
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:​​​//creativecommo​ns.​​org/lice​ns​e​s/by/4.0/.

Schönfelder et al. BMC Anesthesiology           (2025) 25:28 
https://doi.org/10.1186/s12871-024-02818-w

BMC Anesthesiology

†Michael Jahn and Justa Friebus-Kardash contributed equally to this 
work.

*Correspondence:
Justa Friebus-Kardash
justa.friebus-kardash@uk-essen.de

Full list of author information is available at the end of the article

Abstract
Introduction  Acute kidney injury (AKI) is a common complication of acute respiratory distress syndrome (ARDS) and 
multiple organ dysfunction syndrome (MODS) in patients receiving extracorporeal membrane oxygenation (ECMO) 
support, leading to requirement of continuous renal replacement therapy (CRRT) in 70% of ECMO patients. Parallel 
arrangement of CRRT and ECMO circuits is common in adult patients. However, CRRT may also be integrated directly 
into the ECMO circuit. This study compares the safety of both approaches.

Methods  This retrospective analysis included 105 patients treated with continuous veno-venous haemodiafiltration 
and veno-venous ECMO (Cardiohelp©) for COVID-19-induced ARDS between April 2020 and December 2021. Of 
these, 48 patients received a parallel connected CRRT running independently from ECMO (parallel approach), while in 
57 patients, CRRT was integrated into the ECMO circuit (integrated approach) by connecting the CRRT access line to 
the post-oxygenator port and the CRRT return line to the pre-oxygenator position. Local protocol for risk assessment 
of this device combination mandated a maximum return line pressure below 250 mmHg in the CRRT system.

Results  At CRRT initiation, the integrated group had significantly higher median pressures in CRRT lines compared 
to the parallel approach group (access line 110 mmHg vs. -25 mmHg, return line 170 mmHg vs. 50 mmHg; p < 0.01). 
However, median transmembrane pressures were similar between both groups (20 mmHg vs. 20 mmHg, p = 0.16). 
In-hospital mortality (p = 0.99), catheter associated infections (p = 0.47), bacteraemia (p = 0.96), filter clotting (p = 0.58) 
and unplanned CRRT system changes (p = 0.45) within the first 72 h of CRRT were comparable between both groups. 
The integrated group exhibited higher rates of bleeding events (37% vs. 23%; p = 0.08). Thromboembolism occurred 
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Background
Acute kidney injury (AKI) is common in critically ill 
patients receiving extracorporeal membrane oxygen-
ation (ECMO) as a support for life-threatening cardiac 
or respiratory insufficiencies (1–2). Up to 70% of adult 
ECMO patients develop AKI requiring continuous renal 
replacement therapy (CRRT) to manage fluid overload 
and metabolic imbalances (3–4). The combination of 
CRRT with ECMO has been adopted in most ECMO 
centres [2]. However, no standard method has been 
recommended thus far [5]. The choice of CRRT deliv-
ery approach to ECMO patients often depends on local 
expertise and institutional protocols (2–3). The clas-
sic way for the simultaneous application of CRRT and 
ECMO is the parallel approach, which is widely used 
in adult patients and requires a dialysis catheter (5–6). 
Establishing separate vascular access for independent 
delivery of CRRT and ECMO can be challenging because 
ECMO occupies two vascular sites (2–3). Inserting a cen-
tral venous dialysis catheter in a patient receiving high 
doses of anticoagulation due to ECMO could increase the 
risk of bleeding or vascular damage [3–6]. Other com-
plications associated with additional vascular access are 
thrombosis and infectious (6–7). Otherwise, high blood 
volume circulating in parallel connected CRRT and 
ECMO systems could provoke haemodynamic instabil-
ity [6]. However, with the parallel approach, the standard 
CRRT prescription can be applied and exchanged by a 
bedside nurse without direct involvement of an ECMO 
specialist (2–3, 5, 7). Independent running of CRRT from 
ECMO allows no interferences of CRRT system with sys-
temic or ECMO haemodynamics [3].

An alternative technique for combining CRRT with 
ECMO is an integrated approach, which has become 
increasingly popular in recent years (2–3, 5, 8). Neverthe-
less, the approach of connecting the CRRT lines directly 
to the ECMO circuit remains poorly characterised, and 
exposure of the CRRT device to abnormally high pres-
sures is the main challenge [3, 8]. Exceeding pressure lim-
its carries the risk of haemolysis, microembolisation and 
flow turbulence (2–3, 9–10). In addition, high pressures 
and large pressure variations in the CRRT system could 

trigger pressure alarms, leading to repeated CRRT pump 
stops, resulting in clots in the CRRT circuit and reduced 
dialysis dose (2–3, 9–10). However, the integrated deliv-
ery of CRRT with ECMO may also offer advantages, 
including precise control of blood flow, simplified alarm 
management and minimisation of vascular access (2–3).

In our retrospective observational study, we aimed 
to compare the two alternative CRRT delivery options 
in patients on veno-venous ECMO in terms of safety 
aspects and adverse events.

