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Abstract

Background: Acute kidney injury (AKI) has been reported as a frequent complication of critical COVID-19. We aimed
to evaluate the occurrence of AKI and use of kidney replacement therapy (KRT) in critical COVID-19, to assess patient
and kidney outcomes and risk factors for AKl and differences in outcome when the diagnosis of AKl is based on urine
output (UO) or on serum creatinine (sCr).

Methods: Multicenter, retrospective cohort analysis of patients with critical COVID-19 in seven large hospitals in
Belgium. AKI was defined according to KDIGO within 21 days after ICU admission. Multivariable logistic regression
analysis was used to explore the risk factors for developing AKI and to assess the association between AKl and ICU
mortality.

Results: Of 1286 patients, 85.1% had AKI, and KRT was used in 9.8%. Older age, obesity, a higher APACHE Il score
and use of mechanical ventilation at day 1 of ICU stay were associated with an increased risk for AKI. After multivari-
able adjustment, all AKI stages were associated with ICU mortality. AKI was based on sCrin 40.1% and UO in 81.5% of
patients. All AKI stages based on sCr and AKl stage 3 based on UO were associated with ICU mortality. Persistent AKI
was present in 88.6% and acute kidney disease (AKD) in 87.6%. Rapid reversal of AKl yielded a better prognosis com-
pared to persistent AKI and AKD. Kidney recovery was observed in 47.4% of surviving AKI patients.

Conclusions: Over 80% of critically ill COVID-19 patients had AKI. This was driven by the high occurrence rate of AKI
defined by UO criteria. All AKI stages were associated with mortality (NCT04997915).

Keywords: Acute kidney injury, Kidney replacement therapy, Renal replacement therapy, COVID-19, Intensive care
unit, Epidemiology, Mortality, KDIGO, Urine output, Serum creatinine

Background

In December 2019, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) appeared for the first time
in China, causing an ongoing pandemic of coronavirus
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15 million deaths worldwide [1, 2]. Acute kidney injury
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(AKI) has been reported as a complication of critical
COVID-19 in 25-76%, and the use of kidney replace-
ment therapy (KRT) in 5-44% [3-6] (Additional file 1:
Table S1: Overview of studies reporting on AKI in critical
COVID-19 patients). The Acute Disease Quality Initia-
tive (ADQI) formulated in its 25th conference the need
for more detailed epidemiological data [7].

The objective of this study was to evaluate the occur-
rence of AKI and use of KRT in critical COVID-19 in
several large hospitals in Belgium and its association
with mortality. We aimed to evaluate the association of
baseline risk factors and therapeutic strategies in criti-
cal COVID-19 with AKI and with patient outcomes and
to explore the difference in outcome when the diagnosis
of AKI is based on urine output (UO) (AKI-UO) or on
serum creatinine (sCr) (AKI-sCr) alone according to the
2012 KDIGO guidelines. Finally, we aimed to assess kid-
ney outcomes, especially rapid reversal of AKI, kidney
recovery and occurrence of acute kidney disease (AKD).

Methods

Study design, setting and participants

We conducted a multicenter, retrospective cohort anal-
ysis in adult (>18 y) patients with critical COVID-19
admitted to several ICU departments (medical, surgical
or mixed) in seven large hospitals in Flanders between
February 1, 2020, and January 31, 2021. In some of the
participating hospitals, ICU capacity was increased by
creating extra ICU units outside the regular ICU depart-
ment, e.g., in the post-anesthesia care unit.

We included patients if SARS-CoV-2 infection was
confirmed by real-time reverse-transcriptase polymerase
chain reaction (PCR) on nasopharyngeal or oropharyn-
geal swabs, bronchial aspirate or broncho-alveolar lavage
fluid. Patients were excluded when there was a diagnosis
of COVID-19 based on clinical symptoms or chest CT
scan without confirmation by PCR, when patients who
had a positive SARS-CoV-2 PCR were admitted to ICU
for other medical reasons and when patients had end-
stage kidney disease on chronic KRT.

The study was registered on clinicaltrials.gov
(NCT04997915). The STROBE guidelines for cohort
studies were applied (Additional file 1: Table S2).

Data collection and management

We collected patients’ baseline characteristics, comor-
bidities, medication at home, specific treatment for
COVID-19, potentially nephrotoxic drugs, biochemical
parameters, use of mechanical ventilation, PaO,/FiO,
ratio, use of veno-venous extracorporeal membrane oxy-
genation (VV-ECMO), use of vasoactive drugs, severity
of illness and kidney and patient outcomes. All data were
extracted from the electronic patient data management
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systems, pseudonymized and collected by each partici-
pating center. Pseudonymized data from all centers were
merged into one large database, remote monitoring was
applied to check validity of delivered data, and extensive
data cleaning was performed.

Definitions

We described all relevant definitions (Additional file 1:
Definitions Used, Table S3, Fig. S1). AKI, rapid rever-
sal AKI, persistent AKI, AKD and kidney recovery were
defined according to KDIGO and ADQI guidelines
[8-10].

Outcomes

The pre-specified primary outcome was the rate of
COVID-19-associated AKI and its stages assessed up to
day 21 of ICU admission. We explored the association
between AKI and ICU and hospital mortality. We also
reported the association between AKI and 30-day mor-
tality in patients who had at least 30 days of follow-up.
We assessed the risk factors for developing AKI and for
ICU mortality. Secondary outcomes included patient
and kidney outcomes of AKI defined by serum creati-
nine (sCr) criteria (AKI-sCr) and urine output (UO) cri-
teria (AKI-UO) separately. We also evaluated the rates
and outcomes of rapid reversal AKI, persistent AKI, and
AKD. Additionally, we assessed kidney recovery, per-
sistent use of KRT and ICU and hospital length of stay
(LOS).

