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Rationale & Objective: Although coronavirus
disease 2019 (COVID-19) has been associated
with acute kidney injury (AKI), it is unclear
whether this association is independent of tradi-
tional risk factors such as hypotension, neph-
rotoxin exposure, and inflammation. We tested
the independent association of COVID-19 with
AKI.

Study Design: Multicenter, observational, cohort
study.

Setting & Participants: Patients admitted to 1 of
6 hospitals within the Yale New Haven Health
System between March 10, 2020, and August
31, 2020, with results for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) testing
via polymerase chain reaction of a nasopharyn-
geal sample.

Exposure: Positive test for SARS-CoV-2.

Outcome: AKI by KDIGO (Kidney Disease:
Improving Global Outcomes) criteria.

Analytical Approach: Evaluated the association
of COVID-19 with AKI after controlling for time-
invariant factors at admission (eg, demographic
characteristics, comorbidities) and time-varying
factors updated continuously during
hospitalization (eg, vital signs, medications,
laboratory results, respiratory failure) using time-
updated Cox proportional hazard models.

Results: Of the 22,122 patients hospitalized,
2,600 tested positive and 19,522 tested

negative for SARS-CoV-2. Compared with
patients who tested negative, patients with
COVID-19 had more AKI (30.6% vs 18.2%;
absolute risk difference, 12.5% [95% CI,
10.6%-14.3%]) and dialysis-requiring  AKI
(8.5% vs 3.6%) and lower rates of recovery
from AKI (58% vs 69.8%). Compared with
patients without COVID-19, patients with
COVID-19 had higher inflammatory marker
levels (C-reactive protein, ferritin) and greater
use of vasopressors and diuretic agents.
Compared with patients without COVID-19,
patients with COVID-19 had a higher rate of
AKI in univariable analysis (hazard ratio, 1.84
[95% CI, 1.73-1.95]). In a fully adjusted model

controlling for demographic variables,
comorbidities, vital signs, medications, and
laboratory  results, COVID-19  remained

associated with a high rate of AKI (adjusted
hazard ratio, 1.40 [95% CI, 1.29-1.53]).

Limitations: Possibility of residual confounding.

Conclusions: COVID-19 is associated with
high rates of AKI not fully explained by
adjustment for known risk factors. This sug-
gests the presence of mechanisms of AKI not
accounted for in this analysis, which may
include a direct effect of COVID-19 on the
kidney or other unmeasured mediators.
Future studies should evaluate the possible
unique pathways by which COVID-19 may
cause AKI.
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Coronavirus disease 2019 (COVID-19), the pandemic
illness caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has affected more than 107
million individuals and caused more than 2.3 million
deaths as of February 2021. Initially considered a res-
piratory illness, COVID-19 is now recognized to affect
multiple organ systems, including lungs, heart, brain,
endothelium, and kidneys. Acute kidney injury (AKI)
was reported in 46%-57% of patients with COVID-19
hospitalized at tertiary-care hospitals in New York dur-
ing the first phase of the pandemic and in 32%-37% in
subsequent reports.' * Such a high rate of AKI in patients
with COVID-19 has stressed health care systems,
including provision of dialysis,”* and may be associated
with long-term patient harm.”
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Whether the occurrence of AKI in patients with COVID-
19 is out of proportion to that which could be expected in
patients with similar degrees of illness is unclear. Patients
with COVID-19 could experience higher rates of AKI due
to the direct effects of the virus on the kidneys® or the
accompanying inflammatory response, or as a result of
higher occurrence of AKI risk factors such as hemody-
namic injury or nephrotoxin exposure. Although studies
have reported possible direct infection of the kidneys” '*
and glomerular disease,'” '° the predominant histologic
lesion reported is acute tubular injury.'”*'® This indicates
that AKI in COVID-19 is more likely to occur via pathways
unrelated to direct kidney infection such as acute respira-
tory distress syndrome requiring mechanical ventilation
and diuretic agents, hypotension, nephrotoxin exposure,
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PLAIN-LANGUAGE SUMMARY

