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“Persistence overshadows even talent as the most valuable resource
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-Tony Robbins

i1



v

Till Clara och Filip



ABSTRACT

Extracorporeal circulation (ECC) has revolutionized open-heart surgery, but
its application has also extended beyond cardiac procedures into other medical
domains, including locoregional cancer treatment, where ECC is combined
with chemotherapy. The overall aim of this thesis was to explore patient
physiological response and alternative approaches in extracorporeal
circulation to increase understanding of procedure related side effects.

In Paper I, a randomized controlled non-inferiority trial, we investigated the
possibility of replacing the current erythrocyte-based prime solution with a
crystalloid-based one, while ensuring sufficient oxygen delivery for patients
undergoing isolated limb perfusion (ILP). We found no significant benefits of
continuing adding erythrocytes to the prime solution for ILP, a finding leading
to practice and guideline changes. In Paper 11 the oxygen demand in an isolated
extremity was measured and described for the first time. Based on the findings,
recommendations for nadir oxygen delivery during ILP was provided. Patients
treated with ILP can develop transient peripheral nerve damage, and in Paper
111, we explored if this could be detected using novel neuronal biomarkers. We
found the biomarkers measurable and significantly increased during ILP.
However, in this small feasibility study, we found no correlation to clinical
outcomes. In Paper IV, a randomized controlled trial, we investigated the
release pattern for biomarkers associated with brain injury in patients
undergoing open-heart surgery randomized to either a standard or a high ECC
flow rate. We found several correlations between treatment characteristics and
the levels of biomarkers, however, there was no reduction in biomarkers with
the higher flow rate as we had hypothesized.

In conclusion, the use of ECC has emerged as a crucial component in modern
healthcare. While originally applied in heart surgery, ECC has also been
integrated into novel cancer treatments. This thesis underscores the importance
of continued research in ECC methodology and physiological reactions to
enhance the technique and minimize associated side effects.

Keywords: Extracorporeal circulation, isolated limb perfusion, oxygen
delivery, neuronal biomarkers, open-heart surgery, cardiopulmonary bypass
flow rate.
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SAMMANFATTNING PA SVENSKA

Varje ar utfors ca 2 miljoner hjirtoperationer i virlden. For att mojliggora detta
krévs att hjartat tillfalligt stoppas, och under denna tid 6vertas andning och
cirkulationen av en hjart-lungmaskin. Sedan introduktionen 1953 av hjart-
lungmaskinen har utvecklingen fort med sig flera typer av cirkulationspumpar
(extrakorporeal cirkulation) for olika &ndamal. Framst anvinds dessa som stod
till allvarligt sviktande cirkulation och andning, men hjért-lungmaskinen har
dven Oppnat upp for nya behandlingsalternativ, déribland cancerbehandling.
Isolerad hyperterm perfusion &r en regional cancerbehandling som mojliggdr
tillforsel av en mycket hog koncentration av cellgift till bara en del av kroppen,
exempelvis en arm eller ett ben, med en mycket liten risk for biverkningar i
resten av kroppen.

Syftet med denna avhandling var att utforska basal fysiologi och alternativa
tillvigagangssitt for att 6ka forstaelsen och minska risken for biverkningar vid
anvindandet av hjért-lungmaskin under isolerad hyperterm perfusion och
Oppen hjértkirurgi.

I delarbete I, undersoktes mojligheten att ersétta den nuvarande blodbaserade
vitskelosning som anvdnds 1 hjart-lungmaskinen mot en vanlig
koksaltsbaserad vitskelosning vid isolerad hyperterm perfusion. Studien
visade inga fordelar med att tillsétta blod till 16sningen, och detta har nu éndrat
internationella riktlinjer for denna typ av behandling. Delarbete II var en
explorativ studie dar vi for forsta gangen kunde méta syrgasbehovet i en
isolerad extremitet under isolerad hyperterm perfusion. Utifran detta kunde vi
presentera en rekommenderad 14gsta niva for syrgasleverans under denna typ
av behandling. I samband med att nervceller skadas eller paverkas sa frisdtter
dessa celler sédrskilda amnen som sedan kan métas i vanliga blodprov, vilket
kan ge en uppfattning av skadans omfattning. I delarbete I1I undersdktes om
det var mojligt att mita dessa markorer i en isolerade extremitet under isolerad
hyperterm perfusion. Resultatet visade en signifikant stegring av dessa
markorer i den behandlade extremiteten, vilket visar att &ven skador pa perifera
nerver utsondrar dessa markorer till blodet. I denna mindre studie kunde vi
dock inte pavisa att nivdn av markorer i blodet korrelerade till skadans
omfattning.
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Hjart- lungmaskinens pumpfldde vid hjartoperationer anpassas till patientens
kroppsyta. Studier har generellt visat fordelar med ett hogre pumpflode,
foretradesvis for njurarna, men i delarbete IV var syftet att undersokta hur
hjarnan paverkades av ett hogre flode genom att méta och jaimfora nivderna av
hjarnskademarkorer hos patienter som opererades med antingen ett
standardflode eller ett hogre flode. Resultatet visade ingen skillnad mellan
grupperna i nivan av utsondrade hjarnskademarkorer, men flera samband
mellan hjdrnskademarkorsnivé och olika patient- och behandlings egenskaper
kunde identifieras.

Sammanfattningsvis har anvéindandet av extrakorporeal cirkulation expanderat
vasentligt bortom sitt ursprungliga syfte inom hjértkirurgin och etablerats som
en nddvindig del dven inom annan avancerad sjukvard, s& som exempelvis
cancerbehandling. Denna avhandling understryker ddrav vikten av fortsatt
forskning for en forfinad metodik och okad forstdelsen av de fysiologiska
reaktionerna vid extrakorporeal cirkulation med syfte att minimera
biverkningar.
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PROLOGUE

As a perfusionist, I function as a consultant in diverse aspects of blood
perfusion, possessing a unique expertise in circulatory devices tailored for
diverse purposes, often for the critical ill patient. We operate as a hybrid
between engineering and medicine and are educated and trained in
encompassing anatomy and physiology, -circulation, fluid dynamics,
mechanical engineering, materials, and research. Being part of and gaining
insight into numerous exciting areas alongside enthusiastic and skilled
professionals in my daily work is a source of great pleasure. It makes me feel
both honored and humble, continually sparking my insatiable curiosity. As a
perfusionist I am a part of so many different surgical procedures, life-altering
interventions, and crucial decisions every day so it might not be surprising that
my thesis also is diverse, and encompasses cancer treatment, extremity
perfusion, peripheral nerve injury, cardiac surgery, brain injury and cognitive
decline. All these diverse areas, however, share a common factor—
extracorporeal circulation. In this, I have a role to perform the absolute best
possible perfusion for the individual connected to the tubings at the other end,
with the least possible negative impact. That is my strive with this thesis — to
optimize perfusion and its outcomes with the least possible side effects for our
patients. Still an area for improvement, more than 70 years since the inception

of extracorporeal circulation.
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1 INTRODUCTION

Safe and efficient use of extracorporeal circulation (ECC) requires a
comprehensive understanding of the human body’s physiological principles,
pathophysiological processes, as well as a profound understanding of the
pharmacological agents used and the technological intricacies of the
extracorporeal circulatory circuit. The goal is to achieve optimal perfusion and
gas exchange while balancing among a range of multi-faceted factors,
including surgical and mechanical aspects, fluid dynamics, air-handling, body
temperature and acid base levels. The outcome is further complicated by the
systemic inflammatory response induced by ECC. Although techniques and
knowledge continues to advance, ECC remains an emerging field that requires

further understanding.

1.1 Extracorporeal circulation

Extracorporeal circulation, as the term implies, refers to the circulation of
blood outside of the body. In the late 19" century, pioneering experiments
were initiated in pursuit of a method to oxygenate blood outside of the human
body'. Due to these early innovative efforts, we can now offer secure devices
for extracorporeal circulation that supports failing organs for both short- and
long-term use. The heart-lung machine (HLM), for example, facilitates
“cardio” and “pulmonary” bypass, providing a blood- and motionless
environment that is crucial for complex open-heart surgery. It temporarily
shoulder the physiological functions of the heart and lungs, ensuring adequate
oxygenation of the blood enabling intricate surgery by temporarily bypassing

the operated organ. The term extracorporeal circulation is a broad term
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including all pumps that facilitate blood circulation outside the body. The
pumps are titled differently based on their specific purpose.

1.2 Heart-lung machine historical overview

1t is obvious that any operative procedure upon the heart could be performed
better if that organ were temporarily relieved of its function of pumping blood.
For example, if the flow of blood through the heart and lungs could be safely
stopped for 30 minutes, it is conceivable that a new field of cardiac surgery
might be developed. In order to maintain life during such a temporary
cessation of blood flow through the heart and lungs, it is necessary to assume
the function of these organs by some other means.

- John H. Gibbon Jr, 19392

In the mid-20" century, open-heart surgery had not yet become a reality. Safe
surgical methods for operating on a motionless empty heart for an extended
period, while the rest of the patient’s body was perfused with oxygenated
blood, was still not developed. In 1953, after pioneering work dedicated in the
development of a machine capable of fully supporting the circulation, Dr. John
Gibbon Jr. made history®. An 18-year-old female student from Philadelphia,
USA, suffering from a large atrial septal defect was on cardiopulmonary
bypass for 45-minutes, facilitated by his invention of the HLM, while a
primary closure of the defect was successfully performed by Dr. Gibbon*. In
July 1954, the world’s second successful open-heart surgery with the HLM
was performed in Sweden, at Karolinska University hospital in Stockholm.
Dr. Gibbons’ close friend and surgeon colleague Dr. Clarence Crafoord
removed a myxoma from the left atrium of a 42-year-old female who was on
cardiopulmonary bypass for 33 minutes. She recovered fully and lived to reach

her 91st birthday’. Since then, the field of extracorporeal circulation has made
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steady and rapid progress, particularly with extensive multidisciplinary efforts
in patient safety and the development of bypass devices for both short- and
long-term support®. Although cardiopulmonary bypass (CPB) technology
continues to advance, and efforts are being made to minimize its

complications, it remains an emerging field that requires further refinement.

Figure 1. John H. Gibbon, Jr 1955 (left), and the heart-lung machine model II built by IBM,
which was used by Gibbon during his first successful heart surgery on May 6, 1953 (right).
Reproduced with courtesy of Thomas Jefferson University, Archives & Special Collections,
Philadelphia.
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R =
Figure 2. Modern setup of heart-lung machine and monitoring during heart surgery 2022.
Photo: Anna Corderfeldt Keiller.

1.3 Cardiopulmonary bypass

During typical cardiopulmonary bypass (CPB) procedures at Sahlgrenska
University hospital, the surgeons open the chest and expose the ascending
aorta, where the arterial cannula is inserted and secured. The primed and de-
aired arterial tubing from the HLM is connected to the arterial cannula. A
straight dual-stage venous cannula is placed in the right atrium, draining
venous blood from both vena cava superior and inferior (although various

cannulations techniques are used depending on the surgical procedure). The
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primed venous tubing from the HLM is connected to the venous cannula. The
cardiopulmonary bypass circuit is thereby established. When going on CPB
the venous clamp is gradually opened by the perfusionist, slowly allowing the
venous blood to passively drain from the patient down to a reservoir. While
simultaneously starting the arterial roller pump and gradually extracting the
same amount out of the reservoir, pushing it through the oxygenator and back
into the patient via the arterial tubing. The pump flow is gradually increased
until reached “full flow”, which is individually calculated for every patient.
The process of initiating CPB requires rigorous attention, along with careful
consideration of the patient’s hemodynamic condition’. The blood flow from
the HLM is generally delivered in a continuous flow, although the HLM has
the capability to also provide a pulsatile flow. Ongoing research has explored
the potential benefits of continuous versus pulsatile flow for the patient.
Presently, the global consensus leans towards favoring continuous flow, and
recent research indicates no inferiority for pulsatile flow during ECC*°. In
most cardiac surgeries, the heart must be temporarily stopped and kept still
during the procedure to provide a bloodless and motionless surgical field. To
accomplish this without causing ischemia to the heart, the ascending aorta is
temporarily clamped transversely, so called cross-clamp (below the arterial
cannula), and cold cardioplegia is administered from the HLM through a thin
cannula anchored in the ascending aorta (below the cross-clamp) into the
coronary arteries. Because of the hyperkalemic content of the cardioplegia
solution, the heart intentionally and temporarily undergoes diastolic arrest for

myocardial protection during the cross-clamp period’ '°.

After the completion of the surgery, the aortic clamp is removed, enabling the
return of blood circulation into the coronary vessels, flushing away the
remnants of the cardioplegia. The myocardium is recirculated, and the

rhythmic beating of the heart resumes spontaneously. As the heart strengthens,
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the circulation is gradually transitioned back to the patient, resulting in the

gradual weaning of the patient from the HLM. The surgeons conclude the

surgery by removing the cannulas and closing the chest.

Figure 3. Cannulas for cardiopulmonary bypass established, CPB in full flow rate and the
ascending aorta is about to be cross clamped. Photo courtesy of Dr. Martin Silverborn,
Sahlgrenska University hospital, Gothenburg.

1.4 Hardware in extracorporeal circulation

Advancements in heart-lung machine hardware and associated components
have significantly lowered the occurrence of complications during CPB.
Clinical perfusionists can now actively monitor the body's metabolic
demands, allowing for proactive interventions to ensure sufficient organ
perfusion, oxygen supply, and anticoagulation. There are substantial evidence

supporting improved outcomes due to these advancements’.
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1.4.1 Cannulas

Cannulas establish the connection between the patient and the HLM. Cannula
size is measured in French (Fr), with the size gauged by its outer diameter.
Cannulas are mostly constructed from polyvinyl chloride (PVC) and are
sometimes, depending on purpose, wire-reinforced to prevent kinking. The
size of the arterial cannula for adult use usually range between 17-24 Fr, and
when placed in the aorta ascendence, it could either be a straight malleable
cannula or a stiff cannula with a curved tip. The selected size for the arterial
cannula depends on the required pump flow. The higher the flow, the larger
the cannula. The pressure drop across the cannula should be minimized to
reduce the risk of harm to the aortic wall caused by a forceful and concentrated
jet stream of blood flowing through a restricted opening''. The venous
cannulas are larger in diameter, typically 24-40 Fr and placed depending on
the surgical procedure. The two main options for venous cannulation are
bicaval cannulation and dual-stage cannulation. Bicaval cannulation is often
used in mitral valve repairs, and involves the use of two malleable cannulas,
one cannula inserted into the superior vena cava and one cannula inserted in
the inferior vena cava, both cannulas joined together with a Y-connector to
the venous tubing. The second option, often used in coronary artery bypass
grafting (CABG) or aortic valve replacement, employs a single dual-stage
cannula, inserted into the right atrium, facilitating the drainage of blood from
both the superior and the inferior vena cava. Venous blood is drained through
gravity to the venous reservoir. The option to apply vacuum allows for either

enhanced drainage or the flexibility to downsize the venous cannula’’.

1.4.2 Tubing

Most of the tubing in the CPB circuit is made of phthalate-free PVC, selected

for its durability and resistance to tearing. For certain components of the
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circuit, as in the roller pump house, silicone is used due to its compressibility,
enabling the roller pump to effectively move the blood forward. The diameter
of the tubing is measured in inches. For adults undergoing CPB, the venous
tubing has a diameter of 3/8 or 1/2 inch, and the arterial line is typically 3/8
inch'> 3. The interaction of blood with the CPB circuit triggers a systemic
inflammatory and coagulation response, and this reaction may potentially be
reduced by applying biocompatible coating to the tubing, such as ionic or
covalent heparin. For this reason, the tubing can be either coated or non-

coated’.

1.4.3 Reservoir

The reservoir serves as a large mixing chamber for drained venous blood,
mediastinal blood from the cardiotomy suckers and blood from the venting
lines. Before it enters the reservoir, the blood undergoes defoaming filtration,
to eliminate foam and bubble formation. Filters also segregate blood from
debris, including fat, bone particles and clotting components. Drugs and fluids

necessary for the perfusion are added to the reservoir’.

1.4.4 Pump

During CPB, there is the option of either a centrifugal or roller pump. At
Sahlgrenska University hospital the roller pump is used during CPB. The
roller pump has a rotating arm with two rollers that compress a section of the
silicone tubing to generate a forward flow of the blood. The roller pump is not
afterload sensitive and do not decrease in pump flow if there is an increase in
resistance. A centrifugal pump consists of an impeller, a rotating disc with
blades. As the impeller spins rapidly within the pump housing, it generates a

centrifugal force moving the blood outward creating positive pressure,
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propelling the blood through the pump and forward. The centrifugal pump is

afterload sensitive and decreases in forward flow if the resistance increase’’

1.4.5 Oxygenator

In the CPB system, a microporous polypropylene hollow fiber membrane
oxygenator, facilitates gas exchange. The blood flows external of the fiber,
while gas traverse within the fiber. Because of effective diffusion resulting
from the microporous characteristics of the membrane, oxygen is introduced
to the blood and carbon dioxide is removed without the mixture of blood and
gas'" " Integrated in the oxygenator is an arterial filter, which is
recommended as a standard practice, and leads to a decreased embolic burden

to the patient' '°.

1.4.6 Heater-cooler unit

The heater-cooler unit (HCU) is an essential part of the CPB. Tubing from the
HCU is connected to the oxygenator. In normothermic CPB the HCU
maintains the patient’s body temperature and facilitates effective cooling and
warming during deep hypothermic circulatory arrest. Further, the HCU is also
used to cool the cardioplegia. This is accomplished by circulating water at a
specific temperature around the fibers of the oxygenator and the coils of the

cardioplegia system’.

1.5 Conduct of extracorporeal circulation

1.5.1 Prime

The CPB circuit is primed before being connected to the patient. This must be
done meticulously to eliminate all air before proceeding with CPB.

Administration of priming solutions results in hemodilution, potentially
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influencing the coagulation and causing fluid extravasation into the tissues'’.
Consensus on the ideal priming solution is lacking. However, recent survey
findings indicate that crystalloids are the favored choice for priming solutions
in European centers'®, including Sahlgrenska University hospital, where the
priming volume for heart surgery contains 1300 mL of Ringer-Acetate, and
700 mL (500 mL Ringer-Acetate, 100 mL Tribonate and 100 mL Albumin)
for isolated limb perfusion (ILP). In a small sized patient, the hemodilution of
the priming solution will substantially lower the hematocrit. In those cases,
retrograde autologous priming (RAP) of the CPB circuit has been shown to
decrease the need for allogeneic blood transfusions'®. RAP diminishes
hemodilution by allowing passive exsanguination of arterial and venous lines
before initiating CPB, allowing the patient’s blood to displace the priming
solution from the circuit. This may reduce the prime volume with
approximately 500 mL, but its effectiveness is dependent on the patient’s

hemodynamic management.

