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Abstract 

Background Critically ill patients with severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2) requiring veno‑
venous extracorporeal membrane oxygenation (vv‑ECMO) are at risk for acute kidney injury (AKI). Currently, the inci‑
dence of AKI and progression to kidney replacement therapy (RRT) in critically ill patients with vv‑ECMO for severe 
COVID‑19 and implications on outcome are still unclear.

Methods Retrospective analysis at the University Medical Center Hamburg‑Eppendorf (Germany) between March 
1st, 2020 and July 31st, 2021. Demographics, clinical parameters, AKI, type of organ support, length of ICU stay, mor‑
tality and severity scores were assessed.

Results Ninety‑one critically ill patients with SARS‑CoV‑2 requiring ECMO were included. The median age 
of the study population was 57 (IQR 49–64) years and 67% (n = 61) were male. The median SAPS II and SOFA Score 
on admission were 40 (34–46) and 12 (10–14) points, respectively. We observed that 45% (n = 41) developed early‑AKI, 
38% (n = 35) late‑AKI and 16% (n = 15) no AKI during the ICU stay. Overall, 70% (n = 64) of patients required RRT dur‑
ing the ICU stay, 93% with early‑AKI and 74% with late‑AKI. Risk factors for early‑AKI were younger age (OR 0.94, 95% 
CI 0.90–0.99, p = 0.02) and SAPS II (OR 1.12, 95% CI 1.06–1.19, p < 0.001). Patients with and without RRT were compa‑
rable regarding baseline characteristics. SAPS II (41 vs. 37 points, p < 0.05) and SOFA score (13 vs. 12 points, p < 0.05) 
on admission were significantly higher in patients receiving RRT. The median duration of ICU (36 vs. 28 days, p = 0.27) 
stay was longer in patients with RRT. An ICU mortality rate in patients with RRT in 69% (n = 44) and in patients with‑
out RRT of 56% (n = 27) was observed (p = 0.23).

Conclusion Critically ill patients with severe SARS‑CoV‑2 related ARDS requiring vv‑ECMO are at high risk of early 
acute kidney injury. Early‑AKI is associated with age and severity of illness, and presents with high need for RRT. Mor‑
tality in patients with RRT was comparable to patients without RRT.
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Background
In 2019, the emergence of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has spread all over 
the world [1]. While clinical presentation ranges from 
mild respiratory symptoms to severe acute respiratory 
failure in about 40% of patients with COVID-19 admitted 
to the intensive care unit (ICU) [2–4], SARS-CoV-2 may 
be accompanied by multiorgan failure and subsequently 
death in severe cases [5–7]. In selected patients who 
develop progressive acute respiratory failure refractory 
to optimal support with conventional mechanical venti-
lation, the use of veno-venous extracorporeal membrane 
oxygenation (vv-ECMO) may be considered as therapy 
option [8, 9].

Early referral to ECMO centres as well as early ini-
tiation of vv-ECMO has been proven to be beneficial 
in these patients [10–12]. Thus, the use of vv-ECMO 
has increased substantially in critical care units dur-
ing the last decade [13]. Even though SARS-CoV-2 pri-
marily targets the respiratory system, other organs such 
as the kidneys may be affected [14, 15]. Although acute 
kidney injury (AKI) in patients with ECMO is reported 
in 26–85% of patients [16], the pooled incidence rate of 
severe AKI in patients with ECMO is 45% [17]. The vari-
ation in reported incidences might be attributable to dif-
ferent clinical settings and patient characteristics, but 
also different definitions for AKI were used [16].

SARS-CoV-2 AKI is associated with disease sever-
ity and might be an indicator of poor prognosis [18, 
19]. Multiple pathogenic mechanisms of SARS-CoV-2 
AKI have been proposed including direct tubular dam-
age, lung-kidney crosstalk, cytokine storm, hypercoagu-
lability, rhabdomyolysis, hypoperfusion and impact of 
mechanical ventilation as well as inhaled nitric oxide on 
renal function [20–25]. Despite just one study reported 
the incidence of severe AKI stages (II/III) in 38% of 
SARS-CoV-2 [26], 58–60% required the initiation of renal 
replacement therapy (RRT) and higher rates of RRT in 
non-survivors were observed [27, 28]. To date, detailed 
characteristics on the development of AKI and require-
ment of RRT in patients receiving vv-ECMO due to 
SARS-CoV-2 has not been reported.

The present study aims to investigate the incidence of 
early AKI and progression to renal replacement therapy 
(RRT) in SARS-CoV-2 patients receiving vv-ECMO.

Methods
Study population, design and ethics
We retrospectively analyzed consecutive SARS-CoV-2 
patients admitted to ICU of the Department of Intensive 
Care Medicine at the University Medical Center Ham-
burg Eppendorf (Germany) between March 1st, 2020 
and July 31st, 2021. The study was approved by the Ethics 

Committee of the Hamburg Chamber of Physicians (No.: 
2021-300112-WF). Owing to the retrospective character 
of the study and anonymized data collection, the need for 
informed consent was waived.

Inclusion and exclusion criteria
We included all consecutive adult patients (≥ 18 years) 
with confirmed and symptomatic COVID-19 requiring 
vv-ECMO support admitted to our department during 
the study period. Confirmed SARS-CoV-2 was defined 
as at least one positive result on reverse transcriptase 
polymerase chain reaction (PCR) obtained from naso-
pharyngeal swabs and/or bronchial secretions and typi-
cal symptoms including dyspnea, fever or cough. Patients 
without confirmed COVID-19, ongoing ICU stay at the 
time of data censoring and patients aged < 18 years were 
excluded.

Data collection
Patient data were collected from the department’s elec-
tronical patient data management system (PDMS, Inte-
grated Care Manager® (ICM), Version 9.1–Draeger 
Medical, Luebeck, Germany). The data included age, 
gender, body mass index, comorbidities, admission diag-
nosis, length of ICU stay, organ support (mechanical ven-
tilation, ECMO, vasopressor support, RRT), medication 
and laboratory test results.

Clinical definitions and patient management
Severity of illness was evaluated with the sequential 
organ failure assessment (SOFA) [29] and the simplified 
acute physiology II (SAPS II) [30] scores. The Charlson 
Comorbidity Index (CCI) [31] was calculated for all 
patients. Clinical management was performed accord-
ing to national and international guidelines, includ-
ing prone positioning in moderate to severe ARDS 
and, restrictive fluid management following the initial 
resuscitation period [32]. ARDS was defined accord-
ing to the Berlin definition, using the  PaO2/FiO2 ratio 
(Horowitz index) as marker for severity [33]. Vasopres-
sor support was initiated to maintain a mean arterial 
pressure (MAP) of 65 mmHg or higher using norepi-
nephrine [9, 32]. Patients with severe hypoxemic and/
or hypercapnic respiratory failure in combination with 
severe respiratory acidosis refractory to adjunctive 
therapies received vv-ECMO. Criteria for the initia-
tion of vv-ECMO support were based on the guidelines 
of the American Thoracic Society (ATS), national rec-
ommendations and the EOLIA trial [10, 32, 34]. Prone 
positioning during vv-ECMO therapy was initiated in 
patients with persistent severe hypoxemia. The anti-
coagulation on vv-ECMO was performed using con-
tinuously applicated unfractionated heparin. The effect 
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of heparin was monitored using the activated clotting 
time during the cannulation till start with heparin. The 
targeted activated thromboplastin time was 40 to 50  s 
in all patients. AKI and AKI Stage was diagnosed using 
urine output and/or serum creatinine, based on Kidney 
Disease: Improving Global Outcomes (KDIGO) criteria 
[35, 36].

