–87) (17).



The incidence of AKI in patients with COVID-19 from different regions

Notably, substantial difference was observed in the reported AKI incidence across regions. Chan et al. performed subgroup analyses and suggested that the incidences of AKI in Guangdong, Hong Kong, Hubei, Istanbul, Madrid, Michigan, New Delhi, New York, North Zealand, and Pennsylvania were 1.74, 3.72, 4.25, 29.17, 11.42, 44.79, 40.63, 33.07, 11.71, and 49.33%, respectively (41). In addition, Fu, E. L. included 49,048 hospitalized COVID-19 patients and reported that the incidence of AKI was 28.6% (95% CI: 19.8–39.5) in the USA and Europe (n = 20 studies) and 5.5% (95% CI: 4.1–7.4) in Asia (n = 62 studies) (30).



Reviews eligible for update

One review was considered eligible for update (41), thereby, 59 newly published studies were added. Fifty-eight studies only included hospitalized patients and 1 study included both hospitalized patients and non-hospitalized patients. The pooled incidence of AKI in hospitalized COVID-19 patients was 27.17% (95% CI: 23.84–30.5%; Figure 2), while Kang et al. reported the incidence of AKI was 0.37% (95% CI: 0.25–0.55%) in all COVID-19 patients in Korean (46).


[image: Figure 2]
FIGURE 2
 Meta-analysis of incidence of AKI in a random effect model.





Risk factors for AKI in COVID-19 patients

Of the included reviews that investigated the risk factors for AKI in COVID-19 patients, three were rated as low risk of bias. These findings suggested that advanced age, male sex, smoking, obesity, comorbidities (cardiovascular disease, coronary artery disease, diabetes, CKD, hypertension, pneumopathy, heart failure, and cancer), mechanical ventilation, and the use of vasopressors were potential risk factors for AKI (Figure 3) (30, 41, 44).


[image: Figure 3]
FIGURE 3
 The risk factors for AKI in COVID-19 patients. CKD, chronic kidney disease.




The incidence of urgent renal replacement therapy in COVID-19

Four reviews at low risk of bias reported the incidence of urgent RRT (patients received RRT for AKI) in COVID-19 patients (Table 3), the largest by Fu et al. suggested that the incidence of RRT was 2.2% (95% CI: 1.5–3.3%) in China, and 7.7% (95% CI: 5.1–11.4%) in Europe and the USA (30). Regardless of region, Zhou et al. reported the rate of urgent-start RRT as 3.4% (95% CI: 1.9–5.4%) (26). One review rated as low risk of bias, by Brienza et al., reported that the incidence of RRT in the severe and non-severe group was 7.5 and 0.3%, respectively (OR: 14.75, 95% CI: 3.4–64.8) (47). Only one review by Chan et al. included three studies based on pediatric COVID-19 patients and suggested that the rate of RRT was 5.54% (41).


TABLE 3 The incidence of urgent RRT in COVID-19 patients.
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Reviews eligible for update

We considered one review eligible for update (41). Twenty newly published studies were added. Figure 4 shows the incidence of urgent RRT in COVID-19 patients (6%, 95 CI: 5–7%).


[image: Figure 4]
FIGURE 4
 Meta-analysis of incidence of urgent RRT in a random effect model.





The predictive value of AKI and the effect of urgent RRT on poor outcomes in COVID-19 patients

Seven reviews at lower risk of bias investigated the associations between AKI and poor outcomes in COVID-19 patients, including AKI and mortality (n = 6), and AKI and disease severity in COVID-19 patients (n = 3). A summary of the findings is shown in Table 4.


TABLE 4 AKI and poor outcomes in COVID-19 patients.
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AKI and mortality in COVID-19 patients

Of the reviews that examined the associations between AKI and mortality in COVID-19 patients, six reviews were rated as low risk of bias. The largest review by Chan et al. (n = 74 studies) reported that the presence of AKI was associated with an 8-fold increased risk of death in COVID-19 patients (OR: 8.33, 95% CI: 5.45–14.94) and AKI stages 1, 2, and 3 were associated with 6.5-, 23.6-, and 93.8-fold increased risks of death (41). Zhou et al. also reported that the mortality rate among people with AKI and COVID-19 was 72.3% (95% CI: 47.1–92.0%) (26). Of note, in patients with COVID-19 admitted to the ICU, AKI was significantly associated with a much elevated risk of death (OR: 12.47, 95% CI: 1.52–102.7) (36). Notably, the above results were not adjusted for confounders (such as age, sex, and comorbidities).