Statistical analysis

Epidemiological data were reported as number (pro-
portion) and median (25% quartile, 75% quartile).
Univariate analysis of continuous variables was per-
formed with the Mann—Whitney U test and Wilcoxon
signed-rank test when appropriate. Discrete variables
were evaluated with Fisher’s exact test or chi-square
test. Multivariable logistic regression analysis was
used to explore risk factors for development of AKI
and for assessment of the association between AKI
and ICU mortality. Variables selected for inclusion
in the models were those with a biological or plausi-
ble rationale and a p value of 0.25 or less in bivariate
analysis of patients with and without AKI as well as
ICU survivors and non-survivors. We used backward
selection (Wald) to evaluate variables for inclusion and
checked for colinearity and interaction. The Hosmer—
Lemeshow test and the area under the receiver oper-
ating characteristic curve of the predicted probability
of a model were used to assess goodness-of-fit and
discrimination of the models (AUC-ROC, c statistic).
Missing values were considered missing at random
and were not replaced. All statistical analyses were



Schaubroeck et al. Critical Care (2022) 26:225

performed with SPSS Statistics 27 (IBM Corporation
and Others®). Figures were made with SigmaPlot (Ver-
sion 14.5, Systat Software Inc.). Confidence intervals
of proportions were calculated according to Gardner
et al. [11]. A sensitivity analysis was performed on the
cohort with true baseline sCr, i.e., recorded within
7-365 days before ICU admission.

Ethical committee

This study was approved by the Ethics Committee (EC) of
the participating hospitals. The EC of the Ghent Univer-
sity Hospital acted as central EC (BC-08285). Informed
consent of participants was waived. This study was con-
ducted in accordance with the ethical and scientific prin-
ciples of Good Clinical Practice.

Results

Patient characteristics

In the final analysis, 1286 patients were included (Fig. 1).
Baseline demographics, severity-of-illness parame-
ters, and treatment during ICU admission are outlined
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in Table 1. True baseline sCr was available in 69.1%
of patients (95% CI 66.6%, 71.7%) (Additional file 1:
Table S4).

Primary outcomes

AKl according to full KDIGO definition

Occurrence and stages Of 1286 patients, 85.1% devel-
oped AKI (95% CI 83.2%, 87.1%). The maximum AKI
stage was 1 in 12.1% of patients (95% CI 10.3%, 13.8%),
stage 2 in 47.4% (95% CI 44.7%, 50.2%), stage 3 in 25.7%
(95% CI 23.3%, 28.0%) (Fig. 2a); 9.8% of patients (95% CI
8.2%, 11.4%) were treated with KRT.

Risk factors for developing AKI Patients with AKI were
older, had a higher BMI and had more frequently diabetes
and arterial hypertension compared to patients without
AKI (Table 1). Baseline sCr was similar in both groups,
while baseline estimated glomerular filtration rate (eGFR)
was lower in the AKI group. AKI patients had higher
severity-of-illness scores. Multivariable regression analy-
sis showed an association between obesity and AKI (odds
ratio (OR) 3.055, 95% CI 1.745, 5.347; p<0.001) (Addi-

31/01/2021

Patients admitted to ICU
with COVID-19
1/02/2020 —

Reasons for exclusion:

1/ not admitted for COVID-related illness

2/ COVID-19 not confirmed by pcr

Patients included

in final analysis

3/ patients with chronic hemodialysis

n=1286
Combined KDIGO KDIGO sCr KDIGO UO
UO/sCr criteria criteria only criteria only
n=1286 n=1286 n=1282
No AKI No AKI No AKI
n=191 n =774 n=237
AKI AKI AKI

n = 1095 n=512 n =1045

Fig. 1 Study flowchart. Flowchart summarizing patient selection and inclusion process as well as number of patients with AKI according to the full
KDIGO definition, to sCr or to UO criteria
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Table 1 (a) Baseline demographics, (b) severity-of-iliness parameters, and (c) treatment during ICU admission

All No AKI AKI p Value
n=1286 n=191 n=1095
14.9% 85.1%

(a) Baseline demographics
Sex (M/F) 879 (68.4%)/407 (31.6%) 135 (70.7%)/56 (29.3%) 744 (67.9%)/351 (32.1%) 0453
(n=1286)
Age (y) 69 63 69 <0.001
(n=1285) (59,77) (53,73) (60, 77)
Body mass index (kg/m?) 27.8 269 28.1 <0.001
(n=1262) (25.0,32.0) (24.4,30.1) (25.2,32.5)
Baseline sCr (mg/dL) 0.85 0.84 0.85 0.781
(n=1286) (0.67,1.07) (0.70,1.03) (0.67,1.08)
eGFR (mL/min/1.73m?) 84 86 83 0.014
(n=1285) (67,98) (74,101) (66,97)
CKD (eGFR< 60) 252 28 224 0.062
(n=1285) (19.6%) (14.7%) (20.5%)
COVID day at Hospital admission 6.0 7.0 6.0 0.295
(n=2849) (3.0,9.0) (30,100 (3.0,8.0)
COVID day at ICU admission 80 9.0 8.0 0.732
(n=850) (50,11.6) (4.5,11.6) (5.0,11.6)
Comorbidities
Arterial hypertension 492 (47.2%) 60 (39.7%) 432 (48.5%) 0.046
(n=1042)
Cardiovascular disease 391 (41.2%) 51 (36.7%) 340 (42.0%) 0.238
(n=948)
COPD/asthma 145 (15.3%) 19 (13.7%) 126 (15.6%) 0.568
(n=949)
Diabetes 245 (25.7%) 23 (16.8%) 222 (27.1%) 0.010
(n=955)
Cirrhosis 18 (1.9%) 2(1.4%) 16 (2.0%) 1.000
(n=948)
Cancer 112 (11.8%) 12 (8.7%) 100 (12.4%) 0218
(n=947)
Immunocompromised 95 (10.0%) 18 (12.9%) 77 (9.5%) 0.213
(n=948)
Medication at home
ACEI/ARBs 242 (33.3%) 28 (26.2%) 214 (34.5%) 0.091
(n=727)
Immunosuppressive drugs 56 (5.9%) 11 (8.0%) 45 (5.6%) 0.268
(n=947)

