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Introduction

INTRODUCTION

Part of this paper has previously been published in Dutch: Extracorporale Cardiopulmonale Resuscitatie, A&l 2019 Decem-
ber, Volume 11, Edition 4

Throughout the world, the resuscitation procedure is associated with a low survival
rate and the risk of a poor neurological outcome. Methods of improving the chance of
survival with a good neurological outcome have been sought for many years. One of
the relatively new developments in this area is the implementation of extracorporeal
cardiopulmonary resuscitation (ECPR).

CONVENTIONAL CARDIOPULMONARY RESUSCITATION

Incidence and outcomes

In the Netherlands, every week 300 people suffer an out-of-hospital cardiac arrest
(OHCA), which amounts to 97.5 events per 100,000 inhabitants each year. (1) No national
incidence data on the number of in-hospital cardiac arrests (IHCA) are available. In other
developed countries, an incidence of 1-4 per thousand hospital admissions is reported.
(2, 3) Of all the resuscitation procedures in the Netherlands (both OHCA and IHCA), more
than 4000 patients are admitted to an Intensive Care Unit (ICU). (4)

In the Netherlands, the percentage of hospital survivals in OHCA patients rose from
16.3% in 2006 to 20.9% in 2012. (5) In a large European study, Grasner et al (6) describe
a hospital survival of OHCA patients of 1.1-30.8%. If all causes of OHCA are taken into
account, then this percentage is highest in Switzerland, however, if the Utstein criteria
are selected then this is the highest in the Netherlands. (6) A large meta-analysis has
shown that the hospital survival percentages in IHCA patients vary between 6.0-40.0%.
(7) The improvement of hospital survival in OHCA patients seen over recent years is most
probably due to the training of laypeople in the recognition of circulatory arrest and to
bystanders starting the resuscitation procedure (basic life support [BLS]). Another factor
is the rising use of automatic external defibrillators (AEDs). (5) The number of patients
admitted to hospital following an OHCA between 2006 and 2012 did not change much.
In their study, Blom et al (5) reported that in 2006, 313 OHCA patients were admitted
to hospital, and in 2012 this number was 335. This encompassed 36.8% and 38.3%, re-
spectively, of the total number of OHCA patients. (5) This rise in survival is also reflected
in the number of OHCA patients who are admitted to an ICU, where mortality among
IHCA patients has remained stable over the years. (4) This all appears to indicate that
those OHCA patients who are admitted to hospital are in a better condition due to rapid
intervention.
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Chapter 1

Pathophysiology

During circulatory arrest and resuscitation, oxygen transport is limited and ischaemic
injury results. However, even after the return of spontaneous circulation (ROSC), the
patient continues to be at risk of injury. One of the main reasons for poor survival and
neurologically unfavourable survival following resuscitation, is ischaemia and reperfu-
sion damage. Post-anoxic brain damage is the primary cause of death in 23% of the
OHCA and 68% of the IHCA patients. (8) This damage can be divided into primary injury,
which occurs during circulatory arrest, and secondary injury, which occurs during the
reperfusion phase.
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Figure 1| Pathophysiology of primary cerebral injury due to cardiac arrest

Reduced or no oxygen supply causes the ATP to drop, triggering Na+ and Ca2+ accumulation in the cell. This results in cell
oedema and the production of lytic enzymes which lead to mitochondrial damage and apoptosis. Anaerobic glycolysis
causes a small amount of ATP to be produced which is accompanied by lactate production.

ATP = adenosine triphosphate, Na* = sodium, Ca** = calcium, H,0 = water
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Introduction

Primary injury

During a circulatory arrest, the loss of cerebral oxygen transport results in neuronal isch-
aemia and cell death within a few minutes. As shown in Fig. 1, a disruption of cerebral
oxygen transport results in a reduction in the production of adenosine triphosphate
(ATP) causing the energy-dependent ion channel function to stop. The intracellular
sodium is then unable to leave the cell and causes cytotoxic oedema. At the same time
calcium (Ca®*) accumulates in the cell which causes activation of lytic enzymes and mito-
chondrial dysfunction, causing ATP production to further decrease. The disappearance
of ATP sets the anaerobic metabolism in motion, lactate accumulates in the cerebrum,
and intracellular acidosis develops. This all ultimately leads to cell apoptosis. (8)

Secondary injury

In the reperfusion phase after circulation has resumed, there are a number of processes
that could cause secondary injury: hypo- and hypercapnia, hypoxaemia, failing cerebral
autoregulation, cerebral vasoconstriction, reduced effectivity of the blood-brain barrier
and cerebral oedema.

Carbon dioxide (CO,):

If blood CO, falls below normal levels, i.e. hypocapnia, vasoconstriction develops which
causes a decrease in cerebral blood flow and a decrease in intracranial pressure due to
a reduction in cerebrovascular volume. This results in ischaemia. A large Dutch ICU da-
tabase study carried out by Helmerhorst et al (9) shows a negative association between
hypocapnia and hospital survival in OHCA patients (odds ratio [OR] 1.39, 95% confidence
interval [95% CI] 1.18-1.63). In the study of Schneider et al (10), a borderline significant
higher mortality was seen in hypocapnia versus normocapnia in both OHCA and IHCA
patients (OR 1.12, 95%Cl 1.00-1.24), and a significantly lower percentage of survival to
hospital discharge in patients with hypocapnia than in those with normocapnia (OR
0.81, 95%Cl 0.70-0.94). However, neither of these studies corrected for cardiac factors.
(9, 10) Roberts et al (11) did correct for these factors and they also found an association
between hypocapnia and poor neurological outcome in OHCA and IHCA patients (OR
2.43,95%Cl 1.04-5.68).

If blood CO, rises above normal levels, i.e. hypercapnia, vasodilation develops. This
causes hyperaemia, a raised intracranial pressure, reduced cranial blood flow, and thus
an increased demand for cerebral oxygen. The studies of Helmerhorst et al (9) and Sch-
neider et al (10) found no significant difference in mortality between hypercapnia and
normocapnia (OR 1.10, 95% ClI 0.95-1.27 and OR 1.06, 95% Cl 0.97-1.15, respectively).
There was even a significantly higher percentage of survivors of hypercapnia discharged
home than those of normocapnia (OR 1.16, 95% Cl 1.03-1.32). Conversely, Roberts et
al (11) did find a significant association between hypercapnia and a poor neurological
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Chapter 1

outcome (OR 2.20, 95% CI 1.03-4.71). In short, it appears that hypocapnia is associated
with higher hospital mortality, while the relationship between hypercapnia and hospital
mortality following cardiac arrest is not yet completely clear.

Oxygen (O,):

As well as CO,, O, plays an essential role in post-cardiopulmonary resuscitation injury.
Two multicentre database studies show a significantly higher mortality if post-cardio-
pulmonary resuscitation hyperoxia is present. Bellomo et al (12) found a higher risk of
mortality with an OR 1.5 (95%Cl 1.3-1.8), and Kilgannon et al (13) an OR of 1.8 (95%
Cl 1.5-2.2). However, neither of these studies corrected for cardiac factors. Conversely,
Roberts et al (14) did correct for these factors in their study, and found higher mortality
to be associated with hyperoxia (relative risk [RR] 1.25, 95% Cl 1.01-1.54), and also with a
poorer neurological outcome (RR 1.24, 95% Cl 1.13-1.35).

After a period of hypoxia the availability of oxygen can cause an increase in oxygen
free radicals resulting in neural cell dysfunction and cell death. The risk of this type of
damage is largest if hyperoxia is present. Bellomo et al (12) found a higher risk of mortal-
ity with an OR 1.5 (95%Cl 1.3-1.8), and Kilgannon et al (13) an OR of 1.8 (95% Cl 1.5-2.2).
However, neither of these studies corrected for cardiac factors. Conversely, Roberts et
al (14) did correct for these factors in their study and found higher mortality to be as-
sociated with hyperoxia (relative risk [RR] 1.25, 95% Cl 1.01-1.54) and also with a poorer
neurological outcome (RR 1.24, 95% Cl 1.13-1.35).

Cerebral autoregulation:

Autoregulation reduces the harmful effects of hypoperfusion and hyperperfusion. Dur-
ing acirculatory arrest, cerebral autoregulation may disappear or shift to the right (higher
mean arterial pressure [MAP] targets). If autoregulation cannot adapt itself sufficiently
to the changes in blood pressure, the cerebral blood flow is no longer dependent on the
cerebral pressure. The cerebral blood flow becomes dependent on passive pressure. This
allows cerebral ischaemia and hyperaemia to develop. A recent study by Ameloot et al
(15) found no significant difference in post-anoxic brain injury and neurological score
at ICU discharge between the application of a MAP of 65mmHg versus 80-100mmHg,
after OHCA.

Microcirculation and reperfusion:

Following cardiopulmonary resuscitation the function of the cerebrovascular endothe-
lium is impaired. This causes the formation of microthrombi, cerebral vasoconstriction
develops, and the blood-brain barrier function is reduced. This results in increased cere-
brovascular vascular resistance, reduced cerebral blood flow, reduced cerebral oxygen
supply, and vasogenic cerebral oedema, ultimately leading to ischaemia and cell death. (8)
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Introduction

Cerebral oedema:

Vasogenic cerebral oedema and cytotoxic cerebral oedema lead to a rise in intracranial
pressure, lowering of cerebral perfusion pressure, reduction in cerebral blood flow, her-
niation, and may ultimately lead to brain death. (8) Experimental animal studies have
shown that the administration of hypertonic saline may have a positive effect on the
development of cerebral oedema following a circulatory arrest. (16) However, this was
not confirmed by a prospective randomised study in humans. (17)

Another potentially preventative treatment option is the administration of gluco-
corticoids. In a retrospective propensity-matched study by Tsai et al (18), a significantly
higher hospital survival was seen in patients treated with steroids (OR 1.71, 95% ClI
1.42-2.05). A randomised controlled trial (RCT) by Mentzelopoulos et al (19) observed a
higher likelihood of survival with a favourable neurological outcome in patients treated
with vasopressin and methylprednisolone than in patients treated with placebo (OR
3.28, 95% Cl 1.17-9.2). Whilst the effectiveness of administration of hypertonic saline
during a circulatory arrest has not yet been sufficiently proven, the administration of
steroids appears to have a positive effect on outcome.

Ischaemic time is tissue deterioration

A number of studies have shown that starting cardiopulmonary resuscitation as soon
as possible results a higher number of favourable outcomes. The earlier resuscitation is
started, the greater the chance of ROSC, and the shorter the time the patient needs to be
resuscitated, the greater the chance of survival and neurologically favourable survival.
(20, 21) A short no-flow time (time to resuscitation) and a short low-flow time (duration
of cardiopulmonary resuscitation) are important to keep the impact of ischaemic injury
as low as possible. After recognition of the cardiac arrest and start of cardiopulmonary
resuscitation, an AED must be attached as quickly as possible. In this respect, it is of
great importance that cardiopulmonary resuscitation is started by bystanders. In the
Netherlands, the percentage of cardiopulmonary resuscitation procedures started by
bystanders is very high; in 2012 this was >80% (5). If there is an initial shockable cardiac
rhythm, a first defibrillation attempt within 3-5 minutes increases the chance of survival.
(20) The duration of cardiopulmonary resuscitation is very important in obtaining a
favourable outcome. The median duration of cardiopulmonary resuscitation in both
OHCA and IHCA patients with favourable neurological survival is 6-13 minutes, this in
comparison with a median duration of 15-31 minutes which is associated with unfavour-
able neurological survival. (21, 22)
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Chapter 1

EXTRACORPOREAL CARDIOPULMONARY
RESUSCITATION

Indications for extracorporeal cardiopulmonary resuscitation

If there is no ROSC after 21 minutes of cardiopulmonary resuscitation, the possibility of
implementing extracorporeal cardiopulmonary resuscitation (ECPR) may be considered.
(23) ECPR is a technique whereby veno-arterial extracorporeal membrane oxygenation
(VA-ECMO) is initiated during cardiopulmonary resuscitation to support the function of
heart and lungs, and thus covering both circulation and oxygenation. As this an invasive
treatment with a high risk of complications and a high risk of mortality, the selection crite-
ria are very strict. Although the international literature reports a wide variation in criteria,
they often have factors in common. Table 1 shows the criteria used at the ErasmusMC:

Table 1 | Inclusion and exclusion criteria for ECPR

Inclusion: Exclusion:

<70yearsold Suspicion of, stage of, and/or treatment for malignancy
Last seen (i.e. no-flow time) <5 min and/or signs of ~ Critical vascular disease (ulcers on extremities and/or
life (gasping, movement) femoral artery not visible on ultrasound)

Start placing ECMO after a cardiopulmonary End-tidal CO, <10 mmHg (1.3kPa) after 20 minutes
resuscitation duration of at least 20 minutes resuscitation

Independent ADL prior to admission Arrest caused by haemorrhagic shock

Liver disease with MELD>30 or with Terlipressin

Intracranial operation or CVA (ischaemic/haemorrhagic)
<6 weeks

Mediastinitis with sternum removal
Cardiac arrest with 20 minutes of asystole

Expected time from cardiopulmonary resuscitation to
cannulation >60 min

Technically impossible to cannulate

Extracorporeal membrane oxygenation (ECMO), activities of daily living (ADL), model for end-stage liver disease (MELD),
cerebrovascular accident (CVA)

Technique and mechanism of action

When the ECPR procedure starts during cardiopulmonary resuscitation, the femoral
vein and artery are usually accessed percutaneously under ultrasound guidance. Each
of the vessels is cannulated (venous 21-25Fr and arterial 15-21Fr), and venous blood is
drawn from the inferior vena cava. This blood is oxygenated and decarboxylated in the
ECMO circuit and returned to the aorta through the arterial cannula. This retrograde
flow reaches the aortic valve and therefore all the central organs (in particular the brain,
heart, kidneys, and liver) are supplied with oxygen. In the meantime, the cause of the
circulatory arrest can be looked for and treated (where possible).
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Figure 2 shows a diagram of the VA-
ECMO circuit in ECPR. The average level
of blood flow (i.e. the number of litres of
blood that is pumped around the body)
of the ECMO after initiation of ECPRis set
at 3-4L, with a sweep flow (the number
of litres flowing through the oxygenator
as a counterflow and thus the amount
of CO, extracted) of 2L. Depending on
the arterial blood gas values and the
haemodynamic status of the patient,
these values can be adjusted.

Often after ECMO has been initiated,
the heart starts beating spontaneously
due to the resumption of oxygen sup-
ply, and then pulsatility is visible on
the arterial curve. If heart action is not
directly seen after ECMO is initiated, the
measured arterial blood pressure will

consist of an equal systolic and diastolic

Figure 2 | Veno-arterial femoro-femoral ECMO

pressure. This is because ECMO gener-

ates a constant flow, whereby pulsatility

is absent. At the ErasmusMC, we aim to achieve a MAP of at least 60 mmHg using ECMO
flow and in case they are needed also vasopressors. This is in order to generate the best
possible pressure in the central organs.

When the arterial cannula is inserted, the femoral artery is often completely, or
almost completely, occluded. In order to ensure that the leg distal of the arterial cannula
is oxygenated, an antegrade cannula (6-8Fr.) is routinely placed percutaneously as soon
as possible after ECMO has been initiated. This antegrade cannula is then attached to
the arterial cannula of the ECMO system.

Evidence

Currently, only one RCT comparing ECPR to conventional cardiopulmonary resuscitation
(CCPR) has been completed. (24) However, five international RCTs are now including
patients, these include the INCEPTION trial (25) and the Prague OHCA study. (26) Besides
the data from the first RCT, the data that are currently available originate from observa-
tional studies and meta-analyses. We will deal with the results of the studies on OHCA
and IHCA separately.

17



Chapter 1

OHCA

First, the studies in which OHCA patients were included. In the first RCT from Yannopoulos
et al (24), a statistically significant higher survival was seen in ECPR than in CCPR treated
patients (Hazard ratio 0.16, 95% confidence interval 0.06-0.41). The survivors who had
undergone ECPR all had favourable neurological outcomes (CPC 1-2) at 6-month follow-
up. Due to this large difference, this study with a sample size of 30 patients was ended
prematurely. In the study by Sakamoto et al (27), a statistically significant higher survival
rate was seen in patients treated with ECPR than in patients treated with CCPR (13.7%
and 1.9%, p <0.01, respectively). The study of Kim et al (23), in which a propensity-
matched analysis was performed, also showed higher neurologically favourable survival
in ECPR patients than in CCPR patients (15.4% and 1.9%, p=0.01, respectively). However,
a recent propensity-matched study conducted by Choi et al (28) found no significant
difference in neurologically favourable survival (9% in ECPR patients and 2% in CCPR
patients). However, they only included patients who did not regain ROSC before hospital
arrival. The data on OHCA patients are still ambiguous.

IHCA

Second, the studies in which IHCA patients were included. One of the larger studies, that
of Chen et al (29), shows higher neurologically favourable survival at hospital discharge
in ECPR patients (23.7%) than in CCPR patients (10.6%, OR 2.6, 95% Cl 1.1-6.7). The study
by Shin et al (30) also shows a positive outcome for 28-day survival in ECPR patients
(31.6%) in comparison with CCPR patients (10.0%, hazard ratio [HR]0.51 95%CI 0.33-
0.78). They also report a statistically significant higher favourable neurological 1-year
survival in ECPR patients (21.6%) than in CCPR patients (5.0%, HR 0.52 95%CIl 0.35-0.78).
A more recent study conducted by Blumenstein et al (31), in which a propensity-
matched analysis was performed, found a higher favourable neurological survival in
ECPR patients (21.2%) than in CCPR patients (13.5%). However, this difference was not
statistically significant. This does not comprise definitive proof of the use of ECPR in
comparison with CCPR in IHCA patients.

Reviews and guidelines

Just as in the above-mentioned individual studies, two recent reviews by Holmberg
et al (32) and Chen et al (33) present varying data on the use of ECPR in OHCA and
IHCA patients. This could be due to the size of the samples and their heterogeneity.
In the 2015 and 2020 guidelines for resuscitation, the higher survival percentages - in
particular the higher neurologically favourable survival - led the European Resuscitation
Council (ERC) to consider ECPR as a potential therapy:“Extracorporeal CPR (ECPR) should
be considered as a rescue therapy for those patients in whom initial ALS measures are
unsuccessful and, or to facilitate specific interventions (e.g. coronary angiography and

18



Introduction

percutaneous coronary intervention (PCl) or pulmonary thrombectomy for massive
pulmonary embolism).” (34) However, the ERC also recognises that the quality of the
current body of evidence is low.

Duration of resuscitation: an influential factor

One of the most important predictors of survival following cardiopulmonary resuscita-
tion treated with ECPR, is the duration of cardiopulmonary resuscitation. (35) This covers
the total duration of cardiac arrest, i.e. from calling the emergency services to the start of
ECMO blood flow. A duration of cardiopulmonary resuscitation up to approximately 40
minutes seems to be a predictor of survival. (36) However, due to transportation times
in particular in OHCA patients, in practice cardiopulmonary resuscitation often lasts >70
minutes. (36) A great deal of research is being done to find ways of shortening this time.
This could be done by means of a resuscitation algorithm in a selected group of patients,
but also by the prehospital initiation of ECMO. (35)

In a previous study which aimed at starting a resuscitation algorithm focused on
as short a resuscitation time as possible in OHCA patients, neurologically favourable
survival was seen in 42.0% in comparison with 15.3% in the group studied before the
start of this algorithm. (38) Duration of cardiopulmonary resuscitation is also important
in IHCA patients. In this group, bedside cannulation can be important in avoiding trans-
port time prolonging time to ECPR initiation. (35) A propensity-matched study aiming
at prehospital initiation of ECPR conducted by Lamhaut et al (39) reports no difference
in survival between OHCA patients who are cannulated in hospital and those who are
cannulated in the prehospital setting. This study found a significantly shorter duration
of cardiopulmonary resuscitation for prehospital cannulation (70 minutes) than for can-
nulation in hospital (100 minutes). In addition, a significantly higher survival was seen
following the introduction of a more aggressive ECPR strategy (38.0% versus 3.0% in the
control period) (39). More research into the prehospital ECPR procedure is necessary.

In short, the level of evidence for ECPR which still only includes one small RCT and
some other relatively small heterogeneous observational studies, is moderate. However,
despite this there appears to be a solid trend towards a higher neurologically favour-
able survival in ECPR treatment than in CCPR treatment. Each individual patient with a
refractory circulatory arrest will have to be critically assessed for eligibility for this ECPR
therapy.

Complications of ECPR

This invasive treatment can be associated with a few major complications.
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ECMO cannulation during resuscitation

First, performing an ECMO cannulation procedure during cardiopulmonary resuscita-
tion is difficult, as due to cardiac compressions the patient is continually moving. This
can cause difficulty in achieving ultrasound-guided access of the femoral artery and vein
in this cardiopulmonary resuscitation setting. Also advancing the cannulas can be more
problematic than during an ‘elective’ placement. The studies included in the review by
Beyea et al (40) report unsuccessful cannulation in 3.0-55.6% of patients, in 19.1% ECMO
flow could not be started, and problems with the circuit were present in 0.0-29.0%.

Arterial occlusion / limb complications

The introduction of an arterial cannula into the femoral artery can result in occlusion of
the femoral artery distal from the cannula. This can lead to limb ischaemia and eventu-
ally to the development of compartment syndrome, even after a short occlusion time.
Limb ischaemia has been described in 3.5-35.3%. (40, 41) In order to prevent this, in
most cases it is necessary to place an antegrade cannula beneath the ECMO cannula, so
the leg can be perfused.

Bleeding and coagulation complications

A third important group of complications involves bleeding and coagulation. During
ECMO heparin has to be administered to prevent coagulation in the ECMO circuit. The
damage which is caused during cardiopulmonary resuscitation (i.e. mechanical injury
from the cardiopulmonary resuscitation procedure and pathophysiological injury due
to ischaemia and reperfusion injury), and the use of coagulation products due to the
critical illness and due to the use of ECMO may all result in life-threatening bleeding.
Bleeding that required intervention was reported in 3.5-89.5% and thrombocytopenia
was present in 20.8-76.3%. (40, 41) However, the initiation of ECMO can also cause
coagulation complications. This is due to the higher risk of developing an embolism
caused by contact with foreign material, and due to the higher risk of diffuse intravasal
coagulation which occurs in 20.8-66.0% of patients. (40)

Other complications

Lastly, there are two further complications that occur regularly, but which are not
necessarily related to ECPR. These are complications that occur in both ECPR and CCPR.
Multi-organ dysfunction induced by ischaemia and reperfusion occurs in 26.9-42.1%
of ECPR patients. (40) The other commonly-occurring cardiopulmonary resuscitation-
related group of complications are the neurological complications. In 61.0% of ECPR
patients, treatment is discontinued because there is no neurological recovery; 23.5% of
ECPR patients suffer brain death, and a cerebrovascular accident occurs in 0.0-15.4% of
these patients. (40)
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OUTLINE OF THIS THESIS

This thesis starts with a national overview of cardiac arrest patients who need to be
admitted to the ICU. These patients may be the more vulnerable cardiac arrest patients,
as they require intensive care, but they might also represent those in whom in-hospital
treatment could impact the outcome most. Chapter 2 describes the number of patients
who are admitted to ICU in the Netherlands following a cardiac arrest, and examines
the 1-year survival and how it has changed over the years. These data are provided
separately for OHCA and IHCA and give an indication of the relevance of the problem.
In addition, Chapter 3 draws a comparison between women and men with regard to
incidence and outcome of this patient group.

A broader look at all resuscitations shows that duration of resuscitation is an ex-
tremely important factor in the determination of survival and neurological favourable
survival. ECPR can be used if cardiopulmonary resuscitation lasts longer than 20 minutes.
The results of studies so far, tend towards higher survival rates in ECPR treated patients
than in CCPR treated patients. Chapter 4 comprises a systematic review comparing the
duration of cardiopulmonary resuscitation in ECPR and CCPR to give an indication when
ECPR may be an additional therapy to CCPR.

Despite the fact many studies have been focusing on the added value of ECPR com-
pared to CCPR, it remains unclear what the exact treatment strategy of ECPR should be
in order to achieve the best possible results with this therapy. Chapters 5-7 focus on the
gas exchange during ECPR treatment as the first step towards the optimisation of ECPR
settings. Chapter 5 shows the course of oxygen availability in the mitochondria (the
end station of oxygen, where it is converted to energy) of the skin, in an experimental
setting in pigs treated with ECPR. In addition, we investigated the course of cerebral
oxygenation during the first hours of ECPR in an international multicentre observational
study, described in Chapter 6. Using ECPR, not only can oxygen be closely regulated,
but carbon dioxide can also be closely regulated. Chapter 7 shows the relationship of
carbon dioxide with recovery of consciousness during the first six hours after initiation
of ECPR.

The additional value of ECPR where cardiac arrest has a cardiac cause is currently be-
ing widely studied. However, ECPR can also be an important treatment option in other
causes of cardiac arrest, e.g. if cardiac arrest is due to a massive pulmonary embolism.
In these cases, ECPR recovers the circulation and bypasses the pulmonary embolism
by which time can be bought until the pulmonary embolism is dissolved or removed.
Chapter 8 shows the effect of ECPR in relation to CCPR in patients suffering from cardiac
arrest due to a pulmonary embolism. We examined differences in neurologically favour-
able survival between these two treatments. A systematic review and meta-analysis
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aiming at the effect of ECMO in massive pulmonary embolism which is presented in
Chapter 9 shows that the effect on the survival is still not clear.
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Chapter 2

ABSTRACT

Aim Worldwide, cardiac arrest (CA) remains a major cause of death. Most post-CA pa-
tients are admitted to the intensive care unit (ICU). The aim of this study is to describe
mortality rates and possible changes in mortality rates in patients with CA admitted to
the ICU in the Netherlands between 2010 and 2016.

Methods In this study, we included all adult CA patients registered in the National In-
tensive Care Evaluation (NICE) registry who were admitted to ICUs in the Netherlands
between 2010 and 2016. The primary outcome was 1-year mortality which was analysed
by Cox regression. The secondary outcomes were ICU mortality and hospital mortality.
Hospital mortality was analysed by binary logistic regression analysis. Patients were
stratified by whether they experienced in-hospital cardiac arrest (IHCA) or out-of-
hospital cardiac arrest (OHCA). Finally, the outcome over calendar time was assessed for
both groups.

Results We included 26,056 CA patients: 10,618 (40.8%) IHCA patients and 14,482 (55.6%)
OHCA patients. The 1-year mortality rate was 57.5%: 59.0% for IHCA and 56.4% for OHCA,
p<0.01. This mortality rate remained stable between 2010 and 2016 for IHCA (p=0.31)
and declined for OHCA patients (p=0.01). The hospital mortality rate was 50.3%: 50.5%
for IHCA and 50.2% for OHCA, p=0.66. This mortality rate remained stable between
2010-2016 for IHCA (p=0.21) and decreased for OHCA patients (p<0.01). An additional
analysis with calendar year as a continuous variable showed a mortality decline of 1.56%
per calendar year for 1-year mortality.

Conclusion This nationwide registry cohort study reported a 57.5% 1-year mortality rate
for CA patients admitted to the ICU between 2010 and 2016. We reported a decline in

1-year mortality for OHCA patients in these years.

Keywords: Cardiac Arrest, Heart Arrest, Intensive Care Units, ICU, Mortality, 1-year
mortality
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INTRODUCTION

Sudden cardiac arrest (CA) remains a major cause of death worldwide (World Health
Organization, WHO). In Europe, approximately 375,000 adults suffer annually from CA
[1, 2]. Mortality rates in patients admitted to the hospital due to CA have been reported
to be between 58-61% [3-5]. If these CA patients are admitted to the intensive care unit
(ICU), mortality rates vary between 53-66% [6-8]. Of all surviving CA patients 25-75%
have poor neurological outcomes and a large portion suffers from long-term side effects
[9-11], such as post-traumatic stress disorder (PTSD) [12, 13], impaired quality of life [14],
and lower physical and mental functioning [15].

Recent studies have examined characteristics that are associated with the mortality
of CA patients. More specifically, these studies focused on differences in patient char-
acteristics [16, 17], the location of the CA (in- or out-of-hospital) [18-20], and hospital
characteristics [4, 6]. Generally, these studies provide data on all CA patients, including
patients who died before hospital admission. However, there is no recent study showing
a nationwide overview of CA patients admitted to the ICU.

In the Netherlands, 4.6% of all patients admitted to the ICU have CA as primary
diagnosis [21]. The outcomes of these patients are highly interesting because they
survived the first episode of CA (namely, cardiopulmonary resuscitation). However, they
are prone to haemodynamic deterioration/instability, ischaemia/reperfusion injury,
and neurological damage. In addition, large-scale data on the outcomes in this patient
group are lacking. This information would be particularly relevant given recent changes
in guidelines and treatments, such as targeted temperature management (TTM) [22].
Therefore, we analysed a large national database to investigate the mortality rates in CA
patients (both IHCA and OHCA) admitted to ICUs in the Netherlands.

METHODS

Patient data

In this study, we used patient data included in the National Intensive Care Evaluation
(NICE) registry [21]. This is a national quality registry in the Netherlands for ICU care,
in which demographics, physiological and diagnostic data, patient outcomes, and ICU
characteristics are registered. The data are prospectively collected with a primary focus
on monitoring the quality of care in the ICU. We retrospectively analysed the data from
approximately 85% of ICU departments in 2010 to 100% of ICU departments in 2016 in
the Netherlands [21, 23].

We included all adult CA patients (=18 years) who were admitted to the participating
ICUs from 2010 to 2016. This period was selected because starting in 2010, we were
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able to determine 1-year mortality [21, 23]. The Scientific Board of the NICE Foundation
(number 2018-01) and the Medical Ethics Committee of the Erasmus MC, Rotterdam, the
Netherlands (number MEC-2018-1228) approved this study and the need for informed
consent was waived.

Characteristics and clinical outcomes

We included patient characteristics (i.e., sex, age, body mass index (BMI), and history
(e.g., renal insufficiency/dialysis, chronic obstructive pulmonary disease (COPD)/chronic
respiratory insufficiency, cardiovascular insufficiency, liver cirrhosis, (haematologic) ma-
lignancy, and immunologic insufficiency)), admission characteristics (i.e., Acute Physi-
ology and Chronic Health Evaluation (APACHE 1V) score, estimated mortality rate and
diagnoses within 24h of ICU admission (e.g., acute kidney injury (AKI), the use of me-
chanical ventilation, infection, the administration of thrombolytic therapy, vasoactive
medication use, and academic/non-academic hospital), and clinical outcomes (length
of stay, ICU mortality, hospital mortality, and 1-year mortality). Supplementary Material
Table A shows the definitions of these variables.

First, we included all patients (henceforth referred to as CA patients) registered with
an admission diagnosis of CA or cardiopulmonary resuscitation (CPR). Next, we stratified
the characteristics and clinical outcomes for IHCA and OHCA patients. However, IHCA
and OHCA were not encoded in the NICE registry. Therefore, we defined IHCA as an
admission diagnosis of CA or CPR, with admission origin within the hospital, excluding
the emergency department (ED). OHCA was defined as an admission diagnosis of CA
or CPR, with an admission origin in the ED or home. Hospital and 1-year mortality rates
were calculated, and hazard ratios (HRs) per year were assessed relative to the year 2010.
We determined the 1-year mortality by using an administrative claims database that is
linked to the NICE registry (i.e., Vektis data) [23, 24].

Statistical analysis

All characteristics and clinical outcomes were described as counts (%) and medians (in-
terquartile range, IQR), as appropriate. The data are shown for the total sample and were
stratified by IHCA and OHCA. Patients with unknown locations of CA were excluded from
the stratified analyses. To test for differences between IHCA and OHCA patients, we used
Chi-square and Wilcoxon tests for categorical and continuous variables, respectively.
The primary outcome was 1-year mortality. We examined the mortality trend over
time using a Cox proportional hazard model with calendar years from 2010 to 2016 as
an independent variable. For each calendar year, a dummy variable was included. The
variables we included in each of the regression models are stated in the Supplementary
Material Appendix 1. We built these regression models in two ways: (1) univariable analy-
sis and (2) multivariable analysis adjusting for demographic and clinical characteristics
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and including a random intercept for hospital. This was done to take the correlation
between patients from the same hospital into account. To check whether the selection
of different hospitals across the calendar years might have influenced the results, we per-
formed a sensitivity analysis restricted to hospitals that registered their patients in each
calendar year of the study period (2010-2016). We present the hazard ratios (HR) and 95%
Confidence Intervals (95% Cl) of model (2), as this was the best possible representation
of all the available data. The adjusted effect of calendar year as a categorical variable on
the hazard of death was tested by means of a post-estimation Wald test with number
of degrees of freedom equal to the number of calendar years minus 1 (for the reference
category=2010). In this test, calendar year was included as categorical variable without
assuming alinear trend. As an additional analysis, we performed Cox proportional hazards
regression, including calendar year as a continuous variable for the different outcomes.
These analyses enabled us to estimate the average change in mortality rates per year over
time. All models were analysed for IHCA and OHCA separately. IHCA and OHCA were not
compared in these analyses because of the non-registered characteristics relevant to CA.

Our secondary outcomes were ICU mortality and hospital mortality. For ICU mortal-
ity, we only present a percentage to make a rough comparison with hospital mortality.
For hospital mortality, we analysed the data using a binary logistic regression model
and presented the Odd Ratios (ORs) and 95% Cls. All analyses were performed using
R-studio. A p-value<0.05 was considered statistically significant.

RESULTS

Between 2010 and 2016, a total of 567,856 patients were included in the NICE registry,
and 26,056 (4.6%) of those patients were admitted due to CA: 10,618 (40.8%) IHCA pa-
tients and 14,482 (55.6%) OHCA patients. Data from 956 (3.6%) patients were excluded
from the comparison of OHCA versus IHCA due to an unknown location of the CA.

Descriptive statistics

Table 1 presents the patient characteristics of all CA patients and then those of the
patients stratified into the IHCA and OHCA groups. The majority of the CA patients were
male, with an average age of 67 years at the time of the arrest. IHCA patients were older
and had overall more comorbidities than OHCA patients. Table 2 presents the admis-
sion characteristics. The median APACHE IV estimated mortality probability was 0.75.
The majority of patients had a Glasgow coma scale (GCS) at admission of < 5 (61.7%).
At admission, 87.1% of the patients were mechanically ventilated. Table 3 presents the
clinical outcomes. The median length of ICU stay was 64h (IQR 21-134) and the median
hospital length of stay was 6 days (IQR 2-15).
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Table 1 | Patient characteristics

Total sample * IHCA OHCA p-value
Patients 2010-2016 26,056 10,618 14,482
Age (IQR) 67 (57-76) 69 (59-77) 66 (55-75) <0.01
Gender, male (%) 17,320 (66.5) 6731 (63.4) 9967 (68.8) <0.01
BMI (IQR) 25.7(23.4-28.7)  25.7(23.4-28.9)  25.7(23.4-28.4)  0.99
BMI missing (%) 711 (6.6) 985 (6.8)
History (N=26,056)
Cardiovascular insufficiency (%) 2291 (8.8) 1160 (10.9) 1030 (7.1) <0.01
COPD /respiratory insufficiency (%) 4070 (15.6) 1894 (17.8) 2042 (14.1) <0.01
Renal insufficiency (%) 1802 (6.9) 976 (9.2) 765 (5.3) <0.01
Liver cirrhosis (%) 273 (1) 138(1.3) 125(0.9) 0.01
(Hematologic) malignancy (%) 1092 (4.2) 692 (6.5) 374 (2.6) <0.01
Immunodeficiency (%) 1316 (5.1) 779 (7.3) 500 (3.5) <0.01

* In 956 patients, it was unknown if the cardiac arrest occurred in- or outside the hospital; these patients were excluded
from the analyses.

Primary outcome: 1-year mortality

Within one year after ICU admission, 14,974 (57.5%) CA patients died. This 1-year mor-
tality was significantly higher in IHCA patients (59.0%) versus OHCA patients (56.4%,
p<0.01). In Supplementary Material Fig. A, we present the Kaplan-Meier curve for
1-year mortality for IHCA and OHCA patients. Fig. 1 presents the analysis of model (2),
as described in the methods section, of 1-year mortality for IHCA and OHCA patients
separately. In IHCA patients no significant differences over time were observed. In OHCA
patients a significant decrease in 1-year mortality between 2010 and 2016 was observed
(all p<0.02). The sensitivity analyses restricting to hospitals that recruited patients the
full study period gave similar results.

Secondary outcomes: ICU mortality, hospital mortality, and additional
analyses
Of the total sample, 11,681 (44.8%) CA patients died in the ICU. The ICU mortality rates were
slightly lower for IHCA than for OHCA patients (44.2% versus 45.4%, respectively, p=0.05).
During their hospital admission, 13,072 (50.3%) CA patients died. This hospital mortality
rate was comparable in IHCA and OHCA patients (50.5% versus 50.2%, respectively, p=0.66).
For hospital mortality, there was no significant trend in IHCA patients over time (Wald
test (df) 8.39 (6), p=0.21). However, the analysis for hospital mortality in OHCA patients
with calendar year as a categorised variable showed significant differences between the
calendar years Wald test (df) 22.78 (6), p<0.01). Inspecting the Odds Ratios we found a
decreasing trend, as shown in Fig. 2.
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Table 2 | Admission characteristics in CA patients admitted to the ICU between 2010-2016
Total sample* IHCA OHCA p-value
APACHE IV estimated mortality rate (IQR) 0.75(0.45-0.89)  0.71(0.32-0.90) 0.77(0.54-0.88) <0.01

Admission type <0.01
Medical 23,156 (88.9) 7968 (75.0) 14,291 (98.7)
Urgent surgical 1,682 (6.5) 1,517 (14.3) 122 (0.8)
Elective surgical 1,103 (4.2) 1,088 (10.2) 6(<1)

Diagnosis on admission
GCS <5 (%) 16,066 (61.7) 5333 (50.2) 10,167 (70.2) <0.01
GCS 6-14 (%) 4057 (15.6) 1736 (16.3) 2148 (14.8)
GCS 15 (%) 5391 (20.7) 3327 (31.3) 1851 (12.8)
GCS missing (%) 222 (2.1) 316 (2.2)
Dysrhythmia (%) 13,343 (51.2) 5138 (48.4) 7676 (53) <0.01
Mechanical ventilation (%) 22,701 (87.1) 8696 (81.9) 13,189 (91.1) <0.01
CVA (%) 1053 (4.1) 455 (4.3) 558 (3.9) 0.10
Intracranial mass (%) 708 (2.7) 264 (2.5) 421 (2.9) 0.04
Gastro intestinal bleeding (%) 480 (1.8) 277 (2.6) 189 (1.3) <0.01
Diabetes (%) 4438 (17) 2045 (19.3) 2221 (15.3) <0.01

Diagnosis at 24h of ICU admission

GCS <5 (%) 13,541 (52) 4615 (43.5) 8420 (58.1) <0.01

GCS 6-14 (%) 4198 (16.1) 1621 (15.3) 2407 (16.6)

GCS 15 (%) 7664 (29.4) 4095 (38.6) 3312 (22.9)

AKI (%) 4617 (17.7) 2263 (21.3) 2188 (15.1) <0.01

Mechanical ventilation (%) 23,666 (90.8) 9229 (86.9) 13,592 (93.9) <0.01

Infection (%) 2768 (10.6) 1641 (15.5) 1062 (7.3) <0.01

Vasoactive medication (%) 18,962 (72.8) 7640 (72) 10,652 (73.6) <0.01

Thrombolytic therapy (%) 1354 (5.2) 560 (5.3) 756 (5.2) 0.87
Academic hospital (%) 7956 (23.9) 3102 (22.2) 4656 (26.1) <0.01

* In 956 patients, it was unknown if the cardiac arrest occurred in- or outside the hospital; these patients were excluded
from the analyses.

Next, the results of the additional analysis with calendar year as a continuous vari-
able showed no significant trend in 1-year mortality over time for IHCA patients (HR
0.99, 95% C1 0.98-1.00, p=0.13). Furthermore, it confirmed the observed decline in 1-year
mortality over time for OHCA patients (HR 0.98, 95% Cl 0.97-1.00, p<0.01). This HR shows
a reduction in 1-year mortality of 1.56% per year over the study period.
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Figure 1 | Multivariable Cox regression analysis of 1-year mortality for IHCA (p=0.31) and OHCA (p=0.01)

over calendar time

As we found a decreasing trend in 1-year mortality for OHCA patients, we decided

to perform an additional Cox regression using left truncation at the time of hospital

discharge (i.e., only selecting the hospital survivors), see Supplementary Material Fig. B.

This shows that a significant trend over time remains present (p<0.01).