Early-AKI was defined as development of any 
KDIGO-AKI Stage within the first 72  h after ICU 
admission, Late-AKI was defined as development of any 
AKI stage after 72 h in the ICU and with no AKI within 
the first 72  h. Baseline serum creatinine was defined 
as the first measured creatinine in the ICU. Indication 
to start RRT, based on the most recent Austrian/Ger-
man recommendations [37, 38], was performed by the 
attending intensivist in accordance with local stand-
ardized protocols in patients with severe metabolic 
acidosis (pH < 7.2), anuria unresponsive to fluids resus-
citation measures, hyperkalemia (serum potassium 
concentration exceeding 6.5 mmol per liter), serum 
creatinine concentration above 3.4 mg per deciliter, 
presence of clinically significant organ edema (e.g., pul-
monary edema) or uremic complications [37, 38]. RRT 
in patients with vv-ECMO was performed via a sepa-
rate central venous access. In general, RRT was per-
formed continuous. Intermittent RRT was performed 
when patients were stabilized according to local prac-
tice procedures. Percentage of fluid overload was calcu-
lated via the following: [(cumulative fluid balance–day 
3 (liters)—cumulative urinary output–day 3 (liters))/
ICU admission weight (kg)] × 100] [39, 40]. Patient sur-
vival was assessed at ICU discharge, after 28 and after 
90 days. Last day of follow-up was October 1st, 2021.

Statistical analysis
Data are presented as absolute numbers and relative fre-
quency or median with interquartile range (IQR). Cat-
egorical variables were compared via Chi-Square test or 
Fisher’s exact test, as appropriate. Continuous variables 
were compared via Mann–Whitney U-test. Survival 
function estimates were calculated using Kaplan–Meier 
method and were compared by log rank test. To assess 
factors associated with early-AKI we performed a logis-
tic regression analysis. Clinically relevant variables (Age, 
BMI, Gender, SAPS II, CCI) were included in the initial 
model and were eliminated stepwise backwards. We per-
formed an exploratory analysis. Statistical analysis was 
conducted using IBM SPSS Statistics Version 24.0 (IBM 
Corp., Armonk, NY). The study protocol was prepared 
in accordance with the Strengthening the Reporting of 
Observational studies in Epidemiology (STROBE) rec-
ommendations [41].

Results
Overall, 316 critically ill patients with confirmed SARS-
CoV-2 infection were admitted to our department dur-
ing the period from March 1st, 2020 until July 31st, 2021. 
Sixteen patients with ongoing treatment at the end of 
the study period were excluded. Of the remaining 300 
patients, 91 (30%) received vv-ECMO treatment and 
were included in the final analysis (see Flowchart Fig. 1).

Baseline demographic characteristics
Baseline demographic characteristics are reported in 
Table 1. The median age of patients was 57 (IQR: 49–64) 
years, 67% (n = 61) were male and the median BMI was 
31.7 (27.3–36.2) kg/m2. Severity of illness represented by 
SAPS II was 40 (34–46) and SOFA 12 (10–14) points on 
admission. The Charlson comorbidity index (CCI) was 1 
(0–2) points. The most common comorbidities were arte-
rial hypertension (45%, n = 41), diabetes mellitus type 
II (30%, n = 27) and chronic lung disease (18%, n = 16). 
Patients were transferred from other hospitals (88%, 
n = 80), the peripheral ward (9%, n = 8) or the emergency 
department (3%, n = 3). The median duration of hospi-
tal and ICU stay was 37 (19–63) and 33 (16–57) days, 
respectively.

Occurrence of early‑, late‑ and no‑AKI
Within the first 72h after ICU admission, 45% (n = 41) 
of the patients developed early-AKI. Patients with early-
AKI had AKI stage I (4%, n = 4), stage II (4%, n = 4) and 
stage III (36%, n = 33). Thirty-five (38%) patients devel-
oped late-AKI and fifteen (16%) no-AKI.

Patients with AKI had similar age, male gender and 
BMI compared to patients with late-AKI and no AKI, 
as shown in Table  2. However, the severity of illness 
assessed by SAPS II and SOFA score on admission was 
significantly higher in patients with early-AKI (Table 2). 
All patients received vasopressor treatment and were 
mechanically ventilated. Complications during the ICU 
stay were frequent, we observed the occurrence of pul-
monary embolism only in patients with early (5%) and 
late-AKI 20% (p = 0.03), cardiac arrest occurred in 29% 
with early-AKI, in 31% with late-AKI and 27% without 
AKI (p = 0.94). Blood gas analysis, urine output as well 
as fluid balance differed significantly between all groups. 
Detailed clinical characteristics are shown in Table 2.

Final AKI stage and transition to RRT 
Of the patients included, 84% (n = 76) developed AKI 
and 16% (n = 15) did not develop AKI. Patients with 
AKI had AKI-KDIGO stage I (13%, n = 10), KDIGO 
stage II (1%, n = 1) and KDIGO stage III (86%, n = 65). 
Overall, 70% (n = 64) received RRT during the ICU 
stay. In patients with early-AKI RRT had to be started 
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in 93% (n = 38), in patients with late-AKI 74% (n = 26) 
received RRT during the course of ICU stay. 3% (n = 2) 
had chronic kidney disease prior the ICU stay. In 9% 
(n = 6) RRT was started in the referring center. The 
median time from ICU admission to start of RRT was 3 
(1–9) days. In 34% (n = 22) RRT was started within 24h 
of ICU admission. The median duration of RRT was 21 
(7–45) days. In patients discharged alive from the ICU, 
50% (n = 10) were dialysis dependent at time of ICU 
discharge.

In all patients RRT was primarily used continuously. 
RRT was performed as Continous Veno-Venous Hemo-
dialysis (CVVHD) in 95% (n = 61) and Hemofiltration 
(CVVHF) in 36% (n = 23) both with high flux hemodia-
filter. In 13% (n = 8) IRRT was used during the ICU stay. 
RRT was initiated due to one absolute indication in 78% 
(n = 50) and in 61% (n = 39) more than one absolute indi-
cation for initiation of RRT was found. Particularly, RRT 
was started based on fluid overload in 70% (n = 45), anu-
ria in 44% (n = 28), hyperkalaemia in 44% (n = 28) and 
severe metabolic acidosis in 42% (n = 27). For detailed 

characteristics of RRT modality and indication see Addi-
tional file 1: Table S1.

Clinical differences of patients with and without RRT 
Patients with and without RRT were comparable regard-
ing baseline characteristics including age (57 vs. 59 years, 
p = 0.26), male gender (70 vs. 59%, p = 0.31) and BMI (32.4 
vs. 30.9 kg/m2, p = 0.09). The SAPS II (41 vs. 37 points, 
p < 0.05) and SOFA score (13 vs. 12 points, p < 0.05) on 
admission and after 24h (14 vs. 11 points, p < 0.001) were 
significantly higher in patients receiving RRT than with-
out RRT. All patients received vasopressor therapy. The 
use of high flow nasal cannula and non-invasive venti-
lation was similar in both groups. The adjunctive treat-
ment regarding prone positioning (73 vs. 70%, p = 0.77), 
neuromuscular blockade (64 vs. 59%, p = 0.67), inhaled 
nitric oxide (56 vs. 44%, p = 0.70), glucocorticoid therapy 
(92 vs. 85%, p = 0.31) was not different in the groups. The 
median duration of MV was 32 (16–56) days in RRT and 
21 (12–44) days in patients without RRT (p = 0.08). The 
rate of tracheostomy was higher in patients with RRT 

Fig. 1 Study flowchart



Page 5 of 12Roedl et al. Annals of Intensive Care          (2023) 13:115  

(66 vs. 52%, p = 0.22). The urine output during the first 3 
days was significantly lower and the fluid balance higher 
in patients receiving RRT. Detailed clinical characteristics 
are shown in Table 3 and see Additional file 1: Table 2.

