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Summary
Background In patients receiving venovenous (VV) extracorporeal membrane oxygenation (ECMO) packed red blood 
cell (PRBC) transfusion thresholds are usually higher than in other patients who are critically ill. Available guidelines 
suggest a restrictive approach, but do not provide specific recommendations on the topic. The main aim of this study 
was, in a short timeframe, to describe the actual values of haemoglobin and the rate and the thresholds for transfusion 
of PRBC during VV ECMO.

Methods PROTECMO was a multicentre, prospective, cohort study done in 41 ECMO centres in Europe, 
North America, Asia, and Australia. Consecutive adult patients with acute respiratory distress syndrome (ARDS) who 
were receiving VV ECMO were eligible for inclusion. Patients younger than 18 years, those who were not able to 
provide informed consent when required, and patients with an ECMO stay of less than 24 h were excluded. Our main 
aim was to monitor the daily haemoglobin concentration and the value at the point of PRBC transfusion, as well as 
the rate of transfusions. The practice in different centres was stratified by continent location and case volume per 
year. Adjusted estimates were calculated using marginal structural models with inverse probability weighting, 
accounting for baseline and time varying confounding.

Findings Between Dec 1, 2018, and Feb 22, 2021, 604 patients were enrolled (431 [71%] men, 173 [29%] women; mean 
age 50 years [SD 13·6]; and mean haemoglobin concentration at cannulation 10·9 g/dL [2·4]). Over 7944 ECMO days, 
mean haemoglobin concentration was 9·1 g/dL (1·2), with lower concentrations in North America and high-volume 
centres. PRBC were transfused on 2432 (31%) of days on ECMO, and 504 (83%) patients received at least 
one PRBC unit. Overall, mean pretransfusion haemoglobin concentration was 8·1 g/dL (1·1), but varied according to 
the clinical rationale for transfusion. In a time-dependent Cox model, haemoglobin concentration of less than 7 g/dL 
was consistently associated with higher risk of death in the intensive care unit compared with other higher 
haemoglobin concentrations (hazard ratio [HR] 2·99 [95% CI 1·95–4·60]); PRBC transfusion was associated with 
lower risk of death only when transfused when haemoglobin concentration was less than 7 g/dL (HR 0·15 
[0·03–0·74]), although no significant effect in reducing mortality was reported for transfusions for other haemoglobin 
classes (7·0–7·9 g/dL, 8·0–9·9 g/dL, or higher than 10 g/dL).

Interpretation During VV ECMO, there was no universally accepted threshold for transfusion, but PRBC transfusion 
was invariably associated with lower mortality only when done with haemoglobin concentration of less than 7 g/dL.

Funding Extracorporeal Life Support Organization.

Copyright © 2022 Elsevier Ltd. All rights reserved.

Introduction
Venovenous (VV) extracorporeal membrane oxygenation 
(ECMO) has been increasingly used for severe forms of 
acute respiratory distress syndrome (ARDS), especially 
during the COVID-19 pandemic.1 However, uncertainties 
remain regarding best practice in the management of 
patients receiving VV ECMO.2 Among the uncertainties, 
transfusion practice might be particularly relevant 
because haemoglobin is crucial in achieving acceptable 
oxygen delivery (DO₂).3 Nonetheless, increasing the 
haemoglobin concentration through transfusion of 
packed red blood cells (PRBC) has potentially detrimental 

effects, such as increased rates of infections, transfusion 
reactions, immuno suppression, inflam mation, fluid 
overload, haemolysis, and potentially death.4,5

Haemoglobin thresholds have been established in 
patients who are critically ill in an attempt to balance the 
risks of transfusion with the potential benefits of 
increased DO₂.6 Current guidelines for patients who are 
not bleeding who are critically ill support a transfusion 
protocol based on a haemoglobin concentration threshold 
of 7 g/dL.7 Separately, the physiology of DO₂ during 
ECMO has complicated efforts to standardise a single 
value as a trigger for transfusions in this setting.8 The 
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previously suggested practice of maintaining haemo-
globin within a near-normal range during ECMO 
(ie, >12 g/dL), regardless of the required transfusion 
volume, was not supported by clinical data, but relied 
more on physiological consid erations, and it has been 
challenged by reports of acceptable outcomes with lower 
haemoglobin transfusion triggers.9–11 As a result, wide 
variability between centres has been reported, with 
haemoglobin thresholds often between 8 g/dL and 
10 g/dL; guidelines on ECMO have favoured a restrictive 
approach, but have not suggested a defined or structured 
practice because the available data often came from 
single-centre series, with patients typically enrolled over 
a number of years.12 Therefore, a clear-cut framework for 
interventional trials on this topic is needed.

We aimed to address the uncertainties and describe 
routine clinical practice for haemoglobin thresholds 
triggering PRBC transfusions, and to record the number 
of transfusions in adults receiving VV ECMO.

Methods
Study design and participants
PROTECMO was an international, multicentre, prospec-
tive observational study endorsed by the European 
Society of Intensive Care Medicine and the International 

ECMO network. PROTECMO was done in 41 ECMO 
centres in 19 countries in Europe, North America, Asia, 
and Australia (appendix p 4, 36). Centres applied for 
participation voluntarily after public announcements of 
the study.

