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GRAPHICAL ABSTRACT

ABSTRACT

Background. Acute kidney injury (AKI) is common in
coronavirus disease 2019 (COVID-19). This study investigated
adults hospitalized with COVID-19 and hypothesized that risk
factors for AKI would include comorbidities and non-White
race.
Methods. A prospective multicentre cohort study was
performed using patients admitted to 254 UK hospitals with
COVID-19 between 17 January 2020 and 5 December 2020.
Results. Of 85687 patients, 2198 (2.6%) received acute kidney
replacement therapy (KRT). Of 41294 patients with biochem-
istry data, 13000 (31.5%) had biochemical AKI: 8562 stage 1
(65.9%), 2609 stage 2 (20.1%) and 1829 stage 3 (14.1%). The
main risk factors for KRT were chronic kidney disease (CKD)
[adjusted odds ratio (aOR) 3.41: 95% confidence interval 3.06–
3.81],male sex (aOR 2.43: 2.18–2.71) and Black race (aOR 2.17:
1.79–2.63). The main risk factors for biochemical AKI were
admission respiratory rate >30 breaths per minute (aOR 1.68:
1.56–1.81), CKD (aOR 1.66: 1.57–1.76) and Black race (aOR
1.44: 1.28–1.61). There was a gradated rise in the risk of 28-day
mortality by increasing severity of AKI: stage 1 aOR 1.58 (1.49–
1.67), stage 2 aOR 2.41 (2.20–2.64), stage 3 aOR 3.50 (3.14–
3.91) and KRT aOR 3.06 (2.75–3.39). AKI rates peaked in April
2020 and the subsequent fall in rates could not be explained by
the use of dexamethasone or remdesivir.

Conclusions. AKI is common in adults hospitalized with
COVID-19 and it is associated with a heightened risk of
mortality. Although the rates of AKI have fallen from the early
months of the pandemic, high-risk patients should have their
kidney function and fluid status monitored closely.

Keywords: acute kidney injury, COVID-19, dialysis, renal
failure, SARS-CoV-2

INTRODUCTION
The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has had a major impact on global health. Although
coronavirus disease 2019 (COVID-19) produces primarily
pulmonary damage (acute respiratory distress syndrome—
ARDS), acute kidney injury (AKI) is common [1], ranging
from minor biochemical changes in serum creatinine to
requirement for kidney replacement therapy (KRT: dialysis or
haemofiltration).

As infection rates accelerated in New York in March
2020, there were reports of AKI in 37% of hospitalized
patients [2–4], substantially higher than reports from China
(<5%) [5, 6]. Given that KRT resources are finite, additional
strategies were planned in some areas [7], including acute
peritoneal dialysis [8].However, AKI rates amongpatientswith
COVID-19 have fallen as the pandemic has unfolded, perhaps
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KEY LEARNING POINTS

What is already known about this subject?
• Acute kidney injury (AKI) is the most common complication in COVID-19 and it is associated with an increased risk of
mortality.

• Studies from early in the pandemic identified risk factors for COVID-AKI:male sex, older age, Black race, diabetes, chronic
kidney disease (CKD), hypertension, heart disease and obesity.

• This is the largest prospective cohort study of kidney outcomes in patients hospitalized with COVID-19 with data over the
course of 2020 and it includes valuable information on illness severity, race and COVID-19 specific medications.

What this study adds?
• Patients from minority ethnic backgrounds are at heightened risk of COVID-AKI and comorbidities like diabetes and
CKD play important roles in their risk profiles.

• COVID-AKI has become less common since the first wave of the pandemic, but this is not linked to the use of
dexamethasone or remdesivir.

What impact this may have on practice or policy?
• Although the rates of COVID-AKI have fallen from the first wave of the pandemic, it remains common, particularly in
patients with CKD, patients with severe COVID-19 illness and patients of Black race.

• Given the link between COVID-AKI and mortality, clinicians should monitor the fluid balance and kidney function of
patients with COVID-19 and intervene early if AKI occurs.

due to improvements in treatment, changes in practice or some
other factors. Several mechanisms of AKI in COVID-19 have
been postulated, including systemic inflammation [9], kidney
tropism and direct damage[10, 11], collapsing glomerulopathy
[12], complement activation [13] and organ crosstalk, although
it seems likely from case series that acute tubular necrosis is
the predominant renal pathology [14, 15]. AKI is common
in all patients treated in critical care environments, so it may
be that AKI in COVID-19 is merely an indicator of severe
illness.

Studies of AKI from the early months of the pandemic
have not been verified and updated via comprehensive studies.
The International Severe Acute Respiratory and Emerging
Infections Consortium (ISARIC) World Health Organization
(WHO) Clinical Characterisation Protocol UK (CCP-UK) for
Severe Emerging Infections was planned in 2012 to capture
clinical information on any emerging infectious disease. It was
activated in the UK on 17 January 2020 in response to the
COVID-19 pandemic and has collected data since. It is one of
the largest global cohorts of patients hospitalizedwithCOVID-
19 and it has demonstrated that renal complications are more
frequent than in any other body system [16]. This study
investigates AKI in detail, refining the estimates of risk factors
and mortality and focusing on the potential relationships
between AKI and race, illness severity and pharmaceutical
intervention.

MATERIALS AND METHODS
Study design and patients
Adults over the age of 18 years hospitalized between 17

January 2020 and 5 December 2020 with confirmed or highly
suspected SARS-CoV-2 infection leading to COVID-19 were
recruited at 254 sites in England, Scotland and Wales. Data
were entered into a standardised Research Electronic Data

Capture secure online database [17]. Study information and
materials are available online [18]. Confirmation of SARS-
CoV-2 was performed using reverse-transcriptase polymerase
chain reaction. Highly suspected cases were eligible for
inclusion because SARS-CoV-2 was an emergent pathogen
at the time of protocol activation. Exclusion criteria were
long-term dialysis, nosocomial infection and readmission to
hospital (i.e. only the first admission was included for each
patient) [19]. Two analyses were performed:

• KRT analysis: patients with information on the need for
acute KRT were included.

• Biochemical AKI analysis: patients with two or more
serum creatinine results were included.