Risk factors for early‑AKI
Multivariable regression analysis identified age (OR 0.94, 
95% CI 0.90–0.99, p = 0.02) and SAPS II (OR 1.12, 95% CI 
1.06–1.19, p < 0.001) as factors significantly and indepen-
dently associated with occurrence of early-AKI (Addi-
tional file 1: Table 3).

Outcome of patients with AKI and RRT 
In patients with early-AKI, late-AKI and no-AKI we 
observed a median duration of ICU (26 vs. 46 vs. 21 days, 
p = 0.05) and hospital (30 vs. 43 vs. 26 days, p = 0.07) 
stay. The ICU mortality in patients with early-AKI, late-
AKI and no-AKI was 66% (n = 27), 69% (n = 24) and 53% 
(n = 8), respectively (p = 0.58). See Kaplan–Meier Analy-
sis Additional file 2: Fig. S1 and Additional file 3: Fig. S2.

The median duration of ICU (36 vs. 28 days, p = 0.27) 
and hospital (38 vs. 30 days, p = 0.23) stay was longer in 
patients with RRT. A 28-day mortality and 90-day mor-
tality was observed in patients with RRT in 36% (n = 23) 
and 66% (n = 44) and in patients without RRT in 44% 
(n = 12) and 56% (n = 15), respectively. The Kaplan–Meier 
survival estimates for 90-day mortality are displayed in 
Fig. 2.

Discussion
In the present study, we found that almost half of the 
patients with SARS-CoV-2 requiring vv-ECMO therapy 
developed AKI within the first 72h of ICU admission. 
Further, 70% of patients require RRT during the ICU stay, 
50% of patients requiring RRT were dialysis dependent 
on ICU discharge. Of interest, patients with and with-
out RRT had similar short- and long-term outcomes in 
spite of different initial severity of illness and complica-
tions. To our knowledge, this is the first study focusing 
exclusively on clinical characteristics and outcomes of 
patients with early AKI and RRT in critically ill patients 
with SARS-CoV-2 and vv-ECMO.

The incidence of early AKI in this study of critically ill 
patients with ARDS was found to be 45%. In critically ill 
patients, although AKI is a common complication and 
can be observed in 57% of critically ill patients [42, 43], 
the occurrence of AKI is associated with high mortal-
ity [44, 45]. When focusing on patients with ARDS an 
incidence of 24 to 44% was reported [46–48]. Although 
our findings are comparable with that from previous 
studies, we observed that 84% had AKI during the ICU 
course when looking at the incidence of AKI during the 
entire ICU stay. There can be different explanations for 
this finding. First, all patients had severe ARDS accompa-
nied by severe hypoxemia and requirement of vv-ECMO. 
Previous studies reported from all stages of ARDS also 
including less severe form and, therefore, represent a 
lower severity of illness reasonably accompanied by lower 
incidence of AKI [47, 49]. Furthermore, all patients in the 
current cohort were severely ill and had higher SOFA and 
SAPS II scores on admission compared to other studies 
[47]. Third, complications like septic shock and cardiac 
arrest were frequently observed in our cohort. All com-
plications were previously shown to be associated with 
a high incidence of AKI related to ischemia–reperfu-
sion injury [50, 51]. Fourth, the overall incidence of AKI 
in patients with ECMO ranges from 26 to 85% [16]. This 
large difference among studies is mainly attributable to 
following differences in patient characteristics, the clini-
cal setting and the definition used for detection of AKI. 
Furthermore, also a changing incidence of AKI during 
the COVID-19 pandemic, as recently shown in a large 
critically ill cohort of patients with COVID-19, could be 

Table 1 Baseline demographic characteristics

Data are expressed as n (%) or median (interquartile range)

BMI body mass index, pts points, SAPS simplified acute physiology score, SOFA 
sequential organ failure assessment, ICU intensive care unit

Variables All
(n = 91)

Age (years) 57 (49–64)

Males 61 (67)

BMI (kg/m2) 31.7 (27.3–36.2)

Disease severity (admission)

 SAPS II (pts.) 40 (34–46)

 SOFA (pts.) 12 (10–14)

Comorbidities

 Charlson comorb. index, pts 1 (0–2)

 Arterial hypertension (n, %) 41 (45)

 Chronic kidney disease (n, %) 2 (2)

 Coronary heart disease (n, %) 7 (8)

 Congestive heart failure (n, %) 4 (4)

 Diabetes mellitus (n, %) 27 (30)

 Chronic lung disease (n, %) 16 (18)

 Smoking (n, %) 11 (12)

Admission from

 Transfer from peripheral ward 8 (9)

 Transfer from emergency dep 3 (3)

 Transfer from other hospital 80 (88)

Outcome

 Duration ICU stay (days) 33 (16–57)

 Duration hospital stay (days) 37 (19–63)

 ICU mortality 59 (65)

 28‑day mortality 35 (38)

 90‑day mortality 57 (63)
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Table 2 Clinical characteristics of patients with early, late and no acute kidney injury

Variables Early AKI
(n = 41)

Late AKI
(n = 35)

No AKI
(n = 15)