Methods
Study population
We analysed 105 ECMO patients who underwent CRRT 
in the intensive care unit of the University Hospital Essen 
between April 2020 and December 2021. We included all 
adult ECMO patients (≥ 18 years old) who required veno-
venous ECMO for the underlying diagnosis of ARDS due 
to COVID-19 pneumonia and received CRRT because of 
AKI and fluid overload. The retrospective analysis was 
reviewed and approved by the local ethics committee of 
the University Duisburg-Essen (21-9897-BO).

Data related to general demographics, prognostic 
intensive care scores, mortality, adverse outcomes, com-
plications, laboratory values and information on ECMO 
and CRRT settings were collected from electronic medi-
cal record reviews. Laboratory variables were determined 
on a daily basis using standard clinical chemistry tests in 
our Institute of Laboratory Medicine. For the retrospec-
tive analysis, all laboratory values were obtained at initia-
tion of CRRT treatment, on subsequent seven days and 
after completion of CRRT treatment. For our analysis, 
clinically evident haemolysis was considered when it was 
documented in the ICU medical records and defined in 
the clinical context by the attending intensivists using 
various laboratory constellations such as normocytic 
normochromic anaemia, thrombocytopenia, elevated 
bilirubin and lactate dehydrogenase levels, loss of hapto-
globin, detection of fragmentocytes or free haemoglobin.

in four cases in the integrated group, while one pneumothorax was observed in the parallel group. No cases of air 
embolism, device associated haemolysis or blood leakage was documented.

Conclusions  Despite higher pressures in CRRT lines, the integrated approach provided comparable safety to the 
parallel approach. In case of hygienically challenging settings (such as the COVID-19 pandemic), the minimization 
of extracorporeal accesses and the streamlining of alarm management are decisive factors in providing intensive 
care medicine. Therefore, the integrated configuration of CRRT into the ECMO circuit can be advantageous in daily 
intensive care medicine.

Keywords  Extracorporeal membrane oxygenation (ECMO), Continuous renal replacement therapy (CRRT), Device 
combination, COVID 19, ARDS, Integrated connection, Parallel connection, Medical devices, Safety
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ECMO and CRRT equipment
ECMO was conducted using the Cardiohelp© system 
(Maquet Cardiopulmonary GmbH, Rastatt, Germany). 
ECMO was driven by a centrifugal pump with a heparin-
ised circuit and an oxygenator, using either the HLS set 
Bioline or the HIT set with a softline coating for patients 
with heparin-induced thrombocytopenia (HLS set 
advanced 5.0, HLS set advanced 7.0, Maquet Cardiopul-
monary GmbH, Rastatt, Germany). ECMO circuits were 
inserted using cannulae of varying sizes, ranging from 15 
to 25 Fr, depending on the location (19 Fr for the internal 
jugular vein and 20 to 25 Fr for the femoral vein). Sys-
temic anticoagulation for ECMO was achieved through 
the administration of unfractionated heparin (first-line) 
or argatroban with monitoring by serum aPTT.

CRRT was conducted using a multifiltrate machine 
(Fresenius SE & Co. KGaA, Bad Homburg, Germany), 
comprising an extracorporeal circuit with a high-flux 
dialyser F60S (Fresenius, Medical Care AG, Bad Hom-
burg, Germany), haemodiafiltration lines (Meise, 
Schalksmuehle, Germany), and a blood line extension 
system (VMP, Iserlohn, Germany). The entire CRRT cir-
cuit was exchanged regularly every 72 h. The blood flow 
rate was set at 100 mL/min. Systemic anticoagulation 
with unfractionated heparin or argatroban was applied to 
all patients. In most of the cases additional regional anti-
coagulation of CRRT circuit was performed using citrate.

Settings in the integrated approach group (device 
combination of EMCO and CRRT)
In accordance with previous studies from large refer-
ral ECMO centres [3, 11–13], we used the connection 
of the CRRT access line to the post-oxygenator port and 
the CRRT return line to the pre-oxygenator port of veno-
venous ECMO using three-way taps. The post-pump 
section of the ECMO circuit is a positive pressure sec-
tion that develops pressures between 100 and 500 mmHg 
[3]. The use of the post-pump position for CRRT means 
that the blood circulates between the centrifugal pump 
and the oxygenator [3, 11]. The pressure in the post-
pump, pre-oxygenator region is usually 30–150 mmHg 
higher than in the post-pump, post-oxygenator part [11, 
14]. Thus, as the least invasive method of working with 
reduced pressures, we connected the CRRT access line 
to the post-oxygenator segment of ECMO and the CRRT 
return line to the post-pump, pre-oxygenator region 
[3]. The access line pressure alarm range of the multifil-
trate dialysis machine used in our study is -280 to 300 
mmHg, while the return line pressure alarm range is 
-80 to 500 mmHg. The pressure between the filter con-
nection and the filter pump, corresponding to the dialy-
sate pressure of the multifiltrate machine, should not 
exceed 300 mmHg. A limit of 300 mmHg was set as the 
acceptable maximum pressure level in the return line in 

our treatment protocol. If this was exceeded, the patient 
would have been switched to a parallel approach.