IHCA OHCA

12 12
T T
c c
3} I3}
E E
@ @
2 2
ok i ] Lo R i b me e S R . e B s e R e P B
=] b=
= =
c c
S S
(] o
R R
o) o)
e (22
8 £
Fos mos
» 7}
o o
° o
o (o)

06 06

20 2012 2014 2016 2010 2012 2014 2016

Year

Year

Figure 2 | Binary logistic regression analysis of hospital mortality for IHCA (p=0.21) and OHCA (p<0.01) over

calendar time.
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DISCUSSION

This is the first large nationwide study on 1-year mortality rates of CA patients admit-
ted to the ICU, and it was performed in the Netherlands between 2010 and 2016. The
secondary outcomes we described were ICU mortality and hospital mortality. Overall,
we found reasonable mortality rates and a significant decrease in 1-year mortality of
OHCA patients between 2010 and 2016.

As a primary outcome, we reported a 1-year mortality rate of 57.5% in the total
cohort. This 1-year mortality rate was slightly higher in IHCA patients than in OHCA
patients. Though in a smaller sample, Engsig et al [25] investigated long-term outcomes
and showed comparable 1-year mortality rates, which were similar for IHCA and OHCA
patients (47% and 51%, respectively). We found a stable 1-year mortality rate between
2010 and 2016 for IHCA patients. Remarkably, the 1-year mortality of OHCA patients
decreased in this time period, and this decrease persisted after limiting the analysis to
the hospital survivors (see Supplementary Material Fig. C). This could point to a healthier
discharged CA patient population.

As a secondary outcome, we studied hospital mortality, which was approximately
50% in the total cohort, as well as for both IHCA and OHCA patients separately. In addi-
tion, we found that hospital mortality was stable for IHCA patients between 2010 and
2016. For OHCA, we found a decreasing trend in hospital mortality in this time period.
These mortality rates are in line with those in previous studies reporting hospital mortal-
ity rates in CA patients [7, 26-28].

In this study, we found a median APACHE IV estimated mortality rate of 0.75, which is
much higher than the observed hospital mortality rate. Zimmerman et al [29] validated
this APACHE IV score for CA patients in the United States. However, Brinkman et al [30]
showed poor APACHE IV score performance in CA patients in the Netherlands. Our study
was performed with the same data registry as was the study by Brinkman et al [30].
Because the APACHE IV score is not validated for CA patients in the Netherlands, this
difference in expected and observed mortality could be explained.

Given the limitations of a nationwide observational dataset, we could not fully study
the underlying cause for the reduction in mortality among the OHCA patients. However,
we would like to discuss possible explanations for the differences in mortality rates
between IHCA and OHCA patients and the decline in 1-year and hospital mortality of
OHCA patients.

First, although we have corrected our analyses for relevant patient characteristics,
CA characteristics may have changed during the study period. For example, in the
Netherlands public awareness of CA is increasing over time due to nationwide educa-
tion [31]. This could have resulted in a higher percentage of bystander life support and
automated external defibrillator (AED) use. In turn this may have resulted in a shorter
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time to the return of spontaneous circulation (ROSC), which we were unable to examine
in the present study.

Second, AED use may have contributed to the decrease in the mortality rate in OHCA
patients. Despite the promising results, worldwide AED use is still quite limited com-
pared to the Netherlands [18, 20, 32, 33]. Blom et al [32] showed that in the Netherlands,
the use of AEDs and hospital survival both increased over time in the period 2006-2012.
In this same period, Ringh et al [34] reported an increase in the number and use of public
AEDs and its effect on mortality rates in Sweden. Taken together, in our opinion, the
widespread use of AEDs in the Netherlands probably contributed to the decrease in
1-year mortality in OHCA patients found in our study.

Another possible explanation for the decrease in the mortality rate in OHCA patients
is the predominant use of targeted temperature management (TTM), compared to its
limited use in IHCA patients. Mounting research has been performed on temperature
management in CA patients [8, 22, 27, 28, 35-37], mostly these studies have been per-
formed in OHCA patients. As stated in the 2015 guidelines, since 2010, a temperature of
32-34 degrees Celsius is recommended, which changed in 2015 to 36 degrees Celsius
[22]. Several studies showed different results in goal temperatures for the TTM, but they
all recommend using hypothermia or normothermia and preventing hyperthermia [8,
22, 35-37]. However, Engsig et al [25] showed no difference in OHCA and IHCA patients.
Wang et al [38] showed a benefit for TTM in IHCA patients, but TTM was performed in
only 3.2% of the patients. Chan et al [39] also showed a low TTM rate in IHCA patients
and they found no association between TTM and survival or neurological outcomes. In
the Netherlands, it is difficult to pinpoint the exact date of the implementation of the
TTM guidelines, as shown by Pickkers et al [8], while at the same time many hospitals
started using TTM for OHCA patients during our study period. Thus, this may have
contributed to the differences in mortality trends between 2010 and 2016 in IHCA and
OHCA patients found in our study. Taken together, TTM is used more often in OHCA
patients and has shown some promising results. However, TTM is not used as often in
IHCA patients, although this may actually be a promising treatment strategy for these
patients too.

Fourth, in the Netherlands, no studies have been conducted on the effect of cardiac
rehabilitation on the mortality rate specifically in CA patients. However, some studies on
the effect of cardiac rehabilitation on mortality in acute coronary syndrome and cardiac
surgery patients showed a lower mortality rate for those who received cardiac rehabili-
tation compared to those who did not [40, 41]. OHCA patients are more likely to receive
cardiac rehabilitation [10, 42]. For these patients, a cardiac cause such as coronary
disease, was most likely the reason for the CA. Given the decrease in 1-year mortality
rates in our study, which persisted after selecting only hospital survivors, it is likely that
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rehabilitation therapy contributed to this lower 1-year mortality in OHCA patients. It
may clarify the difference between IHCA and OHCA outcomes.

Finally, during the last decade the treatment of coronary diseases improved. Ad-
vances in coronary revascularization and adherence to secondary prevention guidelines
(including internal cardiac defibrillatory therapy) may have contributed to an important
improvement in mortality rates in OHCA patients, while this is not the case in IHCA
patients.

Future research may study the possible effects of pre-ICU characteristics and in- and
post-hospital treatments on short- and long-term mortality rates of CA patients admit-
ted to the ICU. Our linear trend should be regarded as a crude average of various up- and
downward movements of the graph. In the restricted time frame of our analysis, these
movements are hard to interpret as coincidence or due to specific causes. For this rea-
son, no nonlinear trends were included in the analysis. In case a study can be performed
with more data relevant to CA from a longer time period a more specific trend analysis
(e.g. non-linear trend) will be informative.

Limitations

Asin every (retrospective) study, this research had several limitations. First, as mentioned
before, the NICE registry is aimed at quality of care at the ICU and not all characteristics
relevant to CA are registered. In particular, we did not have access to the following
characteristics: witnessed/unwitnessed CA, CPR delay, time until ROSC, primary cardiac
rhythm, cardiac interventions, AED use, mechanical compression device use and cause
of arrest. These characteristics are important when studying the determinants of the
outcome of CA. Therefore, in future research, these characteristics must be taken into
account.

Second, the NICE registry does not record whether the CA took place in- or out-
of-hospital. We had to determine this with the best possible approximation. With this
method, we expect that some of the IHCA patients were misclassified as OHCA. Most
of the patients admitted at the ICU with admission-origin ED were OHCA patients;
however, some of them experienced CA while in the ED. We assume that this issue has
limited consequences for the results, but we cannot exclude the possibility of some bias.

Third, in this study, we could only report mortality rates. Unfortunately, there were no
data available on neurological outcomes; therefore, we were unable to report survival
with good neurological outcome.

Finally, in some hospitals in the Netherlands, post-CA patients are admitted to the
cardiac care unit instead of the ICU. We were unable to estimate how many patients were
in this group as this is not recorded or these data were not available to the authors. As a
consequence, this could result in different numbers of patients in comparison to the CA
numbers reported in other studies.
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CONCLUSION

This nationwide registry cohort study reported a 57.5% 1-year mortality rate for CA
patients admitted to the ICU between 2010 and 2016. We reported a decline in 1-year
mortality for OHCA patients in these years.
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SUPPLEMENTARY MATERIAL

Table A | Definitions of variables, as described in the NICE registry

Cardiovascular insufficiency

COPD

Respiratory insufficiency

Renal insufficiency

Liver cirrhosis

(Hematologic) malignancy
Metastasised neoplasm

Haematological malignancy

Aids

Immunologic insufficiency

Dysrhythmia

Mechanical ventilation

CVA

42

Angina or symptoms at rest or during minimal effort, such as dressing and
personal hygiene (New York Heart Association class IV).

Chronic condition in which pulmonary function swiftly deteriorates. The most
important pathologies which fall into this category are chronic bronchitis,
chronic bronchiolitis and emphysema.

Chronic restrictive, obstructive or vascular conditions in the lungs resulting in
very severe restriction of mobility, or registered chronic hypoxia, secondary
polycythaemia, severe pulmonary hypertension (PAPsys > 40 mm Hg), or
respiratory dependence (e.g. 02-dependent active respiratory conditions,
sarcoidosis, interstitial fibrosis, tuberculosis, chronic obstructive pulmonary
diseases).

Raised serum creatinine > 177 umol/L (2.0 mg/dl) and renal insufficiency in
the medical history (before the current hospital admission).

Or if the patient has been receiving long-term haemodialysis or peritoneal
dialysis prior to the current hospital admission.

Positive biopsy and documented portal hypertension, or there have been
previous periods of high gastrointestinal bleeding as a result of portal
hypertension, or there have been previous periods of hepatic failure, coma or
encephalopathy (before the current hospital admission).

Metastases which have been diagnosed by clinical examination or confirmed
by a pathology report or if there is Stage IV cancer (not solely regional lymph
nodes).

Malignant lymphoma, acute leukaemia or multiple myeloma. Chronic
leukaemia is only scored if the patient is undergoing active treatment or if
there is a relationship to the current condition.

HIV-positive and clinical complications such as pneumocystis carinii
pneumonia, Kaposi’s sarcoma, lymphoma, tuberculosis of toxoplasma
infection, or HIV-positive with CD4 < 200.

Long term immunosuppressive therapy, or corticosteroid use (short term
high and long term low dosages), or active chemotherapy or radiotherapy in
the past year, or chemotherapy or radiotherapy for Hodgkin or non-Hodgkin
lymphoma at any time for IC admission, or humoral or cellular deficiencies.

If one of the next diagnosis is present in combination with hemodynamic
instability in 24 hours before ICU admission: arrhythmia, paroxysmal
tachycardia, atrial fibrillation with high ventricular response (2120/minute),
second-/third degree AV-block. Hemodynamic instability is defined as
systolic blood pressure <90mmHg, heart frequency >140 beats per minute, or
need for medical intervention such as inotropes/vasopressors, defibrillation,
anti-arrhythmic medication or a pacemaker.

Use of a ventilator at the moment of IC admission or immediately (within 15
minutes) thereafter. An endotracheal tube is not necessarily required; also
patients with CPAP via a mask are connected to the ventilator.

Cerebral embolism, occlusion, bleeding, or infarction at ICU admission or
within 1 hour after ICU admission.
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Intracranial mass

Gastro intestinal bleeding

Diabetes

AKI

Infection

Vasoactive medication

Thrombolytic therapy

If an abscess, tumour, bleeding, or subdural contusion identified by CT/MRI
and causes midline shift, obliteration/distortion of the cerebral ventricles,
bleeding in cerebral ventricle/subarachnoid space, mass of >4cm or a
contrast enhanced mass. If mass effect is present at least within 1 hour after
ICU admission, a CT scan is not mandatory.

Hematemesis or melaena.

Medication-dependent form of diabetes. This must have been diagnosed
before the current IC admission.

Renal replacement therapy (during first 24 hours of ICU stay), or Serum
creatinine level greater than 1.5 mg/100 ml (or 133pmol/l) during the
previous 24 hours, associated with oliguria.

Oliguria is defined as urine production <150 ml over a period of 8 consecutive
hours. This oliguria cannot be caused by a missing or tight-fitting urine
catheter or due to incontinence.

Confirmed infection upon admission or if infection is confirmed during the
first 24 hours of IC treatment. Accepted confirmation of infection are culture
results and Gram staining. Perioperative findings may qualify as evidence: for
example faeces in the open peritoneal cavity with laparotomy scores ‘yes’. It
is therefore also possible to score “yes” on basis of a very strong suspicion of
infection in radiology (e.g. new infiltrate) in conjunction with the clinic (e.g.
purulent sputum and fever).

Laboratory confirmation (including verbal or fax confirmation) must be
obtained during the first 24 hours of admission. If the results are received
after this, a ‘no’ must be scored.

If perioperative findings are used, the procedure must have taken place
eitherimmediately prior to ICU admission or during the first 24 hours of ICU
treatment.

If radiological or other imaging material is used, the evidence must be
undisputed.

Continuous intravenous vasoactive medication for a minimum period of one
hour during the first 24 hours of ICU admission.

Patient has undergone thrombolytic therapy following an acute myocardial
infarction in the 24 hours prior to ICU admission or during the first 24 hours
of ICU admission. Examples of thrombolytic therapy are streptokinase, t-PA
(Tissue plasminogen activator), and urokinase.

43



Chapter 2

Appendix 1 - Multivariable model

The variables included in the model are: calendar year dummies (2010, 2011, 2012,2013,
2014, 2015, and 2016), age (<40, 40-<50, 50-<55, 55-<60, 60-<65, 65-<70, 70-<80, 80-
<90, =90), gender (male, female), BMI (<22.8, 22.8-<24.6, 24.6-<26.2, 26.2-<29.3, =229.3,
missing), GCS (<5, 6-14, 15, missing), renal insufficiency/dialysis (yes, no), COPD/chronic
respiratory insufficiency (yes, no), cardiovascular insufficiency (yes, no), liver cirrhosis
(yes, no), (haematologic) malignancy (yes, no), immunologic insufficiency (yes, no), and
diagnoses within 24 hours of ICU admission (dysrhythmia (yes, no), mechanical ventila-
tion (yes, no), CVA, (yes, no) intracranial mass (yes, no), gastrointestinal bleeding (yes,
no), diabetes mellitus (yes, no))

R-code of model (2):

FitTmulti <- coxph(survobject_365d ~ kalenderjr0716_d2011 + kalenderjr0716_d2012
+ kalenderjr0716_d2013 + kalenderjr0716_d2014 + kalenderjr0716_d2015 + kalen-
derjr0716_d2016

+ fnice_agekl + genderd1 + fbmikl5 + fgcs_0kl3 + chr_renalinsuff_dialysis + copd_respinsuf
+ neoplasm_hem_malign + aids_imm_insuf + cirrhosis + cardio_vasc_insuf + dysrhytmia

+ mech_ventil_0 + cva + intracran_mass + gastro_bleed + diabetes + frailty(hospnonum))
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Figure A | Survival probability of IHCA and OHCA patients in the first year after CA
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Figure B | Multivariable Cox-regression analysis of left truncated at hospital discharge data of 1-year mor-
tality for OHCA over time (p<0.01).
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ABSTRACT

Purpose We study sex differences in 1-year mortality of out-of-hospital cardiac arrest
(OHCA) and in-hospital cardiac arrest (IHCA) patients admitted to the intensive care unit
(ICv).

Data A retrospective cohort analysis of OHCA and IHCA patients registered in the NICE
registry in the Netherlands. The primary and secondary outcomes were 1-year and
hospital mortality, respectively.

Results We included 19,440 OHCA patients (5977 women, 30.7%) and 13,461 IHCA pa-
tients (4889 women, 36.3%). For OHCA, 1-year mortality was 63.9% in women and 52.6%
in men (Hazard Ratio [HR] 1.28, 95% Confidence Interval [95% Cl] 1.23-1.34). For IHCA,
1-year mortality was 60.0% in women and 57.0% in men (HR 1.09, 95% Cl 1.04-1.14). In
OHCA, hospital mortality was 57.4% in women and 46.5% in men (Odds Ratio [OR]1.42,
95% Cl 1.33-1.52). In IHCA, hospital mortality was 52.0% in women and 48.2% in men
(OR1.11,95% Cl 1.03-1.20).

Conclusion Women admitted to the ICU after cardiac arrest have a higher mortality rate
than men. After left-truncation, we found that this sex difference persisted for OHCA.
For IHCA we found that the effect of sex was mainly present in the initial phase after the
cardiac arrest.

Keywords: Cardiac Arrest, Heart Arrest, Intensive Care Units, Sex differences, Mortality,
1-year mortality
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Higher 1-year mortality in women admitted to intensive care units after cardiac arrest

INTRODUCTION

Despite the advances in prevention and treatment, cardiovascular diseases (CVDs) are
still the number one cause of death worldwide. [1] Globally CVDs account for almost one
third of the deaths and in Europe even half of the deaths are caused by CVDs. [1] Within
the CVDs cardiac arrest has the highest mortality rate. The mortality rate after cardiac
arrest varies between 58 and 61% for patients admitted alive to the hospital. [2,3] Even
though there are many epidemiological studies in CVDs as well as in cardiac arrest, there
are still many risk factors understudied.

One of the factors that has already been studied in CVDs but less in cardiac arrest is
sex. Women with CVDs are older [4,5], have more cardiovascular risk factors [4,6-8], and
present more often with atypical symptoms than men. [9] Recently, some studies have
also shown the importance of sex differences in patient characteristics, pathophysiol-
ogy, course, and outcome after cardiac arrest. [4,6-11] Similar to other CVDs, women are
olderand there is a difference in type and number of comorbidities.[12-21] When cardiac
arrest occurs in women, the primary cardiac rhythm is less often shockable and women
have a lower number of affected coronary arteries. [12,15,22,23] Women with cardiac
arrest have significant higher short-term mortality, however these differences tend to
disappear after adjustment for age and primary cardiac rhythm. [13,15,16,18,19,21,24]

A recent study in 5717 emergency medical services (EMS)-treated out of hospital
cardiac arrest (OHCA) patients in the Netherlands has shown that women have a lower
rate of primary shockable cardiac rhythm and receive bystander cardiopulmonary resus-
citation (CPR) less frequently. [12] Women have a higher mortality to hospital discharge
than men, however this effect disappeared in the subgroup of patients with primary
shockable cardiac rhythms. [12] Therefore, the authors hypothesised that the dispar-
ity between women and men may be caused by a longer delay from arrest onset to
recognition by bystanders, more rapid transition to non-shockable cardiac rhythms
due to biological factors, or a combination of both. [12] The majority of the studies on
sex differences in cardiac arrest are focussing on short-term mortality. However, data
presenting longer-term mortality is lacking.

Recent studies, have also examined the mortality of in-hospital cardiac arrest (IHCA)
patients in the Netherlands. [25-28] These studies note that there is scarce data avail-
able on long-term outcomes (and particularly 1-year mortality) of IHCA patients. [27]
Furthermore, Schluep et al. found in their systematic review a 1-year survival of 13.4% in
IHCA patients. However, this study included all IHCA patients, also patients that were not
admitted to the intensive care unit (ICU). [28] This specific patient group, IHCA patients
admitted to the ICU, is still an understudied group of which not much is known.

In order to contribute to existing knowledge on sex differences in outcomes of
OHCA and IHCA patients, the purpose of this study was to examine the 1-year mortality
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of OHCA and IHCA patients admitted to the ICU in the Netherlands. Patients with an
OHCA or IHCA who are subsequently admitted to the ICU are an important group to
study. Especially as these patients survived the first episode of cardiac arrest (CA) (i.e.,
CPR). However, they are prone to haemodynamic deterioration/instability, ischaemia/
reperfusion injury, and neurological damage [25].This study is a first step in investigat-
ing possible sex differences in long-term mortality after ICU admission for both OHCA
and IHCA patients.

MATERIALS AND METHODS

Population, setting, and design

In this retrospective cohort study, we used data that was partly reported in a previous
study by our research group. [25] However, we expanded this dataset with two addi-
tional years and changed the primary focus of the analysis. Observational data of all
ICU admitted patients in the Netherlands are collected in the National Intensive Care
Evaluation (NICE) registry. This is a nationwide quality of care registry for ICUs in the
Netherlands. In this registry data on demographics, physiological and diagnostic data,
patient outcomes, and ICU characteristics are prospectively collected. We performed a
retrospective analysis of the data, derived from approximately 85% of the ICU depart-
ments in 2010 to 100% of the ICU departments in 2018. [25]

All adult cardiac arrest patients admitted to the ICUs in the Netherlands between
January 2010 and December 2018 were included. The Medical Ethics Committee of the
Erasmus MC Rotterdam, the Netherlands (number MEC—2018-1228) and the Scientific
Board of the NICE Foundation (number 2018-01) approved this study. The need for in-
formed consent was waived.

Characteristics and clinical outcomes

The characteristics and clinical outcomes we collected are described before. [25] We
included patient characteristics, admission characteristics, and clinical outcomes. In
Supplementary Digital Content Table A, we provide a full list of the definitions of these
characteristics and clinical outcomes included in the study.

We included all adult (=18 years) patients registered with an admission diagnosis
of CA or CPR. Next, we stratified the characteristics and clinical outcomes for OHCA
and IHCA patients. However, OHCA and IHCA were not encoded in the NICE registry.
Therefore, we defined OHCA as an admission diagnosis of CA or CPR, with an admission
origin in the ED or home. IHCA was defined as an admission diagnosis of CA or CPR, with
admission origin within the hospital, excluding the emergency department (ED). [25]
The characteristics and outcomes were analysed for OHCA patients and IHCA patients
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separately. Next, we stratified the data based on sex and compared characteristics and
clinical outcomes of women and men.

Primary and secondary outcomes

For our primary outcome we will focus on 1-year mortality. We choose this as our primary
outcome as a previous consensus stated that for large studies long-term outcomes are
preferred. [29] In order to determine this primary outcome, 1-year mortality, we linked
data from Vektis, an administrative database with claims of all insurance companies in
the Netherlands. [30,31] Our secondary outcome is hospital mortality.

Statistical analysis

Descriptive statistics are reported as number (percentage, %) or median (interquartile
range, IQR). To test for differences between women and men, we used Chi-square
tests for categorical variables and Wilcoxon tests for continuous variables. To study
the primary outcome, 1-year mortality, we performed multivariable Cox proportional
hazard regressions comparing women and men, for OHCA and IHCA separately. The
proportional hazard assumption in the Cox proportional hazard regressions may be
violated as the effect of sex on the hazard of death is different for different intervals
since ICU admission. In order to test this, we will repeat the Cox proportional hazard
regressions with different left-truncation thresholds (i.e., hospital discharge, 30 days, 90
days, 180 days, and 270 days). The results of the Cox proportional hazard regressions are
presented as Hazard Ratios (HR) and 95% confidence interval (95% Cl).

To analyse the secondary outcome, hospital mortality, we performed a binary
logistic regression comparing women and men for OHCA and IHCA separately. These
results are presented as Odds Ratios (OR) and 95% Cl. Both the Cox proportional hazard
regression as well as the binary logistic regression were adjusted for age, body mass
index [BMI], medical history (e.g., renal insufficiency/dialysis, chronic obstructive pulmo-
nary disease [COPD]/ chronic respiratory insufficiency, cardiovascular insufficiency, liver
cirrhosis, malignancy [including hematologic malignancies], immunologic insufficiency
[including AIDS]), diagnosis on admission (i.e., mechanical ventilation, cerebrovascular
accident [CVA], intracranial mass, gastro intestinal bleeding, and diabetes mellitus), and
Glasgow Coma Scale (GCS). We included these admission characteristics as these are
known at ICU admission and are relevant factors in explaining mortality. All analyses
were performed using R-studio, version 3.6.1, and p-values <0.05 were considered
statistically significant.
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RESULTS

Of the total 689,289 patients included in the NICE registry between 2010 and 2018,
34,036 (4.9%) were admitted to the ICU due to CA. In 32,901 patients the location of
arrest (OHCA or IHCA) could be determined and they were included in this study. 19,440
(59.1%) patients suffered from an OHCA, of which 5977 (30.8%) were women, and 13,461
(40.9%) patients suffered from an IHCA, of which 4889 (36.3%) were women.

Descriptive statistics

The descriptive statistics are presented in Table 1 showing the sex differences in patient
characteristics and admission characteristics of OHCA patients and Table 2 showing the
sex differences in patient characteristics and admission characteristics of IHCA patients.
We also provide information about the number of missing values for each variable. As for
the GCS at admission and 24 h after ICU admission were measured only in earlier years
of the NICE registry. It was decided to stop collection of the GCS data in recent years. For
this reason, the number of missing values is in these variables are large. Nevertheless,
we decided to present the data that is available but not use GCS in our multivariable
analysis.

Table 1 | Patient and admission characteristics for OHCA patients, for women and men

Missing
Total Women Men p-value values
(%)
Patient characteristics
Patient no 19,440 5977 13,463
Age (IQR) 66 (55-75) 67 (54-76) 66 (56-74) 0.07 0(0.0)
BMI (IQR) 25.8(23.4-28.7) 25.7(22.9-29.4) 26.0 (23.7-28.1) 0.03 1294 (6.7)
History 0(0.0)
Cardiovascular insufficiency (%) 1297 (6.7) 322 (5.4) 975 (7.2) <0.01
COPD/respiratory insufficiency (%) 2731 (14.0) 1000 (16.7) 1731 (12.9) <0.01
Renal insufficiency (%) 1011 (5.2) 299 (5.0) 712 (5.3) 0.43
Liver cirrhosis (%) 173(0.9) 69 (1.2) 104 (0.8) 0.01
n:la““gi"aannc‘;y(;;l”dmg hematological 521 (2.7) 196 (3.3) 325(2.4)  <0.01
Immunodeficiency (%) 700 (3.6) 285 (4.8) 415 (3.1) <0.01

Admission characteristics

APACHE IV estimated mortality rate
(IQR)
Admission type 0.36  80(0.04)

0.8(0.50.9)  0.8(0.5-0.9)  0.8(0.5-0.9) 1.00  80(0.04)
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Table 1 | Patient and admission characteristics for OHCA patients, for women and men (continued)

Medical (%) 19,193 (99.1) 5896 (99.1) 13,297 (99.1)
Urgent surgical (%) 158 (0.8) 42(0.7) 116 (0.9)
Elective surgical (%) 9 (<0.1) 4(0.1) 5(<0.1)
GCS on admission 0.08 4836 (25.0)
GCS <5 (%) 10,454 (71.6) 3310 (72.8) 7144 (71.0)
GCS 6-14 (%) 2260 (15.5) 670 (14.7) 1590 (15.8)
GCS 15 (%) 1890 (12.9) 564 (12.4) 1326 (13.2)
Diagnosis on admission 0(0.0)
Mechanical ventilation (%) 17,711 (91.1) 5404 (90.4) 12,307 (91.4) 0.03
CVA (%) 568 (2.9) 247 (4.1) 321(24) <0.01
Intracranial mass (%) 434 (2.2) 199 (3.3) 235 (1.7) <0.01
Gastro intestinal bleeding (%) 291 (1.5) 103 (1.7) 188 (1.4) 0.10
Diabetes Mellitus (%) 2976 (15.3) 1032 (17.3) 1944 (14.4)  <0.01
GCS - At 24 hours after ICU admission 0.02 4864 (25.0)
GCS <5 (%) 8650 (59.3) 2755 (60.8) 5895 (58.7)
GCS 6-14 (%) 2492 (17.1) 719 (15.9) 1773 (17.6)
GCS 15 (%) 3434 (23.6) 1056 (23.3) 2378 (23.7)
Diagnosis at 24h of ICU admission 0(0.0)
AKI (%) 3082 (15.9) 994 (16.6) 2088 (15.5) 0.05
Mechanical ventilation (%) 18,238 (93.8) 5576 (93.3) 12,662 (94.1) <0.05
Infection (%) 1481 (7.6) 520 (8.7) 961(7.1)  <0.01
Vasoactive medication (%) 14,526 (74.7) 4371(73.1) 10,155 (75.4) <0.01
Thrombolytic therapy (%) 806 (4.1) 224 (3.7) 582 (4.3) 0.07
Academic hospital (%) 5405 (27.8) 1576 (26.4) 3829 (28.4)  <0.01 0(0.0)

OHCA: out-of-hospital cardiac arrest, BMI: body-mass index, COPD: chronic obstructive pulmonary disease, APACHE: Acute
Physiology and Chronic Health Evaluation, GCS: Glasgow Coma Scale, CVA: cerebrovascular accident, AKI: acute kidney
injury

In OHCA patients, we found no statistically significant difference in age between
women and men (67 years vs. 66 years, p= 0.07). Women had a lower incidence of prior
cardiovascular insufficiency than men (5.4% vs. 7.2%, p< 0.01). A higher incidence of
prior COPD/respiratory insufficiency was found in women (16.7%) than in men (12.9%,
p< 0.01). At admission, women were more often known with diabetes mellitus than men
(17.3% vs. 14.4%, p<0.01). Table 3 presents the clinical outcomes. Women had shorter
length of ICU stay than men (4.2 days vs .6.2 days, p< 0.01).
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Table 2 | Patient and admission characteristics for IHCA patients, for women and men

Patient characteristics
Patient no

Age (IQR)

BMI (IQR)

History

Cardiovascular insufficiency (%)

COPD /respiratory insufficiency (%)

Renal insufficiency (%)

Liver cirrhosis (%)

Malignancy including hematologic

malignancies (%)

Immunodeficiency (%)

Admission characteristics

APACHE IV estimated mortality rate

(IQR)

Admission type
Medical
Urgent surgical
Elective surgical
GCS on admission

GCS <5 (%)
GCS 6-14 (%)
GCS 15 (%)

Diagnosis on admission
Mechanical ventilation (%)
CVA (%)

Intracranial mass (%)
Gastro intestinal bleeding (%)
Diabetes (%)

GCS at 24h of ICU admission
GCS <5 (%)

GCS 6-14 (%)
GCS 15 (%)

Diagnosis at 24h of ICU admission

AKI (%)

Mechanical ventilation (%)

Infection (%)

56

13,461
69 (59-77)

25.8 (23.4-29.1)

1438 (10.7)
2339 (17.4)
1261 (9.4)
178 (1.3)

869 (6.5)

979 (7.3)

0.7 (0.3-0.9)

10,113 (75.4)
1957 (14.6)
1337 (10.0)

5479 (51.3)
1794 (16.8)
3414 (31.9)

11,013 (81.8)
464 (3.4)
269 (2.0)
351 (2.6)

2563 (19.0)

4735 (44.6)
1658 (15.6)
4229 (39.8)

2929 (21.8)
11,681 (86.8)
2055 (15.3)

4889
70 (58-78)
25.7(22.9-29.7)

444.(9.1)
907 (18.6)
399(8.2)

61(1.2)

353(7.2)

400 (8.2)

0.7 (0.3-0.9)

3617 (74.3)
725 (14.9)
528 (10.8)

2003 (51.4)
645 (16.5)
1251 (32.1)

3928 (80.3)
178 (3.6)
114 (2.3)
126 (2.6)

972 (19.9)

1687 (43.6)
592 (15.3)
1594 (41.2)

1028 (21.0)
4184 (85.6)
765 (15.6)

8572
68 (59-76)
25.8 (23.5-28.4)

994 (11.6)
1432 (16.7)
862 (10.1)

117 (1.4)

516 (6.0)

579 (6.8)

0.7 (0.3-0.9)

6496 (76.1)
1232 (14.4)
809 (9.5)

3479 (51.2)
1149 (16.9)
2163 (31.9)

7085 (82.7)
286 (3.3)
155 (1.8)
225 (2.6)

1591 (18.6)

3048 (45.2)
1066 (15.8)
2635 (39.0)

1901 (22.2)
7497 (87.5)
1290 (15.0)

<0.01
0.94

<0.01
<0.01
<0.01

0.62

<0.01

<0.01

<0.01

0.02

0.87

<0.01
0.38
0.04
0.91
0.06
0.1

0.13
<0.01
0.37

0(0.0)
849 (6.0)
0(0.0)

87 (0.65)

54 (0.40)

2774 (21.0)

2839 (21.0)
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Table 2 | Patient and admission characteristics for IHCA patients, for women and men (continued)

Vasoactive medication (%) 9762 (72.5) 3457 (70.7) 6305 (73.6) <0.01
Thrombolytic therapy (%) 591 (4.4) 203 (4.2) 388 (4.5) 0.33
Academic hospital (%) 3305 (24.6) 1132 (23.2) 2173 (25.3)  <0.01 0(0.0)

OHCA: out-of-hospital cardiac arrest, BMI: body-mass index, COPD: chronic obstructive pulmonary disease, APACHE: Acute
Physiology and Chronic Health Evaluation, GCS: Glasgow Coma Scale, CVA: cerebrovascular accident, AKI: acute kidney
injury

In IHCA patients, women had a higher median age than men (70 years vs. 68 years,
p<0.01). As in OHCA patients, women who suffered IHCA had a lower incidence of prior
cardiovascular insufficiency than men (9.1% vs. 11.6%, p< 0.01) and a higher incidence
of prior COPD/respiratory insufficiency was found in women (18.6%) than in men (16.7%,
p< 0.01). At admission, women received less often mechanical ventilation than men
(85.6% vs. 87.5%, p< 0.01). Women had shorter length of ICU stay (5.3 days vs. 6.4 days,
p< 0.01), as shown in Table 3.

Table 3 | Clinical outcomes for OHCA and IHCA patients, for women and men

OHCA
Length of ICU stay in hours (IQR) 66.7 (25.2-127.7) 56.9(19.4-118.4) 69.9 (29.5-132.9) <0.01  0(0.0)
Hospital length of stay in days (IQR) 5.5(1.9-14.4) 4.2 (1.4-12.5) 6.2(2.2-15.1) <0.01 31(0.2)
ICU mortality (%) 8814 (45.3) 3170 (53.0) 5644 (41.9) <0.01  0(0.0)
Hospital mortality (%) 9690 (49.8) 3432 (57.4) 6258 (46.5) <0.01  0(0.0)
1-year mortality (%) 10,909 (56.1) 3821 (63.9) 7088 (52.6) <0.01  0(0.0)
IHCA
Length of ICU stay in hours (IQR) 50.5(17.1-133.2) 45.9 (14.4-117.8) 54.9 (18.5-139.4) <0.01 1(0.01)
Hospital length of stay in days (IQR) 6.0 (1.5-15.1) 5.3(1.3-14.1) 6.4 (1.7-15.6)  <0.01 27 (0.20)
ICU mortality (%) 5846 (43.4) 2256 (46.1) 3590 (41.9) <0.01 0(0.0)
Hospital mortality (%) 6670 (49.6) 2541 (52.0) 4129 (48.2) <0.01 0(0.0)
1-year mortality (%) 7823 (58.1) 2935 (60.0) 4888 (57.0) <0.01  0(0.0)
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Primary outcome: 1-year mortality

In OHCA, women had a higher 1-year mortality than men (63.9% vs.52.6%, p < 0.01,
Table 3). After adjustment in the Cox proportional hazard regression model this mortal-
ity difference remained statistically significant (HR 1.28, 95% Cl 1.23-1.34, Table 4). Fig. 1
shows the Kaplan-Meier curve of 1-year mortality in OHCA patients. The Supplementary
Digital Content Table B shows that the largest mortality difference between women and
men in our study population is present in the initial phase after CA.

In IHCA, women had higher 1-year mortality than men (60.0% vs.57.0%, p<0.01,
Table 3). After adjustment in the Cox proportional hazard regression model this mortal-
ity difference remained statistically significant (HR: 1.09, 95% CI 1.04-1.14, Table 4). Fig. 2
shows the Kaplan-Meier curve of 1-year mortality in IHCA patients. Likewise, the largest
mortality difference between women and men in our study population is present in the
initial phase after the cardiac arrest (4.2%, Supplementary Digital Content Table C).

Secondary outcome: hospital mortality

In OHCA patients, women had a higher hospital mortality than men (57.4% vs. 46.5%,
p<0.01, Table 3). Supplementary Digital Content Table D shows that in the adjusted bi-
nary logistic regression model, this difference in hospital mortality remained statistically
significant (OR 1.44, 95% Cl 1.33-1.52).

In IHCA patients, women had a higher hospital mortality than men (52.0% vs. 48.2%,
p < 0.01, Table 3). Supplementary Digital Content Table D shows that in the adjusted
logistic regression model, this difference in hospital mortality remained statistically
significant (OR 1.11, 95% CI 1.03-1.20).

Cox proportional hazard regression results

Table 4 presents the Cox proportional hazard regression results for OHCA and IHCA.
Next to our estimates for sex differences we found some notable results. As for OHCA,
we found that increasing age is positively associated with 1-year mortality. Further, we
found that liver cirrhosis (HR 2.01, 95% Cl 1.70-2.38) and intracranial mass (HR 3.06, 95%
Cl 2.73-3.44) are both positively associated with 1-year mortality. As for IHCA, we also
found that increasing age is positively associated with 1-year mortality.

The proportional hazard assumptions

Table 5 presents the HRs for the left-truncation analysis. As for OHCA, the adjusted HR
estimated with left-truncation at hospital discharge remains statistically significant and
in the same magnitude as compared to no left-truncation (HR 1.37, 95% Cl 1.25-1.49).
Although the magnitude of the HRs are similar across the increasing left-truncation
thresholds, the statistical significance over the truncation thresholds disappear. This is
likely due to the decreasing sample size after left-truncation. For OHCA, we provide evi-
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Table 4 | Multivariable Cox regression analysis for 1-year mortality in OHCA and IHCA patients

OHCA IHCA

Women 1.28 (1.23-1.34) 1.09 (1.04-1.14)

Age <40 Reference
40-50 0.88 (0.79-0.98) 0.86 (0.74-1.01)
50-55 0.89 (0.79-0.99) 1.04 (0.88-1.21)
55-60 0.92 (0.83-1.03) 1.02 (0.88-1.19)
60-65 1.04 (0.94-1.15) 1.16 (1.01-1.34)
65-70 1.18 (1.07-1.30) 1.33(1.16-1.53)
70-80 1.44 (1.32-1.58) 1.57 (1.38-1.79)
80-90 2.29 (2.08-2.52) 2.15(1.88-2.46)
>90 3.11 (2.64-3.66) 2.78 (2.25-3.45)

BMI <20 1.11(1.04-1.18) 1.12 (1.04-1.20)
20-25 Reference
25-27.5 1.00 (0.97-1.10) 1.01 (0.94-1.09)
27.5-30 0.95(0.89-1.01) 0.91 (0.84-0.98)
>30 1.04 (0.97-1.10) 0.97 (0.90-1.04)

Medical history Cardiovascular insufficiency 1.01 (0.94-1.09) 1.17(1.09-1.25)
COPD /respiratory insufficiency 1.36(1.30-1.43) 1.22(1.15-1.29)
Renal insufficiency 1.34(1.24-1.45) 1.24(1.15-1.33)
Liver cirrhosis 2.01(1.70-2.38) 1.55(1.30-1.84)
:2122:2:3;:“&% hematologic , o¢ (1 68-2.06) 1.78 (1.64-1.94)
Immunodeficiency 1.12(1.02-1.23) 1.25(1.15-1.35)

Diagnosis on admission Mechanical ventilation 1.27(1.17-1.37) 1.25(1.17-1.34)
CVA 1.32 (1.19-1.48) 1.19 (1.06-1.35)
Intracranial mass 3.06 (2.73-3.44) 1.55(1.33-1.80)
Gastro intestinal bleeding 1.50 (1.30-1.72) 1.53(1.34-1.73)
Diabetes Mellitus 1.24 (1.89-1.30) 1.15 (1.09-1.22)

GCS on admission <5 2.18(2.01-2.36) 2.61(2.45-2.79)
6-14 0.83 (0.75-0.92) 1.37 (1.26-1.49)
15 Reference

N 19,440 13,461

-2 Log likelihood 203,812.30 140,306.83

Likelihood ratio test p-value <0.01 <0.01

AlC 203,868.30 140,362.83

Note: estimates are Hazard Ratios (HR) and 95% Confidence Interval (95% Cl), derived from a Cox proportional
hazard regression analysis. OHCA: out of hospital cardiac arrest, IHCA: in-hospital cardiac arrest, BMI: body
mass index, CVA: cerebrovascular accident, GCS: Glasgow Coma Scale
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Table 5 | Cox proportional hazard regressions for 1-year mortality at different left-truncation thresholds

OHCA

Women

Men

Crude

Adjusted

Niotat (Nnon-survivorss %0
survival)

Nictal (Nrion-survivors, 70!
Survival)

No left truncation

Left truncation at:

1.39[1.34-1.45]

1.28[1.23-1.33]

5977 (3821, 64%)

13,463 (7088, 53%)

At hospital discharge 1.51[1.39-1.64] 1.37[1.25-1.49] 3021 (879, 29%) 7975 (1636, 21%)
At30days 1.37[1.17-1.59] 1.21[1.04-1.42] 2390 (238, 10%) 6859 (506, 7%)
At90days 1.33[1.08-1.63]  1.19[0.96-1.47] 2257 (132, 6%) 6560 (290, 4%)
At180days 1.41[1.06-1.87]  1.31[0.98-1.76] 2160 (70, 3%) 6293 (146, 2%)
At270days 1.45[0.98-2.16]  1.39[0.93-2.08] 2079 (37,2%) 6124 (75, 1%)
IHCA Crude Adjusted
No left truncation 1.11[1.06-1.16] 1.09[1.04-1.14] 4889 (2935, 60%) 8572 (4888, 57%)
Left truncation at:
At hospital discharge 0.99[0.90-1.09] 0.97 [0.88-1.07] 2606 (668, 26%) 4904 (1256, 26%)
At 30 days 1.04[0.91-1.19] 1.01[0.88-1.15] 2277 (334, 15%) 4260 (598, 14%)
At 90 days 1.10[0.92-1.33] 1.05[0.87-1.27] 2086 (177, 8%) 3904 (300, 8%)
At 180 days 1.07 [0.82-1.38] 1.03 [0.79-1.36] 1952 (90, 5%) 3659 (158, 4%)
At270days 1.06[0.72-1.55]  1.04[0.70-1.55] 1847 (41,2%) 3465 (73, 2%)

dence that the proportional hazard assumption holds. Supplementary Digital Content
Fig. E shows the survival curves for OHCA patients when the increasing left-truncation
thresholds are applied.