One third of patients hospitalized with coronavirus
disease 2019 (COVID-19) experience acute kidney
injury (AKI), which is more than in other hospitalized
patients. Patients with COVID-19 carry many well
known risk factors for AKI, including severe lung dis-
ease requiring mechanical ventilation, shock, and sig-
nificant inflammation. Whether higher rates of AKI in
COVID-19 are greater than what could be expected in
patients with similar risk factors is unknown. We
compared AKI rates between those with and without
COVID-19 after controlling for risk factors for AKI
before and during hospitalization. We found that
COVID-19 was independently associated with high rates
of AKI. This indicates that some of the AKI risk in pa-
tients with COVID-19 is unexplained by traditional AKI
risk factors and is unique to this disease.

or severe inflammatory response. Although studies have
reported higher occurrence of AKI in patients with COVID-
19,> whether the higher rate of AKI in patients with
COVID-19 is out of proportion with the occurrence of the
aforementioned AKI risk factors and exposures during
hospitalization is currently unknown.

In this multicenter, observational cohort study, we
tested the hypothesis that AKI in patients with COVID-19
would be driven by similar risk factors as AKI in patients
without COVID-19. We compared the incidence of AKI in
patients with and without COVID-19 overall and after
controlling for quantifiable, clinically validated risk factors
of AKI, including time-invariant factors (eg, demographic
data and comorbidities) as well as time-updated indicators
of disease severity (eg, vital signs, laboratory results, use of
medications, and need for mechanical ventilation).

Methods

Patients and Settings

We included patients with complete hospitalizations
(admitted and discharged or died) at any one of 6 hospitals
within the Yale New Haven Health System between March
10, 2020, and August 31, 2020, who received a diagnostic
test for SARS-CoV-2 within 7 days before or 48 hours after
admission. Beginning April 24, 2020, testing was per-
formed for all admitted patients. Before this date, testing
was limited to patients with febrile illness with respiratory
derangements as well as travel/contact history. The Yale
New Haven Health System includes 6 hospitals in southern
Connecticut and Rhode Island with a mix of teaching and
nonteaching, urban and suburban, and university and
community hospitals.'”*” We excluded patients < 18 years
of age, those with end-stage kidney disease or kidney
transplant (International Classification of Diseases, Tenth Revision,
codes N18.6 and Z94, respectively) in a previous
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encounter, and those with a first-encounter serum creati-
nine (Scr) level = 4 mg/dL. We included only the first
hospital encounter during the observation period. We did
not collect data on patients who opted out of research
participation. This study was approved by the Yale Human
Investigation Committee (no. 2000027733) and operated
under a waiver of informed consent as minimal-risk med-
ical record research.

Exposure and Outcomes

Exposure of interest was a positive result on nasopharyngeal
polymerase chain reaction testing for SARS-CoV-2 per-
formed at a local and/or reference laboratory (ie, nucleic
acid—based detection). Our primary outcome was occur-
rence of AKI defined as a 50% increase in Scr concentration
over baseline or a 0.3-mg/dL increase from the lowest value
within 48 hours, which corresponds to KDIGO (Kidney
Disease: Improving Global Outcomes) stage 1 AKI or
higher. Baseline Scr level was defined as the lowest Scr
measurement within the previous 7 days or the median of
all outpatient Scr values obtained within 7-365 days before
hospitalization.”' We classified AKI into 3 stages per KDIGO
Scr criteria. Patients who required dialysis were classified as
having stage 3 AKI. We did not use urine output to define
AKI because of the high degree of missingness. We also
evaluated secondary outcomes of severe AKI (stage 2/3 AKI
including dialysis), death, length of hospital and intensive
care unit stay, and AKI recovery. AKI recovery was defined
to occur if the last Scr measurement during hospitalization
was <1.5 times the baseline value in the absence of dialysis.

Data Sources

We collected information on demographic characteristics,
comorbidities (based on International Classification of Diseases
codes), procedures, medications, and vital signs. Static
features such as sex were extracted at the patient level.
Time-varying features such as vital signs and medications
were extracted for all time points in which they were
measured during the encounter; observations were carried
forward through time until a new measurement of the
variable was available. We extracted variables from the
electronic health record as in prior studies.”””* We vali-
dated key features, including dialysis, death, and me-
chanical ventilation, through manual chart review of a
random subsample. Chart review was performed on a
targeted random subsample of 20-30 patients flagged as
positive for the outcome and the same number of patients
who were flagged as negative; these patients’ charts were
reviewed manually, and variables were deemed validated if
they achieved at least 95% sensitivity/specificity. Data
collection ceased at patient discharge or death; therefore,
we had complete follow-up on the entire cohort.

