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Motivacic

1.1 MOTIVACIO GENERAL

La manca d’organs aptes per a trasplantament, juntament amb I’augment de les
indicacions terapéutiques d’aquest, obliga a la utilitzacié de tots els mitjans humans i
técnics en la recerca de solucions per a aquest problema. Durant els ultims anys s’ha
replantejat la possibilitat d'obtenir 6rgans per a trasplantament de donants morts en aturada
cardiorespiratoria: els donants a cor parat. Gracies als treballs de Garcia-Rinaldi, el 1975
es va iniciar amb exit la técnica de preservacio in situ de ronyons de cadaver mitjangant la
perfusio freda duta a terme directament a través d’un catéter col-locat per via femoral fins
a l'aorta. Aixi es va aconseguir reduir el temps d’isquémia calenta des de I’aturada
cardiorespiratoria fins a la nefrectomia, i es va millorar d’aquesta manera el problema
principal d’aquests donants: la preservacio deficient dels organs sotmesos a llargs periodes
d’isquemia calenta. Posteriorment nombrosos autors han posat en practica aquests
meétodes, han obtingut bons resultats i han aconsellat la inclusié d’aquest grup de donants

en el programa d’obtenci6 d'organs.

Malgrat tot, 1’aplicacié d’aquestes técniques d’obtencié 1 preservacié dels oOrgans
d’aquests donants ha tingut importants limitacions. En primer lloc, i fent refereéncia
especificament al trasplantament renal, hi ha I’elevat index de disfuncié primaria de
I’empelt, amb un retard en I'inici de la funcié d’aquest i, fins i tot, el fracas inicial del
trasplantament. En segon lloc, en funcio de les técniques emprades fins aquest moment,
hi ha una limitaci6 en P’aprofitament d’altres Organs, tan necessaris per al

trasplantament, amb garanties d’éxit.



Motivacié

La major part dels estudis actuals sobre la utilitat dels organs procedents dels donants a
cor parat se centren precisament en aquests dos punts. D’una banda, com optimitzar la
funcio6 dels ronyons, préviament sotmesos a l'efecte deleteri de la isquémia, i de ’altra
banda, com ampliar els beneficis de la utilitzacié dels ronyons fent servir altres organs,

com ara el fetge.

1.2 MOTIVACIO PERSONAL

Durant la meva residéncia com a anestesioleg a 1I’'Hospital Clinic de Barcelona vaig
comengar a interessar-me pels avangos que aleshores s’anaven desenvolupant en el mon
dels trasplantaments. En finalitzar la residéncia I’any 1990, se’m va concedir una beca
de I"'Hospital Clinic per desenvolupar un projecte d'investigaci6 sobre els donants a cor
parat. Impulsat per I'interés de la Dra. Gomar i de la ma del Dr. Manyalich, anima
primera de la coordinaci6 de trasplantament a I’Hospital i primer iniciador de la recerca
i utilitzacié dels organs de donants a cor parat, vaig iniciar els estudis d’investigacio de
la que esdevindria la llavor d’aquesta tesi doctoral. Posteriorment, vam comengar,
juntament amb el grup de recerca experimental de trasplantament hepatic dirigit pel Dr.
Garcia-Valdecasas, els treballs experimentals d’investigacié sobre la utilitzacio del fetge
procedent dels donants a cor parat, que constitueixen la segona part d’aquesta tesi

doctoral.
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Introduccié

Els donants a cor parat van ser linica font d’organs de donant cadaver fins a
I’acceptacié que va fer la comunitat cientifica de la mort encefalica com a mort de
I'individu. Aquesta no va ser reconeguda a Espanya fins el 1979 amb la promulgacio6 de
la Llei de trasplantaments. Fins aleshores calia esperar que els donants en mort
encefalica presentessin una aturada cardiaca per dur a terme I’extraccio. Posteriorment,
la millor viabilitat dels organs dels donants en mort encefalica, amb el cor bategant, no
sotmesos a la isquémia secundaria a l'aturada cardiaca, va fer que s'abandonés I'as dels
organs procedents dels donants a cor parat. Amb els anys, la milloria en la
immunosupressio 1 I’establiment dels trasplantaments com una eina terapéutica rutinaria
de primer ordre van posar de manifest la manca de donants d’organs. Aix¢ va fer que es
replantegés la possibilitat d'utilitzar novament els organs procedents dels donants a cor

parat.
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Introduccio

2.1.- DETECCIO I PROCEDENCIA DELS DONANTS A COR PARAT

La generaci6 d’organs i teixits es produeix fonamentalment a través de quatre tipus de
donants potencials: en primer lloc, els donants en mort encefalica, que constitueixen, avui
en dia, la font de donants d’organs més estesa; en segon lloc, els donants vius d'0rgans i
teixits (donants de rony6 unilateral, donants sotmesos a hemihepatectomia, donant
domind, donants de medul‘la dssia, donants de sang) i en tercer lloc, els teixits obtinguts
de donants cadaver (valvules cardiaques, cornies, ossos, pell, etc.). Finalment, un quart
grup de donants potencials esta constituit per individus en aturada cardiorespiratoria
(ACR) irrecuperable, amb un temps d'isquémia calenta suficientment reduit que permeti
I'extraccié d’organs i teixits aptes per a trasplantament. Aquests es coneixen com a

Donants a cor parat.