Severity of illness at first day of ICU admission
(In case of hospital transfer, first day of ICU in investigating center)

(b) Severity-of-illness parameters

APACHE II 16.0 14.0 17.0 <0.001
(n=2883) (13.0,22.0) (103,17.0) (13.0,22.0)

SAPSII 39 31 40 <0.001
(n=855) (31,48) (24,41) (32,49)

SOFA 5 3 5 <0.001
(n=926) (3,10) (2,5) (3,10)

Lymphocytopenia (< 1000/uL) 518 (63.7%) 85 (72.6%) 433 (62.2%) 0.030
(n=813)

Ferritin (ug/L) 1226 1390 1200 0.299
(n=636) (617,1942) (612, 2486) (617,1916)

CRP (mg/L) 132.5 97.1 1383 <0.001
(n=1066) (74.2,209.8) (54.5,190.0) (79.1,213.1)

D-dimers (ng/mL) 1160 750 1246 <0.001

(n=783) (573,2344) (290, 1623) (600, 2520)
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Table 1 (continued)

All No AKI AKI p Value

n=1286 n=191 n=1095

14.9% 85.1%

PaO,/FiO, 89 114 88 <0.001
(n=970) (68,127) (75, 160) (67, 124)
HFO 512 (55.5%) 55 (50.5%) 457 (56.1%) 0.262
(n=923)
NIV 91 (9.6%) 7 (5.1%) 84 (10.3%) 0436
(n=952)
IMV 351 (36.5%) 16 (14.7%) 335 (39.3%) <0.001
(n=962)
Prone 63 (7.4%) 6 (5.7%) 57 (7.7%) 0472
(n=2847)
VW-ECMO 32 (3.8%) 0 (0%) 32 (4.4%) 0.025
(n=2838)
Vasoactive drugs 387 (30.1%) 32(16.8%) 355 (32.4%) <0.001
(n=1286)
MAP (mmHg) (lowest) 71(61,86) 75 (65, 87) 71 (61, 86) 0.175
(n=971)
Severity of illness @ first day of AKI
AKl stage
Stage 1 472 (45.1%)
Stage 2 522 (49.9%)
Stage 3 52 (5.0%)
SOFA score (n=353) 9(5,11)
PaO,/FiO, (n=1044) 98 (69, 137)
HFO (h=573) 290 (50.6%)
NIV (n =659) 49 (7.4%)
IMV (n=836) 400 (47.8%)
VW-ECMO (n=608) 42 (6.9%)
Prone position (n=638) 118 (18.5%; 29.2% of patients on IMV)
Vasoactive drugs (n=503) 322 (64.0%)
MAP (mmHg) (lowest) (n=854) 64 (55, 76)
Lymphocytopenia (< 1000/uL) (h=781) 658 (84.3%)
Ferritin (ug/L) (n=713) 1043 (414, 1700)
CRP (mg/L) (n=1060) 123(63,210)
D-dimers (n=709) 950 (340, 2121)
(c) Treatment during ICU admission
Corticosteroids 780 (74.8%) 96 (63.6%) 684 (76.7%) <0.001
(h=1043)
Hydroxychloroquine 333 (25.9%) 40 (20.9%) 293 (26.8%) 0.089
(n=1285)
Remdesivir 193 (15.0%) 39 (20.4%) 154 (14.1%) 0.024
(n=1285)
Anti-IL1 or anti-IL6 54 (4.2%) 5(2.6%) 49 (4.5%) 0.238
(n=1286)
Convalescent COVID-19 plasma 15 (1.2%) 2 (1.1%) 13 (1.3%) 1.000
(n=1214)
NSAIDs 48 (3.7%) 5(2.6%) 43 (3.9%) 0.377
(n=1285)
Aminoglycoside 83 (8.0%) 3(2.0%) 80 (9.0%) 0.003
(n=1041)
Vancomycin 215 (16.7%) 5(2.6%) 210 (19.2%) <0.001

(n=1285)




Schaubroeck et al. Critical Care (2022) 26:225 Page 6 of 15
Table 1 (continued)

All No AKI AKI p Value

n=1286 n=191 n=1095

14.9% 85.1%

Vasoactive drugs 648 (50.4%) 37 (19.4%) 611 (55.8%) <0.001
(n=1286)
IMV 560 (64.4%) 18 (23.1%) 542 (68.4%) <0.001
(n=870)

AKl acute kidney injury, M male, F female, y years, sCr serum creatinine, eGFR estimated glomerular filtration rate, COVID coronavirus disease, ICU intensive care unit,
COPD chronic obstructive pulmonary disease, ACE/ angiotensin-converting enzyme inhibitors, ARBs angiotensin receptor blockers, CRP C-reactive protein, Pa0O2
arterial oxygen pressure, FiO2 fraction of inspired oxygen, HFO high-flow oxygen, NIV noninvasive ventilation, IMV invasive mechanical ventilation, vv-ECMO veno-
venous extracorporeal membrane oxygenation, MAP mean arterial pressure, IL interleukin, NSAIDs nonsteroidal anti-inflammatory drugs

Continuous variables are reported as median and interquartile ranges; categorical variables are reported as absolute numbers and frequencies

tional file 1: Table S5a, b, c). Other risk factors were age
(OR 1.038, 95% CI 1.018, 1.059; p<0.001) and invasive
mechanical ventilation (IMV) on day of ICU admission
(OR 2.182, 95% CI 1.144, 4.163; p =0.018). Chronic kid-
ney disease (CKD), hypertension, diabetes, APACHE II
and vasoactive therapy at ICU admission were not associ-
ated with AKI.