Outcomes
The primary outcome was the use of acute KRT. The sec-

ondary outcome was biochemical AKI. We used biochemical
AKI definitions based on the National Health Service AKI
e-alert algorithms [20] and AKI severity was graded using
Kidney Disease: Improving Global Outcomes (KDIGO) stages
[21]:

• Stage 1
◦ Serum creatinine >26 μmol/L higher than the lowest

creatinine within 48 h
◦ Serum creatinine ≥1.5–1.9 times higher than the

lowest creatinine within 7 days
◦ Serum creatinine ≥1.5–1.9 times higher than the

median of all creatinine values 8–365 days ago
• Stage 2

◦ Serum creatinine ≥2–2.9 times higher than the lowest
creatinine within 7 days

◦ Serum creatinine≥2–2.9 times higher than themedian
of all creatinine values 8–365 days ago
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• Stage 3 Biochemical
◦ Serum creatinine ≥3 times higher than the lowest

creatinine within 7 days
◦ Serum creatinine ≥3 times higher than the median of

all creatinine values 8–365 days ago

Covariates
Race was categorized as White, Black, South Asian, East

Asian and other. Socioeconomic deprivation was quantified
using Index of Multiple Deprivation (IMD) scores. Smoking
status was categorized as ‘Never’, ‘Previous’ and ‘Current’.
Health conditions and long-term use of medications before
admission were captured from available health care records by
research nurses and volunteermedical students. Illness severity
on admissionwas estimated using oxygen saturation on air and
respiratory rate.

Statistical methods
Patient characteristics were described for those who re-

ceived and did not receive KRT, for those with each stage
of biochemical AKI and for those from the overall cohort
with andwithout biochemistry data.Medians and interquartile
ranges (IQR) were used to describe continuous variables and
percentages for categorical variables.

Logistic regression was performed to study the associations
between risk factors and KRT, biochemical AKI and each stage
of AKI. Adjustments were made for age, sex, race, diabetes,
heart disease, chronic kidney disease (CKD), use of renin–
angiotensin system blockers (RAS blockers) before admission
and socioeconomic deprivation status (as these variables have
previously been associated with AKI [21]), oxygen saturation
on air and respiratory rate on admission (as indicators of illness
severity, both as continuous variables). Age as a confounder
was treated as a continuous variable and as a risk factor as
a categorical variable. The missingness patterns of race, de-
privation, diabetes, heart disease, CKD, admission respiratory
rate and oxygen saturations were explored, and these variables
were found to bemissing at random.Multiple imputation using
chained equations [22] was used for these variables using 10
sets, each with 10 iterations, and Rubin’s rules were used to
combine the results [23]. Complete case sensitivity analysis
was performed and the results were compared with those from
multiple imputation. Prespecified interaction analyses were
performed for the relationship between race and each of KRT
and biochemical AKI and considered significant if P-values
were <0.01.

The relationship between AKI and 28-day mortality was
described using a Kaplan–Meier survival curve. Follow-up
started on the date of symptom onset or—where this was
not available—the date of hospitalization. Follow-up ended
on the date of death or discharge (whichever occurred
first), or 28 days following hospitalization if neither event
occurred. Patients were categorized by the highest stage of AKI
they reached. Logistic regression was performed for 28-day
mortality using the same confounders andmultiple imputation

approach as in the AKI analyses. These analyses were stratified
by AKI stage and critical care status.

AKI rates in each month in 2020 were compared by
calculating the proportion of patients with each stage of AKI.
95% confidence intervals were calculated using Wilson Score
Intervals [24]. The severity of COVID-19 illness was compared
using median admission 4C Mortality Scores per month [25].

The median number of days from both symptom onset
and hospitalization to identification of AKI was compared per
month. The proportion of patients whose AKI had resolved by
the end of follow-up was calculated.

The risk of AKI in patients receiving dexamethasone was
compared with patients not receiving dexamethasone using
propensity score matching. Propensity score matching was
used for this part of the study as a method for evaluating
treatment effects using observational data [26]. Only patients
receiving supplemental oxygen and admitted to the hospital
after 31 May 2020 were included because dexamethasone
became the standard of care for patients with COVID-19
requiring oxygen from June 2020 onwards [27]. Patients with
AKI on the day of admission were excluded from this part
of the analysis because the influence of dexamethasone on
AKI could not be determined for them. Exact matching was
performed for the month of admission with nearest neighbour
matching for age, sex, race, IMD deprivation quintile, diabetes,
heart disease, CKD, RAS blockers, and oxygen saturations
on air and respiratory rate on admission. The same analysis
was performed for remdesivir, but, in addition, patients
needed satisfactory kidney and liver function on admission
to be included, based on the UK prescribing guidelines for
remdesivir (estimated glomerular filtration rate greater than
30 mL/min/1.73 m2 and alanine aminotransferase less than
five times the upper limit of normal). The characteristics of
the patients receiving dexamethasone and/or remdesivir were
compared with those not receiving the medications. Analyses
were not performed for tocilizumab because insufficient
patients in the cohort received the drug.

Statistical analyses were performed using R version 3.6.1
(R Foundation for Statistical Computing, Vienna, Austria):
tidyverse, finalfit, survival, survminer, nephro, mice, MatchIt
and forestplot packages.

RESULTS
Of 114131 patients with data available at the time of the
analysis, 85687 were studied in the KRT analysis and 41294
in the biochemical AKI analysis (Supplementary data, Figure
S1). A total of 2198 (2.6%) received acute KRT, and 13000
(31.5%) had biochemical AKI: 8562 stage 1 (65.9%), 2609 stage
2 (20.1%) and 1829 stage 3 (14.1%).