p‑value

Age (years) 57 (49–61) 56 (50–65) 60 (47–67) 0.55

Males 31 (76) 22 (63) 8 (53) 0.23

BMI (kg/m2) 33.2 (28.7–38.1) 30.8 (26.1–34.9) 29.3 (26.8–33.3) 0.15

Charlson comorb. index, pts 1 (0–2) 1 (0–1) 0 (0–1.5) 0.23

Disease severity

 SAPS II (pts.) 45 (36–55) 36 (31–41) 38 (34–42)  < 0.001

 SOFA—admission (pts.) 14 (12–16) 10 (7–12) 12 (11–12)  < 0.001

 SOFA—24h (pts.) 15 (13–16) 11 (8–12) 11 (10–12)  < 0.001

ICU procedures

 Vasopressors 41 (100) 35 (100) 15 (100) 1

 High Flow‑Nasal‑Cannula 13 (32) 16 (46) 6 (40) 0.45

 Non‑Invasive Ventilation 17 (41) 17 (49) 8 (53) 0.69

 Mechanical ventilation 41 (100) 35 (100) 15 (100) 1

 Renal Replacement Therapy 38 (93) 26 (74) 0 (0)  < 0.001

COVID‑19 Therapy

 Remdesivir 5 (12) 5 (14) 3 (20) 0.76

 Dexamethasone 28 (68) 30 (86) 13 (87) 0.13

 Plasma‑Exchange 0 (0) 1 (3) 1 (7) 0.30

 Tocilizumab 1 (2) 1 (3) 1 (7) 0.72

 Other Antibody‑Therapy 0 (0) 0 (0) 0 (0) –

ARDS—Management

 Prone positioning 29 (71) 28 (80) 9 (60) 0.33

 Neuromuscular blockade 28 (68) 20 (57) 9 (60) 0.59

 Inhaled nitric oxide 24 (59) 19 (54) 7 (47) 0.73

 Glucocorticoid therapy 38 (93) 32 (91) 12 (80) 0.35

Complications—ICU stay

 Pulmonary embolism 2 (5) 7 (20) 0 (0) 0.03

 Deep vein thrombosis 4 (10) 4 (11) 0 (0) 0.41

 Cardiac arrest 12 (29) 11 (31) 4 (27) 0.94

 Neurologic 21 (51) 11 (31) 7 (47) 0.21

Urine output, fluid balance and blood gas

 Lactate, mmol/l—admission 1.8 (1.2–2.8) 1.4 (0.8–1.7) 1.7 (1.2–2.3)  < 0.01

 pH, level—admission 7.30 (7.25–7.36) 7.39 (7.29–7.46) 7.39 (7.25–7.49)  < 0.01

 Base excess—admission − 0.7 (− 4.9–3.9) 4.4 (0.8–8.8) 5.3 (3.0–8.1)  < 0.01

 Bicarbonate—admission 23 (20–27) 27 (24–31) 28 (26–30)  < 0.01

 Creatinine, mg/dl—admission 1.79 (1.13–2.78) 0.8 (0.6–1.1) 0.83 (0.66–1.25)  < 0.001

 Urine output, ml—day 1 455 (50–830) 1250 (690–1970) 1220 (535–1840)  < 0.01

 Fluid balance, ml—day 1 1817 (360–3644) 300 (‑242–648) 560 (98–2011)  < 0.001

 Urine output, ml—day 2 600 (140–1510) 2230 (1523–3143) 2910 (1733–3223)  < 0.001

 Fluid balance, ml—day 2 2245 (1141–4273) 722 (216–1743) 977 (183–1667)  < 0.001

 Urine output, ml—day 3 183 (63–1042) 2390 (1975–3585) 2790 (2340–3070)  < 0.001

 Fluid balance, ml—day 3 1978 (246–3459) 74 (− 391–1212) 540 (‑432–1480)  < 0.001

 Percentage of Fluid Overload 5.4 (3.0–8.2) − 0.9 (− 3.3–0.6) − 0.5 (− 2.3–1.1)  < 0.001

Outcome

 Length of stay—ICU (days) 26 (15–57) 46 (34– 63) 21 (14–48) 0.05

 Length of stay—hospital (days) 30 (17–63) 43 (28–59) 26 (15–57) 0.07

 28‑day mortality 18 (44) 9 (25) 8 (53) 0.12

 90‑day mortality 27 (66) 22 (63) 8 (53) 0.69
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a reason for the heterogeneity of findings across studies 
[52].

According to recent publications, AKI is more com-
mon in patients treated with veno-arterial ECMO than 
vv-ECMO [17, 53]. The pooled incidence of AKI and 
the use of RRT in patients with VA-ECMO reaches up 
to 61% [16, 17]. However, the incidence of the use of 
RRT in patients with VA-ECMO varies largely in the 
literature (27–87%) what makes comparison between 
studies difficult [17]. Compared to the current study in 
VV-ECMO patients we observed a higher rate of AKI. 
This may be attributable to different pathophysiological 
factors regarding VV- and VA-ECMO. Patients with res-
piratory failure often present with prolonged hypercap-
nia. Although the respiratory function is supported via 
VV-ECMO prolonged hypercapnia can induce altered 
haemodynamics and renal blood flow potentially explain-
ing differences in AKI incidence between patients with 
VV- and VA-ECMO [54]. Furthermore, a hypercoagula-
ble state due to the non-endothelialised ECMO interface 
and the destruction of the glycocalyx can cause microem-
boli and microthrombi [55, 56]. These microemboli and 
microthrombi in the renal vasculature are particularly 
found in the patients on VA-ECMO which also explains 
differences between VV- and VA-ECMO support. Future 
research should focus on causes of AKI and the patho-
physiology regarding different forms of ECMO support.

In our population, we observed a high ICU mortality 
in patients with early- and late-AKI. Particularly, mor-
tality was delayed in patients with late-AKI, most likely 
complicating the ICU course via a second hit event. The 
high mortality in our study population might be attribut-
able to the severity of illness as well as to the high preva-
lence of sepsis related to superimposed infection during 
ECMO. The prevalence of hospital-acquired infections 
during ECMO is 10–12% [57]. Generally, in critically ill 
patients with SARS-CoV-2 secondary infection rates 
were reported in 16–45% [58, 59]. Furthermore, patients 
with SARS-CoV-2 and need for ECMO showed also 
elevated infection rates up to 58–86%, which was sig-
nificantly associated with risk for death [60, 61]. Further-
more, there might also be differences in patients selected 
for ECMO which impact outcome [62].

In general, mortality rates in this cohort are com-
parable to other studies in a similar cohort [27, 63]. Of 
interest, we observed that early AKI was significantly 
associated with need of RRT in the further ICU course. 
In detail 93% of patients with early AKI required RRT, 

whereas 74% with late-AKI required RRT in the further 
ICU course. This highlights the early visibility of kidney 
alterations and predictive ability of RRT within the first 
72h in this cohort.

In general, it has been suggested that AKI is associated 
with SARS-CoV-2 severity and might be an indicator of 
poor prognosis. This study exclusively included patients 
with SARS-CoV-2. It is known that multiple pathogenic 
mechanisms of SARS-CoV-2 AKI have been proposed 
including inflammation, cytokine release, possible viral 
invasion as well as hemodynamic instability, low cardiac 
output and impact of mechanical ventilation on renal 
function [20–22]. The high rate of AKI and RRT maybe 
also be an expression of direct kidney involvement, as 
previously proposed, or complications during the ICU 
stay like pulmonary embolism or cardiac arrest [15]. 
However, it was previously suggested that severe SARS-
CoV-2 AKI is tightly intertwined with critical illness and 
systemic inflammation [14]. Of interest, incidence of 
SARS-CoV-2 AKI might be higher compared with other 
types of severe respiratory failure [64]. However, detailed 
characteristics on development of RRT in patients receiv-
ing vv-ECMO due to COVID-19 associated ARDS has 
not been reported to date.

VV-ECMO has been used as life-saving therapy 
option for patients with severe respiratory failure. Use 
of vv-ECMO in patients with ARDS related to viral 
infections was previously reported during the influenza 
A (H1N1) pandemic as well as the Middle East respira-
tory syndrome coronavirus (MERS-CoV) outbreaks 
[65, 66]. Its use has increased substantially during the 
past years [13]. The pooled incidence of RRT in patients 
with ECMO therapy is 45% [17]. In this study, we 
observed that 70% required RRT throughout the ICU 
stay. Generally, risk factors for AKI in patients with 
ECMO are widespread and include older age and pre-
existing comorbidities [16]. In patients with ECMO, 
RRT is mainly initiated to manage or prevent fluid 
overload, followed by AKI and electrolyte disturbances 
[16, 67]. Traditional complications of AKI, such as elec-
trolyte derangements, uraemia, and fluid overload are 
considered to contribute to the poor pulmonary out-
comes associated with AKI [48, 63, 68]. In the present 
cohort, we observed that 78% had an absolute indica-
tion for start of RRT and 61% presented more than one 
indication. The main cause for start of RRT was fluid 
overload observed in 70% of cases. Our results are in 
line with evidence present in literature in the paediatric 

Table 2 (continued)
Data are expressed as n (%) or median (interquartile range)

