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Summary
Background While acute kidney injury (AKI) is a common complication in COVID-19, data on post-AKI kidney
function recovery and the clinical factors associated with poor kidney function recovery is lacking.

Methods A retrospective multi-centre observational cohort study comprising 12,891 hospitalized patients aged 18
years or older with a diagnosis of SARS-CoV-2 infection confirmed by polymerase chain reaction from 1 January
2020 to 10 September 2020, and with at least one serum creatinine value 1-365 days prior to admission. Mortality
and serum creatinine values were obtained up to 10 September 2021.

Findings Advanced age (HR 2.77, 95%CI 2.53-3.04, p < 0.0001), severe COVID-19 (HR 2.91, 95%CI 2.03-4.17,
p < 0.0001), severe AKI (KDIGO stage 3: HR 4.22, 95%CI 3.55-5.00, p < 0.0001), and ischemic heart disease (HR
1.26, 95%CI 1.14-1.39, p < 0.0001) were associated with worse mortality outcomes. AKI severity (KDIGO stage 3:
HR 0.41, 95%CI 0.37-0.46, p < 0.0001) was associated with worse kidney function recovery, whereas remdesivir
use (HR 1.34, 95%CI 1.17-1.54, p < 0.0001) was associated with better kidney function recovery. In a subset of
patients without chronic kidney disease, advanced age (HR 1.38, 95%CI 1.20-1.58, p < 0.0001), male sex (HR
1.67, 95%CI 1.45-1.93, p < 0.0001), severe AKI (KDIGO stage 3: HR 11.68, 95%CI 9.80-13.91, p < 0.0001), and
hypertension (HR 1.22, 95%CI 1.10-1.36, p = 0.0002) were associated with post-AKI kidney function impairment.
Furthermore, patients with COVID-19-associated AKI had significant and persistent elevations of baseline serum
creatinine 125% or more at 180 days (RR 1.49, 95%CI 1.32-1.67) and 365 days (RR 1.54, 95%CI 1.21-1.96)
compared to COVID-19 patients with no AKL

Interpretation COVID-19-associated AKI was associated with higher mortality, and severe COVID-19-associated AKI
was associated with worse long-term post-AKI kidney function recovery.

Funding Authors are supported by various funders, with full details stated in the acknowledgement section.

Copyright © 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

While the clinical syndromes of SARS-CoV-2 infection
and COVID-19 have wide inter-patient variation ranging
from mid-upper respiratory tract infection to critical
illness with multiorgan failure, acute kidney injury
(AKI) is a common COVID-19 complication in up to
46% of patients."” AKI is associated with higher mor-
tality in patients with COVID-19,> but data on kidney
function post-discharge in a large cohort was lacking,
with a small study observing decreased kidney function
in 182 COVID-19 patients with AKIL.* As AKI is a clin-
ically significant risk factor for chronic kidney disease
(CKD), long-term post-acute sequelae of COVID-19-
associated AKI warrants further investigation. Howev-
er, to date, there have been several key limitations in
studies on kidney function recovery outcomes in
COVID-19-associated AKI. First, studies on kidney
function recovery lacked adequate pre-admission serum
creatinine levels to quantitatively measure kidney func-
tion decline post-AKL>® and may underestimate

pre-existing undiagnosed CKD prior to admission for
COVID-19. Second, kidney function outcomes of
COVID-19-associated AKI have been defined either by:
a) post-discharge kidney function estimates including
estimated glomerular filtration rate (eGFR) which
grossly underestimated the baseline serum creatinine
levels,* or b) clinical measures of major adverse kidney
events including kidney replacement therapy (KRT) that
underestimated the onset of CKD after the inciting AKI
episode.” Lastly, the observational periods of these
cohort studies ranged from 3 to 10 months, and do not
reflect long-term kidney function impairment more
than 1-year post-AKI.**

As early prediction of kidney function trajectory in
patients with COVID-19-associated AKI is crucial to
mitigating morbidity and mortality, we aimed to char-
acterize temporal trajectories of kidney function pre-
ceding and following COVID-19-associated AKI. We also
sought to identify clinical factors associated with mor-
tality and impaired long-term kidney function recovery.
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Research in context

Evidence before this study

While acute kidney injury (AKI) is prevalent in COVID-19
patients, the long-term kidney function recovery outcomes of
COVID-19-associated AKI remained poorly understood.
Current studies are limited by the lack of appropriate
definition of baseline pre-admission serum creatinine,
quantitative estimates of long-term kidney function decline,
and a large, multi-centre cohort to generalize their findings.
Moreover, short follow-up time in current studies precludes
accurate estimates of long-term kidney function recovery
outcomes.

Added value of this study

COVID-19-associated AKI was prevalent in 49.5% of 12,891
COVID-19 patients in 15 tertiary healthcare centres across five
countries. Moreover, COVID-19-associated AKI was associated
with worse long-term kidney function recovery, and higher
long-term all-cause mortality even in survivors 30 days after

Methods

Cohort identification

The cohort of patients in this analysis was derived from
15 institutions in 11 healthcare systems participating in
the 4CE Consortium (Table S1, appendix pp3),” and
included all hospitalized patients aged 18 years or older
with a diagnosis of SARS-CoV-2 infection confirmed by
polymerase chain reaction test from 1 January 2020 to
10 September 2020, and with at least one serum creat-
inine value 1-365 days prior to admission. Laboratory
results, diagnostic and procedure codes obtained be-
tween 365 days prior to day of admission and at least
365 days since the first admission up to 10 September
2021 were included in the analyses, except for North-
western University, which was up to 10 August 2021. To
conform to consortium and institutional requirements
for patient-level data, patient ages were obfuscated and
binned into age groups prior to analysis.

