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Abstract
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Extracorporeal cardiopulmonary resuscitation (ECPR) is an exclusive treatment using
extracorporeal membrane oxygenation (ECMO) in refractory cardiac arrest (CA). Treatment is
associated with risk of serious complications, including neurologic impairment and renal failure.
Success of treatment is dependent on appropriate selection of candidates. The aim of this thesis
was to investigate the role of end-tidal carbon dioxide (ETCO,), as a selection criterion for
ECPR. Moreover, to define and describe the potential ECPR-cohort in Sweden and investigate
conditions for a national ECPR-program.

Experimental porcine models of CA were used in studies I and II. CA was induced, and
cardiopulmonary resuscitation (CPR) was performed. Physiological parameters, biochemical
markers and histology were evaluated in relation to ETCO,. In study I, ECMO was started at
a predetermined time of CPR. Levels of ETCO, during CPR was found to be associated with
the extent of cerebral and renal injury following ECPR. In study II, the same model was used.
However, start of ECMO was triggered by a predetermined threshold of ETCO, during CPR.
Results suggest that ETCO, could be used as a marker for brain injury following ECPR.

Extract from The Swedish Cardiac Arrest Registry formed the data basis for studies III
and [V. Internationally proposed selection criterion for ECPR was applied to the data. ECPR-
eligible cohorts were defined and described. In study III, data on in-hospital cardiac arrests
was assessed. Results showed low numbers of ECPR-eligible patients annually. Estimates of
gain of ECPR suggested a limited benefit in survival and neurological outcome, if ECMO was
started within 60 min. In study IV, data on out-of hospital cardiac arrests was assessed. Low
numbers of candidates suggested that only a minority of ECPR-capable hospitals in Sweden
have a population base large enough to justify an ECPR-program.

In conclusion, this thesis has demonstrated a correlation between ETCO, during CPR and the
resulting injury in brain and kidney following ECPR. It supports its use as selection criteria for
ECPR candidacy. The estimated incidence of ECPR-candidates in Sweden is low. Moreover,
calculations on gain of ECPR on survival and neurologic outcome is limited. Selection criteria
and geography are the major determinants for ECPR-candidacy.
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Introduction

Cardiac arrest (CA) is one of the leading causes of premature death amongst
the adult population. Survival after conventional cardiopulmonary resuscita-
tion (CPR) is increasing (1). In Sweden this is thought to be due to improved
public awareness and knowledge of CPR, as well as an increased presence of
public automated external defibrillators (AED), considerably shortening time
to first treatment (2). However, despite best possible treatment, some patients
will remain in refractory CA and not achieve return of spontaneous circulation
(ROSC). For a selected few of these patients, treatment with extracorporeal
cardiopulmonary resuscitation (ECPR) could be an option. By incorporating
a machine to the circulation which pump and oxygenate the blood, vital organ
perfusion can be restored and time for definitive treatment of the cause of the
CA prolonged.

ECPR treatment is a resource demanding and costly therapy with risk of
serious complications but could potentially save lives otherwise lost when us-
ing CPR alone. Thus, it is understandable that numbers of ECPR treatment
has rapidly increased during the last decade (3). Being a fairly novel treatment,
many issues remains however to be resolved. Perhaps most importantly, which
patients are suitable for treatment. Currently, there is no scientific consensus
on selection criteria for ECPR, but whatever criteria are used, it inevitably
affect numbers available for treatment. As for any rare treatment, too few
cases per centre risks to affect the success rate (4).

It was the aim of this thesis to investigate one of the proposed selection
criteria for ECPR, end-tidal carbon dioxide (ETCO,), and to define the poten-
tial ECPR-cohort in Sweden.
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Background

Extracorporeal membrane oxygenation (ECMO)

In the early -70s, extracorporeal membrane oxygenation was introduced in the
United States by the cardiac surgeons Hill and Bartlett. The treatment was first
successfully used on an adult patient suffering from acute respiratory distress
syndrome (Hill 1971) and a 3-year-old boy with postoperative cardiogenic
chock after a Mustard operation (Bartlett 1972). In 1975, Bartlett successfully
treated “Baby Esperanza”, a premature suffering from infant respiratory dis-
tress syndrome, caused by aspiration of meconium at delivery. In the coming
years and following decade, treatment with ECMO was implemented world-
wide, predominantly and most successfully in the neonatal setting. In 1989,
the first meeting of the Extracorporeal Life Support Organization (ELSO) was
organized. During the HIN1-epidemic and the publication of the Caesar trial
in 2009 (5), ECMO became more generally known to the public. This in-
creased political interest in the treatment and made funding more available.

The principles of treatment are based on a machine pumping and oxygen-
ating the blood instead of the patient's heart and Iungs. Large bore venous
canulae drain blood to an extracorporeal circuit, whereafter it is mechanically
propelled through an oxygenator and returned to the patient by a second can-
ula, fig 1. Initially this was achieved by using a regular heart lung machine in
the operating theatre. Technological advancements have provided us with
more efficient low resistance oxygenators due to the invention of poly-methyl-
pentene fibres as well as centrifugal pumps and heparin-coated circuits. The
equipment has decreased in size and become transportable, making implemen-
tation of treatment more easily available outside the theatre.
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Figure 1: Schematic figure of peripheral VA-ECMO circuit with venous drainage,
centrifugal pump, oxygenator and arterial return canula.

Despite technological advancements, ECMO is still encumbered with risk of
serious and potentially lethal complications such as bleeding, coagulation dis-
orders, with or without haemolysis, peripheral or central gas-/thrombi-embo-
lism, severe infections and technical failures interrupting systemic circulation
and gas exchange. Hence, must the potential benefit of treatment be carefully
weighed against its risks.

Extracorporeal cardiopulmonary resuscitation (ECPR)

ECMO assisted cardiopulmonary resuscitation was first attempted by Mattox
in 1976 (6) but has become more commonly used in the new millennium. Ret-
rospective studies have shown improved survival compared to conventional
CPR (7-9). The CHEER-trial from 2015, initially reported increased survival
when ECPR was used in combination with hypothermia and early reperfusion,
but the reported improvement was later lost (10). Over the years, ECPR sur-
vival rates remain unchanged around 30% (11).

Lately the first randomized controlled trial (12) was interrupted on interim
due to ethical considerations on the superiority of ECPR to conventional CPR.
However, an expert opinion from the International Liaison Committee on Re-
suscitation (ILCOR) state that; “ECPR may be considered if there is a poten-
tially reversible cause of a cardiac arrest that would benefit from temporary
cardiorespiratory support”, but; “there is insufficient evidence to recommend
the routine use of ECPR in cardiac arrest” (13).

Unfortunately, several patients suffer permanent complications from
ECPR, mainly affecting brain and renal function which renders them
healthcare dependent for the rest of their lives (14,15). The difficulties thus lie
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in being able to predict which patients will benefit from the treatment and for
whom it will only cause long-term suffering.

Predictive factors for outcome in ECPR

In an attempt to improve accurate selection of patients suitable for ECPR, ret-
rospective studies on outcome have been performed in search for prognostic
factors of survival and neurological function (16—18). They have identified
minimal no-flow time (absence of CPR), shockable rhythm (ventricular tach-
ycardia/-fibrillation), short low-flow time (i.e., CPR), high pH and low arterial
blood Lactate, as positive predictors. Advanced comorbidity is an evident neg-
ative predictor. Despite this knowledge, is the rate of survival unchanged over
the years (11). Currently there is no international consensus on selection cri-
teria for ECPR.