ARDS acute respiratory distress syndrome, SOFA sequential organ failure assessment, SAPS II simplified acute physiology score II, pts. Points, ICU intensive care unit
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Table 3 Clinical characteristics of patients with and without kidney replacement therapy

Data are expressed as n (%) or median (interquartile range)

ARDS acute respiratory distress syndrome, SOFA sequential organ failure assessment, SAPS II simplified acute physiology score II, pts. Points, ICU intensive care unit

Variables RRT 
(n = 64)

No RRT 
(n = 27)

p‑value

Age (years) 57 (49–62) 59 (51–67) 0.26

Males 45 (70) 16 (59) 0.31

BMI (kg/m2) 32.4 (27.6–39.2) 30.9 (26.4–33.9) 0.09

Charlson comorb. index, pts 1 (0–2) 1 (0–2) 0.71

Disease severity

 SAPS II (pts.) 41 (35–51) 37 (34–42)  < 0.05

 SOFA—admission (pts.) 13 (10–15) 12 (11–12)  < 0.05

 SOFA—24h (pts.) 14 (11–16) 11 (10–12)  < 0.001

ICU procedures

 Vasopressors 64 (100) 27 (100) 1

 High Flow‑Nasal‑Cannula 25 (39) 10 (37) 0.86

 Non‑Invasive Ventilation 29 (45) 13 (48) 0.80

 Mechanical ventilation 64 (100) 27 (100) 1

Respiratory—Management

 Prone positioning 47 (73) 19 (70) 0.77

 Neuromuscular blockade 41 (64) 16 (59) 0.67

 Inhaled nitric oxide 36 (56) 12 (44) 0.70

 Glucocorticoid therapy 59 (92) 23 (85) 0.31

 Duration of mechanical ventilation 31 (16–56) 21 (12–44) 0.08

 Tracheostomy 42 (66) 14 (52) 0.22

Complications—ICU stay

 Pulmonary embolism 8 (13) 1 (4) 0.20

 Deep vein thrombosis 8 (13) 0 (0) 0.05

 Cardiac arrest 20 (31) 7 (26) 0.61

 Neurologic 23 (36) 16 (59)  < 0.05

Urine output, fluid balance and blood gas

 Lactate, mmol/l—admission 1.5 (0.9–2) 1.7 (1.1–2.2) 0.69

 pH, level—admission 7.33 (7.25–7.39) 7.39 (7.29–7.47) 0.06

 Base excess—admission 1.8 (− 3.2–7.1) 5.3 (0.9–8.3) 0.08

 Bicarbonate—admission 25 (22–29) 28 (24–31) 0.05

 Creatinine, mg/dl—admission 1.26 (0.81–2.62) 0.80 (0.62–1.08)  < 0.01

 Urine output, ml—day 1 650 (183–1363) 1350 (740–1995)  < 0.01

 Fluid balance, ml—day 1 781 (140–2897) 456 (‑162–1387) 0.15

 Urine output, ml—day 2 1365 (300–2245) 2710 (1733–3130)  < 0.001

 Fluid balance, ml—day 2 1606 (533–3372) 1039 (299–1743) 0.05

 Urine output, ml—day 3 1040 (93–2768) 2375 (2060–2970)  < 0.01

 Fluid balance, ml—day 3 1069 (− 340–2581) 544 (50–1502) 0.56

Outcome

 Length of stay—ICU (days) 36 (17–63) 28 (16–50) 0.27

 Length of stay—hospital (days) 38 (21–65) 30 (17–56) 0.23

 28‑day mortality 23 (36) 12 (44) 0.45

 90‑day mortality 42 (66) 15 (56) 0.36

 ICU mortality 44 (69) 15 (56) 0.23
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population [69–71]. Further, recent results of a survey 
regarding the practice of RRT initiation in patients on 
ECMO showed that fluid overload and anuria were the 
most prevalent indications [72]. 62% of patients had a 
positive fluid balance, suggesting that fluid overload 
and the ability to achieve a negative fluid balance are 
potentially important therapeutic targets associated 
with improved survival. One reason for the high per-
centage of positive fluid balance in the present cohort 
could be the high incidence of sepsis, which requires 
large volume resuscitation and is associated with fluid 
overload. In fact, CRRT provides flexibility and control 
in fluid management, and has been shown to enhance 
the ability to achieve negative fluid balance during 
ECMO.

Of interest, we found that patients with RRT had 
a higher mortality without reaching statistical sig-
nificance. Mortality rates of patients with RRT while 
on ECMO are high and the likelihood of dying for 
patients receiving RRT was reported to be three times 
higher than that of those without RRT [17]. It generally 
remains unclear whether RRT itself directly increases 
mortality risk or it represents an epiphenomenon of 
disease severity [16, 73]. The reason why patients with 
and without need for RRT had the same mortality rate, 
remains unknown. It could be that there was a change 
in clinical practice due to evolving therapy options dur-
ing the pandemic that affected kidney function and 

requirement of RRT. Further, also initiation strategies 
of RRT could have had an effect.

We acknowledge the following limitations in our study. 
First, this was a retrospective study and multiple unmeas-
ured variables may have affected the outcomes. Our 
conclusions need to be validated by larger, prospective 
studies in the future. Second, we present the results of 
a single centre with a high expertise in the management 
of critically ill patients with ARDS. Our results may not 
be generalizable to other cohorts. Third, due to the ret-
rospective design, pre-admission kidney function could 
not be well estimated. Forth, changes in clinical practice 
over time may have influenced outcomes of critically ill 
patients with COVID-19. Fifth, a recent consensus report 
of the “Acute Disease Quality Initiative” workgroup pro-
posed that early AKI is defined as AKI that occurs within 
48h as opposed to the used definition of 72h in the cur-
rent manuscript which could lead to different outcomes 
in comparison to other scientific articles. Sixth, due to 
local standards RRT was performed via a separate venous 
access coming along with inherited side effects with this 
approach. Seventh, residual confounding is a matter of 
concern and cannot be entirely excluded.

Conclusion:
In our study, the incidence of SARS-CoV-2 AKI, based 
on KDIGO criteria, was 45% within the first 72h of ICU 
admission with 70% of RRT requirement. Early-AKI 
is associated with older age and severity of illness, and 

Fig. 2 Kaplan–Meier 90‑day survival estimates in patients receiving vv‑ECMO stratified by the use of kidney replacement therapy
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presents with high need for RRT. Mortality in patients 
with RRT was comparable to patients without RRT. The 
fluid overload estimation and monitoring during the 72 
h of ICU admission might be helpful in identifying criti-
cally ill patients with vv-ECMO support at risk for devel-
oping AKI. This warrants further investigation in future 
larger trials.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13613‑ 023‑ 01205‑x.

Additional file 1: Table S1. Indications for initiation of RRT and RRT 
modalities used. Table S2. Pre‑existing comorbidities. Table S3. Logistic 
regression model for factors associated with early AKI; Hierarchical step‑
wise backwards elimination of insignificant variables, change of parameter 
estimate > 10% = confounding variable. Table S4. Initial ECMO parameters 
in patients with early, late and no acute kidney injury

Additional file 2: Figure S1. Kaplan–Meier 28‑day survival estimates in 
patients receiving vv‑ECMO stratified by early AKI, late AKI and no AKI.

Additional file 3: Figure S2. Kaplan–Meier 90‑day survival estimates in 
patients receiving vv‑ECMO stratified by early AKI, late AKI and no AKI.

Acknowledgements
This project was carried out during the ESICM‑NEXT Mentoring Programme 
(Silvia De Rosa: mentor: Kevin Roedl: mentee). We would like to thank the 
ESICM‑NEXT Committee for this initiative.