As for IHCA, the adjusted HRs estimated with left-truncation at the different thresh-
olds are statistically insignificant and smaller as compared to no left-truncation. For
IHCA, we found some evidence that the proportional hazard assumption is violated.
Supplementary Digital Content Fig. F shows the survival curves for OHCA patients when
the increasing left-truncation thresholds are applied.

DISCUSSION

This nationwide study showed that women who are admitted to the ICU after both OHCA
and IHCA have a higher 1-year mortality than men. After left-truncation, for OHCA we
found that the HRs remained relatively constant suggesting a persistent effect of sex on
mortality during the first year after CA. At the same time for IHCA, after left-truncation,
the effect of sex was mainly present in the initial phase after CA but decreases at later
stages of follow-up. Our results suggests that the effect of sex on mortality during all
intervals of the first year is more pronounced in OHCA than in IHCA patients.
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Other studies comparing 1-year mortality in women and men in OHCA and IHCA are
scarce and performed in smaller samples. McLaughlin et al. [32] investigated long-term
mortality in hospital survivors of a combined sample of OHCA and IHCA patients (n=
1433).They found a significantly higher mortality rate in women (53%) than in men (43%,
p< 0.01), at a median follow up of 3.6 years. [32] This effect disappeared after adjustment
for baseline covariates including cardiac characteristics (HR 1.05, 95% Cl 0.85-1.29).
Wissenberg et al. [33] showed a significantly higher unadjusted mortality rate (p< 0.01)
in EMS-treated OHCA in women than in men. These mortality rates are much higher
than the mortality rates we found, which is probably due to the difference in included
patients (EMS-treated versus ICU-admitted CA patients). Another study performed by
Lindgren et al.[23] among 1498 OHCA patients showed no difference in 1-year mortality
rate between women and men. We could not find studies comparing 1-year mortality
in women and men only including IHCA patients. Schluep et al. [28] performed a meta-
analysis and found an overall 1-year mortality of 82.4%, but these studies also included
patients who died before ICU admission. A meta-analysis of Fennessy et al. [34] showed
a very low overall 1-year mortality of 3.0-14.3%, however they only included hospital
survivors. In another study performed by Schluep et al. [26] performed in a single centre
a 1-year mortality of 74% was found in ICU admitted IHCA patients.

Our secondary outcome was hospital mortality, which we also found to be higher in
women than in men in both OHCA and IHCA. Sex differences in hospital mortality have
been described more often. John et al.[22] combined OHCA and IHCA patients and found
equal hospital mortality rates in women (21%) and in men (23%, p= 0.68). Unfortunately,
they did not stratify for OHCA/IHCA, their sample size was smaller, and was focussed
on patients undergoing a coronary angiogram. Many recent studies in OHCA patients
found a higher mortality in women in univariable analyses but not in multivariable
analyses.[12,14,17,19,21,24,35] However, some studies did find a multivariable adjusted
significantly higher mortality for women while correcting for cardiac characteristics, e.g.,
primary cardiac rhythm. [18,36,37] This disparity could be explained by cardiac factors in
the causal pathway, which we could not adjust for. In our study hospital mortality rates
in women after IHCA were higher than in men. Just few studies have been examining
sex differences in IHCA patients. For example, Al Dury et al. [13] found higher mortality
rates for women in their univariable analysis, but not in the multivariable analysis (OR
0.96, 95% Cl 0.85-1.09). In a smaller study performed by Qvicket al. [38], no differences
were shown in the univariable as well as the multivariable analysis. This could be due to
the low proportions of women and men with shockable primary rhythm (18% vs. 21%,
respectively).

Itis not straightforward to explain the findings regarding sex differences in mortality
after OHCA and IHCA of our study and recent literature. The differences in findings could
be due to many factors, such as: heterogeneity of the aimed population, inclusion and
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exclusion criteria, sample sizes, studied cardiac characteristics, awareness of bystanders,
and prehospital, and in-hospital treatment differences between countries and hospitals.
In most studies, primary cardiac rhythm seems to be an important contributing factor
of the differences in mortality between women and men. Shockable primary cardiac
rhythms are less often present in women than in men in both OHCA and IHCA. [12-
21,24,33,37,38] A shockable primary cardiac rhythm is more often present in OHCA
patients than in IHCA patients, and OHCA patients have higher probability of CA due
to a cardiac aetiology than IHCA patients. [39-41] However, Sheak et al. [40] also found
a higher probability of asystole as primary cardiac rhythm in OHCA patients than in
IHCA patients. These authors did not present delay before start of CPR and occurrence
of bystander CPR, which could have caused the shockable primary cardiac rhythms to
be already converted to asystole. Finally, it may also be the case that there is some bias
with respect to the treatment and care of women after cardiac arrest. Although, we at-
tempted to include as much information about treatment, this should be confirmed in
future studies.

Since the primary cardiac rhythm was not available in our study, we were not able
to adjust for this factor. Therefore, we can only speculate if this is the only factor re-
sponsible for the sex differences that we found in both OHCA and IHCA. The general
occurrence of a shockable primary cardiac rhythm and cardiac cause in IHCA is lower.
Hence, the sex difference we found is most probably not only due to the primary cardiac
rhythm. However, our results were indeed less pronounced in IHCA. With our results in
mind, we hypothesise that despite the expected difference in primary cardiac rhythm
and cause of arrest, the pathophysiology in women may also be different. The question
investigating the cause of the sex difference would therefore be an important aim for
future research. More detailed knowledge could result in a different approach and more
specified treatment for women and men.

Limitations

We have previously discussed the limitations of the use of the NICE registry for studying
CA. [25] For this study the most important limitation is the absence of cardiac charac-
teristics, especially the unknown primary cardiac rhythm, the cause of CA, and time to
ROSC. These factors may, at least in part, explain the observed differences. Other limita-
tions include that, in the NICE registry, the location of arrest (OHCA or IHCA) is not reg-
istered. Therefore, we had to determine this with the best possible approximation using
the admission origin. Next, we could only report mortality rates in this study, because
there were no data available on neurological outcomes or quality of life after hospital
discharge. Further, the statistically significant shorter length of stay we found in women
is most probably due to the higher mortality in these patients. Finally, the increasing
age of both OHCA and IHCA could influence the 1-year mortality. This mortality could
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be caused by other age-related problems and not be a result of the CA. The mortality
rates will probably be for some part overestimate the mortality caused by OHCA or IHCA.

CONCLUSION

Women admitted to the ICU after cardiac arrest have a higher mortality rate than men.
After left-truncation, we found that this sex difference persisted for OHCA. For IHCA we
found that the effect of sex was mainly present in the initial phase after the cardiac
arrest.

— Men(N=13463) — Women (N=5077)

Survival likelihood
—
——

T ——

-

-
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100 300

200
Time (Days)

Figure 1| 1-year mortality of women vs men in OHCA patients, Log-rank test p < 0.01.

Wen (Ns8,572) ~— Women (N+4,389)

_ Survival likelihood

200
Time (Days)

Figure 2 | 1-year mortality of women vs men in IHCA patients, Log-rank test p < 0.01.
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SUPPLEMENTARY MATERIAL

Table A | Summary of variables and their definitions, as described in the NICE registry

Patient characteristics: sex, age, body mass index (BMI), and history (cardiovascular insufficiency, chronic obstructive pul-
monary disease (COPD), respiratory insufficiency, renal insufficiency, liver cirrhosis, malignancy (including hematologic
malignancy), aids, immunologic insufficiency).

Admission characteristics: Acute Physiology and Chronic Health Evaluation (APACHE IV) estimated mortality rate, admis-
sion type (medical, urgent surgical, elective surgical), diagnosis on admission (Glasgow Coma Scale [GCS], the use of me-
chanical ventilation, cerebrovascular accident [CVA], intracranial mass, gastro-intestinal bleeding, diabetes mellitus), and
diagnoses within 24 hours of ICU admission (GCS, acute kidney injury [AKI], the use of mechanical ventilation, infection, va-
soactive medication use, the administration of thrombolytic therapy, and admission at academic/non-academic hospital.
Clinical outcomes: length of stay at the Intensive Care Unit (ICU), length of stay at the hospital, ICU mortality, hospital
mortality, and 1-year mortality.

Definitions of variables:

Cardiovascular insufficiency Angina or symptoms at rest or during minimal effort, such as dressing and
personal hygiene (New York Heart Association class IV).

COPD Chronic condition in which pulmonary function swiftly deteriorates. The most
important pathologies which fall into this category are chronic bronchitis,
chronic bronchiolitis and emphysema.

Respiratory insufficiency Chronic restrictive, obstructive or vascular conditions in the lungs resulting in
very severe restriction of mobility, or registered chronic hypoxia, secondary
polycythaemia, severe pulmonary hypertension (PAPsys > 40 mm Hg), or
respiratory dependence (e.g. 02-dependent active respiratory conditions,
sarcoidosis, interstitial fibrosis, tuberculosis, chronic obstructive pulmonary
diseases).

Renal insufficiency Raised serum creatinine > 177 umol/L (2.0 mg/dl) and renal insufficiency in
the medical history (before the current hospital admission).
Or if the patient has been receiving long-term haemodialysis or peritoneal
dialysis prior to the current hospital admission.

Liver cirrhosis Positive biopsy and documented portal hypertension, or there have been
previous periods of high gastrointestinal bleeding as a result of portal
hypertension, or there have been previous periods of hepatic failure, coma or
encephalopathy (before the current hospital admission).

Malignancy (including
hematologic malignancy)

Metastasised neoplasm Metastases which have been diagnosed by clinical examination or confirmed
by a pathology report or if there is Stage IV cancer (not solely regional lymph
nodes).

Haematological malignancy Malignant lymphoma, acute leukaemia or multiple myeloma. Chronic
leukaemia is only scored if the patient is undergoing active treatment or if
there is a relationship to the current condition.

Aids HIV-positive and clinical complications such as pneumocystis carinii
pneumonia, Kaposi’s sarcoma, lymphoma, tuberculosis of toxoplasma
infection, or HIV-positive with CD4 < 200.

Immunologic insufficiency Long term immunosuppressive therapy, or corticosteroid use (short term
high and long term low dosages), or active chemotherapy or radiotherapy in
the past year, or chemotherapy or radiotherapy for Hodgkin or non-Hodgkin
lymphoma at any time for IC admission, or humoral or cellular deficiencies.

Mechanical ventilation Use of a ventilator at the moment of IC admission or immediately (within 15
minutes) thereafter. An endotracheal tube is not necessarily required; also
patients with CPAP via a mask are connected to the ventilator.
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Table A | Summary of variables and their definitions, as described in the NICE registry (continued)

Cardiovascular insufficiency

Angina or symptoms at rest or during minimal effort, such as dressing and
personal hygiene (New York Heart Association class IV).

CVA

Intracranial mass

Gastro intestinal bleeding

Diabetes

AKI

Infection

Vasoactive medication

Thrombolytic therapy

Cerebral embolism, occlusion, bleeding, or infarction at ICU admission or
within 1 hour after ICU admission.

If an abscess, tumour, bleeding, or subdural contusion identified by CT/MRI
and causes midline shift, obliteration/distortion of the cerebral ventricles,
bleeding in cerebral ventricle/subarachnoid space, mass of >4cm or a
contrast enhanced mass. If mass effect is present at least within 1 hour after
ICU admission, a CT scan is not mandatory.

Hematemesis or melaena.

Medication-dependent form of diabetes. This must have been diagnosed
before the current IC admission.

Renal replacement therapy (during first 24 hours of ICU stay), or Serum
creatinine level greater than 1.5 mg/100 ml (or 133umol/l) during the
previous 24 hours, associated with oliguria.

Oliguria is defined as urine production <150 ml over a period of 8 consecutive
hours. This oliguria cannot be caused by a missing or tight-fitting urine
catheter or due to incontinence.

Confirmed infection upon admission or if infection is confirmed during the
first 24 hours of IC treatment. Accepted confirmation of infection are culture
results and Gram staining. Perioperative findings may qualify as evidence: for
example faeces in the open peritoneal cavity with laparotomy scores ‘yes’. It
is therefore also possible to score “yes” on basis of a very strong suspicion of
infection in radiology (e.g. new infiltrate) in conjunction with the clinic (e.g.
purulent sputum and fever).

Laboratory confirmation (including verbal or fax confirmation) must be
obtained during the first 24 hours of admission. If the results are received
after this, a ‘no’ must be scored.

If perioperative findings are used, the procedure must have taken place
either immediately prior to ICU admission or during the first 24 hours of ICU
treatment.

If radiological or other imaging material is used, the evidence must be
undisputed.

Continuous intravenous vasoactive medication for a minimum period of one
hour during the first 24 hours of ICU admission.

Patient has undergone thrombolytic therapy following an acute myocardial
infarction in the 24 hours prior to ICU admission or during the first 24 hours
of ICU admission. Examples of thrombolytic therapy are streptokinase, t-PA
(Tissue plasminogen activator), and urokinase.

68



Higher 1-year mortality in women admitted to intensive care units after cardiac arrest

Table B | Differences in ICU length of stay and mortality between women and men in ICU survivors and
hospital survivors of OHCA patients

Total OHCA patients 5977 13,463 NA
ICU length of stay in ICU survivors (in hours) 76.8[38.3-162.3] 85.9[45.4-158.8] NA
ICU length of stay in ICU non-survivors (in hours) 41.9[9.8-84.1] 51[13.9-98.1] NA
ICU mortality 3170 (53) 5644 (41.9) 11.1%
Hospital mortality in ICU survivors 262/2807=9.3% 614/7819=7.9% 1.4%
1-year mortality in hospital survivors 389/2545=15.3% 830/7205=11.5% 3.8%

OHCA: out-of-hospital cardiac arrest, ICU: intensive care unit

Table C | Differences in ICU length of stay and mortality between women and men in ICU survivors and
hospital survivors of IHCA patients

Total IHCA patients 4889 8572 NA
ICU length of stay in ICU survivors (in hours) 68.5 [25-158.8] 73.3[26-165.5] NA
ICU length of stay in ICU non-survivors (in hours) 22.5[4.2-75.1] 32.4[5.8-95.3] NA
ICU mortality 2256 (46.1) 3590 (41.9) 4.2%
Hospital mortality in ICU survivors 285/2633=10.8% 539/4982=10.8% 0%
1-year mortality in hospital survivors 394/2348=16.8% 759/4443=17.1% 0.3%

IHCA: in-hospital cardiac arrest, ICU: intensive care unit
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Table D | Multivariable logistic regression analysis for hospital mortality for OHCA and IHCA

OHCA IHCA

Women 1.42(1.33-1.52) 1.11(1.03-1.20)

Age <40 Reference Reference
40-50 0.81 (0.69-0.95) 0.83 (0.66-1.04)
50-55 0.79 (0.67-0.93) 1.01 (0.80-1.28)
55-60 0.86 (0.74-1.01) 0.99 (0.80-1.24)
60-65 1.01 (0.87-1.18) 1.13 (0.92-1.40)
65-70 1.18(1.02-1.37) 1.35(1.11-1.66)
70-80 1.57(1.37-1.81) 1.75(1.44-2.11)
80-90 3.38(2.90-3.94) 2.84 (2.32-3.49)
>90 4.71 (3.33-6.66) 3.66 (2.47-5.43)

BMI <20 1.12 (1.01-1.25) 1.22 (1.07-1.37)
20-25 Reference Reference
25-27.5 0.99 (0.90-1.10) 1.10 (0.97-1.25)
27.5-30 0.93 (0.84-1.03) 0.89 (0.79-1.01)
>30 1.08 (0.98-1.20) 1.04 (0.93-1.18)

Medical history

Diagnosis on admission

GCS on admission

N

-2 Loglikelihood
Wald-test, p-value
AlC

Cardiovascular insufficiency

COPD/respiratory insufficiency

Renal insufficiency

Liver cirrhosis

Malignancy including hematological

malignancies

Immunodeficiency

Mechanical ventilation
CVA

Intracranial mass

Gastro intestinal bleeding
Diabetes

<5

6-14

15

1.10 (0.97-1.25)
1.72 (1.57-1.88)
1.62 (1.39-1.87)
3.44 (2.36-5.01)

2.36 (1.91-2.91)

1.33(1.12-1.58)

1.65(1.47-1.85)
1.59 (1.28-1.97)
4.54 (3.44-5.99)
2.26(1.72-2.97)
1.44 (1.31-1.57)
3.59 (3.20-4.04)
0.83 (0.72-0.96)
Reference
19,440
23,716.65
<0.01
23,774.65

1.27 (1.12-1.43)
1.50 (1.35-1.65)
1.35(1.18-1.54)
2.60 (1.84-3.69)

2.28 (1.93-2.69)

1.53(1.32-1.79)

1.67 (1.51-1.85)
1.34(1.08-1.68)
2.00 (1.48-2.70)
2.00 (1.57-2.55)
1.23(1.11-1.36)
4.46 (4.04-4.92)
1.50 (1.32-1.70)
Reference
13,461
16,424.44
<0.01
16,482.44

Note: estimates are Odds Ratios (OR) and 95% Confidence Interval (95% Cl), derived from a binary logistic
regression analysis. OHCA: out-of-hospital cardiac arrest, IHCA: in-hospital cardiac arrest, BMI: body-mass

index, CVA: cerebrovascular accident, GCS: Glasgow Coma Scale
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Higher 1-year mortality in women admitted to intensive care units after cardiac arrest

Table G | Number of missing values for women and men separately in the OHCA sample.

Women Men
Patient characteristics
Patient no 5977 13,463
Age (%) 0(0.0) 0(0.0)
BMI (%) 423 (7.0) 871 (6.0)
History 0(0.0) 0(0.0)
Cardiovascular insufficiency (%) 0(0.0) 0(0.0)
COPD/respiratory insufficiency (%) 0(0.0) 0(0.0)
Renal insufficiency (%) 0(0.0) 0(0.0)
Liver cirrhosis (%) 0(0.0) 0(0.0)
Malignancy including hematological malignancy (%) 0(0.0) 0(0.0)
Immunodeficiency (%) 0(0.0) 0(0.0)
Admission characteristics
APACHE IV estimated mortality rate (IQR) 32(1.0) 48 (0.4)
Admission type 35 (0.6) 45(0.3)
GCS at admission 1433 (24.0) 3403 (25.0)
Diagnosis on admission 0(0.0) 0(0.0)
Mechanical ventilation (%) 0(0.0) 0(0.0)
CVA (%) 0(0.0) 0(0.0)
Intracranial mass (%) 0(0.0) 0(0.0)
Gastro intestinal bleeding (%) 0(0.0) 0(0.0)
Diabetes Mellitus (%) 0(0.0) 0(0.0)
L eme e
GCS - At 24 hours after ICU admission 1447 (24.2) 3417 (25.4)
Diagnosis at 24h of ICU admission 0(0.0) 0(0.0)
AKI (%) 0(0.0) 0(0.0)
Mechanical ventilation (%) 0(0.0) 0(0.0)
Infection (%) 0(0.0) 0(0.0)
Vasoactive medication (%) 0(0.0) 0(0.0)
Thrombolytic therapy (%) 0(0.0) 0(0.0)
Academic hospital (%) 0(0.0) 0(0.0)

OHCA: out-of-hospital cardiac arrest, BMI: body-mass index, COPD: chronic obstructive pulmonary disease, APACHE: Acute
Physiology and Chronic Health Evaluation, GCS: Glasgow Coma Scale, CVA: cerebrovascular accident, AKI: acute kidney
injury.
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Table H | Number of missing values for women and men separately in the IHCA sample.

Women Men
Patient characteristics
Patient no 4889 8572
Age (%) 0(0.0) 0(0.0)
BMI (%) 314 (6.4) 535 (6.2)
History 0(0.0) 0(0.0)
Cardiovascular insufficiency (%) 0(0.0) 0(0.0)
COPD/respiratory insufficiency (%) 0(0.0) 0(0.0)
Renal insufficiency (%) 0(0.0) 0(0.0)
Liver cirrhosis (%) 0(0.0) 0(0.0)
(‘i\/:;\lignancy including hematological malignancy 0(0.0) 0(0.0)
Immunodeficiency (%) 0(0.0) 0(0.0)
Admission characteristics
APACHE IV estimated mortality rate (IQR) 36 (0.7) 51(0.6)
Admission type 19 (0.4) 35(0.4)
GCS at admission 990 (20.2) 1784 (20.8)
Diagnosis on admission 0(0.0) 0(0.0)
Mechanical ventilation (%) 0(0.0) 0(0.0)
CVA (%) 0(0.0) 0(0.0)
Intracranial mass (%) 0(0.0) 0(0.0)
Gastro intestinal bleeding (%) 0(0.0) 0(0.0)
Diabetes Mellitus (%) 0(0.0) 0(0.0)

GCS - At 24 hours after ICU admission 1016 (20.7) 1823 (21.3)
Diagnosis at 24h of ICU admission 0(0.0) 0(0.0)
AKI (%) 0(0.0) 0(0.0)
Mechanical ventilation (%) 0(0.0) 0(0.0)
Infection (%) 0(0.0) 0(0.0)
Vasoactive medication (%) 0(0.0) 0(0.0)
Thrombolytic therapy (%) 0(0.0) 0(0.0)
Academic hospital (%) 0(0.0) 0(0.0)

OHCA: out-of-hospital cardiac arrest, BMI: body-mass index, COPD: chronic obstructive pulmonary disease, APACHE: Acute
Physiology and Chronic Health Evaluation, GCS: Glasgow Coma Scale, CVA: cerebrovascular accident, AKI: acute kidney
injury.
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Table I | Number of women and men per variable group in the regressions.

Age <40 765 (5.7) 456 (7.6) 255 (5.2) 330 (3.8)
40-50 1186 (8.8) 601 (10.1) 386 (7.9) 563 (6.6)
50-55 1131 (8.4) 501 (8.4) 305 (6.2) 507 (5.9)
55-60 1370(10.2) 521 (8.7) 364 (7.4) 792 (9.2)
60-65 1665 (12.4) 609 (10.2) 499(10.2) 1019 (11.9)
65-70 2052(15.2) 773 (12.9) 635(13.0) 1401 (16.3)
70-80 3587 (26.6) 1489 (24.9) 1412 (28.9) 2744 (32.0)
80-90 1595 (11.8) 913 (15.3) 936(19.1) 1155 (13.5)
>90 113(0.8) 114 (1.9) 97 (2.0) 61(0.7)

BMI <20 1855(13.8)  1373(23.0)  1142(23.4) 1360 (15.9)
20-25 2385(17.7) 964 (16.1) 789 (16.1) 1573 (18.4)
25-27.5 2977(22.1) 803 (13.4) 594 (12.1) 1663 (19.4)
27.5-30 2979 (22.1) 909 (15.2) 767(15.7) 1812 (21.1)
>30 2396(17.8)  1505(25.2)  1283(26.2) 1629 (19.0)
Missing* 871 (6.5) 423 (7.1) 314 (6.4)  535(6.2)

GCS on admission <5 7144 (53.1)  3310(55.4) 2003 (41.0) 3476 (40.6)
6-14 1590 (11.8) 670(11.2) 645 (13.2) 1149 (13.4)
>15 1326 (9.8) 564 (9.4) 1251 (25.6) 2163 (25.2)
Missing values* 3403 (25.3) 1433 (24.0) 990 (20.2) 1784 (20.8)

*Patients missing these values were included in the analysis as a separate category, but these estimates were not shown
in table 4.
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ABSTRACT

Objective After cardiac arrest, a key factor determining survival outcomes is low-flow
duration. This low-flow duration is defined as the time from start of cardiopulmonary
resuscitation (CPR), until: return of spontaneous circulation, return of circulation using
extracorporeal cardiopulmonary resuscitation (ECPR), or death. Our aims were to de-
termine the relation of survival and low-flow duration of both ECPR and conventional
CPR (CCPR) and if ECPR and CCPR have different short term survival curves in relation to
low-flow duration.

Methods We searched Embase, Medline, Web of Science, and Google Scholar from incep-
tion up to April 2021. We included 42 observational studies reporting on 1,689 ECPR and
375,751 CCPR procedures. A linear mixed effect model was used to describe the course
of survival over time, based on study-specific and time-specific aggregated survival data

Results Of the included studies, 25 included adults, 13 included children, and four
included both. In adults, survival curves decline rapidly over time (ECPR 37.2%-29.8%-
23.8%-19.1% versus CCPR-shockable 36.8%-7.2%-1.4%-0.3% for 15-30-45-60 minutes
low-flow, respectively). ECPR was associated with a statistically significant slower decline
in survival than CCPR with initial shockable rhythms (CCPR-shockable). In children,
survival curves decline rapidly over time (ECPR 43.6%-41.7%-39.8%-38.0% versus CCPR-
shockable 48.6%-20.5%-8.6%-3.6% for 15-30-45-60 minutes low-flow, respectively).
ECPR was associated with a statistically significant slower decline in survival than CCPR-
shockable.

Conclusions The short-term survival of ECPR and CCPR-shockable patients both decline
rapidly over time, in adults as well as in children. This decline of short-term survival in
relation to low-flow duration in ECPR was slower than in CCPR.

Trial registration: Prospero: CRD42020212480, 02-10-2020

Keywords: heart arrest, cardiac arrest, cardiopulmonary resuscitation, extracorporeal
cardiopulmonary resuscitation, survival
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INTRODUCTION

Despite mounting research, cardiac arrest remains a major cause of death worldwide.
(1) Although improvements have been seen in the conventional cardiopulmonary resus-
citation (CCPR), in the education of laypersons to perform basic life support (BLS), and
in the use of defibrillators or automated external defibrillators, survival outcomes after
cardiac arrest remain poor. Previous studies have shown that various prognostic factors
are associated with short-term survival, including age, initial cardiac rhythm, time to
return of spontaneous circulation (ROSC), whether or not bystanders attempt BLS, and
how quickly this BLS is provided. (2-4) Of these prognostic factors, time to ROSC has a
major influence on this short-term survival and - unlike factors such as age - is also a
factor over which we have some control. (5)

One way of shortening the low-flow duration, could be the use of extracorporeal
cardiopulmonary resuscitation (ECPR). ECPR involves applying an extracorporeal mem-
brane oxygenator (ECMO) during CPR. The low-flow duration is defined as the elapsed
interval from resuscitation until one of three endpoints: ROSC, artificial return of cir-
culation using ECPR, or death. ECPR treatment is used to limit ischaemic damage and
buy time to resolve the cause of cardiac arrest. In a randomised controlled trial survival
outcome of ECPR patients was much higher than in CCPR patients. (6) Two recent meta-
analyses, have shown the potential benefit on short-term survival of adding ECPR to
CCPR. (7, 8) Itis clear that the longer the low-flow state is present, the poorer the survival
outcome will be. (9-11) The most recent meta-analysis showed that a shorter low-flow
duration in ECPRis associated with improved survival. (8) Previously propensity matched
observational studies show different results ranging from improved outcomes for ECPR,
to no difference in outcomes for ECPR and CCPR. (12-17)

The aims of this systematic review and meta-analysis were therefore to determine
(1) the relation of survival and low-flow duration of both ECPR and CCPR and (2) if ECPR
and CCPR have different survival curves in relation to low-flow duration. We intended
to stratify these analyses for adults and children and for out-of-hospital cardiac arrest
(OHCA) and in-hospital cardiac arrest (IHCA).

MATERIALS AND METHODS

This systematic review and meta-analysis is performed according to the Preferred Re-
porting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (18) and
it is listed in the PROSPERO register with registration number CRD42020212480. Study
eligibility criteria, search study selection, data extraction, and risk of bias assessment
are described in detail in the Supplementary Material, Appendix 1. In short, a systematic
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search in Embase, Medline, Web of Science, and Google Scholar was performed from in-
ception up to April 2021. All studies including at least 20 OHCA or IHCA patients treated
with ECPR or CCPR were included. Two researchers screened and included the studies
and performed data extraction, including study characteristics, patient characteristics,
clinical characteristics and outcomes.

Statistical analysis

The study characteristics, patient characteristics, clinical characteristics and outcomes
were described for each study. The studies were grouped by adults, children, or both.
We report continuous variables using mean and standard deviation (SD) or median
and interquartile ranges (IQR) where applicable. We report categorical variables using
numbers and percentages.

As primary outcome we studied the relation of short-term survival and low-flow
duration. As secondary outcome the short-term survival in relation to low-flow dura-
tion of ECPR and CCPR were compared. Outcome measures differed by study. Studies in
which hospital survival was mentioned, this was used as the primary outcome param-
eter. For studies in which only neurologically intact survival was mentioned, or 30-day,
90-day, or 1-year survival: all these outcome parameters were considered as ‘hospital
survival’ If only intensive care unit survival was mentioned in the study, these studies
were excluded. In case no individual data was available, we contacted the authors for
the exact low-flow durations, followed by a reminder after one month if necessary. If
we received no response or if the data was not available, we used the time intervals of
low-flow duration.

In order to be able to analyse the data of the studies which reported individual data,
we had to cluster the low-flow durations with a minimum of five events per group. For
the studies of which only low-flow duration intervals were available, we calculated the
average value of every time interval per study, as this was the best possible approxima-
tion for the value of each individual patient. Next, for the maximum values, mostly a
value ‘higher than’ (>) a specific value was mentioned. We approximated this value by
calculating the mean (SD) and determined low-flow duration belonging to the 87.5 per-
centile. If there was no mean value mentioned in the articles, we used the median (IQR).

A linear mixed effect (LME) model was used to describe the course of survival over
time in patients treated with ECPR and patients treated with CCPR, based on the study-
specific and time-specific aggregated survival data. The LME model allows to account
for clustering of data within a study and inverse variance weighing was applied. We ran
separate analyses for several groups. We analysed data of adults and children separately.
In adults and in children, we combined shockable and non-shockable initial cardiac
rhythm for ECPR patients due to the limited amount of data. For CCPR patients shock-
able initial cardiac rhythm (CCPR-shockable) and non-shockable initial cardiac rhythm
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(CCPR-non-shockable) were analysed separately. We compared ECPR patients to CCPR-
shockable patients as shockable rhythm is usually an inclusion criterion for ECPR. Also,
ECPR patients are mostly selected based on patient criteria which increase the chances
of favourable outcome, as CCPR-shockable patients are the patients with expected
better outcomes than in CCPR-non-shockable patients. In case studies including CCPR
patients in which initial cardiac rhythm was not classified, were excluded for the analysis.

The short-term survival percentages we present are calculated using the following
LME models. In adult ECPR patients (combining shockable and non-shockable initial car-

2(55383—(

diac rhythms): Hospital survival (%) = 002139%ime) time is being given in minutes of

low-flow time. In adult CCPR-shockable patients: Hospital survival (%) = 2064 01574%time)
Due to one highly influencing study, no LME model could be created for adult CCPR-
non-shockable patients. In paediatric ECPR patients (combining shockable and non-
shockable initial cardiac rhythms): Hospital survival (%) = 2°13%000442me) | naadiatric
CCPR-shockable patients: Hospital survival (%) = 2(6848008312%me) 1 naediatric CCPR-
non-shockable patients: Hospital survival (%) = 244677 00>%"me) 1 order to compare the
ECPR and CCPR-shockable patients we first arbitrarily determined a difference of 5%
survival as clinically relevant. Next, we tested if there is any statistical difference between

the course of the LME of ECPR and CCPR-shockable patients.

RESULTS

Study selection

We identified 5117 studies with our search, after removing duplicates there were 2461
studies remaining. After title and abstract screening, 193 studies were selected for full
text screening. Of those, 48 were excluded because the outcomes were not presented in
time intervals, 34 were excluded because the primary endpoint could not be obtained,
nine were excluded because of multiple studies in the same cohort, nine studies were
excluded because these only included patients achieving ROSC, and 51 were excluded
for other reasons, as shown in Fig 1. Finally, we included 42 studies (N=417,133)(9, 11,
14, 19-57), of which 25 studies included only adult patients, 13 studies included only
children, and four studies included both.

Characteristics

Table 1 shows the study characteristics and a more detailed description is shown in Table
C of the Supplementary Material. Three of the adult studies included patients treated
with ECPR or CCPR, 11 studies included only patients treated with ECPR, and 10 included
only patients treated with CCPR. In the studies in children, one study included patients
treated with ECPR or CCPR, five studies included only patients treated with ECPR, and
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5117 after search
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2461 after deduplication

2656 duplicates removed

\4

Screening

193 full text screening

2268 exclusion after title/abstract screening

Eligibility

\4

151 exclusions

- 48 outcomes not presented in time frames

- 34 primary endpoint could not be obtained

- 9 same cohort as other included papers

-9 only patients with ROSC included

- 6 no numbers, only percentages

- 5 already included in the first 2 searches

- 5 non-Western studies

- 4 no separate data for ECPR and CCPR patients
-3 no total N per timeframe

- 3 only patients from one specific ward included
- 3 case series

- 3 only pre-hospital CPR times

-3 no CPR duration

- 2 no numbers available after requesting authors
- 2 only no-flow times

- 2 only patients transported to the ED

- 1 only odds ratios for survival

- 1 only 24 hour survival known

-1 only abstract

- 1 only re-arrest patients

- 1 full text not available

- 1 only patients who had a CT scan

- 1 no differentiation ECPR/ ECMO post ROSC

- 1 tables not available

- 1 start ECMO was not stated as CPR ending

- 1 only specific age groups

42 inclusions
- 25 adult

- 13 children
- 4 both

Inclusion

Figure 1 | Flowchart of study selection using the PRISMA guidelines
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seven studies included only patients treated with CCPR. In the studies including both
adults and children, one study included patients treated with ECPR or CCPR, two studies
included only patients treated with ECPR, and one study included only patients treated
with CCPR.

Patient and clinical characteristics are shown in Supplementary Material Table A. For
the adult studies, 1470 patients treated with ECPR and 375,751 patients treated with
CCPR were included. For the studies in children, 1140 patients treated with ECPR and
17,653 patients treated with CCPR were included. For the studies including both adults
and children, 111 patients treated with ECPR and 436 patients treated with CCPR were
included.

Table 1 | Study characteristics

Adults . Settin ECPR .
No Study Year Childr(lan/ :::ligyn Ln:rlitzlon (singleg/ ::l::;v‘;:p CCPR‘ :::‘e::r

Both multicenter) both
Studies in adults
1 Adnet(8) 2017 Adults descriptive  2011-2015 multi 30-days CCPR 27301
2 Bartos (52) 2020 Adults case-control 2015-2019 multi hospital stay both 1134
3 Chen(22) 2008 Adults descriptive  1994-2005 single 5years ECPR 135
4 Chou (23) 2014 Adults case-control 2006-2010 single hospital stay both 66
5 Dumot (24) 2001 Adults descriptive  1994-1995 single hospital stay CCPR 445
6 Ferguson (25) 2008 Adults descriptive  2001-2005 single 6 months CCPR 256
7 Fjolner (26) 2017 Adults descriptive  2011-2015 single hospital stay ECPR 21
8 Goldberger (26) 2012 Adults descriptive  2000-2008 multi hospital stay CCPR 64339
9 Grunau (28) 2018 Adults descriptive  2007-2011 multi hospital stay CCPR 5674
10 Haneya (48) 2012 Adults descriptive  2007-2012 single hospital stay ECPR 85
11 Kim(13) 2014 Adults cohort 2006-2013 single 3 months both 499
12 Mandigers (56) 2021 Adults descriptive  2010-2020 single Hospital stay ECPR 84
13 Murakami (53) 2020 Adults descriptive  2010-2015 single 30-days ECPR 1630
14 Nagao (35) 2016 Adults descriptive  2005-2012 multi 30-days CCPR 282183
15 Otani (36) 2018 Adults descriptive  2009-2017 single hospital stay ECPR 135
16 Park (51) 2019 Adults descriptive  2013-2016 multi hospital stay ECPR 689
17 Pionkowski (37) 1983 Adults descriptive  1978-1982 single hospital stay CCPR 565
18 Pound (54) 2020 Adults descriptive  2017-2018 multi hospital stay CCPR 152
19 Reynolds (39) 2016 Adults descriptive  2007-2010 multi hospital stay CCPR 11368
20 Rosenberg (40) 1993 Adults descriptive  1988-1989 multi hospital stay CCPR 300
21 Siao (58) 2020 Adults descriptive  2012-2017 single hospital stay ECPR 112
22 Valentin (49) 1995 Adults descriptive  1989-1991 single hospital stay CCPR 253
23 Wang (43) 2014 Adults cohort 2007-2012 single hospital stay ECPR 230
24 Wengenmayer (10) 2017 Adults cohort 2010-2016 single hospital stay ECPR 133
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Table 1| Study characteristics (continued)

No Study Year :Z\:::::inl :tuc.!y Incl.usion ?::;ll‘egl Follo\tu-up f:ﬁ::; LELE
Both esign period ) duration both number
25 Yukawa (45) 2017 Adults descriptive  2011-2015 single hospital stay ECPR 79
Studies in children
26 Bembea (20) 2013 Children descriptive 2000-2014 multi hospital stay ECPR 593
27 Ganesan (47) 2018 Children descriptive 2012-2014 single hospital stay CCPR 137
28 Goto (27) 2016 Children descriptive 2005-2012 multi 30-days CCPR 12877
29 Innes (50) 1993 Children descriptive 1990-1991 single 1year CCPR 41
30 Kalloghlian (30) 1998 Children descriptive 1989-1992 single hospital stay CCPR 234
31 Kramer (55) 2020 Children descriptive 2005-2016 single hospital stay ECPR 72
32 Lopez(32) 2004 Children descriptive 1998-1999 multi 1year CCPR 283
33 Lopez(31) 2013 Children descriptive 2007-2009 multi hospital stay CCPR 502
34 Matos (33) 2013 Children descriptive 2000-2009 multi hospital stay both 3419
35 Meert (57) 2019 Children descriptive 2009-2015 multi 1year ECPR 147
36 Morris (34) 2004 Children cohort 1995-2002 single hospital stay ECPR 64
37 Rathore (38) 2016 Children descriptive 2011-2012 single 1year CCPR 314
38 Sivarajan (42) 2011 Children descriptive 1990-2006 single 2 year ECPR 37
Studies in adults and children
39 Chen (21) 2016 both descriptive 2012 single hospital stay both 382
40 Hendrick (29) 1990 both cohort 1986-1988 single 1-18 months CCPR 90
41 Shinn (41) 2009 both descriptive  2004-2006 single hospital stay ECPR 50
42 Younger (44) 1999 both descriptive  1991-1998 single hospital stay ECPR 23

Study characteristics of the included papers. Extracorporeal cardiopulmonary resuscitation (ECPR), conventional cardio-
pulmonary resuscitation (CCPR).

Quality assessment

All available studies had an observational design: therefore, the overall quality of
evidence was low. With respect to this low quality of evidence, we used the NOS to
distinguish of quality within the included studies (Supplementary Material Table B).