1.5.2 Anticoagulation

Heparin is utilized as the anticoagulant to prevent clotting of the blood within
the ECC circuit. The administration of heparin is individualized based on the
procedure, the patient’s medical story and weight, typically 300-400 units per
kilogram. Activated clotting time (ACT) is closely monitored throughout the
procedure, with a target range usually of > 480 seconds before initiating CPB
and maintaining this during CPB, with the goal to achieve sufficient
anticoagulation to prevent clot formation while balancing the risk of bleeding.
At the conclusion of CPB, the anticoagulant effect is reversed using protamine
sulfate to restore normal clotting function and minimize the risk for bleeding

postoperative’.
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1.5.3 Pump flow management

The desired pump flow during CPB has traditionally been calculated based on
body surface area (BSA) and modified based on the temperature selected for
the procedure. In a normothermic context, the pump flow is typically set
within the range of 2.2 — 2.8L/min/m?. However, depending solely on the BSA
method have limitations as it may not adequately ensure the delivery of
sufficient oxygen, for instance in individuals with obesity or low hematocrit®.
Recent research advocate increasingly for the goal to maintain an indexed
oxygen delivery (DO»i) > 330 ml/min/m* at 36 °C during CPB to more

effectively meet the metabolic requirements?' %

, and a meta-analysis showed
a reduction in the length of hospital stay when using goal-directed perfusion

(GDP)*,

1.5.4 Goal-directed perfusion

The strategi of GDP has gained popularity worldwide and is recommended in
both US* and European’ guidelines. In modern HLMs, values for DOi,
indexed oxygen consumption (VO,i) and oxygen extraction ratio (O,ER) are
continuously displayed. This enhances the perfusionist’s capability to

optimize the pump flow in accordance with the patient’s metabolic demands.

1.5.5 Body surface area

The most frequently used formula for calculating body surface area is the Du
Bois formula, which was introduced in 1916%, and is the formula used in this

thesis. The formula is as follows:
BSA (m?) = height®’*(cm) x weight”**(kg) x 71.84/10 000

This formula is integrated into the data program for the ECC and is

automatically calculated when height and weight are entered. For a quick
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approximation of BSA in acute situations, the simple formula; height + weight

— 60/ 100 is often used.

For calculation of the extremity surface area, the patient’s limb circumference
was measured at every 5 cm, and the mean circumference was then multiplied
with the length of the leg/arm. For a quick approximation of extremity surface
area, a leg estimates 18% and an arm 9% of total BSA according to Wallace

Rule of Nine?

1.5.6 Mean arterial pressure

The ideal mean arterial pressure (MAP) for ensuring sufficient tissue
perfusion during CPB remains undetermined®’. Specifically, uncertainty exist
regarding the lower limit of a safe perfusion pressure, with some researchers
recommending lower levels (40-50 mmHg) and others advocating for higher
levels (70-80 mmHg)®* ?°. Clinicians commonly aim to sustain a MAP
between 50-70 mmHg for the majority of adult patients, based on data

supporting it as the lower limit of cerebral autoregulation®.

1.5.7 Oxygen demand

The oxygen demand is determined by the oxygen consumption. The
consumption of oxygen (VOy) is regulated by tissue metabolism, maintaining
a standard DO,:VO; ratio of 5:1. The resulting saturation of mixed venous
oxygen (SvO) is dependent on this ratio. When there is a moderate decrease
in systemic DO without a corresponding change in VO,, each deciliter of
arterial blood draws more oxygen, resulting in a decrease in SvO,. A
significant reduction in DO, leads to insufficient oxygen supply for metabolic
needs, initiating anaerobic metabolism and causing lactic acidosis. This
situation typically occurs when the DO,:VO, ratio drops below 2:1.

Consequently, effective management aims to sustain DO, at least double the
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VO,, preferably five times. Mixed venous oxygen saturation (SvO;) plays a
crucial role in monitoring and controlling CPB pump flow, as it accurately
reflects the ratio of oxygen consumption (VO,) to oxygen delivery (DO), also

known as oxygen extraction ratio (O,ER)*".

1.5.7.1  Oxygen delivery

DO; represents the quantity of oxygen supplied to the tissues per minute,
calculated as the product of arterial oxygen content (CaO) multiplied with
cardiac output. Oxygen is found in the blood in two forms: dissolved in the
plasma (about 2%) and bound to hemoglobin (Hb) within red blood cells
(about 98%). The mathematical formulas used to determine DO in a patient

undergoing CPB are as follow*:

DO; = (Ca02) x pump flow (Q) L/min

Ca0; = 1.36 x Hb (g/L) x Sa02 (%) x 0.01 + PaO2 x 0.23

Where: 1.36 mL is the volume of oxygen carried by 1 g of 100%
saturated hemoglobin and PaO2 x 0.23 is the oxygen dissolved in 1L
of plasma*?. The amount of DO calculated from the formula is then

divided with body surface area for DOzi.

1.5.7.2  Oxygen consumption

The total oxygen consumption (VO3) by different organs is the combined
amount of oxygen they utilize. This can be directly measured or calculated
based on pump flow (Q) L/min and arterial and venous content in the blood.
The mathematical formulas used to determine VO, in a patient undergoing

CPB are as follow>*:
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VO, = Q x (Ca0; — CvOy)

CvO; = 1.36 x Hb (g/L) x SvO2 (%) x 0.01 + PvO2 x 0.23

The amount of VO2 calculated from the formula is then divided with body

surface area for VO2i.

1.5.7.3 Oxygen extraction ratio

The O2ER is defined by the amount of oxygen consumed (VO.) by tissues, as
blood circulate through the body, expressed as a fraction of (DO,). It indicates
the difference in oxygen content between arterial blood entering the tissues
and venous blood leaving the tissues. The mathematical formula used to

determine O>ER in a patient undergoing CPB are as follow™?:

0:ER = V0,/DO;

1.6 Monitoring

The cornerstone of a perfusionist’s patient care lies in monitoring
physiological patient parameters and CPB performance parameters. While it
is straightforward and common practice to monitor fundamental factors such
as arterial blood pressure, pump flow, and blood gas analysis, there are
technologies that offer a more comprehensive understanding of our patient

care practices.
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1.6.1 Acid-base management

Metabolic acidosis, resulting from tissue hypoxia or an electrolyte imbalance,
may increase the risk of tissue injury and organ dysfunction during and after
CPB. Blood gas analyses are conducted on regular intervals with alpha-stat
strategy (samples analyzed at 37 °C)*?, during routine and normothermic CPB,
but are continuously monitored on complicated cases, and with pH-stat

strategy (analyzes the samples on actual temperature)* on hypothermic cases.

1.6.2 Lactate

In aerobic conditions, energy is produced by breaking down glucose into
pyruvate though glycolysis. Pyruvate enters the cell mitochondria where it is
converted into more energy by cellular respiration. In anaerobic conditions,
pyruvate gets converted to lactate instead of going into cellular respiration.
Lactate production increases when the demand for energy and oxygen exceeds
the supply. Lactate is commonly perceived as a waste product, yet it serves as
a valuable energy source. Lactate is transported through the bloodstream to
organs with higher oxygen levels and undergoes recycling via the Cori cycle.
Through this process, lactate is converted back into pyruvate, and through
gluconeogenesis, glucose is synthesized. This glucose acts as a vital fuel
source for tissues during periods of heightened energy demand**. When
hypoxia persists over a prolonged period, lactate levels in the body continue
to rise. With ongoing hypoxia, the demand for energy is still high, leading to
increased glycolysis and lactate production®*. Lactate levels are closely
monitored to evaluate the adequacy of oxygen delivery during procedures

involving ECC.
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1.6.3 Near-infrared spectroscopy

In 1977, J6bsis initially introduced the potential use of infrared spectroscopy
as a real-time, non-invasive, continuous measurement tool for tissue oxygen
saturation (rSO,)*’. Near-infrared spectroscopy (NIRS) assesses mean tissue
oxygen saturation, representing hemoglobin saturation in a combination of
venous, capillary, and arterial blood. The average tissue hemoglobin is
biologically distributed with an arterial/venous ratio of approximately 25:75,
a pattern consistent across normoxia, hypoxia, and hypocapnia®® *’.
Consequently, the NIRS signal predominantly reflects tissue venous oxygen
saturation. Research has shown that NIRS, in addition to cerebral oxygen
monitoring, can serve as a non-invasive method for measuring muscular
oxygenation, allowing the detection of skeletal muscle ischemia in extremities
and other peripheral tissues***!. At Sahlgrenska University hospital, NIRS is
routinely used in complex procedures during CPB and serves as a non-

invasive complement for measuring extremity oxygenation during isolated

limb perfusion.

1.7 Isolated limb perfusion

Isolated limb perfusion (ILP) is a regional cancer treatment option primarily
for patients with melanoma and sarcoma localized to an extremity (leg or
arm). The ILP technique was first introduced by Creech and Krementz in
1958, It is performed by surgical isolation of the extremity where the blood
circulation of the extremity is connected to an ECC. A high dose of
chemotherapy is then administered to the isolated extremity while minimizing
the systemic exposure and associated toxicity. ILP has proven to be effective
and safe with a an overall response rate (ORR) of 80 %*** for patients with

melanoma, with low rates of regional and systemic toxicity™®.
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ILP is a recommended treatment for patients with melanoma in-transit
metastasis, which has spread from its primary tumor throughout the
intradermal and subcutaneous lymphatic channels, linking the primary site to
the nearby lymph nodes. When dealing with a limited number of removable
lesions, it is recommended to perform a straightforward surgical excision®.
But for patients with unresectable in-transit metastases, like multiple, bulky,
or rapidly recurring metastases, ILP is a recommended treatment. The primary
goal of the treatment is to establish regional control and minimize the risk for

cancer recurrence*’.

Sahlgrenska University hospital is the only center offering this treatment in
Sweden and is also an international referral center, and approximately 20-25

ILP’s are performed annually.

T

Figure 4. Melanoma in-transit metastases on upper thigh of the lefi leg. Photo courtesy of
Roger Olofsson Bagge. Patient consent given for publication.

INTRODUCTION 35



Oxygen demand and neuronal biomarker release during extracorporeal circulation

1.7.1 Malignant melanoma

Melanoma is a malignancy originating from melanocytes, the pigment-
producing cells situated within the basal layer of the epidermis. Melanin
produced by these cells absorbs harmful ultraviolet (UV) radiation. Exposure
to UV radiation can trigger deoxyribonucleic acid (DNA) damage within skin
cells, usually addressed by cellular repair mechanisms. However, deficiencies
in these repair processes, whether originating from genetic factors or
environmental influences, can ultimately result in the development of invasive
melanoma*” **. Worldwide cancer statistics indicated approximately 325 000
new patients with melanoma and 57 000 deaths due to melanoma in the year

2020%. In Sweden, approximately 4 500 individuals are diagnosed with

melanoma each year, leading to approximately 500 deaths annually®’.

o ;“:E!\

Figure 5. ILP about to start on bulky tumor of malignant melanoma with in-transit metastasis
in right arm. Photo: Anna Corderfeldt Keiller, Sahlgrenska University hospital, Gothenburg.
Patient consent given for publication.

1.7.2 Technique of ILP

L S

In the context of performing ILP on a leg, the procedure is most often done by
a femoral approach, involving the dissection and cannulation of the
corresponding artery and vein. For arms, the brachial artery and vein is most

commonly used. To achieve complete limb isolation, the remaining collateral
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vessels are compressed using an Esmarch rubber band. The cannulas are then
connected to tubings from the ECC, and the perfusion is started. The total
perfusion time is approximately 90 minutes, consisting of a 30-minute
warming phase (raising ingoing blood to 40 °C), a 20-minute chemotherapy
administration, and an additional 40 minutes for the circulation of the
chemotherapy, resulting in a total of 60 minutes for the circulation of the
chemotherapy. Throughout this process, the tissue temperature is maintained
at 40°C and measured through thermistors at two different locations in the
limb. At the end of the perfusion, the limb is irrigated with 3000 mL of
Ringer's acetate solution to remove any chemotherapy before the circulation

is restored’’.

Figure 6. Schematic representation of vascular access for ILP. Photo courtesy of Dr. Roger
Olofsson Bagge, Sahlgrenska University hospital, Gothenburg
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Figure 7. Femoral arterial- and venous cannulation approach combined with mechanical
isolation of collaterals, left leg ILP. Photo: Photo courtesy of Dr. Roger Olofsson Bagge,
Sahlgrenska University hospital, Gothenburg. Patient consent given for publication.

1.7.3 Chemotherapy used in ILP

Chemotherapeutic agents are grouped based on their mechanisms of action
and the specific cellular processes they target. For ILP, the alkylating agent
melphalan is most commonly used, and in some patients, it is also combined

with the cytokine tumor necrosis factor-alpha (TNF-a)".

1.7.3.1  Melphalan

Melphalan is an antineoplastic agent that functions as a bifunctional alkylating
agent that attaches to the DNA molecules of cells, causing damage by
preventing the separation of DNA strands and inhibiting cell division. This
interference with DNA structure prevents replication, ultimately leading to the
destruction of rapidly dividing cells’>. The most commonly used dose of
melphalan for ILP is 13mg/L limb volume in upper limb, and 10mg/L limb

volume in lower limb¥. Systemic side effects in the event of leakage include
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bone marrow suppression, which may result in fever, nausea, vomiting and

diarrhea, as well as anemia, leukopenia, and thrombocytopenia®> >,

1.7.3.2  Tumor necrosis factor alpha

TNF-a is a versatile cytokine with important roles in cell survival, apoptosis,
inflammation, and the immune system. It serves as a key mediator, for
instance, in septic shock®. TNF-o is also able to trigger leakage of
erythrocytes and lymphocytes, resulting in hemorrhagic necrosis®®. It
increases permeability and damages the vascular lining on tumor-associated
blood vessels. Consequently, this leads to an indirect effect with an increase
in concentration of melphalan within the tumor, but also to a direct effect with
destruction of tumor blood vessels™. This direct and indirect antitumor effect
of systemically administered TNF-a in patients with cancer have proven
ineffective due to dose-limiting toxicity at lower concentrations than required
for antitumor effects. However, the concentrations needed can be
administrated during ILP>".It has been shown that TNF-a works
synergistically with chemotherapeutic drugs significantly enhancing response
rates when combined with melphalan, especially for patients with sarcoma and
bulky tumors®”*®. At Sahlgrenska University hospital, we currently use TNF-
a (1mg) in combination with melphalan for ILP procedures treating sarcomas,

repeated procedures, and ILPs targeting bulky tumors®’.

1.7.4 Leakage monitoring

A significant concern during ILP is the risk of inadequate limb isolation,
resulting in the leakage of cytostatic agents into the systemic circulation.
Achieving total isolation of the limb is not always feasible due to anatomical
variations, arteriosclerosis, and technical obsticals®. As an example, leakage

through veins in the bone marrow during ILP has been showed to occur®.
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Consequently, systemic leakage may sometimes be inevitable, therefore,
monitoring is crucial and is often performed using a technique with
radioactively labelled albumin. The highest permissible threshold for leakage
is considered to be 10%, as exceeding this limit may result in systemic toxicity
due to the elevated levels of cytostatic agents™. A minor calibration dose (10
MBq) of technetium-99m labeled human serum albumin is systemically
administered to the patient, and a precordial scintillation probe is positioned
over the heart and calibrated. Following rigorously isolation of the extremity
and the initiation of ECC, with stable circulation and no apparent leakage, a
tenfold dose (100 MBq) of technetium-99m labeled human serum albumin is
administrated into the extremity/ECC circuit®'. Detection of undesired leakage
from the ILP circuit into the systemic circulation is achieved by observing an
elevation in the radioactive counts. The extent of this leakage is measured and
presented as a percentage, along with a display of the remaining time until the
leakage reaches 10%. Leakage can also be monitored, though not as precisely,
by observing the volume level in the venous reservoir, and this we mainly use

to monitor leakage of blood from the systemic circulation to the perfusion

10 MBq
Mg,
9
& A%mk

Figure 8. Leakage monitoring during ILP. Precordial scintillation probe placed over the heart,
calibrated with small dose (10MBq) technetium-99m labeled human serum albumin in the
systemic circulation, detecting potential leakage from the extremity (which is injected with the
big dose of 100MBgq) to the systemic circulation. Photo: Produced by Anna Corderfeldt Keiller.

circuit.
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1.7.5 Toxicity

Regional toxicity is a frequently encountered side effect of ILP, appearing in
varying degrees of severity in the treated limb. However, severe regional
toxicities are relatively infrequent®’. The most dominating side effects include
erythema, edema, blister formation, nail shedding, and a tingling sensation in
the skin. These symptoms typically arise between two and five days following
the perfusion, reaching their peak around 20 days later, and then gradually
diminish after approximately two to three months®*®. While severe reactions
are rare, potential reactions include extensive epidermolysis, compartment
syndrome, reactions necessitating amputation, and in some instances severe
and irreversible paresis has also been documented®. Predictive factors for
regional toxicity include high doses of melphalan, longer perfusion time (120
vs. 90 minutes), advanced age, higher perfusion temperature (> 40°C), and

being female®* .

1.7.6 Wieberdink grading

The Wieberdink grading system is commonly used to assess regional toxicity
after ILP. Originating from research in the early 1980s, this grading system
aimed to determine the optimal dose of cytostatic agents during ILP by
evaluating the balance between treatment response and associated side effects.
The optimal dosage of a cytostatic drug was defined as the highest amount
tolerated with an acceptable level of risk®’. Research on regional toxicity
following ILP reveals that about 3% of treated patients have a severe reaction
with lasting effects (grade IV-V), whereas nearly 80% of patients are

evaluated to have mild to moderate reactions (grade II-I1T)%*.
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Grade | No subjective or objective evidence of reaction

Grade II Slight erythema and/or edema

Considerable erythema and/or edema with some blistering;

Grade III Slightly disturbed motility

Extensive epidermolysis and/or obvious damage to the deep tissue
Grade IV causing definite functional disturbances; threatening or manifest
compartment syndrome

Grade V Severe reaction which may necessitate amputation

Table 1. Acute regional toxicity grading system, according to Wieberdink et al.%

1.7.7 Cancer treatment response

Clinical response after ILP is evaluated at 3 months follow-up using the WHO
criteria for reporting results of cancer treatment®. The definition of complete
response (CR) is when no lesions are clinically detectable. Partial response
(PR) is characterized by a clinical reduction exceeding 50% in the total tumor
burden measured by the number of lesions or their diameter. A progressive
disease (PD) is defined by either an increase in lesions of more than 25% or

the appearance of new lesions. Stable disease (SD) is characterized by the

absence of meeting any of the criteria above. Overall response (ORR) is CR

and PR together®.