End-tidal carbon dioxide in cardiac arrest

The desired objective of prognostic markers is to enable assessment of the
patient’s physiological condition, at the time of decision to start ECPR treat-
ment or not. This is in turn dependent on the quality and effect of the resusci-
tation performed during CPR.

End-tidal carbon dioxide (ETCO:) is defined as the partial pressure of car-
bon dioxide (CO») at the end of an exhaled breath. It is regularly used to con-
firm accurate position of endotracheal tubes and to adjust ventilation in intu-
bated patients. CO; is the product of aerobic metabolism, which is released
from the tissues and via the blood stream returned to the lungs to be exhaled.
The level of ETCO; is thus determined by the production of CO,, cardiac out-
put (CO) and ventilation. In the event of CA, production can be assumed to be
unaltered. If ventilation is kept constant, ETCO, will reflect CO, i.e., the effect
of CPR.

ILCOR includes ETCO; in their recommendations during CPR for confir-
mation of endotracheal position, quality of compressions and for detection of
ROSC (19). They have refrained to specify a threshold of ETCO, when further
attempts to resuscitate is no longer indicated. In summary, ETCO; can be con-
sidered a recognized and established measurement of use in conventional
CPR.
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Conditions for ECPR in- and out-of-hospital

Besides the patient’s physiological status, is the location of the arrest affecting
predictive factors for outcome of ECPR. If suffering CA when admitted to
hospital (IHCA) you are more likely to be monitored, which increases chances
of detection and rapid intervention. Resuscitation will be performed by pro-
fessionals and definitive treatment of the cause of the cardiac arrest, as well
as ECPR, is readily available. On the other hand, hospitalization indicates
some degree of comorbidity which might decrease chances of success, or pos-
sibly even disqualify you from ECPR treatment. If you are out-of-hospital
(OHCA), chances of the arrest being witnessed is lower which probably af-
fects time of no-flow. CPR is more likely performed by lay-men and time to
first defibrillation is probably delayed. Time of low-flow is prolonged as com-
pared to IHCA, as transport to an ECPR-capable hospital is required.

Consequently, geographical location of ECPR capable hospitals, popula-
tion density in different regions, infrastructure and means of transportation are
also of importance when ECPR is discussed. It might be that the different con-
ditions of IHCA and OHCA warrant different selection criteria. The benefits,
risks, outcomes and cost effectiveness of ECPR should probably be analysed
separately in the two groups.

The Swedish Cardiac Arrest Registry (SCAR)

There are no national directives, nor national consensus on selection criteria
for ECPR in Sweden as of today. It is also not known the proportion of IHCA
and OHCA that are potential ECPR candidates. There is however a national
registry with both IHCA and OHCA included, containing detailed information
about the patients, the resuscitation and its outcome. It is a validated registry
of quality started in 1990. It is financed by the Swedish government with
grants from the Swedish Resuscitation Council and today includes 98% of all
CA in Sweden. It is an often-used registry for research. During 2021, nineteen
articles based on data from SCAR, were published in reputable journals.
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Aims

General aims

e To create a reproducible experimental model for CPR and ECPR in
cardiac arrest.

e To investigate the correlation between ETCO, during CPR, and any
possible damage in brain or renal function, following ECPR.

e To experimentally investigate the value of ETCO, during CPR, as
a marker for start of ECPR.

e To describe and define the potential cohort of candidates for ECPR
in IHCA and OHCA.

e To estimate the theoretical effect on survival and neurological out-
come, if ECPR is performed.

e To investigate geographical and demographical conditions for a na-
tional ECPR program in Sweden.

Specific hypotheses

Study I

ETCO; during CPR, correlates to organ damage in brain and kidney following
ECPR, in experimental refractory cardiac arrest.

Study 11

In experimental refractory cardiac arrest, can the level of ETCO, during CPR
be used - as a complement to time, to guide initiation of ECPR treatment. This
is reflected by the degree of organ damage in brain and kidneys following
ECPR.

Study 1T

Numbers of eligible candidates for ECPR in IHCA are few and strongly de-
pendent on selection criteria. There is a limited gain on survival and neuro-
logic outcome if ECPR is performed.

18



Study IV

Numbers of candidates for ECPR in OHCA are few and strongly dependent
on selection criteria. The geographical location of the CA is decisive for the
probability of ECPR being performed.

19



Methods

Experimental models and data source

In studies I and II, were a porcine based experimental model of refractory CA
constructed. The studies were approved by Uppsala Ethical Committee on La-
boratory Animal Research. Under anaesthesia was ventricular fibrillation
(VF) inflicted, using electrical current. Conventional CPR was performed by
means of mechanical compressions, whereafter ECPR was initiated. The
model was constructed to allow optimal conditions for ECPR by preparing
and cannulating the animals before induction of CA.

Cannulas were placed in the Femoral- vein and artery for the use of ECMO.
For physiological monitoring, infusion of drugs and blood/urine sampling,
were the Carotid-, Femoral-, Pulmonary arteries and the Jugular and Sagittal
veins, as well as the lateral cerebral ventricle and urinary bladder cannulated.
An ultrasonic flow-sensor was applied on the left carotid artery. During the
experiment was physiological parameters recorded and blood sampled, for
later measurement of levels of plasma neutrophil gelatine associated lipocalin
(P-NGAL) and plasma calcium binding protein B (P-S100B). In study II was
microdialysis of the brain added to the protocol. At end of the experiment the
animals were euthanized, and brains and kidneys harvested for histological
examination.

In study III and IV was data of witnessed IHCA and OHCA between 02-
01-2015 and 30-08-2019 extracted from SCAR, after receiving ethical ap-
proval from the Swedish Ethical Review Authority. By applying internation-
ally suggested selection criteria for ECPR on available data from SCAR, the
potential ECPR cohorts could be defined. Additional data in the registry, made
it possible to describe demographical and geographical properties of the co-
horts.

Measurements and analytical methods

Cardiac output and thermodilution

The pulmonary artery catheter (PAC), also known as the Schwann Ganz cath-
eter was invented in 1970. It is used for measuring pressures of the right side
of the heart, filling pressures of the left atrium and cardiac output (CO). It is
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inserted by venous access through the right atrium, passes the tricuspid valve
and trough the right ventricle, to end up with its tip placed in the pulmonary
artery. It is equipped with a thermistor and an inflatable balloon at its distal
end. When inflated, the filling pressures of the left atrium is reflected via the
capillaries of the lung, to the pressure censor at the tip of the PAC.

Thermodilution is based on the principal of measuring flow through the
heart, i.e., CO. By injecting cold saline of a known temperature in the pulmo-
nary artery, and measure the temperature drop over time at a known distance
away, a thermodilution curve is achieved. The degree of temperature differ-
ence is directly proportional to CO, i.e., slow temperature drop indicates low
CO, and a rapid temperature drop indicates high CO.

In this study was the PAC “floated” through the heart, using the balloon.
Its position in the pulmonary artery was verified by the specific signature of
the pressure wave form of the pulmonary artery. Three injections of cold sa-
line were performed, CO was calculated, and the average was considered the
baseline CO of the animal.

Biochemical markers

Plasma calcium binding protein B (P-S100B)

S100B is present in adipocytes, striated muscle, enteric glial cells, chondro-
cytes, melanocytes and heart muscle. The highest protein concentrations have
been detected in astroglia cells (20). Circulating levels of S100B produced by
cells outside the central nervous system is minor compared to levels seen after
traumatic brain injury (21) and can be considered insignificant compared to
intracranial sources (22). It is quickly eliminated due to a half-life of 30 to 90
minutes (23).