Patient outcomes

Crude mortality Compared to patients without AKI,
AKI patients had higher ICU, hospital and 30-day mortal-
ity (Fig. 2b; Table 2). Increasing AKI stages had increasing
ORs for ICU mortality (stage 1: OR 3.729, 95% CI 1.843,
7.544; stage 2: OR 4.199, 95% CI 2.270, 7.768, stage 3: OR
13.537, 95% CI 7.260, 25.243) (Fig. 3a; Additional file 1:
Table S6a, b). Patients on KRT had an increased ICU,
hospital and 30-day mortality compared to patients not
treated with KRT (p<0.001) (Table 2).

Adjusted risk for ICU mortality After adjustment for
covariates, all AKI stages were associated with ICU mor-
tality (stage 1 OR: 3.179, 95% CI 1.054, 9.583; stage 2 OR:
3.024, 95% CI 1.139, 8.028; stage 3 OR: 12.039, 95% CI
4.418, 32.802) (Fig. 3b; Additional file 1: Table Sé6c, d).
The model included age, baseline eGFR and comorbidi-
ties (arterial hypertension, COPD, diabetes, malignancy,
immunodepression) as well as severity of illness at ICU
admission (APACHE II score, PaO,/FiO, and use of vaso-
active therapy).

Secondary outcomes

AKl occurrence and stages according to sCr or UO

AKI-sCr was present in 40.1% (95% CI 37.4%, 42.8%) and
AKI-UO in 81.5% of all patients (95% CI 79.4%, 83.6%)
(Table 2). Occurrence of AKI-sCr and AKI-UO stages is
presented in Fig. 2a.

Patient outcomes

Crude mortality according to AKI-sCr or AKI-UO In
patients with AKI-sCr ICU, hospital and 30-day mor-
tality were higher than in patients without AKI-sCr.
This was similar for AKI-UO patients, except for 30-day
mortality (Table 2). ICU mortality for AKI stages 1 and
2 was significantly higher when defined by AKI-sCr cri-
teria compared to AKI-UO criteria (Fig. 2b; Table 3). All
AKI-sCr stages and AKI-UO stage 2 and 3 were associ-
ated with ICU mortality in univariate analysis (Fig. 3a).
Patients with AKI-sCr had higher ICU mortality (43.8%
resp. 28.7%, p <0.001) and hospital mortality (45.5% resp.
31.3%, p<0.001) compared to patients with AKI-UO. A
similar nonsignificant trend could be observed in 30-day
mortality (42.9% resp. 37.2%, p=0.054). Of patients not
meeting AKI-sCr criteria, 75% had AKI-UO with a crude
ICU mortality of 16.6% compared to 6.3% in the patients
without any AKI (p<0.001) (Table 3).

Adjusted risk for ICU mortality according to AKI defini-
tion After correction for covariates, all AKI-sCr stages
and AKI-UO stage 3 were associated with ICU mortality
(adjusted OR AKI-sCr stage 1: 3.319, 95% CI 5.026, 5.345;
stage 2: 4,417, 95% CI 1.921, 10.621; stage 3: 9943, 95%
CI 5.696, 17.355; adjusted OR AKI-UO stage 1: 1.474,
95% CI 0.597, 3.641; stage 2: 1.784, 95% CI 0.891, 3.570;
stage 3: 5.636, 95% CI 2.676, 11.868) (Fig. 3b; Additional
file 1: Table S6d). In a subanalysis of patients who devel-
oped AKI-UO but did not fulfill sCr criteria for AKI at any
point, only AKI-UO stage 3 was associated with adjusted
ICU mortality (Additional file 1: Table S6e).

Crude mortality according to AKD and rapid reversal
of AKI Patients who developed AKD had higher ICU,
hospital and 30-day mortality compared to patients with-
out AKD (Table 2). ICU mortality was higher in patients
with persistent AKI than in patients with rapid reversal of
AKI (Table 2).



Schaubroeck et al. Critical Care (2022) 26:225

Page 7 of 15

a) Occurrence rate of AKI stages
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Fig. 2 Occurrence rate and ICU mortality of AKI stages. a Occurrence rate and b ICU mortality of AKI stages defined according to the full KDIGO
definition and its components AKI-sCr and AKI-UO. AKI =acute kidney injury, AKI-sCr = AKI based on creatinine criteria only, AKI-UO = AKl based on
urine output criteria only. Statistical significance of comparison of ICU mortality in AKI-sCr versus AKI-UO stages: AKI stage 0: p =0.002; AKl stage 1:

p<0.001; AKl stage 2: p=0.001; AKl stage 3: p=0.070
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Table 2 Patient and kidney outcomes according to different AKI categories and AKD

Mortality ICU P Hospital P 30-day P
(n=1286) (n=1282) (n=807)

(a) Patient outcomes

No AKI 12 (6.3%) <0.001 17 (8.9%) <0.001 11 (18.3%) 0.003

AKI 322 (29.4%) 350 (32.1%) 297 (37.3%)