Figure 9. A patient with a bulky melanoma tumor on the left leg. Tumor before ILP (lefi) and 6
weeks afier ILP treatment (right). Photo courtesy of Dr. Jan Mattsson, Sahlgrenska University
hospital, Gothenburg. Patient consent given for publication.
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1.8 Heart surgery, CPB and the brain

Postoperative neurological side effects became a concern soon after the heart-
lung machine's introduction in the 1950s. Despite successful surgeries, some
patients experienced impaired cognitive function. These side effects ranged
from severe outcomes like stroke or coma to milder forms such as delirium

and neurocognitive decline®

Procedures that involve opening the heart, like aortic or mitral valve
replacements, are considered to carry an increased risk of neurological impact
compared to coronary artery bypass grafting (CABG). The elevated risk is
linked to a higher probability of embolization arising from vegetations,
thrombi, and the formation of gaseous bubbles during surgery®.
Approximately 60% of patients undergoing cardiac surgery experience early
cognitive dysfunction or deliritum within the first week, often linked to
perioperative medications like narcotics, benzodiazepines, or anesthetics.
Despite this, after 12 months, 20-40% may still show persistent cognitive

decline™.

Approximately 3% of patients experience serious perioperative neurological
injuries, such as stroke, transient ischemic attack, or coma after heart surgery.
Risk factors include age, the presence of vascular disease, and diabetes.
Neurological events after surgery are also significantly more common in
women than in men, as well as an increased 30-day mortality compared to
men’'. Despite patients being older and more medically compromised at the
time of surgery, the incidence of surgical-related deaths during heart surgery

is decreasing’® 2.
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1.8.1 Etiology of postoperative cognitive decline

The cognitive decline observed after heart surgery with CPB is believed to be
a multifactorial phenomenon with various contributing factors, some of which
still present an unresolved challenge. Hypoperfusion, hypooxygenation, and
cerebral embolism involving clots, air, or fragments leading to small infarcts
are all potential causes during CPB, adversely affecting the brain”.
Additionally, CPB triggers a substantial systemic inflammatory response due
to blood interaction with foreign surfaces within the circuit. The surgical
trauma itself causes tissue damage, leading to the release of inflammatory
mediators which further exacerbates the inflammatory response. Upon this,
the organ ischemia/reperfusion cause additional tissue damage and trigger
inflammation. Collectively, these processes promote the activation of the
complement cascade and pro-inflammatory mediators’*’®. Together, this
inflammatory response can lead to the disruption of tight junctions in the
blood-brain barrier (BBB), increasing permeability and following
neuroinflammation’’. In a considerable number of patients, these conditions
progress to a systemic inflammatory response syndrome marked by fever,
organ dysfunction, and cardiovascular instability” as well as cytokine-
induced sickness behavior such as difficulty concentrating, depression and
lethargy’®. This response is the body's attempt to maintain a stable internal
environment and facilitate healing despite the trauma induced by thoracic
surgery and CPB. However, in severe immunological reactions, this may lead

to cognitive impairment”

. The complex interaction of these mechanisms
highlights the intricate nature of cognitive outcomes in cardiac surgery with

CPB.
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1.9 Biomarkers

A biomarker is defined as a “characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathogenic processes
or pharmacological responses to a therapeutic intervention”®. The optimal
biomarker is specific to the disease, not present in healthy individuals or other
diseases. It captures a crucial aspect of the disease, reflects its severity,
predicts prognosis, and indicates treatment effectiveness through changes in
concentration®'. Ideally, the biomarker should demonstrate feasibility in terms

of both collection and analysis, while remaining cost-effective’.

1.9.1 Neuronal biomarkers

Biomarkers indicating central nervous system (CNS) injury emerge following
damage to neurons and glial cells. Neuronal biomarkers can be measured in
various matrices, including cerebrospinal fluid (CSF) and blood. The
biomarkers can enter the bloodstream through two mechanisms: a local
increase in concentration within the CNS, facilitating molecular diffusion
across the BBB into systemic circulation, or through BBB disruption, allowing
unregulated passage of these substances into the bloodstream®. In the domain
of cardiac surgery and postoperative decline, several biomarkers have
garnered attention. These include the S100B protein, neuron-specific enolase,
glial fibrillary acidic protein (GFAP), tau protein, metalloproteases, ubiquitin
C-terminal hydroxylase-L 1, and neurofilaments, foremost neurofilament light
(NfL)™. The increase in neurological biomarkers in plasma after surgery

suggests that a neuronal injury has taken place®.
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1.9.1.1  Neurofilament light

Neurofilament light chain (NfL) is a biomarker of injury to large caliber
myelinated axons® and is a neuronal cytoplasmic protein providing structural
stability to neurons. During normal conditions, it's released in small amounts,
increasing as age advances. Increased levels of NfL in both CSF and blood are
associated with the degree of axonal damage observed in a range of
neurological conditions, including inflammatory, neurodegenerative,
traumatic, and cerebrovascular diseases®”. Axons in the peripheral nervous
system also release NfL upon damage, observed in conditions like vasculitis
and neuropathies such as Guillain-Barré®® 8. As the most abundant and
soluble subunit of neurofilaments, NfL is reliably measurable in CSF and
blood. NfL levels peak 7-10 days after neuroaxonal injury and gradually return
to baseline between 200-400 days*®.

1.9.1.2 Total tau

Total tau is a biomarker of injury to thin nonmyelinated axons™. It serves as a
crucial microtubule-associated protein, playing an important role in stabilizing
the axonal cytoskeleton and aiding in the transport of vesicles within neuronal
synapses® as well as in maintaining axonal integrity®’. Notably, increased t-
tau levels have been observed in patients with cognitive impairment following
cardiopulmonary revascularization, suggesting a potential correlation between
increase in biomarkers associated with cognitive decline after heart surgery
and those seen in Alzheimer’s disease’. Elevated t-tau levels in plasma have
also been identified in patients with peripheral nerve diseases such as
inflammatory polyneuropathies®’. T-tau exhibits a rapid increase within an
hour after neuroaxonal injury and has a blood half-life of approximately 10
hours’'. Phosphorylated tau (p-tau217) represents a specific form of tau

protein consisting of 217 amino acids. It demonstrates promising levels of

46



Anna Corderfeldt Keiller

diagnostic accuracy and sensitivity, positioning it as one of the most promising

emerging biomarkers for Alzheimer's disease®.
1.9.1.3 Glial fibrillary acidic protein

GFAP is the primary intermediate filament protein in mature astrocytes,
essential for maintaining the structural integrity and resilience of the astrocyte
cytoskeleton”. Injury to astroglial cells may lead to release of GFAP
extracellular due to astrogliosis by proliferation and/or hypertrophy™. GFAP
participates in crucial CNS processes, including cell motility and migration®*
% and is a biomarker highly expressed in neuroinflammation®®. Unlike NfL
and tau, which serve as biomarkers for axonal injury in both central and
peripheral nerves, GFAP is an astrocytic protein with specific expression in
the CNS. It acts as a traditional neuronal marker that exhibits stronger
expression in the elderly brain and becomes activated in response to brain
trauma or CNS degeneration”. After injury, GFAP reaches its peak at 20

hours and gradually decreases over the subsequent 72 hours®’.
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Figure 10. lllustrating a neuron showing expression sites of neuronal biomarkers following
injury. Photo with permission from Springer Nature®?.

1.9.2 Single molecule array

Single Molecule Array (Simoa) is an advanced ultrasensitive technology for
biomarker analysis. It has a high analytical sensitivity, allowing precise
quantification of various biomarkers in blood across the range observed in
diseases and physiological conditions. This technology has also shown a
strong correlation between blood and CSF levels for the neuronal biomarkers
studied in this thesis, eliminating the necessity for CSF collection via lumbar
puncture”'%, Simoa is based on digital immunoassays and works by trapping
individual molecules and measuring them one by one, providing enhanced
sensitivity compared to traditional immunoassays. It has been applied in
various research areas, including neuroscience, to detect biomarkers
associated with neurodegenerative diseases, traumatic brain injury, and other

neurological conditions'®!
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Figure 11. Anna Corderfeldt Keiller and main supervisor Roger Olofsson Bagge during an
Isolated limb perfusion procedure. Photo courtesy of Roger Olofsson Bagge.
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2 AIM

The overall aim of this thesis was to explore physiological responses and

alternative approaches in extracorporeal circulation to increase understanding

of procedure related side effects. The thesis is based on four studies, each of

which are designed and conducted with the intention of providing new

physiological insights and refine perfusion techniques, ultimately leading to

enhanced patient outcomes.
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1L

III.

IV.

To investigate the possibility of replacing an erythrocyte-based prime
solution with a crystalloid-based prime solution without a negative
effect on oxygen delivery to the tissues during isolated limb perfusion.

To measure and describe oxygen metabolism, specifically oxygen
delivery, consumption, and extraction, in an isolated extremity during
isolated limb perfusion. Secondly, to investigate whether invasive
oxygenation measurement during ILP correlates to non-invasive near-
infrared spectroscopy.

To investigate if neuronal biomarkers are measurable and altered in
an isolated extremity during isolated limb perfusion. Secondly, to
correlate postoperative regional toxicity, sensitivity, and muscle
strength with the biomarker levels.

To evaluate the effect of a high or a standard cardiopulmonary bypass
flow rate on biomarker release patterns associated with brain injury in
patients undergoing heart surgery. Secondly, to compare the rate of
postoperative delirium between these groups. Thirdly, to investigate
the relationship between age, sex, cardiopulmonary bypass time, non-
invasive near-infrared spectroscopy, oxygen delivery, and oxygen
extraction with the level of biomarkers.

AIM
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3 PATIENTS AND METHODS

Recruiting patients for clinical studies can be a challenging task, especially
during pandemics and when involving patients undergoing invasive
procedures, especially the relatively rarely conducted ILP procedures. The
common denominator has therefore been the lengthy recruitment period. A
heartfelt and humble thank you, to all the patients who chose to participate in

the studies and contributed to the research results and new insights.

3.1 Overview

‘ . Number Outcome
Paper | Study design Subjects included measure
Randomized )
I controlled trial -t patients 21 Lactate level
1 Explorative study ILP patients 39 Oxygen
parameters
Il |Feasibility trial  ILP patients 1 Neuronal
biomarkers
v Randomized Cardiac surgery 40 Neuronal
controlled trial  patients biomarkers

Table 2. Overview of papers included in the thesis. ILP: Isolated limb perfusion.

3.2 Paper |

3.2.1 Study design

Paper I was a single-center, non-blinded, non-inferiority, randomized
controlled clinical trial. The study protocol was reviewed and approved by the
Regional ethical board in Gothenburg, Sweden, in March 2017 (protocol
number: 1145-16), and registered at ClinicalTrials.gov (id: NCT03073304).
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3.2.2 Inclusion, exclusion criteria

Patients scheduled for ILP at Sahlgrenska University hospital were screened.
Twenty-two patients were assessed for eligibility. Inclusion criteria were
patients scheduled for ILP, age >18 years and written informed consent. After
providing oral and written information, 21 patients accepted to participate and
were randomized into two groups, either to the control group (erythrocyte-
based prime solution) or to the intervention group (crystalloid-based prime

solution).

3.2.3 Experimental protocol

A schematic of the experimental protocol is presented in Figure 12. In the
control group the priming solution contained a total of 700 mL, divided into
250 mL of Ringer-acetate, 250 mL packed red blood cells, 100 ml Tribonat,
100 ml Albumin 200g/L and 2500 U heparin. In the intervention group the
priming solution contained a total of 700 mL, divided into 500 mL of Ringer-
acetate, 100 ml Tribonat, 100 ml Albumin 200g/L and 2500 U heparin.
Samples were taken from the prime solutions in both groups before ECC start
for a lactate baseline value. NIRS for regional oxygenation was measured on
both extremities on the lateral side of tibia from anesthesia induction until 10
minutes after the extremity isolation was released. Blood gases were
continuously measured and monitored from both the arterial- and venous line
(Terumo CDI 500) during ECC along with continuously measured
hemodynamics. In addition, blood gas samples were drawn from radial artery,
ECC (venous and arterial), and by puncture of femoral vein, as shown in
Figure 12. Samples were analyzed with the [-STAT system (Abbott,
Princeton, NJ, USA). Apart from the description of interventions performed,
patient care, anesthesia, surgery, and postoperative care were conducted

following standard clinical procedures.
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10 min after
resumed system

Anesthesia Smin  Start of cytostatic circulation
i i on ECC infusion 3.month  l-year
induction Pre perfusion Before rinsing follow up follow up
v v ECC v i ' Il
4 4 . 4 4 4 4
Samples and 1 | 1 1
Bloodgas  Bloodgas Treatment 1-year
Arterial Arterial Arterial Arterial Arterial Arterial response  survival
(radial) (ECC) (ECC) (ECC) (radial) rate
Venous Venous Venous Venous Venous Local
(femoral) (ECC) (ECC) (ECC) (Femoral) toxicity

Perfusate

Figure 12. Flowchart of blood sampling and assessments during study I. ECC: extracorporeal
circulation.

3.2.4 Outcome measures

The main outcome measure was the lactate level during ILP. Additionally, we
assessed regional central venous oxygen saturation, arterial saturation, DOs,
VO,, O:ER, as well as response rate, regional toxicity, complications, and 1-

year survival as secondary outcome measures.

3.3 Paperll

3.3.1 Study design

Paper II was a prospective explorative study derived from paper I and III.
Approved by the Regional Ethical Board in Gothenburg, Sweden, in March
2017 (protocol number: 1145-16), and registered at ClinicalTrials.gov (id:
NCTO03073304) and the Swedish Ethical Board, Sweden in march 2019

(protocol number: 2019-01046) and registered at ClinicalTrials.gov (id:
NCT04460053).
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3.3.2 Inclusion, exclusion criteria

Patients scheduled for ILP, with written and informed consent, derived from
paper I and III were included in this study. Exclusion criteria were included
patients with a leakage of more than 0 ml blood from the systemic circulation
to the isolated extremity, and a leakage of >10% chemotherapeutic agents
from the extremity to the system circulation. Thirty-nine patients were eligible

for the study and were included.

3.3.3 Experimental protocol

A schematic of the experimental protocol is presented in Figure 13. NIRS for
regional oxygenation was measured on both extremities on the lateral side of
tibia/ulna from anesthesia induction until 10 minutes after the extremity
isolation was released. Blood gas was continuously measured and monitored
from both arterial- and venous line (Terumo CDI 500) during ECC along with
continuously measured hemodynamics. In addition, blood gas samples were
drawn from the radial artery, ECC (venous and arterial), and by puncture of
femoral/brachial vein, shown in Figure 13. Samples were analyzed with the I-
STAT system (Abbott, Princeton, NJ, USA). Apart from the description of
interventions performed, patient care, anesthesia, surgery, and postoperative

care were conducted following standard clinical procedures.
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10 min after
resumed system

Anesthesia Smin  Start of cytostatic
induction Pre perfusion on ECC infusion Before rinsing circulation
v ECC
Included n =39
4
Bloodgas Bloodgas  Bloodgas Bloodgas Bloodgas Bloodgas
Arterial Arterial Arterial Arterial Arterial Arterial
(radial) (ECC) (ECC) (ECC) (radial)
Venous Venous Venous Venous Venous
(femoral/ (ECC) (ECC) (ECC) (Femoral)

brachial)
Perfusate

Figure 13. Flowchart of blood sampling during study II. ECC: extracorporeal circulation.

3.3.4 Oxygen calculations

The ECC pump flow rate (Q) L/min and the data from the blood gas samples

were incorporated into the equation (Figure 14) for calculating CaO,, CvO.,

DO,, VO,, and O,ER. The results were then presented in relation to the surface

area of the extremity for DO»i, VOai.

Ca02= (1.36 x Hb (g/L)) x (Sa02 (%) x 0.01) + (0.23 x PaO2 (kPa))

CvO2=(1.36 x Hb (g/L)) x (Sv02 (%) x 0.01) + (0.23 x PvO2 (kPa))

DO = Q (L/min) x CaO2/BSA #¥remity
VO2' = Q (L/min) x (Ca02-CvO2)/ BSASremity

O2ER = VO2/DO2

Figure 14. Oxygen equation in liter and kilopascal (kPa).
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3.3.5 Outcome measures

The primary outcome was the description of DO,i, VOsi and O;ER during
ILP. The secondary outcome measure was the correlation and agreement
between non-invasive NIRS and invasive muscular oxygenation measurement

in an isolated extremity during ILP.

3.4 Paper lll

3.4.1 Study design

Paper III was a single-center prospective feasibility trial. The study protocol
was reviewed and approved by Swedish Ethical Board (protocol number:
2019-01046) in March 2019. The trial was registered at ClinicalTrials.gov
(NCT04460053). Permission to store blood samples were approved by
Biobank Sverige (document number: PS-0499-5-001).

3.4.2 Inclusion, exclusion criteria

Patients, of age >18 years, scheduled for ILP at Sahlgrenska University
hospital, Gothenburg were eligible for inclusion. After providing oral and
written information and time for consideration, eighteen patients consented in

participating and were included in the study.

3.4.3 Experimental protocol

A schematic of the experimental protocol is presented in Figure 15. Baseline
biomarkers were collected the day before surgery as well as the preoperative
physiotherapist assessment, which also was performed 30 days after surgery.
Near-infrared spectroscopy (NIRS) was placed on the lateral side of the

tibia/ulna, to measure regional oxygenation on both extremities, from
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induction until 10 minutes after the extremity isolation was released. Blood
gases were continuously measured and monitored from both arterial- and
venous line (Terumo CDI 500) during ECC along with continuously measured
hemodynamics. In addition, blood gas samples were drawn from radial artery,
ECC (venous and arterial), and by puncture of femoral/brachial vein. Blood
gas samples were analyzed with the I-STAT system (Abbott, Princeton, NJ,
USA). Apart from the description of interventions performed, patient care,
anesthesia, surgery, and postoperative care were conducted following

standard clinical procedures.

