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Abstract: Extracorporeal life support (ECLS) is a promising therapeutic option for patients with
refractory cardiogenic shock. However, as the mortality rate still remains high, there is a need for
early outcome parameters reflecting therapy success or futility. Therefore, we investigated whether
liver enzyme levels could serve as prognostic mortality markers for patients with ECLS. The present
study is a retrospective single-center cohort study. Adult patients >18 years of age who received
ECLS therapy between 2011 and 2018 were included. Bilirubin, glutamic-oxaloacetic transaminase
(GOT), and glutamic-pyruvic-transaminase (GPT) serum levels were analyzed at day 5 after the start
of the ECLS therapy. The primary endpoint of this study was all-cause in-hospital mortality. A total of
438 patients received ECLS during the observation period. Based on the inclusion criteria, 298 patients
were selected for the statistical analysis. The overall mortality rate was 42.6% (n = 127). The area
under the curve (AUC) in the receiver operating characteristic curve (ROC) for bilirubin on day 5 was
0.72 (95% confidence interval (CI): 0.66–0.78). Cox regression with multivariable adjustment revealed
a significant association between bilirubin on day 5 and mortality, with a hazard ratio (HR) of 2.24
(95% CI: 1.53–3.30). Based on the results of this study, an increase in serum bilirubin on day 5 of ECLS
therapy correlates independently with mortality.
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1. Introduction

Coronary heart disease remains the number one cause of death in the US. Depending on its
severity, it can lead to life-threatening complications such as malignant arrhythmias, cardiogenic
shock, or sudden cardiac arrest. According to current data from the American Heart Association
(AHA), one out of eight Americans (13.8%) dies from sudden cardiac arrest [1]. Although immediate
cardiopulmonary resuscitation (CPR) with immediate defibrillation is crucial to patient survival,
the outcome after sudden cardiac arrest is poor and decreases dramatically with the increasing duration
of CPR [2,3]. In case of prolonged cardiopulmonary resuscitation, extracorporeal life support (ECLS)
can be a therapeutic option for restoring the blood circulation [4–6].
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Since its first description over 40 years ago, ECLS has become an important tool for managing
critically ill patients. Cardiogenic shock in adults has become the most common indication for ECLS
therapy, with a reported survival until hospital discharge of up to 42% [7]. Most recent data indicate
that ECLS can lead to survival benefits compared to classic CPR in patients with cardiogenic shock or
cardiac arrest [8]. However, though promising, the mortality rate when using ECLS is still high. Known
complications of ECLS are lethal bleeding in up to 40% of the patients, systemic infections, sepsis,
septic shock, as well as acute kidney injuries requiring renal replacement therapy [9,10]. In addition
to these complications, liver function plays a crucial role for the outcome of patients treated with
ECLS [11]. Acute liver dysfunction and hypoxic liver injury are life-threatening events associated with
a mortality rate of up to 80% [12,13]. Some authors tried to identify pre-ECLS factors with prognostic
value, e.g., the “Survival after Veno-Arterial Extracorporeal Membrane Oxygenation” (SAVE) score,
which may be a tool to predict the survival of patients receiving ECLS for refractory cardiogenic
shock [7]. In a retrospective analysis, Freundt et al. showed that bilirubin levels may be related to
mortality in patients under ECLS therapy [14]. The authors demonstrated that patients who died
under ECLS therapy had significantly higher bilirubin levels than those who survived. Obviously,
the initial trauma that leads to initiation of ECLS substantially influences patients’ outcome and may
even lead to early therapy futility [10,15–17]. With regard to this aspect, it seems even more interesting
to evaluate the prognostic value of liver function when this initial damage is excluded as far as possible.
In the present study, we therefore investigated whether liver enzyme levels could serve as prognostic
markers in patients who survived the first four days of ECLS therapy.

2. Materials and Methods

2.1. Study Design and Patients

The present study is a retrospective, single-center cohort study, approved by the ethical committee
of the Heinrich-Heine-University, Duesseldorf, (reference number 5141R), Germany. Data of all patients
older than 18 years of age undergoing ECLS therapy between 2011 and 2018 in our hospital were
collected from the institutional database. ECLS therapy and ancillary therapy were performed as
previously described [18,19]. All ECLS systems were temporary devices. Only patients who survived
the first four days were included into the study, hence excluding patients for whom the initial trauma
led to therapy futility and limiting the impact of the index event on liver function and subsequent
changes in bilirubin levels. Day 5 was chosen based on local experiences suggesting that this might be
the time point of a “steady state” where clinicians often have to decide about prognosis and whether
therapy should be continued or not. In a sensitivity analysis, patients presenting without shock liver
(defined as a tenfold increase in glutamic-oxaloacetic transaminase (GOT) values compared to the local
upper cutoff value (35 U/L)) were excluded. This subgroup analysis was performed to further exclude
the influence of the initial damage.

2.2. Data Collection

Data including sex, age, duration of ECLS therapy, and blood levels of total bilirubin, GOT
and glutamic-pyruvic-transaminase (GPT) were collected at pre-defined time points: day 0 (start of
ECLS therapy) and day 5 (after five days of ECLS therapy). If no blood values were available on
the corresponding days, results from the adjacent days (cut-off date ± 2 days) were used.

2.3. Statistical Analysis

The primary endpoint of this trial was all-cause in-hospital mortality. Categorical data are
presented as absolute numbers (percent). Continuous data are presented as mean ± standard deviation
(SD) or median (quartile 1, quartile 3, as applicable). Differences between baseline characteristics were
calculated by Pearson χ

2 test, Fisher exact test, Student t test, or Mann–Whitney U test, as appropriate.
The discrimination of bilirubin for mortality was examined employing receiver operating characteristic
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curve (ROC) and the area under the curve (AUC). The Youden index was calculated to determine
the cutoff value for bilirubin. To quantify the independent association between bilirubin and death,
Cox regression was performed with pre-defined multivariable adjustment for sex, age, left ventricular
assist device/right ventricular assist device (LVAD/RVAD), and continuous renal replacement therapy
(CRRT). Cox regression was also performed for GOT and GPT. In a predefined sensitivity analysis,
patients with shock liver (defined as GOT >10 × cutoff (= 35 U/L)) were excluded.

3. Results

3.1. Baseline Characteristics

A total of 438 patients underwent ECLS therapy during the observation period. All patients
received ECLS due to severe cardiogenic shock or cardiac arrest. Of these, 298 patients survived the first
four days, and their data were available for statistical analysis (see Table 1). To allow generalizability,
all indications for ECLS therapy were included. The median age was 59 ± 14 years, 219 (74%) patients
were male, 79 (26%) were female. The mean ECLS therapy duration was 9 ± 7 days. With regard to
the baseline characteristics, the only significant difference was sex (p <0.05). For the sensitivity analysis
without shock liver constellation, 220 patients remained.

Table 1. Patient characteristics.

All Patients Non-Survival Survival p-Value

Number of Patients (n) (%) 298 133 (45%) 165 (55%) ns
Age (Years) 59 ± 14 61 ± 14 56 ± 14 ns
Male (n) (%) 219 100 (46%) 119 (54%) ns

Female (n) (%) 79 33 (42%) 46 (58%) ns
Days of ECLS 9 ± 7 11 ± 7 8 ± 7 ns

Data are presented as mean ± SD or as absolute numbers (percent). ECLS = extracorporeal life support.

3.2. Laboratory Values and Outcome

Laboratory values were followed over a period of five days from the start of the ECLS therapy.
In-hospital mortality rate was 42.6% (n = 127). The mean bilirubin level at the beginning of ECLS
was 2.04 ± 2.73 mg/dL, and the mean bilirubin level on day five was 5.14 ± 12.01 mg/dL. The AUC
from the ROC for bilirubin on day five was 0.72 (95% confidence interval (CI): 0.66–0.78) (see Figure 1).
The AUC for the trend (i.e., the absolute difference) between bilirubin at the start and on day 5 was
0.70 (95% CI 0.64–0.77). ROC for patients without shock liver demonstrated an AUC of 0.67 (95%
confidence interval (CI): 0.59–0.75) (see Figure 2).

The Youden index showed a cutoff for bilirubin on day 5 of 2.23 mg/dl, with a sensitivity of 0.70.
Cox regression with multivariable adjustment revealed a significant association between bilirubin on
day 5 and mortality, with a hazard ratio (HR) of 2.24 (95% CI: 1.53–3.30) (see Table 2 and Figure 3).
In the sensitivity analysis without shock liver patients, this association was still significant (HR 2.08
(95% CI: 1.33–3.26) (see Table 2 and Figure 4). Cox regression for GOT and GPT showed a significant
association between GOT on day 5 and mortality, but not between GPT on day 5 and mortality, with
HR of 1.87 (95% CI: 1.23–2.83) for GOT and 1.41 (95% CI: 0.94–2.10) for GPT (see Table 3).
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Figure 1. Receiver operating characteristic curve (ROC) and area under the curve (AUC) for bilirubin
on day 5 of ECLS therapy as a discriminator for mortality (n = 298). AUC = 0.72 (95% confidence
interval (CI): 0.66–0.78).

 

Figure 2. ROC and AUC for bilirubin on day 5 of ECLS therapy as a discriminator for mortality,
excluding shock liver patients (n = 220). AUC = 0.67 (95% confidence interval (CI): 0.59–0.75).
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Table 2. Multivariate analysis for bilirubin with and without shock liver patients.

Hazard Ratio Lower 95% CI Upper 95% CI p-Value

Bilirubin on day 5 including shock liver patients (n = 298)

Bilirubin 2.243 1.525 3.297 <0.0001
Age 1.010 0.996 1.024 0.153
Sex 1.119 0.743 1.684 0.590

LVAD 0.433 0.235 0.795 0.007
RVAD 1.268 0.630 2.551 0.506
CRRT 1.758 1.142 2.707 0.010

Bilirubin on day 5 excluding shock liver patients (n = 220)

Bilirubin 2.080 1.328 3.256 0.001
Age 1.013 0.996 1.031 0.136
Sex 1.243 0.753 2.051 0.395

LVAD 0.334 0.154 0.721 0.005
RVAD 2.000 0.822 4.865 0.127
CRRT 1.640 1.005 2.677 0.048

LVAD = left ventricular assist device; RVAD = right ventricular assist device; CRRT = continuous renal
replacement therapy.

 

Figure 3. Cox proportional hazards model for investigating the association between the survival time of
patients undergoing ECLS therapy and bilirubin levels on day 5 if bilirubin was >2.23 mg/dL (red line)
or <2.23 mg/dL (blue line) (cutoff value as determined by the Youden index), including a predefined
multivariable adjustment.
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Figure 4. Cox proportional hazards model for investigating the association between the survival time
of patients undergoing ECLS therapy with the exclusion of shock liver patients and bilirubin levels on
day 5 if bilirubin was >2.23 mg/dL (red line) or <2.23 mg/dL (blue line) (cutoff- alue as determined by
the Youden index), including a predefined multivariable adjustment.

Table 3. Multivariate analysis for glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic
-transaminase (GPT).

Hazard Ratio Lower 95% CI Upper 95% CI p-Value

GOT on day 5

GOT 1.868 1.233 2.830 0.003
Age 1.011 0.998 1.025 0.088
Sex 1.223 0.816 1.835 0.330

LVAD 0.460 0.249 0.848 0.013
RVAD 1.387 0.688 2.793 0.360
CRRT 1.667 1.070 2.599 0.024

GPT on day 5

GPT 1.406 0.941 2.100 0.097
Age 1.017 1.002 1.031 0.021
Sex 1.222 0.805 1.854 0.346

LVAD 0.518 0.270 0.993 0.047
RVAD 1.411 0.686 2.901 0.350
CRRT 1.933 1.209 3.093 0.006

4. Discussion

ECLS therapy is a promising treatment for life support of cardiogenic shock patients. However,
the method itself also involves many potential lethal complications such as acute bleeding, futile
intracerebral stroke, or kidney failure [9,10]. In addition to these factors, acute liver failure is a serious
complication of ECLS therapy, with potential survival implications [14–17]. In recent years, some
studies tried to identify pre-ECLS factors that may predict survival in these patients. In 2015, Schmidt
and co-workers created the SAVE score and concluded that this score may be a tool to predict survival
in patients receiving ECLS for refractory cardiogenic shock [20]. In everyday clinical practice, however,
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there is no reliable prognostic marker of mortality for patients that survived the first few days of
therapy. This time point may be even more important, for example, to decide whether therapy should
be limited or not. The results of our current study suggest that bilirubin measured on day 5 of ECLS
might serve as a prognostic marker in this context and thus could help guide therapy.

In general, liver function is important for the survival of patients undergoing ECLS, and an elevated
baseline bilirubin inversely correlates with long-term survival [11]. In 2016, Roth et al. confirmed
the latter results and suggested that bilirubin and alkaline phosphatase are predictors of 30-day
and long-term mortality following ECLS. Strikingly, the relevance of the bilirubin values during
the course of ECLS remained unclear. Obviously, the initial trauma that leads to the initiation of ECLS
therapy influences patients’ outcome and may even lead to early therapy futility. Therefore, it seems
even more interesting to evaluate the prognostic value of bilirubin when this initial damage is excluded
as far as possible. Hence, this is the first study to investigate the potential of bilirubin as a prognostic
marker in patients who survived the first few days of ECLS therapy.

Freundt et al. were the first to look at the time course of bilirubin values with regard to
mortality [14]. Patients that survived after explantation of the device had a regression of their bilirubin
levels within two days, whereas patients that died showed a further bilirubin increase. The authors
concluded that a decrease in bilirubin levels over time might be a predictor of successful weaning from
ECLS in hemodynamically stable patients [14].

Those data support the idea that bilirubin values during ECLS therapy may be more relevant
with regard to prognostic information than baseline values and may support an early recognition
of problems as well as the optimization of the therapy. Worth mentioning, the study protocol in
the latter study differed significantly from ours. Freundt et al. included all patients that received
ECLS therapy and followed them over a period of six days and at least two days after explantation.
The authors stated that the mean ECLS duration was three days [14]. In our current study, patients
who died within the first four days of ECLS therapy were excluded from the study, and the mean ECLS
duration was nine days. The admission of initially deceased patients as well as the short ECLS duration
make it very difficult to distinguish whether the initial trauma or the ECLS therapy was the cause
of the measured effects. Roedl et al. showed that the original trauma has a major effect on the liver
function of patients [16]. The authors demonstrated that a trauma such as cardiac arrest can trigger
an impairment of the liver function such as hypoxic liver injury (HLI) [16]. Out of 1068 patients with
cardiac arrest after CPR, 21% developed HLI [16]. Iesu et al. investigated the occurrence of acute liver
failure (ALF) after cardiac arrest. In their study, 56% of patients with return of spontaneous circulation
(ROSC) developed acute liver failure that significantly affected mortality. Iseu et al. also showed that
ALF occurred within the first three days after the initial event due to the elevation of bilirubin [15].

Based on the results of Roedl et al. and Iseu et al., we did our best to avoid a possible influence of
the initial event (e.g., cardiogenic shock) on liver function. Therefore, all patients that did not survive
at least four days after ECLS implantation in our study were excluded. When comparing our data
with those of Freundt et al., it is noteworthy that in our study no significant difference in the initial
bilirubin values between the groups existed. However, during ECLS therapy, a significant increase in
bilirubin was detected. Even more, as determined by the Youden index, our data show that bilirubin
levels with a cutoff of 2.23 mg/dL and a sensitivity of 0.7 on day 5 of ECLS therapy correlated with
increased mortality (see Figure 3). Although this cutoff represents the point with the highest sensitivity
and specificity according to the ROC analysis, it has to be taken into account that bilirubin levels were
higher in most patients (mean on day five, 5.14 ± 12.01) and not every level of bilirubin slightly higher
than normal is correlated with high mortality. However, this cutoffmay serve as a “warning signal”
for clinicians treating ECLS patients.

To further minimize the involvement of the initial trauma in liver function for our results,
we performed a subgroup analysis in which we excluded all patients with an initial shock liver, defined as
a tenfold increase in GOT values compared to the upper cutoff value (35 U/L). The association of
bilirubin and mortality, which was seen before, was significant also in this case (see Table 2 and Figure 4).
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However, given the fact that we did a retrospective analysis, we cannot rule out an influence of
the initial event on bilirubin levels. In order to be able to make a definite statement, a prospective,
randomized study should be carried out. It also has to be mentioned that we showed no significant
difference between GPT and mortality (see Table 3), indicating that other underlying mechanisms than
liver injury may have led to increased bilirubin values, e.g., hemolysis. Nonetheless, combined with
previously published work, our results suggest that bilirubin levels might be a prognostic marker
for mortality in patients with ongoing ECLS therapy, useful to prevent or recognize therapy-related
problems and to optimize treatment.

Limitations

Our study has the following limitations. First, an important limitation is the retrospective
design. Second, this study is a single-center study, and the therapy of ECLS patients may be totally
different in other centers so that we cannot generalize our findings. Third, we only looked at bilirubin
measurements at baseline and on day 5 of ECLS therapy. We did this to exclude the initial trauma as far
as possible and to define a time point that might be clinically relevant with regard to prognostication
and optimization of therapy. However, more bilirubin values would be useful to evaluate the importance
of its changes over time. These values were not included in the analysis because of a relevant amount
of missing data which is related to the retrospective data collection. Fourth, there was a significant
difference depending on sex in the baseline characteristics of our cohort which may also influence
generalization. Fifth, our decision to focus on day 5 was based on local experience, and there is no
scientific reference supporting this choice. Sixth, our database did not include more variables to be
considered in the multivariate analysis.

5. Conclusions

In summary, our results suggest that serum bilirubin may act as a prognostic marker for mortality
in patients undergoing ECLS therapy who survived the first few days of therapy. In those patients,
bilirubin may be used for an early recognition of problems and thus could be seen as a useful indicator
for early optimization of ECLS therapy or to guide decision-making.
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Fibrinogen–Albumin‑Ratio 
is an independent predictor 
of thromboembolic complications 
in patients undergoing VA‑ECMO
Sebastian Roth1, Catrin Jansen1, René M’Pembele1, Alexandra Stroda1, Udo Boeken2, 
Payam Akhyari2, Artur Lichtenberg2*, Markus W. Hollmann3, Ragnar Huhn1, 
Giovanna Lurati Buse1,4 & Hug Aubin2,4

Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) supports patients suơering from 
refractory cardiogenic shock. Thromboembolic complications (TeC) are common in VA-ECMO patients 
and are associated with increased morbidity and mortality. Valid markers to predict TeC in VA-ECMO 
patients are lacking. The present study investigated the predictive value of baseline Fibrinogen–
Albumin-Ratio (FAR) for in-hospital TeC in patients undergoing VA-ECMO. This retrospective cohort 
study included patients who underwent VA-ECMO therapy due to cardiogenic shock at the University 
Hospital Duesseldorf, Germany between 2011 and 2018. Main exposure was baseline FAR measured at 
initiation of VA-ECMO therapy. The primary endpoint was the in-hospital incidence of TeC. In total, 344 
patients were included into analysis (74.7% male, mean age 59 ± 14 years). The in-hospital incidence 
of TeC was 34%. Receiver operating characteristics (ROC) curve of FAR for in-hospital TeC revealed 
an area under the curve of 0.67 [95% confidence interval (CI) 0.61–0.74]. Youden index determined a 
cutoơ of 130 for baseline FAR. Multivariate logistic regression revealed an adjusted odds-ratio of 3.72 
[95% CI 2.26–6.14] for the association between FAR and TeC. Baseline FAR is independently associated 
with in-hospital TeC in patients undergoing VA-ECMO. Thus, FAR might contribute to the prediction of 
TeC in this cohort.

Venoarterial extracorporeal membrane oxygenation (VA-ECMO) is used to temporarily support the cardiac 
cycle and gas exchange in patients with acute cardiorespiratory failure1–3. Despite of continuous improvements 
in oxygenators and pump technologies, VA-ECMO therapy is still associated with a high rate of complications4–6. 
Previous studies state a mortality rate between 40 and 60%7,8. �e incidence of thromboembolic complica-
tions (TeC) such as ischemic stroke, cannula-associated deep vein thrombosis or arterial thromboembolism is 
estimated at 33%, 41% and 14% respectively9. �ese data show clearly that further improvement of VA-ECMO 
therapy is warranted. One approach is to identify prognostic biomarkers, for example to predict thromboembolic 
events in advance10. �is could possibly improve the outcome due to early identi�cation of therapeutic measures 
and potential treatment targets. In addition, the use of valid biomarkers could help to understand which patients 
could really bene�t from VA-ECMO.

�e Fibrinogen–Albumin-Ratio (FAR) has been suggested as an indicator for disease severity during pro-
thrombotic conditions11–13. Fibrinogen and Albumin both have e�ects on blood clotting. While Fibrinogen is a 
clotting factor that elevates the aggregation of thrombocytes14, Albumin plays a role in inhibiting the function 
of thrombocytes and thrombus formation15,16. So far, data on the prognostic value of FAR for patients with VA-
ECMO are scarce. A retrospective cohort study revealed that an elevated FAR within the �rst 24 h a�er initializing 
VA-ECMO therapy was associated with a higher risk of ischemic stroke17. To our best knowledge, the association 
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between FAR and TeC in general has not been investigated yet. �erefore, we aimed to determine whether early 
FAR is associated with in-hospital TeC in patients undergoing VA-ECMO therapy.