Statistical analysis
The data are expressed as medians and interquartile 
ranges for continuous variables and as numbers with 
percentages for dichotomous variables. A comparison 
of the continuous variables between the two groups with 
different CRRT configurations (parallel and integrated 
approach) was conducted by using the Mann-Whitney 
test. The categorical data between the groups were ana-
lysed using the two-tailed chi-square test. To compare 
pre- and post-treatment values, the Wilcoxon test was 
performed. Kaplan-Meier survival curves were created 
and evaluated using the log-rank test. A p-value of less 
than 0.05 was considered statistically significant.

Data analysis was conducted using GraphPad Prism 
version 6 (GraphPad Software, Inc., La Jolla, CA, USA), 
IBM SPSS Statistics version 23 (IBM Corp., Armonk, NY, 
USA) and R (R Core Team 2017, Vienna, Austria).

Results
Baseline patient characteristics and extracorporeal 
settings
Table  1 summarises the main demographic characteris-
tics, laboratory values, ECMO, and CRRT settings at the 
commencement of the combined organ support.

Two different CRRT delivery strategies for ECMO 
patients were compared. Forty-eight patients received 
separate ECMO and CRRT circuits as parallel run-
ning systems (PAG - parallel approach group), while 57 
patients had CRRT integrated into the ECMO circuit 
(IAG - integrated approach group) (Table 1). The ECMO 
patients in the two groups did not differ significantly in 
most demographic characteristics. Risk stratification 
revealed comparable median SAPS II (IAG 73 vs. PAG 
75, p = 0.57) and SOFA (IAG 14 vs. PAG 15, p = 0.15) 
scores at baseline (Table 2). There were no significant dif-
ferences in baseline laboratory values between the two 
groups (Table  1). The ECMO settings were also similar 
in both groups (median blood flow IAG 4.4  L/min vs. 
PAG 4.6  L/min, p = 0.29) (Table  1). CRRT settings were 
comparable between the two groups, with the exception 
of the pressure values in access and return lines, which 
were significantly higher in IAG than in PAG (median 
access line pressure IAG 110 mmHg vs. PAG − 25 mmHg, 
p < 0.0001; median return line pressure IAG 170 mmHg 
vs. PAG 50 mmHg, p < 0.0001).

Comparison of in-hospital mortality and CRRT 
complications
In-hospital mortality rates were high but comparable 
between the two groups (89% IAG vs. 89% PAG, p = 0.97; 
Table 2; Fig. 1A). The length of stay in intensive care (IAG 
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19 days vs. PAG 14 days, p = 0.23; Table  2) was similar 
between the two CRRT configurations. There was no dif-
ference in the length of time patients remained alive from 
the start of either combination of CRRT and ECMO (IAG 
9 days vs. PAG 7 days, p = 0.18; Table  2). A total of 17 
patients survived until decannulation from ECMO sup-
port (IAG 8 vs. PAG 9; Table 2). The duration of ECMO 
support (IAG 23 days vs. PAG 11 days, p = 0.19; Table 2) 
as well as the duration of CRRT (IAG 24 days vs. PAG 

24 days, p = 0.81; Table 2) did not differ between the two 
CRRT delivery approaches in this particular subgroup 
of patients. The duration of CRRT after decannulation 
was also comparable in both groups (IAG 6.7 days (5.1, 
21.0) vs. PAG 13.7 days (6.4, 23.7), p = 0.44). Among the 
11 total survivors, the median duration of CRRT (IAG 
19 days vs. PAG 24 days, p = 0.93) and ECMO support 
(IAG 15 days vs. PAG 8 days, p = 0.25) were comparable 
between parallel and integrated CRRT delivery strategies. 

Table 1  Patient’s characteristics at start of combined CRRT and ECMO support
Variable All 

n = 105
Integrated ap-
proach group 
n = 57

Parallel
approach group 
n = 48

RR (CI) p 
value

  Age, median (IQR) 55 (47, 60) 53 (47, 59) 56 (45, 62) 0.85
  Females, (%) 28 (26) 17 (29) 11 (22) 1.3 (0.7–2.5) 0.43
  CRRT citrate anticoagulation + systemic ECMO 
anticoagulation (%)

