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Abstract

The prgect aims focussed on three main areas of study; ischaemig &sgessment

laparoscopic renal cryopreservation and peritoneal cooling foeheartbeating organ donation.

The effects of renal ischaemia represent significant challenges for transplamaltiomlagical

surgeryin that with sufficient unchecked ischaemic duration, permanent loss diofune

inevitable. Prior to consideration of novel approaches to ischaemictwoteaimed at producing

improved graft quality for transplantation and an increased safe opeiiategjfor partial renal

resectionsdeficiencies in the literature regarding the efficacy of viability testing were targete

Technigues of ischaemic injury assessment are intended to allow iggiutifiof retrieved kidneys

which are likely to have lost the potential for adequate fundtimansplanted. Such organs can then

be discarded, thus improving outcomes and decreasing rates of primafynatian.

Results pertaining tschaemidnjury assessmemrovided support foprotocols of viability

assessment based on hypothermic magbeniision. The effect of warm ischaemia on renal

viability criteria has been successfully demonstrated in a large animal modaeaidipproaches

to the use of such assessments have been explored in order to maximise otgea ogportunities

and utlisation.

The project has made an importaabtribution in the technical approach to laparoscopic

partial nephrectomgnd laparoscopic renal hypothermia. The studies involving the ‘Newcastl

Laparoscopic Renal Cooling Device’ succeeded in achievingfpfambncept’ with demonstration

of effective renal cooling and presation.

Studies relating to preservation interventions in the porcine model of the uncontrolled NHBD

have produced striking results. These results strongly suggest that unedrtidiBD centres

employing cold irsitu perfusion approaches to preservation would be wise to consider

supplementary techniques of organ cooling.
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Aims

Ischaemic injury Assessment

To assess thefficacy and potential of ischaemic injury assessmeniadnility testing within a renal

Non Heart Beating Donor (NHBD) transplantation program by:

a) Prospective assessment of the effects of warm ischaemia on retvedpestablished measures

of organ viability; machine perfusion and perfusate enzyme sisatya large animal model.

b) Assessment of outcomes of NHRI@Ineys with low severity prarrest acute renal failure

selected using machine perfusion viability testing

c) Assessment of outcomes from dual renal transplantation of ‘margimeyisidselected using

machine perfusion viability testing

Laparoscopic Renal Cryopreservation

d) To develop a device for laparoscopic renal cooling

e) To develop a large animal model for laparoscopic renal cooling

f) To assess the efficacy of a laparoscopic renalirmp device using transplantation organ viability

assessment

Peritoneal Cooling

q) To develop a large animal model of the uncontrolled NHBD for assessifnie efficacy of

additional peritoneal cooling versus current protocols.

h) To establish a humanal of uncontrolled NHBD peritoneal cooling.
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Clinical Assessment of Renal Ischaemic Injury and the Role of C ryo -
preservation; Peritoneal Cooling in Non Heart Beating Donation and
Topical Cooling for Laparoscopic Surgery

Introduction

1.1 History of renal transplan tation

Solid organ transplantation was first proposed by Alexis Carrel in 1902 jpapeta
technique opérative des anastomoses vasculaires et la transplantation dessist902(Carrel,
1902).1t was terethat the now welkestablished technique of etmlend arterial anastomosis was
first described. However in most other areas of transplantation mediadreuegery the field has

changed significantly.

By 1914 the surgical techniques necessary to perform renal transplantatioeeinad
developed in animal models (Carrel, 2001, Carrel, 19883cularanastonosis to the iliac vessels
was possiblewith an aortic patchekcribed for the arterial anastosis. The outcome of renal
transplantation in these animal trials was invalyiaacceptable initial function, followed by graft

failure and death of the animal at seven to ten days.

The first human kidney transplant was from a living donor. In 1936 in the Ukraneyaon
named Voronoy performed a renal transplant from an unknown donor to a patienhgufteite
renal failure secondary to mercury toxic{tyoronoy, 1936) Both the donor and recipient died

within seven days.

After the initially disastrous attempts to treat estdge renal failure (ESR®)ith renal
transplantation, in 1944 Kolff gave hope to sufferers with the inventidmedadialysei(Kolff et al,

1997) built in an enamel factory in occupied Hollafdhe advent of renal replacement therapy
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allowedclinicians the opportunity to manage uraemia. This extremely important, albeit imperfect,

intervention continues to save lives to this day.

The deficiencies of dialysis reinforced the notion that complete artificial reptateof
normal human renal function was perhaps impossible. Further attempts at hdnm&n ki
transplantation were made in Boston and Paris in the early 1950s, but theesteera
depressingly similar to the anahtrials of 1914. Explanatiorier these failures came from Sir Peter
Medawar, who postulated that the transplants had undergone ‘acute rejectionrbgntire system’
(Holman, 1924, Humet al,, 1952, Medawar, 1944, Medawar, 1945). He also showed that this
process did not occur in transplants between genetically identical inds/itRenal transplants
between identical twins were performed successfully from {®Arill et al, 1956, Murrayet al,

1958).

The barrier to transplantation was broken wBanRoy Calnepioneered the use 6f
mercaptopuringCalne, 1960), azathioprir{€alne and Murray, 196 8nd later cyclosporingCalne
et al, 1978, Calnet al, 1979) The ability to prevent and treat acute rejection allowed renal
transplantation to eclipse dialysis as the ultimate renal replacement therapy. Today no single
procedure or intervention has been shown to increase patiality of life (Parsons and Harris,

1997) or be more costffective(de Witet al, 1998)than a successfoénal transplant for ESRF

1.2 The current situation in renal transplantation

Renal transplantation in the UK is faced with enormous discrepanciesdrebsgan supply
and demand. The traditional cadaveric, bistem dead, healteating donor source provides
insufficient numbers of grafts for the evgrowing active waiting list. This situation is unlikely to

reverse. In fact as existing renal grafts fail over time, and the neglureffectsof long term use of
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calcineurininhibitors (Gonwaet al, 2001, Klén et al, 2002)such asyclosporingJankaukieneet

al., 2001)and tacrolimugOkaet al, 2001) in recipients of other solid organs develop, things may
yet get worse. In adibn the UK has experienced a significant fall in the numbers of transplants
from brainstem dead cadaveric donors performed ann@ali§TSSA, 2003) Thisis thought tobe
secondary to improvements in road safety and therefore decreased mortality fidnaffoz
accidents and intracranial haemorrhé8eggset al, 1997). This appears to be a wenlitle
phenomenonwith similarpatterrs in many national registrig®JNOS, 2000, Eurotransplant)
Transplant clinicians have therefore sought out alternative donor sourcely; thesugh the
development of livingelated and unrelated donor programs. However initial data suggestsithe y
may be relatively lovdue to exclusions for unsuitabilitiegal and ethical constraints of unrelated

donation,or because the dorechangéeheir mind(Saundergt al, 2000)

1.3 Non-Heart-Beating Donor (NHBD) T ransplantation
1.3.1 History of NHBD transplantation

Non-heartbeating donors (NHBD)epresent the original renabnhsplantation donor group.
Prior to the evolution of the concept of brastem death all organ donors were NHBDs. Evaluation
of the results obtained in these very early transplants is of limited relevanceeiot quiactice de to
the rapid evolution of medical and surgical organ transplant techniquesl\Egnodern “state of
the art” outcome data is presented elsewhere in this thesis. Rather, this seditndiart the
development and progress achieved in NHBD renal transplantation ovastiwd decades of the
20" century.

The NHBD is not a single entity, as recognised by the First Internationdst\ap on

NHBDs held in Maastricht, Netherlands in 1995. Under the guidance of the ehaiPmfessor G.
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Kootstra, the original four Maastricht categories of NHBD were deeeldTable 11). These were
later amended to include a fifth category; essentially cardiac arrest and unsudcessstitation in

a hospital setting. It is immediately apparent that each categoesesys part of a wide spectrum of
potential organ damage through ischaemic injury. In the early litergttior to this useful sub
division of the NHB donor group, identification of donor sype and therefore comparison of

outcome data from different groups is fraught with difficulty.

Table 1.1
The First International Workshop on Non Heart Beating Donation;

The Maastricht Categories of Non Heart Beating Donor

Maastricht Category Donor Situation

| Dead on arrival

1] Unsuccessful resuscitation

1 Awaiting cardiac arrest

v Cardiac arrest in a brain-dead donor

At this point, it is useful to introduce a broader dichotomy which exists witleiiNHBD
group; a NHBD situation may be considered as controlled or uncontrolledo(Bamhsituations &
generally expected and occur in hospital settings (categories 11l and |V¥ptieaime is available
to organise personnel, equipment and undertake legal formalities prior to death. In traswedy

organised retrieval program allows procuremergadd quality organs with a relatively short warm
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ischaemic time. With the uncontrolled donor (categories | and Il) the situation iseeéyére donor
comes from the community and the factors necessary for succeggfnlmocurement must be
mobilised ad effected as quickly as possible. Uncontrolled donors are therefodatsdavith
significantly longer primary warm ischaemic durations and thereforeatay propensity for
ischaemic injury. The amended category V donor represents a mixture obtHertar situations
and is relatively infrequently used.

In the UK today a NHBD is generally assumed to be a category Il donor, following
withdrawal of treatment in an intensive care setting. Indeed the Newapstiel'yne group are
currentlythe only UK unit actively retrieving kidneys from uncontrolled NHBDs. However this does
not represent the situation found in early modern NHBD renal transplantatics is because
uncontrolled donor opportunities are, and were, far more numerous tharatigsg incortrolled
circumstances. Aalludedto above, data presented in the eighties and early nineties from NHBD
programs around the world describe the outcomes of transplants origimatmgerying mixtures
of NHBD subgroups. However, it is often possibtedetermine, or at least infer, the relative donor
subgroup composition through close examination of the methods described .ajaréyrof NHBD
transplants during this period appear to have come from uncontrolled (roairily situations. As
shall be seen later, early NHBD procurement protocols and subsequent auésemeedictably
variable.

The brainstem dead patient currently represents the “ideal” donor situation véigeval
of high-quality organs is possible whilst maintaining a very shomary warm ischaemic time. A
sharp transition from warm to cold ischaemia can then be achieved relaiséfyesing cold
perfusion and the introduction of ice. Cryopreservation has formed thetayaoiorgan ischaemic

protection in modern renal trgplantation due to early evidence of its effectiver(®ggkhamet al,
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1967)and its inherent simplicity. Recent research has demonstrated an increasing interest in mo
physiological, warm, oxygenated preservation techniques. However it gresgsvation and the
attempts to minimise warm ischaemic duration and sharpen the warm/cold ischaenfaicariteat
have characterised the approach of the transplant community to NHB donation.

As one reviews the Brature, it is striking how little the introductions to papers related to
NHBD renal transplantation have changed. Invariably, attention is drawn fogd&mand for
organs coupled with a static or dwindling supfliie decline in conventional cadaveffizain-stem
dead) organ supply has been attributed to improved road and vehicle aafithe success of
living-related kidney donation programs have as yet proved unable to slake the ligisitigirst
for kidneys. It is this consistent imbalancévibeen supply and demand which has driven interest in

marginal donor groupsver the last twenty years, including and especially the NHBD.

1.3.2 Early NHBD Renal Transplantation

In 1975 GarcieRinaldi and Lefrak published details of a methoéheditu pefusion of
cadaveric kidneys for transplantati@@arciaRinaldiet al, 1975). This paper introduced the
concept of an aortic doublealloon triplelumen (DBTL) catheter which could be placed via a
femoral artery cutlown, in the early phase of the retrieval process. Once in place the taanisall
areinflated (one above and one below the renal arteries), so isolating theiremation. Cold fluid
can then be passed via the third lumen which exits the DBTL catheter throughleThdtes
beween the two balloons (Figure 1.1

The time taken to gein uncontrolled NHBD to theatre for laparotomy and organ cooling can
be relatively long, especially in countries such as the UK where an spstem requires prior

completion of complex Coroner and family consents. During this perioeh veahaemia coimues
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to impact heavily on organ quality. The technical development of the DBTieteatallowed
transplant surgeons the opportunity to effect cryopreservation muclr dzetiehad been previously
possible. Therefore most successful early data from uncontrolled NEIBD transplants used a

form of early cannulation arid-situ cold perfusion during procurement.
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Figure 1.1
In-Situ Cold Perfusion via Aortic placement of the DoubleBalloon Triple-Lumen (DBTL)

catheter.

Thoracic balloon

Celiac trunk

Renal arteries

Superior and inferior
mesenteric arcery

DBTL catheter Abdominal balloon

Foley catheter

The DBTL catheter may be introduteia a femoral triangle ctdown procedure; marks on the
catheter allow estimation of the length of catheter required to position the superior baknenthe
celiac axis, and the inferior below the inferior mesenteric artery. Once inflated the sptanchn

circulation is effectively isolated, and with venous venting, aoisitu perfusion may be achieved
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1.3.2.1 The Japanese

Brain-stem death was not legally recognised in Japan until relatively recently. As a result
prior to this all cadaveric renal traplantation in Japan was performed using kidneys from NHBDs.
The majority of donors would fit into the controlled Maastricht categories (lll, IM\@nthough
systems were in place for rapid identification and response in the usiEmhtrategory Il sitation.
As with most other countries (except more recently in Spain) catégioryors were not used due to
issues of unknown primary warm ischaemic duration. Modern programs could,\amddaaned
much from the Japanese approach to the NHBD as for many years they produtedaoaesgdrable
to western heaitbeating donor (HBD) programs. An excellent illustration of this is founderl993
publication from the Nagoya groyokoyamaet al, 1993) This paper reported a tegear
experience of utilising the DBTL catheter in NHBD kidney procurement amdpiantation. In 120
renal transplants they reported a primary-fiomction (PNF) rate of 6.7% and a delayed graft
function (DGF) rate of 68.3% with ongear graft survival rates of greater than 80% (the
contemporary British Transplantation Society guidelines for HBD grafimyvever, the excellent
mean primary warm ischaemic timmé€10.7 minutes suggests the majority of donors were well

controlled and the questionably high DGF rate of 68.3% must be viewed in this context

1.3.2.2 The Europeans

In Europe, the Maastricht group in the Netherlands led the way with thé&@bDNtogram
based on DBTL catheterisation anesitu perfusion(van der Vlietet al, 1980, van der Vliett al.,
1981, Vromeret al, 1988) The Spanish also achieved relatively good reg@istelacet al, 1988)

although overall riees of PNF were higher than is currently acceptable.
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In 1993 the Maastricht group called for a standardised protocii-&tu preservation of
NHBD kidneys in uncontrolled category Il dongBoosteret al, 1993a, Boostest al, 1993b). The
Maastricht approach centred on rapid local availability of DBTL cannulation angsjerévhich
was achieved by local surgeons who as junior surgeons had usually been traineaospent
unit to perform the relatively simple technique of femoratamivn and cannulation. This local
expertise was later augmented with the addition of the “NHBD box” contaihégecessary
equipment and instructions to every Accident Bmtergency departmeirt the region Strict donor
criteria were employed to safeguard organ quality. Transplantatiocamaimindicated from donors
with any of the following; age >60yrs, evidence of sepsis, history ofuatn@us drug use,
hypertensiondiabetes mellitus, or cancer. The limit for the primary warm ischaemic time was set at
30 minutes.

In the 98 kidneys retrieved from 49 category Il donors between 1980 and 1990, 70 were
transplanted within the Netherlands, 16 in Maastricht. Felipvdata v&s only presented from the
Maastricht transplants, compared to 30 wetitched HBD renal transplants. The PNF rate was
significantly higher in the NHBI¥s.the HBD groups (12.5%s. 6.7%), as was DGF (75.09%.
43.3%). More positively, the graft and patisnrvival were not significantly different between the
groups. Functional outcomes, measured crudely by serum creatinine, alea stwsignificant
differences with regard to NHBs. HBD status or immediate functias. DGF.

It is interesting to notthat from 19861990 the Maastricht group reported a n@e or
discard rate of 28.6%. They, and others, had begun to machine perfuse NHBD Hiarireyshe
cold ischaemic phase in order to achieve better waslof blood, and better delivery of
preservéon solution. This also produced pressure/flow data which might reflect the vaisguig

sustained by the organ. Amongst the reported reasons for orgars@ds “poor machine perfusion
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parameters” which previews the organ viability testing debate to come. Also notallietiseth-
situ perfusion solution employed was histiditngptophanketoglutarate (HTK) which was later
shown to be superior to the Ex@wllins solution commonly used at the tifte Boeret al, 1999).
In the UK, several groups had commenced NHBD programs. In NewcastfeTyne a
controlled category Il program with rapid laparotomy, cannulatiwh@ld perfusion achieved
“success rates” (recipient alive and free from dialysi®0.5% at onesar between 1988-1993
(Balupuriet al, 2000c). However, Newcastle's later experience with uncontrolled sl moon
199498 was not so positive, with an unacceptable PNF rate of 55.5%, resultingpioraey
termination of the program. This will be discussedhiore detail later In 1994 both the Leicester
and Guy’s (London) groups reported high rates of Pimftheir early experience. The Leicester
group begun their NHBD program in 1992 and reported a PNF rate of 12% in thedirgl cat Il
and lll transplantsjVarty et al, 1994). The London group had started in 1988, aiming to retrieve
kidneys from category Il donors in the accident and emergency situationl as fvem category I
/'V patients with mainly itva-cranial tumours in hospice settings. In the 27 resulting transplants
performed between 1988 and 1991, the PNF rate was 25.9% and the two year\gvaftSs#o. As

a result older age and hospice patients were no longer considered for d{Philigrs et al, 1994)

1.3.2.3 The United States of America

NHBD renal transplantation was not prevalent in the USA during the eigintéeaineties.
However the Pittsburgh and Washington groups were producing interesting.resekrly 1995 the
Pittsburgh group reported their experience with a protocol based on rpaidtiamy, cannulation
and cold perfusioni.e. no DBTL in-situ perfusion prior to laparotomy). 24 NHBD retrievals (14 cat.

I, 10 cat. Ill) were performed during 1988. In the category Il transplants the PNF rate was 5%
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and DGF rate 64%, with a one year graft survival of 86%. In the categorgriipiants no PNF was
observed with a one year graft survival of 82%&savillaet al, 195). Importantly the Pittsburgh
protocol included a posetrieval biopsy which was examined prior to transplantation. 18.5% and
15% of category Il and Il organs were discarded on the basis of the biopsy findirgprdcess is
arguably analogous toehMaastricht viability testing using machine perfusion. In any caseagesul
certainly appeared superior to those produced in the UK where no formahassestorgan
quality was undertaken.

With varying rates of success and failure in evidence acrosgattié, the First International

Workshop on NHBDs was convened in Maastricht, Netherlands.

1.3.3 The First International Workshop on Non Heat Beating Donation;
Maastricht, Netherlands 1995

Chaired by Professor G Kootstra, the workshop covered the speatissues concerning
NHBD at the time. In many cases these issues remain relatively unchanged todayinthyules;
the ethics of uncontrolled NHBD retrieval and invasive measures of organ presepvatidn
consent, the role of reinstitution of CR&hniques after death, DBTih-situ perfusion versus rapid
laparotomy, and the potential role of viability testing using machirfegien and perfusate enzyme
data.

In terms of results, several groups reported their experience to date. The Leicegidragt
reached the 3 year point in their category Il program, and presented datE9B@®5 (Dunlopet
al., 1995). Using donor exclusion criteria similar to the Maastricht group (Age rsGtg:), DBTL
in-situ cold perfusion with Coroner’s permission (prior to family consent for tiomg often with

the reinstitution ofsentilation andcardiac massageith a ‘thumper’device Leicester retrieved 44
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kidneys. 30 were transplanted locally with a PNF rate of 10%, DGF 100%, and a ogeajtear
survival of 93.3%. These creditable results, despite 100% DGF, were achieveat wihdity
tegding. However, they came at another cost, namely effort and resource. Tast&egroup
responded to 73 potential donors during the study period from which only 24 apiaggeded to
retrieval.

In Maastrich Kootstras uncontrolled NHBD work had cointued apace. In the two years
since their last group data publication, they increased the number of loaaiplanted kidneys
from 16 to 57(Wijnenet al, 1995). From these transplants (198®2), with a mean followp of
85 months, data was presented at 1, 3, and 5 years post implantation comgagedetithed group
of 60 local HBD transplants. PNF rates were <3% in both study groups, though thefe®@Rs
predictably significantly higher in the uncontrolled NHBDs (6@8635%). No significant
differences were seen regarding graft survival or functional outcome.

The Madrid group were also producing strong results, but in category |l <loFtoe
protocol at the time involved perfusion with Et@ollins via a central venauine at cardiac arrest,
followed by rapid transfer to theatre, laparotomy, cannulation and cdlasfmer. 52 NHBD
transplants were compared to 98 HBD. No significant differences in PNiRayear graft survival
were observed. DGF (67%. 46%) and semn creatinine at 1 year were higher in NHBDs, but this
difference became nesignificant by 5 yearéGonzalez Seguret al, 1995)

This was clearly extremely encouraging data, but difficult to reconcile with contrastingly
poor results elsewhere. In reply to the Lancet paper by Wijnen described ReoeeChang from
London highlighted what he felt to be an “oxggtimistic gloss” regarding the potential results that
could be achieved using NHBDs (Chang, 1996, Andeetved, 2001). He based this assertion on the

resultsof his local uncontrolled program, reiterating the group’s early iesslidescribed above.
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The Maastricht group may well have pointed out that although their resultsmpeai/ed, their

organ noruse rate had increased from 28.6% to 34%. The reastiisawas the Maastricht
viability testing protocols, soon to be published, which had the potential to select out detrieve
organs which were likely to result in PNF. Although we can assume thorabgttve assessments
are likely to have occurred in otheentres, arguably it was the objective, formalised, quantitative
assessment which produced the impressively low rates of PNF seen in Maad#edtaf éhe cost

of an expensive nense rate.

1.3.4 Into the Modern Era of NHBD Renal Transplantation

In the UK by 1998, the London group had ceased retrievals from uncontrolled NHBDs and
Leicester were possibly having doubts. In their HBD comparison paper of h@d7itester group
examined 30 category Il and III transplants against 114 HBD. Against the HBP,dhe DBTL in
situ cold citrate perfusion NHBD protocol, with a 40 minute primary warm ischaaraaffc
produced a PNF rate of 13% (mainly in uncontrolled donors) and an inferior sezatmine at 2
years(Butterworthet al, 1997, Nicholsort al, 1997) More telling is the Elwell paper of the same
year concerning the outcome of Leicester NHBD refeflwell et al, 1997). From 144 NHBD
referrals made between 1992 and 1997, there were only 48 resulting retrievalsotuhbemoaned
the waste of time, effort, and resource, which must have been extremely frustreitegter later
published some excellent uncontrolled results (PNF 7%, 8gradtrsurvival better than HBD)
(Metcalfeet al, 2001), demonstrating a learning curve and possibly an experienced leadettship wi
an eye for which kidneys and/or donor situations were likely to end in PNFe\dowthe Leicester

uncontrolled NHBD program was later terminated.
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Elsewhere many groups continued to produce good results using both controlled and
uncontrolled NHBDgPokornyet al, 1997, Tanabet al, 1998) Possibly the mogimpressive
uncontrolled NHBD data to date was produced in the USA by Dr Light's Washiggboip. In 1994
they established a rapid organ recovery program (RORP) for NHBDs. Tioeg@rimvolved DBTL
in-situ cold perfusion and hypothermic machine perfus@towing retrieval (similar to the
Maastricht protocol). However the Washington group were the first to use addit@itaneal
cooling, via two abdominal trocars, one for inflow and one outflow of iced sdligbt et al,

1997) Initial data (1994 and 1997@ported retrieval of 29 kidneys of which 23 were transplarited
kidneys functioned immediately, 16 after a period of delayed graft functio ergerience®NF.

From donor 22 onward&é Washington method wasfined byuse of a peritoneal cooling
circuit involving a heaexchangeoil in a subzeroice/alcoholfluid bath Improvedintra-peritoneal
temperature were subsequently achievdd{C after 8 minutes cooling). Excelletitnical results
were observed. No further PNF was seen and the @2&Fell from 71% to 50%Light et al,
2000a) From a critical stanghoint however, the Washington donors were mainly young trauma
(gunshot) victims and therefore the results obtained have limited validity for older,cofteorbid

European donor groups.

1.3.5 The Advent of Renal NHBD Viability Testing

By the early 2000’s a dichotomy in NHBD practice had formed in Europe. Groupslwedivided
into those retrieving from controlled NHBDs without viability testing protocols, and tledseving
from both controlled and uncontrolled NHBDs with machine perfusion viability testing. The
Maastricht group had published widely regarding their methods of idextitiiicof damaged organs

(Daemeret al, 1997b, Daemeaet al, 1997c, Kievitet al, 1997) These viability criteria were based
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on impaired flow and high resistance during machine perfusion, and measticenzymatic
markers of ischaemic injury. The main marker chosen was alpha glutathitaresferase (GST),
released by damaged proximal tldrcells and washedut into the perfusate.

Newcastleupon-Tyne had experienced disastrous uncontrolled PNF rates between 1994 and
1997, which resulted in the termination of the program. During this period ho macHhinggeor
viability testing protocts had been employed. From 1998 the uncontrolled program was reinstituted
(phase Ill) using a modified Maastricht protocol of DBifitsitu perfusion and a locally produced
machine perfusion device. Viability testing was performed using pressure / flow tehistaxs and
perfusate GST. Early data from phase Ill was vastly improved. From 1htuolted retrievals, 7
kidneys were discarded on the basis of viability testing and 15 renal transpésetsesformed. The
PNF rate was 1/15 (6.7%), with a 92% Ceass rate” (patient alive and free from dialysis) at one
year(Balupuriet al, 2000c, Balupurét al, 2000b, Balupurét al,, 2000a)By 2002, 88 NHBD
transplants had been performed (ta56%, cat.lll 39%, cat.lV 5%) and vere compared to a well
matched group consisting of the next consecutive local HBD transplant. The kioimeye rate
was high at 47.7%, but in return no significant differences were observecegjitbct to PNF, 3 year
graft / patient survival, or 3 ye@GFR (estimated glomerular filtration rate) functional outcomes
(Goket al, 2002b)

With the Maastricht and Newcastle evidence mounting, many felt the case for machine
perfusion and viability testing in NHBD kidneys was wmlhde. Indeed, writing in the Lancet, Yves
Vanrenterghem of the Leuven group stated that;

“The development of a nemeartbeating program is no longer acceptable if machine perfusion and

viability testing are not availabl&’anrenterghem, 2000)
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This was an understandably troublesome statement for groups successfigiyanting controlled
NHBD kidneys with simple static cold storage. Letters sent to the editor of ticetLianluded
respases from the Leicester and Guy’s groups. The Leicester group (Metadlf¢ieholson, 2000)
argued that the reduction in PNF seen in the Newcastle data could be analogeusdadtion seen
during the first and second halves of the Leicester program. They atttithis to the “learning
curve” phenomenon, which undoubtedly plays an important role in the evolution bi-BE
program. With experierec(and likely previous bad experiences with PNF) program leaders become
more discerning regarding which organs they are prepared to transplaritsélfiimay amount to a
form of subjective “viability testing” in the following way. An experienced NHBD surgeitin w
collate information regarding ischaemic duration, donor demographicstycpfgberfusion,
macroscopic appearance etc. and come to a conclusion regarding the probabilitycekafau
outcome. The development of such individuals within a puogwill result in improved outcomes.
However problems may arise when such people leave or are unavailablehdlseicester group
pointed out that the cautious subjective approach may result in a higisaoate (1.4 transplanted
kidneys per retrievah Newcastlevs. 0.5 in Leicester) and welcomed a reliable objective test.
The Guy’s group also contested Yves Vanrenterghem’s staté@erstenkorret al, 2000)
They argued that only half the discarded organs had been excluded on the basbitityfteists
alone, and that the Maastricht / Newcastistevere unvalidated as it could not be proven that the
discarded organs would not have functioned. In conclusion they sensibly suggested ¢ma
NHBD programs should continue if, as per British Transplantation Sagigdglines, the one year

graft urvival was>80%.
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If Yves Vanrenterghem’s statement had read; “The developmeamiusfcontrolled nor-heart
beating program is no longer acceptable if machine perfusion and vialstitygtare not available”
it is likely that few would have argued.