Methods
�is retrospective, single-center cohort study was conducted according to the guidelines for good clinical practice 
(GCP) and the declaration of Helsinki. �e study was approved by the ethical committee of the Heinrich-Heine-
University, Duesseldorf, Germany (reference number 5141R). All patients gave written informed consent to be 
registered in a dedicated database. �is manuscript follows the STROBE reporting guidelines for retrospective 
cohort studies.

Participants.  �e present study included all patients who underwent extracorporeal life support (ECLS) 
at the University Hospital Duesseldorf, Germany between 2011 and 2018 due to refractory cardiogenic shock. 
Exclusion criteria were missing data regarding the primary endpoint, incomplete medical records so that docu-
mentation of TeC was not possible, age < 18  years and the use of veno-venous ECMO. Anticoagulation was 
performed with unfractionated heparin according to the local standard or with argatroban, if appropriate. Anti-
coagulation monitoring was based on activated partial thromboplastin time (aPTT) or anti-factor Xa-activity.

Definition and assessment of main exposure.  Main exposure was FAR on the day of initiation of 
VA-ECMO therapy. Measurements of Fibrinogen and Albumin values were performed in the central laboratory 
of the University Hospital Duesseldorf. �e FAR was calculated by dividing Fibrinogen to Albumin12,17. Fur-
thermore, baseline Fibrinogen and baseline Albumin were investigated alone to see if the ratio of both values is 
superior to the single values. In an additional analysis, FAR on day �ve was analysed as alternative exposure. �e 
decision to choose these two time points for analysis was based on the rationale that VA-ECMO initiation itself 
might be associated with TeC, for example due to cannula associated thrombosis. Hence, the predictive value of 
FAR before or a�er start of VA-ECMO therapy might be di�erent. Day �ve was chosen based on local experi-
ences suggesting that this might be a typical point of time where clinicians o�en have to decide about prognosis 
and whether therapy should be continued or not.

Outcome assessment.  �e primary endpoint of this study was the incidence of in-hospital TeC. TeC were 
de�ned as a composite of non-fatal arterial thrombosis or embolism, non-fatal venous thrombosis or embolism, 
non-fatal ischemic stroke, non-fatal myocardial infarction, or thromboembolic vascular mortality18. Arterial 
and venous thromboembolisms were de�ned as any new and symptomatic non-cardiac and non-cerebral arte-
rial or venous thrombosis or embolism not causing death. Non-fatal myocardial infarction was de�ned accord-
ing to the fourth universal de�nition of myocardial infarction19. Non-fatal ischemic stroke was de�ned accord-
ing to the guidelines by the American Stroke Association20. �romboembolic vascular mortality was de�ned as 
any TeC causing death. Data on TeC were extracted from electronic medical charts by personnel trained in the 
study de�nitions. TeC was con�rmed when there was a clearly documented diagnosis that was approved by a 
physician specialized in intensive care medicine. Plausibility checks were done whenever further source docu-
ments were available.

Sample size.  Due to the nature of this retrospective exploratory data analysis, we did not conduct formal 
sample size calculation. However, based on the current literature, we expected TeC in approximately 30% of 
patients8. With an estimated study sample of 350 patients, we expected approximately 105 thromboembolic 
events. �is allowed to include up to 10 prede�ned co-variables for multivariable adjustment (see “Statistical 
analysis”). As 117 events could be observed in this study, we were able to add two further covariates (= 12 covari-
ates in total) to a separate analysis that was conducted post factum during review process.

Statistical analysis.  Patient characteristics are presented as absolute values with corresponding percentages 
for categorical data or as mean ± standard deviation for continuous data, as appropriate. Shapiro–Wilks test was 
used to test for normal distribution of data. Fisher exact test and t-tests were used to test for di�erences between 
categorical and dichotomous data. Discrimination of baseline FAR for in-hospital TeC was analyzed by receiver 
operating characteristics (ROC) curve and the “area under the curve” (AUC). ROC analysis was also done for 
Fibrinogen and Albumin alone. De Long-Test was performed to compare ROC curves. A cuto� value for FAR 
was determined by Youden Index. Multivariable logistic regression analysis was used to assess the independent 
association (Odds ratio (OR); 95% con�dence interval (CI)) between elevated FAR and in-hospital TeC a�er 
adjustment by the following prede�ned covariables (forced entry): age, sex, chronic coronary syndrome, history 
of ischemic stroke, history of pulmonary embolism, arterial hypertension, diabetes mellitus, days of VA-ECMO 
therapy, continuous veno-venous hemodialysis treatment during hospitalization. �e choice of covariates was 
based on literature research2,3,21–23 and/or clinical experiences so that covariates were included if an association 
with TeC seemed possible. Baseline quick and baseline activated partial thromboplastin time (aPTT) could be 
added to an additional post factum logistic regression model. Model calibration was assessed using Hosmer–
Lemeshow-Test. Net reclassi�cation index (NRI) and integrated discrimination index (IDI) were calculated for 
FAR and for Fibrinogen and Albumin alone. For all statistical tests, p < 0.05 was considered signi�cant. Analyses 
were performed with IBM SPSS Statistics version 26 (IBM, Armonk, New York, United States) and GraphPad-
Prism© statistical so�ware version 6 (GraphPad so�ware Inc, San Diego, California, United States).
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Ethics approval and consent to participate.  �e study was approved by the ethical committee of 
the Heinrich-Heine-University, Duesseldorf, Germany (reference number 5141R). All patients gave written 
informed consent to be registered in a dedicated database.

Results
Study cohort and baseline characteristics.  �e study �ow chart is shown in Fig. 1. Of the included 
344 patients, 257 (74.7%) were male, the mean age was 59 ± 14. Table 1 reports detailed patients characteristics 
of the whole cohort and by primary outcome. In total, 117 patients (34%) had a TeC during their hospital stay. 
�e most common TeCs were arterial thromboembolic events (63 patients = 18.3%) and ischemic stroke (40 
patients = 11.6%). Overall in-hospital mortality was 58.1% (200/344). Patients with TeC during hospitalization 
had a signi�cantly higher FAR (158 ± 96) than patients without TeC (108 ± 62) (see Fig. 2). Table 2 summarizes 
characteristics by FAR above and below the cut-o� established by Youden Index. Patients with FAR < 130 had 
signi�cantly more major bleedings (122 (52.8%) versus 44 (38.9%)) and a higher rate of acute kidney injury 
requiring renal replacement therapy (132 (57.1%) versus 78 (69.0%)). In addition, patients with FAR below the 
calculated cuto� had signi�cantly fewer non-fatal myocardial infarctions (3 (1.3%) versus 8 (7.1%)) and other 
non-fatal arterial thromboembolisms (29 (12.6%) versus 34 (30.1%)). Furthermore, patients with FAR < 130 had 
a signi�cantly lower baseline quick value (45 ± 20% versus 52 ± 20%).

ROC analysis and determination of cutoơ.  ROC analysis for baseline FAR and in-hospital TeC revealed 
an AUC of 0.67 [95% CI 0.61–0.74; p < 0.0001] (see Fig. 3). On day �ve, data for 212 patients were still available. 
ROC analysis for FAR on day �ve and in-hospital TeC revealed an AUC of 0.66 [95% CI 0.57–0.76; p < 0.0001]. 
Youden index determined a cuto� of 130 for baseline FAR. ROC analysis for baseline Fibrinogen alone and 
baseline Albumin alone revealed an AUC of 0.61 [95% CI 0.54–0.67; p = 0.001] and 0.61 [95% CI 0.54–0.67; 
p = 0.001], respectively (see Supplementary Fig. 1). Comparison of ROC curves revealed that AUC-FAR was 
signi�cantly higher than AUC-Fibrinogen (di�erence between areas = 0.064 [95% CI 0.018–0.111), p = 0.0066]. 
Di�erence between area of AUC-FAR and AUC-Albumin was 0.064 [95% CI − 0.002 to 0.13), p = 0.056].

Multivariate binary logistic regression.  Binary logistic regression analysis with multivariable adjust-
ment for ten prede�ned co-variables revealed a signi�cant association between baseline FAR and in-hospital 
TeC with an OR of 3.72 (95% CI 2.26–6.14) (see Table 3). �e OR for the association between FAR on day 5 
and in-hospital TeC was 5.79 [95% CI 2.41–13.89]. A post factum logistic regression model including aPTT and 
quick as further covariables (= 12 covariables in total) revealed no new signi�cant or relevant �ndings (see Sup-
plementary Table 1).

Net reclassification index and integrated discrimination index.  �e overall NRI of FAR was 40.9%. 
FAR-NRI for events was 26.4% [95% CI 20.8–32.7%; p < 0.0001] and FAR-NRI for non-events was 14.5% [95% 
CI 8.7–22.2%; p < 0.0001]. Calculation for Fibrinogen alone revealed an overall NRI of 30.1% with an Fibrin-
ogen-NRI of 9.4% [95% CI 4.8–16.2%; p = 0.0013] for events and 20.7% [95% CI 15.6–26.6%; p < 0.0001] for 
non-events. Calculation for Albumin alone revealed an overall NRI of 22.1% with an Albumin-NRI of 11.1% 
[95% CI 6.1–18.3%; p = 0.0004] for events and 11% [95% CI 7.3–15.8%; p < 0.0001] for non-events. �e IDI for 
FAR was 0.074 [95% CI 0.041–0.107; p < 0.0001] and IDI for Fibrinogen and Albumin alone was 0.053 [95% CI 
0.025–0.081; p = 0.0002] and 0.033 [95% CI 0.012–0.056; p = 0.003], respectively.

Figure 1.   Study �ow chart.
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Discussion
�e main �nding of the present study is that baseline FAR is independently associated with in-hospital TeC in 
patients requiring VA-ECMO due to refractory cardiogenic shock. Furthermore, this study identi�ed a cuto� 
of 130 for baseline FAR, which was related to a higher likelihood of TeC. �e independent association between 
FAR and TeC was also present when FAR was measured on day 5 of VA-ECMO therapy.

Prediction and prevention of TeC in VA‑ECMO patients.  One of the most important issues in terms 
of treating VA-ECMO patients is to understand which patients could really bene�t from VA-ECMO. �is deci-
sion has to be faced prior to the initiation of VA-ECMO. Once initiated, another important question in terms 
of prognosis and risk strati�cation is to decide whether VA-ECMO therapy should be continued or limited, for 
example if patients su�er from severe complications.

In the last decade, several scores such as the Survival a�er Veno-Arterial ECMO (SAVE) score21 have been 
suggested to help clinicians with these issues, but data focused on the prediction of TeC are rare. In a small ret-
rospective cohort study with 62 patients, Trudzinski and colleagues tried to �nd predictors for TeC in patients 

Table 1.   Baseline characteristics of the whole cohort and in patients without and with TeC. Data are presented 
as mean ± standard deviation or as absolute values with percentages, as appropriate. TEC thromboembolic 
complication, AKI acute kidney injury, aPTT activated partial thromboplastin time, CVVHD continuous 
Veno-venous hemodialysis, VA-ECMO veno-arterial extracorporeal membrane oxygenation, FAR Fibrinogen–
Albumin ratio, MI myocardial infarction. a p value of Chi-square test or two-tailed unpaired t-test a�er Levene’s 
test for equality of variances.

All VA-ECMO patients 
(N = 344)

Patients without TEC 
(N = 227) Patients with TEC (N = 117) p-valuea

Baseline characteristics

Male sex no. (%) 257 (74.7) 167 (73.6) 90 (76.9) 0.516

Age (years) 59 ± 14 58.7 ± 14.9 58.8 ± 13.7 0.930

Duration of ECMO (days) 7.6 ± 5.9 6.7 ± 5.2 9.3 ± 6.9 < 0.0001

Comorbidities no. (%)

Arterial hypertension 111 (32.3) 73 (32.2) 38 (32.5) 0.999

Diabetes 72 (20.9) 46 (20.3) 26 (22.2) 0.677

Chronic coronary syndrome 176 (51.2) 123 (54.2) 53 (45.3) 0.139

Peripheral artery disease 37 (10.8) 20 (8.8) 17 (14.5) 0.141

Prior MI 162 (47.1) 99 (43.6) 63 (53.8) 0.087

Prior stroke 22 (6.4) 14 (6.2) 8 (6.8) 0.819

Prior pulmonary embolism 14 (4.1) 7 (3.1) 7 (6.0) 0.250

Clinical endpoints no. (%)

In hospital death 200 (58.1) 133 (58.6) 67 (57.3) 0.819

Major bleeding 166 (48.3) 115 (50.7) 51 (43.6) 0.255

AKI with CVVHD 210 (61.0) 127 (55.9) 83 (70.9) 0.007

�romboembolic complica-
tions no. (%)

117 (34.0)

MI 11 (3.2) 0 (0) 11 (9.4) < 0.0001

Stroke 40 (11.6) 0 (0) 40 (34.2) < 0.0001

Art. thromboembolism 63 (18.3) 0 (0) 63 (53.8) < 0.0001

Ven. thromboembolism 11 (3.2) 0 (0) 11 (9.4) < 0.0001

Vascular death 3 (0.9) 0 (0) 3 (2.6) 0.039

Laboratory parameters at baseline

Creatinine (mg/dl) 1.9 ± 1.6 1.9 ± 1.5 1.9 ± 1.6 0.944

Leukocytes (× 1000/µl) 14.5 ± 7.5 14.7 ± 7.6 14.1 ± 7.3 0.492

Hemoglobin (g/dl) 10.7 ± 2.3 10.6 ± 2.3 10.8 ± 2.4 0.377

Hematocrite (%) 33 ± 17 33.3 ± 20.6 32.5 ± 7.5 0.688

�rombocytes (× 1000/µl) 174 ± 97 171 ± 90 179 ± 110 0.477

aPTT (s) 76 ± 47 77 ± 48 73 ± 46 0.510

Quick (%) 48 ± 21 47 ± 21 50 ± 20 0.151

Antithrombin III (%) 55 ± 32 58 ± 36 52 ± 20 0.184

D-Dimer 16.2 ± 21.8 15 ± 20 19 ± 25 0.221

Fibrinogen (mg/dl) 288 ± 149 269 ± 139 326 ± 162 0.001

Albumin (g/l) 2.5 ± 0.8 2.6 ± 0.8 2.3 ± 0.8 0.001

FAR 125 ± 79 108 ± 62 158 ± 96 < 0.0001
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undergoing veno-venous ECMO due to respiratory failure. �is study found that the quality of anticoagulation 
and ECMO runtime predicted thromboembolic events22. Most other studies in this �eld also focused on the 
role of anticoagulation and the monitoring of coagulation parameters such as activated clotting time (ACT), 
aPTT or anti-factor Xa-activity24,25. Pieri et al. performed a small case–control study with a total of 20 patients 
to compare bivalirudin-based anticoagulation with heparin-based protocols in a population of patients treated 
with VV-ECMO or VA-ECMO with a target aPTT of 45–60 s26. �e authors concluded that Bivalirudin-based 
anticoagulation may represent a new method of anticoagulation for reducing thromboembolic complications. 
A recently published study by Fisser and colleagues investigated Argatroban versus heparin in patients without 
heparin-induced thrombocytopenia during VV-ECMO27. �is prospective cohort study included 465 patients 
and found out that Argatroban was non-inferior to Heaprin regarding bleeding and thrombosis. In summary, 
data regarding anticoagulation and monitoring of coagulation parameters are still inconclusive.

FAR to predict TeC in VA‑ECMO patients.  Regarding pathophysiologic mechanisms behind the associa-
tion of FAR and TeC, Albumin is an essential plasma protein that has been proposed to be related to in�amma-
tory and hemostatic processes11. Moreover, Albumin plays a role in the inhibition of platelet activation15. Fibrin-
ogen on the other hand is an indicator of a procoagulatory status and contributes to in�ammation at diverse 
levels12,14. �e combination of these characteristics served as a basis to hypothesize that the ratio of Fibrinogen 
and Albumin may predict TeC in VA-ECMO patients as this cohort is at high risk for TeC. To date—to our best 
knowledge—there is only one study by Acharya and colleagues that investigated the predictive value of FAR in 
patients undergoing VA-ECMO17. In a retrospective single-center cohort study, this study analysed 157 patients 
regarding FAR measured within the �rst 24 h of VA-ECMO therapy and determined its prognostic value for the 
incidence of in-hospital ischemic stroke17. �is study showed a signi�cant association between an elevated FAR 
(> 125) and in-hospital ischemic stroke. Our results add to these data by not only investigating the association 
between FAR and ischemic stroke, but with TeC in general. In addition, our data reveal a very similar cuto� 
for FAR (= 130) so that this cuto� seems to be suitable. Finally, our study had a larger sample size (344 vs. 157).

Referring to patient characteristics of our study, overall in-hospital mortality rate was 58.1%. �is is in line 
with previously published data2. Interestingly, mortality was not in�uenced by TeC (see Table 1). However, it is 
important to mention that similar mortality rates do not automatically mean that there was no life impact. Unfor-
tunately, we cannot provide data on more patient-centered outcomes such as “days alive and out of hospital”28. 
Another remarkable �nding was that duration of VA-ECMO was signi�cantly di�erent between patients with 
or without TeC (9.3 ± 6.9 vs. 6.7 ± 5.2). �is aspect is underlined by the results of multivariate analysis, which 
also showed that the length of VA-ECMO therapy was independently associated with TeC (OR 1.08 [95% CI 
1.04–1.13]. �us, taken together, days of VA-ECMO seem to be a relevant risk factor to develop TeC.

Figure 2.   Box plot shows that Fibrinogen–Albumin-Ratio levels in patients with or without thromboembolic 
complication (TEC) are signi�cantly di�erent.
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Strengths and limitations
�is study has several strengths. One strength of this study is that there was a high number of events (TeC: 
117/344 = 34%) so that we could adjust for ten covariables in our multivariate logistic regression model (12 
covariables post factum). Another strength is that all included patients were registered in a dedicated database, 
which ensured higher quality of our data.

�is study also has limitations: �rst, this is a retrospective, single-center cohort study. However, baseline 
characteristics and in-hospital mortality rate (58.1%) were in line with previously published data2, suggesting 
that both VA-ECMO indication and outcome in our centre might be representative for larger practice. Impor-
tantly, before drawing �nal conclusions, the predictive value of FAR for TeC should be investigated in prospec-
tive multicenter studies. Second, no cox regression could be performed as the exact time point of TeCs was not 
always documented in patients’ medical records. �ird, our database did not include reasons for initiation of 
VA-ECMO therapy. Although we know that all patients had refractory cardiogenic shock, we do not have infor-
mation regarding the reason that led to cardiogenic shock.

Table 2.   Baseline characteristics in patients with FAR < 130 and ≥ 130. Data are presented as mean ± standard 
deviation or as absolute values with percentages, as appropriate. AKI acute kidney injury, aPTT activated 
partial thromboplastin time, CVVHD continuous Veno-venous hemodialysis, ECMO extracorporeal 
membrane oxygenation, FAR Fibrinogen–Albumin ratio, MI myocardial infarction. a p value of Chi-square test 
or two-tailed unpaired t-test a�er Levene’s test for equality of variances.

Patients with FAR < 130 (N = 231) Patients with FAR ≥ 130 (N = 113) p-valuea

Baseline characteristics

Male sex no. (%) 169 (73.2) 88 (77.9) 0.359

Age (years) 58 ± 15 59 ± 14 0.788

Duration of ECMO (days) 7.5 ± 5.9 7.7 ± 6.0 0.777

Comorbidities no. (%)

Arterial hypertension 76 (32.9) 35 (31.0) 0.806

Diabetes 49 (21.2) 23 (20.4) 0.889

Chronic coronary syndrome 121 (52.4) 55 (48.7) 0.566

Peripheral artery disease 26 (11.3) 11 (9.7) 0.715

Prior MI 109 (47.2) 53 (46.9) 0.999

Prior stroke 16 (6.9) 6 (5.3) 0.646

Prior pulmonary embolism 9 (3.9) 5 (4.4) 0.779

Clinical endpoints no. (%)

In hospital death 135 (58.4) 65 (57.5) 0.908

Major bleeding 122 (52.8) 44 (38.9) 0.016

AKI with CVVHD 132 (57.1) 78 (69.0) 0.035

�romboembolic complications no. (%) 56 (24.2) 61 (54.0) < 0.0001

MI 3 (1.3) 8 (7.1) 0.007

Stroke 23 (10.0) 17 (15.0) 0.209

Art. thromboembolism 29 (12.6) 34 (30.1) < 0.0001

Ven. thromboembolism 8 (3.5) 3 (2.7) 0.999

Vascular death 1 (0.4) 2 (1.8) 0.252

Laboratory parameters at baseline

Creatinine (mg/dl) 1.9 ± 1.5 1.6 ± 1.5 0.439

Leukocytes (× 1000/µl) 14.5 ± 7.6 14.5 ± 7.3 0.965

Hemoglobin (g/dl) 10.8 ± 2.4 10.4 ± 2.0 0.122

Hematocrite (%) 33 ± 8 34 ± 28 0.424

�rombocytes (× 1000/µl) 171 ± 93 180 ± 106 0.451

aPTT (s) 79 ± 48 69 ± 44 0.087

Quick (%) 45 ± 20 52 ± 20 0.003

Antithrombin III (%) 56 ± 36 54 ± 20 0.624

D-Dimer 17.2 ± 22.0 14.5 ± 21.2 0.299

Fibrinogen (mg/dl) 222 ± 87 423 ± 161 < 0.0001

Albumin (g/l) 2.7 ± 0.8 2.1 ± 0.6 < 0.0001

FAR 82.5 ± 26.7 212.2 ± 78.9 < 0.0001
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Conclusions
In conclusion, this study shows that baseline FAR is independently associated with in-hospital TeC in patients 
undergoing VA-ECMO. �erefore, FAR might be used to support the prediction of TeC in this cohort. Future 
studies should validate these �ndings with a prospective design.