Statistical Methods

We present continuous variables as median (interquartile
range [IQR]) and categorical variables as count (percent-
age). We compared categorical variables using y” tests and
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between 3/10/2020-8/31/2020 at 6 YNHHS
hospitals and were tested for COVID

39,854 patient encounters occurred 1

\

17,732 excluded

2,062 were <18 y of age

6,367 were re-admissions

7,580 with <2 Scr values in system

!
22,122 unique patient encounters were
included in analysis
1 1

247 not tested within 7 d before or 2 d after hospitalization
1,050 with KRT
426 with Scr > 4 mg/dL on admission )

[ 2e00covi>r | (

19522 COVID- |

3544 (18%)

T
796 (31%)
AKI

1,804 (69%)
AKI without AKI

15,978 (82%)
without AKI

Figure 1. Flow diagram.

continuous variables using the Wilcoxon rank-sum test
between SARS-CoV-2—positive and -negative groups. We
calculated absolute risk difference and its 95% CI assuming
a binomial distribution.

Our primary analysis was comparison of the incidence of
AKI during hospitalization between SARS-CoV-2—positive
and -negative patients with unadjusted and adjusted Cox
proportional hazards analyses with time-varying covariates,
stratified at the hospital level. We defined the start time of
observation as hospital admission date and time. Event time
was defined as the earliest time point at which AKI criteria
were met. We excluded patients with AKI already present at
the time of hospital admission because they could not
contribute follow-up time. Participants were censored at
death, which we assumed to be conditionally independent
of AKI, or at end of study (30 d after admission). Patients
discharged before 30 days who neither died nor exhibited
AKI were assumed to have stable covariates and to be
outcome-free after discharge until end of study. We tested
the proportionality assumption with manual inspection of
log-log survival curves to evaluate whether the curves were
parallel. Because the proportionality assumption was not
met in the models, hazard ratios (HRs) represent weighted
average hazards.”* We present 4 models and report adjusted
HRs. Model 1 was a univariable analysis. Model 2 controlled
for demographic characteristics (age, sex, race) and
comorbidities (congestive heart failure, chronic obstructive
pulmonary disease, liver disease, malignancy, hypertension,
diabetes mellitus, chronic kidney disease, Elixhauser
score””) and the number of days from local pandemic onset
(defined as March 1, 2020) to admission date. Model 3
additionally controlled for medication use during hospital-
ization, including use of angiotensin-converting enzyme
inhibitors, angiotensin II receptor blockers, aminoglyco-
sides, iodinated radiocontrast agents, diuretic agents,
nonsteroidal anti-inflammatory drugs, proton pump in-
hibitors, and vasopressors. Model 4 additionally controlled
for vital signs (heart rate, temperature, respiratory rate,
oxygen saturation, systolic blood pressure), laboratory re-
sults (hemoglobin, white blood cell count, platelet count,
glucose, proteinuria, baseline estimated glomerular filtration
rate), admission to intensive care unit, and need for me-
chanical ventilation. The variables describing medication
use, vital signs, laboratory results, admission to intensive
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care unit, and need for mechanical ventilation were updated
over time; their value was presumed to be constant until
they were replaced by a new measurement. We calculated
basic bootstrap 95% CIs for the HRs using 1,000 resampled
datasets at the patient level (rather than model confidence
intervals) because of violation of noninformative censoring
and proportionality assumptions.”**® We performed com-
plete case analysis and did not impute for missing covariates.