Succsas in NHBD renal transplantation is defined by low rates of PNF, and rates of graft
survival and function comparable to those of HBDs. DGF is a very commor riutmely
expected, complication of NHBD kidney transplantation. However, metikham evidece suggests
that following recovery, DGF grafts will go on to perform comparably with-D@&F grafts(Light
et al, 2000b)

Explanations for poor outcomes can be attributed to two main areas. Theseeassive ischaemic
injury (which can be deito long primary WIT cubffs or ineffective preservation interventions), and
failure to identify damaged organs which should not be transplanted (lefeciive viability

testing). In the controlled NHBD situation poor outcomes can be avoided with pttgreioa to
effective retrieval techniques. As primamarm ischaemic timedNITs) are short, it is possible to

run successful programs without formal viability testing. In the uncontrolled situatieme

primary WITs are much longer, effective cpreservation interventions and viability testing are
essential. In this way, through the identification and-nsa of excessively damaged organs, the

PNF rate is kept to acceptable levels.
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1.4 Ischaemic Injury in NHBDs

For the reasons outlined dar| transplantation clinicians fear the high PNF and DGF rates
previously associated with NHBD gra{Balupuri et al, 2000c). The pathophysiological processes
producing these unwelcome clinical syndromes are, in the main, acute tubuteisi@TN) and
vascular injury secondary to warm ischaemia. The severity of the dasusigéned determines

whether a trasplant will result in immediate function, DGF, or PNF.

If posttransplantation DGF occurs, the recipient will require dialysis until the graft is
functioning, and for this he must remain in hospital. Both dialysis and increased hdapital s
expensiveand patients with DGF can suffer significant psychological morbidhs. consequences
of PNF are clearly unacceptable. Therefore the most important interventions in &by $iidation

act to prevent or limit the effects of warm ischaemia.

In many NHBDscardiac arrest may be preceded by a period of hypoxaemia and inadequate
organ perfusion secondary to the pathological processes causing deathwiaytischaemic injury
may begin prior to the point that renal oxygen delivery ceases completely andihésehaemic
periodofficially begins. At arrest the kidney is at normal temperature and hence renal cells remain
metabolically active and continue to use ATP. Without oxygen and aerspicatery substrate
delivery, intracellular ATP concentrationsgie to fall. This stimulates the enzyme
phosphofructokinase, causing a shift to anaerobic metabolism of glubasemoduces ATP, if
only in much reduced quantities. In the context of anaerobic respiration, toxibatitets

accumulate and result in iatellular acidosis and functional enzyme inhibitdrump, 1982)

If the cells remain warrATP levels will continue to fall. Without sufficient availability of

ATP the N&/K*-ATPase transporters in the cell membrane cease to function, leadinglolar
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influx of sodium and efflux of potassiuaiong concentration gradien6&/Mg**-ATPase
dysfunction results in vastly raised intracellular calcium and decreased magnesisoriMiegeis
important for enzyme function, and deficiency leads to mitochondriatéaand impairment of
membrane repair mechanisms. Calcium ions entering the cell with greatly increasedtlutarada”
concentrations result in osmotic cell swelling, loss of plasma membrane integrity andelyticed

dedh (Trump, 1982)

Once ATP is exhausted, energy may be released from the conversion ob AD#Pf and
subsequently from the conversion of AMP to adenosine. Adenosine is natveahggthin the cell
and hence if this state is reachttgh possibility of ATP regeneration on reperfusion is much
reduced. When cells die toxic free radicals and lysosomal enzymedemsed damaging nearby

cells adjacent cells and contributing to tissue necrosis.

Human metabolic rate will halve with evet®°C reduction in temperatu(@/ickhamet al,
1967) Thus by reducing organ temperature from 37°C to 7°C the metabolic rate, akd Bhus
consumption, can be reduced by 87.5%. This is a major aine abtdin-situ perfusion techniques
discussed below. In addition, perfusion preservation solutions contalarsfactrolyte
concentrations to intracellular fluid, in order to limit the effects described above ifs&TPa
transporters fail. Some perfusifinids go further still, with the inclusion of adenosine to limit
cellular loss, glucose as a metabolic substrate, free radical scavengenslj@dd to reduce tissue

oedema.
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1.5 Assessment of Renal Ischaemic | njury
1.5.1Why Assess Injury?

NHBD kidneys have invariably sustained a degree of warm and cold ischaemic injtlry, wi
the most extreme cases seen in uncontrolled donor situg®enal hjury can be considered as a
spectrum, ranging from mild reversible damage, to irreversible injury thathn organ will negr
regain function. Tie presence of certain factoesd.short ischaemic times, young healthy donor,
and effectivecryopreservation) will reliably suggest minimal injury and the potential for a good
transplantation outcome. Equally, experienced personnel might beconmgoeehat predicting
likely organ qualityhence avoiding PNF. It could begued that such factors are essentially
subjective viability assessments. Hwse in uncontrolled donorsubjective assessments are too
weak to #ow confident practice. Objective methods of assessing ischaemic injury and viability must

be sought.

1.5.2 Machine Perfusion Viability Assessment in K idneys

The aim of machine perfusion is to improve upon static cold storage of dgamsahrough
improved delivery of cold preservation solution and better waghof donor blood. In this way,
more cells are more rapidly exposed to the beneficial cooling and metabolic effeets of th
preservation solution, arichmunogenic factors within the donor blood are removed. In NHBDs the
parameters involved in hypothermic machine perfusion can also be usectamiisdbforgan injury
and hence viability. Such techniques follow from Kootstragearch into methods of preservation in
the 1980’s and 1990{®oosteret al, 1993b, Daemeet al, 1995, Kootstra, 1988). Theachine
perfusionsystemheused was principally the Gambro® nméree which was modifietly using steel

containers with glass ligsto which the kidneys were placed. The perfusion systeaircalated a
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University of Wisconsin solution® with supplementary oxygen deliverybtitout using an
oxygen carrier compound. Some centres, including Neweagta-Tyneused locally builsystems.
In the United States, later development produced the Waters® machine atitel@egan
Recovery systems Inc. LifePort® kidney transportdre Lifepor® is now commonly used

throughout Europe and the US, and has been used in Newgastidyne since 2003.

1.5.3 Parameters for NHBD Kidney Viability Testing in Newcastle  -upon-Tyne
1.5.3.1 Early Problems

Hypothermic nachine perfusiomvas introduced into the Newcastle NHBD protocol in phase
Il of the progranin 1998. The consensuiew at the timewas that the requireddiv rate was in the
region of0.5mI* gram ofkidney® minute® It was also thought that a safeximumfor perfusion
pressue was 60mmHg@Balupuriet al, 2000b, Balupurét al, 2000c) A locally-constructedsystem
was initially employed, based @nhaemodialysis pumpapable of delivering much higher
pressure than 60mmblgt was found that achieving the desired flow ratearginalNHBD
kidneys waoftendifficult. Subsequentlyit beame common practice to increase the perfusion
pressure to >60mmHg, especially in the early phaserder to ‘open up’ theenal vasculature.
Clearly thiscontravened the consengegarding raximal pressuréGrundmanret al, 1975) In
addition it had been shown that maximal resistance to flow was expected at the fgginni
machine perfusion, and that it would fall significantly during the first hibhis fall in resistance
was assumed to represent the absenag@rafvascular thrombosjsand was cited as an indicator of
organ viability(Talbotet al, 2003). Hbwever a resistive drop may be seen in organs with both very
good and very poor initial flowdt was also possible to intentionally make a highly damaged

kidney appear less damagey usingan excessiveerfusion pressurelhe process responsible
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involved the opening drteriovenous shunts (Last, 1978 p.3W8)ich caused drop in resstance.

Also, with the adventf perfusate ezyme measuremetitese arteriecvenous shuntassumed further
importance as they effectively cause ‘bypassinghefrenakortex. Thus the enzymatic markers of
ischaemia, releasdsy damaged tubular cells, are not encountered and washed out into the perfusate.
Thelevels measured in the effluembuld thereforeappeamuchlower than if the cortex of the

kidney had beeperfused(Talbot et al, 2003) Again, a highly damaged organ may appear less
damaged. Another effect ekcessiveerfusion pressure is excessive organ weight gain. This
phenomenon is seen where fluidasced out into the interstitiutoy hydrostatic pressure. As $uyc

it was seerequally frequently iness damagekidneys,and was exacerbated by the low oncotic

pressures associated with early (stdrele) solutions.

1.5.3.2 The Newcastle -upon -Tyne Pressure Flow Index (PFI)

In an effort to overcomtheseissuestheNewcastle group devised an index which
incorporated factors dystolic pressuras well as pure flow or resistance. This was termed the
Pressure Flow Index (PFI), amgs calculated frm the flow per 100g renal mass divided by the
systolicpressure bmachine perfusion (mt min™ 100g* mmHg?). Retrospective analysis of
machine perfusion and dichotomdssiccessful/unsuccessfalyitcome datadentified a PFI
viability threshold of 0.4 mt min™ 100g" mmHg* (Balupuriet al, 2000b) The maximum pressure
utilised for mace perfusion was reduced to #@&n 30mmHgBYy using pressure as a denominator
operators wer less likely to increase perfusion pressures in order to achieve mimaguimements
set for flow rate; a practice which had the potential to cause injury. Furthemmithréhe change
from the locallyconstructed device to ti@rgan Recovery Systenh# eport® machinesuch

practices were no longer possible as the Lifeport limits perfusionypesss
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1.5.3.3 Perfusate Analysis for Renal Viability Assessment

An idealviability marker for renaNHBD transplantation could be defined as an easily
measurableaccurate indicator aschaemic injury irreversibilityPhysiological markers of
ischaemia commonly used clinically have disadvantages in this context; pH is affected by
physiological and perfusion fluid buffering $gms and is hence of limited vallRafusate lactate
levels may indicatéhe degre of cellular acidosis but do not denote reversibilgythe potential for
recovery This has ld transplantation clinicians to examine the release of certain intracellular
enzymes into the effluent. Intidlular enzymes should only be released following membrane

disruption, when a cell dies. They should therefore confer an indicatiaeeéiisible injury.

1.5.3.4 Glutathione -S-Transferase (GST)

GST (or ligandin) was originally isolated as an alalant intacellular enzymén the proximal
tubules ofSprague Dawley rats. Subsequently, GST has been found to be present in vlirious ce
types;liver, heart, ovary, testesmall intestine and adren#&ometric differences exist between cell
types.In the kidneyGST isomers are involved in detoxification gi@anjugation reaction Proximal
tubular cells express predominantly a-GSTand hence this the isomereleasedollowing injury.

Distal tubular cells expressGST which therefore can be measured in urifleat said, various
isomers may be released from both renal cell types atigtasachie perfusion system only
involves one organ it could be argued that determining isometric levels efizimes is
unnecessary. The total GST enzyme level is sufficierthiBdpurposes of assessment of viability for
a single kidneyn a circuit Total GST levels can be determined by a relatigatyple

spectrophotometric assajhis assay is described in detail witliire methods chaptdt is based
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upon the rate of changé photonabsorbance occurring at 340nm when the substratdoto-2, 4-
dinitrobenzenés conjugated with glutathion&labig and Jakoby, 1981)

GST has beensed to asss injury in NHBD kidney$or some time. Daemegt al
established a viability threshofbrfusatdevel of 200 IU/L byretrospective analysis of owime
data(Daemeret al, 1997a), based on a perfusate circuit volume of 0.5L. This upper limit was
adoptedn NewcastlgBalupuriet al, 2000d) althoughit was noted thaevels above 2001U were
more commonly seen in young donépsesumably with more nephrons per kidneég)such
situations, where other factors in the donation were considered fav@usabie discretion regarding
marginal breaches of the 200IU threshold were employed. Following introductioa bif¢port
system in Newcastle, the circuit volume required was increased to 1L.Shei&hility threshold
was therefore also altered, and has been set at 1001U/L sinceTd@0&urrent criteria used for

viability testing in Newcastlaresummarised iffable 1.2
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Table 1.2

NewcastleUpon-Tyne NHBD Machine Perfusion Viability Parameters

Perfusion pressure (mmHg) < 30 mmHg
Flow > 12mi/100g
>0.4

PFI (ml/min/100g/mmHg)

Temperature (T) < 12°C (surface temperature)
(five time points)

GsT <100 IU/100g

5 - e
Wt increase (%) < 25 % (relative contraindication)

Machine Perfusion Solution
Perfusion fluid KPS (Belzer II, Belzer MPS)

Donor pre -treatment Heparin and Streptokinase

1.5.4 Problems with Viability Testing

For a viability assessment protocol to be deemed 100% successful, the program PNF rate
would necessarily be 0%. This is a utopaim and in reality, when dealing with marginal donor
situations, viability assessment can be judged a success if PNF rates are maint@awétebe
accepted limit of 10% (BTS guidelines 2008). In Newcastle, the use of PFISihdaEedests
have been reasonably successful at identifying heavily damaged NHBD orgdrenaad®NF
levels have been uniformly kept below the 10% yearly l{[@ibk et al, 2002a, Golet al, 2004a)
However as above, every case of PNF represaritsiure of viability assessment.

Deficiencies associated with the markers used in the Newcastle protocol are likely to

represent deficiencies in our understanding of the extreme complexity ofriseh@perfusion
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injury and the transplantation procekds also likely that any viability assessment protocol capable
of 100% sensitivity would suffer significantly in terms of specificltyother words, the nense

rate would be very high. Organ nose is extremely resource expensive and damaging taNHB
programs.

Ethics determine thahe PFI and GST viability protocol in Newcastle must remain
unvalidatedHowever if he effects of increasing ischaemic duration on PFI and &80 be
demonstrated prospectivelthe case for such assessment wouldieagthenedThe efficacy of
current protocols in thdetermination of transition between states of reversible and irreversible
injury should also be examined. Lastly, given the progdammaging effects of organ naise
further consideration should be given to the fate of organs on the borderliiabibfy. If such
organs could be used, possibly through improved preservation or by novel trarigpianta

techniques, organ resources could be maximised.

1.6 Renal Cryopreservation

In his famous ‘Regional Ral Hypothermia’ paper of 1967, Wickham reviewed evidence
from human and mammalian histological, physiological and transplantatidiesin order to better
elucidate the tolerated period of renal ischagiWiackhamet al, 1967). He suggested that to avoid
permanent loss of renal function any warm ischaemic period should not exceedi88.mia avoid

even minimum depression of function renal ischaemia should not exceedut8smin

Cooling of an orgamesults in decreased metabolic requirements and hence ischaemic
protection. Wickham went on to describe his own renal cooling experiments with rabbigionre
to the body of the literature available at the time. Levy and Semixsr@umption studigSemb,

19593 Semb, 1959bhad shown almost full suspension of renal metabolic activity-2016, and

38



Bickford had shown complete suspension of tubular transport functiof@{Ritkford and

Winton, 1937). Wickham himself showed that in rabbits, kidneys cooled@®c2ild sistain up to
three hours of renal ischaemia without appreciable deterioration ihfugicéion, as measured by
serum creatinine, or development of histological evidence of damage. itlastons were that to
achieve shorterm hypothermic functional preservation with human kidneys, moderegagieymal

cooling to temperatures of approximately25C is required.

1.6.1 Cryopreservation in Urological S urgery

The field of renal cryopreservation also has clinical applicatiotside of organ
transplantationThe second major area of interest is that of urological surgery, inwartthe
procedure of partial nephrectomy, where it is necessary to subject kidraysstthaemic period,

prior to reperfusion.

The surgical management of renal cell carcinomsttaitionally meant patients proceeding
to radical nephrectomy. This leads to approximately 50% reduction in nephromameass
consequently a similar loss of renal function to the patient. Howevéalpsphrectomy is now
considered a safe alternativar 5mal localised renal cell tumour@-erganyet al, 2000, Gilberet
al., 2003). Due to the nephr@paring capacity of the procedure, partial nephrectomy is considered
the preferred form of treatment for & tumours (<4cm) in patientgith small or solitary kidneys
(Adkinset al, 2003, Ghavamiaet al, 2002)and thee with small bilateral tumou(8ernardo and

Gill, 2002).

The role of laparoscopic radical nephrectomy for management-afrétal cell cecinoma
is universally accepted (Abbai al, 1999). However, laparoscopic partial nephregt¢biPN) has

been slow to gain universal acceptance, despite data suggesting that LPbtaae pquivalent
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outcomes tmpen partial nephrecton(¥l-Ghoneimiet al, 2003, Gillet al, 2003b) LPN follows
the same principles as the open procedure; the renal blood supply is occludédclaygping of the
renal vasculature prior to incision. Renal blood flow can thendesteblified once the tumour has
been excised and the edges are closed. During this period, the remaining kidsé&yerpesed to
the effects of warm ischaemic injury. It is difficult for a surgeon, especidilisitearning the
procedure, to complete LPN withihe prescribed 30 minute saferipd (Wickhamet al, 1967)
Therefore whera urologicalsurgeon anticipates the necessity sfgmificantperiod of renal
ischaemiathere is a need to ensure rengbdthermiain order to afford the organ sufficient

ischaemic protection.

During open partial nephrectomy, topical cooling is applied to the relevant katlméyg
renal pedicle clamping, usually via the introduction of ice slush to the region. Sinmlarly
laparoscopic renal surgery attempts have been made to reduce the warmitsdaaeage
occurring during renal pedicle clamping by use of a cooling jatkatrell et al, 1998), placement
of ice slushlAmeset al, 2005, Gillet al, 2003a, Lavewt al, 2007) irrigation withcold fluid
(Websteret al, 2005, Welckt al, 2007), intraarterid cold perfusion (Janetschek al, 2004) and
by retrograde ureteral perfusion of the kidney with c@tine(Crainet al, 2004, Landmast al,

2003).

Vascular cooling can be achieved through trarterial cold perfusion and effective
performance has been reported using this appr@actetschekt al, 2004). Despite this, many
surgeons would prefer alternative techniques due to the unavoidable risks oAvagan} and

thrombosis, as well as issues of technical complexity.
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Ureteral cooling isindertaken by retrograde perfusion with cold saline via a ureteral access
sheath. This method requires pogerative stenting, and provides less effective cortioalirog
than surface techniquéSrainet al, 2004, Landmaet al, 2003)

Surface cooling may be achieved in a number of ways; Hetreddescribed a renal cooling
device consisting of a rectangular doulalgered plastic envelope through which cold fluid was
circulated. The kidney to be cooled was placed into the envelope via an opddasideas
presented from cooling trials in four pigs. In 3 pigs the device was deplogyeh dpen incision,
and in one via an 18mm laparoscopic port. This limits assessment of the manoeuaradbitise of
application of the Herrel device in a purely laparoscopic setting. The Herrel deasceotv
developed further.

More recently, techniques involving placement of ice slush in closerpitgxio the kidney
have been employed and demonstrafecéfe renal cooling{Ameset al., 2005, Gillet al, 2003a,
Lavenet al, 2007) However, critics point to the potential for whole body cooling #re limitation
of access. Also, techniques involving direct application of coolant havgotiential for causing
injury through tissue freezingrrigation/suction systms using chilled normal salif@/ebsteret al,
2005, Weldet al, 2007)avoid access and freezing issues, but remain subject to issues of potentia
contamination and core temperature reduction. A device which could demereftestive
laparoscopic renal cooling and ischaemic protection, whilst avoiding the weakassseited with

previous methods, would be of great interest to urological surgeons.

1.6.2 Cryopreservation in renal transplantation

In heart beating donation, normal perfusion with warm blood is followed diatedy by

cold perfusion before the organs are removed and placed be. ibere is no primary warm
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ischaemic period. As cryogservation greatly attenuates the effects of ischaemia, organs retrieved in

this way can be assumed to suffer imial injury (see Fig 1.2

Figure 1.2 — Typical Core Temperature in a Controlled Heart  -Beating donor
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Measurement of intrabdominal organ teperature during retrieval from a Bra8tem Dead donor.
Note that organs are welerfused with warm oxygenated blood until the marked poit-situ

cold perfusion and introduction of ice. Relatively rapid cooling is thereaeti(Jennings, 2001).

In the case of NHB donation, a primary warm ischaemic period is unavoidable. In this
situation warm kidneys with high metabolic rates are denied oxygen and mesalmirates. The

length of this period and therefore the severity of ischaemic injury resulting injueg weith the

Maastrichtcategories

NHBD renal transplantation is made possible only because of interventioris avh@iorate
the effects of warm ischaemia. the controlled situation (cat. Il and 1V)ddeys may be subjected

to injury duing theperiod ofpotential subeptimal or hypoperfusion known as the ‘agonal time’.
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This is defined as the period between withdrawal ofdifpporting treatment and cardiac arrest.
Most centres place a limit on the maximum agonal period accepted. Hoteveontrolled
situation allows prior mobilisation of personnel and resource, and following a ‘no touch’ period
after cardiac standstill, the retrieval team is able to act immediathniques of DBTL femoral
cannulation (in the ITU settingind/orrapid laparotomy andortic cannulation (in theatre), prior to
coldin-situ perfusionand the introduction of ice to the abdomen, altepid establishment of organ
cryopreservation interventions.

The uncontrolled (catl) NHBD situation requirepowerfu organ preservation techniques.
TheFrench have recentinstituted an uncontrolled NHBPprogram with the majority of donors
subject to a procurement/preservation protocol based ao ptatement of a DBTlcatheter
(Figure 1)and cold imsitu perfusion as soon as possible after declaration of ¢eatbineet al,
2008) The recently establishécbndition T’ protocol in Pittsburglemploys similatechniques
(International NHBD Meeting, London, May 2008). The European approach todbetrdied
donor was developed through the experiences of groups such as Maé3aaheret al, 1994)
Newcastleupon-Tynehas been retrieving kidnejtom uncontrolleddonors since 1998, using a
modified Maastricht approach which includes an initial streptokinase. fAlthough the protocol
has been subject to evolution and improvement over time, techniques are focusedhuoslythe t
introduction of coldn-situ perfusion to provide sufficient renal cooling and preservation until the
donor can be taken to theatre; often as long as two hours after declarat@aih§Balupuriet al,
2000c, Golet al, 2002d)

Unfortunately,Newcastlehasfound that these techniques have a limited effect on core body
and hence renal temperature. A previous study used arr@uflaser thermometer to measure intra

abdominal temperature (ldfibe of liver surface temperature at laparotomy) on retrieval of category
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Il kidneys with a mean of 29.5°C after 120 minutes of perfusion (Jennings, #§dje 1.3. For
this period renal cells would havemained metabolically active andntinued to consume
significant quantities of ATP. Adequate cooling and reduction of the effeatarm ishaemia
cannot currently occur until laparotomy is performed and abdominal ide isineduced. Because
of the logistical difficulties and legal formalities associated with uncontrolled NHBD&idwrs of

in-situ perfusion may pass before the domachegheatre for laparotomy.

Figure 1.3 — Typical Core Temperature in an uncontrolled NHBD.

Typical core temperature in
NHB Donor

_a~ Perfusion

; Laparotomy

Kidneys in bow
Area under curve: 5869

Temperature/C
ha

V] 50 100 150 200 250
Time/minutes

Measurement of intrabdominal organ temperature during retrieval from a Category || NHBD. Note

that effective cooling is not achieved until laparotomy and thednttion of ice, approximately two

hours after death (Jennings, 2001).

At present, during part of the warm ischaemic period of the NHBBItu perfusion and
external cooling will improve the level of ischaemic injury. This is achieved by a smallgoolin

effect and via the benefits of the preservation solution. Howeverrtipetatures achieved suggest
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that the increased PNF and DGF rates associated with NHBDs are likely to be relatdddoatey

preservation methods.

1.6.3 Peritoneal Cooling in NHBDs

The peritoneal cavity is large and easily accessible percutaneously, vehdlerface area of
the peritoneum itself is extensive enough to permit effective dialysis. Thgsarte would suggest
that the peritoneum may offer an excellent route for body cooling, and indeed the use of
peritoneal cooling for systemic hypothermia has been describedtba¢850s. The technique has
also been described for cooling in heat stroke and malignant hyperp{@gassinget al, 1976)and
resuscitative hypothermia to limit neurological injury in stroke and cardiad érfesowitz, 1989)

In contrast, the intrpeiitoneal administration of warm fluids is an established method of treating
severe hypothermia, and can achieveveeming rates of 80°C/hour.

Peritoneal cooling has been shown to be effeettwveducing core temperatureanimal
studies. Xiacet alshowed in a canine cardiac arrest model that peritoneal cooling redueed cor
temperature measured in the pulmonary artery by 0.6°C/min, four timesdliegcrate achieved by
surface cooling with ice bagXiao et al, 1995) Takahashét al, using arex vivocanine model with
ATP measurenmgs and biochemical markers of ischaemia, demonstrated that peritoneal cooling
gave equivalent results to cooling by cardiopulmonaryabgpand better results tharsitu
perfusion alone, in heart, liver and kidney transplantdfil@kahashet al, 1996). Yadavet al
comparedn situperfusion alone with a combination of in situ perfusion and peritoneal cooling in a
porcine malel of warm ischaemia, and found the addition of peritoneal cooling to significantly

reducerenal caoe temperature§Yadavet al, 1997)
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In Human donors, thé&/ashingon Hospital Center grougported data frortheir Rapid
Organ Recovery Progra(RORP)for uncontrolled DCDs which was implemented in 19R@RP
used both intravascular cooling and peritoneal cooling with two laparoscopic trocars inserbed int
the lower abdomen with a closed refrigerateduit of iced normal saline continuously recirculated
throughou the peritoneal cavityThe fully refined system was reportedly capable of achieving
peritoneal temperatuseof 10°C in8 minutes, with IVC temperature falling to 15°C in 30 minutes
and 10°C by 60 minutdgight et al, 1997, Lightet al, 2000aLight et al, 2000b) However,the
donorsdescribed were younger than commonly seen in Europe, andnaérly trauma victims at
the MedSTAR trauma unit. Furthermore, no control group approximating theddties/ European
protocols ofin-situ cold perfision alone were described. It is therefore not possible to draw firm
conclusions regarding any potential benefier that achieved by the Maastricht apprebaked

protocols

The aims of this thesis flow from the broad areas covered within this introducamely;

ischaemic injury assessment, laparoscopic renal cryopreservation, andearitooling for

NHBDs.
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1.7 Aims

Ischaemic injury Assessment

To assess thefficacy and potential of ischaemic injury assessment or viability testihgwva renal
Non Heart Beating Donor (NHBD) transplantation program by:

a) Prospective assessment of the effects of warm ischaemia on retvedpestablished measures
of organ viability; machine perfusion and perfusate enzyme analysisiigeadnimamodel.

b) Assessment of outcomes of NHE&I@Ineys with low severity prarrest acute renal failure
selected using machine perfusion viability testing

c) Assessment of outcomes from dual renal transplantation of ‘margimeyisidselected using

machine pdusion viability testing

Laparoscopic Renal Cryopreservation

d) To develop a device for laparoscopic renal cooling

e) To develop a large animal model for laparoscopic renal cooling

f) To assess the efficacy of a laparoscopic renal cooling device usirgplantation organ viability

assessment

Peritoneal Cooling
g) To develop a large animal model of the uncontrolled NHBD for assessiithe efficacy of
additional peritoneal cooling versus current protocols.

h) To establish a human trial of uncontrolHBD peritoneal cooling.
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Methods

2.1 Organ Recovery Systems Lifeport ~ ® Kidney Transporter
This is the most commonly used kidney hypothermic machine perfusion device
transplantation today. The unit is setintained within a plastic shell, which incorporates a lockable

lid (Figure 2.1).

Figure 2.1

Organ Recovery Systems Inc. Lifepor® Kidney Transporter

The kidney is contained within disposable sterile plastic inserts, whitld&an organ
cradle and lidded fluidlmmber. The insert also incorporates the fluidics system, which involves

sterile tubing, a filter, and a bubkiep (Figure 2.2).
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Figure 2.2
Lifeport Sterile Insert; Organ Cradle sitting within the Perfusate Fluid Chamber, Fluidics

System and Sensor Ghnector.