Data availability
�e datasets generated during and/or analysed during the current study are available from the �rst author on 
reasonable request.
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Neutrophil‑lymphoycyte‑ratio, 
platelet‑lymphocyte‑ratio 
and procalcitonin for early 
assessment of prognosis in patients 
undergoing VA‑ECMO
Sebastian Roth1, René M’Pembele1, Alexandra Stroda1, Catrin Jansen1, 
Giovanna Lurati Buse1, Udo Boeken2, Payam Akhyari2, Artur Lichtenberg2*, 
Markus W. Hollmann3, Ragnar Huhn1,4 & Hug Aubin2,4

The use of veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is increasing, but 
mortality remains high. Early assessment of prognosis is challenging and valid markers are lacking. 
This study aimed to investigate Neutrophil–Lymphocyte Ratio (NLR), Platelet-Lymphocyte-Ratio 
(PLR) and Procalcitonin (PCT) for early assessment of prognosis in patients undergoing VA-ECMO. This 
retrospective single-center cohort study included 344 consecutive patients ≥ 18 years who underwent 
VA-ECMO due to cardiogenic shock. Main exposures were NLR, PLR and PCT measured within 24 h 
after VA-ECMO initiation. The primary endpoint was all-cause in-hospital mortality. In total, 92 
patients were included into final analysis (71.7% male, age 57 ± 14 years). In-hospital mortality rate 
was 48.9%. Receiver operating characteristics (ROC) curve revealed an area under the curve (AUC) 
of 0.65 [95% confidence interval (CI) 0.53–0.76] for NLR. The AUCs of PLR and PCT were 0.47 [95%CI 
0.35–0.59] and 0.54 [95%CI 0.42–0.66], respectively. Binary logistic regression showed an adjusted 
odds ratio of 3.32 [95%CI 1.13–9.76] for NLR, 1.0 [95%CI 0.998–1.002] for PLR and 1.02 [95%CI 
0.99–1.05] for PCT. NLR is independently associated with in-hospital mortality in patients undergoing 
VA-ECMO. However, discriminative ability is weak. PLR and PCT seem not to be suitable for this 
purpose.

Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is supposed to support patients su�ering 
from refractory cardiogenic shock1–3. �e use of VA-ECMO has increased in recent years3,4. However, mortality 
of these patients is still high with mortality rates of approximately 50%4,5. One of the most important issues in 
terms of treating VA-ECMO patients is to understand which patients really bene�t from VA-ECMO. �e initia-
tion of VA-ECMO is o�en done in emergency situations so that treating physicians do not have a lot of time to 
select suitable patients. �erefore, once initiated, the assessment of prognosis and the decision about therapy 
futility is even more crucial. Several scores such as the SAVE-score have been suggested in this context6, but to 
date, valid markers are lacking.

Typical complications of patients undergoing VA-ECMO include bleeding, major adverse cardiovascular 
events (MACE), thromboembolic complications, acute kidney injury or acute liver failure2,7,8. Another factor 
that has been shown to be associated with mortality in patients with VA-ECMO is systemic in�ammation9. To 
quantify systemic in�ammation, several in�ammation markers are available. Calculated from white blood cell 
count, the Neutrophil–Lymphocyte Ratio (NLR) and the Platelet-Lymphocyte-Ratio (PLR) are two new markers 
of systemic in�ammation which are easily available10–12. Previous studies revealed that elevated NLR and PLR are 
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independently associated with all-cause mortality and cardiovascular disease in diverse cohorts11–13. In patients 
with VA-ECMO, data on the prognostic value of NLR and PLR are scarce. Another marker of systemic in�am-
mation is Procalcitonin (PCT) which is regularly used in intensive care medicine, e.g. as a marker of sepsis14. 
However, the value of PCT in terms of early prognosis of VA-ECMO patients is also still underexplored. Against 
this background, we aimed to investigate NLR, PLR and PCT to predict in-hospital mortality and compared 
discriminative ability and independent association of these markers.

Methods
We conducted a retrospective, single-center cohort study in accordance with the guidelines for good clinical 
practice (GCP) and the declaration of Helsinki. �e study was approved by the ethical committee of the Heinrich-
Heine-University, Duesseldorf, Germany (reference number 5141R). All included patients are registered in 
the local VA-ECMO database and gave written informed consent for registration in advance. �is manuscript 
follows the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines for 
retrospective cohort studies.

Participants.  344 patients ≥ 18  years of age treated with VA-ECMO due to refractory cardiogenic shock 
between 2011 and 2018 at the University hospital Duesseldorf, Germany were included. All VA-ECMO systems 
were temporary devices. Exclusion criteria were missing values for NLR, PLR or PCT or inconclusive medical 
records regarding the primary endpoint.

Main exposures.  �e main exposures of this study were NLR, PLR and PCT. �e rationale to choose NLR 
and PLR was based on the promising results in other settings11,12. PCT was chosen to include one established 
marker of systemic in�ammation as comparison that may also be useful in patients with cardiac disease15. All 
markers were measured within 24 h a�er VA-ECMO initiation. If multiple values were available, �rst measure-
ment a�er initiation was chosen. White blood cell count was measured via automated laboratory devices. NLR 
was calculated by dividing absolute neutrophils to absolute lymphocytes as calculated from automated white 
blood cell count. PLR was calculated in the same manner using absolute platelets and absolute lymphocytes. PCT 
values were extracted as determined by the local laboratory. As white blood cell count is routinely measured only 
once a week in our center, a relevant number of missing NLR and PLR values could be expected, but was consid-
ered acceptable as no selection bias could be identi�ed. We also calculated Sequential Organ Failure Assessment 
(SOFA) score at the same time point (= within 24 h a�er VA-ECMO initiation) as additional exposure.

Outcome assessment and data collection.  �e primary endpoint of this study was all-cause in-hospi-
tal mortality. Data for this endpoint and all further patient characteristics were extracted from patients medical 
records by trained personnel of the study team.

Sample size and choice of covariables.  As we conducted a retrospective exploratory data analysis, for-
mal sample size calculation was not implemented. However, based on the current literature, we expected an all 
cause in-hospital mortality for patients treated with VA-ECMO of 50%4,6. A sample size of 92 patients meeting 
the inclusion and exclusion criteria was available. �us, we expected approximately 45–50 events in total which 
allowed multivariable adjustment including up to �ve co-variables16. �ese co-variables were prede�ned and 
included age17, pre-existing coronary artery disease18, duration of VA-ECMO therapy19 and continous veno-
venous hemodialysis (CVVHD)20. �e choice of these covariables was driven by the fact that all variables have 
been shown to be associated with mortality in VA-ECMO patients in the literature as referenced next to each 
variable. Post-factum, we observed 45 events so that the inclusion of all prede�ned variables was acceptable.

Statistical analysis.  Complete case analysis was performed. Categorical data are presented as absolute 
counts (percent). Continuous data are presented as mean ± standard deviation. Discrimination of NLR, PLR and 
PCT for in-hospital mortality was analyzed by receiver operating characteristics (ROC) curve and the result-
ing area under the curve (AUC). A cuto� value for NLR was determined by Youden Index. Cuto�-values for 
PLR and PCT were not calculated as there was no discrimination according to ROC curve. To quantify the 
independent association of NLR, PLR and PCT with in-hospital mortality, multivariate binary logistic regres-
sion with forced entry of the prede�ned covariables was conducted. For NLR, data-driven cuto� was used. Net 
reclassi�cation index (NRI) and integrated discrimination index (IDI) were calculated for all three biomarkers. 
De Long-test was performed to compare AUCs of ROC-curves. A p-level < 0.05 was considered signi�cant. We 
performed the same statistical procedure with SOFA score (including ROC analysis and multivariate logistic 
regression) and evaluated the prognostic value of NLR when added to SOFA score by comparing the AUCs of a 
logistic regression model including SOFA score with and without NLR using De Long test.

Ethics approval and consent to participate.  �is retrospective cohort study was approved by the ethi-
cal committee of the Heinrich-Heine-University, Duesseldorf, Germany (reference number 5141R).

Results
In total, 344 patients were screened for this study. As white blood cell count was routinely measured only once 
a week, 252 patients had to be excluded due to missing values. Consequently, 92 patients with complete data 
remained for statistical analysis (see Fig. 1). 71.7% patients were male and mean age 57 ± 14 years. In-hospital 
mortality rate was 48.5%. Detailed patient characteristics are presented in Table 1.
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ROC analysis.  ROC analysis of NLR revealed an AUC of 0.65 [95% con�dence interval (CI): 0.53–0.76; 
p = 0.015]. �e AUCs of PLR and PCT were 0.47 [95%CI 0.35–0.59; p = 0.645] and 0.54 [95%CI 0.42–0.66; 
p = 0.521], respectively (see Fig. 2). According to De Long test, AUC of NLR was not signi�cantly higher than 
AUC of PLR and PCT.

Youden index.  Calculation of Youden index showed a cuto� of 13 for NLR. For PLR and PCT, no cuto� 
calculation was performed as the discrimination of these values for in-hospital mortality was poor based on 
ROC analysis.

Multivariate binary logistic regression.  Multivariate binary logistic regression revealed an adjusted 
odds ratio (OR) of 3.32 [95%CI 1.13–9.76; p = 0.029] for NLR (see Table 2). Adjusted ORs for PLR and PCT were 
1.0 [95%CI 0.998–1.002; p = 0.951] and 1.02 [95%CI 0.99–1.05; p = 0.093], respectively (see Tables 3 and 4). Next 
to NLR, CVVHD was the only covariable that showed an independent association with in-hospital-mortality in 
all three logistic regression models (p < 0.0001).

Net reclassification index and integrated discrimination index.  Overall NRI of NLR was 19.6%. 
NRI of NLR for events was 6.8% [95%CI 1.4–18.7%] and NRI of NLR for non-events was 12.8% [95%CI 4.8–
25.7%]. Overall NRI of PLR was − 7% (NRI events = − 7% [95%CI − 19 to 1.5%]; NRI non-events = 0%) and over-
all NRI of PCT was 8.8% (NRI events = 2.4% [95%CI 0.1–12.6%]; NRI non-events = 6.4% [95%CI 1.3–17.5%]. 
IDI of NLR, PLR and PCT was 3.6%, 0% and 1.5%, respectively.

ROC analysis and multivariate logistic regression for SOFA score.  Mean SOFA score measured 
within 24 h a�er initiation of VA-ECMO therapy was 11.4 ± 2.4. ROC analysis for SOFA score and in-hospital 
mortality revealed an AUC of 0.58 [95%CI 0.46–0.70; p = 0.182] (see Supplementary Fig. 1). According to multi-
variate binary logistic regression, there was no signi�cant association between SOFA score and in-hospital mor-
tality (adjusted OR: 1.01 [95%CI 0.81–1.25; p = 0.967] (see Supplementary Table 1). �e AUC of the whole model 
was 0.8 [95%CI 0.71–0.89; p < 0.0001]. �e AUC improved to 0.83 [95%CI 0.74–0.91; p < 0.0001] when NLR was 
added to this model. �is improvement was not signi�cantly di�erent based on De Long test (p = 0.365).

Discussion
In this study, we found out that NLR is independently associated with in-hospital mortality in patients undergo-
ing VA-ECMO. In addition, we could show that there was no association for PLR and PCT. �e discriminative 
ability of NLR, PLR and PCT was weak.

According to the current literature, systemic in�ammation plays a key role in the complex pathophysiology of 
critical illness and there is good evidence that systemic in�ammation is associated with worse outcome in patients 
undergoing VA-ECMO9. In the following, we will discuss existing knowledge regarding the predictive value of 
NLR, PLR and PCT in VA-ECMO patients. In addition, we will state what our results do add to the literature.

To date – to our best knowledge—there is only one study by Yost and colleagues that investigated the predic-
tive value of NLR in adult patients supported by VA-ECMO21. �is study included 107 retrospective patients 
who underwent VA-ECMO implantation for cardiogenic shock and reported that NLR is suitable as a prognostic 
marker for survival in this cohort. Unfortunately, the authors only performed a comparison of mean NLR values 

Figure 1.   Study �ow chart showing selection process of the study cohort. VA-ECMO veno-arterial membrane 
oxygenation, NLR neutrophil–lymphocyte-ratio, PLR platelet-lymphocyte-ratio, PCT procalcitonin.



4

Vol:.(1234567890)

Scientific Reports |          (2022) 12:542  | https://doi.org/10.1038/s41598-021-04519-7

www.nature.com/scientificreports/

and neither ROC analysis nor multivariate analysis was done. �e results of our study add to these limited data 
by showing that a�er multivariable adjustment, NLR is still associated with an increased in-hospital mortality 
(OR = 3.32 [95%CI 1.13–9.76; p = 0.029]). In addition, we de�ned the �rst potential cuto� value for NLR in VA-
ECMO patients which was 13 according to Youden Index. �is cuto� is higher than the existings cuto�s of NLR in 
the noncardiac surgery setting (e.g. NLR cuto� = 4)11, but with regard to the extent of systemic in�ammation that 
is caused by cardiogenic shock and VA-ECMO itself, higher cuto� seems plausible in this setting. Furthermore, 
we could show that the AUC of a logistic regression model including SOFA score (and our 4 prede�ned vari-
ables) could be improved when NLR was added to this model. Although this improvement was not signi�cantly 
di�erent, our �ndings clarify that NLR should be considered as early prognostic marker.

While literature on NLR and VA-ECMO is scarce, there are some studies that analyzed the relevance and 
prognosis of other leukocyte pro�les. For example, Siegel et al. prospectively investigated 22 VA-ECMO patients 

Table 1.   Patient characteristics. Data are presented as mean ± standard deviation (SD) or as absolute 
numbers with percentages. SOFA sequential organ failure assessment, VA-ECMO veno-arterial extracorporeal 
membrane oxygenation, AKI acute kidyney injury, CVVHD continous veno-venous hemodialysis, aPTT 
activated partial thromboplastin time.

N (%) Mean (± SD)

Baseline characteristics 66 (71.7%)

Male sex no. (%)

Age (years) 57 ± 14

Indications for VA-ECMO

Post-cardiotomy 36 (39.1%)

Acute myocardial infarction 21 (22.8%)

Cardiopulmonary resuscitation 11 (12%)

Other reasons of cardiogenic shock 24 (26.1%)

Comorbidities

Coronary artery disease 57 (62%)

History of myocardial infarction 45 (48.9%)

Peripheral artery disease 10 (10.9%)

History of stroke 9 (9.8%)

Diabetes mellitus 26 (28.3%)

Arterial hypertension 36 (39.1%)

In�ammatory markers and SOFA score

C-reactive protein (mg/dl) 7 ± 12.5

Procalcitonin (ng/ml) 10.7 ± 22

Neutrophil–lymphocyte-ratio (× 1000/ul) 12.2 ± 7.7

Platelet-Lymphocyte-Ratio (× 1000/ul) 244 ± 205

SOFA score 11.4 ± 2.4

Hospital stay

Death in hospital 45 (48.9%)

Duration of VA-ECMO therapy 9 ± 7

Duration of hospital stay 28 ± 31

�romboembolic complication 31 (33.7%)

Major bleeding complication 35 (38%)

AKI requiring CVVHD 53 (57.6%)

Coagulation parameters

Fibrinogen (mg/dl) 316 ± 139

Quick (%) 47 ± 20

aPTT (sec) 69 ± 46

D-Dimer (mg/l) 15 ± 24

Other laboratory parameters

Bilirubin (mg/dl) 1.7 ± 1.7

Creatinine (mg/dl) 1.9 ± 1.5

High-sensitive troponin T (ng/l) 5527 ± 12,069

Creatinine kinase (U/l) 1531 ± 2481

Creatinine kinase – MB (U/l) 141 ± 152

Lactate dehydrogenase (U/l) 1090 ± 1329
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Figure 2.   Receiver operating characteristics (ROC) curves showing the discrimination of Neutrophile-
Lymphocyte Ratio (NLR), Platelet-Lymphocyte-Ratio (PLR) and Procalcitonin (PCT) for all-cause in-hospital 
mortality. ROC analysis of NLR revealed an AUC of 0.65 [95% con�dence interval (CI) 0.53–0.76; p = 0.015] for 
NLR. �e AUCs of PLR and PCT were 0.47 [95%CI 0.35–0.59; p = 0.645] and 0.54 [95%CI 0.42–0.66; p = 0.521].

Table 2.   Multivariate binary logistic regression—neutrophil–lymphocyte-ratio. Signi�cant values are in bold. 
NLR neutrophile lymphocyte ratio, VA-ECMO veno-arterial extracorporeal membrane oxygenation, CVVHD 
continous veno-venous hemodialysis.

Variable Regression coe�cient Odds ratio 95% Con�dence interval p-value

NLR cuto� 1.2 3.32 1.13–9.76 0.029

Age 0.01 1.01 0.97–1.05 0.74

Coronary artery disease 0.57 1.78 0.55–5.69 0.334

Days of VA-ECMO therapy 0.04 1.04 0.96–1.12 0.346

CVVHD 2.2 8.99 3.01–26.28  < 0.0001

Table 3.   Multivariate binary logistic regression—platelet-lymphocyte-ratio. Signi�cant values are in bold. PLR 
platelet-lymphocyte-ratio, VA-ECMO veno-arterial extracorporeal membrane oxygenation, CVVHD continous 
veno-venous hemodialysis.

Variable Regression coe�cient Odds ratio 95% Con�dence interval p-value

PLR 0.0 1.0 0.998–1.002 0.951

Age 0.02 1.02 0.98–1.06 0.31

Coronary artery disease 0.23 1.26 0.42–3.84 0.681

Days of VA-ECMO therapy 0.04 1.04 0.96–1.12 0.336

CVVHD 2.15 8.59 3.05–24.25  < 0.0001

Table 4.   Multivariate binary logistic regression—procalcitonin. Signi�cant values are in bold. VA-ECMO 
veno-arterial extracorporeal membrane oxygenation, CVVHD continous veno-venous hemodialysis.

Variable Regression coe�cient Odds ratio 95% Con�dence interval p-value

Procalcitonin 0.02 1.02 0.996–1.053 0.093

Age 0.03 1.03 0.99–1.07 0.188

Coronary artery disease 0.23 1.25 0.4–3.89 0.696

Days of VA-ECMO therapy 0.03 1.03 0.94–1.12 0.542

CVVHD 2.25 9.53 3.22–28.18  < 0.0001
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and 15 control subjects in terms of monocyte dysfunction and found out that this pathology could be suitable 
to predict mortality in patients undergoing VA-ECMO22.

Referring to PLR, this is the �rst study that investigated this marker in adult VA-ECMO patients. �ere is 
only one study by Arslanoglu and colleagues that assessed the prognostic value of PLR in 67 pediatric cardiac 
surgery patients with VA-ECMO23. �is study found out that there was no signi�cant relationship between PLR 
and various postoperative blood parameters and blood gas values. Our results add to these data and show that 
PLR seems not to be suitable to predict in-hospital mortality as discrimination in ROC analysis was poor. As 
the sample size in our study was rather small, these results are not su�cient to draw �nal conclusions. However, 
based on our data we can say that NLR seems to be superior to PLR in this context so that physicians might 
rather have a look on NLR than PLR if both values are available.

In terms of PCT, several studies are available that investigated the predictive value of this marker in cardiac 
surgery and most of these studies came to the conclusion that PCT is a valuable prognostic marker in this 
setting24. In patients undergoing VA-ECMO, literature is very limited. Do Wan Kim and co-authors found out 
in 38 adult cardiogenic shock patients that a PCT level > 10 ng/mL during VA-ECMO treatment was signi�cantly 
associated with increased in-hospital mortality (p < 0.01)25. Although multivariate analysis was performed, the 
authors could only adjust for age and nosocomial infections. Most other studies concentrated on the association 
between PCT and infections, but did not assess the predictive value in terms of mortality. Our study therefore 
adds new knowledge by showing that the discrimination of PCT for in-hospital-mortality in VA-ECMO patients 
seems to be poor.

�is study has several limitations. �e main limitation is the huge amount of missing data. As explained above, 
this is mainly due to the fact that white blood cell count is routinely measured only once a week in our center. 
�is measurement is mostly performed on a speci�c week day and does not depend on patient- or procedure-
related factors so that we concluded that no or only low selection bias should be present. Another limitation is the 
retrospective design. However, mortality rate in this study corresponds to the current literature so that we assume 
that our study cohort can be regarded as representative. Finally, this study did only analyze three in�ammatory 
markers, although other markers (e.g. Interleukin-6) are available that might also be investigated in this context.