Day before  Anesthesia 5 min Start of cytostatic

surgery induction  Pre perfusion on ECC infusion Before rinsing Day 3 Day 30
postop postop
10 min after
resumed system
circulation
v v v v v HGe v v v
Included n =18 sl “ “ >
’ s s N N N s N 4
Samples and ‘
assessments  Bjomarkers Bloodgas  Bloodgas Bloodgas Bloodgas Bloodgas  Bloodgas Biomarkers Biomarkers
Arterial Arterial Arterial Arterial Arterial Arterial
Physiotherapist (radial) (ECC & systemic  (ECC) (ECC (radial) Physiotherapist
assessment Venous circulation) Venous & systemic  Venous assessment
(femoral/ Venous (ECC) circulation) (Femoral)
brachial) (ECC) Venous Treatment
Perfusate (ECC) response
Biomarkers
ECC circuit & Biomarkers Regional

systemic circulation ECC circuit & toxicity
System circulation

Figure 15. Flowchart of blood sampling and assessments during study 1Il. ECC:
extracorporeal circulation.

3.4.4 Outcome measures

The primary outcome was the level of GFAP, NfL and t-tau during and after
ILP. Secondary outcome was correlations between these biomarker levels and
postoperative regional toxicity measured according to the Wieberdink scale,
alterations in muscle strength measured in Newton meter, sensitivity
alterations manually assessed by physiotherapist with blunt and sharp objects,
measured on a 0-2 grade scale (0 = no sensitivity, 1 = reduced sensitivity, 2 =

full sensitivity).
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3.5 Paper |V

3.5.1 Study design

Paper IV was a sub-study of the single-center, randomized controlled clinical
trial ICAROX2 (Impact of cardiopulmonary bypass flow on renal
oxygenation, blood flow and tubular injury) trial by Wijk et al. The study
protocol was reviewed and approved by the Swedish Ethical Board (protocol
number: 2019-01423) in June 2019, and registered at ClinicalTrials.gov
(NCT04084301). Permission to store blood samples were approved by
Biobank Sverige (document number: PS-0531-5-002).

3.5.2 Inclusion, exclusion criteria

Patients scheduled for elective heart surgery, with an anticipated duration on
cardiopulmonary bypass (CPB) exceeding 60 minutes, underwent eligibility
screening. After receiving oral and written information, a total of 101 patients
in the main study and 40 patients in this sub-study agreed to participate and
were enrolled. Patients were randomized 1:1 to undergo heart surgery with
either a standard CPB target flow rate (2.4L/min/m?) or a high CPB
(2.9L/min/m?) target flow rate. Inclusion criteria were patients >18 years
scheduled for open cardiac surgery with CPB, LVEF >30 %, eGFR >30
ml/min. Exclusion criteria were emergency surgery, advanced grown-up
congenital heart disease corrections, cardiac transplantation, previous cerebral
infarction, verified with computed tomography or magnetic resonance
imaging, body mass index > 32 kg/m?* and the use of hypothermia < 32 °C
during CPB.
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3.5.3 Experimental protocol

A schematic of the experimental protocol is presented in Figure 16. Prior to
anesthetic induction, all patients received NIRS electrodes above the frontal
lobes for measuring cerebral oxygenation. Anesthesia was administered
according to our clinical routine, involving induction with propofol and
fentanyl, followed by sevoflurane-based maintenance, except during CPB
where propofol was used. Patients were continuously hemodynamic
monitored and during ECC arterial blood gas monitoring was performed
continuously (Terumo CDI 500, Ann Arbor, USA). By the CPB patient data
management system Connect manager (LivaNova, Munich, Germany) oxygen
calculations were saved automatically 3 times/minute. Manually drawn blood
gases were analyzed when not on CPB (Siemens rapidPoint 500, Erlangen,

Germany).

Before

anesthesia 5 min 30 min 60 min 30 min 24h 72h
induction on ECC on CPB on CPB post CPB post CPB post CPB
v + CPB '

ion n =40 “ “ =

4 A 4 4

Samples L 1
Bloodgas Bloodgas  Biomarkers Biomarkers

Blood: Blood: Blood:

Arterial Arterial Arterial Arterial Arterial

Venous (ECC) (ECC) (ECC) Venous
Venous Venous Venous

Biomarkers (ECC) (ECC) (ECC) Biomarkers

Biomarkers

Figure 16. Flowchart of blood sampling and assessments during study IV. ECC: extracorporeal
circulation.

3.5.4 Outcome measures

The primary outcome was the release pattern of the neuronal biomarkers

GFAP, NfL, t-tau and p-tau217. As secondary outcome the rate of
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postoperative delirium was evaluated using the Nursing Delirium Screening
Scale (NuDESC), as well as the correlation between age, sex, CPB time,

NIRS, DO»i, O,ER, and biomarker levels.

3.6 Biomarker analysis (paper Ill-1V)

Blood samples were collected in ethylenediaminetetraacetic acid (EDTA)
tubes for plasma extraction and centrifuged within 20—60 minutes. The plasma
was then separated, divided into aliquots, and stored at —80°C until
biochemical analysis. Concentrations of NfL, t-tau, p-tau217 and GFAP were
quantified in plasma using ultrasensitive Single molecule array (Simoa)
technology and commercially available kits, performed on an HD-X
instrument (Quanterix, Billerica, MA, USA). In paper IV, plasma UGOT p-
tau217 was measured following the method by Gonzalez-Ortiz et al®>. All
samples were analyzed in a single run at the Clinical Neurochemistry
Laboratory, University of Gothenburg, Mdlndal, Sweden, by certified
laboratory technicians who were blinded to clinical data, using a single batch
of reagents for each assay. The intra-assay coefficient of variation was less

than 10% for all assays.

3.7 ECC setup

3.7.1 Paper I-lll

The ECC circuit consists of a pediatric Affinity Pixie hollow fiber oxygenator
and a 1.2 L hard-shell reservoir coated with non-heparin Cortiva Balance
Biosurface (Medtronic, Minneapolis, MN, USA) and a Y-inch perfusion
custom circuit (Sorin, Mirandola, Italy). The circuit was assembled on a an
ECC LivaNova S5 (LivaNova, Munich, Germany) roller pump which

provides temperature monitoring, line pressure monitoring, level sensor and
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bubble monitoring. The water heater, an Heto HMT 200 (Heto-Holten A/S,
Allerod, Denmark), was set to 41-42 °C to warm the prime solution during

recirculation before starting the perfusion.

3.7.2 Paper IV

The cardiopulmonary system, consisting of the Liva Nova S5 roller pump
from LivaNova (Munich, Germany), featured custom-made tubing primarily
pre-connected (3/8-inch for arterial line and “-inch for venous line), an
Inspire 8 oxygenator with arterial filter, bubble detector, and hard-shell
reservoir from Mirandola, Italy. It was primed with 1300 mL of Ringer-
Acetate from Fresenius Kabi AB (Uppsala, Sweden). Cannula sizes were
selected within safety limits provided by the manufacturer, with special
attention to high-pressure drops. The target flow rate remained constant
throughout the CPB period, except for adjustments during aortic cross-clamp
placement and removal, or when lower flow rates were necessary due to
surgical requirements. Additional Ringer-Acetate was infused if needed to
maintain the flow rate; no albumin or starch solutions were administered
during CPB. Blood transfusions were provided to maintain hematocrit levels
above 24%. Mean arterial pressure was regulated within the range of 60 — 80
mmHg using norepinephrine or sodium nitroprusside as required. Throughout
CPB, the target pO, was set at 20 kPa, and the target pCO, ranged between
5.0 -6.0 kPa.

3.8 Statistical analysis

Data was analyzed using SPSS statistics (IBM, Armonk, NY) version 22, 27,
28, R stats version 3.6.3, rmcorr version 0.4.3 (Vienna, Austria) and SAS
software version 9.4 (SAS Institute Inc., Cary, NC, US). In all four papers a

probability level (p-value) of less than 0.05 was considered to indicate
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statistical significance. An overview of used statistical methods are shown in

Table 3.

Paper |Primary endpoint Secondary endpoint Additional
Student’s t-test
1 Student’s t-test Mann-Whitney U-test
Fisher’s exact test
Student’s t-test Repeated-measures correlation
II One-way ANOVA Bland and Altman plot Shapiro-Wilk test
Paired samples t-test Limits of agreement
Paired samples t-test Kruskal-Wallis test . .
L Wilcoxon signed-rank test Pearson correlation Shap iro-Wilk test
. Student’s t-test .
v Mixed models for repeated Fisher’s exact est Bonferroni-Holm

measures Lognormal distribution

Wilcoxon Signed Rank test

Table 3. Overview flowchart for statistical tests used in Paper I-IV. Overview for
statistical test used in Paper I-1V.

3.8.1 Sample size Paper | and IV

In Paper I, the sample size was determined through a power analysis using
lactate levels during perfusion from a cohort comprising all patients who
underwent ILP at Sahlgrenska University Hospital in 2016, a total of 28
patients. The mean value in this cohort was 3.0 with a standard deviation of
0.7. Non-inferiority was defined as a lactate level of 4.0 or lower, with an
alpha value of 0.05 and a power of 80%. A sample size of 9 patients per group
was deemed necessary to detect differences in lactate levels. However, 22

patients were estimated to be needed to compensate for potential dropouts.

In Paper IV, the sample size was calculated on a previous study examining
oxygen delivery during different CPB flow rates'®?. Where a CPB flow rate at
2.4L/min/m* delivered a mean DO»i of 322 + 45 and a CPB flow rate at
2.7L/min/m? delivered a mean DO»i of 374 + 32 a sample size of 12 patients
per group was deemed necessary to detect differences in DO,i (with an alpha
of 0.05 and power of 0.80), 20 patients were included to account for potential

dropout.
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4 RESULTS

4.1 Paper |

4 .1.1 Patients

An overview of the clinical trial flowchart for Paper I is presented in Figure

17. Twenty-one patients were included. Three patients were excluded from

the final analysis. One patient due to high systemic leakage and the decision

not to proceed with ILP was made. Only two patients underwent upper

extremity ILP and were both randomized into the control group. However, a

decision was made to exclude them due to anatomical differences between

upper and lower extremities, particularly regarding blood volume in relation

to circuit size, prime volume, and expected hemodilution. The final analysis

contained 18 patients, 9 patients in each group.

Assessed for
eligibility (n=22)

Decline to

participate (n=1)

Randomized
(n=21)

f—l—l

Intervention
(n=10)

Control
(n=11)

I

l

Excluded (n=1)

Excluded (n=2)

Leakage exceeded :
safety limits Upperlitb I
Analyzed (n=9) Analyzed (n=9)

Figure 17. CONSORT diagram showing inclusion paper 1.

RESULTS
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The median age of the participants were 73 (range 35-85) years, and the
male/female ratio was 11/7. Patient demographics and baseline characteristics

are detailed in Table 4.

Baseline characteristics Intervention group  Control group

n=9) (n=9)
Age (median, range) 68 £46 75+34
Male (%) 7 (78%) 4 (44%)
Weight (kg) 8012 76 +13
Height (cm) 174 £7 173£11
Body surface area (m2) 1.93+£0.12 1.90£0.22
Hemoglobin (g/L) 142+ 18 145+9
Hematocrit (%) 40+6 42+5
Creatinine (ummol/L) 87+ 11 71+10
Blood volume in extremity (ml) 564 + 88 532+98
Lactate (mmol/L) 1.0£0.3 1.2+0.7
Reg. ScvO2 in femoral vein (%) 79+7 77+13
Oxygen extraction (%) 21+7 24+ 14
No co-morbidity (%) 5 (56%) 5 (56%)
Diabetes (%) 1(11%) 0 (0%)
Heart failure (%) 2 (22%) 1 (11%)
Other co-morbidity (%) 1 (11%) 3 (33%)

Table 4. Baseline characteristics Paper I. Mean and standard deviation, median and range, or
number and percentage (%). Reg. ScvO:: Regional central venous oxygen saturation. With
permission by Taylor & Francis in International Journal of Hyperthermia on 27 Aug 2019,
available https://doi.org/10.1080/02656736.2019.

4 .1.2 Lactate

In Table 5 and Figure 18 the level of lactate (mmol/L) is shown between
groups. In the prime solution before perfusion, the lactate value was
significantly higher in the control group (8.1+1.8 vs. 0.01 £0.0, p=.001),

this significant difference remained during perfusion with a mean lactate level
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of 3.6+0.7 in the control group vs. 1.6+0.4 in the intervention group

(p=.001).

Intervention group Control group

Treatment characteristics (n=9) (n=9) p-value
ECC time (minutes) 92+12 102+15 13
Blood waste (ml) 339+365 261 £404 .67
Lactate prime solution (mmol/L) 0.01+0.0 8.1+1.8 001 #**
Pumpflow ECC (L/min) 0.74+0.27 0.77+0.18 .82
Hemoglobin on ECC (g/L) 79+15 98+ 15 .02%
Hematocrit on ECC (%) 24+6 305 .58
Lactate on ECC (mmol/L) 1.6+£0.4 3.6+0.7 001 %**

Table 5. Treatment characteristics Paper I. Mean and standard deviation. Student’s t-tests were
used to compare groups. p <0.05% p <0.01** p <0.001*** ECC: extracorporeal circulation.
With permission by Taylor & Francis in International Journal of Hyperthermia on 27 Aug
2019, available https://doi.org/10.1080/02656736.2019.1640900
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ECC stant chemotherapy after opening
the antery

Figure 18. Lactate level during isolated limb perfusion Paper I. ECC: Extracorporeal
circulation between dotted lines. p <0.05*, p <0.01**, p <0.001***. With permission by Taylor

& Francis in International Journal of Hyperthermia on 27 Aug 2019, available
https.//doi.org/10.1080/02656736.2019.164
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4.1.3 Oxygen parameters

Figure 19 presents the DO, during perfusion, initially showing, at 5-minutes
on ECC, a significant difference between the groups, with 124 +49 mL/min
in the control group vs. 72 + 33 mL/min in the intervention group (p =.019).
The following two measurements during the perfusion showed no difference
between groups. Further, no differences were found in mean, seen over the
entire perfusion, in DO,, VO,, O:ER, regional central venous oxygen

saturation or arterial saturation (Table 6).

Intervention group Control group

Treatment characteristics (n=9) (n=9) p-value
Sa02 on ECC (%) 99+0.6 100+0.3 .50
Regional ScvO2 on ECC (%) 83+10 91+4 .07
Arterial oxygen content (ml) 11+£2 14+2 .027%*
Venous oxygen content (ml) 9+3 12+£2 .017*
Delivered oxygen on ECC (ml/min) 90+49 108 +38 .39
Oxygen consumption on ECC (ml/min) 14+2 14+5 .85
Oxygen extraction (%) 22+11 14+4 .62
INVOS on treated extremity (%) 76+ 14 81+11 42
INVOS on not treated extremity (%) 72+10 66+ 12 25

Table 6. Treatment characteristics Paper I. Mean and standard deviation. Student’s t-tests were
used to compare groups. p <0.05%, p <0.01**, p <0.001*** ECC: extracorporeal circulation;
SaO2: arterial oxygen saturation; ScvO?2: central venous oxygen saturation. With permission
by Taylor & Francis in International Journal of Hyperthermia on 27 Aug 2019, available
hittps://doi.org/10.1080/02656736.2019.1640900
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Figure 19. Oxygen delivery (mL/min) during extracorporeal circulation during isolated limb
perfusion, Paper 1. ECC: Extracorporeal circulation. p <0.05% p <0.01*%* p <0.001*** With
permission by Taylor & Francis in International Journal of Hyperthermia on 27 Aug 2019,
available https://doi.org/10.1080/02656736.2019.1640900

4.1.4 Response, toxicity, survival

There was no statistically significant differences in response rate, survival, or
local toxicity, assessed 3 months postoperatively using the Wieberdink

classification (grades I to V) (Table 7).
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Follow-up characteristics Intervention Control group p-value
group (n=9) (n=9)
Wieberdink toxicity (grade I-1I) (%) 6 (67%) 5(56%) .63
Wieberdink toxicity (grade III) (%) 3 (33%) 3(33%) 1.0
Wieberdink toxicity (grade IV) (%) 0 (0%) 1(11%) .30
Complications, 3 months (%) 1(11%) 2 (22%) 52
1-year survival (%) 7 (78%) 6 (67%) .60
Overall response rate (%) 9 (100%) 7 (78%) 13
Complete response (%) 5(56%) 4 (44%) .64
Partial response (%) 4 (44%) 3(33%) .63
Stable disease (%) 0 (0%) 0 (0%) -
Progressive disease (%) 0 (0%) 2 (22%) 13

Table 7. Follow-up characteristics Paper 1. Number and percentage (%). Fisher’s exact test
for categorical data were used to compare groups. p <0.05% p <0.01*% p <0.001%**
Complications included erysipelas, leg ulcers, advanced leg edema. With permission by Taylor
& Francis in International Journal of Hyperthermia on 27 Aug 2019, available
https://doi.org/10.1080/02656736.2019.1640900

4.2 Paper ll

4.2.1 Patients

An overview of included patients for paper Il is presented in Figure 20.
Overall, 39 patients derived from Paper I and III were included, 18 patients
were excluded due to exceeding the exclusion criteria of leakage more than 0
mL from the systemic circulation to the extremity, and one patient was
excluded due to leakage of chemotherapeutic agents to the systemic

circulation of >10%. The final analysis included 20 patients.

~ Eligible |
Paper I (n=21)
Paper III (n=18)

Excluded (n=19)

Leakage > 0 mL (n=18)
Leakage cytostatic agent
>10mL (n=1)

Analyzed (n=20)

Figure 20. Diagram showing patient inclusion paper I1.
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The median age and of the participants was 74 (range 22 — 83) years, and the

male/female ratio was 15/5. The treated extremity leg/arm ratio was 14/6.

Patient demographics and baseline characteristics are detailed in Table 8.

