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Abstract: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection leads to 5%
to 16% hospitalization in intensive care units (ICU) and is associated with 23% to 75% of kidney
impairments, including acute kidney injury (AKI). The current work aims to precisely characterize
the renal impairment associated to SARS-CoV-2 in ICU patients. Forty-two patients consecutively
admitted to the ICU of a French university hospital who tested positive for SARS-CoV-2 between
25 March 2020, and 29 April 2020, were included and classified in categories according to their
renal function. Complete renal profiles and evolution during ICU stay were fully characterized
in 34 patients. Univariate analyses were performed to determine risk factors associated with AKI.
In a second step, we conducted a logistic regression model with inverse probability of treatment
weighting (IPTW) analyses to assess major comorbidities as predictors of AKI. Thirty-two patients
(94.1%) met diagnostic criteria for intrinsic renal injury with a mixed pattern of tubular and glomerular
injuries within the first week of ICU admission, which lasted upon discharge. During their ICU
stay, 24 patients (57.1%) presented AKI which was associated with increased mortality (p = 0.007),
hemodynamic failure (p = 0.022), and more altered clearance at hospital discharge (p = 0.001).
AKI occurrence was associated with lower pH (p = 0.024), higher PaCO2 (CO2 partial pressure in the
arterial blood) (p = 0.027), PEEP (positive end-expiratory pressure) (p = 0.027), procalcitonin (p = 0.015),
and CRP (C-reactive protein) (p = 0.045) on ICU admission. AKI was found to be independently
associated with chronic kidney disease (adjusted OR (odd ratio) 5.97 (2.1–19.69), p = 0.00149). Critical
SARS-CoV-2 infection is associated with persistent intrinsic renal injury and AKI, which is a risk
factor of mortality. Mechanical ventilation settings seem to be a critical factor of kidney impairment.

Keywords: acute kidney injury; intrinsic renal injury; pneumonia; proteinuria; SARS-CoV-2

1. Introduction

About 5% to 16% [1,2] of the patients who tested positive for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) required hospitalization in intensive care units
(ICU), mainly for respiratory distress associating dyspnea, high respiratory rate, low oxy-
gen saturation, or rapid increase in lung infiltrates [3,4]. Mortality associated with ICU
hospitalizations ranged from 49% to 67% [5,6]. While respiratory symptoms are the corner-
stone of the disease, other organs can be affected [7,8]. Acute kidney injury (AKI) occurred
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in 23% of SARS-CoV-2 patients during their hospitalization [9], and renal replacement
therapy (RRT) was used for 13% of them [10]. However, when urine dipstick tests are
systematically performed, the incidence of renal impairment on hospital admission can
be evaluated as high as 75% [11]. The SARS-CoV-2 is thought to have a direct renal toxic-
ity [12] via entry into proximal tubular cells and podocytes where angiotensin converting
enzyme 2 (ACE2) receptors and transmembrane serine proteases (TMPRSS) are highly
expressed [13–15]. In critically ill patients, other factors may be implicated, such as cytokine
storm, angiotensin II pathway activation, dysregulation of complement, hypercoagulation,
and microangiopathy [9]. Moreover, 14% of SARS-CoV-2 patients develop an acute respi-
ratory distress syndrome (ARDS) [2] that is, by itself, also independently associated with
AKI out of SARS-CoV-2 context [16,17]. This specific impairment could be associated with
a higher mortality rate in ICU [18].

However, at this time, no study has characterized renal impairment of SARS-CoV-2 in
ICU patients. Our work aims to define the intrinsic renal injury induced by SARS-CoV-
2 infection in critically ill patients, its consequences in terms of renal function, and its
relationship with morbidity and mortality.

2. Materials and Methods
2.1. Study Design and Patients

This single-center, observational study was conducted in a university hospital (Hôpital
Saint-Antoine, Assistance Publique—Hôpitaux de Paris, France). Forty-two patients con-
secutively admitted to the ICU between 25 March 2020, and 29 April 2020, were included.
ICU admission criteria were patient tested positive for SARS-CoV-2 by reverse transcription-
polymerase chain reaction (RT-PCR) on nasopharyngeal or tracheal swab with clinical respi-
ratory distress symptoms (polypnea, SpO2 < 90% with 5 L/min O2) and/or a PaO2/FiO2
ratio < 300 mm Hg. During their ICU stay, patients were routinely given urine and blood
tests, which were analyzed afterwards. Patients were then classified in two groups: pa-
tients who presented AKI during their ICU stay and patients who did not. In both groups,
urine profiles were used to detect signs of intrinsic renal injury or renal response to hypov-
olemia according to definitions below.

2.2. Definitions

The diagnosis of ARDS was carried out according to the Berlin criteria [19]. AKI scor-
ing was defined according to the 2012 Kidney Disease: Improving Global Outcome (KDIGO)
definitions [20] and AKI as KDIGO ≥ 1. We defined the serum creatinine baseline as the
serum value on ICU admission, as previously described [21]. The glomerular filtration rate
was calculated from the daily urine volume, creatininemia, and creatininuria. To determine
whether patients had chronic kidney disease (CKD), we relied on their medical records
or on the creatinine level of the last 6 months when it was present (12 patients). In order
to characterize the renal impairment of patients, the following standard definitions were
used: (i) renal response to hypovolemia—a marker predictive of prerenal acute kidney
injury—as a fractional excretion of urea (FeUrea) of less than 35%, (ii) glomerular injury
as the excess of high molecular weight proteins in urine: albuminuria > 0.03 g/24 h ac-
counting for >50% of total. Samples with macroscopic hematuria were excluded as blood
can interfere with the interpretation of proteinuria; (iii) proximal tubular injury as an
increase in urinary low-molecular-weight proteins: urinary retinol binding protein (RBP)
(>1.1 mg/24 h) or urinary alpha1-microglobulin (>15.8 mg/24 h) in the absence of glomeru-
lar injury (albuminuria < 50% daily proteinuria); (iv) renal tubular acidosis as a positive
urinary anion gap in a context of metabolic acidosis; (v) mixed intrinsic kidney injury as the
association of glomerular injury and renal tubular acidosis or proximal tubular injury with
IgG > 11.3 mg/24 h in urine; glomerular injury, proximal tubular injury, renal tubular aci-
dosis, and mixed intrinsic kidney injury are referred as intrinsic kidney injury. Augmented
renal clearance (ARC) was defined as a clearance greater than 120 mL·min−1 [22].
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2.3. Statistical Analysis

Mean and standard deviation (SD) or median and interquartile ranges (25th; 75th per-
centiles) were calculated for continuous variables, while numbers and percentages were
calculated for categorical parameters. The normal distribution of each continuous variable
was assessed with the use of the Shapiro–Wilk test. For the univariate analysis, categorical
variables were compared between independent groups using the exact Fisher test or the
Chi-square tests, and continuous variables were compared using the Student’s t-test or the
Mann–Whitney test. Chord diagrams were used to depict the relationship between organic
kidney impairment and kidney function at two different time points of the ICU stay.