AKI and severity of COVID-19

Three reviews at low risk of bias examined the predictive value of AKI for severe conditions in COVID-19 patients. The review by Chan et al. had the largest number of included studies (n = 74), concluding that AKI was associated with a higher rate of ICU occupancy (OR: 17.58, 95% CI: 10.51–29.38) (41). In addition, Lim et al. reported that AKI was relevant to severe conditions (diagnosed according to the severity categories proposed by WHO) in COVID-19 patients (OR: 8.12, 95% CI: 4.43–14.86) (22). Similarly, in children and adolescents with COVID-19, Shi, Q. reported that AKI increased the risk of ICU occupancy (OR: 55.02, 95% CI: 6.26–483.35) (18). However, it is worth highlighting that above ORs were from univariate analysis without the adjustment for confounders (such as age, sex, and comorbidities).



Urgent RRT dependent AKI and poor outcomes of COVID-19 patients

Two reviews at low risk of bias examined the associations between RRT and poor outcomes (defined as mortality and severity or critical conditions) in COVID-19 patients. The review by Chan, K. W. with the largest number of included studies showed that the application of RRT was associated with an 18.7-fold increased risk of death and a 34-fold increased risk of critical conditions (diagnosed according to the severity categories proposed by WHO) (41). Similarly, the above results were not adjusted for any confounders.



Reviews eligible for update

We considered one review eligible for update (41). Incorporating the results in the meta-analysis did not alter the significance of the associations between AKI and poor outcomes in COVID-19 patients. The updated meta-analysis showed that AKI was significantly associated with mortality and disease severity in COVID-19 patients (OR: 5.24 and 14.94, respectively; Figures 5A,B). Figure 6 shows that urgent RRT significantly predicted death in COVID-19 patients (OR: 14.21, 95% CI: 4.45–45.35).
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FIGURE 5
 (A) Meta-analysis of AKI and mortality in a random effect model. (B) Meta-analysis of AKI and disease severity in a random effect model.
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FIGURE 6
 Meta-analysis of urgent RRT and mortality in a random effect model.





Chronic kidney disease in the COVID-19 pandemic
 
The incidence of COVID-19 in CKD patients

Among reviews reporting the incidence of COVID-19 in CKD patients, two reviews were rated as low risk of bias. Notably, the CKD category included in many reviews was unclear and might not be uniform across studies. The largest review by Chung et al. (n = 348 studies) reported that the incidence of COVID-19 in CKD patients was 66 per 1,000 person-weeks (95% CI: 58–75), and the incidence of COVID-19 varied between predialysis CKD patients and chronic dialysis patients (16 and 105 per 1,000 person-weeks, respectively) (17). Mirjalili et al. included only Iranian cases and reported that the proportion of SARS-CoV-2 infection in CKD patients was 5.0% (95% CI: 1.9–12.4%) (33).




Pooled prevalence of CKD in COVID-19 patients

Five reviews at low risk of bias suggested that CKD was a common comorbidity in COVID-19 patients. Zhou et al. included the largest number of studies (n = 37 studies), and suggested that the pooled CKD prevalence in all COVID-19 patients was 3.52% (95% CI, 1.98–5.48%) (29). Three reviews at low risk of bias summarized the prevalence of CKD in severe COVID-19 patients. Lee et al. reported that CKD was a common comorbidity in severe COVID-19 patients (8.46%, 95% CI: 3.72–18.1%) (31). Chang et al. reported that the prevalence of CKD in COVID-19 patients admitted to ICU was 9% (95%CI: 4–18%) (36). Zhou et al. suggested that CKD prevalence was higher in severe COVID-19 patients than in non-severe COVID-19 patients (OR: 3.42, 95% CI 2.05–5.61) (29). Two reviews at low risk of bias summarized the prevalence of CKD in deceased COVID-19 patients. Lee et al. reported that the proportion of CKD patients among non-survivors with COVID-19 was 9.05% (95% CI: 5.57–15.0%) (31). Zhou et al. showed that CKD was more common in deceased patients than in survivors (OR: 6.46, 95% CI: 3.40–12.29) (29). The pooled prevalence of CKD in COVID-19 patients is shown in Table 5.