We conducted several sensitivity analyses. First, we
performed a comparison of the SARS-CoV-2—positive
cohort versus a historical cohort of patients hospitalized
during the year 2019 to control for changes in patient
population characteristics during the pandemic. Second,
we included data on covariates and outcomes obtained for
patients readmitted within 30 days of initial admission
rather than assuming stable covariates and absence of
outcome after discharge. Third, we used an alternate
definition of AKI using a rolling baseline approach, ie,
using only the Scr values obtained during a 48-hour or 7-
day rolling window before the current Scr measurement to
determine whether AKI develops (using 0.3 mg/dL or
50% increase, respectively, to define AKI). We performed
a subgroup analysis to evaluate effects of COVID-19 and
AKI for patients who were admitted to the intensive care
unit. To test if the association of COVID-19 with AKI
changed as the epidemic progressed, we tested the inter-
action term SARS-CoV-2 positivity and days from first case
of COVID-19 to admission on the outcome of AKI. We
performed data analysis using SAS (version 9.4; SAS
Institute Inc), STATA (release 15; StataCorp LLC), and R
(version 4.0.0; R Foundation for Statistical Computing).
We defined statistical significance at P < 0.05. We used the
STROBE (Strengthening the Reporting of Observational
Studies in Epidemiology) checklist to ensure high quality
of reporting for this cohort study.

Results

Baseline Characteristics

Of the 38,854 patient encounters at 6 Yale New Haven
Health system hospitals between March 10, 2020, and
August 31, 2020, that included testing for SARS-CoV-2,
we included 22,122 in the analysis (Fig 1). Of these,
2,600 had tested positive for SARS-CoV-2 and 19,522 had
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tested negative. Hospitalized patients who tested positive
were more likely to be Black (24.8% vs 14.9%) or His-
panic (27.9% vs 12.2%) and more likely to have diabetes
(38.3% vs 30.5%), but showed lower prevalences of
congestive heart failure and liver disease than patients who
tested negative (Table 1). The 2 groups had comparable
prevalence of chronic kidney disease (16.4% vs 16.6%)
and comparable Scr concentration (1 [IQR, 0.8-1.3] vs 1
[IQR, 0.8-1.3] mg/dL), estimated glomerular filtration
rate (76.7 [IQR, 52.6-97.1] vs 76.2 [IQR, 55.1-95.9] mL/
min/1.73 mz), and serum urea nitrogen level (17 [IQR,
11-26] vs 17 [IQR, 12-25] mg/dL) at admission. Tem-
poral trends in change in SARS-CoV-2 testing and cancel-
lation of elective procedures, SARS-CoV-2 positivity, and

Table 1. Characteristics at Hospital Admission

medical/surgical service admissions are provided in Figs
S1 and S2 and Table S1.

AKI and Other Adverse Events During
Hospitalization

We noted that a higher proportion of patients with COVID-
19 experienced AKI compared with those without COVID-
19 (30.6% vs 18.2%; absolute risk difference, 12.5%
[95% CI, 10.6%-14.3%]; Table 2). Patients hospitalized
with COVID-19 were more likely to experience stage 2/3
AKI (11.1% vs 4.9%). Among those with AKI, patients with
COVID-19 required dialysis more frequently (8.5% vs
3.6%) and for longer durations (10.1 [IQR, 1-21.9] vs 4.1
[IQR, 1-13.7] days). Because the incidence of AKI on

With COVID-19 Without COVID-19
Variable (n =2,600) (n=19,522) Standardized Difference
Demographic
Age 65.6 [52.5-79.6] 65.5 [61.7-78] 0.065
Black race 646 (24.8%) 2,916 (14.9%) 0.25
Female sex 1,280 (49.2%) 9,901 (50.7%) -0.03
Hispanic ethnicity 725 (27.9%) 2,375 (12.2%) 0.401
Comorbidities
Congestive heart failure 502 (19.3%) 4,728 (24.2%) -0.119
COPD 831 (32%) 6,844 (35.1%) -0.066
Liver disease 270 (10.4%) 3,227 (16.5%) -0.181
Malignancy 295 (11.3%) 3,683 (18.9%) -0.211
Chronic kidney disease 426 (16.4%) 3,246 (16.6%) -0.007
Hypertension 1,658 (63.8%) 12,572 (64.4%) -0.01
Diabetes 997 (38.3%) 5,954 (30.5%) 0.165
Elixhauser comorbidity score 5 [2-8] 5 [2-9] -0.114
Vital signs on admission
Systolic blood pressure 132 [118-148] 137 [121-156] -0.206
Diastolic blood pressure 76 [66-85] 79 [69-89] -0.196
Pulse rate 94 [80-109] 87 [74-102] 0.314
Respiratory rate 20 [18-22] 18 [17-20] 0.481
Pulse oximetry oxygen saturation 96 [93-98] 97 [96-99] -0.552
Temperature 98.9 [98-100.4] 98 [97.5-98.6] 0.699
Serum laboratory findings on admission
Serum urea nitrogen, mg/dL 17 [11-26] 17 [12-25] 0.033
Creatinine, mg/dL 1 [0.8-1.3] 1 [0.8-1.3] 0.044
eGFR, mL/min/1.73 m? 76.7 [52.6-97.1] 76.2 [55.1-95.9] -0.003
Chloride, mEq/L 100 [97-104] 102 [99-105] -0.238
Gilucose, g/dL 123 [105-162] 120 [102-151] 0.095
Potassium, mEqg/L 4 [3.7-4.4] 4 [3.7-4.4] -0.039
Sodium, mEg/L 137 [134-140] 138 [135-140] -0.082
Hemoglobin, g/dL 13.2 [11.8-14.4] 12.8 [11.1-14.2] 0.212
Platelet count, x10°%/pL 206 [161-262] 230 [178-289] -0.212
WBC count, x103%/puL 6.7 [6.1-9.2] 9.2 [6.9-12.3] -0.396
Urinalysis findings
Specific gravity 1.02 [1.015-1.027] 1.018 [1.013-1.026] -0.013
Proteinuria > 2+ 598 (33.4%) 1,790 (15.4%) 0.429
Blood = 2+ 354 (19.8%) 2,184 (19.1%) 0.019
Leukocytes 2 1+ 486 (27.2%) 3,504 (30.6%) -0.075