Patient characteristics
Patient characteristics are presented by KRT status (Table 1)

and stage of biochemical AKI (Table 2). Of the 85687 patients
in the KRT analysis, 63021 (73.5%) had confirmed infection
and 22666 (26.5%) had highly suspected infection. The charac-
teristics of patients with biochemistry data were slightly differ-
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Table 1. Patient characteristics by kidney replacement therapy status

No KRT
(N = 83489)

KRT
(N = 2198)

Age (years) Median (IQR) 74 (58 to 83) 62 (54 to 70)
Sex (%)
Not specified: 202 (0.2%)

Female 37339 (44.7) 528 (24.0)
Male 45954 (55.0) 1664 (75.7)

Race (%)
Missing values: 9718 (11.3%)

White 61266 (82.7) 1204 (63.8)
Black 2642 (3.6) 179 (9.5)

South Asian 4407 (5.9) 245 (13.0)
East Asian 543 (0.7) 25 (1.3)
Other 5224 (7.1) 234 (12.4)

IMD quintile (%)
Missing values: 3183 (3.7%)

1 16228 (20.2) 436 (20.7)
2 16610 (20.7) 457 (21.7)
3 15836 (19.7) 362 (17.2)
4 15988 (19.9) 414 (19.7)
5 15739 (19.6) 434 (20.6)

Smoking (%)
Missing values: 34413 (40.2%)

Never 27733 (55.7) 899 (61.0)
Current 4390 (8.8) 86 (5.8)
Former 17678 (35.5) 488 (33.1)

Hypertension (%)
Missing values: 8990 (10.5%)

40304 (53.9) 1164 (62.1)

Diabetes (%)
Missing values: 6952 (8.1%)

16753 (21.8) 742 (36.9)

Chronic kidney disease (%)
Missing values: 3991 (4.7%)

12944 (16.3) 648 (31.1)

Heart disease (%)
Missing values: 3601 (4.2%)

25507 (31.9) 485 (23.6)

Lung disease (not asthma) (%)
Missing values: 3767 (4.4%)

13808 (17.3) 175 (8.5)

Asthma (%)
Missing values: 3954 (4.6%)

10848 (13.6) 306 (14.9)

Chronic liver disease (%)
Missing values: 4479 (5.2%)

2659 (3.4) 67 (3.3)

Neurological disease (%)
Missing values: 4274 (5.0%)

9917 (12.5) 117 (5.7)

Cancer (%)
Missing values: 4412 (5.1%)

8095 (10.2) 118 (5.8)

Haematological disease (%)
Missing values: 4442 (5.2%)

3435 (4.3) 86 (4.2)

Human immunodeficiency virus (%)
Missing values: 5689 (6.6%)

288 (0.4) 23 (1.1)

Obesity (%)
Missing values: 12413 (14.5%)

8602 (12.1) 510 (26.6)

Rheumatological disease (%)
Missing values: 4650 (5.4%)

9247 (11.7) 153 (7.6)

Dementia (%)
Missing values: 4242 (5.0%)

12386 (15.6) 23 (1.1)

RAS blockers (%)
Missing values: 9926 (11.6%)

20603 (27.9) 618 (33.6)

Calcium channel blockers (%)
Missing values: 9926 (11.6%)

15794 (21.4) 594 (32.3)

Beta-blockers (%)
Missing values: 9926 (11.6%)

22349 (30.2) 602 (32.8)

Diuretics (%)
Missing values: 9926 (11.6%)

18165 (24.6) 383 (20.8)

Statins (%)
Missing values: 9926 (11.6%)

30843 (41.7) 858 (46.7)

Systemic corticosteroids (%)
Missing values: 9926 (11.6%)

8368 (11.3) 230 (12.5)

Immunosuppressants (%)
Missing values: 9926 (11.6%)

1871 (2.5) 84 (4.6)
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Table 1. Continued

No KRT
(N = 83489)

KRT
(N = 2198)

Proton pump inhibitors (%)
Missing values: 9926 (11.6%)

32347 (43.8) 771 (41.9)

Nonsteroidal anti-inflammatory drugs (%)
Missing values: 9926 (11.6%)

2710 (3.7) 74 (4.0)

Aspirin (%)
Missing values: 9926 (11.6%)

22254 (30.1) 586 (31.9)

Any supplemental oxygen (%)
Missing values: 281 (0.3%)

60640 (72.9) 2091 (95.4)

Any critical care admission (%)
Missing values: 47 (0.1%)

10603 (12.7) 1752 (79.7)

Any invasive ventilation (%)
Missing values: 39 (0.0%)

4872 (5.8) 1613 (73.5)

Any non-invasive ventilation (%)
Missing values: 242 (0.3%)

11709 (14.1) 1040 (47.5)

All medications were those in use before hospitalization.

ent to patientswithout biochemistry data (Supplementray data,
Table S1). A number of comorbidities were more common in
patients with biochemistry data compared with those without
biochemistry data, including diabetes (24.7% versus 20.3%),
CKD (17.5% versus 16.2%) and obesity (14.2% versus 10.9%).

Clinical variables associated with KRT
Risk factors strongly positively associated with KRT were

CKD [adjusted odds ratio (aOR) 3.41: 95% confidence interval
3.06–3.81], male sex (aOR 2.43: 2.18–2.71) and Black race
(aOR 2.17: 1.79–2.63) (Figure 1). Indicators of severe illness
on admission associated with KRT were as follows: admission
respiratory rate greater than 30 breaths per minute (aOR 1.63:
1.43–1.86) and admission oxygen saturation less than 92%
on air (aOR 1.56: 1.39–1.76). Age over 80 years (aOR 0.14:
0.11–0.17) and dementia (aOR0.15: 0.10–0.22)were negatively
associated with KRT. aORs were similar for complete case
sensitivity analysis (Supplementary data, Table S2).

Clinical variables associated with biochemical AKI
Risk factors with strongly positive associations with bio-

chemical AKI were admission respiratory rate greater than 30
breaths per minute (aOR 1.68: 1.56–1.81), CKD (aOR 1.66:
1.57–1.76) and black race (aOR 1.44: 1.28–1.61) (Figure 2).
aORs were similar for complete case sensitivity analysis
(Supplementary data, Table S3). Analysis of each stage of AKI
showed similar risk factors (Supplementary data, Table S4).
Patients of South Asian and other race and those on non-
steroidal anti-inflammatory drugs were at increased risk of
stages 2 and 3 AKI, but not stage 1.

Race analyses
For theKRTanalysis, therewere interactions between South

Asian race and each of age, male sex, CKD and hypertension;
there was an interaction between Black race and CKD; and
there was an interaction between other race and each of
age and CKD (P-values all <0.01) (Supplementary data,

Tables S5 and S6). For the biochemical AKI analysis, there was
an interaction between South Asian race and each of CKD
and diabetes and there was an interaction between Black race
and CKD (P-values all<0.01). Compared withWhite patients,
those from minority race groups in the analysis were younger
and proportionally more of themwere admitted to critical care
(Supplementary data, Table S7). CKD was more common in
White patients (17.6%) than those from minority race groups:
Black (15.7%), South Asian (14.5%), East Asian (9.5%) and
other (12.6%).