TABLE 5 Pooled prevalence of CKD in COVID-19 patients.
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Reviews eligible for update

Two reviews were considered eligible for updating (17, 29). The incidence of COVID-19 in the dialysis population was 0.89% (95%CI: 0.83–0.95%; Figure 7A) and the pooled prevalence of CKD in COVID-19 patients was 5.66% (95%CI: 5.08–6.23%; Figure 7B).


[image: Figure 7]
FIGURE 7
 (A) Meta-analysis of incidence of COVID-19 in the dialysis population in a random effect model. (B) Meta-analysis of prevalence of CKD in COVID-19 patients in a random effect model.





CKD and poor outcomes in COVID-19 patients

Of the included reviews focusing on CKD and mortality in COVID-19 patients, 12 reviews were rated as low risk of bias. Chung performed a review that included the largest number of studies (n = 348) and reported that overall mortality in patients with CKD and COVID-19 was 32 per 1,000 person-weeks (95% CI: 30–35). In different subgroups, the mortality in people with CKD5D and COVID-19 was 30 per 1,000 person-weeks (95% CI: 26–35) (17). Izcovich et al. reported a significant association between pre-existing CKD and mortality in COVID-19 patients (OR: 2.27, 95% CI: 1.69–3.05) (19). A review by Zhou, S. reported that end-stage renal disease (ESRD) was significantly associated with an increased risk of mortality in patients with COVID-19 (OR 1.81, 95% CI 1.44–2.27, p < 0.00001) (26). In the diabetic population with COVID-19, Schlesinger et al. found that pre-existing CKD could significantly predict the death (OR: 1.93, 95% CI: 1.28–2.90) (37).

Ten reviews rated as low risk of bias explored the associations between CKD and the severity of COVID-19. In the largest review by Izcovich et al. (n = 207 studies), the pooled effect showed that CKD was significantly related to an increased risk of severe COVID-19 (diagnosed according to the severity categories proposed by the WHO; OR: 2.21, 95% CI: 1.51–3.24) (19). The major findings are summarized in Table 6.


TABLE 6 CKD and poor outcomes in COVID-19.
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Reviews eligible for update

We considered one review eligible for updating (21). Evidence incorporating recent studies and the meta-analysis showed that CKD was a risk factor for death and disease deterioration in COVID-19 patients (OR: 2.21 and 1.87, respectively; Figures 8A,B).


[image: Figure 8]
FIGURE 8
 (A) Meta-analysis of CKD and mortality in a random effect model. (B) Meta-analysis of CKD and disease severity in a random effect model.





The incidence of COVID-19 in kidney transplant recipients

Limited reviews have assessed the effects of COVID-19 in kidney transplant recipients (KTRs). Chung et al. included 120,281 KTRs and suggested that the incidence of COVID-19 in KTRs was 23 per 10,000 person-weeks (95% CI: 18–30) (17).



Adverse events in kidney transplant recipients with COVID-19

Four reviews at low risk of bias reported adverse events in KTRs with COVID-19, including AKI, urgent-RRT and mortality (Supplementary Table 4). Three reviews at low risk of bias reported the incidence of AKI in KTRs with COVID-19. The largest review by Kremer et al. included 5,559 KTRs (n = 74 studies) with COVID-19 and the pooled incidence of AKI was 50% (95% CI: 44–56%) (32). Two reviews at low risk of bias analyzed the application of RRT in KTRs with COVID-19. The largest review by Ho et al. (n = 74 studies, 1,373 KTRs with COVID-19) demonstrated that the rate of RRT was 12.4% (8.3–18%) (43). Kremer et al. reported that the mortality rate in KTRs with COVID-19 was 23% (95% CI: 20–27%). Ho et al. included 412 KTRs with COVID-19, and suggested that the proportion of critical cases was 27.7% (95% CI: 21.5–34.8%) (43).


