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Abstract
Introduction
Hypothermic machine perfusion (HMP) could improve the outcome of marginal
liver transplantation, but the optimal perfusion setup and injury markers are
unknown. The null hypothesis herein is no difference in cellular and mitochondrial
injury during ex-situ preservation when comparing SCS and end-ischaemic HMP.
Methods
This is a single-centre, randomised study of end-ischaemic HMP in discarded
human livers. A total of 45 livers were preserved for 4 hours with static cold
storage (n = 7), arterial perfusion (n = 10), non-oxygen supplemented venous
perfusion (n = 17), and oxygen supplemented venous perfusion (n = 11).
Dynamic, biochemical, morphological, and mitochondrial parameters were
analysed. Additionally, oxygenation kinetics and steatosis assessment were
examined.
Results
Arterial perfusion resulted in higher resistance and lower flow compared with
venous perfusion (p ≤ 0.01), as well as higher perfusate transaminases in the
former group (p > 0.05). High-risk marginal livers were associated with 2-fold
higher perfusate transaminases (p > 0.05) and higher post-preservation
mitochondrial complex II-III activity (p = 0.01) compared to low-risk livers.
Morphology and mitochondrial function were maintained in all groups and
oxygenation did not trigger oxidative injury. Parenchymal oxygen measurement
indicated evidence of oxygen consumption. A revised steatosis grading system
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using digital image analysis was accurate and showed high agreement with
standard H&E assessment.
Conclusion
There was not enough evidence to reject the null hypothesis. Arterial-only
perfusion might be inadequate for liver preservation based on the limited
perfusate supply, but randomised trials are needed to determine the requirement
of arterial perfusion in dual-vessel perfusion machines. The sensitivity of highrisk livers to ischaemia reperfusion injury might be reflected in their mitochondrial
function, which needs to be assessed in future. Perfusate oxygenation is safe but
the optimal perfusate oxygen remains unknown. DIA is a promising method,
which can standardise steatosis evaluation.
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Impact statement
Liver transplantation is the mainstay of treatment for end-stage liver disease, but
it is limited by donor organ shortage, necessitating an increased utilisation of
suboptimal livers. Machine perfusion has been proposed as a means to optimise
the preservation of marginal livers and provide viability markers before
transplantation. However, many aspects relating to optimal perfusion setup and
quality assessment parameters remain unknown.
Human tissue specimens are scarce worldwide, and this is particularly
evident for whole organs. This preclinical research involved the largest number
of perfused discarded human livers to date, which increased the power of our
results compared to others. We were able to experiment on human livers using
settings that cannot be replicated in the clinic and which allowed us to scrutinise
results obtained from previous preclinical studies.
Identifying surrogate markers of organ quality is essential for optimal
selection of grafts. We report the potential of mitochondrial function markers and
possible role of hepatocellular injury enzymes for identification of high-risk
marginal livers. The validity of our observations should be assessed in future
clinical studies, which are required before end-ischaemic HMP is approved for
routine use in clinic.
We adapted the original prototype of the perfusion machine to include a
membrane oxygenator while avoiding the introduction of air bubbles into the liver
or increasing resistance in the circuit. This modification is essential for refinement
of the commercial version of the perfusion machine. We also modified the tubing
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connections to accommodate in-line oxygen detection probes, which were able
to measure low oxygen tensions and provide results in real time.
We showed that perfusion for up to four hours was feasible and that it
preserved the cellular morphology, which is vital in cases where cold ischaemic
time is likely to be prolonged. We also reported the safety of oxygenated
perfusion and lack of mitochondrial oxidative injury, as well as showing the
kinetics of oxygen uptake during end-ischaemic HMP. Additionally, our methods
and results can be used in developing future studies and for grant applications.
We note that the work presented here is part of an incremental effort to
understand the role of machine perfusion in organ preservation and is a step
towards investigating end-ischaemic HMP in clinical studies.

6

Dedication

This work is dedicated to my parents, my sisters, my wife, and my
late aunt, and all those who stood by me and supported me to get
through these challenging times.

7

Acknowledgements

Acknowledgements
I would like to thank my supervisors, Professor Barry Fuller and Professor Brian
Davidson for their endless supervision and guidance throughout this thesis. I
would also like to thank Dr Jan-Willem Taanman for his supervision and
assistance on mitochondrial investigations, Mr Andrew Hall for his huge support
on digital image analysis, Dr Tu Vinh Luong and Dr Jennifer Watkins from the
Pathology Department at the Royal Free Hospital, and Mr Jahm Persaud from
the Biochemistry laboratories at the Royal Free Hospital.
I am extremely grateful to Mr Peter DeMuylder from Organ Recovery
Systems for his valuable input and for facilitating the funds for this project. Last
but not least, I acknowledge the efforts by the Transplant Coordinators at the
Royal Free Hospital, without them I could not have proceeded with this project.

8

Table of contents

Table of contents
DECLARATION ..............................................................................................................2
ABSTRACT.....................................................................................................................3
IMPACT STATEMENT....................................................................................................5
ACKNOWLEDGEMENTS ...............................................................................................8
TABLE OF CONTENTS..................................................................................................9
LIST OF FIGURES........................................................................................................15
LIST OF TABLES .........................................................................................................17
LIST OF EQUATIONS ..................................................................................................18
LIST OF ABBREVIATIONS ..........................................................................................19
1

INTRODUCTION ....................................................................................................23
1.1

HISTORICAL BACKGROUND OF ORGAN PRESERVATION ................................................. 24

1.2

CURRENT STATUS AND CHALLENGES OF LIVER TRANSPLANTATION IN THE UK ............... 25

1.3

MARGINAL LIVERS ...................................................................................................... 27

1.4

ISCHAEMIA REPERFUSION INJURY IN ORGAN TRANSPLANTATION AND THE MITOCHONDRIAL
ROLE

30

1.4.1 Ischaemic phase .................................................................................................... 30
1.4.2 Reperfusion phase ................................................................................................. 34

1.5

ORGAN PRESERVATION METHODS .............................................................................. 38
1.5.1 Static cold storage .................................................................................................. 38
1.5.2 Hypothermic machine perfusion ............................................................................. 41
1.5.3 Subnormothermic machine perfusion .................................................................... 55
1.5.4 Controlled oxygenated rewarming ......................................................................... 55
1.5.5 Normothermic machine perfusion .......................................................................... 56

9

Table of contents

1.5.6 Normothermic regional perfusion ........................................................................... 57
1.5.7 Venous systemic oxygen persufflation ................................................................... 58
1.5.8 Advantages of HMP over other perfusion modalities ............................................. 59

1.6

OXYGEN CONSUMPTION IN ORGAN PRESERVATION ...................................................... 61

1.7

STEATOSIS ................................................................................................................ 63
1.7.1 Background ............................................................................................................ 63
1.7.2 Steatosis assessment ............................................................................................ 63

1.8

2

HYPOTHESIS, AIMS, AND OBJECTIVES.......................................................................... 65

MATERIAL AND METHODS .................................................................................67
2.1

ETHICAL APPROVAL AND FUNDING .............................................................................. 68

2.2

LIVER RETRIEVAL ....................................................................................................... 68

2.3

DONOR DATA COLLECTION ......................................................................................... 69

2.4

RANDOMISATION AND LIVER ALLOCATION .................................................................... 70

2.5

LIVER TRANSPORTATION AND PREPARATION ............................................................... 71

2.6

LIVER PRESERVATION, SCS AND END-ISCHAEMIC HMP GROUPS ................................. 74

2.7

OXYGENATION AND OXYGEN MONITORING ................................................................... 78
2.7.1 Perfusate oxygenation ........................................................................................... 78
2.7.2 Oxygen monitoring in perfusate and parenchyma ................................................. 80

2.8

DYNAMIC PERFUSION PARAMETERS ............................................................................ 84

2.9

BIOCHEMICAL PERFUSATE MARKERS OF HEPATOCELLULAR INJURY............................... 85
2.9.1 Sample collection ................................................................................................... 85
2.9.2 Spectrophotometric analysis of hepatocellular injury enzymes .............................. 85

2.10 MORPHOLOGICAL ASSESSMENT.................................................................................. 86
2.10.1 Sample collection and processing ........................................................................ 86
2.10.2 Optimal number and site of liver biopsies ............................................................ 87
2.10.3 Morphology scoring .............................................................................................. 87

2.11 MITOCHONDRIAL INJURY AND FUNCTION ASSESSMENT ................................................. 89
2.11.1 Sample collection ................................................................................................. 90
2.11.2 Mitochondrial isolation .......................................................................................... 91

10

Table of contents

2.11.3 Spectrophotometric assays of enzyme activities ................................................. 91

2.12 STEATOSIS ASSESSMENT ........................................................................................... 94
2.12.1 Sample collection and processing ........................................................................ 94
2.12.2 Quantitative estimation of steatosis by the pathologist ........................................ 94
2.12.3 Quantitative measurement of steatosis by DIA .................................................... 95

2.13 STATISTICAL ANALYSIS ............................................................................................... 97

3

4

RESULTS: DONOR AND GRAFT CHARACTERISTICS .....................................98
3.1

DONOR CHARACTERISTICS ......................................................................................... 99

3.2

ANALYSIS OF LIVER REFUSAL DECISION ..................................................................... 104

3.3

DIFFERENTIATING LOW- AND HIGH-RISK LIVERS ......................................................... 109

DYNAMIC PERFUSION PARAMETERS IN END-ISCHAEMIC HMP .................113
4.1

INTRODUCTION ........................................................................................................ 114

4.2

AIMS AND OBJECTIVES ............................................................................................. 115

4.3

MATERIALS AND METHODS ....................................................................................... 116

4.4

RESULTS 117
4.4.1 Stage 1 ................................................................................................................. 117
4.4.2 Stage 2 ................................................................................................................. 119
4.4.3 Low- and high-risk marginal livers ........................................................................ 121

4.5

5

DISCUSSION ............................................................................................................ 123

PERFUSATE BIOCHEMICAL MARKERS IN END-ISCHAEMIC HMP ..............127
5.1

INTRODUCTION ........................................................................................................ 128

5.2

AIMS AND OBJECTIVES ............................................................................................. 129

5.3

MATERIAL AND METHODS ......................................................................................... 130

5.4

RESULTS 131
5.4.1 Stage 1 ................................................................................................................. 131
5.4.2 Stage 2 ................................................................................................................. 133
5.4.3 Low- and high-risk marginal livers ........................................................................ 135

5.5

DISCUSSION ............................................................................................................ 137

11

Table of contents

6

MORPHOLOGICAL PARAMETERS IN SCS AND END-ISCHAEMIC HMP ......142
6.1

INTRODUCTION ........................................................................................................ 143

6.2

AIMS AND OBJECTIVES ............................................................................................. 144

6.3

MATERIALS AND METHODS ....................................................................................... 145

6.4

RESULTS 146
6.4.1 Stage 1 ................................................................................................................. 146
6.4.2 Stage 2 ................................................................................................................. 152
6.4.3 Low- and high-risk marginal livers ........................................................................ 158
6.4.4 Intra-liver heterogeneity ....................................................................................... 160

6.5

7

DISCUSSION ............................................................................................................ 162

MITOCHONDRIAL FUNCTION AND INJURY IN SCS AND END-ISCHAEMIC
HMP .....................................................................................................................167
7.1

INTRODUCTION ........................................................................................................ 168

7.2

AIMS AND OBJECTIVES ............................................................................................. 170

7.3

MATERIALS AND METHODS ....................................................................................... 171

7.4

RESULTS 173
7.4.1 Stage 1 ................................................................................................................. 173
7.4.2 Stage 2 ................................................................................................................. 177
7.4.3 Low- and high-risk marginal livers ........................................................................ 181
7.4.4 Intra-liver heterogeneity ....................................................................................... 183

7.5

8

DISCUSSION ............................................................................................................ 185

OXYGEN MEASUREMENT IN END-ISCHAEMIC HMP .....................................191
8.1

INTRODUCTION ........................................................................................................ 192

8.2

AIMS AND OBJECTIVES ............................................................................................. 193

8.3

MATERIALS AND METHODS ....................................................................................... 194

8.4

RESULTS 197
8.4.1 Intra-liver parenchymal variation .......................................................................... 197
8.4.2 Perfusate and parenchymal oxygen tensions ...................................................... 198

12

Table of contents

8.5

9

DISCUSSION ............................................................................................................ 201

RELIABILITY OF CLINICAL ASSESSMENT AND DIA FOR STEATOSIS
EVALUATION ......................................................................................................205
9.1

INTRODUCTION ........................................................................................................ 206

9.2

AIMS AND OBJECTIVES ............................................................................................. 207

9.3

MATERIALS AND METHODS ....................................................................................... 208

9.4

RESULTS 210
9.4.1 Standard H&E histological assessment ............................................................... 210
9.4.2 Clinical assessment ............................................................................................. 211
9.4.3 DIA assessment ................................................................................................... 211

9.5

DISCUSSION ............................................................................................................ 214

10 THESIS DISCUSSION AND CONCLUSIONS.....................................................218
11 REFERENCES .....................................................................................................232
12 THESIS APPENDIX .............................................................................................263
12.1 MAASTRICHT CLASSIFICATION OF DONATION AFTER CARDIAC DEATH DONORS ............. 264
12.2 CHARACTERISTICS OF IDEAL DONOR LIVERS .............................................................. 265
12.3 COLD PRESERVATION SOLUTIONS ............................................................................. 266
12.4 GUIDELINES FOR MP METHODOLOGY REPORTING ..................................................... 269
12.5 FUTURE AND ONGOING HMP CLINICAL TRIALS ........................................................... 271
12.6 FUTURE AND ONGOING NMP CLINICAL TRIALS ........................................................... 272
12.7 TECHNICAL SPECIFICATIONS OF THE OXYGEN MICROSENSORS ................................... 273
12.8 SETUP OF OPTICAL OXYGEN SENSORS ...................................................................... 274
12.8.1 Calibration of the optical oxygen sensors .......................................................... 274
12.8.2 Oxygen measurement ........................................................................................ 274

12.9 COMMONLY USED STEATOSIS GRADING SCALES ........................................................ 275
12.10 SIGNIFICANCE OF MACRO- AND MICROSTEATOSIS IN LIVER TRANSPLANTATION ............ 276
12.11 MITOCHONDRIAL EXTRACTION .................................................................................. 277
12.12 BICINCHONINIC ACID ASSAY (BCA) PROTEIN ASSAY ................................................... 278

13

Table of contents

12.13 CITRATE SYNTHASE ASSAY ....................................................................................... 280
12.14 ACONITASE ASSAY ................................................................................................... 282
12.14.2 Validation of the aconitase assay ...................................................................... 284

12.15 NADH:UBIQUINONE OXIDOREDUCTASE (COMPLEX I) ACTIVITY ASSAY ......................... 286
12.16 SUCCINATE CYTOCHROME C REDUCTASE (COMPLEXES II & III) ACTIVITY ASSAY ......... 288
12.17 CYTOCHROME C OXIDASE (COMPLEX IV) ACTIVITY ASSAY ......................................... 290
12.18 PUBLICATIONS AND PARTICIPATION IN CONFERENCES ................................................ 291
12.19 RELIABILITY AND ACCURACY OF CLINICAL ASSESSMENT AND DIGITAL IMAGE ANALYSIS
FOR STEATOSIS EVALUATION IN DISCARDED HUMAN LIVERS

..................................... 293

12.20 EVOLUTION OF DYNAMIC, BIOCHEMICAL, AND MORPHOLOGICAL PARAMETERS IN
HYPOTHERMIC MACHINE PERFUSION OF HUMAN LIVERS: A PROOF-OF-CONCEPT STUDY306

14

List of figures

List of figures
FIGURE 1.1. DIAGRAM OF INTRACELLULAR CHANGES DURING ISCHAEMIA ........................................................................31
FIGURE 1.2. MITOCHONDRIAL RESPIRATORY CHAIN UNDER PHYSIOLOGICAL CONDITIONS. ...........................................32
FIGURE 1.3. REACTIVE OXYGEN SPECIES AND ANTIOXIDANT MECHANISMS. ......................................................................33
FIGURE 1.4. SIMPLIFIED DIAGRAM OF REPERFUSION STAGES. .............................................................................................34
FIGURE 1.5. DIAGRAM OF DIFFERENT PHASES OF MP...........................................................................................................41
FIGURE 2.1. DIAGRAM OF THE STEPS TAKEN BETWEEN LIVER PROCUREMENT AND 4-HOUR PRESERVATION. ............72
FIGURE 2.2. ARTERIAL AND VENOUS CANNULATION DURING HYPOTHERMIC MACHINE PERFUSION. ............................73
FIGURE 2.3. ORGAN RECOVERY WORKSTATION® PERFUSION CIRCUIT..............................................................................75
FIGURE 2.4. DIDECO KIDS D100 MEMBRANE OXYGENATOR ...............................................................................................78
FIGURE 2.5. ORGAN RECOVERY WORKSTATION® WITH MEMBRANE OXYGENATOR INSTALLED ....................................79
FIGURE 2.6. FIBRE-OPTIC OXYGEN MICROSENSORS ...............................................................................................................82
FIGURE 2.7. ORGAN RECOVERY WORKSTATION® AND OPTICAL OXYGEN SENSORS .........................................................83
FIGURE 2.8. DIAGRAM OF DATA COLLECTION POINTS DURING MACHINE PERFUSION ......................................................84
FIGURE 3.1. CONSORT FLOW DIAGRAM OF ENROLLED LIVERS....................................................................................... 100
FIGURE 4.1. VASCULAR RESISTANCE DURING ARTERIAL AND NON-OXYGEN SUPPLEMENTED VENOUS PERFUSION.. 118
FIGURE 4.2. PERFUSATE FLOW DURING ARTERIAL AND NON-OXYGEN SUPPLEMENTED VENOUS PERFUSION ........... 118
FIGURE 4.3. VASCULAR RESISTANCE DURING OXYGEN SUPPLEMENTED AND NON-OXYGEN SUPPLEMENTED VENOUS
PERFUSION...................................................................................................................................................................... 120

FIGURE 4.4. PERFUSATE FLOW DURING OXYGEN SUPPLEMENTED AND NON-OXYGEN SUPPLEMENTED VENOUS
PERFUSION...................................................................................................................................................................... 120

FIGURE 4.5. BOX WHISKER PLOT OF PERFUSION RESISTANCE IN HIGH- AND LOW-RISK MARGINAL LIVERS. ............. 122
FIGURE 4.6. BOX WHISKER PLOT OF PERFUSATE FLOW IN HIGH- AND LOW-RISK MARGINAL LIVERS ......................... 122
FIGURE 5.1. PERFUSATE ALT DURING ARTERIAL AND NON-OXYGEN SUPPLEMENTED VENOUS PERFUSION ............. 132
FIGURE 5.2. PERFUSATE AST DURING ARTERIAL AND NON-OXYGEN SUPPLEMENTED VENOUS PERFUSION ............. 132
FIGURE 5.3. PERFUSATE ALT DURING OXYGEN SUPPLEMENTED AND NON-OXYGEN SUPPLEMENTED VENOUS
PERFUSION...................................................................................................................................................................... 134

15

List of figures

FIGURE 5.4. PERFUSATE AST DURING OXYGEN SUPPLEMENTED AND NON-OXYGEN SUPPLEMENTED VENOUS
PERFUSION...................................................................................................................................................................... 134

FIGURE 5.5. BOX WHISKER PLOT OF PERFUSATE ALT (IU/L) IN HIGH- AND LOW-RISK MARGINAL LIVERS. ........... 136
FIGURE 5.6. BOX WHISKER PLOT OF PERFUSATE AST (IU/L) IN HIGH- AND LOW-RISK MARGINAL LIVERS............. 136
FIGURE 6.1. BOX WHISKER PLOTS OF PARENCHYMAL MORPHOLOGY PARAMETERS IN STAGE 1. ................................ 151
FIGURE 6.2. BOX WHISKER PLOTS OF PARENCHYMAL MORPHOLOGY PARAMETERS IN STAGE 2. ................................ 157
FIGURE 7.1. MITOCHONDRIAL STRUCTURE. ......................................................................................................................... 168
FIGURE 7.2. BOX WHISKER PLOTS OF MITOCHONDRIAL ENZYME ACTIVITIES IN STAGE 1.. .......................................... 176
FIGURE 7.3. BOX WHISKER PLOTS OF MITOCHONDRIAL ENZYME ACTIVITIES IN STAGE 2. ........................................... 180
FIGURE 8.1. ORGAN RECOVERY WORKSTATION® AND OPTICAL OXYGEN SENSORS. ..................................................... 196
FIGURE 8.2. OXYGEN CONCENTRATION DURING END-ISCHAEMIC HMP.. ....................................................................... 200
FIGURE 9.1. BAR CHART SHOWING THE NUMBER OF LIVERS ACCORDING TO ASSESSMENT METHOD AND STEATOSIS
GRADE . ........................................................................................................................................................................... 210

FIGURE 9.2. DIGITAL IMAGE ANALYSIS (DIA) USING A H&E-STAINED SPECIMEN. ....................................................... 212
FIGURE 9.3. SCATTERPLOT OF ESTIMATED FAT PROPORTIONATE AREA (EFPA) AND MEASURED FAT
PROPORTIONATE AREA (MFPA). ................................................................................................................................ 213

FIGURE 12.1. SCATTER PLOT OF ACONITASE ACTIVITY RELATIVE TO H2O2 CONCENTRATIONS. ................................. 285

16

List of tables

List of tables
TABLE 1.1. RISKS ASSOCIATED WITH INCREASED IR INJURY IN MARGINAL LIVERS ..........................................................28
TABLE 1.2. CHARACTERISTICS OF DIFFERENT PRESERVATION METHODS ..........................................................................40
TABLE 1.3. HUMAN STUDIES ON LIVER HYPOTHERMIC MACHINE PERFUSION. ..................................................................45
TABLE 2.1. MORPHOLOGY SCORING SYSTEM, ACCORDING TO VEKEMANS ET AL. .............................................................88
TABLE 2.2. SPECTROPHOTOMETRIC ASSESSMENT IN MITOCHONDRIAL ISOLATES AND INTACT CELLS..........................90
TABLE 3.1. CHARACTERISTICS OF DONOR LIVER GRAFTS .................................................................................................. 101
TABLE 3.2. COMPARISON OF DONOR LIVER CHARACTERISTICS BETWEEN PRESERVATION GROUPS ........................... 103
TABLE 3.3. SUMMARY OF FACTORS ASSOCIATED WITH GRAFT DECLINE FOR TRANSPLANTATION .............................. 106
TABLE 3.4. FACTORS ASSOCIATED WITH GRAFT DECLINE FOR TRANSPLANTATION FOR EACH LIVER ........................ 107
TABLE 3.5. REASONS OF GRAFT DECLINE FOR TRANSPLANTATION IN LOW-RISK LIVERS ............................................. 111
TABLE 3.6. CHARACTERISTICS OF LOW-RISK LIVERS .......................................................................................................... 112
TABLE 6.1. MORPHOLOGICAL INJURY PARAMETERS IN LOW- AND HIGH-RISK LIVERS .................................................. 159
TABLE 6.2. MORPHOLOGICAL INJURY PARAMETERS IN SEGMENTS IV AND VII ............................................................. 161
TABLE 7.1. MITOCHONDRIAL ENZYME ACTIVITY IN LOW- AND HIGH-RISK LIVERS........................................................ 182
TABLE 7.2. MITOCHONDRIAL ENZYME ACTIVITIES IN SEGMENTS IV AND VII................................................................ 184
TABLE 8.1. RESULTS OF PO2 IN SEGMENTS IV AND VII OF THE LIVER ............................................................................ 198
TABLE 8.2. PERFUSATE AND PARENCHYMAL PO2 ............................................................................................................... 199
TABLE 12.1. MAASTRICHT CLASSIFICATION OF DCD ORGANS ......................................................................................... 264
TABLE 12.2. CATEGORISATION OF IDEAL DONOR LIVERS FOR TRANSPLANTATION....................................................... 265
TABLE 12.3. CONSTITUENTS OF COMMERCIAL PRESERVATION SOLUTIONS ................................................................... 267
TABLE 12.4. COMPARISON OF COMPONENTS IN COMMON LIVER PRESERVATION SOLUTIONS ..................................... 268
TABLE 12.5. MACHINE PERFUSION METHODOLOGY REPORTING...................................................................................... 270
TABLE 12.6. ONGOING CLINICAL TRIALS IN LIVER HYPOTHERMIC MACHINE PERFUSION ............................................. 271
TABLE 12.7. ONGOING CLINICAL TRIALS IN LIVER NORMOTHERMIC MACHINE PERFUSION ......................................... 272
TABLE 12.8. TECHNICAL SPECIFICATIONS OF THE FLOW-THROUGH AND NEEDLE-TYPE OXYGEN MICROSENSORS .. 273
TABLE 12.9. STEATOSIS GRADING SYSTEMS ........................................................................................................................ 275
TABLE 12.10. SETUP FOR BICINCHONINIC ACID ASSAY (BCA) ASSAY............................................................................. 279
TABLE 12.11. CONCENTRATION OF H2O2 PER WELL......................................................................................................... 284

17

List of equations

List of equations
EQUATION 1. FORMATION OF CITRATE IN TRICARBOXYLIC ACID CYCLE, CATALYSED BY CITRATE SYNTHASE ............ 280
EQUATION 2. FORMATION OF THIONITROBENZOIC ACID..................................................................................................... 280
EQUATION 3. ISOCITRATE FORMATION BY ACONITASE ........................................................................................................ 282
EQUATION 4. FORMATION OF Α-KETOGLUTARATE BY ISOCITRATE DEHYDROGENASE ................................................... 282

18

List of abbreviations

List of abbreviations
γ-GT

Gamma glutamyl transferase

A-WIT

Asystolic warm ischaemic time

AIF

Apoptosis inducing factor

AKI

Acute kidney injury

ALP

Alkaline phosphatase

ALT

Alanine transaminase

APAF-1

Apoptotic protease activating factor-1

AST

Aspartate transaminase

ATP

Adenosine triphosphate

BCA

Bicinchoninic acid

Bcl-2

B-cell lymphoma-2

BTS

British Transplant Society

Caspase

Cysteine aspartate-specific proteinase

CIT

Cold ischaemic time

COR

Controlled oxygenated rewarming

CXCL

Chemokine C-X-C motif ligand

DAMPs

Damage-associated molecular patterns

DAPI

4’,6- diamidino-2- phenylindole

DBD

Donation after brain death

DCD

Donation after circulatory death

DHOPE

Dual hypothermic oxygenated perfusion

DIA

Digital image analysis

DLI

Donor liver index

DNA

Deoxyribonucleic acid

DRI

Donor risk index

DTNB

Dithionitrobenzoic acid

dUTP

Deoxyuridine triphosphate

EAD

Early allograft dysfunction

ECD

Extended criteria donor

ECMO

Extracorporeal membrane oxygenator

EDTA

Ethylenediaminetetraacetic acid

eFPA

Estimated fat proportionate area

ETC

Electron transport chain

FAD

Oxidised flavin adenine dinucleotide

19

List of abbreviations

FADH2

Reduced flavin adenine dinucleotide

F-WIT

Functional warm ischaemic time

GSH

Reduced glutathione

GSSG

Glutathione disulfide

H&E

Haematoxylin and eosin

H2O2

Hydrogen peroxide

HA

Hepatic artery

HCC

Hepatocellular carcinoma

HCO3

Bicarbonate

HEPES

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HES

Hydroxyethyl starch

HMGB1

High mobility group box 1

HMP

Hypothermic machine perfusion

HOPE

Hypothermic oxygenated perfusion

HTA

Human Tissue Act

HTK

Histidine-tryptophan-ketoglutarate

ICAM-1

Intercellular adhesion molecule-1

ICU

Intensive care unit

IGL-1

Institut George Lopez

IHC

Immunohistochemistry

IHF

Immunohistofluorescence

IL

Interleukin

IR

Ischaemia-reperfusion

ITBL

Ischaemic type biliary lesions

KCs

Kupffer cells

KPS-1®

Kidney perfusion solution-1

LDH

Lactate dehydrogenase

LFTs

liver function tests

MELD

Model for end-stage liver disease

mFPA

Measured fat proportionate area

MP

Machine perfusion

MPT

Mitochondrial permeability transition

MSC

mesenchymal stromal cell

NAC

N-acetyl-cysteine

NAD

Nicotinamide adenine dinucleotide

NADH

Reduced nicotinamide adenine dinucleotide

NAS

Non-alcoholic fatty liver disease activity score

20

List of abbreviations

NHBD

Non-heart beating donor

NHS

National health system

NHSBT

National Health System Blood and Transplant

NMP

Normothermic machine perfusion

NO·

Nitric oxide

NORS

National Organ Retrieval Service

nOVP

Non-oxygen supplemented venous perfusion

NRP

Normothermic regional perfusion

−

O2 ·

Superoxide anion

OH·

Hydroxyl radical

OLT

Orthotopic liver transplantation

OPTN

Organ Procurement and Transplantation Network

OVP

Oxygen supplemented venous perfusion

pCO2

Partial pressure of carbon dioxide

PEG

Polyethylene glycol

PG-E

Prostaglandin-E

PNF

Primary non function

pO2

Partial pressure of oxygen

PRS

Post-reperfusion syndrome

PV

Portal vein

ROS

Reactive oxygen species

SCS

Static cold storage

SECs

Squamous endothelial cells

siRNA

Small interfering RNA

SNMP

Subnormothermic machine perfusion

SOD

Superoxide dismutase

TBARS

Thiobarbituric acid reactive substances

TdT

Terminal deoxynucleotide transferase

TCA

Tricarboxylic acid

TNB

Thionitrobenzoic acid

TNF-α

Tumour necrosis factor α

TUNLEL

Terminal deoxynucleotide transferase (TdT) dUTP nick- end
labelling

Q

Ubiquinone

QH2

Ubiquinol

UNOS

United Network for Organ Sharing

UW solution

University of Wisconsin solution

21

List of abbreviations

WIT

Warm ischaemic time

VSOP

Venous systemic oxygen persufflation

vs.

Versus

XO

Xanthine oxidase

22

Chapter 1. Introduction

1 Introduction
This chapter discusses the need for improved organ preservation, focusing
on hypothermic machine perfusion and its limitations.
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Chapter 1. Introduction

1.1 Historical background of organ preservation
Liver transplantation is the mainstay of treatment for end-stage liver disease in
patients with projected poor survival or impaired life quality

(1)

. In 1967, Starzl

performed the first successful human orthotopic liver transplant

(2)

, which was

soon followed by Calne and Williams in the UK (3).
Prolonging the liver preservation period by in-situ cold perfusion and
whole-body cooling was addressed by Starzl in the early 1960s

(4, 5)

. Dynamic

preservation entered the clinical field in the 1960s through the work of Belzer and
Starzl

(6-10)

, who based their work on the liver perfusion machine designed by

Carrel and Lindbergh in 1935 (11). Dynamic perfusion was replaced by static cold
storage (SCS), which proved to be simpler, cheaper, and allowed prolonged
preservation up to 15 hours in standard livers using the University of Wisconsin
(UW) solution (12).
Liver transplantation was accepted as a safe option for treating end-stage
liver disease in 1983. In the UK, the current 1-year adult recipient survival after
first elective transplantation is 93% for donation after brain death (DBD) livers
and 89% for donation after cardiac death (DCD) livers, and the 5-year adult
recipient survival is 81% and 77% for DBD and DCD livers, respectively (13).
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1.2 Current status and challenges of liver
transplantation in the UK
Organ shortage is the main obstacle in liver transplantation worldwide. In the UK,
the number of adult elective patients on the active liver-only transplant list
increased almost every year from 2009 to 2015 (from 296 to 514 active patients).
Due to organ shortage, a significant number of potential recipients die while on
the waiting list or become too ill to be transplanted. Between April 2017 and
March 2018, 59 of 333 (17%) liver patients died while on the waiting list or within
one year of delisting (13), and the number of patients suspended on the transplant
list increased from 23 in 2017 to 86 in 2018 (14).
Significant efforts have been made to expand liver availability, resulting in
an increase of liver transplants from 577 to 813 for DBD livers and from 80 to 200
for DCD livers between 2008-2018. In 2018, the UK adopted a new allocation
scheme for DBD livers based on benefit instead of need (Transplant Benefit
Score), to improve the overall survival and reduce waiting list mortality. According
to the new scheme, organs are nationally offered to named adult patients on the
elective list, who are predicted to gain the most survival benefit from receiving the
particular liver graft

(15)

. From May 2020, an ‘opt-out’ system is implemented

whereby all adults in England are considered to have agreed to be organ and
tissue donors when deceased unless they requested otherwise or belong to one
of the exclusion groups (16).
As can be seen, the majority of donor livers in the UK originate from DBD
donors, where death is certified by brainstem death criteria and the heart
continues to pump oxygenated blood until the point of procurement with minimal
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donor warm ischaemia

(17, 18)

. However, DCD livers are increasingly utilised to

tackle the aforementioned shortage in standard liver supply. These livers are
categorised according to Maastricht criteria based on cardiac death
circumstances

(19)

, Table 12.1. DCD donors are certified dead in the UK after a

continuous 5-minute circulatory arrest, and their organs suffer a period of warm
ischaemia from the time of sustained drop in systolic blood pressure below 50
mmHg until cold in-situ flush (functional or true warm ischaemic time)

(20, 21)

. As

such, these livers are considered to have suboptimal or marginal quality. Other
types of marginal livers and the inferior transplant outcome associated with their
use is described in the next section.
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1.3 Marginal livers
Marginal or extended criteria donor (ECD) livers are a heterogeneous group of
livers with poor tolerance to ischaemia-reperfusion (IR) injury. Organ shortage
prompted the relaxation of liver donor acceptance criteria and an increased
utilisation of marginal livers

(22)

, but with higher risks to recipients of these

suboptimal grafts (1, 23-25), Table 1.1.
Most marginal livers originate from elderly donors with reduced blood flow
and poor ischaemic tolerance, steatotic grafts (> 30% macrosteatosis), and DCD
donors. According to the British Transplant Society (BTS), donor livers can be
generally categorised into “good” and marginal, and DCD livers can also be
categorised into ideal and marginal (20), Table 12.2. Other marginal livers include
donors with an adverse past medical history, severe hypernatremia > 155
mmol/L, and positive hepatitis serology (20, 22).

27

Chapter 1. Introduction

Table 1.1. Risks associated with increased IR injury in marginal livers
Complication

Definition

Primary non function

Irreversible graft dysfunction, requiring retransplantation or resulting in recipient

(PNF)

death in the first one or two weeks after transplantation

Early allograft

Reversible graft injury. Defined biochemically by ALT or AST > 2000 IU/L in the first

dysfunction (EAD)

7 days post-transplantation, bilirubin ≥ 10 mg/dl on day 7, and international
normalised ratio ≥ 1.6 on day 7 post-transplant

(26-29)

(30)

Ischaemic type biliary

Diffuse non-anastomotic biliary strictures or irregularities in the presence of a patent

lesions (ITBL)

HA, resulting in cholestasis and recurrent cholangitis (31-34)

ALT, alanine transaminase; AST, aspartate transaminase; HA, hepatic artery

Steatotic livers are predisposed to IR injury and severely macrosteatotic
livers are associated with primary non function (PNF)

(22)

. This predisposition is

caused by mechanical impairment of the microcirculation and total hepatic blood
flow

(35-38)

, amplified inflammatory response

(39-44)

, and low basal adenosine

triphosphate (ATP) levels associated with defective energy production upon
reperfusion (45-49). Despite the significant association between steatosis and poor
graft outcome

(50, 51)

national registries

, steatosis is poorly documented in clinical literature and

(52)

, and the accuracy and precision of steatosis assessment

have been questioned by many groups (53-56).
DCD livers are particularly susceptible to ischaemic-type biliary lesions
(ITBL), with an incidence of 10 to 30% in controlled DCD livers in contrast to 1 to
3% in DBD livers, and the affected livers are associated with a 50% to 65% risk
of death unless retransplanted

(57-61)

. The exact pathophysiology of ITBL is not

well defined but is thought to be related to reduced biliary regenerative capacity
following damage to biliary progenitor cells, bile salt toxicity secondary to a
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decline in biliary phospholipid and bicarbonate production, and immunological
reactions (57, 62-66).
IR injury is one of the most important determinants of transplantation
outcome, especially in marginal livers. Mitochondria are in the centre of the IR
injury process through their role in energy production and initiating the oxidative
injury responsible for the short and long-term complications in organ transplant.
Next, we present a focused review of IR injury and the associated mitochondrial
alterations (Section 1.4), followed by describing the current organ preservation
technologies aiming to ameliorate IR injury (Section 1.5).
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1.4 Ischaemia reperfusion injury in organ
transplantation and the mitochondrial role
IR injury is a complex pathological process caused by oxygen deprivation and
energy depletion during ischaemia, followed by oxidative injury and a sterile
inflammatory response upon reperfusion (25, 67-75). Procured organs are subjected
to different ischaemic periods: ex-situ cold ischaemia, in-situ rewarming
ischaemia in the recipient, and in-situ donor warm ischaemia in DCD donors
76)

(25,

. Notably, warm ischaemia is more deleterious to the graft than cold ischaemia

due to active metabolism in the absence of oxygen (17).

1.4.1 Ischaemic phase
Oxygen deprivation leads to interruption of ATP generation by mitochondrial
oxidative phosphorylation and a switch to less efficient energy production by
anaerobic glycolysis (38 vs. 2 mol ATP per glucose mol)

(77)

, Figure 1.1.

Increased cytosolic lactate from glycolysis leads to Na+ and Ca+2 influx due to
activation of Na+/H+ exchanger, Na+/HCO3- co-transporter, and Na+/Ca+2
exchanger, and inhibition of Na+/K+ pump and Ca+2 ATPase. This is followed by
water inflow via osmosis and cellular swelling. Mitochondrial Ca+2 uniporter
activation leads to Ca+2 build-up in mitochondria, an important prerequisite for
mitochondrial permeability transition (MPT) later in the reperfusion phase
74, 78-80)

.
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Lack of oxygen supply
(ischaemia)

Aerobic to anaerobic metabolism switch

Ionic dysregulation
(Na+, H+, Ca++)

Dysfunction of
antioxidant
pathways

Mitochondria:
- Highly reduced ETC complexes
- Accumulation of NADH &
succinate
- Structural damage to ETC
complexes

XO formation and
accumulation of
hypoxanthine

Figure 1.1. Diagram of intracellular changes during ischaemia. Xanthine dehydrogenase
converts to xanthine oxidase (XO), while its substrate, hypoxanthine accumulates due to
adenine nucleotide breakdown during ischaemia, and is converted to uric acid by XO
enzyme. ETC, electron transport chain; NADH, reduced nicotinamide adenine
dinucleotide.