La isquémia és la causa fonamental del fet que els organs obtinguts de donants a cor parat
puguin presentar un deficit de la seva funcié un cop trasplantats. Entenem per temps
d'isquémia calenta el temps transcorregut des del moment de I’aturada cardiocirculatoria
fins a la perfusi6 de I’0rgan, sumant tant el temps transcorregut sense maniobres de
reanimacio cardiopulmonar (RCP) efectives com el trancorregut amb maniobres efectives.
Per un altre banda, el temps d’isquémia freda comprén el temps transcorregut des de
I"inici de la perfusid freda de I'drgan fins al moment de la reperfusié, un cop implantat en

el receptor.

L'origen o la procedencia d’aquests donants a cor parat és multiple. Després de la reunio

de Maastricht, el 1995 es defineixen quatre categories de donants a cor parat':
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- Categoria 1: Ingrés cadaver a la seva arribada a I’hospital. Aquesta categoria inclou
aquells pacients que son portats a I’hospital (sense dur a terme maniobres d’RCP), un cop
diagnosticada la mort, generalment després d’un traumatisme (accidents de transit) o per
altres raons mediques (infart de miocardi, p.ex.).

- Categoria 2: Reanimacio cardiopulmonar no efectiva. Inclou la majoria dels donants a
cor parat 1 la seva procedéncia pot ser intrahospitalaria o extrahospitalaria. S6n pacients
ingressats a les unitats de cures intensives o reanimacio, malalts politraumatics, amb
traumatisme cranioencefalic o aquells que han patit un accident vascular cerebral, infart
agut de miocardi, etc. que pateixen una ACR que no és possible revertir, malgrat el
tractament adequat.

- Categoria 3: Aturada cardiaca esperada. Aquest grup inclou els pacients amb dany
cerebral irreversible (traumatics, tumor cerebral), perd que no compleixen criteris de mort
encefalica. Aquests donants potencials son portats a quirofan on s’interrompen les mesures
de suport vital i s’espera l'aturada cardiaca. Son els anomenats per Kootstra donants a cor
parat controlats®. Aquest grup planteja nombroses consideracions étiques i no esta
acceptat en el nostre entorn medic i social.

- Categoria 4: Durant el diagnostic de mort encefalica. Constituida per aquells donants en
programa d'extraccié d’organs per mort encefalica que pateixen una ACR durant els
procediments de diagnostic de la mort encefalica o durant l'espera dels equips de

trasplantament per a l'extraccio dels organs.
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2.2 CRITERIS DE SELECCIO DELS DONANTS A COR PARAT

Els criteris seguits per considerar un pacient mort com a donant potencial d’organs a cor
parat inclouen, en primer lloc, els mateixos criteris de seleccié habituals per als donants en
mort encefalica, o sigui, I’abséncia de malalties transmissibles infeccioses i neoplasiques,
la situacié hemodinamica previa a I’aturada cardiaca, la patologia associada, etc. En segon
lloc, el donant ha de tenir una edat inferior als 60-65 anys. Aquest criteri, amb limits
arbitraris, pretén reduir I’efecte deleteri afegit que l'edat avangada podria tenir sobre la
funcié dels organs, especialment considerant I'efecte negatiu que la isquémia ja els
provocara”. Finalment, s’accepta un temps d’isquémia calenta sense RCP efectiva inferior
a 30 minuts, ja que aquest €s el temps maxim que poden romandre els ronyons sense
perfusié per garantir un funcionament acceptable posttrasplantament”. La major part dels
equips, igual que el grup de Kootstra®”, accepten un temps de fins a 2 hores d’isquémia
calenta si es poden mantenir maniobres d’RCP efectiva. Segons aixo, el temps total
d’isquémia calenta, incloent’hi el temps amb maniobres d’RCP i sense maniobres d’RCP,
pot ser fins de 2 hores i mitja. S’ha descrit algun cas aillat de funci6 posttrasplantament
després de periodes més perllongats d’isquémia calenta sense maniobres d’RCP (superior
a 2 hores)"*'", encara que aquests temps en cap cas han de ser considerats com a norma

per a |’acceptacio d’aquests organs.
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2.3.- LESIO DELS ORGANS PER LA SINDROME D’ISQUEMIA-REPERFUSIO

El problema fonamental en la viabilitat dels organs procedents de donant a cor parat
consisteix en I’efecte negatiu de la isquémia i la posterior reperfusio de 'empelt. Aquesta
lesio, que pateix un organ a conseqiiencia de la manca de flux sanguini seguit de la
reperfusié amb sang oxigenada, depén de la manca d’aportament d’oxigen i metabolits i
de I'acumulacié de residus del metabolisme, que condueixen a I’alteracio de la funcio

cel'lular i a la mort d’aquestes.

Aquestes alteracions, que es pateixen en qualsevol trasplantament, on 1’0rgan se sotmet a
una fase d’isquemia freda i a la posterior reperfusio, son encara més greus i accentuats en
el cas del donant a cor parat, on hi ha una fase més o menys perllongada d’isquémia

calenta que empitjora aquest gran efecte negatiu sobre la viabilitat de I’empelt.