In this observational study, risk of multivariate analysis bias was high. To address
this potential bias, we conducted a logistic regression model with inverse probability
of treatment weighting (IPTW) analyses to assess major comorbidities as predictors of
AKI [23]. Weights for group with comorbidity (chronic kidney disease, chronic high
blood pressure, or diabetes) were the inverse of propensity score and weights for group
without were the inverse of 1—propensity score. We calculated propensity scores using
multiple logistic regression analyses, with SARS-CoV-2 associated AKI as the dependent
variable. Predictive covariates associated with selected comorbidities were chosen based
on clinical judgment and model fit. The balance between the two groups was assessed as
the standardized mean difference.

All statistical analyses were performed on R (version 3.6.2 for Macintosh, licenses
GNU GPL, The R Foundation for Statistical Computing, Vienna, Austria). All tests were
two-sided, and a p-value < 0.05 was considered for statistical significance.

2.4. Ethics and Approval and Consent to Participate

In accordance with the French law on biomedical research, this observational study
obtained the approval of an Institutional Review Board (“Comité d’Éthique de la Recherche
en Anesthésie-Réanimation” (CERAR, President Prof. JE Bazin, 05/30/20) under the
reference IRB 00010254-2020-106) [24]. In order to guarantee the security of personal data,
the investigators retrospectively collected and integrated the information anonymously into
a secure database in accordance with the French Commission Nationale de l’Informatique
et des Libertés (CNIL) reference methodology (MR)—004 and registered it in the AP-HP
processing register under number 20200803123416.

3. Results
3.1. Characteristics of the Study Population

During the study period, between 25 March 2020, and 29 April 2020, 42 patients
were admitted in ICU for SARS-CoV-2 infection. The characteristics of the population
are summarized in Table 1. Patients, median age 61.5 years old (interquartile range (IQR)
(54.2; 65 years)) were hospitalized in ICU on a median of 8 days (IQR,7; 12 days) after
their first SARS-CoV-2 symptoms. Among them, 25 patients (59.5%) presented at least
one comorbidity, including CKD in seven patients (16.7%), and overweight with a median
body mass index (BMI) of 27.2 kg·m−2 (IQR, 24.3 kg·m−2; 30 kg·m−2). On ICU admission,
most of the patients presented a moderate to severe ARDS (41 out of 42) with a median
ratio of arterial partial pressure of oxygen and inspired fraction of oxygen (PaO2/FiO2) of
140 (IQR 103.7; 172.9). Twenty-six patients (61.90%) had a CT-scan at ICU admission and
patients were scored using the European Society of Radiology score. This score graded
the parenchymal involvement according to a visual classification in five stages based on
the percentage of lung damaged [25]. Ten patients (23.8%) presented an altered clearance
(<60 mL·min−1) at their ICU admission. See Table S1.



J. Clin. Med. 2021, 10, 1571 4 of 13

Table 1. Baseline and ICU admission patient’s characteristics.

Overall (n = 42) Non-AKI (n = 18) AKI (n = 24) p-Value

Demographic and Clinical Data

Age (years) 61.50 (54.25, 65.00) 60.50 (49.75, 66.00) 61.50 (55.50, 65.00) 0.684

Male (%) 34 (81.0) 15 (83.3) 19 (79.2) 1.000

BMI (kg·m−2) 27.25 (24.30, 30.00) 25.10 (23.80, 27.10) 29.40 (27.40, 30.90) 0.009

No comorbidities (%) 17 (40.5) 7 (38.9) 10 (41.7) 1.000

CKD (%) 7 (16.7) 2 (11.1) 5 (20.8) 0.679

SOFA score 7.00 (4.00, 9.75) 4.50 (3.00, 8.50) 8.00 (6.00, 11.25) 0.134

Biological Data

CRP (mg·L−1) 246.15(144.88, 300.20) 167.00 (140.52, 275.75) 274.30 (213.85, 330.12) 0.045

Procalcitonin (ng·mL−1) 1.01 (0.29, 2.50) 0.27 (0.13, 0.91) 1.56 (0.62, 3.70) 0.015

Confirmed concurrent infection 12 (28.6) 1 (5.6) 11 (45.8) 0.005

GFR by MDRD (mL·min−1) 87.72 (64.71, 117.29) 91.80 (72.38, 135.85) 82.47 (54.53, 102.27) 0.213

Creatinine (µmol·L−1) 76.50 (61.75, 100.75) 74.50 (54.25, 93.50) 82.00 (69.25, 118.50) 0.208

ARC (%) 10 (23.8) 6 (33.3) 4 (16.7) 0.281

pH 7.41 (7.34, 7.47) 7.44 (7.40, 7.48) 7.35 (7.29, 7.44) 0.024

PEEP (cm H2O) 12.00 (8.25, 12.00) 8.00 (8.00, 12.00) 12.00 (10.00, 14.00) 0.027

PaCO2 (mm Hg) 40.00 (34.00, 44.00) 35.00 (32.25, 40.75) 42.00 (35.00, 47.50) 0.027

PaO2/FiO2 Ratio 140.00 (103.75, 172.86) 112.50 (95.75, 148.25) 148.00 (113.12, 182.86) 0.124

Radiological Characteristic

European Society of Radiology score

Grade 1 1 (3.8) 0 (0.0) 1 (6.7) 0.958

Grade 2 5 (19.2) 2 (18.2) 3 (20.0)

Grade 3 7 (26.9) 4 (36.4) 3 (20.0)

Grade 4 11 (42.3) 4 (36.4) 7 (46.7)

Grade 5 2 (7.7) 1 (9.1) 1 (6.7)

Values are expressed as median (interquartile ranges), absolute value (percentages); ARC (augmented renal clearance), BMI (body mass
index), CKD (chronic kidney disease), CRP (C-reactive protein), GFR (glomerular filtration rate), PaCO2 (CO2 partial pressure in the arterial
blood), PEEP (positive end-expiratory pressure), SOFA (sequential organ failure assessment score), ICU: intensive care units; AKI: acute
kidney injury.

3.2. Kidney Abnormalities during ICU Stay

The first blood analysis including inflammatory cytokines and urinary assessment
was performed on a median of 8 days after ICU admission (IQR 6; 10 days) (Table 2),
see Table S2, table with biological values during the ICU stay. Complete urinary samples
allowing one to define intrinsic renal injury were available for 34 patients. Eight patients
were excluded from the analysis because no urinary profiles were completed during ICU
stay (retinol binding protein, alpha1-microglobulin, albuminuria, and proteinuria) due to
technical problems.
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Table 2. Kidney function and impairment characterization during ICU stay.