Sealring
Connector

Once situated within the insert, the renal artery is connected to theiperfirsuit using specialized

connection devices. Two methods exist; the Sealring and straight céRiguiee 2.3).
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Figure 2.3
Lifeport Components for Connection between Renal Artery and the Machine Perfusion

Circuit

T

Straight Cannulae f— Coupler for
8mm, 5mm, 3mm multiple arteries |

" large and small
‘Sealrings

For Sealring connection an adequate aortic (Carrel) patch is required. This megtiesénts
the ideal technique for connection to the machine as the renal artery is udtandhgence
undamaed, with the seal formed at the edges of the patch (which may be used safeiynasy
invariably occurs prior to transplantation). The Carrel patch is gently passdatiéenBealring as
shown in Figure 2.4. The patch is then carefully positioned so as ordigsyee the arterial wall of
the patch is sandwiched circumferentially between the upper and lowerBealsibber securing

bands can then be tightened to complete the connection.
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Figure 2.4

Connection of Lifeport® Sealring to Renal Arterial Aortic Patch

Kidney

Sealring
Connector

Renal
Vein

If the patch is absent or too small, a straight cannula may be used by direntgaiaito
the arterial lumen, before securing with a tie (Figure 2.5). This rdatheffective, but risks damage
to the arterial intima which may necessitahortening of the artery prior to transplantation. This

may cause technical difficulties and increases the risk of vascular thrombosis.
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Figure 2.5

Connection of Lifeport® Straight Cannula to Renal Artery

Renal
Artery

.'-I'- P
|

—Y)

Straight
Canula

In the case of multiple patches or cut wedssas a result of nestandard anatomy and
additional polar renal arteries, combinations of two sealrings andéigtgtcannulae may be
connected using the coupler tubing shown in Figure 2.3. This allows bothlaitetaéations to be
perfused on theingle circuit.

The insert’s fluid chamber (inside which sits the cradle and organ) is placed into the ice
container, so as to surround the chamber with ice to effect cooling. The inserbhtainer then fits
into the Lifeport casing. An electronic link connects the parametric sensors, within thdlindies
system, to the Lifeport displays and computer / memory systems. In additiorbé&eff@ition of the
insert tubing is designed to fit around a peristaltic pump head (Figure 2.6). lDoicehis is in place
the lid of the perfusate chamber is removed under aseptic conditions, andriigdebpépreservation
solution (1L Kidney Preservation Solution, KPS®) is poured, usingtauah technique, into the

chamber so as to fill it and surround #idney. At this point the unit’'s power is activated and
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instructed to ‘wash’. This activates the roller pump and commences an initial fluithonsgeme

and bubble purge. Fluid is drawn from the bottom of the chamber, through theyfdtem, into the
bubble trap, and back to the chamber. Once completed the system is seted {phich sends fluid
from the bubble trap to the perfusion portion of the circuit. This tubing can themnbected to the
seal ring or straight cannula. On completion ofdheuit, the pressure rise is detected by the system
and the pump stopped. At this point, the operator instructs the Lifeportrtosee The pump is
activated and will adjust its speed in order to achieve the pressuretedt(usually 30mmHg).

This pressure drives the preservation solution into the renal artery and the ldgrexfused. The

solution then leaves the kidney via the renal vein back into the fluid chameeroies

Figure 2.6

Lifeport® with Sterile Insert installed

lce

Contai - ‘Sensor
ot

FPearistaltic
Pump Head

Systam
ontrol Panel
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Machine perfusion at high pressures is potentially damaging. The Liifiygoefore prevents the
operator from using excessively high pressures (40mmHg max.). As mentluner] the pump will
drive fluid until the selected pressure is achieved dstkeam. It then stopstating before
resuming when the pressure falls below the target.

Data available to the operator is: flow rate, resistance, pressure settingatecidusperature,
and ice container temperature. These parameters are involved in viabilisnassesTle flow rate
is estimated from pump speed, which has been calibrated and set in thedattgrgifferent size
apertures and by measurement of the volume circulating per minute. Thiadsegrted and accurate

method, used for flow estimation in all déal dialysis pump systems.

2.2. Machine Perfusion Viability Testing

2.2.1 Pressure Flow Index

The protocol is detailed in the Introduction, Chapter 1.5.3.2.

2.2.2 Measurement of Perfusate Glutathione -S-Transferase (GST)

Total GST(i.e., including alpha-mu, pi-, and other GST isoformss used for viability
assessment in Newcasfléhe method employed is@ST Colorimetric Activity Assay(Gok et al,
2003b) ands based upon the GSTtalyzed reaction betweegftutathione GSH) and the GST
substrate, CDNB (thloro-2,4-dinitrobenzene, which has the broadest range of isozyme
detectability). The GSTFcatalyzed formation of CDN#E&SH produces a dinitrophenyl thioether
which can be detected layspectropotometer at 340 nm. One international wfiGSTis defined as

the amount of enzyme producing 1 mmol of CDSBH conjugate/minte uner the conditions of
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the assay. All GST assays were kindly performed by the Freemspitedl department of

biochemistry under the auspices of Dr. Robert Peaston.

2.3 Microdialysis

Microdialysis is a technique to monitor the chemistry of the extracellular space in living
tissue. When a physiological salt solution is slowly pumped thraugkcrodialysis probe the
solution equilibrates with the surrounding extracellular tissue fluid. After a period of time it will
contain a representative proportion of the tissue fluid’s mole¢Elgare 2.7).

Microdialysate is then extracted and can be analysed immediately. This study etingloys
validated markers of glucose, pyruvate, lactate and glycerol fessreent of the degree of renal
ischaemiand cell injury within a tissugKeller et al, 2008, Weldet al, 2008) In well-perfused,
oxygenated renal tisswxtracellular fluid (ECF) glucose levels will remaivithin normallevels.
Glycolysis produceselatively satic concentrations of pyruvate, measurable prior to convertion into
acetylCoA which entershe Kreb'’s cycle. Iischaemic tissues glucose concentrations fall as
perfusion decreasesd available glucose is exhaustad the degree or duration of ischaemia
increases, anaerobic conditions will force the conversion of pyruvate to |adtatein early or
partial renhischaemia pyruvatkctate ratios may refleeterobic/anaerobic metabolic balance. With
complete ischaemia of longer durations, only anaerobic metabolic activity is paksstie absolute
absence of oxygefMherefore pyruvate levels will fall as cebmlglucose is exhausted, and all
available pyruvate will be converted to lactate. Subsequently, lactate levelseyidnis plateau as
pyruvate is consumed in an effort to raise ATP.

Glycerol can be used as a marker of cell injury or death. In thiexiotihe role of glycerol is

as a major aostituent of the plasma membrafieeller et al, 2008, Welcet al, 2008) As ATP
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levels fall the ATPase pump transporters in the cell membrane fail, leading to ceflutaof
sodium and alcium and efflux of potassium. This results in osmotic cell swelling, loss of plasma

membrane integrity, glycerol release, and cell death.

Figure 2.7

Schematic representation of the microdialysis catheter tip.

Extra-cellular

fluid
7
.-'/._i
>
— '/. }
Central ___——
lumen Semi-permeable

membrane

The bold red arrow demonstrates the flofamicrodialysis fluid inside the central lumen of the
catheter, before exiting at the tip and passing alongside thepgeméable membrane to form
microdialysate (following equilibration with the ECF). The bold blue arrow then indicassagea of

microdialysate into a collection vial.
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2.3.1 CMA 600 Microdialysis Analyz er ®

The CMA 600 Microdialysis Analyar is a small clinical chemistry analyzdesigned and
manufactured by CMA Microdialysis Ltd, Stockholm, Swed€igure 2.8. It allows analysis ofte
very small volumes of microdialysate obtained from microdialysis catheterstmegrReagents are

available for glucose, lactate, glycerol, urea, pyruvate and glutamate.

The CMA 600® incorporates a singbeam photometer system foolorimetric
measureent ofthe differential optical absorbance of a sample with respect to a reference. The
sample and the reference are held in a two compartment container. Agratatisport wheel driven
by a stepping motor is utilized to move the container so as tdtlgasample and the reference
through a light beam in succession. The intensity of the light transmittadythtbe sample and the
reference is measured by a photocell. The output from the photocell is feshiatectronic system
which produces an output signal corresponding to the differential opteaitence of the sample
with respect to the referencEhis allows for production of a calibrated measurement.

The sample tray has 9 positions for direct analysis and 24 positionddhrdvelysis. Ther
are positions for four reagents and one calibrator. The CMA 600 needs about lampt plus
the amount required for the different assays. Sample and reagent volumestraieddy a syringe
pump equipped witlprecision glass syringe of 50QpAbsorbance measurements are made with
thesinglebeam filter photometatescribed abovesquipped with a LED angavelength filters for
375 and 546 nm.

Four different analytesan be measured per sample dathmay be displayeds trend

curves on a compet screen. It is possible to monitor nine catheters or probes simultaneously. The
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analysis takes approximately 1.5 minutes per analyte and thesraibtored immediatehard

disk to minmize the risk of data loss

Figure 2.8

CMA 600 ® Microdialysis Analyzer

2.3.2. Assays

The CMA microdialysis assays for measurement of biochemical markersiaéis@ utilize
a final common product; quinonamine is a red / violet coloured molecule whszrbs light at a
wavelength of 546nm. The CMA 600 is consently set up to detect absorbance at this wavelength

allowing quantitative assessment of the proportional analyte sample concentration.

2.3.2.1 Lactate
Microdialysate lactate concentration was determined using a quantitative colorimetric

method. Lactatés ezymatically oxidized by lactate oxidase (LOD). Hydrogen perosxig@@iced
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reacts with 4chlorophenol and-&minoantipyrine, catalysed by peroxidase (POD). This produces
the redviolet coloured quinonamine. The rate of formation of quinonaminsjoptional to the
lactate concentration as measured photometrically by the CMA 600 microdialysizearalg

wavelength of 546nm (Figure 2.9).

Figure 2.9
Colorimetric assay for quantitative determination of Lactate concentraton

LOD
Lactate + O, + H,O — Pyruvate + H,0;

POD
H,O, + 4-Chlorophenol + 4-Aminoantipyrine —> Quinonamine

+ 2H,0 + HCI
2.3.2.2 Pyruvate
Pyruvate is enzymatically oxidized by pyruvate oxidase (PyrOx). The hydrogexidee
formed reacts with-aminoantipyrine and MthylkN-(2-hydroxy-3-sulfopropyl)}m-toluidine
(TOOS). This reaction is catalysed by peroxidase (POD) and produces gquimetaullow

colorimetric measurement of pyruvate concentration.

Figure 2.10
Colorimetric assay for quantitative determination of Pyruvate concentration
PyrOx
Pyruvate + Inorganic Phosphate + O , — Acetylphosphate + CO »

+ H02

POD
H,O, + 4-Aminoantipyrine + TOOS — Quinonamine + 4 H,0
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2.3.2.3 Glucose
Microdialysate glucose is oxidized by glucose oxidase (GOX). Again hydpgexide is
formed which reacts with phenol anéahinoantipyrine, catalysed by peroxidaselding

guinonamine.

Figure 2.11

Colorimetric assay for quantitative determination of Glucoseconcentration

GOX
Glucose + O, + H,O — Gluconic acid + H ,0,

POD
2 H;0;, + 4-Aminoantipyrine + Phenol — Quinonamine + 4 H,O

2.3.2.4 Glycerol

Microdialysate glycerol is phosphorylated by adenosine triphosphate)(@&Td glycerol kinase
(GK) to glycerot3-phosphate, which is subsequently oxidized in the poesehglycerol3-
phophate oxidase (GPO). Hydrogen peroxide is formed and reacts witfichloro-2-
hydroxybenzene sulphonic acid (DCHBS) arardinoantipyrine. This reaction is catalysed by

peroxidase and again produces theviedet quinonamine for cokimetric assessment.
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Figure 2.12
Colorimetric assay for quantitative determination of Glycerol concentration

GK
Glycerol + ATP — Glycerol -3-phosphate + ADP

GPO
Glycerol -3-phosphate + O , — H;0O, + Dihydroxyacetone phosphate

POD
H,O, + DCHBS + 4-Aminoantipyrine — 2H,O + Quinonamine
+ HCI
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Chapter 3

Renal Ischaemic
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Renal Ischaemic Injury Assessment

3.1 Introduction

Kidneys transplanted from Non Heart Beating Donors (NHBDs) are genergyded as
‘marginal’ grafts due to their association with warm ischaemic injury. The defrearm
ischaemia sustained by NHBD grafts is related to the Maastricht criteria, witthostgorolonged
periods occurring in the Category Il (uncontrolled) donor. Prolonged wanimaémia results at best
in delayed graft function (DGF) and at worst in primary non function (PNF).

In the UK the demand for kidneys continues unabated, prompting interest in the use of
‘marginal’ organs in order to increase the donor f@zgandeept al, 2006, Golet al, 2002b,
Markset al, 2006, Whitinget al, 2006) Concerns exist regarding the outcomes of such grafts, with
several groups reportirigcreased rates of DGF and P{Btook et al, 2003, Coopeet al, 2004,
Keizeret al, 2005). However, many series have shown encouraging short and medium term
functional and graft survival outcomes from these do(@emandeept al, 2006, Golet al, 2002c,
Marks et al, 2006, Whitinget al, 2006) In addition, it has been shown that transplantation of
marginal kidneys is associated with a significant survival lieoeér maintenance on dialy4®jo
et al, 1999)

Kidneys from NHBDs have often sustained a significant degree of ischaemic inpigy. A
result it is necessary to assess the extent of this injury prior to transplantatiateritoadetermine
whether thresholdsf viability have been breach€¢Balupuriet al, 2000b, Daemeat al, 1995,
Daemeret al, 1997c, Light, 2000)The NewcastleiponTynegroup has shomsthat viability testing

can be used to avoid transplantation ofamigthat are likely to have PNGok et al, 2002b)
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3.2 Machine Perfusion Viability Assessment

In Newcastleupon-Tyne NHBD renal transplantation relies upon a rapdponse retrieval
team which allows institution ofely organ preservation interventions in the controlled and
uncontrolled donor situation. Following organ retrieval, all NHBD kignendergo hypothermic
machine perfusion which allows assessment of viability. This involves calculation oktfsfe
Flow Index (PFI), defined as the flow per 100g renal magdet by the systolic pressu(Balupuri
et al, 2000b, Golet al, 2002b) and measurement of perfusate glutathiBreansferase (GST), an
enzynatic marker of ischaemic injur§Balupuriet al, 2000b, Daemeet al, 1995, Kievitet al.,
1997, Nyberget al, 2005) The Newcastle viability protocol for single NHBD renal transplants
requires a PFI 0.4 ml/min/100g/mmHg, and a GST level of les than 100 IU/L/100g renal mass
(Goket al, 2002b)

Machine perfusion viability assessment has been in existence for some time. However
controversy remains regarding the-wadidated nature of current assessment protocols. The research
described in this chapter seeks tlalieess this controversy; the first study described is the first to
prospectively assess the Newcastle viability assessment criteria at known wexremigctime
points. This has the potential to confirm or refute a genuine and prediatitilenship beteen
ischaemic duration and said criteria.

It shall be seen that with evidence of reliability of current assessment protocols it may be
possible to utilise this information so as to allow maximisation of organ resources anithctive
renal transplantadn program. To achieve this, novel ways of utilising viability assessment
techniques must be investigated. The second study focuses on the thesis tinst of degan

resource management, assessment of potentially damaged organsriftal reay be me
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efficient than flat refusal of donors exhibiting certain negative characteristics (in skeisesédence
of acute renal failure).

Another area with the potential to improve donor organ utilisation lies around the
‘borderline’ viability assessments. An organ which just passes viability asgessmaeis
subsequently transplanted may be of similar quality to one which just fails and is subsequently
discarded. The third study seeks to assess the suitability of dual traasprafor such organs, with
theaim of increasing the effectiveness of function within recipients and@ldecrease the numbers

of organs discarded.

3.3 Viability Testing using Machine Perfusion and Perfusate Enzyme Analysis:
Prospective assessment of the effects of warm ischaemia on retrospectively
established measures of organ viabilit vy

The viability criteriadescribecabove were determined retrospectively through analysis of
outcomes during the evolutiof the Newcastle NHBD prograf@ok et al, 2002b), much as other
viability testing centres have established their respective criteréasense all such criteria are
destined to remain unvalidated, as it would be unethical to transplant cogaviscdh a strong
suspicion of nosviability exists. In this way it could never be proven that an organ whilshafa
viability assessment would indeed have resulted in PNF if transplanted (Chang Al®@kigh the
opportunity for true vatlation of a retrospectively produced viability test is lacking, the case for
such assessment would be strengthened by demonstration of thesaiatizetween injury and the
marker seeking to reflect it. Clearly it is impossible to prospectively validateffect of increasing
duration of warm ischaemia within a human subjitbrder to better elucidate the relationship an

animal model is required.
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3.3.1 Materials and Methods

Ten anaesthetised juvenile landrace pigs underwent laparoscopic renasatiohniln 9
pigs,one kidney washen subjected to a period of ischaemia of 30,r8@aninutes (giving 3
kidneys per ischaemic period group). The cofdtaral kidney was used for another study. In the
10" pig, bothkidneys were used as controls, withrmd perfusion prior to retrievalafter rapid
laparotomy the kidneys were placed on ice and prepared for machine pesftsioding to local
NHBD viability testing protocol§Gok et al, 2002b). PFI and peak GST levels evéten
determinedduring 4 hours of machine perfusion

Statistcal analysis was performed using Prism version 4.0 for WindBata are expressed
as meant SD. Normality of distribution was confirmed using the D’Agostino and $&gaomnibus
normality test, prior to unpaireetést comparison. Neparametric analysisf continuous data was
performed using the Marwhitney U-test. Categorical variables were compared using Fisher's

exact test. Statistit significance was defined asp.05.

3.3.2 Results

PeakPFI (ml.min 100g™* mmHg™) at 4 hours (usually the T3 @# value) is the primary
viability assessment criterion in Newcastiéean peak PFl was 1.740.16 in the control group
(normal perfusion prior to retrieval). In the 30 minutes warm ischaemic group méara®Bimilar
to that seen in controls study gpsy1.33+ 0.64 (p = 0.456). Mean PFI thdecreased significantly
with increasing ischaemic timesrsuscontrok. At 60 minutes it was 0.960.30 (p 0.@75), and at
90 minutes 0.4& 0.14 (p0.0024) (Figure3.1). A linear relationship between PFI anchiciic

duration was demonstrated & 0.9976) (Appendix 1).
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Figure 3.1
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Pressure Flow Index (PFI) according to ischamic duration
Column demonstrates mean data with error bars denotingnSfpoup a (control) n=2 kidneys. In

groups bd n = 3. ManAwhitney U-test statistical comparison between groups is shown.

GST perfusate concentration adjusted for renal mass (IU/L/100g) showed aisilegtrend
with increasing ischaemigigure 3.3) although statistical significance wast achievedGST was
not detected in control samples (the assay was not capable of detectimgleviJ/L). At 30, 60,
and 90 minutes, mean peaital GST levels were 31.6715.37 38.33+ 14.50, and 60.08 11.53

IU/L/100g respectively.
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Figure 3.3
Mean peakGlutathione-S-Transferase(GST) concentration per 100g renal massccording to

ischaenic duration.
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3.3.3 Discussion

The Newcastl®Flwas seen to accurately refléctsitu warm ischaemic time and therefore
the pdential degree of ischaemic injupyospectively in a large animal model. This builds on the
suggestion of previous retrospectivggoduced studies that the RBRlupuri et al., 2000b, Gok et
al., 2004b, Golet al, 2002b), and other protocols which employ resistive indé@asmeret al.,

1995, Light, 200Q)are able to accurately reflect ischaeedposure and hence injury.

Peak GST levels during machine perfusion showed a rising trend with increctssehisc
duration which mirror the retrospective data from earlier work in Maastricht and Ngleca
(Daemeret al, 1997c, Golet al, 2003b)

This studyis the first to provide prospective large animal model validation to further support

the use of combined PBnd GST enzyme viabilitgssessment in NHBD renal transplantation
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3.4 Pre-Arrest Acute Renal Failure in NHBD transplantation

Kidneys fromcontrolled NHBDs (catlll and 1V) are retrieved from donors subject to
withdrawd of prognostically futile lifesupport(Gok et al, 2004b) As mentioned elsewhere, they
generally have a shorter and more predictable warm ischaemic time than thoseafastridit
category | and Il uncontrolledonors, and are thus predisposed to a more favourable outcome after

transplantatiofDaemeret al, 1996, Golet al, 2002b)

These donors are usually admitted, treated and investigated in Intensivar Thezapy
Units (ITU). Someshow evidence of Acute Renal Failure (ARF) throughised serunereatinine
(SCr) prior to withdrawal of treatmenwithout any previous history of renal impairmenhis
apparent deterioration in renal function is invariably caused by the pattellpgocesses
responsible for situation of medical futilitylany transplant speciatiswould consideARF in a
NHBD as an absolute contraindication for renal transplantation, and henathattuthe donation
pathway at this point. This view ignores the dynamic nature of renal farintibe donor context
and fails to appreciate the potential reversibility of early ARF. In other words,riveg tf
transplanting damaged organs which might result in PNF is enough tg alstiidoning the
retrieval process. However, the organ viability assessment protocols udewdastleupon-Tyne
allow testing of the potential reversibility of renal ischaemic inflglupuriet al, 2000b, Balupuri
et al, 2001). Judicious use of sucssassments may allow a proportion of individuals with evidence

of pre-arrest ARF or impairment to be used as renal donors.

This approach has been followed in NewcasfilenTyne, and in order to addregs
understandable conceraf poor outcome of gradtfrom category Ill NHB donors with evidence of

ARF prior to organ recovery, graft function from these donors was examined, withrisonpa
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kidneys transplanted from control group o€ategorylll NHBDswith normalpre-arrestrenal

function.

3.4.1 Methods

All renal transplant recipients from category Ill donors between 1998 and 2085 we
identified. Category Il NHB referrals come predominantly from the Intensive CaitsdCU).
The NHBD retrieval protocol described elsewh@ek et al, 2002b)was employed for all donors.
Viability assessment using PFI machine perfugBaiupuriet al, 2001), and perfusate GST criteria
(Daemeret al, 1995, Golet al, 2003a)was undertaken to determine the suitability of individual
organs for transplant.

TheRIFLE criteria (acronym indicating Risk oénal dysfunction; Injury to the kidney;
Failure of kidney function, Loss of kidney function and Estage kidney disease), can be used to

classify theseverity of acute renal failure (Table 3(Bellomoet al, 2004a, Bellomet al, 2004b)
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Table 3.1
RIFLE Criteria for A cute Renal Failure
The RIFLE criteria were designed to stratify the severity of renal injury and fadooeding to

clinical parameters.

Category GFR Urine Output U/O
Criteria Criteria
Increased creatinine x1.5 UO < 0.5ml/kg/h o
Risk or GFR decrease >25% X 6 hrs e
2 X
= Q
Injury Increased creatinine x 2 UO < 0.5ml/kg/h <=
or GFR decrease >50% x 12 hrs <
Increase creatinine x 3 UO < 0.3ml/kg/h
Failure or GFR decrease > 75% x 24 hr or Anuria 17
or S-Cr > 4mg/dI x 12 hrs BT
Loss Persistent ARF = complete loss of kidney function > 4 S =l
weeks E’
ESKD End Stage Kidney Disease (> 3 months)

Recipients were divided into study (ARF) and control groups. AllocationeRF group
was made on the basis of changes in serteatinine (SCr), as this data is routinely available in
category Il NHBDs. The studihereforeincluded graftsecovered from donors with ARF of any
severity according to the RIFLE criterRIFLE status was determined through comparisdBQrf,
24 hrs before cardiaarrest andmmediatelyprior to withdrawal otreatmentFor instance, if SCr 24
hours priorto cardiac death was 100 mmoat,Lbut at vithdrawal had risen to 200 mmot*|_this
donor would qualify for the ‘Injury’ RIFLE category, and recipients of ordeor® such a donor
would enter the ARF study groug/here no qualifying changes in SCr were identified in the donor,
recipients entered the control group. In other words, control group donors heidece of

deterioration in renal function prior tmrdac arrest.
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The primary endpoints of this study were recipients’ Glomerular Filtration Rate (GFR)
calculated by Mdification ofDiet in RenalDisease (MDRDJormulaat 3 and 12 months pest
transplant. The secondary ewndpts were PNFate, duréion of DGFand rejection rate in the first
year.

PNFwas defined as permanent loss of graft without evidence of function abartyafter
thetransplant, and DGiwvas defined as graft function sufficiently impaired for the recipient to
require dialysis.

Statisticalanalysis was performed using SPSS version 11.0 for Windows. Continuous
variables were compared using Mann Whitney U for-parametric data. Categorical variables
were compared using the edfuare test or Fisher's exact test if the underlying assumptions of

asymptotic methods could not be met

3.4.2 Results

From the beginning of phase Il of thdHBD programin NewcastleuponTyne (1998 until
the end oR005,49 single kidney recipients from catey Il NHBDs were identifiedAs
mentioned, kkidneys hadundergonédnypothermic machine perfusion and viability testing prior to
transplantation.

9 recipients received kidneys from 5 donors with ARF according to the RIFeEa(ARF
group). Inthecontrol group, there were 40 recipients from 25 donatls mormal SCiprior to
cardiac arrest.

There were no statistically significant differences between the groups forigbtent
confounding factors including donor and recipient age and sex, ischaem; HinA mismatches,

incidence of acute rejection, dticm of DGF and PNFates. (Table8.2 and 3.3

74



Table 3.2

Statistical Comparison of Donor -related Factors between Study Groups

ARF Donor Normal RF Donor
N=5 N=25 P
Age Donor (Mean + SE) 45.2+7.3 38.5+£3.6 0.41*
Sex Donor M:F 3:2 3.2 .
Ischaemic times (nn) Mann
Whitney U
1st WIT 19.33+2.6 19.68+1.1 0.94*  iest
2nd WIT 33.89+4.4 36.53+1.3 0.56*
CIT 1608+128 1358452 0.096*
Total IT 1662+127.2 1414452 0.095*
Donor Cause of Death
HI 1 6
POD 1 1
ICB 1 3
SAH 2 4
MI 1
CVA 3
SDH 3
Other 4
HLA Mismatch (Median)
A 1 1 0.2t t Chi
B 1 1 0.52t  square test
DR 1 1 0.06t
S-Cr micromol/l
24 Hrs pre-arrest 88.0+13.2 79.246.16 0.91*
Pre-arrest 175+35.2 89.8+6.16 0.004*

HI Head injury, POD Paracetamol over Be, ICB Intracranial Bleed, SAH Su#fsachnoid Haemorrhage, MI
Myocardial Infarction, CVA Cerebrovascular Accident, SDH-Bufval Haemorrhage, WIT Warm Ischaemic Time, CIT

Cold Ischaemic Time
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Table 3.3

Statistical Comparison of Recipient Related Demogra  phic Factors and Outcomes

ARF Donor Normal Renal Function
N=9 Donor P
N=40

Age Recipient (Mean + SE) 57.1+2.4 49.3+2.0 0.09*
Sex Recipient M:F 5:3 2:1
Immediate Function % 75 52.5 043t
DGF % 25 475 043t
DGF (days) 18.0+1.1 75+1.7 0.15*
N = Primary Non-Function 1 0 0.18t
Rejection % 25 275 1t
eGFR (MDRD)

3 months 45.36+ 6.07 43.78 +2.23 0.966*

12 months 42.18+6.28 44.68+ 2.89 0.805*

* Mann Whitney U test
I Fisher Exact test

There was a statistitta significant difference in mean @arrest SCof the doror between
two groups (175 pmol.L+ 35.2 and 89.& 6.16for ARF andcontrol groups respectively,(p004,
Mann Whitney U test).