La isquémia apareix quan la davallada de la perfusio tissular excedeix la capacitat
d’incrementar 1’extraccio d’oxigen de la sang. Es tradueix en un aportament inadequat
d’oxigen i en una inadequada eliminacié de CO,, increment de la produccié d’acid lactic,
descens dels magatzems d’energia i descens de la produccié d’ATP"?. La isquémia i la
manca d’oxigen consegiient provoca ’alteracié de la membrana plasmatica i |’aturada de
la bomba de Na/K. Aixo condueix a una alteracio de I'intercanvi ionic de sodi, potassi i
calci’*'®. El sodi i el calci entren a la cél'lula arrossegant aigua i provocant edema
intracel-lular. Com a resultat de la deplecié d’ATP i I'augment de calci, s’inicien reaccions
lipolitiques i proteolitiques. Les fosfolipases i proteases activades pel calci destrueixen els

fosfolipids i les proteines de membranes cel-lulars i mitocondrials *.
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La degradaci6 de I’ATP durant la isquémia condueix a una acumulacié dels seus
productes de degradacio6 fins a AMP, que es degrada a hipoxantina i finalment a xantina.
La xantina-deshidrogenasa és l'enzim responsable de l'oxidacié d’hipoxantina a xantina.
Durant la isquémia, aquesta xantina-deshidrogenasa es converteix en la forma oxidada
(xantina-oxidasa) per dos mecanismes: d’una banda, per conversio reversible per oxidacio
i de Daltre, per una conversio irreversible per proteolisi limitada"®. La xantina-oxidasa
utilitza I’oxigen molecular en lloc de NAD+ com a cofactor, i produeix radicals superoxid
(0,)""9, La xantina-oxidasa, que es produeix en la majoria de les cél-lules hepatiques
durant la isquémia reperfusio, és particularment abundant a I’endoteli vascular i a les

cél-lules de Kupffer®".

La reperfusiéo de I’empelt, amb el nou aportament d’oxigen per la restauracio del flux
sanguini, afavoreix 1’accio de la xantina-oxidasa i la conversi6 de la hipoxantina a xantina
i l'alliberacio de radicals lliures com ara I’ani6 superoxid (O,), peroxid d'hidrogen (H,0,) i

radicals hidroxil (OH"), que empitjorara la ja desenvolupada lesi¢ cel-lular'"™ %,

Els radicals lliures, quimicament inestables pel nombre senar d’electrons de la valéncia,
son altament reactius i provoquen lesié en la membrana cel-lular. Al cap de pocs minuts
d'iniciar la reperfusio, ’acci6 dels radicals lliures sobre els acids grassos poliinsaturats de
la membrana cel-lular genera peroxiradicals i lipoperoxids (peroxidacié lipidica)®®.
Aquests tltims empitjoraran la lesié de les membranes cel-lulars, i a més produiran un

increment de la concentracio intracel-lular de calci.
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Per un altre costat, aquest increment del calci activa ’enzim fosfolipasa A, de la
membrana plasmatica, que hidrolitzara els fosfolipids i donara pas a la formacié de factor
activador de plaquetes (PAF) i1 eicosanoides (tromboxa A, i prostaglandina 1,). El PAF,

tanmateix, activara els polimorfonuclears.

A més, al cap de 6-24 hores de la reperfusio apareix una infiltracié per neutrofils que son
activats””. En el fetge, aquesta sembla ser secundaria a I'aparicié de molécules d’adhesio
cel-lular en el sinusoide hepatic (molécula d’adhesié cellular vascular 1 (VCAM-1) o
molecula d’adhesio intercel-lular 1 (ICAM-1)). La sintesi d’aquestes molécules estaria
induida per diverses citoquines (factor de necrosi tumoral, interleucina 1) i determinats
eicosanoides (leucotrié B4 i C4)*. Les citoquines i el PAF sén activadors potents dels
polimorfonuclears i de les cél-lules endotelials, n’inicien i n’augmenten ’adhesio, causen
lesio tissular en generar radicals lliures i alliberen enzims proteolitics com ara elastasa,
colagenasa i gelatinasa®. A meés, els neutrofils activats poden formar agregats, que
oclouen la microcirculacié en els teixits isquémics"". Finalment, Ialteraci6 de la

microcirculacié agreuja encara més el dany isquémic"”.

Els teixits lesionats presenten elements defensius que tracten de minimitzar I'agressio dels
radicals lliures 1 dels leucocits, millorant la microcirculacio tissular. Les cél-lules
endotelials sintetitzen enzims que bloquen i eliminen els radicals lliures (superoxid-
dismutasa, catalasa, glutatio-peroxidasa)'®*'***?, D’altra banda, també sintetitzen altres
substancies com ara eicosanoides (PGI2, PGEl, PGE2)™ i oxid nitric® que
desenvolupen un paper important en la proteccié de I’empelt hepatic en front de la lesio

per isquémia-reperfusio.
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Els eicosanoides tenen la capacitat de reduir el grau d’infiltracio i activacié leucocitaria®?,
presenten acci6 vasodilatadora i milloren la hipoxia i el dany tissular durant la isquémia
freda™%¢),

L’oxid nitric és sintetitzat per les cél-lules de I’endoteli vascular mitjancant I’enzim oxid
nitric sintasa, a partir d’un atom de nitrogen del terminal guanidino de I’aminoacid L-
arginina, I’oxigen molecular i el NADPH com a cofactor®*®. L’oxid nitric t¢ una accié

