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Abstract

Background: Acute kidney injury (AKI) is a well-recognized
complication of coronavirus disease 2019 (COVID-19). The
short and long-term outcomes of patients who develop AKI
have not been well characterized. Methods: In this multi-
center retrospective cohort study, we describe the clinical
characteristics and outcomes of critically ill adults with se-
vere COVID-19 and AKI. Patient-level variables were extract-
ed from the electronic medical record. Using nadir-to-peak
serum creatinine, AKI was defined using the KDIGO defini-
tion. Multivariable logistic regression analyses examined fac-
tors associated with development of moderate-to-severe
(stage 2-3) AKI, severe (stage-3) AKI, and the composite of
renal replacement therapy (RRT) or in-hospital death. Re-
sults: Among 459 critically ill adults with COVID-19, 371
(80.1%) developed AKI, with 179 (37.9%) developing stage-3
AKI. Male gender, black and Asian/Native American race,
lower baseline estimated glomerular filtration rate (eGFR),

higher body mass index (BMI), and higher Acute Physiology
and Chronic Health Evaluation (APACHE) IV score were more
prevalent among patients with severe AKI, as were systemic
markers of inflammation. On multivariable analysis, male
gender, black and Asian/Native American race, higher
APACHE IV score, lower baseline eGFR, and higher BMI
(mainly the highest BMI stratum =35 kg/m?) were indepen-
dently associated with higher stages of AKI severity. Male
gender, lower baseline eGFR, and higher APACHE IV score
were also independently associated with the composite of
RRT or in-hospital death. Moderate-to-severe AKl and severe
AKI were independently associated with in-hospital death,
and there was a significant interaction between BMI and
moderate-to-severe AKI for the outcome of in-hospital
death. Among 83 (18.1%) patients who required RRT, 27
(32.5%) survived, and 12 (44.4%) remained dialysis-depen-
dentatdischarge. At 3and 6 months, 5 (41.7%) and 4 (33.3%)
remained dialysis-dependent, respectively. Conclusions:
AKl is common in critically ill adults with COVID-19. Several
patient-level risk factors are associated with higher stages of
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AKI severity. BMI might be an effect modifier of AKI severity
for in-hospital death. Among AKI survivors, there is a high
rate of short- and long-term dialysis dependence.

© 2022 S. Karger AG, Basel

Introduction

Since the first case of severe acute respiratory coro-
navirus 2 (SARS-CoV-2) and the resulting acute respi-
ratory illness was reported in Wuhan, China [1] in De-
cember 2019, coronavirus disease 2019 (COVID-19)
has become a worldwide pandemic, with more than 200
million cases reported as of August 1, 2021 [2]. Massa-
chusetts experienced its first case of COVID-19 on Feb-
ruary 28, 2020, with the first surge occurring during the
months of April and May 2020 [3]. COVID-19 is recog-
nized as a wide clinical spectrum of disease, ranging
from an asymptomatic or mild upper respiratory tract
viral infection to severe multiple organ failure. Acute
kidney injury (AKI) is a common complication, with
reports indicating an incidence rate of 20% among hos-
pitalized patients with COVID-19 and greater than 50%
among the critically ill [4]. Renal replacement therapy
(RRT) is required in one third of patients with CO-
VID-19 and severe AKI [4, 5]. A 3-fold increased risk
of death has been reported in patients with COVID-19
and severe AKI [5]. Little is known regarding risk fac-
tors for AKI in critically ill patients with COVID-19 and
long-term recovery of kidney function among those
with AKI who survive hospitalization.

The aim of our study was to describe the clinical char-
acteristics of critically ill patients with severe COVID-19
and AKI, factors associated with the development and se-
verity of AKI, and the composite outcome of RRT or in-
hospital death, AKI severity, and in-hospital death, and
the long-term outcomes of patients with AKI discharged
with an ongoing dialysis requirement.

Methods

Study Design

This was a multicenter, retrospective cohort study of critically
ill adults with a confirmed diagnosis of COVID-19 hospitalized in
the intensive care units (ICUs) at a large integrated health care sys-
tem (Steward Health Care, Dallas, TX, USA) during the first wave
of the pandemic in the state of Massachusetts. The study was ap-
proved by the Institutional Review Board and the requirement for
informed consent was waived due to the retrospective nature of the
study (IRB No. EX071). The Massachusetts region of the Steward
Health Care System operates nine hospitals in eastern Massachu-
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setts with a total of 125 ICU beds and a robust centralized ICU
telemedicine program to provide proactive support to bedside cli-
nicians.