Consecutive adult patients with ARDS who were 
receiving VV ECMO were eligible. Patients younger 
than 18 years, those who were not able to provide 
informed consent when required, and patients with 
an ECMO stay of less than 24 h were excluded 
(appendix p 5). Centres were classified according to the 
volume of respiratory ECMO activity in the year before 
enrolment in the study: low volume (one to 11 runs per 
year), medium volume (12 to 20 runs per year), and 
high volume (>20 runs per year).13

The study was approved by the Institutional Ethics 
Committee at ISMETT (Palermo, Italy, IRRB/15/17). All 
participating intensive care units (ICUs) obtained ethics 
committee approval as per their local regulation. Given 
the observational nature of the study, written informed 
consent from each participant or representative was 
requested according to the rules valid in each centre. 
We followed the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) 
statement guidelines.

Research in context

Evidence before this study
Guidelines for packed red blood cell (PRBC) transfusion in 
patients who are critically ill suggest a haemoglobin threshold 
of 7 g/dL, but in the case of venovenous (VV) extracorporeal 
membrane oxygenation (ECMO) there are few 
recommendations to guide management. Previously, experts 
recommended maintaining haemoglobin in the normal range 
during ECMO to maximise oxygen transport and delivery. 
This practice has since been questioned due to growing 
evidence suggesting that transfusion volumes are 
independently associated with increased mortality, even during 
ECMO support. As a result, there is considerable uncertainty and 
variability regarding haemoglobin triggers for PRBC 
transfusions. We searched PubMed from Jan 1, 2010, to 
May 5, 2022, with no restriction on the type of study, using the 
terms “VV ECMO” AND/OR “haemoglobin” AND/OR “PRBC” for 
studies published in English. 16 studies specifically addressing 
haemoglobin and triggers for PRBC transfusions during ECMO 
were identified: two were surveys confirming the wide 
discrepancy in the ECMO setting compared with other patients 
who were critically ill, 12 were single-centre retrospective 
studies highlighting the feasibility of restrictive strategies, 
one was a meta-analysis, and one was a multicentre study using 
longitudinal but retrospective data.

Added value of this study
This international, prospective, multicentre observational study 
discusses the value of haemoglobin concentrations as a trigger 
for PRBC transfusion and rate of PRBC transfusions during 

VV ECMO. To the best of our knowledge, this is the largest 
multicentre study to date, this is the largest multicentre study 
focused on haemoglobin and transfusion with longitudinal 
daily data up to 28 days during ECMO. The average 
haemoglobin value was lower than previously reported, and the 
factors associated with haemoglobin variation were provided. 
PRBCs were transfused on 31% of days. The main reason for 
transfusion was provided, as were the actual triggers used. In a 
time-dependent analysis, the only cut-off for haemoglobin 
associated with death was less than 7 g/dL. The effect of PRBC 
transfusion within different haemoglobin thresholds was 
investigated by marginal structural models confirming that 
PRBCs were associated with reduced risk of death only when 
transfused with haemoglobin concentration lower than 7 g/dL.

Implications of all the available evidence
The findings suggest that PRBC transfusion during ECMO might 
be beneficial to mortality only when haemoglobin 
concentration reaches the crucial threshold of 7 g/dL. 
This conclusion is consistent with modern transfusion 
guidelines for patients who are critically ill, but is in contrast 
with historical ECMO practice, which used transfusion as a daily 
practice to achieve high ECMO blood flow rates and maximise 
oxygen transport. Despite the large sample size reported in this 
study, due to multiple potential residual confounders, these 
results should be confirmed in a prospective interventional 
study that might specifically address the effect of transfusions 
only when haemoglobin concentration is lower than 7 g/dL.
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Procedures
Patients were enrolled in the database within 48 h from 
admission to the ICU for ECMO support. The case 
report form consisted of three sets of data: baseline, 
daily forms (one form for each day on ECMO and 
one single form for the first day after ECMO weaning), 
and outcome. The case report form and definitions are 
provided in the appendix (pp 6, 18). Patient charac-
teristics were registered at cannulation, and data 
reported daily for 28 days or fewer, if the ECMO-
associated stay in the ICU was shorter. In the daily 
assessment, haemo dynamics, fluid balance, laboratory 
values (haemoglobin, haematocrit, platelet count, 
creatinine, fibrinogen, and results for arterial blood 
gas), and transfusions were recorded. ECMO data were 
extracorporeal blood flow (QEC), QEC rate to estimated 
cardiac output ratio (QEC:eCO), revolutions per minute, 
and sweep gas flow rate. The eCO was estimated by 
body surface area (Dubois method) × 2·4 L/min. Major 
adverse events, including bleeding, haemolysis, and 
circuit change were recorded (appendix p 21). For the 
first PRBC transfusion of the day, the main clinical 
rationale according to the principal investigator at 
each centre, and pre-transfusion and post-transfusion 
haemoglobin concentration, mixed venous oxygen 
saturation (SvO2), arterial oxygen saturation (SaO2), and 
QEC data were recorded. Clinical outcomes recorded 
were ECMO weaning and mechanical ventilation 
liberation, and survival in the ICU, hospital, and 
6 months after ICU discharge.