28-day mortality risk
There was an increased risk of mortality for those receiving

KRT (aOR 3.06: 2.75–3.39) and those with biochemical AKI
(aOR 1.91: 1.82–2.01) (Figures 3 and 4). The associations
for biochemical AKI were present in patients treated within
and outside critical care, and mortality risk was higher
in those with stage 3 than less severe stages (aOR 3.50:
3.14–3.91).

AKI rates by month
KRT rates peaked in March 2020 at 4.0% and biochemical

AKI in April 2020 at 33.8% (Figure 5). After June 2020, there
was amarginal reduction in 4CMortality Scores: median score
11 (IQR 7–13) in April 2020 and 9 (IQR 6–12) from July 2020
onwards.

Timing of AKI
Amongst patients with AKI, the median time from symp-

tom onset to AKI was 6 days (IQR 2–11). Amongst patients
withAKI, 7123 of 13000 (54.8%) had it on the day of admission
and the median time from admission to AKI was 0 days (IQR
0–3). There was no trend in the timing of AKI throughout
the months of 2020 (Supplementary data, Table S8). At the
end of follow-up, AKI had resolved in 9758/13000 (75.1%) of
patients.
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Table 2. Patient characteristics by biochemical acute kidney injury stage

No AKI
(N = 28294)

Stage 1
(N= 8562)

Stage 2
(N= 2609)

Stage 3
(N= 1829)

Age (years) Median (IQR) 73 (58–83) 73 (61–83) 71 (60–80) 65 (57–75)
Sex (%)
Not specified 151 (0.4%)

Female 12105 (42.8) 3085 (36.0) 960 (36.8) 586 (32.0)
Male 16096 (56.9) 5441 (63.5) 1637 (62.7) 1233 (67.4)

Race (%)
Missing values: 4543 (11.0%)

White 20689 (82.2) 6183 (80.6) 1800 (78.3) 1147 (70.9)
Black 953 (3.8) 395 (5.1) 134 (5.8) 125 (7.7)

South Asian 1315 (5.2) 421 (5.5) 137 (6.0) 136 (8.4)
East Asian 214 (0.9) 68 (0.9) 16 (0.7) 20 (1.2)
Other 1989 (7.9) 608 (7.9) 211 (9.2) 190 (11.7)

IMD quintile (%)
Missing values: 1734 (4.2%)

1 5022 (18.5) 1616 (19.7) 487 (19.5) 348 (19.9)
2 5245 (19.3) 1672 (20.4) 569 (22.8) 373 (21.4)
3 5294 (19.5) 1610 (19.7) 510 (20.4) 319 (18.3)
4 5470 (20.2) 1605 (19.6) 448 (17.9) 324 (18.5)
5 6092 (22.5) 1689 (20.6) 484 (19.4) 383 (21.9)

Smoking (%)
Missing values: 15327 (37.1%)

Never 9972 (55.9) 2828 (53.2) 862 (54.9) 726 (58.3)
Current 1485 (8.3) 414 (7.8) 115 (7.3) 83 (6.7)
Former 6381 (35.8) 2073 (39.0) 592 (37.7) 436 (35.0)

Hypertension (%)
Missing values: 3620 (8.8%)

13681 (53.1) 4795 (60.4) 1428 (59.8) 941 (59.0)

Diabetes (%)
Missing values: 3378 (8.2%)

5872 (22.6) 2261 (28.9) 702 (29.7) 510 (29.9)

Chronic kidney disease (%)
Missing values: 2273 (5.5%)

4040 (15.1) 2043 (25.2) 487 (19.9) 240 (13.9)

Heart disease (%)
Missing values: 1997 (4.8%)

8367 (31.0) 2805 (34.4) 714 (29.2) 381 (22.0)

Lung disease (not asthma) (%)
Missing values: 2164 (5.2%)

4706 (17.5) 1471 (18.1) 416 (17.0) 197 (11.4)

Asthma (%)
Missing values: 2285 (5.5%)

3919 (14.6) 988 (12.2) 321 (13.1) 237 (13.7)

Chronic liver disease (%)
Missing values: 2583 (6.3%)

1002 (3.8) 282 (3.5) 90 (3.7) 48 (2.8)

Neurological disease (%)
Missing values: 2476 (6.0%)

3095 (11.6) 948 (11.8) 259 (10.7) 137 (8.0)

Cancer (%)
Missing values: 2523 (6.1%)

2812 (10.6) 835 (10.4) 246 (10.1) 120 (7.0)

Haematological disease (%)
Missing values: 2559 (6.2%)

1219 (4.6) 396 (4.9) 112 (4.6) 46 (2.7)

Human immunodeficiency virus (%)
Missing values: 3190 (7.7%)

102 (0.4) 36 (0.5) <15 (0.3) <15 (0.9)

Obesity (%)
Missing values: 6081 (14.7%)

3183 (13.2) 1086 (14.8) 408 (18.5) 348 (21.7)

Rheumatological disease (%)
Missing values: 2660 (6.4%)

3163 (11.9) 878 (11.0) 258 (10.7) 141 (8.2)

Dementia (%)
Missing values: 2395 (5.8%)

3498 (13.1) 1234 (15.3) 328 (13.5) 136 (7.9)

RAS-blockers (%)
Missing values: 3946 (9.6%)

6895 (27.0) 2529 (32.2) 830 (35.0) 542 (34.3)

Calcium channel blockers (%)
Missing values: 3946 (9.6%)

5495 (21.5) 2003 (25.5) 665 (28.1) 433 (27.4)

Beta-blockers (%)
Missing values: 3946 (9.6%)

7457 (29.2) 2666 (34.0) 773 (32.6) 433 (27.4)

Diuretics (%)
Missing values: 3946 (9.6%)

6079 (23.8) 2201 (28.1) 599 (25.3) 336 (21.2)

Statins (%)
Missing values: 3946 (9.6%)

10638 (41.6) 3669 (46.8) 1057 (44.6) 666 (42.1)

Systemic corticosteroids (%)
Missing values: 3946 (9.6%)