Data Source and Study Population

The primary source for data collection was the hospital elec-
tronic health record (MEDITECH Inc., Westwood, MA, USA) and
the tele-ICU eCare Manager database (Philips North America,
Cambridge, MA, USA), which is the ICU telemedicine informa-
tion management system that collects data on key patient-related
indicators. For our study, we identified all adults (age 218 years
old) with COVID-19, as defined by a positive nucleic acid ampli-
fication test (NAAT) for SARS-CoV-2 from a nasopharyngeal
swab, hospitalized in the ICU between March 01, 2020 and July 31,
2020. Since our focus was on patients with AKI, we excluded pa-
tients with end-stage kidney failure receiving dialysis at the time of
hospitalization.

Data Collection and Definitions of Variables

The data collection for the cohort included demographic and
clinical variables (age, gender, race/ethnicity, and body mass in-
dex [BMI]) and coexisting conditions (hypertension, diabetes
mellitus, coronary artery disease, cerebrovascular disease, heart
failure, chronic lung disease [asthma and chronic obstructive pul-
monary disease], and obstructive sleep apnea). The Acute Physi-
ology and Chronic Health Evaluation (APACHE) IV score was
generated from the tele-ICU eCare Manager database and record-
ed at the time of ICU admission. Kidney-related laboratory vari-
ables of interest included serum creatinine (baseline [up to 12
months prior to hospitalization], at ICU admission, nadir, peak
and discharge value) and the urinalysis at the time of AKI diagno-
sis or nephrology consultation, with a focus on the presence of
blood and protein on the dipstick. Additional selected laboratory
variables obtained at the time of admission to the ICU included
systemic markers of inflammation or tissue injury (procalcitonin,
C-reactive protein [CRP], lactate dehydrogenase [LDH], and fer-
ritin), liver function tests (serum aspartate aminotransferase
[AST], alanine transaminase, and total bilirubin), and measures
of coagulation and fibrinolysis (prothrombin time [PT]/interna-
tional normalized ratio, partial thromboplastin time, fibrinogen,
and D-dimer).

The baseline estimated glomerular filtration rate (eGFR) was
calculated using the CKD-Epi equation [6]. Chronic kidney dis-
ease (CKD) was defined based on a baseline or nadir eGFR of less
than 60 mL/min/1.73 m% Obesity was defined as BMI 230 kg/m?
and morbid obesity as BMI >40 kg/m?.

The definition and staging of AKI were in accordance with the
Kidney Disease Improving Global Outcomes (KDIGO) clinical
practice guideline for AKI [7]. In brief, AKI was defined by an ab-
solute increase of 0.3 mg/dL or greater or a relative 1.5-fold in-
crease or greater in the baseline (or nadir) to peak serum creatinine
change during the index hospitalization. The following stages of
AKI were assessed: stage 1 (increase in serum creatinine by >0.3
mg/dL or 1.5- to 2-fold increase in serum creatinine); stage 2 (>2-
to 3-fold increase in serum creatinine); and stage 3 (>3-fold in-
crease in serum creatinine, or serum creatinine >4.0 mg/dL with
an acute increase of >0.5 mg/dL, or dialysis requirement). Dialysis-
requirement was defined as worsening AKI necessitating initiation
of RRT (intermittent hemodialysis or continuous veno-venous he-
modialysis).
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Outcomes of Interest

The main outcomes of interest were moderate-to-severe AKI
as defined by stage 2 or 3 AKI, and severe AKI was defined as stage
3 AKI or dialysis requirement. Additional outcomes of interest in-
cluded the composite outcome of dialysis requirement or in-hos-
pital death, in-hospital death, and among patients discharged alive
with ongoing dialysis requirement, dialysis independence at 3- and
6-month post-discharge.

Statistical Analyses

Continuous variables are summarized as mean (standard de-
viation) or median (25th, 75th percentiles) and categorical vari-
ables as frequency counts (percentages). We compared baseline
continuous variables between AKI stages using analysis of variance
(ANOVA) or the Kruskal-Wallis one-way ANOVA, and ¥ test for
categorical variables and reported trend p values. We repeated the
same analyses using BMI categories as strata.

Multivariable logistic regression analyses were performed to
examine factors that were associated with the development of
moderate-to-severe AKI, severe AKI, and the composite outcome
of dialysis requirement or in-hospital death. The main predictor
variables of interest were age, sex, race, baseline eGFR, BMI, and
APACHE 1V score.