Definitions

Severe COVID-19 was defined as the presence of any of
the following in each patient’s electronic health record
(EHR) exclusively in the first admission for SARS-CoV-2
infection: (i) arterial blood gas results, (ii) medication
orders for sedatives, anaesthetics, or vasopressors, (iii)
diagnostic codes for acute respiratory distress syndrome
and ventilator-associated pneumonia, and (iv) procedure
codes for endotracheal tube insertion or invasive me-
chanical ventilation during the hospitalization (Table S2,
appendix pp4). This severity definition was validated
against COVID-19 patients across 12 institutions
examining the pooled outcome of intensive care unit
admission and/or death.'
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the initial AKI event. Advanced age, severe COVID-19, severe
AKI, and ischemic heart disease were significantly associated
with greater mortality. Severe AKI was significantly associated
with worse long-term kidney function recovery, whereas
remdesivir use was associated with better kidney function
recovery in a subset of patients. In patients with no chronic
kidney disease at baseline, advanced age, male sex, severe AKI
and hypertension were associated with kidney function
impairment, whereas prior exposure to ACE-inhibitors or
angiotensin-Il receptor blockers, nor redemsivir conferred any
reno-protective effects.

Implications of all the available evidence
COVID-19-associated AKI is associated with poor long-term
kidney function recovery, and further studies are warranted to
identify therapeutic strategies to delay the onset and/or
progression into chronic kidney disease after an inciting AKI
event.

Baseline serum creatinine (bCr) was defined as the
lowest creatinine value for a given patient within 365
days prior to AKI onset or 365 days post-AKI. As the
initiation of RRT during hospitalization and advanced
CKD may severely confound the interpretation of tem-
poral serum creatinine changes, patients with advanced
stages of CKD as defined by a bCr of >2.25 mg/dL,
kidney failure, or the presence of RRT procedure codes
either during their index SARS-CoV-2 admission or pre-
admission (Table S2, appendix pp4) were excluded from
the analyses. The 2.25 mg/dL cutoff was chosen as it
corresponds to an eGFR of 30 mL/mL/min/1.73m? for a
60-year-old non-Black male using the 2009 CKD-EPI
eGFR estimating equation. As there may be imperfect
recording of RRT procedure codes across all healthcare
systems, we reasoned that a large and rapid decrease of
serum creatinine over a short period of time in patients
with severe AKI would be likely due to RRT initiation
rather than from physiological processes. Thus, we
additionally excluded patients who had a 25% decrease
in serum creatinine from a value >3 mg/dL within 24 h.

AKI was defined by Kidney Disease: Improving
Global Outcomes (KDIGO) guidelines for serum creat-
inine only."" The severity of the index AKI episode of the
index admission for COVID-19 was graded using the
KDIGO definition: stage 1 AKI was defined as a peak
serum creatinine:baseline creatinine (pCr/bCr) ratio of
1.5 to <2.0 or a rise in serum creatinine of >0.3 mg/dL;
stage 2 AKI was defined as a pCr/bCr ratio of 2.0 to
<3.0, and stage 3 AKI was defined as a pCr/bCr ratio of
>3.0. For patients with AKI, time to kidney function
recovery was defined as the earliest point in time after
pCr in which serum creatinine decreased to <125% of
bCr.?
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Medical comorbidities were defined using Interna-
tional Classification of Diseases and Related Health
Problems 9th revision (ICD-9) or 10th revision (ICD-10)
diagnosis codes (Table S2, appendix pp4). A complete
list of antiviral, antiplatelet and anticoagulant medica-
tions are defined in Table S3 (appendix pp5).

Patient data collection & federated analysis

The protocol for data collection and aggregation at each
institution was described previously.’ Patient-level data
was kept at each institution, and R packages imple-
menting the statistical analysis and quality control
required for the study were run locally at each institu-
tion (appendix pp3-5). Processed data produced by the
R package contains aggregate serum creatinine:baseline
creatinine (sCr/bCr) values, hazard ratios (HR) from
Cox proportional hazard modelling, and life tables from
survival analysis. Only means, standard errors, and total
number of patients at each time point were transmitted.
Files containing aggregate values were shared from each
institution and consolidated for meta-analysis.

Outcomes

The primary outcome was mortality from time of pCr.
In patients with AKI, this was defined as time of pCr in
the first AKI episode in the index admission. For pa-
tients without AKI, this was defined as the time of the
highest sCr value in the index admission. Secondary
outcomes were (i) time for kidney function recovery to
<125% of baseline serum creatinine, and, for the sub-
group of patients without CKD, (ii) time to chronic
kidney function impairment, defined as the time of
sustained rise in sCr >1.29 mg/dL for at least two
consecutive sCr values spaced >24 h apart with no
further decreases to <1.29 mg/dL. Examples of serum
creatinine trends are illustrated in Figure S1 (appendix
pp12-13) to demonstrate the times of kidney function
recovery and kidney function impairment in the sub-
group of patients without CKD.

Figure S1 Case (a) denotes the scenario where a
patient with a baseline serum creatinine (sCr) lower
than 1.29 mg/dL recovers to a level below 1.25-fold
baseline sCr which is also 1.29 mg/dL (time A). Thus,
time A corresponds to the time of kidney function re-
covery. The transient rise above 1.29 mg/dL at time B
before decreasing below 1.29 mg/dL does not yet
constitute a sustained sCr rise, but the subsequent
sustained rise to >1.29 mg/dL at time C corresponds to
kidney function impairment.

Similarly, for Figure S1 Case (b) where the patient
has not recovered to a level below 1.25-fold baseline sCr,
this patient is considered to not have achieved kidney
function recovery and is considered to only have kidney
function impairment from time E onwards. The

transient rise >1.29 mg/dL between times D and E is
not counted as a sustained sCr rise.

Cases where the threshold for kidney function re-
covery may be above >1.29 mg/dL are illustrated in
Figure S1 examples (c) and (d). In Figure S1 Case (c)
where the patient recovers to a level lower than both
>1.29 mg/dL and the kidney function recovery
threshold, the corresponding time of kidney function
recovery is time F, and is considered to only have kidney
function impairment from time H onwards. Similarly,
the transient rise >1.29 mg/dL between times G and H
is not counted as a sustained sCr rise.

Figure S1 Case (d) illustrates a patient who recovers
to a level lower than 1.25-fold baseline sCr, but never
achieves a sCr value lower than 1.29 mg/dL subse-
quently. Such cases are encountered for patients who
may be admitted at a time closest to the peak sCr of the
COVID-19-associated AKI. In this case, the time of
kidney function impairment is taken to be time I, while
the corresponding time of kidney function recovery is
time J.