Baseline characteristic

Male, n (%)

Median age, years (range)
Height, cm

Weight, kg

Extremity surface area, m2
Hemoglobin, g/L
Hematocrit, %

Creatinine, pmol/L
Lactate, mmol/L

Blood volume in extremity,
Pa0y, kPa

Sa02, %

SVF:OZ in femoral/brachial
Oxyg;ﬁ extraction, %
NIRS-treated extremity, %
NIRS not treated extremity, %
No-comorbidity, n (%)
Diabetes, n (%)
Hypertension, n (%)
Hyperlipidemia, n (%)
Heart failure, n (%)

Other comorbidity, n (%)

Leg and Arm
(n=20)
15 (75%)

74 (22-83)
175+ 11
80+ 17

0.28 +0.10
135+ 17

39+6
81+ 12

1.04 +0.2

498 £ 172
26+ 21
98 £ 1
76 + 14
25+ 14
69+ 13
67+ 13
6 (30%)
5(25%)

11 (55%)
2 (10%)
2 (10%)
6 (30%)

Leg
(n=14)
10 (71%)

74 (29-81)
174 + 12
83+15

0.33 +£0.50
138+ 16
40+ 5
YOEY/
1.04+0.2

587+ 109
22+ 14
98 +2
71+£13
30+ 14
65+13
66+ 14
4 (29%)
4 (29%)
8 (57%)
2 (14%)
2 (14%)
5 (36%)

Arm
(n=6)
5(83%)
67 (22-83)
177+ 10
73 £20
0.14+0.21
126 + 18
37+6
83+13
1.02+0.3
289 + 83
35+ 31
98 +1
88+ 6
14+7
77+ 10
70+ 11
2 (33%)
1 (17%)
3 (50%)
0 (0%)
0 (0%)

1 (17%)

Table 8. Baseline characteristics Paper II. Mean and standard deviation, median range, and
numbers (%). PaO2: partial pressure of oxygen, SaO2: oxygen saturation, SveO2: Venous
extremity oxygen saturation, NIRS: near infrared spectroscopy. Other comorbidity: Ulcerative
colitis, Chron’s disease, rheumatoid arthritis, stroke, and hyperthyroidism. With permission by
Sage in Perfusion on 16 May 2022, available https://doi.org/10.1177/02676591221093201

4.2.2 Oxygen parameters

For all observations, the mean DO»i was 190 + 59 ml/min/m?, and VO,i was

35 £+ 8 ml/min/m?, resulting in an O,ER of 21 + 8%. There was a significant
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difference in VOi between the legs and arms (38 = 8 vs 29 + 7 ml/min/m?, p=.

02), Table 9.

Leg and Arm Leg Arm

Treatment characteristics (n=20) (n=14) (n=6) p-value
Pump flow (L/min) 0.53+0.2 0.64+£0.12 0.28+0.07 <0.001%**
Hemoglobin (g/L) 68+ 15 67+ 16 70+ 13 0.71
Hematocrit (%) 21+5 20+ 6 21+3 0.75
Lactate (mmol/L) 3.0+1.3 25+ 1.1 43+0.8 <0.01**
SveO2 (femoral/brachial vein) (%) 85+ 8 838 89+4 0.17
DO»i (ml/min/m2) 190 £ 59 189 + 62 192 £ 58 0.93
VOsi (ml/min/m2) 35+8 38+8 29+7 0.02 *
O2ER (%) 21+8 23+8 16+5 0.81
NIRS-treated extremity (%) 76 + 11 73+11 84+9 0.06
NIRS not treated extremity (%) 69 + 12 68+ 13 73+8 0.40

Table 9. Intraoperative characteristics during ECC Paper Il. Mean and standard deviation.
Student’s t-test to examine differences between upper and lower limb. p <0.05% p <0.01** p
<0.001*** SveO2: venous extremity oxygen saturation, DO:i: indexed oxygen delivery, VOai:
Oxygen consumption, O:ER: oxygen extraction, NIRS: Near infrared spectroscopy (NIRS).
With  permission by  Sage in  Perfusion on 16 May 2022, available
https://doi.org/10.1177/02676591221093201

4.2.3 Changes in oxygen parameters

DOsi decreased over time (in legs from 209 + 65 to 180 £ 66 ml/min/m?, p
<.01 and in arms from 252 + 72 to 150 + 57 ml/min/mz,p <.01), and an
increase in O2ER was seen in upper limbs, with the highest value of 18% (p
=.03). VOai remained unchanged thru the perfusion. An increase in SveO, was

seen in lower limbs (Table 10).
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TR Extremity . Afte}* . Befo.re ECC start .Cher.no B?fore Circulation ANOVA
induction isolation infusion rinse resumed p-Value
Hb (/L) Leg 125+11 127+11 GRS 67+18*** 67+18*** 117£12%%%  <0.001***
& Arm 11348 111£7 T4£9%* T4£9** T4£9%* 109+9 <0.01%*
Leg 1.0+£0.2 1.1£0.2 2.0£1.6* 2.6 EE D OLLOFERS ] 8+0.6%**  <0.001***
Lactate (mmol/L)
Arm 1.0+0.3 1.1+0.3 5.0£0.7%%%  4.0+£1.0%* 3.9+1.6** 1.740.5* <0.001***
. Leg - - 0.7240.1  0.61+0.1**  0.58+0.2** - <0.001***
Pump flow (L/min)
Arm - - 0.36+0.1 0.26+0.1*%  0.22+0.1* - <0.01**
. . Leg - - 209+65 178+67** 180+66* - <0.01%*
DO:i (mL/min/m2)
Arm - - 252472 174+62* 150+57** - <0.01**
. . Leg - - 39+£10 38+9 38+7 - 0.79
VO:i (mL/min/m2)
Arm - - 33+6 2849 26+10 - 0.12
Leg - 30+14 20£7 24+10 24+9 22£12 0.21
O2ER (%)
Arm - 1347 14+4* 16+6 18+6 11+6* 0.03*
Leg - 71+13 86:£6** 82+10%* 82+10%* 80+12 0.01*
SveO: (%)
Arm - 88+6 904 89+6 86+6 89+5 0.30
Leg 65+13 64413 7211 73+11 75+11 72412 0.21
NIRS treated (%)
Arm 77+10 76+10 87+9 83+10 81+10 80+16 0.19
Leg 66+14 67+14 67+12 68+13 68+14 66£11 0.12
NIRS not treated (%)
Arm T0+£11 71+11 7248 7348 74+9 70+8 0.41

Table 10. Characteristics during ILP, paper II. Blue area illustrate parameters measured
during extracorporeal circulation. One way ANOVA repeated measure (“before isolation”
through “system circulation”). Mean and standard deviation. and paired-samples t-test for
significant ANOVA parameters. p <0.05% p <0.01** p <0.001*** Hb: hemoglobin, SveO2:
venous extremity oxygen saturation, DO:i: oxygen delivery, VOz: oxygen consumption, O2ER:
oxygen extraction, NIRS: Near infrared spectroscopy (NIRS). With permission by Sage in
Perfusion on 16 May 2022, available https://doi.org/10.1177/02676591221093201

4.2.4 Oxygen delivery threshold

When plotting the perfusion in the context of relationship between oxygen
delivery and oxygen extraction, it was observed that maintaining a DO,i above
170 ml/min/m?* consistently kept the oxygen extraction below 30% across all

observations (Figure 21).
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Scatter Plot of oxygen delivery by oxygen extraction at measurepoint "Before rinse"
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Figure 21. Scatter plot describing oxygen delivery by oxygen extraction at the end of perfusion
in paper II. Red marked area shows perfusions which are above 30% of O2ER and below DOzi
of 170ml/min/m?, all observations in red area were legs. Oxygen delivery threshold? With
permission by  Sage in Perfusion on 16  May 2022, available
https://doi.org/10.1177/02676591221093201

4.2.5 NIRS

All observations showed higher NIRS values during the perfusion compared
to the systemically perfused extremity, and NIRS values did not significantly
alter during the perfusion (Table 10). Significant correlation was detected
between NIRS values and SveO,, 1;m=0.568 (p <.001, 95% CI 0.397 — 0.701)
(Figure 22). However, the limit of agreement between the two methods was
too high (32.5%) for the methods to function interchangeable (Bland—Altman
plot mean: 80.13+9.0, bias SveO, and NIRS: 8.26 + 13.0, limit of agreement:
—17.28-33.09).
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Figure 22. Repeated- measures correlation coefficient between SveO> and rSO2 by NIRS, Paper
1I. The repeated- measures correlation coefficients (rm), representing the strength of the linear
association between SveO2 and NIRS. The inclinations between subjects are the same due to
repeated measure total correlation coefficient 0.568 and length of the line represents the range
for each individual three measures. NIRS: near infrared spectroscopy. With permission by Sage
in Perfusion on 16 May 2022, available https://doi.org/10.1177/02676591221093201

4.3 Paper lll

4.3.1 Patients

An overview of included patients for paper III is presented in Figure 23.
Overall, 18 patients scheduled for ILP were included. One patient experienced
a preoperative stroke (<30 days prior to ILP) and was excluded from the study
due to the potential impact on biomarker levels. The final analysis included

17 patients.
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Included
(n=18)

Excluded (n=1)

Preoperative stroke
<30 days prior to

ILP
Analyzed
(0=17)

Figure 23. Diagram showing patient inclusion paper I11.

The median age of the participants was 72 (range 29-89) years, the
male/female ratio was 12/5. The treated extremity leg/arm ratio was 12/5

Patient demographics and baseline characteristics are detailed in Table 11.

Patient characteristics Let(gna:(i ;1)1‘ m (nL:% 2) (:Lnsl)
Male n, (%) 12 (71%) 8 (67%) 4 (80%)
Age years, median (range) 72 (29-89) 72 (29-89) 74 (54-89)
Total Body Surface Area m2, mean 1.97+0.2 2.00+0.2 1.90+0.3
GFAP ng/L, median (percentiles) 160 (85-229) 145 (82-222) 197 (81-344)
NfL ng/L, median (percentiles) 19 (14-27) 18 (13-26) 24 (16-46)
Tau ng/L, median (percentiles) 1.9 (1.2-3.0) 1.8 (1.2-2.8) 1.9 (1.0-4.0)
Hemoglobin g/L, mean (SD) 125+ 16 124 £ 18 126 £ 15
No-comorbidity n, (%) 3 (18%) 2 (17%) 1 (20%)
Diabetes n, (%) 6 (35%) 4 (33%) 2 (40%)
Hypertension n, (%) 9 (53%) 5 (42%) 4 (80%)
Hyperlipidemia n, (%) 3 (18%) 3(25%) 0 (0%)
Heart failure or heart surgery n, (%) 5 (29%) 4 (33%) 1(20%)
Other co-morbidity,a (%) 12 (71%) 9 (75%) 1 (20%)

Table 11. Patient demographics and baseline characteristics Paper Ill. Mean and standard
deviation, median and percentiles or range, or numbers (%). a) Other co-morbidity:
Rheumatoid arthritis (n = 1), Parkinson's disease (n = 1), bladder cancer (n = 1), prostate
cancer (n= 1), breast cancer (n = 1), meningioma (n = 1), depression (n = 2), hip- and/or knee
replacement (n = 3), asthma (n = 1). With permission by Sage in Perfusion on 7 November
2023, available https://doi.org/10.1177/02676591231213506
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4.3.2 Biomarkers in extremity vs. systemic circulation

Following the circulation of the cytostatic agent for 60 minutes in the isolated
extremity, significantly increased median levels of both NfL and t-tau were
found in the treated extremity compared to the levels found in the systemic

circulation (Figure 24).

Extremity circulation
System circulation

100.00 ‘ ‘ GFAP p=0.86
NfL p=<0.01*
Tau p=<0.01*

Median (ng/L)

10.00

17 (12-28)

1.8 (1.4-2.8)

GFAP NfL Tau

Figure 24. Clustered bar chart of median and IQR biomarkers in the extremity circulation
compared to the systemic circulation at end of ILP. Logarithmic scale. System circulation is
compensated for same hemodilution as perfusate due to priming volume in ECC. Wilcoxon
signed ranks test. Error bars: CI 95%. p <0.05%*, p <0.01*% p <0.001***. With permission by
Sage in Perfusion on 7 November 2023, available
https://doi.org/10.1177/02676591231213506s
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4.3.3 Biomarkers during ECC in extremity

In the treated extremity, there was a significantly percentual rise observed

from the start to the end of perfusion in both NfL and t-tau levels (Figure 25).

Biomarker

125

I GFAP

I NfL

S I Tau
100
75 A p=0.001**
p = <0.001%**

Mean (%)

50

p=0.80

25

ILP start ILP end

Figure 25. Multiple line of biomarkers mean change (%) from ILP start to ILP end in the
isolated extremity. Error bars: 95% CI. Mean delta (%) of biomarkers between ILP start and
ILP end. Paired samples T-test. p <0.05% p <0.01** p <0.001***. With permission by Sage
in Perfusion on 7 November 2023, available https://doi.org/10.1177/02676591231213506

4.3.4 Biomarkers and toxicity reaction

Evaluating postoperative regional toxicity based on the Wieberdink grading
scale revealed ten patients with grade II, six patients with grade 111, and one
patient with grade IV. When testing differences between toxicity grade II and

III/TIV concerning biomarker levels, no significant difference was seen.
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4.3.5 Biomarkers, muscle strength and sensitivity

Muscle strength and sensitivity were evaluated by a physiotherapist the day
before surgery and at follow-up visit on day 30. A significant reduction in
overall muscle strength was seen postoperative (632 (424-779) vs. 518 (366—
603) Nm, p = .01), compared to preoperative. No significant difference noted
in either deep or shallow sensitivity between the pre- and postoperative
assessments. Additionally, no significant correlation was observed between
biomarker levels and changes in muscle strength or sensitivity between the
pre- and postoperative assessments, except for a significant correlation

identified between GFAP release and heightened sensitivity (p =.03)

4.4 Paper |V

4 4.1 Patients

An overview of the clinical trial flowchart for Paper IV is presented in Figure
27. In total, 40 elective patients scheduled for open-heart surgery were
enrolled and randomized in this sub-study. One patient was excluded due to a
rupture of the right ventricle necessitating re-do surgery, leaving 39 patients

who completed the study and were analyzed.

Included in
main study
(n=101)

Not included in
—1 sub-study
(n=61)

Included in
sub-study
(n=40)

[—%

Intervention Control
(n=20) (n=20)

1 [

Excluded (n=1) —
Re-do surgery Excluded (n=0)

1 [
Analyzed Analyzed Figure 26. CONSORT diagram showing
(0=19) (0=20) . g
inclusion paper 1V.
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The median age of the participants was 72 (range 32 — 84) and the male/female
ratio was 30/9. The most common surgery was a single aortic valve
replacement (AVR) 33%, followed by single mitral valve repair (MVR) 28%.

Patient demographics and baseline characteristics are detailed in Table 12.

Patient characteristics e High flow
(n=20) (n=19)
Age years, median (min-max) 71 (32-82) 72 (44-84)
Male n (%) 14 (70) 16 (84)
Weight kg, mean SD 78 £13 84+13
Height cm, mean SD 175+ 9 177+ 9
BSA Dubois m?, mean SD 1.93+0.20 2.01+0.19
Creatinine umol/L, mean SD 80+ 18 89 +£24
Hematocrit %5, mean SD 36+5 37+4
Hemoglobin g/L, mean SD 120+ 16 125+ 14

NfL ng/L, median (IQR)
GFAP ng/L, median (IQR)
T-tau ng/L, median (IQR)

22.1(12.8; 35.3)
212 (155; 312)
10.5 (8.5; 12.6)

23.8 (13.5; 38.6)
235 (172; 307)
10.7 (9.3; 13.3)

P-tau217 ng/L, median (IQR) 3.6 (2.4;4.6) 5.2(3.6;7.1)
NIRS Right %, mean SD 66+ 10 70+ 13
NIRS Left %, mean SD 65+11 68+ 12
CABG n, (%) 0 3(16)
AVR n, (%) 7(395) 6 (32)
MVR n, (%) 7 (35) 4(21)
Combination valve n, (%) 3 (15) 0
CABG + valve replacement n, (%) 2 (10) 5(26)
Supracoronary graft n, (%) 1(5) 1(5)

Table 12. Patient baseline characteristics. Mean and standard deviation, median and min-max
or IQR (25th-75th percentile), numbers and percentage. Aortic valve replacement (AVR), body
surface area (BSA), coronary artery bypass grafting (CABG), glial fibrillary acidic protein
(GFAP), mitral valve replacement (MVR), near-infrared spectroscopy (NIRS), neurofilament
light (NfL).

4.4.2 Biomarker release pattern

Treatment characteristics show an significantly increased CPB flow rate
(p<.001), DO1i (p<.001), SvO; (p=.02) and per operative diuresis (p=.047) in
the high CPB flow rate group.
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All biomarkers exhibited a significant increase (p<.001) from the baseline to
the highest value of respective biomarkers during the study, varying according
to biomarker dynamics. The most marked increases were found for t-tau 598%
and p-tau217 330%. However, when comparing the biomarkers between the
two flow rate groups no significant difference was found between the two

groups at any of the measured time point during the study (Figure 28 A-D).
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Figure 27 A-D. Multiple line of median biomarker release (ng/L) for randomized CPB flow rate groups
during study period. Error bars: 95% CI. Cardiopulmonary bypass (CPB), glial fibrillary acidic protein
(GFAP), neurofilament light (NfL).

4.4.3 Biomarkers and patient/treatment characteristics

Relationships were found between several baseline and treatment

characteristics and levels of biomarker release. For instance, patients over 72
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years of age showed increased levels of NfL (p=.020) and t-tau (p=.009).
Additionally, women exhibited lower t-tau levels (p<.001) compared to men,
even after adjusting for age. The median CPB time in the study was 117
minutes, and p-tau217 was found significantly increased (p=.002) if the CPB
duration exceeded 117 minutes. When the DO2i during CPB was
>330ml/min/m?, there was a significant reduction in t-tau release (p=.004).
Moreover, NIRS values > 60% during CPB were linked to lower levels of p-
tau (p=.017).

4.4 .4 Postoperative delirium

Four patients (20%) in the standard CPB flow rate group were identified with
postoperative delirium in the ICU, compared to none of the patients in the high
CPB flow rate group (p=.11). When comparing patients with postoperative
delirium to those without, NfL was seen significantly increased (p=.007) in
the delirium group. Further, the NIRS levels during CPB were significantly
lower in the delirium patients (53 vs. 70 %, p=.003).
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5 DISCUSSION

The objective of this thesis was to explore physiological responses and
alternative approaches during extracorporeal circulation in order to increase
understanding of the side effects associated with the procedure. The thesis is
based on four studies, even though they contain certain limitations, each study
is examining unique aspects surrounding extracorporeal circulation. Papers I
and II present a comprehensive investigation into the oxygen requirements of
an isolated extremity during ILP. In Paper III, we introduced and validated a
novel method for identifying signs of peripheral nerve injury during ILP.
Furthermore, Paper IV demonstrated the release pattern of biomarkers

associated with brain injury between two different CPB flow rates during heart

surgery.