Multivariable logistic regression analyses were also per-
formed to examine the association of moderate-to-severe AKI
and severe AKI with in-hospital death after adjustment for age,
sex, race, baseline eGFR, BMI, and APACHE IV score. We also
tested for an interaction between BMI and AKI severity for the
outcome of in-hospital death. We hypothesized that BMI is an
effective modifier of AKI severity for mortality. The results of
the logistic regression analyses are displayed as odds ratios with
a 95% confidence interval. Among patients with dialysis-re-
quiring AKI who survived the index hospitalization, a descrip-
tion of their clinical outcomes was conducted at 3 months and
6 months.

The proportion of missing data for all covariates is shown in
online supplementary Table S1 (for all online suppl. material, see
www.karger.com/doi/10.1159/000524657). To minimize the loss
of power when fitting multivariable models and assuming data
were missing atrandom, we used multiple imputation with chained
equations to create 20 multiple complete datasets. The imputation
model included all covariates in Table 1, including the outcomes
of AKI stages and in-hospital death.

All analyses were performed using SAS Enterprise Guide (Ver-
sion 7.14, Cary, NC, USA) and R language (version 4.1.0, R Foun-
dation for Statistical Computing, Vienna, Austria). Differences
were considered statistically significant at a p value of less than
0.05.

Results

Clinical Characteristics of Critically Ill Patients with

COVID-19 by Stages of AKI

After excluding 20 patients with ESRD on mainte-
nance dialysis, the final analytical cohort included 459
critically ill patients with COVID-19. Table 1 displays the
characteristics and outcomes of the cohort stratified by

AKI and COVID-19 in Critically Ill
Patients

AKI and its stages of severity. In brief, 371 (80.1%) pa-
tients developed AKI, with 179 (37.9%) developing
stage-3 AKI. Male gender, non-white race, highest strata
of BMI (>35 kg/m?), COPD, higher APACHE 1V score,
and lower baseline eGFR were represented to a greater
extent among patients with higher stages of AKI severity.
Similarly, procalcitonin, ferritin, CRP, fibrinogen, AST,
alanine transaminase, and LDH levels were higher among
patients with moderate and severe (stages 2 and 3, respec-
tively) AKI.

Factors Associated with Development of Moderate-
to-Severe (Stage 2/3), Severe (Stage-3) AKI, and the
Composite of RRT or In-Hospital Death in Critically

Il Patients with COVID-19

The results of the logistic regression analyses exam-
ining the factors associated with development of mod-
erate-to-severe AKI (stages 2 and 3), severe AKI (stage
3), and the composite outcome of RRT or in-hospital
death are displayed in Tables 2, 3 and 4, with a focus on
age, sex, race, baseline eGFR, BMI, and APACHE IV
score.

In brief, on univariate analysis, male gender, black
and Asian/Native American race, lower baseline eGFR,
higher BMI (mainly the highest stratum of >35 kg/m?),
and higher APACHE IV score were associated with
moderate-to-severe or severe AKI and the composite
outcome of RRT or in-hospital death (Tables 2-4). In
addition, older age and several comorbidities, including
hypertension, coronary artery disease, chronic kidney
disease, CVA, and dementia, were associated with RRT
or in-hospital death (Table 4 and online suppl. Table
S2). Several laboratory variables, including procalcito-
nin, CRP, LDH, serum ferritin, activated partial throm-
boplastin time, fibrinogen, and AST were associated
with moderate-to-severe or severe AKI and the com-
posite outcome of RRT or in-hospital death (online
suppl. Table S2).

On multivariable analysis, male gender, black and
Asian/Native-American race, higher BMI, higher
APACHETIV score, and lower baseline eGFR were associ-
ated with severity of AKI. The highest BMI stratum (=35
kg/m?) conferred an adjusted odds ratio of 3.46 (95% CI:
1.81, 6.60) and 2.23 (95% CI: 1.14, 4.38) for stage 2/3 AKI
and stage 3 AKI, respectively, relative to the BMI stratum
<25 kg/m?. Male gender, lower baseline eGFR, and high-
er APACHE IV score were the only variables that were
independently associated with the composite of RRT or
in-hospital death.
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Table 1. Clinical characteristics of critically ill patients with COVID-19 stratified by AKI and its stages of severity