®% que inactiva les proteines G

vasodilatadora per I'estimul de la sintesi de GMPc
acoblades als receptors de membrana dels canals del calci, causants de vasoconstriccid
muscular, en les cél-lules musculars llises*”. L oxid nitric és capa¢ de combinar-se amb

els radicals lliures, preferentment el radical superoxid“'*? i inhibir I’adhesi6 de neutrofils,

com també inhibir 'agregacio i I’adhesi6 plaquetaria®”,

Hi ha un bon nombre d’estudis que demostren la relacié entre una activitat reduida de
1’oxid nitric i la lesio per isquémia reperfusid. La sintesi d'0xid nitric esta reduida durant
la isquémia reperfusié a causa del dany de les cel-lules endotelials i d’una reduccio de la
disponibilitat d’L-arginina secundaria a un augment de l'alliberacié d’arginasa des del
teixit hepatic isquémic*’. La inhibicié de 1'0xid nitric empitjora la lesié d'isquémia
reperfusio*®, A més, I'L-arginina (substrat de I'0xid nitric sintasa)®® com també
d’altres donadors d’oxid nitric, han demostrat la seva efectivitat reduint el dany hepatic
durant la reperfusi6*****?. Tanmateix, s’ha demostrat que I’administraci6 d’L-arginina
durant la reperfusié en el receptor produeix un increment del flux vends portal® i del

flux sanguini tissular hepatic“’****
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2.4 PROCEDIMENTS PER A L’EXTRACCIO D’ORGANS DE DONANTS A

COR PARAT

2.4.1 Procediments inicials

El procediment d’extraccio d'organs de donant a cor parat s’inicia després que 1’equip
medic que ha atés al pacient diagnostiqui la mort per aturada cardiorespiratoria. Un cop

s’ha fet el diagnostic es pot considerar el cadaver com a donant potencial.

En aquest moment €s necessari valorar amb exactitud el temps d’isquémia calenta, des del
moment de l'aturada cardiorespiratoria fins a I’inici de les maniobres d’RCP i des de I’inici
de les maniobres d’RCP fins al comengament de la perfusié dels organs. Inicialment es
continua la ventilacié artificial amb una concentracié alta d’oxigen (FiO, 1) i el massatge
cardiac al cadaver, amb la finalitat de mantenir el millor flux sanguini possible als organs.
Immediatament es procedeix a l'obtencié de les mostres sanguinies per a la realitzacio de
determinacions de laboratori 1, especialment, de les serologies plasmatiques, necessaries
per a I’evaluaci6 del donant, i simultaniament es procedeix a I’heparinitzacié del donant (3

® recomanen 1’us de fentolamina (0,125 mg/kg) per provocar

mg/kg de pes). Alguns autors
vasodilatacié dels vasos renals préviament a la perfusié i per facilitar aixi el descens rapid
de temperatura. Alguns grups®® han referit el manteniment del donant fins a I'extraccié
amb la utilitzacié aillada de ventilacié mecanica i massatge cardiac, monitoritzant-ne
I’efectivitat, amb bons resultats. La major part dels equips, pero, duen a terme en aquest

moment la cateteritzacio de I’artéria i la vena femoral per dissecci6é quinirgica per poder

iniciar la preservacio dels organs.
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2.4.2 Perfusié dels organs

2.4.2.a Perfusio in situ

Durant els estudis inicials, la perfusio renal s’assolia mitjangant la perfusio per gravetat de
liquid de Collins fred a través de I’artéria femoral®”: 1’anomenada perfusié in situ. En el
primer treball experimental dut a terme sobre la perfusié dels organs de donant a cor parat,
Banowski“® va dissenyar un catéter de doble bal6 i triple llum que, collocat en 1’aorta per
via femoral, aillaria la circulacié renal i permetria la perfusio freda d’aquests oOrgans.
L’objectiu fonamental d’aquesta técnica era reduir de la manera més rapida possible la
temperatura dels ronyons per reduir el metabolisme cel-lular i, consegiientment, el dany
provocat per la isquémia calenta. Més endavant, Garcia Rinaldi®” i col-laboradors van
utilitzar un catéter de disseny similar en un treball experimental i clinic i van obtenir per
primer cop ronyons que van ser trasplantats, fet que va demostrar la viabilitat del
procediment. Posteriorment Garvin®” i Schweizer®” i, més recentment, Fujita®"’, Kootstra,

Booster, Ruers i col-laboradors*#¢>%

, com també altres equips"'*'"*7®  han posat en
practica aquests metodes, mitjangant 1’is de diversos tipus de catéters (doble balé i triple
Num“™ 479 cateter de Foley®”, catéter d’Anaise”’, catéter de quatre llums”), han
obtingut bons resultats i han aconsellat la inclusio d’aquest grup de donants en el
programa d’obtencié d’organs. S’ha suggerit que el refredament renal de superficie
(mitjangant perfusié peritoneal hipotérmica continua'’”) podria reduir la temperatura renal
i protegir la microvascularitzaci en casos de perfusié freda no suficientment efectiva i

especialment en casos de perfusié de llarga durada”’®. Alguns equips™ han utilitzat

aquesta técnica de forma aillada amb resultats acceptables.
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Un altre factor que s’ha relacionat amb una millor funcid renal posttrasplantament ha estat
la pressio de perfusio del liquid de preservacio. Anaise”*””” demostra que quan aquesta
és de 70 mmHg el descens de la temperatura és més rapid i efectiu (fins a 15°C en 5 min).
Una pressio de perfusié baixa augmentaria l'alliberacié de renina-angiotensina, cosa que
ocasionaria un augment de les resisténcies vasculars renals i condicionaria una disminucié

del flux renal i una mala reducci6 de la temperatura dels organs”*"”.