One transplant in the ARF group resulted in PNF (11.1%). Of the remaindertiie=8ean
GFR was 45.36nl. > min * 1.73m™+ 6.07after 3 months. In the control group after 3 months, the
mean GFR was 43.78223. Mean GFR after 12 months was 42:¥828 and 44.6& 2.89 in ARF
and control groups respectively There was no significargrdifice between the grougis3 months
(p 0.966, Mann Whitney U tesffigure 3.4), nor at 12 montlis 0.805, Mann Whitney U test)

(Figure 3.5)
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Figure 3.4 — Recipients’ GFR at 3 months
Category Il NHBD kidney recipients Glomerular Filtration Rate at 3itn® post transplantation;

Acute renal failure study grougersusnormal function controlgx0.966, Mann Whitney U test
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Figure 3.5 — Recipients’ GFR at 12 months
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3.4.3 Discussion

Most clinicians view ARF as a potentially reversible condition. It has multiple aetslogi
often resulting in renal hypperfusion, and in mangases normal renal function resumes following
adequate resuscitatigBellomoet al, 2004a, Bellomet al, 2004b) In NHBDs, kidneys may show
evidence of ARF prior to arrest, demonstratedibterioration in Er. The extent of this damage can
be assessed by machine perfusion and viability testing, are wigethresholksl of viability have
been breached, the organs are not used. However, organs wéttigsteevidence of ARF which
pass viability testing may retain the potenf@lfunctional improvement.

The NewcastldJponTynegroup uses viability testg to avoid transplantation of organs that
are likely to have PNEBalupuriet al, 2000c, Balupurét al,, 2001) Madine perfusion has enabled
selecion of viable kidneys based on physical (flow, pressure, resistance, tempe(Baltgjuriet
al., 2001, Light, 2000and biochemicgbarametergglutathione SransferasejDaemeret al,
1997c¢, Golet al, 2003a, Kieviet al, 1997) Non-viable kidneys are discarded.

Of 9 kidneys from donors with prarest evidence of ARF, one resulted in PNF. In this,case
the donor renal artery was damaged during retrieval preventing machinsiperénd viability
testing. The second kidney of the pair passed viability testing, and ongtishxzth kidneys were
transplanted. Unfortunately, the-perfused kidney represents theearase of PNF

Those kidneys which passed viability testing amglesubsequently transplanted show
similar results to the Category Il donors with normal renal function at the time of dorEtienlata
suggests that the Newcastle protocols of ischaemic injury assessment are syffabeist as to
allow determination of the potential reversibility of early renal dgendf other centres pursued a

similar approach, additional organs from NHB situations (which waldesent never progrets
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donation) could contribute to the donor pdalthe short termasults are certainly favourable.

However,long term results of using such donor kidnegmains to be determined.

3.5 Dual renal transplantation for kidneys from ‘Marginal’ NHBDs

Severalgroups haveshown that viability testing can be used to avoid transplantation of
organs that are likely to have PNBalupuriet al, 2000b, Daemeaet al, 1995, Light, 2000)
However, in Newcastlepon-Tyne the parameters assessed in the course of viability testing appear
to identify a second group of kidneywhich although unsuitdd for single transplantation may be
considered for dual transplantation. The group is best considered as ‘méijimas’ against
original viability testing thresholds. The pressure on renal transplant waiting lists-emmtlasised
in the introduction (section 3.1).These pressures push retrieval cengeektoptions for decreasing
the rate of discard for retrieved kidneys, in order to maximise resouBeee obvious group for
assessment are the ‘marginal failure’ organs, which lie just beyond theextteresholds of
viability.

An argument could be made that all organs which fail viability testingn marginally,
should be discarded without further thought. In this way, recipients are peitected against PNF.
However, another view is thatthoughkidneys of this group would be unlikely to produce a
sufficient glomerular filtration rate (GFR) to support the recip@éna solitary transplant, when used
together as a dual transplant they could potentially produce sufficient wectibh for one patient.

In order to maximise the number of transplants from NHBD retrievalsgrgroof dual
kidney transplantation was commenced in Newcastle in 2003. The basic pararabtiity
thresholds used are detailed in the Introduction chapter (sdc@)(Balupuri et al., 2000b, Gok et

al., 2002b). Theynvolve calculation of the Pressure Flow Index (PFI), defined as the flow per 100g
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renal massiglided by the systolic pressyrand measurement of perfusate glutathiSHeansferase
(GST), an enzymatic marker of ischaemic injury.

The Newcastle viability protocol for singtHBD (or all prior to 2003yenal transplants
requires a PFl a£0.4 ml/min/100g/mmHg, and a GST level of less than 100 IU/L/100g renal mass.
All organs with a PFI of <0.4 are discarded retrospective analysis suggests irreversible injury is
likely to have occurred beyond this point (Talbot, D. data on file, 2003). Howéttee, 6ST
measurements are above thigginal threshold for single organ transplantation (or occasionally due
to other factors such as donorrwrbidity orcold ischaemic time) Newcassergeons may opt for
a dual transplant.

The majority of the dual transplant organs in this study were selected on the bésisliof v
assessment. Therefore they had invariably breached the viability criteriadieafador single
organ transplantation in our centre. This precluded randomisation of swtsdogsingle
transplantation in the context of a randomised control trial. Subsequendiger to determine
whether thedual transplants achievegbpropriate early functional outcomes, a retrospective study

was perforned.

3.5.1 Materials and Methods

Dual renal transplantation is performed as an ipsilateral proceduve geotre, allowing
preservation of one iliac fossa for future use as required. In an galldual transplant, both
kidneys from a single donor airaplanted into the right iliac fossa with anastomoses to the common
(right kidney) and external iliac (left kidney) arterial circulations. Téwsult is a “doublelecker”
configuration, with the right kidney abotee right(Figure 3.6) The ureters areriplanted

separately as two ureteroneocystostomies. The procedure therefore necedsitgesumeter for
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the cephalad kidney, as this ureter must exceed the length of the caudal kidreyows a tension
free ureteroneocystostomy.

The Newcastle unitgrformed its first dual NHBD renal transplant in December 2003. From
December 20032007,23 dual NHBD enal transplants were identifiddsing posttransplant
recipient GFR at 3 and 12 months as primary endpdhesdual transplant growpas compared
with aseries of 115 single NHBD transplanfunction was assessed us®gR (mI* min™® 1.73m
2), estimated from patient age, sex, ethnicity, serum creatinine, urea, and albimgithasxtended
MDRD formula(Leveyet al, 1999)

Secondary endpoints were incidence of DGF, PNF and organ discard ré&&evd3Glefined
as insufficient initial graft function requiring dialysis, and PNF as permanent graft loss without

evidence of function at any point.
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Figure 3.6
Ipsilateral Dual NHBD Renal Transplant following reperfusion and pr ior to closure in

Newcastle

Conor
Fanal Vain

Statistical analysis was performed using Prism version 4.0 for Windoata are expressed
as meant SD. Normality of distribution was confirmed using the D’Agostino and $&gaomnibus
normality test, prior to unpaireetést comparison. Noparametric analysis of continuous data was
performed using the Marwhitney U-test. Categorical variables were compared using Fisher's

exact test. Statisticalgnificance was defined as@.05.
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3.5.2 Results

From December 2003 @ecenber 2007 23 dual renal transplantsre performedl17
Category Il, 6 Category Ill)The majority (n=18) were selected using viable PRI}
ml/min/100g/mmHg) with high GSTs (>100 1U/100g) in both organs. The remaiveterselected
using viable PFIs withigh GSTs plus evidence of pooksitu perfusion (n=1), poor igitu
perfusion alone (n=1), donor -gnorbidity alone (n=2), and long CIT alone (n=Ihe remainder of
NHBD transplants for the same peridd;5 single NHBD transplants (48 Category Il, Gtégory
I, 1998-2006) were identified for comparison.

The dual group contained a greater proportion of Category Il donors compadhedsingle
group according to the NHBD Category llll: ratio; 17:6 (n=23) versus 48:67 (n=115) (p 0.009).
Otherwise thalual and single groups were watlatched with no significant differences found with
respect to donor and recipient age, ischaemic times, HLA mismatch, CMV nfisraattrecipient
cardiovascular risk scoreTéble 3.4

One dual transplant recipient died 8 months {@stsplantation with a functioning graft.
There was no significant difference in rates of PNF between the groupsiuBltransplants
resulted in PNF (8.7%), compared with 11 single transplants (3a&8e 3.5). The incidence of
DGF in the dual transplant group was 81.0%, significantly higher than imtjle group where the
incidence of DGF was 59.2% (p 0.049). However no difference was found betweenl thedpa
and the single Category Il donor transplants, where DGF incidence was 88.9%.

Of the 21 functioning dual transplants the m&#R after 3 months was 46t217.3. In the
single transplant group (n=104) the 3 month mean GFR was4@7. In the dual group 16

recipients have reached 12 months ficatsplant. The mean GFRthis point was 44.6 17.2
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versus 43.@ 15.7 in the single group (n=81). No significant differences in graft functeme w

observedat 3 (p 0.21) or 12 months (p 0.72) ptsinsplant Table 3.6, Figure 3)7

Table 3.4

Dual and Single Groups; Matching for Potential Confounding Factors

DUAL SINGLE P
(N=23) (N=115)
Donor Age (yr) 49.9 +/-11.6 42.3 +/-15.3 NS
Recipient Age (yr) 52.8 +/-11.4 49.9 +/-13.1 NS
Ischaemic Times
1°WIT (mins) 26.5 +/-6.7 215+/-7.3 NS
2° WIT (mins) 33.1 +/-6.1 38.5 +/- 8.0 NS
CIT (hr) 21.7 +/-1.8 23.7 +/- 4.7 NS
HLA Mismatch (median)
A 1 1 NS
B 1 1 NS
DR 1 1 NS
Maastricht Cat. I1:11l 15:8 48:67 0.009
CMV Mismatch N (%) 4 (23.5%) 13 (11.3%) NS
Recipient 7 6 NS

Cardiovascular Score
(median)
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Table 3.5

Complications in the Dual Transplant Group

Complication Number of Cases (%)
Primary Non-Function 2 (8.7%)
Delayed Graft Function 17 (81.0%)
Acute Rejection 6 (28.6%)
Vascular Thrombosis 0
Ureteric complications / Urine leak 2 (9.52%)
Wound dehiscense 1 (4.76%)

Table 3.6

Early Outcomes in NHBD Dual Transplants

RECIPIENT | MAASTRICHT REASON FOR PNF | DGF GFR GFR
CATEGORY DUAL 3/12 12/12
1 Il Long CIT - + 45 67
2 Il High GST - + 73 84
3 Il Poor insitu perfusion - + 24 33
4 Il High GST - - 30 39
5 I Diabetic, renal - + 20 20
impairment
6 Il High GST + NA - -
7 I High GST - + 87 22
8 Il High GST - + 52 48
9 1] Diabetic, renal - + 40 49
impairment
10 Il High GST - - 56 52
11 1l High GST - + 49 52
12 1] Poor insitu perfusion| - + 28 41
High GST
13 1 High GST - + 47 Died
14 11l High GST - + 27 20
15 I High GST - + 58 62
16 1l High GST - + 53 41
17 1l High GST - + 40 43
18 I High GST - + 50 39
19 Il High GST - + 56 -
20 11l High GST + 41 -
21 I High GST + NA - -
22 Il High GST - - 67 -
23 1T High GST - - 25 -
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Figure 3.7

Functional eGFR outcomes in dual and single NHBD grafts at 3 and 12 months post -

transplantation .

The median, inteqguartile range and spread of the data is presented wiplaived ttest statistical

significance.
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The organ discard rate for each year of Newcastle NHBD program isishovable 3.7
When examining these, it is useful to consider our NHBD program in traepld982001 (basic
protocol) 20012003 (introductiorof streptokinase flush during-witu perfusion), and 2062006
(Dual transplantation established). As previously reported, the intiodwaftstreptokinase
produced a significant reduction in the naose rate from 49.4- 10.0%to 28.8+ 2.9%% between tb
first and seconéras respectively (p.0125).The introduction of the dual renal transplantation

option has also resulted in a reductiorthe noruse rate to 19.1 4.3%, although this did not reach

stdistical significance. (Figure 3)8
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Tabl

Discard Rates for NHBD Kidneys; 1998 -2006

e3.7

Discarded kidneys are those which fail viability assessment and agéotieemot transplanted

following retrieval.

NHBD CAT. lI-IV CAT. ll-IV CATEGORY | CATEGORY Il DUAL
PROGRAM DISCARDS DISCARD 1l DISCARD TRANSPLA
ERA (N/TOTAL) RATE DISCARDS RATE NTS
(%) (NITOTAL) (%) (N)
1998 Basic 7/16 43.8 4/10 66.7 0
1999 Basic 13/32 40.6 9/20 45.0 0
2000 Basic 19/30 63.3 16/24 66.7 0
2001 | Streptokinase 16/32 50.0 12/18 66.7 0
2002 | Streptokinase 8/26 30.8 7/14 50.0 0
2003 | Streptokinase 8/30 26.7 5/12 41.7 1
2004 | Dual Transplant 9/34 26.5 6/16 375 4
2005 | Dual Transplani 5/26 19.2 2/12 16.7 5
2006 | Dual Transplan 3/26 115 2/14 14.3 7

Figure 3.8

Percentage Kidney Discard Rate according to NHBD program evo

Statistical analysis performed usiRzher's exattest.
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3.5.3 Discussion

The concept of ‘nephron dosing’ suggests that for successful transplantetitceamass
of renal tissue is required to satisfy the metabdémands of the recipie(ilicholsonet al, 2000)

It could be argued that organs which have sustained acute or chronic injyrif trensplanted,
produce less function per unit mass than might otherwise be expected. Asdtiy ©f injury
increases, a point is reached where the use of a single organ graftulilirésansplantation of
insufficient renal mass to support the recipient. The only option avattablerease the mass of
renal tissie received from such a donor is to transplant both kidneys into a singliemgci
effectively doubling the ‘nephron dose’.

Dual renal transplantation has been previously reported for ‘expandedbotionors’
(ECDs)in the USA with excellent functionlarecipientoutcomegAlfrey etal., 1997a, Alfreyet al.,
1997b, Luet al, 2000) Alfrey et alretrospectively reviewed the outcomes of 52 transplants from
ECD donors which had been turned down by other centres. These included 15dpédrita. In
the dual transplants, the majgritf which were from donorsggd>59 years with a GFR <90 ml.
min™ 1.73n? the mean sCat one year was 1.6miti (141 umoll™®) + 1.5, compared to 2.8ndj*
(248 umoll™®) + 1.5 in single organ transplants. The authors therefore suggested thatretganed
from ECDs agd>59 years, with a GFR <90 ml.min™* 1.73m? would be best utilised as dual grafts.

Employing different criteria for age-§4 years vs. <54 years) the same group reported later
outcome data confirming the encouraging performand@bfdual ECD graftsAt one year dual
graftrecipients mean sCr was #0.7 mg.d™* (150+ 62 umoll™) compared with the singlegan
group where sCr was 2421.0 (194+88 umoll™). In a 50 year old Caucasian male, these sCr values

would represent GRs of approxinately 46 and 34 ml.mih1.73m? in the dual and single groups
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respectively. This suggests that both the dual and single ECD transplaps geported by Alfregt
al and Luet alwere providing roughly appropriate levels of recipient réanattion.

ECDs might generally be expected to perform inferiorly to ‘standateria donors’ (SCDs)
on viability assessment, as they have had a greater exposure to clseagedirocesses. Indeed,
when the Dual and Single transplant groups are assasserling to UNOS ECD/SCD status, ECD
donors can be seen to make up approximately half of the Dual group, compasadthate20% of
the Single group. However, early functional graft performance is ectaff by ECD/SCD status,

with no significant diffeences obsend between the groups.

Table 3.8

Dual and Single Study Groups according to Expanded (ECD) and Standard (SCD) Criteria
Donor Status; 12 month Functional Outcomes.

Dual Single Dual Single
ECD ECD SCD SCD
Number 11 (47.8%) 20 (17.4%) 12 (52.2%) 95 (82.6%)
(% study group)
GFR 41.7+14.0 42.2+11.0 48.3+21.2 43.2+16.7
at 12 months

A greater proportion of ECDs were present in the Dual group (4¥s8%.4%). No significant
differences were observed between any of the 4 graelpsvijollowing unpaired-test analysis.
Transplanting two kidneys into one recipient which then produce an excell@is@Rvaste
of resources. In this situation, patients on the waiting list would havelistter served by two
single organ transplants producing two significantly lower, but sufficieshtagpropriate recipient
GFRs. Equally, a dual transplant which produces insufficient function or resitéF is extremely
unwelcome. However, consideration must be given to any transplant procedciehas the

potential to provide an appropriate level of recipient renal function, andeay prevent
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unnecessary organ narse following retrieval. Thus the decision to utilise the dual transplant option
is a crucial one.

In this series kidneys suitable for dual transplantation have been identifiegdrplsfactors
including prolonged cold ischaemic time after non heart beating donationheand donor stable
renal function was known to be sobtimal. However, the majority were selected on the lifsis
viability tests, namely a viable PFI combined with high perfusate GST |&ualently PFI is used
purely to decide when amgan must be discardedx&miration ofthe possibility of using different
PFI thresholds for single and dual organ transplamtés planned

In retrospect two pairs of kidneys (Table 3d&ipients 2 and 7) probably had an insufficient
flush prior to machine perfusion producing an artificially high GST, andfirereould have been
transplanted singly. Patient 7 after excdlliaitial progress developed problems with
immunosuppressant medication concordance, resulting in deterioragaaftafunction.

Outcomes in the single group were broadly in line with previous publications from this grou
(Gok et al., 2002h)xand the GFRs resulting from theal transgnts from ‘marginal’ NHBDs
correlate well with these. The data demonstrates that pairs of NHBD kidneys with individually
viable PFIsbut high GST levels, may be transplanted together successfully as dual §rafts
kidneys, which do not satisfy the criteria for single organ transplantatan then go on to produce
early recipient renal function statistically comparable to that of their single organ qartge

Therefore, by utilising the factors outlined above to identify NHBD kidrseysble fordual
transplantation, unnecessary organ-nse is avoided and organ resources are maximised. Early
functional outcomes suggest that dual NHBD renal transplants can rgJaisyate appropriate

graft function for recipients.
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3.6 Conclusions

The aims oftudies detailed in this chapter were designed to assess the three main aspects of
the current viability assessment debate. The first issue centres on the argumdidiypfaraorgan
which fails a viability test is not transplanted, and therefore pip@runity to prove that the correct
decision was made (PNF of the graft) is lost. This would be possible in arl amoohel but
unfortunately was beyond the resources of the investigator. However, vigdraod predictable
relationship established between the primary criterion (the PFI) and ischaemicrdirgtaocine
model, further weight is added to viability assessment argument.

When seeking to maximise an organ resource, two further areas foraséusiyggested;
contraindications for donationr{@ broadening of the donor pool to include more potentially
marginal grafts) and organs with ‘borderline’ viability assessment profiles. Fforther, one
doubtful exclusion criteria common to many institutions was highlighted fdysis. As discussed
the dynamic and often reversible nature of renal injury suggests that blankeiratications to
donation resulting from clinical evidence of such injury may be unwise. Toadetudy
demonstrates more than acceptable outcomes from donors whickeitres would have declined.
The proviso is that such organs are transplanted only where machinequeviability assessment
requirements are met.

Organs which fail viability assessment are discarded. This is clearly disairo
transplantation programs and must be minimised where possible. One acyetee this is by
ensuring all routes to effective utilisation are explored. The novel techofquel renal
transplantation was identified as exhibiting such potential, and the thitlyl describe excellent

outcomes from organs which would have previously been discarded. Anothetaafitective
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utilisation is the optimisation of the retrieval and organ preservation process. Tdisdassed later

in the thesis (Chapters 5 and 6).

The validdion of the Newcastle machine perfusion renal viability assessment protocols with
clarification and further delineation of the relationships involvedmpted consideration of the use
of such techniques in the assessment of renal ischaemic injury eaitigeo other areas of local
research. An opportunity arose to assess the effects of renal cooling, the rairestay of renal
preservation, on viability tests. The next chapter focuses on the asaeséite efficacy of a
laparoscopic renal coolindevice, designed to provide ischaemic protection in the context of a

partial nephrectomy procedure, using the viability assessments descritved ab
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Chapter 4

Laparoscopic Renal
Cryopreservation
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Laparoscopic Renal Cryopreservation

4.1 Introduction

Renal surgery often necessitates clamping of the renal artery in oxterttol blood loss
from what is an extremely vascular organ. Once surgery is completedieaodt tedges of the
kidney closed, renal arterial supply can bestablished. Unfounately, this means ischaemic
exposure for the renal tissue required to regain normal function followmgletion of surgery.
Urologists have long followed the rules set down by Wickham in the late {@66khamet al,

1967) The most important of which was to limit renal ischaemic to a maximum of 30 minutes. He
also suggested that organs should be cooled to limit damage. Consequaeag{edurological
practice requires effective renal cooling during ischaemic periods.tBribe advent of laparoscopic
surgical techniques, the generous exposure of operative sites meaddtiom of ice could be
achieved simply and easily. Although this approach was open to complicatimbal dfody
hypotherma, it was successfully employed for many years.

The rise of laparoscopic surgery, with general benefits including redueedianf, pain,
hospital stay etc, has brought new technical challenges in many surgiialtigse One such
challenge is renal lppthermia for laparoscopic partial nephrectomy. In section 1.6 of the
Introduction chapter, previous attempts to achieve an effective daéaescribed. The emerging
picture is one of a ‘work in progress’ with no single method or device proving gfesiihout
significant flaws in design, issues of technical complexity, or the potential for caigtis for the
patient. To this end, the prototype Newcastfgon-Tyne laparoscopic renal cooling device was

produced.
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4.2 Design of the Laparoscopic Renal  Cooling Device

The laparoscopic kidney cooling device consists of two parts: the laparoscopic cooling bag
and the cooling circuit. The principle behind the design of the system is evadtyipothermia in
the renal tissue by circulating coolant, maintgimt a temperature close to 2°C, across the surface of
the kidney.

The laparoscopic cooling bag reswolayer congruction. The coolant circulatdgtween
these layers. Thieag incorporatethree catheters, two allow coolant inflow and the other outflow
The catheters connect directly into the cooling circtlie cooling bagpens distally with a
drawstring running around the open edge. Thus, when the drawstring is pulled fronxtheapro
end of the device, the bag closes. ‘Manoeuvring tags’ on threatge of the bag allow easy points
for laparoscopic grasper application during deployment (Figure 4.1). Prigetof the device the
kidney to be cooled is fully mobilized. The device is then introdirtedthe abdomen througin
18mm port Using grapers on the manoeuvring tags, the open edges of the bag are pulled down over
the kidney. Once the kidney is positioned inside the bagrtnestringis pulled, allowinghe bag to
be seured around the hilum whilst completely enveloping the kidney. To begin codibat is

primed with coolant and the circuit activated (Figures 4.1 and 4.2
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Figure 4.1
Schematic representation and photograph of the prototypdlewcastleUpon-Tyne
Laparoscopic Renal Cooling Rvice

Catheters are connected to the fluidic cooling circuit, providing bethnid outflow of coolant.

drawstrin
/ g
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Figure 4.2
Schematic representation of the device in full deployment, with the drawstring sared around

the renal hilum.

g

7
\

External Layer of Bag

Circulating Coolant

Internal Layer of Bag

Drawstring pulled closed
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Figure 4.3

Photograph of the device in full deployment, with the drawstring secured around the renal

hilum.

The cooling circuit consists af heat exchanger and peristaltic pump (323 U/D pump,
WatsonMarlow Bredel Pump Ltd, UK The heat exchangerésnstructed from two stainless steel
coils in seriespacked in ice in a thermalipsulated container. When in use the circuitlesed and
a fixed volume of coolant (0.9% saline)cisculated at a constant rate of 250min™ controlled by
the peristaltic pumpCoolant leak cabe detected visuallgr thraugh changes iflow parameters

within the circuit.
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The device isntended as a prototype to achieve proof of concept imaewmvery animal
model, and isherefore not steriléAs the devicds developed towards human clinicalbility, it is

plannedto reduce thesalibreto allow use via a standard 10/12ractesport.

Figure 4.4

The laparoscopic renal cooling system incorporating the device, heat exchartgek containing

ice slush and steel coils, peristaltic pump and tubing.
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4.3 Evaluation o f the ischaemic protection efficacy of the Newcastle
Laparoscopic Renal Cooling Device using renal transplantati on viability
assessment criteria in a porcine model

The aim of regional renal hypothermia in laparoscopic surgery is to limit ischaeomg inj
and extend safe operating time. A renal cooling device capable of achieving theseocailch&ls0
be capable of demonstrating functional preservation. To date, manyssitidad have attempted to
address the issue of renal injury after warm and cold ischaemia inlan@dels and have employed
serum creatinine as a surrogate marker of renal function. However itéasigly acknowledged

that serum creatinine is not an accurate indicator of renal daMéesteret al, 2005)

In a nonrecovery animal model it is not possible to demonstrate functional preservation
directly. However the relationship between renal hypothermia, attenwaftischaemic injury, and
the preservation of renal function following refession is universally accepted. Therefore a device
which can demonstrate both effective renal cooling and attenuation of ischaemic injury #wuld a

preserve function.

A reliable model for the assessment of ischaemic injury exists in the field of renal
transplantation. As described in detail elsewhere, kidneys from NHBxpeeted to sustain a
significant degree of ischaemic injury prior to organ retrieval. As a result tnamgplant centres
require assessment of the extent of this injury prior to transplantation, in ordeetmidetwhether
thresholds of viability have been breactiPaemeret al, 1995, Golet al, 2002b, Light, 2000)
Viability testing thus demonstrates a spectrum of ischaemic injury, which varies with ingreas
ischaemic duratio and efficacy of organ preservation interventions (chapter 3, sectiormBese
techniques, applied to an animal model of laparoscopic renal ischaemia, allow a neiahkeof

assessing the efficacy of a cryopreservation device.
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4.3.1 Materials and Me thods

The studywas designetb achieve a power of 80%. Using an alpha of 0.02 to detect a
pressurelbw index difference of 0.75 ml.MI100g" mmHg®, three kidneys in each group produces
a power of 82.2%. Two kidneys in each group would have pradapewer of 62.8%. The
requirement, therefore, was fd8 study kidneys with the addition of 2 controls.

In ten anaesthetised juvenile landrace pigs a 10/12mmunitdlical laparoscopic port was
placed using Hassan'’s technique prior to formation of pnepgritoneum at 12 mmHg. Two
further 5mm ports were placed as necessary under vision. Laparosca@pimadrlisation was then
achieved bilaterally. Once fully mobilised with adequate control of the renal pediclel loegs
were passed twice around the renal vessels. Each end of the loop was therhpassied tL5cm
plastic sleeve. The sleeve was positioned such that one end lay in cotitdabewenal vasculature,
it then passed through a port wound so as the other end lay externally. By clampirggel loop
within the sleeve the tension applied could be adjusted at will, in order to effect and refial
ischaemia.

In the ten pigs, individual kidneys were subjected to periods of renal ischaeBiaGif and
90 minutes, with or without devide-situ cooling. This produced one control and six study groups.
In the control group two kidneys were left untouched with normal perfusion prietrieval. Each
study group therefore included three kidnepse device was introduced via an 18mm pocvab
the location of the kidney. With the kidney completely mobilised save the hiluropémeedge of
the ‘bag’ portion of thelevice was pulled down over the kidngsing graspers. The open edge of
the bag was then closed and secured around the hilugnthsimrawstring, so as the cooling
apparatus completely enveloped the kidnBgnal parenchynmand cooling circuitemperature

monitoring was ndertaken throughout each trial using thermocouples and recorded using a data
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logger (Pico Technology Ltd, UK). Three thermocouples were placed in the hbahggc to
measure the temperature of the coolant and two thermocouples were iiatapo the cooling bag
for monitoring the renalemperature. These thermocouphesre specially constructed in the tipaof
syringe needle andhserted to aiked depth of 10mm at each poléhe depth of 10mm was chosen
to allow measurement of parenchymal rather than surface temperature, whilst limitiisly thfe r
damaging the collecting system. This depth and positioreofrticouple placement reflects
methods of core renal cooling assessment used previ@msigset al, 2005, Gillet al, 2003a,
Herrellet al, 1998, Laveret al, 2007, Welcet al., 2007) Correct placement was monitored
visually and function assessed prior to cooling; the measured renatipanmal temperature was
expected to approximate oesophageal core temperature.