Total No AKI Stage-1 AKI Stage-2 AKI Stage-3 AKI Trend
(n = 459) 88 (19.2%) 103 (22.4%) 94 (20.5%) 174 (37.9%) p value
Age, years 66.8 (14.6) 64.6 (14.8) 68.4(15.1) 67.0 (17.0) 67.0 (12.6) 0.6673
Male gender 293 (63.8) 43 (48.9) 64 (62.1) 59 (62.8) 127 (73.0) 0.0002
Race
White 235(52.1) 59 (67.1) 56 (54.9) 47 (51.1) 73(43.2)
Black/AA 115 (25.5) 9(10.2) 31(30.4) 21(22.8) 54 (32.0) 0.0007
Hispanic 64 (14.2) 16 (18.2) 9(8.8) 16 (17.4) 23(13.6) ’
Asian/Native American 37(8.2) 4(4.6) 6(5.9) 8(8.7) 19(11.2)
Continuous BMI, kg/m? 30.3(7.5) 30.1(7.1) 29.2(7.7) 30.3(7.4) 31.0(7.5) 0.0871
Categorical BMI, kg/m?
<25 115 (25.1) 27 (30.7) 34(33.0) 20 (21.5) 34(19.5)
25t0 <30 132 (28.8) 23(26.1) 24 (23.3) 30(32.3) 55(31.6) 0.0443
30to <35 110 (24.0) 21(23.9) 27 (26.2) 21(22.6) 41 (23.6) ’
235 101 (22.1) 17 (19.3) 18(17.5) 22(23.7) 44 (25.3)
APACHE IV score 74.3 (28.0) 60.4 (23.6) 69.2 (25.7) 73.7 (28.9) 84.6 (27.1) <0.0001
Coexisting conditions
Hypertension 296 (64.5) 53(60.2) 68 (66.0) 55 (58.5) 120 (69.0) 0.244
Hyperlipidemia 193 (42.1) 40 (45.5) 47 (45.6) 41 (43.6) 65 (37.4) 0.1415
Coronary artery disease 56(12.2) 13 (14.8) 14 (13.6) 7(7.5) 22(12.6) 0.5192
Heart failure 61(13.3) 14 (15.9) 11(10.7) 12(12.8) 24 (13.8) 0.9003
Atrial fibrillation 58(12.6) 10(11.4) 15 (14.6) 12(12.8) 21(12.1) 0.9286
Type-2 diabetes mellitus 181 (39.4) 36 (40.9) 39(37.9) 34 (36.2) 72 (41.4) 0.8414
COPD 56 (12.2) 15(17.1) 18 (17.5) 9(9.6) 14 (8.1) 0.0085
Asthma 51(11.1) 17 (19.3) 8(7.8) 8(8.5) 18 (10.3) 0.1106
Obstructive sleep apnea 26 (5.7) 8(9.1) 6(5.8) 1(1.1) 11 (6.3) 0.3742
Stroke 48(10.5) 5(5.7) 14 (13.6) 8(8.5) 21(12.1) 0.289
DVT/PE 32(7.0) 8(9.1) 6(5.8) 7(7.5) 11 (6.3) 0.5569
Dementia 63(13.7) 12(13.6) 12(11.7) 16 (17.0) 23(13.2) 0.8675
Chronic kidney disease 120 (26.6) 14 (15.9) 27 (26.5) 19(20.7) 60 (35.5) 0.002
Kidney related variables
Baseline serum creatinine, mg/dL 1.02 (0.71) 0.86 (0.41) 0.94 (0.35) 0.81(0.31) 1.27 (1.01) <0.0001
Peak serum creatinine, mg/dL 2.93(2.41) 0.98 (0.42) 1.50 (0.54) 1.95 (0.80) 5.30(2.33) <0.0001
Baseline eGFR, mL/min/1.73 m? 81.4(29.9) 87.0(26.2) 82.5(28.1) 90.1 (28.8) 73.2(31.4) 0.0004
Urine dipstick blood
Negative 152 (40.1) 34 (55.7) 38 (45.8) 36 (43.9) 44 (28.8)
1+ 85 (22.4) 15 (24.6) 16 (19.3) 17 (20.7) 37 (24.2) 0.0005
2+ 90 (23.8) 10 (16.4) 17 (20.5) 17 (20.7) 46 (30.1) ’
3+ 52(13.7) 2(3.3) 12 (14.5) 12 (14.6) 26 (17.0)
Urine dipstick protein
Negative 98 (25.7) 24 (39.3) 25(30.5) 30 (36.6) 19(12.2)
Trace 10 (2.6) 2(3.3) 4(4.9) 2(2.4) 2(1.3)
1+ 113 (29.7) 20 (32.8) 17 (20.7) 24 (29.3) 52(33.3) <0.0001
2+ 147 (38.6) 14 (23.0) 34 (41.5) 26 (31.7) 73 (46.8)
3+ 13(3.4) 1(1.6) 2(2.4) 0(0.0) 10 (6.4)
Selected laboratory variables
Procalcitonin, ng/mL 0.28(0.12,0.67) 0.19(0.10,0.37)  0.21(0.11,0.47) 0.31(0.13,0.68) 0.41(0.18,0.98) <0.0001
CRP, mg/dL 13.9(74,229) 11.6(6.2,20.7)  10.7(6.9,20.0) 12.4(7.4,21.5)  17.2(8.3,24.8) 0.0063
LDH, U/L 430(307,598)  375(295,477)  420(274,563)  395(2,840,576) 506 (355,651)  <0.0001
Ferritin, ng/mL 764 (338,1,431) 558(185,1,237) 660(313,1,306) 701(281,1,772) 935(488,1,480)  0.0039
D-dimer, ng/mL 1.9(1.0,3.6) 1.5(0.8, 3.5) 2.0(1.0,5.6) 1.7(1.0,3.2) 2.2(1.1,4.0) 0.1054
PT, sec 15.4 (4.9) 147 (3.4) 15.1 (3.0) 15.9 (5.6) 15.7 (5.8) 0.1703
INR 1.3(0.6) 1.2 (0.4) 1.2(0.3) 1.3(0.7) 1.3(0.7) 0.3991
aPTT, sec 36.0(31.1,42.2) 33.9(29.7,39.2) 35.6(304,422) 358(31.5435) 37.6(32.1,433) 0.0109
Fibrinogen, mg/dL 681.9 (222.3) 621.0(197.2) 657.9 (202.0) 648.3 (236.9) 736.7 (224.0) <0.0001
Total bilirubin, mg/dL 0.5(0.3,0.7) 0.5(0.3,0.6) 0.4 (0.3,0.7) 0.5(0.3,0.7) 0.5(0.3,0.8) 0.0488
AST, IU/L 45 (30, 74) 34 (24, 56) 39 (30, 67) 43 (29, 81) 56 (37, 84) <0.0001
ALT, IU/L 29(17,54) 26 (16, 48) 25 (15, 54) 26 (15, 56) 33(20,53) 0.0095
Alkaline phosphatase, IU/L 77 (60, 103) 81 (64, 108) 80 (61, 98) 70 (59, 93) 77 (58, 105) 0.5289