S100B is a calcium binding protein regulating intracellular levels of cal-
cium, which enables several intracellular and extracellular activities such as
differentiation, proliferation and motility (24). It is also actively excreted into
the extracellular fluid. In the neuronal tissues it acts as a neurotrophic factor
and is involved in tissue repair (25). S100B released within the central nervous
system cannot pass the blood-brain-barrier unless its integrity is disrupted, as
in trauma or ischemia (26,27).

To our knowledge there is no known lower threshold in porcine, for when
S100B is to be considered pathological. Depending on methods used, the cor-
responding level in humans is commonly set to 0.1 ng/ml (28). Normal values
have reliably been shown to exclude major central nervous system injury (29).

It was the intention of this thesis to measure the P-S100B in relation to
levels of ETCO; during CPR and any histopathological findings in the brain
following ECPR. Analyses was performed, using enzyme-linked immuno-
sorbent assay.
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Plasma neutrophil gelatine associated lipocalin (P-NGAL)

NGAL (also called human neutrophil lipocalin) is a protein expressed in neu-
trophils, and in low levels of epithelial cells in the prostate, kidney, respiratory
and alimentary tracts (30). It has a bacteriostatic effect by sequestering iron,
preventing its use and limiting bacterial growth (31). In the kidney it is ex-
creted by the tubular cells during stressful conditions, mainly into the urine
(32).

NGAL exist in monomeric and dimeric forms, of which the renal tubules
mainly produce the monomeric form (33). However, the predominant isoform
found in plasma in patients with acute kidney injury (AKI) (induced by cardiac
surgery) are dimeric and thus more likely of neutrophilic origin (34). Most
commercially available methods for analysis of NGAL do not discriminate
between isomers but have still shown to be indicative of acute kidney injury
(35). Furthermore, in respect to severe AKI, comparison of NGAL in urine
and plasma, were found to be in favour of P-NGAL (36).

It was the intention of this thesis to measure P-NGAL in relation to levels
of ETCO; during CPR, as well as to urinary output and any histopathological
findings in the kidney following ECPR. P-NGAL was analysed using porcine
specific enzyme-linked immunosorbent assay.

Histology

Tissues from kidneys and brains were fixated in formaldehyde and blocked in
paraffin. Three large sections were obtained from the kidney (cranial pole,
middle, and caudal pole including cortex and medulla) and from the brain
three different parts including cortex (parietal, frontal and occipital), brain
stem (medulla, midbrain and thalamus) and cerebellum. Sections of 4um were
stained with haematoxylin and eosin. Lesions were described, and their degree
of severity and distribution were scored.

The histopathological changes in kidneys were grouped into, 1) Distension
of Bowman’s space, 2) Hyperaemia/pooling of blood in lumen of vessels, 3)
Damage to tubular epithelium to cortex and medulla and 4) Other findings
such as focal haemorrhage and fibrin in the vessels. The histopathological
changes for the brains were grouped into, 1) Red neurons (ischaemic damage),
2) Neutrophil vacuolation, 3) Perivascular oedema and 4) Haemorrhages (ex-
travasation of blood into the brain white or grey matter). Histopathological
evaluations and blocking of organs were performed blindly by a veterinary
pathologist, without knowledge of levels of ETCO, or CPR-times.

Microdialysis

Microdialysis is a method for continuous sampling of substances in the inter-
stitial fluid and can be described as a biosensor. Starting with trials on animals
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in the -70s, it plays an important role in modern neurological intensive care,
for early detection of potential pathological events.

A microdialysis catheter is inserted in the tissue to mimic the function of a
capillary. Chemical substances from the interstitial fluid diffuses to the circu-
lating dialysis fluid inside the catheter, where it is collected, and the concen-
trations can be determined. The method has previously been used in research,
to evaluate brain injury in the CPR setting (37-39).

According to recommendations by Bellander et al (40), frontal parts of the
brains were used as locus for insertion of the microdialysis catheters. Urea
was used as an endogenous control for microdialysis catheter performance.
Substances of importance for detection of ischemia were analysed.

Glucose

Low levels can be caused by ischemia but is dependent on metabolism and must be
analysed in respect to systemic levels.

Lactate

is not alone a reliable marker of ischemia but is also dependent on metabolism. To
facilitate the interpretation, it is used as the numerator to pyruvate in a ratio.

Pyruvate

is produced in the anaerobic part of glycolysis and enters the cycle of Krebs, provided
the presence of adequate amounts of oxygen, or it is else converted to lactate.

Lactate pyruvate ratio (LPR)

is a measurement of the mitochondrial function. Values exceeding 25, is considered
pathological in humans and an early sign of ischemia.

Glycerol

constitutes an important part of the cell membrane. Increased levels are an indication
of cell membrane decomposition, potentially secondary to apoptosis or ischemia.

Glutamate

is a neurotransmitter with energy dependent reabsorption. Increased levels are a sign
of energy depletion in the cell, potentially caused by ischemia.

Cerebral performance category (CPC)

The Glasgow-Pittsburgh CPC-scale is widely used in research and quality as-
surance to assess neurologic function following CA. The scale ranges from 1
(intact cerebral function) to 5 (brain death). CPC-score 1 and 2 (moderated
cerebral disability, but independent) is considered favourable outcomes by the
Utstein reporting template, adopted by ILCOR (41).

23



Study I

Experimental protocol

The porcine model of CA described above, was used to investigate whether
ETCO; during CPR, correlates to organ damage in brain and kidney following
ECPR.

Ten animals with an average weight of 46 (41-50) kg were anesthetized
and then tracheotomized. The ventilator was set to FiO, 0.3, a PEEP of 5
c¢cmH-0 and tidal volumes were adjusted to normo-ventilate the animals. After
extensive canulation, were the animals let to stabilize whereafter baseline
measurements were performed.

CA was induced and mechanical compressions started. Sampling of blood
and urine, and recordings of physiological parameters were performed accord-
ing to the timetable of figure 2.

VA-ECMO 180 min Analysis (n=10)
Groupyigh ETCO, CPR (n=5)
Preparation 45 C.PRi - Biomarkers
minutes - Histopathology
VA-ECMO 180 min
GroupLow ETCO; CPR (n=5)

Tt o o ¢t 400 ¢ 0 0 0 1
g 8 8 % 848 g 8 8 8§ 8
§ & B B :EE § g 8 & ¢

Figure 2: Graphical presentation of protocol in Study I. Arrows describe point in time
for sampling. Numbers next to arrows, describe minutes after start of CPR or ECMO.

After 45 minutes of refractory CA, was the mechanical cardiac compression
device stopped, and ECMO started. The blood flow was set to correspond to
the measured CO at baseline.

After a total time of 225 minutes, was the experiment terminated and the
animals euthanized. Kidneys and brains were harvested for histological exam-
ination.

Measurements and analyses

Physiological parameters were registered using standard equipment

Thermodilution, by means of PAC was used for calculation of CO. Quan-
tification of NGAL and S100B was performed using porcine specific ELISA.
Histological specimens from brains and kidneys were blindly analysed. Patho-
logical changes in each slide were graded in severity from 0-4 and summa-
rized, giving a total score for that specific area.
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Statistics

The protocol stated to divide the cohort in two groups (Gnigh and Giew) accord-
ing to the levels of ETCO; at the end of CPR. The level was set to 10 mmHg.
Due to the low number of animals, results were presented with inter-quartile
range (IQR) and a non-parametric analysis was performed.

To reduce the effect of differences in baseline between groups and influ-
ence of random variability between individuals, a repeated measurement
mixed effect model was used, whereafter statistical analysis was performed
with analysis of variance (ANOVA). P-values of less than 0.05 were consid-
ered statistically significant.