Conclusions
In conclusion, this study showed that NLR is independently associated with in-hospital mortality in patients with 
VA-ECMO. However, the discriminative ability of NLR is weak and the sample size of our cohort was small so that 
further studies with a prospective design and larger cohorts are needed to reevaluate our �ndings. According to 
our limited data, PLR and PCT seem not to be suitable for assessment of prognosis in patients with VA-ECMO.

Data availability
�e datasets generated during and/or analysed during the current study are available from the �rst author on 
reasonable request.
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Abstract

Introduction

Hemodynamic assessment is crucial after heart transplantation (HTX) or left ventricular

assist device (LVAD) implantation. Gold-standard is invasive assessment via thermodilu-

tion (TD). Noninvasive pulse contour analysis (NPCA) is a new technology that is sup-

posed to determine hemodynamics completely noninvasive. We aimed to validate this

technology in HTX and LVAD patients and conducted a prospective single-center cohort

study.

Methods

Patients after HTX or LVAD implantation underwent right heart catheterization including TD.

NPCA using the CNAPMonitor (V.5.2.14; CNSystems Medizintechnik AG, Graz, Austria)

was performed simultaneously. Three TDmeasurements were compared with simultaneous

NPCAmeasurements for hemodynamic assessment. To describe the agreement between

TD and NPCA, Bland–Altman analysis was done.

Results

In total, 28 patients were prospectively enrolled (HTX: n = 10, LVAD: n = 18). Bland-Altman

analysis revealed a mean bias of +1.05 l/min (limits of agreement ± 4.09 l/min, percentage

error 62.1%) for cardiac output (CO). In LVAD patients, no adequate NPCA signal could be

obtained. In 5 patients (27.8%), any NPCA signal could be detected, but was considered as

low signal quality.
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Conclusion

In conclusion, according to our limited data in a small cohort of HTX and LVAD patients,

NPCA using the CNAPMonitor seems not to be suitable for noninvasive evaluation of the

hemodynamic status.

Introduction

After heart transplantation (HTX) or left ventricular assist device (LVAD) implantation,

hemodynamic assessment plays a crucial role [1]. Hemodynamic assessment is not only

important in the acute postoperative phase, but also in follow-up visits to evaluate graft func-

tion or LVAD functionality [2,3]. Current gold-standard is invasive assessment via thermodi-

lution (TD) using a Swan-Ganz-catheter [4]. However, this method is invasive and may be

associated with certain risks such as injuries to the nerves and vessels, cardiac arrhythmias or

infections [5–7]. Noninvasive pulse contour analysis (NPCA) is a promising new technology

that is supposed to determine hemodynamics completely noninvasive via two simple finger

cuffs [8]. These inflatable cuffs keep the capillary blood flow constant. The pressure needed is

recorded by a pressure transducer and corresponds to the true arterial pressure waveform (=

vascular unloading technique or so-called Penaz principle) [9]. Based on the arterial pressure

waveform (= pulse contour), it is then possible to determine cardiac output as the area under

the arterial curve correlates with cardiac stroke volume. Further hemodynamic parameters

such as cardiac index (CI) and systemic vascular resistance (SVR) can be calculated on this

basis.

Several studies investigated the accuracy and precision of hemodynamic assessment using

NPCA in diverse cohorts and revealed conflicting results [10–13]. In patients post HTX or

LVAD implantation, no data are available yet. However, NPCA may be a promising technol-

ogy in these cohorts as all of these patients regularly need an evaluation of their hemodynamic

status and NPCAmay provide an estimation of cardiac output (CO) without risks. In the fol-

lowing, this may help to avoid invasive assessment, especially when patients are clinically sta-

ble. E.g., patients might receive noninvasive assessment in advance to get an idea if invasive

assessment is necessary or not. Therefore, we aimed to investigate if NPCA is a suitable

method for noninvasive hemodynamic assessment in patients after HTX or LVAD

implantation.

Methods

Study design

A prospective single-center cohort study was conducted. The study was approved by the Ethi-

cal Review Board of the Ruhr University Bochum (Registration number: 47/2016) and all

patients gave written informed consent. The study was performed in compliance with the dec-

laration of Helsinki and according to the guidelines for good clinical practice (GCP). This

report follows the STARD guidelines.

Participants

Patients after HTX or LVAD implantation were prospectively enrolled. All patients were clini-

cally stable and had left the intensive care unit at the time of investigation. Exclusion criteria

were age< 18 years, severe tricuspid valve dysfunction and a noninvasive blood pressure
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(NIBP) difference� 20 mmHg between left and right arm before investigation. Patients with

severe tricuspid valve dysfunction were excluded as this might lead to an overestimation of CO

by TD. Patients with blood pressure difference were excluded as this might result in wrong

blood pressure calibration with consecutive wrong measurements. All participating patients

have been recruited parallelly to another clinical trial that investigated NPCA in patients with

chronic heart failure and has been published previously [11].

Test methods

Patients underwent right heart catheterization including TD which was routinely performed

during patients’ hospitalization in an outpatient department. At least three TD-COmeasure-

ments were performed using 10 ml boluses of cold saline (< 10 degree Celsius). Cold saline

was randomly injected throughout the respiratory cycle as performed previously [4,11]. Single

measurements were excluded if variability exceeded 10% compared with mean results. For

data analysis, the mean value of three TD-COmeasurements within a range of� 10% was

used. CI, SV and SVR were calculated. Auto calibrated NPCA was performed simultaneously.

Patients were connected with the CNAPMonitor (V.5.2.14; CNSystems Medizintechnik AG,

Graz, Austria) via two finger cuffs. An oscillometric blood pressure cuff was used for calibra-

tion measurement. CO was recorded continuously on a beat-to-beat basis. Documentation of

NPCA values was started at the time of cold saline injection. In HTX patients, TD measure-

ments were only allowed if the NPCA signal was visually considered adequate. In LVAD

patients, no physiological arterial pressure waveform with adequate signal quality could be

expected. Therefore, hemodynamic measurements were also performed if any NPCA signal

with the possibility to calculate hemodynamic parameters was available. The mean value of

recorded beat-to-beat NPCA measurements was averaged and used for data analysis.

Analysis

All statistical analyses were performed using IBM SPSS version 26. Continuous variables are

presented as means with standard deviation or as median with interquartile range, as appropri-

ate. Categorical variables are presented as counts and percentages. To describe the agreement

between TD and NPCA, Bland–Altman analysis was done. This statistical method assesses the

mean difference (bias) and calculates the limits of agreement (LOA = ± 1.96 x SD of bias of the

methods) to find out the variance of the values and is recommended as the gold standard to

compare two methods for CO measurement [8].

Results

Participants

In total, 107 patients were screened for this trial. 29 patients met the inclusion criteria for the

enrollment of HTX and LVAD patients. One patient had to be excluded due to severe tricuspid

valve dysfunction. Finally, 28 prospectively enrolled patients (10 HTX patients (90% male, age

47 ± 8 years, LVEF 61 ± 7%) and 18 LVAD patients (LVEF 24 ± 5%, 89% male, age 53 ± 10

years, pulsatile pump n = 4; continuous-flow pump n = 14)) could be included into the study

(Fig 1). Detailed patient characteristics can be found in Table 1.

Test results

HTX patients. In HTX patients, hemodynamic assessment using TD or NPCA using the

CNAPMonitor demonstrated a significant difference for mean CO (TD 6.06 ± 1.48 l/min,

NPCA 7.12 ± 1.08 l/min, p<0.001), CI (TD 2.92 ± 0.86 l/min/m2, NPCA 3.36 ± 0.42 l/min/m2,
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p<0.001), SV (TD 70 ± 22 ml, NPCA 86 ± 17 ml, p<0.001), and SVR (TD 1397 ± 451

dyne�s�cm-5, NPCA 1108 ± 189 dyne�s�cm-5, p<0.001). Bland-Altman analysis revealed a

mean bias of +1.05 l/min (limits of agreement (LOA) ± 4.09 l/min, percentage error (PE)

62.1%) for CO, +0.45 l/min/m2 (LOA ± 1.92 l/min/m2, PE 61.1%) for CI, +16 ml (LOA ± 49

ml, PE 63.1%) for SV, and -289 dyne�s�cm-5 (LOA ± 887 dyne�s�cm-5, PE 70.8%) for SVR

(Table 2 and Fig 2).

LVAD patients

In all 18 LVAD patients, no adequate NPCA signal by the CNAPMonitor could be obtained.

In patients with pulsatile pumps (n = 4), NPCA signal with any arterial pressure curve could

be detected so that noninvasive measurement of hemodynamics could be performed as values

for analysis. In patients with continuous-flow pumps, only 1 patient had any NPCA signal that

revealed hemodynamic parameters to be included into analysis. In the remaining 13 LVAD

patients with continuous flow pumps, no NPCA signal with the possibility to calculate hemo-

dynamic parameters could be detected. Accordingly, hemodynamic data of only 5 LVAD

patients have been analysed. In these 5 patients, hemodynamic assessment using TD or NPCA

demonstrated a significant difference for mean CO (TD 4.74 ± 0.74 l/min, NPCA 5.58 ± 1.61 l/

min, p<0.001), CI (TD 2.34 ± 0.41 l/min/m2, NPCA 2.69 ± 0.62 l/min/m2, p<0.001), SV (TD

69 ± 9 ml, NPCA 77 ± 20 ml, p<0.001), and SVR (TD 1303 ± 216 dyne�s�cm-5, NPCA

1126 ± 692 dyne�s�cm-5, p<0.001). Due to the inacceptable signal quality and the limited

number of only 5 patients, Bland-Altman analysis was not done in this sub-group to avoid

overinterpretation of these data.

Discussion

With regard to our results, we have to conclude that NPCA using the CNAPMonitor is not

suitable to evaluate the hemodynamic status in patients after HTX or LVAD implantation.

While in HTX patients the percentage error (= 62.1%; Fig 2) did not meet the statistical crite-

rion standard by Critchley and Critchley (� 30%) [14], in LVAD patients, signal quality of

NPCA by the CNAPMonitor was low and any NPCA signal could be detected in only 27.8%

Fig 1. Flow chart.

https://doi.org/10.1371/journal.pone.0275977.g001
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Table 1. Patient characteristics HTX and LVAD patients.

HTX patients n % mean SD

Baseline data

Age 47 ±8

Male sex 9 90

BMI 27.3 ±3.5

LVEF (%) 61 ±7

LVEDD (mm) 47 ±5

LAD (mm) 43 ±6

Severe heart valve regurgitation / stenosis 0 0

Sinus Rhythm 10 100

BNP (pg/ml) 297 ±319

Troponin I (pg/ml) 44 ±66

Hemoglobin (g/dl) 11.9 ±2.5

Creatinine (mg/dl) 1.86 ±1.22

Glomerular filtration rate (ml) 49 ±21

History of chronic kidney disease 7 70

History of diabetes mellitus 0 0

Medication

ACE inhibitors 4 40

Angiotensin receptor blocker 2 20

Diuretics 8 80

Beta-blocker 4 40

Digitalis 0 0

Amiodarone 0 0

Hemodynamic data

Heart rate (bpm) 90 ±15

Mean arterial pressure (mmHg) 108 ±11

Central venous pressure (mmHg) 10 ±5

Mean pulmonary arterial pressure (mmHg) 23 ±7

Cardiac output (l/min) 6.1 ±1.5

Cardiac index (l/min/m2) 2.9 ±0.9

Stroke volume (ml) 70 ±22

Systemic vascular resistance (dynsec/cm5) 1397 ±451

LVAD patients n % mean SD

Baseline data

Age 53 ±10

Male sex 16 89

BMI 28.5 ±6.5

LVEF (%) 24 ±5

LVEDD (mm) 62 ±17

LAD (mm) 47 ±9

Severe heart valve regurgitation / stenosis 3 16.7

Ischemic heart disease 11 61.1

Dilative cardiomyopathy 7 38.9

Diabetes mellitus 4 22.2

BNP (pg/ml) 935 ±1112

Hemoglobin (g/dl) 11.6 ±2.8

Creatinine (mg/dl) 1.94 ±1.13

(Continued)
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of patients. In the following, we want to discuss some possible reasons for the limited measure-

ment performance of NPCA in these cohorts.

In HTX patients, two factors may have influenced the insufficient measurement perfor-

mance of NPCA: 1) the patients’ characteristics and 2) the calibration mode [15]. Referring to

HTX patients’ characteristics, one possible etiology might relate to the phenomenon of vaso-

plegia which can be observed regularly after HTX. With regard to Table 2, we can see that CO

was overestimated and SVR was underestimated by NPCA. However, in our study, it is not

very likely that relevant vasoplegia was still present at the time of investigation as all patients

had left the intensive care unit and were clinically stable.

Table 1. (Continued)

HTX patients n % mean SD

Glomerular filtration rate (ml) 47 ±23

History of chronic kidney disease 12 66.7

History of diabetes mellitus 4 22.2

Medication

ACE inhibitors 7 38.9

Angiotensin receptor blocker 2 11.1

Diuretics 15 83.3

Beta-blocker 17 94.4

Digitalis 3 16.7

Amiodarone 8 44.4

LVAD with pulsatile pump 4 22.2

LVAD with continous flow pump 14 77.8

Estimated pump speed (rpm) 7670 ±1360

Hemodynamic data

Heart rate (bpm) 75 ±15

Mean arterial pressure (mmHg) 80 ±18

Central venous pressure (mmHg) 11 ±8

Mean pulmonary arterial pressure (mmHg) 24 ±10

Cardiac output (l/min) 4.5 ±0.8

Cardiac index (l/min/m2) 2.2 ±0.5

Stroke volume (ml) 69 ±11

Systemic vascular resistance (dynsec/cm5) 1249 472

Data are presented as absolute values with corresponding percentages or as mean values ± standard deviation.

SD = Standard Deviation; BMI = Body Mass Index; LVEF = Left Ventricular Ejection Fraction; LVEDD = Left

Ventricular Enddiastolic Diameter; LAD = Left Atrial Diameter; BNP = Brain Natriuretic Peptide;

ACE = Angiotensin-Converting Enzyme; LVAD = Left Ventricular Assist Device.

https://doi.org/10.1371/journal.pone.0275977.t001

Table 2. Hemodynamic assessment HTX patients–Thermodilution versus NPCA.

TD NPCA Bias LOA PE (%)

CO (l/min) 6.06±1.48 7.12±1.08 1.05±2.09 ±4.09 62.1

CI (l/min/m2) 2.92±0.86 3.36±0.42 0.45 ±1.92 61.1

SV (ml) 70±22 86±17 16 ±49 63.1

SVR (dyn�s�cm-5) 1397±451 1108±189 -289 ±887 70.8

Data are presented as mean values ± standard deviation. TD = Thermodilution; NPCA = Noninvasive Pulse Contour Analysis; LOA = Limit of Agreement;

PE = Percentage error; CO = Cardiac Output; CI = Cardiac Index; SV = Stroke Volume; SVR = Systemic Vascular Resistance.

https://doi.org/10.1371/journal.pone.0275977.t002
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A further factor that might complicate the use of NPCA after HTX consists in the possibility

of denervation. Transplantation of a new heart surgically interrupts the parasympathetic vagal

neurons and the intrinsic postganglionic sympathetic nerves which causes extrinsic cardiac

denervation [16]. In the following, this may lead to discrepancies between cardiac hemody-

namics and the control of peripheral vasoconstriction / vasodilation.

Another aspect in terms of patients characteristics refers to the vascular status of HTX

patients. One can assume that the accuracy of a completely noninvasive pulse contour analysis

device suffers from poor vascular status which might be present after HTX, e.g. due to numer-

ous arterial catheterizations for invasive blood pressure measurement or because of severe

arteriosclerosis. Although this assumption seems plausible from a clinical perspective, evidence

is also lacking.

The second main factor next to patient characteristics that may have influenced the results

of NPCA refers to the calibration mode. It is important to mention that NPCA calculated CO

on the basis of biometric patient data in this study. A recent study by our working group

revealed that, in comparison to the current gold standard TD, auto-calibrated NPCA using the

CNAPMonitor systematically overestimates CO with decrease in cardiac function in patients

with severe chronic heart failure (NYHA-class III-IV) [11]. Moreover, with decreasing CI as

determined by TD, there was an increasing gap between CO values obtained by TD and

NPCA (r = − 0.75, p< 0.001). These data suggest that NPCA may not be able to detect low CO

values at all. In the present study, left ventricular function according to echocardiopraphy was

good (mean LVEF = 61%±7) and CI was also in the normal range. Nevertheless, this aspect

should be considered when interpreting absolute NPCA values in patients after HTX. Against

this background, one of the main messages of this manuscript is that although NPCA seems to

perform well in healthy subjects, this technology might have problems in patients who really

need evaluation of hemodynamic status such as patients after HTX or LVAD implantation or

patients with severe chronic heart failure.

On the other hand, there are also studies that could reveal more promising results: Wagner

et al. have not only assessed the agreement between absolute CNAPMonitor-based CO values,

Fig 2. Bland-Altman plot for cardiac output (CO); Bias, limits of agreement (LOA) and percentage error (PE)
were calculated.

https://doi.org/10.1371/journal.pone.0275977.g002
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but also performed a trend analysis. They could show in 51 intensive care unit patients after

cardiothoracic surgery that NPCA is able to track changes of CO due to passive leg raising

maneuvers with an accordance rate of 100% in four-quadrant plots (exclusion zone 0.5 l/min)

[10]. Unfortunately, we have not performed any trend analysis to measure CO changes over

time, which is a major limitation of this study (see limitations section). Future studies should

address this aspect in more detail.

In LVAD patients, our results show clearly that this population seems not to be suitable for

noninvasive hemodynamic assessment via NPCA as in only 27.8% of patients, any NPCA sig-

nal could be obtained by the CNAPMonitor. In this sub-group, hemodynamic assessment

also revealed significantly different values in comparison with the gold standard TD. Most

patients (4/5, 80%) with any NPCA signal had LVADs with pulsatile pumps. In this context, it

is important to mention that pulsatile pumps are no longer utilized today. Unfortunately, we

cannot say how many of the continuous-flow LVAD patients had aortic valve opening (and

therefore some degree of arterial pulsatility) at the time of NPCA evaluation. This information

would be helpful to denote if the NPCA signal was unable to be obtained as there was no pulsa-

tility or because the degree of pulsatility was so low that the signal was inadequate. In contrast,

patients exhibiting myocardial recovery while on LVAD who exhibit aortic valve opening with

every beat and significant pulsatility on arterial waveform might prove to be a subpopulation

of LVAD patients in whom NPCAmight prove helpful.

An additional aspect specifically for LVAD patients refers to the interference between

LVAD pumps and NPCA technologies. Possibly, technological factors such as speed or mag-

netic levitation of the LVAD pump may lead to different measurement results by NPCA. We

cannot provide evidence on this assumption, but we think that this point should also be con-

sidered when evaluating NPCA in LVAD patients.

Regarding the current literature, studies investigating NPCA in LVAD patients are missing.

However, some studies investigated invasive pulse contour analysis, for example the study by

Scoletta et al. [17] In this study, a good correlation was found between TD-CO and invasive

pulse contour analysis so that the authors concluded that this method may be a complemen-

tary tool in the hemodynamic assessment of patients supported with LVAD. The discrepancies

between this study and our results might be explained by the fact that invasive assessment per-

forms more accurate than noninvasive assessment. Referring to studies that investigated non-

invasive pulse wave analysis devices in general, there is a meta-analysis by Saugel et al. which

concluded that study heterogeneity in the literatur12e is high and the pooled results revealed

that CO measurements were not interchangeable in surgical or critically ill patients [18].

Limitations

This study has several limitations: First, the sample size of 28 patients is small so that it is not

possible to draw final conclusions. It is definitely necessary to perform further prospective

studies in HTX and LVAD patients in larger cohorts. Also, as the nature of this study was

exploratory, no formal sample size calculation has been performed. Second, a major limitation

of this study is that we did not perform any trend analysis. Even if measurement of absolute

values is inaccurate, measurement of trends might help to evaluate hemodynamic status in the

course of time, e.g. to see if a new therapeutic approach has been successful or not. Third, we

cannot provide any information on the presence of aortic valve opening in LVAD patients as

these data were not included into our database. It would definitely be interesting to investigate

if this factor correlates with the quality of NPCA signal. Fourth, no patient had invasive blood

pressure monitoring at the time of investigation so that we cannot provide information if

blood pressure measurement using NPCA was accurate in this study. For LVAD patients,
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blood pressure measurement via doppler was also not available. Fifth, in HTX patients, we can-

not report data on the transplanted organs which may also be a factor influencing hemody-

namics. Sixth, some baseline characteristics in this study are not representative (e.g. history of

diabetes mellitus in 0/10 HTX patients). This may also be related to the very limited sample

size. Seventh, and finally, the direct Fick method might be more suitable to measure CO in

LVAD patients compared to TD. However, necessary values for mixed venous oxygen satura-

tion and oxygen consumption were not available so that Fick method-based CO could not be

calculated.