Overall (n = 34) Non-AKI (n = 15) AKI (n = 19) p-Value

Days from ICU admission 8.00 (6.00, 10.00) 8.00 (6.00, 10.00) 8.00 (5.50, 10.00) 0.958

Creatinine clearance (mL·min−1) 96.21 (67.69, 126.41) 126.41 (105.48, 157.48) 68.73 (41.52, 86.17) <0.001

ARC (%) 9 (31.0) 7 (53.8) 2 (12.5) 0.041

KDIGO (%) 0.002

0 24 (70.6) 15 (100.0) 9 (47.4)

1 4 (11.8) 0 (0.0) 4 (21.1)

2 1 (2.9) 0 (0.0) 1 (5.3)

3 5 (14.7) 0 (0.0) 5 (26.3)

Renal Impairment

Hypovolemia (%) 15 (48.4) 8 (57.1) 7 (41.2) 0.479

Intrinsic kidney injury (%) 0.211

Glomerular 0 (0.0) 0 (0.0) 0 (0.0)

Mixed 26 (76.5) 10 (66.7) 16 (84.2)

Proximal tubular 6 (17.6) 3 (20.0) 3 (15.8)

Tubular acidosis 0 (0.0) 0 (0.0) 0 (0.0)

None 2 (5.9) 2 (13.3) 0 (0.0)

Values are expressed as median (interquartile ranges), absolute value (percentages); ICU: intensive care unit), ARC: augmented renal clearance.

Ten patients (29.4%) had AKI according to KDIGO criteria at the time of urinary
profile collection (four patients were KDIGO1, one was KDIGO2, and five were KDIGO3).
ARC was documented in nine patients (31%).

Fifteen patients (48.4%) presented criteria for renal response to hypovolemia, and 32 pa-
tients (94.1%) met the diagnostic criteria for intrinsic kidney injury. Among the latter,
26 patients (76.5%) had mixed intrinsic kidney injury, while six (17.6%) had a proximal
tubular injury, and none had glomerular injury. Twenty-three patients had significant
albuminuria (defined as albuminuria > 0.03 g/24 h).

3.3. Kidney Abnormalities on ICU Discharge

The second blood analysis including inflammatory cytokines and urinary assessment
was performed on discharge from ICU at a median of 20 days after admission (IQR 15.75;
23.25 days) (Table 3). See Table S3, table with biological values on ICU discharge. Urinary
samples were available for 16 patients who stayed in ICU, eight were dead, and 10 were
transferred to another hospital without any urinary analysis.

On discharge, 4 patients (25%) had AKI according to KDIGO criteria (two patients
were KDIGO 1, one patient was KDIGO 2, and one was KDIGO 3). Conversely, ARC was
found in six patients (50%).

Five patients (35.7%) presented criteria for renal response to hypovolemia, and 16 pa-
tients (100%) met the diagnostic criteria for intrinsic kidney injury. Among them, mixed in-
jury was documented in 12 patients (75%), while proximal tubular injury was documented
in four patients (25%). Seven patients had significant albuminuria.

Relationship between kidney function estimated by KDIGO and intrinsic kidney
injury at early and late stages are represented in Figure 1.
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Table 3. Kidney abnormalities on ICU discharge.

Overall (n = 16) Non-AKI (n = 7) AKI (n = 9) p-Value

Days from ICU admission 20.00 (15.75, 23.25) 20.00 (15.00, 22.50) 20.00 (19.00, 23.00) 0.749

Creatinine clearance (mL·min−1) 113.49 (69.30, 142.07) 139.90 (81.20, 143.75) 101.11 (50.37, 133.69) 0.372

ARC (%) 6 (50.0) 3 (60.0) 3 (42.9) 1.000

KDIGO (%) 0.070

0 10 (71.4) 7 (100.0) 3 (42.9)

1 2 (14.3) 0 (0.0) 2 (28.6)

2 1 (7.1) 0 (0.0) 1 (14.3)

3 1 (7.1) 0 (0.0) 1 (14.3)

Renal Impairment

Hypovolemia (%) 5 (35.7) 2 (28.6) 3 (42.9) 1.000

Intrinsic kidney injury (%) 1.000

Glomerular 0 (0.0) 0 (0.0) 0 (0.0)

Mixed 12 (75.0) 5 (71.4) 7 (77.8)

Proximal tubular 4 (25.0) 2 (28.6) 2 (22.2)

Tubular acidosis 0 (0.0) 0 (0.0) 0 (0.0)

None 0 (0.0) 0 (0.0) 0 (0.0)

Values are expressed as median (interquartile ranges), absolute value (percentages); ARC: acute renal clearance; ICU: intensive care unit.

3.4. Prognosis Associated with AKI

Twenty-four patients (57.1%) presented AKI during their ICU stay. Mortality was
higher in AKI patients (33.3% vs. 0%, respectively, in AKI and non-AKI groups, p = 0.007)
(Table 4). The number of patients who received norepinephrine during their stay did not
differ between groups; however, the duration of catecholamine use was significantly longer
in the AKI group (7 days vs. 2 days, respectively, in AKI and non-AKI groups, p = 0.022).
Infections and septic shock during intensive care hospitalization were significantly more
common in the AKI group (45.8% vs. 11.1, respectively, in AKI and non-AKI groups,
p = 0.021). Conversely, length of stay in ICU (20 days vs. 19.5, respectively, in AKI and
non-AKI groups, p = 0.507) and invasive mechanical ventilation duration (22 days vs.
17 days, respectively, in AKI and non-AKI groups, p = 0.173) were comparable between
the two groups. Discharge from hospital occurred at a median of 30 days after admission
(IQR 18.5; 46.5 days). At this time, patients with AKI during ICU stay had a lower value
of creatinine clearance (37.93 mL·min−1 vs. 121.04 mL·min−1, respectively, in AKI and
non-AKI groups, p = 0.005). Creatinine clearance significantly decreased from hospital
admission to discharge when AKI occurred during the stay.

ARC was observed in 23 patients (54.8%) and more frequently in the non-AKI group
(29.2% and 88.9%, respectively, in AKI and non-AKI groups, p < 0.001). See Table S4.

On univariate analysis, patients of the AKI group had higher creatinine levels on
hospital admission (94 µmol·L−1 vs. 74 µmol·L−1, p = 0.037). They also had higher
BMI (29.4 kg·m−2 vs. 25.1 kg·m−2, p = 0.009), higher PaCO2 (42 mm Hg vs. 35 mm Hg,
p = 0.027), lower pH (7.35 vs. 7.44, p = 0.024), higher positive end-expiratory pressure
(PEEP) (12 cm H2O vs. 8 cm H2O, p = 0.027), higher procalcitonin (PCT) blood concentration
(1.56 ng·mL−1 vs. 0.27 ng·mL−1, p = 0.015), and higher C-reactive protein (CRP) blood
concentration (274.3 mg·L−1 vs. 167 mg·L−1, p = 0.045) on ICU admission in comparison
to non-AKI group (Table 1 and Table S1).

Other known risk factors such as nephrotoxic agents’ infusion (e.g., contrast agents,
diuretics, and aminosides), negative fluid balance, and admission severity scores (SOFA
and SAPSII scores) did not show any statistical association with the occurrence of AKI.
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In the weighted logistic regression analysis (Table 5), CKD was found to be indepen-
dently associated with AKI (adjusted OR (odd ratio) 5.97 (2.1–19.69), p-value = 0.00149).
However, no significant association was found regarding diabetes or chronic high blood
pressure.
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Figure 1. Chord diagrams representing characteristics of kidney injury during the ICU stay. (a) Relationship between
kidney function estimated by the 2012 Kidney Disease: Improving Global Outcome (KDIGO) and intrinsic kidney injury
within the first week after ICU admission; (b) Relationship between kidney function estimated by KDIGO and intrinsic
kidney injury on ICU discharge; (c) Evolution of the intrinsic kidney injury between the first week after ICU admission and
ICU discharge. The bottom part of the diagram represents patients sorted by their KDIGO classification, and the top part
represents the same patients ranked according to the intrinsic kidney injury diagnosis made by profiling urinary analysis.
Ribbons show for every patient the connection between kidney injury and function.
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Table 4. Prognosis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) patients according to the presence of
an acute kidney injury during the ICU stay.