Data were collected through an online platform 
customised on a REDCap server (Vanderbilt University, 
Nashville, TN, USA). Site investigators were required to 
answer all the queries in the case report form, with the 
aim of having no missing data in the baseline and 
outcome forms. For daily data, investigators were asked 
to report only data available in daily practice. The quality 
control of data for completeness and plausibility was 
done weekly by an automated check for missing data and 
outliers, and then reported to the local investigator for 
confirmation or correction. The actual missing data level 
was 0·5% (appendix p 23).

Statistical analysis
Quantitative variables were reported as mean (SD) or 
median (IQR); qualitative variables were recorded as 
percentage and frequency distribution. Differences 
between continuous variables were analysed by 2-sample 
t test, Wilcoxon-Mann-Whitney test or median test, when 
appropriate. χ² test and Fisher’s exact test were used to 
assess the association between categorical variables. 
Imputation methods for the minimum amount of 
missing data are reported in the appendix (p 23).14

To assess the effect of variables on the outcome, several 
generalised estimating equations models were applied. 
These models were appropriate when there were 
repeated measures over time on the same patients, with 

a possible correlation between observations from 
different timepoints on each patient.

Extended Cox regression models were used to assess 
recurrent event data of PRBC transfusions, and the 
Andersen-Gill model was used to model the overall 
recurrence rate.

Univariate Cox regression models were applied to 
assess the risk of death in the ICU within 28 days. The 
multiple analysis was done using the variables with a 
significant parameter in the univariate analysis. Highly 
correlated variables were removed by multiple analyses 
to avoid multicollinearity. Because the number of 
variables was large, a stepwise selection was done to 
identify the subset of variables that gave the lowest –2 log 
L value. As an exploratory analysis, Cox extended models 
with Heaviside functions were used to assess how the 
hazard ratio (HR) for death in the ICU at 28 days changed 
over the first 4 weeks.15 When Heaviside functions are 
used, Cox models provide four separate HRs, one for 
each time interval (4 weeks) of follow-up. p values for the 
models based on Heaviside functions are reported as 
nominal results.

To measure the effect of PRBC transfusions within 
different haemoglobin cutoffs, we used marginal 
structural Cox proportional hazards models with inverse 
probability weighting. The probability of receiving 
PRBC transfusion was weighted by adjusting for baseline 
factors (age, sex, body-mass index, haemoglobin 
concentration, and sequential organ failure assessment 
[SOFA] score) and time-varying confounding factors 
(fluid balance, urine output, QEC, SaO₂, pH, bleeding, and 
transfusion on the day before the considered transfusion 
event; appendix p 33). Furthermore, we identified a data-
driven threshold repeating the models with 0·1 g/dL 
increase in the haemoglobin threshold until reaching the 
highest value of haemoglobin when PRBC transfusion 
was still associated with reduction in mortality.

p values less than 0·05 were considered statistically 
significant. Statistical analyses were done using 
SAS (version 9.4). More information on our statistical 
analysis is reported in the appendix (p 29). The trial is 
registered on ClinicalTrials.gov, NCT03815773.

Role of the funding source
The PROTECMO project received a Research Grant from 
the Extracorporeal Life Support Organization (ELSO). 
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
Between Dec 1, 2018, and Feb 22, 2021, 604 patients 
(431 [71%] men, 173 [29%] women; mean age 50 years 
[SD 13·6]) with ARDS supported by VV ECMO were 
enrolled. Baseline data are reported in table 1 and in the 
appendix (p 42–45). COVID-19 was the principal risk 
factor for ARDS, followed by viral pneumonia of other 
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causes and bacterial pneumonia (table 1). Mean haemo-
globin concentration at cannulation was 10·9 g/dL (2·4) 
and was significantly lower in high-volume centres 
(appendix p 46).

Longitudinal data were collected for 7944 days on ECMO 
(table 2; appendix p 48). The mean haemoglobin 
concentration during ECMO was 9·1 g/dL (SD 1·2); higher 
values were reported in the first 7 days (mean haemoglobin 

was 9·3 g/dL [SD 1·5]), but progressively decreased despite 
the different quartiles of haemoglobin at baseline 
(figure 1A, B). To explore the baseline and daily variables 
associated with variations in haemoglobin, we created 

All patients 
(n=604)

Patients who did 
not receive PRBC 
transfusion 
(n=100)