Outcomes

The survival outcomes are shown in Table 2. In adults, short-term survival ranged from
9.3-46.4% in ECPR, and from 5.4-39.5% in CCPR. In children, short-term survival ranged
from 34.4-40.6% in ECPR, and from 9.1-46.3% in CCPR. In the studies including both
adults and children, short-term survival ranged from 19.4-36.0% in ECPR, and from 11.0-
16.5% in CCPR.
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Table 2 | Outcomes

Studies in adults
ECPR CCPR ECPR CCPR ECPR CCPR
1 Adnet 1482 (5.4) 1249 (4.5)
2 Bartos 52(39.0) 148(23.0) 52 (39.0) 52 (39.0) 148 (23.0)
3 Chen 46 (34.1) 43 (31.9) 41 (30.4)
4 Chou 15(34.9) 5(2L.7)
5 Dumot 104 (23.0)
6 Ferguson 32(13.0) 16 (6.0) 15 (5.9)
7 Fjolner 7(33.3) 7(33.3)
7034 (10.9%, 1188
8 Goldberger 9912 (15.4) missings)
292 (5.1%, 306
9 Grunau 690 (12.2) missings)
10 Haneya 29 (34.1) 27 (31.7)
11 Kim 9(16.4) 86 (19.4) 8(14.5) 44(9.9) 8(14.5) 36 (8.1)
12 Mandigers 24 (28.6)
13 Murakami 32(37.6) 14 (16.5)
14 Nagao 21,658 (7.7) 9669 (3.4)
15  Otani 34 (25.0) 22 (16.3)
16  Park 13 (9.3) 7(5.0)
17 Pionkowski 262 (46.4)
18  Pound 60 (39.5) 43 (28.3)
19 Reynolds 1232(10.8) 905 (8.0)
20 Rosenberg 82 (23.5)
21 Siao 45 (40.2) 41 (36.6) 34(30.4)
22 Valentin 50 (19.8) 44 (17.4)
23 Wang 74 (32.2) 58 (25.2)
24 Wengenmayer 19 (14.3)
25 Yukawa 17 (21.5) 11(13.9)
Studies in children
ECPR CCPR ECPR CCPR ECPR CCPR
108 (18.2%, 125
26 Bembea 241 (40.6) missings)
27 Ganesan 27(19.7) 21(15.3)
28 Goto 1167 (9.1) 325(2.5)
29 Innes 19 (46.3) 16 (39)
30 Kalloghlian 66 (28.2)
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Table 2 | Outcomes (continued)

31 Kramer 26 (36.1) 22 (30.6) 19 (26.4)
32 Lopez 98 (34.6) 94 (33.2)
33 Lopez 197 (39.2) 104 (88.9)
34 Matos 78 (34.4) 876 (27.4)
35 Meert 32(22.1)
36 Morris 23(35.9) 26(35.6)
37 Rathore 44 (14.0) 27 (8.6)
38 Sivarajan 14 (37.8) 12 (32.4)
Studies in adults and children
ECPR CCPR ECPR CCPR
35  Chen 7(19.4)  38(11.0)
36 Hendrick 15(16.5)
37  Shinn 16 (32.0)
38 Younger 9(36.0)

Survival outcome and neurologic favourable outcome for all included studies. Values are presented as number (%).
Extracorporeal cardiopulmonary resuscitation (ECPR), conventional cardiopulmonary resuscitation (CCPR), cerebral per-
formance category (CPC).

Primary and secondary outcome

In adults, both survival curves of ECPR patients and CCPR-shockable patients showed
a decline in survival with increase of low-flow duration. When comparing the survival
curves of adults, the decline in survival outcome for increasing low-flow duration was
significantly slower (p<0.01) in patients treated with ECPR than in CCPR-shockable
patients, as shown in Fig. 2. Short-term survival at 15 minutes low-flow duration was
37.2% in ECPR and 36.8% in CCPR-shockable. In ECPR, short term survival declined, from
34.5% at 20 minutes, to 29.8% at 30 minutes, 23.8% at 45 minutes, and 19.1% at 60
minutes. In CCPR-shockable, short-term survival declined, from 21.4% at 20 minutes
to 7.2% at 30 minutes, 1.4% at 45 minutes, and 0.3% at 60 minutes. The difference in
survival outcome was at least 5% higher in ECPR than in CCPR-shockable starting from
16.5 minutes. This difference increased to 22.6% at 30 minutes and 18.8% at 60 minutes
low-flow duration. Unfortunately, we were unable to estimate a linear mixed model for
CCPR-non-shockable patients due to major influence of one study.

In children, all of the survival curves of ECPR patients, CCPR-shockable patients,
and CCPR-non-shockable patients showed a decline in survival with increase of low-
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flow duration. When comparing the survival curves of children, the decline in survival
outcomes for increasing low-flow duration was significantly slower (p<0.01) in patients
treated with ECPR than in CCPR-shockable patients, as shown in Fig. 3. In ECPR, short-
term survival declined from 43.6% at 15 minutes to 41.7% at 30 minutes, 39.8% at 45
minutes, and 38.0% at 60 minutes. In CCPR-shockable patients, short-term survival
declined from 48.6% at 15 minutes to 20.5% at 30 minutes, 8.6% at 45 minutes, and
3.6% at 60 minutes. In CCPR-non-shockable patients, short-term survival declined from
11.9% at 15 minutes to 6.4% at 30 minutes, 3.4% at 45 minutes, and 1.8% at 60 minutes.
The short-term survival was at least 5% higher in ECPR than in CCPR-shockable patients
starting from 19.2 minutes. This difference increased to 21.2% at 30 minutes, and 34.4%
at 60 minutes low-flow duration.

60

40

20

Hospital survival (%)

Low-flow duration (minutes)

Figure 2 | Relation between low-flow duration in minutes and hospital survival in percentage in adult
patients treated with extracorporeal cardiopulmonary resuscitation (ECPR, red: Hospital survival (%) =
265383-(0.02139%ime (inminutes))) o nyentional cardiopulmonary resuscitation (CCPR) due to shockable initial cardi-
ac rhythms (blue: Hospital survival (%) = 27564(01574"ime (inminutesh)) PR due to non-shockable initial cardiac
rhythms (yellow). Calculated using LME models shown above. Due to one highly influencing study, no LME
model could be created for CCPR patients with non-shockable cardiac rhythm.
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60

40

Hospital survival (%)

20

Low-flow duration (minutes)

Figure 3 | Relation between low-flow duration in minutes and hospital term survival in percentage in
children treated with extracorporeal cardiopulmonary resuscitation (ECPR, red: Hospital survival (%) =
2(55139-000842%time (minutes)) o nyentional cardiopulmonary resuscitation (CCPR) due to shockable initial cardiac
rhythms (blue: Hospital survival (%) = 2(684&008312"time (minutesh)) ' CCPR due to non-shockable initial cardiac
rhythms (yellow: Hospital survival (%) = 2144¢77(0059" time (minutesh)) 3| cylated using LME models shown above.

DISCUSSION

The results of our systematic review and meta-analysis shows a decline in survival with
increase of low-flow duration in both ECPR and CCPR patients. This decline in short-term
survival for increasing low-flow duration is significantly slower in patients treated with
ECPR than in CCPR-shockable patients, for both adults as children.

The fact that we found a slower decline in survival for increasing low-flow duration in
favour of ECPR in both adults and children is in line with the findings of a previous study
by Bartos et al. (51) They recently compared survival outcomes of adults treated with
ECPR and CCPR for increasing low-flow durations and found the decline in neurologi-
cally favourable survival to be slower in ECPR than in CCPR. (51) Although this study was
performed in a smaller group of patients and used a slightly different outcome (neuro-
logically favourable survival rather than just survival), the slower decline in survival for
ECPR was similar to that seen in our results. This difference in the decline of short-term
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survival implies that the sooner ECPR is performed, the greater the chances of a favour-
able outcome.

The finding in our study that survival outcomes in ECPR are higher than those of
CCPRis generally in line with the results of previous studies. (7, 8) In the first randomised
controlled trial comparing ECPR to CCPR, Yannopoulos et al (6) found a short-term
survival rate of 43% in ECPR patients and 7% in CCPR patients. Previous systematic
reviews comparing patients treated with ECPR and patients treated with CCPR have also
shown higher survival outcomes (7, 8) and better neurological outcomes (8) in favour of
ECPR. While two other recent systematic reviews did not observe this beneficial result
for ECPR in OHCA patients, they did observe such a benefit in IHCA patients. (58, 59)
Unfortunately, due to a lack of data, we were not able to analyse the outcomes for OHCA
and IHCA separately. However, as indicated by Holmberg et al (59), OHCA patients most
likely experience longer low-flow durations than IHCA patients. The outcome difference
of OHCA and IHCA is most probably caused by the difference in low-flow duration, the
cause of the arrest, and the primary rhythm.

With this study, we emphasize the importance of limiting the low-flow duration in
both ECPR and CCPR patients. However, in most of the ECPR cases, low-flow durations
shorter than 30 minutes are not always feasible. Especially in OHCA patients, the time
until arrival to the hospital varies worldwide between 30-60 minutes. (60-62) Based on
our results we would suggest start preparing for ECPR - retrieve vascular access without
dilatation - could be started before cannulation. Definitive cannulation could be started
at 20 minutes low-flow duration. Worldwide, there are limited centers providing ECPR
in the field (62), all others can only start ECPR after hospital arrival. Therefore, exploring
the means for rapid transportation to the hospital or the ability to perform ECPR in the
field are important in an attempt to decrease the low-flow duration. Several studies are
recruiting patients or extending their study to research ECPR in the pre-hospital setting.
(6,63, 64)

Limitations

This study has some limitations. First, all studies that we included are influenced by con-
founding by indication. There is still no worldwide consensus regarding which patients
are eligible for ECPR. Secondly, because of the lack of individual patient data we were
not able to analyse OHCA and IHCA patients separately. When we stratified the data for
ECPR and CCPR in time intervals and tried to stratify for OHCA and IHCA, the amount of
data per cell was too limited to analyse. Due to the different causes of cardiac arrest in
these two groups and the expected difference in the delay before starting CPR, this fac-
tor will probably influence the prognosis. Thirdly, by combining survival outcomes with
favourable neurological outcomes in cases where raw survival outcomes were not given,
some of the used data will be an underestimation of the survival outcomes. We included
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these outcomes as short-term survival in order to avoid overestimating. Fourthly, all of
the available studies are observational studies which hampers strong recommendations
based on this study. Finally, since we could not include all of the individual patient data,
we had to determine average low-flow durations in order to pool the survival data. To
overcome such a limitation in future meta-analysis - for example including the random-
ized controlled trials comparing ECPR and CCPR that are currently being conducted —
these data should be pooled based on individual low-flow durations. This will allow for a
more accurate comparison between the two groups.

CONCLUSION

The short-term survival of ECPR and CCPR-shockable patients both decline rapidly over
time, in adults as well as in children. This decline of short-term survival in relation to
low-flow duration in ECPR was lower than in CCPR.
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SUPPLEMENTARY MATERIAL

Appendix 1: Detailed description of material and methods

Study eligibility

We included research performed in adults, children, or both, suffering from an out-of-
hospital cardiac arrest (OHCA) or in-hospital cardiac arrest (IHCA) and treated with ECPR
or CCPR. Any type of study was included that contained at least 20 patients. In order
to get the closest approach of individual data, we only included studies with survival
outcomes mentioned for categorised low-flow durations in at least three time groups
or studies with individual patient data. All authors of eligible studies with only mean or
median low-flow durations for survivors and non-survivors were contacted for individual
data. In case this data could not be provided, these studies were excluded.

Search

A systematic search of the following databases was conducted by a medical information
specialist: Embase, Medline, Web of Science, and Google Scholar. This was done from
inception up to April 2021. Search terms which were used were, among others:‘time fac-
tor; ‘cardiopulmonary resuscitation; ‘duration;, ‘survival, and their synonyms (shown in
Supplementary Material, Appendix 2). Non-human studies, studies in new-borns, non-
English studies, and conference abstracts were excluded by negation and/or excluding
words in the title.

Study selection

Two independent researchers (L.M. and D.R.M.) screened all articles for relevance on
title and abstract. After selecting the articles for full text screening, they discussed
the disagreements. Next, these two researchers screened the selected full text papers
regarding the inclusion and exclusion criteria. If there were any disagreements about
selecting full text papers for this review, these were also discussed.

Data Extraction

The data extraction was performed by the same two researchers. Data extraction in-
cluded: study characteristics (author, year, adults/children/both, study design, inclusion
period, single centre or multicentre setting, follow-up duration, ECPR/CCPR/both, the
overall included patient number, and the primary aim), patient and clinical characteris-
tics (age, sex, OHCA/IHCA, initial cardiac rhythm, witnessed arrest, bystander CPR, ROSC,
and low-flow duration), and outcomes (short-term survival [hospital or 30-day survival],
long-term survival [3 months, 6 months, or 1 year survivall, and survival with favourable
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neurological outcome [stated as cerebral performance category (CPC) score <2]). The
classification of the type of study design was based on the study of Grimes et al. (19)

Risk of bias assessment

The risk of bias and quality was high due to the heterogeneity of the included studies.
In order to attempt to assess this risk of bias, we used the Newcastle-Ottawa Scale (NOS)
(20), because all available studies were observational. The assessment was performed by
one researcher (L.M.). In case something was unclear, this was discussed with the senior
researcher (D.R.M.).

Appendix 2: Systematic search dd 08-04-2021

embase.com

((("treatment duration’/de OR ‘time factor’/de) AND (‘resuscitation’/exp)) OR (((dura-
tion OR length OR prolong* OR long* OR short* OR minutes) NEAR/6 (resuscitat* OR
reanimat* OR cpr OR ecpr)) OR (((duration OR length) NEAR/6 (ischem*) OR low-flow-
time) AND (resuscitat* OR reanimat* OR cpr OR ecpr))):ab,tikw) AND (‘survival’/exp
OR ‘mortality’/exp OR ‘death’/de OR ‘fatality’/de OR ((favorab* NEAR/3 neurol* NEAR/3
outcome*) OR surviv* OR mortalit* OR death OR die OR died OR fatal*):ab,ti,kw) NOT
(‘case report’/de OR (‘case report*):ab,ti) NOT ([animals]/lim NOT [humans]/lim) AND
[english]/lim NOT ([Conference Abstract]/lim) NOT (‘newborn’/exp OR (newborn* OR
neonat* OR apgar):ab,ti,kw)

Medline Ovid

(((*Time Factors/) AND (Resuscitation/ OR exp Cardiopulmonary Resuscitation/)) OR
(((duration OR length OR prolong* OR long* OR short* OR minutes) ADJ6 (resuscitat*
OR reanimat* OR cpr OR ecpr)) OR (((duration OR length) ADJ6 (ischem?*) OR low-flow-
time) AND (resuscitat* OR reanimat* OR cpr OR ecpr))).ab,tikf.) AND (exp Survival/
OR exp Mortality/ OR Death/ OR ((favorab* ADJ3 neurol* ADJ3 outcome*) OR surviv*
OR mortalit* OR death OR die OR died OR fatal*).ab,ti,kf.) NOT (case reports/ OR (case
report¥).ab,ti.) NOT (exp animals/ NOT humans/) AND english.la. NOT (Infant, Newborn/
OR (newborn* OR neonat* OR apgar).ab,ti,kf.)

Web of science

TS=((((("duration” OR “length” OR prolong* OR long* OR short* OR “minutes”) NEAR/5
(resuscitat* OR reanimat®* OR “cpr” OR “ecpr”)) OR (((“duration” OR “length”) NEAR/5
(ischem*) OR “low-flow-time”) AND (resuscitat* OR reanimat* OR “cpr” OR “ecpr”)))) AND
(((favorab* NEAR/2 neurol* NEAR/2 outcome*) OR surviv¥ OR mortalit* OR “death” OR
“die” OR “died” OR fatal*)) NOT ((“case report*”)) NOT ((animal* OR rat OR rats OR mouse
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OR mice OR murine OR dog OR dogs OR canine OR cat OR cats OR feline OR rabbit OR
cow OR cows OR bovine OR rodent* OR sheep OR ovine OR pig OR swine OR porcine OR
veterinar®* OR chick* OR zebrafish* OR baboon* OR nonhuman* OR primate* OR cattle*
OR goose OR geese OR duck OR macaque* OR avian* OR bird* OR fish*) NOT (human*
OR patient* OR women OR woman OR men OR man))) AND DT=(Article OR Review OR
Letter OR Early Access) AND LA=(english)

Google scholar

“prolonged|long|short resuscitation|reanimation|cpr|ecpr”|"duration|length*resuscita

tion|reanimation|cpr|ecpr”|"resuscitation|reanimation|cpr|ecpr duration|length”|"low-

flow-time”“favorable neurologic outcomes”|survival|mortality|fatality -"case report”
‘prolonged|long|short resuscitation|reanimation|cpr|ecpr’|'duration|length*resusci

tation|reanimation|cpr|ecpr’|'resuscitation|reanimation|cpr|ecpr duration|length’|'low-

flow-time"‘favorable neurologic outcomes’|survival|mortality|fatality -‘case report’
Total number after deduplication: 2461

Appendix 3: Formulas

Adults
1. ECPR, shockable/non-shockable: Hospital survival (%) = 2(383(002139time in minutes))
2. CCPR, shockable: Hospital survival (%) = 2264>(0.15747ime (inminutes))

Children

1. ECPR, shockable/non-shockable: Hospital survival (%) = 2(13%(000442time (minutes))
2. CCPR, shockable: Hospital survival (%) = 2184680083127 me (minutes))

3. CCPR, non-shockable: Hospital survival (%) = 21446770059 time (minutes))
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Table A (1) | Patient characteristics and clinical characteristics

ECPR CCPR ECPR CCPR ECPR CCPR

Studies in adults
. 71 (10-90th%:

Adnet 9095 58-82) 17,728 (64.9)
2 Bartos 133 654 57 (1.0) 59 (0.4) 126 (79.0) 528 (81.0)
3 Chen 135 56 (16-87) 90 (66.7) 4
4 Chou 43 23 60.5 (11.6) 69.6 (13.3) 43(93.0) 17(73.9)
5 Dumot 445 NR 251 (56.4)
6 Ferguson 256 64 (range:19-96) 139 (54.3)
7 Fjolner 21 56 (19-73) 12 (57.0)
8 Goldberger 64,339 NR 37,141 (57.7)
9 Grunau 5674 68 (55-80) 3782 (67.0)
10 Haneya 85 59 (16), 57(47-73) 61(71.8)
11 Kim 55 444 53 (41-68) 69 (56-77) 285 (64.1) 41 (74.5)
12 Mandigers 84 46.9 (15.6) 53 (63.1)
13 Murakami 85 56.7 (11.6) 70 (82.4)
14 Nagao 282,183 NR 171,202 (60.7)
15 Otani 135 65 (50-72) 115 (85.0)
16 Park 140 56 (46-63.5) 116 (82.9)
17 Pionkowski 565 mean 65 435 (77.0)
18 Pound 152 70.2 (13.9) 101 (66.4)
19 Reynolds 11,368 NR 7121 (62.6)
20 Rosenberg 300 70,4 165 (55.0)
21 Valentin 253 69.5(13.3) 145 (57.3)
22 Siao 112 59.5 (50.0-67.5) 83 (74.1)
23 Wang 230 NR 178 (77.4)
24 Wengenmayer 133 58.7 (2.6) 99 (74.4)
25 Yukawa 79 59 (48.5-64.5) 65 (82.3)
Total 1470 375,751

Studies in children

26 Bembea 593 2.9m (11d-20m) 351(59.1)
27 Ganesan 137 NR 80 (58.4)
28 Goto 12,877 1(0-12) 7852 (61.0)
29 Innes 41 NR 23 (56.1)
30 mean 16.8m,

Kalloghlian 234 median 9m NR
31 Kramer 72 0.34 (0.04-1.89) 38 (52.8)
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Table A (1) | Patient characteristics and clinical characteristics (continued)

32 Lopez

33 Lopez

34 Matos

35 Meert

36 Morris
37 Rathore
38 Sivarajan
Total

Number Study

227
147
64

37

1140 17,653

283
502
3192

73
314

Included
patient

number (n=)

ECPR CCPR

Studies in adults and children

39 Chen

40 Hendrick
41 Shinn

42 Younger
Total

36

50
25
111

346

90

436

NR
NR
NR

22d (8d-150d)

Age (years)

ECPR

NR

NR
35.7(15.3)

48m (54.4m)
44.7m (58.5m)
NR

2 (6m-5y+1m)

CCPR

NR

48.9 (range 2
months - 89 years)

185 (65.4)
276 (55.0)
NR NR
94 (63.9)
NR NR
204 (65.0)
19 (51.4)
Male (%)
ECPR CCPR
NR NR
49 (54.4)
NR
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Table A (2) | Patient characteristics and clinical characteristics

ECPR CCPR ECPR CCPR ECPR CCPR ECPR CCPR
Studies in adults
1 27,301 (100.0) 3814 (14.0) NR 11,900 (43.6)
2 160 (100.0) 654 (100.0) 160 (100.0) 654 (100.0) 121 (76.0) 454 (69.0) 105 (66.0) 376 (57.0)
3 0(0.0) 97 (71.9) 133(98.5) NR
4 0(0.0) 0(0.0) 26(60.5) 9(39.1) NR NR NR NR
5 NR NR 389 (87.4) NR
6 0(0.0) 41 (16.0) NR NR
7 21(100.0) 9(42.9) 21(100.0) 21 (100.0)
8 0(0.0) 12,924 (20.1) 49,918 (77.6) NR
9 5674 (100.0) 1461 (26.0) 2789 (49.2) 2397 (42.0)
10 26 (30.6) 25 (29.4) NR NR
11 55(100.0) 444(100.0) 31(56.4) 85(19.1) 43(782) 328(73.9) 23(41.8) 151 (34.0)
12 38(45.2) 26 (31.0) 78(92.9) 37 (44)
13 85(100.0) 70 (82.4) 70 (82.4) 43(50.6)
14 282,183 (100.0) 42,411 (15.0) 282,183 (100.0) 127,240 (45.1)
15 135 (100.0) 87 (64.0) 135 (100.0) 74 (55.0)
16 140 (100.0) 79 (56.4) 140 (100.0) 105 (75.0)
17 NR 565 (100.0) 256 (45.3) 82 (14.5)
18 0(0.0) 34(22.3) 116 (76.3) NR
19 11,368 (100.0) 2522 (22.2) 5317 (46.8) 4328(38.1)
20 NR NR
21 27(24.1) 63(56.2)
22 0(0.0) 80 (31.6) NR NR
23 199 (86.5) 106 (46.1) 230 (100.0)
24 59 (44.4) NR 133(100.0) NR
25 79 (100.0) 58(73.4) 79 (100.0) 46 (58.2)

Studies in children

26 0(0.0) 66 (11.1) 586 (98.8)

27 0(0.0) 8(5.8) NR NR

28 12,877 (100.0) 650 (5.0) 3847 (29.9) 6722 (52.2)
29 7(15.6) NR NR NR

30 0(0.0) 26(11.1) NR NR

31 NR NR 72(100.0) NR

32 145 (51.2) 24 (8.4) NR NR

33 0(0.0) 25(5.0) NR NR

34 0(0.0) 0(0.0) NR NR NR NR NR NR
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Table A (2) | Patient characteristics and clinical characteristics (continued)

35 0(0.0) 19(12.9) NR NR
36 NR NR NR NR NR NR NR NR
37 0(0.0) 18(5.7) 261 (83.1) NR
38 NR NR NR NR

Initial shockable

Number o 1ca (%) rhythm (%) Witnessed (%) Bystander CPR (%)
ECPR  CCPR ECPR  CCPR ECPR  CCPR ECPR  CCPR

Studlies in adults and children

39 0(0) 0(0) NR NR NR NR NR NR

40 0(0) 22 (24.4) NR 89 (97.8)

a NR NR NR NR

a2 3(12.0)
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Table A (3) | Patient characteristics and clinical characteristics

ECPR CCPR ECPR CCPR

Studies in adults

1 7312 (26.8) 30.0 (90th% 10.0-50.0)
2 NR NR 60.0 (1.0) 35.0(1.0)
3 131(97.0) 50.0 (16.0-150.0)
4 43 (100.0) 12(52.2) 59.7 (34.1) 49.4 (34.6)
5 237(53.2) NR
6 NR NR
7 NR 121.0 (55.0-192.0)
8 31,198 (48.5) 17.0 (10.0-26.0)
o ROSC: 15.1 (8.4-22.4)
2633 (46.0) no ROSC 27.0 (19.0-35.0)
10 NR 51.0 (35.0), 40.0 (20.0-70.0)
11 44 (80.0) 212 (47.7) 62.0 (47.0-89.0) 35.0 (21.0-50.0)
12 NR 51.0 (37.0-80.0)
13 NR 49.6 (13.4)
14 32,185 (11.4) NR
15 NR 47.0 (41.0-57.0)
16 NR 74.0 (60.5-90.0)
17 survivors mean 12.6
NR non survivors mean 23.9
18 NR 6(2-18)
19 4023 (10.8) 20 (12-27.3)
20 188 (53.9)
21 108 (96.4) 46.0 (35.0-57.0)
22 141 (55.7) 30.7 (range 5-220)
23 OHCA 67.5(30.6)
IHCA 44.4 (24.7)
24 NR 59.6 (5.0)
25 NR 45.0 (40.0-56.5)
Studies in children
26 NR 48.0 (28.0-70.0)
27 82 (59.8) mean 20.0
28 NR NR
29 31(68.9) NR
30 171(73.1) NR
31 NR 60.0 (42.0-80.0)
32 171 (60.4) NR
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Table A (3) | Patient characteristics and clinical characteristics (continued)

33 349 (69.5) NR
34 NR NR NR NR
35 closed chest 37 (22-51), open
NR chest 53 (36.5-68.5)
36 NR 56 (70.9) 50.0 (range: 5.0-105.0) 8.0 (range 1.0-62.0)
37 203 (64.6) 10.0 (3.0-30.0)
38 NR NR
MNumber ROSC()  Lowflowtime(mn
ECPR CCPR ECPR CCPR
Studies in adults and children
39 33(91.7) 219 (63.3) 70.5 (32.5) NR
40 45 (49.5) NR
a survivors 40.1 (18.9)
NR non survivors 56.2 (30.0)
42 30.0 (16.3-54.5)
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Chapter 5

ABSTRACT

Introduction Ischemia and reperfusion are crucial in determining the outcome after
cardiac arrest and can be influenced by extracorporeal cardiopulmonary resuscita-
tion (ECPR). The effect of ECPR on the availability and level of oxygen in mitochondria
remains unknown. The aim of this study was to find out if skin mitochondrial partial
oxygen pressure (mitoPO,) measurements in cardiac arrest and ECPR are feasible and to
investigate its course.

Materials and Methods We performed a feasibility test to determine if skin mitoPO,
measurements in a pig are possible. Next, we aimed to measure skin mitoPO, in 10
experimental pigs. Measurements were performed using a cellular oxygen metabolism
measurement monitor (COMET), at baseline, during cardiac arrest, and during ECPR us-
ing the controlled integrated resuscitation device (CIRD).

Results The feasibility test showed continuous mitoPO, values. Nine experimental pigs
could be measured. Measurements in six experimental pigs succeeded. Our results
showed a delay until the initial spike of mitoPO, after ECPR initiation in all six experi-
mental tests. In two experiments (33%) mitoPO, remained present after the initial spike.
A correlation of mitoPO, with mean arterial pressure (MAP) and arterial partial oxygen
pressure measured by CIRD (CIRD-PaO,) seemed not present. One of the experimental
pigs survived.

Conclusions This experimental pilot study shows that continuous measurements of skin
mitoPO, in pigs treated with ECPR are feasible. The delay in initial mitoPO, and discrep-
ancy of mitoPO, and MAP in our small sample study could point to the possible value of
additional measurements besides MAP to monitor the quality of tissue perfusion during
cardiac arrest and ECPR.

Keywords: heart arrest, cardiac arrest, extracorporeal cardiopulmonary resuscitation,
mitochondrial oxygen pressure, circulation monitoring
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Monitoring mitochondrial patrial oxygen pressure during cardiac arrest and ECPR

INTRODUCTION

In cardiac arrest, the duration of ischemia is an important determinant for survival and
neurological outcome. [1, 2] In order to shorten this ischemic period during cardiac
arrest, extracorporeal cardiopulmonary resuscitation (ECPR) can be used to recover
circulation and effective oxygen transport. The possible beneficial effect of ECPR on
neurologically favorable survival has already been studied previously. [3] However, the
best treatment protocol of ECPR regarding ECPR settings is still unknown.

To determine if the recovery of circulation and oxygen delivery using ECPR are
sufficient, we measured oxygen in the mitochondria, as final destination of oxygen.
After all, mitochondria are important for generating energy, using oxygen, for cellular
processes and maintaining life. [4, 5] Protoporphyrine IX (PpIX) is an endogenously
present porphyrin in the mitochondria, which can be enhanced by administrating 5-
aminolevulinic acid hydrochloride (ALA) créme. [6] The subcellular distribution of PpIX
in ALA stimulated cells has been studied using wide-field fluorescence microscopy.[7]
Previous research has shown the possibilities of measuring partial oxygen pressure (PO,)
in the mitochondria by PplIX using its oxygen-dependent delayed fluorescence. [7-10] To
confirm that this delayed fluorescence truly measures inside the mitochondria, a previ-
ous study compared photobleaching (a contrast enhancement technique for PplX) to
MitoTracker Green (a method to identify mitochondria). This comparison showed a high
degree of co-localization. [7] This confirmed that, for a time window of several hours
after ALA administration, PpIX measurements with delayed fluorescence corresponds to
a mitochondrial localization. [7] This method of measuring mitochondrial PO, (mitoPO,)
has also been validated to perform well in the skin. [11] In addition, the possibility to
perform continuous mitoPO, measurements is shown in adults by Ubbink et al. [10] and
in newborns by Costerus et al. [12].

The primary aim of this study is to find out if continuous measurements of skin
mitoPO, in a pig are feasible and what the course of this mitoPO, is during cardiac ar-
rest and ECPR. The secondary aims are to investigate if there is a correlation between
the course of mitoPO, and mean arterial pressure (MAP) and to identify the correlation
between the course of mitoPO, and favorable neurological survival.

METHODS

Between November 2017 and September 2020, 11 male and female German landraces
pigs (weight: 50.0-82.0 kg) were eligible for skin mitoPO, measurements. Continuous
skin mitoPO, measurements in pigs with experimental settings of cardiac arrest treated
with ECPR have not been performed before. In order to determine if these measurements
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are possible to perform and feasible in our test set up we first performed a feasibility test
in one pig. This test showed that continuous measurements in this set up was possible.
Therefore, we selected 10 pigs to perform continuous skin mitoPO, measurements as
experimental test group. Of these 10 experimental tests, one could not be performed
due to technical failure before the start of the test.

All animals received humane care and were treated in compliance with the Guide
for the Care and Use of Laboratory Animals published by the US National Institutes
of Health. [13] The experiments were performed in accordance with the rules and
regulations of the German animal protection law and the animal care guidelines of the
European Community. The experiments were performed in the University of Freiburg, a
highly experienced animal lab performing many ECPR procedures in pigs, and approved
by the committee for ethics of the University Hospital Freiburg, Freiburg, Germany
(no.G-15/148).

Preparation of Tests

After premedication (20 mg/kg ketamine and 0.5 mg/kg midazolam) an intravenous (IV)
access was placed, the pigs were sedated and paralyzed (3-4 mg/kg propofol and 0.2
mg/kg vecuronium), intubated, and mechanically ventilated. Continuous intravenous
anesthesia consisted of the administration of 10-15 mg/kg/h propofol, 1-5 pg/kg/h fen-
tanyl and 0.2-0.4 mg/kg/h vecuronium. In the pre-arrest period the core temperature we
aimed for was 36-38°C. This temperature was measured by a nasal temperature sensor
and in case of a low body temperature the pig was heated using a warming blanket.

In order to perform mitoPO, measurements, a part of the skin (~1 cm?) was prepared.
First, hair was removed by shaving, the skin was roughened, and then the skin was
cleaned using sodium chloride (NaCL 0.9%) and ethanol (70%). The 20% ALA creme was
prepared by mixing 400mg ALA (Fagron, Barsbittel, Gemany) with 2g Lanettecréme |
FNA (Teva Nederland BV, Haarlem NL). [6] To avoid photobleaching of PpIX by light, the
applied ALA creme was directly covered by a plaster and by aluminium foil. The créme
was placed 3h before the first measurement and during this waiting time it was continu-
ously protected to light. [7, 11] Because of the use of a mechanical cardiopulmonary
resuscitation (CPR) device and cannulation in the right groin and neck, we measured the
mitoPO, in the left axilla/neck region. Five minutes before induction of arrest, the effect
of the ALA créme was tested by compression of the sensor on the skin. [8, 10] When the
measurements were finished, the skin was again covered to protect from light in order
to protect it from burn lesions.

Test procedure

The protocols and set up of the feasibility test and the experimental tests were slightly
different, we will describe the test procedures separately.
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Feasibility test:

Ventricular fibrillation (VF) was induced by electrical stimulation via a Swan-Ganz
catheter (Edwards Lifesciences Corp., Irvine, CA, USA). During 20 min of cardiac arrest,
venous and arterial access was surgically generated via the right external jugular vein
(23 Fr cannula) and the right common femoral artery (17 Fr cannula), respectively. In the
period of cardiac arrest, mechanical ventilation was stopped and no life support was
applied. After 20 min of cardiac arrest, ECPR was initiated with blood flow varying from
5.9-7.6 L/min. External defibrillation was performed in case of persisting VF. ECPR was
weaned and stopped 60 min after initiation. If the animal could be weaned from ECPR, it
was subsequently weaned from the ventilator and transferred to the animal facility after
extubation. The pig was examined daily and neurological outcome was tested using a
modified species-specific neurological deficit score (NDS). [14] This NDS ranges from 0
(normal) to 500 (brain death) and a favorable outcome was defined as NDS below 50.
[14, 15] Euthanasia was performed in tabula in case the pig could not be weaned off
extracorporeal circulation or invasive ventilation, in case the pig was expected to have
inhumane suffering or prolonged death (an NDS of >200 at 24 h or an NDS of >120 at 48
h), and otherwise after 7 days. [15]

Experimental tests:

In the nine experimental tests, the ECPR implantation and induction of VF was the
same as described at the feasibility test, except the timing of ECPR cannulation. In the
experimental tests, this was already performed in the pre-arrest period. Next, after 5
min of VF, basic life support (BLS) was started with cardiopulmonary resuscitation (CPR)
using a mechanical compression device (Corpuls CPR, GS Elektromedizinische Gerate G.
Stemple GmbH, Kaufering, Germany) for 8 min. The next 22 min consisted of advanced
life support (ALS), with additional administration of epinephrine every 4 min. After 35
minutes of cardiac arrest and CPR, ECPR was initiated with blood flow varying from 5.5
to 7.9 L/min and a 20ml bolus of 7.45% potassium was applied for rhythm conversion.
During ECPR in case of persisting VF, the heart was electrically defibrillated. If the VF
sustained after three defibrillations, amiodarone and lidocaine were administered. If
needed, continuous norepinephrine was administered with an aimed MAP of 60-80
mmHg. For these 10 experiments the controlled automated reperfusion of the whole
body (CARL) protocol with the controlled integrated resuscitation device (CIRD, 1.0
Resuscitec GmbH, Freiburg/Germany) was used. [15] ECPR was weaned around 120 min
after initiation. This weaning consisted of slowly reducing the flow within 15-20 min
until 1.5L/min If the pig displayed signs of sufficient circulation (i.e., arterial amplitude
above 20 mmHg, MAP above 60 mmHg, and stable lactate measurements) ECPR was
discontinued and surgically removed. All post ECPR care and neurologic outcome scor-
ing was comparable to the feasibility test as described above.
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MitoPO, measurements

The background of PplX delayed fluorescence measurements is described in detail
elsewhere. [7] In short, PplX is the final precursor of heme and is synthesized inside the
mitochondria. [7] When ALA créme is applied to the skin it enhances the endogenously
present PpIX. The PpIX accumulates inside the mitochondria and possesses a triplet
state, which reacts strongly with oxygen and therefore it can be used as an intrami-
tochondrial oxygen sensor. [7] For this experiment we used the previously described
cellular oxygen metabolism monitor (COMET, Photonics Healthcare B.V., Utrecht, The
Netherlands) to measure mitoPO,. [10] The effect of the ALA créeme was tested with an
oxygen-consumption measurement performed by applying pressure on the skin sensor.
This pressure causes an occlusion of microcirculatory blood flow and therefore oxygen
delivery to the mitochondria is stopped, resulting in a decrease of mitoPO,. [8, 10] A
decrease of mitoPO, to <5mmHg and a return to baseline values after release of the
pressure on the skin sensor was defined as successful oxygen-consumption measure-
ment. This measurement was performed at least two times before induction of cardiac
arrest. During cardiac arrest and during ECPR mitoPO, was measured every minute and,
on indication, more often with a maximum frequency of every second for 60 s.

Other measurements

Arterial PO, was measured via online blood gas sampling by the CIRD (CIRD-Pa0,). Sys-
tolic, diastolic, and mean arterial pressure were measured invasively via a carotid arterial
cannula. For the feasibility test we will plot the mitoPO, and CIRD-Pa0O, in a graph. All
outliers of >200 mmHg will be set at 200mmHg. The mitoPO, (in mmHg), CIRD-Pa0, (in
mmHg), and MAP (in mmHg) of the experimental tests will be plotted in graphs from
baseline until discontinuation of ECPR flow, which will approximately be at 2.5-3.0 h
after initiation of ECPR. Due to the small number of cases, the courses of these measured
values cannot be compared using statistical testing. Therefore, the comparing of the
graphs will be done by careful visual inspection.

RESULTS

Feasibility test

The feasibility test we performed, was to find out if skin mitoPO, measurements in a pig
during cardiac arrest and ECPR were possible. As shown in Figure 1, mitoPO, of this case
dropped after initiation of VF. When ECPR was initiated (after 20 min of VF), an initial
spike in mitoPO, followed by a slow upslope was seen. After the initial spike, the level of
mitoPO, remained high. This pig survived after ECPR weaning with a NDS at day 1 of 100,
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at day 2 a NDS of 60, and the following days a NDS of 0. Seven days after the experiment,
it was euthanized according to the protocol.

Feasibility case

— MitoPO2

VF ECMO on __ CIRD-Pa
. . 02

200

-
a
o

MitoPO2 (mmHg) and
CIRD-Pa0O2 (mmHg)

2000 4000 6000
Time (seconds)

Figure 1| Course of mitoPO2 and CIRD-PaO2 for the feasibility test. Course of mitoPO2 and CIRD-Pa02
in mmHg levels over time in seconds. VF, ventricular fibrillation; ECPR, extracorporeal cardiopulmonary re-
suscitation; CIRD-Pa02, arterial partial oxygen pressure measured by controlled integrated resuscitation
device; mitoPO2, mitochondrial partial oxygen pressure.

Experimental tests

Of the nine experimental tests we performed, four had to be excluded. A detailed de-
scription of reasons for exclusion is found in Supplementary Appendix A. In short, in
one experimental test the skin with ALA was exposed to too much light. In two other
experimental cases we failed to perform the measurements continuously during the
tests. The last experimental case could not be performed due to complication during
preparation. Two of these experimental pigs were male and two female.

We included six (50.0-70.5kg) pigs in this experimental test group. The characteristics
of the measurements of these pigs are reported in Table 1. Figures 2-4 show the course
of mitoPO,, CIRD-Pa0,, and MAP of the six experimental tests in separate graphs, from
baseline (just before start of the cardiac arrest) until discontinuation of ECPR flow. In all
pigs, directly after initiation of VF, the mitoPO, decreased rapidly. As shown in Table 2,
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Table 1 | Individual characteristics of measurements in six experimental pigs

Case 1 2 3 4 5 6
Sex Male Male Male Male Male Male
Weight (kg) 50 54 59 62 705 70.5
Time: initiation of VF until first low mitoPO, (sSmmHg) in seconds 26 23 13 31 60 64
Time: initiation ECPR until mitoPO, >5mmHg in seconds 1122 1829 1139 481 900 1008
Correlation of mitoPO, and CIRD-Pa0O, No No Yes Yes No No
ECPR Survival No No No Yes,2 No No
days

Time initiation of VF until first low mitoPO2 is set as the time of initiation of VF until the first mitoPO2 measurement of
<5mmHg. VF: ventricular fibrillation, mitoPO,: mitochondrial partial oxygen pressure, BLS: basic life support, ALS: ad-
vanced life support, ECPR: extracorporeal cardiopulmonary resuscitation, CIRD-PaO,: partial oxygen pressure measured
by controlled integrated resuscitation device

the median time from initiation of VF until a mitoPO, of <5mmHg was 29 s (interquartile
range, IQR 23-60 s). The median time from initiation of ECPR until first rise in mitoPO,
above 5mmHg was 1066 s (i.e., 17 min and 46 s, IQR 900-1139 s).