Reviews eligible for update

We considered one review eligible for updating (32). Twenty-three recent studies examined mortality in KTRs with COVID-19. The pooled mortality rate was 18% (95% CI: 14–22%; Figure 9).


[image: Figure 9]
FIGURE 9
 Meta-analysis of mortality in KTRs with COVID-19 in a random effect model.







Discussion

This umbrella review provides a comprehensive overview of existing evidence of the association between kidney diseases and COVID-19. A total of 103 systematic reviews and meta-analyses were identified, among which 30 reviews were rated as low risk of bias. We found that COVID-19 patients had a notable higher AKI incidence, varying by geographic location and disease severity. Advanced age, male sex, smoking, obesity, comorbidities (cardiovascular disease, diabetes, CKD, hypertension, pneumopathy, and cancer), mechanical ventilation, and the use of vasopressors were potential risk factors for COVID-19-associated AKI. It is important to note that many of these factors place patients at risk for other forms of AKI. The incidence of AKI, the need for RRT and pre-existing CKD were independently associated with adverse outcomes such as death and a severe disease among COVID-19 patients. KTRs are susceptible to SARS-CoV-2 infection and are at increased risk of developing a severe form of infection.

A number of studies have shown that kidney impairment is prevalent among COVID-19 patients, particularly among critically ill patients. A meta-analysis involving COVID-19 patients from 17 countries suggested that the overall incidence of AKI was 20.4% (41). In this umbrella review, the pooled incidence of AKI in COVID-19 patients was 27%. Focusing on COVID-19 patients admitted to the ICU, the incidence of AKI was 32% (36). The incidence of AKI was significantly increased in the those with severe COVID-19 group compared to those with non-severe disease (diagnosed according to the severity categories proposed by WHO), as well as in non-survivors than in survivors (45). There was also substantial heterogeneity across regions (41). The reported AKI incidence was 28.6% in the USA/Europe compared with 5.5% in China (30). In children, meta-analyses showed the incidence of AKI among pediatric COVID-19 patients was 11.9–16.11% (41, 48). The widespread application of a standardized AKI definition has facilitated comparisons across COVID-19 studies. However, as AKI is a syndrome that encompasses a multitude of clinical scenarios and pathophysiological processes, it is not surprising that the reported AKI incidence shows some variation. While the difference could partially be explained by the heterogeneities in region or patient population, other possibilities might also contribute, such as different AKI diagnostic criteria used (biochemical or coded diagnosis), hospital setting (academic center or regional hospital) and the specific definitions of relevant terms (such as baseline creatinine) (49, 50). As the pandemic goes on, the health-care community gained better understanding on the disease and are more sophisticated in treatment which might contribute to a drop of AKI and RRT rates over time (51, 52). More importantly, different research groups recently reported Omicron demonstrated lower replication in lower airway organoids, lung cells and gut cells. Whether SARS-CoV-2 variants have altered virulence on kidneys awaits further verification (53–55).

In addition to direct pathogenic mechanisms, baseline comorbidities, organ crosstalk and COVID-19 systemic effects may contribute to AKI (56). Evidence suggests that advanced age, male sex, coronary artery disease, diabetes, CKD, hypertension, elevated levels of C-reactive protein, and decreased levels of serum albumin are potential risk factors for AKI in COVID-19 patients (30, 41), which is consistent with findings reported in general hospitalized patients (57, 58). Pre-existing CKD seems to be a particularly strong risk factor for AKI. A systematic review and meta-analysis showed the new-onset AKI incidence to be 73 per 1,000 person-weeks among COVID-19 patients with CKD (17). For severely ill COVID-19 patients, critical care interventions might also be related to an increased risk of AKI, such as mechanical ventilation and the use of vasopressors (44). Observational studies can suggest an association but not causation. Since AKI patients could have an increased likelihood of being ventilated or prescribed vasopressors, caution should be exercised when interpreting these risk factors. Some additional risk factors for AKI and AKI severity, such as apolipoprotein L1 genetic variation and use of renin-angiotensin-aldosterone system inhibitors (59, 60), have been suggested by recent studies but have not yet been assessed on a meta-analysis level.