S’han assajat diferents liquids de preservaci6 (HTK®™, liquid de la Universitat de
Wisconsin®®”, lactat de Ringer ") amb diferents constituents afegits (Anaise”*” hi inclou
trifluoroperazina, un inhibidor de la calmodulina) amb la finalitat de millorar la
preservacio dels organs, disminuint els efectes negatius de la reperfusid, etc. L'addici6 de

farmacs com ara superoxid-dismutasa i catalasa®"

permetria millorar les lesions degudes a
la isquémia calenta, secundaries a la vasoconstriccio. Probablement la solucié de la

Universitat de Wisconsin sigui la que ha reportat més avantatges per sobre d’altres liquids

de preservaci6 ®?.

2.4.2.b Refredament corporal amb circulacio extracorporia (Total body cooling)

La derivacio cardiopulmonar (circulacié extracorporia) és un metode artificial utilitzat
habitualment en cirurgia cardiaca, destinat a mantenir la perfusio i I'oxigenacié tissular
evitant el sistema fisiologic cardiopulmonar i, basicament, consisteix en un circuit tancat
en el qual es produeix I’arterialitzacio de la sang venosa. El 1935, Alexis Carrell descriu
la supervivéncia d’organs aillats gracies a una bomba de circulacié. Durant la década

dels cinquanta es va desenvolupar amb eéxit la practica clinica de la circulacié
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extracorporia, que va permetre les intervencions sobre el cor aturat, mantenint la

circulacio i I'oxigenacio amb un circuit artificial 1 extern.

A escala fisiopatologica la bomba de derivacié cardiopulmonar, en l'individu viu,
produeix una disminuci6 generalitzada del flux sanguini de diversos organs, entre els
quals hi ha el fetge®*”. Actualment es coneixen miltiples factors que influeixen sobre
la circulacié hepatica durant la bomba de derivacié cardiopulmonar, com ara la
hipotérmia, la hipotensi6, la hemodilucid, els canvis de I’equilibri acido-basic i en els

gasos sanguinis.

La hipoxia, la hipercapnia i I’acidosi metabolica causen vasoconstriccid arterial hepatica
degut a causa d’un estimul simpatic, mentre que la hipocapnia disminueix el flux
arterial i portal. La hemodilucid, que indueix un descens de I’aportament d’oxigen,
produeix vasodilatacié del territori esplacnic mentre que a escala hepatica indueix una
deébil vasoconstriccio arterial. La hipotensi6 secundaria a [’hemorragia causa un descens
del flux portal, i hi ha una autoregulacié del flux arterial hepatic que intenta contrarestar
aquest descens fins a valors molt baixos de pressié arterial. La hipotérmia (descensos de
temperatura corporal entre 5 i 10°C) té poc efecte sobre el flux arterial i incrementa el
flux portal®®. Aquestes alteracions poden provocar disfuncions com ara la
hiperbilirrubinémia, que s'associa a un augment de la mortalitat postoperatoria® i que
és més freqiient en individus amb alteraci6 hepatica prévia o insuficiéncia cardiaca

cronica.
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De manera semblant, s’afecta la funcié renal durant la derivacié cardiopulmonar. La
hipotérmia, 1I’hemodilucio i I'hemolisi, la utilitzacié de fluxos baixos de perfusio, la
perfusié no pulsativa i ’activaci6 del complement, poden ser factors lesius de la funcié

renal 1 poden arribar a provocar l'aparicié d’una insuficiencia renal aguda®'**.

Aquests efectes deleteris sobre la perfusié dels organs, demostrats en el cas de
I'aplicaci6 de circulacid extracorporia en individus vius, son clars quan es comparen
amb la circulacié pulsativa fisiologica secundaria al batec cardiac fisiologic. Malgrat
aixo, 1 ben al contrari, |'aplicacié d'una derivacié cardiopulmonar en un donant a cor
parat té altres implicacions. Aquest sistema permet la possibilitat de poder reiniciar una
circulacié sanguinia en una situacié on l’alternativa és la parada circulatoria i la

isquémia conseglient dels organs.

A partir d’aqui s’han dissenyat tecniques per a la perfusio dels organs de donants a cor
parat amb la utilitzacié dels sistemes de derivacid cardiopulmonar. En aquest sentit,
destaca I’antecedent historic del primer cop que es va emprar la técnica de circulacié
extracorpoOria amb oxigenacio i hipotérmia, a carrec de Marchioro, Huntley, Waffel i
Startz el 1963, Una primera fase experimental els va animar a iniciar una segona fase

d’aplicacio clinica, amb resultats dolents, i per aixd se’n va abandonar I’us.

Més recentment, el refredament corporal amb circulacio extracorporia, s’ha assajat en
estudis experimentals animals” com a alternativa a la perfusi6 in situ, i s’han obtingut
resultats favorables. Després dels bons resultats obtinguts en la perfusié corporal total

mitjangant circulacié extracorporia per a la preservacio de cor i pulmd, com també en els
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casos d'extraccié multiorganica®'"", Koyama"'" i d’aitres autors"™'* han utilitzat la
tecnica del refredament corporal mitjangant derivacié cardiopulmonar en donants renals

humans a cor parat amb bons resultats.