No AKI-sCr 108 (14.0%) <0.001 133 (17.3%) <0.001 95 (27.0%) <0.001

AKI-sCr 226 (43.8%) 234 (45.5%) 195 (42.9%)

No AKI-UO 33 (13.9%) <0.001 40 (16.9%) <0.001 28 (27.5%) 0.056

AKI-UO 300 (28.7%) 326 (31.3%) 261 (37.2%)

RR-AKI 23 (18.4%) 0.042 29 (23.2%) 0.158 22 (36.1%) 0.982

P-AKI 311 (26.8%) 338 (29.2%) 268 (35.9%)

No AKD 9 (5.7%) <0.001 11 (6.9%) <0.001 8(17.8%) 0.009

AKD 325 (28.8%) 356 (31.7%) 282 (37.0%)

No KRT 263 (22.7%) <0.001 295 (25.5%) <0.001 232 (33.9%) 0.004

KRT 71 (56.3%) 72 (57.1%) 58 (47.5%)

Length of stay (days)

All 11(5.3,22) <0.001 18 (7,34) <0.001 / /

No AKI 5(8,79) 13.5(6,22)

AKI 12.1(6.7,24) 19 (7,36)

(b) Kidney outcomes

AKI 1095/1286 (85.1%)

ICU day start AKI (d)
ICU day AKI' max (d)
Duration of AKI (d)
RR-AKI

AKD (n=1286)
AKD-no AKI (hn=191)
AKD-AKI (n=1095)

KRT (n=1286)
CKRT
IHD

KRT start (d of ICU/date)

KRT end (d of ICU/date)
Duration KRT (d) (h=196)
Kidney recovery (ICU survivors)
AKl (n=773)

AKI-sCr (n=290)

AKI-UO (h=740)

AKI-UO excl KRT (n=725)
sCr@d21/ICU discharge (mg/dl)
All'ICU survivors (n=952)

No AKI (n=179)

AKl (n=773)

KRT at 21 days or ICU discharge (n=95)

2(1,2)
2(2,4)
53,9
125 (11.4%)

1127 (87.6%)
32 (2.8% of all AKD)
1095 (97.2% of all AKD)

126 (9.8%)

75 (59.5%)

51 (40.5%)

7(2,12)

17 (10, 22)

8(3,14)

AKI-sCr vs AKI-UO: p<0.001
369 (47.7%)

199 (68.6%)

407 (55.0%)

397 (54.8%)

no AKI versus AKI p=0.266
0.73(0.61,0.93)

0.70 (0.65, 0.90)
0.72 (0.60, 0.95)

64 (67.4%)

AKl acute kidney injury, AKI-sCr AKI based on creatinine criteria only, AKI-UO AKI based on urine output criteria only, RR-AKI AKI with rapid reversal, P-AKI persistent AKI,
AKD acute kidney disease, KRT kidney replacement therapy, CKRT continuous kidney replacement therapy, IHD intermittent hemodialysis, ICU intensive care unit, exc/

excluded, sCr serum creatinine, d day

Continuous variables are reported as median and interquartile ranges; categorical variables are reported as absolute numbers and frequencies

Length of stay Patients with AKI had a longer ICU  duration of 5 days (IQR 3-9) (Table 2). In 11.5% of AKI
and hospital LOS than patients without AKI (p<0.001) patients (95% CI 9.6%, 13.4%), KRT was initiated start-

(Table 2).

Kidney outcomes

ing at a median interval of 7 days (IQR 2-12.5) after
admission with a median duration of 8 days (IQR 3-14).
Continuous KRT (CKRT) was initiated in 59.5% and

AKI occurred early during ICU stay with a maxi- intermittent hemodialysis (IHD) in 40.5%.
mum AKI stage at 2 days after admission and a median
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a) unadjusted

AKI-UO stage 3 - —eo—
AKI-UO stage 2 - 3
AKI-UO stage 1 - HH
AKI-sCr stage 3 - —e—
AKI-sCr stage 2 - —eo—
AKI-sCr stage 1 o—i
AKI stage 3 } L i
AKI stage 2 - ——
AKI stage 1 —eo—
no AKI - T
(]) é 1I0 1I5 2]0 2I5 310
OR (95% Cl)
b) adjusted
AKI-UQ stage 3 - ———
AKI-UQ stage 2 | -0—
AKI-UC stage 1 1 He—
AKI-sCr stage 3 I L i
AKI-sCr stage 2 —e——
AKI-sCr stage 1 —o—
AK! stage 3 I ® {
AK! stage 2 - —o—
AK! stage 1 - —
no AKI - T
T T T T T T T 1
0 5 10 15 20 25 30 35

OR (95% Cl)
Fig. 3 Association between ICU mortality and AKI stages. Association between ICU mortality and AKI stage according to serum creatinine and/or
urine output: a unadjusted, b adjusted

We observed rapid reversal in 11.4% of AKI patients  CI 85.8%, 89.4%). Patients with rapid reversal had more
(95% CI 9.5%, 13.3%), whereas 88.6% had persistent AKI ~ AKI based on UO only, compared to patients with per-
(95% CI 86.7%, 90.5%) and 87.6% developed AKD (95%  sistent AKI (Table 4). Kidney recovery at 21 days or ICU
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Table 3 AKI stages according to serum creatinine or urine output and ICU mortality

AKI stages No AKI-UO AKI-UO 1 AKI-UO 2 AKI-UO 3 Total

No AKI-sCr 190 100 409 70 769

ICU mortality 12 (6.3%) 15 (15.0%) 68 (16.6%) 13 (18.6%) 108 (14.0%)
AKI-sCr 1 29 25 150 70 274