Local data collection, quality control and data
analysis standardization

The methods for data extraction at each institution have
been previously described.! Briefly, each institution
executed Structured Query Language (SQL) queries on
local clinical databases, using Informatics for Inte-
grating Biology and the Bedside (i2b2) platform,
Observational Medical Outcomes Partnership (OMOP)
Common Data Model, Epic Clarity, or other clinical
database infrastructures, to extract patient-level data.
Data fields extracted included demographics character-
istics, clinical course, medication classes, International
Statistical Classification of Diseases and Related Health
Problems, 9th or 10th Edition (ICD-9 or ICD-10) di-
agnoses codes, and laboratory values identified by
logical identifier names and codes (LOINC) at an indi-
vidual patient level in a format standardized across the
4CE Consortium. Patient level data were strictly kept to
each institution for executing analytical code locally, and
no patient-level data were transmitted between sites.

To ensure consistency and quality control across all
participating institutions, a R package was run at each
institution to verify file and column names, data types,
code values and ranges, and presence of duplicate
values.’ The functions for quality check from the R
package were also implemented in our analytical R
package to ensure adequate data quality prior to data
analyses. The R package used for quality check can be
accessed at https://github.com/covidclinical/Phase2.
1DataRPackage.

To minimize variations in analytical techniques
arising from package version differences in R, most
institutions used a standardised Docker image contain-
ing Microsoft R Open (R version 4.0.2) and pre-installed
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R packages. For institutions which were unable to
implement Docker containers locally, the minimum R
version (R 4.0.2) and R package versions were met. The
R package used for analysis in this study also enforced
strict version requirements before analyses could be
run. The files necessary to build the Docker image are
available at https://github.com/covidclinical/Phase2.
1DockerAnalysis.

Statistical analysis

Baseline patient characteristics were summarised as
counts and percentages. Fisher’s exact test was used to
compare categorical variables between groups.

For computation of aggregate sCr/bCr across
healthcare systems, means and standard errors for daily
sCr/bCr values were weighted with the number of pa-
tients with sCr values on that day across each healthcare
system. For time-to-event mortality analyses, Kaplan—
Meier curves with 95% confidence interval (CI) were
plotted from life tables aggregated across all institutions
and compared with log-rank test. Patients were censored
at the last available electronic record. Incidence rate
ratios (IRRs) were calculated for 30-day survivors for
computation of all-cause mortality risk. IRR CIs and p-
values were computed using exact Poisson confidence
limits and mid-P methods respectively. Time-to-event
analyses were taken with respect to the first AKI
episode in the first admission for SARS-CoV-2 infection.

To explore associations of clinical factors with mor-
tality, kidney function recovery, and kidney function
impairment, multivariable Cox proportional hazard
models were generated at each healthcare system.
Multivariable analyses included age >70 years, male sex,
COVID-19 severity, AKI KDIGO stage, CKD, hyperten-
sion, cirrhosis, ischemic heart disease, chronic
obstructive pulmonary disease (COPD), previous venous
thromboembolism (VTE), COVID-19-targeting antivi-
rals, antiplatelet and anticoagulant medications. Sub-
group analyses on mortality in patients with AKI were
performed. Baseline sCr, stratified using cut-off values
of 0.92 mg/dL and 1.29 mg/dL (corresponding respec-
tively to eGFRs of 90 mL/min/1.73 m? and 60 mL/min/
1.73 m? in a 60-year-old non-Black male by the 2009
CKD-EPI eGFR equation), and the timing of baseline
sCr measurement, were also included in supplemental
models. Estimated coefficients for covariates with low
event incidences (<5 events) would not be computed at
the institution level, and the number of institutions and
sample sizes contributing to each estimated coefficient
are reported. Data from National University Hospital
Singapore was excluded from mortality analysis as no
mortality events occurred.

For kidney function recovery and kidney function
impairment, competing risk analyses was performed
with death as the competing event and censoring at the
last available electronic record. Cumulative incidence

www.thelancet.com Vol 55 January, 2023

curves with 95% CI for secondary outcomes were
plotted from aggregated life tables and compared with
Gray’s test. Cause-specific Cox models were constructed
for each secondary outcome with the same covariates for
mortality analysis as outlined above. Cause-specific Cox
regression was chosen as the study was focused on
investigating long-term secondary outcomes in the
group of patients surviving their initial COVID-19
admission.

To account for differences in inter-institution de-
mographic and comorbidity distribution, a random-
effects meta-analysis with the DerSimonian-Laird
method was performed to pool estimates for each
covariate.

Statistical analysis was done in R version 4.0.2 (R
Project for Statistical Computing). Analytical source
code is available on GitHub (https://github.com/
covidclinical/Phase2.1AKIRPackage). A two-sided p-
value of <0.05 was considered statistically significant. To
adjust for multiple comparisons in multivariable models
for mortality and kidney function recovery, Bonferroni
correction was applied with a p-value of <0.0029 (0.05/
17 covariates) considered to be statistically significant.

Ethics

This study was determined to be exempt as secondary
research by institutional review boards at Bordeaux
University Hospital, Istituti Clinici Scientifici Maugeri
(Pavia, Lumezzane/Brescia & Milano Hospitals), Uni-
versity of Kansas Medical Center, National University
Hospital Singapore, Northwestern University, Univer-
sity of Freiburg Medical Center, University of Michigan,
University of Pennsylvania, University of Pittsburgh,
Harvard Medical School (VA Boston Healthcare System)
and Wake Forest University School of Medicine.

Data access
All aggregate data in a de-identified fashion can be
found and downloaded at www.covidclinical.net.

Role of funders

The funders have no role in data collection, analysis,
interpretation, writing of the manuscript and the deci-
sion to submit the manuscript.