Note: Values for continuous variables given as median [interquartile rangel; for categorical variables, as count (percentage). Vital signs, blood laboratory findings, and

urinalysis findings are first available during admission.

Abbreviations: COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus disease 2019; eGFR, estimated glomerular filtration rate; WBC, white blood cell.
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Table 2. AKI and Other Outcomes

With COVID-19 Without COVID-19 Risk Difference
Variable (n=2,600) (n=19,522) (95% CI) P
AKI 796 (30.6%) 3,544 (18.2%) 12.5% [10.6% to 14.3%] <0.001

Stage 1 508 (19.5%) 2,579 (13.2%) 6.3% [4.7% to 7.9%]

Stage 2 153 (5.9%) 594 (3%) 2.8% [1.9% to 3.8%]

Stage 3 135 (5.2%) 371 (1.9%) 3.3% [2.4% to 4.2%)]

Dialysis® 68 (8.5%) 127 (3.6%) 5% [2.9% to 7%] <0.001
Time from hospital admission 6.1 [3.7-11] 5.1 [1.8-12.5] 1% [-1.1% to 3%] 0.3
to first dialysis, d®
Duration of inpatient dialysis, d° 10.1 [1-21.9] 4.1 [1-13.7] 6% [0.9% to 11.1%] 0.02

AKI on admission 129 (5.0%) 941 (4.8%) 0.2% [-0.9% to 1.0%] 0.8

ICU admission 654 (25.2%) 4,759 (24.4%) 0.8% [-1% to 2.5%] 0.4

Length of stay in ICU, d° 49 [1.8-11.1] 2.3 [1.2-4.7] 2.6% [1.9% to 3.3%] <0.001

Ventilator requirement® 377 (14.5%) 1,186 (6.1%) 8.4% [7% to 9.8%] <0.001

Vasopressor requirement® 369 (14.2%) 2,329 (11.9%) 2.3% [0.8% to 3.7%] <0.001

AKI recovery (at discharge)? 462 (58%) 2,473 (69.8%) -11.7% [-15.5% to —8%] <0.001
Length of hospital stay, d 8 [4.5-14.8] 4 [2.4-7] 4% [3.7% to 4.2%)] <0.001
Death

Overall 383 (14.7%) 612 (3.1%) 11.6% [10.2% to 13%] <0.001

Among those with AKI? 236 (29.6%) 401 (11.3%) 18.3% [15% to 21.7%] <0.001

Note: AKI recovery was defined as last serum creatinine measurement before discharge that is <1.5% baseline serum creatinine level.
Abbreviations: AKI, acute kidney injury; COVID-19, coronavirus disease 2019; ICU, intensive care unit.