Study 11

Experimental protocol

The same porcine model of CA was used to investigate whether the level of
organ damage in brain and kidney following ECPR, is more dependent on
levels of ETCO, during CPR, than time of CPR.

Twelve animals with an average weight of 51 (46-60) kg were anesthetized
and endotracheally intubated. The ventilator was set to FiO, 0.3, a PEEP of 5
c¢cmH-0 and tidal volumes were adjusted to normo-ventilate the animals. After
extensive canulation, including placement of a microdialysis catheter in the
left frontal cortex, were the animals let to stabilize whereafter baseline meas-
urements were performed.

CA was induced and mechanical compressions started. In this study was
CPR continued as long as ETCO, was measured higher than 10 mmHg.
ECMO was started and mechanical compressions stopped when ETCO, fell
below 10 mmHg for more than 1 minute. Time for start of ECMO was regis-
tered. The ECMO blood flow was set to correspond to the measured CO at
baseline. ECMO treatment persisted for 180 minutes.

Sampling of blood, urine, microdialysis fluid and recordings of physiolog-
ical parameters were performed according to the timetable of figure 3. After
termination of the experiment were the animals euthanized and kidneys and
brains were harvested for histological examination.
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VA-ECMO 180 min Analysis (n=12)

CPR Gepori 12 (9-15) min (n=6)
Preparation ETCO, - Microdialysis
>10mmHg I - Biomarkers
VA-ECMO 180 min - Histopathology

Giong; 36 (27—45) min (n=6)
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Figure 3: Graphical presentation of protocol in Study II. Arrows describe point in time
for sampling. Numbers next to arrows, describe minutes after start of CPR or ECMO.

Measurements and analyses

Physiological parameters were registered using standard equipment.

Thermodilution, by means of PAC was used for calculation of CO. Quan-
tification of NGAL and S100B was performed using porcine specific ELISA.
Histological specimens from brains and kidneys were blindly analysed. Patho-
logical changes in each slide were graded in severity from 0-4 and summa-
rized, giving a total score for that specific area. Microdialysis fluid was ana-
lysed for glucose, lactate, pyruvate, LPR, glycerol and glutamate. Urea was
used as an endogenous control.

Statistics

The protocol stated to equally divide the cohort in two groups (Gshort and Giong)
according to time of CPR. Six animals were assigned to each group. Due to
the low number of animals, results were presented with inter-quartile range
(IQR) and a non-parametric analysis was performed. To reduce the effect of
differences in baseline between groups and influence of random variability
between individuals, a repeated measurement mixed effect model was used,
whereafter statistical analysis was performed with analysis of variance
(ANOVA). P-values of less than 0.05 was considered statistically significant.

Study I1I

Selection of study groups

Following ethical approval, data on witnessed intra-hospital cardiac arrest
(IHCA) between 02-01-2015 and 30-08-2019 was extracted from SCAR. The
registry provided information on the patients (age, sex, any presence of diabe-
tes mellitus, previous myocardial infarction, stroke or cancer), details of the
CA (primary thythm, time of no-flow and low-flow as well as time to ROSC)
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and the result of CPR (hospital survival, CPC-score at discharge and 30-days
mortality).

Patients with a no-flow time exceeding 5 minutes as well as patients suf-
fering from onset of stroke during the same period of hospitalization, or if
metastasized cancer was diagnosed were excluded. Due to lack of interna-
tional consensus on selection criteria for ECPR, we decided on two groups of
arbitrary, but commonly used selection criteria, fig 4. Groupresictive included
patients 18-65 years of age with a primary shockable rhythm. Groupiiperal in-
cluded patients 18-70 years of age, independent of primary rhythm and/or with
any observed sign of life.

WITNESSED IHCA
n=9209

EXCLUDED
n=1461
No-flow time >5 min
Metastasized cancer
On-going stroke

INCLUDED
n=7748
RESTRICTIVE PROTOCOL LIBERAL PROTCOL
n=504 n=1077
Age <65 years Age <70 years
Shockable rhythm Shackable rhythm and/or signs of life

Figure 4: Flow-chart for selection of candidates for ECPR in Study III

Statistics and estimates

Descriptive data from SCAR defines the cohorts.

To calculate the estimated gain on survival and neurological function of
ECPR compared to CPR, the outcome of CPR was plotted as a function of
time. CPR was ended because of ROSC, or futility. The outcomes, in terms of
survival and CPC-score at discharger were defined for later comparison.

Patients with ongoing CPR were considered ECPR candidates. Start of
ECPR was assumed to be equivalent to ROSC in the conventionally treated
group. Potential risks or advantages of ECPR were thus disregarded of. By
using logistic regression for survival and CPC-score of CPR at the different
time-points for start of ECPR, could the results be compared. The estimated
gain of ECPR on survival and CPC-score at discharge could be calculated, and
odds ratios (OR) and numbers needed to treat (NNT) be presented.
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Study 1V

Selection of study groups

Following ethical approval, data on witnessed out-of-hospital cardiac arrest
(OHCA) between 02-01-2015 and 30-08-2019 was extracted from SCAR.

The registry provided information on the patients (age, sex), details of the
CA (no-flow time, any occurrence of lay-man CPR, the identity of the re-
sponding emergency medical service (EMS) station, primary rhythm, termi-
nation of resuscitation (TOR) prior to hospital arrival, any occurrence of in-
cipient or permanent ROSC at hospital arrival) and the result of CPR (hospital
survival, CPC-score at discharge and 30-days mortality).

Patients with a no-flow time exceeding 5 minutes were excluded. As in
study III, two groups of arbitrary but commonly used selection criteria were
constructed, fig 5. Groupresticive included patients 18-65 years of age, with a
primary shockable rhythm. Groupiiverat included patients 18-70 years of age,
independent of primary rhythm. Patients with ROSC at hospital arrival were
excluded.

All hospitals in Sweden with cardiothoracic surgical services were consid-
ered ECPR capable hospitals. EMS-stations with an estimated time of trans-
portation exceeding 40 minutes were excluded. All helicopter emergency
medical services (HEMS) were included.

With the purpose to explore our estimate of time of transportation, was a
subgroup analysis of the region of Uppsala performed. By interrogation of
EMS/HEMS journals could the geographical location of the arrest be pin-
pointed, and the exact time of transportation be calculated. The aetiology of
the CA was verified by using information in medical records.
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WITTNESSED OHCA
1st Jan 2015 - 30th Aug 2019
n=15911

EXCLUDED
No-flow >5 minutes
n=6372
INCLUDED
n=9540

EXCLUDED EXCLUDED
<18 or=65 years
NomVTVE <18 or >70 yoa
n=8021 n-9688

GROUP RESTRICTIVE GROUP LIBERAL
18-65 yoa + VT/VF 18-70 yoa + all rhythms
n=1519 n=5851
EXCLUDED EXCLUDED
ROSC at admission }0— ROSC at admission
n=883 n=2293

ECPR-CANDIDATES ECPR-CANDIDATES
n=636 n=3558
EXCLUDED EXCLUDED
Trp>40 minutes Trp>40 minutes
n=418 n=2312

ECPR-ELIGIBLE ECPR-ELIGIBLE
n=218 n=1246
Figure 5: Flow-chart for selection of candidates for ECPR in Study IV

Calculations and estimates

Descriptive data from SCAR defines the cohorts.
Times of transport was calculated using Google maps®.
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Results

Study 1

All animals survived the experiment. Chance equally divided the animals to
the study groups. Average ETCO; during CPR was 11 (IQR 10-20) mmHg in
Ghigh and 5 (IQR 4—6) mmHg in Giow.