Due to cessation of oxidative phosphorylation, mitochondrial electron
transport chain (ETC) enzymes and electron carriers become maximally reduced
(81, 82)

, Figure 1.2. Accumulation of fumarate from purine nucleotide metabolism

triggers

the

reverse

activity

of

mitochondrial

complex

II

(succinate

dehydrogenase), causing a reduction of fumarate to succinate, the latter acting
as an electron sink during ischaemia and accumulating in great amounts
73)

(68, 72,

. Prolonged ischaemia could also lead to irreversible and variable damage to

ETC enzymes, mostly affecting complex I while sparing complex IV, presumably
due to the high oxygen affinity of the latter enzyme (83-86).
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Figure 1.2. Mitochondrial respiratory chain under physiological conditions. Oxidative
phosphorylation starts with oxidisation of NADH and FADH2 by complex I and II,
respectively, along with the reduction of Q to QH2. Complex III oxidises QH2 and reduces
cytochrome c, which is transferred to complex IV. Complex IV oxidises reduced
cytochrome c and reduces oxygen to water. The reactions at complexes I, III, IV are
coupled to H+ pumping into the intermembrane space, creating an electrochemical
gradient, which is used to fuel the production of ATP by complex V via inward movement
of protons. Formation of FADH2 is coupled to succinate oxidation by complex II in Krebs
cycle (75, 87-89). Cyt c, cytochrome c; FAD, oxidised flavin adenine dinucleotide; FADH2,
reduced flavin adenine dinucleotide; NAD+, oxidised nicotinamide adenine dinucleotide;
NADH, reduced nicotinamide adenine dinucleotide; Q, ubiquinone; QH2, ubiquinol.

Other effects of ischaemia include depression of the mitochondrial
antioxidants superoxide dismutase (SOD) and glutathione peroxidase, and
derangement of the ROS scavenger glutathione

(90-92)

, Figure 1.3. Uric acid

formation is another less important source of ROS generation upon reperfusion,
triggered by hypoxanthine accumulation and formation of xanthine oxidase during
ischaemia (68, 90, 93), Figure 1.1.
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O2− ·
+ NO ·
SOD

peroxynitrite
H2O2
GSH

glutathione
peroxidase

OH ·

GSSG

H2O

Figure 1.3. Reactive oxygen species and antioxidant mechanisms. Superoxide anion
(O2−·) is the primary ROS, which is reduced to the less reactive hydrogen peroxide (H2O2)
by mitochondrial superoxide dismutase (SOD). O2−· can also react with nitric oxide (NO·)
to produce the powerful reactive nitrogen species, peroxynitrite. H2O2 is either fully
reduced to water by glutathione peroxidase, or partially reduced to the powerful oxidant,
hydroxyl radical (OH·) in the presence of transition metal ions (Fe+2, Cu+2). GSSG is
reduced back to GSH by glutathione reductase (92). GSH, reduced glutathione; GSSG,
glutathione disulfide (oxidised glutathione).
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1.4.2 Reperfusion phase
Majority of cellular damage occurs during reperfusion. This phase is initiated by
a burst of mitochondrial ROS followed by activation of the innate immune system.
Reperfusion can be divided into three stages depending on the source of ROS
(68, 70, 94, 95)

, Figure 1.4.

Hyperacute

Acute

Chronic

(< 30 min)

(30 min - 4 hr)

(> 4 hr)

Mitochondria

KCs

cytokines
chemokines

Neutrophils

DAMPs
ROS

ROS

ROS
proteolytic
enzymes

Cellular
damage

Figure 1.4. Simplified diagram of reperfusion stages. DAMPS trigger KCs and SECs to
release chemokines and cytokines. Chemokines (CXCL2, CXCL8, CXCL10) attract
circulating neutrophils while cytokines (TNF-α, IL-1β, IL-6, IL-12, IL-18) activate
neutrophils and facilitate endothelial adhesion by upregulating CD11b/CD18 and cellular
adhesion molecules. CXCL, chemokine C-X-C motif ligand; DAMPs, damage-associated
molecular patterns; KCs, Kupffer cells; ROS, reactive oxygen species; SECs, squamous
endothelial cells.

1.4.2.1 Hyperacute phase
Accumulated succinate, the hallmark of ischaemia, is rapidly oxidised upon
reperfusion, and a highly reduced ubiquinol pool is formed. Ubiquinol initiates the
downstream electron transfer to complex III and IV, creating a high protonmotive
potential across the inner mitochondrial membrane, which cannot be reversed by
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ATP synthase due to the exhausted ADP stores during ischaemia. These
conditions favour reverse electron transport (RET) to complex I, causing the
mitochondrial ROS burst (72, 81, 96, 97). The ROS burst irreversibly oxidises the ETC
enzymes and triggers the MPT, further disrupting ATP production (68, 81, 90, 98).
MPT is a critical step in committing the cell to its demise. MPT pores are
non-specific channels situated on the inner mitochondrial membrane and
regulated by pro- and antiapoptotic B-cell lymphoma-2 (Bcl-2) family proteins.
These channels remain closed during the ischaemic phase due to low pH but
become activated with pH recovery and raised levels of ROS and mitochondrial
Ca+2 during reperfusion (74, 75, 99, 100).
MPT pore opening leads to dissipation of the inner mitochondrial
membrane potential, uncoupling of oxidative phosphorylation, and ROS
formation (ROS-induced ROS-release). Furthermore, MPT pore opening
releases the intermembrane proteins, cytochrome c and apoptotic protease
activating factor-1 (APAF-1), which combine in the presence of ATP to form the
apoptosome, triggering the intrinsic (mitochondrial) apoptosis pathway via
cysteine aspartate-specific proteinase 9 (caspase 9)
mitochondrial

proteins

including

apoptosis-inducing

(25, 74, 75, 101)

factor

. Other

(AIF)

and

endonuclease G are also released and play a role in caspase-independent
apoptosis (71, 102, 103).

1.4.2.2 Acute and chronic phases
Following the initial oxidative damage, stressed and dead cells release damageassociated molecular patterns (DAMPs), including high mobility group box 1
(HMGB1) and mitochondrial and nuclear DNA, which modulate the inflammatory
response by binding to specific pattern-recognition receptors on Kupffer cells
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(KCs) in Disse space. Activated KCs produce ROS via nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase) and release pro-inflammatory
cytokines and chemokines into the bloodstream, which attract and activate
neutrophils and monocytes, leading to further release of proteolytic enzymes and
reactive oxygen/nitrogen species. Cytokines also trigger CD4+ T lymphocytes
that maintain the KCs and neutrophils in an activated state (68, 69), Figure 1.4.
Other harmful processes include activation of the complement system
resulting in direct hepatocellular and distant organ damage, and derangement of
sinusoidal blood flow due to increased endothelin-1 and decreased endothelial
nitric oxide. Swelling of hepatocyte and endothelial cells leads to further
sinusoidal narrowing, which is augmented by adhesion of activated neutrophils
and platelets to the sinusoidal lumen causing hypoperfusion and microcirculatory
failure during the reperfusion phase (no-reflow phenomenon) (25, 104).
These IR changes result in cell death through a combination of apoptosis
and necrosis via a shared MPT route. The dominant cell death pathway is
determined by ATP reserves, with apoptosis requiring 15% to 20% of
physiological ATP stores to drive the ATP-dependent caspase pathway.
Widespread MPT activation significantly decreases cellular ATP and favours
necrotic cell death (73, 75, 100, 105).
As it has become clear so far, expansion of the organ donor pool through
the inclusion of “risky” marginal livers has become a necessity. Along with that
need, preservation methods that could resuscitate injured livers and identify
viable ones have re-emerged. Machine perfusion (MP) was only re-investigated
more recently in the hope that it could improve the outcome of the increasing
number of marginal livers by ameliorating the effects of IR injury
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discussion of liver preservation modalities, with a special focus on hypothermic
machine perfusion (HMP), is presented in the next section.
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1.5 Organ preservation methods
The main goal of different preservation modalities is to maintain viability during
ischaemia to enable the organ to function upon reperfusion. Liver preservation
can be classified into static cold storage (SCS) and dynamic machine
preservation (MP).

1.5.1 Static cold storage
SCS is based on reducing metabolism and oxygen need by flushing the organ of
blood with a cooled perfusate followed by submerging it in a cold solution at 4 to
12°C. Additional compounds in commercial preservation solutions aim to
counteract the effects of ischaemic injury, like cellular swelling and acidosis
112)

(77,

, Table 12.3 and Table 12.4.
SCS remains the gold standard for liver preservation due to its simplicity

and low cost. Moreover, good transplantation outcomes are achievable in
standard organs with short preservation periods

(113)

. However, SCS does not

attenuate the ischaemic damage completely, due to the inefficient and selflimiting nature of glycolysis and hepatocyte inability to retain pre-formed ATP (45,
77, 114, 115)

. This deficient protection is even more critical in marginal livers due to

their sensitivity to IR injury, which is worsened by the inability to resuscitate or
assess the quality of these organs during SCS (23, 108, 116, 117).
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Machine perfusion
All MP methods are based on cannulating the liver’s vascular inflow (portal vein,
hepatic artery, or both) and mechanically recirculating a perfusate during
preservation. Advantages of MP over SCS include a continuous supply of oxygen
and nutrients, removal of waste products, and microcirculation maintenance.
Other potential benefits of MP such as viability monitoring, extended preservation
time, and repair of suboptimal organs are the subject of ongoing research

(118)

.

MP is commonly categorised according to the perfusate temperature (Table 1.2)
and timing of MP relative to the standard SCS period (Figure 1.5). Methodology
reporting for MP is further described in Table 12.5.
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Table 1.2. Characteristics of different preservation methods

SCS

HMP

Temperature (°C)

4-12

4-12

Oxygenation

No

Toxin removal

(D)HOPE

SNMP

COR

NMP

4-12

13-34

8-20

35-38

No

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Endothelial protection

No

Yes

Yes

Yes

Yes

Yes

Energy recovery (reconditioning)

No

Debatable

Yes

Yes

Yes

Yes

Metabolism

Low

Low

Low

Moderate

Moderate

Normal

Synthetic function

No

Low

Low

Moderate

Moderate

Normal

Repair

No

No

No

Possible

Possible

Possible

COR, controlled oxygenated rewarming; DHOPE, dual hypothermic oxygenated perfusion; HMP, hypothermic machine perfusion; HOPE,
hypothermic oxygenated perfusion; NMP, normothermic machine perfusion; SCS, static cold storage; SNMP, subnormothermic machine
perfusion.
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SCS ≤ 3 hr
- Organ preparation
- Connection to MP

SCS ≤ 3 hr
- Organ off pump
- MP fluid flushing
- Vascular anastomosis

SCS

Post-SCS MP

SCS

Transplantation

Procurement

NRP

Pre-SCS MP

Preservation MP

Figure 1.5. Diagram of different phases of MP. A maximum of 3 hours is allowed for back
table preparation in the donor and recipient hospitals. MP, machine perfusion; NRP,
normothermic regional perfusion; SCS, static cold storage. NRP is added to the diagram
above, which was originally adapted from Karangwa, S. A., et al. Machine Perfusion of
Donor Livers for Transplantation: A Proposal for Standardized Nomenclature and
Reporting Guidelines. American Journal of Transplantation. 2016 (117). * NRP is applied insitu in the donor, the other perfusion modalities are performed ex-situ.

1.5.2 Hypothermic machine perfusion
HMP is based on circulating an acellular preservation solution at 4 to 12°C. The
12°C cut-off was proposed as the upper limit of HMP as many mitochondrial
reactions undergo significant increase at that point (119).
The exact mechanism of protection in HMP is not clearly defined. Endischaemic hypothermic oxygenated machine perfusion (HOPE) via the PV and
dual-vessel hypothermic oxygenated machine perfusion (DHOPE) via the PV and
HA reduced IR injury, uploaded ATP reserves, and protected the biliary system
(120-125)

. Mechanistic studies in HOPE reported suppression of mitochondrial

respiration during the first 60 to 90 minutes of perfusion, which attenuated the
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mitochondrial oxidative burst upon normothermic reperfusion and decreased
downstream inflammation. These effects were proposed to be secondary to
oxygenation under hypothermic conditions

(124-129)

. However, the actual

mechanism of oxygen-driven attenuation of mitochondrial activity is not clearly
defined, and observations during HOPE disagree with other reports of increased
oxygen consumption and active mitochondrial respiration following oxygenated
HMP (120, 121, 130, 131).
Clinical evidence in liver HMP is based on a small number of observational
studies that were strictly post-SCS (end-ischaemic) (132-135). Details of clinical and
pre-clinical human HMP studies are presented in Table 1.3.
Guarrera et al. were the first to show the feasibility of non-oxygenated
HMP in standard criteria

(132)

and marginal “orphan” human livers

(136)

. They

observed an attenuated downstream inflammatory response and decreased
peak hepatocellular and renal injury markers compared with SCS

(132, 136-139)

.

Importantly, HMP-preserved “orphan” livers had significantly lower biliary
complications compared with SCS livers (13% vs. 43%, p = 0.001). However,
major clinical outcomes including PNF and 1-year graft and recipient survival
were similar between SCS and HMP arms in both studies. Both studies were
limited by non-standardisation of the perfusion duration and utilisation of Vasosol,
which contains additional compounds not found in standard UW-gluconate, Table
12.4.
The feasibility of HOPE was reported by the Zurich team in 2014,
disclosing no biliary complications and similar 6-month graft survival of HOPEpreserved DCD grafts compared to SCS-preserved standard livers

(133)

.

Subsequent multicentre studies by the same team reported a lower incidence of
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ITBL and better 1- and 5-year graft survival of HOPE-preserved DCD livers, in
comparison to SCS-preserved DCD grafts

(134, 140)

. However, the inclusion of

historic control groups, and shorter CIT periods and a higher percentage of
hepatocellular carcinoma (HCC) recipients in the HOPE arm could have led to
selection bias in these studies. In addition, variation in surgical technique and
preservation solutions are potential sources of performance bias in their
multicentre studies. More recently, the Zurich team reported better early graft
outcome and 1-year recipient survival in steatotic DCD livers preserved with
HOPE, compared with steatotic DBD livers preserved with SCS (macrosteatosis,
30% vs. 35%; survival, 100% vs. 42%, respectively) (125), but the authors failed to
clarify the reason for the very low survival in SCS liver recipients.
The Groningen University team reported higher ATP regeneration,
reduced incidence of ITBL, and prolonged graft and recipient survival for DHOPEpreserved DCD livers compared with SCS (135). Notably, DHOPE was associated
with less stromal necrosis and peribiliary gland injury

(135, 141)

. However, the

Groningen study was limited by small sample size and use of historic controls
(135)

.
In conclusion, clinical studies confirmed the safety and feasibility of end-

ischaemic oxygenated and air-equilibrated HMP, and there is evidence of
reduced biliary complications and IR injury resulting in better graft and recipient
survival compared with SCS. It is likely that the protective effect of end-ischaemic
HMP is more prominent in marginal livers, including DCD and steatotic grafts,
suggesting a potential for donor organ pool expansion. However, firm conclusions
on the superiority of end-ischaemic HMP are lacking. Published clinical studies
involved a small number of highly-selected donors and recipients, limiting the
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external validity of their results. Besides, the use of historic control groups could
have led to performance bias due to a learning curve in favour of end-ischaemic
oxygenated HMP (133-135). As mentioned earlier, these trials were observational in
design, and as such, causation cannot be confirmed. Finally, there is insufficient
evidence on protection against PNF following end-ischaemic HMP. Adequately
powered randomised controlled trials (RCTs) are needed to establish the benefits
of end-ischaemic HMP, using clearly defined clinical endpoints with sufficient
follow-up. Phase II and III RCTs have been recently initiated, and their results are
awaited, Table 12.6.
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Table 1.3. Human studies on liver hypothermic machine perfusion. Flow: continuous (C) or pulsatile (P)
Author

OLT or
reperfusion

Trial groups

Number & graft
type

Donor
age
(years)

Recipient
age
(years)

MELD

Donor WIT
(min)

PV
pressure
(mmHg)

HA
pressure
(mmHg)

Active
oxygenation
(perfusate pO2
mmHg)

Outcome

Guarrera 2010

OLT

9.4 h SCS +
3-7 h HMP

20 DBD

39

55

17

NA

2.9 (C)

5.5 (C)

No (137±5)

8.9 h SCS

20 DBD

45

52

17

NA

Post-OLT AST, ALT, bilirubin,
and creatinine: HMP < SCS.
HMP vs. SCS: EAD (5% vs. 25%,
p=0.08), PNF (0% vs. 0%),
hospital stay (11 vs. 15 days,
p=0.006). Trend for lower biliary
complications in HMP (10% vs.
20%, NS). Similar 1-year
recipient & graft survival (both
90%, deaths unrelated to graft
function).

(132)

Guarrera 2011

Same cohort in (Guarrera et al., 2010)

HMP
attenuated
proinflammatory cytokines (IL-8,
TNF-α) and ICAM-1 in postreperfusion
biopsies.
Light
microscopy (H&E stain): similar
morphology between HMP &
SCS.

Same cohort in (Guarrera et al., 2010)

Perfusate IL-6,8,12, hepatic
growth factor, IL-1 receptor
antagonist, and monocyte
chemotactic
protein-1
decreased between 1 & 4 h HMP.
Post-reperfusion biopsies and
serum samples indicated lower

(137)

Tulipan 2011
(139)
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levels of the last two markers in
HMP livers compared to SCS.

Vekemans
2011 (142)

Monbaliu 2012

Reperfusion

None

(143)

Dutkowski
2014 (133)

OLT

17 h SCS +
4 h HMP

2 DCD & 11
DBD

NR

NA

NA

NR

15 h SCS +
4 h SCS

4 DCD & 10
DBD

NR

NA

NA

NR

15 h SCS +
24 h HMP

6a

49

NA

NA

NR

13 h SCS +
24 h HMP

11 b

52

NA

NA

NR

2.3 h SCS +
1-2 h HOPE

8 DCD

54

60

12

38
(F-WIT 27)

3.9 h SCS

8 DBD

52

60

16

NA

46

3

20

Yes (300)

During reperfusion, AST & LDH:
HMP < SCS. Morphological
damage score: HMP = SCS.

7 (C)

20-30 (C)

No (184 to 37)

AST > 1500 IU/L & LDH > 4000
IU/L marked non-transplantable
livers. Similar HA & PV
resistance, pH, pO2, pCO2,
lactate, and ATP between
potentially transplantable & nontransplantable livers. Irreversible
mitochondrial damage in nontransplantable livers.
pO2 & pH decreased, pCO2 &
lactate increased (aerobic and
anaerobic metabolism, all livers).
a
6 livers were considered
retrospectively to be potentially
transplantable and b 11 nontransplantable.

3 (C)

NA

Yes (300-450)

Post-OLT AST, ALT, bilirubin,
ALP, creatinine, ICU/hospital
stay: HOPE DCD = SCS DBD.
HMP vs. SCS: Similar EAD, PNF,
ITBL (all 0% vs. 0%), biliary
complications (25% vs. 25%),
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6-month graft survival (both
100%).

Jomaa 2014

None

(144)

Guarrera 2015

OLT

(136)

Dutkowski
2015 (134)

OLT

10.5 h SCS
+ 1 h HMP

7 DBD & 5 DCD

57

NA

NA

NR

9.2 h SCS

1 DBD & 3 DCD

60

NA

NA

NR

9.3 h SCS +
3-7 h HMP

31 marginal
DBD

57

57

19

NA

8.6 h SCS

30 DBD

57

58

21

NA

h SCS + 1-2
h HOPE

25 DCD

54

60

13

36

6.5 h SCS

50 DCD

48

56

16

33

5.8 h SCS

50 DBD

59

54

11

NA

47

7 (C)

30 (P)

No

Similar endothelial
ultrastructure between groups.
Single or dual vessel perfusion
did not affect vascular resistance
or flow

2.9 (C)

5.1 (C)

No (229)

Post-OLT AST, ALT, bilirubin,
and
creatinine:
HMP
<
SCS. HMP vs. SCS: EAD (19%
vs. 30%, p=0.38), PNF (3% vs.
7%,
p=0.61),
biliary
complications (13% vs. 43%,
p=0.001), hospital stay (13 vs.
20 days, p=0.001). Similar 1-year
recipient (84% HMP vs. 80%
SCS) & graft survival (81%
HMP vs. 80% SCS).

3 (C)

NA

Yes (600-750)

Post-OLT ALT, AST, bilirubin:
HOPE DCD < SCS DCD. HOPE
DCD vs. SCS DCD: EAD (20%
vs. 44%, p=0.04), PNF (0% vs.
6%, NS), biliary complications
(20% vs. 46%, p=0.04), ITBL
over 1-year (0% vs. 22%,
p=0.01), 1-year graft survival
(90%
vs.
69%,
p=0.03),
retransplantation for ITBL or
PNF (0% vs. 18%, p=0.02). No
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difference between HOPE DCD
and SCS DBD livers.

Westerkamp
2016 (120)

van Rijn 2017
(135)

Reperfusion

OLT

9.5 h SCS +
2 h DHOPE

6 DCD

64

NA

NA

29

9 h SCS

9 DCD & 3 DBD

61

NA

NA

38

6.6 SCS + 2
h DHOPE

10 DCD

53

57

16

27

8.3 h SCS

20 DCD

53

52

22

32

48

4 (C)

25 (P)

Yes (275-600)

ATP increased 15-fold at the end
DHOPE. ATP, O2 consumption,
bile production & biliary
bilirubin, HCO3 & pH (during
reperfusion): DHOPE > SCS.
Lactate & glucose: DHOPE <
SCS. Similar perfusate ALT,
AST, LDH, γ-GT, biliary LDH
and
γ-GT,
necrosis
and
intrahepatic duct injury between
groups

5 (C)

30/20 (P)

Yes (> 450)

Post-OLT
serum
ALT
&
bilirubin: DHOPE < SCS. PostOLT
kidney
function,
ICU/hospital stay: DHOPE =
SCS. ATP increased by 11-fold
at the end DHOPE (p=0.005).
DHOPE vs. SCS: EAD (0% vs.
10%, p=1), PNF (0% vs. 0%),
ITBL (10% vs. 35%, p=0.21), 6month graft survival (100% vs.
80%, p=0.05), 1-year graft
survival (100% vs. 67%,
p=0.05),
1-year
recipient
survival (100% vs. 85%, p=0.2,
recipient deaths were not graft
related).
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De Carlis 2017

OLT

12 h SCS +
6 h DHOPE

1 DBD

12 h SCS +
7.5 h
DHOPE

1 DBD

OLT

SCS + 3 h
DHOPE

OLT

(145)

Patrono 2018
(146)

Kron 2018 (125)

Schlegel 2019
(140)

OLT

65

66

1

NR

NA

6

4 (C)

25 (P)

Yes (450)

Minimal preservation injury, no
EAD or complications up to 9 &
4 months.

N

8

1

A

4 marginal DBD

79

53

21

NA

4 (C)

25 (P)

Yes (600)

Safety and feasibility of DHOPE.
25% post-reperfusion
syndrome & 50% EAD rate.
100% recipient survival and no
ITBL at 6-month follow-up.

4.1 h SCS +
2.3 h HOPE

1 DBD & 5 DCD
(30% steatosis)

65

55

11

41

3 (C)

NA

Yes

7 h SCS

12 DBD (35%
steatosis)

59

54

19

NA

HOPE vs. SCS: PNF (0% vs.
25%, p=0.5), ICU stay (3 vs. 15
days, p=0.03), 1-year recipient
survival (100% vs. 42%,
p=0.04), retransplantation (0%
vs. 25%, p=0.5). Lower peak ALT
and
kidney
injury
after
transplantation in HOPE grafts

4.4 h SCS +
1-2 h HOPE

50 DCD

57

58

11

36
(F-WIT 31)

3 (C)

NA

Yes (600-750)

4.7 h SCS

50 DCD

53

57

12

26
(F-WIT 17)

5 h SCS

50 DBD

50

57

15

NA

Post
OLT
ALT,
renal
replacement therapy: HOPE =
SCS. HOPE DCD vs. SCS DCD:
PNF (0% vs. 4%, NS), ITBL (0%
vs. 10%, p=0.01), graft loss (8%
vs. 32%, p=0.02), 5-year graft
survival (94% vs. 78%, p=0.02).
No difference between HOPE
DCD and SCS DBD livers.
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Patrono 2019
(147)

OLT

5 h SCS + 3
h DHOPE

25 DBD

74

56

15

NA

6.5 h SCS

50 DBD

75

56

15

NA

5 (C)

25 (P)

Yes (600)

Post OLT ALT, AST, EAD:
DHOPE < SCS. DHOPE vs.
SCS: AKI (16% vs. 42%,
p=0.04), PRS (4% vs. 20%,
p=0.13). Similar PNF, biliary
complications, hospital stay, 6month
graft
&
recipient
survival.

Different perfusion machines were used in clinical HMP trials: the Columbia University team (132, 136) used a dual-vessel, non-pulsatile, non-oxygenated,
and flow-controlled (0.677ml/g liver/min) perfusion device (Modified Medtronic PBS® device, Medtronic, Minneapolis, MN); the Zurich team (125, 133, 134)
used the Total Assist machine (Organ Assist BV, Groningen, The Netherlands) to provide oxygenated, pressure-controlled PV-only perfusion; the
Groningen team (135) used the Total Assist machine (Organ Assist BV, Groningen, The Netherlands) to provide dual-vessel, 100% oxygenated perfusion.
Marginal “orphan” livers used by Guarrera in their second trial were declined by their primary recipient centres within the donors originating region and
were matched for donor and recipient age, CIT, DRI and MELD scores (136). Post-reperfusion syndrome (PRS) is defined as a drop in mean arterial pressure
greater than 30% below the baseline, lasting at least 1 minute within 5 minutes after liver graft reperfusion (148). AKI, acute kidney injury; DBD, donation
after brain death; DCD, donation after cardiac death; DHOPE, dual hypothermic oxygenated machine perfusion; EAD, early allograft dysfunction; F-WIT,
functional warm ischaemic time; H&E, haematoxylin and eosin; HOPE, hypothermic oxygenated machine perfusion; ITBL, ischaemic-type biliary lesions;
MELD, model for end-stage liver disease; NA, not applicable; NR, not reported; NS, non-significant; OLT, orthotopic liver transplantation; PNF, primary
non function; SCS, static cold storage; WIT, warm ischaemic time.
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1.5.2.1 Other unresolved issues in liver HMP
Despite the extensive research in animal models and data from a few clinical
studies, there is no consensus on the optimal perfusion setup, including perfusion
dynamics and active oxygenation during HMP. Other unresolved issues include
viability markers during HMP and their ability to predict transplant outcome.
•

Perfusion dynamics

Liver HMP is commonly performed via the PV or PV and HA simultaneously. Both
modalities have been implemented in the clinic successfully (125, 132-136), but there
are no comparative clinical studies to address the superiority of either approach.
Single HA perfusion is less commonly described in the literature and the results
from animal models are controversial (149, 150).
Hypothermic perfusion is performed at sub-physiological pressures in
order to avoid shear stress-induced injury to the endothelium (116, 151, 152). Rodent
studies suggested complete graft perfusion and endothelial protection using dualvessel perfusion at 25% of physiological pressure (4 mmHg PV, 25 mmHg HA)
(153, 154)

. These recommendations were employed in later clinical trials by the

teams in Zurich (3 mmHg via the PV) and Groningen (5 mmHg for PV and 30/20
mmHg for HA), but preclinical studies on discarded human livers failed to report
endothelial injury using higher PV pressures (7-10 mmHg)

(143, 144)

. Due to the

limited clinical experience in HMP, the optimal perfusion pressure is still
unknown.
•

Active perfusate oxygenation

The need for active oxygenation during HMP is unclear. Few researchers warned
against high oxygen concentrations in the perfusate due to the risk of ROS
formation, based on laboratory experiments in tissue slices and cultured
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hepatocytes (155, 156). There are very few animal models that compared the effect
of oxygenated and de-oxygenated (nitrogenised) end-ischaemic HMP. Active
oxygenation during end-ischaemic HMP stabilised the mitochondria and
attenuated the inflammatory cascade upon normothermic reperfusion. These
protective effects were lost when nitrogenised perfusate was used, indicating the
necessity of oxygen during end-ischaemic HMP

(125-127)

. However, this

comparison does not address whether additional oxygen should be used and it
cannot be validated in the clinic due to ethical reasons.
End-ischaemic HMP, with or without active oxygenation, is performed
using a system open to the atmospheric air, and the perfusate equilibrates with
atmospheric oxygen by simple diffusion. Besides, air-equilibrated perfusate might
be sufficient for cellular viability due to depressed metabolism and increased
perfusate oxygen solubility during hypothermia

(126, 157)

. In support of this

argument, results from human trials by Guarrera et al. indicate reduced IR injury
and successful transplantation without additional oxygen (132, 136). Active perfusate
oxygenation should be directly compared to air-equilibrated perfusion in human
studies to address this argument. The optimal level of oxygen required during
HMP is one of the most debated subjects in hypothermic perfusion.
•

Viability markers

Viability biomarkers can improve the safety and outcome of donor grafts through
objective evaluation of graft quality. HMP has a potential for viability assessment
in marginal livers, but the majority of available data originates from experimental
studies with variable methodologies and a limited number of observational human
studies. As a result, there are no clinically validated parameters of
transplantability.
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Dynamic parameters including flow, resistance, and pressure can be
easily measured during HMP and could reflect endothelial injury

(158)

. Guarrera

suggested a relationship between raised PV pressure > 7 mmHg and severe
reperfusion injury in their second clinical study (136), but there is insufficient clinical
evidence to support this relationship.
Soluble perfusate markers indicate whole organ quality and can be
measured non-invasively

(23)

. In contrast to in-vivo liver assessment, synthetic

function markers are not useful in HMP due to the depressed metabolism, so the
focus has been mainly on soluble hepatocellular injury markers. Preliminary
clinical evidence indicates that 2-hour perfusate transaminase and LDH during
end-ischaemic HMP correlated with their peak serum levels in the first 48 hours
post-transplantation, and perfusate AST > 4500 IU/L was higher in grafts with
poor function

(132, 136)

. A recent study by the Zurich team demonstrated that

perfusate flavin mononucleotide (FMN), ALT, and AST were predictive of 3month graft loss in high-risk livers (area under the curve (AUC) = 0.93, 0.81, and
0.75, respectively) and severe graft dysfunction (for FMN only, AUC = 0.79) (159).
However, larger trials with standardised perfusion setup and adequate follow-up
are required to validate these observations.
Morphological changes of importance during HMP are related to pressure
transmission during perfusion and IR injury, Section 2.10.3. The former presents
with sinusoidal dilatation and endothelial damage, while the latter manifests with
cellular swelling and loss of membrane integrity, inflammation, and cellular death
ultimately

(160, 161)

. Pre-implantation biopsy of the donor liver is performed

selectively for evaluation of pathologies associated with poor outcome, including
severe macrosteatosis (> 66%), extensive necrosis (> 10%), and malignancy, all
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of which contraindicate transplantation

(162-164)

. There are no validated

morphological parameters for viability prediction in HMP livers, and this is
complicated by the lack of a universally accepted scoring system and infrequent
histology reporting in national registries (165, 166).
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1.5.3 Subnormothermic machine perfusion
Subnormothermic machine perfusion (SNMP) simplifies MP as it does not require
an oxygen carrier or temperature control. It aims to avoid the cold-induced injury
and reduce the metabolic demand while allowing synthetic function assessment
(109, 167-172)

.

Compared to SCS, SNMP protected against IR injury in hepatocytes and
epithelial cells, and improved ATP recovery in animal models

(173-175)

. However,

there are no clinical studies on SNMP, and the experience in humans is limited
to discarded human livers, which indicated improved cellular energetics and
preserved endothelial morphology

(168, 176, 177)

. Potential graft quality markers

were proposed in discarded human livers, but the small sample size (n = 21) and
lack of transplantation outcomes significantly limit the validity of these results (177).
More clinical evidence is required to determine the safety and efficacy of SNMP.

1.5.4 Controlled oxygenated rewarming
Controlled oxygenated rewarming (COR) is based on gradual rewarming of the
cold graft up to 20°C in an acellular oxygenated perfusate, aiming to re-equilibrate
energy homeostasis and avoid mitochondrial injury due to abrupt temperature
changes (121, 178-182).
Recently, Hoyer et al. reported the clinical safety of COR in standard DBD
livers, showing reduced peak serum AST, lack of PNF, and a 100% 6-month graft
and recipient survival (180, 183). These clinical series are limited by the small sample
size of highly selected cohorts, lack of randomisation, and short follow-up. The
speed of rewarming and optimal duration of different COR phases are still
unknown. More firm evidence is required before COR can be used in the clinic,
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and one ongoing RCT might be able to provide more clinical proof
(ISRCTN94691167).

1.5.5 Normothermic machine perfusion
Normothermic machine perfusion (NMP) aims to replicate the physiological
conditions in the organ, avoid cold-induced injury, and allow on-pump functional
assessment (17, 118, 184).
The first human case-matched study performed by the Oxford group
reported feasibility of NMP and lower peak AST levels following NMP compared
to SCS

(185)

. Feasibility was confirmed in two subsequent case-matched studies

by Selzner (186) and Bral (187), but NMP did not improve the clinical outcome when
compared to SCS. Of note, Bral reported higher EAD rate (56% vs. 30%, p =
0.23), longer ICU stay, and a trend for shorter 6-month graft survival in NMP
compared with SCS livers. Additionally, one liver was lost during NMP due to an
unrecognised twisting of the PV (187).
The largest randomised controlled trial in NMP was published by the
Consortium for Organ Preservation in Europe (COPE)

(188)

. Low-risk NMP livers

(n = 121) had lower peak AST, less EAD (10% vs. 30%, p = 0.002), and reduced
discard rate (24% vs. 12%, p = 0.01) compared with SCS livers (n = 101).
Additionally, NMP allowed functional assessment of grafts in the context of longer
preservation times (714 vs. 465 minutes). However, there was no difference in
PNF rates, biliary complications including ITBL, and 1-year graft and recipient
survival between groups (survival ≥ 95%). The excellent survival in SCS livers
and equivalent major outcomes between the study arms can be attributed to
utilisation of low-risk donors and recipients. Consequently, the superiority of NMP
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in marginal livers could not be verified. Sources of potential selection bias in
favour of NMP include significantly shorter CIT in that group (167 vs. 465 minutes)
and better organisation of the operating theatre schedule in NMP. Of note, one
liver was lost due to mechanical valve failure in the NMP group.
Based on the available evidence so far, the benefits of NMP seem to be
focused around viability assessment of marginal or initially discarded livers and
the potential to expand liver utilisation rather than protection against IR injury or
biliary complications

(189-194)

. More evidence is required from RCTs to confirm

NMP superiority over SCS, and few trials are ongoing to illustrate that aspect,
Table 12.7.

1.5.6 Normothermic regional perfusion
Normothermic regional perfusion (NRP) utilises an extracorporeal membrane
oxygenator (ECMO) to pump the abdominal organs with heparinised oxygenated
blood following cardiorespiratory arrest and up until organ procurement in DCD
donors. NRP aims to minimise donor WIT and allow viability assessment and
paced retrieval (17, 195).
NRP use in the UK is limited to controlled DCD livers, and donor
cannulation and heparinisation are only allowed post-mortem. This is in contrast
to some European countries like Spain, where these interventions are permitted
premortem and NRP has been used for both uncontrolled and controlled DCD
livers

(196-198)

. One UK feasibility study from 2014 established the safety of NRP

in Maastricht III donors and successful transplantation of 11 out of 21 livers (199).
A more recent multicentre observational study from the UK reported successful
transplantation of 43 Maastricht III livers (out of 70 perfused livers) after viability
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assessment during NRP. Compared to a contemporaneous matched group of
SCS livers (n = 187), NRP protected against ITBL (0% vs. 27%, p < 0.001) and
EAD (12% vs. 32%, p = 0.007). The 3-month recipient and graft survival were
comparable, and NRP was associated with improved utilisation rate (61%
compared to 27% to 36% for SCS) (200).
The Spanish group recently reported the largest national cohort of NRPpreserved Maastricht III livers (n = 95 transplants, out of 152 perfused).
Compared to super-rapid recovery in Maastricht III livers (n = 117), NRP
protected against ITBL (2% vs. 13%, p = 0.008) and was associated with lower
1-year graft loss (12% vs. 24%, p = 0.008). Rates of EAD, PNF, 1-year recipient
survival, and graft discard were comparable (201). However, selection bias cannot
be ruled out due to discarding suboptimal grafts in the NRP arm of these
multicentre studies

(200, 201)

. Nonetheless, NRP holds good potential for viability

assessment and protection against biliary complications in DCD livers. The
benefits of NRP need to be validated in future RCTs.

1.5.7 Venous systemic oxygen persufflation
Venous systemic oxygen persufflation (VSOP) was promoted by Minor et al. for
liver resuscitation, by pumping high-flow oxygen through the hepatic venous
system during cold storage to restore energy homeostasis. Improved energy
recovery and reduced hepatocellular and endothelial damage were reported in
various laboratory studies and one human feasibility study by the same team, but
external validity of these results is debatable

(202-211)

. In addition, VSOP is not a

perfusion modality per se, and it does not allow viability assessment or washout
of accumulated toxins compared to MP.
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1.5.8 Advantages of HMP over other perfusion modalities
The two most commonly studied MP modalities are HMP and NMP, in contrast
to other methods that are largely centre-specific (e.g. VSOP), significantlyinfluenced by national laws (e.g. NRP), or have not been assessed in the clinic
(e.g. SNMP). There are multiple hypotheses to explain the protective effects of
different MP modalities, but the exact mechanism is still unknown. There are no
universally accepted or standardised viability parameters in any MP modality, and
so far, none has shown substantial protection against PNF following
transplantation.
NMP has not shown evidence of improved biliary protection or better graft
and recipient survival over SCS. On the other hand, these outcomes were
positively influenced by end-ischaemic HMP in various clinical studies

(134-136)

.

The risk of device-related organ loss in NMP is well documented (187, 188), whereas
HMP is safer in that regard due to the simpler machinery and avoidance of warm
ischaemia in case of pump failure. There are also risks of microbial contamination
and multidrug resistance, in contrast to the bacteriostatic properties of
hypothermia

(212)

. Although NMP has the potential to offer a platform for organ

repair in marginal livers, there is no evidence from human studies so far. Onpump reperfusion injury during NMP remains a major concern, in contrast to the
anti-inflammatory benefits shown for end-ischaemic HMP. Finally, costeffectiveness needs to be evaluated in NMP, considering the advanced logistics
and financial requirements, in conjunction with the lack of evidence on long-term
benefits in NMP.
NRP has the potential to resuscitate and assess graft quality resulting in
better selection of grafts, as well as protect against biliary complications in DCD
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livers. However, ethico-legal concerns associated with premortem interventions
need to be addressed before worldwide acceptance. In addition, costeffectiveness should be evaluated as the yield of transplantable controlled DCD
livers currently stands just above 60% in specialised centres. Finally, all available
evidence is based on observational studies; large randomised trials are required
to define the benefits of NRP, optimal perfusion period, and viability criteria.
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1.6 Oxygen consumption in organ preservation
As described in Sections 1.4.1 and 1.5.1, hypothermia prolongs ex-situ organ
viability by slowing metabolism and reducing oxygen demand. Organ cooling is
associated with a 50% drop in cellular reactions for every 10°C drop in
temperature, based on van’t Hoff’s law and Arrhenius equation that describe the
dependence of the chemical reaction rate on temperature (213-216). Consequently,
it can be deduced that metabolism drops to approximately 10% at 4°C compared
with normothermia and so does oxygen consumption, which declines in a
logarithmic pattern

(217-222)

. Assuming a temperature range between 4 to 12°C

during HMP, oxygen consumption is expected to range between 0.27 and 0.47
µmol/min/g liver, indicating a reduced but constant requirement of oxygen during
HMP, as has been confirmed in multiple experimental studies

(126, 143, 223-226)

.