5.1 Ethical considerations

All studies were approved by the Regional or national ethical review board.
All participants included received both written and oral information about the

studies, with opportunity for questions and discussion.

In Paper I and IV the patients were randomized to either an intervention or to
a control group where no intervention was done. There is always a slight risk
that the intervention could have unforeseen effects on the patient, as it deviates
from the clinical routine. The study protocols approved by the ethical board
emphasize how these risks should be minimized, primarily through increased
and more frequent monitoring of the patients’ vital parameters. In Paper I, the
intervention involved excluding blood from the priming solution during ILP,
which potentially could compromise the oxygen delivery to the tissue to a
certain degree. Continuous monitoring was conducted to ensure that the

patient was not exposed to borderline oxygenation throughout the perfusion.
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Also, worth noting is that an extremity does not harbor sensitive vital organs,
which for example allows certain orthopedic extremity procedures to be
conducted in a bloodless field, where the circulation to the extremity can be
halted for up to 90 minutes without causing irreversible tissue damage'®. In
Paper IV, cardiopulmonary bypass flow rate was set to 2.9L/min/m? in the
intervention group, which approximately is a 20 % increase compared to
clinical routine. With an increased flow rate, it became necessary in some
cases to enlarge the size of the arterial cannula to prevent excessive pressure
drops across it. This adjustment posed an increased risk during aortic
cannulation, as it required a slightly larger hole to be created in the ascending

aorta.

Paper II-11I were exploratory studies without interventions, except for taking
additional samples, a total of approximal 70 mL for every patient, which

deviates from clinical routine.

5.2 Paperl

5.2.1 Methodological considerations

The decision to conduct a randomized study was evident; we wanted to
determine if a crystalloid-based solution was at least as effective as a blood-
based prime solution in delivering oxygen to the tissue. Our desire to avoid
the addition of blood and subsequent transfusion to the patient was motivated
primarily by the negative side-effects associated with blood transfusion'®. We
chose to focus on lactate as the primary endpoint and calculated the power
based on a patient cohort (28 patients) from the previous year's ILP cases.
Regrettably, what we overlooked at that time, was the elevated lactate levels
in stored donor blood, which in our study was ranging from 5 to 11 mmol/L.

In retrospect, it might have been wiser to use SvO; or O2ER as our primary
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endpoint. However, the secondary aims included these variables, showing no
difference between the groups, strengthening the study's primary result.
Another methodological reflection was that we should have reported the
indexed values for DO, and VO, (extremity's BSA) to make it more
comprehensible, as research primarily presents indexed oxygen parameters. A
leg surface area is approximately 18% of total BSA?®, so for an estimation of
how the DO, and VO, values in Paper 1 correspond to DO»i and VOai, these

formulas could be employed for approximation:

Do,
" BSAx0.18

Vo,

DO0,i =
BSAx0.18

V0,i

5.2.2 Main findings

The primary finding was that there was no difference in lactate levels between
the groups during perfusion. A lactate level of <4.0 mmol/L was achieved for
all included patients, with the highest measured lactate level during ECC in
the intervention group being 2.9 mmol/L. The secondary endpoints, revealing
no difference between groups regarding DO,, VO,, O2ER or regional SvOs,
strengthens the conclusion that ILP of the lower extremity, with or without
packed red blood cells, resulted in comparable perfusion quality concerning

meeting the tissues oxygen requirements.

5.2.3 Strengths and limitations

Strengthening the study is the randomization, showing consistent results
supporting, in both primary and secondary endpoints, the safety of using a
crystalloid solution to meet tissue oxygen requirements during ILP.
Limitations include the small sample size; however, it is a power-calculated
sample and represents a typical group of ILP patients. Ideally, we should have

stratified the randomization between arms and legs to ensure an equal
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representation of both. Only two arms were included, and both were
randomized into the control group. Subsequently, these two arms were
excluded from the analysis, and the results now exclusively relate to ILP on
lower extremities. We acknowledge the concerns associated with post-
randomization exclusion and need to transparently address its implications.
Our approach for the acceptability of the exclusion of arms was to mitigate
the risk of overgeneralization. Drawing conclusions without analyzing arms
in the intervention group, could lead to erroneous extrapolation,
compromising study reliability, external validity and, more importantly,

patient safety.

5.3 Paper ll

5.3.1 Methodological considerations

This study was an prospective explorative study, including 39 patients from
Papers I and III. Due to the stringent exclusion criteria of leakage <0 ml blood
from the systemic circulation to the isolated extremity, 18 patients were
excluded. This strict threshold was necessary to ensure that the measurement
conditions remained consistent throughout the perfusion. The oxygen
calculation formula include pump flow, saturation, and hemoglobin. To
calculate extremity oxygen metabolism, the environment could not be
uncontrollably influenced by fluctuations of hemoglobin from the systemic
circulation to the extremity. During ILP, leakage typically occurs in about
every other patient. Therefore, the expected exclusion of almost 50% of the
patients due to leakage from the systemic circulation to the extremity was
anticipated. Since the study aimed to map oxygen delivery, consumption, and
extraction and describe oxygen metabolism in the extremity, the absence of

leakage was necessary to make the calculations feasible. The circumstances
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created enabled us to draw general conclusions that strengthens the external
validation of the study concerning oxygen metabolism in an isolated extremity

during ILP.

To assess the level of agreement between the significant correlation SveO;and
INVOS we used the Bland-Altman plot'® ' and our predefined acceptable
between — method error was 30% based on Critchley and Odor’s research on
comparing cardiac output measurements'?”'®. Acceptance criteria may vary
depending on the context of the study and practical implications. Of course,
aiming for a small spread within the limit of agreement is desirable. However,
upon reflection, our predefined acceptable error may have been set too
narrowly, considering the possible context and implications of the
measurement, along with the significant correlation observed between the two

methods.

5.3.2 Main findings

The primary aim was to measure and characterize oxygen metabolism in an
isolated extremity during ILP, secondarily, to explore whether rSO,, assessed
using the NIRS technique, correlated and could be used interchangeably with
invasive measurements of muscular oxygenation during ILP. (i.e., blood gas
sampling). After calculating and demonstrating DO,i, VO,i and O,ER during
perfusion in all patients, we found that if DO,i was kept above 170 ml/min/m?
O2ER consistently was below 30% in all observations. A significant
correlation was also observed between rSO; values and SveO», with only a

moderate agreement between the two methods (error 32.5%).

The results contributed to a comprehensive understanding of an extremity's
oxygen requirements. This offers the potential of using goal-directed oxygen
delivery to the extremity tissue. Our findings revealed that DO,i were nearly

identical for both arms and legs during perfusion. However, O.ER and VO»i
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were lower in arms compared to legs, suggesting a lower metabolic demand
in arms than in legs. This was further supported by the gradual increase in
lactate values in legs during perfusion (highest value 2.9 = 1.0 mmol/L).
Despite this slight increase in lactate, O,ER never surpasses 24 + 9 % during
the perfusion. This O,ER increase, despite higher NIRS saturation on ECC
perfused extremities, could possibly be attributed to the elevated temperature

(40°C) which often aligns with increased oxygen metabolism'®.

5.3.3 Strengths and limitations

This study, to our knowledge, is the first to measure and describe extremity
indexed DO,, VO, and O;ER in an isolated extremity. Limitation include the
variation of prime solutions administered to arms and legs. Another limitation
is the relatively small sample size; yet our measurements are conducted within
subjects and compared to their initial values. This, combined with the
inclusion of only patients with no leakage, enhances the validity of the

findings despite the small sample size and variations in prime solutions.

5.4 Paper lll

5.4.1 Methodological considerations

This single-center feasibility trial included 18 patients scheduled for ILP. The
ILP treatment is a so called “National highly specialized care” in Sweden.
Which means that Sahlgrenska University hospital, Gothenburg is the only
center performing ILP. Normally, for patients who have traveled a long
distance, the follow-up assessment is overseen by physicians from their local
hospital, assuming everything proceeds as expected. We therefore focused our
inclusion on prioritizing patients referred from nearby hospitals, with the aim

of minimizing the need for extensive travel for the patients for the follow-up
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at 1 month. The enrollment of patients therefore proceeded at a slow pace.
Normally, there are 20-25 ILP procedures conducted annually, involving
patients from across Sweden and the Nordic countries. After including only
10 nearby patients during the first year, we decided to remove the assessment
by the physiotherapist at the follow-up visit at our facility. Resulting in that
only 10 out of 17 patients were assessed by a physiotherapist. Sample
collections were arranged to take place at the patients' local hospitals. The
treatment response and regional toxicity were assessed at the patient’s local

hospital and were reported back to us.

5.4.2 Main findings

In this study, the aim was to examine potential alterations in biomarker
expression during ILP in an isolated extremity. Secondarily, we perused
whether the extent of biomarker release aligns with regional toxicity,
alterations in muscle strength, and/or postoperative sensitivity. The study
revealed a significant increase, more than twice, in NfL and tau levels in the
isolated extremity compared to the systemic circulation at the end of
perfusion. Also, NfL and t-tau levels exhibited an approximately 70%
significant increase between start and end of the perfusion in the isolated
extremity. GFAP is specifically recognized as a biomarker associated
exclusively with changes in the central nervous system®®, unlike NfLL and Tau,
which also indicate effects on the peripheral nervous system®’. Samples taken
during perfusion did not indicate an impact on biomarker release in the central
nervous system during ILP, however, the postoperative samplings in the
system circulation on day 3 and day 30 showed a significant increase in both
NfL and GFAP release, suggesting that ILP also affects the central nervous

system.
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For the secondary endpoints, no significant correlation was observed between
biomarker levels and regional toxicity, muscle strength, or sensitivity.
However, the physiotherapist's assessment indicated a significant decrease in
muscle strength postoperatively. Which might be contributed to postoperative
swelling and immobilization. To establish a potential correlation, a larger
study population might have been necessary, or the use of alternative
assessment tools, such as electroneuronography, which could potentially

detect more subtle alterations.

5.4.3 Strength and limitations

The use of the ultrasensitive Single Molecule Array (Simoa) and the expertise
of researchers at the Clinical Neurochemistry Laboratory at the University of
Gothenburg for biomarker analysis gave great strength to this study, given the
highly reliable nature of the test results. Additionally, to the best of our
knowledge, this study represents the first demonstration that isolated
peripheral nerves exposed to chemotherapy during ILP exhibit measurable

signs of damage, detectable in blood.

This feasibility study was conducted with a small study population, focusing
on addressing and answering the primary endpoint. Additionally, it explored
highly interesting secondary endpoints. However, due to the limited sample

size, definitive conclusions should not be drawn from the secondary outcomes.

5.5 Paper |V

5.5.1 Methodological considerations

Paper IV was a sub-study of the randomized controlled trial ICAROX2 by
Wijk et al. The initial 40 patients out of a total of 101 included patients were

part of this study, were this sub-study aimed on examining biomarkers for
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brain injury and oxygen parameters, while the main study examined the
kidney, between two different CPB flow rates. A clear advantage of the study
setup was the collaborative effort of multiple clinical researchers involved in
screening patients for eligibility, providing information, facilitating inclusion,
sample collection, and managing the clinical procedures, which reduced the
impact of the pandemic, ensuring that the pace of inclusion remained
reasonably unaffected, and each study outcome was explored using the same
patients. However, the primary outcome in this sub-study was the biomarker
release pattern, and even though increased biomarker levels indicate brain
injury, we did not deeply evaluate the clinical postoperative outcome of the
patient in this study. Meaning, that the study could not determine whether the
levels of biomarkers had clinical relevance in the patients cognitive outcome,

which of course would have been desirable, but also expensive.

5.5.2 Main findings

The main objective of the study was to evaluate the effects of high or standard
CPB flow rate on biomarker release pattern for brain injury. No significant
differences were found between the groups in the biomarker release pattern at
any of the measured timepoints. This finding was contrary to our hypothesis,
where we expected that higher oxygen delivery would decrease the level of
biomarker release. The lack of differences in biomarker levels between the
groups may be attributed to the ability of the standard CPB flow rate to exceed
the recommended oxygen delivery threshold''’. Regarding the secondary
outcome, we found that age, male gender, DO,i < 330 ml/min/m? and NIRS
levels < 60% were all associated with elevated biomarker levels. These
findings enhance our understanding of potential risk factors that adversely
may affect the brain. Interestingly, delirium was detected in 20% of the

patients randomized to the standard CPB flow rate group, compared to 0% in
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the high flow group, although no statistical difference was noted between the

groups.

5.5.3 Strengths and limitations

The study's strengths lie in the extensive range of neuronal biomarkers
sampled, the high specificity and sensitivity of Simoa technology for
biomarker analysis, and the rigorous standardization of CPB procedures and
sample collection. However, a limitation was that advanced pre- and
postoperative neurocognitive examinations were not conducted, nor was brain
imaging performed. Meaning that the study provided no insights concerning
associations between the release pattern of biomarkers for brain injury after

cardiac surgery and neurocognitive function or structural brain injury.
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6 CONCLUSIONS

IL.

III.

IV.

VL

A crystalloid-based prime solution in isolated lower limb

perfusions sufficiently meets the tissue's oxygen needs.

An oxygen delivery above 170 ml/min/m* during isolated
limb perfusion meets the tissue’s oxygen demand in both

upper and lower limbs.

Near-infrared spectroscopy used for measuring regional
oxygen saturation in extremities during ILP, show a
significant correlation with invasively measured venous
oxygen saturation. However, the two methods do not

sufficiently agree to be used interchangeably.

Isolated peripheral nerves exposed to chemotherapy during
ILP exhibit measurable signs of damage, detectable in

blood.

The release pattern of biomarkers associated with brain
injury do not significantly differ between a standard or a

20% increased CPB flow rate during cardiac surgery.

Relations were found between increased levels of neuronal
biomarkers and age, male gender, DOsi < 330 ml/min/m?,

and NIRS levels < 60% after heart surgery.

CONCLUSION 91



Oxygen demand and neuronal biomarker release during extracorporeal circulation

7 FUTURE PERSPECTIVES

Without extracorporeal circulation, many of the surgical procedures routinely
performed worldwide today would not have been possible. Since the birth of
the heart-lung machine 70 years ago, diligent research has made significant
progress, reducing the risks and side effects of the treatment. Despite this,
there are still many relatively unexplored areas within ECC that still needs to
be explored further, such as the interaction between the brain and ECC,
immunological effects of ECC, optimal oxygen requirements during ECC, the

vulnerability of the kidney during ECC, and more.

With this thesis, we have sought to address some of these areas. While our
results provided valuable insights, they also stimulate additional curiosity and
encourage further research with larger populations and even more conclusive

aims and endpoints.

Here are some of our ongoing thoughts and perspective on interesting future
research: Why do some patients experience severe side effects from ECC,
while others tolerate it better? In Paper I, we observed trends indicating that a
prime solution without blood led to better treatment response and increased
one-year survival. This has prompted us to initiate a larger-scale retrospective

study to further investigate this phenomenon.

Now that we know what the tissue requires for DO,i during ILP (Paper II),
could optimized perfusion potentially lead to reduced side effects during ILP?
Or could we now possibly, with the help of peripherally measurable neuronal
biomarkers, identify patient factors that predict more severe regional toxicity

after ILP (Paper III)?
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If increased oxygen delivery to the body and brain from CPB does not reduce
the biomarker levels for brain injury (Paper IV), the burning question remains
of how to identify the phenomenon that leads to such a significant proportion
of patients experiencing varying degrees of cognitive dysfunction after cardiac

surgery with CPB.

FUTURE PERSPECTIVES 93



Oxygen demand and neuronal biomarker release during extracorporeal circulation

ACKNOWLEDGEMENTS

My main supervisor, Roger Olofsson Bagge, I am profoundly grateful for your
brilliance as a scientist, your excellent mentorship and for your contagious,
exceptionally enthusiastic personality. Thank you for graciously taking me
under your wing, every moment of our collaboration has been a true joy.

Gudrun Bragadottir, co-supervisor, and highly competent thoracic
anesthesiologist and thorough researcher. Always friendly, encouraging, and
caring, especially during my moments filled with doubts along the way.

Markus Axelsson, co-supervisor, sounding board and savior in my vast
knowledge gaps surrounding the incredibly complex field of neurological
science.

I am deeply grateful to Christoffer Hansson and Daniel Bengtsson, much
appreciated chief perfusionists and dear colleagues, for their constant support
and crucial role in enabling me to initiate and pursue my doctoral studies.

My exceptionally skilled, and hardworking Perfusionist colleagues, who have
consistently supported me over the past years. You have generously made time
for me to write, volunteered to take over my patients, and have even cleaned
all my heater-coolers. I'm deeply grateful for all your extraordinary support.
You are truly phenomenal!

Henrik Zetterberg and Kaj Blennow, co-authors with invaluable expertise and
generosity, who from our first interaction left me completely starstruck with
their scientific rockstar status.

Sven-Erik Ricksten an exceptional research virtuoso, Lukas Lannemyr, and
Johanna Wijk, all co-authors, and extremely talented. Thank you for always
being at hand for my scientific ponderings and questions.

Sanna Nielsen, for your co-authorship and knowledge, your invaluable
support, and cheerful encouragement.

I would like to extend my sincere appreciation to the ILP Nestor and co-
author, Jan Mattsson, for his invaluable expertise, all the wonderful
conversations, and his impressive perseverance in wanting to discuss cooking
and recipes with me during our many ILPs.

94 ACKNOWLEDGEMENTS



Anna Corderfeldt Keiller

Dimitrios Katsarelias, for co-authorship, extensive general knowledge, and
captivating stories, as well as for sharing valuable tennis tips.

Tor Damén, incredibly competent, kind, and considerate. Serving as a true
role model, both professionally and interpersonally. Thank you for your
constant support, your helping hand, and your encouragement.

Louise Elfsrom, for your willing and effective assistance in helping me gather
and compile data.

Robert Corderfeldt, the finest, most dedicated, and loving father our children
could possibly have. Thank you for consistently being supportive and kind.

Anders and Ann Corderfeldt, my dearly loved, cherished, and devoted parents.
Always supportive, through sports, academics, career, and everyday life.
Thank you for giving me the opportunity to choose for myself and for standing
by me in everything I have undertaken. I am profoundly grateful for the
enormous impact you have had on my life.

Camilla Barisa, my stunning, cherished sister, a social phenomenon who
possesses all the qualities I lack and wish I had. The world's best listener, but
most importantly, she is the wisest woman I've ever encountered.