Brain

The most apparent finding was the correlation between the blood flow in the
Carotid artery and the levels of ETCO, during CPR, fig 6. Flow decreased as
a function of time but remained significant at end of CPR (45 minutes); 24
(IQR 20-24) mL/minute in Gnign, and 4 (IQR 2-5) mL/minute in Giow, (p<0,01).
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Figure 6: The correlation between carotid blood flow and ETCOz during CPR (I). The
coefficient of determination (r?) was 0.62.
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Plasma levels of S100B were significantly different at end of ECPR with 0.5
(IQR 0.5-0.6) ng/L in Grigr and 0.8 (IQR 0.7-0.9) ng/L in Giow respectively.
Histopathology displayed lesser damage in central parts of the brain but
more pronounced damage in cortical areas in Gnigh. The opposite was true for
Giow. No difference between groups was observed for the cerebellum, fig 7.

p<0.01
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Figure 7: Boxplot of brain damage score in the different regions of the brain (I).

Kidneys

Urinary output was higher in Guign during the entire experiment with the larg-
est difference during ECMO; 32 (0-220) ml/h compared to 6 (4-10) ml/h in
Giow (p<0.05). This was in analogy with plasma levels of NGAL, fig 8. Histo-
pathological changes were observed, but there were no differences in damage
score between groups.
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Figure 8: Levels of P-NGAL as a function of time (I). Shaded areas represent IQR.

Study 11

All animals (n=12) survived the experiment and were equally divided, accord-
ing to time of CPR, into Ggor; average 12 (9—15) minutes and Giong; average
36 (27-45) minutes.

Metabolic parameters

pH was higher in Ggnor; 7.7 (7.56-7.74) compared to Giong; 7.17 (7.11-7.40)
(p<0.01), at end of CPR, and aB-Lactate was lower; Ggor; 7.9 (4.3-9.1)
mmol/L, Giong; 14.0 (14.0-16.0) mmol/L. Differences remained but decreased
during ECMO. At end of experiment was pH 7.41 (7.35-7.46) in Gsnorr and
7.43 (7.4-7.47) in Giong (p<0.01). aB-Lactate was 5.1 (4.3-6.6) mmol/L in Gghort
and 7.3(5.4-8.3) mmol/L in Giong (p<0.01), fig 9.
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Figure 9: Levels of aB-Lactate as a function of time (II). Shaded areas represent IQR.
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Brain

The carotid blood flow was higher at end of CPR; 27 (9.5-22) mL/minute in
Giong and 7 (5.5-9.3) mL/minute in Ggore (p<<0.02). The difference decreased
during ECMO treatment. Microdialysis revealed significantly higher levels of
LPR, glycerol and glutamate in Giong compared to Gshort at end of CPR. The
differences levelled out during ECMO in all parameters but glycerol, table 1.
No differences in P-S100B or histopathology, fig 10, was observed between
groups at end of experiment.

CPR-Group

B3 Long
B3 Short

Brain Damage Score
@

LETY

Brainstem Cerebellum Cerebrum

Figure 11: Boxplot of brain damage score in the different regions of the brain (II).

Kidneys

Urinary output was higher in Gshort during ECMO but evened out as a function
of time. However, a significant difference remained at end of ECMO; 230 (91-
750) mL/h in Gghore and 225 (38-315) mL/h in Giong (p<0.01). P-NGAL was
higher in Giong; 3.24 (206—411) ug/L compared to 138 (97-162) ug/L in Gghort
at end of experiment (p=0.04). No histopathological differences between
groups were observed.
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Study I1I

Numbers of ECPR candidates amongst IHCA

Out of totally 9209 witnessed IHCA, 7748 candidates remained after exclu-
sion criteria was applied, and 504 candidates (5.5%) in Grouprestrictive and 1077
(11.7%) in Groupiiberal, after applying inclusion criteria. Following 20 minutes
of CPR, 32 candidates (0.4%) in Grouprestictive and 64 (0.8%) in Groupiiveral
remained eligible for ECPR, fig 4.

Results of conventional CPR in IHCA

The median age was lower in the study groups compared to the non-selected.
The prevalence of diabetes mellitus and previous myocardial infarction was
similar in all groups. Stroke was less common in Groupresticive. Out of all
IHCA, 97% had a no-flow time of less than 2 minutes. ROSC was achieved
to a very high extent in both study groups. Survival and CPC-scores at dis-
charge were slightly higher in Grouprestrictive compared to Groupiiveral, table 2.
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Table 2:Detailed information of CPR and outcome in the respective groups (III).

Total Restrictive Liberal

(n=7748) (n=504) (n=1077)
Age, median (IQR) 73 (65-81) 58 (51-62) 62 (54-67)
Male, n (%) 4803 (62) 382 (76) 756 (70)
Diabetes mellitus, n (%) 2037 (28) 113 (24) 260 (26)
Previous Myocardial In- 1664 (23) 100 (21) 208 (21)
farction, n (%)
Previous stroke, n (%) 754 (10) 11 (2.3) 60 (6.0)
ROSC, n (%) 5497 (71) 463 (92) 969 (90)
Telemetry, n (%) 4994 (65) 436 (87) 878 (82)
Primary shockable 2001 (26) 504 (100) 749 (70)
rythm, (n%)
No-flow time, n (%)
<1 minute 7231 (93) 487 (97) 1026 (95)
<2 minutes 7547 (97) 499 (99) 1064 (99)
Advanced airway, n (%) 3858 (51) 161 (32) 349 (33)
Mechanical CPR, n (%) 909 (12) 47 (9.6) 109 (10)
l-month survival, n (%) 2933 (38) 395 (78) 776 (72)
1-year survival, n (%) 2527 (33) 374 (74) 734 (68)
CPC 1-2,n (%) 2123 (27) 312 (62) 597 (55)
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Calculated effect of ECPR on IHCA

In Groupreswiciive, the estimated gain of survival of ECPR peaked at 20 minutes
of CPR (38%) and gradually declined to be 7.9% at 60 minutes of CPR. The
estimated gain of survival with preserved CPC score of 1-2 lasted till 50
minutes of CPR and was then lost. In Groupiiverat Was any gain of ECPR lost
at 60 minutes of CPR. The estimated gain of survival with preserved CPC
score of 1-2 was only 0.8% after 50 minutes of CPR, fig 11.
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Figure 12: The estimated gain of survival and CPC-scoring when initiating ECPR at
different time intervals of low-flow (II1). A: Grouprestrictive, B; Groupiiveral.

Study 1V

Numbers of ECPR candidates amongst OHCA

Out of totally 15911 witnessed OHCA, 9540 candidates remained after exclu-
sion criteria was applied, and 1519 candidates (15.9%) in Grouprestrictive and
5851 (61.3%) in Groupiiveral, after applying inclusion criteria. After exclusion
of patients with ROSC at hospital arrival, 636 and 3558 patients remained in
Grouprestrictive and Groupiiveral Tespectively. Further exclusion of patients with
estimated time of transportation exceeding 40 minutes, resulted in 218 candi-
dates for ECPR in Grouprestictive and 1246 in Groupiiperal. fig5.
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Results of conventional CPR in OHCA

Median age in both study groups were 52 years, and in the non-selected group
66 (0-104) years. The majority of patients in all groups were men. The per-
centual occurrence of CPR performed by lay men were 60-71%, and most
common in Groupresticiive. Prehospital termination of resuscitation (TOR) was
2% in Grouprestrictive compared to 4% in the non-selected group and Groupiiberar,
Incipient ROSC and ROSC at hospital arrival was more common in Groupre.
strictive. Als0, 30-day survival and CPC-score 1-2 at discharger was more com-
mon in Grouprestictive, table 3.