Author contributions
KR and SDR participated in study conception and design. KR, MF, JB, CSL, 
DJ, TBH, SK and DW were involved in acquisition of data. KR, SDR and DW 
contributed to analysis and interpretation of data. KR drafted the manuscript. 
SDR and DW were involved in critical revision of the manuscript for important 
intellectual content. SK and DW participated in supervision. All authors read 
and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. We acknowl‑
edge financial support from the Open Access Publication Fund of UKE 
‑ Universitätsklinikum Hamburg‑Eppendorf and DFG – German Research 
Foundation.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article.

Declarations

Ethics approval and consent to participate
The study was approved by the local clinical institutional review board and 
complies with the Declaration of Helsinki. The study was registered with the 
Ethics Committee of the Hamburg Chamber of Physicians (No.: 2021‑300112‑
WF). Owing to the retrospective character of the study and its anonymized 
data collection, the need for informed consent was waived.

Consent for publication
Not applicable.

Competing interests
SDH, JB, DJ, CSL, TBH, MF do not report any conflicts of interest related to this 
article. SK received research support from Cytosorbents and Daiichi Sankyo. 
He also received lecture fees from ADVITOS, Biotest, Daiichi Sankyo, Fresenius 
Medical Care, Gilead, Mitsubishi Tanabe Pharma, MSD, Pfizer and Zoll. He 
received consultant fees from Fresenius, Gilead, MSD and Pfizer. DW received 
lecture honorarium from 3M, ADVANZ, AMEOS, Gilead, InfectoPharm, Kite, 

Lilly, MSD, Pfizer and Shionogi and consultation honorarium from Eumedica, 
EUSA‑Pharm, Gilead, Kite, MSD, Novartis, Pfizer and Shionogi. No other poten‑
tial conflict of interest relevant to this article was reported. KR received travel 
reimbursement from Gilead within the last 5 years.

Author details
1 Department of Intensive Care Medicine, University Medical Centre Hamburg‑
Eppendorf, Martinistraße 52, 20246 Hamburg, Germany. 2 Centre for Medical 
Sciences, CISMed, University of Trento, Via S. Maria Maddalena 1, 38122 Trento, 
Italy. 3 Anesthesia and Intensive Care, Santa Chiara Regional Hospital, APSS, 
Trento, Italy. 4 III. Department of Medicine, University Medical Centre Hamburg‑
Eppendorf, Hamburg, Germany. 5 Research Center On Rare Kidney Diseases 
(RECORD), University Hospital Erlangen, Erlangen, Germany. 

Received: 7 April 2023   Accepted: 12 October 2023

References
 1. WHO. World Map ‑ COVID‑19, https:// covid 19. who. int/. Accessed 19 Dec 

2022.
 2. Grein J, Ohmagari N, Shin D, Diaz G, Asperges E, Castagna A, et al. Com‑

passionate use of remdesivir for patients with severe Covid‑19. N Engl J 
Med. 2020;382(24):2327–36.

 3. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical char‑
acteristics of coronavirus disease 2019 in China. N Engl J Med. 
2020;382(18):1708–20.

 4. Wu C, Chen X, Cai Y, Xia J, Zhou X, Xu S, et al. Risk Factors Associated with 
acute respiratory distress syndrome and death in patients with coronavi‑
rus disease 2019 pneumonia in Wuhan, China. JAMA Int Med. 2020.

 5. Roedl K, Jarczak D, Thasler L, Bachmann M, Schulte F, Bein B, et al. 
Mechanical ventilation and mortality among 223 critically ill patients with 
COVID‑19–a multicentric study in Germany. Aust Crit Care. 2020.

 6. Karagiannidis C, Mostert C, Hentschker C, Voshaar T, Malzahn J, Schillinger 
G, et al. Case characteristics, resource use, and outcomes of 10 021 
patients with COVID‑19 admitted to 920 German hospitals: an observa‑
tional study. Lancet Respir Med. 2020;8(9):853–62.

 7. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of 
patients infected with 2019 novel coronavirus in Wuhan. China Lancet. 
2020;395(10223):497–506.

 8. Ramanathan K, Shekar K, Ling RR, Barbaro RP, Wong SN, Tan CS, et al. 
Extracorporeal membrane oxygenation for COVID‑19: a systematic review 
and meta‑analysis. Crit Care. 2021;25(1):211.

 9. Alhazzani W, Møller MH, Arabi YM, Loeb M, Gong MN, Fan E, et al. 
Surviving sepsis campaign: guidelines on the management of critically 
ill adults with coronavirus disease 2019 (COVID‑19). Intensive Care Med. 
2020;46(5):854–87.

 10. Combes A, Hajage D, Capellier G, Demoule A, Lavoué S, Guervilly C, et al. 
Extracorporeal membrane oxygenation for severe acute respiratory 
distress syndrome. N Engl J Med. 2018;378(21):1965–75.

 11. Goligher EC, Tomlinson G, Hajage D, Wijeysundera DN, Fan E, Jüni P, 
et al. extracorporeal membrane oxygenation for severe acute respira‑
tory distress syndrome and posterior probability of mortality benefit 
in a post hoc bayesian analysis of a randomized clinical trial. JAMA. 
2018;320(21):2251–9.

 12. Peek GJ, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany MM, et al. 
Efficacy and economic assessment of conventional ventilatory support 
versus extracorporeal membrane oxygenation for severe adult respira‑
tory failure (CESAR): a multicentre randomised controlled trial. Lancet. 
2009;374(9698):1351–63.

 13. Thiagarajan RR, Barbaro RP, Rycus PT, McMullan DM, Conrad SA, Forten‑
berry JD, et al. Extracorporeal Life support organization registry interna‑
tional report 2016. ASAIO J. 2017;63(1):60–7.

 14. Hardenberg JB, Stockmann H, Aigner A, Gotthardt I, Enghard P, Hinze 
C, et al. Critical illness and systemic inflammation are key risk factors of 
severe acute kidney injury in patients with coviD‑19. Kidney Int Rep. 
2021;6(4):905–15.

 15. Puelles VG, Lutgehetmann M, Lindenmeyer MT, Sperhake JP, Wong MN, 
Allweiss L, et al. Multiorgan and renal tropism of SARS‑CoV‑2. N Engl J 
Med. 2020;383(6):590–2.

https://doi.org/10.1186/s13613-023-01205-x
https://doi.org/10.1186/s13613-023-01205-x
https://covid19.who.int/


Page 11 of 12Roedl et al. Annals of Intensive Care          (2023) 13:115  

 16. Ostermann M, Lumlertgul N. Acute kidney injury in ECMO patients. Crit 
Care (London, England). 2021;25(1):313.

 17. Thongprayoon C, Cheungpasitporn W, Lertjitbanjong P, Aeddula NR, 
Bathini T, Watthanasuntorn K, et al. Incidence and impact of acute 
kidney injury in patients receiving extracorporeal membrane oxygena‑
tion: a meta‑analysis. J Clin Med. 2019;8(7):981.

 18. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiologi‑
cal and clinical characteristics of 99 cases of 2019 novel corona‑
virus pneumonia in Wuhan, China: a descriptive study. Lancet. 
2020;395(10223):507–13.

 19. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course and risk fac‑
tors for mortality of adult inpatients with COVID‑19 in Wuhan, China: a 
retrospective cohort study. The Lancet. 2020;395(10229):1054–62.