However, it is unknown whether active oxygenation is required during endischaemic HMP as opposed to passive diffusion, as discussed in Section 1.5.2.1.
The partial pressure of oxygen in the interstitial space, or parenchymal
pO2, is a direct indication of the balance between local oxygen supply and
consumption, which can be used as a marker of parenchymal perfusion (227). Liver
parenchymal pO2 ranges between 30 and 42 mmHg in anaesthetised patients
(228, 229)

. However, this data relates to perfused livers with the metabolic demands

of functioning at 37°C and has not been identified in cold-stored human livers. As
the knowledge of perfusion characteristics in HMP is still evolving, there is
minimal data on parenchymal pO2 or the delivery efficiency of oxygen in the
human liver during end-ischaemic HMP. This is complicated by the lack of a
simple relationship between oxygen delivery into the perfusate and real-time
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tissue levels, which is also dictated by tissue oxygen consumption and efficiency
of microcirculation.
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1.7 Steatosis
1.7.1 Background
Liver steatosis affects up to 30% of livers from deceased donors and remains the
primary reason for declining donor livers

(230-232)

. In the UK, liver steatosis was

the most common reason for non-utilisation of deceased donor livers between
2006 and 2016, estimated at 39% of all declined grafts (233).
Preliminary evidence in steatotic human livers indicates improved
protection against IR injury and better 1-year recipient survival in HOPEpreserved livers compared to SCS

(125)

, Table 1.3. In addition to reconditioning

steatotic livers (125, 131), end-ischaemic HMP could provide a sufficient window for
steatosis assessment while the organ is being perfused. Considering these
potentials of end-ischaemic HMP and the significant financial and staffing
resources involved with perfusion, accurate evaluation of steatosis is required. A
reproducible steatosis scoring system that can be completed during perfusion
and can be shared between centres has the potential to improve the utilisation of
liver grafts.

1.7.2 Steatosis assessment
Steatotic livers are characterised by more than 5% of lipids per wet liver weight
(234)

. These livers are identified on gross examination by their yellow colour,

greasy texture, and round edges, but this method is subjective and inaccurate (26,
235-238)

. Microscopic examination of liver biopsies by the pathologist remains the

gold standard for steatosis assessment

(239, 240)

, but the accuracy of this method

has also been questioned by few researchers (53-56).
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Alternative microscopic methods to assess steatosis include digital image
analysis (DIA) and stereological point counting. These methods measure
steatosis and produce a quantitative score of the percentage of fat in the
microscopic field. DIA involves the use of computer software to measure the fat
percentage in a microscopic field, while stereological point counting is performed
by superimposing a lattice over the pathology slide or the computer image and
counting the hits on fat vacuoles (53-56, 241-246).
DIA and stereological point counting have shown higher reproducibility and
accuracy compared with the gold standard

(56, 241, 245)

. Additionally, it has been

consistently demonstrated that pathologist’s visual estimation yields higher
scores compared to microscopic steatosis measurement, possibly due to
pathologists estimating the degree of steatosis on a 0% to 100% scale, whereas
the maximum steatosis measured by DIA was around 50%

(53-56, 241-245, 247, 248)

.

This disagreement might be partially responsible for the low utilisation of
alternative microscopic techniques compared to standard haematoxylin and
eosin (H&E) examination, which has the advantage of low cost, fast results, and
evidence from clinicopathological studies

(56, 241)

required before it can be more widely accepted.
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1.8 Hypothesis, aims, and objectives
Despite extensive research in HMP, there are many unresolved issues related to
the optimal perfusion settings and viability markers. Development of a reliable
perfusion system requires clear understanding of perfusion characteristics and
benefits to the retrieved organ. Mechanistic studies on mitochondrial reactions
during end-ischaemic HMP are scarce and the mitochondrial protective role is
unclear. Active oxygenation during end-ischaemic HMP is greatly debated and
the delivery efficiency of oxygen to the parenchyma is unknown. Steatosis is the
main cause of liver graft rejection but the assessment of steatosis is inaccurate
and needs to be optimised to increase the yield of perfused livers.
The null hypothesis of this thesis is that there is no difference in cellular
and mitochondrial injury during ex-situ preservation when comparing SCS and
end-ischaemic HMP. The alternative hypothesis is that there is a difference in
cellular and mitochondrial injury during ex-situ preservation between SCS and
end-ischaemic HMP.
This research aims to assess the feasibility of performing single-vessel
end-ischaemic HMP in the human liver using different perfusion settings and to
identify possible measures to improve the yield of perfused livers, by studying
potential quality markers and developing a reliable steatosis severity score.
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Objectives:
1. To study end-ischaemic HMP characteristics comparing arterial, oxygen
supplemented venous and non-oxygen supplemented venous perfusion.
2. To examine potential viability markers in human livers during endischaemic HMP.
3. To determine mitochondrial function and injury following end-ischaemic
HMP.
4. To investigate the delivery efficiency of oxygen during oxygen
supplemented HMP, elaborating on parenchymal oxygen levels and
oxygen utilisation.
5. To develop a standardised objective scoring system for macrosteatosis
assessment, comparing surgical examination and digital image analysis
with standard H&E assessment by the pathologist.
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2

Material and methods
This chapter details the methods used for allocating the study groups,
perfusion process, oxygenation, and assessment of potential viability
markers and steatosis.
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2.1 Ethical approval and funding
Ethical approval for this study was granted by the North London Regional Ethics
Committee 3 (reference no. 10/H0709/70) and confirmed with National Health
Service Blood and Transplant (NHSBT) Organ Donor Transplant committee. The
study was registered locally with the UCL/UCLH/Royal Free Joint Biomedical
Research Unit.
The study forms part of a DoH funded NIHR i4i collaboration (Grant No
HTD 556) with Prof. Brian R. Davidson and Organ Recovery Systems (ORS)
entitled “Improved utilization of marginal liver grafts by machine perfusion”
(https://www.nihr.ac.uk/explore-nihr/funding-programmes/invention-forinnovation.htm). The NIHR i4i was responsible for funding organ transportation
from the donor hospital to our research laboratory. ORS supplied the Organ
Recovery Workstation®, Kidney Preservation Solution-1 (KPS-1®, Organ
Recovery Systems, Zaventem, Belgium), membrane oxygenators, optic oxygen
probes and meter, and part of the kits and reagents for mitochondrial assays.
Additionally, ORS funded travel expenses to two scientific meetings: European
Society for Organ Transplantation 2015 and International Meeting on Ischemia
Reperfusion Injuries in Transplantation (IMIRT) 2014. The majority of
mitochondrial assay costs, pathology specimen processing, and oxygen cylinders
were funded by bench fees of the researcher’s grant (Hamid Abudhaise).

2.2 Liver retrieval
Discarded human livers were collected for research between February 2012 and
June 2014. Livers were originally procured for transplantation by different organ
procurement teams across the UK, using the standard clinical procurement
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protocols adopted by the UK National Organ Retrieval Service (NORS) (20). Livers
were deemed unsuitable for transplantation by all UK transplant centres due to a
combination of donor graft and recipient factors and were subsequently offered
for research with appropriate consent from the next of kin. Regional Transplant
Coordinators informed Local Centre Coordinators of liver availability and ensured
the consent was in place for research.

2.3 Donor data collection
Donor variables including age, gender, heart-beating status, cause of death,
weight, BMI, ALT, AST, bilirubin, UK donor liver index (DLI), length of stay in
intensive care unit (ICU), warm ischaemic time (WIT), and macrosteatosis were
obtained. These data were collected from Human Tissue Act (HTA)-A forms that
accompany procured organs, local transplant coordinators records (through
manual search and verbally at the time of organ offer), and via personal
communication with the Statistics and Clinical Studies Department of NHSBT.
Functional WIT was defined as the time from sustained systolic blood pressure
drop below 50 mmHg until cold in-situ flush in the donor, and asystolic WIT was
defined as the time from circulatory arrest until cold in-situ flush in the donor (20).
In addition, cold ischaemic time (CIT) of preserved livers was measured as the
period between cold in-situ flush in the donor until the start of perfusion, or until
the second period of cold storage in our laboratory for the SCS group.
In addition to the donor variables above, the three data sources were
examined for reasons of liver refusal for transplantation. Based on NHSBT
register data, up to 3 reasons were documented for each liver in order of
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importance, and these were compared with coordinators records and HTA-A
forms.

2.4 Randomisation and liver allocation
This is a single-centre randomised study of discarded human livers. Only whole
livers from deceased donors were included. A total of 45 sequential livers were
randomised using a computer-generated list of random numbers, and the
allocation sequence was concealed in numbered, opaque, and sealed envelopes.
Sample size calculation was not performed.
An additional group of six sequential livers (non-randomised) were used
for evaluating the delivery efficiency of oxygen in the perfusate and parenchyma;
dynamic, biochemical, morphological and mitochondrial parameters were not
assessed in this additional cohort.
The Organ Recovery Workstation® prototype was modified from the
LifePort Kidney Transporter machine (Organ Recovery Systems, Zaventem,
Belgium) but with a dual pumping system. This prototype did not incorporate an
oxygen delivery system, which was later integrated during the second stage of
the study. Consequently, an oxygen supplemented perfusion group could not be
randomised at the start of the study but was added during the second stage.
Livers were randomised at two stages. In stage 1, 25 livers were
randomised into static cold storage (SCS, n = 7), arterial perfusion through the
hepatic artery (AP, n = 10), and non-oxygen supplemented venous perfusion
through the portal vein (nOVP, n = 8). Arterial perfusion was studied in stage 1 to
assess its potential following an earlier published study by our team, which
showed comparable endothelial preservation using different perfusion routes
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(144)

. In stage 2, 20 livers were randomised into oxygen supplemented venous

perfusion (OVP, n = 11) and non-oxygen supplemented venous perfusion (nOVP,
n = 9). AP and SCS groups were omitted in this stage as the main focus was on
oxygen supplemented compared to air-equilibrated venous perfusion, and due to
technical difficulties with arterial cannulation. The nOVP groups in both stages of
the study were similar in characteristics and perfusion settings. Single-vessel
perfusion via the HA or PV was used in this study. SCS group here represents
continued SCS after the primary SCS period during liver transport.

2.5 Liver transportation and preparation
The events between liver procurement and preservation are illustrated in Figure
2.1. Discarded human livers were transported from the retrieval hospital stored
in UW solution (Belzer UW Solution®, Bridge to Life (Europe) Ltd, London, UK, or
SPS-1®, Organ Recovery Systems, Zaventem, Belgium). All livers were bagged
and packed in the icebox during transport.
On arrival to our research laboratory, livers were cannulated using
LifePort® cannulae (SealRing™ 10x35 for the HA in arterial perfusion group and
Straight 8mm for the PV, Figure 2.2). All livers were cannulated via the PV and
flushed with 2 L of KPS-1® in our laboratory to clear the vascular tree from
residual fluid accumulated during liver transport. Hepatic arterial flush was not
performed in the laboratory because the livers were flushed via the aorta and PV
by the retrieval team at the donor hospital

(20)

and to avoid lengthy arterial

cannulation. The KPS-1® used for flushing the livers was subsequently discarded.
In the arterial perfusion group, aberrant hepatic arteries were not ligated but
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cannulation was performed more proximally, followed by ligating the non-hepatic
arteries when identified before or at the start of perfusion.

liver cannulation

HMP (4 hrs)
liver procurement

SCS - transport in icebox

or
2nd SCS (4 hrs)

Figure 2.1. Diagram of the steps taken between liver procurement and 4-hour preservation
with static cold storage (SCS) or end-ischaemic hypothermic machine perfusion (HMP).
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a. SealRing™ cannula for
arterial cannulation

b. Liver during arterial perfusion
through the hepatic artery

c. Straight cannula for venous
cannulation

d. Liver during venous perfusion
through the portal vein

Figure 2.2. Arterial and venous cannulation during end-ischaemic hypothermic machine
perfusion. The top image (a) shows the SealRing™ cannula used for HA cannulation (b).
Straight cannula (c) used for the PV perfusion (d).
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2.6 Liver preservation, SCS and end-ischaemic HMP
groups
Livers in the SCS groups (n = 7) were submerged in 2 L of fresh KPS-1® and
placed in the icebox for the equivalent period of 4 hours. Although KPS-1® is not
routinely used for static preservation, it was used for SCS preservation here to
reduce potential bias due to different preservation solutions.
Livers in the end-ischaemic perfusion groups (n = 38) were perfused with
KPS-1® on the Organ Recovery Workstation®, using a non-pulsatile roller pump
to deliver pressure-controlled continuous perfusion, Figure 2.3. The selection of
KPS-1® for HMP and a brief comparison with other common liver preservation
solutions are discussed in detail in Appendix 12.3. The roller pump was
connected to built-in sensors that continuously measured resistance, flow, and
pressure.
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Bubble trapper and
dedicated perfusate port

Roller pump

Filter

Air outlet tube

Perfusate inlet tube
Perfusate outlet tube

Ice container
(ice + tap water)

Figure 2.3. Organ Recovery Workstation® perfusion circuit showing the different
components of the circuit and the direction of perfusate flow.
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Machine perfusion steps:
1. Ice cooling system
•

The ice container was filled with crushed ice, and cold tap water
was added to remove air from the container.

•

The ice container was connected to a heat exchanger (Polystat
temperature controller®, Cole-Parmer UK) to keep the temperature
within the desired range (4-8° C), as per our previous study (144).

2. Device preparation
•

2 L of KPS-1® were poured into the perfusion bowl, which was
positioned inside the ice container.

•

Perfusate inlet, perfusate outlet, and air outlet tubes were placed
under the surface of the perfusate in the perfusion bowl to avoid
introducing air bubbles into the liver. The perfusate inlet tube
channelled perfusate into the circuit and the perfusate outlet tube
delivered perfusate to the liver via the HA or PV. Air outlet tube
directed air bubbles out of the circuit into the perfusion bowl.

•

The liver was placed in the KPS-1®-filled perfusion bowl and
connected to the perfusate outlet tubing.

•

The pressure was set manually using control buttons on the
machine at 30 mmHg for HA perfusion and 7 mmHg for PV
perfusion. These settings were based on previous work by our team
(144)

and others (224), which were adapted from clinical kidney HMP.

Livers were perfused for 4 hours using recirculating KPS-1® through the
HA or PV (single-vessel perfusion). The preservation period of 4 hours was
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hypothesised as adequate to observe dynamic and biochemical changes during
end-ischaemic HMP and is considerably longer than the 1-hour preservation
used in our previous study (144). Similar to clinical studies by Guarrera (132, 136), no
metabolic adjustment was performed.
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2.7 Oxygenation and oxygen monitoring
2.7.1 Perfusate oxygenation
The original prototype of the Organ Recovery Workstation® did not include a builtin oxygen delivery mechanism. Following discussions with perfusionists from
Organ Recovery Systems (Zaventem, Belgium), it was agreed to install a Dideco
Kids D100 membrane oxygenator (Sorin Group Italia, Mirandola, Italy, Figure
2.4). The device has a maximum flow rate of 700 ml/min and a surface area of
220 cm2, and has been validated for clinical use (249, 250).

Figure 2.4. Dideco Kids D100 membrane oxygenator

The oxygenator was connected using silicone tubing and positioned
between the perfusate filter and the bubble trapper, as shown in Figure 2.5. This
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modification ensured that the perfusate was oxygenated before entry to the liver
and that air bubbles were trapped and diverted out of the circuit via the bubble
trapper mechanism. For the OVP group, 100% oxygen was supplied at a flow
rate of 0.5 L/min from a medical oxygen cylinder (BOC, Guildford, UK), which was
connected via a separate port (gas inlet) to the membrane oxygenator. The
perfusate pO2 obtained with this setting was 735 mmHg (724-791) for OVP livers.

Bubble trapper and
dedicated perfusate port

Roller pump

Filter

Membrane
oxygenator

Air outlet tube

Perfusate inlet tube
Perfusate outlet tube

Ice container
(ice + tap water)

Figure 2.5. Organ Recovery Workstation® with membrane oxygenator installed
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2.7.2 Oxygen monitoring in perfusate and parenchyma
For any oxygen monitoring system to gain acceptance in clinical practice, several
criteria need to be fulfilled, the system needs to be (227):
•

Minimally invasive

•

Simple to use

•

Specific to organ perfusion and/or oxygenation

•

Able to detect hypoxia accurately

•

Demonstrate efficacy in randomised clinical trials

Different radiological and non-radiological modalities have been used to
detect tissue hypoxia. Polarographic electrodes (Clarke type electrodes), typically
found in blood gas analysers, are the gold standard for tissue pO2 measurement.
However, they are unsuitable for lengthy measurements and for measurements
at low oxygen levels as they consume oxygen. In addition, these electrodes are
bulky, invasive, and cannot be used for oxygen measurement in delicate tissues
(251, 252)

.

Chemical optical oxygen sensors utilise the characteristics of oxygendependent quenching of a luminophore dye, with comparable results to the
Clarke-type electrode for measuring oxygen tension in the tissues

(253-255)

.

Compared to the Clarke-type electrode, chemical optical oxygen sensors can
record continuous pO2 measurements in real-time and have a fast response rate.
Besides, they do not consume oxygen, are not affected by electromagnetic fields,
and can reliably determine low pO2 values (227, 251, 252). A disadvantage of chemical
optical sensors is their sensitivity to certain substances and organic solvents,
including sulfur dioxide and hydrogen peroxide
80
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used clinically to measure oxygen concentration in the human uterus

(257)

. They

have also been used to measure pO2 in the kidneys, muscles, and brains of
anaesthetised animals (258-261).
Based

on

the

above

information,

fibre-optic

chemical

oxygen

microsensors with 50µm diameter tip were chosen (PreSens GmbH,
Regensburg, Germany). We used flow-through and needle-type microsensors,
which utilise similar types of microsensor but come in different housings, Figure
2.6. An in-line, flow-through microsensor was connected to the portal vein
cannula to measure oxygen concentration in the perfusate before entering the
liver, and a needle-type sensor mounted in a 27-gauge diameter needle was used
to measure pO2 in the parenchyma, Figure 2.7. The optical probes were
connected to an OXY-4 micro-oxygen meter that can record oxygen
measurements using up to four probes simultaneously, and has an operating
temperature range between 0°C and 50°C. Technical specifications were
obtained directly from the manufacturer, Table 12.8. Before each experiment, the
microsensors were calibrated using oxygen-free and air-saturated solutions. pO2
measurements were corrected for temperature and atmospheric pressure
according to the manufacturer’s instructions, Appendix 12.8.
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Flow-through microsensor (FTCH-PSt1)

Needle-type microsensor (NTH-PSt1)

Figure 2.6. Fibre-optic oxygen microsensors.
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Heat exchanger
Perfusion cassette

Needle-type micosensor
KPS-1
PV cannula

Flow-through microsensor

Filter

Membrane oxygenator

Perfusion bowl
Ice container

Figure 2.7. Organ Recovery Workstation® and optical oxygen sensors. KPS-1® was circulated
through the perfusion circuit, passing through the membrane oxygenator, and into the liver.
Optical oxygen sensors were connected to the OXY-4 micro-oxygen meter.
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2.8 Dynamic perfusion parameters
The Organ Recovery Workstation® is a pressure-controlled perfusion system that
delivers a non-pulsatile flow. Resistance and flow were continuously and
automatically measured at the inflow by built-in sensors in the perfusion circuit.
Dynamic measurements (pressure, flow, resistance) were recorded at the start
of end-ischaemic HMP (time 0), and hourly thereafter until the end of perfusion
(time 1, 2, 3, 4 hours), Figure 2.8.

A

Dynamic parameters & enzyme levels
Tissue samples

0

Tissue samples

1 hr

2 hrs

3 hrs

4 hrs

HMP (4 hrs)

Figure 2.8. Diagram of data collection points during machine perfusion. Tissue samples
for morphological assessment and mitochondrial activity were obtained at the start and
B
Enzyme levels
the end of end-ischaemic hypothermic machine
perfusion (HMP) and static cold storage.

Tissue samples

0

Tissue samples

1 hr

2 hrs

SCS (4 hrs)
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2.9 Biochemical perfusate markers of hepatocellular
injury
2.9.1 Sample collection
KPS-1® samples were collected in perfused livers (n = 38 livers) using a 10ml
syringe from a dedicated port in the perfusion circuit. Livers in the SCS group
were excluded (n = 7), as transaminases in the cold storage solution do not
represent actual enzyme levels in the liver or mirror the hepatocellular damage
(137)

.
A total of five perfusate samples were obtained from each liver (5 ml each).

The first sample was collected after flushing the liver and immediately before the
start of 4-hour end-ischaemic HMP (time 0). Hourly perfusate samples were
collected thereafter until the end of end-ischaemic HMP (time 1, 2, 3, 4 hours),
Figure 2.8. Each sample was emptied into a universal screw-top container and
labelled with the liver number, date, and time of collection relevant to the
preservation period (0, 1, 2, 3, 4 hours). At the end of each experiment, all
samples were bagged and transferred to the Royal Free Hospital biochemistry
laboratory for processing. Samples were stored in a laboratory refrigerator at <
8°C until processed (262-266).

2.9.2 Spectrophotometric analysis of hepatocellular injury
enzymes
Hepatocellular injury enzymes (ALT and AST) were measured in KPS-1®
samples using Roche P Module Analyser (Roche Diagnostics Limited, UK),
according to the International Federation of Clinical Chemistry and Laboratory
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Medicine (IFCC) protocol without pyridoxal phosphate activation. Enzyme levels
were measured as per clinical protocols in human blood samples without further
adjustment. Specifically, transaminase levels were not adjusted for liver weight,
similar to previous clinical

(132, 135, 136)

and experimental studies

(130, 143, 224, 267)

.

Samples were processed by a biochemistry scientist, who was blinded to the
allocated groups.

2.10 Morphological assessment
2.10.1 Sample collection and processing
Wedge liver biopsies (> 1.5 cm2) were obtained from segments IV and VII at the
beginning and the end of end-ischaemic HMP or SCS in all livers (4 specimens
per liver, n = 45 livers). Liver biopsies were fixed in formaldehyde in our laboratory
and the histology pots were labelled with the liver number, date, and time of
collection relevant to the preservation period (pre- and post-preservation). The
pots were transferred to the histology laboratories at the Royal Free Hospital
where they were dehydrated with rising concentrations of alcohol and embedded
in paraffin blocks. Paraffinised tissue specimens were cut into 4µm sections using
a microtome, mounted on microscope slides and stained with H&E stain.
Parenchymal biopsy processing was performed by technicians who were blinded
to the liver allocation groups. The biopsies taken at the end of the preservation
period were obtained from areas adjacent to the pre-preservation biopsy sites.
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2.10.2 Optimal number and site of liver biopsies
Two different and distant segments of each liver (segments IV and VII) were
obtained for assessment of morphological changes and steatosis severity. The
optimal number of biopsies required to evaluate the liver in clinical transplantation
is debatable

(165, 268, 269)

. Our choice was based on recommendations that two

biopsies from different liver segments are required for suspicious liver pathology
due to intra-liver variation (270).
We aimed to analyse specimens from right and left functional hemilivers,
and from medial and lateral sectors. We hypothesised that specimens from
segments IV and VII are representative of the whole liver based on functional
liver anatomy

(271, 272)

. It was essential to be able to obtain specimens while the

liver was perfused with its posterior surface facing upwards in the perfusion bowl.
The quadrate lobe of segment IV represented the medial sector of the left
hemiliver and is centrally located, while segment VII represented the lateral
(posterior) sector of the right hemiliver and is superiorly located.

2.10.3 Morphology scoring
Morphological assessment was performed under light microscopy (Nikon Eclipse
E600 microscope, Nikon UK Ltd., Kingston, UK) by a liver pathologist who was
blinded to the liver allocation groups. Morphological injury was determined using
a combination of a previously published score by Vekemans

(142)

, Table 2.1 , as

well as scoring for apoptosis, hepatocellular ballooning, and cholestasis, based
on our pathology department recommendations and relevant histological
changes during IR

(160, 161, 273)

. The latter three characteristics were scored on a
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severity scale from 0 to 4 corresponding to 0, none; 1, mild pericentral; 2,
moderate midzonal; 3, severe periportal; and 4, panlobular.

Table 2.1. Morphology scoring system, according to Vekemans et al. (142)
0

1

2

3

4

Sinusoidal dilatation

None

Mild pericentral

Moderate midzonal

Severe periportal

Panlobular

Enlarged space of
Disse

No

Yes

Coagulation necrosis

None

Mild pericentral

Moderate midzonal

Severe periportal

Panlobular

Neutrophils

None

Mild

Moderate

Severe

Congestion

None

Mild pericentral

Moderate midzonal

Severe periportal

Panlobular

Architectural damage

None

Mild pericentral

Moderate midzonal

Severe periportal

Panlobular

Semiquantitative morphological injury score. Adapted from Vekemans et al. Attempt to
rescue discarded human liver grafts by end ischemic hypothermic oxygenated machine
perfusion. Transplantation proceedings. 2011 (142).

Morphological criteria of apoptosis included nuclear fragmentation and
chromatin condensation, cytosol shrinkage, plasma membrane blebbing and
formation of apoptotic bodies. Necrosis was identified based on loss of plasma
membrane and organelle integrity, cellular and organelle swelling, architectural
loss, karyolysis (nuclear dissolution), and inflammation (75, 274-276).
Sinusoidal cell injury is of particular importance during ischaemia and
machine perfusion, and was assessed as part of the architectural damage
criterion described above, Table 2.1. Sinusoidal endothelial cells (SECs) are
prone to ischaemic injury due to deficient basement membrane and proximity to
KCs, and the injury is further exacerbated during reperfusion by adherence and
activation of leukocytes and platelets (277-279). Increased sinusoidal pressure was
reflected by sinusoidal dilatation and enlargement of the space of Disse.
Hepatocyte ballooning was studied as a marker of IR injury or steatohepatitis (280).
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2.11 Mitochondrial injury and function assessment
Spectrophotometric analysis of mitochondrial respiratory chain enzymes relies on
the absorption of different light spectra in the presence of mitochondria, enzyme
inhibitors, and electron donors and acceptors. Normalised enzyme activities,
which are fairly constant among cell types and individuals, are required for
comparison between different samples. This is achieved by dividing the enzyme
activity by protein content or citrate synthase (a marker for mitochondrial
abundance) (281). A detailed explanation of spectrophotometric assays is provided
in Sections 12.11-12.17.
Mitochondrial respiration is ideally assessed using a combination of
polarography and spectrophotometry. Polarographic measurement of cellular
oxygen consumption gives information on the respiratory control, respirationphosphorylation coupling, and cytochrome c loss, but requires fresh tissue and is
very sensitive to measurement error

(282, 283)

. It was not logistically feasible to

measure respiration on fresh samples in this research due to time limits during
perfusion and different locations of the perfusion laboratory and Neuroscience
Department where mitochondrial assays were performed.
Spectrophotometry measures the maximal activity of individual respiratory
chain enzymes in fresh or frozen samples and can be performed on isolated
mitochondria or whole cells (Table 2.2), except for NADH:ubiquinone
oxidoreductase (complex I) activity, which cannot be done in whole cells
285)

(282, 284,

. Assessment of mitochondrial isolates is well established and easier to

interpret, whereas studies on intact cells are more complex due to interactions
with cytoplasmic metabolites and separate pools of adenine nucleotides and
calcium in mitochondria and cytoplasm. On the other hand, studying cellular
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respiration in intact cells is more physiologically relevant, as the mitochondria
maintain interaction with cytoplasmic organelles and plasma membranes in an
undisturbed cellular environment (285).

Table 2.2. Spectrophotometric assessment in mitochondrial isolates and intact cells
Isolated mitochondria

Intact cells

Well established and understood methods

More complex and liable to interpretation error

No interference from extra-mitochondrial factors,

Better physiological relevance, but mitochondrial

but lack cellular context

environment is dependent on cellular surroundings

Liable to damage during mitochondrial isolation,

No damage due to mitochondrial isolation, but

but better control of added substrates and

limitations on substrates and inhibitors due to cell

inhibitors

impermeability

Advantages and disadvantages of mitochondrial activity assessment using
spectrophotometry in isolated mitochondria and intact cells. Adapted from Brand et al.
Assessing mitochondrial dysfunction in cells. Biochemical Journal. 2011 (285).

2.11.1 Sample collection
Wedge liver biopsies from segments IV and VII were obtained at the beginning
and the end of end-ischaemic HMP or SCS (n = 38 livers), aiming for > 0.5 g of
tissue per sample

(84)

. In the absence of a standard protocol on the optimal

specimen number for mitochondrial assessment per organ, we hypothesised that
two specimens from each liver would give an indication of variability and may be
representative of the whole liver.
Specimens were immediately snap-frozen in liquid nitrogen. Each
specimen was placed in a biopsy pot in the icebox and transferred to the
mitochondrial laboratory at the Neuroscience Department, RFH for mitochondrial
extraction. The pots were labelled with the liver number, date, and time of
collection relevant to the preservation period (pre- and post-preservation).
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2.11.2 Mitochondrial isolation
Mitochondrial isolation was based on the method by Rickwood et al. (286). Tissue
specimens were homogenised using a Eurostar digital homogeniser (IKA® Werke GmbH & Co.KG, Staufen, Germany) in 2 ml of the homogenising buffer
(320 mM sucrose, 1 mM ethylenediaminetetraacetic acid dipotassium salt, 10
mM 2-amino-hydroxymethyl-1,3-propanediol buffer, 1 µg/ml of leupeptin, 1 µM
phenylmethylsulfonyl fluoride, and 1 µg/ml of pepstatin. pH 7.4). Mitochondrial
pellets were separated using differential centrifugation, in which different
sedimentation rates are observed for particles with different size and density (the
largest or most dense particles are the fastest to sediment). Mitochondrial pellets
were then suspended in the homogenising buffer and stored at -80°C until
measurement of mitochondrial enzyme activity. Details of mitochondrial
extraction are described in detail in Appendix 12.11.

2.11.3 Spectrophotometric assays of enzyme activities
All assays were performed within one week of specimen collection. Mitochondrial
suspensions were thawed in a warm bath at 20˚C, before placing them on ice for
the duration of the experiments. Protein assay, citrate synthase and aconitase
activities were measured spectrophotometrically using a multiwell plate reader
(Synergy HT, Bio-Tek, Vermont, USA), while ETC enzyme activities were
measured using a Hitachi U-3310 spectrophotometer (Hitachi, Tokyo, Japan).
The activities of citrate synthase, aconitase, and ETC enzymes were
standardised per protein content in each sample.
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Bicinchoninic acid assay (BCA) protein assay
Protein concentrations were used to standardise the enzyme activities in
individual mitochondrial samples. The protein concentrations were determined
using the Pierce BCA Protein Assay Kit according to the manufacturer’s
instructions (ThermoFisher Scientific, Massachusetts, USA). Each mitochondrial
sample was measured in triplicate. Details of the Pierce BCA Protein Assay are
described in Appendix 12.12.

Citrate synthase assay
Citrate synthase is a TCA cycle enzyme that catalyses the formation of citrate
from acetyl CoA and oxaloacetate. It can be used as an indicator of mitochondrial
membrane integrity

(83, 287-290)

or mitochondrial abundance

(281)

. The activity of

citrate synthase was determined using the method of Protasoni et al.

(291)

. Each

mitochondrial sample was measured in quadruplicate. Details of the citrate
synthase assay are described in Appendix 12.13.

Aconitase assay
Aconitase enzyme catalyses the interconversion of citrate and isocitrate in the
TCA cycle within the mitochondrial matrix. It is traditionally used as an indicator
of irreversible oxidative damage due to its extreme sensitivity to superoxide,
peroxynitrite, and hydrogen peroxide

(292, 293)

. Aconitase activity was measured

based on the method of Gardner et al. (293). The assay measures the absorbance
of NADPH at 30°C and a wavelength of 340 nm. Each sample was measured in
quadruplicate. Details of the aconitase assay are described in Appendix 12.14.
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As a proof-of-concept, validation of the aconitase assay was performed and
presented in Appendix 12.14.2.

NADH:ubiquinone oxidoreductase (complex I) activity assay
The assay was adapted from Ragan et al.

(294)

, and it measures the rate of

oxidation of NADH to NAD+ by complex I at 30°C and a wavelength of 340 nm.
Details of the NADH:ubiquinone oxidoreductase assay are described in Appendix
12.15.

Succinate cytochrome C reductase (complexes II & III) activity assay
The assay is based on the method of King et al.

(295)

, and it measures the

antimycin A sensitive rate of ferri-cytochrome C reduction to ferro-cytochrome C
at 30°C and a wavelength of 550 nm. Details of the Succinate cytochrome C
reductase assay are described in Appendix 12.16.

Cytochrome C oxidase (complex IV) activity assay
Complex IV activity was measured based on the method of Protasoni et al. (291).
The assay measures the rate of oxidation of ferro-cytochrome C at 30°C and a
wavelength of 550 nm. Details of the Cytochrome C oxidase assay are described
in Appendix 12.17.
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2.12 Steatosis assessment
2.12.1 Sample collection and processing
Microscopy slides for steatosis evaluation were obtained from parenchymal
blocks that were excised for morphological assessment, except that steatosis
assessment was performed on pre-preservation specimens only to reduce the
risk of intervention bias following end-ischaemic HMP. As described in Section
2.10.1, specimens were obtained from liver segments IV and VII, fixed in
formaldehyde and paraffin-embedded. One 4µm section was used from each
paraffinised block and stained with H&E before pathologist and DIA assessment
(two slides per liver). The rationale for choosing the site and number of biopsies
is explained in Section 2.10.2. Samples were labelled with the liver number, date,
and time of collection relevant to the preservation period (pre-preservation).

2.12.2 Quantitative estimation of steatosis by the pathologist
Microscopically, steatosis can be described quantitatively as a percentage of the
whole slide area on a scale of 0% to 100%, or can be graded semiquantitatively
(296)

, Table 12.9. Qualitatively, steatosis can be grouped into macrovesicular and

microvesicular steatosis (macrosteatosis and microsteatosis, respectively), or a
combination of both, which is more common. Macrosteatosis can be further
classified into large-droplet macrosteatosis where a single large fat vacuole
replaces the cytoplasm and displaces the nucleus peripherally, and small-droplet
macrosteatosis containing multiple small vacuoles with a retained cytoplasm and
centrally located nucleus. Microsteatosis is characterised by tiny innumerable
vesicles, giving the hepatocyte a foamy appearance
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studies report macro- and microsteatosis without regard to the droplet size, and
the clinical impact of this classification is not very clear. The significance of
macro- and microsteatosis in the setting of liver transplantation is discussed in
more detail in Appendix 12.10.
Two experienced pathologists estimated steatosis severity in whole liver
slides using light microscopy at 10x objective magnification (Nikon Eclipse E600
microscope, Nikon UK Ltd., Kingston, UK). This assessment yielded the
estimated percentage of liver parenchyma occupied by fat, or estimated fat
proportionate area (eFPA), which was expressed in percentages on a scale of
0% to 100% and graded semiquantitatively according to the commonly used nonalcoholic fatty liver disease activity score (NAS) as normal (none), < 5%; mild,
5% to 33%; moderate, > 33% to 66%; and severe, > 66% (300), Table 12.9. Slides
from the two liver segments were compared for inter-site variation within each
liver, and results from the two pathologists were compared for interobserver
variation. The two pathologists were blinded to each other and the intraoperative
grading and DIA results.

2.12.3 Quantitative measurement of steatosis by DIA
The measured fat proportionate area (mFPA) was calculated using DIA in the
same slides evaluated by the two pathologists. Techniques for image capturing,
artefacts exclusion and binary segmentation were adapted from Hall et al. (54, 56).
At 10x objective magnification, three random and non-overlapping microscopic
fields were selected from each slide and captured using Nikon DS- Fi1 camera
(Nikon UK Ltd., Kingston, UK). Images were uploaded to a personal computer,
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and white balance correction was performed using specialised software
(Background corrector© 2010, available by Dr Oleksiy Tsybrovskyy).
Image analysis was performed on a personal computer using Zeiss Axio
vision 4.8.2 (Carl Zeiss Ltd., Bicester, UK). Microscopic field “artefacts” including
blood vessels, biliary ducts, fibrous septa, dilated sinusoids, and non-tissue areas
were digitally excluded from the examination field, as these structures cannot be
stained with H&E and would overestimate the measured fat area if not omitted
before fat area calculation

(245)

. Using a red green blue (RGB) histogram, fat

vacuoles were differentiated (segmented) from the rest of the liver parenchyma.
The mFPA was then measured in pixels and reported quantitatively as a
percentage of the fatty area relative to the total parenchymal field on a scale of
0% to 100%. Results from the three microscopic fields were averaged to obtain
whole slide mFPA.
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2.13 Statistical analysis
Data were analysed using IBM SPSS Statistics for Macintosh Version 20.0 (IBM,
Armonk, NY, US). Continuous data were presented as median and interquartile
range (IQR) and categorical data were reported in numbers and percentages.
Intergroup comparison was performed using Kruskal-Wallis test (> 2 groups) or
Mann-Whitney test (2 groups) for continuous data. Intragroup comparison was
performed using Freidman test for repeated measures or Wilcoxon test for 2-point
measurements in continuous data. When Kruskal-Wallis test or Friedman test
showed a significant difference, a pairwise comparison using Mann-Whitney test
or Wilcoxon test was performed. Chi-square test was used to compare
categorical data in groups. For steatosis assessment analysis, interrater reliability
was assessed using intraclass correlation coefficient (ICC), Cohen’s Kappa (K),
and weighted Kappa (Kw) for continuous, binomial, and ordinal variables,
respectively, and reliability was interpreted according to Landis and Koch

(301)

.

Sensitivity, specificity, and overall accuracy were calculated as measures of
diagnostic accuracy, after dichotomising the livers into low- and high-grade
steatosis (≤ mild steatosis and ≥ moderate steatosis, respectively). Of note,
continuous data for steatosis were presented as mean ± standard deviation
(range) to adhere to the published literature on the subject. The level of
significance for all statistical tests was set at p < 0.05.
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3

Results: Donor and graft characteristics
This chapter summarises the donor graft characteristics, liver refusal factors,
and characteristics of high- and low-risk livers.
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3.1 Donor characteristics
A total of 64 livers were offered for this research, Figure 3.1. One split liver was
excluded from the study and 12 livers were not perfused due to lack of perfusate
or perfusion cassettes. These livers were not assessed any further and were
excluded from the randomisation process. A total of 45 livers were randomised
into end-ischaemic HMP and SCS preservation. An additional group of six
sequential livers were used for assessment of oxygenation dynamics during endischaemic HMP.
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Assessed for eligibility (n = 64)
Excluded (n = 13)
• Partial liver (n = 1)
• Lack of perfusion materials (n = 12)

Non-randomised (n = 6)
• Oxygen tension measurement

Randomised (n = 45)

Stage 2 (n = 20)

Stage 1 (n = 25)

Static cold storage
(SCS, n = 7)

Analysed (n = 7)

Arterial perfusion
(AP, n =10)

Non-oxygen supplemented venous
perfusion (nOVP, n = 8)

Analysed (n = 10)

Analysed (n = 8)

Figure 3.1. CONSORT flow diagram of enrolled livers
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The median liver weight was 1.85 kg (1.52-2.05). Intracranial haemorrhage
was the most common cause of death (62%), followed by hypoxic brain damage
(24%). The median donor age was 58 years (51-63), and 71% originated from
male donors (n = 32). DCD livers comprised 58% of the preserved livers cohort
(n = 26), with a median functional WIT of 17 minutes (14-20) and a median
asystolic WIT of 12 minutes (11-14), Table 3.1.