3042 (11.9) 914 (11.7) 259 (10.9) 153 (9.7)

Immunosuppressants (%)
Missing values: 3946 (9.6%)

776 (3.0) 296 (3.8) 66 (2.8) 47 (3.0)

Proton pump inhibitors (%)
Missing values: 3946 (9.6%)

11349 (44.4) 3440 (43.8) 1010 (42.6) 607 (38.4)
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Table 2. Continued

No AKI
(N = 28294)

Stage 1
(N= 8562)

Stage 2
(N= 2609)

Stage 3
(N= 1829)

Nonsteroidal anti-inflammatory drugs (%)
Missing values: 3946 (9.6%)

894 (3.5) 235 (3.0) 91 (3.8) 89 (5.6)

Aspirin (%)
Missing values: 3946 (9.6%)

7400 (29.0) 2618 (33.4) 734 (31.0) 386 (24.4)

Any supplemental oxygen (%)
Missing values: 402 (1.0%)

22623 (80.8) 7464 (88.0) 2333 (90.0) 1696 (93.8)

Any critical care admission (%)
Missing values: 163 (0.4%)

4838 (17.2) 2616 (30.7) 1240 (47.7) 1275 (70.0)

Any invasive ventilation (%)
Missing values: 601 (1.5%)

2184 (7.8) 1615 (19.1) 1001 (38.8) 1147 (63.7)

Any non-invasive ventilation (%)
Missing values: 686 (1.7%)

5232 (18.8) 2405 (28.5) 928 (36.0) 785 (43.7)

All medications were those in use before hospitalization.

Dexamethasone/remdesivir
Compared with the patients not receiving these

medications, those receiving dexamethasone and/or
remdesivir were on average 6 years younger and had higher
rates of antimicrobial use and treatment in critical care
(Table S9a–d, S10 and S11). The use of dexamethasone was
positively associated with KRT [odds ratio (OR) 2.23: 1.09–
4.80] and there was no relationship between dexamethasone
and biochemical AKI (OR 0.90: 0.51–1.56). There was no
relationship between the use of remdesivir and KRT (OR 1.09:
0.38–2.72) or biochemical AKI (OR 0.84: 0.52–1.34).

DISCUSSION
In this prospective multicentre study of up to 85687 patients
hospitalized with COVID-19, we have described risk factors
and associations for COVID-19-induced AKI and related
mortality. Men, patients with CKD, diabetes, hypertension and
obesity, patients from minority race backgrounds and those
with severe COVID-19 on admission were at highest risk of
AKI related to COVID-19. All stages of AKI were associated
with an increased risk of mortality and there was a graded
rise in mortality risk by increasing AKI severity. Rates of AKI
peaked in April 2020 and although they fell following the first
wave of the pandemic, improvements in COVID-19 treatment
via pharmaceutical developments were not associatedwith risk
reductions.

The rate of AKI in our study was 31.5%, matching reports
from the USA [2, 28]. The KRT rate in our study was
2.6%, lower than in some others (14–15%) [4, 29]. However,
these were single-centre studies and clinical practice such
as eligibility criteria for critical care treatment may have
influenced KRT rates. Declines in AKI rates following the
first wave of the pandemic have been reported elsewhere
[28, 30], but the reasons for this have not been evaluated.
Our findings suggest that improvements in the treatment
of COVID-19 with dexamethasone and remdesivir did not
directly account for the falls in AKI rates. By comparison,
the RECOVERY randomized controlled trial found that fewer
patients randomized to dexamethasone neededKRT [31]. This
may be because, after the end of May 2020, these medications

were given to the most unwell patients with COVID-19 in
the hospital. Although we adjusted for several confounding
variables including illness severity, there is likely to be residual
confounding that could affect the results.

Beyond pharmaceutical developments, the management
of COVID-19 patients changed significantly during 2020.
National Institute for Health and Care Excellence guidelines in
theUKencouraged themaintenance of euvolaemia inCOVID-
19 [32]. However, some clinicians employed conservative fluid
resuscitation strategies in the early months of the pandemic.
This approach originated from the treatment of patients with
non-COVID-19 ARDS and was advocated in the COVID-19
Surviving SepsisGuideline [33].Wepostulate that conservative
fluid strategies may have inadvertently contributed to the
development of AKI in some patients in the earlymonths of the
pandemic, such as in those with precarious oxygenation and
fluid losses. As previously reported from the ISARIC WHO
CCP-UK study, the use of invasive mechanical ventilation in
patients with COVID-19 fell significantly as the pandemic
unfolded [34]. This change in practice may have had an
additional impact on AKI. We found the risk of biochemical
AKI was lower in the oldest adults (over 80 years) compared
with other age groups (50–79 years). This was not associated
with reduced frequency of blood tests in the oldest adults,
hence the reasons for this trend are unclear. The declining rates
of AKI over time may in part be due to increasing clinician
awareness of AKI in COVID-19, prompting them to monitor
their patients’ fluid status and blood tests more closely, as well
as decreasing illness severity [34].

We have verified findings from smaller studies from the
first wave of the pandemic, including the role of AKI as
a risk factor for mortality in COVID-19. Overall, 40.4% of
patients with biochemical AKI in our study died, which
falls between the 34% [2, 28, 6] and 51.8% [35] reported
in previous studies. Even patients with minor biochemical
changes (stage 1 AKI) were at increased risk of dying,
highlighting that all patients with COVID-19 and AKI should
have targeted monitoring and optimization of their fluid
status. Although we have confirmed that mortality risk rose
with the increasing stage of AKI, our ORs are lower than
in previous studies [6, 28, 36]. This may be because the
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FIGURE 1: Associations between risk factors and acute kidney replacement therapy. *Adjusted for age, sex, race, deprivation quintile, chronic
kidney disease, heart disease, diabetes, admission oxygen saturations on air and admission respiratory rate. HIV, human immunodeficiency
virus; RR, respiratory rate; SpO2, oxygen saturations. Error bars are 95% confidence intervals (CI).

patients in our ‘no AKI’ reference group were more co-
morbid than the rest of the cohort, with high rates of diabetes
and CKD.