Includes only those with AKI (n = 4,340).
BIncludes only those undergoing dialysis (n = 195).
CIncludes only those admitted to the ICU (n = 5,413).

hospital admission was not different between those with
and without COVID-19 (5.0% vs 4.8%), the difference in
AKI was largely driven by hospital-acquired AKI. Fewer
patients with COVID-19 had recovered from AKI at the time
of discharge from hospital (58% vs 69.8%). Patients
admitted with COVID-19 were 5 times as likely to die than
others (14.7% vs 3.1%), and these rates were higher in both
groups among those in whom AKI developed (29.6% and
11.3%). Patients with COVID-19 had a longer length of stay
in the hospital (8 [IQR, 4.5-14.8] vs 4 [IQR, 2.4-7] days).

Factors During Hospitalization Associated With
AKI

We evaluated various factors associated with AKI in pa-
tients with and without COVID-19 (Tables S2 and S3).
Patients with COVID-19 had more hypotension (reflected
by lower nadir of systolic blood pressure, higher peak
heart rate, and greater use of vasopressors), greater diuretic
agent use, and higher markers of inflammation such as C-
reactive protein and ferritin (Fig 2). Radiocontrast agent
use was lower in patients with COVID-19 and with AKI.
Use of angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers was lower with greater
severity of AKI, but this difference was less pronounced in
patients with COVID-19.

Independent Association of COVID-19 With AKI

We tested the independent association of COVID-19 with
AKI through multivariable adjustment in time-varying Cox
proportional hazards models. In unadjusted analysis
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(stratified by hospital), COVID-19 was associated with an
81% higher rate of AKI (HR, 1.84 [95% CI, 1.73-1.95];
model 1; Fig 3). The higher rate persisted after additionally
adjusting for demographic characteristics, comorbidities,
and time since epidemic onset (adjusted HR, 1.54 [95%
CI, 1.44-1.65]; model 2); medication use during hospi-
talization (adjusted HR, 1.64 [95% CI, 1.54-1.75]; model
3); as well as time-varying factors such as vital signs,
laboratory values, intensive care unit admission, and need
for mechanical ventilation (adjusted HR, 1.40 [95% CI,
1.29-1.53]; model 4). We did not note a change in as-
sociation between COVID-19 and AKI over the course of
the pandemic (P = 0.4 for interaction).

Sensitivity Analyses

We conducted several sensitivity analyses to test the
robustness of our findings. First, we compared rates of AKI
in SARS-CoV-2—positive patients versus a group of patients
admitted to the hospital 1 year before the onset of COVID-
19. Baseline characteristics of patients in the historical
cohort were similar to those of patients without COVID-19
in our original cohort (Table S4). AKI and related out-
comes in the historical cohort were similar to those in the
study patients without COVID-19 (Table S5). COVID-19
was associated with higher rates of AKI with full adjust-
ment in the historical cohort (adjusted HR, 2.06 [95% CI,
1.71-2.39]; Fig S3). Second, we included patient data for
patients readmitted within the 30-day censor period (6.6%
of those discharged without AKI or death) in whom the
assumption of our primary analysis (absence of AKI and
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Figure 2. Risk factors of AKI in those with and without COVID-19. Box plots (median, IQR, and whiskers denoting 5" and
95" percentiles) or proportion shown. In patients with COVID-19, all variables are missing < 10% except C-reactive protein
(26%). In patients without COVID-19, all variables are missing < 10% except D-dimer (86%), ferritin (86%), and C-reactive protein
(85%). Al variables are reported as maximum before AKI onset except systolic blood pressure, which is reported as minimum.
Abbreviations: ACEI/ARB, angiotensin-converting enzyme inhibitor/angiotensin Il receptor blocker; AKI, acute kidney injury;
COVID-19, coronavirus disease 2019; SBP, systolic blood pressure.