Table 3.1. Characteristics of donor liver grafts (n = 45)
Donor characteristics

Median (IQR) or number (%)

Donor age (year)

58 (51-63)

Donor gender

13 females (29%); 32 males (71%)

Donor type

19 DBD (42%); 26 DCD (58%)

Donor weight (kg)

89 (75-95)

Donor BMI

28.4 (26.2-32.9)

ALT (IU/L)

36 (20-74)

AST (IU/L) *

55 (35-178)

Bilirubin (umol/L)

11 (6-16)

UK DLI

1.77 (1.19-2.10)

ICU stay (days)

3 (2-5)

F-WIT (min)

17 (14-20)

A-WIT (min)

12 (11-14)

CIT (hr)

12 (10-14)

Continuous data is presented as median (interquartile range). Categorical data is
presented in numbers and percentages. Cold ischaemic time (CIT) was calculated from
the time of cold in-situ flush until machine perfusion or second period of cold storage in
our laboratory for SCS livers. UK donor liver index (UK DLI) is used to predict graft failure
risk based on donor age, gender, height, heart-beating status, bilirubin, smoking history,
and split liver. Livers with UK DLI > 1.31 are considered of low-quality relative to those
with DLI < 0.94 (302). * 10 out of 45 AST values were available from NHSBT records. A-WIT,
asystolic warm ischaemic time; ALT, alanine transaminase; AST, aspartate transaminase;
BMI, body mass index; DBD, donation after brain death; DCD, donation after cardiac
death; F-WIT, functional warm ischaemic time; ICU, intensive care unit.
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According

to

NHSBT

Statistical

Department,

measurements

of

biochemical blood markers before January 2016 were recorded at a single time
point and did not differentiate between the highest or most recent value, nor did
it account for enzyme changes over time. Therefore, the importance of these
values relative to transaminase levels during our perfusion experiments was not
clear. Documentation of biochemistry values has evolved since 2016 and this
issue was resolved for later organ offers, but these changes did not apply to our
data herein.
As shown in Table 3.2, there was no significant difference in donor graft
variables (age, gender, heart-beating status, cause of death, weight, BMI, ALT,
bilirubin, UK DLI, length of stay in ICU, cold and warm ischaemic times, and
macrosteatosis) between the groups at each stage of the study (p > 0.05). ALT
and ICU stay were non-significantly lower in the OVP group compared with nOVP
in stage 2. AST values were missing in 78% of the cases, and were not analysed
any further.
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Table 3.2. Comparison of donor liver characteristics between preservation groups
Stage 1

Stage 2

SCS

AP

nOVP

Inter-group difference

nOVP

OVP

Inter-group difference

(n = 7)

(n = 10)

(n = 8)

(p-value)

(n = 9)

(n = 11)

(p-value)

Age (year)

57 (50-70)

56 (51-65)

57 (49-61)

0.74

62 (48-65)

53 (44-61)

0.30

Gender (male, %)

5, 71%

7, 70%

7, 87%

0.65

6, 66%

8, 72%

0.77

Donor type (DCD, %)

4, 57%

7, 70%

6, 75%

0.75

4, 44%

5, 45 %

0.96

COD (ICH, %)

5, 71%

7, 70%

4, 50%

0.40

5, 55%

7, 63%

0.53

Donor weight (kg)

85 (70-90)

87 (79-93)

94 (83-114)

0.30

90 (72-100)

85 (70-94)

0.60

Donor BMI

27.1 (26.3-31.1)

29.1 (26.3-34.5)

31.0 (24.7-36.8)

0.53

30.2 (24.6-31.8)

28.1 (26.0-30.5)

0.77

ALT (IU/L)

20 (17-124)

26 (19-46)

52 (19-73)

0.67

135 (36-304)

36 (22-60)

0.08

Bilirubin (umol/L)

6 (5-17)

14 (6-21)

11 (6-15)

0.48

9 (6-13)

13 (6-17)

0.32

UK DLI

1.47 (1.13-2.10)

1.99 (1.42-2.33)

1.85 (1.31-2.08)

0.64

1. 61 (1.04-2.12)

1.54 (1.18-2.13)

0.70

ICU stay (days)

3 (3-5)

2 (2-5)

3 (5-5)

0.11

3 (3-5)

2 (1-5)

0.08

CIT (hr)

11.5 (11.0-12.3)

10.0 (9.8-14.3)

11.5 (7.0-13.8)

0.61

10.0 (10.0-14.0)

13.0 (12.0-15.0)

0.10

Steatosis % *

7 (0-20)

6 (1-8)

3 (1-5)

0.81

10 (1-36)

8 (3-28)

0.90

F-WIT (min)

18 (14-26)

16 (15-30)

17 (13-22)

0.96

16 (12-26)

17 (12-28)

0.86

A-WIT (min)

13 (11-19)

13 (11-14)

12 (9-14)

0.68

11 (4-14)

13 (11-15)

0.34

DCD **

Continuous data is presented as median (interquartile range). Categorical data is presented in numbers and percentages. A-WIT, asystolic
warm ischaemic time; ALT, alanine transaminase; BMI, body mass index; CIT, cold ischaemic time; COD, cause of death; DCD, donation after
cardiac death; F-WIT, functional warm ischaemic time; ICH, intracranial haemorrhage; UK-DLI, UK donor liver index. * Steatosis is expressed
as the percentage of macrosteatosis in liver biopsies that were retrospectively examined by our pathologists. ** Warm ischaemic times of
livers from donors after cardiac death in each group.
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3.2 Analysis of liver refusal decision
The decision to decline grafts for transplantation was based on poor prognostic
factors, except for three livers that were not utilised due to lack of suitable
recipients. The transplant team and accepting professionals assessed each liver
individually and the decision was based on a combination of donor and graft risk
factors, as summarised in Table 3.3 and detailed in Table 3.4.
The most commonly reported risk factor was high-grade steatosis (> 30%
macrosteatosis) in 55% of the cases, which was mostly based on macroscopic
assessment by the retrieval team. Other common factors were long WIT, liver
fibrosis, and anatomical reasons (16% each), followed by poor perfusion during
procurement (11%), suspicious malignant lesions, poor liver function tests
(LFTs), and long ICU stay (9% each). Old donor age (59-78 years) in combination
with other poor prognostic criteria was reported in three cases (7%). Less
common donor factors included a single occurrence of intra-abdominal sepsis
and haemorrhagic pancreatitis.
According to NHSBT register, donation for research purposes was
documented as a reason of graft decline for transplantation in 82% of the cases,
Table 3.4. However, this was recorded to keep track of the livers offered for
research and was not a reason in itself; livers were only offered for research after
being declined for clinical use by all UK transplant centres.
As described above, steatosis was the most common reason for declining
the grafts, as reported in more than half of the cases. However, there was a
discrepancy in grading steatosis between the three data sources evaluated here.
This, along with the reasons explained in 1.7.1, prompted further research herein.

104

Chapter 3. Results: Donor and graft characteristics

H&E-stained liver biopsies were retrospectively examined by two experienced
pathologists at our institute, who were blinded to each other and the recorded
steatosis degree. Steatosis was later compared using the newer digital image
analysis (DIA) method, Section 2.12.
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Table 3.3. Summary of factors associated with graft decline for transplantation (n = 45)
Reason for graft rejection

Number

Percentage (%)

High-grade steatosis

25

55

Long F-WIT
Anatomical
Fibrosis
Poor perfusion (flow)
Tumour
Poor LFTs
Long ICU stay
Age
Long CIT
No suitable recipient
Lacerations & tears
Alcohol intake
IHD
High BMI
Unsuitable donor size
Difficult dissection
Infection

7
7
7
5
4
4
4
3
3
3
2
2
2
1
1
1
1

16
16
16
11
9
9
9
7
7
7
4
4
4
2
2
2
2

High-grade steatosis included moderate and severe steatosis. BMI, body mass index; CIT,
cold ischaemic time; F-WIT, functional warm ischaemic time; IHD, ischaemic heart
disease; LFTs, liver function tests.
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Table 3.4. Factors associated with graft decline for transplantation for each liver (n = 45)
Case #

Donor type

Reason 1

Reason 2

Reason 3

Coordinator records

HTA-A form

1

DCD

Other

Research

NR

Moderate steatosis

Moderate-severe steatosis, long F-WIT (30 min)

2

DCD

Unsuitable donor size

NR

NR

Long F-WIT (34 min)

3

DCD

Moderate steatosis

Research

NR

Moderate steatosis

Moderate steatosis

4

DBD

Moderate steatosis

Moderate steatosis

NR

Severe steatosis

Moderate steatosis *

5

DCD

Other

NR

NR

Moderate steatosis, difficult dissection

Moderate steatosis

6

DCD

Mild steatosis

Research

NR

Mild steatosis

Patchy perfusion, mild steatosis, long ICU stay (11 days)

7

DCD

Other

Research

NR

Mild steatosis

Moderate steatosis *

8

DBD

Other

Moderate steatosis

Research

No suitable recipient

Moderate steatosis

9

DCD

Moderate steatosis

Research

NR

10

DBD

Moderate steatosis

NR

NR

Moderate steatosis, BMI 47.8, previous SCC

11

DCD

Other

Research

NR

Long F-WIT (33 min)

12

DCD

long WIT

Research

NR

13

DCD

Anatomical

Research

NR

No suitable recipient, subcapsular haematoma

Subcapsular haematoma, mild steatosis

14

DBD

Mild steatosis

Research

NR

Liver condition, poor flow

Mild steatosis & fibrosis, occlusive celiac artery disease

15

DCD

Mild steatosis

Research

NR

Mild steatosis

Mild steatosis, small capsular laceration

16

DBD

Research

NR

NR

Celiac artery stenosis, haemorrhagic pancreatitis

17

DCD

Poor perfusion

Long WIT

Research

F-WIT (16 min), A-WIT (11 min), long ICU stay (12 days)

18

DBD

Long CIT

NR

Research

19

DBD

Other

Research

NR

20

DBD

Anatomical

NR

NR

21

DCD

Tumour

NR

NR

Capsular tear, moderate steatosis

22

DBD

Moderate steatosis

Research

NR

Moderate-severe steatosis

23

DCD

Severe steatosis

Research

NR

Severe steatosis

Severe steatosis

24

DCD

Other

Research

NR

Firm liver

Firm liver, long ICU stay (13 days)

25

DCD

Other

Research

NR

Long ICU stay (9 days), poor LFT (ALT 149 IU/L), old age

Moderate steatosis
Moderate-severe steatosis

F-WIT (17 min), A-WIT (12 min), donor characteristics

Long CIT > 10 hr

Moderate steatosis
Moderate steatosis, poor LFT (bilirubin 45 umol/L)

Moderate steatosis
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26

DBD

Severe steatosis

Research

NR

Severe steatosis, micronodular changes

27

DBD

Other

Research

NR

Mild steatosis, moderate fibrosis

Mild steatosis, moderate fibrosis, lymph node mass

28

DCD

Moderate steatosis

Research

NR

Severe steatosis

Moderate-severe steatosis *

29

DBD

Other

Research

NR

Moderate steatosis, old age

Moderate-severe steatosis

30

DBD

Tumour

Research

NR

31

DCD

Centre already retrieving

NR

Research

Moderate steatosis, IHD

Moderate steatosis

32

DCD

Research

Other

NR

Old age, IHD, high alcohol intake

Fibrotic and poorly perfused segment

33

DBD

Damaged organ

Research

NR

Anatomical

34

DBD

Other

Research

NR

Anatomical

35

DBD

Mild steatosis

Research

NR

Severe steatosis, high alcohol intake

36

DCD

Tumour

NR

NR

Lesions on liver & kidneys

37

DCD

Infection

Moderate steatosis

Research

Small bowel perforation & fluid contamination

38

DCD

Long WIT

Research

NR

Long F-WIT (31 min)

39

DCD

Other

Research

NR

Cardiac arrest during retrieval, poor LFT (ALT 191 IU/L)

40

DBD

Steatosis

Research

NR

Steatosis, short IVC

No steatosis *

41

DBD

Moderate steatosis

Research

NR

No suitable recipient

Moderate steatosis

42

DCD

Moderate steatosis

NR

NR

Moderate steatosis, fibrosis

Moderate steatosis

43

DCD

Long CIT

Other

Research

Lesion on liver

44

DBD

Moderate steatosis

Research

NR

Severe steatosis

45

DCD

Poor perfusion

Long CIT

Research

Long F-WIT (28 min), poor-quality CPR, poor LFTs (ALT 124 IU/L)

Moderate steatosis

Mild-moderate steatosis *

No steatosis *

Moderate steatosis *

Data collected from NHSBT register, liver transplant coordinators records, and HTA-A forms. Reasons 1, 2, 3 are the primary, secondary, and tertiary
reasons for rejecting the liver as per NHSBT register. A-WIT, asystolic warm ischaemic time; BMI, body mass index; CIT, cold ischaemic time; CPR,
cardiorespiratory resuscitation; F-WIT, functional warm ischaemic time; ICU, intensive care unit; IHD, ischaemic heart disease; IVC, inferior vena cava;
LFTs, liver function tests; NR, not reported; SCC, squamous cell carcinoma; WIT, warm ischaemic time. * Indicates a discrepancy in steatosis grading
between different data sources.
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3.3 Differentiating low- and high-risk livers
Livers were assessed retrospectively based on available data to identify those
with a relatively lower risk of IR injury, which is further described in Table 3.5 and
Table 3.6. Of those rejected due to the absence of a suitable recipient (7%), one
liver was reported to have mild steatosis and the other two were moderately
steatotic based on gross surgical evaluation. Retrospective pathologist
assessment confirmed normal and mild steatosis in these livers. One of those
livers had a large subcapsular haematoma associated with raised donor ALT
(135 IU/L), and another liver originated from a DBD octogenarian donor. A recent
retrospective analysis from The University Hospital Birmingham reported
transplantation of 206 highly-selected declined livers (out of 901, 22.7%),
between 2011 to 2015, with PNF incidence and 3-year recipient and graft survival
of 2.4%, 85.4 %, and 82.5%, respectively. In that study, 26 livers (12.6%) were
refused for lack of suitable recipients (303).
Two of four livers that were rejected due to malignant lesions were from
DBD and DCD donors aged 58 and 57 years, respectively, and the livers were
non-fatty and did not suffer from poor flow or fibrosis. These livers were
considered low-risk in comparison with the other two tumour-affected livers,
which included one DCD donor with a BMI of 37.6 and moderate steatosis, and
another DCD donor with severely raised ALT (270 IU/L) and prolonged CIT (16.5
hours). The latter two were considered high-risk.
Other declined livers with low IR risk included a liver from a 44-year-old
DBD donor that was rejected due to anatomical reasons. Another liver was
declined due to systemic infection and intra-abdominal contamination following
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bowel perforation, but the liver itself was not microscopically steatotic and
functional WIT was short (11 minutes). Finally, one liver from a sexagenarian
DCD donor was rejected due to mild steatosis (micro- and macroscopic) and
capsular laceration.
We hypothesised that these livers (n = 8) had a lower risk of IR injury based
on donor and graft characteristics, as shown in Table 3.5 and Table 3.6. However,
it cannot be established whether these livers would have functioned if they were
transplanted, and the distinction herein is exclusively based on the reported risk
factors and available data at the time of retrieval and following microscopic
assessment. These livers were compared to the remaining livers (n = 37), which
were assigned as high-risk in the context of this research.
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Table 3.5. Reasons of graft decline for transplantation in low-risk livers
Case #

Reason 1

Reason 2

Reason 3

Coordinator records

HTA A form

Microscopic steatosis assessment *

8

Other

Moderate steatosis

Research

No suitable recipient

Moderate steatosis

None

13

Anatomical

Research

NR

No suitable recipient

Subcapsular haematoma

Mild

15

Mild steatosis

Research

NR

Mild steatosis

Mild steatosis, small capsular laceration

Mild

30

Tumour

Research

NR

NA

Moderate steatosis

None

34

Other

Research

NR

NA

Anatomical

Mild

36

Tumour

NR

NR

Lesions on liver & kidneys

None

37

Infection

Moderate steatosis

Research

Small bowel perforation

None

41

Moderate steatosis

Research

NR

No suitable recipient

Moderate steatosis

Mild

Livers were identified retrospectively based on data collected from NHSBT register, coordinators records, and HTA-A forms. Reasons 1, 2, 3 are the
primary, secondary, and tertiary reasons for rejecting the liver as per NHSBT register. Steatosis was graded as normal (none), 0; mild, 1; moderate, 2;
and severe, 3. * Microscopic steatosis assessment was performed retrospectively on H&E-stained parenchymal sections by two pathologists at our
institute. NA, not applicable; NR, not reported.
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Table 3.6. Characteristics of low-risk livers
Case #

Donor gender

Donor type

Donor cause of death

8

Donor age
(years)
61

Donor BMI

Hypoxic brain damage

Donor weight
(kg)
90

Bilirubin
(umol/L)
16

UK DLI

28.7

ALT
(IU/L)
74

1.12

ICU stay
(days)
4

F-WIT
(min)
NA

Male

DBD

13

45

Male

DCD

Hypoxic brain damage

99

36.8

135

10

2.04

6

12

15

61

Male

DCD

Intracranial haemorrhage

90

30.8

31

9

2.14

4

17

30

58

Female

DBD

Intracranial haemorrhage

90

33.1

60

13

1.19

2

NA

34

44

36

57

Male

DBD

Intracranial haemorrhage

Female

DCD

Intracranial haemorrhage

94

28.1

22

14

0.87

1

NA

55

20.0

18

6

2.06

5

15

37

52

Female

DCD

Hypoxic brain damage

70

27.3

72

4

2.09

6

11

41

81

Male

DBD

Intracranial haemorrhage

95

28.4

36

16

1.24

1

NA

None of these livers was split. Cold ischaemic time was < 12 hours for all livers. ALT, alanine transaminase; DBD, donation after brain death; DCD,
donation after cardiac death; F-WIT, functional warm ischaemic time.
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4

Dynamic perfusion parameters in endischaemic HMP
This chapter details the dynamic parameters during end-ischaemic
hypothermic machine perfusion.
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4.1 Introduction
Dynamic parameters can be easily measured during HMP, and they provide the
potential for quality assessment as surrogates of endothelial injury

(158)

. Despite

the significant correlation between perfusion parameters and post-transplantation
outcome in the kidney

(304-309)

, their role in liver viability assessment is

unidentified.
The Columbia University team suggested that raised PV pressure might
serve as a predictor of impending severe reperfusion injury (136), but the predictive
value of this parameters is unknown and other researchers could not verify a
relationship between dynamic characteristics and liver injury in discarded human
livers (143).
Single PV and dual PV and HA perfusion were both reported in clinical
trials, but there is no evidence of the superiority of either method

(125, 132-136)

.

Single HA perfusion is limited to few animal studies showing controversial results
(149, 150)

and one human study of discarded livers by our team reporting similar

endothelial morphology between PV, HA, and dual-vessel perfusion during 1hour end-ischaemic HMP (144). The optimal perfusion route during end-ischaemic
HMP is unknown.
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4.2 Aims and objectives
To study
1.

Perfusion parameters during end-ischaemic HMP comparing arterial,
oxygen supplemented venous and non-oxygen supplemented venous
perfusion.

2.

The effect of active perfusate oxygenation on perfusion dynamic
parameters.

3.

The ability to differentiate between low- and high-risk marginal livers
based on perfusion dynamic parameters.
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4.3 Materials and methods
Liver randomisation, retrieval, preparation and machine perfusion are discussed
in Sections 2.2 to 2.6. Livers were randomised at 2 stages: in stage 1, 18 livers
were randomised into AP (n = 10) and nOVP (n = 8), while in stage 2, 20 livers
were randomised into nOVP (n = 9) and OVP (n = 11). Dynamic perfusion
parameters are discussed in detail in Section 2.8. Resistance and flow were
measured at the start of end-ischaemic HMP and hourly afterwards, using builtin sensors in the Organ Recovery Workstation®.
Statistical analysis was performed as described in Section 2.13, and the
data are presented as median and IQR. Non-parametric tests were used to
calculate inter- and intragroup differences. The level of significance was set at p
< 0.05.
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4.4 Results
4.4.1 Stage 1
Resistance was stable in the nOVP group throughout end-ischaemic HMP (range
0.04-0.20 mmHg/ml/min) but decreased significantly in the AP group from 0 to 1
hour (1.20 mmHg/ml/min (0.43-1.22) to 0.87 mmHg/ml/min (0.43-1.18), p = 0.01).
The resistance during end-ischaemic HMP was significantly higher in the HA
compared to the PV (0.83 mmHg/ml/min (0.41-1.11) vs. 0.07 mmHg/ml/min
(0.05-0.10), p = 0.001), Figure 4.1.
Flow increased significantly in both groups from 0 to 1 hour (AP 26 ml/min
(21-49) to 33 ml/min (25-48), p = 0.03; nOVP 86 ml/min (58-126) to 94 ml/min
(59-128), p = 0.04), and perfusate flow was significantly lower in the HA
compared to the PV (33 ml/min (24-48) vs. 92 ml/min (59-127) ml/min, p = 0.01),
Figure 4.2.
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Figure 4.1. Vascular resistance during arterial and non-oxygen supplemented venous
perfusion (AP and nOVP, respectively). Resistance (mmHg/ml/min) decreased between 0
and 1-hour end-ischaemic HMP in the AP group (p = 0.01), and the resistance was higher
during AP compared to nOVP (p = 0.001). Data is shown as medians and interquartile
range. *p < 0.05 between time points, **p < 0.05 between groups.
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Figure 4.2. Perfusate flow during arterial and non-oxygen supplemented venous perfusion
(AP and nOVP, respectively). Flow (ml/min) increased between 0 and 1-hour endischaemic HMP during AP and nOVP (p = 0.03 and 0.04, respectively), and the flow was
lower during AP compared to nOVP (p = 0.01). Data is shown as medians and interquartile
range. *p < 0.05 between time points, **p < 0.05 between groups.

118

Chapter 4. Dynamic parameters

4.4.2 Stage 2
Resistance was stable throughout perfusion in nOVP and OVP groups, and there
was no significant difference in resistance between the two groups during endischaemic HMP (p = 0.96), Figure 4.3.
Perfusate flow increased significantly from 0 to 1 hour in both groups
(nOVP 49 ml/min (39-76) to 58 ml/min (44-84), p = 0.01; OVP 53 ml/min (48-69)
to 59 ml/min (52-75), p = 0.03). There was no significant difference in flow
between the two groups during end-ischaemic HMP (p = 0.99), Figure 4.4.
Comparison of dynamic parameters in PV-perfused livers in the two stages
of the study showed lower flow during stage 2, but the difference was not
significant (p = 0.64), Figure 4.2 and Figure 4.4. Of note, there was a larger
number of low-risk livers during stage 2 (n = 6 of 20, 30%) compared to stage 1
(n = 2 of 18, 11%).
On two separate occasions, there was a sudden drop in flow and rise in
resistance due to interruptions in the perfusate inflow caused by kinking of the
tube supplying perfusate to the liver. This was solved by repositioning the liver
and connecting tubes. On two other occasions, there was a leak from the HA seal
cannula due to a short arterial patch and insecure connection, resulting in a rapid
spinning of the roller pump wheel and drop in resistance. This was solved by
securing the cannula in place with additional tie sutures while the liver was
immersed in the cold perfusate. In all these occasions, the reason was quickly
identified and corrected, and perfusion was resumed as planned.

119

Chapter 4. Dynamic parameters

nOVP (n = 9)

0.18

OVP (n = 11)

0.16

Resistance (mmHg/ml/min)

0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
0

1 hour

2 hours

3 hours

4 hours

Figure 4.3. Vascular resistance during oxygen supplemented and non-oxygen
supplemented venous perfusion (OVP and nOVP, respectively). Resistance
(mmHg/ml/min) remained stable during both nOVP and OVP, and there was no significant
difference between groups (p = 0.96). Data is shown as medians and interquartile range.
*p < 0.05 between time points.
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Figure 4.4. Perfusate flow during oxygen supplemented and non-oxygen supplemented
venous perfusion (OVP and nOVP, respectively). Flow (ml/min) increased between 0 and
1-hour in nOVP and OVP (p = 0.01 and 0.03, respectively), and there was no significant
difference in flow between groups (p = 0.99). Data is shown as medians and interquartile
range. *p < 0.05 between time points.
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4.4.3 Low- and high-risk marginal livers
Out of 38 livers included in this part of the study, eight livers were considered to
have a low risk for IR injury, Section 3.3. These eight livers were allocated to the
PV perfusion groups (3 in nOVP and 5 in OVP groups) during the randomisation
process and none were perfused via the HA.
There was no significant difference in perfusion resistance, measured at
hourly intervals throughout perfusion, between high- and low-risk livers (p > 0.05),
Figure 4.5. Similarly, there was no significant difference in perfusate flow,
measured at hourly intervals throughout perfusion, between high- and low-risk
livers (p > 0.05), Figure 4.6.
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Figure 4.5. Box whisker plot of perfusion resistance (mmHg/ml/min) in high- and low-risk
marginal livers. This plot shows the distribution of resistance values over a 4-hr perfusion
period round the median in both groups. There was no significant difference in resistance
at any time point between groups (p > 0.05). Top and bottom whiskers represent the
maximum and minimum values, respectively.

Figure 4.6. Box whisker plot of perfusate flow (ml/min) in high- and low-risk marginal
livers. This plot shows the distribution of flow values over a 4-hr perfusion period round
the median in both groups. There was no significant difference in flow at any time point
between groups (p > 0.05). Top and bottom whiskers represent the maximum and
minimum values, respectively. Circles represent outliers (1.5 to 3x interquartile range).
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4.5 Discussion
Perfusion parameters can be continuously measured using the Organ Recovery
Workstation®, and unexpected flow interruptions can be rapidly identified to
maintain a constant supply of oxygen and nutrients to the perfused liver. In
addition, during periods of interrupted flow, end-ischaemic HMP can maintain the
liver in a cooled state equivalent to SCS preservation, thus avoiding warm
ischaemic injury which would otherwise complicate warmer perfusion like NMP.
The HA resistance was higher and flow was lower compared with PV,
similar to findings from other research groups (135, 143, 224, 267, 310). This reflects the
hepatic vascular system in vivo, characterised by larger smooth muscle content
in the tunica media layer of the arterial wall and decreased vascular compliance.
Single arterial perfusion provided inferior graft protection in comparison to venous
perfusion in animal livers

(150)

. Taking into account our results of lower HA flow

during perfusion, it is possible that single-vessel perfusion via the HA is
inadequate to maintain graft perfusion at hypothermia.
The HA and PV resistance were similar to those documented in a previous
study of discarded human livers preserved with dual-vessel perfusion at similar
pressures to our experiments

(143)

, which suggests that similar PV flows can be

achieved with PV-only perfusion. The Zurich team reported complete perfusion
of the parenchyma, as well as the intra- and extrahepatic biliary system, in
discarded human livers using PV-only perfusion

(311, 312)

. Findings from these

studies and our own question the need for additional HA perfusion, taking into
account the reduced metabolic need and increased perfusate oxygen solubility
during hypothermia, and collateral blood supply to the parenchyma and biliary
system

(312, 313)

. Conversely, recommendations for dual-vessel perfusion are
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based on the dominance of arterial blood supply to the extrahepatic vascular
plexus and association between biliary strictures and HA thrombosis
315)

(120, 135, 314,

, but the association with HA thrombosis is more relevant to the physiological

liver than during HMP. The superiority of dual-vessel or single PV perfusion
needs to be assessed in a randomised trial with adequate follow-up, and with
viability and biliary complication as end outcomes.
Perfusate flow increased in the first hour of end-ischaemic HMP in all
perfusion groups and there was a significant reduction of arterial resistance
during the same period. These changes are likely due to increased endothelial
nitric oxide synthesis and downregulation of endothelin-1, triggered by flowdependent biomechanical stimulation

(316-318)

. Interestingly, these molecular

changes were reported within the first hour of HMP in a kidney perfusion model
(317)

. The improved vascular flow and arterial relaxation during end-ischaemic

HMP reported herein are similar to what was reported in porcine
human livers

(133, 135, 143, 145)

(224, 310)

and

, which emphasises the role of machine perfusion in

maintaining the patency of microvasculature and allowing a constant supply of
oxygen and nutrients (135, 143, 267, 310).
Perfusate flow was not affected by supplementary oxygenation during
perfusion, suggesting that improved perfusate circulation is related to the
mechanical process rather than oxygenation per se. The Zurich team reported
that endothelial protection was independent of oxygenation

(126)

, and our results

agree with those of the HOPE model.
Perfusion parameters were similar between high- and low-risk marginal
livers, similar to what was reported previously in discarded human livers by
Monbaliu et al.

(143)

. These results are different from what was documented by
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Guarrera et al. (136), who suggested that raised PV pressure during flow-controlled
perfusion might indicate impending severe reperfusion injury. However, the
different perfusion setup (single-vessel and pressure-controlled vs. dual-vessel
and flow-controlled perfusion) and different perfusate composition might explain
the controversy, bearing in mind the low-level evidence in these studies. Although
the flow was lower in PV-perfused livers in stage 2 compared to stage 1, the
differences were not significant. The value of dynamic parameters in predicting
liver viability or the severity of IR injury remains unknown and requires further
exploration.
Strengths of this study include the ability to continuously measure and
record perfusion parameters during end-ischaemic HMP using built-in sensors,
which enabled us to identify unexpected interruptions in perfusate flow. Aberrant
flow patterns are quick indicators of pump failure and should be carefully
observed throughout perfusion. Also, the perfusion pressure was maintained
throughout perfusion and did not require any adjustments after the start of
perfusion.
Despite using the designated cannulation kit for the LifePort® system, we
experienced technical difficulties in two cases while cannulating the HA, which
were mainly due to a short arterial patch and multiple arteriolar branches. It is
important to identify anatomical variations in the HA and address them before
machine perfusion, and ex-situ HMP can alert the surgeon to these anomalies
through abnormal flow patterns. It was not possible to blind the operator to the
perfusion groups, but this did not affect the measurements since they were
automatically recorded by built-in sensors in the perfusion machine without
operator interference.
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In summary, dynamic parameters offered a limited value for predicting liver
quality, which might be due to the complexity of hepatic circulation and lack of
perfusion standards. It is likely that single-vessel perfusion via the portal vein is
more beneficial than single hepatic arterial perfusion on the basis of dynamic
characteristics, but RCTs are needed to determine the requirement of arterial
perfusion in dual-vessel perfusion machines for maintenance of biliary integrity
and function. Relaxation of the hepatic circulation and improved microvascular
flow occur early during perfusion, and these events are essential for oxygen and
nutrient supply to the graft. Finally, standardisation of the perfusion setup is
required, and future research should aim to identify optimal perfusion dynamics.
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5

Perfusate biochemical markers in endischaemic HMP
This chapter examines the perfusate hepatocellular injury markers during
end-ischaemic hypothermic machine perfusion.
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5.1 Introduction
Soluble perfusate markers are readily available, easy to obtain non-invasively,
and can provide information about the whole organ condition. These markers
have the potential to assess graft quality before transplantation, but there are no
markers than can accurately predict graft viability to date, and the proposed cutoff values for IR injury are inconsistent in the literature (136, 143, 162).
Several biochemical markers have been investigated for the assessment
of liver viability during end-ischaemic HMP. Although none have been validated
in large trials, preliminary clinical evidence suggests a correlation between
hepatocellular

injury

markers

and

early

graft

function

following

liver

transplantation (132, 136, 159). These enzymes also differentiated between potentially
transplantable and non-transplantable discarded human livers (143).
Analysis of soluble perfusate markers during end-ischaemic HMP might
be beneficial for studying the superiority of different perfusion conditions, like
perfusion routes and active oxygenation. Animal studies using the HOPE model
showed lower AST release in actively oxygenated livers compared to
nitrogenised perfusate, but these results were only reported during reperfusion
and post-transplantation, and it is unknown if the same effect is perceived during
ischaemic preservation (126, 127).
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5.2 Aims and objectives
To study
1. Hepatocellular injury markers in the perfusate during endischaemic HMP comparing arterial, oxygen supplemented venous
and non-oxygen supplemented venous perfusion.
2. The effect of active perfusate oxygenation on perfusate
hepatocellular injury markers during perfusion.
3. The ability to differentiate between low- and high-risk marginal
livers based on perfusate hepatocellular injury markers.
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5.3 Material and methods
Liver randomisation, retrieval, preparation and machine perfusion are discussed
in Sections 2.2 to 2.6. Perfused livers (n = 38) were used in this analysis, while
SCS livers (n = 7) were excluded since transaminase levels in static solutions are
not representative of the actual enzyme levels in the liver and do not mirror the
hepatocellular damage

(137, 150)

. Livers were randomised at 2 stages: in stage 1,

18 livers were randomised into AP (n = 10) and nOVP (n = 8), while in stage 2,
20 livers were randomised into nOVP (n = 9) and OVP (n = 11).
Measurement of ALT and AST in KPS-1® samples is discussed in detail in
Section 2.9. Samples were obtained at the start of end-ischaemic HMP and
hourly afterwards. The biochemistry scientist and technicians processing
biochemistry samples were blinded to the allocation groups.
Statistical analysis was performed as described in Section 2.13, and the
data is presented as median and IQR. Non-parametric tests were used to
calculate inter- and intragroup differences. The level of significance was set at p
< 0.05.
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5.4 Results
5.4.1 Stage 1
Perfusate ALT increased significantly throughout perfusion in the AP and nOVP
groups (p ≤ 0.001 both groups). ALT was higher in AP group compared to nOVP
group, but the difference was not significant (AP 1307 IU/L (946-1889) vs. nOVP
908 IU/L (239-2349), p = 0.53), Figure 5.1.
Perfusate AST increased significantly throughout perfusion in the AP and
nOVP groups (p = 0.004 and < 0.001 for AP and nOVP groups, respectively).
Similar to ALT, AST was higher during AP compared to nOVP, but the difference
was not significant (AP 1929 IU/L (922-2797) vs. nOVP 1574 IU/L (443-2747), p
= 0.50), Figure 5.2. There was a steep rise in both enzymes between 0 and 1hour HMP in both groups, followed by a subtle and gradual increase afterwards.
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Figure 5.1. Perfusate ALT during arterial and non-oxygen supplemented venous perfusion
(AP and nOVP, respectively). ALT (IU/L) increased throughout perfusion in AP and nOVP
groups (p ≤ 0.001 both groups). There was no significant difference in ALT between AP
and nOVP groups. Data is shown as medians and interquartile range. *p < 0.05 between
time points.
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Figure 5.2. Perfusate AST during arterial and non-oxygen supplemented venous perfusion
(AP and nOVP, respectively). AST (IU/L) increased throughout perfusion in AP and nOVP
groups (p = 0.004 and < 0.001, respectively). There was no significant difference in AST
between AP and nOVP groups. Data is shown as medians and interquartile range. *p <
0.05 between time points.
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5.4.2 Stage 2
Perfusate ALT increased significantly throughout perfusion during nOVP and
OVP (p < 0.001 both groups). There was no significant difference in ALT between
groups (nOVP 348 IU/L (203-1046) vs. OVP 539 IU/L (97-1996), p = 0.38), Figure
5.3.
Similar to ALT, Perfusate AST increased significantly throughout perfusion
in nOVP and OVP groups (p < 0.001 both groups), and there was no significant
difference in AST between groups (nOVP 512 IU/L (263-1636) vs. OVP 514 IU/L
(314-1896), p = 0.62), Figure 5.4.
Comparison of ALT and AST in PV-perfused livers in the two stages of the
study showed non-significantly lower levels in stage 2 (p > 0.05, both), Figure 5.1
to Figure 5.4. Of note, there was a larger number of low-risk livers during stage 2
(n = 6 of 20, 30%) compared to stage 1 (n = 2 of 18, 11%).
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Figure 5.3. Perfusate ALT during oxygen supplemented and non-oxygen supplemented
venous perfusion (OVP and nOVP, respectively). ALT (IU/L) increased throughout nOVP
and OVP (p < 0.001 both groups). There was no significant difference in ALT (p = 0.38)
between groups. Data is shown as medians and interquartile range. *p < 0.05 between
time points.
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Figure 5.4. Perfusate AST during oxygen supplemented and non-oxygen supplemented
venous perfusion (OVP and nOVP, respectively). AST (IU/L) increased throughout nOVP
and OVP (p < 0.001 both groups). There was no significant difference in AST (p = 0.62)
between groups. Data is shown as medians and interquartile range. *p < 0.05 between
time points.
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5.4.3 Low- and high-risk marginal livers
Out of 38 livers included in this part of the study, eight livers were considered to
have a low risk for IR injury, Section 3.3. These livers were allocated to the PV
perfusion groups (3 in nOVP and 5 in OVP groups) during the randomisation
process and none were perfused via the HA.
Low-risk livers had lower median ALT compared with high-risk livers, but
the difference was not statistically significant (362 IU/L (139-1446) vs. 623 IU/L
(179-1717), p = 0.53), Figure 5.5. Similarly, median AST was non-significantly
lower in low-risk livers compared with high-risk livers (497 IU/L (221-1715) vs.
948 IU/L (317-2344), p = 0.37), Figure 5.6. The difference was noticeable
between low- and high-risk livers for both enzymes from the first hour of perfusion
onwards but did not reach statistical significance at any time point (p > 0.05). Of
note, there were more outliers that exceeded the maximum values in the highrisk group, suggesting that these livers had higher hepatocellular damage.
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Figure 5.5. Box whisker plot of perfusate ALT (IU/L) in high- and low-risk marginal livers.
This plot shows the distribution of ALT values over a 4-hr perfusion period round the
median in both groups. There was no significant difference in ALT at any time point
between groups (p > 0.05). Top and bottom whiskers represent the maximum and
minimum values, respectively. Circles represent outliers (1.5 to 3x interquartile range),
and + signs represent extreme outliers (>3x interquartile range).

Figure 5.6. Box whisker plot of perfusate AST (IU/L) in high- and low-risk marginal livers.
This plot shows the distribution of ALT values over a 4-hr perfusion period round the
median in both groups. There was no significant difference in the AST at any time point
between groups (p > 0.05). Top and bottom whiskers represent the maximum and
minimum values, respectively. Circles represent outliers (1.5 to 3x interquartile range),
and + signs represent extreme outliers (>3x interquartile range).
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5.5 Discussion
Perfusate transaminases are the most commonly studied biochemical markers in
HMP due to their clinical significance and ease of measurement. However, these
enzymes have not been validated for viability testing and the proposed cut-off
values for IR injury are inconsistent (136, 143, 159, 162).
Compared to the perfusate hepatocellular injury markers described by
Guarrera et al. in their clinical studies

(132, 136)

, we found the concentrations of

perfusate ALT and AST to be higher than the values reported in standard criteria
livers (ALT, 105 IU/L; AST, 409 IU/L)

(132)

, but lower than those documented for

grafts with poor outcome in extended criteria livers (AST > 4500 IU/L)

(136)

.