With the device in place, the vessel loops were then tigttemachieve renal artery
occlusion and the cooling circuit activated. In order to fully assess the coolicargfof the device,
the circuit was activated for 30 minutes in each case. Where thersctstady period exceeded
this time, the circuit wastopped and rerarm temperature data collected. The cooling device was
not reactivated beyond the initial 30 minute cool. The warm ischaemic periodezffecthe contra
lateral kidney was timed so as the end of both study periods would coincide exatily.eAd of
the study period rapid laparotomy was performed and the kidneys placed on ice.

Following retrieval each kidney received an initial flush of approxitp@@0Oml cold
Marshall’s solution. The renal artery was then cannulated and placetifeptort® hypothemic
machine perfusion. Each kidney was then machine perfused with 12 $6REon using local
NHBD protocols(Balupuriet al, 2000b, Golet al, 2002b)

The PFI wagalculated after four hoursachine perfusion. The PFl is defined as flow per

100g renal mass divided by the mean systolic pressure of machine perfus@ml sample of



perfusate was removexdter each houhefore immediate snap freezing in liquid agen This was
later analysed for GST using a spectrophotometric g&sypuriet al, 2000b, Golet al, 2002b)
Peak GST during four hours machine perfusion forms the second vigjdity criteria in
Newcastle.

Statistical analysis was performed using Prism version 4.0 for Windd&ia are expressed
as meart SD, unless otherwise stated. Normality of distribution was confirmed using the
D’Agostino and Pearson omnibus normality test, prior to unpaitest tomparison. Nen
parametric analysis of continuous data was performed using the-Whitney U-test. Statistical

significance was defined as@.05.
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4.3.2 Results

4.3.2.1 Cooling Efficacy

The mean performance of the devicsti®wn in Table 4.1 and Figure 4.5 (Appendix 2). Core renal
temperature measurements presented for any given time point are the mean of the twmtipéemo

readings. In Pig 5, data logger malfunction led to presumably erroneocustuenpte readings

(Figure 4.6). This data was therefore removed from temperature efficacyianblgs/ever, as the

measurement reliability improved during the latter portion of the cooling phase, it was noted that

effective cooling appeared to have occurred. Data from Pig 5 was tleeireftuded in final cooling

temperature and later viability assessment analysis.

The best performance of the device achieved a renal parenchymal temgefdts°C in

11.2 minutes (Pig 4).

Table 4.1

Temperature Datafor the Newcastle Laparoscpic Cooling Device (n=9)

Renal Parenchymal

Time taken to reac

Rewarm Time

Temperature after 30|  15°C (minutes) 15-25C
minutes Cooling°C) (minutes)
Mean+ SD 12.86+ 4.999 21.35+ 8.420 22.73+ 6.470
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Figure 4.5
Mean performance of theNewcastle Laparoscopic Renal Cooling Device
Core renal temperature data is presented according to duration of cooling. Error bardenote

SD.n=9.
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Individual cooling curves produced using the Laparoscopic Renal coolingevice according to
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4.3.2.2 Assessment of Ischaemic Injury Severity (Viability Testing).
4.3.2.2.1 Pressure Flow Index (PFI)

In all groups PFI decreased significantly with increasing ischaemic Gowing was

associated with a significantly higher PFI for all ischaemic periods (Figure d.ffje warm

ischaemia groups, significant deterioration of PFI compared to cemtrourred by 60 minutes;

mean PFI 0.9& 0.52 vs.1.88+ 0.357 (p0.0001). However in the cooled kidneys at 60 minutes

mean PFl was not significantlyfiérent from controls; 1.54 0.633vs. 1.88+ 0.357 (p=NS).

Figure 4.7
Laparoscopic Renal Cooling demonstrates a significant cryopreservation effect

according to Pressure Flow Index (PFI) Viab ility Assessment.
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4.3.2.2.2 Glutathione -S-Transferase (GST)

Perfusate GST was not detected in the control samples. The assay is undbie tevdds
<14 |U/L. For each ischaemic period greater mean GST measurements seeiatad with the
warm ischaemic groups in comparison with the cooled groups. GST datadshalear rising trend
with increasing warm ischaemia, although statistical sigmiieavas not achieved (Figure 4.8)
the Cooled groups a plateau was reached after 60 min, with the 60 and 90 min gnoopstideing

similar mea perfusate GST levels (36t01.732 vs.34.0+ 4.36 1U/L/100g).

Figure 4.8

Laparoscopic Renal Cooling demonstrates  a trend suggesting limitation of perfusate

GST/100g concentration
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4.3.3 Discussion

LPN is considered an excellent treatment for T1a renal cell carcinomas. It hasertso
performed without coolindy expertsurgeons with excellent resu(iSill et al, 2003b). However,
arguably the worldwideptake of LPN has beestower than expecteddecause laparoscopic
urologists in the early phase of their experiende not feel onfident that they can perform the
operation safely within the 30 minute accepted limit for warm ischaemia. This stady ha
demonstrated that with the use of a laparoscopic cooling degifeeograting times could be
extended. This might allomore complg partial laparoscopic resectionsbe performed, and
training opportunities for future laparoscopic surgeaosild be enhanced.

The Newcastle laparoscopic renal cooling device is based oniavasive concept, with
potential for rapid application, remal, and reapplication during laparoscopic renal dissection. The
best performance of this prototype device demonstrated an ability to cool a porcinet&idseC
in just over 11 minutes, which is in line with the requirements of LPN. The meanmar€e of the
device was comparable with many previously published techniques, includihgdadased on
principles of vasculafJanetschekt al, 2004) urekeral (Crainet al, 2004, Landmast al, 2003)
and surface coolinfAmeset al, 2005, Gillet al, 2003a, Herrelét al, 1998, Websteet al, 2005,
Weldet al, 2007)

Vascular cooling can be achieved through trarterial cold perfusion and effective
performance has been reported using this appr@actetschekt al, 2004). Despite this, many
surgeons would prefer alternative techniques due to the unavoidablefrigscular injury and

thrombosis, as well as issues of technical complexity.
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Ureteral cooling is undertaken by retrograde perfusion with cold saline via a uret®ss a
sheath. This method requires pogerative stenting, and provides less effective cortical cooling
than surface techniquéSrainet al, 2004, Landmaet al, 2003)

Surface cooling may be achieved in a number of ways; Hetredddescribed a renal cooling
device based on a concept similar to our own. It consisted of a rectangitéeldgered plastic
envelope through which cold fluid was circulated. The kidney to be cooled a@edghto the
envelope via an open side. Data was presented from cooling trials in four pigsgnti3e device
was deployed via an open incision, and in one via an 18mm laparoscopic pofimitsis |
assessment of the manoeuvrability and ease of application of the Herrel device in a purely
laparoscopic setting. The Newcastle device possesses grdetiign advantages. The ‘bag and
drawstring’ design is likely to allow greater manoeuvrability and ease of deployment within
confined spaces when compared to a relatively inflexible, rectangular deleélerfrel device
cooled to 25°C within 5 minutébierrell et al, 1998), which is comparable to the performance of
the Newcastle device (mean temperature follovinginutes of coolin@8.04°C+ 2.23). Pointedly,
the Herrel device was not developed further.

More recently, techniques involving placement of ice slush in closerpitgxio the kidney
have been employed and demonstrate effective renal cgélingset al., 2005, Gillet al, 2003a,
Lavenet al, 2007) as do irrigation/suction systems using chilled normal s@iWebsteret al,

2005, Weldet al, 2007). The Newcastle device works on similar physical principles, but unlike
these syems there is no direct contact between the cooling agent and the orgae. Sithifac
reduces the likelihood of organ surface damage, contamination or excessing.cAlso the

potential problems with core temperature reduction associated with irrigggtems are reduced.
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The time necessary for cooling forms part of both the ischaemic and operative times, both
which must be minimized. In other words, the benefit of cooling must outweigifféots of an
increase in the total length of the procedure. If the b&& t6oling time of 11.2 minutes can be
reliably reproduced or improved upon in human studies, LPN could be interrupted paticad ¢
temperature has reached®®5(mean 22.7 minutes in this study), for a short second period of
cooling pria to completion. This would provide approximately 60 minutes of protectbdémia
with 45 minutes available for operating. Given the potential for developama improvement of
the Newcastle device, this might prove to be a conservative estimation of benefit to botheba sur
and the patient.

Assessment of benefit assumes that cooling and maintaining kidneyeibdtvand 2%
provides ischaemic protection and functional preservation. Prestadges have been unable to
demonstrate this in nerecovey animal models. Furthermore, in expensive and-ior@suming
animal recovery studies it is difficult to directly assess individual renal function and functional
preservation. Techniques, such as individual renal vein serum creatinipkngamay not
denonstrate differences between cooled kidneys and those left to the effeetsroischaemia,
despite previous demonstration of excellent cooliMgbsteret al, 2005)

The Newcastle renal NHBD program reliesamturate techniques of viability assessment in
order to identify a spectrum of ischaemic injury. The application of thresholds of viability to
individual measures of machine perfusion pressure/flow data (PFl) and eitzyragters of
ischaemic injury (GSY, allow identification of retrieved organs which will not function if
transplanted (Balupust al, 2000b, Golet al, 2002b). When applied in an animal model of renal
ischaemia, these viability tests demonstrate a clear laparoscopic cryopresesffatibwith use of

the cooling device.
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4.4 Conclusions

This study has reinforced the efficacy of topical renal cooling in the laparos=ipitg. It is
the first to use devieassessn techniques capable of accurate quantitative measurement of renal
tissue injury in a large animal model. The Newcastle cooling device is currentlygomdgefurther
development to enhance its efficiency. Availability of such a device woatddase thaumber of
urologists able to undertake LPN safely, removing the pressure of completipgocedure within
30 minutes.

With regard to NHBD renal transplantation, the results of this study are highlyntteva
both the viability assessment, and orgagsprvation debates. Further to the degree of validation
accorded to the Newcastle viability assessment protocols by thesstiedieribed in Chapter 3, the
cooling achieved by the laparoscopic device was uniformly and predictably reftscteability
as®ssment. By demonstrating a clear relationship with effective cryopreservatior| as the
relationship with warm ischaemic duration established previouslgtagreredibility has been added
to the argument that viability assessment is capable of accurate reflection of regal inju

The debate pertaining to NHBD organ preservation is also informed by this study; the PFIs
achieved (albeit in porcine tissue) in the cooling arm of the study were better than those gommonl
seen in kidneys retrieved from uncontrolled NHBDs (Talbot, 2008, data orHifeltive
cryopreservation relies on rapid cooling as until sufficiently low temperatueeseached, ischaemic
damage will continue to be accrued. It is likely that the impressive orghifityiauggested ypthe
PFIs achieved after 90 minutes of cooled ischaemia can be explained bytihe refadity of
cooling, and subsequent maintenance of efficaciously protectiveaswktemperatures. As

suggested above, current techniques of cryopreservation for uncontrolled\N#Bidt appear to
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be similarly effective. Therefore the focus of the next Chapter is the optimisation of the

cryopreservation approach to kidney retrieval in the uncontrolled NHBD.



Chapter 5

Peritoneal C ooling
In NHBD Renal
Transplan tation
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Peritoneal cooling in  NHBD renal transplantation

5.1 Introduction

NHBD kidneys are associated with greater exposure to the deleterious effectmefmsc
injury compared to conventionbleartbeating (HB)or Living Related Donor (LRD) organs.
Variations in warm ischaemic duration are classified according to the Maastitehia, with the
longest periods associated with the uncontrolled (category | and Ily.dnedonged warm
ischaemia results in the clinical entities of delayed graft fandDGF) and the mucfeared
primary non function (PNF).

The inexorable demand for kidneys has continued unabated in Europe and the U®Atin rec
years. This has led to the consideration of marginal donor groups in ordere@simthe donor pool.
Giventhe ischaemic challenges outlined above, espg@altaining to uncontrolled NHBDs, many
have expressed concerns with the outcome potential of such ¢@moperet al, 2004, Keizeet
al., 2005) However, therés a considerable body of evidence which would suggest that despite
increased rates of DGF, following recoveHBD kidneys can go on tlunction comparably to
their HB counterpart¢Farneyet al, 2008, Gagandeegi al, 2006, Golet al., 2002b, Whitinget al.,
2006).In the case of uncontrolled NHBi2nal transplantation specifically, some European countries
are legally preverd from utilising controlled NHBB due to issues of treatment withdrawal. Hence
they must concentrate on uncontrolled donors. él@s, many are simply mindful of the potential
numerical superiority of uncontrolldédHBDs over other donor groups.

Uncontrolled NHBD renal transplantation is made possible only becairgeventions
which ameliorate the effects of warm ischaemia. Ftench have recentinstituted an uncontrolled
NHBD program (Antoinest al, 2008)with the majority of donors subject to a

procurement/preservatigrotocol based on adrtplacement of a DBTlcatheter and cold isitu
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perfusion as soon as possible after declaration of death. The receriilislesth'condition T’
protocol inPittsburgh als@mploys similar techniquéinternational NHBD meeting prestation,
London, May 2008)The European approach to the uncdiégtbdonor was developed through the
experiences of groups such as Maastr{Boibsteret al, 1993a, Boostest al, 1993b) Newcastle
uponTynehas been retrieving kidneys from uncontrolled (Hadonors since 1998, using a
modified Maastricht approach which includes an initial streptokifash fAsheret al, 2004,
Balupuriet al, 2001, Golet al, 2003c) Although the protocol has been subject to evolution and
improvement over time, techniques are focused on the timely introductiofdohesitu perfusion
to provide sufficient renal cooling and preservation until the donobeaaken to theatre; often as
long as two hours after declaration of death. Howewnazategory Il donors the mean renal
temperatures at laparotomy are 2@€.%Jennings NNavarro A, Talbot D. Data on file. 2007). This
would indicate that significant improvements in cryopreservation may be possible.
Theliterature would suggest that techniques of peritoneal cooling have the ddtentia
provide sufficient organ cooling to achieve effective cryopreservationdeek$.3). In the previous
chapter we have also seen evidence of renal ischaemic preservatimedthieugh rapid cooling
(section 4.3.2.2). However, in order to assess any potential benefit for ume@rtrolledNHBD
programsa porcine model of thencontrolled NHBD comparing current ksitu perfusion (ISP)
techniques with additional peritoneal coolisgequired This study involves‘humanready
peritoneal cooling circujtreattime direct measurement of biochemical markers of ischaemia within
the kidneys using microdialysis, core renal temperature measurememosiretrieval machine

perfusionviability testing.
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5.2 Materials and Methods

10 juvenile landrace pigs were used with two providing pure cshgachsubjected to 2
hours of warm ischaemia. The remainder formed the 2 study groups of 4 pigs edict8ithe
Perfusion (ISP) group modell our current uncontrolled NHBprotocol(section 1.5)The
peritoneal cooling group (PC) modelled currenttpcols with the addition of peritoneal cooling.

All pigs were anaesthetised prior to laparotomy and renal diss€Eigure 5.1). Two
thermocouples and one microdialysis catheter were then placed into eéaei(Kigure 5.2) In the
study groups distalortic cannulation was achieved with a primed and clafByBTL catheter
(balloons deflated)A primed and clamped inferior vena caxenting catheter was also placed
(Figure 5.3). Renal inspection was then carried out to ensure normal perfusoabdome was
then closed, and baselimgcrodialysate samples collectéd the PC group a 10/12mm laparoscopic
port was included in the abdominal closure, as this is the intended methoihiog gacess to the

peritoneal cavity in the human donor situatiorg(fe 5.4).
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Figure 5.1

Renal Dissection.

Figure 5.2
Placement of renal monitoring devices. Thermocouples for temperagasunement and

Microdialysis catheter for biochemical analysis




Figure 5.3
Preparation fom-situ perfusion (ISP) in the opative phase involving distal aortic placement of a
clamped and primed DBTL catheter. It was ensured that the renal artereepasgitioned between

the two balloons. A venous venting catheter allows outflow of blood/ pésfudeen ISP begins.

T
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Figure 5.4

Abdominal closure at completion of the operative phase of the study protocol

Annotated photograph from the peritoneal cooling group, during the warm isichperiod.
Included are; the laparoscopic port (for peritoneal access), outflung, primedand clampedh-

situ-perfusion catheters (DBTL and venous vent), thermocouples and micraslialysitoring

equipment.
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The pig was then killed and the kidneys subjected to a 30 minute warm ischaendcamrio
this is the limit for uncontrolled NHBD warm ischaemic duration in Newca&fter 30 mins the
DBTL balloons were inflated to isolate the renal arterial circulatiot®itu Perfusion was then
commenced with cold HTK® solutiq@®C). Local NHBDprotocol drug doses were adjusted for
pig weight (¢reptokinase flush 0.5 million 1U, phentolamine 5 mg, heparin 10,000 IU). In the PC
group only, the cooling circuit was then assemliffédure 5.5 section 5.2.1}he abdomen filled
with cold peritoneal dialysi€PD) fluid and the circuit activated. Temperature and microdialysis
monitoring of the renal tissue occurred throughout the ischaemic period.

After 2 hours rapid réaparotomy and kidney retrieval was performed. The kidneys were

then placed onto ice, given a Hartmarfiugd flush, before machine plaision and viability testing.

5.2.1 Peritoneal Cooling Circuit

Simple thermodynamic estimations suggest the required base load required foreeffecti
peritoneal cooling is 7.29kW. Packaged air cooled chillers of sufficient poeavailable
commercially Acrol Ltd. UK assisted with the conversion of such a unit to function within the
peritoneal cooling circuit. In order to accommodate the base load, the flow naitedegas in the
order of 0.1 Ls™. An appropriate WatseRarlow® peristaltic pump was therefore incorporated into

the system. (Figure 5.6)
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Figure 5.5
Schematic Representation of the Newcastle  Peritoneal Cooling Unit

Peritoneal dialysis (PD) fluit introduced to the peritoneal cavity via the gas inflow on the
laparoscopic port. A 2 met&ngth of tubing (8mm) is inserted into the lumen of the laparoscopic
port and passed down into the pelvis. The free external end was connectsrtesssteel heat
exchange coi(Acrol® Engineering, UK. A second 2 meter length of tubing then connextae

steel coil.The coil is placed into the heaxchange tank, and one length of the tubing placed into the
Watson Marlow® peristaltic pump. The circuit is then primed before completion of the circuit, by
connection to the gas inflow of the laparoscqmrt. On activation of the pump, warm fluid from

the abdomen passes to the stainless steel coil (immersed in wa) whére heat exchange

occurs. The chilled fluid then passes back into the abdomen to effect orgamy cooli
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Figure 5.6
Newcastleupon-Tyne Peritoneal Cooling Unit

Modified Acrol Ltd chilling unit with heatexchange tank and peristaltic pump.
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Peritoneal dialysis (PD) fluidias introduced to the peritoneal cavity via the gas inflow on
the laparoscopic port. Once the peritoneaitgehad been filled, a 2 meter length of silastic tubing
(8mm) was inserted into the lumen of the laparoscopic port before besedpd®wvn into the
pelvis. The free external end was then connected to a stainless stegthaage coil. Another 2

metrelength of tubing was then connected to the other end of the stedltwitoil was placed into



the chilling unit's heaexchange tank, and one length of the tubing placed into the Watson Karlow
peristaltic pump. The pump could then be activated aiva iglte to prime the circuit. Once primed,
the pump was stopped before completing and closing the circuit by connectientwlbing to the

gas inflow of the laparoscopic port. During assembly, care was takemtair from the system.

Thus on activatin of the pump, warm fluid from the abdomen passes to the stainless steel coil
(immersed in water at’@) where heat exchange occurs. The chilled fluid then passes back into the

abdomen to effect organ cooling.

5.2.2 Temperature monitoring
TypeK thermocoples were mounted at the tip of a 21G needle and placed at a depth of 1cm
within the renal parenchyma. Thermocouples were connected to a Pico TecHriolagg TG08

USB® Data Logger, and recorded using Picolog recorder® software.

5.2.3 Microdialysis

Microdialysis is a technique to monitor the chemistry of the extracellular space in living
tissue Lactate, puruvate, glucose and glycerol are established markers @nsaha renal tissue
(see Chapter 2 section 3.®licrodialysis was performed using CMMicrodialysis Limited
equipmentCMA-63® microdialysis catheters with relevant pumps and microvials for dialysate
collection. Samples were analysed using the C80A® Analyser and reagent kit with Labpilot®
software.Microdialysate samples were collectgery 20 minutes. The first (Time 0) sample was
collected over the 20 minute period prior to death of the animal and the beginningvaithe
ischaemic period; samples therefore represent baseline values-pevwe#ied and oxygenated

tissue.
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5.2.4 Machine Perfusion and Viability Testing

In Newcastle NHBLkidneys undergo hypothermic machine perfusion using the Organ
Recovery Systems Inc. Lifeport® machiméyich allows assessment of viability. This involves
calculation of the Pressure Flow Index (PFI), defined as the flow per 100gwassldivided ypthe
systolic pressure of machine perfusion (see Chaptectba?2). PFl is calculated at the start and
then hourly during the first 4 hours of machine perfusionT#D. PFI will generally rise during the
first two hours of machine perfusion before reaching a relative platgaeak. The peak PFI
(usually T3 or T4) is used to determine viability. The Newcastle viability protocoirfglesNHBD

renal transplants requires a péak of>0.4 ml.min™ 100g" mmHg* (Navarroet al, 2008b).

5.2.5 Statistical Analysis

Statistical analysis was performed using Prism version 4.0 for Windoata are expressed
as meant SD. Normality of distribution was confirmed using the D’Agostino and $&gaomnibus
normality test, prior to unpaireetest comparison. Neparametric analysis of continuous data was

performed using the Marwhitney U-test. Statistical significance was defd as g0.05.
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5.3 Results
(Appendix 3)
5.3.1 Renal Cooling

In the ISP group only 1/4 cases reached a mean renal temperatut€.din2bie PC group
the mean time taken to react’@5vas 12.0- 4.81minutes. The final temperature 90 miies after
commencing organ preseion interventions was 2631.46°C in the ISP group versus 16t91.17

°C in the PC group (p.0001) (Figure 5.7).

Figure 5.7
Organ preservation
interventions commence
\ —ISP
45 (n:4)
| ——ISP +PC
(n=4)
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Renal
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1 1
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Time (mMins)
Mean Core Renal Temperature

Mean core renal temperature according to study grioegitu perfusion (current protocolskersus
peritoneal cooling (performed in addition to current protocols). Error arstd SD.
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5.3.2 Microdialysis — Markers of Ischaemia
5.3.2.1 Lactate

Lactate levels at time 0, representing values associated witipevélised and oxygenated
tissue, and at 20 minutes were not significantly different between thekand study group In
the control group (2 hours warm ischaemia) lactate levels weretseise to a peak of 8.230.26
mmoll™ by 120 minutes. In the ISP group, a more modest increase in lactate levelstof 348
mmoll™ (vs. 1.44 to 5.98 mmol:f in the contol group) was seen between 20 and 40 minutes
(preservation interventions were commenced at 30 minutes). Microdalgstate reached a
plateau after 60 minutes, presumably as the kidneys were cooled to effegbmeservation
temperatures. The pealvéd was significantljower than controls at 6.420.28 mmoll™* (p
0.0004). With the addition of peritoneal cooling the lactate plateau wetsetéy 40 minutes (mean
3.75+ 0.53 mmol.T), with apeak at 120 minutes of 4.840.84 mmol.I. This was gjnificantly

lower than tle current protocol ISP group (00003) (Figure 5.8)
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Figure 5.8

Mean Microdialysate Lactate
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Mean renal parenchymal dialysate lactate concentrations accordingyasoup Mean renal
parenchymal dialysatlactate concentrations (mmd).lgive an indication of ischaemic severity and
anaerobic metabolism. Time 0 samples represent dialysate collected prior to indlistabraemia
i.e.normal perfusion. Error bars denote SD. Statistical differences berpeaklactate

concentrations in the ISP and PC study groups are also presented.



Glycerol

5.3.2.2 Glycerol

Microdialysate glyceriodata is presented in Figure 5.9. Levels at time 0 and 20 minutes were
not significantly different between the control and study psoignificant differences were present
by 40 minutes. Mean peak glycerol levels at 120 minutes were 1855.a pmol.* in the control
group versus 5558 72.3umoll™ in the ISP group (Control vs ISP, p 0.0011), and 28415.8

pmoll™ in the PCgroup (ISP vs PC, §.0008).

Figure 5.9
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Mean renal parenchymal dialysate Glycerol concentratiom®il) as an indicator of severe renal

cell injury or death. Data presented by control and study gréips. bars denotSD. Statistical ~—{ comment [h1]: N=?

differences between peajtycerol concentrations in the ISP and PC study groups are also presented.
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5.3.2.3 Pyruvate

Pyruvate wa$ound to fallto undetectable levels by 80 minutesihgroups.No significant

differences were seen between the control and study grdups.is most easily demonstrated in

tabular form (Table 5.1).

Table 5.1

Mean Microdialysate Pyruvate

Mean renal parenchymal dialysate Pyruvate concentratiomel(il) as an indicator of aerobic

metabolign. Data presented by control and study group with statistical differbetesen the ISP

and PC study groups shown.

Sample Time Control ISP PC ISP vs. PC
(min) Significance
0 65.0 113.3 46.4 NS
Normal Tissue +12.7 +68.3 +16.3
20 92.5+ 20.5 77.5 57.6 NS
+69.9 +39.5
40 255 22.5 17.4 NS
+2.1 +27.8 +5.18
60 6.0 0 0 NS
+85
80 0 0 0 NS
100 0 0 0 NS
120 0 0 0 NS




5.3.2.4 Glucose

Glucose wasgound to fallwith increasing ischaemic durationafi groups.No significant

differenceswvere seen between the control and study grolips.is most easily demonstrated in

tabular form (Table 5.2).

Table 5.2

Mean Microdialysate Glucose
Mean renal parenchymal dialysate glucose concentratiomsi(™) are expected to fall with
deterioratingperfusion. Data presented by control and study group with statisticedediffes

between the ISP and PC study groups shown.

Sample Time Control ISP PC ISP vs PC
(mins) Significance
0 1.67 2.73 2.25 NS
Normal Tissue +1.10 + 0.55 +0.95
20 2.29 3.15 1.83 NS
+0.89 +0.26 +0.6
40 1.02 191 0.97 NS
+1.26 +0.92 +0.92
60 0.60 0.72 0.33 NS
+0.84 +0.71 +0.30
80 0.30 0.28 0.21 NS
+0.42 +0.48 +0.20
100 0.12 0.19 0.30 NS
+0.17 +0.38 +0.42
120 0 0.11 0.17 NS
+0.23 +0.25
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5.3.3 Machine Perfusion Viability Testing
Perfusion Flow Index (PFI)

After fours hours of hypothermic machine perfusion the mean peak PFI in the pucé cont
group (no preservation) was 0.470.16 ml.min‘100g* mmHg®. This was approaching the PFI
threshold set for human kidney viability of 0.4. In the study groups, the use aftquméocol organ
preservation interventions in the ISP group resulted in a significarglri®r mean peak PFI of 1.09
+ 0.13, compared to controls p0372). An additional and siditiant cryopreservation benefit was
associated with the addition of peritoneal cooling to current protocols in the PC gradp whi

demonstated a mean peak PFI of 168.19 (p0.0147) (Figure 5.10).