stability of covariates after discharge for as long as 30 days)
was inaccurate. In this analysis, COVID-19 was associated
with higher rates of AKI in the fully adjusted model
(adjusted HR, 1.33 [95% CI, 1.21-1.57]; Fig S4). Last, we
used an alternate definition for AKI using only Scr values
measured during hospitalization as a baseline because we
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noted differential missingness of outpatient baseline Scr
values between the 2 comparison groups (SARS-CoV-
2—positive vs -negative, 66% vs 54%). Similar to the pri-
mary analysis, COVID-19 was associated with higher rates
of AKI in the fully adjusted model (HR, 1.45 [95% CI,
1.32-1.59]; Fig S5).
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Cox proportional hazards models showing association of COVID-19 with AKI. Model 1 is unadjusted. Model 2 includes demographic
characteristics (age, sex, race), comorbidities (congestive heart failure, chronic pulmonary disease, livery disease, malignancy, hyper-
tension, diabetes mellitus, chronic kidney disease, and Elixhauser score), and number of days from pandemic onset, defined as March
1, 2020. Model 3 includes model 2 plus medications (angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, amino-
glycosides, intravenous contrast studies, loop diuretic agents, nonsteroidal anti-inflammatory drugs, proton pump inhibitors, and va-
sopressors). Model 4 includes model 3 plus vital signs (pulse, temperature, respiratory rate, oxygen saturation, systolic blood
pressure) and laboratory values (hemoglobin, white blood cell count, platelet count, glucose, urine protein, baseline estimated
glomerular filtration rate), intensive care unit status, and invasive ventilation status. All analyses are stratified by hospital.

Subgroup Analysis Patients with COVID-19 also had higher incidences of

One fourth of patients required admission to the intensive —Stage 2/3 AKI (39% vs 11%), dialysis-requiring AKI (15%
care unit in both the SARS-CoV-2—positive and -negative Vs 8%), and death (30% vs 10%).

groups (25.2% vs 24.4%). Among these, more patients

with COVID-19 required ventilator support (49% vs 24%) Discussion

and vasopressor support (46% vs 32%), and their length of
stay in the intensive care unit was also longer (4.9 [IQR,
1.8-11.1] vs 2.3 [IQR, 1.2-4.7] days; Table S6). Among
those admitted to the intensive care unit, patients with
COVID-19 had a higher occurrence of AKI (58% vs 32%;
absolute risk difference, 25.5% [95% CI, 21.4%-29.5%]).

In this multicenter, observational cohort study of hospi-
talized patients, we found that patients with COVID-19
had higher rates of AKI after controlling for multiple risk
factors for AKI, including blood pressure, vasopressor and
nephrotoxin use, and mechanical ventilation. Patients with
COVID-19 also had a higher occurrence of severe AKI and
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dialysis-requiring AKI, as well as a lower rate of recovery
from AKI. Our study adds to the growing evidence that
COVID-19 is associated with increased AKI, which may be
due to specific direct (eg, infection of kidneys) or indirect
(eg, inflammation) effects of COVID-19 on the kidneys.

Our study builds on the increasing evidence associating
COVID-19 with AKI. Prior studies showed that AKI occurs
in 28%-57% patients hospitalized with COVID-19."->?7-*%
Similarly, AKI occurred in one third of the patients hos-
pitalized with COVID-19 in our study. Additionally, we
found that AKI occurred more frequently in patients with
COVID-19 than in those who tested negative for SARS-
CoV-2. Patients with COVID-19 also experienced a
higher occurrence of more severe forms of AKI, including
dialysis-requiring AKI, and fewer patients recovered from
AKI. Recently, Fisher et al also showed higher rates of AKI
in those with COVID-19 than in those who tested negative
for SARS-CoV-2 in New York.” Although our AKI (and
mortality) rates are lower in those with and without
COVID-19, the higher rates of AKI in patients with COVID-
19 are similar. We believe the lower occurrence of AKI and
mortality is likely due to our inclusion of suburban,
community, and lower-acuity hospitals, and our findings
are similar to another report from a large health system in
New York that included such hospitals." Finally, our
finding that hospitalized patients with COVID-19 had
fewer comorbidities than those admitted without COVID-
19 was also noted in a prior study.” In our opinion, this
does not represent lower risk of COVID-19 in patients with
these comorbidities; instead, this could be explained by 2
factors: patients without comorbidities might decide not to
seek medical care during a pandemic and “collider bias,”
whereby both COVID-19 and comorbidities (eg, liver
disease) lead to hospitalization, resulting in a distorted
relationship between comorbidities and COVID-19 when
the analysis includes only hospitalized patients.””