100 (95) 56 (98) 44 (91) 1.1 (1.0-1.2) 0.11

  Systemic ECMO anticoagulation (%) 5 (4) 1 (2) 4 (8) 0.2 (0.0-1.4) 0.11
Pre-existing comorbidities
  Cardiovascular diseases, (%) 59 (56) 34 (60) 25 (52) 1.1 (0.8–1.6) 0.43
  Pulmonal diseases, (%) 16 (15) 9 (16) 7 (15) 1.1 (0.5–2.6) 0.86
  Kidney diseases, (%) 10 (9) 7 (12) 3 (6) 2.0 (0.6–6.9) 0.28
  Disease of central venous system, (%) 14 (13) 7 (12) 7 (14) 0.8 (0.3–2.2) 0.73
  Diabetes mellitus (type I-II), (%) 25 (24) 12 (21) 13 (27) 0.7 (0.4–1.5) 0.47
  Malignancies, (%) 6 (6) 4 (7) 2 (4) 1.7 (0.4–7.7) 0.53
  Diseases of gastrointestinal tract, (%) 21 (20) 12 (21) 9 (19) 1.1 (0.5–2.4) 0.77
Laboratory values at baseline
  Leukocytes (/nL), median (IQR) 15.3 (10.3, 21.0) 16.9 (9.6, 24.7) 14.1 (10.8, 20.6) 0.76
  Haemoglobin (g/dL), median (IQR) 8.7 (7.9, 9.5) 8.8 (8.0, 9.6) 8.7 (7.8, 9.4) 0.65
  Platelets (/nL), median (IQR) 166 (117, 260) 202 (122, 263) 150 (113, 259) 0.27
  INR, median (IQR) 1.1 (1.0, 1.2) 1.1 (1.0, 1.3) 1.1 (1.0, 1.2) 0.53
  aPTT (sec), median (IQR) 43 (32, 54) 42 (30, 54) 43 (33, 54) 0.68
  Fibrinogen (mg/dL), median (IQR) 580 (416, 733) 621 (435, 749) 557 (389, 695) 0.26
  Serum creatinine (mg/dL), median (IQR) 1.9 (1.2, 2.9) 1.8 (1.1, 3.2) 2.1 (1.1, 3.2) 0.40
  Blood urea nitrogen (mg/dL), median (IQR) 58.3 (40.5, 80.4) 54.7 (40.4, 80.3) 61.5 (40.6, 83.1) 0.67
  eGFR (mL/min/1.73 m²), median (IQR) 38 (24, 60) 42 (26, 60) 37 (21, 60) 0.64
  Bilirubin (mg/dL), median (IQR) 1.2 (0.8, 2.3) 1.1 (0.7, 2.1) 1.5 (0.8, 3.1) 0.11
  Myoglobin (µg/L), median (IQR) 851 (297, 2601) 743 (296, 1959) 963 (297, 3443) 0.52
  LDH (U/L), median (IQR) 578 (452, 1073) 540 (453, 740) 610 (452, 868) 0.54
  C-reactive protein (mg/dL), median (IQR) 22 (13, 29) 20 (11, 28) 24 (16, 30) 0.08
  Procalcitonin (ng/mL), median (IQR) 2.9 (1.0, 9.3) 2.4 (0.8, 8.0) 3.2 (1.1, 10.5) 0.27
CRRT settings at baseline
  Blood flow (mL/min), median (IQR) 100 (100, 100) 100 (100, 100) 100 (100, 100) 0.47
  Access line pressure (mmHg), median (IQR) 65 (-30, 120) 110 (58, 150) -25 (-38, 55) < 0.01
  Return line pressure (mmHg), median (IQR) 130 (48, 180) 170 (119, 200) 50 (23, 138) < 0.01
  TMP (mmHg), median (IQR) 20 (10, 20) 20 (10, 20) 20 (10, 20) 0.17
  Ultrafiltration rate (mL/h), median (IQR) 400 (300, 400) 400 (300, 413) 400 (300, 400) 0.35
  Dialysate flow (mL/h), median (IQR) 1000 (1000, 1500) 1000 (1000, 1500) 1000 (1000, 1500) 0.78
ECMO settings at baseline
  ECMO blood flow (L/min), median (IQR) 4.4 (3.6, 5.3) 4.4 (3.6, 5.0) 4.6 (3.7, 5.8) 0.29
  Return pressure (mmHg), median (IQR) 155 (124, 205) 151 (120, 187) 167 (132, 208) 0.13
  Drainage pressure (mmHg), median (IQR) -80 (-108, -52) -81 (-103, -54) -80 (-124, -44) 0.87
Activated partial thromboplastin time, aPTT; confidence interval, CI; continuous renal replacement therapy, CRRT; extracorporeal membrane oxygenation, ECMO; 
estimated glomerular filtration rate – MDRD formula, eGFR; international normalized ratio, INR; lactate dehydrogenase, LDH; liter, L; Transmembrane pressure, TMP; 
relative risk, RR; unit, U.
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No patient in either group was switched from CRRT to 
intermittent haemodialysis during their current stay. All 
survivors were transferred to intensive care units in other 
hospitals for weaning from the ventilator. Post-discharge 
clinical records showed that five of the eleven survivors 
remained on dialysis permanently, with no differences 
between the groups (IAG 3/6, PAG 2/4, p = 0.74, Table 2).