The AKI risk factors we identified were similar to those
reported previously [2, 28]. We have confirmed a particularly
high risk of AKI in patients from minority race backgrounds
and our findings suggest this is contributed to by comorbidities
[37]. A study of 1737 patients with COVID-19 in East London
(60% non-White) demonstrated an increased risk of mortal-
ityin Black and Asian patients, independent of comorbidities
[38]. Several factors are postulated to contribute to this
increased risk, including a higher prevalence of comorbidities
that are associated with greater COVID-19 disease severity,

cultural factors, host genetics, cultural and lifestyle factors, and
inequality [39]. We found that non-White patients admitted to
the hospital with COVID-19 were younger and more likely to
be admitted to critical care than theirWhite counterparts. This
may explain to a large extent their increased risk of requiring
KRT. South Asian race was a predictor of stages 2 and 3 AKI,
and our interaction analysis suggests this was contributed to by
CKD and diabetes. Our results suggest that the increased risk
of biochemical AKI in Black patients is contributed to by CKD,
even though the proportion of Black patients with CKD was
less than for White patients. It is possible that prior CKD was
infrequently recorded in patients of Black race [40]. In addition
to multiple socioeconomic and health risk factors associated
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FIGURE 2: Associations between risk factors and biochemical acute kidney injury. *Adjusted for age, sex, race, deprivation quintile, chronic
kidney disease, heart disease, diabetes, admission oxygen saturations on air and admission respiratory rate. HIV, human immunodeficiency
virus; RR, respiratory rate; SpO2, oxygen saturations. Error bars are 95% confidence intervals (CI).

with adverse outcomes in people of Black race in COVID-
19 [41], AKI-specific risk may in some part be attributable to
the possession of high-risk APOL1 genotypes [42], which are
present in people of West African ancestry. These alleles are
associated with a greatly increased risk of CKD in people of
Black race in North America [43] and have been implicated in
COVID-19-related glomerular disease [44].

Our study has some notable strengths. To our knowledge, it
is the largest study of AKI in COVID-19 to date. Our cohort
comprised patients from 254 acute hospital sites spanning
most of 2020, allowing us to evaluate the temporal variations
in AKI and KRT rates over the first wave and part of the second
wave of the pandemic. Our cohort included a significant

number of patients who were prescribed dexamethasone
and remdesivir, thus allowing us to assess the relationship
between the use of these medications and AKI. We have
explored additional crucial areas: the relationship between
race and AKI and illness severity as a key risk factor for
AKI.

Our study has some limitations. Some 26.5% of the
patients were identified as having COVID-19 before testing for
SARS-CoV-2 was universally available. Some of these patients
may therefore have had illnesses other than COVID-19. In our
biochemical AKI analysis, we excluded patients without two or
more recorded creatinine values, risking the introduction of se-
lection bias. Despite slightly higher rates of comorbidities such
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FIGURE 3: Kaplan–Meier plot of 28-day mortality by biochemical acute kidney injury status. Time is after symptom onset. Shaded area
represents 95% confidence intervals.

FIGURE 4: Associations between acute kidney injury and 28-day mortality. P-values for all groups <0.001. *Adjusted for age, sex, race,
deprivation quintile, chronic kidney disease, heart disease, diabetes, admission oxygen saturations on air and admission respiratory rate. Error
bars are 95% confidence intervals (CI).

as CKD in those included in the study, the patients without
biochemistry datawere very similar. Some blood results during
an individual’s admission may not have been available if they
were not recorded in the database. This could have an impact
on AKI detection and accurate categorization of the AKI stage.
The execution of separate KRT and biochemical AKI analyses
was appropriate for two reasons. First, the use of acute KRT

in an individual is considerably linked to illness severity and
whether clinicians decide it is appropriate to care for them
in a critical care environment or a ward (which may depend
on pre-morbid health status). Second, due to the challenges of
real-time data collection during a pandemic, creatinine results
were available for relatively few patients and we sought to
study as many patients as possible. We did not have access to
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FIGURE 5: Acute kidney injury rates and 4C scores by month in 2020. Error bars represent 95% confidence intervals for KRT and biochemical
AKI rates and interquartile ranges for illness severity.

baseline kidney function, therefore we may have missed some
AKI events and we were unable to stratify risk by severity of
baseline CKD. Although most cases of AKI had resolved by
the end of in-hospital follow-up, we did not have access to
kidney function following discharge and so we were unable to
study long-term recovery following AKI. We did not have data
on urine output or fluid resuscitation regimens, although it is
difficult reliably to record this information outside of critical
care settings.

In conclusion, AKI was common in patients hospitalized
with COVID-19 and these patients were at high risk of
death. The patients at highest risk of AKI were typically
men, Black, with CKD and with severe COVID-19 illness on
admission. AKI rates have fallen since the early months of the
pandemic, despite no observed influence of pharmaceutical
developments. This may reflect changes in attitudes towards
fluid balance. Clinicians should monitor the kidney function
and fluid status of patients with COVID-19 closely and
intervene early if AKI develops.

SUPPLEMENTARY DATA
Supplementary data are available at ndt online.

AUTHORS’ CONTRIBUTIONS
M.K.S., P.B.M., A.H., J.S.L., A.B.D., T.M.D. and G.O. were
responsible for conceptualization.

M.K.S., T.M.D., L.M.,M.G.S., A.B.D. andE.M.H. performed
data curation. M.K.S., J.S.L., A.H. and T.M.D. performed for-
mal analysis. JSN-V-T, P.O., J.K.B., M.G.S., A.B.D. and M.K.S.
were responsible for funding acquisition. Investigation was
performed by M.K.S., P.B.M., A.H., J.S.L., A.B.D. and T.M.D.
M.K.S., P.B.M., A.H., J.S.L., A.B.D., T.M.D. and E.M.H. were
responsible formethodology. H.E.H., L.M., C.D.R.,M.G.S. and
M.K.S. were responsible for project administration. Resources
were made available by L.M., M.G.S. and E.M.H. Supervision
was performed by P.B.M., A.H. and M.G.S. M.K.S., J.S.L.,
P.B.M., A.H. and C.D.R. were responsible for visualization.

282 MK Sullivan et al.

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfab303#supplementary-data


M.K.S., J.S.L., A.H. and P.B.M. were responsible for writing
the original draft.