A growing number of studies have investigated the molecular mechanisms of COVID-19-induced AKI (61–65). First, the infection of SARS-CoV-2 might cause direct tubular injury. Compared with lung tissue, the kidney expresses relatively high levels of ACE2. Therefore, SARS-CoV-2 could bind to ACE2 and subsequently causes acute tubular necrosis (62). Second, also of considerable interest is the indirect tubular injury by SARS-CoV-2. Several evidence have shown that SARS-CoV-2 could attract the macrophage to infiltrate into the kidney and cause cytokine storm (63). In addition, organ crosstalk also contributes to the development of AKI, such as lung–kidney axis and cardiovascular–kidney crosstalk (64, 65).

Apart from being a target of the virus, the kidneys also seem to have a substantial influence on the outcomes of the disease. AKI has long been recognized as associated with poor outcomes. Even in non-ICU hospitalized patients with AKI, the mortality rate could reach 10–20% (66, 67). A strong and graded relationship between AKI severity and increased mortality was observed in COVID-19 patients. A meta-analysis enrolling 74 cohorts revealed that AKI was related to an 8-fold increased risk of death in COVID-19 patients. From AKI stage 1 to stage 3, the odds ratios of mortality were 6.5, 23.6, and 93.8, respectively (41). For critically ill patients in the ICU, AKI could predict an even higher risk of death (OR: 12.47, 95% CI: 1.52–102.7) (36). Meanwhile, AKI was also shown to be associated with COVID-19 severity and ICU occupancy in both adults and children (18, 22, 41). Patients with AKI who require RRT are among the most severely ill individuals in the ICU. This umbrella review indicated that AKI was significantly associated with mortality and disease severity in COVID-19 patients (OR: 5.24 and 14.94, respectively). Furthermore, the pooled rate of urgent-start RRT was to be 6% in all COVID-19 patients in this umbrella review. The application of RRT was a strong predictor of poor outcomes in COVID-19, predicting an 18.7-fold increased risk of death and a 34-fold increased risk of a critical condition (41). In Non-COVID associated AKI, prior data demonstrate that AKI was associated with an increased cost of USD $1,795 per admission, and USD $42,077 if RRT was needed (68). Affecting a large number of patients, AKI increases the risk of adverse outcomes and resource utilization, which warrants an improved strategy for the prevention, recognition and management of AKI in COVID-19 patients.

As a major chronic health burden, CKD prevalence in the general population is estimated to be between 9 and 12% (69, 70). Evidence from this umbrella review suggests that the overall CKD prevalence in COVID-19 patients is only 5.66%, which is considerably low compared to general population. CKD was more common in severely ill COVID-19 patients, with an odds ratio of 1.87 in the severe vs. non-severe group and 2.21 in the deceased vs. survivor group. Of note, CKD is a wide-spectrum clinical syndrome defined by either functional or structural abnormalities in the kidneys for more than 3 months (71). It was not clear in many of the studies if the COVID-19 patients were accurately screened for CKD as per the definition; therefore, the reported prevalence needs to be further validated. COVID-19 disproportionately affects people with chronic diseases such as CKD. The incidence of COVID-19 in people with pre-existing CKD was 66 per 10,000 person-weeks. The incidence was higher in the chronic dialysis subgroup than in the non-dialysis CKD subgroup (105 vs. 16 per 10,000 person-weeks), which may be attributable to the greater exposure to SARS-CoV-2 at health facilities when undergoing maintenance hemodialysis. In comparison, another study involving home-based dialysis patients reported a COVID-19 incidence similar to that in the general population (72). In CKD patients, COVID-19 infection was related to an increased risk of death (incidence rate ratio 10.26) compared with CKD patients without COVID-19 (58). Disrupted immune activation of both the innate and adaptive immune systems might contribute to susceptibility to infection and disease exacerbation in CKD patients (69, 73). Both CKD and ESRD were associated with increased mortality in COVID-19 patients (19, 26). Pre-existing CKD also significantly predicts the death in the diabetic COVID-19 population (37). In addition to mortality, there is also an incremental increase in the likelihood of severe COVID-19 and hospitalization in CKD patients compared with those without CKD (19, 74).