Furthermore, our results in PV-perfused livers correspond to recently published
transaminase levels during HOPE of high-risk human livers (ALT, 748 IU/L; AST,
456 IU/L)

(159)

. Therefore, our results suggest the marginal quality of the livers

used herein.
There was a steep rise in hepatocellular injury markers during the first hour
of end-ischaemic HMP, similar to observations from other research groups
224, 267)

(135,

. Clinical trials by Guarrera also reported an initial rise in effluent

transaminases followed by stabilisation at 2-hour HMP

(132,

136)

. These

observations suggest an accelerated enzyme release into the perfusate initially,
possibly due to enzyme washout in association with vascular relaxation. It can
also be argued that a minimum period of 1 to 2 hours of end-ischaemic HMP is
required for these effects to take place, which is the similar to the time needed
for mitochondrial stabilisation during HOPE, as suggested by the Zurich team
(126)

.
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The hepatocellular enzymes increased gradually following the initial steep
rise in our experiments, similar to results from other studies

(130, 225, 319, 320)

. This

could reflect a continuous enzyme washout and accumulation in the finite
perfusate volume or inadequate protection during end-ischaemic HMP, but the
latter explanation is less likely as the rate of enzyme release was reduced.
Awareness of the different rates of enzyme release in the perfusate is important
if biochemical measurements were to be performed for quality assessment in the
future.
Transaminases were higher in single-vessel arterial perfusion compared
to single-vessel venous perfusion, but the difference was not statistically
significant. The lack of significance is likely due to the limited sample size and
wide variation in the results. Our results agree with an experimental animal study
by Compagnon et al.

(150)

, suggesting less hepatocellular protection in arterial-

only perfusion compared to venous-only perfusion. Based on the limited arterial
perfusate supply to the parenchyma and the results herein, it is possible that graft
perfusion might not be adequate if the perfusion is performed using the hepatic
artery alone, but larger studies with adequate power are required to confirm these
findings.
Supplementary oxygen did not alter the enzyme levels during venous
perfusion in this cohort, suggesting no immediate benefit to the graft. However,
the protective role of oxygen might be more clearly demonstrated upon warm
reperfusion, which was not performed herein.
When low-risk livers were compared to high-risk livers, transaminases
were 2-fold higher in the latter group, but the difference was not statistically
significant. In a previous proof-of-concept study, Monbaliu et al. (143) reported that
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perfusate AST was 6- to 8-fold higher in non-transplantable livers compared with
potentially transplantable ones, and perfusate AST > 1500 IU/L distinguished
non-transplantable livers. Our results match the enzyme levels documented for
potentially transplantable livers in the latter study but do not show the same level
of significant difference, most probably due to the much higher AST levels
observed in non-transplantable livers in Monbaliu study. In clinical trials by
Guarrera et al.

(132, 136)

, the 2-hour perfusate AST and ALT correlated with peak

serum levels after transplantation, and perfusate AST > 4500 IU/L was
associated with poor graft outcome, suggesting a relationship between perfusate
transaminases and severe IR injury. In a different study by the Zurich team,
perfusate ALT and AST during HOPE were predictive of 3-month graft loss in
high-risk livers (AUC = 0.81, and 0.75, respectively)

(159)

. Accordingly, it is

possible that perfusate transaminases have the potential to be used for graft
quality assessment in the human liver but more evidence from large studies is
required before they can be validated for that purpose.
As mentioned above, there is limited and conflicting evidence on perfusate
transaminase cut-off values predicting organ damage. The values proposed by
Guarrera et al. were based on one case of PNF and another case of unstable
haemodynamics upon reperfusion (136), whereas Muller et al. did not suggest cutoff values of perfusate transaminase (159). Importantly, these findings were based
on small-size observational studies in selected groups with careful donorrecipient matching. Additionally, the values suggested by Monbaliu were based
on discarded human livers

(143)

. Of note, hepatocellular injury markers do not

directly reflect the functional capacity of the liver, which depends on the liver’s
regenerative capacity. A significant shortfall in HMP is its inability to assess the
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synthetic function before transplantation; perfusion systems utilising higher
temperatures were suggested to be superior in that regard but none has provided
universally accepted viability markers so far. Other perfusate markers such as
epithelial and endothelial injury enzymes were reported in pre-clinical models and
their role as viability predictors is unknown

(120, 131, 321, 322)

. Finally, interpretation

of perfusate inflammatory markers (e.g. cytokines) is limited by low perfusate
levels, short lifespan, and complexity of the IR injury cascade. These markers do
not have an identified role in predicting graft quality (139, 323).
Our study was performed using clinically approved methods for enzyme
detection. We chose ALT and AST because they are easily measured and
universally accepted as markers of hepatocellular injury and early graft function.
The scientist performing and reporting the measurements was blinded to the
allocation groups to reduce the risk of assessment bias. Enzymes were
measured at set intervals to gain insight into the progression of hepatocellular
injury throughout machine preservation.
This study was limited to perfusate transaminase measurement only.
Other injury enzymes such as LDH, as well as metabolic and inflammatory
markers need to be assessed in future studies. Pre-procurement donor
transaminase levels were restricted to a single ALT measurement per donor,
which did not specify highest or most recent values, and did not address changes
in serum levels. There was no correlation between donor serum ALT and
perfusate levels during end-ischaemic HMP (data not shown). In addition, data
was largely missing for donor serum AST (78% of cases). Another limitation
relates to measuring the enzymes during the ischaemic phase only. An additional
period of normothermic reperfusion might have been useful for a clearer
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understanding of hepatocellular damage and the role of active oxygenation.
Finally, transaminase values were not adjusted to liver weight as we aimed to
compare our results to published literature (132, 136, 143), which necessitated the use
of similar measurement units. Future studies should additionally report on weightadjusted enzyme levels in order to reduce a possible assessment bias due to
weight differences.
This study shows an accelerated release of hepatocellular enzymes during
the first hour of perfusion, which should be taken into account if perfusate markers
were to be used for graft quality assessment. Perfusate transaminases might
have a future role in quality assessment, but current clinical evidence is based
on a limited number of heterogeneous and small-size observational studies.
Supplementary oxygen did not offer extra protection during end-ischaemic HMP
compared with air-equilibrated perfusate, but this should be further investigated
following reperfusion, or preferably, after transplantation. Finally, standardisation
of perfusate biomarkers and their cut-off values is required to enable an unbiased
comparison between studies and for assessment of their predictive value.
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6

Morphological parameters in SCS and endischaemic HMP
This chapter evaluates the morphological injury following end-ischaemic
hypothermic machine perfusion and static cold storage.

142

Chapter 6. Morphological parameters

6.1 Introduction
It was suggested that HMP could result in endothelial injury due to raised
perfusate viscosity, reduced endothelial compliance, and vasoconstriction during
hypothermia

(153, 154, 217, 324, 325)

, but recent literature have shown equal or better

endothelial protection during HMP compared to SCS (120, 124, 126, 129, 131, 132, 137, 142,
144, 209, 326-330)

. However, the optimal perfusion pressure is unknown, and different

perfusion pressures have been reported, ranging between 3 to 7 mmHg and 20
to 30 mmHg for the PV and HA, respectively. PV-only perfusion at 8 mmHg was
reported to be traumatic to SECs

(126)

, but our own experience showed intact

endothelial surfaces at PV pressure of 7 mmHg following 1-hour end-ischaemic
HMP (144). Whether the same settings used previously by our team can maintain
SECs integrity after a 4-hour perfusion period is unproven.
Pre-implantation biopsy of the donor liver is performed selectively for
evaluation of pathologies associated with poor outcome, based on the donor
history or following gross examination of the liver (162, 163). However, microscopic
assessment of preservation injury before implantation is not performed routinely,
and it is unknown if morphological markers of IR injury can be used for identifying
viable livers

(23, 331)

. The protective effect of active oxygenation on cellular

morphology during end-ischaemic HMP is based on animal models (125-127), but it
is unidentified in the human liver. Finally, the possibility of intra-liver variation of
IR injury during end-ischaemic HMP and the optimal number of parenchymal
biopsies required for IR injury assessment are unknown.
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6.2 Aims and objectives
To study
1. Morphological injury during cold preservation, comparing arterial, oxygen
supplemented venous and non-oxygen supplemented venous perfusion
and static cold storage.
2. The effect of active perfusate oxygenation on architectural integrity during
perfusion.
3. The ability to differentiate between low- and high-risk marginal livers based
on morphological injury markers.
4. Intra-liver variation in morphological injury during perfusion.
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6.3 Materials and methods
Liver randomisation, retrieval, preparation and machine perfusion are discussed
in Sections 2.2 to 2.6. As detailed in Section 2.4, livers were randomised at 2
stages (n = 45 livers). Morphological assessment was not performed on 3 livers
due to missing paraffin blocks. Eventually, 23 livers were included in stage 1:
SCS (n = 5) as a study control, AP (n = 10), and nOVP (n = 8), and 19 livers were
included in stage 2: nOVP (n = 9) and OVP (n = 10).
Morphological assessment is discussed in detail in Section 2.10.
Processing of parenchymal liver biopsies and morphological scoring were
performed by pathology technicians and a liver histopathologist, respectively,
who were blinded to the allocation groups. Morphology scoring used herein was
determined using a combination of a previously published score by Vekemans et
al.

(142)

(Table 2.1), as well as scoring for apoptosis, hepatocellular ballooning,

and cholestasis.
Statistical analysis was performed as described in Section 2.13, and the
data are presented as median and IQR. Non-parametric tests were used to
compare morphological differences between pre- and post-preservation
specimens (gain score) among groups, and to compare pre-preservation, postpreservation, and gain scores between low- and high-risk livers. The level of
significance was set at p < 0.05.
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6.4 Results
Morphological injury assessment was performed on histological specimens from
42 livers obtained in stage 1 and 2.

6.4.1 Stage 1
Morphological parameters of IR injury and HMP damage were compared
between SCS, AP, and nOVP groups (n = 23). The change in morphology
parameters (sinusoidal dilatation, enlargement of space of Disse, necrosis,
apoptosis, hepatocyte ballooning, cholestasis, neutrophils, congestion, and
architectural damage) was not significant after 4-hour end-ischaemic HMP
compared with SCS preservation (p > 0.05), as shown in Figure 6.1.
The most common histological finding across groups was sinusoidal
dilatation, which did not change significantly after end-ischaemic HMP or SCS.
Cellular death via apoptosis and necrosis was not affected by preservation for 4
hours, and histological architecture was maintained during 4-hour preservation.
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Figure 6.1. Box whisker plots of parenchymal morphology parameters in stage 1. The
plots demonstrate the distribution of morphology parameters round the median, shown
before and after hypothermic machine perfusion and static cold storage. The change in
morphology after preservation was not significantly different in the studied groups (p >
0.05). Top and bottom whiskers represent the maximum and minimum values,
respectively. White circles represent outliers (1.5 to 3x interquartile range), and black
circles represent extreme outliers (> 3x interquartile range). When the 1st, 2nd (median),
and 3rd quartiles were equal, the interquartile range was shown as a vertical line.
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6.4.2 Stage 2
Morphological parameters of IR injury and HMP damage were compared
between nOVP and OVP groups (n = 19). Similar to livers in stage 1, the change
in morphology parameters was not significant after 4-hour oxygen supplemented
and non-oxygen supplemented end-ischaemic HMP (p > 0.05), as shown in
Figure 6.2. As for livers in stage 1, the most common histological finding was
sinusoidal dilatation, which remained stable during end-ischaemic HMP. Cellular
death via apoptosis and necrosis was not affected by the level of oxygenation
during end-ischaemic HMP, and histological architecture was preserved in both
groups.
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Figure 6.2. Box whisker plots of parenchymal morphology parameters in stage 2. The
plots demonstrate the distribution of morphology parameters round the median, shown
before and after hypothermic machine perfusion. The change in morphology after
preservation was not significantly different in the studied groups (p > 0.05). Top and
bottom whiskers represent the maximum and minimum values, respectively. White circles
represent outliers (1.5 to 3x interquartile range), and black circles represent extreme
outliers (> 3x interquartile range). When the 1st, 2nd (median), and 3rd quartiles were equal,
the interquartile range was shown as a vertical line.
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6.4.3 Low- and high-risk marginal livers
Out of 42 livers included in this part of the study, eight livers were considered to
have a low risk for IR injury, Section 3.3. These livers were allocated to the PV
perfusion groups (3 in nOVP and 5 in OVP groups) during the randomisation
process.
The morphological parameters in low- and high-risk livers were compared
before and after preservation. Additionally, the change in these parameters
during preservation was also studied, Table 6.1. There was no significant
difference in any of the assessed parameters (p > 0.05).
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Table 6.1. Morphological injury parameters in low- and high-risk livers
Morphology parameter

Low-risk (n = 8)
Pre-preservation

Post-preservation

High-risk (n = 34)
Pre-preservation

Intergroup difference (p-value) *

Post-preservation

Sinusoidal dilatation

2.00 (1.12-2.00)

2.00 (1.50-2.50)

2.00 (1.12-2.00)

2.00 (1.50-2.50)

0.65, 0.62, 0.76

Disse space enlargement

0 (0-1.00)

0 (0-0.50)

0 (0-1.00)

0 (0-0.75)

0.63, 0.76, 0.81

Necrosis

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.91, 0.91, 1.00

Apoptosis

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.63, 0.53, 0.91

Hepatocyte ballooning

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.69, 0.81, 0.62

Cholestasis

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

1.00, 1.00, 1.00

Neutrophil infiltration

0 (0-0.88)

0 (0-0.50)

0.25 (0-1.25)

0 (0-0.50)

0.96, 0.57, 0.37

Congestion

0 (0-0)

0 (0-0)

0 (0-0.38)

0 (0-0.25)

0.89, 0.94, 0.76

Architectural damage

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.98, 0.86, 0.62

Morphology was assessed before and after 4-hr preservation and compared between low- and high-risk livers. Morphological injury was
semiquantitatively scored as described in Materials and methods chapter. * Intergroup difference, presented as p-value, was calculated for prepreservation, post-preservation, and change in morphology scores.
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6.4.4 Intra-liver heterogeneity
The morphological parameters in segments IV and VII were compared before
and after preservation. Additionally, the change in these parameters during
preservation was also studied, Table 6.2. There was no significant difference in
any of the studied parameters (p > 0.05).
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Table 6.2. Morphological injury parameters in segments IV and VII
Morphology score

Segment IV
Pre-preservation

Post-preservation

Segment VII
Pre-preservation

Intra-liver difference (p-value) *

Post-preservation

Sinusoidal dilatation

2.00 (2.00-2.00)

2.00 (2.00-2.00)

2.00 (1.00-2.00)

2.00 (1.00-2.00)

0.42, 0.07, 0.11

Disse space enlargement

0 (0-1.00)

0 (0-1.00)

0 (0-1.00)

0 (0-1.00)

0.86, 0.63, 0.16

Necrosis

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.97, 0.99, 1

Apoptosis

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.98, 1.00, 0.99

Hepatocyte ballooning

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.99, 1, 1

Cholestasis

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

1.00, 1.00, 1.00

Neutrophil infiltration

0 (0-1.00)

0 (0-1.00)

0 (0-1.00)

0 (0-0.75)

0.95, 0.63, 0.74

Congestion

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.47, 0.72, 0.98

Architectural damage

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0.97, 1.00, 1.00

Morphology was assessed before and after 4-hr preservation and compared between segment IV and VII in each liver. Morphological injury was
semiquantitatively scored as described in Materials and methods chapter. * Intra-liver difference, presented as p-value, was calculated for prepreservation, post-preservation, and change in morphology scores.

161

Chapter 6. Morphological parameters

6.5 Discussion
Histological assessment of parenchymal specimens yields objective information
on various morphological changes related to pressure transmission during
machine perfusion and IR injury.
Endothelial damage due to shear stress has been suggested as a potential
limitation of HMP, necessitating the reduction of perfusion pressure to subphysiological levels (153, 154, 223). Using a porcine liver during HOPE, it was reported
that PV-only perfusion at 8 mmHg resulted in endothelial injury, which was
abrogated by lowering the PV pressure to 3 mmHg (126). We did not find enough
evidence to reject the null hypothesis of no difference in cellular injury between
SCS and end-ischaemic HMP. There was no evidence of increased SEC injury
or architectural disruption following end-ischaemic HMP, despite using higher
portal pressures than those during HOPE. Our findings are similar to those from
previous studies in discarded human livers

(142, 144)

, and this remained the case

after extending the preservation period to 4 hours compared to 1 hour from our
previous study

(144)

. These results can be viewed in conjunction with findings of

vascular relaxation and increased flow during end-ischaemic HMP, as described
in Section 4.4, which imply an enhancement in perfusate flow and intact
endothelial function at the pressures used in this research.
Sinusoidal dilatation was evident in the majority of livers and was the most
common morphological feature reported herein. The dilatation was mild to
moderate in severity, and did not change significantly after single-vessel endischaemic HMP, similar to what was reported by other researchers (129, 138, 142, 144,
326, 329)

. On the other hand, few researchers described increased sinusoidal

162

Chapter 6. Morphological parameters

dilatation following HMP but failed to explain its clinical significance (132, 137, 143, 224,
225, 330, 332)

. This discrepancy between studies is most probably due to variable

liver quality and diverse perfusion duration and setup. There is currently no
evidence correlating sinusoidal dilatation to the post-transplant outcome, and it is
likely to be of minor significance in the presence of intact SECs (132, 330, 332).
Mild neutrophil infiltration was another reported feature that did not change
following preservation. Absence of inflammatory cells in the acellular perfusate
indicates that neutrophils originated in the donor following the proinflammatory
process around organ procurement

(333-336)

. It is likely that the assessment of

neutrophil infiltration might be more relevant following in-vivo reperfusion, where
the full-scale IR injury take place in the presence of circulating inflammatory cells
in the recipient.
Cellular death following IR injury can occur via apoptosis, necrosis, or a
combination of both, but our knowledge of biochemical markers specific to
necrosis is very limited, and the diagnosis of necrosis relies mainly on
morphological characteristics and the absence of caspase activation (105, 337, 338).
There was no evidence from our results that cellular death increased after endischaemic HMP, suggesting the lack of severe oxidative and ischaemic injuries
(339)

. It also implies the stability of mitochondrial MPT, which marks the point of

no return in the cellular demise pathway (75, 105, 338). Other morphological changes
of IR injury like cholestasis, neutrophil infiltration, and hepatocyte ballooning (273)
were low or absent in our experiments, further reinforcing our conclusion that liver
grafts were not subjected to a significant injury. However, these changes could
become more evident during normothermic reperfusion with blood components
and should be investigated in a clinical model.
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Based on histological assessment of pre-preservation biopsies, there was
no evidence of steatohepatitis, extensive necrosis, or significant portal
inflammation, which indicate that the livers used herein were of marginal quality.
In addition to IR injury and perfusion-related injury parameters, future research
should include microscopic assessment of fibrosis as a marker of liver suitability
for transplantation, which was not separately graded in this work.
High-risk livers had similar morphology to low-risk livers, indicating that the
morphological criteria used herein offered limited information on graft quality
during end-ischaemic HMP, similar to previous reports on the limited predictive
value of pre-implantation histological biopsies

(277, 340)

. However, this does not

rule out the importance of pre-implantation histological assessment of preexisting pathologies known to be associated with poor graft outcome, such as
macrosteatosis, necrosis, and fibrosis, which should always be determined if
there is any reason of concern. It is unknown if ultrastructural assessment with
electron microscopy can differentiate viable livers, but restrictions related to
manual labour, costs, and the limited amount of tissue are likely to impede its
utilisation for this purpose (341).
Oxygen supplementation did not affect the liver morphology at the end of
4-hour end-ischaemic HMP, suggesting no effect of active perfusate oxygenation
on the parenchymal structure during perfusion. This agrees with other
researchers who reported that endothelial protection by end-ischaemic HMP is
dependent on the mechanical effect of perfusate flow, rather than perfusate
oxygenation (126).
There is no consensus on the number of biopsies required to assess
architectural damage during HMP. It was proposed that two liver biopsies are
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needed for optimal assessment of pre-existing pathologies in the liver (236, 270) but
other researchers argued that a single biopsy is adequate and that the risk of
post-reperfusion bleeding increases with multiple biopsies (165). Our results show
similar morphology between biopsies taken from two distant liver segments,
suggesting that a single biopsy is sufficient. Additionally, the similarity in
architectural changes between peripheral and central liver segments signify that
perfusate flow was homogenous across the liver.
There are a few strong points of this study. Histological examination was
performed by a histopathologist blinded to the allocation groups to reduce the risk
of assessment bias. To ensure consistency of specimen assessment, the same
histopathologist reported on all specimens. Each liver was evaluated using
specimens from two distant liver segments to reduce the possible bias due to
intra-liver variation. Semiquantitative scoring was performed using a clear and
systematic methodology to avoid assessment bias and allow comparison
between different specimens. Finally, morphological parameters related to
cellular death and excessive pressure transmission by machine perfusion were
individually reported.
Limitations of this study include the lack of reporting standards on
architectural damage during MP in general, and end-ischaemic HMP in particular,
so our results could not be thoroughly analysed against previous studies. The
specimens studied herein were paraffinised and assessed during normal working
hours, which is different from clinical practice where frozen section biopsies are
likely to be examined during out-of-hours services. However, comparison of
frozen section and paraffin-embedded parenchymal biopsies was not an aim of
this study. Light microscopic examination is known to underestimate the severity
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of injury if performed too early or too late, due to lack of gross structural changes
or complete disintegration of cells, respectively (342, 343). Other limitations inherent
to histopathological assessment include the limited amount of tissue under study,
interrater variability, and performance bias due to different preparation
procedures.
We conclude that the architecture is preserved during single-vessel endischaemic HMP for 4 hours, and that there was no evidence of necrotic or
apoptotic cell death secondary to IR injury. The architectural damage criteria
used herein did not identify high-risk livers during perfusion. Finally,
standardisation of histology reporting is required and future research should aim
to compose a validated panel of histological damage criteria that can be used
during organ perfusion.
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7

Mitochondrial function and injury in SCS and
end-ischaemic HMP
This chapter examines mitochondrial injury and function following endischaemic hypothermic machine perfusion and static cold storage.
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7.1 Introduction
Mitochondria (Figure 7.1) play essential physiological roles through energy
generation, cell signalling, Ca+2 homeostasis, and metabolism of glucose, fatty
acids, and amino acids

(344)

. Furthermore, mitochondria are the main instigators

of IR injury via ROS production and induction of cell death, Section 1.4.

Intermembrane space
Outer membrane

Inner membrane

DNA

Ribosomes

Matrix

Respiratory chain enzymes
Cristae

Figure 7.1. Mitochondrial structure. The cristae are formed by folding of the inner
membrane. Tricarboxylic acid cycle enzymes, ribosomes and mitochondrial
deoxyribonucleic acid (DNA) are found in the matrix, while respiratory chain enzymes and
mitochondrial permeability transition pores are embedded in the inner membrane.

The activities of electron transport chain (ETC) enzymes were variably
depressed by IR injury in experimental animal and cellular models, with complex
I showing the highest sensitivity (83-86). However, it is unknown if similar changes
are expected in the human liver during SCS and end-ischaemic HMP. Another
controversial aspect related to HMP is the risk of oxidative injury following
oxygenated perfusion (155, 156), which requires further assessment.
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Active perfusate oxygenation was suggested to be responsible for the
attenuated oxidative injury in the HOPE model via downregulation of
mitochondrial respiration and possibly reducing succinate levels

(124-129)

.

However, the mechanism behind these alterations is not yet defined. On the other
hand, air-equilibrated HMP also decreased the inflammatory response but there
is no evidence to link this to mitochondrial stabilisation

(137-139)

. Finally,

oxygenated HMP implemented by other researchers demonstrated increased
oxygen consumption and active mitochondrial respiration, in contrast to the
results reported by the Zurich group (120, 121, 130), Section 1.5.2. The reason for this
inconsistency is unknown.
The superiority of actively oxygenated or air-equilibrated perfusion is not
defined, Section 1.5.2.1. Both oxygenated HMP
319, 322, 345-347)

and air-equilibrated HMP

(348-350)

(120, 123, 124, 128, 129, 131, 135, 154, 205,

uploaded ATP reserves and

improved mitochondrial function compared to SCS, but the mitochondrial function
in oxygenated and air-equilibrated HMP has not been directly compared in the
human liver.
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7.2 Aims and objectives
To study
1. Mitochondrial function and damage during cold preservation, comparing
arterial, oxygen supplemented venous and non-oxygen supplemented
venous perfusion and static cold storage.
2. The effect of active perfusate oxygenation on mitochondrial function and
damage during perfusion.
3. The ability to differentiate between low- and high-risk marginal livers based
on mitochondrial function and damage parameters.
4. Intra-liver variation in mitochondrial function and injury during perfusion.
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7.3 Materials and methods
Liver randomisation, retrieval, preparation and machine perfusion are discussed
in Sections 2.2 to 2.6. As detailed in Section 2.4, livers were randomised at 2
stages (n = 45). Mitochondrial assays were not performed for the first 5 livers due
to logistic constraints 1, and mitochondrial samples from 2 livers in the nOVP
group (stage 2) were not processed due to technical issues 2. Eventually, 20
livers were included in stage 1: SCS (n = 6) as a study control, AP (n = 7), and
nOVP (n = 7), and 18 livers were included in stage 2: nOVP (n = 7) and OVP (n
= 11).
Mitochondrial extraction and assessment of mitochondrial activity are
discussed in Section 2.11 and further detailed in Appendices 12.11 to 12.17.
Citrate synthase and aconitase were assessed as markers of mitochondrial
injury, while complexes I to IV indicated mitochondrial respiratory function.
Statistical analysis was performed as described in Section 2.13, and the
data are presented as median and IQR. Non-parametric tests were used to
compare the change in enzyme activities between pre- and post-preservation
samples (gain score) among groups, and to compare pre-preservation, post-

1

The 1st five livers were machine perfused before establishing the collaboration with

mitochondrial scientists and standardising the mitochondrial assessment protocols in the
human liver.
2

Samples from one liver were lost due to a medical incident and inability to perform, and

samples from the other liver could not be processed due to an overnight breakdown of
the -80°C freezer in the Neuroscience Department.
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preservation, and gain scores between low- and high-risk livers. The level of
significance was set at p < 0.05.
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7.4 Results
The median weight of the tissue specimens was 0.83 g (0.75-0.92). Mitochondrial
assays were performed on mitochondrial extracts from 38 livers, including those
obtained in stage 1 and 2.

7.4.1 Stage 1
The activities of citrate synthase, aconitase, and ETC enzymes I to IV were
compared between SCS, AP, and nOVP groups (n = 20). The change in
mitochondrial injury and respiratory enzyme functions was not significantly
different after 4-hour end-ischaemic HMP compared with SCS preservation (p >
0.05), as shown in Figure 7.2.
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Figure 7.2. Box whisker plots of mitochondrial enzyme activities in stage 1. The plots
demonstrate the distribution of enzyme activities round the median in each group, shown
before and after hypothermic machine perfusion and static cold storage. The change in
enzyme activities was not significantly different between groups (p > 0.05). Top and
bottom whiskers represent the maximum and minimum values, respectively. White circles
represent outliers (1.5 to 3x interquartile range), and black circles represent extreme
outliers (> 3x interquartile range).
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7.4.2 Stage 2
The activities of citrate synthase, aconitase, and ETC enzymes I to IV were
compared between nOVP and OVP groups (n = 18). The change in mitochondrial
injury and electron transport enzymes function was not significantly different after
4-hour oxygen supplemented HMP compared with non-oxygen supplemented
HMP (p > 0.05), as shown in Figure 7.3.

177

Chapter 7. Mitochondrial function and injury

178

Chapter 7. Mitochondrial function and injury

179

Chapter 7. Mitochondrial function and injury

Figure 7.3. Box whisker plots of mitochondrial enzyme activities in stage 2. The plots
demonstrate the distribution of enzyme activities round the median in each group, shown
before and after hypothermic machine perfusion. The change in enzyme activities was
not significantly different between preservation groups (p > 0.05). Top and bottom
whiskers represent the maximum and minimum values, respectively. White circles
represent outliers (1.5 to 3x interquartile range), and black circles represent extreme
outliers (> 3x interquartile range).
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7.4.3 Low- and high-risk marginal livers
Out of 38 livers included in this part of the study, eight livers were considered to
have a low risk for IR injury, Section 3.3. These livers were allocated to the PV
perfusion groups (3 in nOVP and 5 in OVP groups) during the randomisation
process.
Post-preservation complex II-III activities were significantly lower in lowrisk livers (73 nmol/mg/min (56-101) vs. 113 nmol/mg/min (89-160), p = 0.01).
There was no significant difference in the remaining enzymes at any time point,
and this also applied to the change in enzyme activities between low- and highrisk livers, p > 0.05 (Table 7.1).
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Table 7.1. Mitochondrial enzyme activity in low- and high-risk livers
Enzyme activity

Citrate synthase

Low-risk (n = 8)

High-risk (n = 30)

Intergroup difference
(p-value) *

Pre-preservation

Post-preservation

Pre-preservation

Post-preservation

134 (119-179)

134 (110-149)

141 (120-163)

136 (113-171)

0.74, 0.45, 0.31

55 (47-66)

53 (43-73)

66 (47-90)

70 (45-86)

0.23, 0.33, 0.45

28 (21-40)

25 (21-33)

30 (21-45)

29 (21-41)

0.63, 0.37, 0.25

106 (56-136)

73 (56-101)

118 (93-196)

113 (89-160)

9 (7-13)

8 (7-10)

9 (6-14)

9 (6-14)

(nmol/mg/min)
Aconitase
(nmol/mg/min)
Complex I activity
(nmol/mg/min)
Complex II-III activity

0.19, 0.01**, 0.17

(nmol/mg/min)
Complex Iv activity

0.90, 0.79, 0.54

(k/mg/min)

Mitochondrial enzyme activities were measured before and after 4-hr preservation and compared between low- and high-risk livers.
* Intergroup difference, presented as p-value, was calculated for pre-preservation, post-preservation, and change in enzyme
activities. ** denotes a significant intergroup difference.
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7.4.4 Intra-liver heterogeneity
Mitochondrial citrate synthase, aconitase, and ETC enzymes I to IV activities in
segments IV and VII were compared before and after preservation. In addition,
the change in these parameters during preservation was also studied, Table 7.2.
There was no significant difference in any of the parameters studied (p > 0.05).
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Table 7.2. Mitochondrial enzyme activities in segments IV and VII
Enzyme activity

Citrate synthase

Segment IV

Segment VII

Intra-liver difference
(p-value) *

Pre-preservation

Post-preservation

Pre-preservation

Post-preservation

142 (119-170)

136 (117-162)

136 (117-161)

138 (108-162)

0.46, 0.61, 0.72

56 (43-79)

56 (42-78)

65 (51-86)

65 (46-87)

0.13, 0.25, 0.80

34 (22-42)

28 (23-43)

28 (20-41)

26 (21-35)

0.60, 0.33, 0.28

116 (78-203)

115 (74-168)

128 (85-158)

102 (67-133)

0.50, 0.21, 0.27

9 (6-14)

8 (6-13)

9 (6-12)

8 (6-12)

0.63, 0.63, 0.51

(nmol/mg/min)
Aconitase
(nmol/mg/min)
Complex I activity
(nmol/mg/min)

Complex II-III activity
(nmol/mg/min)

Complex Iv activity
(k/mg/min)

Mitochondrial enzyme activities were assessed before and after 4-hr preservation and compared between segment IV and VII in each
liver. * Intra-liver difference, presented as p-value, was calculated for pre-preservation, post-preservation, and change in enzyme
activity scores.
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7.5 Discussion
This is the first study to analyse the activity of individual ETC enzymes during
end-ischaemic HMP in the human liver, comparing different perfusion methods
with static cold storage.
Oxidative damage to mitochondria is one of the main concerns with active
oxygenation during HMP, Section 1.5.2.1. While cellular studies advised against
high oxygen flow during cold preservation due to a perceived increase in ROS
formation

(155, 156)

, more recent evidence stressed on the importance of active

perfusate oxygenation for protection of mitochondrial and hepatocellular
functions

(126, 127, 134, 135, 226, 312, 351)

. We failed to reject the null hypothesis of no

difference in mitochondrial injury between SCS and end-ischaemic HMP,
including oxygenated and air-equilibrated perfusion. In a separate proof-ofconcept experiment herein (Appendix 12.14.2), mitochondrial aconitase activity
was inversely proportional to H2O2 concentration in the medium, indicating the
sensitivity of this assay to irreversible ROS damage. Based on our results in
oxygen supplemented end-ischaemic HMP, there was no evidence that highly
oxygenated perfusate caused more oxidative injury than air-equilibrated
perfusion or SCS, evidenced by similar aconitase measurements in all groups.
Our results in human end-ischaemic HMP are consistent with animal studies
showing minimal oxidative damage during the ischaemic phase, and more
specifically, the lack of oxidative damage when high-oxygen flow is introduced
into the perfusate (124, 352).
Mitochondrial mass and membrane integrity were preserved in all groups,
as shown by stable mitochondrial citrate synthase levels. Intact membrane
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integrity would also suggest stability of the MPT during end-ischaemic HMP and
SCS. The formation of high-conductance MPT pores during IR injury bridges the
mitochondrial matrix and cellular cytoplasm, resulting in mitochondrial swelling
and membrane rupture, ROS-induced ROS-release, and apoptotic or necrotic
cell death

(74, 75, 101, 105)

. In our experiments, the mitochondrial matrix enzyme

citrate synthase was stable during ischaemic preservation in all groups, aconitase
did not change significantly following ischaemic preservation, and there was no
evidence of cell death on morphological assessment, Section 6.4. Altogether, it
can be deduced from our experiments that MPT pores remained closed during
end-ischaemic HMP and SCS.
There was no significant change in isolated ETC enzyme activities over
the time course of end-ischaemic perfusion as compared to SCS preservation
over the same period, indicating the stability of this part of mitochondrial
respiration and lack of oxidative damage to inner membrane enzymes during
ischaemic storage. Mechanistic assessment of mitochondrial function during
HOPE reported attenuated mitochondrial respiration based on decreasing
perfusate NADH and CO2 during pig liver perfusion

(126)

, but it is unknown if

perfusate levels of NADH accurately reflect their mitochondrial levels and
whether the decreasing NADH concentration was secondary to increased
oxidation (consumption) or decreased production. In fact, observations from the
latter study document an initial rise of pCO2 before it stabilised during HOPE, and
pCO2 was consistently higher than nitrogenised perfusion, both indicating that
mitochondrial respiration was activated, at least initially

(126)

. Besides, other

experimental models showed increased oxygen consumption and active
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mitochondrial respiration following oxygenated HMP (120, 121, 130), which contradict
the findings by the Zurich research group.
The reason for the discrepancy between previous experimental models
and ours regarding mitochondrial activity is unclear, but it could be related to
differences in endpoints, methodology, and species (353, 354). In addition, the lack
of interaction between mitochondria and cytosol in isolated mitochondrial assays
could also be relevant; few mitochondrial enzymes, including complex I and
possibly complex II, undergo a conformational change between an active and
inactive form depending on the cellular state and substrate availability, without
affecting the abundance of the enzymes (355). Recent evidence also suggests that
inactivation of complex I after reperfusion follows the reversible dissociation of
the FMN cofactor from complex I in response to RET, without affecting the
integrity of the enzyme itself, suggesting that the enzyme activity can be
maintained if suitable circumstances are provided (356). More mechanistic studies
on mitochondrial behaviour during end-ischaemic HMP are required to enhance
our understanding of the complex mitochondrial alterations in preserved organs.
The discrepancy in the results above might indicate that other mechanisms
are responsible for the proposed protective effect of end-ischaemic HMP. A
possible mechanism of mitochondrial protection during end-ischaemic HMP
could be related to a reversible and temporary increase in mitochondrial
respiration at the start of end-ischaemic HMP, leading to exhaustion of the
reducing substances and stabilisation of the ETC enzymes, and subsequent
dampening of the inflammatory response. In fact, this hypothesis agrees with
recent evidence indicating that mitochondrial inactivity and abundance of
electrons from reducing substrates are the main triggers of RET, which is

187

Chapter 7. Mitochondrial function and injury

abolished in the presence of active mitochondria (81). Unfortunately, mitochondrial
assessment herein was restricted to two time points only, which could not
illustrate real-time changes in mitochondrial activity. Future research should aim
to measure mitochondrial function at more frequent intervals or in real-time.
There is a consensus that increased reverse activity of complex II during
ischaemia with subsequent accumulation of succinate are necessary for the ROS
burst upon reperfusion (72, 81, 96). Our results show greater post-perfusion complex
II-III activity in high-risk marginal livers, which suggests that the latter group has
a higher potential to generate ROS upon reperfusion. This finding has not been
reported previously in the context of liver preservation, including end-ischaemic
HMP, and could have important implications in the clinical field. As such,
spectrophotometric analysis of complex II activity and succinate could open new
venues in viability assessment. Interestingly, other researchers reported recently
that perfusate FMN during HOPE predicted severe graft dysfunction and 3-month
graft loss

(159)

, Section 1.5.2.1. Our findings and those from other researchers

indicate a possible role of mitochondrial markers in graft quality assessment.
Another area of research should aim to explore possible therapeutic interventions
to decrease succinate accumulation during ischaemia or succinate oxidation
upon reperfusion (72, 357-360).
There are no standards on the number of specimens required for
mitochondrial activity assessment during human liver preservation. Intra-liver
heterogeneity was examined here in central and peripheral parenchymal
segments, and the difference between the two sites was insignificant. This
implies that the two specimens were representative of the whole liver and that
one biopsy is adequate for spectrophotometric analysis of mitochondrial
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enzymes. This is important for future studies aiming to assess similar
mitochondrial markers, where a single biopsy should be adequate and would
avoid parenchymal injury from multi-site sampling.
The first strength of this study was the functional assessment of individual
ETC enzymes, which was performed to evaluate the differential sensitivity of
human mitochondrial respiratory enzymes to IR injury. Second, we assessed the
direct effect of oxidative injury on mitochondria during end-ischaemic HMP, in
contrast to previous studies that focused on extra-mitochondrial derangement
and did not address the mitochondrial enzymes responsible for this damage. The
third strength of this study stems from the use of well-established and validated
protocols that are replicable and easily understood, and the use of isolated
mitochondrial tests that offer good control of the experimental design in
comparison to intact cells. Fourth, studying the mitochondrial IR injury in human
livers is more clinically relevant than rodent models, as it reduces the error
caused by inter-species variability in IR injury response

(353, 354)

. Fifth, each liver

was assessed using two biopsies from different sites to reduce the risk of bias
due to intra-liver variation.
This study presented a few limitations. First, 4-hour preservation might
have been insufficient to detect differences in ETC enzyme activities. Stability of
ETC complexes II, III, IV and intact mitochondrial respiration were reported up to
24 hours in cold-stored rodent and pig livers

(83, 84)

. Second, mitochondrial

membrane damage during mitochondrial extraction could have led to inaccurate
results in spectrophotometric assays. However, gentle crushing with a Teflonglass tissue grinder was employed to reduce mitochondrial damage and
mitochondrial assays were standardised. In addition, mitochondria were
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preserved in a -80°C freezer until assayed and the reagents were freshly
prepared as per protocol. Third, more information on mitochondrial respiration
could have been obtained by additional polarographic and adenine nucleotide
assays in freshly isolated mitochondria or cells, but these tests were not
performed due to logistic reasons. Future research should include these analyses
in addition to spectrophotometric enzyme analyses. Newer methods of
mitochondrial function assessment in intact cells using fluorescence microscopy
could also prove valuable in this context

(361)

. Finally, an additional period of

reperfusion could have been useful to illustrate mitochondrial oxidative damage
and ROS burst during normothermic reperfusion.
In summary, actively oxygenated and air-equilibrated end-ischaemic HMP
did not induce oxidative damage during the ischaemic period, and mitochondrial
oxidative phosphorylation complexes remained intact during cold preservation.
Measurement of complex II-III activities might have a role in the assessment of
graft suitability for transplantation and should be further investigated in perfused
organs destined for clinical use. Possible therapeutic interventions to decrease
succinate accumulation and oxidation need to be assessed in future research.
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8

Oxygen measurement in end-ischaemic HMP
This chapter assesses the feasibility of real-time oxygen measurement in the
perfusate and parenchyma during oxygen supplemented, end-ischaemic
hypothermic machine perfusion.
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8.1 Introduction
Hypothermic preservation reduces cellular metabolism and oxygen requirements
(217-222)

. However, oxygen is still required to maintain cellular functions and avoid

ischaemic injury during hypothermia. Many researchers suggested the need for
active oxygenation during HMP (126, 127, 134, 135, 226, 312, 351), but the optimal oxygen
concentration in the perfusate and parenchyma are unknown. Besides, the
interplay between oxygen distribution in the perfusate and local parenchymal
uptake, and the fundamentals of the oxygenation process have not been
identified in the human liver. Real-time assessment of parenchymal oxygen
concentrations is needed to understand the delivery efficiency of oxygen to the
human liver during oxygen supplemented end-ischaemic HMP.
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8.2 Aims and objectives
To study
1. The feasibility of measuring parenchymal and perfusate oxygen levels in
real-time during oxygenated end-ischaemic HMP.
2. The delivery efficiency of oxygen in perfused human livers during airequilibrated and oxygenated end-ischaemic HMP.
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8.3 Materials and methods
A cohort of six sequential human livers was used for this part of the study. Liver
retrieval, preparation and machine perfusion are discussed in Sections 2.2 to 2.6.
Active oxygenation and oxygen monitoring are discussed in detail in Section 2.7,
and displayed in Figure 8.1. To validate the fibre-optic oxygen microsensors and
obtain the kinetics of oxygen change in the perfusate and parenchyma, standard
perfusions were run for 3 hours using PV-only perfusion at 7 mmHg constant
pressure. Parenchymal pO2 was assessed in segments IV and VII, which were
hypothesised to represent the whole liver, and the two sites were compared to
evaluate the intra-liver variation in oxygen uptake during oxygenated and airequilibrated HMP, Section 2.10.2.
After 30-minute end-ischaemic HMP, the oxygen supply was switched on,
and 100% oxygen was delivered to the perfusate at 0.5 L/min using a Dideco
Kids D100 membrane oxygenator (Sorin Group Italia, Mirandola, Italy), which
was connected to the perfusion circuit. Continuous measurements of pO2 in the
perfusate and parenchyma were recorded using fibre-optic oxygen microsensors
(PreSens GmbH, Regensburg, Germany), Section 2.7.2. A flow-through
microsensor was connected to the portal vein port (in-line) to measure pO2 in the
perfusate before entering the liver. Needle-type sensors were used to measure
pO2 in the parenchyma and were inserted to a depth of 2 cm in liver segments IV
and/or VII. Optical probes were connected to an OXY-4 micro-oxygen meter. At
2 hours end-ischaemic HMP, the oxygen was switched off whilst maintaining
pump perfusion for another 1 hour to obtain the dynamics of oxygen depletion in
the perfusate and parenchyma. The whole process was divided into 3 stages
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depending on the oxygenation phase during perfusion: baseline pre-oxygenation,
active-oxygenation, and post-oxygenation perfusion.
The results were compared using non-parametric statistical tests as
described in Section 2.13. The median pO2 of segment IV and VII was used for
comparison with the perfusate. Results are presented as median and IQR, and
the level of significance was set at p < 0.05.