Entre els factors argumentats per explicar un possible benefici del refredament corporal
sobre la perfusié in situ destaquen una millor qualitat d’hipotérmia, induida de manera
més suau i progressiva®. Com ja hem comentat préviament, una pressié de perfusié més
elevada s’ha correlacionat amb una millora de la funcié renal posttrasplantament”'®, La
possibilitat de mesurar i controlar la pressi6 de perfusid €s important com a metode de
valoracio de la viabilitat dels organs. En aquest sentit, el manteniment de més pressio de
perfusi6 amb la bomba de circulacié extracorporia, comparat amb la perfusio in situ,
proporcionaria una millor perfusid tissular i, consegtientment, millor viabilitat dels organs.
A més, el descens de la temperatura és més rapid i efectiu quan les pressions de perfusio
son més altes””. Finalment, el refredament corporal amb circulacié extracorporia afegeix
el benefici de I'oxigenaci6 continua dels organs durant el periode de refredament®”.

0'%1%) plantegen l'obtencié de

D’altre banda, estudis experimentals recents de Hoshin
fetges en aquest tipus de donants mitjangant l'aplicacié de técniques de refredament
corporal utilitzant derivacié cardiopulmonar, que aportaria oxigenaci6 de manera

continuada als organs del donant durant tot el procediment i permetria que aquests es

recuperessin de 1'agressio isquemica causada per I’ACR precedent.
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2.4.2.c Perfusio dels organs amb sang normotérmica

Van der Wijk i col-laboradors van ser els primers a suggerir la millora de la preservacié
i la viabilitat dels ronyons preservats en fred quan eren sotmesos a periodes de perfusié
ex vivo amb sang normotérmica''””. Aquests resultats van ser posteriorment confirmats
per altres autors"'*''". Mayfield"'” va demostrar una millora de la capacitat de controlar
I’edema tissular i I’activitat de les bombes ioniques en els ronyons perfosos amb sang,

fet que suggeriria una millor integritat de la membrana tissular.

La possibilitat de reiniciar els processos metabolics i reparar el dany cel-lular és el
mecanisme que s’ha postulat com el responsable d’aquesta millora"'”. La perfusié amb
(114,115,116)

sang normotermica recuperaria els nivells de nucleotids d’adenina i

augmentaria els nivells de glutatié reduit"'?,

2.4.3 Preservacié dels organs després de Pextraccié: emmagatzematge en fred i

perfusié continua pulsativa

Els treballs inicials de Belzer i Najarian el 1966 amb la perfusié continua dels 6rgans amb
plasma crioprecipitat van ser dels primers a cridar I’atenci6 de la importancia de la
preservaci¢ correcta dels organs després de I’extraccié. Actualment, les técniques de
preservacio dels organs un cop extrets son dues: emmagatzematge en fred i perfusio
continua pulsativa. La primera, i emprada més correntment, és |’emmagatzematge simple
en liquid de preservacié fred. La soluci6 de preservacié permet, per un costat l'eliminacié

dels elements formes sanguinis, isoaglutinines i factors de coagulaci6é de 1’arbre vascular,
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i, per I'altre, i més important, el seu refredament i la reduccié al minim del metabolisme
cel'lular. El liquid de preservaci6 ha de permetre minimitzar I’edema cel-lular que
apareixera en aturar-se |’accio de les bombes ioniques, prevenir I’acidosi intracel-lular i
I’aparici6 d’edema intersticial, reduir I’accié dels radicals lliures durant la reperfusio,
inhibir ’acci6 del calci i, finalment, aportar els substrats necessaris per regenerar, en la
mesura que sigui possible, els diposits d’energia. Amb aquestes intencions s’han dissenyat
nombroses formulacions d’aquests liquids, que, amb diversos components, intenten assolir
aquests objectius. Els avantatges d’aquest tipus de preservacié inclouen la seva senzillesa i
la disminuci6 del risc derivat de la manipulacié de 1’érgan (embolia aéria, mala perfusio,

etc.).

Recentment, diferents estudis estan tornant el protagonisme a la preservacio dels organs
mitjangant la utilitzaci6 de maquines de perfusio pulsativa després de I’extraccio fins a
I’empelt. Aquests estudis han demostrat una millora del funcionalisme renal
posttrasplantament en aquells ronyons afectats per dany isquémic. Aquest tipus de
preservacio, en oposicio a la preservacio freda simple, podria reduir les resisténcies
vasculars induides per la isquémia i facilitar l'eliminaci6 de les restes d’eritrocits de la
microcirculacié, permetent una millor reperfusié postimplantament”'”'*”, La utilitzaci6 de
la perfusié pulsativa redueix la incidéncia de disfuncié de I’empelt “'*'*", Tanmateix,
durant la preservacié amb perfusi6 pulsativa es poden dur a terme mesures de la dinamica
de la perfusi6 com també mesures bioquimiques que poden correlacionar-se amb la
viabilitat de I’empelt "**'*. Aixi la mesura del flux, la pressi6 de perfusio i les resisténcies
vasculars de la perfusi6 de preservacioé i la determinacio d’LDH i d’alfa-GST en el liquid

de perfusi6 s’han relacionat amb la viabilitat renal dels organs preservats d’aquesta forma.
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2.4.4 Seleccio del receptor i trasplantament

Els procediments que condueixen al trasplantament dels organs obtinguts de donants a cor
parat, han de procurar eliminar o minimitzar tots els factors que podrien empitjorar la
viabilitat d’aquests organs, presumiblement reduida a causa del periode d'isquémia calenta

precedent.