Patients who 
received PRBC 
transfusion 
(n=504)

p value

Age, years 49·9 (13·6) 49·1 (14·5) 50·1 (13·4) 0·46

Sex

Male 431 (71%) 80 (80%) 351 (70%) 0·036

Female 173 (29%) 20 (20%) 153 (30%) 0·036

Height, cm 171 (10) 173 (8) 170 (10) 0·017

Body-mass index, kg/m2 28·8 (25·2–34·5) 30·1 (25·6–39·2) 28·6 (25·2–33·6) 0·0062

SAPS 2 41 (31–56) 42 (30–55) 40 (31–56) 0·18

SOFA score at cannulation 10 (7–12) 10 (7–12) 10 (7–12) 0·50

PRESERVE score 3 (2–5) 3 (1–5) 4 (2–5) 0·088

RESP score 2 (0–4) 3 (1–5) 2 (0–4) 0·0004

P/F ratio 70 (59–93) 74 (60–97) 70 (59–93) 0·24

Pre-ECMO hospital stay, days 5·4 (2.0–10·7) 3 (1–6·6) 6·1 (2·2–11·4) <0·0001

Pre-ECMO ICU stay, days 3·1 (1–7) 1·7 (0·6–4·4) 3·7 (1·1–7·7) <0·0001

Pre-ECMO mechanical ventilation, 
days

2·3 (0·7–5·7) 1·3 (0·4–3·9) 2·8 (0·8–6·2) 0·0006

Haemoglobin at cannulation, g/dL 10·7 (9·3–12·3) 12 (10·5–13·5) 10·4 (9·2–12) <0·0001

Platelets, × 103/µL 205 (135–289) 187 (152–278) 205 (127–292) 0·33

Cause of ARDS 0·043

Bacterial pneumonia 103 (17%) 11 (11%) 92 (18%) ··

Viral pneumonia 115 (19%) 29 (29%) 86 (17%) ··

COVID-19 218 (36%) 28 (28%) 190 (38%) ··

Aspiration pneumonia 27 (4%) 7 (7%) 20 (4%) ··

Trauma or burns 25 (4%) 5 (5%) 20 (4%) ··

Pancreatitis 8 (1%) 0 8 (2%) ··

Graft failure after lung transplant 31 (5%) 4 (4%) 27 (5%) ··

Other acute respiratory diagnosis 60 (10%) 12 (12%) 48 (10%) ··

Non-respiratory and chronic 
respiratory

17 (3%) 4 (4%) 13 (3%) ··

Surgical procedure in the last 
7 days

85 (14%) 15 (15%) 70 (14%) 0·77

Pregnancy or puerperium 7/173 (4%) 1/173 (1%) 6/173 (3%) 0·82

Configuration 0·38

Femoro-jugular 390 (65%) 71 (71%) 319 (63%) ··

Femoro-femoral 152 (25%) 23 (23%) 129 (26%) ··

Double lumen cannula 33 (5%) 5 (5%) 28 (6%) ··

Jugular-femoral 23 (4%) 0 23 (5%) ··

Femoro-jugular-femoral 5 (1%) 1 (1%) 4 (1%) ··

Subclavian-femoral 1 (<1%) 0 1 (<1%) ··

Data are n (%), mean (SD), or median (IQR). ARDS=acute respiratory distress syndrome. ECMO=extracorporeal 
membrane oxygenation. ICU=intensive care unit. P/F ratio=PaO2/FiO2 ratio. PRESERVE=PRedicting dEath for SEvere 
ARDS on VV-ECMO. RESP=Respiratory ECMO Survival Prediction. SAPS 2=Simplified Acute Physiology Score 2. 
SOFA=Sequential Organ Failure Assessment.

Table 1: Baseline characteristics

Longitudinal daily data and 
outcomes (n=604)

Daily data

Days on ECMO 7944

Urine output, mL 2199 (648 to 3090)

CRRT, days (%) 2474/7944 (31%)

Fluid balance, mL 170 (–327 to 689)

Cardiovascular SOFA 1·3 (0·6 to 2)

Haemoglobin, g/dL 9 (8·3 to 9·9)

Pre-transfusion haemoglobin, g/dL 7·9 (7·2 to 9)

Platelets, x1000 micro/L 146 (94 to 194)

QEC, L/min 4·1 (3·6 to 4·6)

QEC:eCO, % 86 (75 to 97)

Total PRBC during ECMO, mL 1432 (398 to 3050)

PRBC per day in ECMO, mL 115 (48 to 223)

Bleeding

All cases (days with bleeding/total days 
on ECMO)

1157/7944 (15%)

Type 1* (days with type 1/total days with 
bleeding)

699/1157 (61%)

Type 2† (days with type 2/total days with 
bleeding)

347/1157 (30%)

Type 3‡ (days with type 3/total days with 
bleeding)

86/1157 (7%)

Type 4§ (days with type 4/total days with 
bleeding)

16/1157 (1%)

Circuit change 211 (3%)

Major haemolysis 152 (2%)

Outcomes

ECMO duration, days 10·9 (5·9 to 20·0)

Successfully weaned off ECMO 406/604 (67%)

ICU discharge alive 359/604 (59%)

ICU length of stay, days 26·4 (15·7 to 43·7)

Hospital discharge alive 351/604 (58%)

Hospital length of stay, days 37·9 (22·7 to 59·0)

6-month survival 336 (56%)

Daily data median (IQR), number of days (%), n (%). All bleeding cases indicates 
the number of days of bleeding and their proportion in the whole dataset; for 
types of bleeding, the crude number and the percentage of the total amount of 
bleeding cases are reported. Major haemolysis was defined as a free haemoglobin 
concentration of more than 50 g/dL or a diagnosis of haemolysis prompting the 
change of the circuit. CRRT=continuous renal replacement therapy. 
ECMO=extracorporeal membrane oxygenation. ICU=intensive care unit. 
PRBC=packed red blood cells. QEC=extracorporeal blood flow. 
QEC:eCO=extracorporeal blood flow rate to estimated cardiac output ratio. 
SOFA=Sequential Organ Failure Assessment. *Any overt bleeding that requires 
heparin infusion rate reduction or PRBC transfusion (provided haemoglobin 
concentration decrease was associated with bleeding). †Any overt bleeding that 
requires heparin infusion rate reduction and transfusion of PRBC or non-surgical 
procedure to stop bleeding (provided haemoglobin concentration decrease was 
associated with bleeding). ‡Any life-threatening bleeding that required PRBC 
transfusion or surgical intervention for control of bleeding or both, or ECMO 
discontinuation. §Any fatal bleeding.