M.K.S., P.B.M., J.S.L., A.H., T.M.D., G.O., H.E.H., J.K.B.,
J.D., L.M., J.S.N.-V.-T., C.D.R., P.O., M.G.S., A.B.D. and E.M.H.
were responsible for writing review and editing.

P.B.M., A.H. and M.G.S. are joint senior authors. M.K.S. is
guarantor and corresponding author for this work and attests
that all listed authors meet authorship criteria and that no
others meeting the criteria have been omitted.

FUNDING
This work is supported by grants from the National Insti-
tute for Health Research (NIHR) (award CO-CIN-01), the
Medical Research Council (MRC) (grants MC_PC_19059
and MR/V001671/1) and by the NIHR Health Protection
Research Unit (HPRU) in Emerging and Zoonotic Infections
at University of Liverpool in partnership with Public Health
England (PHE) in collaboration with Liverpool School of
Tropical Medicine and the University of Oxford (award
200907), NIHR HPRU in Respiratory Infections at Imperial
College London with PHE (award 200927), NIHR Biomedical
Research Centre at Imperial College London (IS-BRC-1215-
20013) and NIHR Clinical Research Network for providing
infrastructure support for this research. The views expressed
are those of the authors and not necessarily those of the NIHR,
MRC or PHE.

DATA AVAILABILITY STATEMENT
This work uses data provided by patients and collected by
the NHS as part of their care and support #DataSavesLives.
The CO-CIN data were collated by ISARIC4C Investigators.
ISARIC4C welcomes applications for data and material access
through our Independent Data and Material Access Commit-
tee (https://isaric4c.net). This research used data assets made
available by National Safe Haven as part of the Data and
ConnectivityNational Core Study, led byHealthData Research
UK in partnership with the Office for National Statistics
and funded by UK Research and Innovation (research which
commenced between 1October 2020 and 31March 2021, grant
Ref. MC_PC_20029; 1 April 2021 to 30 September 2022, grant
Ref. MC_PC_20058).

ETHICAL APPROVAL
Ethical approval was provided by the South Central—Oxford
C Research Ethics Committee in England (Ref. 13/SC/0149)
and by the Scotland A Research Ethics Committee (Ref.
20/SS/0028).

CONFLICT OF INTEREST STATEMENT
All authors declare support from the NIHR, the MRC, the
NIHR HPRU in Emerging and Zoonotic Infections at Uni-
versity of Liverpool, NIHR HPRU in Respiratory Infections at
Imperial College London, NIHR Biomedical Research Centre
at Imperial College London and NIHR Clinical Research

Network for the submitted work; A.B.D. reports grants from
the Department of Health and Social Care (DHSC), during the
conduct of the study, grants from Wellcome Trust outside the
submitted work; P.O. reports personal fees from consultancies
and from European Respiratory Society, grants from MRC,
MRC Global Challenge Research Fund, EU, NIHR BRC,
MRC/GSK, Wellcome Trust, NIHR (HPRU in Respiratory
Infection), and is NIHR senior investigator outside the
submitted work; his role as President of the British Society
for Immunology was unpaid but travel and accommodation
at some meetings was provided by the Society; J.K.B. reports
grants from MRC UK; M.G.S. reports grants from DHSC
NIHR UK, grants from MRC UK, grants from HPRU in
Emerging and Zoonotic Infections, University of Liverpool,
during the conduct of the study, and other from Integrum
Scientific LLC, Greensboro, NC, USA, outside the submitted
work. The remaining authors all declare no support from any
organization for the submitted work, no financial relationships
with any organizations that might have an interest in the
submitted work in the previous three years, and no other
relationships or activities that could appear to have influenced
the submitted work.

REFERENCES
1. NadimMK, Forni LG,Mehta RL et al.COVID-19-associated acute kidney

injury: consensus report of the 25th acute disease quality initiative (ADQI)
workgroup. Nat Rev Nephrol 2020; 16: 747–764

2. Hirsch JS, Ng JH, Ross DW et al. Acute kidney injury in patients
hospitalized with COVID-19. Kidney Int 2020; 98: 209–218

3. Richardson S, Hirsch JS, Narasimhan M et al. Presenting characteristics,
comorbidities, and outcomes among 5700 patients hospitalized with
COVID-19 in the New York city area. JAMA 2020; 323: 2052–2059

4. Argenziano MG, Bruce SL, Slater CL et al. Characterization and clinical
course of 1000 patients with coronavirus disease 2019 in New York:
retrospective case series. BMJ 2020; 369: m1996

5. Guan W, Ni Z, Hu Y et al. Clinical characteristics of coronavirus disease
2019 in China. N Engl J Med 2020; 382: 1708–1720

6. ChengY, LuoR,WangK et al.Kidney disease is associatedwith in-hospital
death of patients with COVID-19. Kidney Int 2020; 97: 829–838

7. Chua H-R, MacLaren G, Choong LH-L et al. Ensuring sustainability
of continuous kidney replacement therapy in the face of extraordinary
demand: lessons from the COVID-19 pandemic. Am J Kidney Dis 2020;
76: 392–400

8. Alfano G, Fontana F, Ferrari A et al. Peritoneal dialysis in the time of
coronavirus disease 2019. Clin Kidney J 2020; 13: 265–268

9. Chu KH, Tsang WK, Tang CS et al. Acute renal impairment in
coronavirus-associated severe acute respiratory syndrome. Kidney Int
2005; 67: 698–705

10. Farkash EA, Wilson AM, Jentzen JM. Ultrastructural evidence for direct
renal infection with SARS-CoV-2. J Am Soc Nephrol 2020; 31: 1683–1687

11. Su H, Yang M, Wan C et al. Renal histopathological analysis of 26
postmortem findings of patients with COVID-19 in China. Kidney Int
2020; 98: 219–227

12. Kissling S, Rotman S, Gerber C et al. Collapsing glomerulopathy in a
COVID-19 patient. Kidney Int 2020; 98: 228–231

13. Noris M, Benigni A, Remuzzi G. The case of complement activation in
COVID-19 multiorgan impact. Kidney Int 2020; 98: 314–322

14. Joannidis M, Forni LG, Klein SJ et al. Lung–kidney interactions in
critically ill patients: consensus report of the acute disease quality initiative
(ADQI) 21 workgroup. Intensive Care Med 2020; 46: 654–672