Overall (n = 42) Non-AKI (n = 18) AKI (n = 24) p-Value

Kidney Function during ICU Stay

ARC (%) 23 (54.8) 16 (88.9) 7 (29.2) <0.001

KDIGO

KDIGO 0 (%) 18 (42.9) 18 (100.0) 0 (0.0) <0.001

KDIGO 1 (%) 12 (28.6) 0 (0.0) 12 (50.0)

KDIGO 2 (%) 3 (7.1) 0 (0.0) 3 (12.5)

KDIGO 3 (%) 9 (21.4) 0 (0.0) 9 (37.5)

Organ Support during ICU Stay

Length of mechanical ventilation (days) 19.00 (11.00, 28.00) 17.00 (6.25, 23.75) 22.00 (12.00, 34.00) 0.173

Norepinephrine (patients) 33 (80.5) 14 (77.8) 19 (82.6) 0.713

Dobutamine 1 (2.4) 0 (0.0) 1 (4.2) 1.000

Catecholamine duration (days) 5.00 (1.00, 10.00) 2.00 (1.00, 5.50) 7.00 (3.50, 14.50) 0.022

Dialysis (%) 9 (21.4) 0 (0.0) 9 (37.5) 0.005

Septic shock 13 (31.0) 2 (11.1) 11 (45.8) 0.021

Infection during ICU stay 28 (66.7) 7 (38.9) 21 (87.5) 0.002

Prognosis

Creatinine clearance < 60 mL·min−1 on
ICU discharge (%)

11 (27.5) 0 (0.0) 11 (45.8) 0.001

ICU LOS (days) 19.50 (14.00, 33.25) 20.00 (13.75, 30.75) 19.50 (15.50, 36.25) 0.507

ICU mortality (%) 8 (19.0) 0 (0.0) 8 (33.3) 0.007

Values are expressed as median (interquartile ranges), absolute value (percentages); ARC (acute renal clearance), LOS (length of stay).

Table 5. Comparison of the incidence of acute kidney injury (AKI) according to major comorbidities.

Outcome Factor Crude IPTW

OR (95% CI) p-Value OR (95% CI) p-Value *

AKI
CKD 2.11 (0.39–16.11) 0.41 5.97 (2.1–19.69) 0.00149

Diabetes 1.17 (0.28–5.32) 0.834 0.86 (0.36–2.01) 0.722

Chronic high blood pressure 1.06 (0.31–3.67) 0.929 0.75 (0.32–1.76) 0.514

IPTW: inverse probability of treatment weighting, CKD: chronic kidney disease, OR: odd ratio. p-value * by weighted logistic regression.

4. Discussion

The current cohort is representative of critical SARS-CoV-2 patients with 80% of
overweight men with a median age of 61.5 years and at least one comorbidity (including
hypertension and diabetes mellitus) [26,27]. All of the patients had invasive mechanical
ventilation because of moderate to severe ARDS onset, which is in line with previous
retrospective studies [26]. Patients were comparable in terms of severity (median SOFA
score of 7) to those usually admitted for ARDS [28].

Within the first week of ICU admission, 94.1% of patients had features of intrinsic
kidney injury and all the patients had documented intrinsic kidney injury three weeks after
admission. Fifty-seven percent of patients presented AKI according to KDIGO ranking,
and one third of them required RRT (Table 4). Conversely, 54.8% of patients presented
ARC during their ICU stay including 29.2% patients in the AKI group. Intrinsic renal
injury remains stable for both samples and is mixed (76.5% during ICU stay, 75% on
discharge), and proximal tubular (17.6% during ICU stay and 25% on discharge). To our
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knowledge, this is the first study describing with this level of precision kidney injury
during SARS-CoV-2 infection leading to ICU care.

In our cohort, 82.5% of critical SARS-CoV-2 patients presented proteinuria, indicating
a high rate of intrinsic kidney injury which is in line with Pei et al. concerning the Wuhan
pandemic [11]. In ICU patients, acute tubular necrosis is well documented up to 78%
of patients in the autopsy series [29], whereas this current population of critically ill
SARS-CoV-2 patients presented mixed-pattern lesions [29,30]. The prognostic significance
of proteinuria or intrinsic kidney injury is unclear: the high prevalence of abnormal
proteinuria shows that the majority of patients were exposed to a kidney stress, even in
those who did not develop bona fide AKI (subclinical AKI). Subclinical AKI can denote
either an adequate coping with an acute stress or an early stage of a progressive chronic
kidney disease. Careful follow up of these patients is warranted to determine the long-term
consequences of this acute episode. It might also reflect a specific effect of SARS-CoV-2
infection on kidney cells, as suggested by previous descriptions of viral inclusions and
by the expression of the ACE2 (the virus’ putative receptor for cell invasion) in renal
glomerular and tubular cells [9]. It has to be noted that all the patients had a urinary
catheter that could induce proteinuria in case of traumatic catheterization, reinforcing the
importance of a complete urinary profile to describe the intrinsic kidney injury specific to
SARS-CoV-2. In another study conducted by Cheng et al. [21], including ICU and non-ICU
patients, only 9.8% of the patients had a urinary catheter, whereas 43.9% had proteinuria.
This supports the idea that SARS-CoV-2 was responsible for the proteinuria that could be
as high as 6.6 g/L in the current cohort.

In the current cohort, 94.12% patients presented with either AKI (KDIGO ≥ 1) or intrin-
sic renal impairment (tubular or glomerular or mixed injury with KDIGO = 0). Abnormal
levels of proteinuria in the non-AKI group indicates subclinical AKI, and further increases
in proteinuria in the overt AKI group suggest that both groups undergo a kidney injury,
with a continuum of severity between both groups. On the other hand, we assessed the
contribution of prerenal mechanisms to AKI in these patients using the fractional excretion
of urea (FeUrea). FeUrea is a robust marker of the renal response to hypovolemia more
relevant than other markers like fractional excretion of sodium or the urine-to-plasma ratio
of creatinine, especially in case of diuretic use. According to FeUrea values, hypovolemia is
frequent among SARS-CoV-2 patients in ICU, but the lack of association between AKI and
low FeUrea values strengthens the role of intrinsic kidney injury associated to SARS-CoV-2
infection in AKI occurrence.