The incidence of all bleeding events was slightly 
increased in the IAG, though this did not reach statisti-
cal significance (IAG 39% vs. PAG 23%, p = 0.08; Table 2). 
Further differentiation between sources of bleeding 
showed a significantly increased proportion of broncho-
pulmonal bleedings within the IAG (Table  2). Throm-
boembolism occurred in only a few patients receiving 
CRRT integrated into the ECMO circuit (Table  2). The 
frequency of central venous catheter-associated infec-
tions or evidence of bacteraemia was similar for both 
CRRT delivery approaches (Table  2). Other complica-
tions related to the integrated connection of CRRT into 
the ECMO, such as air embolism or leakage in the con-
necting lines, were not reported in our study cohort. 

Table 2  Outcome between CRRT circuit integrated into the ECMO circuit and parallel running CRRT and ECMO
Variable All, n = 105 Integrated ap-

proach group, 
n = 57

Parallel ap-
proach group, 
n = 48

RR (CI) p 
value

  In-hospital mortality, (%) 92 (88) 50 (89) 42 (89) 1.0 (0.9–1.2) 0.97
  SAPS II score at therapy start, median (IQR) 74 (69, 79) 73 (69, 78) 75 (68, 80) 0.57
  SOFA score at therapy start, median (IQR) 15 (13, 16) 14 (13, 16) 15 (15, 16) 0.15
  Patients decannulated from ECMO, (%) 17 (16) 8 (14) 9 (19) 0.8 (0.3–1.8) 0.51
  ECMO duration in decannulated patients (days), median 
(IQR)

17.6 (7.7, 26.8) 22.6 (8.2, 33.6) 11.0 (5.2, 20.1) 0.19

  CRRT in decannulated patients (days), median (IQR) 23.5 (12.3, 32.1) 23.6 (12.2, 36.9) 23.5 (12.5, 29.4) 0.81
  Stay at intensive care unit (days), median (IQR) 16.5 (11.1, 25.8) 18.5 (12.4, 26.6) 14 (9, 24) 0.23
  Transfer from intensive care unit, (%) 7 (6) 3 (5) 4 (8) 0.6 (0.2–2.4) 0.53
  Time alive (days), median (IQR) 8.5 (4.8,16.3) 9.2 (5.7,16.1) 6.7 (2.9,16.8) 0.18
  Recovery from AKI, (%) 11 (11) 5 (9) 6 (13) 0.7 (0.2–2.1) 0.53
  CKDG5D among survivors, (%) 5/11 (45) 3/6 (50) 2/5 (40) 1.3 (0.4–4.9) 0.74
Complications
  Bleedings, (%) 33 (31) 22 (39) 11 (23) 1.7 (0.9–3.1) 0.08
    Otorhinolaryngological area, (%) 14 (13) 9 (16) 5 (10) 1.5 (0.6–4.1) 0.42
    Bronchopulmonal, (%) 5 (5) 5 (9) 0 (0) ∞ (1.1- ∞) 0.04
    Gynaecological, (%) 2 (2) 1 (2) 1 (2) 0.8 (0.1-8.0) 0.90
    Gastrointestinal, (%) 10 (9) 6 (10) 4 (8) 1.2 (0.4-4.0) 0.70
    Brain haemorrhages, (%) 5 (5) 2 (3) 3 (6) 0.6 (0.1–2.7) 0.51
    Musculoskeletal, (%) 3 (3) 3 (5) 0 (0) ∞ (0.7-∞) 0.10
    Bleeding at the ECMO site, (%) 3 (3) 2 (3) 1 (2) 1.6 (0.2–12.7) 0.66
  Thromboembolism, (%) 4 (4) 4 (7) 0 (0) ∞ (0.9-∞) 0.06
  Heparin induced thrombocytopenia II, (%) 1 (1) 0 (0) 1 (2) 0.0 (0.0-3.2) 0.27
  Central venous catheter associated infections, (%) 16 (15) 10 (17) 6 (12) 1.4 (0.6–3.5) 0.47
  Bacteraemia, (%) 61 (58) 33 (58) 28 (58) 0.9 (0.7–1.4) 0.96
  Filter clotting events, (%) 54 (51) 30 (53) 24 (50) 1.0 (0.7–1.5) 0.78
  Filter clotting events within the first 72 h of CRRT, (%) 29 (27) 17 (30) 12 (25) 1.2 (0.6–2.2) 0.58
  CRRT circuit change within the first 72 h of CRRT, (%) 44 (42) 22 (39) 22 (46) 0.8 (0.5–1.3) 0.45
AKI, acute kidney injury; confidence interval, CI; continuous renal replacement therapy, CKDG5D, end-stage chronic kidney disease requiring dialysis; CRRT; 
extracorporeal membrane oxygenation, ECMO; relative risk, RR; Simplified Acute Physiology Score II, SAPS II; Sequential Organ Failure Assessment, SOFA.