195

Chapter 8. Oxygen measurement in HMP

Heat exchanger
Perfusion cassette

Needle-type micosensor
KPS-1
PV cannula

Flow-through microsensor

Filter

Membrane oxygenator

Perfusion bowl
Ice container

Figure 8.1. Organ Recovery Workstation® and optical oxygen sensors. KPS-1® was
oxygenated by passing through the membrane oxygenator before it entered the liver. Optical
oxygen sensors were connected to the OXY-4 micro-oxygen meter.
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8.4 Results
The six livers used herein were rejected for transplantation by all UK
transplantation centres due to a combination of factors: all livers were from DCD
donors, five of six livers were steatotic on gross examination, two livers had
lacerations and capsular tears, and one liver had functional WIT of 21 minutes.
The median perfusion temperature, flow and resistance were 6.5°C (4.08.4), 60 ml/min (52-74), and 0.12 mmHg/ml/min (0.09-0.16), respectively. The
median liver weight was 2 kg (1.6-2.2). Perfusate pO2 measurements were
obtained in all 6 livers. Parenchymal pO2 measurements were obtained from
segments IV and VII simultaneously in 2 livers, and from either segment IV or VII
in the remaining 4 livers (2 livers each). Although we aimed to obtain readings
from both segments simultaneously, this was not achieved due to fragility of the
needle probe and limited functional life.

8.4.1 Intra-liver parenchymal variation
Parenchymal pO2 was continuously measured during the three perfusion phases:
pre-oxygenation, active oxygenation, and post-oxygenation. Table 8.1 shows the
results of parenchymal pO2 during end-ischaemic HMP. Active perfusate
oxygenation significantly increased parenchymal pO2 compared to preoxygenation and post-oxygenation phases in both liver segments (p < 0.001),
which indicate delivery of oxygen upon oxygenated perfusion. Of note, the pO2
was lower in segment VII compared to segment IV during all three phases.
However, the difference was not statistically significant between the two liver
segments.
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Table 8.1. Results of pO2 in segments IV and VII of the liver
Perfusion phase

Segment IV

Segment VII

p-value (inter-segment)

pO2 (mmHg)

Pre-oxygenation

4.5 (0.2-6.4)

0.6 (0.1-2.5)

0.65

Active oxygenation

243.1 (149.9-312.8) *

179.7 (107.6-189.8) *

0.46

Post-oxygenation

4.8 (0.1-6.9)

0.9 (0.2-2.8)

0.71

This table shows the plateau pO2 values (mmHg) in segments IV and VII during the three
phases of oxygenation. * Compared to pre-oxygenation and post-oxygenation phases,
active oxygenation led to higher pO2 values (p < 0.001). Although pO2 was lower in
segment VII compared to segment IV, the difference was not statistically significant.
Continuous data is presented as median (IQR).

8.4.2 Perfusate and parenchymal oxygen tensions
Simultaneous pO2 measurements in the perfusate and at least one parenchymal
site were obtained in 6 livers. Table 8.2 and Figure 8.2 summarise the steadystate pO2 values and the time needed for oxygen levels to stabilise during each
oxygenation phase. The perfusate pO2 was consistently higher than parenchymal
pO2 in all three phases (p ≤ 0.002). Similar to parenchymal oxygen levels,
perfusate oxygen concentrations increased significantly during oxygenated
perfusion compared to pre-oxygenation and post-oxygenation phases (p <
0.001). Rising pO2 levels in the parenchyma were detected within 5 minutes of
starting active oxygenation, and the time needed for pO2 to reach a steady-state
during the active oxygenation phase was shorter in the perfusate than the
parenchyma (2.5 vs. 28.1 minutes, p = 0.003). The time required for pO2 to return
to baseline levels after cessation of active oxygenation was longer in the
perfusate compared to the parenchyma (75.0 vs. 36.3 minutes, p = 0.003).
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Table 8.2. Perfusate and parenchymal pO2
Perfusion phase

Perfusate

Parenchyma

p-value

pO2 (mmHg)

Pre-oxygenation

154.6 (147.6-179.8)

0.7 (0.1-4.6)

< 0.001

Active oxygenation

728.4 (712.0-738.4)

179.7 (135.2-224.0)

0.001

Post-oxygenation

164.6 (147.9-185.4)

0.9 (0.5-4.7)

0.002

Time (minutes)
Pre-oxygenation to active
oxygenation plateau

2.5 (2.1-3.4)

28.1 (17.1-44.4)

0.003

Active oxygenation to

75.0 (64.1-84.4)

36.3 (30.3-51.2)

0.003

post-oxygenation plateau

This table shows the steady-state pO2 values (mmHg) during the three phases of
oxygenation, and the time required (minutes) for pO2 to stabilise between each phase.
Parenchymal oxygen was lower than perfusate oxygen in all phases, along with slower
oxygen uptake and faster decline to pre-oxygenation level in the parenchyma. Continuous
data is presented as median (IQR).
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Oxygen concentration during perfusion
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Figure 8.2. Oxygen concentration during end-ischaemic HMP. This figure shows the pO2
in the perfusate and segments IV and VII during (A) pre-oxygenation, (B) active
oxygenation, and (C) post-oxygenation phases.
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8.5 Discussion
This is the first study to report on parenchymal oxygen pressures and to identify
the kinetics of parenchymal oxygenation during PV-only HMP in a human liver
model.
Parenchymal oxygen was lower in segment VII than segment IV, but the
difference was not significant, possibly due to type II error related to the small
sample size. To our knowledge, this segmental variation in oxygen tensions has
not been described before. A possible explanation for this could be related to
gradual oxygen consumption as the perfusate moves distally, resulting in lower
oxygen tensions in peripheral liver segments. It is also possible that the
segmental oxygen variation is related to physiologic differences in hepatic blood
flow between liver segments

(362, 363)

, but this aspect was not directly assessed

here. It is unlikely that the gradual decrease in oxygen concentration was
associated with inadequate oxygen supply distally, based on similar morphology
and mitochondrial function between the two liver segments, as described in
Sections 6.4.4 and 7.4.4.
Parenchymal pO2 was consistently and significantly lower than perfusate
pO2 during oxygenated and air-equilibrated perfusion, implying active metabolism
and oxygen consumption during end-ischaemic HMP. It is unlikely that the lower
parenchymal oxygen resulted from poor organ perfusion, as these livers were
pumping on gross examination, and the perfusion dynamics improved during
HMP, as shown by increasing flow and decreasing resistance in a previous
chapter, Section 4.4. Moreover, parenchymal oxygen levels dropped significantly
faster reaching their pre-oxygenation levels after cessation of oxygen flow, further
supporting the concept of oxygen consumption by the tissues. Collectively, these
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results imply active metabolism and the necessity of oxygen during endischaemic HMP of the liver, in line with previous studies (126, 143, 223-226).
Our experiments show increasing oxygen concentrations in the
parenchyma within 5 minutes of commencing active oxygenation, indicating early
oxygen diffusion to the tissues during oxygenated end-ischaemic HMP. This
agrees with experimental studies in the HOPE model, which utilised fluoresceinstained perfusate to show macro- and microscopic graft perfusion within 5
minutes of perfusion onset

(311, 312)

. Altogether, these findings indicate that end-

ischaemic HMP is capable of delivering oxygenated perfusate to the tissues
within a short perfusion time.
Despite early oxygen diffusion to the parenchyma, there was a time lag of
28 minutes (up to 44 minutes) between commencing active oxygenation and
achieving stable oxygen levels in the tissues. This could suggest that the
introduction of oxygenated perfusate boosted mitochondrial respiration
transiently, which increased oxygen consumption and was identified by the
upward slope of the parenchymal oxygen. This was followed by stabilisation of
mitochondrial respiration, shown as the parenchymal oxygen plateau. These
observations indicate the ability of mitochondria to respond to oxygen alterations
in the medium by changing their respiratory function even during hypothermia.
Notably, the change in parenchymal oxygen was evident following the initiation
of oxygen, but this does not rule out a lower baseline mitochondrial activity in the
air-equilibrated medium, as shown by the lower parenchymal pO2 compared to
the perfusate.
Strengths of this study include real-time measurement of parenchymal pO2
during oxygenated and air-saturated end-ischaemic HMP, which was not
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described before. Other studies on parenchymal pO2 were performed during
normothermia in livers of anaesthetised patients but not during hypothermic liver
preservation

(228, 229)

. This study also shows the kinetics of parenchymal pO2 as

a marker of parenchymal perfusion during end-ischaemic HMP. Finally, the
chemical optical oxygen sensors used here were able to measure low pO2 values
with a fast response rate.
Limitations of this study include technical issues related to fragility of the
needle probes and reduced monitoring life, which were not clear from early
discussions with the manufacturer. Simultaneous measurements of parenchymal
pO2 in the two liver segments were not obtained in all livers due to these technical
issues and logistic constraints related to delivery times and expenses. We
suggest using robust oxygen probes with protective housing for future studies.
The intra-liver difference reported herein is unlikely to be secondary to variable
performance of the oxygen sensors, as the sensors had stable readings and
underwent the same calibration process beforehand, whereas the technical
issues reported above presented with complete loss of function. Finally, the small
sample size reduced the power of our results, which could explain the nonsignificant difference in pO2 between segments IV and VII.
In summary, we detected active metabolism and oxygen consumption
during end-ischaemic HMP by measuring parenchymal oxygen pressures, and
there was evidence of early oxygen diffusion and possible intra-liver oxygen
variation. It is likely that mitochondria respond to variable oxygen levels in the
perfusate by adapting their respiratory function during end-ischaemic HMP. More
studies are required to identify the optimal oxygen supply during end-ischaemic
HMP of the human liver using variable oxygen concentrations in the perfusate,
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and both oxygenated and air-equilibrated HMP should be directly compared with
regard to major clinical outcomes.

204

Chapter 9. Steatosis assessment methods

9

Reliability of clinical assessment and DIA for
steatosis evaluation
This chapter evaluates the reliability and accuracy of steatosis quantification
by clinical assessment and digital image analysis compared to the gold
standard.
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9.1 Introduction
Hepatic steatosis affects up to 30% of deceased donor livers

(230-232)

. Accurate

assessment of steatosis is crucial due to the significant association between highgrade macrosteatosis and poor graft outcomes (50, 51). This is even more important
with the growing utilisation of end-ischaemic HMP and the promising initial results
in fatty liver resuscitation

(125)

. A reproducible steatosis scoring system that can

be completed during perfusion and can be shared between centres has the
potential of improving the utilisation of perfused liver grafts.
Gross steatosis assessment by the retrieving surgeon is highly subjective
and inaccurate (235, 236, 238). The current gold standard for steatosis assessment is
based on a semiquantitative visual estimation of H&E-stained parenchymal
sections at low-to-medium power magnification by the pathologist

(56)

.

Unfortunately, the reproducibility of this method has also been a matter of debate
(53-56, 244)

. Alternative microscopic techniques such as digital image analysis (DIA)

and stereological point counting are less commonly used despite showing higher
reproducibility and accuracy

(56, 241, 245)

. One possible reason for the limited

utilisation of DIA is the measurement discrepancy between this method and
pathologist estimation; fat percentages obtained by standard histology are 1.5- to
4-fold higher than results obtained by DIA

(53-56, 241, 243, 247, 364, 365)

. Adjustment of

DIA results to match the gold standard is required for wider acceptance of DIA
and safer utilisation of fatty livers (56, 241, 364).
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9.2 Aims and objectives
1. To compare surgical examination and DIA with the standard H&E
assessment by the pathologist for evaluation of steatosis severity.
2. To evaluate a revised classification system for automated fat
measurement.
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9.3 Materials and methods
Liver retrieval and donor data collection are discussed in Sections 2.2 to 2.3.
Biopsies obtained before the 4-hour SCS or end-ischaemic HMP were used,
whereas biopsies obtained after preservation were excluded to reduce the risk of
intervention bias following HMP. Consequently, liver allocation to different
preservation groups became irrelevant for this part of the study. Microscopic
steatosis assessment was not performed on 3 of 45 livers due to missing paraffin
blocks; 42 livers specimens were assessed eventually.
During retrieval, surgeons routinely graded steatosis as none (0), mild (1),
moderate (2), or severe steatosis (3). Results were collected retrospectively from
organ retrieval forms, which accompany all procured organs and record donor
information, including ischaemic times, anatomical characteristics, preservation
solutions used, and steatosis severity.
Microscopic steatosis assessment methods used herein are discussed in
detail in Sections 2.12.2 and 2.12.3. H&E-stained microscopy slides were
prepared from formaldehyde-fixed and paraffin-embedded wedge biopsies
obtained from liver segments IV and VII (two specimens per liver). These slides
were used for pathologist and DIA assessment. Steatosis was estimated by two
pathologists to obtain the estimated fat proportionate area (eFPA) and with DIA
to obtain the measured fat proportionate area (mFPA). The eFPA and mFPA
were expressed on a 0% to 100% scale and graded semiquantitatively according
to NAS (300), Table 12.9.
Due to the discrepancy between DIA-measured and pathologist-estimated
fat percentage areas, we utilised a revised mFPA classification system based on
findings by Marsman (241) and Hall (54). We hypothesised an additional cut-off point
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for normal (non-steatotic) livers, which was not suggested by the latter
researchers, in order to conform to the 4-grade scale used by pathologists.
Accordingly, steatosis grades corresponding to mFPA percentages were: normal,
< 2%; mild, 2% to 10%; moderate, 11% to 25%; and severe, > 25%. Slides from
the two liver segments were compared for inter-site variation within each liver.
The operator was blinded to the results of the other two assessment methods.
Statistical analysis was performed as described in Section 2.13. Interrater
reliability was calculated and interpreted according to Landis and Koch

(301)

.

Sensitivity, specificity, and overall accuracy were calculated after dichotomising
the livers into low- and high-grade steatosis (≤ mild steatosis and ≥ moderate
steatosis, respectively). Mann-Whitney test was used to analyse inter-site
variability. The level of significance was set at p < 0.05.
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9.4 Results
9.4.1 Standard H&E histological assessment
In total, 84 slides from 42 livers were analysed. The agreement between the two
pathologists was almost perfect on absolute eFPA scores (ICC, 0.90; 95% CI,
0.81–0.94), and substantial on grading steatosis (Kw, 0.75; 95% CI, 0.60–0.90).
The average eFPA was 12±16% (range, 0% to 58%), and livers were classified
according to their steatosis grades as normal (n = 20), mild (n = 17), moderate (n
= 5), and severe (n = 0), Figure 9.1. There was no difference in steatosis severity
between liver segments IV and VII (p = 0.6).

Figure 9.1. Bar chart showing the number of livers according to assessment method and
steatosis grade (n = 42). The number of livers graded by surgeons is underrepresented (n
= 36), as 6 livers were classified as borderline steatosis (1 mild to moderate and 5
moderate to severe steatosis). DIA, digital image analysis.
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9.4.2 Clinical assessment
Out of 42 livers, six were reported to have borderline steatosis according to
retrieval surgeons (one mild to moderate and five moderate to severe steatosis).
Steatosis was graded in the remaining livers as normal (n = 11), mild (n = 11),
moderate (n = 12), and severe (n = 2), Figure 9.1.
Agreement between surgeons and pathologists on assigning steatosis
grades omitted six livers that did not adhere to the 4-grade scale. The agreement
for the remaining livers (n = 36), was slight and no better than chance (Kw, 0.12;
95% CI, -0.06-0.30). The two livers reported by surgeons to have severe steatosis
were graded as mild and moderate by pathologists.
When livers were dichotomised into low- or high-grade steatosis, surgeons
classified 23 livers as low-grade steatosis and 19 livers as high-grade steatosis
(n = 42 livers), and there was a fair agreement beyond chance for discriminating
low- and high-grade steatosis (K, 0.28; 95% CI, 0.07-0.49). Sensitivity, specificity,
and diagnostic accuracy of clinical assessment were 100%, 62%, and 67%,
respectively.

9.4.3 DIA assessment
A total of 84 slides from 42 livers were analysed using DIA, Figure 9.2. The
average mFPA was 6±7% (range, 0% to 29%). Absolute mFPA scores were
lower than absolute eFPA (1.5-fold higher for eFPA on average), and this
discrepancy became more evident as steatosis severity increased, Figure 9.3.
The agreement between DIA and pathologists on absolute fat percentage was
substantial (ICC, 0.76; 95% CI, 0.63-0.84).
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According to the revised mFPA classification system, livers were graded
as normal (n = 13), mild (n = 19), moderate (n = 8) and severe (n = 2), Figure 9.1.
The agreement between DIA and pathologists was substantial on assigning
steatosis grades (Kw, 0.70; 95% CI, 0.57-0.82). The two livers classified by DIA
as severe steatosis were graded as moderate by pathologists and were different
from the two severely steatotic livers as per clinical examination.
Sensitivity, specificity, and diagnostic accuracy of DIA were 100%, 87%,
and 88%, respectively. Finally, there was no difference in steatosis severity
between liver segments IV and VII (p = 0.8).

Before differentiation of fat vacuoles

After differentiation of fat vacuoles

Figure 9.2. Digital image analysis (DIA) using a H&E-stained specimen. The image to the
left shows the parenchyma before differentiation of fat vacuoles, and the image to the
right shows the same microscopic field after digital exclusion of blood vessels and biliary
ducts, followed by RGB differentiation of fat vacuoles.
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Figure 9.3. Scatterplot of estimated fat proportionate area (eFPA) and measured fat
proportionate area (mFPA). There is a strong overall agreement (ICC, 0.76; 95% CI, 0.630.84). The agreement was stronger at lower steatosis levels, and mFPA scores were
generally lower than eFPA scores as steatosis severity increased.
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9.5 Discussion
This is the first study to compare quantitative liver steatosis assessment by
standard H&E histology with retrieval surgeons and the newer technique of Digital
Image Analysis (DIA). Additionally, we evaluated a revised steatosis grading
system for automated fat measurement, as an objective means of steatosis
assessment.
Subjective assessment of liver specimens by the pathologist is the gold
standard for evaluating liver steatosis. This method has been criticised for poor
inter-pathologist reproducibility

(53)

, but our results show excellent inter-

pathologist agreement in estimating fat percentage area and assigning steatosis
grades, similar to other reports

(54-56, 245, 296)

. It is possible that the poor reliability

reported previously is related to different steatosis definitions and cut-off values,
as well as varying levels of experience.
Macroscopic assessment by the retrieving surgeon is highly subjective and
inaccurate

(238)

overestimation

, and studies have reported both underestimation
(235, 236)

(366)

and

of steatosis by surgeons. A survey of surgical practice in

the UK and US indicated that 38% of UK surgeons and 47% of US surgeons
performed biopsies if the liver looked macroscopically steatotic, while 50% of UK
surgeons did not incorporate microscopic assessment in their practice at all (238).
In our research, clinical evaluation was inaccurate and overestimated steatosis
severity compared to the gold standard, which was also reflected by the high
percentage of false positives in this cohort (38%). Given the shortage in donor
livers, relying on gross assessment alone could increase the risk of unnecessary
discard of potentially transplantable grafts. Clinical evaluation should be viewed
as a screening test and should not be used exclusively to discard liver grafts.
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Microscopic examination is recommended when significant steatosis is clinically
suspected, as per UK transplantation guidelines (20). Of note, surgical assessment
is still essential for identification of gross pathologies like poor perfusion, fibrosis,
focal lesions, and vascular abnormalities.
Although it is a common practice for surgeons to visually classify livers
according to a 4-tier grading system, this scale was originally adapted from
clinical studies demonstrating a significant association between poor graft
outcome and steatosis severity based on microscopic steatosis assessment
51)

(50,

. To demand surgeons to adhere to a 4-graded pathological scale is not

supported by high-level evidence, and might be counterproductive, as
demonstrated here by the poor agreement between surgeons and pathologists
on assigning steatosis grades. It is more feasible for surgeons to classify retrieved
livers into low-grade and high-grade steatosis, which emphasises the role of
clinical evaluation as a screening test that should ideally be followed by a more
objective diagnostic investigation. It might be useful in the future to include realtime images of the organ before and after perfusion to enhance the perception of
steatosis severity among clinicians, which also entails standardisation of image
quality and light source stability to ensure reproducibility of the results.
Automated measurement of steatosis using DIA has previously shown
higher reproducibility and accuracy compared with standard H&E examination (54,
56, 241, 364)

. It is likely that the lack of high-level clinical evidence for automated

measurement as well as confusion originating from the discrepancy between
measured and estimated fat percentages have restricted the widespread
application of this method.
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In this study, absolute eFPA scores were higher than mFPA
measurements, similar to what was described previously

(53-56, 241, 243, 247, 364, 365)

,

and there was a trend for this discrepancy to increase with increasing steatosis
severity. The revised mFPA classification used herein matches the conventional
pathology grading system and adjusts for systematic disparities between
measured and estimated fat percentage areas. Agreement with pathologists was
high, and the scale was accurate in differentiating low- and high-grade steatosis.
Importantly, DIA images can be transferred to the recipient hospital for a senior
surgical review, allowing the accepting surgeon to make an informed decision
about the graft quality. DIA is accessible to most pathologists and surgeons; a
light microscope mounted with a digital camera is available in most hospitals
involved in liver retrieval, dedicated software for image analysis can be installed
on a personal laptop, and steatosis scoring takes 10 to 15 minutes to complete
after uploading the images. These factors allow for steatosis assessment within
an acceptable time frame and avoid interfering with organ allocation. Despite
these advantages, it is crucial to note that DIA cannot replace standard H&E
assessment in liver transplantation yet. The performance of DIA should be
evaluated using frozen-tissue biopsies, similar to current clinical practice.
Furthermore, the validity of the revised mFPA scale needs to be analysed in
clinical outcome studies, alongside gross and histologic assessment methods. It
should also be noted that DIA is a measurement of area and cannot replace
routine histopathology for assessment of other necroinflammatory lesions of
steatohepatitis, such as inflammation and hepatocyte ballooning.
Finally, there was no difference in steatosis severity between two distant
liver segments, suggesting that one liver biopsy is sufficient for steatosis
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assessment, which agrees with the practice of the majority of UK and US
surgeons

(238)

. This is noteworthy as biopsied steatotic livers are at a higher risk

of haemorrhage and subcapsular haematoma following reperfusion (165).
In the current study, pathologists and DIA evaluated the same slides at
similar magnification power, and the raters were blinded to results from other
methods to reduce bias. We used specimens stained with H&E, in preference to
fat-specific stains, as the former is commonly used in routine surgical practice.
Standard H&E assessment was performed by two experienced pathologists
routinely involved in liver evaluation, and the DIA method used herein was
previously reported and validated in previous studies from our centre (54, 56).
A possible limitation of the study is that the high level of agreement
between the two pathologists was influenced by working in the same institution,
despite being blinded to each other. It is unlikely that this caused bias, as high
agreement between pathologists from different centres has been shown in
previous studies

(54, 56, 296)

. Another limitation of the study is the lack of clinical

outcomes, which could not be assessed, as the livers were discarded and nontransplantable by default. Part of this research was performed on retrospective
data from organ retrieval forms, and six livers were not assigned a specific grade
indicating a degree of diagnostic uncertainty.
In conclusion, clinical assessment of steatosis is inaccurate and could
increase the risk of unnecessary discard of livers. A reliable steatosis scoring
system for preserved livers, including end-ischaemic HMP, could improve the
utilisation of donor livers. The revised DIA score presented here is feasible and
accurate, but future clinical studies are required to evaluate its validity.
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10 Thesis discussion and conclusions
This chapter summarises the findings of this work, discusses future
perspectives in hypothermic machine perfusion, and highlights the limitations
and challenges of this research.
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Protection against IR injury in organ transplantation is crucial for safe utilisation
of donor grafts, considering the current organ shortage and deteriorating quality
of donor livers, which has become evident with increasing numbers of elderly
donors and the growing obesity pandemic. These trends are expected to increase
in the future, carrying more risks to recipients of marginal grafts

(13, 367-369)

.

Machine perfusion is a rapidly evolving field in liver preservation, both clinically
and academically, which could allow assessment and resuscitation of marginal
livers. Moreover, ex-situ perfusion offers a safe window for organ-directed
treatment, with the potential for administering a variety of therapeutics during the
preservation period.
Our experiments show that single-vessel end-ischaemic HMP was
feasible in discarded human livers using the Organ Recovery Workstation®,
evidenced by improved perfusate flow, absence of mitochondrial and
architectural damage, and active oxygen consumption. Aberrant flow patterns
due to blockage or leakage were easily recognised while the liver was maintained
in a cooled state until the fault was fixed. This safety measure is vital and offers
a clear advantage of HMP over NMP.
End-ischaemic HMP led to early relaxation of the hepatic circulation and
improved microvascular flow despite the low temperature, suggesting better
endothelial function and delivery of oxygen and nutrients to the cells. Improved
dynamics were also verified by microscopic evidence of endothelial maintenance
and preserved architecture, even when end-ischaemic HMP was extended to four
hours. Although sinusoidal dilatation was reported herein, it is unlikely to be of
clinical significance in the presence of intact endothelial cells. The dynamic
changes were associated with improved clearance of accumulated hepatic
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enzymes in the vasculature, and the same principle probably applies to clearance
of toxic metabolites, which were not measured in this research. It can also be
suggested that the beneficial effects of end-ischaemic HMP would require a
minimum of one hour until the dynamic parameters stabilise and toxic metabolites
are flushed. However, the maximum period of HMP during which the liver can
sustain viability is unknown and more clinical studies are required to test if endischaemic HMP can safely prolong the preservation period.
Perfusate transaminases increased more steeply in the first hour relative
to the rest of the perfusion period. Other researchers demonstrated this pattern
but the mechanism behind these changes was not clarified

(135, 224, 267)

. It is

possible that the accelerated initial enzyme release in the perfusate is secondary
to microvascular relaxation and improved flow during that period, leading to
washout of the accumulated enzymes. Another theoretical explanation could be
that the introduction of oxygenated or air equilibrated perfusate caused some
oxidative injury, which resulted in a surge of hepatocellular injury enzymes.
However, the latter theory is unlikely based on stable mitochondrial aconitase
levels, indicating the lack of irreversible oxidative injury.
Single-vessel perfusion via the hepatic artery might be inadequate to
maintain graft perfusion at hypothermia, based on the limited arterial perfusate
supply to the parenchyma. Lower perfusate flow and relatively higher
transaminase levels during arterial compared to portal venous perfusion
described herein, in addition to experimental evidence in animals showing
complete graft perfusion using the portal vein only

(311, 312)

and inferior graft

protection in single arterial perfusion (150) are suggestive of inadequate perfusion
using the artery alone. However, the superiority of dual-vessel or portal vein
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perfusion, and the necessity of arterial perfusion to maintain the peribiliary
vascular plexus need to be addressed in RCTs with viability and biliary
complication as end outcomes.
When low-risk livers were compared with high-risk livers, perfusate
transaminases were 2-fold higher in the latter group, but the results did not reach
statistical significance. Observations from clinical studies describe a significant
association between raised perfusate transaminase on the one hand, and early
graft function

(132, 136)

and 3-month graft loss on the other

(159)

. Importantly, high-

risk livers also demonstrated significantly larger complex II-III activity in the
mitochondria at the end of perfusion, suggesting a greater risk of ROS formation
upon reperfusion. Ischaemic livers accumulate a large amount of succinate
through the reverse activity of complex II, and succinate is rapidly consumed at
the onset of reperfusion to drive the ROS burst via RET

(72, 81)

. Our new

observations on the activity of mitochondrial complexes could have important
implications in the clinical field by opening new venues in viability assessment.
Besides, the Zurich team recently reported that mitochondrial FMN release during
HOPE predicted early graft outcome in high-risk livers (159). In conjunction with an
advancing appreciation of the mitochondrial role during organ preservation, and
considering our observations as well as others, it is plausible to speculate a role
for hepatocellular and mitochondrial markers in graft quality assessment in future.
Clinical studies with adequate follow-up are required to validate these findings.
Aside from the possible discriminative ability of mitochondrial complex IIIII, other investigated markers like dynamic and morphological parameters did
not distinguish between low- and high-risk livers. It should be noted, however,
that the variation in dynamic settings during HMP could theoretically affect their
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predictive value. With respect to morphological assessment in this research, it
was limited to parenchymal sections and did not assess biliary injury. Recent
work on a combined MP protocol by the Groningen team suggested that baseline
histological assessment of the distal common bile duct could predict ITBL
development in the donor, but definitive conclusions cannot be obtained due to
lack of randomisation and small size of the study

(370)

. Recognition of potential

quality markers and their cut-off values is required to analyse their predictive merit
and allow unbiased comparison between studies. Most importantly, validated
viability markers could improve donor graft utilisation and reduce mortality and
morbidity in graft recipients.
We put forward a possible explanation of mitochondrial protection during
end-ischaemic HMP. Circulation of the cold perfusate in preserved organs
initiates a transient increase in mitochondrial respiration, leading to consumption
(oxidation) of the accumulated reducing substances that would otherwise trigger
an ROS burst upon reperfusion. These changes are associated with stabilisation
of the ETC enzymes and mitochondrial respiration in general. Real-time
measurement of perfusate and parenchymal oxygen concentrations further
support this theory. Oxygen consumption increased upon introduction of the
oxygenated perfusate. This increase was noticeable within the first hour and was
followed by stable parenchymal oxygen concentrations afterwards. Importantly,
markers of biochemical, morphological, and mitochondrial oxidative injury were
stable after oxygenation, confirming the safety of high-flow oxygen during endischaemic HMP. Our proposed theory agrees with evidence suggesting that
mitochondrial inactivity and abundance of reducing substrates are the main
triggers of RET

(81)

, and could explain the mechanism of attenuated oxidative
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injury in the HOPE model

(126)

. Future research should aim to validate or refute

this theory.
Our experiments reported a trend for lower oxygen concentrations in distal
liver segments, despite homogenous perfusion on gross examination and similar
morphology and mitochondrial markers in central and peripheral liver segments.
This segmental variation in oxygen tensions has not been described previously,
and it could be related to gradual consumption of oxygen as the perfusate travels
distally or variation in hepatic blood flow between liver segments (362, 363).
There is an urgent need to establish the optimal oxygen levels required
during end-ischaemic HMP and to verify if certain marginal livers are better
protected by oxygenated or air-equilibrated hypothermic perfusion. Addressing
these questions will consequently affect the design of future perfusion machines
and importantly, could influence the outcome of liver transplantation. This should
ideally be assessed by directly comparing actively oxygenated and airequilibrated perfusate, as performed herein, focusing on early and late clinical
outcome parameters. It has been established in animal models that deoxygenated (nitrogenised) HMP is harmful

(125-127)

, but these findings alone

cannot address the issues above. Omitting oxygen completely from the perfusate
interrupts the function of complex IV and electron flow through the ETC, resulting
in highly reduced mitochondrial respiratory enzymes during ischaemia and an
amplified oxidative burst upon reperfusion. However, designing a clinical study
comparing actively oxygenated and air-equilibrated perfusion might be difficult
from an ethical perspective or due to clinical preferences. Pooling of results from
multiple centres that apply standard perfusion settings is an alternative option but
is currently limited by the small number and heterogeneity of available studies.
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More clinical research is required to reach firm conclusions on the necessity of
active oxygenation.
More mechanistic studies are required to elaborate on the different
protective means of end-ischaemic HMP, with special emphasis on mitochondria.
This is essential considering the complexity of IR injury and mitochondrial
machinery, which are further complicated by the heterogeneity of donor grafts. A
thorough understanding of these aspects serves many goals. First, it allows the
optimisation of perfusion conditions and preservation timing and duration.
Second, recognising the various interconnected events during HMP is needed for
identification of organ quality and viability markers, which are likely to change
during perfusion. Third, this understanding might enable us to achieve graftspecific or even personalised therapy based on the individual state of the liver.
Mitochondria-targeted therapy is an attractive manoeuvre, facilitated by
the advancing knowledge of mitochondrial changes during IR injury. To this end,
pharmacological therapy aimed at manipulating mitochondrial respiratory
complexes has shown promising results in animal models of myocardial infarction
and stroke. Reversible inhibition of mitochondrial succinate dehydrogenase by
malonate during ischaemia

(72)

or at the onset of reperfusion

(357-359)

was

cardioprotective in mice and pigs. Interestingly, the combination of hypothermia
and malonate infusion during ischaemia was more effective than each
intervention alone in reducing the infarct size (360). Reversible inhibition of NADH
dehydrogenase at the onset of reperfusion with S-nitrosating agents or metformin
(371-373)

, and administration of riboflavin before IR injury reduced the infarct size in

rodent models

(356)

. HMP could allow mitochondrial manipulation during the

critical time of ischaemic succinate accumulation, which provides a promising
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opportunity for protection against IR injury. Mitochondria-targeted therapies
require more research to identify the safety, optimal dose and timing of therapy,
as well as the overall benefit.
Other novel therapeutics during HMP, like mesenchymal stromal cells
(MSCs) and MSC-derived extracellular vesicles, have been investigated recently.
Proof-of-concept studies in animals indicated the feasibility of delivery and
retention of viable MSCs during HMP of the liver (374), kidney (375), and heart (376).
These therapies were associated with protection against IR injury and regulation
of genes involved in apoptosis, oxidative injury, and energy metabolism

(375, 376)

.