Certain factors may have contributed to the development of AKI. Norepinephrine
was used in 33 patients (80.5%), which is consistent with the data in the literature ranging
from 35 to 94% depending on the series [31]. Only one patient received dobutamine in the
context of septic cardiomyopathy. However, the duration of catecholamine use was greater
in the AKI group, as was the proportion of septic shock. The greater susceptibility of AKI
patients to infection is demonstrated in the literature [32] and is well reflected in our cohort
with 87.5% and 38.89% of infection during ICU stay, respectively, in the AKI and non-AKI
group, and 45.83% and 11.11% of septic shock, respectively, in the AKI and non-AKI group.

Although the small number of patients did not allow one to perform a multivariate
analysis, univariate analysis highlighted several factors that differ between AKI and non-
AKI patients during SARS-CoV-2 infection. Firstly, prehospital kidney function, defined as
renal functional reserve [33], appears to be a critical factor in renal prognosis, as CKD is
independently associated with AKI occurrence (5.97 (2.1–19.69), p = 0.00149)). This renal
functional reserve depends on patient’s prior renal function but also on many other fac-
tors: hypovolemia induced by prolonged fever, infection-induced digestive disorders [34],
and chronic hypertension, especially if treated by ACE inhibitors [35,36]. However, hy-
povolemia may, at least partly, play a role, as up to 50% of SARS-COV-2 patients had
modified fractional excretion of urea during their ICU stay related to ARDS management,
which requires avoidance of excess fluid infusion [37].
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Secondly, in the current cohort, all the patients presented high inflammatory response
to SARS-CoV-2 infection, including high levels of IL6 plasma concentrations, as docu-
mented in previous studies [38], and moreover, those who developed AKI had significantly
higher CRP and PCT values on ICU admission.

Thirdly, mechanical respiratory support including the level of PEEP is critical in
developing AKI in SARS-CoV-2. As described by Hirsch et al., SARS-CoV-2 ventilated
patients are at greater risk of developing AKI than non-ventilated ones (89.7% vs. 21.7%),
especially during the first 24 h following intubation [39]. Elevation of central venous
pressure due to high intrathoracic pressures may result in an increased kidney hydrostatic
pressure, which leads to glomerular filtration impairment [40,41]. Patients in both groups
(AKI or non-AKI) presented similar PaO2/FiO2 ratios, indicating that the severity of the
lung impairment is independent of kidney injury and, thus, reinforcing the importance
of a tightly controlled and tailored PEEP level. Finally, even if univariate analysis did not
show any association between the type of organic impairment and AKI, all critical patients
presented intrinsic kidney injury 3 weeks after admission, which should contribute to the
loss of renal functional reserve.

Renal prognosis is also a key issue for SARS-CoV-2 patients, considering the incidence
of intrinsic kidney injury and the proportion of AKI. In a study including 5273 non-
SARS-CoV-2 patients with no pre-existing CKD, who developed AKI during an ICU stay,
de novo AKI was associated with increased short- and long-term risk of death at 1 and
5 years [42]. At 1 year, AKI acquired in ICU was also independently associated with
increased risk of CKD (6%) and end-stage renal disease (2%). In our study, among the
42 patients, 24 patients (57.1%) presented AKI during their ICU stay. When discharged
from the hospital, 45.8% of the patients who developed AKI had impaired renal function
with a creatinine clearance < 60 mL·min−1. Given the facts that patients had several known
risk factors for developing chronic kidney disease (sepsis, ARDS, mechanical ventilation,
and inflammatory and procoagulant responses) and that direct viral injury on kidney cells
is still not yet fully characterized, long-term nephrological follow-up may be required
for all those who have developed AKI, especially if they have other comorbidities or still
have proteinuria.

The current study also revealed ARC in more than 50% of patients, especially in
those who did not present AKI during their ICU stay (88.9%). In a systematic review,
20 to 65% of critically ill patients presented ARC with a higher prevalence in trauma
patients [43]. Two main mechanisms have been suggested to explain ARC: (i) the release of
pro-inflammatory cytokines that would lead to a decrease in resistance and an increase in
glomerular filtration rate thanks to an increase in cardiac output and (ii) the efficacy of the
physiological renal reserve allowing an increased glomerular filtration rate to cope with
certain pathological situations such as ICU care. However, we did not find an increase in al-
buminuria in patients with ARC, suggesting that it more likely reflects just a hemodynamic
adaptation. According to some authors, ARC is a good prognostic factor, which is con-
firmed by our study [44]. This ARC highlights a potential issue in critical patients because
the use of regular doses of renally cleared drugs might induce underdosage [45]. This is
of most importance considering antimicrobial treatment such as beta-lactam antibiotics,
vancomycin, or aminoglycosides, where ARC may condition clinical failure or emergence
of resistance if higher dosage is not used.

Eventually, another point highlighted by the current study is the significant association
between kidney failure and mortality, as 33.3% of AKI patients died in comparison to 0% in
the non-AKI patients. This relationship was suggested in previous studies in the pandemic
context [21] with a 3.5-fold higher mortality in the case of AKI KDIGO stage 2 or more [46].

Finally, there are no data in the literature to compare the urinary profiles of our
cohort’s SARS-CoV-2 patients with non-SARS-CoV-2 ARDS. The proportion of AKI in our
study (57.14%) corresponds to the data in the literature (29.5% to 68.3% depending on
the series) [16,41,47]. Nevertheless, the important prevalence of glomerular involvement
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suggests the participation of SARS-CoV-2 specific mechanisms as glomerular lesions are
not classically described in ARDS.

This study has several limitations. First, it includes only a limited number of patients
(42 patients) in one university hospital, making it impossible to rule out residual confusion
and bias. In addition, some clinical and biological data from the admission to discharge
from ICU were missing. Furthermore, we used the baseline creatinine level at hospital
entry as the baseline creatinine level for some patients, which could lead to an underesti-
mation of AKI. Moreover, CKD was assessed on medical records or on the creatinine level
of the last 6 months obtained for 12 patients, which could also lead to an underestimation.
Finally, blood test and urine samples were made at the discretion of each physician de-
pending patient’s evolution, leading to variations in the time of the first complete renal
function evaluation.

5. Conclusions

The prevalence of SARS-CoV-2 intrinsic kidney injury in critical care patients is high.
A mixed injury is noticed early and persists during hospital stay. AKI is associated with
mortality in excess in ICU patients and poor renal outcome. Detecting intrinsic renal
injuries by analyzing complete urinary profiles on ICU admission might be recommended
to adapt the clinical management of critical SARS-CoV-2 patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10081571/s1, Table S1: Complete baseline characteristics stratified by the presence/absence
of an acute kidney injury during the ICU stay, Table S2: Biological values within the first week after
ICU admission, Table S3: Biological values on ICU discharge, Table S4: In ICU and hospital prognosis.

Author Contributions: Conceptualization, F.F. and F.V.; methodology, F.F. and F.V.; validation, F.B.,
F.V., and P.G.; formal analysis, E.P.; data curation, A.-C.G., A.-M.M.B., F.F., L.D., and N.H.; writing—
original draft preparation, A.-M.M.B., F.F., and F.V.; writing—review and editing, E.P., E.S.T., and P.G.;
visualization, supervision and project administration M.G., F.B., and F.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
Comité d’Éthique de la Recherche en Anesthésie-Réanimation (protocol code IRB 00010254 2020-106
and 30/05/2020).