In four of the six experimental tests (case 1, 2, 5, and 6), after initiation of ECPR the
initial spike of mitoPO, did not result in persisting high mitoPO, values. In the other two
experimental tests (case 3 and 4), after initiation of ECPR the initial spike of mitoPO, was
followed by a continuous level of mitoPO, which approached baseline levels. There was
no correlation between mitoPO,, CIRD-Pa0,, and MAP in the tests without persisting mi-
toPO, values. In the two patients with continuous higher levels of mitoPO,, comparing
the correlation of mitoPO,, CIRD-Pa0O,, and MAP is complex. With careful visual inspec-
tion, the difference between the three values is smaller and seems somewhat related,
especially in case 4. Case 3 could not be successfully weaned from ECPR due to technical
problems. Case 4 survived after ECPR weaning. The NDS of this pig was 130 at day 1 and
2 and it was euthanized at day 2 due to humane reasons. All other cases could not be
successfully weaned from the ECPR and died at termination of the experiment.

Table 2 | Summary of characteristics

Time: VF - low mitoPO, (s5mmHg) in seconds 29 (23-60)

Time: initiation ECPR until mitoPO, >5mmHg in seconds 1066 (900-1139)
Correlation of mitoPO, and CIRD-Pa0, 2/6 cases (66.7%)
ECPR Survival 1/6 cases (16.7%)

The continues variables are presented as medians and interquartile ranges, the categorical variables are presented as
number and percentage.

VF: ventricular fibrillation, mitoPO,: mitochondrial partial oxygen pressure, BLS: basic life support, ALS: advanced life sup-
port, ECPR: extracorporeal cardiopulmonary resuscitation, CIRD-PaO,: partial oxygen pressure measured by controlled
integrated resuscitation device
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Figure 2 | Course of mitoPO2, CIRD-Pa02, and MAP for experimental tests case 1 and 2. Course of mitoPO2 and CIRD-PaO2
in mmHg levels at the left Y-axis and course of MAP in mmHg levels at the right Y-axis all over time in seconds. Case 1 at the
above panel and case 2 at the below panel. VF, ventricular fibrillation; ECPR, extracorporeal cardiopulmonary resuscitation;
CIRD-Pa02, arterial partial oxygen pressure measured by controlled integrated resuscitation device; mitoPO2, mitochon-
drial partial oxygen pressure.
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Figure 3 | Course of mitoPO2, CIRD-Pa02, and MAP for experimental tests case 3 and 4. Course of mitoPO2
and CIRD-Pa02 in mmHg levels at the left Y-axis and course of MAP in mmHg levels at the right Y-axis all
over time in seconds. Case 3 at the above panel and case 4 at the below panel. VF, ventricular fibrillation;
ECPR, extracorporeal cardiopulmonary resuscitation; CIRD-Pa0O2, arterial partial oxygen pressure measured
by controlled integrated resuscitation device; mitoPO2, mitochondrial partial oxygen pressure.
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Figure 4 | Course of mitoPO2, CIRD-Pa02, and MAP for experimental tests case 5 and 6. Course of mitoPO2
and CIRD-Pa02 in mmHg levels at the left Y-axis and course of MAP in mmHg levels at the right Y-axis all
over time in seconds. Case 5 at the above panel and case 6 at the below panel. VF, ventricular fibrillation;
ECPR, extracorporeal cardiopulmonary resuscitation; CIRD-Pa0O2, arterial partial oxygen pressure measured
by controlled integrated resuscitation device; mitoPO2, mitochondrial partial oxygen pressure.
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DISCUSSION

In this study we showed that skin mitoPO, measurements in a pig during cardiac ar-
rest and ECPR are feasible. In all six experimental tests we found a rapid decrease of
mitoPO, after initiation of VF and a remarkably delayed increase in the initial measured
mitoPO, after reperfusion via ECPR. In four of the six cases no continuously high mitoPO,
values were present. However, in two of the cases mitoPO, remained near baseline levels
after the initial spike. The course of mitoPQ, in these two cases seemed correlated with
CIRD-Pa0, and MAP. One of these pigs survived, but with an unfavorable neurological
outcome until 2 days after the experiment.

The rapid decrease of mitoPO, after initiation of VF was expected to be found, be-
cause of the immediate stop of oxygen delivery and uptake due to whole body ischemia.
Harms et al. [8] showed a rapid decrease of mitoPO, as soon as oxygen delivery to the
skin is stopped by performing local pressure to the skin sensor, which occludes the mi-
crovessels, in a rat experiment. Ubbink et al. [10] repeated this test in humans and they
also found a rapid decrease in mitoPO, when applying local pressure. After initiation of
VF in our tests, systemic blood flow stops and therefore there will be a rapid decrease
in oxygen delivery. This disappearance of blood flow and oxygen delivery acts the same
as the oxygen consumption tests performing pressure to occlude the microvessels. This
demonstrates the close relationship of tissue perfusion and tissue oxygenation.

The delay of increase in mitoPO, after initiation of ECPR we found is most probably
due to adrenaline administered during ALS according to the resuscitation guidelines.
The possible effects of medication on mitoPO, has been shown before. Ubbink et al. [10]
showed, as an incidental finding, that the initial vasoconstriction caused by clonidine
decreased the skin mitoPO, values. There was no effect on capillary venous oxygen satu-
ration, however the effect on mitoPO, and flow remained present for around 15 min.[10]
Adrenaline stimulates the al-receptors, among others, which causes vasoconstriction
and centralization of blood flow. [16] The effect of adrenaline on mitoPO, values has not
been shown before. However, Fries et al. [17] showed that administration of adrenaline
caused a decrease in capillary blood flow which persisted after the achievement of
return of spontaneous circulation (ROSC). Therefore, administration of adrenaline might
explain the delay of increase in skin mitoPO, values.

Another explanation for the delay of increase in mitoPO, after initiation of ECPR
could be centralization, where the skin as an end organ will be the last organ to regain
flow. After initiation of ECPR, the macrocirculation (MAP and blood flow) is restored im-
mediately. However, the exact timing of restoration of the microcirculation in different
tissues is unknown. In cardiac arrest, arterial blood flow decreases to zero and during
CPR it will remain lower than normal. [18] Therefore the reduced stimulation of the arte-
rial baroreceptors will activate the sympathetic system. [19] This sympathetic system
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will centralize the blood flow and causes vasoconstriction to preserve heart and brain
function. [19] A hypothesis could be that when ECPR is initiated this vasoconstriction is
present and only when the other vital organs are perfused, the perfusion of the skin will
recover.

In four of the six experimental tests, the delay of increase in mitoPO, despite sys-
temic reperfusion suggests irreversible damage to tissue perfusion, tissue oxygenation,
or oxygen transport to the mitochondria. In these four tests, after the initial spike of high
mitoPO, following ECPR initiation, no continuously high mitoPO, values were measured
until the end of the experiment. In the two tests with recovery of the skin mitoPO,
values, recovery of the tissue perfusion, tissue oxygenation, and oxygen transport to
the mitochondria takes place. When high mitoPO, values were measured after the initial
spike, the values remained high. The inadequacy of tissue oxygenation and long isch-
emic period could eventually lead to a microcirculatory shut down. A global shut down
in cases of ischemia was already reported before. [20] After an ischemic episode, the
microcirculation respiration can recover to a certain extent, depending on the duration
of ischemia and level of reperfusion. [20] Ruggieri et al. [21] stated that, after severe
ischemia some muscle cells in the heart can be irreversibly damaged and demarcation
will occur, while the incompletely effected tissue can recover partly. The difference in mi-
toPO, course in the six experimental tests we performed could be explained by irrevers-
ible vs. incomplete effected tissue. We hypothesize that the quicker mitoPO, rises could
be explained by less ischaemic cellular damage which could cause sooner reactivation
of the mitochondrial function and therefore less overall ischaemic/reperfusion damage.

MitoPO, can be interpreted as determinant of the microcirculatory function. In order
to regain oxygen levels into the mitochondria after cardiac arrest, tissue perfusion and
tissue oxygenation have to be present. This tissue perfusion and oxygenation are largely
influenced by an intact microcirculation. In case mitoPO, is detected, it can be expected
that microcirculation has at least partly been recovered. Bodmer et al. [22] performed
a study measuring the microcirculation and mitoPO, in the liver simultaneously. They
found only a small difference of PO, in the microcirculation and mitoPO,. Mik et al. [9]
recently stated that average mitoPO, appears to be close to microvascular PO,. MitoPO,
measured by PplX delayed fluorescence provides an estimation of microvascular PO,
and therefore an it can be interpreted as determinant of the microcirculatory function.

The added value of monitoring microcirculatory function could be relevant in ECPR
procedures, as the correlation between the mitoPO, and MAP is not consistently present
in this study. In contrast to the abovementioned delay in recovery of tissue oxygenation
due to animpaired microcirculatory function, the macrocirculation (MAP and blood flow)
was restored immediately upon initiation of ECPR. This discrepancy between mitoPO,,
as a determinant of microcirculatory function, and MAP, as a determinant of macrocir-
culation, shows the importance of monitoring this microcirculatory function. Yu et al.
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[23] compared the microcirculation and macrocirculation and showed an inconsistent
relation of microcirculation (i.e., brain and brachioradial muscle) and macrocirculation
(i.e., MAP) in pigs with cardiac arrest. [23] Fritz et al. [24] performed ECPR in pigs, they
found no differences in microcirculatory flow index at initiation and after 6 h of ECPR
comparing the group treated with standard MAP to the group treated with high MAP.
However, they did not directly investigate the relation between continuous microcircu-
latory function and MAP. In addition, two other studies compared microcirculation and
macrocirculation in patients with cardiogenic shock treated with veno-arterial ECMO
(VA-ECMO). [25, 26] Yeh et al. [26] showed no differences in early MAP for survivors and
non-survivors, while early microcirculation was higher in survivors than in non-survivors.
Chommeloux et al. [25] showed in successfully weaned patients despite normal MAP,
normalization of microcirculatory values took 48 h after initiation of VA-ECMO. In order
to apply personalized medicine and therefore a possible increase in the accuracy of
treatment, monitoring of microcirculatory function should be the added to monitoring
of macrocirculation.

In addition, the survival chance in pigs with continuously high mitoPO, is probably
higher than in pigs without continuously high mitoPO,. One of the two cases with
continuously high mitoPO, survived this experiment. The other one died because of
technical failure. In the experiments with pigs without continuously high mitoPO,, none
of them survived. No previous studies aimed on the course of mitoPO, measurements
in ECPR in relation to survival outcome. However, Fries et al. [17] found less increase in
microcirculation (i.e., capillary flow) in animals that failed resuscitation in a model with
chest compressions. Furthermore, within 5 min of ROSC, microcirculation returned only
within 20% of baseline values. [17] This could point to the possible additional value of
monitoring microcirculatory function during CPR, during ECPR, and after ROSC.

This study has several limitations. First, our sample size is small and of the experi-
mental measurements only one pig survived. Therefore, we could not perform statisti-
cal tests to identify the correlation of the course of mitoPO, and survival or favorable
neurological survival. Possible hypotheses for the low successful weaning numbers in
this studies are described in the Supplementary Appendix B. Second, because of the
preparation time of the ALA créme, mitoPO, measurements cannot be used during
cardiac arrest and within the first hours after ECPR initiation in humans. In order to test
our hypotheses and get more understanding of the pathophysiology, future experimen-
tal research should aim at the correlation of the course of mitoPO, and survival. Also,
the course of mitoPO, comparing conventional CPR with ROSC and ECPR cases could
extend the existing knowledge. Another topic which needs to be investigated in future
research is if, in humans treated with ECPR, monitoring the microcirculatory function is
a more accurate target than monitoring the macrocirculation in order to apply a more
individually based treatment. If a method is found to shorten the time needed for ALA-
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induced PpIX enhancement within cells (e.g., with intravenous administration), mitoPO,
measurements during ECPR could be also performed in humans.

CONCLUSION

This experimental pilot study shows that continuous measurements of skin mitoPO, in
pigs treated with ECPR are feasible. The delay in initial mitoPO, and discrepancy of mi-
toPO, and MAP in our small sample study could point to the possible value of additional
measurements besides MAP to monitor the quality of tissue perfusion during cardiac
arrest and ECPR.
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ABSTRACT

Background Cardiac arrest is a severe condition with high mortality rates, especially in
the case of prolonged low-flow durations resulting in severe ischaemia and reperfusion
injury. Changes in partial carbon dioxide concentration (pCO,) may aggravate this injury.
Extracorporeal cardiopulmonary resuscitation (ECPR) shortens the low-flow duration
and enables close regulation of pCO,. We examined whether pCO, is associated with
recovery of consciousness.

Methods We retrospectively analysed ECPR patients > 16 years old treated between 2010
and 2019. We evaluated initial arterial pCO, and the course of pCO, < 6 h after initiation
of ECPR. The primary outcome was the rate of recovery of consciousness, defined as
Glasgow coma scale motor score of six.

Results Out of 99 ECPR patients, 84 patients were eligible for this study. The mean age
was 47 years, 63% were male, 93% had a witnessed arrest, 45% had an out-of-hospital
cardiac arrest, and 38% had a recovery of consciousness. Neither initial pCO, (Odds Ratio
(OR) 0.93, 95% confidence interval 95% (Cl) 0.78-1.08) nor maximum decrease of pCO,
(OR 1.03, 95% Cl 0.95-1.13) was associated with the recovery of consciousness.

Conclusion: Initial arterial pCO, and the course of pCO, in the first six hours after initia-
tion of ECPR were not associated with the recovery of consciousness.

Keywords: cardiac arrest; heart arrest; extracorporeal cardiopulmonary resuscitation;
extracorporeal membrane oxygenation; carbon dioxide; outcome
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INTRODUCTION

Survival and favourable neurological survival after cardiac arrest are highly influenced
by low-flow duration and the associated severity of ischaemia and reperfusion injury
[1]. This ischaemia and reperfusion injury is influenced by the level and course of partial
oxygen pressure (pO,) and partial carbon dioxide pressure (pCO,) during and after car-
diopulmonary resuscitation (CPR) [2]. During CPR, hypoxemia causes neuron ischaemia
and cell death whereas hypercapnia causes cerebrovascular vasodilatation, which may
raise intracranial pressure [2]. After regaining circulation, pO, and pCO, will change
immediately, which can contribute to reperfusion injury. Especially in the case of hyper-
oxemia, oxygen-free radicals will be produced causing intracellular oxidation. If hypo-
capnia occurs, this will result in cerebrovascular vasoconstriction, causing a decreased
CBF [2]. Clinically, the importance of regulating pO, during and after conventional CPR
has already been proven [3-5]. However, research in pCO, values is more limited and the
results vary a lot [3-7].

In an attempt to limit ischaemia and reperfusion injury, extracorporeal cardiopul-
monary resuscitation (ECPR) can be used to restore circulation to vital organs as soon
as possible. The use of this ECPR enables very fast oxygenation and decarboxylation.
However, it is not clear whether these changes in pO, and pCO, should occur rapidly. In
patients treated with ECPR, hypoxemia as well as hyperoxemia are associated with lower
survival rates [8,9]. The best neurological survival outcomes are seen in patients with
normoxia [8]. Despite the possible effects of pCO, in ischaemia and reperfusion, limited
studies have been performed on the course of pCO, during and after ECPR. A recent
study showed that a large decrease of pCO, after initiation of extracorporeal membrane
oxygenation (ECMO) for respiratory failure is associated with neurological complications
[10].

We hypothesise that in ECPR, a rapid decrease in pCO, could simulate the occur-
rence of hypocapnia, leading to cerebral vasoconstriction, which could have a negative
impact on neurological outcomes. Therefore, the aim of this study was to investigate the
association between pCO, in the first hours after initiation of ECPR and the recovery of
consciousness.

MATERIALS AND METHODS

We performed a retrospective study at the Erasmus University Medical Centre in Rot-
terdam, the Netherlands. This hospital has a local database in which all adult patients
treated at the emergency department and/or patients of >16 years old admitted to
the intensive care unit (ICU) for adults, treated with ECMO are registered. The study
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was conducted in accordance with the Declaration of Helsinki, and the Medical Ethics
Committee of the Erasmus University Medical Centre reviewed and approved the study
protocol (number MEC-2019-0681). The need for informed consent was waived.

Patients

All patients treated with ECMO who received ECPR in the period 1 January 2010 until
1 January 2020 were selected. After initiation of ECPR, at least three arterial blood gas
analyses within the first 6 h had to be known. We excluded all patients with return of
spontaneous circulation (ROSC) before ECPR initiation. In our hospital, we consider
ECPR in both out of hospital cardiac arrest (OHCA) and in-hospital cardiac arrest (IHCA)
patients when the following criteria are met: age < 70 years, witnessed cardiac arrest
(last seen < 5 min), good quality of basic life support (BLS) or advanced life support (ALS)
leading to an end-tidal carbon dioxide >1.33 kPa, maximum no-flow time of 5 min, a low
flow duration of <60 min at the start of ECPR placement, no known terminal illnesses,
and no impairment of daily living activities.

ECPR Procedure

ECPR placement was performed by an interventional cardiologist, cardiothoracic
surgeon or intensivist, depending on the location where the patient resided. This pro-
cedure is mostly performed percutaneously and ultrasound-guided. In the case this is
not successful, or if it is performed in the operation room, it is performed surgically. The
cannulas are placed in the femoral artery and femoral vein. Every patient receives an
antegrade cannula in order to perfuse the leg distally from the cannula placement. Can-
nulation was started at a minimum CPR duration of 20 min. The decision to contact the
ECPR team was made by the attending intensivist. For OHCA patients, we first started
with ECPR procedures in patients with massive pulmonary embolism as the cause of
arrest. Starting from 1 February 2019, every OHCA patient could be eligible for ECPR.

Measured Variables

We extracted the following variables: patient characteristics (sex, age, and body mass
index (BMI)); clinical characteristics (Acute Physiology and Chronic Health Evaluation
(APACHE) IV-score, witnessed the arrest, OHCA/IHCA, BLS, direct life support (i.e., BLS
or ALS); no-flow duration, low-flow duration, mechanical compression device, primary
cardiac rhythm, location of arrest, cause of arrest, laboratory results, and complications);
and outcomes (primary outcome: recovery of consciousness and secondary outcomes:
ECMO survival, ICU-survival, hospital survival, and cause of death). All known pre-ECMO
data were reported according to the Utstein criteria [11].
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Statistical Analysis

The distribution of the variables was tested using the Shapiro-Wilk test. Normally
distributed continuous variables were reported as mean and standard deviation (SD),
and categorical variables as numbers and percentages (%). Non-normally distributed
continuous variables were reported as median and interquartile ranges (IQR). To study
statistical differences of continuous variables, we used the unpaired T-test for nor-
mally distributed variables and the Mann-Whitney U test for non-normally distributed
variables. For the categorical variables, we used the Chi2 test or the Fisher’s exact test
depending on the numbers in each cell.

To examine the possible effect of pCO, on our primary outcome, we performed a
binary logistic regression analysis. We included the following pCO, values: initial pCO,
value after initiation of EPCR (defined as the first arterial pCO, after starting ECMO flow
or the last pCO, within five minutes before starting ECMO flow), course of pCO, (defined
as the slope between the first and last pCO, measurement within 6 h), and the inter-
action between the initial pCO, and the course of pCO,. Next, we performed a binary
logistic regression analysis including the initial pCO, value after initiation of EPCR, the
maximum decrease of pCO, (defined as the maximum percentage of decrease per hour
between two measurements within 6 h after initiation of ECPR), and the interaction
between the initial pCO, and the maximum decrease of pCO,. As sensitivity analyses, we
performed binary logistic regression analysis for sustained regain of consciousness at
hospital discharge and expected a neurologically favourable outcome at any time after
hospital discharge. This expected favourable neurological outcome was determined by
reviewing patient charts. A p-value < 0.05 was defined as statistically significant and the
analyses were performed in R studio, version 3.6.0.

RESULTS

In our ECMO database, 99 patients underwent ECPR. We excluded patients with two or
less arterial blood gas measurements after initiation of ECPR (n = 11), and we excluded
patients with ROSC before ECPR initiation (n = 4). A total of 84 patients were included in
this study, of which 32 (38%) had a recovery of consciousness at the ICU. Patient charac-
teristics, clinical characteristics, and outcomes are shown in Table 1.

Clinical Characteristics

The mean age of the patients was 47 years (SD 16), and the majority of the patients
were male (n = 53, 63%). Almost half of the patients had an OHCA (n = 38, 45%), and in
78 patients (93%) the arrest was witnessed. The median low-flow duration was 51 min
(IQR 37-80). This duration did not significantly differ between patients who recovered
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Table 1 | Characteristics of extracorporeal cardiopulmonary resuscitation (ECPR) patients for patients who
did and did not experience a recovery of consciousness.

Patient number (%) 84 32(38.1) 52 (61.9)

Patient characteristics

Age in years (SD) 46.9 (15.6) 47.1(15.5) 46.7 (15.7) 0.91
Sex; Male (%) 53 (63.1) 19 (59.4) 34 (65.4) 0.75
BMI (IQR) 26.3(24.6;29.8)  26.5 (25.2;30.1) 25.8 (24.5;29.4)  0.40

Clinical characteristics

Apache IV-score (SD) (Missing N=36) 112 (31) 110 (36) 113 (27) 0.74
Witnessed arrest (%) 78 (92.9) 31(96.9) 47 (90.4) 0.40
OHCA (%) 38(45.2) 13 (40.6) 25 (48.1) 0.66
BLS (%) 37 (44.0) 15 (46.9) 22 (42.3) 0.85
Direct life support (%) 79 (94.0) 30(93.8) 49 (94.2) 1.00
No-flow in minutes (IQR) 0(0;0) 0(0;0) 0(0;0) 0.25
Total low-flow duration in minutes  51.0 (37.0; 80.0) 45.0(30.0; 76.5) 58.0 (40.0; 84.0) 0.24
(IQR)
(Missing N=3)
Mechanical compression device, 27 (32.1) 6(18.8) 21 (41.2) 0.06
e.g. LUCAS (%)
Primary cardiac rhythm
Shockable (%) 26 (31.0) 11 (34.4) 15 (29.4) 0.82
Ventricular fibrillation (%) 23(27.4) 9(28.0) 14 (28.1) 1.00
Ventricular tachycardia (%) 3(3.6) 2(6.3) 1(2.0) 0.56
Non-shockable (%) 57 (68.7) 21 (65.6) 36 (70.6) 0.82
Pulseless electrical activity (%) 47 (56.0) 20 (62.5) 27 (54.0) 0.60
Asystole (%) 9(10.7) 1(3.1) 8(16.0) 0.08
Location of arrest
Home (%) 23(27.4) 8(25.0) 15 (28.8) 0.90
Public (%) 13 (15.5) 5 (15.6) 8 (15.4) 1.00
ICU (%) 24 (28.6) 9(28.1) 16 (30.8) 0.99
Ward (%) 10 (11.9) 3(9.4) 7(13.5) 0.73
Emergency department (%) 4(4.8) 1(3.1) 3(5.8) 1.00
Operation room (%) 4(4.8) 3(9.4) 1(1.9) 0.15
Catherisation laboratory (%) 3(3.6) 3(9.4) 0(0.0) 0.14
Other (%) 1(1.2) 0(0.0) 1(1.9) 1.00
Cause of arrest
Acute coronary syndrome (%) 25 (29.8) 12 (37.5) 13(25.0) 0.33
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Table 1 | Characteristics of extracorporeal cardiopulmonary resuscitation (ECPR) patients for patients who
did and did not experience a recovery of consciousness. (continued)

Pulmonary embolism (%) 30 (35.7) 11(34.4) 19 (36.5) 1.00
Tamponade (%) 3(3.6) 2(6.3) 1(1.9) 0.55
Hypothermia/drowning (%) 5(6.0) 1(3.1) 4(7.8) 0.64
Post cardiac surgery (%) 2(2.4) 0(0.0) 2(3.8) 0.52
Cardiac infection (%) 5(6.0) 2(6.3) 3(5.8) 1.00
Heart failure (%) 3(3.6) 2(6.3) 1(1.9) 0.55
Hypoxemia (%) 2(2.4) 0(0.0) 2(3.8) 0.52
Sepsis (%) 2(2.4) 1(3.1) 1(1.9) 1.00
Other (%) 5(6.0) 0(0.0) 5(9.6) 0.15
Unknown (%) 2(2.4) 1(3.1) 1(1.9) 1.00
Complications
Bleeding (%) 56 (66.7) 24 (75) 32 (61.5) 0.30
Limb ischaemia (%) 5(6.0) 2(6.3) 3(5.8) 1.00
Cerebrovascular accident (%) 6(7.1) 4(12.5) 2(3.8)
Cerebral bleeding (%) 5(6.0) 3(9.4) 2(3.8) 0.36
Cerebral infarction (%) 1(1.2) 1(3.1) 0(0.0) 0.38
Infection (%) 28(33.3) 16 (50.0) 12 (25.0) 0.04
Acute kidney injury (%) 43 (51.2) 21 (65.6) 23 (44.2) 0.09
CRRT (%) 15 (17.9) 6(18.8) 9(17.3) 1.00
Tamponade (%) 6(7.1) 2(6.3) 4(7.7) 1.00
Abdominal compartment syndrome 4 (4.8) 1(3.1) 3(5.8) 1.00
(%)
Laboratory results
Initial pCO2 in kpa (IQR) 7.3(5.7;9.9) 7.1(5.3;8.9) 7.7 (6.0;9.9) 0.30
Course of pCO2 in %/h (IQR) -5.22(-8.69;-1.99) -4.09 (-8.38;-1.30)  -6.28 (-8.69;-2.08) 0.37
Maximum decrease pCO2 in %/hour  0.67 (0.38; 1.06) 0.58 (0.24; 1.06) 0.72(0.41;0.82) 0.43
(IQR)
Maximum difference pCO2 in %/ -0.52 (-0.87;0.39)  -0.30(-0.88; 0.08) -0.59 (-0.86;0.71) 0.76
hour (IQR)
Initial pO2 in kpa (IQR) 25.3(10.8;43.5)  17.4(9.4;42.5) 32.8 (11.5-47.1) 0.10
Course of pO2 in %/hour (IQR) -6.29 (-11.65;9.31) -4.26(-12.85;12.53) -7.15(-11.30;5.97) 0.90
Initial pH (IQR) 6.96 (6.80;7.08)  7.07 (6.84;7.21) 6.90 (6.79; 7.00) <0.01
Course of pH in %/hour (SD) 0.68 (0.53) 0.68 (0.48) 0.69 (0.57) 0.98
Initial lactate in mmol/L (SD) 13.7 (5.8) 12.5 (6.0) 14.5 (5.7) 0.14
Course of lactate in %/h (IQR) -7.44 -10.38(-12.98;-5.06) -6.11(-11.12;-5.48) <0.05
(-11.89;-1.33)
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Table 1 | Characteristics of extracorporeal cardiopulmonary resuscitation (ECPR) patients for patients who
did and did not experience a recovery of consciousness. (continued)

Total Recovery of No recovery of p-value
consciousness consciousness
(N=32) (N=56)
Outcomes
ECMO survival (%) 32(38.1) 28 (87.5) 4(7.7) <0.01
|CU-survival (%) 25 (29.8) 24 (75.0) 1(1.9) <0.01
Hospital survival (%) 24 (28.6) 23(71.9) 1(1.9)
Cause of death N=59 N=9 N=50
Brain death (%) 5(8.5) 0(0.0) 5(10.0) 1.00
Diagnosis life incompatible (%) 41 (69.5) 7(77.8) 34 (68.0) 0.85
Neurology (%) 23 (56.1) 4(57.1) 19 (57.8)
Neurology + other (%) 6(14.6) 1(14.3) 5(15.2)
Cardiac (%) 2(4.9) 0(0.0) 2(5.9)
Multi-organ disease (%) 3(7.3) 1(14.3) 3(8.8)
No treatment options (%) 4(9.8) 1(14.3) 3(9.1)
Other (%) 2(4.9) 0(0.0) 2(5.9)
Haemorrhagic shock (%) 2(2.4) 0(0.0) 2 (4.0) 1.00
Heart failure (%) 2(2.4) 1(11.1) 1(2.0) 0.28
Multi-organ disease (%) 5(8.5) 0(0.0) 5(10.0) 1.00
Persisting cardiac arrest (%) 2(2.4) 0(0.0) 2(4.0) 1.00
Other (%) 2(2.4) 1(11.1) 1(1.9) 0.15

ECPR: extracorporeal cardiopulmonary resuscitation, BMI: body mass index, OHCA: out of hospital cardiac arrest, BLS: basic
life support, ICU: intensive care unit, CRRT: continuous renal replacement therapy, TO0: initial time point, Tmax: maximum
time value known within 6 hours after initiation, pCO2: partial carbon dioxide concentration, pO2: partial oxygen concen-
tration

consciousness versus patients who did not recover consciousness. Most patients had a
non-shockable primary cardiac rhythm (n =57, 69%). We found no significant difference
in the primary cardiac rhythm for patients with and without recovery of consciousness.
The cause of arrest was primarily pulmonary embolism (36%) followed by acute coro-
nary syndrome (30%).

Laboratory Results

Patients with the recovery of consciousness had higher median pH values (7.07, IQR
6.84-7.21) than patients without the recovery of consciousness (6.90, IQR 6.79-7.00, p
< 0.01). No differences were seen in initial pO, values (p = 0.10) and initial lactate values
(p = 0.14) for patients with the recovery of consciousness and patients without the
recovery of consciousness. The decrease in lactate values from initiation of ECPR until
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six hours after initiation of ECPR was significantly higher in patients with the recovery
of consciousness (10.38%/h, IQR 12.98-5.06) than in patients without the recovery of
consciousness (6.11%/h IQR 11.12-5.48, p < 0.05). No significant differences were found
in changes of pH and pO, values from initiation of ECPR until six hours after initiation of
ECPR.

Table 2 | Binary logistic regression analysis of ECPR patients regarding pCO, measurements and the recov-
ery of consciousness.

(a) (b) (0) (d) ()

Initial pCO2 0.93 0.97 0.92 0.94 0.75
(0.78;1.09) (0.79;1.20) (0.65;1.30) (0.78;1.12) (0.52;1.05)
Course of pCO2 in first 6 hours 1.03 1.05
(0.96;1.13) (0.92;1.26)
Interaction initial & course pC0O2 0.99
(0.97; 1.02)
Maximum decrease of pCO2 in first 6 hours 1.07 0.14
(0.48;2.30) (0.01;2.07)
Interaction initial & maximum decrease pCO2 1.29
(0.93;1.88)
N 83 83 83 80 80
Nagelkerke R2 0.03 0.04 0.04 0.10 0.13
AlC 113.82 115.22 117.06 111.36 111.02

The values are displayed as odds ratios with 95% confidence intervals (Cl). TO: initial values, pCO2: partial carbon dioxide
concentration.

Outcomes

In total, 32 patients (38%) could be weaned from the ECMO: 28 (33%) of these patients
recovered consciousness. Twenty-five patients (30%) survived ICU admission, and 24
patients (29%) survived until hospital discharge. Of those, only one patient (2%) did not
recover consciousness. This patient was transferred to another hospital with a Glasgow
coma scale motor score of five. In most cases, the cause of death was neurologic (47%,
of which 9% brain death and 39% other neurologic causes).

As shown in Table 2, the initial pCO, or pCO, courses were not associated with the re-
covery of consciousness. In Supplementary Material Figure S1, we included the courses
of pCO, in the first six hours after initiation of ECPR for every individual patient. As a
sensitivity analysis, we performed the binary logistic regression for patients who had
a sustained recovery of consciousness at hospital discharge. These results are shown
in Supplementary Material Table S1. Additionally, we determined an expected neuro-
logical favourable outcome based on patient charts (classified as cerebral performance
category (CPC) score 1-2) at any time from hospital discharge, shown in Supplemen-
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tary Material Table S2. We also performed the binary logistic regression based on this
outcome. As shown in Supplementary Material Table S3, these sensitivity analyses, no
significant differences were found.

DISCUSSION

In this study, we found that initial pCO, values and the course of pCO, after initiation
of ECPR are not associated with the recovery of consciousness. We also found no sig-
nificant difference for initial pO, values, course of pO, and pH, and initial lactate values.
In patients with recovery of consciousness, we found a significantly higher initial pH
and a significantly more rapid decrease of lactate than in patients without recovery of
consciousness.

Contrary to our hypothesis, recovery of consciousness was not associated with a less
rapid decrease of pCO, in the first hours after initiation of ECPR. Based on these findings,
a rapid decrease of pCO, until normocapnia might not negatively influence cerebral
perfusion. Some studies performed in patients treated with conventional CPR examined
the effects of pCO, on survival. Wang et al. [5] evaluated the presence of hypercapnia
and hypocapnia in the first 24 h after hospital arrival. They found increased hospital
mortality in the case of any hypercapnia or for final hypocapnia [5]. Helmerhorst et al.
[3] found only increased hospital mortality in the case of a single measurement of hy-
pocapnia in the first 24 h in patients admitted to the ICU in the Netherlands. In contrast
to these two studies, Vaahersalo et al. [7] found a positive association for the duration of
hypercapnia within the first 24 h on good neurological outcome. However, these studies
did not evaluate the effects of the course of pCO, on the outcome. Ebner et al. [6] did
study this course of pCO, in cardiac arrest patients not treated with ECPR. Similar to
our results, they have shown no significant association of maximum amplitude in pCO,
with poor neurological outcome. Additionally, they also found no significant difference
for an area under the curve analysis for the first four pCO, measurements as well as all
pCO, measurements and neurological outcomes [6]. In a study by Bemtgen et al. [12],
pCO, values were measured several times in the first 24 h after ECPR initiation. They
found no significant difference in survival for patients with hypercapnia, hypocapnia,
and normocapnia [12].

In addition to our primary outcome, we found three other results in the univariate
analyses. First, we found a trend for lower initial pO, values in patients with recovery of
consciousness than in patients without recovery of consciousness. This is in line with the
recent study by Halter et al. [9] They have shown that ECPR patients with hyperoxemia
had a higher odds ratio (OR) for mortality at day 28 (OR 1.89, 95% confidence interval
(Cl) 1.74-2.07) [9]. These findings suggest that the outcome may be improved by using
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an oxygen blender with careful titration of the percentage of oxygen for membrane gas
flow.

Second, in this study, patients with recovery of consciousness had a slightly higher
initial pH than patients without recovery of consciousness. A comparable result was
found by Bemtgen et al. [12], who have shown higher survival rates in patients with
higher pH values during the first 24 h after initiation of ECPR. However, when compared
with the study of Bartos et al. [13], it seems that pH values before ECPR initiation are not
associated with survival with favourable neurological outcomes. Despite the possible
positive association of higher pH and favourable outcomes, the differences are small
(the difference of median pH between patients with and without recovery of conscious-
ness was 0.17). Therefore, it is still not possible to determine at which pH a patient will
or will not be eligible for ECPR.

Last, we found a higher lactate decrease in the first six hours after initiation of ECPR
in patients who had recovery of consciousness than in patients without recovery of
consciousness. This significant difference in lactate clearance is in line with the results
found by Mizutani et al. [14]. They found a neurologically favourable survival rate (cere-
bral performance category 1-2) of 63.1% in patients with high lactate clearance and a
neurologically favourable survival rate of 22.2% in patients with low lactate clearance
after ECPR.

This study also had some limitations. First, the arterial blood gas sampling was not
scheduled, so the measurements were performed by indication decided by the treating
physicians. Therefore, the number of samples as well as the time between the samples
was varying a lot and could have influenced the outcome of the study. In order to mini-
mize this influence, we divided the samples into time frames. Second, the number of in-
cluded patients was quite small. Due to this small sample, we were not able to perform a
multivariable logistic regression analysis. There were no significant differences between
the patient characteristics and cardiac arrest characteristics of the patients with and
without recovery of consciousness. However, some of the cardiac arrest characteristics
could have influenced the outcome. Third, we included a high rate of patients with non-
cardiac causes of arrest. In order to determine if the initial pCO, or low-flow duration in
patients with cardiac versus non-cardiac causes of arrest influenced the outcome, we
studied these variables and did not find a statistically significant difference. Fourth, in
this study we found high rates of BLS in OHCA patients, short no-flow durations, and lim-
ited low-flow durations. In the Netherlands, bystander CPR rates, population educated
to perform bystander CPR, and use of an automatic external defibrillator (AED) is high
and rising every year [15,16]. In our ECPR program, we select patients with an assumed
high chance of favourable outcomes (i.e., patients with witnessed arrest, short no-flow
times, high quality of CPR, and low-flow durations of <60 min). The selection of ECPR pa-
tients, high CPR education, and AED use probably explains the high rates of direct start
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of BLS and associated short no-flow durations in this study. Last, due to the hypothesis, it
could be that the physicians have adjusted the ECPR settings in order to prevent a rapid
decrease in pCO,. This could result in lower maximum decreases. Therefore, it would be
advisable to repeat this study in another patient sample.

We did not find an association between the course of pCO, in the first hours after
initiation of ECPR and the recovery of consciousness. Future studies should focus on
performing analyses of arterial blood gas values after initiation of ECPR in order to de-
termine the most optimal ECMO settings for neurological favourable outcomes. These
studies should be performed in larger samples and with blood gas analyses at set time
points.

CONCLUSIONS

Initial arterial pCO, and the course of pCO, in the first six hours after initiation of ECPR
were not associated with the recovery of consciousness.
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SUPPLEMENTARY MATERIALS

Course of arterial pCO2

No recovery of consciousness Recovery of consciousness

pCO2in kpa

' '
300 400

100 200 300 400 0 100 200
Time in minutes

o -

Figure A | Course of arterial pCO, in patients with and without recovery of consciousness
Course of the arterial pCO, in the first six hours after initiation of extracorporeal cardiopulmonary resuscitation of every
individual patient divided in patients with and without recovery of consciousness. Partial carbon dioxide concentration

(pCO,).
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Table A | Binary logistic regression analysis of ECPR patients regarding pCO, measurements and persisting
recovery of consciousness (GCS 6 at hospital discharge).

Initial pCO, ~ 0.97(0.81-1.14) 1.04(0.83;1.29)  1.11(0.76;1.67)  0.99 (0.81; 1.20) 0.87 (0.60; 1.23)
Course of
pCO, in first 6
hours

68.52 (0.04; 3.98 (0.00000057;
1,434,915) 73,391,710)

Interaction
initial & 1.92(0.13; 57.72)
course pCO,

Maximum
decrease of
pCO, in first 6
hours

1.13 (0.47;2.53) 0.34 (0.02; 5.73)

Interaction
initial &
maximum
decrease pCO,

1.16 (0.83; 1.67)

N 83 83 83 80 80
Nagelkerke R2  0.01 0.04 0.04 0.11 0.12
AIC 115.20 102.56 104.40 98.00 99.24

The values are displayed as odds ratios with 95% confidence intervals. TO: initial values, pCO,: partial carbon dioxide con-
centration.
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Table B | CPC scores and expected CPC scores at any time after hospital discharge
CPC 1-2 at CPC questionnaire
EQ-5D-5L questionnaire: independent functioning

Functioning in home environment

= o o o

Working again

Expected CPC score 3 or unknown outcome
Unknown; transferred to other hospital with M6 score 3

CPC 3 at CPC questionnaire (both living at home, one cannot function independently for 2
24 hours a day and 1 needs care for physical problems)

In some patients CPC score was tested by a questionnaire (Mak et al, 20..), in other patients the CPC score was estimated
based on information reported in the patient files. CPC = cerebral performance category

Table C| Binary logistic regression analysis of ECPR patients regarding pCO, measurements and expected
favourable neurological outcome.

. 0.98 (0.81-
Initial pCo, 1 8)( 1.14 (0.89; 1.47) 1.47(0.94;2.41) 1.03(0.83;1.26) 0.89 (0.60; 1.30)
0.05

Course of pCO, in 4169.16 (2.78*10°;
first 6 h 0.80; 3.79*10° : ’

irst 6 hours (0.80; ) 8.54*107)

Interaction initial 13.15 (0.34;
& course pCO, 1055.56)

Maximum

decrease of pCO, 1.08 (0.83;2.54) 0.27(0.01;6.08)

in first 6 hours

Interaction initial
& maximum 1.18(0.82;1.74)
decrease pCO,

N 83 83 83 80 80
Nagelkerke R2 <0.01 0.07 0.11 0.13 0.15
AIC 90.78 89.15 89.37 85.92 87.09

The values are displayed as odds ratios with 95% confidence intervals. TO: initial values, pCO,: partial carbon dioxide con-
centration.