Figure 5.10

Peak Pressure Flow Index (PFI)

Data accordig to control and study groups; box and whisker plot to demonstrate mean, SD, and
spread of the data. The NewcasteonTyne PFI threshold for viability is showr.4 ml.mir*

100g* mmHg?).
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5.4 Discussion

Peritoneal cooling has been shoterbe effective at reducing core temperature in
animal studies. Takahaseét al, using arex vivocanine model with ATP measurements and
biochemical markers of ischaemia, demonstrated that peritoneal cooling gavdesjuasults to
cooling by cardiopulmonary byss, and better results tharsitu perfusion alone, in heart, liver and
kidney transplantatio(ifakahashet al, 196). Yadavet alcompared in situ perfusion alone with a
combination of in situ perfusion and peritoneal cooling in a porcine modelmi vschaemia, and
found the addition of peritoneal cooling to significardglucerenal coe temperaturefyadavet al.,
1997).

In Human donors, th&/ashingon Hospital Center grougeported data frortheir Rapid
Organ Recovery Progra(RORP) for uncontrolled NHBD&.ight et al, 1997) As discussed in
chapter 1 section 6.8%esedonorswere younger than commonly seen in Europe, and meaiely
trauma vetims Furthermore, no control group approximating European protocatssfu cold
perfusion alone was described. The RGigtem was reportedly capable of achieypegtoneal
temperature of 10°C in8 minutes, with IVC temperature falling to 15°C in 30 minutes and 10°C by
60 minuteqLight et al, 2000a, Lighet al, 2000b)

Despite this, many uncontrolled NHBD retrieval protocols (including some which have been
very recently inplemented) involve techniquesiafsitu cold perfusion in the absence of peritoneal
or other forms of effective supplemental cooling. Indeed the experieidéewcastldJpon-Tyne is
thatin-situ perfusion alone does not achieve temperatures effectiverfar cryopreservation within
the timeframes we require. The data presented above, supported by the findimysoolstudies,
suggests that with effective supplemental cooling it might be possible to significantly improve

uncontrolled NHBD cryopresertian in Newcastle, both in terms of the speed and final temperature



of cooling. Centres considering beginning or improving an uncontrolled NiBi2val protocol
based on cryopreservation should consider the inclusion of peritoneal cooling.

This study haslemonstrated a significant core renal temperature cooling benefit with the use
of a novel ‘humasready’ peritoneal coolingircuit. Evidence of improved limitation of anaerobic
metabolic rate and cellular injury are demonstrated by means of renatipanal microdialysate
lactate and glycerol levels respectively. Local NHBD viability testing protocolsdaelsmnstrate
significantly improved parameters of viability which suggests improvecegtion from ischaemia.
These findings translate to a potential for reduced rates of ischagatied clinical phenomena. In
reaction to these findings, permissions were sought and granted to employ thepleciboting
system in uncontrolled NHBD retrieval in the Newcastle General Hospitaldéwtcand Emergency

department.
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Chapter 6

Discussion
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Discussion

6.1 Ischaemic injury Assessment

6.1.1 The Efficacy of NHBD Hypothermic Machine Perfusion Viability Testing

The NHBD is subject to a spectrum of ischaemic insults. The dichotomy of theligzht
and uncontrotd NHBD is well described and reflects the large differences in the potential for injury
seen between these groups. To those centres which confine their prog@msolled donors and
produce acceptable outcomes for recipients, no clear need for additiessmasat of organ quality
is perceivedChang, 1995)However, groups retrieving organs from uncontrolled donors with
greaer propensity for injury, have seen fitsand the consequences of a protocol lacking in
objective viability assessmefBalupuriet al, 2000c) Such an approach also has the potktdia
suppress negative ischenriated outcomes in contratlelonors, by identification afften
unexpetedlynonviable organgDaemeret al, 1995, Golet al, 2004b)

The first aim of this thesis was aissess thefficacy and potential of ischaemic injury
assessment or viability testing within a renal NHBD transplantation program, $pyegtive
assessment the effects of warm ischaemia on retrospectively established measures of organ
viability; machine perfusion and perfusate enzyme analysis in a large animal mesigtelmall
numbers, a clear linear relationship was demonstrated between the majay \detgrion in
Newcastle, the PFI, and increasing ischaemic duration, with kidneyseekfmo80 minutes of warm
ischaemia demonstrating PFIs approaching human thresholds-efafility. The linearity of this
relationship adds weight to the argumédrattresistancbased machine perfusion indexes, such the
Newcastle PFI, are indeed capable of accurately reflecting warm ischderaiion. After all it is
the duration of warm ischaemia which exposes organs to the injuriousgeecghich ultimately

reallt in irreversible damage.
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The trends of increasing GST perfusate concentration seen with increasiagmic
duration failed to reach statistical significance. This was possiblyodilie main weakness of the
studies described within this thesis; low numbers. However, with the statistically robustr df fo
assessments, it is also possible that the results reflect the weaknesses of @&Tuaata injury
marker. GST perfusate concentration is affected by (Daemeret al, 1997c, Golet al, 2003b)
and hence in very damaged organs the vascular destruction (responsible faovmdigh
resistance, and low PFI) results in less GST being washed out into the perfusatieehffine
assay will not ‘see’ the GST which remains inside the organ. This couldregpdeplateau in GST
levels between 60 and 90 minutes of warm ischaemia. Conversely, sisuadice been described
where high GST levels are associated with excellemtsfland PFI on machine perfusion. Such
situations often involve young organs, presumably with a large number of nepleramnsit mass.

The contribution of this study does not serve to refute prior criticisms of tueamy of GST
as an effective indicatmf organ viability. The caveats, such as in young donors or low flow
situations, which experienced clinicians apply to the interpretation of &&I1s| highlight the
weaknesses of the marker and justify its status as a secondary viability criterios (s®d in
Newcastle). However, in situations of moderate flow it can provide useful agditidormation. As
cell membrane disruption (and inevitable death) is required for GST circulatoageglevels reflect
the degree of irreversibility of dame; in effect the degree of nephron loss.

Critics of organ viability assessment have argued that validation of such tests isiinepas
those organs which fail are not transplani@erstenkorret al, 2000) Such statements are strictly
true but not particularly insightful or helpful. Faced with higlesadf PNF, the program leader who
introduces objective viability assessment will consider the tests ‘validated’ if the PNF gade dro

significantly following introduction. This has been reported by sexgm@lps(Balupuriet d.,
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2000b, Balupuret al, 2000c, Daemeet al, 1995, Light, 2000)However, the retrospective manner
in which such assessment protocols were established remains a continuous piicisof.cThis
study is the first to prospectively demonstrate thgability of hypothermic machine perfusion

protocols to reflect warm ischaemic duration and hence severity.

6.1.1.1 Weaknesses and Future Research

The statistical significance achieved in the PFI data refutes any cagmifype | error.
However, the stdy can be criticised in its scope. Insufficient resources were available to allow
recovery animal work, which might have included a transplantation modatersttidies should
seek to evaluate whether the viability assessments described translate expetbted outcomes
following transplantation. It would then be possible to transplant the kidnegs ¥dili to reach
thresholds set for human viability. In this way, the unethical and impossilition of human

viability assessment could be achieved in a porcine model.

6.1.2 Viability Assessment to Maximise Organ Resources

Objective viability assessments possess several advantages ovetivaibjgproaches. In the
Introduction (section 1.3.5) the cautious response of the senior surgeahexpegences with PNF
was described; stringent donor criteria are exerted in order to exdudgons where organ damage
is more likely. Such approaches are effective in reducing PNF rates, bitiindswer transplants as
centres decline opportunities tecover organs from sutptimal donors or donor situations
(Metcalfe and Nicholson, 2000)

The inefficiency of subjective NHBD assessments andraoovery / discard decisions may

ultimately threaten the continuation of NHBD procurement within a centre. This was seen in
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Leicester in the late 1990’s, where a high discard rate combined with adaw yield attributed to
‘next of kin’ consent refusal&lwell et al, 1997)resulted in eventual termination of the program.
The Newcastle centre had observed dramatic reduction in PNF rategriglite introduction of
objective viability assessme(Balupuriet al, 2000c). However, the discard rate for uncontrolled
donor kidneys was still as high as 5@92000.

The efficacy of hypothermic machine perfusion viability assessment protocols in the
limitation of PNF rates is well establish@@8ialupuriet al, 2000b, Daemeet al, 1995, Golet al,
2003b, Light, 2000)However, as alluded to above, many deny an important role fhr suc
assessment in the controlled NHBD. This may be a justifiable position, but it ignoresethigapot
‘net-widening’ effect that judicious use of a ‘recover and assess’ approat¢tacenespecially with
sub-optimal donor situations. The second aim oftthesis set out to determine whether the value of

objective viability assessment could be demonstrated in one such situation.

6.1.2.1 Transplantation of Cat. Il NHBD kidneys with evidence of pre -arrest A cute
Renal Failure

Category Il NHBDs may exhibit evidence of deterioration of donor riemagdtion prior to
death. For many centres, this is sufficient to justify declining the oppartianiecover kidneys.
This was not the approach taken in Newcastle where objective machinégueviability
assessmes are relied upon to identify where thresholds of damage have been breached.

Clinically diagnosed ARF is characterised by deterioration of urine oatglithe
accumulation of serum creatinine (SCr). The two are usualgxistent but data regarding SiSr
more readily recorded and accessible. The RIFLE criteria for @RRomoet al, 2004a, Bellomo
et al, 2004b)describes a familiar spectrum of injury as kidneys progressively agpigaversible

injury and loss of function. The criteria for the ‘Risk’ and ‘Injury’ ddieations suggest the
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reversibe part of this spectrum, but it should be remembered that such classifscatuld be
sufficient for many to decline retrieval.

Examination of the data presented in section 3.4.2 suggests that Newcastle viabidglpro
effectively identify reversiblénjury situations, which result in acceptable early gomtsplant
function(Navarroet al, 2006a, Sohralgt al, 2007) By allowing successful transplantation from
one suboptimal donor group, the implicatias that viability testing may also allow other previously
ignored donor sources to be considered. For instance, application of similglpsmeay be of
interest in previoushwell elderly dones. Prior to this, however, it would be wise to examine
existing data more closely. Although acute injury appears to reflect predictaidgmicastie

viability criteria, the effect of chronic pathological processes have yet to be estblishe

6.1.2.2 Dual Renal Transplantation of ‘Marginal Kidneys’ selected using Machine
Perfusion Viability Testing
NHBD transplantation is resource intensive and as such a highseorate is a cause of
great concern for NHS programs. The first experimental chapter oh#ssstis concerned with
prospective assessment of the validity of local viability tests and assessment of pqiphtatiens
for donor pool expansion. The third aim concentrates on an intervention a@irmedease the
efficiency of the Newcastle NHBprogram by utilising organs on the thresholds of viability.
Simple relaxation of previous viability thresholds will clearly reduce-nsa rates, but
equally certain would be increased rates of PNF. Therefore the only wals® ‘borderline’
organs isvith a novel approach. The ideal solution would be to ‘treat’ the ischagjaig,iso

improving the quality of the kidneys prior to transplantation. This was the aim of the final aspect of
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this thesis, namely the optimisation of the cryopreservatioroappr However, the very fact that
kidneys are paired organs suggests a simple solution.

Newcastle NHBD program leaders were mindful of Professor Nich@smncept of
‘nephrondosing’ (Nicholsoret al, 20®) when assessing the possibility of utilising acutely or
chronically damaged organs as dual organ grafts. Other centres have useahdpkdritation in
order to allow utilisation of organs from older donors, or from kidneys with a known defgree
functional impairment (GFR <9QAlfrey et al, 1997a, Liet al, 2000) The question for Newcastle
was exactly how to select which organs to use in this way. The established vialslitynasst
thresholds have been shown to produce satisfactory outcomes for singlé@okfet al, 2002b)
and hence this situation was left unchanged. The PFI had proven itseléd tnastator and as such
no consideration was given to any form of transplantation from organs failingitflciThe
deficiencies of GST as an injury marker have been discussed above. Howasefuisess in
moderate flow situations lends itself to selecting moderately damaged organ® uoitalolal
transplantation. In the Newcastle fheal transplant era, ity test failures would often
demonstrate GST levels greathan the threshold of 100 1U.108gbut with comfortably viable
PFls. This suggested that a significant degree of nephron loss may havedydnutrvethout
progression to the vascular destion and total irreversible functional loss associated with a PFI
fail.

The third study in this section demonstrated that selection and dualargatipn of organs
with viable PFIs but high GST levels are capable of providing equivalegtgraft function and
levels of PNF to single NHBD graftdlavarroet al, 2008b, Navarret al, 2006b) Furthermore, the
levels of renal function suggested by the eGFRs achieved in the dual transplagitaijp were also

statistically similar to those of the single group. In other words the organs seleate@lfor
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transplantation were shown to produce sufficient function only. ExcessiighyeGFRs or levels of
function might suggest that two single transplants could have been sucggssfidrmed with the
paired organs. This supports the criteria chosen for dual organ selactipwith the resulting low
levels of organ nowmise, represents evidence of maximisation of organ resources.

With a clearer picture of the benefits of viability assessment and its role in orgarcessour
management and optimisation, attention is turned to focus on techniques capalpiewihig organ

quality in kidneys exposed to the delébus effects of ischaemia.

6.2 Novel Techniques for Clinical Renal Cryopreservation an d Ischaemic
Protection

6.2.1 Laparoscopic Renal Cryopreservation

The application of efficient cooling techniques to aid ischaemic protection isuvhrale to
many cinical disciplines. The procedure of laparoscopic partial nephrectomy (lsRiviei area
where a clinical need for organ hypothermia has been identified but asglearyg superior
technique for achieving it has been described. This premise is supported hyltthke meports of
alternative methods of instituting laparoscopic renal cod@ig et al, 2003a, Herrelet al, 1998,
Janetschekt al, 2004, Laveret al, 2007, Webstest al, 2005, Weldet al, 2007). Furthermore,
difficulties in assessment of the efficacy of cryopreservation interventions istenttfe weaknesses
of clinical measures of renal function e.g. SCr. Chapter 4 describes tbhasegp three of the
original aims of the project; to ddep a device for laparoscopic renal cooling, to develop a large
animal model for laparoscopic renal cooling, and to assess the efficacy of a lapiarostal

cooling device using transplantation organ viability assessment.
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The prototype device produced was intended for ‘proof of concept’. It theredmnot be
said to represent the final solution for laparoscopic renal hypotaefrhe production of such a
device would require significant further engineering and testing befanenarfready product could
be made available to surgeons. However, the concept of a-slgstdn for topical cooling by e
circulation of chilled coolant across the surface of the organ clearly has tmeidégl cooling
ensures tissue invasion is minimised, and the separatmmotaint from tissue, by a thin membrane
of plastic, reduces the potential for contamination whilst allowing @ffebeat transfer. The
various advantages over earlier systems have been well discussed invirg €lapter’'s
conclusions.

The prototype dvice was shown to achieve satisfactory core renal temperature within the
time-frames required for LPN. Furthermore, these temperatures trahsl&aeémproved parameters
of human renal transplantatiaterived organ viability assessments when compared-tmoled
controls. This was taken as evidence of cryopreservation efficacyewowalthough the PFI and
GST machine perfusion viability tests are arguably reliable indicators efraoasplant (or in this
context, posteperfusion) functiorfBalupuriet al, 2000b, Daemeaet al, 1995, Golet al, 2004b)
they remain ‘indicators’mly. The only way to truly demonstrate effective cryopreservation would
be to perform recovery experiments in which LPN is completed with andwtitiooling, and the
function of the isolated partially nephrectomised kidney measured direbty/cduld beachieved
through a contrdateral nephrectomy, and serial measurements of GFR using established clinical
techniques during the recovery period.

Unfortunately limited resources precluded this comprehensive approagsieveiothe results

gained are of significant use in suggesting further research, both thrmughpport of further
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investment into device development, and in increasing specialty interest in the benefitsooffrthis f

of laparoscopic renal hypothermia through publica{idavarroet al, 2008a)

6.2.2 Peritoneal Cooling for Uncontrolled NHBDs

In many ways the most challengiagpects of the project, and possibly for NHBD
transplantation itself, lie in the approach to the uncontrolled NHBD ciiyapreservation approach
in Newcastle is based on techniqueieditu perfusion andhas been shown to yield insufficiently
low organtemperature¢Jennings, 2001). The project set out to develop a large animal model of the
uncortrolled NHBD for assessment of the efficacy of additional peritoneal cooling vensestcu
protocols, and ultimately to establish a human trial of uncontrolled NHBD peritonealgoolin

The results from the porcine model of the uncontrolled NHBD demoestiesr
preservation benefits from the application of supplementary peritoneal cooling in atwlitioment
in-situ perfusion protocols. Criteria of core renal temperature, the microdialybsestic markers
of lactate and glycerol, and hypothermic maeltperfusion PFl and GST all suggest superior
limitation of ischaemic injury compared with the current approach. The sta&ngth of the
conclusions drawn is the striking nature of the differences seen betwedgrgstups, and as such
the feeling withirnthe unit is that all future human donors should undergo supplementary peritoneal
cooling. However, the results must be seen in the context of the study&titimdt these shall be

discussed in more detail

6.2.2.1 Limitations of the Porcine Study of sup  plementary Peritoneal Cooling
The most obvious limitation derives from the small sangite involved. Ten animals were

suggested by original power calculations to reflect the expected difésré@méemperature and PFI
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achievable by peritoneal coolingotever, the impressive statistical differences reported may be
viewed sceptically due to the standard errors commonly associatestwdibs involving small
numbers.

The viability criteria employed throughout the project have been shown to reflectrischae
duration and injury and microdialysis markers of ischemia arewaditiated(Keller et al, 2008,
Weld et al, 2008). They therefore offer a means of assessing the likelihood dfgmsplantation
graft dysfunction. However, arguably the only completely reliable atkih to transplant the organs.
As with the LPN study, limited resources have precluded a transplantatia@h. Mahsplantation of
kidneys preserved hp-situ perfusiont peritoneal cooling, followed by close asseent of graft
function, would undeniably be the best way of directly assessing the likeactrof the intervention
on clinical NHBD transplantation.

Further practical points would include the effect of dissection of the kidneystori
induction of peservation interventions. Partial dissection of the kidneys could potentially have
improved cooling rates by increasing the surface area of kidney in cortlacingulating coolant.
Also, the pigs used were juvenile and as such possessed very litierigtmeal fat. In
uncontrolled NHBDs in Newcastle there is often a significant amount pféaent. The insulating
effect of retroperitoneal periephric fat could affect the efficacy of abdominal cooling, and this

limits the strength of the study cduasions.

6.3 NHBD Organ Preservation - Directions for the future

Extracorporeal membrane oxygenation (ECMO) has the ability to proei@eormal organ
perfusion and oxygenation in the absence of cardiopulmduoacyion It therefore possesses a

theoretcal advantage over preservation methods based on organ cooling; the arganaintained
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in physiologicallynearnormal conditions. This would suggésé potential taninimise injury and
improvethe subsequeniability of NHBD kidneys.

Systems desigukto replace heart and lung function by providing a circulatory pump and
means of oxygenating the blood have been in existence for over 50 years. In 1953 John Gibbon
Junior invented the first successful hdarig bypass machine (Gibbon, 1978). The following year,
Dr Lillehei’s group developed erosscirculation technique using anesthetized adult volunteers as
“live cardiopulmonary bypass machines” during the repair of congenital catdfactWardenet
al., 1954). By 1955the Mayo Clinic reported improvements®bbon's devicevhich they used in
successful repair dftrial septal defest(Kirklin et al, 1955) With the establishment of
cardiopulmonary bypass for elective cardiothoracic surgical apiplitatsuch techniques were
adapted for use in paediatric cardiac and respiratory failure. The bubble oorgeas described in
this context in the mi#0s (Rashkinet al, 1965)but this was largely to be replaced by the
membrane oxygenat¢Baffeset al, 1970)found in modern systems. The term ECMO was coined
at around this time, and differs from conventional cardiopulmonary bypaisat it is established
through peripheral rather than central vascular cannulation. It isclaedd on provision of
oxygenation support over a longer period than associated with bypass. In e$esioejd to
support function and therefore aid recovery. Newer systems designed itepraxe robust pump
support, as well as oxygenation are often described as extracorporeal lifet $HQLS) systems.

ECLS or ECMO devices are designed to perfusenéis®rgans with oxygenated blood at
37°C. The loss of such an environment following death prompts the transplantaticiarc to
instigate interventions intended to limit the injury that follows. ECMO systems in many ways
approach the ‘ideal’ presenian intervention (at least theoretically); optimal delivery of

normothermic oxygenated blood can be restored at will, following dditda of death.
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6.3.1 ECMO in Clinical Transplantation

ECMO techniques have been applied in NHBD transplantation @ralesentres
(D'Alessandreet al, 2004, Graveét al, 2004, Keet al, 2000, Maglioccat al, 2005) A schematic
representation dhe type of system employed is given in Figure 6.1.

The Michigan group implementedcontrolled NHBD program involvingostmortem
ECMO in 1999. ECMO cannulae are pladedhe femoral artery and vefollowing consent to
donate, but prior to withdrawaf supportin the ITU. ECMO circulation is initiated immediately
following declaration of death, eliminating the primary warm ischaemic. flitne donor familymay
remain with the donor for a short time before transfer to theatre for orgavergc20 ren&
transplants from 13 ECM®upported donors were performed between 2000 and 2003. One case of
PNF secondary to surgical complications was reported. In the 19 functigrafts, 2 (11%) resulted
in DGF. The authors called for others to consider ECMO as a viable and effeajie preservation

modality (Gravelet al, 2004)

In theUniversity of Wisconsin, analysis ehortterm outcomes fromormothemic ECMO
for NHB donation ofabdominal organg/as performed in 2005. Between 2000 and 2004, 20 patients
entered the UW ECM@upported NHBDprotocd. Retrieval was performed in 15 cas#s3
controlled NHBD situations the agonal time exceeded the local 60 mineghdta, and in 2 cases
organs were deemed unsuitable for transplantation. 14 of the 20 original £mteaatcategory I
donors (70%). In comparison to results prior to theoohtiction of the ECMO protocol, the authors

reported an increase in the donor pool of 3%dan increase of 24% ife number of kidays
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transplanted. Only 2 cases of DGF were encountered, with no PNF or deatbisisions were that
despite early resultsnd small numbers the indications were that the use of ECMO in uncontrolled
NHBDs could potentially provide outcomes at least comparable to-&terimdead donors whilst

increasing the donor po@aglioccaet al, 2005)

Figure 6.1
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Clearly,normothermic oxygenated organ presgion and retrieval systems, using
techniques of ECMO, have been employed successfully in controlled and uhedrtitéBD
situations with excellent outcomé3'Alessandreet al, 2004, Gravett al, 2004, Light and Cecka,
2005, Maglioccat al, 2005) Both the raw numbers, in terms of transplants, and the numbers of
centres utilising these expensive and complex techniques are currently-bomadber, the gross
limitation of the ischaemigelated complications (DGF and PNF) to levels not preslipseen in

NHBD renal transplantation speaks for itself.
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The small number of centres with expertise in this area may well be the rgioheenew
approach which all will eventually follow. However, for many estdlgitscentres a change to an
ECMO apprach might be financially and logistically difficult. Such changes also often takeltime.
addition, interest in ECMO is growing in the field of emergency medici@®]& has been used
successfully in the ITU setting for the resuscitation of respiratoggstim children(Huanget al,
2008) and also in the Accident and Emergency setting for adult aftestmet al, 2008). This
introduces a dangerous problem regarding the role of ECMO in potential siaragions. ECMO
may become increasingly attractive to both resuscitative emergency medicine andrtatispl
doctors alike. If ECMO dmonstrates evidence of benefit to patients and improves in-af-out
hospital arrest survival then it must be implemented. However, this wepildsent the potential for
significant difficulties for the donation process; the transition between a situwatgne ECMO is
being used as treatment to preserve life, and where the aim is tospresgans, will be fraught with
ethical, legal and practical difficulty. At present the resuscitation team mayaeqaght where all
feel that further resuscitation isiwarranted, the patient has died, and the decision is made to stop
resuscitation interventions. At this point, after ataoch period, separate interventions may be
implemented to preserve the organs. With ECMO employed botlapdeposideclaration ofleath,
the line becomes blurred; effectively the ‘life support’ machine is switolffeand then switched
back on again. It is difficult to predict the general perception or acaaptdrihis kind of
eventuality.

One ethically ameliorating possibility would be to position an occlusive aortic balldba at
level of the diaphragm during preservative ECMO. This would prevepenfeision of the heart,

lungs and brain and exclude the possibility of pseedascitatia. However, such an action may
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precludeheart or lung retrieval, the concept of which is growing in popularity within the
cardiothoracic transplant community.

Perhaps lessons regarding the impact of such dilemmas will be learned fnoen fut
experiences from the French NHBD protocol; althoughmthagrity of the uncontrolled French
donors will be subject to a crypreservation protocol, in the small nunfipatients for whom
ECMO resuscitation is instituted and fails, ECMO will be allowed to continue prior ta orga

recovery and transplantati¢Antoineet al, 2008)

6.3.2 The Current Situation with Uncontrolled NHBD Organ Preservation

Regardless of the potential of ECMfased approaches gtmajority of transplartentres
recovering organs from uncontrolled NHBBaentinue to use protocols based on concepts of
cryopreservation, often involvinig-situ cold perfusion alone. Although ECMRxased protocols
have excellent early results, cryopresgion approaches have yielded successful controlled NHBD
kidney programs in many parts of the world. Furthermore, the deficienciasinatesults from
uncontrolled NHBD transplantation programs, based on DiBTditu perfusion alone, may be
attributableto the deficiencies in cooling efficacy demonstrated by studies within this thesis. The
hope is that those centres aiming to optimise a cryopreservation approach will takethetdata
presented herein and take steps to include techniques of supglsnueoling within their

protocols.
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6.4 Preservation for Uncontrolled NHBDs - Future Research

The final aim of the project was to establish a trial of human peritoneal cooling. The
Newcastle peritoneal cooling unit described above is in place at N#g/General Hospital's
Accident and Emergency Department, and awaits the next uncontrolled NHBD Aono
comprehensive approach to data collection will be applied in these doriorsiation regarding
renal surface temperature at laparotomy, machineigierf viability testing, and all relevant
outcome data may then be compared to data from phase Il transplants, and tt¢Bihit's
outcomes in retrospective comparisons.

It is arguable that the ‘gold standard’ approach to demonstration of the potengiil ben
supplementary cooling requires a randomised controlled trial (RCT).roae gave careful
consideration to this possibility but chose to follow a-fmiplementation approach for the following
reason; the demonstration of the benefit of the addition of peritoneal was clear, dealite sm
numbers. In terms of cooling efficacy, microdialysis markers of Etlhaseverity, and organ
viability assessment, a significant improvement in preservation was suggestas thenefore
decided that to withholduch an intervention for half of the donors presenting to Newcastle A&E
would be ethically questionable. In this way uncontrolled NHBDs in Newcastle willredfibérom

an improved cryopreservation protocol.

6.4.1 Optimised Cryopreservation vs. ECMO for NHBDs

The augmented cryopreservation protocol described herein, including sepjdeyn
peritoneal cooling must be compared to an ECh&3ed approach before firm conclusions can be
drawn as to the optimal preservation method. It is likely that in order to demonstraterdiéfs in

efficacy between two fundamentally different approaches, any anintlmdll need to assess
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posttransplantation outcomes. This would require either a recovery transganteidel or a
transplantatiorsimulation (possibly sing a rig capable of warm oxygenated reperfusion with
blood), where immediate or DGF can be identified, and renal function assessgghtbalculation
of urine output and GFR.

The clear ‘room for improvement’ for conventional cryopreservationogas, suggested by
the parameters of viability seen in the peritoneal cooling arm of the uncontrolled NHBP s
might render the negative financial, practical and ethical implicatibBEMO-based approaches

less attractive to many NHBD programs.

6.5 Final Conclusions

This project has provided additional evidensiapport for the assessment of NHBD renal
ischaemic injury using protocols of viability assessment basdt/pothermic machine perfusion; a
predictable relationship between warm ischaemic duratioitenal viability criteria has been
successfully demonstrated in a large animal model, and novel appraathesise of such
assessments have been explored in order to maximise organ resourcenigeoetnd utilisation.
These are important findingehich have been received with interest by the transplant community at
international meetings. However our understanding of the multitudinousgactotributing to renal
NHBD transplantation success or failure remains incomplete. Thiglidlwstratedeach time a
transplanted organ which has passed viability assessment fails to function.