Table 2: Summary of longitudinal daily data and outcomes
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univariate generalised estimating equations models 
(appendix p 49). Lower haemoglobin concen trations were 
reported in high-volume centres compared with 
low-volume centres (average haemoglobin concentration 
difference –0·26 g/dL, p=0·022; figure 1C), and in 
North America compared with Europe (difference 
–0·66 g/dL, p<0·0001; figure 1D). In a multiple analysis, 
only ECMO treatment in European centres (average 
haemoglobin difference compared with other continents 
0·73 g/dL, p<0·0001) and use of vasopressors (average 
haemoglobin difference compared with days without 
vasopressors 0·26 g/dL, p=0·0005) remained inde-
pendently associated with variation in haemoglobin 
concentration higher than 0·1 g/dL (appendix p 51).

PRBC transfusions were done on 2432 (31%) of 
7944 study days. On average, patients received a median 

of 115 mL (IQR 48–223) of PRBC per day during ECMO. 
The rate of patients transfused daily remained stable even 
with longer runs (figure 2A). The median amount of 
PRBC transfused on days when a transfusion occurred 
was 425 mL (350–556); 504 (83%) of 604 patients received 
at least one unit of PRBC and were transfused on a 
median of 31% of days (15–37). 100 (17%) patients 
completed the ECMO run without any PRBC transfusion, 
with a median ECMO duration of 5·7 days (3·4–9·8), 
significantly shorter than patients who received 
transfusions. Patient transfused had a higher body 
surface area, had a longer hospital stay before ECMO 
cannulation, and higher Respiratory ECMO Survival 
Prediction score (appendix p 52).

The principal reasons for PRBC transfusion were low 
haemoglobin (1521 [63%] of 2432 transfusions), bleeding 

Figure 2: Proportion of patients receiving PRBC transfusion (A) and factors independently associated with PRBC transfusion recurrence (B)
The forest plot of factors independently associated with PRBC transfusion recurrence during the ECMO stay was developed with stepwise multiple analysis. 
ECMO=extracorporeal membrane oxygenation. HR=hazard ratio. PRBC=packed red blood cells. SaO₂=arterial oxygen saturation. SOFA=sequential organ failure 
assessment. *Asia and North America were compared with Europe; no data for Oceania are reported.
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(560 [23%] transfusions), haemodynamic impairment 
(210 [9%] transfusions), and low ECMO blood flow rate 
(73 [3%] transfusions); 68 (3%) patients had PRBC 
transfusion for other reasons. Overall, mean pre-
transfusion haemoglobin concentration was 8·1 g/dL 
(SD 1·1), but it varied according to the clinical rationale 
for transfusion (appendix p 54). The transfusion trigger 
showed wide variability between the same haemoglobin 
concentration classes (<7 g/dL, 7–8 g/dL, 8–10 g/dL, or 
>10 g/dL; appendix p 54). In days when haemoglobin 
concentration was less than 7 g/dL, PRBC transfusions 
were given on 230 (71%) of 325 days. Whereas on days 
when the haemoglobin concentration was more than 
10 g/dL, PRBC transfusions were given on 375 (21%) of 
1760 days. This variability was evident within patients 
and centres, and higher haemoglobin thresholds were 
increasingly used with older patients, in patients with 
kidney failure developed during ECMO (lower urine 
output or use of continuous renal replacement therapy), 
and in those with reduced QEC:eCO (appendix p 55).

The clinical factors associated with the occurrence of 
PRBC transfusions during ECMO were assessed by 
bivariate models for recurrent events (adjusted for daily 

haemoglobin concentration; appendix p 56) and a 
stepwise multiple analysis. Variables independently 
associated with an increased recurrence rate of PRBC 
transfusions were positive fluid balance, higher 
cardiovascular item of the SOFA score, higher pH, 
bleeding, and ECMO circuit change (figure 2B).

359 (59%) of 604 patients survived to discharge from 
the ICU, and 351 (58%) were alive at hospital discharge 
(table 2). The haemoglobin concentration at cannulation 
was similar between people who were discharged from 
the ICU (11·1 g/dL [SD 2·4]) and those who died while in 
the ICU (10·8 g/dL [SD 2·4]; p=0·23). Patients in 
different quartiles of haemoglobin at cannulation showed 
no significant difference in ICU outcomes (appendix p 47).