Table 3: Outcome of CPR in the respective groups of OHCA (IV).

Unsorted Restrictive  Liberal

n (%) n (%) n (%)
Size of cohort 15911 (100) 1519 (100) 5851 (100)
Male 10553 (66) 1148 (76) 3818 (65)
Bystander CPR prior to EMS arrival 9606 (60) 1072 (71) 3803 (65)
TOR prior to hospital admission 634 (4) 36 (2) 232 (4)
Incipient ROSC 6992 (44) 1029 (68) 2882 (49)
ROSC at hospital arrival 5344 (34) 883 (58) 2293 (39)
CPC 1,2 at discharge from hospital 1705 (11) 535 (35) 906 (15)
30 days survival 1961 (12) 606 (40) 1036 (18)
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Geographical distribution of ECPR candidates for OHCA

The regional distribution of monthly ECPR candidates is plotted in in fig 12
and varies between 0-6 candidates in Groupresticive and 1-24 candidates in
Groupriberal.

1572 km

Figure 13: The monthly regional incidence of ECPR candidates in Grouprestictive (red)
and Groupiriberal (blue), independent of time of transportation (IV). ECPR capable hos-
pitals are marked with yellow and black dots.

Totally, 65 EMS/HEMS stations were situated within 40 minutes of transport
from an ECPR-capable hospital. ECPR-capable hospitals were serviced by 2-
27 EMS/HEMS units. In Grouprestrictive, 34% (218/636) suffered CA within 40
minutes of transportation. Corresponding figure in Groupiiperat Was 35% (1246/
3558). The distribution of ECPR-candidates by individual ECPR capable hos-
pital is described in fig 13.
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Figure 14: The distribution (n) of ECPR-candidates by individual ECPR-capable hos-
pital amongst OHCA (IV).

Subgroup analysis of the Region of Uppsala

Out of 109 ECPR candidates presumed to be within 40 minutes of transporta-
tion to Uppsala University Hospital, 84 patients (77%) were actually within
reach.

In Grouprestrictive, 86% (19/22) of the ECPR candidates had a CA of con-
firmed cardiogenic aetiology and in Groupiiberas 45% (49/109). All ECPR can-
didates in the Region of Uppsala during the study period are plotted in fig 14.
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Figure 15: ECPR candidates in the Region of Uppsala during the entire study period
(IV). The geographical location of each individual CA is described. The circle corre-
sponds to 40 minutes of transport. CA of confirmed cardiogenic aetiology are marked
with a heart, non-cardiogenic with a cross, and unknown with a question mark.
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Discussion

We have created a reproducible experimental model of CPR and ECPR in re-
fractory CA. Using this model, we have demonstrated a correlation between
ETCO; during CPR and the resulting damage in brain and kidney following
ECPR. The role of ETCO, as a marker for initiation of ECPR has been evalu-
ated. Furthermore, an estimate of the incidence of ECPR eligible candidates
amongst OHCA and IHCA in Sweden has been calculated and suggest low
numbers annually. Selection criteria and geography are the major determi-
nants for ECPR eligibility.

Animal modelling

Studying ECPR is cumbersome. It is an extremely unusual treatment with di-
verse criteria for selection and techniques for implementation. Treated patients
present with widely varying physiological status and comorbidity. Further-
more, the uneven experience and expertise between centres will inevitably in-
fluence the results. It is a heterogenous population to study which makes it
hard to reach any valid conclusions. That considered, is animal modelling an
appealing and sensible substitute.

Animal modelling allows for measurement of parameters otherwise not
suited for in the clinical environment, or unwanted due to the increased risks
they add to already vulnerable patients. It also lets you control factors that
cannot be controlled in a clinical setting, which can be of importance when
interpreting the results. Obviously, animal ethics must be considered within
this context.

This thesis complies with “The three R’s Principle” (Replace, Reduce, Re-
fine) as suggested by biologists Russel and Burch. Simplified, they argue that
replacing animals by using other methods must be considered. Reduction of
numbers of animals, as well as maximizing information obtained per animal
must be sought. Refinement of husbandry and experimental procedures, to
minimize stress and pain is an obligation. The experimental protocols of this
thesis have been designed accordingly.
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Statistics

Data-points in study I and II are longitudinal and densely repeated on the same
few individuals over time. Inference of group differences has been analysed.
Several methodological approaches have been considered.

Testing at each different time point using well known methods for inde-
pendent groups (e.g., Kruskall Wallis), is inefficient and risks losing features
of the time course. Furthermore, missing data can result in sample bias.

Repeated measures analysis of variance could have been applied, as our
data are balanced. However, it requires complete data on each subject and de-
pends on the assumption of restrictive sphericity (i.e., equal variability of the
measurements at each time point and equal correlations between every two
measurements on the same individual), which is questionable for longitudinal
data (42). Even though the problem can be overcome (43), we opted for anal-
ysis by means of Repeated-Measurement Mixed Effect Model. This method
has been suggested to be superior to the previously mentioned. It carries the
advantage of including all data, reduces the effect of interindividual difference
in baseline measurements, and handles the potential random variability which
is correlated to multiple testing (42,44).

The role of ETCO; during cardiac resuscitation

ETCO: is an established and valuable factor in use during conventional CPR
(19). Several studies confirm the correlation between ETCO, and CO (45-47).
In study I, we found a strong correlation (1*=0.62) between ETCO, and carotid
blood flow during CPR, a finding supported by other investigators (14,48,49).
In accordance, study Il revealed higher carotid blood flow in subjects enduring
longer times of CPR with preserved levels of ETCO,, compared to shorter
CPR with rapidly declining levels of ETCO:..

Unfortunately, ETCO; has failed to prove predictive for survival following
CPR but is predictive for ROSC (50). So far, it has mainly been used as a
negative predictor due to extremely low chances of survival if ETCO; is less
than 10 mmHg at 20 minutes of CPR (51,52). For some centres, this fact has
been adopted as an exclusion criteria to ECPR (53). However, the physiolog-
ical situation following ROSC after CPR is very much different from restored
circulation on ECMO. Mechanically restored circulation after prolonged CA
is immediate and can be matched to meet the requirements of both blood flow
and gas exchange. Possibly, this alters the previously known outcome. On the
other hand, whether it is desirable to instantly meet the metabolic demands is
not known. Theoretically this might inflict a “second hit” by causing reperfu-
sion injuries (54—57). Further studies on this subject are highly warranted.

Measurement of ETCO, during CPR is not without pitfalls. Pre-arrest fac-
tors of comorbidity (e.g., trauma, burns, hyperthyroidism, sepsis) as well as
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the cause of the arrest (e.g., asphyxia (58)) could potentially affect levels of
ETCOs,. Intra-arrest factors such as ventilatory volume per minute (i.e., rate
and tidal) (59), as well as drugs used during resuscitation (e.g., vasopressors
(60) and bicarbonate (61)) will also influence ETCO,. Furthermore, technical
aspects of how the measurement is performed (i.e., main-stream-, side-stream
capnometry or capnography, integrity and potential dead space of the ventila-
tory circle, means of calibration, et cetera (62)), may raise concerns of its ac-
curacy.

Aside from pre-arrest factors, both experimental studies of this thesis (I and
I1) have been equally conducted with respect to intra-arrest factors and tech-
nical aspects. It has been our purpose to design the protocols to mimic real-
life scenarios. That is where the measurements are performed, and decisions
eventually made. Our measurements of ETCO, were made continuously
throughout the experiment with minimal fluctuations of readings, increasing
the probability of accurate interpretation. Furthermore, interpretation of read-
ings was made by two independent investigators. Modern research suggest
that the trend of ETCO, during resuscitation is more indicative of outcome
rather than isolated values (63,64), to which we agree.