Informed Consent Statement: Patients were all informed via the websites of the institution (Assis-
tance Publique-Hôpitaux de Paris (AP-HP) and of Hôpital Saint Antoine) of the possible use of their
data in researches aimed toward improving the quality of care, as well as their right and terms of
objection. This information was also included for each patient in the hospital’s welcome booklet,
which was given during administrative registration and presented at the end of the hospitaliza-
tion reports. In order to guarantee the security of personal data, the investigators integrated the
data anonymously into a secure database in accordance with the French Commission Nationale de
l’Informatique et des Libertés (CNIL) reference methodology (MR)-004 and registered it under the
number 20200803123416.

Data Availability Statement: The results presented in this paper have not been published previously
in whole or part, except in abstract format. The datasets used and analyzed during the current study
are available from the corresponding author on reasonable request.

Acknowledgments: The authors greatly appreciate all the hospital staff for their efforts in recruiting
and treating patients and thank all patients involved in this study.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/jcm10081571/s1
https://www.mdpi.com/article/10.3390/jcm10081571/s1


J. Clin. Med. 2021, 10, 1571 12 of 13

References
1. Guan, W.; Ni, Z.; Hu, Y.; Liang, W.; Ou, C.; He, J.; Liu, L.; Shan, H.; Lei, C.; Hui, D.S.C.; et al. Clinical characteristics of coronavirus

disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720. [CrossRef]
2. Wu, Z.; McGoogan, J.M. Characteristics of and important lessons from the coronavirus disease 2019(COVID-19) outbreak in

China. JAMA 2020, 323, 1239–1242. [CrossRef]
3. Phua, J.; Weng, L.; Ling, L.; Egi, M.; Lim, C.M.; Divatia, J.V.; Shrestha, B.R.; Arabi, Y.M.; Ng, J.; Gomersall, C.D.; et al. Intensive

care management of coronavirus disease 2019 (COVID-19): Challenges and recommendations. Lancet Respir. Med. 2020, 8,
506–517. [CrossRef]

4. Bhatraju, P.K.; Ghassemieh, B.J.; Nichols, M.; Kim, R.; Jerome, K.R.; Nalla, A.K.; Greninger, A.L.; Pipavath, S.; Wurfel, M.M.;
Evans, L.; et al. Covid-19 in Critically Ill Patients in the Seattle Region—Case Series. N. Engl. J. Med. 2020, 382, 2012–2022.
[CrossRef] [PubMed]

5. Wu, Z.; McGoogan, J.M. Characteristics of and Important Lessons from the Coronavirus Disease 2019 (COVID-19) Outbreak in
China: Summary of a Report of 72314 Cases from the Chinese Center for Disease Control and Prevention. JAMA-J. Am. Med. Assoc.
2020, 323, 1239–1242. [CrossRef]

6. Arentz, M.; Yim, E.; Klaff, L.; Lokhandwala, S.; Riedo, F.X.; Chong, M.; Lee, M. Characteristics and Outcomes of 21 Critically Ill
Patients with COVID-19 in Washington State. JAMA-J. Am. Med. Assoc. 2020, 323, 1612–1614. [CrossRef] [PubMed]

7. Thakur, V.; Ratho, R.K.; Kumar, P.; Bhatia, S.K.; Bora, I.; Mohi, G.K.; Saxena, S.K.; Devi, M.; Yadav, D.; Mehariya, S. Multi-Organ
Involvement in COVID-19: Beyond Pulmonary Manifestations. J. Clin. Med. 2021, 10, 446. [CrossRef] [PubMed]

8. Manganelli, F.; Vargas, M.; Iovino, A.; Iacovazzo, C.; Santoro, L.; Servillo, G. Brainstem involvement and respiratory failure in
COVID-19. Neurol. Sci. 2020, 41, 1663–1665. [CrossRef]

9. Gabarre, P.; Dumas, G.; Dupont, T.; Darmon, M.; Azoulay, E.; Zafrani, L. Acute kidney injury in critically ill patients with
COVID-19. Intensive Care Med. 2020, 46, 1339–1348. [CrossRef] [PubMed]

10. Ng, J.J.; Luo, Y.; Phua, K.; Choong, A.M.T.L. Acute kidney injury in hospitalized patients with coronavirus disease 2019
(COVID-19): A meta-analysis. J. Infect. 2020, 81, 647–679. [CrossRef]

11. Pei, G.; Zhang, Z.; Peng, J.; Liu, L.; Zhang, C.; Yu, C.; Ma, Z.; Huang, Y.; Liu, W.; Yao, Y.; et al. Renal Involvement and Early
Prognosis in Patients with COVID-19 Pneumonia. J. Am. Soc. Nephrol. 2020, 31, 1157–1165. [CrossRef]

12. Nasr, S.H.; Kopp, J.B. COVID-19–Associated Collapsing Glomerulopathy: An Emerging Entity. Kidney Int. Rep. 2020, 102–104.
[CrossRef]

13. Pan, X.W.; Xu, D.; Zhang, H.; Zhou, W.; Wang, L.-H.; Cui, X.G. gang Identification of a potential mechanism of acute kidney injury
during the COVID-19 outbreak: A study based on single-cell transcriptome analysis. Intensive Care Med. 2020, 2–4. [CrossRef]

14. Su, H.; Yang, M.; Wan, C.; Yi, L.X.; Tang, F.; Zhu, H.Y.; Yi, F.; Yang, H.C.; Fogo, A.B.; Nie, X.; et al. Renal histopathological analysis
of 26 postmortem findings of patients with COVID-19 in China. Kidney Int. 2020. [CrossRef] [PubMed]

15. Capuano, I.; Buonanno, P.; Riccio, E.; Pisani, A. Acute Kidney Injury in COVID-19 Pandemic. Nephron 2020, 144, 345–346.
[CrossRef] [PubMed]

16. Darmon, M.; Clec’h, C.; Adrie, C.; Argaud, L.; Allaouchiche, B.; Azoulay, E.; Bouadma, L.; Garrouste-Orgeas, M.; Haouache, H.;
Schwebel, C.; et al. Acute respiratory distress syndrome and risk of AKI among critically ill patients. Clin. J. Am. Soc. Nephrol.
2014, 9, 1347–1353. [CrossRef]

17. McNicholas, B.A.; Rezoagli, E.; Pham, T.; Madotto, F.; Guiard, E.; Fanelli, V.; Bellani, G.; Griffin, M.D.; Ranieri, M.; Laffey, J.G.
Impact of Early Acute Kidney Injury on Management and Outcome in Patients with Acute Respiratory Distress Syndrome:
A Secondary Analysis of a Multicenter Observational Study. Crit. Care Med. 2020, 47, 1216–1225. [CrossRef]

18. Yang, X.; Yu, Y.; Xu, J.; Shu, H.; Xia, J.; Liu, H.; Wu, Y.; Zhang, L.; Yu, Z.; Fang, M.; et al. Clinical course and outcomes of critically
ill patients with SARS-CoV-2 pneumonia in Wuhan, China: A single-centered, retrospective, observational study. Lancet Respir.
Med. 2020, 8, 475–481. [CrossRef]