Data summarized as mean (SD) or median (25th, 75th percentiles) for continuous variables or n (%) for categorical variables. BMI, body mass index;
APACHE, acute physiology and chronic health evaluation; COPD, chronic obstructive pulmonary disease; DVT/PE, deep vein thrombosis/pulmonary
embolism; eGFR, estimated glomerular filtration rate; LDH, lactate dehydrogenase; PT, prothrombin time; INR, international normalized ratio; aPTT, activated
partial thromboplastin time; AST, aspartate transaminase; ALT, and alanine transaminase.
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Table 2. Association of age, sex, race,

eGFR, BMI, and APACHE IV score with
moderate-to-severe (stage 2 and 3) AKI

Unadjusted OR (95% Cl) Adjusted OR (95% Cl)

Age (per 10-year 1)

Baseline eGFR (per 5 mL/min/1.73 m? 1)

1.02 (0.90, 1.16)
0.97 (0.94, 1.00)

0.97(0.81,1.16)
0.99 (0.95, 1.03)

Body mass index (vs. < 25 kg/m?)

>35 kg/m?
30 to <35 kg/m?
25 to <30 kg/m?

Male gender (vs. female gender)

Race (vs. white)
Black
Hispanic

Asian/Native American
APACHE IV score (per 20-point 1)

2.28(1.31,3.99) 3.46 (1.81,6.60)
1.39(0.83, 2.34) 1.89 (1.06, 3.38)
2.06 (1.23,3.43) 2.31(1.32,4.05)
1.79(1.20, 2.63) 1.92 (1.27,2.94)
1.84(1.16,2.91) 1.79 (1.08, 2.96)
1.52(0.86, 2.66) 1.56 (0.83, 2.92)
2.62(1.22,5.66) 3.10(1.37,7.03)
1.49(1.28, 1.75) 1.54(1.28,1.84)

N=459; Events = 268; models are based on multiple imputation with chained equations
to create 20 multiple complete datasets. eGFR, estimated glomerular filtration rate; BMI,
body mass index; APACHE, acute physiology and chronic health evaluation; OR, odds ratio;

Cl, confidence interval.

Table 3. Association of age, sex, race,
eGFR, and BMI with severe (stage 3) AKI

Unadjusted OR (95% Cl) Adjusted OR (95% Cl)

Age (per 10-year 1)

Baseline eGFR (per 5 mL/min/1.73 m? 1)

1.01(0.89, 1.15)
0.92 (0.89, 0.96)

0.80 (0.66, 0.96)
0.91(0.87,0.95)

Body mass index (vs. < 25 kg/m?)