ICU mortality 10 (34.5%) 5(20.0%) 52 (34.7%) 35 (50.0%) 102 (37.2%)’
AKI-sCr 2 7 6 37 20 70

ICU mortality 4 (57.1%) 0 (0%) 10 (27.0%) 15 (75.0%) 29 (41.4%)>
AKI-sCr 3 Nl 4 34 120 169

ICU mortality 7 (63.6%) 1 (25.0%) 18 (52.9%) 68 (56.7%) 94 (55.6%)>
Total 237 135 630 280 1282

ICU mortality 33(13.9%) 21(15.6%)’ 148 (23.5%)? 131 (46.8%)3 (333) 26.0%

Bold 1 (diagonal): ICU mortality in patients having AKI according to both criteria (sCr and UO). Bold 2 (row or column "total’): ICU mortality per AKI stage according to

the used criterium

Statistical significance of comparison of ICU mortality in AKI-sCr versus AKI-UO stages

: 1AKI stage 1: p<0.001; 2AKI stage 2: p=0.001; 3AKI stage 3: p=0.070

AKl acute kidney injury, AKI-sCr AKI based on creatinine criteria only, AKI-UO AKI based on urine output criteria only, ICU intensive care unit

Table 4 Rapid reversal of AKl according to fulfilled AKI criteria
(sCr, UO or both)

AKI sCr uo sCr+UO p Value
(n=50) (n=579) (n=466)

P-AKI 32 484 454 <0.001

(n=970) 33% 50.1% 46.8%

RR-AKI 18 95 12

(n=125) 14.4% 76.0% 9.6%

AKl acute kidney injury, P-AKl persistent AKI, RR-AKI rapid reversal AKI, UO urine
output, sCr serum creatinine, KRT kidney replacement therapy, sCr sCr criterion
is fulfilled, UO UO criterion is fulfilled, sCr+ UO both criteria are fulfilled to define
AKI

discharge, whichever came first, was observed in 47.4%
of all survivors with AKI (95% CI 44.2%, 51.3%), in 68.6%
when AKI-sCr was present (95% CI 63.3%, 74.0%), and
in 55.0% in case of AKI-UO (95% CI 21.4%, 58.6%). Of
all patients who received KRT, 67.4% were still on KRT
at time of ICU discharge or at day 21 after ICU admis-
sion (95% CI 54.6%, 73.4%). There was no significant
difference in kidney recovery between patients treated
with CKRT compared to IHD. Crude patient and kidney

outcomes according to KRT modality are outlined in
Table 5. After correction for age, diabetes, arterial hyper-
tension, APACHE II, PaO2/FiO2 and vasopressors at
day 1, we observed a trend toward better survival in the
patients who were treated with CKRT (aOR 0.211, 95%
CI 0.044-1.007) compared to patients treated with IHD
(Hosmer—Lemeshow 0.034).

Sensitivity analysis

As a sensitivity analysis, assessing risk factors for devel-
oping AKI and for ICU mortality was performed using
only true baseline sCr which confirmed the results (Addi-
tional file 1: Table S5c¢, S6d).

Second COVID-19 wave versus first wave
Occurrence of AKI was similar during the two waves,
independent of the AKI criterion used (Additional file 1:
Table S7). Rates of rapid reversal of AKI and AKD did not
differ between the two waves. KRT was less frequently
used during the second wave (11.9% vs. 8.3%, p=0.035).
Patients during the second wave were significantly
older (median 67 y vs. 70 y, p=0.002) and had a lower

Table 5 Crude patient and kidney outcomes according to KRT modality

CKRT (n=75) IHD (n=51) p Value
ICU mortality 42/75 (56.0%) 29/51 (56.9%) 0.924
Hospital mortality 42/75 (56.0%) 30/51 (58.8%) 0.753
Kidney recovery (UO) in ICU survivors 20/33 (60.6%) 10/22 (45.5%) 0.269
Kidney recovery (sCr) in ICU survivors 14/33 (42.4%) 7/22 (31.8%) 0428
Kidney recovery (KRT) in ICU survivors 22/33 (66.6%) 2/6 (33.3%) 0.123

CKRT continuous kidney replacement therapy, IHD intermittent hemodialysis, ICU intensive care unit, UO urine output, sCr serum creatinine, KRT kidney replacement
therapy, Kidney recovery (UO) patient does not fulfill AKI-UO criteria, Kidney recovery (sCr) patient does not fulfill AKI-sCr criteria, Kidney recovery (KRT) patient is free of

KRT
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baseline serum creatinine. They had a lower SOFA
and APACHE II score at admission. During the second
wave, corticosteroids were used during hospitaliza-
tion in almost all patients, remdesivir was administered
more frequently, and hydroxychloroquine was not used.
At day 1 of ICU admission, high-flow oxygen was more
frequently applied; mechanical ventilation was used less
often as well as vasoactive drugs. ICU mortality was
significantly higher in the second wave (21.2% vs. 29%;
p=0.002) in all patients and in patients with AKI (24.4%
vs. 32.6%; p=0.003) (Additional file 1: Table S8).

Discussion

In this large multicenter cohort of 1286 patients with
critical COVID-19, we found a high rate of AKI (85.1%)
as defined by the 2012 KDIGO guidelines which occurred
early in the disease course. KRT was used in 9.8% of
patients. Older age, obesity, a higher APACHE II score
and use of mechanical ventilation at day 1 of ICU stay
were associated with an increased risk of AKI. After cor-
rection for confounders, all AKI stages were associated
with ICU mortality.