Fig. 1  Comparison of in-hospital mortality rates in patients receiving in-
tegrated (n = 57) and parallel (n = 48) configurations of CRRT and ECMO
Continuous renal replacement therapy, CRRT; extracorporeal membrane 
oxygenation, ECMO
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When analysing the typical complications of the par-
allel configuration of CRRT and ECMO related to the 
central venous catheter, we found that a pneumothorax 
developed directly after the insertion of a Shaldon cath-
eter in only one patient, no arterial vessel injuries were 
observed.

The number of cases of membrane clotting within the 
first 72 h of CRRT did not differ between the two CRRT 
delivery strategies, reflecting comparable filter lifespans 
in both groups (IAG 30% vs. PAG 25%, p = 0.58; Table 2). 
The percentage of ECMO patients undergoing a CRRT 
circuit change within the first 72  h of CRRT was also 
similar between the two groups (IAG 39% vs. PAG 46%, 
p = 0.45; Table 2).

Laboratory values and CRRT and ECMO settings
The course of several laboratory values at the begin-
ning and end of CRRT is shown in Fig. 2, depicting that 
aPTT, LDH, INR, bilirubin and procalcitonin signifi-
cantly increased, while the platelet counts significantly 
decreased in both groups. Supplementary Fig.  1 and 
Supplementary Table 1 provide an overview on changes 
in laboratory values over the 7-day follow-up period for 
each CRRT delivery approach.

The evolution of CRRT settings over the maximum 
follow-up period of 7 days is shown in Supplementary 
Fig. 2A and Supplementary Table 2. Pressure parameters 

and blood flow remained stable in both groups (Fig. 3A). 
In line with our expectations, the median access and 
return line pressures were significantly higher in the 
IAG than in the PAG over the whole observation period 
(Fig.  3A and Supplementary Table 2). The upper pres-
sure limit of 300 mmHg of the CRRT return line was not 
exceeded in the entire IAG (Fig. 3A).

Furthermore, no relevant variations in ECMO param-
eters, particularly pressures and blood flows, were 
observed when comparing within each group and 
between the two CRRT delivery groups during the dedi-
cated follow-up period (Supplementary Table 3, Fig.  3B 
and Supplementary Fig. 2B).

With respect to the relationship between the ECMO 
return pressure levels and the pressure levels in the 
return line of the CRRT, a positive correlation was found 
in the IAG, particularly on days 1–3, day 7, and generally 
at the end of CRRT treatment (Supplementary Fig. 3).

Discussion
Our retrospective study demonstrated that integrating 
CRRT into the ECMO circuit in 57 patients had a safety 
and efficacy profile comparable to that of the independent 
parallel CRRT and ECMO configuration in 48 patients. 
There were no significant differences in in-hospital mor-
tality between the two modes of CRRT and ECMO con-
nection, nor did they significantly impact on the length 

Fig. 2  Alterations in laboratory values comparing pre- and post-treatment values in patients with integrated (n = 57) versus parallel (n = 48) CRRT-ECMO
*, p = 0.05; **, p = 0.01; ****, p ≤ 0.0001. Activated partial thromboplastin time, aPTT; continuous renal replacement therapy, CRRT; extracorporeal mem-
brane oxygenation, ECMO; estimated glomerular filtration rate, eGFR; international normalized ratio, INR; lactate dehydrogenase, LDH; liter, L; unit, U
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of stay in the intensive care unit. The integrated delivery 
approach was not associated with a significant increase 
of complications (e.g., haemolysis, CRRT or ECMO 
machine failure, CRRT or ECMO tubing leaks, pressure 
alarms in either extracorporeal system), filter clotting, 
or the need for CRRT circuit changes. Both approaches 
showed no differences in the course of the patients’ labo-
ratory values, and CRRT settings remained stable during 
therapy using the two different connection modes.

To date, there are no definitive guidelines recommend-
ing which combination technique should be used in 
ECMO patients with AKI requiring concomitant CRRT 
[3]. Any integration of the CRRT circuit directly to the 
ECMO circuit is not officially approved by the Food and 

Drug Administration nor by the manufacturers, and 
clinical practice is primarily based on expert opinion 
and local experience [3, 6, 15]. Two recent multicenter 
international surveys reported that up to 60% of centres 
used an integrated in-series approach, while only 40% 
of units used the parallel connection technique (16–17). 
Currently, there have been few comparative studies with 
small sample sizes on this issue [6, 15].

Independent central venous vascular access is required 
for the parallel conduction of CRRT and ECMO (2–3, 
6, 15). Given the systemic heparinisation and prolonged 
coagulation time in ECMO patients, it has been sug-
gested that this approach is associated with an increased 
risk of bleeding, particularly with invasive central venous 

Fig. 3  CRRT (A) and ECMO settings (B) pre- and post-treatment values in patients with integrated (n = 57) versus parallel (n = 48) CRRT-ECMO
*, p = 0.05; ***, p = 0.001; ****, p ≤ 0.0001. Continuous renal replacement therapy, CRRT; extracorporeal membrane oxygenation, ECMO

 