>35 kg/m?
30 to <35 kg/m?
25 to <30 kg/m?

Male gender (vs. female gender)

Race (vs. white)
Black
Hispanic

Asian/Native American
APACHE IV score (per 20-point 1)

1.95(1.11, 3.41) 2.23(1.14,4.38)
1.31(0.76, 2.28) 1.57(0.84, 2.95)
1.66 (0.98, 2.82) 1.71(0.95, 3.09)
1.92 (1.28,2.94) 2.17(1.37,3.45)
2.02(1.28,3.18) 2.22(1.33,3.72)
1.25(0.70, 2.24) 1.21(0.63, 2.34)
2.41(1.20, 4.86) 3.05 (1.41,6.60)
1.52(1.30, 1.77) 1.48 (1.24,1.76)

N=459; Events = 174; models are based on multiple imputation with chained equations
to create 20 multiple complete datasets. eGFR, estimated glomerular filtration rate; BMI,
body mass index; APACHE, acute physiology and chronic health evaluation; OR, odds ratio;

Cl, confidence interval.

Association of AKI Severity and In-Hospital Death in

Critically 11l Patients with COVID-19

We next examined the association of AKI severity with
in-hospital death. After adjustment for age, sex, race,
baseline eGFR, BMI, and APACHE IV score, moderate-
to-severe AKI and severe AKI were independently associ-
ated with in-hospital death, with an adjusted odds ratio
of 3.18 (95% CI: 2.00, 5.06) and 3.68 (95% CI: 2.27, 5.97),
respectively. We also found a significant interaction be-
tween moderate-to-severe AKI and BMI for the outcome
of in-hospital death, whereby the independent associa-

AKI and COVID-19 in Critically Ill
Patients

tion of moderate-to-severe AKI with probability of in-
hospital death increased among patients with higher BMI
(p = 0.04; Fig. 1), the interaction with severe AKI did not
reach significance (p = 0.05).

Long-Term Outcomes of Dialysis-Dependent Critically

Il Patients with COVID-19 and AKI

Among the 83 (18.1%) critically patients with CO-
VID-19 and AKI who required RRT, 27 (32.5%) survived,
and 12 (44.4%) remained dialysis-dependent at time of
hospital discharge. During the 6-months follow-up peri-
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Table 4. Association of age, sex, race, eGFR
and BMI with renal replacement therapy or

in-hospital death

Unadjusted OR (95% Cl) Adjusted OR (95% Cl)

Age (per 10-year 1)
Baseline eGFR (per 5 mL/min/1.73 m? 1)
Body mass index (vs. < 25 kg/m?)
>35 kg/m?
30 to <35 kg/m?
25 to <30 kg/m?
Male gender (vs. female gender)
Race (vs. white)

1.41(1.23,1.62)
0.85(0.81,0.88)

1.02(0.59, 1.76)
1.06 (0.63, 1.80)
0.79(0.48,1.31)
1.61(1.09, 2.33)

1.01(0.82, 1.23)
0.86 (0.82,0.91)

1.01(0.50, 2.03)
1.43(0.75, 2.74)
0.70(0.38, 1.28)
2.17(1.33,3.45)

Black 0.97 (0.62, 1.53) 1.22(0.70, 2.12)
Hispanic 0.90(0.51, 1.56) 1.26 (0.62, 2.56)
Asian/Native American 0.80 (0.40, 1.60) 0.78 (0.33, 1.83)
APACHE IV score (per 20-point 1) 2.03(1.67, 2.46) 1.78 (1.45, 2.18)

N=459; Events = 258; models are based on multiple imputation with chained equations
to create 20 multiple complete datasets. eGFR, estimated glomerular filtration rate; BMI,
body mass index; APACHE, acute physiology and chronic health evaluation; OR, odds ratio;

Cl, confidence interval.
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Fig. 1. Interaction between BMI and moderate-to-severe (stage 2
and 3) AKI for the outcome of in-hospital death (p = 0.04 for in-
teraction).

od, 1 (8.3%) of the 12-patients died. At 3 months and 6
months, 5 (45.5%) and 4 (36.4%) of the 11 patients re-
mained dialysis dependent, respectively.