Conclusions

In conclusion, according to our data, NPCA using the CNAPMonitor seems not to be suitable

to evaluate hemodynamic status in patients after HTX or LVAD implantation. Therefore,

NPCA by the CNAPMonitor cannot be recommended for this purpose so far. As the sample

size in this study was small, it is not possible to draw final conclusions. Nevertheless, our data

add to the limited literature in this field and might be helpful for clinicians to correctly inter-

pret hemodynamic parameters by NPCA in HTX and LVAD patients. This is important as

clinical decisions might be based on these values. Further studies are needed to clarify if cor-

rection factors may improve accuracy of NCPA or if this technology might not be able at all to

evaluate hemodynamics noninvasively in patients who really need it, such as patients with

HTX or LVAD.
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Abstract 

Background:  The number of patients treated with extracorporeal membrane oxygenation (ECMO) devices is increas-

ing. Anticoagulation therapy is crucial to prevent thrombosis during ECMO therapy. Predominantly, heparin has been 

used as primary anticoagulant but direct thrombin inhibitors (DTI) have been established as alternatives. The aim of 

this systematic review and meta-analysis was to evaluate clinical outcomes in patients treated with heparin compared 

to different DTI during ECMO.

Methods:  A systematic search was conducted. Full scientific articles were sought for inclusion if heparin anticoagula-

tion was compared to DTI (argatroban/bivalirudin) in ECMO patients. Risk of bias was assessed by Newcastle Ottawa 

scale. Primary endpoint was in-hospital mortality. Bleeding events, thrombotic events, hours of ECMO support, days 

of hospital stay, percentage of time within therapeutic range and time to therapeutic range were extracted from full 

texts as secondary endpoints. Results were presented as Forrest-plots. GRADE was used for confidence assessment in 

outcomes.

Results:  Systematic search identified 4.385 records, thereof 18 retrospective studies for a total of 1942 patients, com-

plied with the predefined eligibility criteria:15 studies investigated bivalirudin and 3 studies investigated argatroban 

versus heparin. Risk of bias was high for most studies. In-hospital mortality, major bleeding events and pump-related 

thrombosis were less frequent in DTI group as compared to heparin [mortality—OR 0.69, 95% CI 0.54–0.86; major 

bleeding—OR 0.48, 95% CI 0.29–0.81; pump thrombosis—OR 0.55, 95% CI 0.40–0.76]. Additionally, percentage of time 

within therapeutic range was higher for DTI [SMD 0.54, 95% CI 0.14–0.94]. GRADE approach revealed a very low level 

of certainty for each outcome.

Conclusion:  In this meta-analysis, DTI and especially bivalirudin showed beneficial effects on clinical outcomes in 

ECMO patients as compared to heparin. However, due to the lack of randomized trials, certainty of evidence is low.
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Introduction
Numbers of patients treated with extracorporeal mem-

brane oxygenation (ECMO) devices have been constantly 

increasing during the past decade [1]. Frequent indica-

tions for ECMO therapy are cardiogenic shock (CS), 

respiratory failure, severe sepsis, or failure to wean from 

cardiopulmonary bypass after cardiac surgery [2, 3]. Dur-

ing extracorporeal circulation the exposure to exogenous 

surfaces leads to activation of blood coagulation [4]. 

�erefore, anticoagulation therapy is mandatory to pre-

vent thrombosis during ECMO therapy. Heparin is used 

in most centers for anticoagulation in ECMO patients 

[5, 6]. However, heparin induced thrombocytopenia and 

heparin resistance are conditions frequently requiring 

the use of alternative anticoagulants [7, 8]. In this con-

text direct thrombin inhibitors (DTI) like bivalirudin 

and argatroban have been established as alternatives [8]. 

Previous research indicate that titration of anticoagula-

tion within therapeutic range might be more feasible 

with DTI as compared to heparin [9, 10]. Maintenance of 

therapeutic anticoagulation is crucial, as subtherapeutic 

doses may results in thrombotic and supratherapeutic 

doses in bleeding complications with deleterious impact 

on outcome of ECMO patients. �erefore, some centers 

primarily use DTI for anticoagulation during ECMO as 

they might have beneficial influence on outcome [11]. A 

meta-analysis recently indicated a survival benefit and a 

reduced incidence of thrombosis in adults treated with 

bivalirudin as compared to heparin during ECMO ther-

apy [12, 13]. For argatroban, while systematic reviews 

were conducted, meta-analyses are lacking [14]. Espe-

cially comparison of evidence between different DTIs 

versus heparin has not been demonstrated. �e aim of 

this systematic review and meta-analysis was to evaluate 

clinical outcomes (in hospital mortality, bleeding com-

plications, thrombotic complications, length of hospital 

stay, and ECMO duration) in patients treated with Hepa-

rin compared to DTI during ECMO and to compare evi-

dence for different DTI by subgroup analysis.

Methods
�e report of this systematic review and meta-analy-

sis follows the Preferred Reporting Items for System-

atic Reviews and Meta-Analyses (PRISMA) guidelines. 

Trial Registration:  This systematic review and meta-analysis was prospectively registered at PROSPERO data base 

(reference number CRD42​02123​7252).

Keywords:  Bivalirudin, Argatroban, Anticoagulation, Bleeding, Thrombosis, Mechanical circulatory support

Graphical Abstract

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=237252
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�e protocol and predefined analysis plan is attached 

as Supplementary material (Supplement 1). �e review 

was registered at PROSPERO on 22th March 2021 

(CRD42021237252).

PICO‑statement

Population of interest were adult and pediatric patients 

treated with venoarterial or venovenous ECMO. Inter-

vention was DTI (bivalirudin or argatroban) as primary 

anticoagulation strategy during ECMO. Anticoagulation 

using heparin during ECMO was the control strategy. 

Primary endpoint was in-hospital mortality. Secondary 

outcomes were number of patients with major and minor 

bleeding events, patient- and device-related thrombotic 

or ischemic events during ECMO run, hours of ECMO 

support, length of hospital stay in days, percentage of 

activated partial thromboplastin time (aPTT) within 

therapeutic window and hours to therapeutic aPTT 

levels.

Eligibility criteria

Published and unpublished randomized controlled tri-

als, prospective or retrospective cohort studies and 

case–control studies investigating DTI versus heparin 

in ECMO patients were eligible. Study selection was 

restricted to English language and only full scientific 

reports were included. Poster presentations, conference 

abstracts, systematic reviews and meta-analysis, studies 

not comparing DTI to heparin in ECMO patients, studies 

in which patients received DTI only as secondary antico-

agulation strategy and studies not reporting on any of the 

endpoints mentioned above were excluded.

Information sources & search strategy

�e following medical libraries were searched for eli-

gible studies published from inception to January 2022: 

Pubmed/Medline, Cochrane library, CINAHL, Embase. 

Medical subject headings (MeSh), field terms, text 

words and Boolean operators were combined in a block 

building search. Search term contained “extracorpor-

eal membrane oxygenation”, “bivalirudin”, “argatroban”, 

“direct thrombin inhibitor”, “heparin”, “anticoagulation”, 

“embolism and thrombosis”, “hemorrhage”, “survival” and 

“adverse drug event” amongst others. First date of search 

was 18th August 2021, last date of search was 20th January 

2022. Detailed search strategies are listed in supplement 

2. Additionally, the local medical library of the University 

of Duesseldorf (ULB) was searched and authors of eligi-

ble studies were contacted for unpublished data.

Selection process

Two independent researchers screened titles and 

abstracts of search results from each medical library and 

retrieved eligible studies. In the second step, the two 

researchers independently selected studies fulfilling the 

predefined eligibility criteria based on the full text. After 

each step, disagreements between both researchers were 

discussed. No automation tools were used in this process.

Data collection & data items

Data regarding study characteristics and endpoints was 

extracted from full text, tables and supplements by one 

reviewer. Entries were independently checked by a sec-

ond investigator.

If data items (primary or secondary outcomes) were not 

extractable from publications, authors were contacted 

via email and requested to complement missing data. 

Additionally, authors were asked to check the extracted 

data from their studies in the final version of this manu-

script. In case outcomes were available before and after 

adjustment (for example propensity score matching), we 

included adjusted data into analysis. If data was not avail-

able in desired measurement unit authors were contacted 

to provide this data. Apart from primary and secondary 

outcomes, other variables were sought as study characteris-

tics: Study design, number of patients, type of anticoagula-

tion, sex, mean age, type of ECMO, indication for ECMO, 

aPTT-aim and regime for dosage of anticoagulation. Again, 

authors were contacted for missing information.

Study risk of bias assessment

Risk of bias was examined separately by two independent 

investigators using the Newcastle–Ottawa-Scale for non-

randomized trials [15]. Study quality was determined 

as good, fair or poor quality according to scale ratings. 

Good quality was defined as 3–4 points within selec-

tion section and 1–2 points within comparability sec-

tion and 2–3 points within outcome section. Fair quality 

was defined as 2 points within selection section and 

1–2 points within comparability section and 2–3 points 

within outcome section. Poor quality was defined as 0–1 

points within selection section or 0 points within compa-

rability section or 0–1 point within outcome section.

E�ect measures for outcomes

For all dichotomous outcomes Odds ratio (OR) was used 

as effect measure for data synthesis and presentation of 

results. Results for continuous outcomes were presented 

as standardized mean difference (SMD).
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Methods of data synthesis and statistical analysis

Meta-analysis was performed for primary and second-

ary outcomes. Study data were included into analysis if 

the study reported separately outcomes for heparin and 

DTI patients. No data conversion was conducted. Study 

results were presented as tables. Additionally, Forrest 

plots with pooled estimates of effect were generated 

for each outcome. Assuming that effects differed across 

studies a random-effects model was used to account for 

within and between study variance. To assess for statisti-

cal heterogeneity between studies, I2 tests and Cochrane-

Q tests were conducted. Subgroup analysis for adult 

versus pediatric patients, risk of bias and argatroban ver-

sus bivalirudin were conducted to explore possible rea-

sons for heterogeneity. �ese subgroups were defined a 

priori. Planned sensitivity analysis was performed for 

analysis methods by using fixed effects models instead of 

random effects models and using risk ratio (RR) and risk 

difference instead of OR for dichotomous outcomes. For 

continuous variables, MD for individual scale measures 

were explored and compared to SMD.

Funnel plots were created for each outcome to address 

for reporting bias. For statistical analysis Review Manager 

(RevMan) [Computer program]. Version 5.4. (�e Cochrane 

Collaboration, 2020) was used and a p-value of < 0.05 was 

considered as significant, refuting the null hypothesis. Level 

of confidence for each outcome was assessed by GRADE 

approach and presented as summary of findings table.

Results
Study selection

�e systematic search identified a total of 4.385 records. 

After removing of 303 duplicates 4.082 records remained 

for screening of titles and abstracts. Of these records 

4.031 records were excluded for not meeting inclusion 

criteria for titles and abstracts, leaving 51 potentially 

relevant articles. Among these articles we identified 25 

conference abstracts [16–40], 3 studies in which patients 

were switched between intervention and control group 

[41–43] and 5 studies that investigated nafamostat mesi-

late but not DTI versus heparin [44–48]. �ese 33 studies 

were excluded, leaving 18 studies for inclusion into data 

synthesis. Of note, one of these studies was provided by 

an author and contained unpublished data. A summary 

of study selection process is presented in Fig. 1.

Study characteristics

In total 17 studies published from years 2011 to 2022 

and one unpublished study were included in this meta-

analysis [9–11, 49–63]. All studies had a retrospective 

study design and only one study was multi-center. �ese 

studies included 1.942 ECMO patients of which 1.097 

patients received heparin, 703 patients received biva-

lirudin and 89 patients received argatroban. Of note, 

55 patients received bivalirudin as secondary antico-

agulation strategy, therefore their data were excluded 

from meta-analysis. Detailed study characteristics and 

Fig. 1  Flow-chart of study selection process
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definitions of outcomes are presented as (supplementary) 

tables. (Table 1, Table S1, Table S2).

Risk of bias assessment

After assessment of risk of bias, the majority of studies 

(10 studies) presented a high risk of bias, 3 studies had 

intermediate risk and only 5 studies had low risk of bias 

(Fig. 2).

Results of individual studies and data syntheses 

for primary and secondary outcomes

In‑hospital mortality

Seventeen studies reported on mortality and were 

included into analysis. In 14 studies, bivalirudin was 

compared to heparin, the remaining 3 studies compared 

argatroban to heparin. Four studies had a low risk of 

bias and contributed to analysis with a weight of 55.9%, 

3 studies had intermediate risk of bias with a weight of 

10.2% and 10 studies had high risk of bias with a weight of 

34%. In-hospital mortality was significantly lower for DTI 

as compared to heparin [pooled estimate OR 0.69, 95% 

CI 0.54–0.86; Z = 3.20; p = 0.001]. Overall heterogeneity 

was low with I2 = 10% [Chi2 = 17.85, df = 16; p = 0.33]. 

Subgroup analysis for bivalirudin and argatroban showed 

significant reduction of in-hospital mortality for biva-

lirudin but not for argatroban as compared to heparin 

[bivalirudin—pooled estimate OR 0.71, 95% CI 0.54–

0.94; Z = 2.42; p = 0.02; argatroban—pooled estimate OR 

0.61, 95% CI 0.34–1.12; Z = 1.59; p = 0.11]. Heterogene-

ity measured by I2 within subgroups was 21% for bivali-

rudin and 0% for argatroban [bivalirudin—Chi2 = 16.42, 

df = 13; p = 0.23; argatroban—Chi2 = 1.34, df = 2; 

p = 0.51]. However, no statistical difference between 

subgroups was detected [Chi2 = 0.20, df = 1; p = 0.66; 

I2 = 0%]. Adult and pediatric patients both showed lower 

incidence of mortality with DTI as compared to heparin 

[pediatric—pooled estimate OR 0.65, 95% CI 0.43–0.99; 

Z = 2.02; p = 0.04; adult—pooled estimate OR 0.67, 95% 

CI 0.53 -0.85; Z = 3.31; p = 0.0009]. No heterogeneity 

within subgroups or subgroup differences were detected. 

Additionally, we explored risk of bias of studies as poten-

tial source for heterogeneity. We identified studies with 

high risk of bias as source for heterogeneity with I2 = 24% 

as compared to studies with low and intermediate risk of 

bias with I2 = 0% respectively. Sensitivity analysis using 

RR and fixed effects model did not affect these results. 

Estimates for each study and the subgroups are presented 

within the Forrest-plots (Figs. 3, S1, S2) (Table 2).

Major bleeding events

Fifteen studies reported on major bleeding events of 

which 12 studies compared bivalirudin and 3 studies 

compared argatroban to heparin. �ree studies had low 

risk of bias and contributed to analysis with a weight of 

32%, another 3 studies had intermediate risk of bias with a 

weight of 17.4% and 10 studies presented high risk of bias 

with a weight of 50,6%. Major bleeding was lower in DTI 

group as compared to heparin group [pooled estimate 

OR 0.48, 95% CI 0.29–0.81; Z = 2.75; p = 0.006] however, 

overall heterogeneity was high [I2 = 57%, Chi2 = 35.1, 

df = 15, p = 0.002]. Subgroup analysis revealed that major 

bleeding was significantly reduced for bivalirudin but not 

for argatroban, and in pediatric patients but not in adult 

patients with DTI [bivalirudin—pooled estimate OR 0.44, 

95% CI 0.23–0.83; Z = 2.54; p = 0.01; argatroban—pooled 

estimate OR 0.66, 95% CI 0.35–1.24; Z = 1.29; p = 0.20; 

pediatric—pooled estimate OR 0.22, 95% CI 0.13–0.38; 

Z = 5.43; p =  < 0.0001; adult—pooled estimate OR 0.74, 

95% CI 0.38–1.41; Z = 0.92; p = 0.36]. We used subgroup 

analysis to explore potential sources of heterogeneity and 

identified that heterogeneity was high between studies 

that investigated bivalirudin versus heparin and stud-

ies which investigated anticoagulation regime in adult 

patients [Bivalirudin subgroup—I2 = 62%, Chi2 = 32, 

df = 12, p = 0.001; adult subgroup—I2 = 63%, Chi2 = 24, 

df = 9, p = 0.004]. Sensitivity analysis using RR and fixed 

effects model did not change the overall results but use of 

fixed effect model additionally lead to a significant reduc-

tion in major bleeding for subgroup of adult patients with 

DTI by narrowing the CI [adult—pooled estimate OR 

0.54, 95% CI 0.39–0.74; Z = 3.75; p = 0.0002]. Estimates 

for each study and the subgroups are presented within 

the Forrest-plots (Figs. 4, S3).

Minor bleeding events

A total of 8 studies reported on minor bleeding events 

of which 5 studies compared bivalirudin and 3 studies 

compared argatroban to heparin during ECMO ther-

apy. Overall no significant differences in minor bleeding 

events was detected between DTI and Heparin [pooled 

estimate OR 0.74, 95% CI 0.47–1.17; Z = 1.27; p = 0.20], 

Use of argatroban showed no effect on minor bleed-

ing events as compared to heparin [pooled estimate OR 

1.02, 95% CI 0.49–2.15; Z = 0.05; p = 0.96]. Overall het-

erogeneity and heterogeneity within subgroups were low 

[overall—I2 = 3%, Chi2 = 7.19, df = 7, p = 0.41; bivalirudin 

subgroup—I2 = 0%, Chi2 = 3.22, df = 4, p = 0.52; arga-

troban subgroup—I2 = 15%, Chi2 = 2.35, df = 2, p = 0.31]. 

Sensitivity analysis using RR and fixed effects model did 

not change the overall results but use of RR changed 

non-significant trend to a significant reduction in minor 

bleeding in bivalirudin patients by narrowing the CI 

[adult—pooled estimate RR 0.68, 95% CI 0.48–0.97; 

Z = 2.11; p = 0.04] Estimates for each study and the sub-

groups are presented within the Forrest-plots. (Fig. 5).
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Patient‑related thrombosis

Fifteen studies reported on patient-related thrombo-

sis including 12 studies comparing bivalirudin and all 3 

studies comparing argatroban to heparin. Overall pooled 

estimates indicated that use of DTI might be benefi-

cial however, the finding was not statistically significant 

[pooled estimate OR 0.73, 95% CI 0.53–1.02; Z = 1.87; 

p = 0.06]. Subgroup analysis for anticoagulants revealed 

that use of bivalirudin reduces patient-related throm-

bosis while use of argatroban might be not beneficial as 

trend favored heparin [bivalirudin- pooled estimate OR 

0.55, 95% CI 0.38–0.81; Z = 3.09; p = 0.002; argatroban—

pooled estimate OR 1.79, 95% CI 0.92–3.50; Z = 1.70; 

p = 0.09]. �is resulted in significant difference between 

subgroups [test for subgroup differences—I2 = 88.8%, 

Chi2 = 8.94, df = 1, p = 0.003]. Overall heterogeneity and 

Fig. 2  Risk of bias assessment. Legend: The figure shows risk of bias for included studies using the Newcastle Ottawa scale. Overall risk of bias is 

presented as low (green), intermediate (yellow) or high (red)
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heterogeneity within subgroups was not detected [over-

all—I2 = 0%, Chi2 = 13.89, df = 14, p = 0.46; bivalirudin 

subgroup—I2 = 0%, Chi2 = 3.94, df = 11, p = 0.97; arga-

troban subgroup—I2 = 0%, Chi2 = 1.0, df = 2, p = 0.61]. 

Use of RR did not change the results. Sensitivity analy-

sis with fixed effects model changed the non-significant 

trend to significant benefit of DTI for patient-related 

thrombosis by narrowing the CI [pooled estimate OR 

0.71, 95% CI 0.52–0.98; Z = 2.10; p = 0.04]. Estimates for 

each study and the subgroups are presented within the 

Forrest-plots. (Fig. 6).

Pump‑related thrombosis

�irteen studies reported on pump-related thrombosis. 

Ten of these studies compared bivalirudin to heparin, 3 

studies used argatroban as DTI. �ree of these studies 

presented low risk of bias, 2 studies had intermediate 

risk of bias, and 8 studies had high risk of bias. Pump-

related thrombosis occurred less frequent in DTI group 

as compared to heparin group [pooled estimate OR 0.55, 

95% CI 0.40–0.76; Z = 3.62; p = 0.0003]. �is finding was 

mainly driven by patients who received bivalirudin com-

pared to heparin [subgroup bivalirudin—pooled estimate 

OR 0.47, 95% CI 0.33–0.67; Z = 4.19; p =  < 0.0001]. Arga-

troban showed no beneficial influence on occurrence 

of pump-related thrombosis as compared to heparin 

[subgroup argatroban—pooled estimate OR 1.09, 95% CI 

0.52–2.30; Z = 0.23; p = 0.82]. �us, significant differ-

ence between subgroups was detected [test for subgroup 

differences—I2 = 75.1%, Chi2 = 4.02, df = 1, p = 0.04]. 

However, this did not lead to overall heterogeneity 

[I2 = 1%, Chi2 = 12.07, df = 12, p = 0.44]. Estimates for 

each study and the subgroups are presented within the 

Forrest-plots. (Fig. 7).