Results

Table 1 presents baseline patient characteristics of the
cohort comprising 12,891 patients, with a median
follow-up time of 430 days (interquartile range 382-502
days). Fig. 1 presents the flow diagram of patients
included in this analysis. Among this cohort, 50.5% of
patients had at least one episode of AKI. Patients with
AKI were more likely to be male sex (77.8% vs. 71.2%),
older (>70 years old: 55.0% vs. 35.9%), and have severe
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Total Non-AKI AKI P-value
N (%) 12,891 (100.0) 6386 (49.5) 6505 (50.5) -
Sex (n, %) Female 3280 (25.4) 1839 (28.8) 1441 (22.2) <0.0001
Male 9611 (74.6) 4547 (71.2) 5064 (77.8)
Deceased (n, %) 2783 (21.6) 667 (10.4) 2116 (32. 5) <0.0001
Age, years (n,%) 18-25 138 (1.1) 91 (1.4) 47 (0.7 <0.0001
26-49 1967 (15.3) 1374 (21.5) 593 (9. )
50-69 4913 (38.1) 2625 (41.1) 2288 (35.2)
70-79 3435 (26.6) 1371 (21.5) 2064 (31.7)
>80 2432 (18.9) 919 (14.4) 1513 (23.3)
Obfuscated 6 (0.0) 6 (0.1) 0 (0.0)
Ethnicity (n, %) American Indian 6 (0.3) 21 (0.3) 15 (0.2) <0.0001
Asian 235 (1.8) 139 (2.2) 6 (1.5)
Black 4393 (34.1) 1949 (30.5) 2444 (37.6)
Hawaiian Pacific Islander 4 (0.3) 9 (0.5) 5(0.1)
Hispanic Latino 166 (1.3) 119 (1.9) 47 (0.7)
White 6215 (48.2) 3078 (48.2) 3137 (48.2)
Others 1682 (13) 993 (15.5) 689 (10.6)
Obfuscated 141 (1.1) 8 (0.9) 3 (1.3)
Severe COVID-19 (n, %) 5589 (43.4) 1778 (27.8) 3811 (58.6) <0.0001
AKI KDIGO Stage (n,%) No AKI 6386 (49.5) 6386 (100.0) -
Stage 1 4480 (34.8) = 4480 (68.9)
Stage 2 1102 (8.5) = 1102 (16.9)
Stage 3 923 (7.2) = 923 (14.2)
Time to Kidney Function Recovery (n, %) <7 days 2031 (31.2) - 2031 (31.2) -
8-30 days 1398 (21.5) - 1398 (21.5)
31-60 days 367 (5. 6) - 367 (5.6)
61-90 days 161 (2.5 - 161 (2.5)
>90 days, or no recovery at end of follow-up 2548 (39. 2) 2548 (39.2)
Comorbidities (n, %) Chronic kidney disease 4938 (38.3) 1829 (28.6) 3109 (47.8) <0.0001
Liver cirrhosis 365 (2.8) 155 (2.4) 210 (3.2) <0.0001
Hypertension 6601 (51.2) 2710 (42.4) 3891 (59.8) <0.0001
Ischaemic heart disease 2260 (17.5) 804 (12.6) 1456 (22.4) <0.0001
Chronic obstructive pulmonary disease 1572 (12.2) 610 (9.6) 962 (14.8) <0.0001
Rheumatological conditions 453 (3.5) 202 (3.2) 251 (3.9) <0.0001
Prior venous thromboembolism 2178 (16.9) 856 (13.4) 1322 (20.3) <0.0001
Medications (n, %) Antiplatelet use 1176 (9. ) 456 (7. ) 720 (11.1) <0.0001
Anticoagulation use 12,010 (93.2 5830 (91.3 6180 (95.0) <0.0001
COVID-19 Antiviral Therapy (n, %) All 856 (6.6) 327 (5. ) 529 (8.1) <0.0001
Remdesivir 699 (5.4) 252 (3.9) 447 (6.9) <0.0001
Other direct-acting antivirals 158 (1.2) 5(1.2) 3 (1.3) <0.0001
Prior ACE-i/ARB Use (n, %) 3893 (30.2) 1571 (24.6) 2322 (35.7) <0.0001
Follow-up time, days (median, IQR) 430 (382-502) 427 (379-500) 432 (385-506) -
Time from baseline sCr to admission, days (n, %) 0-90 11,391 (88.4) 5922 (92.7) 5469 (84.1) <0.0001
91-180 509 (3.9) 175 (2.7) 334 (5.2)
181-365 991 (7.7) 289 (4.5) 702 (10.8)
Baseline sCr, mg/dL (n, %) <0.92 9048 (70.2) 4996 (78.2) 4052 (62.3) <0.0001
0.92-1.29 2593 (20.1) 1143 (17.9) 1450 (22.3)
>1.29 1250 (9.7) 247 (3.9) 1003 (15.4)

Abbreviations: ACE-i: angiontensin-converting enzyme inhibitor; AKI: acute kidney injury; ARB: angiotensin-Il receptor blocker; KDIGO: Kidney Disease: Improving Global Outcomes; N: sample size.

Table 1: Demographics and baseline patient characteristics across all institutions.
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Patients admitted from Jan 1,2020 to 10 Sep
2020
16075 (100.0%)

RRT procedure codes: 171 (1.0%)
No pre-admission sCr / no sCr value in first
admission: 2267 (14.1%)

Patients with sufficient sCr values without RRT
procedure codes
13637 (84.8%)

Baseline sCr > 2.25mg/dL: 366 (2.4%)
Decrease in sCr of > 25% from a value > 3mg/dL in
< 24 hours: 380 (2.3%)

Final Cohort
12891 (80.2%)

Fig. 1: Flow diagram of study construct. Abbreviations: mg/dL: milligram per decilitre; RRT: renal replacement therapy; sCr: serum creatinine.

COVID-19 (58.6% vs. 27.8%). Patients with COVID-19-
associated AKI were more likely to have CKD (47.8% vs.
28.6%), cirrhosis (3.2% vs. 2.4%), hypertension (59.8%
vs. 42.4%), ischemic heart disease (22.4% vs. 12.6%),
COPD (14.8% vs. 9.6%), and prior VIE (20.3% vs.
13.4%). Patients with AKI were also more likely to be on
anticoagulants (95.0% vs. 91.3%), antiplatelets (11.1%
vs. 7.1%) and antiviral medications (8.1% vs. 5.1%).
Compared to patients without AKI, patients with AKI
had higher mortality (32.5% vs. 10.4%), and 39.2% of
patients with AKI did not achieve kidney function re-
covery within 90 days or by the end of the follow-up
period. The temporal sCr/bCr trends of patients with
or without COVID-19-associated AKI are shown in
Figure S2 (appendix pp14).