In a time-dependent Cox model, higher haemoglobin 
concentration was associated with a reduced probability 
of death in the ICU across the 28-day follow-up (HR 0·87 
[95% CI 0·78–0·98]; table 3). However, when assessed by 
each week during the 28 days, this association was not 
consistent over time. By contrast, considering haemo-
globin concentration by strata, a daily haemoglobin 
concentration of less than 7 g/dL was the only consistent 
threshold as a risk factor for death (2·99 [1·95–4·60]). In 

Overall effect 
during follow-up

p value Heavyside functions

Week 1 Week 2 Week 3 Week 4

Univariate Cox model for 28-day ICU mortality*

Haemoglobin, g/dL 0·87 (0·78–0·98)† 0·016 0·96 (0·82–1·12) 0·82 (0·66–1·02) 0·88 (0·68–1·13) 0·68 (0·47–0·97)†

Haemoglobin strata (reference 8–10 g/dL)

Haemoglobin concentration 
<7 g/dL

3·15 (2·01–4·93)† <0·0001 3·64 (1·61–8·24)† 2·44 (1·08–5·52)† 3·03 (1·22–7·54)† 16·51 (3·99–68·31)†

Haemoglobin concentration 
7–8 g/dL

1·29 (0·91–1·84) 0·16 1·21 (0·62–2·39) 0·87 (0·44–1·73) 1·51 (0·77–2·96) 2·77 (0·89–8·64)

Haemoglobin concentration 
≥10 g/dL

0·93 (0·64–1·40) 0·77 1·04 (0·61–1·81) 0·89 (0·41–1·92) 0·60 (0·18–2·01) 1·22 (0·30–4·94)

Cut-off 7 g/dL

Haemoglobin concentration 
<7 g/dL vs ≥7 g/dL

2·99 (1·95–4·60) <0·0001 3·49 (1·59–7·65)† 2·56 (1·16–5·65)† 2·82 (1·19–6·70)† 11·98 (3·18–45·12)†

Multiple Cox model for ICU 28-day mortality‡

Time-fixed variable

RESP score 0·91 (0·88–0·95) <0·0001 0·91 (0·86–0·96)† 0·90 (0·84–0·96)† 0·96 (0·87–1·05) 0·87 (0·78–0·97)†

Time-dependent variables

Fluid balance, 1000 mL increase 1·18 (1·11–1·25) <0·0001 1·13 (1·04–1·23)† 1·24 (1·07–1·43)† 1·21 (1·02–1·42)† 1·23 (1·05–1·45)†

QEC:eCO, 10% increase 0·91 (0·84–0·97) 0·0078 0·84 (0·74–0·96)† 0·93 (0·81–1·06) 0·97 (0·84–1·13) 0·91 (0·73–1·14)

Cardiovascular SOFA 1·19 (1·06–1·32) 0·0020 1·24 (1·04–1·49)† 1·04 (0·85–1·26) 1·28 (1·02–1·61) 1·01 (0·71–1·45)

Haemolysis 2·19 (1·19–4·02) 0·012 1·38 (0·42–4·53) 2·32 (0·85–6·37) 3·88 (1·08–13·88)† 3·06 (0·40–23·56)

Platelets, ×100 increase 0·68 (0·55–0·84) 0·0003 0·75 (0·54–1·03) 0·52 (0·33–0·82)† 0·74 (0·51–1·07)† 0·72 (0·37–1·42)

pH, 0·1 increase 0·59 (0·51–0·68) <0·0001 0·74 (0·60–0·91)† 0·49 (0·33–0·72)† 0·47 (0·31–0·70)† 0·53 (0·36–0·78)†

Lactate concentration, 1 mmol/L 
increase

1·06 (1·03–1·09) <0·0001 1·15 (1·10–1·21)† 1·04 (0·99–1·08) 0·99 (0·90–1·08) 1·08 (0·99–1·17)

Cardiovascular SOFA=cardiovascular dysfunction item of the Sequential Organ Failure Assessment score; ICU=intensive care unit. QEC:eCO=extracorporeal blood flow rate to 
estimated cardiac output ratio. RESP=respiratory ECMO survival prediction. *Data are hazard ratio (95% CI) for ICU mortality according to haemoglobin as continuous 
variable, different strata, and binary cutoffs. †p value less than 0·05, when p value is not reported. ‡Data are hazard ratio (95% CI) for ICU mortality for variables that 
remained significant in the multiple model.

Table 3: Univariate and multiple Cox model with time-fixed and time-dependent covariates for ICU mortality
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a multiple Cox model with time-fixed and time-dependent 
covariates, haemoglobin and PRBC transfusions were 
excluded in the stepwise selection process and were not 
significant even when forced into the models. Increased 
fluid balance, cardiovascular SOFA, lactate concentration, 
and major haemolysis were associated with higher risk of 
death (table 3). Therefore, a higher Respiratory ECMO 
Survival Prediction score, increased QEC:eCO, a higher 
number of platelets, and higher pH were retained as 
associated with an increased chance of ICU survival. 
However, when the associations for each of the 4 weeks 
were assessed, the increase in fluid balance and reduction 
in pH were the only two variables consistently associated 
with death.