Fig. 3  Mortality. Legend: The figure shows results of data synthesis for mortality. Pooled estimates are presented as Odds ratios for direct thrombin 

inhibitors versus heparin as well as for bivalirudin and argatroban subgroups
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Length of ECMO therapy

We analyzed length of ECMO therapy between DTI and 

heparin patients. In total 12 studies reported on length 

of ECMO therapy. Ten studies compared bivalirudin to 

heparin and 2 studies used argatroban. Of these studies 

4 studies had low risk of bias, 1 study had intermediate 

risk of bias and 7 studies had high risk of bias. Overall 

length of ECMO therapy showed no difference between 

DTI and Heparin [pooled estimate SMD 0.12, 95% CI 

-0.03–0.27; Z = 1.60; p = 0.11] with a moderate overall 

heterogeneity [I2 = 16%, Chi2 = 13.17, df = 11, p = 0.28]. 

Bivalirudin subgroup was detected as possible source for 

heterogeneity [I2 = 21%, Chi2 = 11.42, df = 9, p = 0.25]. 

Use of fixed effects model and Mean difference did not 

change the results in sensitivity analysis. Estimates for 

each study and the subgroups are presented within the 

Forrest-plots. (Fig. 8).

Percentage of time within therapeutic range

Only 5 studies reported on percentage of time within 

therapeutic range during ECMO therapy. All studies 

compared bivalirudin to heparin for ECMO therapy. 

Among these studies 2 had low risk of bias, 1 study had 

intermediate risk of bias and 2 studies had high risk of 

bias. Overall pooled estimate indicated that patients with 

DTI during ECMO had higher percentage of time within 

therapeutic range [pooled estimate SMD 0.54, 95% CI 

0.14–0.94; Z = 2.65; p = 0.008]. However, heterogeneity 

was high between studies [I2 = 67%, Chi2 = 12.12, df = 4, 

p = 0.02]. Subgroup analysis for risk of bias revealed that 

studies with low risk of bias showed no heterogeneity 

[I2 = 0%, Chi2 = 0.07, df = 1, p = 0.79] but heterogeneity 

was present in studies with intermediate and high risk 

of bias [I2 = 57%, Chi2 = 4.63, df = 2, p = 0.1]. Sensitivity 

analysis changed results for adult patients by using fixed 

effects model, overall result was not affected [ adult—

pooled estimate SMD 0.74, 95% CI 0.47–1.01; Z = 5.42; 

p =  < 0.0001] (Fig. S4).

Length of hospital stay and time to anticoagulation goal

Only 4 studies reported for length of hospital stay and 

time to anticoagulation goal respectively. No difference 

Fig. 4  Major bleeding events. Legend: The figure shows results of data synthesis for major bleeding events. Pooled estimates are presented as Odds 

ratios for direct thrombin inhibitors versus heparin as well as for bivalirudin and argatroban subgroups
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could be detected between DTI and heparin patients. 

Additional information and Forrest-plots are attached as 

supplementary figures (Figs. S5, S6).

Evaluation of reporting biases

We evaluated publication bias by creating funnel plots for 

each outcome. By visual inspection we detected relevant 

asymmetry of funnel plots for all outcomes beside of 

minor bleeding events. To reduce reporting bias, we con-

tacted authors to contribute additional information as 

not all studies reported for all outcomes. However, only 

4 authors responded to our request and added additional 

data for analysis (Fig. S7).

Certainty of evidence

We assessed the certainty of evidence for each outcome 

using the GRADE approach. For every outcome certainty 

of evidence was judged as very low, mainly resulting from 

lack of randomized controlled trials and high risk of bias 

as well as high risk for reporting bias. (Table 1).

Discussion
�is systematic review and meta-analysis investigated 

the effects of DTI versus heparin on clinical outcomes 

in patients undergoing ECMO. �e main finding of this 

analysis is that the use of DTI for anticoagulation is sig-

nificantly associated with reduced in-hospital mortality 

in both pediatric and adult ECMO patients compared 

to heparin. In addition, DTI (especially bivalirudin) are 

superior to heparin in terms of major bleeding events as 

well as patient and pump-related thrombotic complica-

tions in our analysis. Furthermore, DTI provide a stable 

anticoagulation during ECMO as measured by percent-

age of time within therapeutic range.

Existing literature in this �eld

To date, three meta-analyses are available that compared 

bivalirudin and heparin in patients undergoing ECMO 

while no meta-analysis is available for argatroban [12–14, 

64]. All of the bivalirudin analyses were published in 2022 

which clarifies the high relevance of this topic. We will 

discuss the results in the following to put our own find-

ings in context.

Di-Huan Li and colleagues selected ten articles for 

their meta-analysis including 997 ECMO patients. For 

the primary endpoint in-hospital mortality, seven studies 

including 670 patients (bivalirudin group = 242 patients) 

remained. Based on a heterogeneity of I2 = 15%, the 

authors report that there was no significant difference 

between bivalirudin treated patients and patients receiv-

ing heparin regarding in-hospital mortality (OR = 0.81, 

95%CI [0.54, 1.22], P = 0.32). However, subgroup analy-

ses based on patient characteristics revealed poten-

tial survival benefit for adults (OR = 0.65, 95%CI [0.44, 

0.95], P = 0.03). In pediatric ECMO patients, there was 

no significant difference in terms of survival (OR = 1.30, 

Fig. 5  Minor bleeding events. Legend: The figure shows results of data synthesis for minor bleeding events. Pooled estimates are presented as 

Odds ratios for direct thrombin inhibitors versus heparin as well as for bivalirudin and argatroban subgroups



Page 14 of 19M’Pembele et al. Thrombosis Journal           (2022) 20:42 

95%CI [0.47, 3.56], P = 0.61). Regarding secondary out-

comes, the analysis by Li et al. revealed that there was a 

significantly lower incidence of thrombosis in the biva-

lirudin group (OR = 0.53, 95%CI [0.36, 0.79], P = 0.002). 

Major bleeding events and ECMO duration showed no 

significant difference. �e differences to our findings 

might be explained by the limited number of included 

studies (in total 9 studies versus 15 bivalirudin studies 

in our analysis). As all studies had a retrospective design 

and investigated rather small cohorts, even small differ-

ences regarding design, study population, intervention 

or endpoint definitions may account for relevant changes 

regarding the results. �is underlines the urgent need for 

prospective trials. �e authors also performed an analy-

sis of cost-effectiveness which showed that the use of 

bivalirudin did not result in higher costs [64]. Unfortu-

nately, only three studies comparing the cost difference 

between bivalirudin and heparin were available. As all 

data were presented as median (minimum–maximum 

or 25–75 percentile), a pooled meta-analysis could not 

be performed. �is aspect remains to be investigated in 

future studies.

�e second available meta-analysis by Mei-Juan Li 

and colleagues included 9 studies (= 994 patients). �e 

authors also found a survival benefit for the bivalirudin 

group in adult ECMO patients (risk ratio: 0.82, 95% CI 

0.69–0.99). Additionally, the use of bivalirudin was asso-

ciated with reduced major bleeding events (risk ratio: 

0.32, 95% confidence interval [CI] 0.22–0.49), reduced 

incidences of ECMO in-circuit thrombosis (risk ratio: 

0.57, 95% CI 0.43–0.74) and stroke (RR: 0.52, 95% CI 

0.29–0.95) and higher survival rates until weaning from 

ECMO (RR: 1.18, 95% CI 1.03–1.34). Of note, the authors 

performed a „leave-one-out “ sensitivity analysis which 

showed that the results for in-hospital-mortality, stroke and 

survival until ECMO weaning should be interpreted carefully 

and more prospective / good-quality studies are needed [13].

Finally, there is a third meta-analysis by Liyao Liu 

and colleagues which is the largest of these three as 14 

studies with a total of 1501 adult and pediatric patients 

Fig. 6  Patient-related thrombosis. Legend: The figure shows results of data synthesis for patient-related thrombotic events. Pooled estimates are 

presented as Odds ratios for direct thrombin inhibitors versus heparin as well as for bivalirudin and argatroban subgroups
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were included into analysis. �e endpoints of interest in 

this study were in-hospital mortality, ECMO survival, 

thrombotic events, major bleeding and in-circuit throm-

bosis. Similar to the other meta-analyses, in-hospital-

mortality was significantly lower in the bivalirudin group 

(OR = 0.78, 95% CI [0.61–0.99], p = 0.04). Furthermore, 

patients receiving bivalirudin for anticoagulation had 

significantly improved results for all other clinical out-

comes (ECMO survival rate: OR = 1.50, 95% CI [1.04–

2.16], p = 0.032; thrombotic events: OR = 0.61, 95% CI 

[0.45–0.83], p = 0.002; major bleeding: OR = 0.36, 95% CI 

[0.14–0.91], p = 0.031; in-circuit thrombosis: OR = 0.44, 

95% CI [0.31–0.61], p = 0.000) [12].

Referring to argatroban, no meta-analysis compar-

ing argatroban with heparin in ECMO patients is cur-

rently available. However, there is one systematic review 

by Geli and colleagues dealing with this topic. A total of 

13 studies could be identified that investigated the use of 

argatroban for anticoagulation in ECMO patients. Nota-

bly, 9 out of these 13 studies were only case series which 

were not included into the present meta-analysis. Based 

on their literature review, the authors conclude that 

major bleeding events as well as thrombotic complica-

tions seem to be comparable between argatroban-treated 

patients and heparin-treated patients. However, no for-

mal analysis was conducted [14].

What does our analysis add to the existing literature?

Based on the existing evidence, the present analysis 

adds multiple new aspects to the field of anticoagulation 

strategies in patients undergoing ECMO. First and most 

importantly, we did not only focus on one specific drug 

(bivalirudin or argatroban), but performed an anaylsis 

for DTI versus heparin in general. Of course, we were 

also able to perform separate analyses for both drugs 

alone, but from a clinical perspective, the comparison 

seems to be suitable as both substances are following 

the same pharmacological target. Second, our analysis 

has the largest number of included studies (18 studies, 

1942 patients) so far. With regard to the increasing num-

ber of ECMO-treated patients worldwide, the topic is of 

high relevance so that updated data are urgently needed. 

Fig. 7  Pump-related thrombosis. Legend: The figure shows results of data synthesis for pump-related thrombotic events. Pooled estimates are 

presented as Odds ratios for direct thrombin inhibitors versus heparin as well as for bivalirudin and argatroban subgroups
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�is aspect is even more important referring to the fact 

that the quality of the existing studies is low as only ret-

rospective data are available. �us, the addition of only 

one or two (good-quality) studies might be enough to 

change the results completely. Against this background, 

it is a strength of our analysis that we could include a first 

multicenter study that was not included into the existing 

meta analyses. �ird, our study analyzed new endpoints 

that have not been investigated yet. Importantly, clini-

cians probably will not base their decision on the anti-

coagulation regimen solely on mortality data and it is 

essential to focus on further endpoints. �erefore, next 

to the established endpoints of interest (mortality, bleed-

ing, thrombosis etc.), we also included length of ECMO 

support, length of hospital stay, percentage of activated 

partial thromboplastin time (aPTT) within therapeutic 

window and hours to therapeutic aPTT levels as sec-

ondary outcomes. E.g. it is a new finding that patients 

receiving bivalirudin were significantly longer within the 

therapeutic range for anticoagulation (SMD = 0.54, 95% 

CI [0.14–0.94], p = 0.008) which might be an explana-

tion why bleeding complications and thrombotic com-

plications were significantly reduced in these patients. 

However, only five studies were available for this analy-

sis so that these findings should be interpreted with cau-

tion. �e time until the therapeutic window was reached 

was also lower in the bivalirudin group, although these 

results (based on four studies) were not statistically sig-

nificant. Length of hospital stay and length of ECMO 

therapy showed no significant differences between the 

two groups. �ough, there was a non-significant trend 

for longer ECMO therapy in the bivalirudin group. �is 

observation might be related to the fact that mortal-

ity during ECMO therapy was lower in these patients. 

Fourth, our analysis differentiated between minor and 

major bleeding events as well as between patient-related 

and pump-related thrombotic complications. Interest-

ingly, the use of bivalirudin was more protective in terms 

of major bleeding events (OR: 0.5, 95% CI [0.30–0.85]. 

�is finding suggests that bivalirudin might be a suitable 

and safe alternative even in high-risk patients for bleed-

ing complications. Fifth, and finally, this is the first analy-

sis comparing heparin and argatroban. While the use of 

bivalirudin was clearly associated with improved clinical 

outcomes, argatroban alone was not superior, but rather 

comparable to the standard therapy heparin for most 

endpoints. Importantly, only three studies comparing 

heparin and argatroban could be included. �erefore, our 

results might serve as a first insight, but transferability of 

these data must be regarded as very limited.

Strengths and limitations

�is was a preplanned, protocol-based analysis, of four 

large electronic medical libraries. In total we detected 18 

Fig. 8  Length of extracorporeal membrane oxygenation therapy. Legend: The figure shows results of data synthesis for length of extracorporeal 

membrane oxygenation therapy. Pooled estimates are presented as standardized mean difference for direct thrombin inhibitors versus heparin as 

well as for bivalirudin and argatroban subgroups
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relevant articles. We enrolled a large number of ECMO 

patients in this meta-analysis and added new information 

to the existing literature. Despite promising results this 

meta-analysis has some limitations. Due to the lack of 

randomized controlled trials which introduces high risk 

of bias, certainty in our findings must be regarded as very 

limited. We tried to address reporting bias by contact-

ing authors and requesting additional data for analysis 

as not all studies reported for every outcome. However, 

only four authors responded to our request and therefore 

a majority of data could not be included into our analy-

sis. Of note we were able to include unpublished data of 

a multicenter retrospective study which complements the 

existing data in this field. Another limitation of this study 

is that the definitions of secondary outcomes (e.g. minor 

/ major bleeding or patient and pump related thrombo-

sis) may be different in the included studies. To ensure 

more transparency, the exact definitions of relevant sec-

ondary outcomes are presented in table S2. Furthermore, 

there might be several other important factors clinicians 

might consider when deciding about the choice of anti-

coagulation. As mentioned in the discussion, mortality 

data alone probably will not be sufficient and although 

several secondary endpoints have been investigated, mul-

tiple other factors are still lacking. In particular, there are 

no data on more patient-centered outcomes such as life 

impact or quality of life which becomes more and more 

important in the setting of mechanical circulatory support. 

Additionally, center effects, publication bias or reporting 

bias have to be considered when interpreting the results. 

Finally, although comparing two DTI is a strength of this 

study, this may also be regarded as a limitation as the 

information gathered is only through comparing them via 

heparin as an intermediary which limits this comparison.

Conclusions
In conclusion, the present meta-analysis revealed that 

the use of DTI for anticoagulation in patients undergo-

ing ECMO is associated with reduced in-hospital mor-

tality as well as a reduced incidence of major bleeding 

and thrombotic events. Especially the use of bivalirudin 

showed positive effects on these outcomes in comparison 

with the standard therapy heparin. Before drawing final 

conclusions if DTI are really superior to the standard 

therapy heparin, well designed prospective (randomized) 

studies are urgently needed. Until these data are available, 

DTI may at least be regarded as a safe, effective and poten-

tially beneficial strategy for anticoagulation in this cohort.
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Abstract

Aims Implantation of left ventricular assist devices (LVADs) as a bridge to transplant or as destination therapy is increasing.

The selection of suitable patients and outcome assessment belong to the key challenges. Mortality has traditionally been a

focus of research in this field, but literature on quality of life is very limited. This study aimed to identify perioperative factors

influencing patients’ life as measured by days alive and out of hospital (DAOH) in the first year after LVAD implantation.

Methods and results This retrospective single-centre cohort study screened 227 patients who underwent LVAD implanta-

tion at the University Hospital Duesseldorf, Germany, between 2010 and 2020. First, the influence of 10 prespecified variables

on DAOH was investigated by univariate analysis. Second, multivariate quantile regression was conducted including all factors

with significant influence on DAOH in the univariate model. Additionally, the impact of all variables on 1 year mortality was

investigated using Kaplan–Meier curves to oppose DAOH and mortality. In total, 221 patients were included into analysis.

As pre-operative factors, chronic kidney disease (CKD), pre-operative mechanical circulatory support (pMCS), and Interagency

Registry for Mechanically Assisted Circulatory Support (INTERMACS) stadium < 3 were associated with lower DAOH at 1 year

[CKD: 280 (155–322) vs. 230 (0–219), P = 0.0286; pMCS: 294 (155–325) vs. 243 (0–293), P = 0.0004; INTERMACS 1: 218 (0–293)

vs. INTERMACS 2: 264 (6–320) vs. INTERMACS 3: 299 (228–325) vs. INTERMACS 4: 313 (247–332), P ≤ 0.0001]. Intra-operative

additional implantation of a right ventricular assist device (RVAD) was also associated with lower DAOH [RVAD: 290 (160–325)

vs. 174 (0–277), P ≤ 0.0001]. As post-operative values that were associated with lower DAOH, dialysis and tracheotomy could

be identified [dialysis: 300 (252–326) vs. 186 (0–300), P ≤ 0.0001; tracheotomy: 292 (139–325) vs. 168 (0–269), P ≤ 0.0001].

Multivariate analysis revealed that all of these factors besides pMCS were independently associated with DAOH. According to

Kaplan–Meier analysis, only post-operative dialysis was significantly associated with increased mortality at 1 year (survival: no

dialysis 89.4% vs. dialysis 70.1%, hazard ratio: 0.56, 95% confidence interval: 0.33–0.94; P = 0.031).

Conclusions The results of this study indicate that there can be a clear discrepancy between hard endpoints such as mortal-

ity and more patient-centred outcomes reflecting life impact. DAOH may relevantly contribute to a more comprehensive se-

lection process and outcome assessment in LVAD patients.

Keywords Heart failure; Cardiac surgery; Quality of life; Mechanical circulatory support; Patient-centred outcomes
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Introduction

Implantable left ventricular assist devices (LVADs) are increas-

ingly used as a bridge to heart transplantation strategy or as

destination therapy for patients with end-stage heart

failure.1–3 Although outcomes have continuously improved in

recent years, the selection of patients who really profit from

LVAD implantation remains one of todays’ key challenges

and there is good evidence that appropriate selection is critical

for improved outcomes.4–7 Numerous studies tried to identify

perioperative factors influencing patient outcome; for exam-

ple, an Interagency Registry for Mechanically Assisted Circula-

tory Support (INTERMACS) analysis in 2019 revealed that age

is a significant predictor of mortality.8 Further factors such as

post-operative acute kidney injury requiring dialysis or

intra-operative right ventricular failure have also been shown

to be associatedwith reduced survival rates.9–13While mortal-

ity has been traditionally in the focus of research in this field,

literature on factors influencing patients’ life is very limited, al-

though this knowledge might be of utmost importance to de-

cide whether a patient could really profit from LVAD implanta-

tion or not. Days alive and out of hospital (DAOH) is a

potentially useful quality measure in this context that has

been suggested to quantify life impact.14–16 It combines sev-

eral clinically important outcomes including death, length of

hospital stay, hospital readmissions, and (indirectly) health

care costs. Further advantages of DAOH include its patient-

centredness, its easy collection (including dispensability of ad-

judication), and statistical efficiency.16

Against this background, the aim of this study was to iden-

tify perioperative factors with impact on patients’ life as mea-

sured by DAOH within the first year after surgery. Our pri-

mary hypothesis was that there is a discrepancy between

mortality and DAOH for several variables.

Methods

Study design

The present study is a retrospective, single-centre cohort

study that was conducted in accordance with the guidelines

for good clinical practice (GCP) and the Declaration of Helsinki.

The study was approved by the ethical review board of the

Heinrich-Heine-University Duesseldorf, Duesseldorf, Germany

(reference number 2020-1058). All patients gave written in-

formed consent in the past to be registered in a dedicated pro-

spective local database. This manuscript follows the STROBE

reporting guidelines for retrospective cohort studies.

Participants

Consecutive patients aged ≥18 years who received LVAD im-

plantation due to ischaemic heart disease or dilated cardio-

myopathy at the University Hospital Duesseldorf, Germany,

between 2010 and 2020 were included. Patients with missing

data or incomplete medical records regarding the primary

endpoint were excluded. Patients with other underlying dis-

eases than ischaemic heart disease or dilated cardiomyopa-

thy leading to chronic heart failure were also excluded to en-

sure a more homogenous cohort.

Outcome assessment

The primary endpoint of this study was DAOH 1 year after

LVAD implantation. As performed previously,15 DAOH were

calculated by summing up the days of all hospitalizations in

the first year after LVAD surgery and subtracting them from

365 days. In case the patient died within the first year, the dif-

ference between survived days and 365 days was added to

days of hospitalizations before subtracting them from

365 days. This method is based on the validation study of

DAOH in heart failure patients.15 As LVAD patients are very

closely connected to our centre, it is unlikely that these pa-

tients are hospitalized elsewhere so that retrospective calcu-

lation of DAOH can be regarded as reliable. The main second-

ary endpoint was mortality 1 year after LVAD implantation to

oppose DAOH and mortality.

Data collection

Patient characteristics, comorbidities, comedication, and sur-

vived days at 1 year were extracted from electronic medical

records and the local electronic LVAD database. This prospec-

tive database is continuously updated and consists of pa-

tients’ perioperative values, which were directly extracted

from patients’ charts at the intensive care unit and electronic

medical records.