Discussion
In this retrospective cohort study, we provide a de-

tailed description of 459 critically ill patients presenting
with COVID-19 requiring ICU level of care, with 80.1%

6 Nephron
DOI: 10.1159/000524657

developing AKI and 18% requiring RRT. Similar results
were seen in a retrospective study performed in an ICU
of a large center in the UK where 76.4% of critically ill
patients with COVID-19 developed AKI and 31.9% re-
quired RRT [8]. Male gender, black and Asian/Native
American race, higher BMI, lower baseline eGFR, and
higher APAHCE IV score were associated with severity
of AKI, as well as systemic markers of inflammation and
tissue injury including higher CRP, fibrinogen, ferritin,
LDH, and AST.

The cause of AKI in patients with SARS-CoV-2 is mul-
tifactorial and likely involves inflammatory and immune
responses, endothelial injury, along with activation of co-
agulation pathways and the renin-angiotensin system [9].
The hypothesis of direct SARS-CoV-2 infection with re-
nal tropism of the virus has been proposed but remains
controversial. Indeed, early in the pandemic, in a study
on the quantification of SARS-COV-2 viral load in au-
topsy tissue samples from 22 patients with COVID-19, 17
(77%) showed tropism for the kidneys [10]. Organotro-
pism of the virus beyond the lungs involving the kidneys
may be facilitated by angiotensin converting enzyme-2
receptors expressed on both the proximal tubular epithe-
lial cells and podocytes. However, two additional post-
mortem kidney autopsy studies of 54 patients with CO-
VID-19 and AKI revealed no histological evidence of di-
rect viral infection on histology or through in situ
hybridization [11, 12]. While the variable detection of
SARS-CoV-2 RNA and live virus in the kidneys may sup-
port the hypothesis of organotropism of the virus beyond
the lungs, conditions more common in critically ill pa-

El Mouhayyar/Dewald/Cabrales/
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tients, including hypoxia, hemodynamic instability, use
of nephrotoxic agents, and sepsis likely account for how
SARS-CoV-2 infection indirectly causes AKI.

Acute tubular injury is the most common histologic
diagnosis found on postmortem kidney biopsies from pa-
tients with COVID-19 and AKI, which might suggest re-
versibility of the injury [12, 13]. In our study, of the 83
(18.1%) patients with severe AKI who required RRT, 27
(32.5%) survived, and 12 (44.4%) remained dialysis-de-
pendent at discharge. At 3 months and 6 months, 45.5%
and 36.4% of these patients remained dialysis-dependent,
respectively. Our findings are consistent with a previous
large multicenter cohort study of critically ill adults with
COVID-19, where among those who survived hospital-
ization, 34% were still RRT-dependent at discharge, and
18% remained RRT dependent 60 days after ICU admis-
sion [14]. Similarly, in a large cohort of 5,216 hospitalized
US veterans with COVID-19, AKI developed in 1,655
(32%) patients with 201 (12%) of these patients requiring
RRT;47% of those who developed AKI did not recover to
baseline serum creatinine by discharge and 12 patients
(20%) continued RRT post discharge [15]. Pulmonary fi-
brosis post-COVID-19 has been reported [16], raising
concerns of the likelihood of COVID-19 associated kid-
ney fibrosis after AKI recovery and the potential for pro-
gression to CKD. Further studies are required to deter-
mine the long-term outcome in these patients.

In our cohort, we observed an association between high
BMI and severity of AKI as well as a significant interaction
between BMI and moderate-to-severe AKI for the out-
come of in-hospital death highlighting the potential role
of obesity as an effect modifier. Although the association
of obesity with CKD has been well described [17], there is
paucity of data on its association with AKI and its severity
in critically ill patients. The role of obesity and its influ-
ence on mortality in the general population has been well
established. However, over the past several years, a grow-
ing body of literature has also highlighted the paradox
where overweight and mild to moderately obese individu-
als appear to have a better prognosis than their lean coun-
terparts with respect to certain chronic diseases such as
cardiovascular disease [18], end-stage kidney disease [19],
and respiratory diseases, including COPD [20] and pul-
monary embolism [21]. Nonetheless, despite this obesity
paradox, multiple recent studies have shown a striking as-
sociation between BMI and risk for death among patients
with COVID-19. In one study, obese individuals were
twice as likely to be hospitalized for COVID-19 compared
to those who were non-obese and had a 48% higher risk
for mortality [22]. A meta-analysis of 61 studies recently