AKI and higher mortality

Fig. 2a presents the survival curves of COVID-19 pa-
tients with or without AKI. Fig. 2b presents the survival
curves of COVID-19 patients stratified by the severity of
AKI. Significantly, we observed that the mortality inci-
dence in patients with KDIGO stage 2 (75th percentile,
74 days, 95%CI 42-149 days) or stage 3 AKIs (75th
percentile, 13 days, 95%CI 11-16 days) were higher
than patients with KDIGO stage 1 AKI (75th percentile,
289 days, 95%CI 212-362 days) or no AKI (75th
percentile not reached) (Fig. 2b). Fig. 2c represents IRRs
of all-cause mortality in patients who survived 30 days
from the peak serum creatinine. Compared to patients
with no AKI, patients with KDIGO stage 1 AKI (IRR
2.59, 95%CI 2.25-2.98, p < 0.0001), stage 2 AKI (IRR
3.50, 95%CI 2.88-4.23, p < 0.0001), and stage 3 AKI
(IRR 4.90, 95%CI 4.01-5.96, p < 0.0001) had higher
incidences of all-cause mortality between 30 days and
365 days post-AKI. Table S4 (appendix pp6) presents the
pooled number of deaths, time in person-years and
IRRs of Fig. 2c mortality data.

Table 2 presents the associations of clinical and
sociodemographic factors associated with mortality.
Advanced age (HR 2.77, 95%CI 2.53-3.04, p < 0.0001),
severe COVID-19 (HR 291, 95%CI 2.03-4.17,
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p < 0.0001), severe AKI (KDIGO stage 3: HR 4.22, 95%
CI 3.55-5.00, p < 0.0001), and ischaemic heart disease
(HR 1.26, 95%CI 1.14-1.39, p < 0.0001) were associated
with increased mortality in both the overall cohort and
subgroup analyses of patients with AKI (Tables S5-S7,
appendix pp7-9). With respect to medications, no sig-
nificant association was observed between remdesivir
(HR 0.83, 95%CI 0.53-1.30, p = 0.42), antiplatelet use
(HR 0.96, 95%CI 0.77-1.19, p = 0.70), or ACE-i/ARB
use (HR 0.93, 95%CI 0.85-1.01, p = 0.089) and mor-
tality. Although COPD (HR 1.19, 95%CI 1.07-1.32,
p = 0.0008) and anticoagulation use (HR 0.53, 95%CI
0.37-0.77, p = 0.0008) were significantly associated with
mortality outcomes (Table 2), these associations were
not significant in the subgroup analyses of patients with
AKI (Table S5, appendix pp7). Tables S6 and S7
(appendix pp8 and 9) present analyses of all patients,
and of patients with AKI respectively, adjusted for
baseline sCr, and the timing of baseline sCr measure-
ment. The effect estimates of individual institution used
in the meta-analyses in Table 2 and Tables S5-S7
(appendix pp7-9) are presented in Figures S3 and S4
(appendix pp15-26).

COVID-19-associated AKI and CKD progression

Fig. 3a presents cumulative incidence curves of kidney
function recovery defined by <125% of baseline serum
creatinine, and death as competing events in patients
with AKI stratified by KDIGO stage. Recovery times
were longest in patients with KDIGO stage 3 AKI (me-
dian not reached) compared to KDIGO stage 2 AKI
(median 34 days, 95%CI 27-41 days) and KDIGO stage
1 AKI (median 13 days, 95%CI 12-14 days). Figure S5
(appendix pp27) presents the cumulative incidence
curves for kidney function recovery in our cohort.
Table 3 presents the associations of clinical and socio-
demographic factors with kidney function recovery with
COVID-19-associated AKI. While severe AKI (KDIGO
stage 3 AKIL: HR 0.41, 95%CI 0.37-0.46, p < 0.0001) was
significantly associated with poorer kidney function re-
covery, we observed an unexpected significant
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Fig. 2: Mortality outcomes of COVID-19 patients with or without AKI. (a) Kaplan-Meier survival curves of COVID-19 patients, stratified by
COVID-19-associated AKI occurrence. The p-value was computed from a log-rank test comparing the survival curves. (b) Kaplan-Meier survival
curves of COVID-19 patients, stratified by COVID-19-associated AKI KDIGO stage. Dashed lines indicate 75th percentile survival times. The
p-value was computed from a log-rank test comparing the survival curves. (c) Corresponding incidence rate ratios (IRRs) for mortality 30-days
post-peak serum creatinine, compared to patients with no COVID-19-associated AKI. The dashed horizontal line represents the reference value
of 1. Shaded areas and error bars represent the 95% confidence interval. ***p < 0.0001 compared to reference range of 1 (no AKI). *p < 0.0001
compared between AKI KDIGO stages. A p-value of <0.05 was considered statistically significant.
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Variable HR (95% Cl) p-value No. of No. of patients
institutions in contributing
institutions

Age >70 years 2.77 (2.53-3.04) <0.0001 13 12,560

Severe COVID-19 2.91 (2.03-4.17) <0.0001 14 12,808

Male sex 1.23 (1.07-1.43) 0.0051 14 12,808

AKI KDIGO stage No AKI Reference
KDIGO 1 1.93 (1.75-2.14) <0.0001 14 12,808
KDIGO 2 2.32 (2.02-2.67) <0.0001 14 12,808
KDIGO 3 4.22 (3.55-5.00) <0.0001 14 12,808

Comorbidities Chronic kidney disease 1.06 (0.95-1.17) 031 12 12,402
Cirrhosis 1.49 (1.07-2.08) 0.019 8 10,990
Hypertension 0.94 (0.84-1.05) 0.28 13 12,650
Ischaemic heart disease 1.26 (1.14-1.39) <0.0001 11 12,044
Chronic obstructive pulmonary disease 1.19 (1.07-1.32) 0.0008 10 11,650
Rheumatological conditions 1.07 (0.88-1.30) 0.50 9 11,511
Prior venous thromboembolism 1.06 (0.96-1.17) 0.22 12 12,402