Page 8 of 11Schönfelder et al. BMC Anesthesiology           (2025) 25:28 

catheter placement (2–3, 6, 11, 15). However, our analysis 
did not show a significantly increased incidence of bleed-
ing in the PAG. In fact, there was a slight trend towards 
a higher frequency of bleeding events in the IAG. In 
general, catheter site bleeding was rare. The majority 
of bleeding events were non-serious and occurred in 
the otorhinolaryngological area. However, all of the few 
cases of pulmonary bleeding were documented in the 
IAG. Both groups had comparable platelet counts and 
coagulation values at baseline, and initial anticoagula-
tion strategies were similar for both approaches. The 
increase in aPTT and INR during support was observed 
at similar levels in both groups. However, the IAG expe-
rienced a greater decrease in platelet count at the end 
of therapy than the PAG, which may have predisposed 
them to observed higher rate of pulmonary bleeding. At 
the same time, four cases of systemic thromboembolism 
in our study were also reported only in the IAG, which 
contrasts with previously reported higher rates of sys-
temic thromboembolism in the parallel use of CRRT and 
ECMO (2–3, 6, 15, 18). In general, ECMO population is 
prone to thromboembolism because of the overexpres-
sion of cytokines related to the ECMO support, which 
induces activation of the coagulation cascade [19–21]. 
In addition, ARDS due to COVID-19 pneumonia is often 
associated with thromboembolic events driven by throm-
boinflammation [22]. Endothelial dysfunction, dysregula-
tion of the innate and adaptive immune systems leading 
to overwhelming production of proinflammatory cyto-
kines, and platelet hyperactivation leading to release of 
large amounts of chemokines and subsequent activation 
of the complement system and the coagulation cascade 
are key pathological responses of thromboinflammatory 
processes that contribute to thrombus formation during 
SARS-CoV-2 virus infection [22].

Contrary to the assumption of an increased risk of 
infections with parallel CRRT connection using an addi-
tional central venous catheter, we did not observe any dif-
ferences in central venous catheter-associated infections 
or bacteraemia in our study cohort (2–3, 6, 15). Regard-
ing other potential complications of the parallel approach 
requiring additional vascular access, we observed a pneu-
mothorax in only one patient in the PAG after central 
venous dialysis catheter insertion, and no vascular injury. 
The creation of a central venous access is a challenging 
and potentially limited procedure when two vascular 
access sites are concurrently utilised by ECMO [3]. In 
certain cases, the introduction of a third vascular access 
may be necessary to achieve the required blood supply 
for the ECMO support [3]. Additionally, a number of 
anatomical or pathological scenarios (e.g. vascular anom-
alies, thromboses, skin infections in the vascular access 
area) can limit the installation of a venous access for an 
independently running CRRT. In such clinical scenarios, 

a combination of both extracorporeal procedures will 
inevitably need to be considered, weighing the risks and 
benefits. Running the CRRT and ECMO systems inde-
pendently from one another may also require deeper 
sedation and patient restraint to reduce CRRT alarms, 
which may contribute to additional complications and 
exacerbate patient discomfort [3].

Haemolysis due to shear stress and wall impact forces is 
frequently observed in ECMO patients [23]. The research 
group of Chen et al. proposed a higher incidence of hae-
molysis when using ECMO as a direct venous access for 
CRRT due to the higher pressure in the CRRT circuit in 
this setting [24]. In the case of two separate circuits for 
CRRT and ECMO, there is no interference of ECMO 
haemodynamics with the CRRT machine, theoretically 
placing the patients at lower risk of haemolysis (2–3, 6, 
15). In our study, suggestive haemolysis parameters such 
as bilirubin and LDH significantly increased, and platelet 
counts significantly decreased towards the end of sup-
portive treatment; however, there were no relevant dif-
ferences between the two groups. Haemoglobin levels did 
not change during support with either CRRT configura-
tion. Therefore, our results did not confirm the previ-
ously reported increase in haemolysis in patients with an 
integrated CRRT connection.

The studies by de Tymowski et al., Crosswell et al., Raja 
et al. and Wu et al. described significantly higher filter 
lifespans in their integrated ECMO and CRRT configura-
tion than in their parallel configuration (11–12, 25–26). 
The findings of our study indicate no statistically signifi-
cant differences in filter lifetime between the two groups, 
regardless of the CRRT connection mode. Following the 
initiation of CRRT, 40% of patients required a system 
change before the routine 72-hour change. Filter clots 
were identified as the reason in 30% of cases across both 
groups. We speculate that the combination of systemic 
heparin anticoagulation and local citrate anticoagula-
tion, used in more than 90% of patients in both modes, 
may have prevented early filter clotting in both groups. 
Giani et al. described that the combination of unfraction-
ated heparin and citrate led to significantly fewer filter 
changes than the use of unfractionated heparin alone 
[27]. Otherwise, both CRRT connection techniques have 
practical drawbacks that could potentially provoke clot-
ting and shorten the lifespan of dialysis filters. On the 
one hand, problems with central venous dialysis cath-
eters, including catheter strain due to repositioning or 
other catheter manipulations, as well as disconnection 
due to transfer to operating theatres or computerised 
tomography scans, are common reasons for alarms and 
iterative stops, which interfere with maintaining stable 
CRRT blood flows and achieving high ultrafiltration frac-
tions, leading to premature filter clotting (2–3, 6, 15). On 
the other hand, potential exposure of CRRT access and 
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return lines to inappropriately high pressures that are 
incompatible with CRRT pressure thresholds in ECMO-
integrated CRRT is associated with technical problems 
and CRRT machine pressure alarms, which additionally 
result in repeated interruptions of CRRT sessions with 
subsequent reduction in filter lifespan and dialysis effi-
cacy (2–3, 6, 15).