Another potential therapeutic is gene silencing with small interfering ribonucleic
acid (siRNA). These small non-coding RNAs regulate gene transcription and
were shown to modulate IR injury in animals when injected in vivo

(377)

. More

recently, Fas siRNA was successfully delivered to the rat liver during both HMP
and NMP in an isolated perfusion model (378), and an siRNA cocktail was able to
protect against renal IR injury and prolong animal survival when infused during
4-hour HMP in a rat kidney transplantation model

(379)

. However, more research

is warranted in this field to establish the optimal dosage, time of administration,
and the safety and efficacy profiles of these novel therapies.
The application of mitochondria-targeted or gene modulation therapy
during perfusion has many potential benefits. By administering the treatment in
the perfusate, lower doses can be used in comparison to systemic infusion. Any
excess or accumulated treatment is cleared out of the graft before implantation,
which prevents off-target uptake by other organs and reduces toxicity. In addition
to reduced costs with a lower dose regimen, ethical issues related to premortem
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treatment are avoided. Finally, on-pump therapy avoids drug interactions in vivo
and could prove safer for the recipient.
A new approach in dynamic organ preservation involves a combination of
different MP methods to obtain a complementary effect. The majority of clinical
experience in MP is based on single perfusion modalities, but recent case series
and case reports indicated the feasibility of a sequential MP approach in human
livers. The Groningen team reported the safety and feasibility of an endischaemic DHOPE-COR-NMP protocol, using a haemoglobin-based oxygen
carrier. This perfusion model allowed mitochondrial resuscitation during DHOPE
followed by the selection of viable grafts during NMP, leading to a 20% increase
in the utilisation of discarded DCD livers in the study centre (193, 194). Other small
reports from Spain (192) and Italy (380, 381) utilised a combination of NRP-NMP and
NRP-DHOPE, respectively, and showed uneventful recovery of uncontrolled
DCD livers over a short follow-up period (3 to 6 months). The results from
combined MP protocols are promising but they are based on small observational
studies, and cannot distinguish the benefits of MP modalities separately. Larger
trials are required, but considering that the optimal viability criteria and perfusion
practices in single MP methods remain under debate, future research should
focus on these essential issues before advancing into the more complex
combined protocols.
With the projected increase in utilisation of HMP for preserving marginal
livers, a reliable and timely evaluation of steatosis is needed to enhance the
success of this preservation modality. This need is even clearer considering the
growing number of obese donors and the costs incurred by using HMP and
managing poorly functioning grafts after transplantation. In this research, we
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compared the criterion standard for evaluating steatosis, and surgical and DIA
assessments. We proposed a revised DIA classification score that adjusted for
systematic disparities between measured and estimated fat percentage areas
and discriminated low- and high-grade steatosis accurately. The proposed
steatosis grading system is accessible to most retrieval surgeons and could
improve communication between donor and recipient centres. In addition, it could
potentially reduce the unnecessary discard of grafts due to overestimation by the
retrieval team. The validity of the revised DIA scale needs to be confirmed in
clinical outcome studies, alongside gross and histological assessments.
In this study, mitochondrial respiratory function and injury were
spectrophotometrically assessed in isolated mitochondria from liver biopsies.
These are standard and validated tools, and form the first-line assessment in
research and diagnostics

(283)

. However, there are other additional assays to

expand on mitochondrial alterations during organ preservation. Polarographic
assessment of mitochondrial respiration is another classical and important tool
that provides a wealth of information. However, similar to mitochondrial
membrane potential studies (283), it can only be done on fresh tissues or isolates,
which was not feasible here (Section 2.11). Other assays that could provide
additional information include measurement of mitochondrial compounds like
electron donors (NADH and succinate), electron carriers (ubiquinol and
cytochrome c), and flavin cofactors (356, 382).
We used basic morphological assessment of liver biopsies, employing
methods available to pathologists in their day-to-day practice. However, other
tests and staining methods can be used to assess apoptosis and inflammatory
markers in tissue specimens. Of these methods, vital dyes like the fluorescent
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propidium iodide and 4’,6- diamidino-2- phenylindole (DAPI), and chromogenic
trypan blue can be used to distinguish dead cells based on the loss of cellular
membrane integrity (383). Terminal deoxynucleotide transferase (TdT) dUTP nickend labelling (TUNEL) assay is commonly used for apoptosis detection by
integrating labelled deoxyuridine triphosphate (dUTP) in double-stranded DNA
breaks of oligonucleosomal fragments. However, TUNEL cannot accurately
differentiate between apoptosis and necrosis, and false positive staining is seen
in DNA repair, mechanical damage, and delayed fixation

(341, 342, 384-395)

.

Immunohistochemistry (IHC) and immunohistofluorescence (IHF) can detect a
wide array of proteins in the cell, including apoptotic markers (e.g. caspase 3 and
caspase-cleaved poly ADP-ribose polymerase) and inflammatory proteins (e.g.
ICAM-1 and TNF-a)

(137, 395-400)

. These immunological detection methods are

limited by the specificity of the primary antibody for certain antigens and antigen
retrieval methods, and over- or underfixation with formalin could lead to
inaccurate results in immunological staining

(395, 401)

. In spite of the limitations of

these methods, they could provide additional insight into IR injury assessment in
histological specimens and should be employed in future academic research.
Above all, there is a vital need to introduce a validated morphological injury score
in perfused livers, which can be used for determination of preservation injury
before implantation.
In addition to the markers assessed in this research, we intended to
perform tests of glutathione oxidation and lipid peroxidation as markers of
oxidative injury, and ATP bioluminescence assay and/or nuclear magnetic
resonance (31P NMR) spectroscopy to measure parenchymal adenine
nucleotides. However, an unforeseen overnight freezer breakdown resulted in
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thawing of the frozen tissue specimens and loss of over a third of preserved tissue
blocks intended for these assays. Additionally, mass spectrometry was
performed on one perfusate sample to assess the feasibility of measuring IR
injury markers during end-ischaemic liver HMP, but did not proceed due to
internal changes in the mass spectrometry laboratory.
Due to the design of this study, livers were considered too risky to be
transplanted and this restricted the assessment of clinical outcomes. Isolated
perfusion studies by other investigators included a warm reperfusion phase,
which might have been beneficial for examining the endpoints following
reperfusion injury. However, isolated reperfusion would not provide data similar
to the clinical scenario. Circulating leukocytes and platelets are major sources of
inflammatory mediators and reactive oxygen species during reperfusion, which
cannot be accurately replicated by using an acellular or even a blood-based exsitu reperfusion model. The experiments were carried out on human livers which
had been retrieved for transplantation and considered too risky for clinical use,
so the data obtained may not be directly applicable to the organs used clinically.
However, eight livers were considered in retrospect to have a low risk of IR injury,
three of which were discarded because of a lack of suitable recipient.
Other limitations inherent to using declined human organs in research
include scarcity of organs and unmeasured donor confounders. Despite these
limitations, the importance of preclinical studies in human livers cannot be
overlooked. The response to ischaemia-reperfusion injury is different between
humans and animals, and preclinical human studies can provide essential
information for refining diagnostic tools and therapeutic approaches.
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Other logistic and technical restrictions became apparent during this
research. Randomisation was performed at two stages to accommodate an
oxygenated perfusion model, which was not available at the start of the study.
Needle oxygen probes were very fragile and had a limited monitoring life, which
was not clear at the beginning of the research process. Finally, we could not
perform comparative analyses for most of the measured endpoints, due to the
absence of universal standards in preserved organs.
Future research is required to advance the field of dynamic organ
preservation. Understanding the molecular mechanisms of protection during
perfusion should allow for optimisation of perfusion conditions, including
perfusion temperature and route, timing and duration, and active oxygenation.
The superiority of a particular MP approach over the others and the benefit of
combined MP over single MP are unknown and need to be directly compared in
randomised trials. Besides, different classes of marginal livers could benefit from
different MP modalities, making it a priority to identify the indications and
thresholds for each applied MP approach. Recognition of reliable viability
markers during MP could increase organ utilisation and reduce recipient
morbidity and mortality. Innovative therapeutic manoeuvres during MP like
mitochondrial enzyme manipulation and stem cell therapy might have a role in
the prevention of post-transplant complications or treatment of existing
pathologies, and we could see an expansion of their use with increasing
confidence in MP. To deal with current issues and potential future hurdles, a
combination of focused mechanistic studies and large prospective trials is
needed. Importantly, RCTs should be powered to detect major clinical endpoints
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over a sufficient follow-up period. A unified international effort is necessary to
advance organ preservation and decrease waitlist mortality.
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Appendix 1. Maastricht classification of DCD livers

12.1 Maastricht classification of donation after cardiac
death donors
Table 12.1. Maastricht classification of DCD organs

3

Maastricht category

Definition

I

Death outside the hospital

II

Unsuccessful resuscitation. Cardiopulmonary resuscitation is
started outside the hospital, death confirmed on admission to
hospital

III

Awaiting cardiac arrest. Death is inevitable, but brain stem
death criteria are not fulfilled 3

IV

Cardiac arrest in a brain stem dead individual. This may be
while awaiting the donor team or as an intentional
arrangement

V

Unexpected cardiac arrest in a hospitalized patient

Maastricht III livers have a shorter warm ischaemic time compared to other DCD livers

because of the planned withdrawal of cardiorespiratory support, this group should be
used where deemed safe (20).
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12.2 Characteristics of ideal donor livers
Table 12.2. Categorisation of ideal donor livers for transplantation
First categorisation: Ideal “good” livers (DBD and DCD livers)
-

Donor age < 50 years

-

Normal liver function

-

< 5 days ICU stay

-

No high dose vasopressor support

-

No active infections

Second categorisation: Ideal DCD livers
-

Donor age < 50 years

-

F-WIT < 20 minutes

-

CIT < 10 hours

-

steatosis < 10%

Adapted from British Transplantation Society Guidelines – Transplantation from
deceased donors after circulatory death 2013. The recommended maximum F-WIT and
CIT for marginal DCD livers are 30 minutes and 12 hours, respectively (20). CIT, cold
ischaemic time; F-WIT, functional warm ischaemic time.
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12.3 Cold preservation solutions
Liver HMP solutions are based on the original University of Wisconsin solution
(UW solution) with few modifications. The UW-gluconate is the standard
perfusate in liver HMP, replacing lactobionate in the original UW solution for
gluconate. UW-gluconate has been used extensively in pre-clinical (120, 142-144) and
clinical human liver HMP studies (125, 133-135, 145). KPS-1® is a commercial version
of UW-gluconate designed specifically for use in HMP, which was supplied to us
freely through prior arrangement with Organ Recovery Systems (ORS,
Zaventem, Belgium).
Older preservation fluids like Euro-Collins and Marshall solution have been
superseded by UW solution and its derivatives (218). Newer solutions vary in their
composition and proposed benefits during preservation, Table 12.3 and Table
12.4. Some solutions like Polysol and Institut George Lopez solution (IGL-1)
replace hydroxyethyl starch (HES) with the lower viscosity polyethylene glycol
(PEG) to reduce the risk of red blood cell aggregation and incomplete flushing
associated with HES, while histidine-tryptophan-ketoglutarate (HTK) and Celsior
omit oncotic colloids altogether

(77, 112, 160, 218, 219, 402-404)

. Additional amino acids

and vitamins are included in Polysol to support metabolism

(405, 406)

, while

vasodilators, antioxidants, and metabolic substrates are added to Vasosol

(407)

.

Despite the different compositions and centre-based preferences, there is no
consensus on the optimum perfusate for liver HMP. These factors were
considered for selecting KPS-1® in the present research.
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Table 12.3. Constituents of commercial preservation solutions
Protection

Compounds

Cell swelling

Osmotic impermeant (effective at cellular level)
Saccharides: glucose, mannitol, sucrose, raffinose
Non-saccharides: lactobionate, citrate, gluconate
Oncotic colloid (effective at intravascular level)
Albumin, HES, PEG, dextran

pH buffer

Phosphate, histidine, citrate

ROS scavenger

Mannitol, glutathione, allopurinol, tryptophan, N-acetylcysteine

Energy precursor

Glucose, adenosine

HES, hydroxyethyl starch; PEG, polyethylene glycol; ROS, reactive oxygen species
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Table 12.4. Comparison of components in common liver preservation solutions
UW

KPS-1®

Vasosol *

Polysol

HTK

Celsior

IGL-1

Osmotic

Lactobionate,

Gluconate, ribose

Gluconate, mannitol,

Gluconate, raffinose

Mannitol

Lactobionate,

Lactobionate,

impermeant

raffinose

raffinose,

raffinose

ribose, dextrose

mannitol
Oncotic colloid

HES

HES

HES

PEG

None

None

PEG

pH buffer

Phosphate

Phosphate, HEPES

Phosphate, HEPES

Phosphate, HEPES,

Histidine

Histidine

Phosphate

Allopurinol,

Tryptophan,

Glutathione

Allopurinol,

glutathione, ascorbic

mannitol

histidine
Antioxidant

Allopurinol,

Mannitol,

glutathione

glutathione

NAC

glutathione

acid, α-tocopherol
Energy

Adenosine

Adenine, glucose

α-Ketoglutarate, adenine

Glucose

α-Ketoglutarate

Glutamate

Adenosine

precursor
Amino acids, vitamins
Others

L-arginine, nitroglycerine,
PG-E

* Additional components in Vasosol include N-acetyl-cysteine (glutathione precursor), α-ketoglutarate (Krebs cycle intermediate), L-arginine
(nitric oxide precursor), nitroglycerine (nitric oxide donor), and prostaglandin-E (vasodilator and inhibitor of platelet aggregation). Many of the
compounds used in these solutions act in synergy and serve more than one function, such as polyethylene glycol and mannitol which have
antioxidant and impermeant properties. HEPES, (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; histidine-tryptophan-ketoglutarate, HTK;
hydroxyethyl starch, HES; Institut George Lopez solution, IGL-1; NAC, N-acetyl-cysteine; PEG; polyethylene glycol, PG-E, prostaglandin-E.
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12.4 Guidelines for MP methodology reporting
This guideline is based on a meta-analysis of 127 whole-organ MP studies. It was
proposed to standardise MP methodology reporting due to the large discrepancy
in MP studies, which limited reproduction and comparison of available evidence
(117)

, Table 12.5.
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Table 12.5. Machine perfusion methodology reporting
Phase & duration of preservation
•

Pre-SCS MP

•

Post-SCS MP

•

Preservation MP

Environment
•

In-situ (regional perfusion)

•

Ex-situ

Temperature
•

Hypothermic MP (0°C-12°C)

•

Midthermic MP (13°C-24°C) *

•

Subnormothermic MP (25°C-34°C) *

•

Normothermic MP (35°C-38°C)

Technical aspects
•

Single or dual vessel perfusion

•

Continuous or pulsatile flow

•

Pressure or flow-controlled perfusion

•

Temperature control (automated or manual)

•

Type of pump (roller/centrifugal/peristaltic)

Perfusion fluid composition
•

Perfusion fluid components

•

Heparin, antibiotics and nutrients

•

Any other interventions, e.g. drugs

Oxygenation
•

Ambient air, pure (100%) oxygen, other mixtures

Pre- and Post-MP flushing
•

Organ flush before and/or after MP

•

Fluid used for the flush and volume

•

Flushing temperature

•

Vessels used in flushing of the organ

Adapted from Karangwa, S. A., et al. Machine Perfusion of Donor Livers for
Transplantation: A Proposal for Standardized Nomenclature and Reporting Guidelines.
American Journal of Transplantation. 2016 (117).
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12.5 Future and ongoing HMP clinical trials
Table 12.6. Ongoing clinical trials in liver hypothermic machine perfusion
Study name

Study design

Registration
number

Intervention and
control groups

Endpoints

HOPE for Human Extended Criteria and Donation
After Brain Death Donor (ECD-DBD) Liver Allografts

Interventional
phase II
randomised trial

NCT03124641

Post-SCS HOPE
vs. SCS in ECD
DBD livers

Early graft injury, postoperative complications, EAD,
hospital- and ICU stay, patient and graft survival, IR injury
and inflammatory response

Hypothermic oxygenated perfusion (HOPE) of human
liver grafts before transplantation – A multicentre,
randomized controlled trial

Interventional
phase II
randomised trial

NCT01317342

Post-SCS HOPE
vs. SCS in DBD
livers

Postoperative peak transaminases & liver function, major
postoperative and biliary complications, hospital- and ICU
stay, patient and graft survival

Dual Hypothermic Oxygenated Perfusion of DCD
Liver Grafts in Preventing Biliary Complications After
Transplantation

Interventional
phase III
randomised trial

NCT02584283

Post-SCS DHOPE
vs. SCS in DCD
livers

Incidence of NAS within 6 months after transplantation,
EAD, PNF, hospital- and ICU stay, perfusion quality, renal
function, patient and graft survival, costs, quality of life

Expanded Criteria Donors in Liver and Kidney
Transplantation: Protocol of a Randomised Single
Center Clinical Trial of Hypothermic Oxygenated
Perfusion Versus Static Cold Storage

Interventional
randomised trial

NCT03837197

HOPE vs. SCS in
ECD organs

EAD, graft function (6 & 12 months), recipient survival (6
& 12 months)

A Prospective Randomized Multi-Center Study of the
Use of the LifePort® Liver Transporter (LLT) System
With Vasosol® as Compared to Static Cold Storage in
Orthotopic Liver Transplants

Interventional
randomised trial

NCT03484455

HMP vs. SCS

EAD

End-ischemic Hypothermic Oxygenated Perfusion for
Extended Criteria Donors in Liver Transplantation – A
Multicenter, Randomized Controlled Trial

Interventional
randomised trial

NCT03929523

Post-SCS HOPE
vs. SCS in ECD
DBD livers

EAD, post-reperfusion syndrome, metabolic profiling, 90day morbidity & mortality, length of ICU & hospital stay,
biliary complication, costs

DHOPE, Dual Hypothermic Oxygenated Perfusion; EAD, early allograft dysfunction; HOPE, Hypothermic oxygenated perfusion; NAS, nonanastomotic biliary strictures; PNF, primary non function; SCS, static cold storage.
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12.6 Future and ongoing NMP clinical trials
Table 12.7. Ongoing clinical trials in liver normothermic machine perfusion
Study name

Study design

Registration
number

Intervention and
control groups

Endpoints

A Multicenter Randomized Controlled Trial to Compare the Efficacy
of Ex-vivo Normothermic Machine Perfusion With Static Cold Storage
in Human Liver Transplantation

Interventional
phase III
randomised
trial

NCT02775162

NMP vs. SCS

EAD, PNF, 6-month graft & recipient survival,
postreperfusion syndrome, biliary complications,
organ utilisation, costs, quality of life

Interventional
phase I

NCT02478151

NMP

PNF, retransplantation, 3-month recipient death,
device failure, recruitment rate, predictive value of
viability markers during NMP

An Open Label, Non-randomised, Prospective, Single Arm, 2-part
Trial, Using Normothermic Machine Liver Perfusion NMLP to Test
Viability and Transplantation of Marginal Livers

Interventional

NCT02740608

NMP

3-month recipient survival, viability assessment
during NMP, EAD, PNF, postreperfusion
syndrome, biliary & vascular complications,
retransplantation rate

International Randomized Trial to Evaluate The Effectiveness of The
Portable Organ Care System (OCS™) Liver For Preserving and
Assessing Donor Livers for Transplantation (OCS Liver PROTECT
Trial)

Interventional
randomised trial

NCT02522871

NMP vs. SCS

Single-arm Prospective Trial to Evaluate The Safety and
Performance of The Portable Organ Care System (OCS™) Liver For
Preserving and Assessing Donor Livers for Transplantation

Interventional

NCT02449694

NMP

A Single Centre Study of the Feasibility and Safety of Using Ex-vivo
Normothermic Machine Perfusion With the Organox Metra™ Device
to Store Human Livers for Transplantation

EAD, serious adverse events, Number of donor
livers preserved by OCS in a near physiologic
state, Number of events directly related to the use
of the OCS Liver that led to the donor liver being
deemed not transplantable

EAD, early allograft dysfunction; NMP, normothermic machine perfusion; PNF, primary non function; SCS, static cold storage.

272

Appendix 7. Oxygen sensors specifications

12.7 Technical specifications of the oxygen
microsensors
Table 12.8. Technical specifications of the flow-through and needle-type oxygen
microsensors
Specification

Range

Measurement range

0 – 500% air saturation

Measurement temperature range

0 to + 50 °C

Accuracy

± 0.4% O2 at 20.9% O2
± 0.05% O2 at 0.2% O2

Response time

< 2 seconds (liquid)

Cross-sensitivity

Acetone, toluene, chloroform or methylene chloride,
chlorine gas

Storage stability
60 months (stored in the dark at room temperature)
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12.8 Setup of optical oxygen sensors
12.8.1 Calibration of the optical oxygen sensors
Optical oxygen sensors from PreSens GmbH (Regensburg, Germany) were
calibrated as per the manufacturer’s instructions using oxygen-free and airsaturated water.
Two different oxygen scavengers were used to prepare the oxygen-free
solution. One gm of sodium sulphite (Na2SO3) and 50 µl of cobalt nitrate solution
Co(NO3)2.6H2O (Sigma-Aldrich Company Ltd., Dorset, UK) were diluted in 100
ml of water. Air-saturated water was prepared by bubbling air through a glass frit
filter using an air pump for 20 minutes in 100 ml of water. The air-saturated water
was then stirred for 10 minutes to remove excess air. After recording the
temperature of the calibration solutions and adjusting the OXY-4 micro-oxygen
meter for atmospheric pressure, the probes were calibrated using the airsaturated solution, followed by the oxygen-free solution. The probes were
washed with distilled water in between the two calibration solutions to avoid
inaccurate measurements.

12.8.2 Oxygen measurement
Perfusate temperature in the Organ Recovery Workstation® and units of pO2 were
entered manually at the beginning of oxygen measurement. pO2 was
automatically measured in real-time for each oxygen sensor and recorded on a
personal computer attached to the OXY-4 micro-oxygen meter.
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12.9 Commonly used steatosis grading scales
Table 12.9. Steatosis grading systems
Author

Parenchymal involvement by steatosis

D’Alessandro 1991 (50)

normal
< 1/3

minimal

1/3-2/3

moderate

> 2/3 of

severe

< 30%

none
mild

30-60%

moderate

> 60%

severe

none
< 33%

0
1

33-66%

2

> 66%

3

< 5%
5-33%

minimal (0)
mild (1)

33-66%

moderate (2)

> 66%

severe (3)

Ploeg 1993 (51)

Brunt 1999 (408)

Kleiner 2005 (296)

Grade
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12.10

Significance of macro- and microsteatosis in

liver transplantation
Quantitative and qualitative discrimination of steatosis is important due to their
distinct pathologies and effect on the transplant outcome. Macrosteatosis is
usually associated with obesity, diabetes mellitus, and alcohol abuse (234, 409, 410).
Mildly macrosteatotic grafts can be used safely in transplantation, while
moderately macrosteatotic livers are considered a relative risk factor of poor
outcome, and affected grafts should be evaluated carefully in the presence of
other donor and recipient risk factors, such as urgency of transplantation,
retransplantation, and ECD characteristics. Severely macrosteatotic livers are
associated with graft failure and should not be used in transplantation (26, 27, 50-52,
240, 409, 411-416)

.

“Pure” microsteatosis is caused by defects in mitochondrial β-oxidation in
association with specific metabolic disorders (Reye syndrome, acute fatty liver of
pregnancy) and drug intoxication (tetracyclines, valproic acid, and salicylic acid).
In general, these livers are not considered for organ donation (298). The presence
or severity of microsteatosis in the combined micro- and macrosteatosis form
does not affect graft survival, but it might be associated with reversible EAD
52, 417-421)

(29,

. The relatively benign nature of microsteatosis in the setting of

transplantation is not completely understood, but it might be related to reduced
mechanical compression on sinusoids compared with macrosteatosis (422).

276

Appendix 11. Mitochondrial extraction

12.11

Mitochondrial extraction

Mitochondrial isolation was based on differential centrifugation according to
Rickwood et al.

(286)

. The tissue specimens were homogenised using a Eurostar

digital homogeniser (IKA® - Werke GmbH & Co.KG, Staufen, Germany) in 2 ml
of homogenizing buffer (pH 7.4) at 1000 revolutions/minute (RPM).

Homogenising buffer
•

320 mM sucrose

•

1 mM ethylenediaminetetraacetic acid (EDTA) dipotassium salt

•

10 mM 2-amino-hydroxymethyl-1,3-propanediol (Tris) buffer, titrated to a
pH of 7.4

•

Protease inhibitors: 1 µg/ml of leupeptin, 1 µM phenylmethylsulfonyl
fluoride (PMSF) and 1 µg/ml of pepstatin.

Mitochondrial pellets were separated using differential centrifugation. The
homogenate was initially centrifuged for 3 cycles of 10 minutes each at a speed
of 1,500g (times gravity) to form pellets of whole cells and nuclear particles.
These pellets were discarded and the supernatant was collected and centrifuged
at 11,500g for 12 minutes to obtain mitochondrial pellets, gathered at the bottom
of the tube. All centrifugation cycles were performed at a temperature of 4°C.
Mitochondrial pellets were suspended in 300 µl of the homogenising buffer,
aliquoted into Eppendorf tubes, and stored in the -80°C freezer.

277

Appendix 12. BCA protein assay

12.12

Bicinchoninic acid assay (BCA) protein assay

Protein concentration was determined using the Pierce Bicinchoninic acid (BCA)
Protein Assay Kit according to the manufacturer’s instructions (ThermoFisher
Scientific, Massachusetts, USA). The assay is based on the formation of Cu+1
through the reduction of Cu+2 by protein in an alkaline environment. BCA forms
purple complexes when combined with Cu+1, which is proportional to the amount
of protein in the sample, and the absorbance is measured spectrophotometrically
at a wavelength of 562 nm.
A 96-well plate and a spectrophotometric microplate reader (Synergy HT,
Bio-Tek, Vermont, USA) were used for this assay. Mitochondrial preparations
were diluted at a 1:5 ratio using the homogenising buffer. Each mitochondrial
sample was measured in triplicate.
Reagent A
•

Bicinchoninic acid, sodium carbonate, sodium bicarbonate, sodium
tartrate in 0.1% sodium hydroxide
Reagent B

•

4% cupric sulphate
Albumin standard

•

2mg/ml in 0.9 normal saline and 0.05% sodium azide

12.12.1.1

Assay steps

Reagent A was added to reagent B at 50:1 ratio (50:1, reagent A:B) to form the
working standard reagent. Next, the standard reagent was pipetted into 9 wells
of the microplate (25 µl each), and 25 µl of the mitochondrial preparation (3 µl
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mitochondrial extract and 22 µl homogenising buffer) were pipetted into the
adjacent microplate row (in triplicate). 200 µl of the working reagent was added
to each well and mixed on a plate shaker for 30 seconds.
The plate was covered and incubated at 37°C for 30 minutes. After 30
minutes, the plate was left to cool down to room temperature for 10 minutes
before measuring the absorbance at 562 nm using the microplate reader.
The absorbance of BCA samples with known concentrations (vials A-I)
was calculated alongside the unknown mitochondrial sample proteins. The BCA
absorbance results were used to determine the standard curve. The absorbance
values of the unknown protein were plotted on the curve to determine the protein
concentration in each well. Protein concentrations were reported as µg/µl.

Table 12.10. Setup for bicinchoninic acid assay (BCA) assay
Vial

Volume of diluent (µl)

Volume and source of BCA (µl)

Final BCA concentration (µg/ml)

A

0

300, stock

2000

B

125

375, stock

1500

C

325

325, stock

1000

D

175

175, vial B

750

E

325

325, vial C

500

F

325

325, vial E

250

G

325

325, vial F

125

H

400

100, vial G

25

I

400

0

0
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12.13

Citrate synthase assay

Citrate synthase activity was determined using the method of Protasoni et al. (291).
The

absorption

of

thionitrobenzoic

acid

(TNB)

was

measured

spectrophotometrically at a wavelength of 412 nm, as a function of citrate
synthase activity in a 2-step reaction (423):

Equation 1. Formation of citrate in tricarboxylic acid cycle, catalysed by citrate synthase

citrate synthase

Acetyl CoA + oxaloacetate + H2O

citrate + CoA

Equation 2. Formation of thionitrobenzoic acid

CoA + DTNB

TNB + CoA-TNB

Acetyl CoA, acetyl coenzyme A; DTNB, dithionitrobenzoic acid; TNB, thionitrobenzoic
acid

A 96-well plate and a spectrophotometric multiwell plate reader (Synergy
HT, Bio-Tek, Vermont, USA) were used for the assay. Mitochondrial preparations
were diluted at a 1:5 ratio using the homogenising buffer (pH 7.4). Each
mitochondrial sample was measured in quadruplicate. Triton-100 was used in the
working reagent solution to solubilise the mitochondrial membranes and release
citrate synthase into the solution (chemical permeabilisation).
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12.13.1.1

Working reagent

•

200 mM Tris buffer pH 8.0, 600 µl per sample

•

10 mM Acetyl-Coenzyme A, 24 µl per sample

•

10 mM DTNB, 24 µl per sample

•

10% Triton-100, 12 µl per sample

•

10 mM oxaloacetate, 12 µl per sample

•

H2O, 522 µl per sample

12.13.1.2

Assay steps

For each sample, 10 µl of diluted mitochondrial extract was mixed with 230
µl of the working reagent and dispensed into 4 wells of a 96-well plate. Using a
heated coil, bubbles were removed to reduce the amount of interference “noise”
detected by the plate reader. Next, the 96-well plate was placed in the plate
reader and the change in absorbance was measured for 15 minutes at 30°C and
a wavelength of 412 nm.
To calculate the activity of citrate synthase, the absorbance was plotted as
a function of time to obtain the reaction rate. The molar DTNB extinction
coefficient (13.6x103 cm-1) was used for calculation. Each mitochondrial sample
was measured in quadruplicate, and the average of the 4 readings was
calculated. The activity of citrate synthase was reported as nmol/mg/min after
standardising for protein content in the sample.
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12.14

Aconitase assay

Aconitase activity was determined based on the method of Gardner et al.

(293)

.

The absorption of NADPH was measured spectrophotometrically for 60 minutes
at 30°C and a wavelength of 340 nm, as a function of the aconitase activity
425)

(424,

:

Equation 3. Isocitrate formation by aconitase

Citrate

- H2O
Aconitase

cis-Aconitate

+ H2O
Aconitase

Isocitrate

Equation 4. Formation of α-ketoglutarate by isocitrate dehydrogenase

Isocitrate

Isocitrate dehydrogenase

NADP

α-ketoglutarate

NADPH + H

A 48-well plate and a spectrophotometric multiwell plate reader
(Synergy™ HT, Bio-Tek, Vermont, USA) were used for the assay, and each
sample was measured in quadruplicate. Triton-100 was used in the working
reagent solution to solubilise the mitochondrial membranes and release
aconitase into the solution.

12.14.1.1

Working reagent

•

83.3 mM Tris/HCL buffer pH 7.4, 546 µl per well

•

100 mM tri-sodium citrate, 46 µl per well
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•

60 mM MgCl2, 9 µl per well

•

10% Triton-100, 9 µl per well

12.14.1.2

Assay steps

A mixture of 7 µl of mitochondrial extract and 200 µl of H2O were dispensed in
each well, and placed in a pre-warmed incubator at 30°C for 20 minutes. The
working reagent was warmed up to 30°C. After 20 minutes, 91 µl of 4 mM NADP,
10 µl of isocitrate dehydrogenase, and 600 µl of the working reagent were added
to each well containing the diluted mitochondrial extract.
A control group of 4 wells (908µl/well) of the final mixture (working reagent,
NADP, isocitrate dehydrogenase) were used to calculate the background
absorbance. Using a heated coil, bubbles were removed to reduce the amount of
interference “noise” detected by the plate reader.
The change in absorbance at 340 nm was plotted as a function of time to
obtain the reaction rate. The results of the blank group were subtracted from the
results of the study samples to control for the interference of background
absorbance. The molar NADPH extinction coefficient (6.22 × 103 cm-1) was used
for calculations. Each mitochondrial sample was measured in quadruplicate, and
the average of 4 readings was calculated. The activity of aconitase was reported
as nmol/mg/min after standardising for protein content in the sample.
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12.14.2 Validation of the aconitase assay
Twelve aliquots from one liver specimen were prepared as in Appendix 12.14.1.1
(1 aliquot per well) to validate the aconitase assay for assessment of oxidative
mitochondrial injury. An increasing concentration of H2O2 was added to the wells
as shown in Table 12.11, and the change in aconitase activity was measured
spectrophotometrically (Appendix 12.14.1.2).

Table 12.11. Concentration of H2O2 per well

Well number

H2O2 %

1

0

2

0.007

3

0.015

4

0.030

5

0.060

6

0.120

7

0.230

8

0.470

9

0.940

10

1.880

11

3.250

12

7.500

Aconitase activity was inversely proportional to H2O2 concentration and
the activity approached zero at H2O2 concentration of 0.94%, Figure 12.1. These
results indicate that the aconitase assay was sensitive to external oxidative injury
and thus can be used for studying IR injury in the mitochondria.
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Figure 12.1. Scatter plot of aconitase activity relative to H2O2 concentrations.
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12.15

NADH:ubiquinone oxidoreductase (complex I)

activity assay
Complex I activity assay was adapted from Ragan et al. (294). The assay measures
the rotenone-sensitive rate of oxidation of NADH to NAD+ by NADH-CoQ1
reductase at 30°C and a wavelength of 340 nm. Mitochondrial extracts used in
this assay were not diluted.

12.15.1.1
•

Working reagent

25 mM K+ phosphate solution buffer pH 7.2, 10 mM MgCl2, 800 µl per
cuvette

•

5 mM NADH, 30 µl per cuvette

•

100 mM KCN, 10 µl per cuvette

•

50 mg/ml bovine serum albumin (BSA) solution, 50 µl per cuvette

•

H2O, 81 µl for test cuvette & 100 µl for reference cuvette

12.15.1.2

Assay steps

Test and reference cuvettes were loaded into the spectrophotometer and filled
with the working reagent solution. 10 µl of non-diluted mitochondrial preparation
was added to the test cuvette. BSA solution was used to increase the sensitivity
of the assay without affecting the total rate of the reaction.
The reaction was started by adding 9 µl of 5.5 mM Coenzyme Q1 (SigmaAldrich Company Ltd., Dorset, UK) in ethanol to the test cuvette for a final
concentration of 50 µM. The oxidation of NADH to NAD+ was recorded as the
decrease in absorbance at a wavelength of 340 nm for 4 minutes, after which
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rotenone (Sigma-Aldrich Company Ltd., Dorset, UK) was added to inhibit
complex I activity, and the reaction was recorded for another 4 min.
The rate of activity after addition of rotenone was subtracted from the rate
of activity before (rotenone-sensitive rate). The final rate of activity was corrected
for NADH extinction coefficient, cuvette volume, and dilution factor. The molar
NADH extinction coefficient (6.81 × 103 cm-1) was used for calculations. Each
mitochondrial sample was measured in triplicate, and the average of 3 readings
was calculated (within 10% standard deviation). Specific complex I activity was
expressed as nmol/mg/min after standardising for protein content in the sample.
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12.16

Succinate cytochrome C reductase

(Complexes II & III) activity assay
Complexes II & III activity was determined based on the method of King et al.
(295)

. The assay measures the antimycin A sensitive rate of ferri-cytochrome C

reduction to ferro-cytochrome C at 30°C and a wavelength of 550 nm. The role
of KCN in this assay is to inhibit the activity of cytochrome C oxidase (complex
IV), thus stopping the re-oxidation of ferro-cytochrome back to ferri-cytochrome
C. Mitochondrial extracts used in this assay were diluted using the homogenising
buffer at a 5:1 ratio.

12.16.1.1

Working reagent

•

166 mM K+ phosphate buffer pH 7.4, 600 µl per cuvette

•

15 mM EDTA, 20 µl per cuvette

•

2 mM ferri-cytochrome C (Sigma-Aldrich Company Ltd., Dorset, UK,
#C7752), 50 µl per cuvette

•

50mg/ml of bovine serum albumin solution, 50 µl per cuvette

•

H2O, 220 µl per test cuvette and 270 µl per reference cuvette

12.16.1.2

Assay steps

10 µl of mitochondrial extract was activated in 40 µl of 500 mM sodium succinate
(electron donor) and 10 µl 100 mM KCN at 30°C for 5 minutes (test cuvette). BSA
solution was used to increase sensitivity of the assay to antimycin A without
affecting the total rate of the reaction.
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The conversion of ferri-cytochrome C to ferro-cytochrome C was recorded
as the increase in absorbance at a wavelength of 550 nm for 4 minutes, after
which the complex III-specific inhibitor antimycin A (Sigma-Aldrich Company Ltd.,
Dorset, UK) was added to a final concentration of 20 µM.
The rate of activity after addition of antimycin A was subtracted from the
rate of activity before (antimycin A-sensitive rate). The molar ferro-cytochrome C
extinction coefficient (19.2 × 103 cm-1) was used for calculations. Each
mitochondrial sample was measured in triplicate, and the average of the 3
readings was calculated (within 10% standard deviation). Specific complex II-III
activity was expressed as nmol/mg/min after standardising for protein content in
the sample.
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12.17

Cytochrome C oxidase (Complex IV) activity

assay
Complex IV activity was measured based on the method of Protasoni et al. (291).
The assay measures the rate of oxidation of ferro-cytochrome C at a temperature
of 30°C and a wavelength of 550 nm. Mitochondrial extracts used in this assay
were diluted using the homogenising buffer at 5:1 ratio.

12.17.1.1

Working reagent

•

100 mM K + phosphate buffer, pH 7.0, 100 µl per cuvette

•

610 µM ferro-cytochrome C, 82 µl per cuvette.

•

10 µl of 100 mM potassium ferricyanide added to the reference cuvette to
fully oxidise the ferro-cytochrome C

•

H2O, 800 µl per cuvette

12.17.1.2

Assay steps

The reaction was started by adding 7.5 to 15 µl mitochondrial extract to the test
cuvette containing the working reagent. Oxidation of ferro-cytochrome C to ferricytochrome C was recorded as the decrease in absorbance at a wavelength of
550 nm for 5 minutes. The molar ferro-cytochrome C extinction coefficient (19.2
× 103 cm-1) was used for calculations. Each mitochondrial sample was measured
in triplicate, and the average of the 3 readings was calculated (within 10%
standard deviation). Specific complex IV activity was expressed as the first-order
velocity constant k/mg/min after standardising for protein content in the sample.
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12.18

Publications and participation in conferences

Publications:
1. Hamid Abudhaise, Tu Vinh Luong, Jennifer Watkins, Barry Fuller, Brian
Ritchie Davidson. Reliability and accuracy of clinical assessment and
digital image analysis for steatosis evaluation in discarded human livers.
Accepted for publication, Transplantation Proceedings.

2. Hamid Abudhaise, Brian Ritchie Davidson, Peter DeMuylder, Tu Vinh
Luong, Barry Fuller. Evolution of dynamic, biochemical, and morphological
parameters in hypothermic machine perfusion of human liver: A proof-ofconcept

study.

PLoS

One,

Sep

2018

(DOI:

10.1371/journal.pone.0203803).

Published abstracts:
1. Hamid Abudhaise, Barry fuller, Brian Ritchie Davidson. Measurement of
oxygen levels in human livers undergoing hypothermic oxygenated
machine perfusion. Transplant International 27 (Suppl. 1), 1-20. * Also
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2014.

Oral presentations:
1. Hamid Abudhaise, Barry Fuller, Brian Ritchie Davidson. Oxygen
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Human Livers. 17th Congress of the European Society for Organ
Transplantation, Brussels-Belgium, 2015.