La seleccid del receptor es pot fer segons la prova d’histocompatibilitat encreuada, evitant-
se la realitzacio de la tipificaci6 de I'HLA, amb la qual cosa es pot reduir
considerablement el temps de preparacié per fer el trasplantament, 1 aix6 permet una

considerable reduccio del temps d’isquémia freda.

Tanmateix, cal utilitzar immunosupressors que afectin el minim possible la funcié de
I’drgan. La utilitzaci6 de petites dosis de ciclosporina®’" o, fins i tot, la seva retirada
durant els primers dies postirasplantament'*”, s6n algunes de les mesures que es

recomanen en aquest sentit.
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2.5 ANALISI DE LA VIABILITAT DELS ORGANS PROCEDENTS DE

DONANTS A COR PARAT

Es crucial valorar la viabilitat d’aquests drgans préviament al trasplantament. El temps
estimat d'isquémia calenta és, clinicament, el parametre més important per determinar la
viabilitat dels organs donants per a trasplantament®'”. Cal valorar també I’aspecte
macroscopic de I’organ després de la perfusio, i també dur a terme biopsies per a estudis
mitjangant microscopia oOptica. Les determinacions bioquimiques després de la mort ens
orientaran ben poc sobre el funcionalisme dels organs a causa dels processos de citolisi
(hemolisi) post mortem. La valoracio de la creatinina plasmatica immediatament després
de la mort podria reflectir la funcié renal prévia. L’estudi del metabolisme dels nucleotids
d’adenina (NA) esta suposant un gran aven¢ en ’estudi de la viabilitat dels organs en
aquest camp'®”'*"*¥_ Mitjangant aquests estudis s’ha establert la correlacio entre la carrega
energeética cel-lular (nivells d'NA) i el funcionalisme posttrasplantament, tant de ronyons

com de fetges''®'” obtinguts de donants a cor parat.

Draltre banda, s'esta estudiant la correlaci6 de parametres obtinguts durant la perfusi6
renal mitjangant la maquina de preservacio (flux, resisténcies vasculars intrarenals, LDH,

pH) amb la viabilitat renal posttrasplantament'®”.

Malgrat tot, no hi ha ara per ara cap parametre que pugui predir amb certesa la viabilitat
dels organs procedents dels donants a cor parat. Nombroses linies de recerca hi

dediquen esforgos per aconseguir aquesta fita.
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2.6 ESTAT ACTUAL DEL TRASPLANTAMENT DE RONYO PROCEDENT DE

DONANT A COR PARAT

El problema més important que sorgeix de la utilitzacié dels ronyons de donants a cor
parat és una major incidéncia de necrosi tubular aguda o retard del funcionament de
I’empelt en els receptors d'organs obtinguts a cor parat, com també una alta incidéncia de
ronyons amb fallada primaria de I’empelt’"**"*" En els grups amb més experiéncia, la
incidéncia de retard del funcionament de I’empelt varia entre un 48 i un 78,4% i la

incidéncia de fallada primaria entre un 4 i un 19%*1?*1%,

L'aparicio de rebuig vascular agut associat a la sindrome hemolitica urémica s’ha observat

en alguns casos, sense que s hagi pogut establir una relaci6 causal ",

Com ja s’ha esmentat amb anterioritat, la utilitzaci6 de diversos liquids de
preservacié”*””, amb reductors dels radicals Iliures'”, I’escurgament del temps
d’isquémia freda, la utilitzacié de maquines de perfusio per a la preservacié durant aquest
periode"*”, i la utilitzacié de petites dosis de ciclosporina®’"'*", sén algunes de les
mesures que es recomanen per millorar encara més el funcionalisme d’aquests organs. En
experiments animals, Shirakura i col-laboradors"*” utilitzen vasodilatadors.
antitrombocitics, antiaritmics, anticomplement i antiradicals lliures (prostaciclina,
propranolol, al'lopurinol, nafamostat mesilat) per a l’obtencid i trasplantament de

pancrees, cor, pulmo i ronyons després de 30 minuts d’isquémia calenta.
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Amb tot aixo, la viabilitat a llarg termini dels ronyons obtinguts procedents de donants a
cor parat és similar a la dels organs procedents dels donants en mort encefalica. La
supervivéncia de I’empelt renal és al voltant del 75% el primer any i del 60% al cap de

quatre anys, i son similars en la majoria de les séries @#707%124130.13%)

Els donants a cor parat han suposat un increment en el nombre total de donants entre un
7% i un 20% segons les séries”’*'"*"'* i han de ser inclosos com un grup de donants

potencials a considerar dins del grup de donants aptes per a trasplantament.
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2.7 ESTAT ACTUAL DEL TRASPLANTAMENT DE FETGE PROCEDENT DE

DONANT A COR PARAT

El trasplantament hepatic és avui en dia un procediment ampliament establert en el
tractament de pacients en fase terminal de multiples malalties hepatiques. Igual que passa
amb el trasplantament renal, i amb el d’altres organs, el nombre de fetges necessaris
supera amb escreix el nombre d’organs disponibles. Aixo ha fet que recentment alguns
equips amb amplia experiéncia en el trasplantament hepatic de donants en mort encefalica
estiguin investigant la manera d'ampliar aquest nombre d’organs disponibles. En aquest
sentit, la particié del fetge d’un donant per a dos receptors, el trasplantament d’organs
procedents de donant viu, la utilitzaci6 clinica dels organs domind, i el trasplantament
hepatic d'organs procedents de donant a cor parat sén motiu d’estudi per la seva difusié

en la practica clinica.