Post-pump settings were utilised at our centre, with the 
understanding that recirculation in the dialysis circuit is 
negligible. In our integrated approach group (IAG), the 
drainage pressure corresponding to the outflow pressure 
of the ECMO pre-oxygenator segment did not exceed 
the maximum range of the venous pressure alarm of 
300 mmHg over the 7-day follow-up, contributing to an 
acceptable frequency of clotting and unplanned CRRT 
system changes. Transmembrane pressure (TMP) was 
also maintained within an acceptable range of 20–40 
mmHg. The ECMO blood flow in our integrated CRRT 
connection group was moderate between 4 and 5  L/
min, which may have also protected against the devel-
opment of higher outlet pressures in CRRT lines above 
the safety threshold of 300 mmHg. The pre-oxygenator 
pressure range increases with higher ECMO blood flows 
(maximum ECMO flow is 6 L/min) [13]. The oxygenator 
traps air bubbles and clots, which is a major advantage 
of this integrated CRRT configuration chosen in our cen-
tre [3, 9]. Accordingly, no cases of air or blood leakage 
were observed in the IAG of our study. Based on our data 
and in agreement with previously published work, we 
think that connecting the CRRT inflow line to the return 
ECMO line after the oxygenator and the CRRT outflow 
line to the drainage ECMO line just before the oxygen-
ator is an optimal solution for running CRRT on ECMO. 
This allows for a well-tolerated venous outlet pressure 
within the safety range of a maximum of 300 mmHg, 
thereby not affecting blood flow in the CRRT circuit, and 
provides an efficient dialysis dose without downtime [3, 
11–13]. In general, ECMO blood flow rates are lower in 
veno-arterial ECMO than in veno-venous ECMO [6]. 
Therefore, we assume that the aforementioned integrated 
CRRT connection method to the oxygenator should be 
particularly recommended for CRRT integration into 
veno-venous ECMO.

We recognise several limitations of our study, such as 
its retrospective design, which is prone to selection and 
information bias. Selection bias may be introduced by 
the non-randomised choice of the CRRT configuration 
by the ICU and nephrology teams. For example, it is 
conceivable that patients at high risk of bleeding or with 
limited vascular access options were predominantly allo-
cated to the IAG, whereas patients who were intolerant 
of anticoagulation or prone to thromboembolic events 
were predominantly allocated to the PAG. Some impor-
tant laboratory values for the assessment of haemolysis, 

such as haptoglobin, were either unavailable or lacking 
in the majority of ECMO patients. In addition, the high 
mortality rate of 89% in both groups may have intro-
duced a mortality time bias. In other words, the effects 
of different dialysis configurations are overshadowed 
by the severity of the disease and its high mortality. The 
small number of survivors insufficient to detect medium 
to long-term CRRT configuration-specific effects, as 
the patients will have died of the disease before. There-
fore, a larger number of patients who could be success-
fully weaned from ECMO would be needed in a future 
study to provide more robust statistical confirmation of 
our reported equivalent complication rates between the 
two dialysis configurations. However, the strengths of 
our study include the relatively large number of subjects 
in both CRRT connection groups, recruited over a short 
period without changes in ECMO and CRRT integration 
practices, and the high homogeneity of the study popula-
tion, all of whom were suffering from acute respiratory 
distress syndrome induced by COVID-19 pneumonia.

Conclusions
In conclusion, our study showed that the integrated 
CRTT approach was comparable to conventional paral-
lel CRRT and ECMO in terms of safety. Large prospec-
tive randomised comparative trials are needed in order to 
standardise the integrated CRRT approach. The integra-
tion of CRRT into the ECMO circuit is a straightforward 
method of obtaining circulatory access for in-line CRRT, 
reducing procedural risks and avoiding the risks associ-
ated with the placement of a separate central venous 
catheter, particularly in ECMO patients with vascu-
lar insufficiency. This is even more relevant for patients 
requiring complex hygiene measures (e.g., COVID-19), 
as the integrated approach limits alarms related to blood 
flow and catheter dysfunction of both extracorporeal 
systems to two access routes. Simplified management of 
blood flow alarms would be a step toward reducing expo-
sure times for healthcare workers to patients with infec-
tious diseases, decreasing the consumption of equipment 
(e.g., protective clothing), and thereby reducing the over-
all cost burden.
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