187







Chapter 8

Survival and neurological outcome with
extracorporeal cardiopulmonary resuscitation
for refractory cardiac arrest caused by
massive pulmonary embolism: A two center
observational study

Loes Mandigers, Erik Scholten, Wim J.R. Rietdijk, Corstiaan A. den Uil, Robert J. van Thiel,
Sander Rigter, Bram G.A.D.H. Heijnen, Diederik Gommers, Dinis dos Reis Miranda

Resuscitation. 2019 Mar;136:8-13. doi: 10.1016



Chapter 8

ABSTRACT

Background Cardiac arrest (CA) due to pulmonary embolism (PE) is associated with low
survival rates and poor neurological outcomes. We examined whether Extracorporeal
Cardiopulmonary Resuscitation (ECPR) improves the outcomes of patients who suffer
from CA due to massive PE.

Methods We retrospectively included 39 CA patients with proven or strongly suspected
PE in two hospitals in the Netherlands, in a ‘before/after’-design. 20 of these patients
were treated with Conventional Cardiopulmonary Resuscitation (CCPR) and 19 patients
with ECPR.

Results The main outcomes of this study were ICU survival and favourable neurological
outcome, defined as Cerebral Performance Category (CPC) score 1-2. The ICU survival
rate in CCPR patients was 5% compared to 26% in ECPR patients (p<0.01). Survival with
favourable neurological outcome was present in 0/20 (0%) CCPR patients compared to
4/19 (21%) of the ECPR patients (p<0.05).

Conclusion ECPR seems a promising treatment for cardiac arrest patients due to

(suspected) massive pulmonary embolism compared to conventional CPR, though
outcomes remain poor.
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INTRODUCTION

Massive pulmonary embolism (PE) as an obstructive shock may lead to right ventricular
overload and haemodynamic instability [1-3]. Eventually, this causes cardiac arrest (CA)
in 32-48% of the patients [4-6]. Outcomes in CA patients due to massive PE are extremely
poor, with survival rates around 0.4-18% despite urgent administration of thrombolytics
[3,7, 8l

Veno-arterial extracorporeal membrane oxygenation (V-A ECMO) decreases right
ventricular overload [9] and supports the entire circulation, bypassing both lungs and
heart. Especially in patients with refractory CA caused by massive PE, V-A ECMO started
during cardiopulmonary resuscitation (CPR) could improve the survival. Previous stud-
ies in massive PE patients without CA showed a higher survival rate in patients who
received V-A ECMO compared to conventional treatment, 83% versus 58%, respectively
[9-12]. However most of these previous studies included haemodynamic unstable pa-
tients without CA or patients after CA, who regained return of spontaneous circulation
(ROSC) before V-A ECMO placement. Little is known of patients cannulated during CPR.

The aim of this study is to examine whether extracorporeal cardiopulmonary resus-
citation (ECPR) improves outcome of patients who suffer from CA due to massive PE. To
our knowledge no previous studies were performed in CA patients due to PE, comparing
CCPR with ECPR therapy. In this retrospective cohort study we analysed the data of CA
patients due to (suspected) PE from two extracorporeal membrane oxygenation (ECMO)
expertise centers in the Netherlands.

METHODS

We performed a retrospective study in a ‘before-after’ fashion in two hospitals in the
Netherlands. The Erasmus MC Rotterdam (EMC) is a tertiary referral academic hospital
and the Sint Antonius Hospital (SAZ) Nieuwegein is a major teaching hospital and
pulmonary hypertension expertise center. Both hospitals are referral centers for cardio-
thoracic surgery (including surgical pulmonary embolectomy), experienced in ECMO
therapy and ECPR. These hospitals started with formal implementation of ECPR therapy
in August 2014.

Patients

We included adult patients treated with ECPR due to a (suspected) PE in the period of
August 1%, 2014 till March 31%, 2017 (the ‘after’-period). And, as a control group, we
included patients treated with conventional CPR (CCPR) due to a (suspected) PE in the
time period January 1%, 2012 till July 31%, 2014 (the ‘before’-period).
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CCPR was defined as conventional CPR, where ECPR was defined as ECMO cannula-
tion during CPR. We defined a CA due to (suspected) PE if one of the next four criteria
were present: PE proven with Computer Tomography (CT)-scan, PE proven through
pathologic examination (PA), severe right ventricular dilatation during CA with a history
compatible with (suspected) PE, or administration of thrombolysis during arrest due to
suspicion of massive PE. We included both in-hospital cardiac arrest (IHCA) and out-of-
hospital cardiac arrest (OHCA) patients. The criteria for initiation of ECPR were witnessed
CA (last seen < 5 min) in patients below 70 years, with good quality of basic life support
(BLS) / advanced life support (ALS) (leading to an end-tidal CO2 >10 mmHg) during at
least 15 min and a low flow time of <60 min.

ECMO procedure

ECMO placement in all patients of both the EMC and the SAZ, is done by intensivists,
interventional cardiologists or cardiothoracic surgeons, depending of which location
the CA occurs. If the CA occurs in the operating room (OR) the cardiothoracic surgeon
will place it, if it occurs in the ICCU or catherization laboratory (cath. lab.), the interven-
tional cardiologist will insert the ECMO and in all other cases the intensivists will do the
ECPR procedure. The location of the ECPR will be where the patient is (e.g. OR, cath. lab.,
ICU, hospital ward, emergency department). There is no routine left heart catherization
or left ventricular venting done in patients who receive ECMO for PE in the EMC and
all ECPR patients get a 6 Fr distal reperfusion catheter of the cannulated leg, primarily
implanted by the cardiothoracic or vascular surgeon.

Measured variables

Our primary outcome, ICU survival, was retrospectively collected by chart review. As a
secondary outcome we analysed favourable neurological outcome. This favourable out-
come was defined as a Cerebral Performance Category (CPC) score of 1-2. A CPC score
of 3-5 was defined as unfavourable neurological outcome. For prospectively measuring
the latter outcome, all surviving patients were contacted and asked for written informed
consent and to fill in a CPC questionnaire [13].

Besides the primary and secondary outcomes, complications (e.g. bleeding [defined
as major bleeding in need of transfusion/intervention or major bleeding limiting the
treatment options such as thrombolysis or continuing of CPR], CVVH use, cerebral
haemorrhage, vascular/ischemic limb complications and infection [defined as any infec-
tion with positive culture in general, during admission for the CCPR group and during
ECMO for the ECPR group]) were included as outcome measurements and collected by
chart review. These complications were only registered in Emergency Department (ED)
survivors.
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Statistical analysis

Continuous variables were reported using median and 25-75% quartiles and categorical
variables were reported using numbers and percentages. We used the Mann-Whitney U
test and a Fisher’s exact test to test for statistical significant differences for continuous
and categorical variables, respectively [14].

For our primary outcome ICU survival, we plotted Kaplan-Meier curves and we com-
pared these survival distributions using the Log-rank test. For our secondary outcome,
we dichotomised the CPC value into favourable outcome and unfavourable outcome.

During chart screening of the CA patients, we found some patients treated with ECPR
in the ‘before’-period and CCPR patients in the ‘after’-period. We decided to perform a
sensitivity analysis on the complete sample of CA patients due to (suspected) massive PE
treated with CCPR or ECPR. One of the ECPR patients treated in the ‘before’-period was
>18 years at time of the questionnaire, however <18 years at time of CA. Because this
patient was treated at the adult ICU, with adult cannulas, and having an‘adult’ frame, we
decided to include this data in the sensitivity analysis. A p-value <0.05 was defined as
statistically significant. IBM SPSS Statistics version 24 was used to perform the statistical
analyses.

Ethics

The Medical Ethics Committee of the ErasmusMC Rotterdam, the Netherlands, reviewed
and approved the study protocol (number MEC-2017-305). All surviving patients were
asked consent for participation. This consent consisted of answering the questionnaire
and approving the use of their documented clinical data. For non-surviving patients,
proxy consent for their chart review was not required.

RESULTS

Charts of 2618 patients were reviewed and 39 patients were included in the ‘before/
after’-analyses (Fig. 1). Of these 39 included patients, 20 were treated with CCPR and 19
with ECPR.

Baseline characteristics

Patients in the CCPR group were significantly older at time of CA compared to the pa-
tients in the ECPR group. In only 60% of the CCPR patients, thrombolytic therapy was
given, whereas in 95% of the ECPR patients (Table 1). In the ECPR group, all but one
patient were treated with thrombolytic therapy prior to ECMO cannulation. No signifi-
cant differences were seen the CCPR versus ECPR groups, concerning OHCA (42% versus
68%), time between CA and start of CPR (both median 0 min), median total duration of
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2618 patient charts

No CPR

< 18 years

No PE

Unknown data

PE not cause of CA
Deceased in ambulance

ROSC before ED arrival
ECMO after ROSC
>70 years

466
8
1998
4
21
1
13
4
35

[ ]

46 CCPR 22 ECPR
28 EMC 18 EMC
18 SAZ 4 SAZ

20 CCPR 19 ECPR
10 EMC 16 EMC
10 SAZ 3SAZ

1 survival to hospital discharge
1 EMC
0SAZ

5 survival to hospital discharge

4 EMC
1SAZ

1 died after
discharge

0 structured CPC

Figure 1 | Flow chart. Bold values represent the totals. The ‘before/after’-analyses are done in the italicized
patient numbers and the ‘total sample’-analyses are done in the underlined patient numbers. CA cardiac ar-
rest, CPR cardiopulmonary resuscitation, CCPR conventional cardiopulmonary resuscitation, ECPR extracor-
poreal cardiopulmonary resuscitation, ED emergency department, PE pulmonary embolism. EMC indicates

5 structured CPC
4 EMC
1SAZ

patients from the Erasmus Medical Center, SAZ indicates patients from the Sint Antonius Hospital.

CPR (60 versus 77 min), and worst blood gas values during cardiac arrest (Table 1). The
median duration of ECMO treatment in the ECPR group was 3 days (IQR 2-5 days). The

median ICU length of stay in surviving ECPR patients is 19 days (IQR 10-35.5 days). In the
non-surviving patients the median time on ECMO until death is 3 days (IQR 1-5 days).
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Table 1 | Baseline characteristics and outcomes for CCPR versus ECPR ‘before/after’

CCPR (N=20) ECPR (N=19) p-value
Baseline characteristics
Patient Characteristics
Median Age, years (IQR) 56 (46-64) 40 (30-60) 0.04
Gender Male (%) 8 (40) 8 (42) 1.00
Medical history with cardiac diseases 4(21) 0(0) 0.11
(%, total N = ECPR 19, CCPR 21)
Medical history with pulmonary diseases 5(26) 1(5) 0.18
(%, total N = ECPR 19, CCPR 21)
Use of medication 11 (65) 11(61) 1.00
(%, total N = ECPR 18, CCPR 18)
Clinical Characteristics
OHCA (%) 8(42) 13 (68) 0.19
CPR delay, in minutes (IQR) 0 (0-0) 0(0-2.25) 0.22
(total N = CCPR 13, ECPR 18)
Total duration CPR, in minutes (IQR) 60 (45-90) 77 (39-98) 0.26
(total N=CCPR 19, ECPR 16)
Mechanical compressions (e.g. LUCAS) (%) 7(35) 9 (47) 0.52
Thrombolysis (%) 12 (60) 18 (95) 0.02
Laboratory results
Median pH (IQR)* 6.85(6.74-6.95)  6.80 (6.68-6.87)  0.28
(total N = CCPR 15, ECPR 16)
Median PO2 in kPa (IQR)* 12.8 (6.2-20.7) 14.7 (3.5-26.2) 0.96
(total N = CCPR 14, ECPR 14)
Median PCO2 in kPa (IQR)* 9.3 (5.8-14.4) 9.9(7.1-12.4) 0.96
(total N = CCPR 14, ECPR 14)
Median lactate in mmol/L (IQR)* 14.3(10.3-18.9) 14.1(11.3-16.6) 0.91
(total N = CCPR 14, ECPR 14)
Median arterial saturation in mol/mol (IQR)* 67 (43.5-96.5) 76 (16-98.5) 0.84
(total N = CCPR 13, ECPR 13)
Outcomes
Primary outcome
ICU survival? 1(5) 5(26) <0.01
Secondary outcome
Survival with favourable neurological outcome (%) 0(0) 4(21) <0.05
Favourable neurological outcome in ICU survivors 0(0) 4 (80) 0.33
(CCPR N=1, ECPR N=5)
Complications
Complication; Bleeding (%) 1(5) 14 (74) <0.01
CVVH use (%) 2(10) 7(37) 0.07
Complication; Infection with positive culture (%) 0(0) 5(28) <0.05
Complication; Intracranial bleeding (%) 0(0) 2(11) 0.23
Complication; vascular ECPR complications (%) 0(0) 0(0) -

* All the median blood gas values are the worst values 6 hours before ECMO/ROSC
AAs there were no differences between ICU and hospital survival, we only note the ICU survival. The p-value represents
the Log-rank test.
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Outcomes

A Log-rank test showed a significantly lower cumulative ICU survival in CCPR patients
compared to ECPR patients (5% vs 26%, p <0.01) (Fig. 2). Survival with favourable neu-
rological outcome was present in 0 (0%) CCPR patients versus four (21%) ECPR patients
(p<0.05). Four out of five (80%) ECPR survivors had a favourable neurological outcome.
One patient (20%) had severe cerebral disability with a CPC score of 3.

Furthermore, the complication rate of bleeding and infection appear more frequently
in the ECPR group (p<0.05). Bleeding occurred in 5% in the CCPR group versus 74% in
the ECPR group (p<0.01). A bleeding complication was documented in 13/30 (43%) of
the patients who received thrombolytic therapy versus 2/9 (22%) of the patients who
did not receive thrombolytic therapy (p=0.44). Of all ECPR patients, seven (37%) had
access site related bleeding and two (11%) had an intracranial/cerebral haemorrhage.
The other bleeding locations were abdominal, thoracic, pulmonary, and ear/nose/
throat. Use of CVVH showed a trend in favour of CCPR patients and no significant differ-
ence was seen in intracranial/cerebral haemorrhage between the two groups (Table 1).
Besides the access site related bleedings, no other vascular or ischemic complications
due to ECPR therapy, such as limb ischemia, compartment syndromes of the legs or
fasciotomies occurred.
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Figure 2 | Survival curve for CCPR versus ECPR of the ‘before/after’ analysis (n=39)
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When performing the analyses on only the patients treated with thrombolytic
therapy, we found comparable results. The cumulative ICU survival was 8% in CCPR
patients vs 28% in ECPR patients (p<0.01) with a survival with favourable neurological
outcome of 0% vs 22% respectively (p=0.13).

Sensitivity analysis

In our sensitivity analysis, we included the 39 patients from the ‘before/after’-setting,
the remaining three ECPR patients from the ‘before’-period, and the remaining 26 CCPR
patients from the ‘after’-period. The reasons why the CCPR patients of the ‘after’-group
included in sensitivity analysis were not treated with ECPR therapy are explained in
Supplementary material, Table 3. Of the total 68 included patients, 46 patients had CCPR
and 22 patients got treatment with ECPR therapy.

The baseline characteristics of the total sample were comparable to the results of
the 'before/after’-setting. The only difference, was a significantly higher percentage
of patients with a medical history of pulmonary disease prior to the CA in the CCPR
group in comparison with the ECPR group, 26% (n=11) versus 5% (n=1), respectively
(p<0.05) (Supplementary material, Table 2). This pulmonary disease consisted of Chronic
Obstructive Pulmonary Disease (COPD), pulmonary emphysema, bronchial asthma, me-
sothelioma, pulmonary metastasis of colon carcinoma, pulmonary metastasis of breast
cancer, stage IV pulmonary carcinoma, or pulmonary embolism. Table 4 in Supplemen-
tary material shows the diagnostics used to confirm/suspect diagnosis of PE.

The primary and secondary outcome results of the sensitivity analysis were also
comparable to the results of the ‘before/after’-setting (Table 2 and Fig 3, Supplemen-
tary material). There were two notable differences. First, the difference in survival with
favourable neurological outcome between the CCPR and ECPR groups became nonsig-
nificant (Table 2, Supplementary material). However a trend to significance remained,
with a p-value of 0.05. Second, the trend in the use of CVVH became significantly lower
in CCPR versus ECPR patients (Table 2, Supplementary material). The reasons for death in
non-survivors in this study in the CCPR group (n=41, out of total n=46) mostly because
of unsuccessful resuscitation (n=39) and two because of neurological reasons. Most of
the ECPR patients (total n=22) died from neurological causes (n=11), e.g. brain death or
termination of treatment due to poor neurological prognosis. Two patients died from
multi-organ failure and two from haemorrhagic shock.

DISCUSSION

The present study showed that patients with CA due to (suspected) massive PE treated
with CCPR had a lower ICU survival rate and a worse favourable neurological outcome as
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compared to patients treated with ECPR. To our knowledge, this is the first retrospective
study that attempts to compare the survival and neurological outcomes of the CCPR and
ECPR treatments in (suspected) PE patients.

In line with previous studies in CA patients due to massive PE, the survival rate of
our control group (CCPR group) was very low (5%). Er et al. [15] showed a somewhat
higher survival rate of 18.3%, but they included only IHCA patients. Comess et al. [16]
also found a slightly higher survival rate (22.2%). However, only patients with unknown
reason for CA received a transoesophageal echocardiography (TEE) and were included
in their study. Thereby they excluded the other CA patients due to PE, what probably
resulted in selection bias. Leitner et al. [17] included only patients that received throm-
bolytic agents and found a survival rate of 19%.

In contrast, two other studies found lower survival rates. In a study comparing
thrombolytic therapy against no thrombolytic therapy in CA due to PE, Yousuf et al. [8]
found a combined survival rate of 9.5% (10.5% vs 8.7%, respectively). In a slightly larger
study, Kirkciyan et al. [7] also compared thrombolysis versus no thrombolysis in CA
due to PE. This study showed a survival rate of 5% [7]. These rates are comparable with
our controls, with a survival rate of 5% in the CCPR group in the ‘before/after’ design
and 11% in the total sample. Previous studies concerning thrombolytic therapy in CA
patients due to PE, show both significantly and non-significantly lower survival rates in
patients not treated with thrombolytic agents [8, 18]. Thus, the significant difference in
administration of thrombolytic therapy in our study, may contribute to the difference in
survival outcomes between the two groups.

The survival rate in our ECPR group is comparable with previous studies [9, 11, 19-23].
Although, the survival rates in studies describing V-A ECMO after massive PE show large
variation [9, 11, 19-23]. In these studies, demonstrating a relatively high survival rate (25-
83%), only patients who regained ROSC before implantation of V-A ECMO were included
[9, 11, 19-23]. In other studies examining V-A ECMO during resuscitation, survival rates
were between 0 and 60%, however, these studies only included between two and seven
patients [24-26]. Two recent, larger studies [27, 28] showed a survival rate of 38.5-46% in
patients with cardiogenic shock or CA due to massive PE. In contrast with those studies,
we did not include patients with ROSC before ECMO placement.

Patients who are treated with ECPR for cardiac arrest due to PE, seem to have a good
neurological outcome. Pasrija et al. [23] found a good neurological outcome in both of
the ECPR patients included in their study. A slightly larger study by Hashiba et al. [11]
included 12 patients with CA due to PE who received V-A ECMO. 6 patients were treated
with ECPR and 6 patients treated with V-A ECMO after ROSC. They found a CPC-score of
1-2 at discharge in 70% of the surviving patients [11], comparable to our results with
80% of the survivors having a favourable neurological outcome.
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There are several limitations to this study, related to the observational design that
need to be addressed. First, two potential biases that may influence the generalizability
of the results are confounding by indication and selection bias. The three patients in the
‘before’-period who were treated with ECPR. The decision to treat with ECPR took place
at the discretion of the clinical physician present. We tried to minimize these two biases
as much as possible by performing a pure‘before/after’-analysis and a sensitivity analysis
with the total sample of CCPR and ECPR patients. This sensitivity analysis showed similar
results in comparison with the ‘before/after’-analysis which reduces the selection bias.

Second, we tried to establish two comparable and homogeneous groups by exclud-
ing all patients above 70 years old of the CCPR group. However, we were not able to
perform propensity matching, nor multivariate analysis due to the small sample size. To
minimize confounding by indication as well as countering the limitations of this study, a
randomized controlled trial is required in the future.

Next, diagnosis of PE in patients without ROSC is difficult. Therefore, we defined
criteria which had to be met, to apply for the diagnosis suspected PE as closest ap-
proximation of the diagnosis PE during CA. To obtain a definitive diagnosis PE, a CT-scan,
ventilation-perfusion scan or pulmonary angiography is needed, which was not feasible
in CA patients without ROSC. In our study, only one patient had a history of (stable)
decreased RV function. However, this patient had a cardiac arrest 20 days after a surgical
procedure, therefore we included this patient with diagnosis high suspicion of PE. All
other included patients had no known history of RV failure/dilatation.

Another important limitation of this study is the relative small sample size and
thereby the inability of performing any modelling in which probable confounders (i.e.,
the application of thrombolytic therapy) could be included. Therefore, in the future it is
necessary to perform a study in a larger sample size, to measure the effect of confound-
ers.

Thus, ECPR therapy has promising results in comparison with the CCPR therapy, al-
though the overall survival rate in the ECPR group remains low and significant complica-
tions may occur. With this study we have shown that a large percentage of patients who
survive using ECPR, have a favourable neurological outcome. With these results, and
taking the high risk of complications into account, ECPR could be a potential treatment
option in CA patients due to (suspected) PE.

CONCLUSION

In our two-center experience, we conclude that survival rate and favourable neurologi-
cal outcome in patients with CA due to (suspected) massive PE is improved using ECPR
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as compared to CCPR. However, further research is needed in larger samples to confirm
these encouraging findings.
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SUPPLEMENTARY MATERIAL

Table 2 | Baseline characteristics and outcomes for CCPR versus ECPR total sample

CCPR (N=46) ECPR (N=22) p-value
Baseline characteristics
Patient Characteristics
Median Age, years (IQR) 57 (51-63) 40 (30-59) <0.01
Gender Male (%) 23 (508) 9 (41) 0.61
Medical history with cardiac diseases 6(14) 0(0) 0.09
(%, total N = CCPR 42, ECPR 22)
Medical history with pulmonary diseases 11 (26) 1(5) <0.05
(%, total N = CCPR 42, ECPR 22)
Use of medication 25 (68) 12 (57) 0.57
(%, total N = CCPR 37, ECPR 21)
Clinical Characteristics
OHCA (%) 26 (58) 14 (64) 0.79
CPR delay, in minutes (IQR) 0 (0-0) 0(0-0) 0.47
(total N = CCPR 28, ECPR 21)
Total duration CPR, in minutes (IQR) 68 (34-90) 70 (38-93) 0.88
(total N=CCPR 44, ECPR 19)
Mechanical compressions (%) 16 (37) 9 (41) 0.79
Thrombolysis (%) 27 (59) 19 (86) >0.03
Laboratory results
Median pH (IQR)* 6.79 (6.70-6.94) 6.8 (6.73-6.99) 0.67
(total N = CCPR 38, ECPR 19)
Median PO2 in kPa (IQR)* 7.3 (4.1-15.4) 10.6 (3.6-23.7) 0.24
(total N = CCPR 37, ECPR 19)
Median PCO2 in kPa (IQR)* 10.3(7.3-13.9) 9.2 (6.6-12.2) 0.15
(total N = CCPR 37, ECPR 17)
Median lactate in mmol/L (IQR)* 14.2 (10.9-17.9) 14.8 (11.2-16.6) 0.95
(total N = CCPR 34, ECPR 17)
Median arterial saturation in mol/mol (IQR)* 58 (17-86) 82.5(18.3-98.8) 0.13
(total N = CCPR 35, ECPR 16)
Outcomes
Primary outcome
ICU survival (%)* 5(11) 7(32) <0.01
Secondary outcome
Survival with favourable neurological outcome (%) 3(7) 6 (27) 0.05
(total N CCPR =45)
Favourable neurological outcome in ICU survivors 3(75) 6(86) 1.00

(ECPR N=7, CCPR N=4)

Complications
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Table 2 | Baseline characteristics and outcomes for CCPR versus ECPR total sample (continued)

Complication; Bleeding (%) 4(9) 15 (68) <0.01
CVVH use (%) 4(9) 7(32) 0.03
Complication; Infection with positive culture (%) 1(2) 5(24) 0.01
Complication; Intracranial bleeding (%) 0(0) 2(9) 0.10
Complication; vascular ECPR complications (%) 0(0) 0(0) -

* All the median blood gas values are the worst values 6 hours before ECMO/ROSC
AAs there were no differences between ICU and hospital survival, we only note ICU survival. The p-value represents the
Log-rank test.

Table 3 | Reasons for exclusion of ECMO therapy in cases with CCPR after implementation of ECPR

1 CPRtime > 60 minutes

2 CPR time > 60 minutes

3 Malignancy with metastasis, palliative therapy

4 PCO2<1.3

5 PE found at pathology, no high PE suspicion during CPR

6 Poor physical condition, nursery home

7 Because of suspicion CVA contraindication for ECMO

8 Long CPR time in combination with very poor arterial blood gas values
9 Long delay until start CPR

10 ECMO not available, due to cannulation of other patient at the same moment
11 Cannulated during CPR, ROSC before starting ECMO flow

12 CPR time > 60 minutes

13 Malignancy

14 CPR time > 60 minutes, non-witnessed arrest with long delay until CPR
15 Long delay until start CPR

16 Malignancy

17 Reason for admission cerebral bleeding (contra-indication ECMO)

18 Malignancy

19 Long CPR time in combination with very poor initial arterial blood gas values
20 Decompensated liver cirrosis

21 Malignancy with metastasis

22 Malignancy

23 CPRtime > 60 minutes

24 ROSC before initiation ECPR

25 ROSC before initiation ECPR

26 Unknown delay until CPR
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Table 4 | Diagnostics used to confirm diagnosis of PE

ECPR CCPR ECPR CCPR
CT-proven 16 8 2 2 28
OR-proven 1 0 0 0 1
PA-proven 1 4 0 5 10
TEE/TTE (thrombus) 1 1 0 0 2
TEE/TTE (dilated RV) 0 11 1 10 22
No diagnostics 0 4 0 1 5

CT = computer tomography, OR = operating room, PA = pathology, TEE = transoesophageal echocardiogram, TTE = trans-
thoracic echocardiogram, RV = right ventricle

The 5 patients in whom no diagnostics were done, are included in the study because of administration of thrombolysis
during CA due to suspicion of massive PE. These patients had a suspicion for pulmonary embolism with: ECG showing
signs pointing to PE, other causes for CA excluded, or the prognosis was so poor that diagnosing would not influence the
therapeutic options. This table was made in order of probability of PE. In the cases of a CT-proven PE, OR/PA/TTE/TEE would
not be scored again.
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Figure 3 | Survival curve for CCPR versus ECPR of the total sample (n=68)
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ABSTRACT

Background To examine whether venoarterial extracorporeal membrane oxygenation
(VA-ECMO) improves survival of patients with acute pulmonary embolism (PE).

Methods Following the PRISMA guidelines, a systematic search was conducted up to
August 2019 of the databases: PubMed/MEDLINE, EMBASE and Cochrane. All studies re-
porting the survival of adult patients with acute PE treated with VA-ECMO and including
four patients or more were included. Exclusion criteria were: correspondences, reviews
and studies in absence of a full text, written in other languages than English or Dutch,
or dating before 1980. Short-term (hospital or 30-day) survival data were pooled and
presented with relative risks (RR) and 95% confidence intervals (95% Cl). Also, the follow-
ing pre-defined factors were evaluated for their association with survival in VA-ECMO
treated patients: age > 60 years, male sex, pre-ECMO cardiac arrest, surgical embolec-
tomy, catheter directed therapy, systemic thrombolysis, and VA-ECMO as single therapy.

Results A total of 29 observational studies were included (N = 1947 patients: VA-ECMO
N = 1138 and control N = 809). There was no difference in short-term survival between
VA-ECMO treated patients and control patients (RR 0.91, 95% Cl 0.71-1.16). In acute PE
patients undergoing VA-ECMO, age > 60 years was associated with lower survival (RR
0.72, 95% Cl 0.52-0.99), surgical embolectomy was associated with higher survival (RR
1.96, 95% Cl 1.39-2.76) and pre-ECMO cardiac arrest showed a trend toward lower sur-
vival (RR 0.88, 95% Cl 0.77-1.01). The other evaluated factors were not associated with a
difference in survival.

Conclusions At present, there is insufficient evidence that VA-ECMO treatment improves
short-term survival of acute PE patients. Low quality evidence suggest that VA-ECMO
patients aged <60 years or who received SE have higher survival rates. Considering the
limited evidence derived from the present data, this study emphasizes the need for
prospective studies.

Protocol registration: PROSPERO CRD42019120370.

Keywords: Pulmonary embolism, Extracorporeal membrane oxygenation, Extracorpo-
real life support, Hemodynamic instability, Cardiac arrest, ECPR
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INTRODUCTION

Massive pulmonary embolism (PE) is associated with poor survival. The obstructive shock
caused by massive PE can result in end-organ failure and cardiac arrest [1,2]. Venoarterial
Extracorporeal Membrane Oxygenation (VA-ECMO) is increasingly used as a treatment
strategy in hemodynamically compromised patients with acute PE. VA-ECMO restores
the circulation and unloads the right ventricle by bypassing the pulmonary circulation.
While circulation is restored, the PE can resolve or be removed. So, in case of acute PE,
VA-ECMO may be used as bridge to recovery or bridge to treatment.

Although VA-ECMO enables haemodynamic stability and restores tissue perfusion, it
is unknown if this high-risk therapy will lead to higher survival rates in acute PE patients.
In addition, it is not clear which patients would benefit the most and for which patients
this highly invasive therapy with major complication rate would not be a suitable treat-
ment option.

In an attempt to investigate whether VA-ECMO treatment is beneficial and if there
are any factors associated with clinical outcome, we performed a systematic review and
meta-analysis on the current available evidence. The aim of this study is to examine
whether VA-ECMO treatment is associated with an improved survival in acute PE pa-
tients and to explore factors that may be associated with survival.

MATERIALS AND METHODS

This study is performed according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines [3]. It is listed in the PROSPERO register
with registration number CRD42019120370.

Study eligibility criteria

To qualify for inclusion studies had to include adults (= 18 years) with acute PE of any ae-
tiology who received VA-ECMO treatment. We also included studies that only contained
a subgroup of acute PE patients with VA-ECMO. A control group (defined as acute PE
patients without VA-ECMO treatment) was not necessary to qualify for inclusion. Studies
were only included if they reported the primary outcome (short-term survival) for PE
patients that received VA-ECMO. Any type of study (e.g., randomized trial, observational
cohort, case-control, case-series) containing four patients or more was included. Exclu-
sion criteria were studies that only involved patients with cardiac arrest or shock due to
other aetiologies than PE. Further, correspondences, reviews and studies in absence of
a full text, written in other languages than English or Dutch or dating before 1980 were
also excluded.
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Search

A medical information specialist conducted a systematic search of the following da-
tabases: PubMed/MEDLINE (OVID), EMBASE (OVID) and the Cochrane Central Register
of Controlled Trials (CENTRAL) up to 5 August 2019. The full search is available in the
Additional file Appendix 1. In summary, we integrated various search terms containing
‘extracorporeal life support’ combined with ‘pulmonary embolism’applying the Boolean
operator ‘AND’ using medical subject headings (Mesh) and free terms. Synonyms were
added to the search: ‘Extracorporeal membrane oxygenation’ or ‘/ECMO’ or ‘ECLS’ com-
bined with ‘pulmonary thromboembolism’ using the Boolean operator ‘OR’to screen on
various synonymes.

Study selection

Two reviewers (M.K. and L.M.) independently screened all titles and abstracts. After
selecting articles for full text screening, they discussed any disagreements regarding
inclusion or exclusion. Next, these selected papers were independently screened (by
M.K. and L.M.) in full text and if they met the selection criteria, they were included for
data extraction. Disagreements concerning inclusion or exclusion for this review were
discussed and when needed a third reviewer (A.V.) was consulted. All of the disagree-
ments regarding eligibility were resolved.

Definitions

The primary outcome was short-term survival, defined as hospital or 30-day survival.
Long-term survival was defined as =3-month survival. Favourable neurological outcome
was defined as a cerebral performance category (CPC) score of 1-2. As secondary out-
come, factors were evaluated for their association with survival in patients treated with
VA-ECMO. The following pre-defined factors were evaluated: age > 60 years, male sex,
cardiac arrest occurring pre ECMO initiation or during ECMO initiation (i.e., extracor-
poreal cardiopulmonary resuscitation, ECPR), surgical embolectomy, catheter directed
therapy (i.e., thrombectomy or thrombolysis, CDT), systemic thrombolysis and VA-ECMO
as single therapy.

Data extraction

Two reviewers (M.K. and L.M.) extracted the data independently, using a pre-defined
standardized data extraction form. Extracted data were compared and in case of dis-
crepancies the original articles were checked. The pre-defined data extraction included:
study characteristics (e.g., author and study design), number of PE patients (categorized
in VA-ECMO and control), patient demographics (e.g., age and sex), baseline characteris-
tics (e.g., predisposing factors and extracorporeal cardiopulmonary resuscitation, ECPR),
treatment characteristics (e.g., systemic thrombolysis and surgical embolectomy),
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clinical course (e.g., complications) and clinical outcomes (e.g., survival and neurological
outcome). We classified study design as descriptive study or cohort study as described
by Grimes et al. [4]

For the meta-analyses on factors associated with outcome, data were collected from
studies that reported individual patient outcomes of patients treated with VA-ECMO
(survivors and non-survivors). In case data were missing regarding the evaluated factors,
we attempted to obtain this information by contacting the first author.

Quality assessment

The quality of the individual studies and the certainty of evidence were assessed by
two independent reviewers (M.K. and L.M.). The overall quality / certainty of evidence
was rated using the GRADE’s approach. [5] All included studies had an observational
design and were therefore evaluated using the Newcastle-Ottawa Scale (NOS) for the
individual quality assessment of non-randomized studies [6]. The NOS is a ‘star-rating
system’ divided in to three sections: the selection of the study groups (max. 4 stars); the
comparability of the groups (max. 2 stars); and the ascertainment of respectively, either
the exposure or outcome of interest for case-control or cohort studies (max. 3 stars). The
NOS scoring system is classified as: poor quality 0-3 stars; fair quality 4-6 stars, good
quality 7-9 stars. Discrepancies were resolved by discussion.

Statistical analysis

First, we narratively described study, patient, clinical characteristics, and outcomes for
each included study. Studies were categorized as VA-ECMO with control or, only VA-
ECMO patients without a control group. Continuous variables were reported using mean
and standard deviation (SD) or median and 25-75% quartiles (IQR) where applicable.
Categorical variables were reported using numbers and percentages.

Second, for the meta-analysis involving all controlled studies, association with
survival was evaluated by calculating the pooled risk ratio (RR) with 95% confidence
interval (95% ClI). The RRs were compared using the random-effects model and the Der-
Simonian and Laird method. Because of the presence of multiple zero cells, a value of 0.5
was added to each cell. Forest plots were provided for our primary outcome (short-term
survival) and secondary outcome (factors evaluated for their association with survival in
patients treated with VA-ECMO).

Third, in a pre-defined additional analysis we divided patients in three subgroups: [1]
Patients with obstructive shock before ECMO placement; [2] Patients who experienced
a cardiac arrest before or during ECMO placement; [3] these cardiac arrest patients were
further divided in patients with ROSC before or during ECMO placement and patients
without ROSC during ECMO placement (i.e., ECPR) patients. A loss of output and/or
pulsatility during ECMO treatment was not taken into account in these subgroups. To
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estimate summary effects sizes, we used a single column meta-analysis technique. We
synthesized a weighted average proportion (effect size) by using arandom effects model.
Due to the small sample size and some extreme proportions, we used a double-arcsin
transformation on the data. The forest plot data were back transformed to proportions.
With this analysis we attempted to decrease the heterogeneity between studies.

For these meta-analyses, heterogeneity was assessed using 12 and Tau2 statistics.
In accordance with the Cochrane handbook, an 12 of more than 40% was classified as
substantial heterogeneity. [7] Egger regression tests and funnel plots were provided to
assess publication bias. A sensitivity analysis was performed to check if outlying studies
influenced our results. In the factors that contained outliers, additional analysis with
exclusion of these studies was performed. A two-sided p-value of <0.05 was considered
statistically significant, except for Egger regression test in which a two-sided p-value of
<0.10 was considered statistically significant. We performed all analyses using the Meta
package in R studio, version 3.6.0.

RESULTS

Study selection

A total of 913 unique articles were retrieved during our search. We assessed 91 articles
full text for eligibility and included 29 articles for this review, of which 24 articles re-
ported individual patient outcome data and were included in the meta-analysis [[8], [9],
(101, (111, [12], 131, [14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28], [29], [30], [31], [32], [33], [34], [35], [36]]. All included studies had an obser-
vational design. The reasons for exclusion of the articles are listed in Fig. 1. Overall, a
total number of 1947 acute PE patients were included in the studies. Of these patients,
1138 received VA-ECMO treatment and 809 patients did not receive VA-ECMO treatment
(control group). In the studies which reported the predefined subgroups, 143 patients
were reported as being in shock and 511 patients suffered a cardiac arrest, of whom 106
patients received ECPR. The criteria and indications for the decision to initiate VA-ECMO
in the included studies are available in Additional file Table A. (See Fig. 2.)

Characteristics

Study characteristics are shown in Additional file Table B for the included studies. There
were 20 descriptive studies and 9 retrospective cohort studies. Patient characteristics
of acute PE patients treated with VA-ECMO and control patients are shown in the Ad-
ditional file Table C. The clinical course of patients is shown in Table 1.
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Figure 1| Flowchart of study selection using PRISMA guidelines.

VA-ECMO Control
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Bougouin 3 12 16 70 —-4— 1.20 [0.45;3.20] 3.0%
Funakoshi 60 112 177 249 : 0.76 [0.63; 0.91] 17.5%
Mandigers 7 22 5 46 —— 282 [1.06;7.50] 31%
Meneveau 20 52 73 128 - 0.68 [0.47;0.99] 11.5%
Minakawa Fi 94 211 261 0.94 [0.82; 1.06] 19.4%
Moon 6 14 2 9 —ir— 1.70 [0.51;5.70) 21%
Kjaergaard 12y 22 13 16 = 0.68 [0.44;1.05] 9.8%
Shiomi 9 9 18 22 i 1.22 [1.00; 1.47] 17.4%
Takahashi 13 16 8 8 0.82 [0.65; 1.03] 16.2%
Random effects model 353 809 0.91 [0.71; 1.16] 100.0%

Prediction interval
Heterogeneity: /% = 69%, ° = 0.0414, p < 0.01

[0.53; 1.57]

f T =1~ T
0.01 0.1 051 2 10 20

Figure 2 | Short-term survival of VA-ECMO and control patients.
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Table 1 | Clinical course of massive pulmonary embolism patients treated with/without VA-ECMO.