End-point parameters in experimental studies (I and II)
Plasma calcium binding protein B (P-S100B)

The use of S100B is a part of the Scandinavian guidelines for traumatic brain
injury in the adult (65,66) and is a diagnostic tool of neuro intensive care in
Scandinavia.

In the experimental studies of this thesis (I and II), S100B increased above
baseline in all groups, and above what is considered normal in humans. In
study I, there was a significant difference between groups which remained at
the end of experiment. In study II, no significant changes between groups were
seen. The differences found were consistent with pathological differences of
histology, although pathological findings were overall mild. Indeed, S100B
has been reported to rise prior to detectable clinical or radiological findings
(67). Our findings are in accordance with other porcine models of CPR (68).

The neurological status of the subjects was not clinically evaluated due to
ethical limitations. However, the predictive value of S100B on chances of re-
gaining consciousness (69), as well as neurologic function following CPR in
humans (70), has been reported. Specifically, it is associated with neurological
complications following ECPR (71). We find the results of S100B to be in
favour of our conclusions.
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Microdialysis of the brain

In study II we increased temporal resolution of any potential pathological find-
ings in the brain. This was achieved by describing the metabolic changes, us-
ing microdialysis. We observed metabolic derangement in both groups but
considerably worse in the group with longer CPR. Probably this was caused
by suboptimal cerebral circulation, as suggested by the observed drop in ca-
rotid blood flow. The finding was evident by a considerable rise in the lactate-
pyruvate ratio and level of glutamate at induction of CA, and is in accordance
with other studies on microdialysis and CA (37,38,49).

During the course of ECMO, differences between groups were eradicated,
except for glycerol. This could be interpreted as if cerebral metabolism is, at
least partly, restored by extracorporeal treatment. However, some degree of
tissue damage is inevitable. Differences between groups in levels of glycerol
at end of ECPR, was not consistent with histological findings in the brain of
study II. It is reasonable to assume they were to minor to be reflected.

Histopathology of the brain.

In study I, cerebral histological changes ranged from moderate to an extensive
degree of ischemic damage in 66% of the samples. Damage score was found
to be lower in the brainstem but more pronounced in the cortical areas, in sub-
jects with higher values of ETCO, during CPR. The opposite was true for the
group with lower values of ETCO, during CPR. The reasons for this injury
pattern could possibly be explained by uneven distribution of cerebral blood
flow during CPR (49,72,73), use of epinephrine (74), and reperfusion injury
(54-57).

ECPR treatment offers a unique opportunity to regulate blood flow and op-
timize gas exchange to control reperfusion. This ability seems to be underuti-
lized as of today and is unfortunately not often discussed when it comes to
ECPR. Further studies focused on the dynamics of cerebral blood flow on
ECPR, as well as ischemia and reperfusion injury in the different areas of the
brain are needed.

Brain damage scores in study II was overall lower compared to study 1. No
differences between groups in study II were found. This is quite remarkable,
given that the time of CPR ranged from 11-45 minutes. 11 minutes can be
considered a short time of CPR. However, some subjects will already be se-
verely deranged, while others can last until 45 minutes before deterioration
starts. We believe these findings points in the direction of our conclusions.
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Plasma neutrophil gelatinase associated lipocalin (P-NGAL)

In acute kidney injury (AKI), NGAL has proven to rise within two to three
hours (75,76), which could be observed in both experimental studies (I and
10).

In study I, we found lower levels of P-NGAL and higher urinary output in
the group with higher levels of ETCO, during CPR. This is in accordance with
findings by Prowle et al, who could also show histological derangement after
ROSC in a similar porcine model (77). In study II, levels of P-NGAL were
higher and urinary output were slightly lower in the group treated with longer
times of CPR. Levels of P-NGAL and urinary output were consistent with
each other in both studies.

Although ETCO; reflects systemic circulation during CPR, it cannot be
compared to native circulation. The renal medulla is very sensitive to hypoxia
and hypotension. Thus, it is not surprising that groups treated with longer
times of CPR eventually suffer AKI, as measured by P-NGAL. On the other
hand, it is evident from study I, that ETCO; is not to be disregarded of. Previ-
ous studies show that levels of NGAL is proportional to the severity of AKI
(78). NGAL can predict AKI in the adult cardiac surgery patient, critical ill
and in the transplant patient (77,79,80). Indeed, renal impairment, also in the
ECPR setting, is a severe negative prognostic factor (15,81) for outcome.

Histopathology of the kidneys

Renal histopathological changes were seen in all groups. Study I failed to
show any differences between groups although renal pathology was evident.
In regard to levels of P-NGAL, AKI should have been present, but might also
have been transient. Likely, time of CPR and hypoperfusion should have been
longer for more sustainable histological changes to appear (82). The finding
of equal pathologic derangement in animals treated with varying times of CPR
in study II, was more in line with our hypothesis. The clinical significance or
renal histopathology findings is unclear.

Summary

It is safe to say that the role of ETCO, during resuscitation has been thor-
oughly investigated and scrutinized since its introduction, and that it is still
ongoing. It is unlikely that ETCO, will ever be the exclusive factor for selec-
tion of ECPR candidacy. However, it remains an important contributor of in-
formation, which is further supported by this thesis. Although the importance
of each different biochemical marker, as well as the means for pathological
evaluation and physiological measurements in the studies (I and II) can be
disputed, they all point in the same direction. We think this strengthens the
validity of our findings.
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Eligibility and outcome of ECPR for IHCA and OHCA
(IIT and I'V)

The key to successful ECPR treatment is mainly dependent on selection of
candidacy. Several determinant factors have been identified which are based
on retrospective studies on outcome following ECPR. These mainly include,
time of no-flow (83-85), time of low-flow (i.e., CPR) (86-90), and rhythm
(i.e., shockable vs non-shockable) (16,84,91-93). Age is most often part of
the selection algorithm but there is conflicting evidence on the relevant cut off
value (18,92,94,95). The same is true for biochemical parameters such as aB
lactate and pH (16,18). Presently, there is a trend to discard biochemical pa-
rameters in the selection process. Focus is rather shifted towards cerebral
preservation, as suggested by distinguished practitioners of ECPR as Lionel
Lamhaut of the SAMU, France. Their group have demonstrated that occur-
rence of any sign of life during CPR, is in favour of survival and neurological
outcome following ECPR (96).

Most probably, no single factor can be used to decide on ECPR eligibility.
Several factors are needed in order to do an overall assessment of the physio-
logical effect of CPR. Furthermore, it is reasonable to assume that criteria dif-
fer between the out-of-hospital and in-hospital setting, in regard to the differ-
ent conditions they offer (97).

At present, there are interim guidelines on selection criteria for ECPR is-
sued by ELSO (98), but no international consensus. Inclusion and exclusion
criteria differ between centres. With this in mind, we aimed to describe the
ECPR eligible cohorts from a restrictive to a liberal perspective, by means of
selection criteria. Even though inclusion and exclusion criteria were arbitrary
selected, they are scientifically justified and recurrently used by others. To
some extent we have had to conform to information available in the registry.

Protocols in study III and IV have been designed to not lose any potential
ECPR candidates. Assumptions made in calculations of estimated gain of
ECPR (III), has been in favour of ECPR-treatment. Results show a benefit in
survival and CPC-scores, mainly during the first 30 minutes (probably before
ECPR could be realistically initiated), and that it remains in some degree up
till 60 minutes of CPR. Indeed, survival and neurological outcome after ECPR
drops if circulation is restored on ECMO only after 60 minutes of low-flow
(87,88,90). Although unknown medical contraindications, negative side ef-
fects and risks of ECPR-treatment, has been disregarded of in this models, our
findings are in agreement with other authors (87,93,99).