2. Hamid Abudhaise, Barry Fuller, Brian Ritchie Davidson. Improving donor
organ preservation: Hypothermic machine liver perfusion and energy
maintenance. Renal Academic Meeting @ UCL, 2013.
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3. Hamid Abudhaise, Roberta Manuguerra, Barry Fuller, Brian Ritchie
Davidson. Assessing donor livers for degree of steatosis: a comparison of
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4. Hamid Abudhaise, Barry Fuller, Jan-Willem Taanman, Brian Ritchie
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Abstract
Reliability and Accuracy of Clinical Assessment and Digital Image Analysis for
Steatosis Evaluation in Discarded Human Livers.
Background. Accurate assessment of steatosis in procured livers is crucial to
reduce the poor outcome associated with high-grade steatosis and to optimize
the utilization of donor grafts. Clinical examination and digital image analysis
(DIA) have been used for steatosis evaluation, but the validity of these methods
is debated. This study aimed to compare these methods with standard histology
for assessment of steatosis severity in human livers and to evaluate a revised
classification system for automated fat measurement.
Methods. Clinical assessment of liver steatosis at time of retrieval and automated
measurement were compared with standard histology in paraffinized and
hematoxylin and eosin–stained slides, using a 4-grade scale for ordinal data and
percentages for numerical values.
Results. Analysis of 42 human livers that were retrieved but not transplanted
showed that clinical examination was not reliable for assigning steatosis grades
(κw, 0.12; 95% CI, −0.06 to 0.30), overestimated steatosis severity, and had an
accuracy of 67% for discriminating low- and high-grade steatosis. Digital image
analysis had a substantial agreement on absolute fat percentage (intraclass
correlation coefficient, 0.76; 95% CI, 0.63–0.84) and steatosis grades (κw, 0.70;
95% CI, 0.57–0.82), with 88% accuracy using the revised classification system.
Conclusions. Clinical assessment of steatosis is inaccurate, and relying on this
method alone could result in unnecessary discard of livers. Digital image analysis
is feasible with higher accuracy and reliability, but further clinical studies are
required to evaluate its clinical validity.
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Introduction
Hepatic steatosis is found in up to 30% of deceased donor livers (230-232). Accurate
assessment of steatosis severity is crucial because of the significant association
between high-grade steatosis and poor graft outcomes (50, 51) and to optimise the
utilisation of donor grafts. The retrieving surgeon must visually assess steatosis
of the donor organ in real-time, but this method is highly subjective and inaccurate
(238)

, and studies comparing surgical evaluation with microscopic examination are

limited and controversial (235-237).
The current criterion standard for steatosis assessment is based on a
semiquantitative visual estimation of haematoxylin and eosin (H&E)-stained
parenchymal sections at low-to-medium power magnification by the pathologist
(56)

. Unfortunately, the reproducibility of this method has also been a matter of

debate (53-56, 244, 426, 427). Alternative microscopic techniques such as digital image
analysis (DIA) and stereological point counting are less commonly used despite
showing higher reproducibility and accuracy

(56, 241, 245)

. One possible reason for

the limited utilisation of DIA is the measurement discrepancy between this
method and visual estimation; fat percentages obtained by standard histology are
1.5- to 4-fold higher than results obtained by DIA

(53-56, 241, 243, 247, 364, 365)

, which

requires standardisation of DIA results to match the criterion standard (56, 241, 364).
This study aimed to compare surgical examination and DIA with the
standard H&E assessment by the pathologist for evaluation of steatosis severity
in human livers and to evaluate a revised classification system for automated fat
measurement.
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Materials and Methods
Ethical approval for this study was granted by the North London Regional Ethics
Committee 3 (reference no. 10/H0709/70). A total of 42 Livers that were procured
for transplantation by different organ retrieval teams across the UK but found to
be unsuitable for transplantation were analysed. Livers were refused due to a
combination of donor and graft factors; 60% of the organs originated from donors
after circulatory death and were associated with steatosis, fibrosis, poor liver
function, and long ischaemia times. Appropriate consent was obtained from the
next of kin, and the livers were retrieved, flushed and transported in preservation
solution on ice as with standard UK practice for clinical use (20).
Biopsy collection and processing
On arrival at the research laboratory, a wedge biopsy (> 1.5 cm2) was obtained
from liver segments 4 and 7 (2 specimens per liver). The number of specimens
was based on recommendations that 2 biopsies from different liver segments are
required for suspicious liver pathology because of intra-liver pathology variation
(270)

. Biopsy specimens were fixed in formaldehyde and paraffinised. One 4µm

section was obtained from each paraffinised block and stained with H&E before
pathologist and DIA assessment (2 slides per liver).
Standard histological assessment (the criterion standard)
Two experienced pathologists (TVL & JW) estimated steatosis severity in whole
liver slides using light microscopy (Nikon Eclipse E600 microscope, Nikon UK
Ltd., Kingston, UK) at 10x objective magnification. This assessment yielded the
estimated percentage of liver parenchyma occupied by fat, or estimated fat
proportionate area (eFPA), which was expressed in percentages on a scale of
0% to 100% and graded semiquantitatively according to the commonly used non-
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alcoholic fatty liver disease activity score (NAS) as normal (none) < 5%, mild 5%
to 33%, moderate > 33% to 66%, and severe > 66% (300). Slides from the 2 liver
segments were compared for inter-site variation within each liver. The 2
pathologists were blinded to each other and the intraoperative grading and DIA
results.
Clinical assessment and grading system
During retrieval, surgeons routinely graded steatosis as none (0), mild (1),
moderate (2), or severe steatosis (3). Results were collected retrospectively from
organ retrieval forms, which accompany all procured organs and record donor
information, ischaemia times, anatomical characteristics, preservation solution
used, and steatosis severity.
Digital image analysis (DIA)
The measured fat proportionate area (mFPA) was calculated using DIA in the
same slides evaluated by the 2 pathologists. Techniques for image capturing,
artefacts exclusion and binary segmentation were adapted from Hall et al. (54, 56).
At 10x objective magnification, 3 random and non-overlapping microscopic fields
were selected from each slide and captured using Nikon DS- Fi1 camera (Nikon
UK Ltd., Kingston, UK). Results from the 3 microscopic fields were averaged to
obtain whole slide mFPA, which was expressed in percentages on a scale of 0%
to 100%. Because of the known discrepancy between DIA-measured and
pathologist-estimated fat percentage area, we used a revised mFPA
classification system based on findings by Marsman

(241)

and Hall

(54)

. We

hypothesised an additional cut-off point for normal (non-steatotic) livers, which
was not suggested by the latter researchers in order to conform to the 4-grade
scale used by pathologists. Accordingly, steatosis grades corresponding to
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mFPA percentages were normal < 2%, mild 2% to 10%, moderate > 10% to 25%,
and severe > 25%. Slides from the 2 liver segments were compared for inter-site
variation within each liver. The operator (HA) was blinded to the results of the
other 2 assessment methods.
Data analysis
Data were analysed using IBM SPSS Statistics for Macintosh, Version 20.0 (IBM,
Armonk, NY, US). Interrater reliability was assessed using intraclass correlation
coefficient (ICC), Cohen’s Kappa (κ), and weighted Kappa (κw) for continuous,
binomial, and ordinal variables, respectively, and reliability was interpreted
according to Landis and Koch

(301)

. Sensitivity, specificity, and overall accuracy

were calculated as measures of diagnostic accuracy, after dichotomising the
livers into low- and high-grade steatosis (≤ mild steatosis and ≥ moderate
steatosis, respectively). Mann-Whitney test was used to analyse inter-site
variability. The level of significance was set at p < 0.05.

Results
Standard H&E histological assessment
In total, 84 slides from 42 livers were analysed. The agreement between the 2
pathologists was almost perfect on absolute eFPA scores (ICC, 0.90; 95% CI,
0.81–0.94), and substantial on grading steatosis (κw, 0.75; 95% CI, 0.60–0.90).
The average eFPA was 12±16% (range, 0% to 58%), and livers were classified
according to their steatosis grades as normal (n = 20), mild (n = 17), moderate (n
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= 5), and severe (n = 0), Figure 1. There was no difference in steatosis severity
between liver segments 4 and 7 (p = 0.6).

Figure 1. Bar chart showing the number of livers per assessment method and steatosis
grade (n = 42). The number of livers graded by surgeons is underrepresented (n = 36), as
6 livers were classified as borderline steatosis (1 mild-moderate and 5 moderate-severe
steatosis). DIA, digital image analysis.

Of 42 livers, 10 had macrosteatosis and grade 1 to 2 neutrophil infiltration
(perivenular and midzonal, respectively) but no ballooning or perivenular
“chicken-wire” fibrosis. Consequently, none of the livers were diagnosed with
steatohepatitis (296, 428, 429). Neutrophil infiltration was most likely due to ischaemiareperfusion injury or proinflammatory processes in brain-dead donors

(333-336)

.

None of the livers were reported to have microvascular abnormalities.
Clinical assessment
Out of 42 livers, 6 were reported to have borderline steatosis according to
retrieval surgeons (1 mild-moderate and 5 moderate-severe steatosis). Steatosis
was graded in the remaining livers as normal (n = 11), mild (n = 11), moderate (n
= 12), and severe (n = 2), Figure 1.
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Agreement between surgeons and pathologists on assigning steatosis
grades omitted six livers that did not adhere to the 4-grade scale. The agreement
for the remaining livers (n = 36), was slight and no better than chance (κw, 0.12;
95% CI, -0.06-0.30). The 2 livers reported by surgeons to have severe steatosis
were graded as mild and moderate by pathologists.
When livers were dichotomised into low- or high-grade steatosis, surgeons
classified 23 livers as low-grade steatosis and 19 livers as high-grade steatosis
(n = 42 livers), and there was a fair agreement beyond chance for discriminating
low- and high-grade steatosis (κ, 0.28; 95% CI, 0.07-0.49). Sensitivity, specificity,
and diagnostic accuracy of clinical assessment were 100%, 62%, and 67%,
respectively.
DIA assessment
A total of 84 slides from 42 livers were analysed using DIA. The average mFPA
was 6±7% (range 0% to 29%). Absolute mFPA scores were lower than absolute
eFPA (1.5-fold higher for eFPA on average), and this discrepancy became more
evident as steatosis severity increased (Figure 2). The agreement between DIA
and pathologists on absolute fat percentage was substantial (ICC, 0.76; 95% CI,
0.63-0.84).
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Figure 2. Scatterplot of estimated fat proportionate area (eFPA) and measured fat
proportionate area (mFPA). There is a strong overall agreement (ICC, 0.76; 95% CI, 0.630.84). The agreement was stronger at lower steatosis levels, and mFPA scores were
generally lower than eFPA scores as steatosis severity increased.

According to the revised mFPA classification system, livers were graded
as normal (n = 13), mild (n = 19), moderate (n = 8) and severe (n = 2), Figure 1.
The agreement between DIA and pathologists was substantial on assigning
steatosis grades (κw, 0.70; 95% CI, 0.57-0.82). The 2 livers classified by DIA as
severe steatosis were graded as moderate by pathologists and were different to
the 2 severely steatotic livers as per clinical examination.
Sensitivity, specificity, and diagnostic accuracy of DIA were 100%, 87%,
and 88%, respectively. Finally, there was no difference in steatosis severity
between liver segments 4 and 7 (p = 0.8).

Discussion
This is the first study to compare quantitative liver steatosis assessment by
standard H&E histology with retrieval surgeons and the newer technique of Digital
Image Analysis (DIA). Additionally, we evaluated a revised steatosis grading
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system for automated fat measurement as an objective means of steatosis
assessment.
Hepatic steatosis is a common finding in deceased donor livers

(230-232)

.

Based on UK transplant figures between 2006 and 2016, steatosis was the most
common reason for non-utilisation (39%) in deceased donor livers that were
retrieved but not transplanted

(233)

. Due to the prevalence of steatosis and its

association with poor outcome in transplanted livers, accurate assessment is
crucial to maximise the utilisation of livers and reduce the mortality and morbidity
associated with high-grade steatosis.
Subjective assessment of liver specimens by the pathologist is the criterion
standard for evaluating liver steatosis. This method has been criticised for poor
inter-pathologist reproducibility

(53)

, but our results show excellent inter-

pathologist agreement in estimating fat percentage area and assigning steatosis
grades, similar to other reports

(54-56, 245, 296)

. It is possible that the poor reliability

reported previously is related to different steatosis definitions and cut-off values,
as well as varying levels of experience.
Macroscopic assessment by the retrieving surgeon is highly subjective and
inaccurate

(238)

overestimation

, and studies have reported both underestimation
(235, 236)

(366)

and

of steatosis by surgeons. A survey of surgical practice in

the UK and US indicated that 38% of UK surgeons and 47% of US surgeons
performed biopsies if the liver looked macroscopically steatotic, while 50% of UK
surgeons did not incorporate microscopic assessment in their practice at all (238).
In our research, clinical evaluation was inaccurate and overestimated steatosis
severity compared with the criterion standard, which was also reflected by the
high percentage of false positives in this cohort (38%). Given the shortage in
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donor livers, this risks unnecessary discard of potentially transplantable grafts
based on clinical assessment alone. Clinical evaluation should be viewed as a
screening test and should not be used exclusively to discard grafts. When
significant steatosis is suspected clinically, microscopic examination before
transplantation is recommended, as per UK transplantation guidelines

(20)

.

Surgical assessment remains vital for identifying other pathologies such as poor
organ perfusion or mottling, fibrosis, focal lesions, and vascular abnormalities.
Although it is common practice for surgeons to visually classify livers
according to a 4-tier grading system, this scale was originally adapted from
clinical studies demonstrating a significant association between poor graft
outcome and steatosis severity based on microscopic steatosis assessment
51)

(50,

. To demand surgeons adhere to a 4-graded pathological scale is not supported

by high-level evidence, and might be counterproductive, as demonstrated here
by the poor agreement between surgeons and pathologists on assigning
steatosis grades. It is more feasible for surgeons to classify retrieved livers into
low-grade and high-grade steatosis, which emphasises the role of clinical
evaluation as a screening test that should ideally be followed by a more objective
diagnostic investigation. It might be useful to include real-time images of the
organ before and after perfusion to enhance the perception of steatosis severity
among clinicians, although standardisation of image quality and light source
stability is required to ensure reproducibility of the results.
Automated measurement of steatosis using DIA has previously shown
higher reproducibility and accuracy compared with standard H&E examination (54,
56, 241, 364)

. It is likely that the lack of high-level clinical evidence for automated

measurement and confusion originating from the discrepancy between measured
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and estimated fat percentages have restricted the widespread application of this
method.
In this study, absolute eFPA scores were higher than mFPA
measurements, similar to what was described previously

(53-56, 241, 243, 247, 364, 365)

,

and there was a trend for this discrepancy to increase with increasing steatosis
severity. The revised mFPA classification used herein matches the conventional
pathology grading system and adjusts for systematic disparities between
measured and estimated fat percentage areas. Agreement with pathologists was
high, and the scale was accurate in differentiating low- and high-grade steatosis.
Besides, DIA images can be transferred to the recipient hospital for senior
surgical review. DIA is accessible to most pathologists and surgeons; a light
microscope mounted with a digital camera is available in most hospitals involved
in liver retrieval, dedicated software for image analysis can be installed on a
personal laptop, and steatosis scoring takes 10 to 15 minutes to complete after
uploading the images. Despite these advantages, it is crucial to note that DIA
cannot replace standard H&E assessment in liver transplantation yet. The
performance of DIA should be evaluated using frozen tissue biopsies, similar to
the current clinical practice. Furthermore, the validity of the revised mFPA scale
needs to be analysed in clinical outcome studies, alongside clinical and
pathologic assessment methods. It is noteworthy that DIA is a measurement of
area and cannot replace routine histopathology for assessment of other
necroinflammatory lesions of steatohepatitis, such as inflammation and
hepatocyte ballooning.
Finally, there was no difference in steatosis severity between 2 distant liver
segments, suggesting that 1 liver biopsy is sufficient for steatosis assessment,
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which agrees with the practice of the majority of UK and US surgeons

(238)

. This

is noteworthy as biopsied steatotic livers are at a higher risk of haemorrhage and
subcapsular haematoma following reperfusion (165).
In the current study, pathologists and DIA evaluated the same slides at
similar magnification power, and raters were blinded to results from other
methods to reduce bias. We used specimens stained with H&E, in preference to
fat-specific stains, because it is commonly used in surgical practice. Standard
H&E assessment was performed by 2 experienced pathologists routinely
involved in liver assessment, and the DIA method used herein was previously
validated and reported in previous studies from our centre (54, 56).
A possible limitation of the study is that the high level of agreement
between the 2 pathologists was influenced by working in the same institution,
despite being blinded to each other. It is unlikely that this caused bias, as high
agreement between pathologists from different centres has been shown in
previous studies

(54, 56, 296)

. Another limitation of the study is the lack of clinical

outcomes, which could not be assessed, as the livers were discarded and nontransplantable by default. Part of this research was performed on retrospective
data from organ retrieval forms, and 6 livers were not assigned a specific grade
indicating a degree of diagnostic uncertainty.
In conclusion, clinical assessment of steatosis is inaccurate and could
increase the risk of unnecessary discard of livers. While DIA is feasible and more
accurate, further clinical studies are required to evaluate its validity.
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12.20
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Abstract
Introduction. Hypothermic machine perfusion (HMP) is increasingly investigated
as a means to assess liver quality, but data on viability markers is inconsistent
and the effects of different perfusion routes and oxygenation on perfusion
biomarkers are unclear.
Methods. This is a single-centre, randomised, multi-arm, parallel study using
discarded human livers for evaluation of HMP using arterial, oxygensupplemented venous and non-oxygen-supplemented venous perfusion. The
study included 2 stages: in the first stage, 25 livers were randomised into static
cold storage (n = 7), hepatic artery HMP (n = 10), and non-oxygen-supplemented
portal vein HMP (n = 8). In the second stage, 20 livers were randomised into
oxygen-supplemented and non-oxygen-supplemented portal vein HMP (n = 11
and 9, respectively). Changes in dynamic, biochemical, and morphologic
parameters during 4-hour preservation were compared between perfusion
groups, and between potentially transplantable and non-transplantable livers.
Results. During arterial perfusion, resistance was higher and flow was lower than
venous perfusion (p = 0.001 and 0.01, respectively); this was associated with
higher perfusate markers during arterial perfusion (p > 0.05). Supplementary
oxygen did not cause a significant alteration in the studied parameters.
Morphology was similar between static and dynamic preservation groups.
Perfusate markers were 2 fold higher in non-transplantable livers (p > 0.05).
Conclusions. Arterial only perfusion might not be adequate for graft perfusion.
Hepatocellular injury markers are accessible and easy to perform and could offer
insight into graft quality, but large randomised trials are needed to identify reliable
quality assessment biomarkers.
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Introduction
Hypothermic machine perfusion (HMP) has gained interest as a potential means
to improve the outcome of marginal livers and allow viability assessment in highrisk grafts (23, 132-134, 136). Despite this potential of HMP, data on viability biomarkers
is inconsistent and none of the investigated biomarkers is able to differentiate
between viable and non-viable livers (23, 162, 430).
Although HMP allows for assessment of dynamic perfusion parameters,
there is no conclusive evidence that dynamic parameters correlate with graft
quality, and the progression of these parameters differs significantly between
studies; while recent clinical studies reported stable hepatic artery (HA) and portal
vein (PV) pressures during HMP (132, 136), others observed a drop in HA resistance
and increased flow during HMP, suggesting relaxation of the arterial walls and
improved microcirculation

(135, 143, 224, 310)

. Several perfusate markers have been

investigated, but none were able to assess graft viability reliably, and different
cut-off values were proposed to indicate the severity of reperfusion injury (136, 143,
162)

. Histological examination is limited to steatosis assessment in clinically

suspicious grafts

(236, 240, 241)

, but it is not currently used for viability assessment

due to its invasive nature, limited amount of tissue, and lack of a morphological
standard for viability assessment

(23, 162)

. In addition, human studies reported

controversial results on the morphology of livers preserved with HMP and static
cold storage (SCS) (132, 138, 142, 144). Finally, the benefits of supplementary oxygen
during short-term end ischaemic hypothermic perfusion have been documented
in pre-clinical and clinical studies

(126, 133, 134)

, but the effect of supplementary

oxygen on injury markers during human liver HMP is unclear.

308

Appendix 20. Published article 2

The aim of this study is to evaluate the progression of dynamic,
biochemical and histological markers during HMP in the human liver, comparing
arterial, oxygen-supplemented venous and non-oxygen-supplemented venous
perfusion, and to study these markers in relation to organ quality.

Materials and methods
This is single-centre, randomised, multi-arm parallel group study.
Participants
Ethical approval for the study was obtained from the North London Regional
Ethics Committee 3 (reference no. 10/H0709/70), and confirmed with the National
Health Service Blood and Transplant (NHSBT) Organ Donor Transplant
committee. None of the transplant donors were from a vulnerable population and
all donors or next of kin provided written informed consent that was freely given.
The study involved 45 sequential livers procured for transplantation by
different organ procurement teams across the UK between February 2012 and
June 2014. All livers were retrieved using the standard clinical procurement
protocols adopted by the UK National Organ Retrieval Service (NORS)
(http://www.odt.nhs.uk/national-organ-retrieval-service/policies-and-reports), but
were found to be unsuitable for transplantation by UK transplant centres due to a
combination of donor graft and recipient factors (Table 1). Livers were
transported from the retrieval hospital to our research centre packed in ice and
stored in University of Wisconsin (UW) solution. Only whole livers from deceased
donors were used; one split liver was excluded from the study.
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Table 1. Donor graft and recipient factors associated with graft decline for transplantation
Reason for declining the graft

Frequency

Percentage %

Old age

3

7

Donor related

Alcohol abuse

2

4

Donor related

Other donor factors

3

7

Donor related

Long WIT

5

11

Graft related

Long CIT

1

2

Graft related

Steatosis (moderate-severe)

18

39

Graft related

Fibrosis

5

11

Graft related

Coeliac artery disease

2

4

Graft related

Poor flow

1

2

Graft related

Poor LFT

5

11

Graft related

Suspicious liver lesions

2

4

Graft related

Capsular tear

2

4

Graft related

No suitable recipient

3

7

Recipient related

Characteristics of the liver grafts in this study, showing the documented reasons for graft
decline for transplantation. Less common donor factors (under other donor factors in the
table) included a single occurrence of intra-abdominal sepsis, high BMI, and hemorrhagic
pancreatitis. Poor flow during the initial on-table flush by the retrieval team was
documented as a factor in one liver. DCD, donation after cardiac death; long warm
ischaemia time (WIT) > 30 minutes; long cold ischaemia time (CIT) > 12 hours; LFT, liver
function tests.

Randomisation
The original prototype of the Organ Recovery Workstation®, based on the LifePort
Kidney Transporter machine (Organ Recovery Systems, Zaventem, Belgium), did
not incorporate an oxygen delivery system, which was later integrated during the
study period. Consequently, an oxygenated perfusion group could not be
randomised at the start of the study, and was added during the second stage of
the study. Livers were randomised at 2 stages: stage 1, 25 livers were
randomised into static cold storage (SCS, n = 7), arterial perfusion through the
hepatic artery (AP, n = 10), and non-oxygen-supplemented venous perfusion
through the portal vein (nOVP, n = 8). Arterial perfusion was studied herein to
further assess this perfusion modality following an earlier published study by our
team

(144)

, which showed equivalence of endothelial preservation using different

perfusion routes. In stage 2, 20 livers were randomised into oxygen310
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supplemented perfusion (OVP, n = 11) and non-oxygen-supplemented venous
perfusion (nOVP, n = 9). The nOVP groups in stages 1 and 2 of the study were
similar in characteristics and perfusion settings. Simple randomisation was
performed using a computer-generated list of random numbers and the allocation
sequence was concealed in numbered, opaque, and sealed envelopes. Sample
size calculation was not performed.
Interventions
Livers in the SCS group were submerged in 2 L of KPS-1® and placed in the
icebox for 4 hours. Although KPS-1® is not conventionally used for static
preservation, it was used for SCS herein to reduce preservation solution variance
between groups. Livers in the AP group were cannulated through the HA
(LifePort® SealRing™ 10x35 cannula), and livers in the nOVP and OVP groups
were cannulated through the PV (LifePort® Straight 8mm cannula). HMP livers
were connected to the non-pulsatile roller pump of the Organ Recovery
Workstation®, and perfused with 2 L of recirculating KPS-1® through the HA or
PV, at 30 mmHg or 7 mmHg, respectively. The preservation period of 4 hours
was hypothesised as adequate to observe dynamic and biochemical changes
during HMP.
For the OVP group, 100% oxygen was administered at a fixed rate of 0.5
L/min using a membrane oxygenator (Dideco Kids D100, Sorin Group Italia,
Mirandola, Italy) connected to the perfusion circuit, achieving a perfusate pO2 of
735.1 mmHg (724.1-791.4).
Hypothermia was maintained between 4-8° C using a heat exchanger
(Polystat temperature controller®, Cole-Parmer UK) and a built-in iced-water

311

Appendix 20. Published article 2

container around the perfusion bowl. Similar to clinical studies by Guarrera
136)

(132,

, no metabolic adjustment was undertaken.

Outcome measures
Dynamic perfusion parameters (flow and vascular resistance) were continuously
measured in the HA (AP group) and PV (nOVP and OVP groups) using built-in
sensors in the Organ Recovery Workstation® and recorded hourly. Hepatocellular
injury enzymes (alanine transaminase, ALT; aspartate transaminase, AST) were
measured in the perfusate using Roche P Module analyser (Roche Diagnostics
Limited, UK), immediately before HMP, then hourly afterwards. For morphological
assessment, a wedge biopsy was taken from segment 4 and segment 7 before
and after 4-hour preservation (SCS and HMP groups). The rationale for using
biopsies from 2 different segments of the liver is based on evidence published
elsewhere (270). Paraffinised, hematoxylin and eosin (H&E) stained liver biopsies
were examined under light microscopy by a liver histopathologist. Assessors of
biochemistry and histology samples were blinded to the allocation groups. A
scoring system previously published by Vekemans et al.

(142)

was used to score

morphological changes, based on enlargement of the space of Disse, sinusoidal
dilatation, coagulation necrosis, congestion, architectural damage, and neutrophil
infiltration.

Statistical analysis
Data was analysed using IBM SPSS Statistics for Macintosh, Version 20.0.
Armonk, NY: IBM Corp. Continuous data was presented as median (interquartile
range) and categorical data was presented in numbers and percentages. Nonparametric tests were used due to small sample size and abnormal distribution.

312

Appendix 20. Published article 2

Kruskal-Wallis (KW) and Friedman tests were used to compare differences
between and within groups, respectively. When KW test or Friedman test showed
a significant difference, a pairwise comparison using Mann-Whitney test or
Wilcoxon test was performed. The level of significance was set at p < 0.05.

Results
Donor graft characteristics
Characteristics of the donor grafts (n = 45) are presented in Table 2. There were
no significant differences in donor graft variables (age, heart-beating status, cold
and warm ischaemia times, and macrosteatosis) between the groups.
Table 2. Characteristics of the donor grafts used in the 2 stages of the study
Stage 1

Stage 2

SCS

AP

nOVP

Intergroup
difference

(n = 7)

(n = 10)

(n = 8)

(p value)

(n = 9)

(n = 11)

(p value)

57 (50-70)

56 (51-65)

57 (49-61)

0.8

62 (48-65)

53 (44-61)

0.3

(DCD, %)

4, 57%

8, 80%

6, 75%

0.4

4, 44%

5, 45 %

0.9

CIT (hr)

11.5 (11.0-12.3)

10.0 (9.8-14.3)

11.5 (7.0-13.8)

0.9

10.0 (10.0-14.0)

13.0 (12.0-15.0)

0.6

23 (7-30)

19 (16-34)

24 (20-33)

0.7

23 (12-30)

22 (14-33)

0.7

13 (6-19)

12 (9-14)

12 (9-14)

0.8

11 (9-14)

13 (11-15)

0.3

7 (0-20)

6 (1-8)

3 (1-5)

0.8

10 (1-36)

8 (3-28)

0.9

Age (years)

nOVP

OVP

Intergroup
difference

Donor type

Total WIT
(min)
Asystole
WIT (min)
Steatosis %

DCD, donation after cardiac death; total warm ischaemia time (total WIT), time between
withdrawal of cardiorespiratory support until cold in-situ flush; asystole warm ischaemia
time (asystole WIT), time between circulatory arrest and cold in-situ flush. Steatosis was
estimated as the percentage of macrosteatosis in paraffinised, H&E-stained parenchymal
biopsies examined under light microscopy by a liver histopathologist. Continuous data
is presented as median (interquartile range) and categorical data is presented in numbers
and percentages.

Stage 1 of the study
During the first stage of the study, livers were randomised into 3 groups: SCS (n
= 7), AP (n = 10), and nOVP (n = 8).
Dynamic parameters during HMP
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Resistance was stable in the nOVP group throughout HMP but decreased
significantly in AP group from 0 to 1 hour (1.20 mmHg/ml/min (0.43-1.22) to 0.87
mmHg/ml/min (0.43-1.18), p = 0.01). Flow increased significantly in both groups
from 0 to 1 hour (AP 26 ml/min (21-49) to 33 ml/min (25-48), p = 0.03; nOVP 86
ml/min (58-126) to 94 (59-128), p = 0.04). Resistance in the HA was significantly
higher than PV (0.83 mmHg/ml/min (0.41-1.11) versus 0.07 mmHg/ml/min (0.050.10), p = 0.001), and perfusate flow was significantly lower in the HA compared
to the PV (33 ml/min (24-48) versus 92 ml/min (59-127), p = 0.01), Fig 1.

Fig 1. Dynamic parameters during arterial and non-oxygen-supplemented venous
perfusion. (A) resistance (mmHg/ml/min) and (B) perfusate flow (ml/min) hypothermic
machine perfusion. Data is shown as medians and interquartile range, the latter
represented by error bars. *p < 0.05 between time points, **p < 0.05 between groups.

Hepatocellular injury markers during HMP
ALT increased significantly throughout perfusion in the AP and nOVP groups (p
≤ 0.001 both groups) and AST levels showed a similar trend (p = 0.004 and <
0.001 for AP and nOVP groups, respectively). Of note, there was a steep rise in
enzyme levels between 0 and 1-hour HMP in both groups. The enzymes were
higher in AP group compared to nOVP group, but the difference was not
significant (ALT, p = 0.53; AST, p = 0.50), Fig 2.
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Fig 2. Perfusate injury markers during arterial and non-oxygen-supplemented venous
perfusion. (A) perfusate ALT (IU/L) and (B) AST (IU/L) during hypothermic machine
perfusion. Data is shown as medians and interquartile range, the latter represented by
error bars. Enzymes increased during perfusion but there was no significant difference
between groups. *p < 0.05 between time points.

Morphology score in SCS and HMP
The change in morphology score was not different between groups at the end of
static and dynamic preservation (p = 0.38), Fig 3.

Fig 3. Box whisker plot of parenchymal morphology after preservation. This plot shows
the distribution of morphology score values round the median, plotted before and after
hypothermic machine perfusion and static cold storage. There was no significant
difference in the morphology score after static cold storage, arterial perfusion, and nonoxygen-supplemented venous perfusion groups (p = 0.38). Top and bottom whiskers
represent the maximum and minimum values, respectively, and circles represent outliers.

Stage 2 of the study
During the second stage of the study, 2 liver groups were studied, nOVP (n = 9),
and OVP (n = 11).
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Dynamic parameters during HMP
Resistance was stable throughout perfusion in both groups, but flow increased
significantly from 0 to 1 hour (nOVP 49 ml/min (39-76) to 58 ml/min (44-84), p =
0.01; OVP 53 ml/min (48-69) to 59 ml/min (52-75), p = 0.03). There was no
significant difference in resistance and flow (p = 0.96 and 0.99, respectively)
between the two groups, Fig 4.

Fig 4. Dynamic parameters during oxygen-supplemented and non-oxygen-supplemented
venous perfusion. (A) resistance (mmHg/ml/min) and (B) perfusate flow (ml/min) during
hypothermic machine perfusion. Data is shown as medians and interquartile range. *p <
0.05 between time points.

Hepatocellular injury markers during HMP
ALT and AST increased significantly throughout perfusion (p < 0.001 for both
enzymes in OVP and nOVP groups). There was no significant difference in ALT
or AST between groups (p = 0.38 and 0.62, respectively). Fig 5.

Fig 5. Perfusate injury markers during oxygen-supplemented and non-oxygensupplemented venous perfusions. (A) perfusate ALT (IU/L) and (B) AST (IU/L) during
hypothermic machine perfusion. Enzymes increased during perfusion but there was no
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significant difference between groups. Data is shown as medians and interquartile range.
*p < 0.05 between time points.

Morphology score in HMP
There was no significant difference in morphology score after OVP or nOVP, p =
0.10, Fig 6. There was no significant difference in the morphology score between
segment 4 and 7 of the same liver when all samples were compared (p = 0.63).

Fig 6. Box whisker plot of parenchymal morphology in oxygen-supplemented and nonoxygen-supplemented venous perfusion. This plot shows the distribution of morphology
score values round the median, plotted before and after hypothermic machine perfusion.
There was no significant difference in the morphology score between the 2 groups (p =
0.10). Top and bottom whiskers represent the maximum and minimum values,
respectively, and circles represent outliers.

Comparison between potentially transplantable and non-transplantable
livers
Out of 45 livers, 7 livers were potentially transplantable.

3 livers were not

transplanted due to lack of suitable recipients, while 4 more livers were rejected
due to suspicious liver lesions and capsular tears (2 each), (Table 1).
Potentially transplantable livers had lower median ALT and AST levels
when compared to non-transplantable livers, although the difference was not
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statistically significant (median ALT: 348 IU/L (221-1590) vs. 653 IU/L (2911875), p = 0.39; median AST: 512 IU/L (305-1896) vs. 1019 IU/L (429-2405), p =
0.31).
The median PV resistance in potentially transplantable livers was 0.11
mmHg/ml/min (0.08-0.17) and the median flow was 60 ml/min (49-80), compared
to 0.10 mmHg/ml/min (0.06-0.14) and 67 ml/min (52-94) in non-transplantable
livers (p = 0.25 and 0.65, respectively). None of the livers in the HA-only perfusion
group were potentially transplantable, so a comparison could not be performed.
Histology scores in potentially transplantable livers were not significantly different
from non- transplantable livers (p = 0.97).

Discussion
Despite the recent expansion in utilisation of HMP to improve the outcome of
marginal livers in clinical practice, data on viability markers is inconsistent and no
markers are yet validated. HMP is mostly performed using dual-vessel or PV-only
perfusion, and feasibility of both approaches has been reported in recent clinical
trials

(132, 133, 135, 136)

although the optimal perfusion route is not currently known.

Arterial-only perfusion is less commonly used, based on evidence from animal
studies showing increased graft injury and heterogeneous perfusion using the HA
only (150, 151).
We found the HA and PV resistance to be similar to those documented in
a previous study of discarded human livers preserved with dual-vessel perfusion
at similar pressures to our experiments (143), which suggests that similar PV flows
can be achieved with PV-only perfusion and questions the need for additional HA
cannulation and perfusion. In addition, a recent study in rat, pig and discarded
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human DCD livers showed complete perfusion of the parenchyma and biliary
system using hypothermic oxygenated perfusion (HOPE) using the PV only (311).
Perfusate flow increased in the first hour of HMP in all perfusion groups
and there was a significant reduction of arterial resistance during the same time
period. These changes in perfusion dynamics are likely to be due to “opening up”
of the microvasculature and relaxation of arterial walls during HMP, similar to
what has been reported previously in porcine (224, 310) and discarded human livers
(143)

. In line with other studies

(143, 267, 310)

, we found the resistance to be higher

and the flow lower when the graft was perfused via the hepatic artery in
comparison to the portal vein. This is a reflection of the hepatic circulation in vivo
where hepatic arterial circulation is characterised by higher resistance and lower
flow than the portal circulation due to larger smooth muscle content in the tunica
media layer in the arterial walls.
The early dynamic changes in our study were associated with a steep rise
of hepatocellular injury markers in most liver groups during the first hour of HMP,
suggesting an accelerated release of hepatocellular enzymes into the perfusate
due to flushing out of enzymes accumulated in the vascular spaces, similar to
observations from a previous porcine liver study

(267)

. Perfusate injury markers

did not stabilise after the first 1-2 hours of perfusion, but increased gradually,
possibly due to pre-perfusion ischaemic injury. It is important to keep the different
rates of enzyme release in mind when collecting perfusate samples, as initial
samples might not reflect the severity of graft injury. In addition, hepatocellular
injury markers were higher in single-vessel arterial perfusion compared to singlevessel venous perfusion, although the difference was not statistically significant.
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These findings suggest that graft perfusion might not be adequate if perfusion is
performed using the hepatic artery alone.
There was no difference in morphology between biopsies taken from 2
distant liver segments within each liver, and the architecture was preserved after
4-hour single-vessel perfusion, which agrees with findings from previous studies
in discarded human livers

(142, 144)

. We did not observe significant sinusoidal

dilatation or hepatocellular oedema in contrast to other researchers (137, 143, 224). It
is possible that the architectural changes in the latter studies resulted from
prolonged storage (24 hours) or different machine perfusion setup (143, 224). Based
on our findings herein, and from results published previously by our team (144), it
seems likely that architectural damage assessment during HMP offers limited
information on the quality of grafts, although histological examination remains of
importance in evaluating steatosis severity, degree of fibrosis, and for the
assessment of suspicious lesions found during organ retrieval.
When

potentially

transplantable

livers

were

compared

to

non-

transplantable livers, hepatocellular markers in the perfusate were 2-fold higher
in the latter group, but the difference was not statistically significant. In another
proof-of-concept study, Monbaliu

(143)

reported that perfusate AST distinguished

between potentially transplantable and non-transplantable livers, and noted that
AST and LDH levels were significantly higher in non-transplantable livers.
Although our results match the enzyme levels documented for potentially
transplantable livers in the latter study, they do not show the same level of
significant difference, most likely due to the much higher AST levels observed in
non-transplantable livers in Monbaliu study (6 to 8-fold higher compared to
transplantable livers). AST and ALT measured during perfusion were also found
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to correlate with peak post-transplant levels in the recipient in clinical trials by
Guarrera

(132, 136)

. Consequently, it seems that perfusate hepatocellular injury

markers have the potential to be used for graft quality assessment in the human
liver.
Supplementary oxygen did not cause a significant alteration in dynamic,
biochemical, or morphological parameters in this cohort, but the need for active
oxygenation might only manifest following warm reperfusion; consequently, the
effect of oxygenation on metabolism and mitochondrial function are better
assessed using a normothermic reperfusion model.
We report one of the largest studies of discarded human livers, but we
acknowledge that the overall sample size is relatively small due to the limited
number of whole human livers available for research, which restricted additional
groups from being assessed in this study, such as dual-vessel perfusion and
oxygenated arterial perfusion groups. Due to technical factors related to oxygen
delivery mechanism, the oxygen-supplemented perfusion group could not be
randomised at the beginning of the study, but was later added in a second
randomisation process. This resulted in the study being divided into 2 stages,
which reduced the size of intervention groups. The study is limited by lack of
clinical outcome measures, as the livers were not transplantable; the aim of the
study was to describe baseline differences in biomarkers using different perfusion
modalities as a proof-of-concept. An additional period of normothermic
reperfusion would have been useful here, but is not a replacement for
transplantation and in-situ reperfusion for optimal assessment of organ viability.
This study shows that perfusate injury markers have the potential for
assessing graft quality and that perfusate markers are released at a faster rate
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during the initial period of perfusion, which is important if these markers are to be
used for graft assessment. It is likely that single-vessel perfusion via the PV is
more beneficial than HA perfusion during HMP on the basis of perfusion
characteristics and perfusate injury markers. However, additional issues of
importance would be the risk of vessel injury with cannulation, the effect on
hepatocyte metabolism and bioenergetics including mitochondrial function and
the unique importance of maintaining the peri-biliary vascular plexus that is
associated with bile duct injury following transplantation. In order to evaluate the
optimal perfusion settings and to identify objective markers of graft quality during
perfusion, large prospective and randomised clinical trials are needed, as the
current knowledge is mainly derived from small size feasibility studies. In addition,
biomarker standardization and guidelines on outcome definitions are required to
enable an unbiased comparison between different studies.
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