We noted several AKI risk factors that were more
common in those with COVID-19. Patients with COVID-
19 had greater occurrence of hypotension and vaso-
pressor use, greater diuretic agent use, and more severe
inflammation. However, use of drugs that are often asso-
ciated with AKI (eg, radiocontrast agents) and comorbid-
ities were lower in patients with COVID-19. These findings
suggest that AKI in COVID-19 may be due to a combina-
tion of some typical risk factors for AKI, such as hypo-
tension and volume depletion, as well as some risk factors
specific to COVID-19, such as severe inflammation.

Our study has several strengths and adds to existing
literature in several important aspects. First, we used a Cox
proportional hazards model that accounted for the longer
duration of hospitalization in patients with COVID-19.
Failure to account for the differential follow-up times
could lead to higher detected AKI rates in patients with
COVID-19 as a result of higher rates of Scr measurement
(ie, ascertainment bias),30 Second, whereas Fisher et al
controlled for covariates only on hospital admission, we
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were able to additionally control for time-updated vari-
ables that are expected to change during hospitalization,
such as blood pressure, vasopressor use, ventilator use, and
medication exposures, which are all risk factors for AKI.
Third, our study included a large sample size that allowed
us to detect a reasonable difference in AKI rate between
cases and controls as well as control for important cova-
riates. Fourth, we verified our findings with several robust
sensitivity analyses involving the use of a historical cohort
as well as several definitions for AKI and follow-up time.
Finally, we included patients who tested positive for SARS-
CoV-2 as outpatients and were later admitted to the hos-
pital and thus avoided misclassifying these as SARS-CoV-
2-negative.

Our study also had some limitations. First, despite our
best efforts to include controls that were similar to cases
and control for confounders, important unmeasured con-
founders may have been missed. We could not control for
markers of inflammation as a result of the high degree of
missingness in SARS-CoV-2-negative patients. However, it
is notable that recent studies showed that the degree of
inflammation in patients with COVID-19 was similar to or
lower than in those with acute respiratory distress syn-
drome and sepsis.s"32 Second, while our study shows
higher rates of AKI in patients with COVID-19, we could
not explain the etiology. Third, our selection of a control
group may have influenced the association of COVID-19
with AKI. Although we show consistently higher rates of
AKI in those with COVID-19 when using historical con-
trols and limiting analysis to patients admitted to the
intensive care unit, it is possible that we might have seen a
null association if controls were limited to those with a
viral respiratory illness caused by agents other than
COVID-19. However, our goal was to evaluate if AKI is
more prevalent in COVID-19 than in other settings after
controlling for known risk factors and mechanisms of AKI
(eg, hypotension). Indeed, other wviral illnesses (eg,
influenza) might be associated with higher incidences of
AKI than other settings and might share mechanisms of
kidney injury with COVID-19. This will need to be
explored in future studies.

Our findings in a large dataset raise several questions for
future research. First, the increased risk of AKI needs to be
supported by patient-level studies to evaluate biomarkers
of kidney injury and inflammation in patients in whom
AKI develops with COVID-19. Second, mechanisms of
COVID-19-related AKI also need to be evaluated in animal
models, and therapeutic agents need to be tested. Finally,
we show that fewer patients with COVID-19-related AKI
recover from their AKI; whether this will be associated
with a higher occurrence of chronic kidney disease needs
to be determined because of its impact on patients and
health care delivery systems.

COVID-19 in hospitalized patients is associated with a
higher rate of AKI after adjustment for a multitude of
demographic  and  clinical =~ variables.  Analyses
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investigating traditional mediators of AKI, such as hy-
potension and nephrotoxic medications, did not abate
this relationship. Further study is warranted of patho-
physiologic mechanisms that may mediate kidney injury
in COVID-19, as well as the long-term consequences of
AKI in COVID-19.
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EE" Dialysis (8.5% vs. 3.6%)
Analysis: Cox proportional

hazards model controlling for @ l Recovery from AKI (58% vs. 70%)
factors at hospitalization
(demographics, comorbidities)  Higher hazard of AKI in COVID-19-

Participants and Settings
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22,122 patients BEl_-- and updated throughout positive vs. COVID-19-negative group
hospitalized at 6 hospitals hospital stay (vitals, labs, t Adjusted HR, 1.40
and tested for COVID-19 medications, procedures) (95% Cl, 1.29-1.53)

CONCLUSION: High rates of AKI in those with COVID-19 could not be explained
by typical risk factors of AKI measured before and during hospitalization.
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