Identification of candidate variables

The choice of variables that were included in the analysis was

primarily based on two large network studies using a Bayes-

ian model to predict survival after LVAD implantation.17,18

In addition, literature research was performed to find further

perioperative variables that have been shown to be associ-

ated with increased mortality after LVAD implantation.

Accordingly, we predefined the following 10 variables: age

(≥65 vs. <65 years), type of underlying disease (ischaemic

heart disease vs. dilated cardiomyopathy), INTERMACS pro-

file, intra-operative right ventricular assist device (RVAD) im-

plantation, surgical approach (minimally invasive surgery vs.

sternotomy), pre-existing chronic kidney disease (CKD) ac-

cording to Kidney Disease: Improving Global Outcomes

(KDIGO) criteria, pre-operative mechanical circulatory sup-

port (pMCS), pre-operative levosimendan therapy,
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post-operative dialysis, and post-operative tracheotomy. As

the nature of this study was only exploratory, the choice of

these variables does not claim to be complete and there

are obviously numerous other variables that may influence

DAOH and mortality after LVAD implantation.

Statistical approach and analysis

We conducted a complete case analysis. We first performed

univariate analysis using each of the 10 candidate variables.

We then included all factors showing significant univariate as-

sociation with DAOH using step-wise forced entry into the

multivariate model (level of significance = P ≤ 0.05). Addition-

ally, the influence of each variable on 1 year mortality was in-

vestigated to oppose DAOH and mortality.

For statistical analysis, GraphPad Prism© Version 8.02 (La

Jolla, California, USA) and IBM SPSS© software Version 25.0

(Armonk, NY, USA) were used. Continuous data are presented

as mean ± standard deviation (SD) or as median and inter-

quartile ranges (25–75%), as appropriate. Categorical data

are presented as counts (n) with corresponding percentages

(%). DAOH were compared by Mann–Whitney U-test given

that these data were supposed to be skewed. Multivariate

quantile regression was conducted. In this analysis, DAOH

was set as a dependent variable. Survival analysis was per-

formed using Kaplan–Meier diagrams as well as univariate

and multivariate Cox regression. For INTERMACS profile,

Kruskal–Wallis test and Jonckheere–Terpstra test were per-

formed. To compare survival rates, log-rank (Mantel–Cox)

test was performed and results are presented as a percent-

age of survival (%) with hazard ratio (HR) and 95% confidence

interval (CI). As this was a retrospective and exploratory data

analysis, a formal sample size calculation was not

implemented.

Results

In total, 227 patients were included in the institutional data-

base. Six patients (2.6%) had to be excluded due to incom-

plete medical records or other underlying diseases than

ischaemic heart disease or dilated cardiomyopathy. Thus,

221 patients remained for statistical analysis (Figure 1). Data

on the primary endpoint and all other co-variables were

complete. Median DAOH in the whole cohort was 273 (inter-

quartile range 67–321). Overall 1 year mortality was 24.9%.

Detailed patient characteristics are presented in Table 1.

Univariate analysis of days alive and out of

hospital

After univariate analysis of the prespecified variables, six

variables showed significant association with DAOH. As

pre-operative factors, CKD, pMCS, and INTERMACS < 3 were

associated with lower DAOH [CKD: 280 (155–322) vs. 230

(0–219), P = 0.0286; pMCS: 294 (155–325) vs. 243 (0–293),

P = 0.0004; INTERMACS 1: 218 (0–293) vs. INTERMACS 2:

264 (6–320) vs. INTERMACS 3: 299 (228–325) vs. INTERMACS

4: 313 (247–332), P ≤ 0.0001]. Intra-operative additional im-

plantation of RVAD was also associated with lower DAOH

[RVAD: 290 (160–325) vs. 174 (0–277), P ≤ 0.0001]. As

post-operative values that were associated with lower DAOH,

dialysis and tracheotomy could be identified [dialysis: 300

Figure 1 Study flow chart. DCM, dilated cardiomyopathy; ICM, ischaemic cardiomyopathy; LVAD, left ventricular assist device.
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(252–326) vs. 186 (0–300), P ≤ 0.0001; tracheotomy: 292

(139–325) vs. 168 (0–269), P ≤ 0.0001] (Figure 2).

Multivariate analysis of days alive and out of

hospital

Multivariate analysis using quantile regression model was

performed using DAOH as dependent variable and CKD,

pMCS, INTERMACS profile, intra-operative RVAD implanta-

tion, post-operative dialysis, and post-operative tracheotomy

as independent variables. In this model, all factors besides

pMCS showed an independent association with DAOH over

different quantiles (Figure 3).

Survival analysis

According to Kaplan–Meier analysis, only post-operative dial-

ysis was associated with significantly lower survival rates at

1 year after surgery (survival: no dialysis 89.4% vs. dialysis

70.1%, HR: 0.56, 95% CI: 0.33–0.94; P = 0.031). Univariate

Cox regression confirmed these results (see Supporting Infor-

mation, Table S1). Multivariate Cox regression revealed that

none of the prespecified variables had a significant influence

on 1 year mortality in this patient cohort (see Supporting In-

formation, Table S2). Detailed results from Kaplan–Meier

analysis are presented in Table 2. Kaplan–Meier curves for

all 10 variables are presented in Supporting Information,

Figure S1.

Discussion

This study investigated DAOH after LVAD implantation.

The INTERMACS stadium, pre-existing CKD, RVAD, post-

operative dialysis, and post-operative tracheotomy could be

identified as independent factors associated with reduced

DAOH. Pre-operative MCS showed a significant association

Table 1 Baseline patient characteristics

LVAD patients
(N = 221)

Survivors
(N = 166)

Non-survivors
(N = 55)

DAOH ≥ 273 days
(N = 111)

DAOH < 273 days
(N = 110)

Baseline characteristics, mean ± SD or no. (%)
Male sex, no. (%) 191 (86.4) 144 (86.7) 47 (85.5) 100 (90.1) 91 (82.7)
Age (years) 58 ± 11 57 ± 11 59 ± 12 57 ± 12 58 ± 11
BMI (kg/m

2
) 27 ± 5 27 ± 5 27 ± 6 27 ± 5 28 ± 6

LVEF (%) 18 ± 7 18 ± 7 18 ± 8 18 ± 7 17 ± 7
INTERMACS 1 84 (38) 60 (36.1) 24 (43.6) 28 (25.2) 56 (50.9)
INTERMACS 2 40 (18.1) 30 (18.1) 10 (18.2) 19 (17.1) 21 (19.1)
INTERMACS 3 41 (18.6) 32 (19.3) 9 (16.4) 29 (26.1) 12 (10.9)
INTERMACS 4 56 (25.3) 44 (26.5) 12 (21.8) 35 (31.5) 21 (19.1)

Pre-operative conditions, no. (%)
Pre-operative mechanical

circulatory support
89 (40.3) 65 (39.2) 24 (43.6) 34 (30.6) 55 (50.0)

Ischaemic heart disease 137 (62) 101 (60.8) 36 (65.5) 66 (59.5) 71 (64.5)
Dilated cardiomyopathy 84 (38) 65 (39.2) 19 (34.5) 45 (40.5) 39 (35.5)
CKD 80 (36.2) 59 (35.5) 21 (38.2) 33 (29.7) 47 (42.7)
CKD requiring dialysis 44 (19.9) 30 (18.1) 14 (25.5) 11 (9.9) 33 (30)
Levosimendan 134 (60.6) 103 (62.0) 31 (56.4) 67 (60.4) 67 (60.9)

Laboratory parameters before surgery, mean ± SD
Creatinine (mg/dL) 1.4 ± 0.7 1.4 ± 0.8 1.5 ± 0.6 1.4 ± 0.8 1.5 ± 0.7
Bilirubin (mg/dL) 1.8 ± 2 1.7 ± 2 3.7 ± 13 1.3 ± 1 3.3 ± 9

Intra-operative conditions, no. (%)
Minimally invasive cardiac surgery 70 (31.7) 53 (31.9) 17 (30.9) 37 (33.3) 33 (30.0)
Sternotomy 151 (68.3) 113 (68.1) 38 (69.1) 74 (66.7) 77 (70.0)
Additional RVAD implantation 51 (23.1) 39 (23.5) 12 (21.8) 13 (11.7) 38 (34.5)

Post-operative conditions, no. (%)
Dialysis 117 (52.9) 82 (49.4) 35 (63.6) 39 (35.1) 78 (70.9)
Sepsis 37 (16.7) 28 (16.9) 9 (16.4) 10 (9.0) 27 (24.5)
Stroke 25 (11.3) 16 (9.6) 9 (16.4) 3 (2.7) 22 (20.0)
ARDS 24 (10.9) 17 (10.2) 7 (12.7) 5 (4.5) 19 (17.3)
Tracheotomy 48 (21.7) 34 (20.5) 14 (25.5) 11 (9.9) 37 (33.6)

Outcomes, median days (IQR) or no. (%)
Days on ICU 18 (8–35) 17 (7–32) 25 (9–48) 12 (6–24) 29 (13–56)
DAOH 273 (67–321) 284 (172–321) 158 (1–293) 321 (298–333) 67 (0–232)
1 year mortality, no. (%) 55 (24.9) 0 (0) 55 (100) 18 (16.2) 37 (33.6)

ARDS, acute respiratory distress syndrome; BMI, body mass index; CKD, chronic kidney disease; DAOH, days alive and out of hospital; ICU,
intensive care unit; INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support; IQR, interquartile range; LVAD, left
ventricular assist device; LVEF, left ventricular ejection fraction; RVAD, right ventricular assist device; SD, standard deviation.
Data are presented as mean ± standard deviation or as absolute values with percentages, as appropriate.
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with reduced DAOH only in the univariate model.

Age ≥ 65 years, underlying disease, surgical approach, and

pre-operative levosimendan therapy seem to have no

significant impact on DAOH according to our data. Only

post-operative dialysis was significantly associated with in-

creased mortality according to Kaplan–Meier and Cox regres-

sion analysis. These results indicate discrepancies between

DAOH and mortality, which is supposed to be discussed in

the following (Figure 4).

Existing literature

To begin with a short review, there is extensive literature in-

vestigating outcomes after LVAD implantation. A huge

amount of the existing studies focused on survival. A large

number of patient-related and procedure-related factors as-

sociated with reduced survival could already be identified.

Regarding the impact on quality of life of LVAD itself, the lit-

erature is clear: LVADs significantly improve quality of life in

patients living with end-stage heart failure. But which factors

do have an impact on that? As explicit data on DAOH after

LVAD are scarce, we will also discuss data on other quality

of life measures such as questionnaires or functional capacity.

Pavol and co-authors found out in a recently published

retrospective cohort study including 59 patients that

pre-operative cognitive status is suitable to predict DAOH af-

ter LVAD implantation.19 The authors conclude that informa-

tion about pre-LVAD cognition may be useful to optimize the

selection of LVAD patients. Unfortunately, this study did not

investigate other perioperative factors next to cognition. In

a prospective comparison study, Kiernan and co-authors also

tried to identify characteristics that are associated with qual-

ity of life and functional capacity response after LVAD implan-

tation. This study included patients that were enrolled in the

Heartmate II clinical trials20 that were still alive at 6 months

after LVAD implantation. Quality of life was quantified based

on the Minnesota Living With Heart Failure Questionnaire or

the Kansas City Cardiomyopathy Questionnaire (KCCQ). The

authors concluded that several pre-operative comorbidities

such as diabetes mellitus, right heart failure, and increased

pulmonary artery pressure may limit quality of life. There-

fore, these factors should be considered during the shared

decision-making process pre-LVAD.21 In another study by

Cowger and co-authors, the European Quality of Life (EQ-

5D-5L) and the KCCQ were obtained at baseline and 6 months

after HeartMate 3 (n = 151) or HeartMate II (n = 138) implant

as part of the MOMENTUM 3 randomized clinical trial.22,23

This study revealed that younger age, higher pre-operative

Figure 2 Univariate analysis: impact of 10 predefined variables on days alive and out of hospital after LVAD implantation. CKD, chronic kidney disease;

DAOH, days alive and out of hospital; DCM, dilated cardiomyopathy; ICM, ischaemic cardiomyopathy; INTERMACS, Interagency Registry for Mechan-

ically Assisted Circulatory Support; LVAD, left ventricular assist device; MIC, minimally invasive chest surgery; pMCS, pre-operative mechanical circu-

latory support; RVAD, right ventricular assist device.
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Figure 3 Multivariate analysis: quantile regression graphs. Due to the highly skewed nature of the primary endpoint ‘days alive and out of hospital’

(DAOH), a quantile regression model was performed. In contrast to linear regression, quantile regression modelling estimates how specified quantiles

of the distribution of the primary outcome variable (= DAOH) vary dependent on patient-related or procedure-related characteristics. On the x-axis, the

five quantiles are displayed. The y-axis displays the change of DAOH in days. INTERMACS, Interagency Registry for Mechanically Assisted Circulatory

Support; RVAD, right ventricular assist device.

Table 2 Survival analysis

Variable Classification 1 year survival (%) HR 95% CI P value

Age ≥65 years 74.7 1.02 0.57–1.80 0.936
<65 years 75.3

Underlying disease ICM 73.7 0.93 0.54–1.61 0.813
DCM 76.2

INTERMACS 1 71.4 n/a n/a 0.647
2 75.0
3 78.6
4 78.0

RVAD Yes 76.5 1.05 0.59–1.97 0.886
No 74.7

Surgical approach MIC 75.7 1.16 0.66–2.02 0.609
Sternotomy 74.8

Chronic kidney disease Yes 73.8 0.95 0.55–1.63 0.886
No 75.8

Pre-op MCS Yes 73.0 0.79 0.46–1.35 0.374
No 76.5

Pre-op levosimendan Yes 76.9 1.29 0.75–2.23 0.341
No 72.4

Post-op dialysis Yes 70.1 0.56 0.33–0.94 0.031

No 89.4
Post-op tracheotomy Yes 70.8 0.77 0.40–1.46 0.385

No 76.3

CI, confidence interval; DCM, dilated cardiomyopathy; HR, hazard ratio; ICM, ischaemic cardiomyopathy; MCS, mechanical circulatory sup-
port; MIC, minimally invasive chest surgery; Post-op, Post-operative; Pre-op, Pre-operative; RVAD, right ventricular assist device.
Significant P values are presented in bold.
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haemoglobin, higher baseline quality of life score, and the

ability to complete the 6 min walk test pre-operatively were

pre-implantation predictors for higher quality of life.

Factors influencing days alive and out of hospital

and mortality after left ventricular assist device

implantation

Regarding the results of the present analysis, some relevant

points need to be discussed. First, this study identified not

only pre-operative but also perioperative factors that seem

to have an impact on DAOH. While intra-operative and

post-operative factors (RVAD, dialysis, and tracheotomy)

might not be modifiable, pre-operative factors (e.g.

INTERMACS and CKD) might be used to optimize the selec-

tion process pre-LVAD. Our data show clearly that despite

similar survival rates, lower INTERMACS profiles and

pre-existing CKD are independently associated with reduced

DAOH at 1 year. In addition, the information on perioperative

factors without life impact might be of equal importance. For

example, it is an interesting finding that age ≥ 65 years is not

associated with reduced DAOH according to univariate analy-

sis with age as dichotomized variable and by quartiles

(Figure 2 and Supporting Information, Figure S2). This might

underline that higher age is not a contraindication for LVAD

implantation and is strengthened by further analyses includ-

ing linear regression that revealed the same results.

Second, this study shows clearly that survival rates may

not always be an adequate endpoint from a patient-centred

perspective. Our data reveal some interesting findings in this

context: for example, temporary RVAD implantation is not as-

sociated with increased mortality but leads to a relevant re-

duction of DAOH. The same phenomenon could be found

for INTERMACS profile, CKD, and post-operative tracheotomy.

This is important knowledge from an epidemiologic perspec-

tive, but also to streamline patients and families’ expectation

management. From a patient point of view, it seems to be of

utmost importance to know that an LVAD may be able to

keep patients alive although the quality of life may be very

limited under certain circumstances. DAOH is very easy to ex-

plain and to understand. This may help to improve shared de-

cision-making.

Third, the choice of candidate variables in this study was

based on two large network analyses. Both studies had a

much larger sample size and analysis contained up to

10 000 LVAD patients with follow-up periods reaching from

30 days up to 2 years.17,18 Against this background, the sam-

ple size and the follow-up period of the present study seem

rather limited. While DAOH is statistically very efficient, the

results of Kaplan–Meier analysis may have been influenced

by that. Possibly, at least some of the included variables

might get significant when increasing the sample size or

length of follow-up. Nevertheless, our data should be suffi-

cient to clarify the key message that only ‘surviving the pro-

cedure’ may not always be enough and to present DAOH as

a sensitive marker for patients’ outcome. Thus, this study

might serve as ‘hypothesis-generating’. In addition, we pro-

vide first epidemiologic data on DAOH after LVAD implanta-

tion in the so far largest cohort of LVAD patients. These data

might be used for sample size calculations in further trials

using DAOH as a primary endpoint.

Figure 4 Three examples to illustrate the discrepancies between days alive and out of hospital and mortality. CI, confidence interval; CKD, chronic

kidney disease; DAOH, days alive and out of hospital; HR, hazard ratio; LVAD, left ventricular assist device; RVAD, right ventricular assist device.
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Strengths and limitations

A strength of this study includes its 365 day follow-up period

to calculate DAOH, which represents a more patient-centred

outcome compared with mortality. Unfortunately, we cannot

provide follow-up data exceeding 1 year. Further notable lim-

itations of the study include its single-centre, retrospective

nature and the limited sample size. Another relevant limita-

tion is that only a limited number of perioperative factors

influencing DAOH after LVAD implantation could be investi-

gated. The reason for that mainly consists of the fact that

other variables were not included in our database. To ensure

an adequate choice of candidate variables, we based our de-

cision on large registry data and performed a separate litera-

ture research. However, there might be additional relevant

confounders that could not be included and should be inves-

tigated in future studies. Finally, a limitation is that we cannot

guarantee that every hospitalization in the first year after

surgery was reported as patients may have entered another

hospital without our knowledge. In those cases, DAOH calcu-

lation might be incorrect. However, LVAD patients represent

a cohort that is very closely connected to our centre and it

is unlikely that these patients are hospitalized elsewhere

without our knowledge.

Conclusions

The present study could identify a number of perioperative

variables that are associated with reduced DAOH 1 year after

LVAD implantation. Furthermore, this study found discrepan-

cies between DAOH und mortality as most variables associ-

ated with reduced DAOH had no significant association with

reduced survival rates. These findings indicate that only

‘surviving the procedure’ may not be enough and emphasize

the relevance of more patient-centred outcomes reflecting

life impact like DAOH. Although this is a retrospective cohort

study, the results of this study may immediately be used by

clinicians that are integrated into the challenging selection

process of patients suitable for LVAD implantation. In

addition, our data might contribute to a more comprehensive

assessment of outcome in this cohort. In the future, further

studies are warranted to replicate the results in a variety of

larger cohorts and other settings.
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Abstract: The two main surgical options to treat end-stage heart failure are heart transplantation

(HTx) or left ventricular assist device (LVAD) implantation. In hemodynamically stable patients,

the decision for HTx listing with or without LVADs is challenging. We analyzed the impact of both

options on days alive and out of hospital (DAOH) and survival. This retrospective study screened

all patients with HTx or LVAD implantation between 2010 and 2020. The main inclusion criterion

was hemodynamic stability defined as independence of intravenous inotropic/vasoactive support

at decision. Propensity score matching (PSM) was performed. The primary endpoint was DAOH

within one year after the decision. Secondary endpoints included survival, duration until HTx, and

hospitalizations. In total, 187 patients received HTx and 227 patients underwent LVAD implantation.

There were 21 bridge-to-transplant (BTT)-LVAD patients (implantation less than a month after HTx

listing or listing after implantation) and 44 HTx-waiting patients included. PSM identified 17 matched

pairs. Median DAOH at one year was not significantly different between the groups (BTT-LVAD:

median 281, IQR 89; HTx waiting: median 329, IQR 74; p = 0.448). Secondary endpoints did not

differ significantly. Our data suggest that BTT-LVAD implantation may not be favorable in terms of

DAOH within one year for hemodynamically stable patients compared to waiting for HTx. Further

investigations on quality of life and long-term outcomes are warranted.

Keywords: heart failure; cardiac surgery; heart transplantation; left ventricular assist devices;

patient-centered outcomes

1. Introduction

In end-stage heart failure, heart transplantation (HTx) remains the gold-standard
therapy according to American and European guidelines [1,2]. However, left ventricular
assist devices (LVADs) have not only shown improved survival and quality of life com-
pared to optimized pharmacological treatment [3,4], but also show comparable survival to
HTx [5,6]. From a patient point of view, the decision to solely wait for the gold-standard
HTx or to undergo LVAD implantation with its possible risks and complications as a bridge
to transplant (BTT) is absolutely crucial. Especially in hemodynamically stable patients,
clinicians are often confronted with the decision of listing their patients for HTx with or
without BTT-LVAD implantation [7].