19. Ranieri, V.M.; Rubenfeld, G.D.; Thompson, B.T.; Ferguson, N.D.; Caldwell, E.; Fan, E.; Camporota, L.; Slutsky, A.S. Acute respira-
tory distress syndrome: The Berlin definition. JAMA-J. Am. Med. Assoc. 2012, 307, 2526–2533. [CrossRef]

20. Summary of Recommendation Statements. Kidney Int. Suppl. 2012, 2, 8–12. [CrossRef]
21. Cheng, Y.; Luo, R.; Wang, K.; Zhang, M.; Wang, Z.; Dong, L.; Li, J.; Yao, Y.; Ge, S.; Xu, G. Kidney disease is associated with

in-hospital death of patients with COVID-19. Kidney Int. 2020, 97, 829–838. [CrossRef] [PubMed]
22. Mahmoud, S.H.; Shen, C. Augmented renal clearance in critical illness: An important consideration in drug dosing. Pharmaceutics

2017, 9, 36. [CrossRef] [PubMed]
23. Robins, J.M.; Hernán, M.Á.; Brumback, B. Marginal structural models and causal inference in epidemiology. Epidemiology 2000,

11, 550–560. [CrossRef]
24. Toulouse, E.; Masseguin, C.; Lafont, B.; McGurk, G.; Harbonn, A.; Roberts, J.A.; Granier, S.; Dupeyron, A.; Bazin, J.E. French legal

approach to clinical research. Anaesth. Crit. Care Pain Med. 2018, 37, 607–614. [CrossRef]
25. Revel, M.P.; Parkar, A.P.; Prosch, H.; Silva, M.; Sverzellati, N.; Gleeson, F.; Brady, A. COVID-19 patients and the radiology

department–advice from the European Society of Radiology (ESR) and the European Society of Thoracic Imaging (ESTI).
Eur. Radiol. 2020, 30, 4903–4909. [CrossRef]

http://doi.org/10.1056/NEJMoa2002032
http://doi.org/10.1001/jama.2020.2648
http://doi.org/10.1016/S2213-2600(20)30161-2
http://doi.org/10.1056/NEJMoa2004500
http://www.ncbi.nlm.nih.gov/pubmed/32227758
http://doi.org/10.1001/jama.2020.2648
http://doi.org/10.1001/jama.2020.4326
http://www.ncbi.nlm.nih.gov/pubmed/32191259
http://doi.org/10.3390/jcm10030446
http://www.ncbi.nlm.nih.gov/pubmed/33498861
http://doi.org/10.1007/s10072-020-04487-2
http://doi.org/10.1007/s00134-020-06153-9
http://www.ncbi.nlm.nih.gov/pubmed/32533197
http://doi.org/10.1016/j.jinf.2020.05.009
http://doi.org/10.1681/ASN.2020030276
http://doi.org/10.1016/j.ekir.2020.04.030
http://doi.org/10.1007/s00134-020-06026-1
http://doi.org/10.1016/j.kint.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32327202
http://doi.org/10.1159/000508381
http://www.ncbi.nlm.nih.gov/pubmed/32428921
http://doi.org/10.2215/CJN.08300813
http://doi.org/10.1097/CCM.0000000000003832
http://doi.org/10.1016/S2213-2600(20)30079-5
http://doi.org/10.1001/jama.2012.5669
http://doi.org/10.1038/kisup.2012.7
http://doi.org/10.1016/j.kint.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32247631
http://doi.org/10.3390/pharmaceutics9030036
http://www.ncbi.nlm.nih.gov/pubmed/28926966
http://doi.org/10.1097/00001648-200009000-00011
http://doi.org/10.1016/j.accpm.2018.10.013
http://doi.org/10.1007/s00330-020-06865-y


J. Clin. Med. 2021, 10, 1571 13 of 13

26. Grasselli, G.; Zangrillo, A.; Zanella, A.; Antonelli, M.; Cabrini, L.; Castelli, A.; Cereda, D.; Coluccello, A.; Foti, G.; Fumagalli,
R.; et al. Baseline Characteristics and Outcomes of 1591 Patients Infected with SARS-CoV-2 Admitted to ICUs of the Lombardy
Region, Italy. JAMA-J. Am. Med. Assoc. 2020, 323, 1574–1581. [CrossRef]

27. Richardson, S.; Hirsch, J.S.; Narasimhan, M.; Crawford, J.M.; McGinn, T.; Davidson, K.W.; Barnaby, D.P.; Barnaby, D.P.; Becker,
L.B.; Chelico, J.D.; et al. Presenting Characteristics, Comorbidities, and Outcomes among 5700 Patients Hospitalized with
COVID-19 in the New York City Area. JAMA-J. Am. Med. Assoc. 2020, 323, 2052–2059. [CrossRef]

28. Azoulay, E.; Lemiale, V.; Mourvillier, B.; Garrouste-Orgeas, M.; Schwebel, C.; Ruckly, S.; Argaud, L.; Cohen, Y.; Souweine, B.;
Papazian, L.; et al. Management and outcomes of acute respiratory distress syndrome patients with and without comorbid
conditions. Intensive Care Med. 2018, 44, 1050–1060. [CrossRef]

29. Takasu, O.; Gaut, J.P.; Watanabe, E.; To, K.; Fagley, R.E.; Sato, B.; Jarman, S.; Efimov, I.R.; Janks, D.L.; Srivastava, A.; et al.
Mechanisms of cardiac and renal dysfunction in patients dying of sepsis. Am. J. Respir. Crit. Care Med. 2013, 187, 509–517.
[CrossRef]

30. Zarbock, A.; Gomez, H.; Kellum, J.A. Sepsis-induced acute kidney injury revisited: Pathophysiology, prevention and future
therapies. Curr. Opin. Crit. Care 2014, 20, 588–595. [CrossRef]

31. Michard, F.; Vieillard-Baron, A. Critically ill patients with COVID-19: Are they hemodynamically unstable and do we know why?
Intensive Care Med. 2020. [CrossRef]

32. Lai, T.S.; Wang, C.Y.; Pan, S.C.; Huang, T.M.; Lin, M.C.; Lai, C.F.; Wu, C.H.; Wu, V.C.; Chien, K.L.; Ko, W.J.; et al. Risk of developing
severe sepsis after acute kidney injury: A population-based cohort study. Crit. Care 2013, 17, R231. [CrossRef] [PubMed]

33. Bellomo, R.; Ronco, C.; Mehta, R.L.; Asfar, P.; Boisramé-Helms, J.; Darmon, M.; Diehl, J.L.; Duranteau, J.; Hoste, E.A.J.;
Olivier, J.B.; et al. Acute kidney injury in the ICU: From injury to recovery: Reports from the 5th Paris International Conference.
Ann. Intensive Care 2017, 7, 49. [CrossRef] [PubMed]