 20. Nadim MK, Forni LG, Mehta RL, Connor MJ Jr, Liu KD, Ostermann M, 
et al. COVID‑19‑associated acute kidney injury: consensus report of 
the 25th Acute Disease Quality Initiative (ADQI) Workgroup. Nat Rev 
Nephrol. 2020;16(12):747–64.

 21. Ostermann M, Lumlertgul N, Forni LG, Hoste E. What every intensivist 
should know about COVID‑19 associated acute kidney injury. J Crit 
Care. 2020;60:91–5.

 22. Pei G, Zhang Z, Peng J, Liu L, Zhang C, Yu C, et al. Renal involvement 
and early prognosis in patients with covid‑19 pneumonia. J Am Soc 
Nephrol. 2020;31(6):1157–65.

 23. De Rosa S, Villa G, Ricci Z, Romagnoli S. Brief pathophysiology. COVID‑
19 critical and intensive care medicine essentials: Springer; 2022. pp. 
177–89.

 24. Ruan S‑Y, Wu H‑Y, Lin H‑H, Wu H‑D, Yu C‑J, Lai M‑S. Inhaled nitric oxide and 
the risk of renal dysfunction in patients with acute respiratory distress 
syndrome: a propensity‑matched cohort study. Crit Care. 2016;20(1):389.

 25. Mayerhöfer T, Perschinka F, Joannidis M. Acute kidney injury and COVID‑
19: lung‑kidney crosstalk during severe inflammation. Medizinische Klinik 
Intensivmedizin Notfallmedizin. 2022;117(5):342–8.

 26. Urner M, Barnett AG, Bassi GL, Brodie D, Dalton HJ, Ferguson ND, et al. 
Venovenous extracorporeal membrane oxygenation in patients with 
acute covid‑19 associated respiratory failure: comparative effectiveness 
study. BMJ (Clin Res ed). 2022;377: e068723.

 27. Herrmann J, Lotz C, Karagiannidis C, Weber‑Carstens S, Kluge S, Putensen 
C, et al. Key characteristics impacting survival of COVID‑19 extracorporeal 
membrane oxygenation. Crit Care. 2022;26(1):190.

 28. Karagiannidis C, Strassmann S, Merten M, Bein T, Windisch W, Meybohm 
P, et al. High in‑hospital mortality rate in patients with covid‑19 receiving 
extracorporeal membrane oxygenation in germany: a critical analysis. Am 
J Respir Crit Care Med. 2021;204(8):991–4.

 29. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining 
H, et al. The SOFA (Sepsis‑related Organ Failure Assessment) score to 
describe organ dysfunction/failure. On behalf of the Working Group 
on Sepsis‑Related Problems of the European Society of Intensive Care 
Medicine. Intensive Care Med. 1996;22(7):707–10.

 30. Le Gall JR, Lemeshow S, Saulnier F. A new Simplified Acute Physiology 
Score (SAPS II) based on a European/North American multicenter study. 
JAMA. 1993;270(24):2957–63.

 31. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of clas‑
sifying prognostic comorbidity in longitudinal studies: development and 
validation. J Chronic Dis. 1987;40(5):373–83.

 32. Kluge S, Janssens U, Welte T, Weber‑Carstens S, Marx G, Karagiannidis 
C. German recommendations for critically ill patients with COVID‑19. 
Medizinische Klinik, Intensivmedizin und Notfallmedizin. 2020:1–4.

 33. Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan 
E, et al. Acute respiratory distress syndrome: the Berlin Definition. JAMA. 
2012;307(23):2526–33.

 34. Fan E, Del Sorbo L, Goligher EC, Hodgson CL, Munshi L, Walkey AJ, et al. 
An official American Thoracic Society/European Society of Intensive Care 
Medicine/Society of Critical Care Medicine Clinical Practice Guideline: 
mechanical ventilation in adult patients with acute respiratory distress 
syndrome. Am J Respir Crit Care Med. 2017;195(9):1253–63.

 35. Group KDIGOKCW. KDIGO 2012 clinical practice guideline for the evalu‑
ation and management of chronic kidney disease. Kidney Int Suppl. 
2013;3(1):1–150.

 36. De Rosa S, Samoni S, Ronco C. Creatinine‑based definitions: from baseline 
creatinine to serum creatinine adjustment in intensive care. Crit Care 
(London, England). 2016;20:69.

 37. Investigators RRTS, Bellomo R, Cass A, Cole L, Finfer S, Gallagher M, et al. 
Intensity of continuous renal‑replacement therapy in critically ill patients. 
N Engl J Med. 2009;361(17):1627–38.

 38. Schwenger V, Kindgen‑Milles D, Willam C, Jörres A, Druml W, Czock D, 
et al. Extracorporeal renal replacement therapy in acute kidney injury : 
Recommendations from the renal section of the DGIIN, ÖGIAIN and DIVI. 
Medizinische Klinik Intensivmedizin Notfallmedizin. 2018;113(5):370–6.

 39. Claure‑Del Granado R, Mehta RL. Fluid overload in the ICU: evaluation 
and management. BMC Nephrol. 2016;17(1):109.

 40. Bagshaw SM, Cruz DN. Fluid overload as a biomarker of heart failure and 
acute kidney injury. Contrib Nephrol. 2010;164:54–68.

 41. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke 
JP. The Strengthening the Reporting of Observational Studies in Epidemi‑
ology (STROBE) statement: guidelines for reporting observational studies. 
PLoS Med. 2007;4(10): e296.

 42. Hoste EAJ, Bagshaw SM, Bellomo R, Cely CM, Colman R, Cruz DN, et al. 
Epidemiology of acute kidney injury in critically ill patients: the multina‑
tional AKI‑EPI study. Intensive Care Med. 2015;41(8):1411–23.

 43. Nisula S, Kaukonen K‑M, Vaara ST, Korhonen A‑M, Poukkanen M, Karlsson 
S, et al. Incidence, risk factors and 90‑day mortality of patients with acute 
kidney injury in Finnish intensive care units: the FINNAKI study. Intensive 
Care Med. 2013;39(3):420–8.

 44. Uchino S, Bellomo R, Goldsmith D, Bates S, Ronco C. An assessment of the 
RIFLE criteria for acute renal failure in hospitalized patients. Crit Care Med. 
2006;34(7):1913–7.

 45. Uchino S, Kellum JA, Bellomo R, Doig GS, Morimatsu H, Morgera S, et al. 
Acute renal failure in critically ill patients: a multinational, multicenter 
study. JAMA. 2005;294(7):813–8.

 46. Brower RG, Matthay MA, Morris A, Schoenfeld D, Thompson BT, Wheeler 
A. Ventilation with lower tidal volumes as compared with traditional 
tidal volumes for acute lung injury and the acute respiratory distress 
syndrome. N Engl J Med. 2000;342(18):1301–8.

 47. Darmon M, Clec’h C, Adrie C, Argaud L, Allaouchiche B, Azoulay E, et al. 
Acute respiratory distress syndrome and risk of AKI among critically ill 
patients. Clin J Am Soc Nephrol. 2014;9(8):1347–53.

 48. Park BD, Faubel S. Acute kidney injury and acute respiratory distress 
syndrome. Crit Care Clin. 2021;37(4):835–49.

 49. Braunsteiner J, Jarczak D, Schmidt‑Lauber C, Boenisch O, de Heer G, Bur‑
delski C, et al. Outcomes of critically ill coronavirus disease 2019 patients 
requiring kidney replacement therapy: a retrospective cohort study. Front 
Med (Lausanne). 2022;9:1027586.