In the majority of patients, AKI diagnosis was driven by
UO criteria, while only 40% had AKI based upon a rise
in sCr. The association between AKI and ICU mortality
was more pronounced when AKI was diagnosed due to
elevated sCr. In contrast, when staging was based upon
UO, only AKI stage 3 was an independent predictor of
ICU mortality.

Most patients developed persistent AKI and AKD.
Kidney recovery was observed in almost half of surviv-
ing AKI patients. Rapid reversal of AKI yielded a better
prognosis compared to patients with persistent AKI and
AKD. Occurrence of AKI was similar during the first and
the second COVID-19 wave in Belgium; ICU mortality
was higher in the second COVID-19 wave in all patients
and in AKI patients compared to the first wave.

Our study confirms that AKI is a frequent complica-
tion in critical COVID-19. The demonstrated AKI rate of
85% is markedly more than the 40-60% occurrence rate
of AKI observed in a general ICU population [12-14].
We found that the median rate of AKI reported in criti-
cal COVID-19 was 55.8%, with a broad variation (Addi-
tional file 1: Table S1). Several studies in the USA also
reported AKI in 60—-80% of critical COVID-19 patients
[6, 15-17]. This could even be an underestimation as
some investigators defined AKI on sCr only [16, 17]. In a
French cohort of 379 critical COVID-19 patients, half of
patients had AKI in the first 7 days after ICU admission
[18]. Lumlertgul et al. [3] observed AKI in 76% of 313
critical COVID-19 patients, which was more concordant
with our findings. They used a time window of 14 days
after ICU admission. In this cohort, we studied AKI
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occurrence based on the full KDIGO definition within
the first 21 days of ICU admission which could be an
explanation for the difference. A multicenter cohort from
Wuhan found AKI-sCr in almost half of the 275 patients
with critical COVID-19 when the entire hospital stay was
evaluated [19]. This is in line with our findings based on
sCr alone.

The pathophysiology of AKI in critical COVID-19 is
multifactorial. Acute tubular injury is the most frequent
histological finding; however, collapsing glomerulopathy
and thrombotic microangiopathy have been observed
in this population. Other rare findings such as anti-neu-
trophil cytoplasmic antibody vasculitis, anti-glomeru-
lar basement membrane disease and podocytopathies
have been reported [7, 20, 21]. Endothelial damage as
well as local and systemic inflammatory responses with
complement activation might play a role. Renal tropism
by SARS-CoV-2 with direct invasion of the kidney has
been proposed but remains controversial [22]. In criti-
cal COVID-19, indirect factors such as the presence of
hypoxemia, hypotension, hypo- or hypervolemia could
also contribute to the development of AKI as well as the
use of specific treatments such as mechanical ventilation
with high positive end-expiratory pressure or high inspi-
ration pressure and use of nephrotoxic drugs [7, 21].

Use of KRT in critical COVID-19 was low in our
cohort, compared to some previous epidemiologi-
cal studies which observed use of KRT in up to 44% of
patients [6]. In our summary of data reported in the lit-
erature, the median number of patients treated with KRT
was 24.5%, and 25% of studies reported that less than
16.3% of patients were treated with KRT (Additional
file 1: Table S1). This may be explained by differences
in patient characteristics and variation in practice pat-
terns. The threshold to initiate KRT might vary among
ICU physicians and centers. The decision to initiate KRT
may have been more conservative compared to a general
ICU population. In view of the infectious hazard, doc-
tors seem to be more reluctant to expose themselves and
other healthcare professionals to COVID-19 patients
which might delay consultation and hence treatment as
shown by Scherer et al. [23]. However, restrictive use of
KRT has no impact on patient outcomes as shown in
several large studies and a meta-analysis. [24—27]. We
hypothesize that integration of STARRT-AKI conclu-
sions in daily practice was the main driver for the high
threshold to start KRT in this cohort [24].

In this study, all AKI stages were associated with
increased ICU mortality, which is in line with some
reports in critical COVID-19, but in contrast to most
studies in general ICU patients [13, 15, 19, 28]. The rela-
tion between AKI and mortality was less pronounced
when UO was used as the only diagnostic tool for AKI.
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Previously, the prognostic value of oliguria (UO <0.5 ml/
kg/h) has already been questioned in a general ICU pop-
ulation [29]. However, Kellum et al. showed that patients
meeting both UO and sCr criteria for AKI in critically
ill had worse outcomes compared to patients with AKI
diagnosis based on one criterion. They advocate the
absolute need for UO in diagnosing AKI [30]. This is sup-
ported by the observation of Macedo et al. that UO was
a sensitive and early marker for AKI and associated with
adverse outcomes in critically ill patients [31].

In our cohort, we observed that 75% of patients not
meeting AKI-sCr criteria had AKI-UO, with a higher crude
ICU mortality compared to patients without any AKL In a
subanalysis of patients with AKI-UO not fulfilling sCr cri-
teria, only AKI-UO stage 3 was associated with ICU mor-
tality after adjustment for covariates. This suggests that
severe AKI-UOQ identified a relevant subset of AKI patients,
similar to findings in the general ICU population [30].

The finding that oliguric AKI does not necessarily
lead to worse prognosis in critical COVID-19 may be
explained by the hypothesis that a decrease in UO rather
reflects a functional change in kidney function with-
out structural damage, whereas changes in sCr could be
more compatible with structural changes. Biomarkers
could play a role to differentiate the several phenotypes of
AKI [32]. A decreased UO might be an early indicator of
hypovolemia, e.g., secondary to insensible losses caused
by fever and elevated work of breathing, which could pre-
cede biochemical changes and kidney damage when these
adaptations to altered hemodynamics are persisting.