The recently publishedarge multicentre European trial of hypothermic machine perfusion
versuscold storag€Moerset al, 2009)hasdemonstratethe incontrovertiblebenefitsof the former
methodof renalpreservation. In this trial surgeons were blinded to any information regarding

machine perfusion or perfusate enzyparameters. In essence all organs were viability assessed in
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the sense that both PFI and GST data was collected, but this informationtwasdto guide
clinical decisions. Later su@roup analysis in controlled NHBDs suggested that no differences in
PNF rates existed between organs above or below previously establigstlds of viability. The
authors have since argued that no NHBD organs should be discarded on the basisbflity
assessment protocols described herein. This is not an unreasonablerdtaianit must be
remembered that only controlled NHBDs contributed to the data; these argagsnerally found to
be of acceptable quality and it is rare for PFl and GST parameters to badcipgoor below
viability thresholdsPNF in agans transplanted frothese donors is likely to be due to an as yet
unidentified confounding factdor factorg not reflected by the established markers. This suggests
incomplete understanding and the need for further resdautkoes not render cuneprotocols
irrelevant. Had the European study included uncontrolled NHBi2sdata within this thesis would
suggest that witkthe considerably greater degrees of associagaaemic injury, Newcastle

viability assessment protocols may have provided clinically useful information negahdi risk of
PNF.

Despite the evidence described for a role for machine perfagioned viability assessments
the emerging picture is one of incompleteness. PFI and GST reflect only dorinitiahdrgan
preservatiorfactors. Success or failure may also be influenced beyond this jpaietipient
selection and preparation, the transplantation procedure itself) &mgpostoperative period. The
sheer complexity of renal ischaenrtgperfusion injury coupled with the equally complex effects of
the surgical stress of transplantation and gedtpient immunology would suggest that a viability
assessment taking into account two relatively simple indicators is bound to be of limiteatgcc
Future research should not aim to replace PFI and GSihdiaado establish additional indicators,

eachaimed at reflecting different parts of the proesssvolved in the progress from organ



preservation to harvest, preservation aptimisation interventios) transplantatiomnd post
operative management. In this way a more complexetui&llymore robust method for accurately
predicting organ viability may be achieved.

The project has made an important contribution in the approach to LPNpandseopic
renal hypothermia. The studies involving the ‘Newcastle Laparoscopial ReolingDevice’
succeeded in achieving proof of conceyfith demonstration of effective renal cooling and
preservation. The work has prompted further development of the device viétlv sovhuman
studies in the near future.

The studies relating to preservation interventions in the porcine model wfi¢betrolled
NHBD have produced striking results. These results strongly suggest thatratedmMiHBD
centres employing cold igitu perfusion approaches to preservation would be wise to consider
supplementary techniques of organ cooliRgrther avenues of research should assess the efficacy of
peritoneal cooling in human donors, and seek comparison between ISP a@l &Skt techniques
of organ presefation.

Thisfinal studyhighlights the potential benefif careful asessment of thefficacy of each
partof the transplantation process and has suggestbdnge in practicgapable of improving
hypothermic organ preservation. Here the wider argummémors thecall for a more comprehensive
approach to viability assessmelit order to achieve the best possible outcoimes NHBDs,

similar attention must be paid éveryelement of the transplantation process.

15z



References

154



References

ABBOU, C. C., CICCO, A., GASMAN, D., HOZNEK, A., ANTIPHON, P., CHOPIN, D. K. &
SALOMON, L. (1999) Retroperitoneal laparoscopic versus open radipatectomy.J
Urol, 161, 177680.

ADKINS, K. L., CHANG, S. S., COOKSON, M. S. & SMITH, J. A., JR003) Partial
nephrectomy safely preserves renal function in patients with a solitargykitiiirol, 169
79-81.

ALFREY, E. J,, LEE, C. M., SCANDLING, J. D., PAVLAKIS, M., MARKEZICH, A. J. &
DAFOE, D. C. (1997a) When should expanded criteria donoekilbe used for single
versus dual kidney transplanfEfansplantation64, 11426.

ALFREY, E. J,, LEE, C. M., SCANDLING, J. D., WITTER, M. M., CARTER, J. T.,
MARKEZICH, A. J., SALVATIERRA, O. & DAFOE, D. C. (1997b) Expanded criteria for
donor kidneys: ampdate on outcome in single versus dual kidney transplBrissplant
Proc, 29, 36713.

AMES, C. D., VENKATESH, R., WELD, K. J., MORRISSEY, K., FOYIL, K. V., SHEN, T,
DRYER, S., HRUBY, G., SUTERA, S. P. & LANDMAN, J. (2005) Laparoscopic renal
parenchyral hypothermia with novel ieslush deployment mechanistirology, 66, 33-7.

ANDREWS, P. A., COMPTON, F., KOFFMAN, C. G., BEWICK, M. & CHANG, R. W. (2001)
Prediction of outcome in neheartbeating kidney transplantatiofiransplant Proc33
11214.

ANTOINE, C., BRUN, F., TENAILLON, A. & LOTY, B. (2008) [Organ procurement and
transplantation from neheartbeating donorsjNephrol Ther4, 5-14.

ASHER, J., WILSON, C., GOK, M., SHENTON, B. K., STAMP, S., WONG, Y. T., GUPTA, A. &
TALBOT, D. (2004) Transplantation from non heart beating donors in Nelwagsin Tyne.
Ann Transplant9, 59-61.

BAFFES, T. G., FRIDMAN, J. L., BICOFF, J. P. & WHITEHILL, J. L. (1970) Extrposeal
circulation for support of palliative cardiac surgery in infasn Thorac Surgl0, 354-63.

BALUPURI, S., BUCKLEY, P., MOHAMAD, M., CHIDAMBARAM, V., GERSTENKORN, C.,
SEN, B., KIRBY, J., MANAS, D. M. & TALBOT, D. (2000a) Early results of a hon
heartbeating donor (NHBD) programme with machine perfudicemspl Int,13 Suppl 1
S255-8.

BALUPURI, S., BUCKLEY, P., MOHAMED, M., CORNELL, C., MANTLE, D., KIRBY, J.,

MANAS, D. M. & TALBOT, D. (2000b) Assessment of ntreartbeating donor (NHBD)
kidneys for viability on machine perfusio@lin Chem Lab Med38, 11036.

15¢



BALUPURI, S., BUCKLEY, P., SNOWDEN, C., MUSTAFA, M., SEN, B., GRIFFITHS, P.,
HANNON, M., MANAS, D., KIRBY, J. & TALBOT, D. (2000c) The trouble with kidneys
derived from the non heabieating donor: a single center-§8ar experience.
Transplantation£9, 8426.

BALUPURI, S., BUCKLEY, P., SNOWDEN, C., SEN, B., GRIFFITHS, P., HANNON, M.,
MANAS, D., KIRBY, J. & TALBOT, D. (2000d) The trouble with kidneys derived from the
non heart beating donor: a single centre 10 year experi€rargsplantation 69, 8426.

BALUPURI, S., MANTLE, D., MOHAMED, M., SHENTON, B., GOK, M., SOOMRO, N.,
MANAS, D. M., KIRBY, J. & TALBOT, D. (2001) Machine perfusion and viability
assessment of ndmeartbeating donor kidneya singlecentre resultTransplant Proc33,
111920.

BELLOMO, R., KELLUM, J. A.& RONCO, C. (2004a) Defining acute renal failure: physiological
principles.Intensive Care Med0, 33-7.

BELLOMO, R., RONCO, C., KELLUM, J. A., MEHTA, R. L. & PALEVSKY, P. (2004b) Acute
renal failure- definition, outcome measures, animal models, fthetapy and information
technology needs: the Second International Consensus Conference of thBiAlysis
Quality Initiative (ADQI) GroupCrit Care, 8, R204412.

BERNARDO, N. O. & GILL, I. S. (2002) Laparoscopic partial nephrectomy:eatirstatusArch
Esp Urol,55, 868-80.

BICKFORD, R. G. & WINTON, F. R. (1937) The influence of temperature on thegtésbkidney of
the dog.J Physiol,89, 198219.

BOOSTER, M. H., WIINEN, R. M., MING, Y., VROEMEN, J. P. & KOOTSTRA, G. (1993a) In
situ perfusion of kineys from nofheartbeating donors: the Maastricht protocblansplant
Proc, 25, 15034.

BOOSTER, M. H., WIINEN, R. M., VROEMEN, J. P., VAN HOOFF, J. P. & KOOTSTRA, G.
(1993b) In situ preservation of kidneys from Fuogartbeating donorsa proposal foa
standardized protocolransplantation56, 613-7.

BRIGGS, J. D., CROMBIE, A., FABRE, J., MAJOR, E., THOROGOOD, J. & VEITCH, P. S.
(1997) Organ donation in the UK: a survey by a British Transplantation Sediekyng
party.Nephrol Dial Transplant12 22517.

BROOK, N. R., WALLER, J. R. & NICHOLSON, M. L. (2003) Nonhebdating kidney donation:
current practice and future developmeitilney Int,63, 151629.

BUTTERWORTH, P. C., TAUB, N., DOUGHMAN, T. M., HORSBURGH, T., VEITCH, P. S.,

BELL, P. R.& NICHOLSON, M. L. (1997) Are kidneys from nemeartbeating donors
second class organg?ansplant Proc29, 35678.

15€



CALNE, R. (1960) The rejection of renal homografts inhibition in dogs by 6 memajne.
Lancet,1, 417-18.

CALNE, R. & MURRAY, J. (1961) Inhibition of the rejection of renal homgrafts insdog
Burroughs Welcome 532. Surg.Forum,12, 118-20.

CALNE, R., ROLLES, K. & WHITE, D. (1979) Cyclosporin A initially as the only
immunosuppressant in 34 recipients of cadaveric organs: 32 kidhpgacreases, and 2
livers. Lancet,2, 1034-1036.

CALNE, R., WHITE, D., ROLLES, K., SMITH, D. & HERBERTSON, B. (1978) Prolonged
survival of pig orthotopic heart grafts treated with cyclosporih@ncet,1, 118385.

CARREL, A. (1902) La technique operative des anastomoses vasculd@ésaasplantation des
visceresLyon Med.,98 859.

CARREL, A. (1983) Landmark article, Nov 14, 1908: Results of the transplantétidoool
vessels, organs and limbs. By Alexis Cardeima,250 94453.

CARREL, A. (D01) The transplantation of organs: a preliminary communication. 1905i¢elass
article]. Yale J Biol Med74, 23941.

CASAVILLA, A., RAMIREZ, C., SHAPIRO, R., NGHIEM, D., MIRACLE, K., BRONSTHE®.,
RANDHAWA, P., BROZNICK, B., FUNG, J. J. & STARZL, T1995) Experience with
liver and kidney allografts from nelneartbeating donorsTransplantation59, 197-203.

CASTELAO, A. M., SABATER, R., GRINO, J. M., GWERNET, S., ANDRES, E., FRANCO,
E., SERRALLACH, N. & ALSINA, J. (1988) Renal function of transplanted kidneys from
nontheartbeating cadaver donorgransplant Proc20, 841-3.

CHANG, R. W. (1995) Transplantation of nbeartbeating donor kidneys.ancet,346 322.
CHANG, R. W. (1996) How should cadaver kidneys be allocdtad@et,348 4534.

CHEN, Y. S., YU, H. Y., HUANG, S. C., LIN, J. W., CHI, N. H., WANG, C. H.,, WANG, S. S.,
LIN, F. Y. & KO, W. J. (2008) Extracorporeal membrane oxygenation support can extend
the duration of cardiopulmonary resuscitatiGnit Care Med

COOPER, J. T., CHIN, L. T., KRIEGER, N. R., FERNANDEZ, L. A., FOLEY, D. P., BERKE
T., ODORICO, J. S., KNECHTLE, S. J., KALAYOGLU, M., SOLLINGER, H. W. &
D'ALESSANDRO, A. M. (2004) Donation after cardiac death: the university afomisn
experience with renal transplantatiéxm J Transplant4, 14904.

CRAIN, D. S, SPENCER, C. R., FAVATA, M. A. & AMLING, C. L. (2004) Transuretegdine
perfusion to obtain renal hypothermia: potential application in laparoscopic partial
nephrectomyJsls,8, 21722.



D'ALESSANDRO, A. M, FERNANDEZ, L. A., CHIN, L. T., SHAMES, B. D., TURGEON, N. A,
SCOTT, D. L., DI CARLO, A, BECKER, Y. T., ODORICO, J. S., KNECHTLE, S. J.,
LOVE, R. B., PIRSCH, J. D., BECKER, B. N., MUSAT, A. |., KALAYOGLU, M. &
SOLLINGER, H. W. (2004) Donation after céad death: the University of Wisconsin
experienceAnn Transplant9, 68-71.

DAEMEN, J., OOMEN, A., JANSSEN, M., VAN DE SCHOOT, L., VAN KREEL, B.,
HEINEMAN, E. & KOOTSTRA, G. (1997a) Glutathionet@&nsferase as predictor of
functional outcome in transpigation of machine preserved nbaartbeating donor kidneys.
Transplantation63 89-93.

DAEMEN, J. H., DE VRIES, B., OOMEN, A. P., DEMEESTER, J. & KOOTSTRA, G. (1997b)
Effect of machine perfusion preservation on delayed graft function ikheartbeatng
donor kidneys-early resultsTranspl Int,10, 31722.

DAEMEN, J. H., DE WIT, R. J.,, BRONKHORST, M. W., MARCAR, M. L., YIN, M.,
HEINEMAN, E. & KOOTSTRA, G. (1996) Sheterm outcome of kidney transplants from
nonheartbeating donors after preservatioy machine perfusiortranspl Int,9 Suppl 1
S76:80.

DAEMEN, J. H., HEINEMAN, E. & KOOTSTRA, G. (1995) Viability assessment of-heart
beating donor kidneys during machine preservafleansplant Proc27, 2906-; discussion
290738.

DAEMEN, J. W., KOOTSTRA, G., WIINEN, R. M., YIN, M. & HEINEMAN, E. (1994) Nonheart
beating donors: the Maastricht experierCin Transp| 303-16.

DAEMEN, J. W., OOMEN, A. P., JANSSEN, M. A., VAN DE SCHOOT, L., VAN KREEL, B. K.,
HEINEMAN, E. & KOOTSTRA, G. (1997c) Gluthione Stransferase as predictor of
functional outcome in transplantation of machpreserved noeartbeating donor kidneys.
Transplantation63 89-93.

DE BOER, J., DE MEESTER, J., SMITS, J. M., GROENEWOUD, A. F., BOK, A., VAN DER
VELDE, O., DOXIADIS Il & PERSIJIN, G. G. (1999) Eurotransplant randomized
multicenter kidney graft preservation study comparing HTK with UW and-Eollins.
Transpl Int,12, 44753.

DE WIT, G. A., RAMSTEIJN, P. G. & DE CHARRO, F. T. (1998) Economic evaluation of end
stagerenal disease treatmeitealth Policy,44, 21532.

DUNLOP, P., VARTY, K., VEITCH, P. S., NICHOLSON, M. L. & BELL, P. R. (1995) Nuzart
beating donors: the Leicester experieftansplant Proc27, 29404; discussion 2938.

EL-GHONEIMI, A., FARHAT, W., BOLDUC, S., BAGLI, D., MCLORIE, G. & KHOURY, A.

(2003) Retroperitoneal laparoscopic vs open partial nephroureterestarnijdren.BJU Int,
91, 5325.

15¢



ELWELL, R., WARD, K., JAMES, C., BUTTERWORTH, P. C., VEITCH, P. S., BELL, P. R,
DOUGHMAN, T. M., WHEATLEY, T. J. & NICHOLSON, M. L. (1997) Outcome of
referrals to a noeartbeating kidney retrieval team over g&ar periodTransplant Proc,
29, 3549.

EUROTRANSPLANT Statistics for kidney transplantation 1:99®9. Leiden, Eurotransplant
International Foundation.

FARNEY, A. C., SINGH, R. P., HINES, M. H., ROGERS, J., HARTMANN, E. L., REEVES
DANIEL, A., GAUTREAUX, M. D., ISKANDAR, S. S., ADAMS, P. L. & STRATTA, R. J.
(2008) Experience in renal and extrarenal transplantation with donationafie@ctleath
donors with selective use of extracorporeal supgdofn Coll Surg206 1028-37;
discussion 1037.

FERGANY, A. F., HAFEZ, K. S. & NOVICK, A. C. (2000) Lortgrm results of nephron sparing
surgery for localized renal cell carcinoma:yi€ar followup J Urol, 163 4425.

GAGANDEEP, S., MATSUOKA, L., MATEO, R., CHO, Y. W., GENYK, Y., SHER, L.,
CICCIARELLI, J., ASWAD, S., JABBOUR, N. & SELBY, R. (2006) Expanding the donor
kidney pool: utility of renal allografts procured in a setting of uncontrolledi@a deathAm
J Transplantg, 16828.

GARCIA-RINALDI, R., LEFRAK, E. A., DEFORE, W. W., FELDMAN, L., NOON, G. P.,
JACHIMCZYK, J. A. & DEBAKEY, M. E. (1975) In situ preservation of cadakieineys
for transplantation: laboratory observations and cliréqglication.Ann Surg, 182 576-84.

GERSTENKORN, C., OLIVEIRA, D., MACPHEE, I. & CHANG, R. (2000) Nbeartbeating
donors for renal transplantatidnancet,356 1854.

GHAVAMIAN, R., CHEVILLE, J. C., LOHSE, C. M., WEAVER, A. L., ZINCKE, H. & BLUTE,
M. L. (2002) Renal cell carcinoma in the solitary kidney: an analysis of complications and
outcome after nephron sparing surgeryrol, 168 4549.

GIBBON, J. H., JR. (1978) The development of the Rleaug apparatusAm J Surg135 608-19.

GILBERT, S.M., RUSSO, P., BENSON, M. C., OLSSON, C. A. & MCKIERNAN, J. M. (2003)
The evolving role of partial nephrectomy in the management of renal ceti@awa. Curr
Oncol Repp, 23944,

GILL, I. S., ABREU, S. C., DESAI, M. M., STEINBERG, A. P., RAMANI, A. RG, C., BANKS,
K., NOVICK, A. C. & KAOUK, J. H. (2003a) Laparoscopic ice slush renal hypothefonia
partial nephrectomy: the initial experiendeJrol, 170 52-6.



GILL, I. S., MATIN, S. F., DESAI, M. M., KAOUK, J. H., STEINBERG, A., MASCHA, E.,
THORNTON, J., SHERIEF, M. H., STRZEMPKOWSKI, B. & NOVICK, A. C. (2003b)
Comparative analysis of laparoscopic versus open partial nephrectomy for renalitumors
200 patientsd Urol, 170 64-8.

GJESSING, J., BARSA, J. & TOMLIN, P. J. (1976) A possible me&napid cooling in the
emergency treatment of malignant hyperpyreBiaJ Anaesth48, 469-73.

GOK, M., ASHER, J., SHENTON, B., RIX, D., SOOMRO, N., JACQUES, B., MANAS, D. &
TALBOT, D. (2004a) Graft function after kidney transplantation from {eartbeting
donors according to Maastricht categahyJrol, 172 23314.

GOK, M., BUCKLEY, P., SHENTON, B., BALUPURI, S., EEHEIKH, M., ROBERTSON, H.,
SOOMRO, N., JACQUES, B., MANAS, D. & TALBOT, D. (2002a) Loteym renal
function in kidneys from noieartbeating donors: a singleenter experience.
Transplantation,74, 6649.

GOK, M. A., ATHEY, N., ALSAMARAEE, A., BHATTI, A., GUPTA, A., WILSON, C.,
ROBSON, L. & TALBOT, D. (2004b) Re: Experiences learned in the successful
establishment of a nonheart beating donor program for renal transganitiTalbot, B. K.
Shelton. P.E. Buckley and M. A. Gok. J Urol, 170: 10882, 2003J Urol, 171, 359.

GOK, M. A., BUCKLEY, P. E., SHENTON, B. K., BALUPURI, S., BBHEIKH, M. A,
ROBERTSON, H., SOOMRO, N., JAQUES, B. C., MANAS, D. M. & TALBOT, D.
(2002b) Longterm renal function in kidneys from ndreartbeating donors: A singleenter
experienceTransplantation,74, 6649.

GOK, M. A,, PELSERS, M., GLATZ, J. F., BHATTI, A. A., SHENTON, B. K., PEASTON, R.,
CORNELL,C., MANTLE, D. & TALBOT, D. (2003a) Comparison of perfusate activities of
glutathione Sransferase, alanine aminopeptidase and fatty acid binding protein in the
assessment of ndmeartbeating donor kidney#nn Clin Biochem40, 252-8.

GOK, M. A,, PELSERS, M., GLATZ, J. F., SHENTON, B. K., PEASTON, R., CORNELL, C. &
TALBOT, D. (2003b) Use of two biomarkers of renal ischemia to assess mahinsed
nonheartbeating donor kidney<lin Chem49, 1725.

GOK, M. A,, SHENTON, B. K., BUCKLEY, P. E., BALUPURI, S., SOOMRO, N., MANAS, D. &
TALBOT, D. (2002c) Longterm renal function after transplantation from #weartbeating
donor kidneysTransplant Proc34, 25989.

GOK, M. A,, SHENTON, B. K., BUCKLEY, P. E., PEASTON, R., CORNELL, C., SOOMRO, N.,
JAQUES,B. C., MANAS, D. M. & TALBOT, D. (2003c) How to improve the quality of
kidneys from norheartbeating donors: a randomised controlled trial of thrombolysis i non
heartbeating donorsTransplantation,76, 17149.

16C



GOK, M. A., SHENTON, B. K., PEASTON, RCORNELL, C., GICQUEL, H. J., AITCHISON,
D., MANTLE, D., DARK, J. & TALBOT, D. (2002d) Use of streptokinase in a-heart
beating donor animal moddiransplant Proc34, 26156.

GONWA, T. A., MAIl, M. L., MELTON, L. B., HAYS, S. R., GOLDSTEIN, R. M., LEVY, M. F. &
KLINTMALM, G. B. (2001) Endstage renal disease (ESRD) after orthotopic liver
transplantation (OLTX) using calcineusased immunotherapy: risk of development and
treatmentTransplantation,72, 19349.

GONZALEZ SEGURA, C., CASTELAO, A. M., TORAS, J., GILVERNET, S., LOPEZ
COSTEA, M. A,, RIERA, L., FRANCO, E., FULLADOSA, X., GRINO, J. M. & ALSINA,
J. (1995) Longerm follow up of transplanted ndreartbeating donor kidney§.ransplant
Proc, 27, 294850; discussion 2938.

GRAVEL, M. T., ARENAS, J. D., CHENAULT, R., 2ND, MAGEE, J. C., RUDICH, S.,
MARASCHIO, M., DEBROY, M., MILLER, W. & PUNCH, J. D. (2004) Kidney
transplantation from organ donors following cardiopulmonary death usirecexporeal
membrane oxygenation suppoknn Transplant9, 57-8.

GRUNDMANN, R., RAAB, M., MEUSEL, E., KIRCHHOFF, R. & PICHLMAIER, H. (1975)
Analysis of the optimal perfusion pressure and flow rate of the reealila resistance and
oxygen consumption in the hypothermic perfused kid8eygery,77, 451-61.

HABIG, W. & JAKOBY, W. (1981) Assays for differentiation of glutathion¢r&sferaseMethods
Enzymology77, 398-405.

HERRELL, S. D., JAHODA, A. E., HUSAIN, A. N. & ALBALA, D. M. (1998) The laparoscopic
cooling sheath: novel device for hypothermic preation of kidney during temporary renal
artery occlusionJ Endourol,12, 15561.

HOLMAN, E. (1924) Protein sensitization in isoskingrafting. Is the latter of prastidaé?Surg
Gynecol Obstet38 100-106.

HOROWITZ, B. Z. (1989) The golden hour ingiestroke: use of iced peritoneal lavage J
Emerg Medy, 6169.

HUANG, S. C., WU, E. T., CHEN, Y. S., CHANG, C. I, CHIU, I. S., WANG, S. S.,LIN, F. Y. &
KO, W. J. (2008) Extracorporeal membrane oxygenation rescue for cardiopwymona
resuscitation irpediatric patientsCrit Care Med,36, 160713.

HUME, D., MERRILL, J. & MILLER, B. (1952) Homologous transplantation of human kidnkys.
Clin Invest,31, 640.

JANETSCHEK, G., ABDELMAKSOUD, A., BAGHERI, F., AZAHRANI, H., LEEB, K. &

GSCHWENDTNER, M. (204) Laparoscopic partial nephrectomy in cold ischemia: renal
artery perfusiond Urol, 171, 68-71.

161



JANKAUSKIENE, A., DRUSKIS, V. & LAURINAVICIUS, A. (2001) Cyclosporine
nephrotoxicity: associated allograft dysfunction at low trough cond@ntr&lin Nephol,
56, S27-9.

JENNINGS, N. T., D. (2001) Data on file.

KEIZER, K. M., DE FJTER, J. W., HAASEKEROMWIJK, B. J. & WEIMAR, W. (2005) Non
heartbeating donor kidneys in the Netherlands: allocation and outcome of arataan.
Transplantation,79, 1195-9.

KELLER, A. K., JORGENSEN, T. M., OLSEN, L. H. & STOLLE, L. B. (2008) Early detecof
renal ischemia by in situ microdialysis: an experimental stlidljrol, 179 3715.

KIEVIT, J. K., OOMEN, A. P., JANSSEN, M. A,, VAN KREEL, B. K., HEINEMAN, E. &
KOOTSTRA, G. (1997) Viability assessment of noeartbeating donor kidneys by alpha
glutathione Sransferase in the machine perfusd@t@nsplant Proc29, 13813.

KIRKLIN, J. W., DUSHANE, J. W., PATRICK, R. T., DONALD, D. E., HETZEL, P. S.,
HARSHBARGERH. G. & WOOD, E. H. (1955) Intracardiac surgery with the aid of a
mechanical pumjoxygenator system (gibbon type): report of eight ceRexc Staff Meet
Mayo Clin,30, 2016.

KLEIN, I. H., ABRAHAMS, A., VAN EDE, T., HENE, R. J., KOOMANS, H. A. &
LIGTENBERG, G. (2002) Different effects of tacrolimus and cyclosporine on renal
hemodynamics and blood pressure in healthy subjeaasplantation,73, 732-6.

KO, W. J., CHEN, Y. S., TSAI, P. R. & LEE, P. H. (2000) Extracorporeal membrane oxygenati
support ofdonor abdominal organs in ndreartbeating donorsClin Transplant,14, 1526.

KOLFF, W. J., BERK, H. T., TER WELLE, M., VAN DER, L. A., VAN DIJK, E. C. & VAN
NOORDWIJK, J. (1997) The artificial kidney: a dialyser with a gread.at844.J Am Soc
Nephrol,8, 195965.

KOOTSTRA, G. (1988) Will there still be an organ shortage in the year Z0@d3plant Proc20,
809-11.

LANDMAN, J., VENKATESH, R., LEE, D., VANLANGENDONCK, R., MORISSEY, K.,
ANDRIOLE, G. L., CLAYMAN, R. V. & SUNDARAM, C. P. (2003) Renalpothermia
achieved by retrograde endoscopic cold saline perfusion: technique anctlimittal
application.Urology, 61, 10235.

LAST, R. J. (1978 p.319%natomy, Regional and Applieddinburgh, Churchill Livingstone.
LAVEN, B. A., KASZA, K. E., RAPP, D. E., ORVIETO, M. A., LYON, M. B., ORAS, J. J,,

BEISER, D. G., VANDEN HOEK, T. L., SON, H. & SHALHAV, A. L. (2007) A pilot study
of ice-slurry application for inducing laparoscopic renal hypotherBJ Int, 99, 166-70.