 50. Domanovits H, Schillinger M, Müllner M, Thoennissen J, Sterz F, Zeiner A, 
et al. Acute renal failure after successful cardiopulmonary resuscitation. 
Intensive Care Med. 2001;27(7):1194–9.

 51. Zarjou A, Agarwal A. Sepsis and acute kidney injury. J Am Soc Nephrol. 
2011;22(6):999–1006.

 52. Lumlertgul N, Baker E, Pearson E, Dalrymple KV, Pan J, Jheeta A, et al. 
Changing epidemiology of acute kidney injury in critically ill patients 
with COVID‑19: a prospective cohort. Ann Intensive Care. 2022;12(1):118.

 53. Delmas C, Zapetskaia T, Conil JM, Georges B, Vardon‑Bounes F, Seguin 
T, et al. 3‑month prognostic impact of severe acute renal failure under 
veno‑venous ECMO support: Importance of time of onset. J Crit Care. 
2018;44:63–71.

 54. Ko GJ, Rabb H, Hassoun HT. Kidney‑lung crosstalk in the critically ill 
patient. Blood Purif. 2009;28(2):75–83.

 55. Reed RC, Rutledge JC. Laboratory and clinical predictors of thrombosis 
and hemorrhage in 29 pediatric extracorporeal membrane oxygenation 
nonsurvivors. Pediatr Dev Pathol. 2010;13(5):385–92.

 56. Kilburn DJ, Shekar K, Fraser JF. The complex relationship of extracorporeal 
membrane oxygenation and acute kidney injury: causation or associa‑
tion? Biomed Res Int. 2016;2016:1094296.

 57. Biffi S, Di Bella S, Scaravilli V, Peri AM, Grasselli G, Alagna L, et al. Infec‑
tions during extracorporeal membrane oxygenation: epidemiology, 
risk factors, pathogenesis and prevention. Int J Antimicrob Agents. 
2017;50(1):9–16.

 58. Ripa M, Galli L, Poli A, Oltolini C, Spagnuolo V, Mastrangelo A, et al. Sec‑
ondary infections in patients hospitalized with COVID‑19: incidence and 
predictive factors. Clin Microbiol Infect. 2021;27(3):451–7.

 59. Paparoupa M, Aldemyati R, Roggenkamp H, Berinson B, Nörz D, Olearo F, 
et al. The prevalence of early‑ and late‑onset bacterial, viral, and fungal 



Page 12 of 12Roedl et al. Annals of Intensive Care          (2023) 13:115 

respiratory superinfections in invasively ventilated COVID‑19 patients. J 
Med Virol. 2022;94(5):1920–5.

 60. Marcus JE, Sams VG, Barsoumian AE. Elevated secondary infection 
rates in patients with coronavirus disease 2019 (COVID‑19) requiring 
extracorporeal membrane oxygenation. Infect Control Hosp Epidemiol. 
2021;42(6):770–2.

 61. Rivosecchi R, Viehman JA, Thorngren CK, Shields RK, Silveira FP, Silveira 
FP, et al. 308. Secondary infections in patients requiring extracorporeal 
membrane oxygenation (ecmo) for severe acute respiratory distress 
syndrome (ARDS) due to COVID‑19 Pneumonia (PNA). Open Forum Infect 
Dis. 2021;8(Supplement 1):S260‑S.

 62. Supady A, Michels G, Lepper PM, Ferrari M, Wippermann J, Sabashnikov A, 
et al. [ECMO support during the first two waves of the corona pandemic‑
a survey of high case volume centers in Germany]. Medizinische Klinik, 
Intensivmedizin und Notfallmedizin. 2022:1–7.

 63. Liu KD, Thompson BT, Ancukiewicz M, Steingrub JS, Douglas IS, Matthay 
MA, et al. Acute kidney injury in patients with acute lung injury: impact of 
fluid accumulation on classification of acute kidney injury and associated 
outcomes. Crit Care Med. 2011;39(12):2665–71.

 64. Birkelo BC, Parr SK, Perkins AM, Greevy RA Jr, Hung AM, Shah SC, et al. 
Comparison of COVID‑19 versus influenza on the incidence, features, and 
recovery from acute kidney injury in hospitalized United States Veterans. 
Kidney Int. 2021;100(4):894–905.

 65. Alshahrani MS, Sindi A, Alshamsi F, Al‑Omari A, El Tahan M, Alahmadi 
B, et al. Extracorporeal membrane oxygenation for severe Middle East 
respiratory syndrome coronavirus. Ann Intensive Care. 2018;8(1):3.

 66. Davies A, Jones D, Bailey M, Beca J, Bellomo R, Blackwell N, et al. Extra‑
corporeal membrane oxygenation for 2009 influenza A(H1N1) acute 
respiratory distress syndrome. JAMA. 2009;302(17):1888–95.

 67. Fleming GM, Askenazi DJ, Bridges BC, Cooper DS, Paden ML, Selewski 
DT, et al. A multicenter international survey of renal supportive therapy 
during ECMO: the Kidney Intervention During Extracorporeal Membrane 
Oxygenation (KIDMO) group. Asaio j. 2012;58(4):407–14.

 68. Faubel S, Edelstein CL. Mechanisms and mediators of lung injury after 
acute kidney injury. Nat Rev Nephrol. 2016;12(1):48–60.

 69. Hoover NG, Heard M, Reid C, Wagoner S, Rogers K, Foland J, et al. 
Enhanced fluid management with continuous venovenous hemo‑
filtration in pediatric respiratory failure patients receiving extra‑
corporeal membrane oxygenation support. Intensive Care Med. 
2008;34(12):2241–7.

 70. Sell LL, Cullen ML, Whittlesey GC, Lerner GR, Klein MD. Experience with 
renal failure during extracorporeal membrane oxygenation: treatment 
with continuous hemofiltration. J Pediatr Surg. 1987;22(7):600–2.

 71. Selewski DT, Askenazi DJ, Bridges BC, Cooper DS, Fleming GM, Paden 
ML, et al. The impact of fluid overload on outcomes in children treated 
with extracorporeal membrane oxygenation: a multicenter retrospective 
cohort study. Pediatr Crit Care Med. 2017;18(12):1126–35.

 72. Bidar F, Luyt CE, Schneider A, Ostermann M, Mauriat P, Javouhey E, et al. 
Renal replacement therapy in extra‑corporeal membrane oxygena‑
tion patients: a survey of practices and new insights for future studies. 
Anaesth Crit Care Pain Med. 2021;40(6): 100971.

 73. Lee SW, Yu MY, Lee H, Ahn SY, Kim S, Chin HJ, et al. Risk factors for acute 
kidney injury and in‑hospital mortality in patients receiving extracorpor‑
eal membrane oxygenation. PLoS ONE. 2015;10(10): e0140674.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Early acute kidney injury and transition to renal replacement therapy in critically ill patients with SARS-CoV-2 requiring veno-venous extracorporeal membrane oxygenation
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Study population, design and ethics
	Inclusion and exclusion criteria
	Data collection
	Clinical definitions and patient management
	Statistical analysis

	Results
	Baseline demographic characteristics
	Occurrence of early-, late- and no-AKI
	Final AKI stage and transition to RRT
	Clinical differences of patients with and without RRT
	Risk factors for early-AKI
	Outcome of patients with AKI and RRT

	Discussion
	Conclusion:
	Anchor 23
	Acknowledgements
	References