Thom Keiller, my husband, my love, my greatest supporter, and my best
friend. Thank you for standing by my side, supporting me, believing in me,
and challenging me on all levels. Additionally, my sincere appreciation for
including your lovely children, Augusta and Bernard, into my life.

Clara and Filip, my treasured awesome children, you are the brightest shining
stars in my universe. Words cannot adequately express how grateful and proud
I am of your unique and wonderful qualities and big hearts. Thank you for
your patience with me and for enriching my life in every way. There is no
limit for my love to you!

ACKNOWLEDGEMENTS 95



Oxygen demand and neuronal biomarker release during extracorporeal circulation

EPILOGUE

Being granted the chance to pursue a doctorate in this field, which deeply
fascinates me, has been a genuine privilege. The education has proven to be
an incredibly enriching journey. Beginning with stumbling steps, with
research questions and designs that I would likely approach differently today,
is an insight that somewhat demonstrates personal advancement during the
doctoral studies. But also, acquiring greater knowledge has not entirely come
for free and without strain. Extensive sampling 24/7, endless analysis, a
multitude of incomprehensible statistics, considerable frustration including a
crashed computer leading to re-writing weeks of work, and many, many "redo,
do it right" has also been part of the journey. However, thanks to my highly
positive, encouraging, incredibly knowledgeable, and always available
supervisor Roger, I have persevered and successfully completed this task. It
feels incredibly fulfilling, and I am actually also a bit proud that I persisted
and finally reached this milestone. My deepest gratitude to all my colleagues,
the clinic, my friends, and my loving supportive family. Thank you for your
consistent support, encouragement, and above all, for your patience during
times [ have been mentally preoccupied and unavailable for you. Without you,

none of this would have been possible!

96



Anna Corderfeldt Keiller

REFERENCES

1.

Holman WL, Timpa J and Kirklin JK. Origins and Evolution of
Extracorporeal Circulation: JACC  Historical = Breakthroughs
in Perspective. J Am Coll Cardiol 2022; 79: 1606-1622. 2022/04/23.
DOI: 10.1016/j.jacc.2022.02.027.

Gibbon JH. Artificial maintenance of circulation during experimental
occlusion of pulmonary artery. Archives of Surgery 1937; 34: 1105-
1131.

Castillo JG and Silvay G. John H. Gibbon Jr, and the 60th anniversary
of the first successful heart-lung machine. J Cardiothorac Vasc
Anesth 2013; 27: 203-207. 2013/03/20. DOI:
10.1053/j.jvca.2012.11.004.

Gibbon JH, Jr. Application of a mechanical heart and lung apparatus
to cardiac surgery. Minn Med 1954; 37: 171-185; passim. 1954/03/01.

Radegran K. The early history of cardiac surgery in Stockholm. J
Card Surg 2003; 18: 564-572. 2004/03/03. DOI: 10.1046/j.0886-
0440.2003.02071.x.

Passaroni AC, Silva MA and Yoshida WB. Cardiopulmonary bypass:
development of John Gibbon's heart-lung machine. Rev Bras Cir
Cardiovasc 2015; 30: 235-245. 2015/06/25. DOI: 10.5935/1678-
9741.20150021.

Sarkar M and Prabhu V. Basics of cardiopulmonary bypass. Indian J
Anaesth 2017; ol: 760-767. 2017/10/04. DOI:
10.4103/ija.]JJA 379 17.

Tan A, Newey C and Falter F. Pulsatile Perfusion during
Cardiopulmonary Bypass: A Literature Review. J Extra Corpor
Technol 2022; 54: 50-60. 2022/11/17. DOI: 10.1182/ject-50-60.

Wahba A, Milojevic M, Boer C, et al. 2019 EACTS/EACTA/EBCP
guidelines on cardiopulmonary bypass in adult cardiac surgery. Eur J
Cardiothorac  Surg 2020; 57: 210-251. 2019/10/03. DOL:
10.1093/ejcts/ezz267.

REFERENCES 97



Oxygen demand and neuronal biomarker release during extracorporeal circulation

10.

11.

12.

13.

14.

15.

16.

17.

18.

98

Ali JM, Miles LF, Abu-Omar Y, et al. Global Cardioplegia Practices:
Results from the Global Cardiopulmonary Bypass Survey. J Extra
Corpor Technol 2018; 50: 83-93. 2018/06/21.

Milojevic M, Milosevic G, Nikolic A, et al. Mastering the Best
Practices: A Comprehensive Look at the European Guidelines for
Cardiopulmonary Bypass in Adult Cardiac Surgery. J Cardiovasc
Dev Dis 2023; 10 2023/07/28. DOI: 10.3390/jcdd10070296.

Ni YM, Leskosek B, Shi LP, et al. Optimization of venous return
tubing diameter for cardiopulmonary bypass. Eur J Cardiothorac
Surg 2001; 20: 614-620. 2001/08/18. DOI: 10.1016/s1010-
7940(01)00840-5.

Datt B, Pourmoghadam KK, Munro HM, et al. Gravity Venous
Drainage and the 3/8-Inch Venous Line: What Would Poiseuille Do?
J Extra Corpor Technol 2019; 51: 78-82. 2019/06/27.

Segers PA, Heida JF, de Vries I, et al. Clinical evaluation of nine
hollow-fibre membrane oxygenators. Perfusion 2001; 16: 95-106.
2001/05/04. DOI: 10.1177/026765910101600203.

Jabur GN, Sidhu K, Willcox TW, et al. Clinical evaluation of emboli
removal by integrated versus non-integrated arterial filters in new
generation oxygenators. Perfusion 2016; 31: 409-417. 2015/12/09.
DOLI: 10.1177/0267659115621614.

Shann KG, Likosky DS, Murkin JM, et al. An evidence-based review
of the practice of cardiopulmonary bypass in adults: a focus on
neurologic injury, glycemic control, hemodilution, and the
inflammatory response. J Thorac Cardiovasc Surg 2006; 132: 283-
290. 2006/07/29. DOI: 10.1016/j.jtcvs.2006.03.027.

Ranucci M, Baryshnikova E, Ciotti E, et al. Hemodilution on
Cardiopulmonary Bypass: Thromboelastography Patterns and
Coagulation-Related Outcomes. J Cardiothorac Vasc Anesth 2017;
31: 1588-1594. 2017/08/06. DOI: 10.1053/j.jvca.2017.04.014.

Protsyk V, Rasmussen BS, Guarracino F, et al. Fluid Management in
Cardiac Surgery: Results of a Survey in European Cardiac Anesthesia
Departments. J Cardiothorac Vasc Anesth 2017; 31: 1624-1629.
2017/08/06. DOI: 10.1053/j.jvca.2017.04.017.



Anna Corderfeldt Keiller

19.

20.

21.

22.

23.

24.

25.

26.

27.

Saczkowski R, Bernier PL, Tchervenkov CI, et al. Retrograde
autologous priming and allogeneic blood transfusions: a meta-
analysis. Interact Cardiovasc Thorac Surg 2009; 8: 373-376.
2008/12/17. DOLI: 10.1510/icvts.2008.195354.

Blessing JM and Riley JB. Lean Flow: Optimizing Cardiopulmonary
Bypass Equipment and Flow for Obese Patients-A Technique Article.
J Extra Corpor Technol 2017; 49: 30-35. 2017/03/17.

Magruder JT, Crawford TC, Harness HL, et al. A pilot goal-directed
perfusion initiative is associated with less acute kidney injury after
cardiac surgery. J Thorac Cardiovasc Surg 2017; 153: 118-125.e111.
2016/11/12. DOI: 10.1016/].jtcvs.2016.09.016.

Mukaida H, Matsushita S, Kuwaki K, et al. Time-dose response of
oxygen delivery during cardiopulmonary bypass predicts acute
kidney injury. J Thorac Cardiovasc Surg 2019; 158: 492-499.
2018/12/24. DOLI: 10.1016/j.jtcvs.2018.10.148.

Brown JR, Shore-Lesserson L, Fox AA, et al. The Society of Thoracic
Surgeons/Society of Cardiovascular Anesthesiologists/American
Society of Extracorporeal Technology Clinical Practice Guidelines
for the Prevention of Adult Cardiac Surgery-Associated Acute Kidney
Injury. J Extra Corpor Technol 2022; 54: 267-290. 2023/02/07. DOL:
10.1182/ject-54301.

Li P, Qu LP, Qi D, et al. Significance of perioperative goal-directed
hemodynamic approach in preventing postoperative complications in
patients after cardiac surgery: a meta-analysis and systematic review.
Ann - Med  2017; 49:  343-351.  2016/12/13.  DOLI:
10.1080/07853890.2016.1271956.

Du Bois D and Du Bois EF. A formula to estimate the approximate
surface area if height and weight be known. 1916. Nutrition 1989; 5:
303-311; discussion 312-303. 1989/09/01.

Moore RA, Waheed A and Burns B. Rule of Nines. StatPearls.
Treasure Island (FL): StatPearls Publishing Copyright © 2021,
StatPearls Publishing LLC., 2021.

Ranucci M, Cotza M and Di Dedda U. The Conundrum of Systemic

Arterial Pressure Management on Cardiopulmonary Bypass. J Clin
Med 2023; 12 2023/02/12. DOI: 10.3390/jcm12030806.

REFERENCES 99



Oxygen demand and neuronal biomarker release during extracorporeal circulation

28.

29.

30.

31.

32.

33.

34.

35.

36.

100

Vedel AG, Holmgaard F, Rasmussen LS, et al. High-Target Versus
Low-Target Blood Pressure Management During Cardiopulmonary
Bypass to Prevent Cerebral Injury in Cardiac Surgery Patients: A
Randomized Controlled Trial. Circulation 2018; 137: 1770-1780.
2018/01/18. DOI: 10.1161/circulationaha.117.030308.

Hori D, Nomura Y, Ono M, et al. Optimal blood pressure during
cardiopulmonary bypass defined by cerebral autoregulation
monitoring. J Thorac Cardiovasc Surg 2017; 154: 1590-1598.e1592.
2017/10/19. DOI: 10.1016/j.jtcvs.2017.04.091.

Lassen NA. Cerebral blood flow and oxygen consumption in man.
Physiol ~ Rev  1959;  39: 183-238. 1959/04/01. DOI:
10.1152/physrev.1959.39.2.183.

Choi MS, Sung K and Cho YH. Clinical Pearls of Venoarterial
Extracorporeal Membrane Oxygenation for Cardiogenic Shock.
Korean Circ J 2019; 49: 657-677. 2019/08/01. DOI:
10.4070/kcj.2019.0188.

Treacher DF and Leach RM. Oxygen transport-1. Basic principles.
Bmj 1998; 317: 1302-1306. 1998/11/07. DOI:
10.1136/bmj.317.7168.1302.

Baraka A. Alpha-stat vs. pH-stat strategy during hypothermic
cardiopulmonary bypass. Middle East J Anaesthesiol 2004; 17: 705-
712.2004/07/17.

Rabinowitz JD and Enerbéck S. Lactate: the ugly duckling of energy
metabolism. Nat Metab 2020; 2: 566-571. 2020/07/23. DOI:
10.1038/s42255-020-0243-4.

Jobsis FF. Noninvasive, infrared monitoring of cerebral and
myocardial oxygen sufficiency and circulatory parameters. Science
1977; 198: 1264-1267. 1977/12/23. DOI: 10.1126/science.929199.

Watzman HM, Kurth CD, Montenegro LM, et al. Arterial and venous
contributions to near-infrared cerebral oximetry. Anesthesiology
2000; 93:947-953.2000/10/06. DOI: 10.1097/00000542-200010000-
00012.



Anna Corderfeldt Keiller

37.

38.

39.

40.

41.

42.

43.

44,

45.

Murkin JM and Arango M. Near-infrared spectroscopy as an index of
brain and tissue oxygenation. Br J Anaesth 2009; 103 Suppl 1: i3-13.
2009/12/17. DOI: 10.1093/bja/aep299.

Barstow TJ. Understanding near infrared spectroscopy and its
application to skeletal muscle research. J Appl Physiol (1985) 2019;
126: 1360-1376. 2019/03/08. DOI:
10.1152/japplphysiol.00166.2018.

Costes F, Barthélémy JC, Féasson L, et al. Comparison of muscle
near-infrared spectroscopy and femoral blood gases during steady-
state exercise in humans. J App! Physiol (1985) 1996; 80: 1345-1350.
1996/04/01. DOI: 10.1152/jappl.1996.80.4.1345.

Nygren A, Rennerfelt K and Zhang Q. Detection of changes in muscle
oxygen saturation in the human leg: a comparison of two near-infrared
spectroscopy devices. J Clin Monit Comput 2014; 28: 57-62.
2013/07/13. DOI: 10.1007/s10877-013-9494-x.

Arbabi S, Brundage SI and Gentilello LM. Near-infrared
spectroscopy: a potential method for continuous, transcutaneous
monitoring for compartmental syndrome in critically injured patients.
J Trauma 1999; 47: 829-833. 1999/11/24. DOI: 10.1097/00005373-
199911000-00002.

Creech O, Jr., Krementz ET, Ryan RF, et al. Chemotherapy of cancer:
regional perfusion utilizing an extracorporeal circuit. Ann Surg 1958;
148: 616-632. 1958/10/01.

Dossett LA, Ben-Shabat I, Olofsson Bagge R, et al. Clinical Response
and Regional Toxicity Following Isolated Limb Infusion Compared
with Isolated Limb Perfusion for In-Transit Melanoma. Ann Surg
Oncol 2016; 23: 2330-2335. 2016/03/02. DOI: 10.1245/s10434-016-
5150-2.

Moreno-Ramirez D, de la Cruz-Merino L, Ferrandiz L, et al. Isolated
limb perfusion for malignant melanoma: systematic review on
effectiveness and safety. Oncologist 2010; 15: 416-427. 2010/03/30.
DOI: 10.1634/theoncologist.2009-0325.

Katsarelias D, Radbo E, Ben-Shabat I, et al. The Effect of

Temperature and Perfusion Time on Response, Toxicity, and Survival
in Patients with In-transit Melanoma Metastases Treated with Isolated

REFERENCES 101



Oxygen demand and neuronal biomarker release during extracorporeal circulation

46.

47.

48.

49.

50.

51.

52.

53.

54.

102

Limb Perfusion. Ann Surg Oncol 2018 2018/05/17. DOL:
10.1245/s10434-018-6459-9.

Michielin O, van Akkooi A, Lorigan P, et al. ESMO consensus
conference recommendations on the management of locoregional
melanoma: under the auspices of the ESMO Guidelines Committee.
Ann Oncol  2020; 31: 1449-1461. 2020/08/09. DOI:
10.1016/j.annonc.2020.07.005.

Ward William H LF, Goel, Neha et al. Cutaneous Melanoma:
Etiology and Therapy. In: Ward WH FJ, (ed.). Clinical Presentation
and Staging of Melanoma. Brisbane: Codon Publications 2017.

Saginala K, Barsouk A, Aluru JS, et al. Epidemiology of Melanoma.
Med Sci (Basel) 2021; 9 2021/10/27. DOI: 10.3390/medsci9040063.

Arnold M, Singh D, Laversanne M, et al. Global Burden of Cutaneous
Melanoma in 2020 and Projections to 2040. JAMA Dermatol 2022,
158: 495-503. 2022/03/31. DOI: 10.1001/jamadermatol.2022.0160.

SweMR.  Sfr. Svenska  Melanomregistret (SweMR) -
kvalitetsregisterrapport, 1990-2021. 2022. Registry.

Olofsson R, Mattsson J and Lindner P. Long-term follow-up of 163
consecutive patients treated with isolated limb perfusion for in-transit
metastases of malignant melanoma. Int J Hyperthermia 2013; 29:
551-557.2013/07/20. DOI: 10.3109/02656736.2013.802374.

Colvin M. Alkylating Agents. Kufe DW, Pollock RE, Weichselbaum
RR ed. Holland: Hamilton, 2003.

Olofsson R, Lindberg E, Karlsson-Parra A, et al. Melan-A specific
CD8+ T lymphocytes after hyperthermic isolated limb perfusion: a
pilot study in patients with in-transit metastases of malignant
melanoma. Int J Hyperthermia 2013; 29: 234-238. 2013/04/18. DOI:
10.3109/02656736.2013.782428.

Sonneveld EJ, Vrouenraets BC, van Geel BN, et al. Systemic toxicity
after isolated limb perfusion with melphalan for melanoma. Eur J
Surg Oncol 1996; 22: 521-527. 1996/10/01. DOI: 10.1016/s0748-
7983(96)93085-1.



Anna Corderfeldt Keiller

55.

56.

57.

58.

59.

60.

61.

62.

63.

van Horssen R, Ten Hagen TL and Eggermont AM. TNF-alpha in
cancer treatment: molecular insights, antitumor effects, and clinical
utility.  Oncologist  2006; 11: 397-408. 2006/04/15. DOI:
10.1634/theoncologist.11-4-397.

Carswell EA, Old LJ, Kassel RL, et al. An endotoxin-induced serum
factor that causes necrosis of tumors. Proc Natl Acad Sci U S A 1975;
72:3666-3670. 1975/09/01. DOI: 10.1073/pnas.72.9.3666.

Eggermont AM, de Wilt JH and ten Hagen TL. Current uses of
isolated limb perfusion in the clinic and a model system for new
strategies. Lancet Oncol 2003; 4: 429-437. 2003/07/10. DOI:
10.1016/s1470-2045(03)01141-0.

Manusama ER, Nooijen PT, Stavast J, et al. Synergistic antitumour
effect of recombinant human tumour necrosis factor alpha with
melphalan in isolated limb perfusion in the rat. Br J Surg 1996; 83:
551-555.1996/04/01. DOI: 10.1002/bjs.1800830438.

Klaase JM, Kroon BB, van Geel AN, et al. Systemic leakage during
isolated limb perfusion for melanoma. BrJ Surg 1993; 80: 1124-1126.
1993/09/01. DOI: 10.1002/bjs.1800800918.

Katsarelias D, Béth J, Carlson P, et al. Leakage through the bone-
marrow during isolated limb perfusion in the lower extremity. J Surg
Case Rep 2019; 2019: 1jz090. 2019/04/11. DOI: 10.1093/jscr/rjz090.

Stehlin JS, Jr., Clark RL, Jr. and Dewey WC. Continuous monitoring
of leakage during regional perfusion. Arch Surg 1961; 83: 943-949.
1961/12/01. DOI: 10.1001/archsurg.1961.01300180143028.