Studies including VA-ECMO and control patients

Study

3 Bougouin
8 Funakoshi
13 Mandigers
14 Meneveau
15 Minakawa
16 Moon

24 Kjaergaard
25 Shiomi

26 Takahashi

Number of PE patients

VA-ECMO Control

12 70
112 249
22 46
52 128
94 261
14 9
22 16
9 22
16 8

Studies including only VA-ECMO patients, without control

group

Study

1 Al-Bawardy
2 Aso

4 Corsi

5 deChambrun
6 Dennis

7 Dolmatova
9 George

10 Kawahito
11 Maggio

12 Malekan
17 Munakata
18 Omar

19 Pasrija

20 Swol

21 Sakuma
22 Hashiba
23 Maj

27 Tayama
28 lus

29 Elbadawi

Number of
PE patients

VA-ECMO VA-ECMO

13 13 (100)
353

17 2(12)
4 4 (100)
5

5 5(100)
32

7 1(14)
19 11(58)
4 3(75)
10 1(10)
4 3(75)
20

5

7

12

6

7 7(100)
36

219

Shock (n, %)

Shock (n, %)

VA-ECMO Control
3(25) 58 (45)

2(21) 1(11)

5(23) 14 (88)

Cardiac N

arrest (n, %) ECPR (n, %)

VA-ECMO VA-ECMO

13 (100)

15 (82) (41)

4 (100) 0(0)
(100) (100)
(80)

15 (47)

5(71) 5(71)

10 (53) 8(42)

9 (90)

2 (50)

5(25) 2 (10)

5(100) 5(100)

5(71)

12 (100) 6 (50)

6 (100) 6 (100)
2(29)
15 (42)

Cardiac arrest (n, %) ECPR (n, %)

VA-ECMO Control VA-ECMO

12 (100) 70 (100)

48 (43) 45 (18)

22 (100) 46 (100) 22 (100)

39 (75) 45(35) 18(35)

11(79) 8(89)

22 (100) 0(0)  22(100)
(69) 0(0)

Reperfusion therapy (type, n, %)

Surgical
Embolectomy CDT
4(31) 3(23)
2(12) 2(12)
1(20) 2 (40)
2 (6) 19 (59)
3(43)
4(21) 7(37)
8 (80) 8(80)
2 (50) 2 (50)
11 (55) 1(5)
2 (40)
1(14) 1(14)
4(33)
1(17) 2(33)
5(71)
20 (56)
45(20.4)

Systemic
thrombolysis

8 (62)

8 (47)

50)
33)
6 (86)
19 (53)
54 (24.9)

7(
3(
6(86)
6 (
2(

VA-ECMO = veno arterial extracorporeal membrane oxygenation, PE = pulmonary embolism,
ECPR = extracorporeal cardiopulmonary resuscitation
CDT = catheter directed thrombectomy/thrombolysis
RVAD = right ventricular assist device, AKI = acute kidney injury, CVVH = continuous veno venous hemofiltration
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Reperfusion therapy (type, n, %) Complications (type, n, %)
Surgical Systemic Neurological AKIl/
Embolectomy coT thrombolysis Bleeding (incl bleeding) Infection CVVH Other
29 (26) 83(74)
19 (86) 13(59) 2(9) 5(24) 7(32)
17 (33) 20 (38) 20(39) 4(8) 24 (46)  22(42) 27 (52)
1(7) 1(7)
5(23) 1(5) 12 (55) 3(14) 2(9) VA-ECMO problems 1 (5)
16 (100) 3(19)

Reperfusion

therapy Complications (type, n, %)
(type, n, %)
Neurological VA-ECMO
Other Bleeding (incl bleeding) Infection AKI/CVVH problems Other
7 (54) 2(15)
15(88) 4 (24) 2(12) 13(76) 2(12)
1(20) 3(60)
11 (34)
14 (74) 5(24) 5(24)  5(24) 3(14)  15(79)
4(100)
10 (100) 1(10)
RVAD 1 (25)
2(10) 4(20) 1(5)
Only VAECMO 1 (20) 3(60) 1 (20) 2 (40)
6 (50)
2(33) 1(17) 1(17) 1(17) 3(50)
3(43) 1(14)
3(8) 2 (6) 5(14) 10 (28)
59 (27) 144 (66)
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Complications

Twelve of the included studies reported complication rates. The classifications/defini-
tions of complications were not reported (most studies) or heterogeneous among the
studies. In the Additional file Table D the classification of complications of individual
studies is reported. The incidence of complications differed widely, as shown in Table
1. Bleeding occurred in 8-100% of the patients, neurological complications (including
neurological bleeding) in 8-76%, AKI/CVVH in 14-76%, and VA-ECMO problems in
5-66% of the patients.

Quality assessment and certainty of evidence

According to the GRADE's approach, the certainty of the evidence was low, as all included
studies had an observational design and the overall quality was fair to poor. Quality
assessment of the individual studies measured by the NOS resulted in a fair quality score
for 22 studies and a poor quality score for 7 studies (Additional file Table E).

Short-term survival

Meta-analysis showed no difference in short-term survival for VA-ECMO treated pa-
tients and control patients (RR 0.91, 95% Cl 0.71-1.16) (Fig. 1). The average weighted
short-term survival proportion of VA-ECMO treated acute PE patients was 0.81 (95%
Cl 0.59-0.97) in shock patients, 0.50 (95% Cl 0.39-0.60) in cardiac arrest patients and
0.34 (95% ClI 0.21-0.49) in ECPR patients (shown in Fig. 3). The individual study results
on survival outcomes of VA-ECMO vs. control patients are summarised in Table 2. For
the three VA-ECMO treated subgroups (i.e., shock, cardiac arrest, and ECPR) results are
shown in Additional file Table F.

There was significant heterogeneity between the studies regarding short-term
survival in shock patients and cardiac arrest patients. No significant risk of publication
bias was found. Additional file Table G shows the assessment of heterogeneity and
risk of publication bias for short-term survival of VA-ECMO vs. control patients and per
subgroup. Additional file Appendix 2 shows the funnel and influence plot of short-term
survival.

As mentioned, there were limited control groups available for the subgroup analysis.
Only two studies reported VA-ECMO patients with a control group regarding survival
outcomes in shock patients. Kjaergaard et al. [14] (N = 38) showed a survival rate of
81.8% in the control group and Takahashi et al. [16] (N = 24) showed a survival rate of
100% in the VA-ECMO treated group as well as the control group. For cardiac arrest three
studies included a control group. Mandigers et al. [10] (N = 68) showed a survival rate
of 31.8% in the VA-ECMO treated group and 10.9% in the control group. Kjaergaard et
al. [14] (N = 38) showed a survival rate of 54.5% in the VA-ECMO treated group and 80%
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Events Total Proportion 95%-Cl Weight
Corsi 0 2 0.00 [0.00;0.84] 5.1%
Dolmatova 1 1 1.00 [0.03;1.00] 36%
George 13 17 — & 0.76 [0.50;0.93] 10.6%
Kawahito 1 2 050 [0.01;099] 51%
Maggio 6 9 —_— 0.67 [0.30;0.93] 9.2%
Meneveau 13 13 — 1.00 [0.75;1.00] 10.1%
Moon 1 3 033 [0.01;091] 6.1%
Munakata 1 1 1.00 [0.03;1.00] 3.6%
Omar 0 2 0.00 [0.00;0.84] 5.1%
Pasrija 15 15 - 1.00 [0.78;1.00] 10.4%
Sakuma 2 2 1.00 [0.16;1.00] 5.1%
Takahashi 5 5 — 1.00 [0.48;1.00] 7.6%
Tayama 2 5 040 [0.05;0.85] 7.6%
lus 18 21 — 0.86 [0.64,0.97] 11.0%
Random effects model — 0.81 [0.59; 0.97] 100.0%

Heterogeneity: 1 = 64%, 1° = 0.0637, p < 0.01 | T T f T !

a) subgroup: shock 0 02 04 06 08 1

Al-Bawardy 9 13 — 069 [0.39;091] 51%
Bougouin 3 12 —=F— 025 [0.05;0.57] 4.9%
Corsi 8 15 — & 053 [0.27;0.79] 54%
de Chambrun 2 4 050 [0.07;093] 27%
Dennis 1 5 ——i— 020 [0.01;0.72] 3.1%
Dolmatova 2 4 050 [0.07;093] 27%
George 4 15 —FF—F 027 [0.08;0.55] 5.4%
Kawahito 3 5 0.60 [0.15;0.95] 3.1%
Maggio 5 10 —_— 050 [0.19;0.81] 4.5%
Mandigers 7 22 — 0.32 [0.14;055] 6.2%
Meneveau 7 39 —F— 0.18 [0.08;0.34] 72%
Moon 5 1 —_— 045 [0.17;0.77] 4.8%
Munakata 6 9 e e — 067 [0.30;093] 4.3%
Omar 1 2 0.50 [0.01;099] 1.7%
Pasrija 4 5 —_— 0.80 [0.28;099] 3.1%
Swol 2 5 040 [0.05;0.85] 3.1%
Sakuma 2 5 0.40 [0.05;0.85] 3.1%
Hashiba 10 12 —_— 0.83 [0.52;098] 4.9%
Maj 2 6 —F—F——— 0.33 [0.04;0.78] 3.5%
Kjaergaard 122 22 — 055 [0.32;0.76] 62%
Shiomi 4 4 — 1.00 [0.40;1.00] 27%
Takahashi 8 11 — 073 [0.39;094] 48%
Tayama 1 2 0.50 [0.01;099] 1.7%
lus 9 15 R e 060 [0.32;0.84] 54%
Random effects model —_— 0.50 [0.39; 0.60] 100.0%

Heterogeneity: /2 = 51%, «* = 0.0237, p < 0.01 '

b) subgroup: cardiac arrest 0 02 04 06 08 1

Corsi 1 7T 0.14 [0.00;0.58] 8.8%
Dennis 1 5 — —i— 020 [0.01;0.72] 7.0%
Dolmatova 1 2 0.50 [0.01;099] 37%
Kawahito 3 5 060 [0.15;095] 7.0%
Maggio 5 8 — 062 [0.24,091] 96%
Mandigers 7 22 — = 0.32 [0.14;0.55] 16.7%
Meneveau 2 18 —F— 0.11 [0.01;0.35] 15.3%
Swol 2 5 0.40 [0.05;0.85] 7.0%
Maj 2 6 —F———— 0.33 [0.04;0.78] 8.0%
Kjaergaard 12 22 T 055 [0.32;0.76] 16.7%
Random effects model — 0.34 [0.21; 0.49] 100.0%

Heterogeneity: 12 = 35%, * = 0.0138, p = 0.12 | T T T T I

0 02 04 06 08 1
c) subgroup: ECPR

Figure 3 | Short-term survival of VA-ECMO patients per subgroup (shock, cardiac arrest and ECPR).
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Table 2 | Survival outcomes of massive pulmonary embolism patients treated with/without VA-ECMO.

Studies including VA-ECMO and control patients

13
14
15
16
24

25

26

Study
Bougouin

Funakoshi

Mandigers
Meneveau
Minakawa
Moon

Kjaergaard

Shiomi

Takahashi

Short-term survival (n, %)

Long-term survival (n, %)

Definition VA-ECMO Control  Definition VA-ECMO Control
hospital 3/12 (25.0) 16/70 (22.9)
30 day 60/112 (53.6) 177/249 (71.1)
hospital 7/22 (31.8) 5/46 (10.9)
30-day 20/52 (38.5) 73/128 (57.0) 90-day  18/52 (34.6) 68/128 (53.1)
hospital/ 30-day 71/94 (75.5) 211/261 (80.8)
hospital 6/14 (42.8) 2/9(22.2) 90-day 6/14 (42.9)
30 day 12/22 (54.5) 13/16(81.3)  1year 10/22 (45.5) 9/13 (69.2)
hospital 9/9 (100.0) 18/22 (81.8)
30 day 13/16 (81.3) 8/8 (100.0)

Studies including only VA-ECMO patients, without control group

1
2
4

o N o u»

11
12
17
18
19
20
21
22
23

27

28
29
Total

Al-Bawardy
Aso

Corsi

de Chambrun
Dennis
Dolmatova
George

Kawahito

Maggio
Malekan
Munakata
Omar
Pasrija
Swol
Sakuma
Hashiba
Maj

Tayama

lus
Elbadawi

30 day 9/13 (69.2) 1year
hospital 127/353 (36.0)
hospital 8/17 (47.1) 90 day
hospital 2/4 (50.0)
hospital 1/5(20.0)
hospital 3/5(60.0)
hospital 17/32(53.1)
hospital 4/7(57.1)
hospital 11/19(57.9) 1year
hospital 4/4(100.0)
30-day 7/10 (70.0)
hospital 1/4 (25.0)
hospital 19/20 (95.0) 90-day
hospital 2/5 (40.0)
hospital 4/7(57.1)
hospital 10/12 (83.3)
2/6(33.3)
3/7 (42.9)
hospital 23/36 (63.9)
hospital 84/219 (38.4)

341/785=43.4%

6/13 (46.2)

8/17 (47.1)

11/19 (57.9)

19/20 (95.0)

VA-ECMO = veno arterial extracorporeal membrane oxygenation, CPC = cerebral performance category
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CPC 1/2 score of

. Causes of death
survivors
VA-ECMO Control VA-ECMO Control

Neurologic n=11 (50.0), hemodynamic n=2 (9.0), Neurologic n=2 (4.3),

6/7 (86.0) 3/4(75.0) (multi)organ dysfunction syndrome n=2 (9.0) hemodynamic n=39 (84.8)
Hemodynamic n=3 (13.6) Neurologic n=1 (6.3)

Neurologic n=2 (22.2), (multi) organ
dysfunction syndrome n=1 (4.5)

Neurologic n=2 (12.5), (multi) organ dysfunction
syndrome n=1 (6.25)

2/2(100.0)

1/1(100.0)
Neurologic n=1 (20.0), hemodynamic n=1 (20.0)
Hemodynamic n=2 (28.6)
Neurologic n=4 (21), hemodynamic n=1 (5.2),
(multi) organ dysfunction syndrome n=1 (5.2)
(multi) organ dysfunction syndrome n=1 (25.0)

19/19(100.0) Neurologic n=1 (5.0)
Neurologic n=1 (20), hemodynamic n=2 (40.0)

7/10 (70.0)

Hemodynamic n=3 (42.9), (multi) organ
dysfunction syndrome n=1 (14.3)

Neurologic n=7 (19.4), hemodynamic n=2 (5.6),
(multi)organ dysfunction syndrome n=2 (5.6)
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in the control group. Shiomi et al. [15] (N =31) showed a survival rate of 100% in the
VA-ECMO treated group and 50% in the control group.

Factors associated with survival in patients with VA-ECMO

Of the 24 studies included in the meta-analysis on patients treated with VA-ECMO, 12
studies (n = 137) reported the age of individual patients, 16 studies (n = 239) reported
sex differences, 22 studies (n = 330) reported cardiac arrest, 17 studies (n = 275) reported
surgical embolectomy, 11 studies (n = 193) reported CDT, 15 studies (n = 225) reported
systemic thrombolysis and 14 studies (n = 178) reported VA-ECMO as single treatment.

Two factors were associated with a significant difference in survival (Additional file
Table H). Age > 60 years was associated with lower chance of survival, compared with
age < 60 years (RR 0.72, 95% Cl 0.52-0.99). Surgical embolectomy was associated with
higher chance of survival, compared with patients who did not undergo surgical embo-
lectomy (RR 1.96, 95%Cl 1.39-2.76). Also, there was a trend toward a lower survival for
patients who suffered a cardiac arrest prior to or during VA-ECMO placement, compared
to patients without cardiac arrest (RR 0.88, 95% Cl 0.77-1.01). Male sex, catheter directed
therapy, systemic thrombolysis and ECMO as single treatment were not associated with
a difference in survival. Forest plots of the evaluated factors are included in the Addi-
tional file Appendix 3: A-G.

Assessment of the risk of publication bias showed no significant bias for the evalu-
ated factors. Also, no significant heterogeneity was identified. The funnel plots are in-
cluded in the Additional file Appendix 4: A-G and the influence plots are included in
the Additional file Appendix 5: A-G. Sensitivity analyses of the results by exclusion of
outlying studies did not result in a significant difference (Additional file Table I).

DISCUSSION

In this systematic review and meta-analysis, we found insufficient evidence of short-term
survival benefit for VA-ECMO treatment in acute PE patients. Furthermore, in acute PE
patients who were treated with VA-ECMO, we found that age < 60 years and treatment
with surgical embolectomy were associated with improved survival.

A possible explanation why VA-ECMO treatment did not improve short-term survival
in acute PE patients might be that patients who needed VA-ECMO treatment may be
more severely ill and hemodynamically compromised than patients without VA-ECMO
treatment. Furthermore, VA-ECMO treatment is associated with severe complications,
which may counterbalance a possible benefit of treatment.

In the broad continuum of obstructive shock, acute PE resulting in a cardiac arrest
is the most severe form of shock which probably justifies VA-ECMO treatment. Even in
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patients treated with ECPR, we found a short-term survival rate of 34%. This is higher
than the survival rate of patients with cardiac arrest due to acute PE without VA-ECMO
treatment ranging from 8.5-18.3% as reported in previous studies. [37,38]

In patients treated with VA-ECMO for acute PE, age < 60 years and surgical embo-
lectomy were associated with higher chance of survival. Furthermore, we found a trend
(p =0.06) toward lower survival in patients suffering a cardiac arrest before VA-ECMO
treatment, compared to non-cardiac arrest patients. Most probably, this higher survival
indicates that younger patients and patients who are in a condition good enough to
undergo a surgical embolectomy, are the less ill patients with a higher a priori chance
of survival. The trend toward lower survival in cardiac arrest patients could be explained
by the severity of the illness as well as resuscitation difficulties, as conventional CPR is
often insufficient in patients with massive PE due to a right ventricle outflow obstruction
[[39], [40], [41]].

We performed a comprehensive systematic review evaluating survival in VA-ECMO
treated and control acute PE patients. To our knowledge, this is the first meta-analysis
to examine the survival for predefined subgroups and predictors for survival in acute
PE patients with VA-ECMO treatment. A previous review published in 2015 evaluating
the role of ECMO in acute PE included 78 patients treated with ECMO (11 case reports,
9 case series). [42] Although we included studies reporting on 4 patients or more, we
were able to include 1138 patients treated with VA-ECMO in our review. The difference
in sample size between our and the previous review highlights the fact that VA-ECMO is
increasingly utilized as a treatment strategy in acute PE.

Despite the low evidence and lack of benefit of VA-ECMO treatment in the overall
acute PE group, there may be a possible benefit in the subgroup of patients who suffered
a (refractory) cardiac arrest. More research is needed to find out if VA-ECMO treatment
could be beneficial. In severe shock patients as well as patients suffering (refractory) car-
diac arrest it is important to perform prospective studies to compare VA-ECMO treated
patients with non-VA-ECMO treated patients. Cardiac arrest with or without ROSC before
ECMO placement are different entities which may have a very different prognosis. Un-
fortunately, most of the included articles did not differentiate between these subgroups
or report separate outcome. Future studies should clearly differentiate between patients
who had a cardiac arrest but gained ROSC before ECMO placement and patients with
ECPR.

Additionally, the advantages or disadvantages of systemic thrombolysis in patients
who are treated with VA-ECMO has to be investigated. Also, in order to adequately
compare therapies and their outcome, studies should more clearly report the indication
and timing of reperfusion therapies. For instance, the use of ECMO treatment prior to
surgical intervention (and maintained during or removed after procedure) can have a
different indication and outcome than ECMO treatment after surgical intervention.
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Perfusion therapy with thrombolysis resulted in a reduction of adverse outcome (i.e.
combined end-point of mortality and recurrent PE) in a population consisting mostly
of high-risk PE patients with the presence of cardiogenic shock. [2] The risk of severe
bleeding with this treatment is approximately 10%. However, if thrombolytic therapy is
combined with ECMO there is an additional increased risk of bleeding (due to the need
for vascular access) which should be taken into careful consideration. The use of ECMO
alone as reperfusion method could offer an alternative, but is currently considered con-
troversial. We speculate that in patients in whom ECMO treatment is deemed necessary
a combination of ECMO and surgical intervention may be a better option than ECMO
combined with thrombolysis. However, with the current data it is impossible to derive
an evidence based recommendation regarding this subject.

Limitations

Only limited evidence can be derived from the present data due to the observational
design of the included studies, only fair-poor quality of the individual studies, relatively
small sample sizes and substantial heterogeneity between the studies regarding the
primary outcome. Due to the observational nature of the studies there were discrepan-
cies between ECMO and control patients which makes it difficult to interpret results.
For example, the proportion of patients with cardiac arrest differed among ECMO and
control patients in the studies performed by Funakoshi, Meneveau, Kjaergaard and
Takahashi. Also, the indication for ECMO treatment differed among studies or was not
reported.

Although we performed an extensive systematic review of the current available
evidence regarding VA-ECMO treatment in acute PE, we applied study selection criteria
(exclusion of studies published before the year 1980 and/or less than 4 patients and
language restrictions [i.e., only English/Dutch]) which may limit our findings.

Another limitation is that we were unable to analyse the effect of complications
in ECMO treated patients. ECMO is associated with several major adverse events such
as bleeding and this should be properly investigated. However, due to heterogeneity
among the included studies or the absence of classification of complications this analy-
sis could not be performed in this meta-analysis.

CONCLUSIONS

At present, there is insufficient evidence that VA-ECMO treatment improves survival of
acute PE patients. Low quality evidence suggest that VA-ECMO patients aged <60 years
or who received SE have higher short-term survival rates. Considering the limited evi-
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dence derived from the present data, this study emphasizes the need for prospective
studies.
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Appendix 1: search string PubMed, Embase and Cochrane Library,
searched on 5-8-2019.

PubMed/Medline:
(“Extracorporeal Membrane Oxygenation”[Mesh] OR extracorporeal membrane
oxygenation*[tiab] OR extracorporeal oxygenation*[tiab] OR extracorporeal pump
oxygenation*[tiab] OR extrapulmonary oxygenation*[tiab] OR extra-corporeal mem-
brane oxygenation*[tiab] OR extra-corporeal oxygenation*[tiab] OR extra-corporeal
pump oxygenation*[tiab] OR extra-pulmonary oxygenation*[tiab] OR ECMO][tiab] OR
extracorporeal life support*[tiab] OR extra-corporeal life support*[tiab] OR ECLS[tiab]
OR extracorporeal cardiopulmonary resuscitat*[tiab] OR extra-corporeal cardiopulmo-
nary resuscitat*[tiab])

AND

(“Pulmonary Embolism”[Mesh] OR pulmonary embol*[tiab] OR pulmonary
thromboembol*[tiab] OR lung embol*[tiab] OR lung thromboembol*[tiab] OR pulmo-
nary thrombo-embol*[tiab] OR lung embol*[tiab] OR lung thrombo-embol*[tiab])
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EMBASE (OVID):

Database(s): Embase Classic+Embase
Search Strategy:

# Searches

1 extracorporeal oxygenation/

(extracorporeal membrane oxygenation* or extracorporeal oxygenation* or extracorporeal pump
oxygenation* or extrapulmonary oxygenation* or extra-corporeal membrane oxygenation* or extra-

2 corporeal oxygenation® or extra-corporeal pump oxygenation® or extra-pulmonary oxygenation* or ECMO
or extracorporeal life support* or extra-corporeal life support* or ECLS or extracorporeal cardiopulmonary
resuscitat* or extra-corporeal cardiopulmonary resuscitat*).ti,ab,kw.

3 lor2
4 lung embolism/

(pulmonary embol* or pulmonary thromboembol* or lung embol* or lung thromboembol* or pulmonary
thrombo-embol* or lung embol* or lung thrombo-embol*).ti,ab,kw.

6 4or5
7 3and6
8 limit 7 to dd=20190301-20190805

CENTRAL
ID Search Hits

#1  MeSH descriptor: [Extracorporeal Membrane Oxygenation] explode all trees

#2  (extracorporeal membrane oxygenation* or extracorporeal oxygenation* or
extracorporeal pump oxygenation*® or extrapulmonary oxygenation* or extra-corporeal
membrane oxygenation* or extra-corporeal oxygenation* or extra-corporeal pump
oxygenation* or extra-pulmonary oxygenation* or ECMO or extracorporeal life support*
or extra-corporeal life support* or ECLS or extracorporeal cardiopulmonary resuscitat*
or extra-corporeal cardiopulmonary resuscitat®* or percutaneous cardiopulmonary
support):ti,ab,kw (Word variations have been searched)

#3  #lor#2

#4  MeSH descriptor: [Pulmonary Embolism] explode all trees

#5 (pulmonary embol* or pulmonary thromboembol* or lung embol* or lung
thromboembol* or pulmonary thrombo-embol* or lung embol* or lung thrombo-
embol*):ti,ab,kw (Word variations have been searched)

#6 #4or#5

#7  #3 and #6 with Cochrane Library publication date Between Mar 2019 and Aug
2019
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Table A | Criteria and indication for the decision to initiate VA-ECMO in the included studies.

Study Criteria/indication for ECMO initiation

1 Al-Bawardy

2 Aso

3 Bougouin
Acute refractory cardiovascular failure (defined as evidence of tissue hypoxia
concomitant with adequate intravascular volume status); severely diminished RV or
LVEF; low cardiac index (<2.0); sustained hypotension despite high-dose catecholamine
infusion. Exclusion malignancies with fatal prognosis within 5 years or irreversible

4 Corsi neurological pathologies and decisions to limit therapeutic interventions
Persistence or aggravation of tissue hypoxia despite adequate fluid loading; severely
depressed LVEF (<25%) with low cardiac output. Exclusion ECMO for refractory cardiac

5 deChambrun arrestunder CPR
Patients with refractory cardiac arrest without return of spontaneous circulation. ECMO

6 Dennis for shock, following ROSC excluded

7 Dolmatova

8 Funakoshi

9 George

10 Kawahito Circulatory collapse being refractory to conventional treatment
Profound shock despite and after optimal pharmacologic treatment. Exclusion age >70,
irreversible neurologic injury, mechanical ventilation >7 days, and coexisting incurable

11 Maggio illness

12 Malekan Submassive PE patients deemed high risk for surgery
ECPR criteria: witnessed CA (last seen <5min) in patients <70 years with good quality of
BLS/ALS (leading to an end-tidal CO2 >10mmHg) during at least 15 min and a low flow

13 Mandigers time <60 min.

14 Meneveau

15 Minakawa
Acute refractory cardiac failure: defined as evidence of tissue hypoxia concomitant with
adequate intravascular volume status), severely diminished RV/LVEF, low cardiac index,

16 Moon and sustained hypotension despite high -dose catecholamine infusion

17 Munakata Refractory shock or cardiac arrest

18 Omar ECMO implemented as last resort for PE patients otherwise expected to die
Patients with a massive PE resulting in end-organ dysfunction or unclear neurologic

19 Pasrija status
In-hospital witnessed cardiac arrest and pulmonary embolism (ECLS implantation

20 Swol exclusively in critical, life-threatening situations)

21 Sakuma

22 Hashiba Witnessed cardiac arrest after emergency medical team contact or hospital survival.

23 Maj

24 Kjaergaard
Patients with preoperative cardiopulmonary arrest or those who were hemodynamically

25 Shiomi unstable and requiring a large amount of inotropes
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Table A | Criteria and indication for the decision to initiate VA-ECMO in the included studies. (continued)

Experience with some patients in pre-shock with intermediate-risk PE falling further into
shock at the start of anesthesia, or patients with floating thrombus in the right atrium

26 Takahashi who were already in cardiac arrest

27 Tayama If acute circulatory failure could not be relieved by conventional therapy
28 lus Patients who remained in shock or under CPR despite supportive measures
29 Elbadawi
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Table D | Classification of complications

# Author Complication bleeding Other complications
Residual heart strain (defined as an echocardiogram
showing right ventricular dilatation, hypokinesis
Major bleeding complications, Ene . . . P
. . or elevated right ventricular systolic pressure or
based on International Society on computed tomography (CT) showing right ventricle
1 Al-Bawardy Thrombosis and Hemostasis (ISTH) P . & . phy . s
- . . toleftventrical ratio >1), persistent symptoms
criteria, and characterized by bleeding . R .
. on follow-up, chronic venous insufficiency and
location. . . .
chronic thromboembolic pulmonary hypertension
diagnosed by a physician during clinical follow up.
Bleedi licati ted I . . .
?e ing comphica .I(.)ns .Were reporte In-ICU complications, e.g. arterial ischemia, surgical
. using the Global Utilization of A .
4 Corsi . wound infection, stroke, and renal replacement
Streptokinase and TPA for Occluded herany recuitement were recordad
arteries (GUSTO) classification. pyreq ? ’
7 Dolmatova Not reported No definition, only descriptive.
9 George No definition, only descriptive. Not reported
11 Maggio No definition, only descriptive. No definition, only descriptive.
12 Malekan No definition, only descriptive. Not reported
Cerebral haemorrhage; vascular/ischemic limb
Major bleeding in need of transfusion/ . ; g ’ ] / . ;
. . . R complications; infection [defined as any infection
. intervention or major bleeding R . . . .
13 Mandigers limiting the treatment options such as with positive culture in general, during admission
& ; ) p for the CCPR group and during ECMO for the ECPR
thrombolysis or continuing of CPR
group]
Maj d -major bleedi
e ?n .non méjor eeding . Occurrence of stroke, need for renal replacement
complications, using the International L ) . .
14 Meneveau X X therapy, catheter site infection, ventilator-associated
Society on Thrombosis and neumonia, septicaemia, or multi-organ failure
Haemostasis (ISTH) definition. P SEP ? & :
17 Munakata  No definition, only descriptive. No definition, only descriptive.
AKI that required RRT, new hemodialysis at
disch is, tracheost RV disfunction at
" Including bleeding that required !sc AIBE, SERSES, WACHEOSTOMY, ) © .unc |9n a
19 Pasrija . discharge, and ECMO-related complications (incl
blood product transfusion on ECMO. . .
bleeding), stroke after cannulation, and vascular
complications related to ECMO
20 Swol No definition, only descriptive. No definition, only descriptive.
22 Hashiba No definition, only descriptive. Not reported
23 Maj No definition, only descriptive. No definition, only descriptive.
24 Kjaergaard No definition, only descriptive. No definition, only descriptive.
26 Takahashi  No definition, only descriptive. No definition, only descriptive.
27 Tayama No definition, only descriptive. No definition, only descriptive.
28 lus No definition, only descriptive. No definition, only descriptive.
29 Elbadawi  No definition, only descriptive. No definition, only descriptive.
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Chapter 9

Table F | Survival outcomes of massive PE patients treated with VA-ECMO, divided by shock, cardiac arrest, and ECPR

o :
Short-term survival ECMO patients (n, %) Short-term survival control

patients (n, %)
Cardiac
Shock arrest
Study Definition Shock patients Cardiac arrest patients Definition patients patients
VA-ECMO
after ROSC ECPR

1 Al-Bawardy 30 day 0/0 (0.0) 9/13 (69.2) 30 day
3 Bougouin hospital 0/0 (0.0) 3/12(25.0) hospital
4 Corsi hospital 0/2 (0.0) 8/15(53.3) 1/7(14.3) hospital
5 deChambrun hospital 0/0 (0.0) 2/4 (50.0) hospital
6 Dennis hospital 0/0 (0.0) 1/5(20.0) hospital
7 Dolmatova hospital 1/1(100.0) 2/4 (50.0) 1/2 (50.0) hospital
9 George hospital 13/17 (76.5) 4/15 (26.7) hospital
10 Kawahito hospital 1/2 (50.0) 3/5(60.0) hospital
11 Maggio hospital 6/9 (66.7) 5/10(50.0) 5/8(62.5) hospital
13 Mandigers hospital 0/0 (0.0) 7/22(31.8) hospital 0/0(0.0) 5/46 (10.9)
14 Meneveau 30-day 13/13(100.0) 7/39(17.9) 2/18(11.1) 30-day
16 Moon hospital 1/3(33.3) 5/11 (45.5) hospital
17 Munakata 30-day 1/1(100.0) 6/9 (66.7) 30-day
18 Omar hospital 0/2 (0.0) 1/2 (50.0) hospital
19 Pasrija hospital 15/15(100.0) 4/5 (80.0) hospital
20 Swol hospital 0/0 (0.0) 2/5 (40.0) hospital
21 Sakuma hospital 2/2(100.0) 2/5 (40.0) hospital
22 Hashiba hospital 0/0 (0.0) 10/12 (83.3) hospital
23 Maj 0/0 (0.0) 2/6(33.3)
24 Kjaergaard 30 day 0/0 (0.0) 12/22 (54.5) 30day 9/11(81.8) 4/5(80.0)
25 Shiomi hospital 4/4 (100.0) hospital 2/4 (50.0)
26 Takahashi 30 day 5/5(100.0) 8/11 (72.7) 30 day 8/8(100.0) 0/0(0.0)
27 Tayama 2/5 (40.0) 1/2 (50.0)
28 lus hospital 18/21(85.7) 9/15 (60.0) hospital

VA-ECMO = veno arterial extracorporeal membrane oxygenation, CPC = cerebral performance category
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Shock Cardiac arrest
patients patients VA-ECMO Control
VA-ECMO

after ROSC ECPR

0/0 (0.0) 2/2 (100.0)
0/0(0.0) 1/1(100.0) 1/1(100.0)

Neurologic n=1 (20.0), hemodynamic n=1
(20.0)

Hemodynamic n=2 (28.6)

Neurologic n=4 (21.0), hemodynamic n=1

(5.2), (multi) organ dysfunction syndrome

n=1(5.2)

Neurologic n= 11 (50.0), hemodynamic n=2 Neurologic n=2 (4.3),

(9.0), (multi)organ dysfunction syndrome hemodynamic n=39
6/7(86.0) 6/7(86.0) n=2(9.0) (84.8)

(multi) organ dysfunction syndrome n=1
(25.0)

15/15(100.0) 4/4(100.0) Neurologic n=1 (5.0)
Neurologic n=1 (20.0), hemodynamic n=2
(40.0)

0/0(0.0) 7/10(70.0)

Hemodynamic n=3 (13.6) Neurologic n=1 (6.3)
Neurologic n=2
(22.2), (multi) organ
dysfunction syndrome
n=1(4.5)

Neurologic n=2 (12.5), (multi) organ

dysfunction syndrome n=1 (6.25)

Hemodynamic n=3 (42.9), (multi) organ

dysfunction syndrome n=1 (14.3)

Neurologic n=7 (19.4), hemodynamic n=2

(5.6), (multi)organ dysfunction syndrome

12/18 (66.7)  5/9 (55.6) n=2 (5.6)
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Table G | Meta-analysis; short-term survival in PE patients treated with and without VA-ECMO; and short-
term survival per subcategory for only VA-ECMO treated patients (risk ratio, heterogeneity and publication
bias)

RR (95% Cl; p-value) or

No of Total f E
stucii?es Oaii::t: Weighted Proportion 12 Tau2 p-value e rgsgjiron*
P (WP, 95% Cl) g

Short-term RR 0.91 (0.71-1.16,
survival 9 1152 0.40) 69 0.04 <0.01 0.15
Per subcategory

Shock 14 98 WP 0.81 (0.59-0.91) 64 0.06 <0.01

Cardiac arrest 24 253 WP 0.50 (0.39-0.60) 51 0.02 <0.01

ECPR 10 100 WP 0.34 (0.21-0.49) 35 0.01 0.12

RR = risk ratio, 95% Cl = 95% confidence intervals, bold values are significant at 5% alpha level. ECPR = Extracorporeal
cardiopulmonary resuscitation

Pooled risk ratios/proportions are calculated on the basis of random effects models

* Eggers regression is the p-value of the bias estimate, where p<0.10 show significant publication bias, NA as for two
samples are not enough to estimate publication bias

Table H | Meta-analysis; survival in PE patients treated with VA-ECMO, risk ratio, heterogeneity and publica-
tion bias

No of Total no of RR (95% Cl; p-value) 12 Tau2 p-value Egger

studies patients regression™

Age > 60 years 12 137 o i(:)...r:)zs-)o.ss, 0 0 089 0.53
Male 16 239 0.88 (0.69-1.12,0.27) 0 0 0.75 0.78
Cardiac arrest 22 330 0.88 (0.77-1.01,0.06) 31.2 0.02 0.08 0.92
Surgical 1.96 (1.39-2.76,

embolectomy 17 275 <0.01) 0 0 0.76 0.63
coT 11 193 1.07 (0.70-1.63,0.73)  27.9 0.15 0.19 0.61
Systemic

thrombolysis 15 225 0.85(0.67-1.08,0.17) 19.4 0.04 0.24 0.26
VA-ECMO alone 14 178 0.93 (0.65-1.34, 0.67) 0 0 0.56 0.89

RR =risk ratio, 95% Cl = 95% confidence intervals, bold values are significant at 5% alpha level.

CDT = catheter directed thrombolysis/thrombectomy,VA-ECMO = veno arterial extracorporeal membrane oxygenation
Pooled risk ratios are calculated on the basis of random effects models.

* Eggers regression is the p-value of the bias estimate, where p<0.10 show significant publication bias, NA as for two
samples are not enough to estimate publication bias.
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Appendix 2 | Plots of short-term survival
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Survival of patients with acute pulmonary embolism treated with VA-ECMO

Appendix 3 | Forest plots of evaluated factors.

A) Age
SurvivorsNon—survivors

Study Events Total Events Total Risk Ratio RR 95%—Cl Weight
Al-Bawardy 2 (] 2 7 — 1.15 [028; 470] 7.0%
Dolmatova 1 3 0 2 ———— 2.14 [0.14; 3381] 18%
George 0 17 2 15 - 0.18 [0O01: 341] 16%
Kawahito i, V4 1 3 —_— 1.30 [030; 561] 64%
Maggio 3 n 1 8 ——— 172 [032 039] 48%
Malekan 1 14 0o o 0.0%
Mandigers 1 7 0 15 — 3 6.20 [0.20; 134.85] 15%
Meneveau 10 18 7 ——— 261 [124: 551] 247%
Moon 1 8 B e ———+—— 302 [0.19; 8147] 15%
Omar 1 1 1 3 —+— 233 [70; 7.82] 94%
Pasrja 1M1 19 0 1 ——— % 177 [0.18; 17.53] 26%
Swol B2 2 3 - 028 [0.02 364 21%
Sakuma ) 0o 3 bt 233 [0.13; 4155] 17%
Maj B 2 1 4 - 0.60 [004 989 18%
Kjaergaard 3 10 o - [ e— 167 [41 676] 7.0%
Tayama g =3 24 T 1.80 [079; 4.11] 202%
lus 19 23 1 13 3 747 [1.63; 34.14] 60%
Random effects model 140 135 <> 1.96 [1.39; 2.76] 100.0%
Prediction interval — [1.39; 2.76]
Heterogeneity: I°=0%, ¥’ =0.p =078 J I ) . !