The high rate of oliguria in this cohort might be related
to the conservative fluid management which was ini-
tially advised in treatment of critical COVID-19 [1]. This
hypothesis could not be evaluated in this cohort. On
the one hand, we assumed that not only fluid dynamics
during ICU stay, but also fluid management before ICU
admission might have influenced AKI occurrence since
AKI occurred early during ICU stay and patients were
already admitted to the hospital for a median duration
of 8 days before entering the ICU. Fluid balances before
ICU admission could not be obtained. On the other
hand, fluid balance might not reflect the effective circu-
lating volume. Standardized assessment of the intravas-
cular volume status was not possible in our cohort since
invasive hemodynamic monitoring was seldom used.

Rapid reversal of AKI yielded a better prognosis.
Patients with rapid reversal had more AKI based on UO
only, compared to patients with persistent AKI, which
supports the hypothesis that compared to persistent
AKI, a greater proportion of rapid reversal AKI could be
caused by functional changes, i.e., hypovolemia or low
effective circulating volume, leading to oliguria. Optimiz-
ing hemodynamics is key in treating these patients.
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The high proportion of obese patients in the AKI group
(one-third) and the use of actual body weight for calcula-
tion of UO as mL/kg/h could partially explain the high
occurrence of oliguric AKL It has been suggested to use
adjusted body weight to classify oliguric AKI to avoid
over-classification of AKI in obese patients [33]. This
concept needs further validation.

Patients with critical COVID-19 and AKD had worse
outcomes than patients without AKD, which is similar to
findings in the general ICU population [34]. The occur-
rence of AKD was very high during ICU stay. According
to the 2021 KDIGO definition, the diagnosis of AKD is
met when AKI criteria are fulfilled, irrespective of the 7-d
time window [10]. Thus, AKI is considered a subgroup of
AKD which explains this high rate.

Almost 50% of surviving patients demonstrated kidney
recovery at 21 days or at ICU discharge. Kidney recov-
ery rate is probably higher at longer follow-up as has
been demonstrated by Lumlertgul and colleagues who
observed kidney recovery in 90.9% of survivors at 90 days
[3]. These findings confirm that AKD is often a reversible
condition which compasses patient groups with different
disease trajectories [10].

When comparing the first and the second COVID-19
wave in Belgium, occurrence of AKI was similar. The
crude ICU mortality as well as AKI-associated mortal-
ity was higher in the second versus the first wave. First,
differences between measured confounders could cer-
tainly play a role. In the second wave, patients admitted
to ICU were older compared to the first wave. More use
of HFO during the second wave with a potential intuba-
tion delay might also have contributed to this difference.
However, the hypothesis that HFO delays intubation in
critical COVID-19 is not supported by a recent meta-
analysis [35]. Second, mortality was most likely influ-
enced by unmeasured confounders, such as the strain
on the healthcare system, which was more pronounced
in the second wave in Belgium with less postponement
of regular care which could have led to a compromised
COVID capacity and expertise, in comparison with the
first wave (Additional file 1: Figure S1). Furthermore,
studies have demonstrated that bacterial surinfections
and fungal infections are frequent in patients with critical
COVID-19 [36-38]. We did not compare the occurrence
of ICU-acquired infections in the first versus the second
wave which could also have contributed to ICU mortality.

Strengths

We conducted a multicenter study including seven large
ICUs in Flanders. Using electronically recorded data,
we collected a large dataset including hourly UO dur-
ing 21 days of ICU admission which made it possible to
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detect AKI patterns and differences in diagnosis depend-
ing on the used AKI criterion in critical COVID-19. To
our knowledge, this is one of the largest multicenter
cohort studies on COVID-19-associated AKI in criti-
cally ill patients using the full KDIGO definition of AKI
and the first study exploring the differences between AKI
defined by UO or by sCr as well as the relation to prog-
nosis in COVID-19-associated AKI. In addition, we also
explored the occurrence and outcomes of rapid reversal
of AKI, persistent AKI and AKD.

Limitations
This study was retrospective in design; hence, we could
only explore association and not causality. Estimation of
the volume status of our patients was not possible in this
retrospective cohort. Furthermore, patients were admit-
ted to the hospital for over 1 week before ICU admission
and developed AKI early in their ICU course. We there-
fore did not report fluid balances; hence, the association
between fluid balance and AKI could not be explored.
Follow-up at 30 days was only available in two-thirds
of patients, and long-term follow-up data at, for example,
90 days was unavailable which limits conclusions about
long-term outcomes. Kidney outcomes were pragmati-
cally assessed until up to 21 days after ICU admission;
therefore, the presented rates of AKD and kidney recov-
ery as well as duration of KRT could be underestimated.
Differences in treatment of COVID-19 patients within
centers could be present which is inherent to the multi-
centric design. We included academic and non-academic
centers as well as several types of ICU (medical, surgi-
cal, mixed). Since we aimed to give a global picture of
COVID-associated AKI in Belgium, and given the fact
that some centers had more than 1 ICU, we did not cor-
rect for a potential center effect in our analysis. Related
to the level of care in most participating hospitals, poten-
tial referral bias could have resulted in a higher number
of patients with more severe illness being admitted to
these centers compared to non-referral centers which
could lead to a higher rate of AKIL

Conclusions

In this large cohort of critical COVID-19, AKI occurred
in 85% of patients. This was largely driven by the high
occurrence rate of AKI defined by UO criteria. KRT was
used in 1 in 10 patients. All AKI stages were associated
with ICU mortality. AKI defined by UO criteria had bet-
ter patient outcomes compared to AKI defined by sCr
criteria. Kidney recovery at ICU discharge or at 21 days
of ICU admission was present in almost half of surviving
AKI patients.
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