Conventional CPR is fairly successful on CA with shockable rhythm within
the first 20 minutes of resuscitation (100). During this time should ECPR
probably not be attempted because of the added risks and limited gain it offers.
The optimal time of transport for ECPR in the OHCA setting has been inves-
tigated and found to be 16 minutes (101). In study IV we have allowed 40
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minutes of transport as the upper time limit for inclusion of patients. This
means, that the actual time from CA to ECPR has been allowed to exceed 60
minutes. Unfortunately, the subgroup analysis of the region of Uppsala (IV)
reveal our estimate on transportability to be incorrect in 23 % of the cases.
Furthermore, all potential practical problems such as time for evaluation and
decision-making, as well as availability of canulating crew and time to canu-
late has not been taken into account. Overall, it is reasonable to assume that
our results on ECPR candidacy is overestimated.

Clinical implications
Studies I and II

The experimental studies have strengthened the previously known relation-
ship between ETCO, and systemic circulation during CPR and is also indica-
tive of a correlation with end organ damage in the brain and kidney following
ECPR. If these results can be confirmed by others and prove to be valid in
humans; hopefully, ETCO; can be attributed greater and more decisive im-
portance in the selection process. Candidates excluded based on barely ex-
ceeded time limits, could possibly be included for treatment, if ETCO, could
demonstrate a physiological successful CPR. Conversely, candidates with in-
adequate and ineffective CPR according to ETCO>, could contradict inclusion,
despite fulfilling other criteria. Possibly, this could improve patient selection
and results of ECPR. Furthermore, when the predictive values of inclusion and
exclusion criteria can be determined, chances of international consensus on
selection criteria increases. A uniform selection process improves the possi-
bilities of studying ECPR in the future.

Studies III and IV

The registry studies demonstrate fairly low numbers of patients available for
ECPR treatment, both for IHCA and OHCA. When considering that the suc-
cess of an ECPR program is also dependent on numbers treated, only a minor-
ity of the ECPR capable hospitals have a population base large enough to jus-
tify an ECPR program. Even though a recent randomized controlled trial
showed superior results of ECPR compared with CPR (12) and calculations
of health-economics show a benefit of ECPR (102-105), time from CA to
ECMO is undoubtedly very important. In a sparsely inhibited country like
Sweden, with geographically scattered ECPR capable hospitals, time of
transport is a decisive factor excluding many potential candidates. Our find-
ings could potentially help to allocate resources and economical assets of the
Swedish national health care system.
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Limitations

There are several limitations to this thesis.

It is an ethical concern of keeping the numbers of animals to the minimum
but still achieve the aims of the research. Nevertheless, the small sample size
in the experimental studies (I and II) must be considered. In order to compen-
sate we have used multiple investigational modalities to clarify and strengthen
our results. Also, the statistical method used has been chosen accordingly.

The physiological status of the animals when arriving in the laboratory has
been a factor out of our control. All animals have been treated in accordance
with good animal care; however, nutritional status and fluid balance are un-
known and could theoretically have affected baseline parameters.

Time of ECPR in the experimental protocol was limited and must be con-
sidered. It can be argued that three hours is too short to detect significant his-
tological changes in the brain and kidney with our chosen methods.

Although the porcine anatomy resembles that of humans, findings cannot
be directly translated into clinical practice. The clinical relevance of the find-
ings for the subjects in these studies cannot be determined, as they were not
awakened.

The retrospective nature of the registry studies (III and IV) may cause lim-
itations; numbers of non-reported data are unknown; there is probably a higher
risk of under-reporting, and/or inaccuracy of registration, if attempted resus-
citation failed. Furthermore, factors not known to the investigators, contrain-
dicating ECPR candidacy, might have been present. On the other hand, over-
estimation of ECPR eligibility cannot be ruled out.

Even though SCAR is a registry for CA, a primary cardiac actiology cannot
be guaranteed.

Finally, all CA should be run according to ILCOR guidelines, but devia-
tions may have occurred that can have affected our results.
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Conclusions

Study 1

ETCO: is associated with the extent of cerebral and renal injury in mechanical
CPR following experimental ECPR. Whether higher levels of ETCO, during
CPR is more favourable, cannot be determined by this study. The finding sup-
ports the important role of ETCO; in the selection for ECPR candidacy.

Study 11

Results suggest that ETCO; could be used as a marker for brain injury follow-
ing ECPR and supports its use as a complement to time of CPR as an eligibility
criterion for ECPR. Cerebral microdialysis indicates a time dependent risk of
ischemic injury, which is restored during ECMO. No apparent histological
differences of tissue damage in brains or levels of S100B in plasma were de-
tected between groups with significant different times of CPR.

Study I1I

In Sweden, the number of assumed ECPR eligible patients per year among
IHCA is low. The number of national ECPR candidates among IHCA is highly
dependent on selection criteria. OQur estimate of the gain of ECPR suggests
that there could be a benefit in survival and neurological outcome if extracor-
poreal treatment is started within 60 min of the IHCA.

Study 1V

The quantity of ECPR candidates amongst OHCA is highly dependent on se-
lection criteria and geographics. In Sweden, 1.4-7.8% of all witnessed OHCA
is estimated to be potential ECPR candidates, on average corresponding to 4-
22 OHCA per month, nationwide. This suggests that only a minority of the
ECPR capable hospitals have a population base of ECPR eligible patients
amongst OHCA, large enough to justify an ECPR program.
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Sammanfattning pa svenska

Hjértstopp ar en av de ledande orsakerna till fortida dod bland den vuxna be-
folkningen. Aven om dverlevnaden med hjilp av traditionell hjirt-lung-ridd-
ning okar, kommer vissa patienter att forbli refraktéra till behandlingen och
inte aterfa spontan cirkulation. For ett fatal av dessa patienter kan ECMO-
assisterad hjart-lung-rdddning (ECPR) erbjudas. Behandlingen tar tunga in-
tensivvardsresurser i ansprak och dr behiftad med allvarliga risker och kom-
plikationer. I syfte att optimera anvéndandet av resurser och minimera lidande
for patienter, ar urvalet av yttersta vikt. Tyvarr finns det for ndrvarande be-
gransad kunskap kring detta och det rader inte consensus kring optimala se-
lektionskriterier.

Malet med avhandlingen har varit att undersoka det prediktiva virdet av ett
av de forslagna selektionskriterierna; end-tidalt koldioxid (ETCO,) samt for-
soka definiera den potentiella ECPR-kohorten i Sverige.

I tva experimentella djurstudier (I och II) har vi kunnat pavisa en korrelat-
ion mellan ETCO; under hjart-lung-rdddning och graden av vavnadsskador i
hjiarna och njurar efter ECPR. Véra resultat stodjer anvindandet av ETCO,
som ett selektionskriterium for ECPR.

Med utgangspunkt fran existerande selektionskriterier, har vi med hjélp av
data fran Svenska Hjartstopps Registret undersdkt hur manga potentiella kan-
didater som skulle kunna bli féremal for ECPR arligen i Sverige, bade pa och
utanfor sjukhus (III och IV). Resultaten tyder pa att endast ett fatal sjukhus i
Sverige har en tillrackligt stor populationsbas for att berdttiga ett ECPR-pro-
gram samt att den faktiska 6verlevnadsvinsten troligen skulle vara begrinsad.
Valet av selektionskriterier och geografiska forutsittningar ar avgorande fak-
torer for populationsbasens storlek.
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