Medications Antiplatelet use 0.96 (0.77-1.19) 0.70 10 11,669
Anticoagulation use 0.53 (0.37-0.77) 0.0008 8 9275
Remdesivir 0.83 (0.53-1.30) 0.42 3521
Other direct acting antivirals 1.52 (0.93-2.48) 0.097 3 1980
Prior ACE-i/ARB use 0.93 (0.85-1.01) 0.089 13 12,450

The bold values highlight the significant covariates (p < 0.0029). Abbreviations: ACE-i: angiontensin-converting enzyme inhibitor; AKI: acute kidney injury; ARB:

angiotensin-II receptor blocker; HR: hazard ratio; KDIGO: Kidney Disease: Improving Global Outcomes; N: sample size; 95%Cl: 95% confidence interval.

Table 2: Clinical and sociodemographic factors associated with mortality in patients with COVID-19.

association of severe COVID-19 disease with Dbetter
kidney function recovery (HR 1.17, 95%CI 1.09-1.24,
p < 0.0001). With respect to medications, remdesivir
was associated with better kidney function recovery (HR
1.34, 95%CI 1.17-1.54, p < 0.0001), whereas prior ACE-
i/ARB use was not significantly associated with kidney
function recovery (HR 1.00, 95%CI 0.93-1.08, p = 0.97).
Table S8 (appendix pp10) presents the effect estimates
of these covariates after adjustment for baseline sCr and
timing of baseline sCr.

Fig. 3b presents cumulative incidence curves of
kidney function impairment, defined by a post-AKI
serum creatinine baseline >1.29 mg/dL, and death as
competing events in patients without CKD stratified by
KDIGO stage. In the subgroup of patients without CKD
at admission, kidney function impairment at 90 days
post-AKI was highest in KDIGO stage 3 AKI patients
(69.8%, 95% CI 65.6-73.7%) compared to KDIGO stage
2 AKI (51.0%, 95% CI 47.1-54.9%), KDIGO Stage 1 AKI
(42.9%, 95% CI 40.8-44.9%) and non-AKI patients
(9.0%, 95% 8.2-9.9%) (Fig. 3b). Figure S6 (appendix
pp28) presents the cumulative incidence curves for
kidney function impairment. Advanced age (HR 1.38,
95%CI 1.20-1.58, p < 0.0001), male sex (HR 1.67, 95%
CI 1.45-1.93, p < 0.0001), severe AKI (KDIGO stage 3:
HR 11.68, 95%CI 9.80-13.91, p < 0.0001), and hyper-
tension (HR 1.22, 95%CI 1.10-1.36, p = 0.0002) were
associated with onset of kidney function impairment
post-AKI (Table 3). With respect to medications, no
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significant reno-protective effects were observed with
remdesivir (HR 0.86, 95%CI 0.54-1.37, p = 0.53) or
prior ACE-i/ARB use (HR 1.14, 95%CI 1.01-1.28,
p = 0.028). Table S9 (appendix pp11) presents the effect
estimates of these covariates after adjustment for base-
line sCr and timing of baseline sCr. The effect estimates
of individual institution used in the meta-analyses in
Table 3 are presented in Figures S7 and S8 (appendix
pp29-39).

Finally, we investigated if patients with COVID-19
that did not experience an inpatient AKI event demon-
strated a similar long-term relative kidney function
decline as that observed in patients with COVID-19-
associated AKI. Fig. 4 presents the risk ratios of rela-
tive kidney function decline, defined as persistently
raised sCr >1.25-fold baseline sCr, in patients with AKI
compared to patients without AKI. Patients with AKI
had significant shifts in bCr of 125% or more at 90 days
(RR 1.34, 95%CI 1.19-1.51), 180 days (RR 1.49, 95%CI
1.32-1.67) and 365 days (RR 1.54, 95%CI 1.21-1.96)
compared to the control group of COVID-19 patients
with no AKI (Fig. 4).

Discussion

Among 12,891 hospitalized patients who had SARS-
CoV-2 infection in this large, international multi-
centre study, 50.5% had at least one episode of AKI
during their hospitalization. Among patients with AKI,
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Variable Kidney function recovery (AKI patients) Kidney function impairment (Non-CKD patients)

HR (95% Cl) p-value

No. of No. of patients HR (95% Cl) p-value No. of

No. of patients

institutions  in contributing institutions  in contributing
institutions institutions

Age >70 years 1.10 (1.03-1.17) 0.0032 14 6494 1.38 (1.20-1.58) <0.0001 13 7621
Severe COVID-19 1.17 (1.09-1.24) <0.0001 15 6505 1.05 (0.96-1.16) 0.27 15 7953
Male sex 1.09 (1.00-1.18) 0.060 14 6494 1.67 (1.45-1.93) <0.0001 11 5993
AKI KDIGO stage No AKI Reference

KDIGO 1 Reference 5.56 (4.47-6.93) <0.0001 15 7953

KDIGO 2 0.70 (0.64-0.76) <0.0001 15 6505 7.01 (5.59-8.78) <0.0001 15 7953

KDIGO 3 0.41 (0.37-0.46) <0.0001 15 6505 11.68 (9.80-13.91) <0.0001 15 7953
Comorbidities  Chronic kidney disease 0.95 (0.84-1.08) 0.46 12 6353

Cirrhosis 0.89 (0.75-1.06) 0.18 9 5776 1.14 (0.80-1.62) 0.46 6 5143

Hypertension 0.98 (0.90-1.07) 0.62 12 6353 1.22 (1.10-1.36) 0.0002 12 7469

Ischaemic heart disease ~ 0.92 (0.82-1.03) 0.16 11 6202 1.13 (0.98-1.31) 0.086 11 7135