AKI and COVID-19 in Critically Ill
Patients

demonstrated that obesity (defined as BMI >30 kg/m?)
was associated with an increased risk of severe disease and
death from COVID-19 [23, 24]. It is well known that pa-
tients with high BMI are at greater risk of respiratory dys-
function, thus making them more prone to severe compli-
cations of COVID-19 and resultant high mortality [25].
Obesity also places patients with COVID-19 at a higher
risk of acute respiratory distress syndrome [26]. The in-
creased risk of disease severity has been attributed to high-
er rates of metabolic and cardiovascular complications
[27] as well as a heightened systemic inflammatory re-
sponse syndrome induced by numerous host inflamma-
tory mediators, including interleukin-1, interleukin-6, in-
terleukin-17, and tumor necrosis factor alpha [28]. The
heightened inflammatory response observed in obesity is
explained in part by alterations in adipokines, including
an increase in leptin and a decrease in adiponectin [29].
Leptin, a proinflammatory adipokine, predominantly
produced by adipose tissue, promotes the production of
proinflammatory cytokines interleukin-1, interleukin-6,
and tumor necrosis factor alpha [30]. As a result, persons
with a higher BMI and excess ectopic fat and adipose tis-
sue have the potential to experience an excessive COVID-
19-induced cytokine release syndrome, contributing to
higher morbidity. In addition, the physical attributes of an
obese person with COVID-19 that might play a role in
disease severity include increased waist circumference
and body mass resulting in diminished forced vital capac-
ity and diaphragm contractility, making it more difficult
to implement supportive therapies such as intubation and
prone positioning [31].

Male gender, black and Asian/Native American race,
and higher APACHE IV score were associated with de-
velopment of severe AKI. Black race has previously been
shown to be associated with a higher risk of AKI, includ-
ing severe AKI [32]. In our study, male gender was asso-
ciated with a higher risk of severe AKI. This observation
is consistent with other studies that found an association
between male gender and higher risk of AKI [32]. More-
over, higher APACHE IV score, a measure of severity of
illness, was associated with AKI severity, likely reflecting
hemodynamic instability, hypotension, and sepsis, re-
sulting in organ dysfunction, including higher stages of
AKI.

Greater elevations of systemic markers of inflamma-
tion and tissue injury, including procalcitonin, CRP, fer-
ritin, fibrinogen, AST, and LDH, were also associated
with development of severe AKI. Unlike other studies, we
did not find a significant association between hyperten-
sion and diabetes and severe AKI.

Nephron 7
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Our study has several strengths. We analyzed a large,
diverse, critically ill adult population with severe CO-
VID-19 and an array of comorbid conditions admitted to
an integrated health care system with multiple acute care
facilities, including several community hospitals and a
tertiary care center. We used a robust ICU dataset to reli-
ably extract the variables of interest, a well-validated con-
sensus definition of AKI, and a composite endpoint to
account for competing risks. There are several important
limitations to consider. The study involved critically ill
patients with COVID-19 and excluded hospitalized pa-
tients who did not require ICU-level of care. This explains
the very high rate of AKI in our cohort of critically ill pa-
tients. Our findings may not be generalizable to other
health care systems or regions within the USA during the
surge of COVID-19. Furthermore, our definition of AKI
may have underestimated severity of AKI as not all pa-
tients had a baseline serum creatinine level, which may
have been lower than the nadir value observed during the
hospitalization, thus resulting in smaller nadir-to-peak
serum creatinine differences. As with all cohort studies,
other residual known and unknown confounders that
were not accounted for in our analyses may have also af-
fected our effect estimates. Finally, our study was con-
ducted during the first wave of the pandemic, and the
evolving therapies for COVID-19 may have affected dis-
ease severity and rates of AKI. Indeed, it was not until
early 2021 that the RECOVERY trial demonstrated that
in patients hospitalized with COVID-19, the use of dexa-
methasone results in lower 28-day mortality among those
receiving any respiratory support, and the number pa-
tients requiring RRT was lower in the dexamethasone
group compared to the usual care group [33].

In conclusion, we observed a high rate of AKI and RRT
requirement in our cohort study of critically ill adults
with COVID-19 requiring ICU-level of care. Several pa-
tient characteristics, including male gender, black/Asian/
Native American race, higher BMI, higher APACHE IV
score, lower baseline eGFR, and higher systemic markers
of inflammation and tissue injury (including procalcito-
nin, CRP, ferritin, fibrinogen, AST and LDH) were asso-
ciated with development of AKI. BMI was independently
associated with severity of AKI and among patients with
moderate-and-severe AKI, was an effect modifier for in-
hospital mortality. Among AKI survivors, we also found
higher rates of dialysis-dependence at hospital discharge
and at 6-months of follow-up. Future studies are needed
to validate our findings and further investigate the rela-
tionship between BMI and risk of COVID-19-associated
AKI and mortality, and the long-term risk of CKD.
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