Although it remains unclear how CKD patients are more likely to contract COVID-19 and suffer from severe conditions, several reasons could partially explain these findings. First, comorbidities that accompany CKD might contribute to the development of COVID-19. In current studies, CKD was associated with multiple comorbidities, such as cardiovascular diseases and type 2 diabetes mellitus (75). A large population-based study provided robust evidence that patients with chronic heart failure had much higher risk of hospitalization of pneumonia than general population (76). Additionally, most of the patients with type 2 diabetes mellitus have abnormal immune functions, such as decreased CD3+T and NK T cells, and imbalance of CD4+ /CD8+ T cells, which may aggravate SARS-CoV-2 infection (77). Second, the proportion of older patients is much higher in CKD groups, which has been proved in multiple studies. Older age is a recognized risk factor for severe COVID-19. Li et al. found age older than 50 years was a feature of severe COVID-19 pneumonia (78). A retrospective study illustrated that the median age of deceased patients was 68 years ago, significantly older than recovered groups (79). Moreover, other clinical characteristics of CKD patients, such as hemodynamic instability, anemia, and electrolyte abnormality, are also possibly involved in COVID-19 development and progression.

In a state of immunocompromise, KTRs are susceptible to infections (80). This umbrella review suggested that the incidence of COVID-19 in KTRs was higher than that in the general population (23 per 10,000 person-weeks vs. 2–6 per 10,000 person-weeks) (81, 82). Because of less kidney function reserve, the use of calcineurin inhibitors and other mechanisms, AKI commonly develops in KTRs, and the external insult from COVID-19 makes these patients even more vulnerable to AKI. The pooled incidence of AKI in KTRs with COVID-19 was dramatically high (21), and AKI was associated with increased mortality in KTRs (83). Application of RRT and graft loss were relatively common in KTRs (84, 85). The pooled mortality rate was 18% in KTRs with COVID-19. KTRs are at increased risk of developing severe forms of SARS-CoV-2 infection, reflecting an increased susceptibility to COVID-19 and perhaps delayed viral clearance.


Strength and limitations

Umbrella reviews consolidate the highest level of evidence, but there is an intrinsic limitation that they can only focus on existing meta-analyses or systematic reviews. The present umbrella review covered topics on the incidence/prevalence, aggravating factors and prognosis of AKI, CKD, and kidney transplant patients with COVID-19, while other important issues that have not yet been assessed at the meta-analysis level, such as AKI non-recovery and risk of CKD progression during post-acute COVID-19, may have been overlooked. Second, with emerging evidence, the published meta-analyses could quickly become outdated. We therefore updated five meta-analyses by incorporating 119 newly available cohort studies to guarantee that conclusions are up-to-date. The emergence of variants such as Omicron, and worldwide vaccine application are both potential major modifiers of COVID-19 epidemiology (53), however related studies focusing on kidney outcomes are scarce. Third, based on our research questions, only observational studies were available. The results were more indicative of association rather than causality, and should thus be interpreted with caution. As the included studies only performed univariate analyses, the ORs pooled were not adjusted for confounders, which is an unavoidable limitation inherited from the source studies. Fourth, notable heterogeneity existed in our sourcing reviews. For example, the criteria of COVID-19 disease severity were different across many papers looking at the same outcome. The quality of the included reviews also varied, with 73 reviews rated as high risk of bias. As such, we exclusively focused results from reviews rated as low risk of bias. It's worth mentioning that some reviews published early in the pandemic included pre-print studies to account for the rapid emerging evidence base, but results of pre-prints are subject to change after peer-review and might be a potential source of bias. Nevertheless, as we have updated these meta-analyses and enrolled only peer-reviewed articles, the pre-prints are unlikely to bias our final results. At last, therapeutic options for kidney disease patients with COVID-19 were not analyzed, as this was beyond the scope of the present umbrella review.




Conclusion

To conclude, our umbrella review found that patients with fundamental kidney disease such as CKD and a history of kidney transplantation, were at increased risk of the development and progression of COVID-19. Persons infected by SARS-CoV-2 also had a notably high AKI incidence, with advanced age, male sex, coronary artery disease, diabetes, CKD, and hypertension being risk factors. AKI and the need for RRT were independent predictors of adverse outcomes in COVID-19. Specific observations on different SARS-CoV-2 variants and vaccination strategies, as well as follow-up studies on mid-/long-term kidney and patient outcomes in the post-acute phase of COVID-19 are needed.
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