Sevilla-Ortega L, Ferrandiz-Pulido L, Palazén-Carrion N, et al. Role
of Isolated Limb Perfusion in the Era of Targeted Therapies and
Immunotherapy in Melanoma. A Systematic Review of The
Literature. Cancers (Basel) 2021; 13 2021/11/14. DOI:
10.3390/cancers13215485.

Olieman AF, Schraffordt Koops H, Geertzen JH, et al. Functional
morbidity of hyperthermic isolated regional perfusion of the
extremities. Ann Surg Oncol 1994; 1: 382-388. 1994/09/01. DOI:
10.1007/b102303810.

REFERENCES 103



Oxygen demand and neuronal biomarker release during extracorporeal circulation

64.

65.

66.

67.

68.

69.

70.

71.

72.

104

Vrouenraets BC, Hart GA, Eggermont AM, et al. Relation between
limb toxicity and treatment outcomes after isolated limb perfusion for
recurrent melanoma. J Am Coll Surg 1999; 188: 522-530. 1999/05/11.
DOI: 10.1016/s1072-7515(99)00018-6.

Haveman J, Van Der Zee J, Wondergem J, et al. Effects of
hyperthermia on the peripheral nervous system: a review. Int J
Hyperthermia ~ 2004;  20:  371-391.  2004/06/19. DOI:
10.1080/02656730310001637631.

Duprat Neto JP, Oliveira F, Bertolli E, et al. Isolated limb perfusion
with hyperthermia and chemotherapy: predictive factors for regional
toxicity. Clinics (Sao Paulo) 2012; 67: 237-241. 2012/04/05.

Wieberdink J, Benckhuysen C, Braat RP, et al. Dosimetry in isolation
perfusion of the limbs by assessment of perfused tissue volume and
grading of toxic tissue reactions. Eur J Cancer Clin Oncol 1982; 18:
905-910. 1982/10/01.

WHO. WHO handbook for reporting results of cancer treatment. In:
WHO, (ed.). 48. Geneva: World Health Organization, 1979, p. 45.

Wolman RL, Nussmeier NA, Aggarwal A, et al. Cerebral injury after
cardiac surgery: identification of a group at extraordinary risk.
Multicenter Study of Perioperative Ischemia Research Group
(McSPI) and the Ischemia Research Education Foundation (IREF)
Investigators. Stroke 1999; 30: 514-522. 1999/03/06. DOI:
10.1161/01.str.30.3.514.

Newman MF, Mathew JP, Grocott HP, et al. Central nervous system
injury associated with cardiac surgery. Lancet 2006; 368: 694-703.
2006/08/22. DOLI: 10.1016/s0140-6736(06)69254-4.

Hogue CW, Jr., Barzilai B, Pieper KS, et al. Sex differences in
neurological outcomes and mortality after cardiac surgery: a society
of thoracic surgery national database report. Circulation 2001; 103:
2133-2137.2001/05/23. DOI: 10.1161/01.cir.103.17.2133.

Grover FL, Shroyer AL, Hammermeister K, et al. A decade's
experience with quality improvement in cardiac surgery using the
Veterans Affairs and Society of Thoracic Surgeons national
databases. Ann Surg 2001; 234: 464-472; discussion 472-464.
2001/09/27. DOI: 10.1097/00000658-200110000-00006.



Anna Corderfeldt Keiller

73.

74.

75.

76.

77.

78.

79.

80.

81.

Jufar AH, Lankadeva YR, May CN, et al. Renal and Cerebral Hypoxia
and Inflammation During Cardiopulmonary Bypass. Compr Physiol
2021; 12: 2799-2834. 2021/12/30. DOI: 10.1002/cphy.c210019.

Hall RI, Smith MS and Rocker G. The systemic inflammatory
response to cardiopulmonary bypass: pathophysiological, therapeutic,
and pharmacological considerations. Anesth Analg 1997; 85: 766-
782.1997/10/10. DOI: 10.1097/00000539-199710000-00011.

Majewski P, Zegan-Baranska M, Karolak I, et al. Current Evidence
Regarding Biomarkers Used to Aid Postoperative Delirium Diagnosis
in the Field of Cardiac Surgery-Review. Medicina (Kaunas) 2020; 56
2020/09/30. DOI: 10.3390/medicina56100493.

Wan S, LeClerc JL and Vincent JL. Inflammatory response to
cardiopulmonary bypass: mechanisms involved and possible
therapeutic strategies. Chest 1997; 112: 676-692. 1997/10/07. DOI:
10.1378/chest.112.3.676.

Takata F, Nakagawa S, Matsumoto J, et al. Blood-Brain Barrier
Dysfunction Amplifies the Development of Neuroinflammation:
Understanding of Cellular Events in Brain Microvascular Endothelial
Cells for Prevention and Treatment of BBB Dysfunction. Front Cell
Neurosci 2021; 15: 661838. 2021/10/01. DOI:
10.3389/fncel.2021.661838.

Dantzer R. Cytokine-induced sickness behaviour: a neuroimmune
response to activation of innate immunity. Eur J Pharmacol 2004;
500: 399-411. 2004/10/07. DOI: 10.1016/j.ejphar.2004.07.040.

Alam A, Hana Z, Jin Z, et al. Surgery, neuroinflammation and
cognitive impairment. EBioMedicine 2018; 37: 547-556. 2018/10/24.
DOI: 10.1016/j.ebiom.2018.10.021.

Biomarkers and surrogate endpoints: preferred definitions and
conceptual framework. Clin Pharmacol Ther 2001; 69: 89-95.
2001/03/10. DOI: 10.1067/mcp.2001.113989.

Lesko LJ and Atkinson AJ, Jr. Use of biomarkers and surrogate
endpoints in drug development and regulatory decision making:
criteria, validation, strategies. Annu Rev Pharmacol Toxicol 2001; 41:
347-366. 2001/03/27. DOL: 10.1146/annurev.pharmtox.41.1.347.

REFERENCES 105



Oxygen demand and neuronal biomarker release during extracorporeal circulation

82.

83.

84.

85.

86.

87.

88.

89.

90.

106

Romeo MJ, Espina V, Lowenthal M, et al. CSF proteome: a protein
repository for potential biomarker identification. Expert review of
proteomics 2005; 2: 57-70. 2005/06/22. DOL:
10.1586/14789450.2.1.57.

Evered L, Silbert B, Scott DA, et al. Association of Changes in Plasma
Neurofilament Light and Tau Levels With Anesthesia and Surgery:
Results From the CAPACITY and ARCADIAN Studies. JAMA
Neurol 2018; 75: 542-547. 2018/02/21. DOI:
10.1001/jamaneurol.2017.4913.

Zetterberg H, Smith DH and Blennow K. Biomarkers of mild
traumatic brain injury in cerebrospinal fluid and blood. Nat Rev
Neurol 2013;9:201-210.2013/02/13. DOI: 10.1038/nrneurol.2013.9.

Gaetani L, Blennow K, Calabresi P, et al. Neurofilament light chain
as a biomarker in neurological disorders. J Neurol Neurosurg
Psychiatry 2019; 90: 870-881. 2019/04/11. DOI: 10.1136/jnnp-2018-
320106.

Kortvelyessy P, Kuhle J, Diizel E, et al. Ratio and index of
Neurofilament light chain indicate its origin in Guillain-Barré
Syndrome. Ann Clin Trans! Neurol 2020; 7: 2213-2220. 2020/10/09.
DOI: 10.1002/acn3.51207.

Kmezic I, Samuelsson K, Finn A, et al. Neurofilament light chain and
total tau in the differential diagnosis and prognostic evaluation of
acute and chronic inflammatory polyneuropathies. Fur J Neurol 2022;
29:2810-2822.2022/06/01. DOI: 10.1111/ene.15428.

Bergman J, Dring A, Zetterberg H, et al. Neurofilament light in CSF
and serum is a sensitive marker for axonal white matter injury in MS.
Neurol Neuroimmunol Neuroinflamm 2016; 3: e271. 2016/08/19.
DOI: 10.1212/nxi.0000000000000271.

Hernandez-Garcia C, Rodriguez-Rodriguez A and Egea-Guerrero JJ.
Brain injury biomarkers in the setting of cardiac surgery: Still a world
to explore. Brain Inj 2016; 30: 10-17. 2015/11/12. DOIL:
10.3109/02699052.2015.1079733.

Palotas A, Reis HJ, Bogats G, et al. Coronary artery bypass surgery
provokes Alzheimer's disease-like changes in the cerebrospinal fluid.
J Alzheimers Dis 2010; 21: 1153-1164. 2010/01/01.



Anna Corderfeldt Keiller

91.

92.

93.

94.

95.

96.

97.

98.

99.

Randall J, Mértberg E, Provuncher GK, et al. Tau proteins in serum
predict neurological outcome after hypoxic brain injury from cardiac
arrest: results of a pilot study. Resuscitation 2013; 84: 351-356.
2012/08/14. DOLI: 10.1016/j.resuscitation.2012.07.027.

Gonzalez-Ortiz F, Ferreira PCL, Gonzalez-Escalante A, et al. A novel
ultrasensitive assay for plasma p-tau217: Performance in individuals
with subjective cognitive decline and early Alzheimer's disease.
Alzheimers Dement 2023 2023/11/17. DOI: 10.1002/alz.13525.

Eng LF. Glial fibrillary acidic protein (GFAP): the major protein of
glial intermediate filaments in differentiated astrocytes. J
Neuroimmunol 1985; 8: 203-214. 1985/06/01. DOI: 10.1016/s0165-
5728(85)80063-1.

Hol EM and Pekny M. Glial fibrillary acidic protein (GFAP) and the
astrocyte intermediate filament system in diseases of the central
nervous system. Curr Opin Cell Biol 2015; 32: 121-130. 2015/03/03.
DOI: 10.1016/j.ceb.2015.02.004.

Middeldorp J and Hol EM. GFAP in health and disease. Prog
Neurobiol — 2011; 93: 421-443. 2011/01/12. DOI:
10.1016/j.pneurobio.2011.01.005.

Simrén J, Elmgren A, Blennow K, et al. Fluid biomarkers in
Alzheimer's disease. Adv Clin Chem 2023; 112: 249-281.2023/01/16.
DOI: 10.1016/bs.acc.2022.09.006.

Papa L, Brophy GM, Welch RD, et al. Time Course and Diagnostic
Accuracy of Glial and Neuronal Blood Biomarkers GFAP and UCH-
L1 in a Large Cohort of Trauma Patients With and Without Mild
Traumatic Brain Injury. JAMA Neurol 2016; 73: 551-560.
2016/03/29. DOI: 10.1001/jamaneurol.2016.0039.

Khalil M, Teunissen CE, Otto M, et al. Neurofilaments as biomarkers
in neurological disorders. Nat Rev Neurol 2018; 14: 577-589.
2018/09/02. DOI: 10.1038/s41582-018-0058-z.

Gisslén M, Price RW, Andreasson U, et al. Plasma concentration of
the neurofilament light protein (NFL) is a biomarker of CNS injury in
HIV infection: a cross-sectional study. EBioMedicine 2016; 3: 135-
140.

REFERENCES 107



Oxygen demand and neuronal biomarker release during extracorporeal circulation

100.

101.

102.

103.

104.

105.

106.

107.

108

Kuhle J, Barro C, Andreasson U, et al. Comparison of three analytical
platforms for quantification of the neurofilament light chain in blood
samples: ELISA, electrochemiluminescence immunoassay and
Simoa. Clin Chem Lab Med 2016; 54: 1655-1661. 2016/04/14. DOL:
10.1515/cclm-2015-1195.

Wilson D, Chan D, Chang L, et al. Development and multi-center
validation of a fully automated digital immunoassay for
neurofilament light chain: toward a clinical blood test for neuronal
injury. Clin Chem Lab Med 2023 2023/09/13. DOI: 10.1515/cclm-
2023-0518.

Lannemyr L, Bragadottir G, Hjarpe A, et al. Impact of
cardiopulmonary bypass flow on renal oxygenation in patients
undergoing cardiac surgery. Ann Thorac Surg 2018 2018/10/27. DOLI:
10.1016/j.athoracsur.2018.08.085.

Shadgan B, Reid WD, Harris RL, et al. Hemodynamic and oxidative
mechanisms of tourniquet-induced muscle injury: near-infrared
spectroscopy for the orthopedics setting. J Biomed Opt 2012; 17:
081408-081401.2012/12/12. DOI: 10.1117/1.Jb0.17.8.081408.

Bharadwaj MS and Bora V. Managing Fresh-Frozen Plasma
Transfusion Adverse Effects: Allergic Reactions, TACO, and TRALL
StatPearls. Treasure Island (FL) ineligible companies. Disclosure:
Vaibhav Bora declares no relevant financial relationships with
ineligible companies.: StatPearls Publishing Copyright © 2023,
StatPearls Publishing LLC., 2023.

Bland JM and Altman DG. Statistical methods for assessing
agreement between two methods of clinical measurement. Lancet
1986; 1: 307-310. 1986/02/08.

Bland JM and Altman DG. Measuring agreement in method
comparison studies. Stat Methods Med Res 1999; 8: 135-160.
1999/09/29. DOLI: 10.1177/096228029900800204.

Critchley LA and Critchley JA. A meta-analysis of studies using bias
and precision statistics to compare cardiac output measurement
techniques. J Clin Monit Comput 1999; 15: 85-91. 2003/02/13. DOL:
10.1023/a:1009982611386.



Anna Corderfeldt Keiller

108.

109.

110.

Odor PM, Bampoe S and Cecconi M. Cardiac Output Monitoring:
Validation Studies-how Results Should be Presented. Curr
Anesthesiol Rep 2017, 7. 410-415. 2017/12/05. DOI:
10.1007/s40140-017-0239-0.

Bohr C, Hasselbalch KA and Krogh A. Ueber einen in biologischer
Beziehung wichtigen FEinfluss, den die Kohlensdurespannung des
Blutes auf dessen Sauerstoffbindung iibtl. Acta Physiologica 1904;
16: 402-412.

Ranucci M, Johnson I, Willcox T, et al. Goal-directed perfusion to
reduce acute kidney injury: A randomized trial. J Thorac Cardiovasc
Surg  2018; 156:  1918-1927.e1912.  2018/05/21. DOI:
10.1016/j.jtcvs.2018.04.045.

REFERENCES 109



	ABSTRACT
	Sammanfattning på svenskA
	List of papers
	Contents
	Abbreviations
	Prologue
	1 INTRODUCTION
	1.1 Extracorporeal circulation
	1.2 Heart-lung machine historical overview
	1.3 Cardiopulmonary bypass
	1.4 Hardware in extracorporeal circulation
	1.4.1 Cannulas
	1.4.2 Tubing
	1.4.3 Reservoir
	1.4.4 Pump
	1.4.5 Oxygenator
	1.4.6 Heater-cooler unit

	1.5 Conduct of extracorporeal circulation
	1.5.1 Prime
	1.5.2 Anticoagulation
	1.5.3 Pump flow management
	1.5.4 Goal-directed perfusion
	1.5.5 Body surface area
	1.5.6 Mean arterial pressure
	1.5.7 Oxygen demand
	1.5.7.1 Oxygen delivery
	1.5.7.2 Oxygen consumption
	1.5.7.3 Oxygen extraction ratio


	1.6 Monitoring
	1.6.1 Acid-base management
	1.6.2 Lactate
	1.6.3 Near-infrared spectroscopy

	1.7 Isolated limb perfusion
	1.7.1 Malignant melanoma
	1.7.2 Technique of ILP
	1.7.3 Chemotherapy used in ILP
	1.7.3.1 Melphalan
	1.7.3.2 Tumor necrosis factor alpha

	1.7.4 Leakage monitoring
	1.7.5 Toxicity
	1.7.6 Wieberdink grading
	1.7.7 Cancer treatment response

	1.8 Heart surgery, CPB and the brain
	1.8.1 Etiology of postoperative cognitive decline

	1.9 Biomarkers
	1.9.1 Neuronal biomarkers
	1.9.1.1 Neurofilament light
	1.9.1.2 Total tau
	1.9.1.3 Glial fibrillary acidic protein

	1.9.2 Single molecule array


	2 Aim
	3 Patients and Methods
	3.1 Overview
	3.2 Paper I
	3.2.1 Study design
	3.2.2 Inclusion, exclusion criteria
	3.2.3  Experimental protocol
	3.2.4 Outcome measures

	3.3 Paper II
	3.3.1 Study design
	3.3.2 Inclusion, exclusion criteria
	3.3.3 Experimental protocol
	3.3.4 Oxygen calculations
	3.3.5 Outcome measures

	3.4 Paper III
	3.4.1 Study design
	3.4.2 Inclusion, exclusion criteria
	3.4.3 Experimental protocol
	3.4.4 Outcome measures

	3.5 Paper IV
	3.5.1 Study design
	3.5.2 Inclusion, exclusion criteria
	3.5.3 Experimental protocol
	3.5.4 Outcome measures

	3.6 Biomarker analysis (paper III-IV)
	3.7 ECC set up
	3.7.1 Paper I-III
	3.7.2 Paper IV

	3.8 Statistical analysis
	3.8.1 Sample size Paper I and IV


	4 results
	4.1 Paper I
	4.1.1 Patients
	4.1.2 Lactate
	4.1.3 Oxygen parameters
	4.1.4 Response, toxicity, survival

	4.2 Paper II
	4.2.1 Patients
	4.2.2  Oxygen parameters
	4.2.3 Changes in oxygen parameters
	4.2.4 Oxygen delivery threshold
	4.2.5 NIRS

	4.3 Paper III
	4.3.1 Patients
	4.3.2 Biomarkers in extremity vs. systemic circulation
	4.3.3 Biomarkers during ECC in extremity
	4.3.4 Biomarkers and toxicity reaction
	4.3.5 Biomarkers, muscle strength and sensitivity

	4.4 Paper IV
	4.4.1 Patients
	4.4.2 Biomarker release pattern
	4.4.3 Biomarkers and patient/treatment characteristics
	4.4.4 Postoperative delirium


	5 Discussion
	5.1 Ethical considerations
	5.2 Paper I
	5.2.1 Methodological considerations
	5.2.2 Main findings
	5.2.3 Strengths and limitations

	5.3 Paper II
	5.3.1 Methodological considerations
	5.3.2 Main findings
	5.3.3 Strengths and limitations

	5.4 Paper III
	5.4.1 Methodological considerations
	5.4.2 Main findings
	5.4.3 Strength and limitations

	5.5 Paper IV
	5.5.1 Methodological considerations
	5.5.2 Main findings
	5.5.3 Strengths and limitations


	6 Conclusions
	7 Future perspectives
	Acknowledgements
	Epilogue
	References