Within the Eurotransplant region, patients in an acute life-threatening status can be
“high-urgency (HU) listed” on the HTx waiting list, while stable patients being “t-listed”
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on the regular waiting list often have to wait for elective HTx for a much longer period.
Patients receiving a LVAD implantation can be further classified using the Interagency
Registry for Mechanically Assisted Circulatory Support (INTERMACS) profile. INTER-
MACS 1 to 3 typically indicate a patient who is dependent on vasoactive or inotropic
therapies and represent the majority of patients receiving LVAD implantation [8]. Studies
focusing on patients with an INTERMACS 4 who are not inotropic-dependent, only on oral
medication and therefore stable in their end-stage heart failure, are rare. A re-evaluation
of the ROADMAP study compared INTERMACS 4–7 patients to optimal medical man-
agement and favored LVAD therapy, especially in INTERMACS 4 regarding survival and
health-related quality of life [9]. However, adverse events are still more frequent in LVAD
compared to medical therapy only [6,7,9–11]. Despite this, it is important to note that
the recent developments in the pumps with a centrifugal continuous flow significantly
improved survival free of a debilitating stroke or reoperation [12,13]. A comparison of
hemodynamically stable end-stage heart failure patients awaiting HTx on the regular wait-
ing list and INTERMACS 4 patients receiving a BTT-LVAD has not yet been performed. In
addition, data on the life impact and quality of life of LVAD implantation in these patients
are scarce. Days alive out of hospital (DAOH) has been proposed as a more patient-centered
outcome in this context, which is easy to measure, readily available, statistically efficient,
and cost-effective [14,15].

The primary aim of this study was to compare DAOH in hemodynamically stable
patients awaiting HTx on the regular waiting list vs. patients undergoing BTT-LVAD
implantation. We hypothesized that BTT-LVAD patients have more DAOH than patients
solely waiting for HTx. We also aimed to characterize the different trajectories of these
patients after the decision.

2. Materials and Methods

2.1. Study Design

This study was a retrospective single-center study conducted at University Hospital
Duesseldorf, Germany. Ethical approval was obtained for studying both, the LVAD and
HTx databases, by the local ethics committee (reference numbers: 2020-1058 and 4567).
Written informed consent for this analysis could be waived due to the retrospective nature
of the study, but all patients gave written informed consent in advance to be registered
in a dedicated prospective local database. This article was written to strengthen the
reporting of the observational studies in epidemiology (STROBE) checklist for retrospective
cohort studies.

2.2. Patients

All patients aged ≥18 years who received LVAD implantation or HTx at University
Hospital Duesseldorf between September 2010 and December 2020 were screened from the
databases. Patients that were listed for a HTx but died before receiving a HTx were not
included in the database. Hemodynamically stable BTT-LVAD patients (≥INTERMACS 4)
and hemodynamically stable HTx patients on the regular waiting list theoretically eligible
for ventricular assist device therapy at the time of listing were included. Hemodynamic
stability was defined as the independence of intravenous inotropic or vasoactive support
at the time of LVAD implantation or sole HTx listing, respectively. If the time difference
between t-listing and LVAD implantation was more than one month, patients were excluded.
HTx listing after BTT-LVAD implantation was no exclusion criterion. Thus, we aimed to
avoid bias from patients who have had LVAD implantation due to a prolonged HTx waiting
time. Patients with LVAD as destination therapy (DT) due to a common contraindication
for HTx and patients with missing data or incomplete medical records regarding the
endpoints of interest were also excluded. Data on patient characteristics, medical history,
and hospitalizations within one year were extracted from electronic medical charts and
entered in the local and continuously updated database. Information on the study selection
process can be found in Figure 1.
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≥

Figure 1. Study flowchart. Process of data search in the two databases, HTx and LVAD. Patients who

followed up and were finally included are marked in green. Marked in red are the patients who

were excluded in the respective databases. HTx = heart transplantation; HU = high-urgency status;

(L)VAD = (Left) ventricular assist device; Intermacs = Interagency Registry for Mechanically Assisted

Circulatory Support; DT = destination therapy; BTT = bridge to transplant; DAOH = days alive and

out of hospital.

2.3. Propensity Score Matching

As the groups were non-randomized, we performed a matched propensity score (PS)
analysis. A logistic regression model including seven preoperative patient characteristics
was used to estimate the PS. The PS matching was performed using a case–control matching
algorithm with a caliper width of 0.2 standard deviations of the logit. Balance between
patient characteristics before and after matching was assessed using 2-sample t-tests (contin-
uous variables, after checking for normality) or chi-square tests (categorial variables). There
is a lack of literature on decision criteria for HTx or BTT-LVAD in hemodynamically stable
patients. Therefore, the following preoperative characteristics which might influence the
decision for or against each treatment option were chosen to calculate the PS [15]: age, sex,
body mass index (BMI), diagnosis (ischemic cardiomyopathy, dilatative cardiomyopathy,
others), preoperative renal failure (defined as serum creatinine ≥1.5 mg/dL), New York
Heart Association (NYHA) status, and the left ventricular ejection fraction (LVEF, measured
via transthoracic echocardiogram). The LVEF was classified as preserved (>50%), mildly
reduced (40–49%), and reduced (<40%).

2.4. Outcomes

The primary endpoint of this study was DAOH at one year after decision for HTx
listing or after BTT-LVAD implantation. DAOH was calculated as previously reported [15]
and measured as the sum of days in hospital for each patient subtracted from 365 days.
If a patient died during the first year, the difference between days survived and 365 days
was added to the sum of days in hospital before subtraction from 365. Hospitalizations
were defined as planned or unplanned stays of at least one overnight stay in hospital. All
end-stage heart failure patients were closely connected to our center; thus, we did not
expect external hospitalizations without a note in the patient’s medical record. Secondary
endpoints included the duration until HTx; reasons for delisting or HU listing; the amount,
durations, and reasons for hospitalizations; as well as survival analysis.
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2.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS© software version 28.0 (IBM Corp.,
Armonk, NY, USA) and Microsoft Excel 2020 (version 16.42, Microsoft Corp., Redmond,
WA, USA). As this was a retrospective and exploratory data analysis, a formal sample
size calculation was not implemented. Categorical data are presented as counts (n) with
corresponding percentages (%). Continuous variables are reported as mean ± standard
deviation (SD) or as median with interquartile ranges (IQR). p < 0.05 was considered as
statistically significant. Due to the small sample size of this study, the Shapiro–Wilks test
was used to test for normality and for choosing the appropriate statistical method. Based on
the results of the Shapiro–Wilks test, a non-parametric Mann–Whitney U-test was used to
compare DAOH in both groups. Null-hypothesis significant testing was conducted using
Bayesian analysis for the Mann–Whitney-U statistics (JASP Team (2020). JASP (Version
0.14.1, Amsterdam, The Netherlands) [Computer software]). To compare the secondary
endpoints, descriptive statistics as well as Kaplan–Meier analysis for survival comparison
were performed.

3. Results

3.1. Propensity Score Matching

Between September 2010 and December 2020, a total of 187 patients underwent HTx
and 227 patients underwent LVAD implantation at our center, respectively. Based on the
in- and exclusion criteria, 21 BTT-LVAD patients (HeartMate II™: 2; HeartMate 3™: 7;
Medtronic HVAD™: 12) and 44 HTx-waiting patients were included. Propensity score
matching resulted in 17 matched pairs. In the matched BTT-LVAD group, two patients
had a HeartMate II™, five had a HeartMate 3™, and ten patients were implanted with a
Medtronic HVAD™ device. Table 1 summarizes the preoperative patient characteristics
before and after matching. In both groups, patients were mostly male (BTT-LVAD: n = 13
(76.5%), HTx-waiting: n = 12 (70.6%)), between 50 and 60 years old, and around 30–40%
had pre-existing renal failure. In most cases, the diagnosis leading to end-stage heart failure
was ischemic cardiomyopathy. The majority of patients reported heart failure symptoms
(NYHA ≥ 3) and median LVEF was 15%.

Table 1. Patient characteristics before and after PSM. PSM = propensity score matching; LVAD = left

ventricular assist device; HTx = heart transplantation; BMI = body mass index; ICM = ischemic car-

diomyopathy; DCM = dilatative cardiomyopathy; NYHA = New York Heart Association; LVEF = left

ventricular ejection fraction.

Before PSM After PSM

LVAD Group
(n = 21)

HTx Group
(n = 44)

p-Value
LVAD Group

(n = 17)
HTx Group

(n = 17)
p-Value

Age, mean (SD) 59.97 (6.2) 55.69 (11.2) 0.108 59.92 (6.7) 57.70 (7.0) 0.352

Male sex, n (%) 17 (80.9) 26 (59.1)) 0.08 13 (76.5) 12 (70.6) 0.697

BMI, mean (SD) 28.75 (4.9) 25.96 (4.2) 0.021 27.30 (3.8) 27.49 (3.4) 0.882

Renal failure, n (%) 6 (28.6) 19 (43.2) 0.258 5 (29.4) 7 (41.2) 0.473

diagnosis

ICM, n (%) 16 (76.2) 17 (38.6)

0.07

12 (70.6) 8 (47.1)

0.163DCM, n (%) 5 (23.8) 22 (50.0) 5 (29.4) 9 (52.9)

others, n (%) 0 (0) 5 (11.4) 0 (0) 0 (0)
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Table 1. Cont.

Before PSM After PSM

LVAD Group
(n = 21)

HTx Group
(n = 44)

p-Value
LVAD Group

(n = 17)
HTx Group

(n = 17)
p-Value

NYHA

NYHA I, n (%) 1 (4.8) 1 (2.3)

0.608

0 (0) 1 (5.9)

0.415
NYHA II, n (%) 0 (0) 0 (0) 0 (0) 0 (0)

NYHA III, n (%) 14 (66.7) 24 (54.5) 11 (64.7) 8 (47.1)

NYHA IV, n (%) 6 (28.5) 19 (43.2) 6 (35.3) 8 (47.1)

LVEF

Preserved (>50%), n (%) 0 (0) 1 (2.3)

0.472

0 (0) 0 (0)

Mild reduced (40–49%), n (%) 0 (0) 2 (4.5) 0 (0) 0 (0)

Reduced (<40%), n (%) 21 (100) 41 (93.2) 17 (100) 17 (100)

3.2. Primary Endpoint

Overall, median DAOH at one year was 313 (IQR 88) days, with no significant dif-
ference between the groups (BTT-LVAD group: median 281, IQR 89; HTx waiting group:
median 329, IQR 74; p = 0.448, see Figure 2). The Bayes factor 1:2.246 indicates that an
alternative hypothesis is 2.246 times less likely than a null hypothesis. In a sub analysis,
we further compared all patients that did not receive a HTx in the first year after LVAD
implantation or after t-listing on the waiting list. We excluded patients that were delisted
in the first year. The DAOH was significantly higher in HTx-waiting patients compared to
LVAD patients (BTT-LVAD group: n = 7, median 334, IQR 39; HTx waiting group: median
362, IQR 5; p = 0.025).

Figure 2. Days alive and out of hospital (DAOH) within one year in non-inotropic-dependent end-

stage heart failure patients awaiting heart transplantation (HTx) on the regular waiting list and after

bridge-to-transplant left ventricular assist device (LVAD) implantation.
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3.3. Secondary Endpoints

In the first year after the decision for BTT-LVAD implantation or to wait on the regular
waiting list, three LVAD patients and four patients on the HTx waiting list died. Survival
analysis by the Kaplan–Meier method showed no significant difference between the groups
at one year (BTT-LVAD group = 82% vs. HTx-waiting group = 76%; log rank: p = 0.673;
Table 2). Figure 3 shows the survival rate of all deceased patients.

Table 2. Secondary endpoints. HTx = heart transplantation; LVAD = left ventricular assist device;

HU = high-urgency status.

LVAD Group (n = 17) HTx Waiting (n = 17)

Survival

1 y survival, n (%) 14 (82.4) 13 (76.5)

3 y survival, n (%) 13 (76.5) 10 (58.8)

Duration until death in days, median (IQR) 401 (1122) 314 (279)

HTx waiting period

Duration until HTx in days, median (IQR) 256 (275) 179 (308)

HU-listed, n (%) 4 (23.5) 2 (11.8)

Delisted, n (%) 5 (29.4) 0 (0)

Hospitalizations within one year

Number of stays, mean (SD) 3 (1.97) 2.53 (2.12)

Duration in days, mean (SD) 32.24 (28.39) 25.77 (25.17)

Figure 3. Survival rate (S) over time (t) of the deceased after left ventricular assist device (LVAD,

n = 6, red) implantation or listing for heart transplantation (HTx, n = 7, green) on the regular waiting

list in days as estimated according to the Kaplan–Meier method (log-rank test: p = 0.673).

The median waiting time for HTx for patients without LVAD on the list was 179
(IQR 308) days with two patients being HU-listed in the process. In the first year after
listing, 12/17 (70.6%) patients received a HTx. In the BTT-LVAD population, nine pa-
tients (52.9%) received a HTx after waiting for a median time of 256 (IQR 275) days after
implantation (no statistical significance between the groups from t-decision until HTx:
p = 0.651). In the first year, five patients (29.4%) were transplanted. Five patients were
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delisted and changed from BTT-LVAD to a DT concept due to increased incompliance
and multimorbidity, and one patient due to intracerebral bleeding. Of the 17 included
LVAD patients, 4 became HU-listed due to LVAD pump thrombosis, cerebral ischemia,
or driveline infection. Because we needed to include not only matched patients in the
analysis of LVAD-associated complications leading to a HU status, we also examined all 21
BTT-LVAD patients (unmatched). The additional four patients did not have any further
HU listing due to LVAD complications.

Analyzing the amounts, durations and reasons of hospitalization within the first year
revealed the following: the mean number of hospital stays in initially hemodynamically
stable patients awaiting HTx in the first year after listing on the regular waiting list was 2.53
(SD 2.12) with a mean duration of 25.77 (SD 25.17) days. Other than the HTx in 12 patients,
right or left heart catheterization, cardiac decompensations before HTx, and myocardial
biopsies after HTx also led to the hospitalization of patients on the waiting list. In the first
year after LVAD implantation, the patients’ mean number of hospital admissions was 3
(SD 1.97) with a duration of 32.24 (SD 28.39) days. Besides the five patients (29.4%) that
received HTx in the first year and were therefore admitted longer, analyzing the LVAD
patients revealed the following interesting result: five (29.4%) patients were only admitted
for LVAD implantation and had no further hospitalizations in the following year. One
patient died during the index LVAD-implantation admission due to right heart failure.

4. Discussion

This is the first study to compare the life impact between hemodynamically stable
patients with end-stage heart failure that were either eligible for sole HTx listing or BTT-
LVAD implantation. Supporting the decision-making process between both options through
valid data is of great and immediate relevance for clinical practice. Therefore, we aim to
help patients to evaluate and compare both options with relevant endpoints from their
point of view. We used the available retrospective data to assess and compare DAOH at
one year in both groups. Additionally, we analyzed survival, the HTx waiting period, and
hospitalizations. Our findings show that BTT-LVAD implantation (maximum one month
after HTx listing) as an end-stage heart failure patient who is still hemodynamically stable
does not lead to a significant difference over sole HTx listing in terms of hospitalized days
in the year after the decision and 1-year mortality. Nevertheless, further investigation on
quality-of-life parameters and with larger cohorts should follow.

The systematic reviews and meta-analyses by Theochari and colleagues and Zhang and
colleagues synthesized the published evidence on mortality and adverse events in HTx and
BTT-LVAD patients and did not find any statistically significant difference (Theochari et al.—
seven studies, no difference in 1-year mortality, pooled odd’s ratio (OR): 0.91, 95% confidence
interval (CI): 0.62–1.32; Zhang et al.—twelve studies in total, two studies on five-year mortal-
ity with no significant differences, pooled OR: 1.02, 95% CI: 0.93–1.11, and no difference in
stroke, bleeding, and infection adverse events) [5,16]. Additionally, ten-year survival does
not show statistical significance in a recently published study (9420 patients with LVAD;
23,877 with direct HTx; 76% overall survival at ten years; p = 0.380) [17]. However, one
included article in both reviews found the in-hospital mortality to be significantly higher for
HTx waiting list patients compared to BTT-LVAD patients (42.3% versus 4.3%, p = 0.002) [18].
This last-mentioned study published by Attisani and colleagues compared patients on the
waiting list for HTx with urgent conditions and LVAD patients with an INTERMACS 1 or
2 status and is therefore not comparable to our present study [18]. A study that included
INTERMACS 4 patients and compared these to optimal medical treatment showed improved
1-year survival and health-related quality of life in the device group [9]. In our data, survival
also did not differ between the HTx-waiting and BTT-LVAD patients. However, further
studies with larger sample sizes and longer periods need to validate the effect on survival.

The life impact parameter DAOH itself was investigated in both HTx and LVAD pa-
tients separately [15,19]. In LVAD patients, the INTERMACS performance status and other
parameters such as chronic kidney failure significantly influence DAOH [15]. The authors
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agreed to use these factors to optimize patient selection in LVAD treatment, therefore, we
used these for PSM [15]. Our study did not find any statistical significance in DAOH at one
year between the groups of stable HTx-waiting patients and INTERMACS ≥4 BTT-LVAD
patients. One could draw the conclusion that HTx waiting might be superior to avoid
LVAD-associated burdens and complications. However, LVAD implantation improves
heart failure symptoms and the patient’s overall condition with increased blood flow of
organs. We could see in our study that no hospitalizations occurred due to cardiac de-
compensations in the LVAD group. However, patients might suffer from LVAD-related
complications and the waiting period for HTx is longer (not statistically significant). As
the Bayes factor of the analysis is BF01: 2.246, the evidence for the null hypothesis is only
anecdotal. Therefore, it is important to interpret the results of this study as a first approach
to analyze therapeutic options for hemodynamically stable end-stage heart failure patients.
Prospective studies to evaluate the impact of each invasive and the medical treatment on
quality-of-life parameters should be performed. A sub-analysis of our data that compared
DAOH in HTx patients and BTT-LVAD patients waiting for more than one year and not
being delisted in that time showed DAOH in the group without LVAD to be higher. This
was expected, as the LVAD group undergoes an operation with a postoperative intensive
care unit stay.

Our data suggest that BTT-LVAD implantation might not be favorable over sole
HTx listing in hemodynamically stable heart failure patients as the DAOH and survival
do not differ from HTx waiting. Additional information on improved quality of life,
hospitalizations, and adverse events should be investigated in this patient cohort and might
also contribute to the decision-making process in practical use. Another aspect besides
the patient-centered outcomes concerns healthcare system effects due to hospitalizations
and operations. Fewer days in hospital in terms of a lower DAOH means less financial
burden. As we could see in this present study, the number of hospitalizations did not differ
between the groups. In the country of this study site, Germany, there is no prioritization
for HTx in BTT-LVAD patients as there is in the United States. Therefore, the waiting
period is longer, as our data revealed in accordance with previous literature [20]. Almost
30% of our included patients did not have any further hospitalization in the year after
LVAD implantation. Moreover, almost 30% of our patients received a HTx in the first
year; two of them had an HU status due to LVAD-associated complications. It would
be beneficial to find predictors for patients that will have a long-time benefit from the
LVAD implantation and for those who will need a HTx shortly after implantation, therefore
having two high-risk surgeries.

Study Limitations

This study has several limitations. First, as our study is retrospective, the usual limita-
tion for this study design appears. However, our database was constantly and prospectively
updated. We reviewed all HTx and LVAD patients in our database and included HTx pa-
tients with a regular waiting list status. If a patient was transferred to HU status later in the
process, they were also included for the LVAD patients. However, patients that died while
waiting for HTx were not included, as we used the database containing all HTx patients
that received a HTx. This aspect is a crucial limitation and must also be regarded for our
survival analysis. In the LVAD database, we included all INTERMACS ≥4 patients and
excluded patients with a DT intention at the time of implantation. Additionally, patients
that were listed for transplantation more than one month before LVAD implantation were
excluded, as we aimed to exclude LVAD implantation as a second-choice option. For
better comparability, we performed propensity score matching. Through this process, the
second limitation is the modest sample size. As this study was performed in a single center,
following studies with greater sample sizes are necessary. Thirdly, for the assessment of
our parameter DAOH, we cannot exclude external hospitalizations of the included patients.
However, all LVAD and HTx-waiting patients were very closely connected to our center, so
it is unlikely that these patients were hospitalized elsewhere. Lastly, we reviewed only a
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one-year follow-up after the decision for regular HTx waiting list or after LVAD implanta-
tion. Studies with long-time follow ups are crucial for generalizability and translation of
the results into clinical practice.

5. Conclusions

In the present study, we showed that both decisions, to wait for a HTx or to undergo a
LVAD implantation as a BTT (maximum one month after HTx listing), do not differ in terms
of DAOH and survival in the first year after the decision. These data suggest that early
LVAD implantation in patients eligible for HTx and still being hemodynamically stable
might have no advantage over sole HTx listing. Investigations on quality of life after both
decisions should follow. We cannot draw conclusions to enhance patient selection for each
decision with this present study, especially with regard to the very low number of included
patients and the long study duration of ten years with different devices and probably
different pharmacologic treatments. It is crucial to verify and reproduce the results of
this study in larger cohorts with a longer follow-up period or even with a prospective
(randomized) design to gather further evidence in this important field.
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