The effect of PRBC transfusions within different 
haemoglobin strata on mortality was verified with 
marginal structural Cox proportional hazards models to 
adjust for baseline and daily covariates: PRBC 
transfusions reduced the risk of death only when done 
when haemoglobin concentration was less than 7 g/dL 
(HR 0·15 [95% CI 0·03–0·74]; p=0·019; figure 3; 
appendix p 61). This effect was also confirmed by 
applying this method to the multiple model (0·09 
[0·02–0·42]; p=0·0025; appendix p 61). Following these 
analyses, the highest haemoglobin concentration used 
as a trigger for PRBC transfusion that was associated 
with a reduction in the risk of death was 7·2 g/dL, in 
both the time-dependent Cox model (0·38 [0·17–0·83]) 
and the marginal structural Cox proportional hazards 
model (0·23 [0·06–0·87]; appendix p 62).

Discussion
Our study on patients receiving VV ECMO for ARDS has 
five key findings. First, haemoglobin concentrations 
were maintained at a lower level than traditionally 
recommended; second the haemoglobin concentration 
threshold for transfusion varied considerably across 
centres and clinical conditions; third PRBC were 
transfused on 31% of ECMO days; fourth, PRBC was 
consistently associated with survival only when done 
when haemoglobin concentrations were less than 7 g/dL; 
and finally a more positive fluid balance, at each 

timepoint of follow-up, was independently associated 
with increased transfusion rate and risk of death.

Until 2021, the ELSO guidelines recommended 
maintaining haematocrit at more than 40%.16 By contrast, 
several randomised trials in patients who are critically ill 
have shown that the lower thresholds for transfusion 
reduced the patients’ exposure to allogenic PRBC, with 
improved or similar outcomes compared with higher 
thresholds.17–19 Given the scarcity of evidence-based data, a 
strict haemoglobin trigger would still be difficult to 
compare in ECMO versus another strategy considered to 
be standard practice.20,21 The terms restrictive and liberal 
might not readily be implemented in this setting because 
deviation from protocols are common and statistical 
significance can be reached with very low haemoglobin 
concentration differences (often in the range of 
0·1 g/dL).7,21,22 In addition, the longitudinal differences in 
haemoglobin concentration seen in our data were relatively 
minor from a clinical perspective (in the range of 0·1 g/dL 
to 0·7 g/dL). Therefore, these changes would be considered 
clinically relevant, and consequently result in a change in 
clinical practice, only when a haemoglobin concentration 
is near the set threshold for transfusion. Nonetheless, 
restrictive transfusion strategies are being increasingly 
implemented during ECMO. These restrictive transfusion 
strategies are extrapolated from data in patients not 
receiving ECMO and who are in an ICU, and are based on 
expert advice or institutional experience.10 Of note, the 
two main randomised trials of ECMO for respiratory 
failure protocolised haemoglobin quite differently 
(12–14 g/dL vs 8–10 g/dL).23 However, the results of a 
survey, published in 2019, showed that the haemoglobin 
concentration trigger is typically higher in patients 
receiving VV ECMO than in other patients who are 
critically ill: 9·1 g/dL (SD 1·8).12 This discrepancy between 
triggers was confirmed by our data, suggesting that 
although there is increasing tolerance of greater degrees of 
anaemia during ECMO, there is no universal agreement 
on transfusion thresholds, and, in the same patients, 
different triggers might be applied according to the clinical 
picture and the preference of the attending specialist. 
Transfusion is still reliant on clinician behaviour, and 
small differences in haemoglobin concentration can be 
affected by the response of the clinicians at the bedside, 
who might turn to transfusions or other, probably more 
complex, strategies to stabilise the clinical picture, 
accepting a higher degree of anaemia. The different 
behaviour is probably represented by the tendency to 
accept lower haemoglobin concentration thresholds in 
higher volume centres compared with low volume centres, 
and by centres located in North America that probably 
follow a stricter application of guidelines for patients who 
are critically ill or that are facing shortages and higher 
costs for PRBC.24 Moreover, our data also provides evidence 
for rationales other than haemoglobin concentration for 
PRBC transfusion. As expected, an increased daily 
cardiovascular dysfunction in the SOFA score played a role 

Figure 3: Effect of PRBC transfusion on risk of death at different haemoglobin 
concentrations
HR (95% CI) calculated with marginal structural Cox proportional hazards models 
to adjust for baseline and daily covariates. HR=hazard ratio. PRBC=packed red 
blood cells.
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in deciding whether to proceed with transfusion, as did 
bleeding and circuit change, suggesting that transfusion 
might be intended to stabilise the clinical picture in some 
patients, whereas transfusion should be considered only 
when the other causes of general impairment are 
addressed.