15. Golmai P, Larsen CP, DeVita MV et al. Histopathologic and ultrastruc-
tural findings in postmortem kidney biopsy material in 12 patients with
AKI and COVID-19. J Am Soc Nephrol 2020; 31: 1944–1947

Acute kidney injury in patients hospitalized with COVID-19 283

https://isaric4c.net


16. Drake TM, Riad AM, Fairfield CJ et al. Characterisation of in-hospital
complications associated with COVID-19 using the ISARIC WHO
Clinical Characterisation Protocol UK: a prospective, multicentre cohort
study. Lancet 2021; 398: 223–237

17. Harris PA, Taylor R, Thielke R et al. Research electronic data capture
(REDCap)—a metadata-driven methodology and workflow process for
providing translational research informatics support. J Biomed Inform
2009; 42: 377–381

18. ISARIC 4C (Coronavirus Clinical CharacterisationConsortium). isaric4c.
net (9 March 2021, date last accessed)

19. European Centre for Disease Prevention and Control Surveillance
definitions for COVID-19. https://www.ecdc.europa.eu/en/covid-19/
surveillance/surveillance-definitions (27 April 2021, date last accessed)

20. Sawhney S, Fluck N, Marks A et al. Acute kidney injury—how does
automated detection perform? Nephrol Dial Transplant 2015; 30: 1853–
1861

21. KDIGO.KDIGOclinical practice guideline for acute kidney injury.Kidney
Int Suppl 2012; 2: 6

22. White IR, Royston P, Wood AM. Multiple imputation using chained
equations: issues and guidance for practice. Stat Med 2011; 30: 377–399

23. Toutenburg H, Rubin DB. Multiple imputation for nonresponse in
surveys. Stat Pap 1990; 31: 180

24. Newcombe RG. Interval estimation for the difference between indepen-
dent proportions: comparison of eleven methods. Stat Med 1998; 17: 873–
890

25. Knight SR, Ho A, Pius R et al. Risk stratification of patients admitted to
hospital with covid-19 using the ISARIC WHO Clinical Characterisation
Protocol: development and validation of the 4C Mortality Score. BMJ
2020; 370: m3339

26. Austin PC. A critical appraisal of propensity-score matching in the
medical literature between 1996 and 2003. Stat Med 2008; 27: 2037–2049

27. Medicines & Healthcare Products Regulatory Agency. Dexametha-
sone in the treatment of COVID-19. https://www.cas.mhra.gov.uk/
ViewandAcknowledgment/ViewAlert.aspx?AlertID=103054 (1 Novem-
ber 2021, date last accessed)

28. Bowe B, Cai M, Xie Y et al. Acute kidney injury in a national cohort of
hospitalized US veterans with COVID-19.Clin J Am Soc Nephrol 2021; 16:
14–25

29. Mohamed MMB, Lukitsch I, Torres-Ortiz AE et al. Acute kidney
injury associated with coronavirus disease 2019 in urban New Orleans.
Kidney360 2020; 1: 614–622

30. Charytan DM, Parnia S, Khatri M et al. Decreasing incidence of acute
kidney injury in patients with COVID-19 critical illness in New York city.
Kidney Int Reports 2021; 6: 916–927

31. Horby P, Lim WS, Emberson JR et al. Dexamethasone in hospitalized
patients with Covid-19. N Engl J Med 2020; 384: 693–704

32. Selby NM, Forni LG, Laing CM et al. Covid-19 and acute kidney injury in
hospital: summary of NICE guidelines. BMJ 2020; 369: m1963

33. Alhazzani W, Møller MH, Arabi YM et al. Surviving Sepsis Cam-
paign: guidelines on the management of critically ill adults with
coronavirus disease 2019 (COVID-19). Intensive Care Med 2020; 46:
854–887

34. Docherty AB, Mulholland RH, Lone NI et al. Changes in in-hospital
mortality in the first wave of COVID-19: a multicentre prospective
observational cohort study using the WHO Clinical Characterisation
Protocol UK. Lancet Respir Med 2021; 9: 773–785

35. Ng JH, Hirsch JS, Hazzan A et al. Outcomes among patients hospitalized
with COVID-19 and acute kidney injury. Am J Kidney Dis 2021; 77: 204–
215.e1

36. Wan YI, Bien Z, Apea VJ et al. Acute kidney injury in COVID-19:
multicentre prospective analysis of registry data. Clin Kidney J 2021;
doi:10.1093/ckj/sfab071

37. Yancy CW. COVID-19 and African Americans. JAMA 2020; 323: 1891–
1892

38. Apea VJ, Wan YI, Dhairyawan R et al. Ethnicity and outcomes in patients
hospitalised with COVID-19 infection in East London: an observational
cohort study. BMJ Open 2021; 11: e042140

39. Khunti K, Singh AK, Pareek M et al. Is ethnicity linked to incidence or
outcomes of Covid-19? BMJ 2020; 369: m1548

40. Hull SA, Rajabzadeh V, Thomas N et al. Improving coding and
primary care management for patients with chronic kidney disease: an
observational controlled study in East London. Br J Gen Pract 2019; 69:
e454–e461

41. Mathur R, Rentsch CT,Morton CE et al. Ethnic differences in SARS-CoV-
2 infection and COVID-19-related hospitalisation, intensive care unit
admission, and death in 17 million adults in England: an observational
cohort study using the OpenSAFELY platform. Lancet 2021; 397: 1711–
1724

42. Shetty AA, Tawhari I, Safar-Boueri L et al. COVID-19–associated
glomerular disease. J Am Soc Nephrol 2021; 32: 33–40

43. Parsa A, KaoWHL, XieD et al.APOL1 risk variants, race, and progression
of chronic kidney disease. N Engl J Med 2013; 369: 2183–2196

44. Friedman DJ. COVID-19 and APOL1: understanding disease mech-
anisms through clinical observation. J Am Soc Nephrol 2021; 32:
1–2

Received: 27.7.2021; Editorial decision: 15.9.2021

284 MK Sullivan et al.

isaric4c.net
https://www.ecdc.europa.eu/en/covid-19/surveillance/surveillance-definitions
https://www.cas.mhra.gov.uk/ViewandAcknowledgment/ViewAlert.aspx?AlertID=103054