Chronic obstructive 0.94 (0.83-1.06) 0.29 11 6202 0.83 (0.71-0.97) 0.017 8 6354

pulmonary disease

Rheumatological 0.90 (0.76-1.05) 0.19 11 6202 1.35 (0.84-2.15) 0.21 6 5160

conditions

Prior venous 0.91 (0.83-0.99) 0.023 11 6202 0.89 (0.78-1.02) 0.087 10 6841

thromboembolism
Medications Antiplatelet use 0.93 (0.84-1.03) 0.17 11 6188 1.08 (0.92-1.26) 0.35 9 6512

Anticoagulation use 0.84 (0.68-1.05) 0.12 7 4167 0.83 (0.63-1.09) 0.17 7 5539

Remdesivir 1.34 (1.17-1.54) <0.0001 3 1812 0.86 (0.54-1.37) 0.53 3 2703

Other direct acting 0.86 (0.57-1.32) 0.50 3 1068 0.98 (0.63-1.54) 0.94 2 492

antivirals

Prior ACE-i/ARB use 1.00 (0.93-1.08) 0.97 11 6202 1.14 (1.01-1.28) 0.028 11 6896

The bold values highlight the significant covariates (p < 0.0029). Abbreviations: ACE-i: angiontensin-converting enzyme inhibitor; AKI: acute kidney injury; ARB: angiotensin-Il receptor blocker; HR: hazard
ratio; KDIGO: Kidney Disease: Improving Global Outcomes; N: sample size; 95%Cl: 95% confidence interval.

Table 3: Clinical and sociodemographic factors associated with kidney function recovery from AKI and kidney function impairment onset in patients with COVID-19.

67.5% survived to the end of the study period, and
39.2% did not achieve kidney function recovery at 90
days post-AKI. These findings are consistent with pre-
vious studies,"? although the lack of a non-COVID-19
control population precludes any comparison with kid-
ney function recovery or survival in other types of viral
community acquired pneumonias. Moreover, we
observed that severe AKI was associated with increased
all-cause mortality risk in 30-day survivors from the in-
dex AKI episode.

We observed that severe AKI, advanced age, severe
COVID-19, and ischemic heart disease were signifi-
cantly associated with higher mortality. With respect to

the associations of AKI severity with 1-year all-cause
mortality in 30-day survivors, our results are consistent
with a previous study which observed that elevated
inpatient serum creatinine was associated with higher
mortality in survivors of acute myocardial infarction.'
With respect to medications, we did not observe any
mortality benefit of anticoagulant use in COVID-19 pa-
tients with AKI, which is in line with randomized
controlled trials that did not observe any mortality dif-
ferences with therapeutic anticoagulant dosing over
prophylactic dosing.'*'* As with other observational
studies, it is possible that time-dependent bias may have
contributed to these observations.*

Fig. 3: Kidney function recovery and kidney function impairment outcomes of COVID-19 patients. (a) Cumulative incidence curves of
kidney function recovery in the subgroup of COVID-19 patients with AKI, stratified by COVID-19-associated AKI KDIGO stage. Solid lines indicate
kidney function recovery, and coloured dashed lines indicate mortality as a competing event. Black dashed lines indicate the median time to
kidney function recovery. (b) Cumulative incidence curves of kidney function impairment, defined as a sustained increase in baseline sCr to
>1.29 mg/dL, in the subgroup of COVID-19 patients without CKD, stratified by COVID-19-associated AKI KDIGO stage. Solid lines indicate
kidney function impairment, and coloured dashed lines indicate mortality as a competing event. Black dashed lines indicate the percentage
without kidney function impairment at 90 days post-AKI. Shaded areas represent the 95% confidence interval. P-values shown are computed
from Gray's test comparing cumulative incidence curves of the event of interest. Abbreviations: KDIGO: Kidney Disease: Improving Global
Outcomes; CKD: chronic kidney disease; sCr: serum creatinine; 95%Cl: 95% confidence interval.

www.thelancet.com Vol 55 January, 2023

11



www.thelancet.com/digital-health

Articles
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Institution Baseline Total Baseline Total Risk Ratio RR 95%-Cl Weight
NWU 107 135 51 80 — 1.24 [1.03; 1.50] 17.2%
UPENN 68 88 25 47 —a 1.45 [1.09; 1.94] 10.8%
UPITT 38 62 10 23 T 1.41 [0.85; 2.34] 4.7%
WFSM 104 158 41 105 — 1.69 [1.29; 2.20] 12.1%
VA1 94 169 64 136 A 1.18 [0.95; 1.48] 14.5%
VA2 72 138 35 114 —E— 1.70 [1.24; 2.34] 9.6%
90 days VA3 84 142 50 111 —— 1.31 [1.03; 1.68] 13.1%
VA4 61 99 44 87 T 1.22 [0.94; 1.58] 12.4%
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Fig. 4: Long-term kidney function recovery outcomes of COVID-19-associated AKI. Forest plots of the risk of COVID-19-associated AKI in long-term kidney function
decline, at 90-, 180- and 365-days post-AKI peak (AKI patients) or peak sCr in the first admission (non-AKI patients). Relative kidney function decline at each time point
was defined as persistently raised serum creatinine values >1.25-fold baseline serum creatinine. Abbreviations: RR: risk ratio; 95%Cl: 95% confidence interval.
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Our study observed the persistence of worse kidney
function recovery in patients with COVID-19-associated
AKI compared to patients without AKI using pre-
admission serum creatinine to accurately determine
baseline kidney function, in keeping with a previous
study that observed longitudinal 1-year kidney function
decline after COVID-19 infection.” Aside from the
severity of the inciting AKI event, we unexpectedly
observed a significant association of severe COVID-19
disease with better kidney function recovery, but not
with kidney function impairment in a subgroup of
patients with no CKD. One possibility is the use of
cause-specific analyses in our models to account for
competing risks of death in patients with severe
COVID-19, whereas prior studies did not include critical
illness as a covariate,” examined binary outcomes of
kidney function recovery and did not account for
competing risks of death,” or involved only 30-day
survivors of COVID-19."* Moreover, the lack of pre-
admission serum creatinine or diagnostic codes to
establish if a patient has subclinical CKD in these
studies preclude appropriate conclusions drawn about
long-term kidney function outcomes in patients with
COVID-19-associated AKI.