LEVEY, A. S., BOSCH, J. P., LEWIS, J. B., GREENE, T., ROGERS, N. & ROTH, D. (1999) A
more accurate method to estimate glomerular filtration rate from serum creatinine: a ne
prediction equation. Modification of Diet in Renal Disease Study Graop.Intern Med,
130, 46170.

LIGHT, J.(2000) Viability testing in the neheartbeating donorTransplant Proc32, 179-81.
LIGHT, J. A. & CECKA, J. M. (2005) Trends in donation after cardiac d&zlth.Transp| 23545.

LIGHT, J. A.,, KOWALSKI, A. E., SASAKI, T. M., BARHYTE, D. Y., RITCHIBV. O., GAGE, F.
& HARVIEL, J. D. (1997) A rapid organ recovery program for fimartbeating donors.
Transplant Proc29, 35536.

LIGHT, J. A., SASAKI, T. M., AQUINO, A. O., BARHYTE, D. Y. & GAGE, F. (2000a) Combined
intravascular and intraperitoneal ¢iog in the norheartbeating donor improves kidney
function following transplantatiorfransplant Proc32, 188.

LIGHT, J. A., SASAKI, T. M., AQUINO, A. O., BARHYTE, D. Y. & GAGE, F. (2000b) Excellent
long-term graft survival with kidneys from the uncoited northeartbeating donor.
Transplant Proc32, 186-7.

LU, A. D., CARTER, J. T., WEINSTEIN, R. J., STRATTA, R. J., TAYLOR, R. J.,, BOWERS, V
D., RATNER, L. E., CHAVIN, K. D., JOHNSON, L. B., KUO, P. C., COLE, E. H.,
DAFOE, D. C. & ALFREY, E. J. (2000) Outcome in recipients of dual kidney transpkmts:
analysis of the dual registry patienisansplantation69, 2815.

MAGLIOCCA, J. F., MAGEE, J. C., ROWE, S. A,, GRAVEL, M. T., CHENAULT, R. H., 2ND,
MERION, R. M., PUNCH, J. D., BARTLETT, R. H. & HEMMILA, M. R. (2005)
Extracorporeal support for organ donation after cardiac death effigatieands the donor
pool.J Trauma,58 1095401; discussion 1162.

MARKS, W. H., WAGNER, D., PEARSON, T. C., ORLOWSKI, J. P., NELSON, P. W.,
MCGOWAN, J. J., GUIDNGER, M. K. & BURDICK, J. (2006) Organ donation and
utilization, 19952004 entering the collaborative efem J Transplantg, 110140.

MEDAWAR, P. (1945) A second study of the behaviour and fate of skin homografts itsrdbbi
Anat, 79, 157-176.

MEDAWAR, P. B. (1944) The behaviour and fate of skin autografts and skin homografts ts.rabbi
Journal of Anatomy78 176-179.

MERRILL, J., MURRAY, J., HARRISON, H. & GUILD, W. (1956) Successful
homotransplantation of the human kidney between identical twiasv.A.,160 277-282.

162



METCALFE, M. S., BUTTERWORTH, P. C., WHITE, S. A., SAUNDERS, R. N., MURPHY, G.
J., TAUB, N., VEITCH, P. S. & NICHOLSON, M. L. (2001) A casentrol comparison of
the results of renal transplantation from hdsating and noheartbeating donors.
Transplantation,71, 15569.

METCALFE, M. S. & NICHOLSON, M. L. (2000) Nceheartbeating donors for renal
transplantationLancet,356, 1853; author reply 1854.

MOERS, C., SMITS, J. M., MAATHUIS, M. H., TRECKMANN, J., VAN GELDER, F.
NAPIERALSKI, B. P., VAN KASTEROKUTZ, M., VAN DER HEIDE, J. J.,
SQUIFFLET, J. P., VAN HEURN, E., KIRSTE, G. R., RAHMEL, A., LEUVENINK, H. G.,
PAUL, A., PIRENNE, J. & PLOEG, R. J. (2009) Machine perfusion or cold storage in
deceasedlonor kidney transpteation.N Engl J Med360Q 7-19.

MURRAY, J., MERRILL, J. & HARRISON, J. (1958) Kidney transplantation betweeerspairs
of identical twinsAnn.Surgery148 343-357.

NAVARRO, A. P., SOHRABI, S., COLECHIN, E., GRIFFITHS, C., TALBOT, D. & SOOMRO,
N. A. (2008a) Evaluation of the ischemic protection efficacy of a laparoscopic retialgcoo
device using renal transplantation viability assessment criteria in a porcine tbhdel,

179 11849.

NAVARRO, A. P., SOHRABI, S., REDDY, M., CARTER, N., AHMED, & TALBOT, D.
(2008b) Dual transplantation of marginal kidneys from nonheart beating dotexrtede
using machine perfusion viability criterid.Urol, 179 2305-9; discussion 2309.

NAVARRO, A. P., SOHRABI, S., WILSON, C., SANNI, A, WYRLEBIRCH, H.,
VIJAYANAND, D., REDDY, M., RIX, D., MANAS, D. & TALBOT, D. (2006a) Renal
transplants from category Il ndmeartbeating donors with evidence of paerest acute renal
failure. Transplant Proc38, 26356.

NAVARRO, A. P., SOHRABI, S., WYRLEYBIRCH, H., VIJAYANAND, D., WILSON, C.,
SANNI, A., REDDY, M., MANAS, D., RIX, D. & TALBOT, D. (2006b) Dual renal
transplantation for kidneys from marginal rbeartbeating donorsTransplant Proc38,
26334.

NICHOLSON, M. L., HORSBURGH, T., DOUGHMAN, T. M., WHEATLEY,.T.,
BUTTERWORTH, P. C., VEITCH, P. S. & BELL, P. R. (1997) Comparison of the results of
renal transplants from conventional and #h@artbeating cadaveric donorfransplant
Proc, 29, 1386-.

NICHOLSON, M. L., WINDMILL, D. C., HORSBURGH, T. & HARRIS, KP. (2000) Influence of

allograft size to recipient bodyeight ratio on the longerm outcome of renal
transplantationBr J Surg,87, 3149.

164



NYBERG, S. L., BASKINBEY, E. S., KREMERS, W., PRIETO, M., HENRY, M. L. &
STEGALL, M. D. (2005) Improving the prediction of donor kidney quality: deceasedrdo
score and resistive indiceBransplantation80, 925-9.

0JO, A. O., WOLFE, R. A,, LEICHTMAN, A. B., DICKINSON, D. M., PORT, F. K. & YOUNG,
E. W. (1999) A practical approach to evaluate the potential dgmwrand trends in
cadaveric kidney donatiofiransplantation67, 548-56.

OKA, K., MORIYAMA, T., IMAI, E., KYO, M., TOKI, K., TANAKA, T., HORI, M., KOKADO,
Y., OKUYAMA, A. & TAKAHARA, S. (2001) A case of tacrolimus nephrotoxicity
appearing in a secondn@ transplantation patientlin Transplant,15 Suppl 5304.

PARSONS, D. S. & HARRIS, D. C. (1997) A review of quality of life in chronic réaidire.
Pharmacoeconomic4?2, 14060.

PHILLIPS, A. O., SNOWDEN, S. A., HILLIS, A. N. & BEWICK, M. (1998enal grafts from
northeart beating donor8mj, 308 5756.

POKORNY, H., ROCKENSCHAUB, S., PUHALLA, H., BLAICHER, W., WINDHAGER, T.,
BERLAKOVICH, G. A., STEININGER, R. & MUHLBACHER, F. (1997) Transplanteti
of kidneys from norheartbeating donors: retspective analysis of the outcoriieansplant
Proc, 29, 35458.

RASHKIND, W. J., FREEMAN, A., KLEIN, D. & TOFT, R. W. (1965) Evaluation Of A
Disposable Plastic, Low Volume, Pumpless Oxygenator As A Lung Subsiiteegliatr,66,
94-102.

SAUNDERS, R., ELWELL, R., MURPHY, G., HORSBURGH, T., CARR, S. & NICHOLSON, M.
(2000) Workload generated by a living donor programme for renal transptemtdéiphrol
Dial Transplant,15, 166772.

SEMB, C. (1959a) Local cooling of the kidney for protection against dpertaaumaActa Chir
Scand SuppBuppl 245368-72.

SEMB, G. (1959b) Some results regarding the gaseous exchange in aduigaeator Acta Chir
Scand,117 3940.

SOHRABI, S., NAVARRO, A. P., WILSON, C., SANNI, A., WYRLEBIRCH, H., ANAND, D.
V., REDDY, M., RIX, D., JACQUES, B., MANAS, D. & TALBOT, D. (2007) Donation
after cardiac death kidneys with low severity-preest acute renal failurdm J Transplant,
7,5715.

165



TAKAHASHI, T., ICHIKAWA, H., SATO, Y., SUZUKI, M., OHYA, T., TOMIZAWA, N.,
KAMOSHITA, N., KOBAYASHI, J., ISHIKAWA, S., OHTAKI, A. & MORISHITA, Y.
(1996) Multiple organ harvesting from a single donor for transplantation: atsapastudy
of the peritoneal cooling and the cardiopulmonary bypass metnadsplant Proc28,
18656.

TALBOT, D., SHENTON, B., BUCKLEY, P. & GOK, M. (2003) Experiences learned in the
successful establishment of a Non Heart Beating Donor (NHBD) prdgraRenal
TransplantationJournal of Urology,17Q 108892.

TANABE, K., OSHIMA, T., TOKUMOTO, T., ISHIKAWA, N., KANEMATSU, A., SHINMURA,
H., KOGA, S., FUCHINOUE, S., TAKAHASHI, K. & TOMA, H. (1998) Lortgrm renal
function in onheartbeating donor kidney transplantation: a sincgater experience.
Transplantation66, 170813.

TRUMP, B. B., I. COWLEY, R(1982)The cellular and subcellular characteristics of acute and
chronic injury with emphasis on the role of calciuBgjtimore, Williams & Wilkins.

UKTSSA (2003) Yearly kidney transplant statistics.
http://www.uktransplant.org/statistics/yearly kidney statistics.Bimstol, UKTSSA.

UNOS (2000) Kidney report2000.Transplant Patient Data Source 19%®ichmond, VA, United
Network for Organ Sharing.

VAN DER VLIET, J. A, SLOOFF, M. J., KOOTSTRA, G., KROM, R. A. & RIJKMANS, B. G.
(1980) Nonheartbeating donors, is it worthwhil®Poc Eur Dial Transplant Assod,7, 445-
9.

VAN DER VLIET, J. A,, SLOOFF, M. J., RIJKMANS, B. G. & KOOTSTRA, G. (1981) Use of
nonheartbeating donor kidneys for transplantati&@ur Surg Resl3 354-60.

VANRENTERGHEM, Y. (2000) Cautious approach to use of-heartbeating donord.ancet,
356, 528.

VARTY, K., VEITCH, P. S., MORGAN, J. D., KEHINDE, E. O., DONNELLY, P. K. & BELL, P.
R. (1994) Resonse to organ shortage: kidney retrieval programme usingnear beating
donors.Bmj, 308 575.

VORONOQY, U. (1936) Transplantation of kidney from cadaver as therapyfoiadiliowing
mercury bichloride poisoning; cas®iglo med.97, 29698.

VROMEN, M. A., LEUNISSEN, K. M., PERSIJN, G. G. & KOOTSTRA, G. (1988) Shand
long-term results with adult neheartbeating donor kidney-ransplant Proc20, 7435.

16€


http://www.uktransplant.org/statistics/yearly_kidney_statistics.htm�

WARDEN, H. E., COHEN, M., READ, R. C. & LILLEHEI, C. W. (1954) Controlled cross
circulaton for open intracardiac surgery: physiologic studies and resultsatfareand
closure of ventricular septal defecisThorac Surg28 33141; discussion, 343.

WEBSTER, T. M., MOECKEL, G. W. & HERRELL, S. D. (2005) Second prize: simpleodeir
achieving renal parenchymal hypothermia for pure laparoscopiclpaparectomyJ
Endourol,19, 107581.

WELD, K. J., KOZIOL, S., MONTIGLIO, C., SORENSON, P., CESPEDES, R. D. & BI5H, J.
T. (2007) Feasibility of laparoscopic renal cooling with Aieaezing saline irrigation
delivered with a standard irrigator aspiratdrology, 69, 4658.

WELD, K. J., MONTIGLIO, C., BUSH, A. C., HARROFF, H. H. & CESPEDES, R. D. (2008)
Reattime analysis of renal interstitial metabolites during induced renal isetiedni
Endourol,22 5714.

WHITING, J. F., DELMONICO, F., MORRISSEY, P., BASADONNA, G., JOHNSON, S., LEWIS,
W. D., ROHRER, R., O'CONNOR, K., BRADLEY, J., LOVEWELL, T. D. & LIPKOWITZ,
G. (2006) Clinical results of an organ procurement organization effamttease utilization
of donors after cardiac deaffransplantation81, 1368-71.

WICKHAM, J. E., HANLEY, H. G. & JOEKES, A. M. (1967) Regional renal hypotheriral
Urol, 39, 72743.

WIINEN, R. M., BOOSTER, M. H., STUBENITSKY, B. M., DE BOER, J., HEINEMAN, E. &
KOOTSTRA, G. (1995) Outcome of transplantation of-heartbeating donor kidneys.
Lancet,345 106770.

XIAO, F., SAFAR, P. & ALEXANDER, H. (1995) Peritoneal cooling for milérebral hypothermia
after cardiac arrest in dogResuscitation30, 51-9.

YADAYV, S. S., MARTIN, P. D., CLAVIEN, P. A. & HARLAND, R. C. (1997) Comparison of
techniques for rapid cooling of organs in a #ieartbeating porcine modeTlransplant
Proc, 29, 355738.

YOKOYAMA, |, UCHIDA, K., TOMINAGA, Y., ASANO, H., ORIHARA, A. & TAKAGI, H.
(1993) Tenyear experience in the use of double balloon catheter for kidney procurement
from northeart beating donors in cadaveric kidney transplanta@ibn.Transplant,7, 258-
62.



Appendix 1

16¢€



Chapter 3

Renal Ischaemic Injury Assessment

Appendix 1

Prospective assessment of the effects of warm ischaemia on retrospectively
established measures of organ viabilit y

Pressure Flow Index (PFI) according tavarm ischaamic duration

Control 30 mins 60 mins 90 mins
1.63 0.80 0.86 0.64
1.85 2.04 1.30 0.38

1.14 0.72 0.43

PeakGlutathione-S-Transferase(GST) concentration per 100g renal massccording to

ischaenic duration.

30 mins 60 mins 90 mins
42. 24 59
39 53 49
14 38 72




Pre-Arrest Acute Renal Failure in NHBD transplantation

Recipients’ GFR at 3 months

Normal
ARF Function
52.8 55
50.6 46
79 34
41 21
47.1 40
38.6 41
33.9 27
19.9 34
28
24
40
43
46
19
34
53

17C



Recipients’ GFR at 12 months

Normal
ARF Function
59.7 39
44 48
46 36
54.8 22
29.68 47
18.92 43
35
26
33
25
25
19
51
20
35
55
51
49
68
62
75
60
33
62
40
80
43
48
82
57
48
39
22
41
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Dual renal transplantation for kidneys from ‘Marginal’ NHBDs

Dual Group; Donor Demographics for 16 grafts reaching 12 months post transplantation

2nd  Total CIT CMvV
Age  Weight Sex MC 1st WIT WIT  WIT hrs A B DR mismatch
32 64.0 M 2 39 28 67 20 1 1 1 0
44 88.0 M 2 17 38 55 21 1 2 1 0
55 75.5 M 3 24 32 56 20 1 1 0 1
47 81.0 M 3 29 30 59 22 1 2 0 0
58 63.0 F 2 29 37 66 22 1 1 1 1
35 88.0 M 2 27 31 58 22 1 1 1 0
46 93.0 M 2 32 33 65 22 0 0 1 0
57 71.0 M 2 25 30 55 23 1 1 1 1
71 64.5 M 4 25 31 56 22 0 1 0 0
74 62.0 F 2 23 32 55 23 0 0 0 0
45 69.0 F 2 15 22 37 18 2 1 0 0
63 53.5 F 2 25 35 60 23 1 1 1 0
61 66.5 M 2 17 33 50 22 1 1 1 0
46 54.0 M 3 33 32 65 22 1 1 1 1
48 61.0 M 3 24 50 74 18 1 1 1 0
56 735 M 2 33 30 63 24 1 1 1 0



Single Group; Donor Demographics for 115 single organ NHBD transplants

mMC

Age
63.0
0
63.0
0
47.0
0
52.0
0
64.0
0
37.0
0
51.0
0
53.0
0
65.0
0
42.0
0
42.0
0
47.0
0
38.0
0
59.0
0
71.0
0
47.0
0
52.0
0
52.0
0
59.0
0
33.0
0
33.0
0
49.0
0
52.0
0
47.0
0
47.0
0
63.0

Weight
79
75
86
66
59
58
62
53
74
63
30
83
75
85
61
70
66
68
52
51
65

140
79
92

85
73

Se

X

£ £ £

nmg £ £ £ £ £ £ £

1% WIT
20
20
31
27
21
20
31
20
15
15
15
26
31
30
18
24
17
20
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Functional GFR outcomes in dual and single NHBD grafts at 3 and 12 months post

transplantation

Single

3/12

39.02
31.32
16.93
29.94
47.11
31.61

19.4
36.24
43.46
38.14
48.27
33.01
41.21
24.59
23.96
37.91
73.03
64.29
41.32
36.69

8.76
61.73

9.07
21.26
45.66
53.14
31.18

46.6

26.9
30.11
33.89

26.3
45.77
30.84
27.26
43.79
45.74
30.69
41.08
39.75
20.22
32.93

Dual
3/12
45
73
24
30
20
87
52
40
56.2
48.7
28.2
47.1
26.6
58.4
53.3
40.2
50.1
56.3
41
67.4
25.4

Single
1 year

16.11
33.18
45.61
26.11
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45.86
32.43
39.75

23.7
19.31
40.71
80.66
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57.33
47.46
51.88
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19.71
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Dual
1 year
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84
33
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20.5
62.3
41
42.8
39.4
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Chapter 4

Appendix 2

Laparoscopic Renal Cryopreservation

Evaluation of the ischaemic protection e
Cooling Device using renal transplantation viability assessment criteria i

model

Schedule of Ischaemic Times

fficacy of the Newcastle Laparoscopic Renal
n a porcine

PIG COOLED KIDNEY (mins) | WARM KIDNEY (mins)
1 60 30
2 30 Control — not clamped
3 60 90
4 90 60
5 60 60
6 30 30
7 30 30
8 90 90
9 90 90
10 Control — not clamped 60




Cooling Efficacy over 30 minutes

Pig 10
Pig 5

Time
minutes
0.1
25
5
7.5
10
12.5
15
17.5
20
225
25
27.5
30

Individual temperature data, including re

Control + warm organ
Thermocouple malfunction

PIG 1
30.06
29.75
29.16
28.8
28.29
28.65
24.26
21.07
19.63
17.69
16.6
15.36
13.77

PIG 2
36.53
32.48
29.41
26.49
23.93
21.7
20.08
18.86
17.35
16.08
15.04
14.41
14.16

PIG 3
38.06
34.93
30.77
27.01
24.78
23.39
22.02
21.1
19.9
18.77
17.55
16.67
16.01

30 minutes cooling. (Pig 5 excluded

Time
minutes

0

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

Pig 1
30.17
29.16
26.29
24.04
19.36

16.6
14.32
20.38
24.22

28.8

32.6
34.57
33.53

Pig 3

38.6
30.77
24.78
22.02

19.9
17.55
16.01
18.05
20.96
23.61
25.64
27.46

28.6

Pig 4
36.06
23.73
16.31
12.28
10.54

8.94
7.96
10.18
14.77
19.29
22.67
24.8
26.62
28.13
29.32
30.4
31.33
32.15
32.8

PIG 4
36.06
30.84
23.73
19.23
16.31
14.04
12.28
11.69
10.54
9.45
8.94
8.55
7.96

Pig 8
33.68
28.02
21.23
16.71
13.59
11.65
10.15

9.54
11.58
14.32
16.92
19.14
21.23
23.14

24.4
25.68
26.76
27.68
28.62

PIG 5
Excluded
Excluded
Excluded
Excluded
Excluded
Excluded
Excluded
Excluded
Excluded
Excluded
Excluded
Excluded

18.59

Pig 9

36
27.6
20.8
15.8
13.3
10.9
9.9
10.18
12.24
15.1
17.06
19.57
21.89
24.14
15.31
26.48
27.16
28.34
29.91

PIG 6
34.4
31.48
27.93
24.42
21.16
18.66
16.85
15.47
14.38
13.5
12.57
12.14
11.99

PIG 7
35.66
32.31
27.25
22.56
18.39
15.36
12.98
11.01
9.47
8.12
7.07
6.27
5.42

PIG 8
33.68
31.33
28.02
24.49
21.23
18.66
16.71
14.93
13.59
12.48
11.65
10.81
10.15

-warm for total ischaemic periods exceeding
— thermocouple malfunction)

PIG 9
36
30.8
27.6
25
20.8
18.3
15.8
14.4
13.3
12.3
10.9
10
9.9
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Pressure Flo w Index (PFI) after Four Hours Machine Perfusion according to Duration

of Warm or Cooled Ischaemia

30 30 60 60 90 90
minutes minutes minutes minutes minutes minutes
Control warm cooled warm cooled warm cooled
1.85 0.8 141 0.68 1.35 0.64 1.01
1.9 2.02 2.46 1.3 1.03 0.35 1.34
1.14 1.39 0.72 2.25 0.43 1.06

Laparoscopic Renal Cooling demonstrates  a trend suggesting limitation of perfusate

GST/100g concentration

30 minutes 30 minutes 60 minutes 60 minutes 90 minutes 90 min utes

warm cooled warm cooled warm cooled
42 44 24 34 59 29
39 10 53 37 49 37
14 20 38 37 72 36
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Appendix 3
Chapter 5

Peritoneal Cooling in NHBDs

Core Renal Temperature

In-Situ Perfusion only group
(Temperatures °C)

Time
minutes PIG A PIGB PIG C PIGD

0 38.62 39.06 38.54 38.11

5 38.6 39.22 38.52 38.07
10 38.58 39.33 38.28 38.02
15 38.52 39.41 38.09 37.82
20 38.49 39.43 37.96 37.71
25 38.4 39.47 37.87 37.68
30 38.29 36.98 37.82 37.67
35 38.23 32.55 37.75 37.46
40 38.13 29.49 37.33 35.8
50 37.97 27.18 35.23 33.66
55 37.68 26.43 33.98 32.56
60 37.05 25.81 32.81 3145
65 36.2 25.36 31.69 30.41
68 35.58 25.48 31.06 29.83
70 35.04 25.21 30.55 29.36
75 34.09 26.39 29.66 28.56
80 33.09 27.15 28.73 28
85 32.15 27.71 28.09 28.43
90 31.29 27.36 27.65 28.66

95 30.5 26.33 27.3 28.71
100 29.72 23.92 27 28.7
105 29.08 23.13 26.71 28.46
110 28.54 24 26.39 28.12

115 28.06 24.38 26.07 27.43
120 27.88 24.66 25.63 27.16
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Peritoneal Cooling group

Temperatures °C

Time
minutes

0

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120

PIGD

39.59
39.59
39.58
39.51
39.42
39.31
39.21
38.83
26.22
23.98
22.25
20.63
19.39
20.12
20.21
20.7
20.77
19.91
19.93
19
18.9
18.76
17.9
17.29
17.06

PIGE

44.7
44.65
44.64
44.33
44.14
43.99
44.23
30.99
23.16
22.86
22.34
22.06
20.58
19.95
18.59
16.99
16.39
16.06

15.7
15.25
1591

15.2
14.99
15.11

15.5

PIG F
39.55
39.51
39.47
39.34
39.41
39.44
39.62
30.69
25.07
23.09
20.24
19.96

19.1
18.34

17.5
17.05
16.27
16.18
16.86
17.18
16.88
16.37
16.88
16.84

16.7

PIG G
40.97
40.66
40.39
40.17
40.36
40.49
40.19
39.91
32.73

28.2
23.95
20.86
18.23
17.57
17.85

17.9
18.08
18.78
17.85
16.98

17.6
17.72
18.26
18.31
18.34

Microdialysis — Markers of Ischaemia

Lactate
(mmol/l)

Control organ s — normal perfusion

Time
minutes
0
20
40
60
80
100
120

Control

1

1.09
1.05
5.13
7.59
8.79
8.66
8.91

Control

2

0.48
1.82
6.82
7.68
8.13
8.49
8.55



Lactate

In-situ perfusion group

Time
minutes
0
20
40
60
80
100
120

Lactate

ISP A

0.88
1.34

34
6.44
6.29
6.64

6.1

ISP B
0.67
117
3.33
6.34
6.01
6.11
5.99

Peritoneal Cooling group

Time
minutes
0
20
40
60
80
100
120

Pyruvate

pmol/l

PCA

0.41
1.04
431
4.82
4.64

5.2

4.6

Control group

Time
minutes
0
20
40
60
80
100
120

Control

74
78
24

0
0
0
0

PCB
0.68
1.23
391
3.88
3.84
3.85

3.8

Control
2
56
107
27
12
0
0
0

ISP C
0.99
1.44
3.68

6
6.19
6.24
6.21

PCC

0.8
151
3.04
3.14
2.99
3.21
3.15

ISP D
0.78
1.29
3.49
5.94
6.38
6.67

6.6

PCD
0.61
112
3.74
3.81
3.67

3.9
3.58
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Pyruvate
In-situ perfusion group

Time
minutes ISP A ISP B ISP C ISP D
0 46 68 134 197
20 34 29 68 179
40 15 0 12 63
60 0 0 0 0
80 0 0 0 0
100 0 0 0 0
120 0 0 0 0
Pyruvate
Peritoneal cooling group
Time
minutes PCa PCB PCC PCD
0 36 23 61 57
20 63 29 31 124
40 20 16 14 25
60 0 0 0 0
80 0 0 0 0
100 0 0 0 0
120 0 0 0 0
Glucose
(mmol/l)
Control group
Time Control  Control
minutes 1 2
0 2.43 0.91
20 2.92 1.66
40 1.91 0.13
60 1.19 0

80 0.6 0
100 0.24 0
120 0 0



Glucose
In-situ perfusion g roup

Time
minutes ISP A ISP B
0 2.61 3.47
20 3.07 3.53
40 1.15 3.15
60 0.89 1.64
80 0.14 0.99
100 0 0.76
120 0 0.45
Glucose

Peritoneal Cooling group

Time
minutes PCA PCB
0 1.23 1.29
20 0.76 2.13
40 0.13 251
60 0 0.51
80 0.14 0.5
100 0.13 0.4
120 0 0.54
Glycerol
(umolfl)

Control group

Time Control  Control
minutes 1 2
0 79 65
20 106 171
40 446 350
60 729 712
80 922 870
100 1070 978

120 1027 1021

ISP C
2.16
3.01
2.04

0

0
0
0

PCC
331
211
1.03
0.71

0.1

ISP D
2.67
2.99
1.29
0.35

0
0
0

PCD

25
2.05
0.77
0.34
0.33
0.99
0.31
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Glycerol
In-situ perfusion group

Time
minutes ISP A ISP B
0 43 57
20 120 115
40 393 364
60 410 380
80 492 459
100 536 463
120 540 459
Glycerol

Peritoneal cooling group

Time
minutes PCA PCB
0 41 38
20 104 111
40 179 187
60 279 264
80 270 298
100 319 297
120 333 301

Machine Perfusion

Perfusion Flow Ind ex
(ml/min/100g/1.73m 2)

Controls ISP PC
0.58 1.02 1.88
0.36 0.76 1.58

1.26 1.64
1.31 1.41

ISP C

61
138
401
489
543
628
633

PCC

51
112
132
198
202
213
224

ISP D

51
128
351
399
487
594
587

PCD

42

99
168
256
264
279
280
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