Following the association between haemoglobin 
concen tration thresholds and death, a meta-analysis, 
published in 2021, reported a correlation between higher 
transfusion thresholds and increased risk of death during 
VV ECMO.25 Regarding physiology, the principal reason 
to recommend transfusions in cases of anaemia is to 
directly increase the DO₂, even though anaemia can be 
tolerated in a goal-oriented VV ECMO approach.26,27 A 
Cochrane review on transfusion thresholds suggests that 
there is no additional risk of death when haemoglobin is 
between 7 g/dL and 8 g/dL compared with higher 
concentrations.6 During ECMO, the optimal transfusion 
threshold might vary from day to day in the same patient 
according to the degree of support needed, and this is 
confirmed by our data. Despite the variability of the 
transfusion threshold, the use of the lower threshold for 
PRBC transfusion remained strongly associated with 
better survival, prompting the hypothesis that in patients 
receiving VV ECMO, haemoglobin targets and PRBC 
transfusion might be managed similarly to other patients 
who are critically ill, at least when the QEC is able to fulfil 
the metabolic needs (according to the clinical evolution, 
it might vary from the total theoretical QEC to a lesser 
degree of support). In the evaluation of the adequate QEC 
the degree of recirculation has a specific role, which 
should always be addressed as soon as possible once it is 
evident because it decreases the efficiency of ECMO 
oxygen delivery. The effectiveness of transfusions in case 
of very low haemoglobin values is also a reasonable and 
intuitive concept that is founded on patient blood 
management: both in acute and chronic anaemia. 
Transfusions are lifesaving only when haemoglobin 
concentration drops to a level that is crucial for DO₂ or 
coagulation. This concept seems to be also confirmed by 
our data; however, historically (either for the higher rate 
of bleeding or because of the need for intravascular 
volume to assure blood flow) the administration of PRBC 
has been applied as a frequent tool to stabilise patients 
receiving ECMO.

As an additional finding, we confirmed that an increase 
in daily fluid balance, at any stage of support, affected 
clinical outcomes. The negative effect of positive fluid 
balance has been reported to start from day 3 after ECMO 
cannulation, and in different settings of critical care.28,29 
Increase in daily fluid balance is probably explained by the 
preload dependency of QEC without frequent fluid 
administration. A low red blood cell mass might expose 
the patient to the risk of inconsistent blood flow rates, 
with consequent low DO₂. The setting of a daily real-time 
target for oxygenation was proposed to avoid unnecessarily 
high blood flow rates and, consequently, to allow for a 

reduction in the administration of fluids and PRBC.30 In 
this setting, the role of transfusion becomes a last resort 
that is done only when haemoglobin concentration is less 
than 7 g/dL.

One major strength of the study is that, to the best of 
our knowledge, PROTECMO is the largest prospective 
study collecting longitudinal data on haemoglobin 
concentrations and thresholds, PRBC transfusions, 
clinical characteristics, and outcomes. In addition, the 
timeframe of the study was short, avoiding the inherent 
biases that occur with changes in practice, personnel, and 
technology over time. To summarise the potential effect of 
the study, there are two main findings: the evaluation 
through the robust approach of marginal structural 
models to estimate the effectiveness of transfusions with 
different targets and some insights for a potentially 
confirmatory randomised trial on transfusion in the 
ECMO setting. As a practical result, we might conclude 
that applying a haemoglobin threshold of less than 7 g/dL 
is feasible and ethical on most ECMO days. When patients 
have a haemoglobin concentration between 7 g/dL and 
8 g/dL transfusions of PRBC should be considered, only if 
deemed necessary after other relevant interventions have 
been done for patient optimisation, with a goal of avoiding 
a positive fluid balance. With a future randomised trial in 
mind, we provide the most frequent haemoglobin trigger 
in ECMO: 8 g/dL; consequently, a potential restrictive 
protocol (with a haemoglobin concentration transfusion 
threshold of <7 g/dL) could be compared with the 8 g/dL 
threshold that we can consider as the standard practice. 
Moreover, the restrictive protocol should also provide 
regulations to increase the haemoglobin threshold when 
the daily fluid balance increases, when the ECMO blood 
flow rate is reduced, when there is acidosis despite 
support, and when vasopressors are in place.

This study has also several limitations. First, the effect 
of haemoglobin and PRBC transfusion on clinical 
outcomes might be confounded by other strategies 
unreported in the study. Second, many variables were 
collected, and this might increase the risk of type 1 error. 
Third, the longitudinal data, for feasibility reasons, were 
limited to the first 28 days of follow-up, and outcomes of 
interest might have occurred after this period. This 
limitation is balanced by most patients having a short 
duration of ECMO, and the main outcomes are 
determined within the first weeks on ECMO, whereas 
the number of potential confounding factors are 
considerable, with a prolonged ICU stay. Moreover, for 
some of the variables (such as the diagnosis of haemolysis 
or the clinical rationale for administering PRBC) 
included in a feasible dataset, were left to the clinical 
investigator’s judgement, and were not standardised by 
variable definitions. Yet this pragmatic compromise still 
reflects real-world practice. Finally, we did not have 
access to the clinical data directly at each centre, and we 
relied on local principal investigators for data collection 
and quality. Although there were challenges due to staff 
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and resource crises during the COVID-19 pandemic, the 
quality of data collection was assured by the participation 
of centres that consistently completed and revised data in 
the appropriate timeframe.

In conclusion, during VV ECMO for ARDS there was no 
universally accepted trigger for transfusion, although the 
threshold appears to be lower than in previous recom-
mendations. Transfusion of PRBC was consistently asso-
ciated with lower mortality when done when haemo globin 
concentrations were less than 7 g/dL. However, residual 
confounding exists, and these associations should be 
confirmed in a prospective interventional trial.
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