On the other hand, the lack of significant associa-
tions of kidney function recovery with advanced age and
CKD is in contrary to prior studies that observed sig-
nificant associations of advanced age and CKD with
poor kidney function recovery post-AKI.">*' However,
one major limitation of those studies'?' is the lack of
large, multi-centre observational data for the multifac-
eted aetiology of the AKI, hence these findings may not
be generalized to all COVID-19 patients. Another plau-
sible biological reason for these conflicting results could
be differences in AKI pathophysiological mechanisms
between younger and older patients.”” However, it is
possible that selection and misclassification biases pre-
cluded our ability to observe significant associations
with CKD. The inclusion of patients with pre-admission
serum creatinine may have pre-selected patients who
are more likely to be followed up in the hospital system
for other medical conditions. In addition, our study
construct could not distinguish between admissions for
COVID-19, and admissions with COVID-19.

With respect to the subgroup of patients with no
CKD, we observed a significant association of hyper-
tension with increased risk of kidney function impair-
ment, whereas no significant association was observed
with ACE-i/ARB. While the pathophysiology of
hypertension-induced kidney damage has been well
investigated,” the link with post-AKI kidney function
impairment remain poorly understood. On the other
hand, post-AKI hypertension has been previously
described,* but the role of hypertension in mediating
post-AKI kidney function impairment remains un-
known. Our findings warrant further studies to under-
stand how hypertension-induced kidney disease may

www.thelancet.com Vol 55 January, 2023

predispose to post-AKI kidney function impairment,
and therapeutic strategies to slow down or reverse post-
AKI kidney function impairment in this subgroup of
patients.

Finally, we observed significant associations of
remdesivir with better kidney function recovery in a
subset of 1812 patients in three healthcare systems,
although no significant association was observed with
kidney function impairment in a subgroup of patients
with no prior CKD at admission. It was previously
proposed that COVID-19-associated AKI may be due to
direct viral infection of kidney parenchyma and micro-
vascular thrombosis, a pathogenic process not
commonly observed in non-COVID-19 AKIL.* This may
be a plausible mechanism of action by remdesivir in
kidney function recovery, although our study suggests
that remdesivir may not have sustained reno-protective
effects in patients without CKD. Nonetheless, our
small sample sizes with available data on remdesivir use
warrants further studies to validate our findings.

While kidney function decline after hospital
discharge in patients with COVID-19-associated AKI has
been reported,* inferences on the effects of COVID-19-
associated AKI on kidney function recovery were chal-
lenging in prior studies due to the lack of pre-admission
serum creatinine values. Moreover, the lack of data
pertaining to oliguria and proteinuria, two important
estimates of acute and chronic kidney function aside
from serum creatinine, precludes analyses on CKD
aside from using post-AKI serum creatinine baseline
estimations as a surrogate marker of kidney function
impairment. Furthermore, temporal trends of kidney
function recovery can be severely confounded with the
initiation of RRT in critically ill patients, or in patients
with advanced CKD. To address these sources of bias,
our study excluded these subgroups of patients from the
analyses, and nonetheless observed consistent and sig-
nificant inverse associations between AKI severity and
kidney function recovery. However, as advanced CKD
and RRT initiation are poor prognostic factors of long-
term kidney function recovery and mortality,”* our
study may have under-estimated the effect of COVID-
19-associated AKI on mortality and long-term kidney
function recovery. Also, our study has a low proportion
of females and may not be powered to examine sex
differences in kidney function recovery from COVID-
19-associated AKI. Another limitation of our study is the
lack of temporal relationship of the cessation and
continuation of ACE-i/ARBs in patients who had prior
exposure to ACE-i/ARBs, due to the heterogenous na-
ture of healthcare systems across countries. This may
underestimate the associations of ACE-i/ARB with kid-
ney function impairment outcomes observed in non-
COVID AKI.” Lastly, the lack of eGFR data warranted
the use of surrogate sCr levels corresponding to 30, 60,
or 90 ml/min/1.73m? in a 60 year old non-Black male
using the CKD-EPI 2009 formulae to define kidney
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function outcomes and our exclusion criteria, which
may not truly represent the whole population, and may
have underestimated kidney function in some age
groups if the CKD-EPI 2021 formulae were to be used.

Our cohort comprises of unvaccinated patients
infected by wild-type SARS-CoV-2 strain before the
emergence of the Alpha variant” in December 2020 and
before the rollout of mass vaccination campaigns.
Additionally, there was no clear standard-of-care treat-
ment in our cohort, which came before the announce-
ment of clinical trials for remdesivir® and
dexamethasone.” While it remains unclear how vacci-
nations alter long-term kidney function recovery, our
cohort represents COVID-19 patients who have the least
protection against severe COVID-19. Further studies are
warranted to study the long-term kidney function
sequelae of COVID-19-associated AKI in patients
infected with the Delta and Omicron SARS-CoV-2 var-
iants. Moreover, as the corticosteroid dosing regimen
and administration varied widely across sites and clin-
ical practice in the time period of our study, we did not
analyse the effect of corticosteroid use in kidney func-
tion recovery outcomes.

The strengths of our study include: 1) the large
sample size of 12,891 patients across five countries and
15 tertiary care institutions worldwide, conferring sta-
tistical power to investigate clinically relevant risk fac-
tors of AKl-related kidney function recovery and
mortality, 2) the inclusion of patients with available pre-
admission serum creatinine to establish baseline and
post-AKI serum creatinine changes, 3) long follow-up
time (median follow-up time of 430 days) to measure
long-term post-AKI kidney function recovery outcomes,
and 4) temporal resolution of AKI peak using the sCr/
bCr method which allowed us to more precisely
characterize kidney function recovery. In addition to
previously discussed limitations, the international and
federated nature of our analysis precluded manual
chart reviews across institutions to determine AKI
aetiologies. We intend to explore these areas in future
studies of the 4CE.

In conclusion, COVID-19-associated AKI is associ-
ated with higher mortality and impaired chronic kidney
function recovery in a large, international, electronic
health records-based cohort.
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