0.01 01 051 2 10 20
B) Cardiac arrest

SurvivordNon-survivors

Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Al-Bawardy 6 6 7 7 —;— 1.00 [0.75;1.34] 9.3%
Bougouin 3 3 9 9 - 1.00 [0.64;1.57] 5.5%
de Chambrun 2 2 2 2 — 1.00 [0.42;2.40] 1.9%
Dennis 1 1 4 4 _— 1.00 [0.31;3.25] 1.1%
Dolmatova 2 3 2 2 —* 0.71 [0.37;1.39] 3.1%
George 4 17 11 15 S — 0.35 [0.15;0.81] 2.0%
Kawahito 2 4 2 3 —— 0.78 [0.27;2.24] 1.3%
Maggio 5 1 5 8 —®— 0.74 [0.34;1.61] 23%
Mandigers 7 7 15 15 V. 1.00 [0.81;1.24] 12.2%
Meneveau 12 18 27 34 _T 0.85 [0.59;1.21] 7.5%
Moon 5 6 6 8 = 111 [0.67;1.82] 4.9%
Munakata 6 7 3 3 = 0.87 [0.65;1.15] 9.7%
Omar 1 1 2 3 T — 1.40 [0.72;2.72] 3.1%
Pastija 4 19 1 1 — 0.23 [0.10;0.52] 2.2%
Swol 2 2 3 3 R 1.00 [0.47;2.12] 25%
Sakuma 2 4 3 3 ——r 0.56 [0.24;1.27) 21%
Hashiba 10 10 2 2 e 1.00 [0.53;1.89] 3.3%
Maj 2 2 4 4 —— 1.00 [0.50;2.01] 2.8%
Kjaergaard 10 10 12 12 : 1.00 [0.84;1.19] 13.6%
Takahashi 8 13 3 3 ] 0.63 [0.42;0.95] 6.4%
Tayama 1 3 1 4 e 1.29 [0.22;7.63] 0.5%
lus 9 23 6 13 —H— 0.84 [0.40;1.76] 2.6%
Random effects model 172 158 < 0.88 [0.77; 1.01] 100.0%
Prediction interval = [0.62; 1.24]
Heterogeneity: 12 = 31%, 12 = 0.0231, p = 0.08 f f f ' i

0.01 0.1 051 2 10 20
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Q) Catheter directed therapy

Study

Al-Bawardy
Dolmatova
George
Mandigers
Meneveau
Munakata
Omar
Pastija
Sakuma
Maj
Kjaergaard

Random effects model
Prediction interval

-

4 Hd a4 A OO = 4 a o

94

O - 00 WO Hs»IH=DN

Heterogeneity: 1 = 28%, 1> = 0.1539, p = 0.19

D) Male sex

Study

Al-Bawardy
Dolmatova
George
Kawahito
Maggio
Malekan
Mandigers
Meneveau
Moon
Munakata
Omar

Swol
Sakuma
Kjaergaard
Takahashi
Tayama

Random effects model
Prediction interval

O WUl = N = =N NN B =2 NN

-

-
AN =2 NOOOOND =B NOWO

-
w w o

116

Heterogeneity: /2 = 0%, 12 =0, p = 0.75
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-

-
- =2 OO N = =2 NNNOU =0 —=0u

SurvivordNon-survivors
Events Total Events Total

SurvivordNon-survivors
Events Total Events Total

Risk Ratio
7
2
15
15 -
34 g
3 =
3 :
1 ;
8 z
4 —_—f
12 -—o—)
99
I T LI 1
0.01 0.1 051 2 10 20
Risk Ratio
7 e
2 —-o—
15 —=r
3 —_—
8 —
0 :
15 ——
34 —
8 T
3 —
3 J I,
3 e
3 :
12 —E—
3 S —
1 :
123
L
I T T T 1
0.01 0.1 051 2 10 20

RR 95%-Cl

0.69
0.71
2.26
0.69

[0.12; 3.91]
[0.15; 3.46]
[0.97; 5.29]
[0.14; 3.51]

0.87 [0.65; 1.15]
0.78 [0.06; 10.12]
0.23 [0.01; 3.56]
2.33 [0.13; 41.55]
1.80 [0.34; 9.40]
3.57 [0.16; 78.78]

1.07 [0.70; 1.64]
[0.39; 2.92]

RR 95%~Cl

0.52
1.19
0.63
0.78
0.60

[0.18; 1.52]
[0.36; 3.99]
[0.33; 1.20]
[0.13; 4.62]
[0.25; 1.45]

0.69 [0.22; 2.14]
0.80 [0.42; 1.52]
1.31 [0.31; 5.44]
0.47 [0.07; 3.04]
2.33 [0.70; 7.82]
1.40 [0.72; 2.72]
2.33 [0.13; 41.55]
1.19 [0.51; 2.79]
0.60 [0.13; 2.74]
0.43 [0.02; 7.63]

0.88 [0.69; 1.12]
[0.69; 1.12]

Weight

71%
8.2%
19.3%
7.8%
0.0%
37.9%
3.5%
3.1%
2.9%
7.6%
2.5%

100.0%

Weight

6.0%
4.7%
16.7%
2.2%
8.9%
0.0%
5.3%
16.6%
3.4%
1.9%
4.7%
15.6%
0.8%
9.4%
3.0%
0.8%

100.0%
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E) Only ECMO treatment

SurvivordNon-survivors
Study Events Total Events Total Risk Ratio RR
Al-Bawardy 1 6 0 7 ——+——> 3.46
Dolmatova 1 3 0 2 > 2.14
Kawahito 0 4 0 3
Malekan 3 4 0 0
Mandigers 0 7 1 15 0.69
Meneveau 4 18 14 34 —— 0.58
Moon 5 6 7 8 E = 0.96
Munakata o 7 0o 3 ]
Omar 0 1 0 3
Swol 12 o 3 — 420
Sakuma 1 4 0 3 > 2.33
Maj 1 2 0 4 ———+—> 540
Kjaergaard 0o 10 4 12 . 0.13
Tayama 0 3 1 4 0.43
Random effects model 77 101 0.93
Prediction interval
Heterogeneity: /2 = 0%, 12 =0, p = 0.56 f T rrT i

0.01 0.1 051 2 10 20

F) Surgical embolectomy

SurvivordNon-survivors
Study Events Total Events Total Risk Ratio RR
Al-Bawardy 2 6 2 7 — 1.15
Dolmatova 1 3 0 2 > 2.14
George 0o 17 2 15 0.18
Kawahito 2 4 13 —_— 1.30
Maggio 3 M 1 8 — = 172
Malekan 1 4 0 0
Mandigers 1 7 0 15 — T > 6.20
Meneveau 10 18 7 34 — 2.61
Moon 1 6 0 8 —F——+—> 3.92
Omar 11 13 —+—%=—— 233
Pasrija 11 19 0 1 - 177
Swol 0 2 2 3 0.28
Sakuma 14 0o 3 —+———> 233
Maj 0 2 1 4 : 0.60
Kjaergaard 3 10 2 12 R e 1.67
Tayama 3 3 2 4 T 1.80
lus 19 23 113 > 747
Random effects model 140 135 < 1.96
Prediction interval —
Heterogeneity: /2 = 0%, 12 = 0, p = 0.76 f T T T T

0.01 0.1 051 2 10 20

95%-Cl

[0.17; 71.17]
[0.14; 33.81]

[0.03; 14.98]
[0.24; 1.42)
[0.64; 1.44]

[0.27; 66.26]
[0.13; 41.55]
[0.33; 89.02]
[0.01; 2.18]
[0.02; 7.63]

[0.65; 1.34]
[0.64; 1.35]

95%-Cl

[0.28; 4.70]
[0.14; 33.81]
[0.01; 3.41]
[0.30; 5.61]
[0.32; 9.39]

[0.29; 134.85]
[1.24; 551]
[0.19; 81.47]
[0.70; 7.82]
[0.18; 17.53]
[0.02; 3.64]
[0.13; 41.55]
[0.04; 9.89]
[0.41; 6.76]
[0.79; 4.11]
[1.63; 34.14]

[1.39; 2.76]
[1.39; 2.76]

Weight

1.3%
1.6%
0.0%
0.0%
1.3%
15.3%
72.8%
0.0%
0.0%
1.6%
1.5%
1.6%
1.6%
1.5%

100.0%

Weight

7.0%
1.8%
1.6%
6.4%
4.8%
0.0%
1.5%
24.7%
1.5%
9.4%
2.6%
2.1%
1.7%
1.8%
7.0%
20.2%
6.0%

100.0%
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G) Systemic thrombolysis

SurvivordNon-survivors
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Al-Bawardy 3 6 5 7 — 0.73 [0.32;1.69] 7.2%
Dolmatova 1 3 2 2 — 0.43 [0.13;1.44] 3.8%
George 0 17 5 16 «——+— 0.08 [0.00;1.34] 0.8%
Kawahito 4 4 3 3 - 1.00 [0.58;1.71] 13.8%
Maggio 3 11 3 8 —— 074 [0.23;2.42] 3.9%
Mandigers 5 7 14 15 - 0.78 [0.50; 1.23] 17.2%
Meneveau 4 18 16 34 — 0.51 [0.21;1.22] 6.6%
Moon 0 6 1 8 - 0.44 [0.02;9.05] 0.7%
Munakata 1 7 1 3 —0——— 0.47 [0.07;3.04] 1.7%
Omar 0 1 0 3 : 0.0%
Swol 1 2 2 3 —_— 0.84 [0.25;2.82] 3.8%
Sakuma 3 4 3 3 - 0.78 [0.47;1.27] 15.4%
Maj 0 2 2 4 : 0.36 [0.03;4.91] 0.9%
Kjaergaard 7 10 5 12 R 1.62 [0.78;3.38] 8.9%
Tayama 3 3 3 4 = 1.29 [0.78;2.11] 15.4%
Random effects model 101 124 0.85 [0.67; 1.08] 100.0%
Prediction interval [0.52; 1.40]
Heterogeneity: /2 = 19%, 12 = 0.0396, p = 0.24 f T L i

0.01 0.1 051 2 10 20
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Appendix 4 | Funnel plots of evaluated factors.
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B)

Standard Error

248

Cardiac arrest

O' - A
o e
S
Il ‘\\
, \
, \
, \
/
;
,
Qe o
o
N :
o
°
,
,
/
,
,
,
.
°
°
o
<« ° o
S L4 \
.
’ v
o’ Y
' o \
. v
’ \
’ N
o
©
o 7 °
,
K
;
,
/
.
,
.
.
;
o | /
[= /
,
/
;
;
/
! v
! v
! v
! v
T T T T T
0.2 0.5 1.0 2.0 5.0

Risk Ratio




Standard Error

Survival of patients with acute pulmonary embolism treated with VA-ECMO
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D) Male sex
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F) Surgical embolectomy
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Appendix 5 | Influence plots of evaluated factors.
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Q) Catheter directed therapy
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G) Systemic thrombolysis
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“Spread your wings, sell your work, don't be afraid to speculate a little, enjoy yourself
and make sure you don’t just summarise your thesis”- Simon Leather






General Discussion

GENERAL DISCUSSION

Cardiac arrest remains a major cause of death worldwide. Despite the differences in
cause of arrest, patient characteristics, and cardiac arrest characteristics (such as primary
rhythm, delay until start of cardiopulmonary resuscitation (CPR), low-flow duration (de-
fined as start of CPR until return of spontaneous circulation (ROSC), return of mechani-
cal circulation, or death), and time to first defibrillation), out-of-hospital cardiac arrest
(OHCA) as well as in-hospital cardiac arrest (IHCA) have high mortality rates (Table 1).

Table 1 | Mortality rates of OHCA and IHCA patients

OHCA IHCA
Overall short term survival 0%-18%"* 15% - 34% "
Short term survival of patients transported to the hospital 0% -48%* n.a.
Long term survival 134%°¢
Long term neurological favourable survival 8.3-22.6% ¢

A=(1),B=(2)C=(3)

EPIDEMIOLOGY

In Europe, 84 OHCA per 100,000 adult inhabitants occur annually (range in different
areas 28-244 per 100,000). (4) This will probably be an underestimation of the actual
number of OHCA, because not every cardiac arrest will be reported (e.g. patients who
are already diseased, have a‘do not resuscitate’ (DNR) order, or if the emergency medical
service (EMS) is not contacted). IHCA occurs in 1.5-1.8 per 1000 adult hospital admis-
sions in Europe annually. (5, 6) This will also be an underestimation of the actual IHCA
number, because many in-hospital cases patients already have a DNR order due to age
and comorbidity and therefore no resuscitation attempt will be performed. Addition-
ally, in patients in whom the diagnosis causing the admission or complications during
admission are severe, treatment will be withdrawn due to futility.

The number of OHCA patients transported to hospitals will most probably increase
over the years. The gain of public knowledge regarding cardiac arrest and how to re-
spond to it, will enhance the number of succeeded resuscitations, which will result in a
larger number of OHCA patients admitted to the emergency department. The number of
IHCA patients could also increase. While the medical knowledge is expanded and more
severe illnesses can be treated, these therapies could cause complications leading to
IHCA and the patients that are treated could be in worse condition. Therefore, research
and developments for both OHCA and IHCA are important.
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CARDIAC ARREST PATIENTS ADMITTED TO THE
INTENSIVE CARE UNIT

A large part of cardiac arrest research focusses on pre-hospital characteristics in OHCA
patients. This mounting research has resulted in an increase in bystander CPR, use of
automated external defibrillator (AED), public awareness and education, and shortened
time until first defibrillation. (7) However, another important subgroup to be studied
should be cardiac arrest patients admitted to the Intensive Care Unit (ICU). This is an
important group to study, because of their vulnerability as they need intensive care
treatment in contrary to patients admitted to a cardiology ward. Additionally, these
patients have return of circulation and, depending on the damage that has already oc-
curred, in-hospital treatment could possibly contribute to the neurological outcome.

Mortality rates of patients admitted to the ICU after cardiac arrest, differs from the
overall mortality data. Patients without return of spontaneous circulation (ROSC) or
return of circulation (ROC) are not taken into account in these outcomes and therefore
these mortality rates are lower than the overall mortality rates. In OHCA, the short-term
mortality rates differ between countries/regions worldwide. In French ICUs short-term
mortality rate is 66%, in the United Kingdom 61.6%-63.7%, in the United States of
America 56% (for OHCA combined with IHCA), in the Netherlands 50.5%, and in New-
Zealand and Australia 45.6%. (8-11) (this thesis) These differences in short-term survival
rates could be explained by the difference in public awareness, education, AED use, and
transport times. However, it is still unknown if these factors are the only contributing fac-
tors. There might also be a difference in genetics, treatment strategy, number of patients
surviving until admission to the ICU, and maybe many more. International collaboration
and comparison of treatment could contribute to better understanding of cardiac arrest
pathology and treatment.

Recent large studies aiming on mortality of IHCA patients admitted to the ICU are
limited. Regional differences in mortality rates of IHCA patients differ less than those
of OHCA patients. Suggesting that pre-hospital differences could contribute more than
in-hospital treatment in regard to outcomes. Short-term mortality rates are in the United
Kingdom around 60%, in Australia 52.8%, and in the Netherlands 50.3% (12, 13) (this
thesis) Recent studies reporting nationwide long-term mortality rates of IHCA patients
are even more limited. In the Netherlands, the 1-year mortality rate was 59% in IHCA
patients. (this thesis) As for OHCA, also in IHCA research it would be informative to col-
laborate between international resuscitation/ICU databases in order to study the causes
of international differences and eventually improve post-IHCA care.
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SEX DIFFERENCES

Sex differences appear to be a very important factor in physiology, pathophysiology, and
disease development. In the cardiovascular system genetic, epigenetic, and hormonal
effects influence the endothelial and vascular smooth muscle cell, which affects the
atherosclerotic process. (14) This could lead to hypertension and atherosclerosis, result-
ing in higher probabilities of developing coronary artery stenosis. With this, myocardial
infarction or cardiac arrest due to ischaemia could occur.

OHCA as well as IHCA occur more often in men than in women. 34-37% of OHCA
occur in women, a little lower percentage of those women (25-30%) are admitted to
the ICU. (15-18) (this thesis) Crude numbers show higher mortality rates in women.
However, mostly this difference disappears or even results in higher mortality rates in
men when corrected for baseline and cardiac characteristics. (15-18) (this thesis) Ap-
proximately 38% of the IHCA occur in women. Short and long term mortality rates of
women suffering an IHCA are higher than in men, for crude numbers as well as adjusted
for baseline and cardiac characteristics. (19) (this thesis)

The reason for the sex differences is still not completely known. In women suffering
from cardiac arrest, the primary cardiac rhythm is more often non shockable than in
men. This is a partly explanation of the difference in crude mortality rates, disappearing
when corrected for primary rhythm. This difference in primary rhythm might be due to
longer time to start CPR, as shockable rhythm could have changed to non-shockable.
Next, it could be that the reason for cardiac arrest in women is more often respiratory
failure than in men. (20) Another reason for the difference in outcome for women and
men could be hormonal differences. Some studies speculate that female hormones
could protect for ischaemia and reperfusion injury. (20) Estrogen could inhibit apopto-
sis, fibrosis and hypertrophy, promote angiogenesis, act as vasodilatator, and reduces
inflammation during ischaemia and reperfusion. (21)

EXTRACORPOREAL CARDIOPULMONARY
RESUSCITATION VERSUS CONVENTIONAL
CARDIOPULMONARY RESUSCITATION

In an attempt to improve outcomes after OHCA and IHCA, placement of an extra-
corporeal membrane oxygenation (ECMO) during cardiac arrest (i.e. extracorporeal
cardiopulmonary resuscitation, ECPR) is studied more and more. This ECPR placement
results in early oxygenation and therefore creating time in which the cause of arrest
can be analysed and, if possible, treated. Only a small group (10%) of OHCA and IHCA
patients will be eligible for ECPR therapy. [Boussaint des amories et al, unpublished] A
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standardised protocol and awareness of the treating physicians are crucial for success of
this therapy. The most recent ERC guidelines state that there is increasing evidence for
the use of ECPR in patients in whom conventional CPR is failing or to facilitate specific
interventions. (22)

When comparing ECPR to conventional cardiopulmonary resuscitation (CCPR),
restrospective studies show variable results. (22, 23) These difference in results could
be caused by difference in experience with ECPR, patient selection, regional difference
of genetic characteristics, treatment protocols, and maybe many more. Therefore, some
randomised controlled trials (RCTs) were initiated. Unfortunately, the first two RCTs had
to be terminated, due to more favourable results in the ECPR group than in the CCPR
group. The number of survivors (ECPR 43%, CCPR 7%), and especially survivors who
achieved favourable neurological outcomes are significantly higher in the ECPR than in
the CCPR treated patients (32-43% versus 0-22%, respectively). (24, 25) This emphasizes
the possible advantages of ECPR and the need for studies regarding the best patient
selection and ECMO settings resulting in the most favourable neurological outcomes.

ECPR INDICATIONS, PATIENT SELECTION, AND
TREATMENT PROTOCOL

Until now, there has been no standardised protocol for ECPR indications, patient selec-
tion, and treatment protocol. To achieve the best possible outcomes, this indication,
patient selection, and treatment protocol are very important. Most of the ECPR protocols
regarding eligible patients are based on local expert opinion rather than evidence based
criteria. As stated in the ERC guidelines, there are no universally criteria and inclusion
and exclusion criteria of recent trials still differ. (22) Developing studies to provide the
best possible criteria for patient selection is hard, due to heterogeneity of patient popu-
lation, experience with ECPR, small samples, difference in distance to the nearest ECPR
centre, and changes of devices/materials which are used. Also, because of the existing
local ECPR protocols, the patients who are included in the studies, are already selected
based on some patient and cardiac characteristics.

Patient selection

In cardiac arrest research, some patient characteristics which cannot be influenced are
known important prognostic factors, such as sex, age, initial cardiac rhythm, and wit-
nessed cardiac arrest. An increasing age will result in decreasing favourable outcomes
in both OHCA and IHCA patients. (20, 26, 27). Also in ECPR treated patients, age affects
the outcome. (28) However, it is still unknown what the exact upper age level of patients
eligible for ECPR should be. Many studies already perform ECPR in a limited age group,
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which makes it hard to determine this upper age level. Most upper age limits which are
used, are 65-70 years. (22)

For initial cardiac rhythm, it is widely known that patients with initial shockable
rhythms have much higherfavourable outcomes than patients with initial non-shockable
rhythms. (27, 29, 30) However, only including patients with initial shockable rhythms for
ECPR would, for example, exclude almost all patients with cardiac arrest due to massive
pulmonary embolism (PE), which are very good ECPR candidates, as described in the
next paragraph. An unwitnessed cardiac arrest is known for its unfavourable outcome.
(27, 29) In both OHCA as well as IHCA, especially with an unknown delay. Therefore, the
criterium ‘witnessed arrest’ could be included in patient selection for ECPR eligibility.

Other important prognostic factors which can or can partially be influenced are for
example bystander CPR, time until initiation of CPR, and the duration of resuscitation
(i.e. low-flow duration). When bystanders already start to perform CPR, the time until
initiation of CPR is as short as possible. Many studies show the importance of bystander
CPR on outcomes. (31) In OHCA cases, not witnessed by EMS, initiation of bystander CPR
and short no-flow time (<5 minutes) should be included in patient selection for ECPR
initiation.

Treatment protocol

Many ECPR studies focused on selecting patients who will benefit most from ECPR and
have favourable neurological outcomes on longer term. However, there is still limited
knowledge regarding the treatment protocol of ECPR. When an ECMO is successfully
placed during CPR, every hospital or even every physician will determine the ECMO
blood flow, gas flow and oxygen suppletion. A standardised protocol, will be hard or
even impossible to implicate, because of the individual patient differences. However,
several studies did focus on the treatment goals, such as oxygen level and carbon diox-
ide level.

In our opinion, every patient has to be treated on an individual base, ideally with
some set points to aim for. Recently the Extracorporeal Life Support Organization pub-
lished an interim guideline consensus regarding ECPR patient selection and treatment
protocol. (32) These guidelines are partially based on study outcomes and partially on
expert opinion. In this guideline, an aimed bloodflow of 3-4L/min is mentioned, however
minimum blood flow rates are not known. Second, they mention a mean arterial pres-
sure (MAP) target of > 60mmHg and < 80 mmHg based on animal data. Third, hyperoxia
should be avoided, with a recommended target arterial oxygen saturation of 92-97%.
Last, hypocarbia should be avoided. (32)

Data in ECPR patients regarding ECMO settings are limited. Therefore, we will first
discuss aimed values in CCPR treated patients. In cardiac arrest patients, optimal MAP
to preserve brain perfusion post cardiac arrest is still not exactly known. Several stud-
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ies report different cut of values, ranging from >65mmHg to >90mmHg. (33) In order
to reach this MAP, adrenaline or other vasopressors can be used. A higher MAP using
adrenaline, will result in higher cerebral perfusion pressure and higher partial pressure
of oxygen in the brain tissue. (34) Remarkably, adrenaline lowers the rSO2 and could
result in lower oxygen levels in mitochondria, which is also hypothesized in this thesis.
(34) (this thesis) Regarding oxygen suppletion in post cardiac arrest, data is inconclusive.
Hypoxemia could have higher mortality rates than hyperoxemia, extremes in oxygen
levels could not be associated with neurological outcome, liberal oxygen therapy shows
higher mortality rates than conservative. (35-37) Also for carbon dioxide data are incon-
clusive. Mostly hypocapnia accounts for higher mortality rates than normocapnia and
hypercapnia. (11, 29, 36) In some studies, hypercapnia also causes higher mortality rates
and in some studies carbon dioxide values or changes do not influence outcomes. (11,
29, 30, 35) (this thesis)

As discussed before, studies regarding ECMO settings related to outcome are limited.
For ECPR patients a MAP lower than 65mmHg in the first 6 hours after ECPR initiation,
predicts worse neurological outcomes than higher MAP. Start of ECMO flow will already
increase the MAP as well as a higher rSO2. (34) The most optimal range of PaO2 should
be 77-220mmHg. (38) Hyperoxemia in the first 30 minutes after ECPR initiation will
cause higher mortality rates and should be prevented. (39, 40) The course of PaCO2 is
not associated with outcome. (41) (this thesis)

EXTRACORPOREAL MEMBRANE OXYGENATION IN
PULMONARY EMBOLISM

Massive pulmonary embolisms causes high mortality rates, especially in patients who
are in need of cardiopulmonary resuscitation. (42, 43) Many studies already showed that
ECMO can be used as effective therapy or bridging method in patients suffering from a
massive pulmonary embolism. (44) (this thesis) Using ECMO, the pulmonary embolism
can be temporarily bypassed until the embolism is resolved or removed. In order to
retrieve the most favourable results, patients with massive pulmonary embolism should
be stabilized on VA-ECMO first, before other additional therapies are performed. (45,
46) In a small retrospective study with unequal groups and no multivariate analysis it
seemed that the use thrombolysis before ECMO placement will not affect the mortality
rate, however it did cause significantly higher number of bleeding complications. (46)
A recent systematic review and meta-analysis confirmed that there is no difference in
systemic thrombolysis pre-ECMO or no systemic thrombolysis in patients treated with
ECMO because of cardiac arrest due to pulmonary embolism. (43) It is still not totally
clear if additional therapies have to be combined with ECMO are needed and which
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therapy fits best. There are indications that the combination of ECMO and surgical em-
bolectomy provide the best outcomes. (42) (this thesis) However, this data is still limited.
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Summary

In this thesis we aimed to study characteristics and outcomes of cardiac arrest patients
admitted to the Intensive Care Unit (ICU), the effect of Extracorporeal Cardiopulmonary
Resuscitation (ECPR) and especially gas exchange in ECPR treated patients. With this
thesis we tried to regain some knowledge if difference in Extracorporeal Membrane
Oxygenation (ECMO) settings, and therefore gas exchange, in the first phase after initia-
tion of ECPR could influence neurological outcomes.

In chapter 2 we found a 1-year mortality rate in out of hospital cardiac arrest (OHCA)
patients admitted to the ICU of 56% and 59% in in-hospital cardiac arrest (IHCA) patients.
Over the years, this mortality rate statistical significantly declined in OHCA patients,
however no statistical significant decline was present in IHCA patients. While focusing
more on sex differences in chapter 3, women were less likely to be admitted to the
ICU after cardiac arrest than men. Of those admitted patients, women had statistical
significant higher mortality rates than men for both OHCA 1-year mortality (64% versus
53%, respectively) and hospital mortality (57% versus 47%, respectively), as well as IHCA
1-year mortality (60% versus 57%, respectively) and hospital mortality (52% versus 48%,
respectively).

In chapter 4, we compared ECPR to conventional cardiopulmonary resuscitation
(CCPR) with respect to short-term survival outcomes in relation to low-flow duration.
The low-flow duration, i.e. time from cardiac arrest until return of spontaneous circula-
tion, return of extracorporeal circulation, or death, is of major importance in determin-
ing outcomes in both ECPR and CCPR treated patients. However, the low-flow duration
at which one of both treatment modalities could favour the other remains unclear. In our
systematic review and meta-analysis we found a rapid decline of short-term survival in
relation to low-flow duration of both ECPR patients and CCPR patients with shockable
rhythms in adults as well as children. However, this decline was slower in ECPR patients
than in CCPR patients. The low-flow duration at which ECPR favours CCPR is hard to
determine, due to lack of individual data and no definition of ‘advantage’ In an attempt
to determine this difference, we calculated at which low-flow duration the survival
outcome was at least 5% higher in ECPR than in CCPR patients with initial shockable
rhythms. This difference was present at 16.5 minutes low-flow duration in adults and
19.2 minutes in children.

While zooming in on the gas-exchange during the first period after ECPR initiation,
in chapter 5 we studied continuous mitochondrial partial oxygen pressure (mitoPO,)
measurements in pigs treated with ECPR in experimental settings. We showed that
continuous measurements of mitoPO, in a pigs skin is possible in experimental settings.
While circulation is stopped, mitoPO, will decrease rapidly. After ECPR initiation there is
a delay in the initial spike of mitoPO, measurements after this ECPR initiation. This could
be a result of centralization (the skin as end organ will be the last part to regain flow) or
it could be due to vasopressor use. Next, we found a discrepancy of mitoPO, and mean
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arterial pressure (MAP), which could point to the possible value of additional measure-
ments besides MAP to monitor the tissue perfusion in ECPR patients.

We hypothesized that a rapid oxygen increase and carbon dioxide (CO,) decrease
could cause unfavourable neurological outcomes. In chapter 6 we focused on cerebral
oxygen saturation (rSO,) of humans treated with ECPR. In this small sample prospective
observational study we found a higher mean cerebral rSO, in the first 30 minutes after
ECPR initiation in patients who regained consciousness than in patients without regain
of consciousness. The baseline cerebral rSO, measurements, before initiation of ECPR,
did not differ between those two groups. Despite our hypothesis, the slope of rSO, in the
first 30 minutes after ECPR initiation did not influence neurological outcome. Regarding
CO, levels in ECPR patients, studied in chapter 7, we also found no association of the
course of partial CO, pressure (pCO,) in the first hours after ECPR initiation and recovery
of consciousness. In addition, as well as in rSO, values, this study also showed no differ-
ence in baseline pCO, values. However, both studies had a limited number of survivors,
which makes it hard to perform multivariable analyses.

A special circumstance in which ECPR could be used is cardiac arrest due to pulmo-
nary embolism. In chapter 8 we describe a retrospective study comparing patients with
highly suspected or proven massive pulmonary embolism treated with ECPR or CCPR. In
this study we found a neurological favourable survival in 21% of patients treated with
ECPR and 0% in patients treated with CCPR. In a broader perspective, in chapter 9 we
performed a meta-analysis in patients with massive pulmonary embolism, with and
without cardiac arrest, treated with ECMO. This study showed insufficient evidence that
ECMO treatment improves outcomes in patients with massive pulmonary embolism.
However, short-term outcomes are more favourable in patients aged < 60 years and
patients who received a surgical embolectomy.

CLINICAL IMPLICATIONS

In our perspective, taking the above mentioned data into account, low-flow duration
should be as short as possible, aiming for a low-flow duration of maximum 60 minutes
until ECPR is initiated. In practise this should result in starting ECPR placement after a
maximum of 45-50 minutes low-flow duration. In patients treated with ECPR, the focus
of hemodynamic monitoring should not only be MAP but also other ways of monitoring
tissue perfusion. Whenever it is possible, patients treated with ECPR should receive the
least as possible amount of vasopressors in order to prevent ischaemia due to reduced
perfusion.

After initiating ECPR, the main goal should be to normalise the oxygen and carbon
dioxide levels as soon as possible. In order to manage this, arterial blood gases should
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be taken frequently and the ECMO should be adapted accordingly. In patients with
cardiac arrest due to pulmonary embolism, ECPR should be considered at all times. With
ECMO initiation, anticoagulation will be used and therefore one could consider to skip
thrombolysis in these patients, to prevent major bleedings caused by ECMO placement
and during ECMO therapy. If patients with massive pulmonary embolisms treated with
ECMO are still hemodynamically unstable, a surgical embolectomy could contribute to
more favourable outcomes.

FUTURE PERSPECTIVE

Whenever the data of all randomised controlled trials comparing ECPR and CCPR is avail-
able, individual low-flow duration data should be studied to determine the best time
frame at which ECPR favours CCPR. In order to limit low-flow durations in cardiac arrest
patients, the implication of an ECMO ‘in the field’ should be tested in the Netherlands.
The most convenient way to organise this, would be placing ECMO-devices on Lifeliners
(i.e. helicopters used for medical emergencies, with a specialised physician and spe-
cialised nurse present) in the Netherlands. This way a limited group, i.e. the specialised
physicians, need to be trained and will get enough exposure to get experience in ECPR
procedures. It will most probably also be important to limit the ‘time in the field), which
makes routine ECPR training even more crucial in order to make this work.

To improve ECPR therapy, tissue perfusion measurements should be included in
these patients. Therefore, studies aiming to find the best additional measurement in
these patients should be initiated. This way information about the best ECMO settings
for ECPR patients could be retrieved. One of the additional measurements should be
continuous rSO, measurements. When these measurements are performed on a larger
scale, comparing different ECMO treatment strategies, it could attribute to the current
knowledge. To study this different treatment strategies, randomised controlled trials
could be initiated to retrieve more, and hopefully individualised, information of ECMO
settings resulting in the most favourable outcomes.

As randomised controlled trials comparing ECPR and CCPR are now focussed on car-
diac causes, it would be informative to perform randomised controlled trials comparing
ECPR and CCPR in patients with cardiac arrest due to pulmonary embolisms. In patients
with massive pulmonary embolism, additional therapies which can be used together
with ECMO treatment should be studied, to find the best possible treatment combina-
tion for these patients.
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Samenvatting

Het doel van deze thesis was om onderzoek te doen naar: (1) de karakteristieken en
uitkomsten van patiénten opgenomen op de Intensive Care (IC) na een hartstilstand, (2)
het effect van Extracorporale Cardiopulmonale Resuscitatie (ECPR) bij deze patiénten
en (3) in het bijzonder de effecten van de gaswisseling door middel van het gebruik
van ECPR. We hebben met deze thesis geprobeerd kennis te verkrijgen over het mo-
gelijke effect van verschillende Extracorporale Membraan Oxygenatie (ECMO) standen,
en daarmee wederom de gaswisseling, in de eerste fase na initiatie van ECPR op de
neurologische uitkomst.

In hoofdstuk 2 hebben we een 1-jaars mortaliteit gevonden van 56% bij patiénten
die buiten het ziekenhuis gereanimeerd worden (out-of-hospital cardiac arrest, OHCA)
en daarna opgenomen worden op de IC. Deze 1-jaars mortaliteit was 59% bij patiénten
die in het ziekenhuis gereanimeerd werden (in-hospital cardiac arrest, IHCA). Gedurende
de jaren is deze mortaliteit statistisch significant gedaald bij de OHCA patiénten, maar
bij IHCA patiénten werd geen statistisch significante daling gezien. Wanneer we ons
in hoofdstuk 3 richten op verschillen in geslacht, zien we dat er minder vrouwen dan
mannen opgenomen worden op de IC na een hartstilstand. Van deze patiénten was er
bij OHCA patiénten een statistisch significant hogere mortaliteit bij vrouwen dan bij
mannen in zowel de 1-jaars mortaliteit (64% versus 53%, respectievelijk) en ziekenhuis
mortaliteit (57% versus 47%, respectievelijk). Ook bij IHCA patiénten was dit verschil te
zien voor 1-jaars mortaliteit (60% versus 57%, respectievelijk) en ziekenhuis mortaliteit
(52% versus 48%, respectievelijk).

In hoofdstuk 4 hebben we ECPR vergeleken met conventionele cardiopulmonale
resuscitatie (CCPR) op basis van korte termijn overleving in relatie tot lage-flow duur.
Deze lage flow duur, i.e. tijd vanaf hartstilstand tot terugkeer van spontane circulatie,
terugkeer van extracorporale circulatie of tot overlijden, is een belangrijke determinant
voor de uitkomst van zowel ECPR als CCPR patiénten. Het is nog onduidelijk vanaf welk
exact moment van lage flow duur één van deze behandelopties beter is dan de ander.
Met onze systematische review en meta-analyse vonden we een snelle daling van korte-
termijn overleving in relatie tot lage flow duur voor zowel ECPR als CCPR met een schok-
baar primair cardiaal ritme bij volwassenen en bij kinderen. Deze daling in korte-termijn
overleving was echter langzamer bij ECPR dan bij CCPR patiénten. Het bepalen van de
lage flow duur waarbij ECPR betere resultaten heeft dan CCPR is lastig. Dit komt door
het gebrek aan individuele data en het missen van een definitie van ‘betere resultaten’.
In onze systematische review hebben we een poging gedaan om dit verschil vast te
leggen en hebben we gekeken wanneer de korte-termijn overleving van ECPR minimaal
5% hoger was dan van CCPR met primair schokbaar ritme. Dit verschil was aanwezig
vanaf 16.5 minuten lage flow duur bij volwassenen en 19.2 minuten lage-flow duur bij
kinderen.
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Als we wat meer inzoomen op de gaswisseling in de eerste periode na het starten
van ECPR, bestuderen we in hoofdstuk 5 de continue mitochondriale partiele zuurstof
spanning (mitoPO,) metingen in varkens die ECPR ondergingen. Hierbij zagen we dat
deze continue metingen van mitoPO, in de huid van varkens in een experimentele
setting mogelijk is. Als de circulatie stopt, daalt de mitoPO, in de huid zeer snel. Na
het starten van ECPR is er een vertraging in de initi€éle mitoPO, piek. Deze vertraging
zou het resultaat kunnen zijn van centralisatie (de huid zal als eindorgaan het laatste
zijn waar de flow terugkeert) of het zou het resultaat kunnen zijn van het gebruik van
vasopressoren. De vasopressoren zouden kunnen zorgen voor een verminderde per-
fusie van het perifere vaatbed. Daarnaast vonden we een discrepantie van mitoPO, en
gemiddelde arteriéle druk (mean arterial pressure, MAP), wat het belang benadrukt van
eventiele additionele metingen naast de MAP ter monitoring van weefselperfusie bij
ECPR patiénten.

Onze hypothese was dat snelle stijging van zuurstof en een snelle daling van kool-
stofdioxide (CO,) zouden kunnen resulteren in ongunstige neurologische uitkomsten. In
hoofdstuk 6 hebben we gekeken naar het verloop van de cerebrale zuurstof saturatie
(rSO,) bij patiénten die met ECPR behandeld werden. In deze prospectieve observati-
onele studie, in een kleine patiéntengroep, vonden we bij patiénten met herstel van
bewustzijn in de eerste 30 minuten na het starten van ECPR een hoger gemiddelde
cerebrale rSO, dan bij patiénten zonder herstel van bewustzijn. De rSO, metingen voor
het starten van ECPR (baseline waardes) verschilden niet binnen deze twee groepen. In
tegenstelling tot onze eerdergenoemde hypothese, vonden we geen effect van de snel-
heid van rSO; stijging in de eerste 30 minuten na het starten van ECPR op neurologische
uitkomst. Het verloop van CO, waardes bij patiénten behandeld met ECPR hebben we
bestudeerd in hoofdstuk 7. Hierbij vonden we geen associatie van het verloop van de
partiele CO, spanning (pCO,) in de eerste uren na het starten van ECPR met het herstel
van bewustzijn. Ook was er geen sprake van een verschil van baseline pCO, waardes
voor het starten van ECPR. Echter, bij beide studies (rSO, en pCO,) was er sprake van
een klein aantal overlevende patiénten, waardoor multivariabele analyses onvoldoende
uitgevoerd konden worden.

Een specifieke aandoening waarbij ECPR ingezet kan worden is wanneer er sprake
is van een hartstilstand veroorzaakt door een massale longembolie. In hoofdstuk 8
presenteren we een retrospectieve studie waarbij we een vergelijking maken tussen
ECPR en CCPR bij patiénten met een hoge verdenking op of een bewezen massale
longembolie. Bij deze studie vonden we een goede neurologische overleving van 21%
van de patiénten behandeld met ECPR en 0% bij patiénten behandeld met CCPR. In een
breder perspectief hebben we in hoofdstuk 9 een meta-analyse gedaan met studies die
patiénten includeerden met een massale longembolie, met of zonder hartstilstand, die
behandeld zijn met ECMO. Deze studie laat zien dat er onvoldoende bewijs is om vast te
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stellen dat ECMO de uitkomsten van patiénten met een massale longembolie verbeterd.
Wel was het zo dat korte termijn uitkomsten beter waren in patiénten van 60 jaar of
jonger en patiénten die tevens een chirurgische embolectomie ondergingen.

KLINISCHE IMPLEMENTATIE

Met de bovengenoemde resultaten in overweging nemend, is het in ons perspectief
vooral belangrijk om de lage-flow duur zo kort mogelijk te houden en als doel te hebben
om de ECPR tot het moment van draaien van de flow niet langer te laten duren dan
60 minuten. In de praktijk zal dit betekenen dat het starten van het plaatsen van ECPR
na maximaal 45-50 minuten lage-flow duur zal moeten gebeuren. Bij de patiénten die
behandeld worden middels ECPR zou de hemodynamische monitoring zich niet alleen
moeten focussen op de MAP maar zullen er meer parameters die iets zeggen over de
weefselperfusie gemonitord moeten worden. Wanneer mogelijk, moet er zo min mo-
gelijk gebruik gemaakt worden van vasopressoren in patiénten die behandeld worden
middels ECPR, vanwege het mogelijke effect ervan op de perfusie.

Na de initiatie van ECPR is het belangrijkste doel om de zuurstof en koolstofdioxide
waarden zo snel mogelijk naar normaalwaardes te krijgen. Om dit te bewerkstelligen
(en ook niet door te schieten naar te hoge/lage waardes) zullen er frequent arteriéle
bloedgasanalyses plaats moeten vinden zodat de ECMO aangepast kan worden naar
aanleiding van deze waardes. Wanneer patiénten een hartstilstand hebben die ver-
oorzaakt wordt door een massale longembolie, zou ECPR ten alle tijden overwogen
moeten worden. Wanneer een ECMO geplaatst is, zal er altijd antistolling gegeven
worden.Vandaar dat er, bij patiénten met een reanimatie door een massale longembolie
waarbij besloten is te behandelen middels ECPR, overwogen moeten worden om geen
thrombolyse te geven. Er is daardoor een kleinere kans op bloedingscomplicaties. Bij
een patiént met een massale longembolie die behandeld wordt met ECMO waarbij er
persisterend sprake is van hemodynamische instabiliteit, kan een chirurgische embolec-
tomie bijdragen aan een betere uitkomst.

TOEKOMSTPERSPECTIEVEN

Wanneer alle data van de gerandomiseerde gecontroleerde studies waarbij ECPR en
CCPR vergeleken worden beschikbaar is, zouden individuele lage flow data bestudeerd
moeten worden. Daarmee kan er een betere uitspraak gedaan worden over het beste
tijdswindow waarbij ECPR betere uitkomsten geeft dan CCPR. Om de lage-flow duur
van een reanimatie te beperken, zou er (meer) onderzoek gedaan moeten worden naar
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het plaatsen van een ECMO op locatie, met name in Nederland. De beste manier om
dit in Nederland te onderzoeken zou zijn om ECMO-apparaten aan boord van de Trau-
mahelikopter te plaatsen en alle traumahelikopter artsen de procedure eigen te laten
maken. Op deze manier leert een kleine groep artsen (gespecialiseerd traumahelikopter
artsen) de procedure en zullen daarmee ook voldoende ervaring met ECPR op doen en
onderhouden. Hierbij moet er wel in acht genomen worden dat de pre-hospitale tijd
ook gelimiteerd moet worden. Routine ECPR training zal cruciaal zijn om dit te laten
slagen.

Om de ECPR therapie te verbeteren, zou het goed zijn om weefselperfusiemetingen
uit te voeren bij deze patiénten. Studies naar de beste additionele meetmethodes bij
ECPR patiénten zouden van toegevoegde waarde zijn. Hiermee zou meer informatie
gevonden kunnen worden over de ECMO instellingen met de beste uitkomsten voor
ECPR patiénten. Een voorbeeld van een meting die kan bijdragen, is de continue rSO,
meting. Als deze metingen op grotere schaal uitgevoerd worden (met grotere patiént-
groepen) en er verschillende ECMO behandelingsstrategieén vergeleken worden, zou
dit bijdragen aan de huidige kennis. De verschillende behandelingsstrategieén zouden
via gerandomiseerde gecontroleerde studies vergeleken moeten worden. Hiermee zal
meer en wellicht ook meer individuele informatie beschikbaar komen over ECMO instel-
lingen die leiden tot de beste uitkomsten.

Er zijn nu enkele gerandomiseerde studies (bijna) afgerond die ECPR en CCPR
vergelijken. Deze zijn vooral gericht op cardiale oorzaken van een hartstilstand. Een
interessante aanvulling hierop zou een gerandomiseerde gecontroleerde studie zijn
die ECPR en CCPR vergelijkt bij patiénten die een hartstilstand hebben, veroorzaakt
door een massale longembolie. Bij patiénten met een massale longembolie, met en
zonder een hartstilstand, zouden aanvullende behandelingen, die tegelijk met ECMO
behandeling gegeven kunnen worden, onderzocht moeten worden. Dit om de beste
behandelcombinatie voor deze patiénten te vinden.
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