34. Tabata, S.; Imai, K.; Kawano, S.; Ikeda, M.; Kodama, T.; Miyoshi, K.; Obinata, H.; Mimura, S.; Kodera, T.; Kitagaki, M.; et al. Clinical
characteristics of COVID-19 in 104 people with SARS-CoV-2 infection on the Diamond Princess cruise ship: A retrospective
analysis. Lancet Infect. Dis. 2020, 20, 1043–1050. [CrossRef]

35. Williamson, E.J.; Walker, A.J.; Bhaskaran, K.; Bacon, S.; Bates, C.; Morton, C.E.; Curtis, H.J.; Mehrkar, A.; Evans, D.; Inglesby, P.; et al.
Factors associated with COVID-19-related death using OpenSAFELY. Nature 2020, 584, 430–436. [CrossRef] [PubMed]

36. Clark, A.L.; Kalra, P.R.; Petrie, M.C.; Mark, P.B.; Tomlinson, L.A.; Tomson, C.R.V. Change in renal function associated with drug
treatment in heart failure: National guidance. Heart 2019, 105, 904–910. [CrossRef] [PubMed]

37. Griffiths, M.J.D.; McAuley, D.F.; Perkins, G.D.; Barrett, N.; Blackwood, B.; Boyle, A.; Chee, N.; Connolly, B.; Dark, P.; Finney, S.; et al.
Guidelines on the management of acute respiratory distress syndrome. BMJ Open Respir. Res. 2019, 6. [CrossRef]

38. Leisman, D.E.; Deutschman, C.S.; Legrand, M. Facing COVID-19 in the ICU: Vascular dysfunction, thrombosis, and dysregulated
inflammation. Intensive Care Med. 2020, 46, 1105–1108. [CrossRef]

39. Hirsch, J.S.; Ng, J.H.; Ross, D.W.; Sharma, P.; Shah, H.H.; Barnett, R.L.; Hazzan, A.D.; Fishbane, S.; Jhaveri, K.D. Acute Kidney
Injury in Patients Hospitalized with Covid-19. Kidney Int. 2020. [CrossRef]

40. Joannidis, M.; Forni, L.G.; Klein, S.J.; Honore, P.M.; Kashani, K.; Ostermann, M.; Prowle, J.; Bagshaw, S.M.; Cantaluppi, V.;
Darmon, M.; et al. Lung–kidney interactions in critically ill patients: Consensus report of the Acute Disease Quality Initiative
(ADQI) 21 Workgroup. Intensive Care Med. 2020, 46, 654–672. [CrossRef]

41. Panitchote, A.; Mehkri, O.; Hasting, A.; Hanane, T.; Demirjian, S.; Torbic, H.; Mireles-Cabodevila, E.; Krishnan, S.; Duggal, A.
Factors associated with acute kidney injury in acute respiratory distress syndrome. Ann. Intensive Care 2019, 9. [CrossRef]

42. Rimes-Stigare, C.; Frumento, P.; Bottai, M.; Mårtensson, J.; Martling, C.R.; Walther, S.M.; Karlström, G.; Bell, M. Evolution of
chronic renal impairment and long-term mortality after de novo acute kidney injury in the critically ill; a Swedish multi-centre
cohort study. Crit. Care 2015, 19, 221. [CrossRef] [PubMed]

43. Bilbao-Meseguer, I.; Rodríguez-Gascón, A.; Barrasa, H.; Isla, A.; Solinís, M.Á. Augmented Renal Clearance in Critically Ill Patients:
A Systematic Review. Clin. Pharmacokinet. 2018, 57, 1107–1121. [CrossRef]

44. Udy, A.A.; Dulhunty, J.M.; Roberts, J.A.; Davis, J.S.; Webb, S.A.R.; Bellomo, R.; Gomersall, C.; Shirwadkar, C.; Eastwood, G.M.;
Myburgh, J.; et al. Association between augmented renal clearance and clinical outcomes in patients receiving β-lactam antibiotic
therapy by continuous or intermittent infusion: A nested cohort study of the BLING-II randomised, placebo-controlled, clinical
trial. Int. J. Antimicrob. Agents 2017, 49, 624–630. [CrossRef] [PubMed]

45. Roberts, J.A.; Lipman, J. Optimal doripenem dosing simulations in critically ill nosocomial pneumonia patients with obesity,
augmented renal clearance, and decreased bacterial susceptibility. Crit. Care Med. 2013, 41, 489–495. [CrossRef] [PubMed]

46. Jung, J.Y.; Park, B.H.; Hong, S.B.; Koh, Y.; Suh, G.Y.; Jeon, K.; Koh, S.O.; Kim, J.Y.; Cho, J.H.; Choi, H.S.; et al. Acute kidney injury
in critically ill patients with pandemic influenza A pneumonia 2009 in Korea: A multicenter study. J. Crit. Care 2011, 26, 577–585.
[CrossRef] [PubMed]

47. Villacrés, S.M.; Medar, S.S.; Aydin, S.I. Acute Kidney Injury in Children with Acute Respiratory Failure. Clin. Pediatr. (Phila).
2018, 57, 1340–1348. [CrossRef]

http://doi.org/10.1001/jama.2020.5394
http://doi.org/10.1001/jama.2020.6775
http://doi.org/10.1007/s00134-018-5209-6
http://doi.org/10.1164/rccm.201211-1983OC
http://doi.org/10.1097/MCC.0000000000000153
http://doi.org/10.1007/s00134-020-06238-5
http://doi.org/10.1186/cc13054
http://www.ncbi.nlm.nih.gov/pubmed/24119576
http://doi.org/10.1186/s13613-017-0260-y
http://www.ncbi.nlm.nih.gov/pubmed/28474317
http://doi.org/10.1016/S1473-3099(20)30482-5
http://doi.org/10.1038/s41586-020-2521-4
http://www.ncbi.nlm.nih.gov/pubmed/32640463
http://doi.org/10.1136/heartjnl-2018-314158
http://www.ncbi.nlm.nih.gov/pubmed/31118203
http://doi.org/10.1136/bmjresp-2019-000420
http://doi.org/10.1007/s00134-020-06059-6
http://doi.org/10.1016/j.kint.2020.05.006
http://doi.org/10.1007/s00134-019-05869-7
http://doi.org/10.1186/s13613-019-0552-5
http://doi.org/10.1186/s13054-015-0920-y
http://www.ncbi.nlm.nih.gov/pubmed/25944032
http://doi.org/10.1007/s40262-018-0636-7
http://doi.org/10.1016/j.ijantimicag.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/28286115
http://doi.org/10.1097/CCM.0b013e31826ab4c4
http://www.ncbi.nlm.nih.gov/pubmed/23263583
http://doi.org/10.1016/j.jcrc.2011.02.012
http://www.ncbi.nlm.nih.gov/pubmed/21489748
http://doi.org/10.1177/0009922818779222

	Introduction 
	Materials and Methods 
	Study Design and Patients 
	Definitions 
	Statistical Analysis 
	Ethics and Approval and Consent to Participate 

	Results 
	Characteristics of the Study Population 
	Kidney Abnormalities during ICU Stay 
	Kidney Abnormalities on ICU Discharge 
	Prognosis Associated with AKI 

	Discussion 
	Conclusions 
	References