En el cas del trasplantament renal, la disfuncié inicial o la fallada primaria de la funcio de
I’empelt pot ser temporalment substituida per la dialisi, fins que I’0rgan recupera la funcio
o fins que es practica un altre trasplantament. Al contrari, el trasplantament hepatic ha
d’assegurar la funcié6 immediata de I’empelt, ja que no es disposa actualment de cap
terapia substitutiva. Es per aixd que els estudis estan dirigits, per un costat a valorar la
viabilitat del fetge abans del trasplantament i, per I’altre, a millorar-ne la funcio, que ha
quedat malmesa després de la isquémia, mitjan¢ant la modificacié de les técniques

d’obtencid i preservacio dels empelts fins al trasplantament.
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D’aquesta manera hi ha estudis que han establert la correlacio entre la carrega energética
cel-lular (nivells d’NA) i el funcionalisme posttrasplantament de fetges'*'"” obtinguts de
donants a cor parat, com un intent de poder predir la viabilitat de I’empelt, o estudis com
ara el de Tojimbara'"*” sobre I’efecte de la temperatura del liquid de perfusi6 en I’empelt
hepatic de rata, amb l'objectiu de millorar-ne la funci6. Tanmateix, els treballs de
Hoshino"*'® plantegen I'obtenci6 de fetges mitjangant l'aplicacio de técniques de

refredament corporal utilitzant la derivaci6 cardiopulmonar.

Encara que la major part d’estudis clinics referents a I'aprofitament de fetges procedents de
donants a cor parat esta en fase experimental, s’han comunicat trasplantaments hepatics en

humans amb bon resultat, quan els temps d’isquémia calenta han estat curts"**,

La utilitzacio clinica dels fetges de donants a cor parat esta encara avui en la seva fase de

desenvolupament inicial.
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2.8 ASPECTES SOCIALS I LEGALS DE LA DONACIO D’0ORGANS DE

DONANTS A COR PARAT

Durant la fase inicial de manteniment del flux sanguini dels organs se sol-licita el
consentiment familiar i judicial, si fos necessari, per al procediment de la donacié. Un cop
s’han obtingut, el cadaver és conduit a quirofan on es practica l'extraccié dels organs. El
consentiment familiar adquireix en aquest grup de donants més dificultat pel major
dramatisme del moment a causa de 'agudesa del procés. Els aspectes legals han de seguir
el procés habitual similar al dels donants per mort encefalica. Després del diagnostic de la
mort del donant per aturada cardiorespiratoria que fa I’equip médic que va atendre el
pacient, s’han de diferenciar dues possibilitats: a/ en el cas de la mort natural, el certificat
medic de defuncid i el consentiment familiar son suficients per autoritzar |’extraccid
d’organs, i b/ en el cas de la mort violenta, abans de I'extraccio d’organs, €s necessaria

l'autoritzacio del jutge i del metge forense, que en permetra I’extraccio.

Recentment ha entrat en vigor el nou Reial Decret sobre donacié d’organs per a
trasplantament (Real Decreto 2070/1999, de 30 de Diciembre)*”. S’hi estableix els
requisits legals necessaris per poder procedir a la preservacié dels organs en el cadaver
mort per aturada cardiorespiratoria, com també els procediments medicolegals que cal

portar a terme per obtenir |’ autoritzacid judicial.
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Hipotesi | Objectius

3.1 HIPOTESI

Les tecniques d’obtencio 1 preservacio d'organs de donants a cor parat han de permetre

la funcio correcta d’aquests organs trasplantats.

En I’ambit del trasplantament renal, I’aplicacio clinica d’aquestes técniques augmentara
el nombre d’organs disponibles per a trasplantament, amb bona funcié de I'empelt. Les
noves tecniques de perfusio (refredament corporal i recirculacié normotérmica) haurien
de permetre millorar el funcionament d’aquests organs i reduir la incidéncia de

disfuncio renal primaria.

En I’ambit del trasplantament hepatic, la utilitzacié de la recirculacié normotérmica
hauria de permetre assessorar i predir la funcio del fetge posttrasplantament, 1 la
manipulacié dels procediments durant aquesta fase hauria de permetre millorar la funcio6

hepatica posttrasplantament.
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3.2 OBJECTIUS

3.2.1 Estudis clinics en trasplantament renal

Instaurar les técniques de refredament corporal total i recirculacié normotérmica en
l'obtencid i la preservacio de ronyons de donants a cor parat.

Valorar la funcié a curt i llarg termini i la supervivencia dels empelts renals
procedents del donant a cor parat.

Estudi comparatiu de la funcié i supervivencia dels empelts renals de donant a cor
parat, segons les diferents técniques de perfusio: perfusio in situ, refredament

corporal total i recirculacié normotérmica.

3.2.2 Estudis experimentals en trasplantament hepatic

Valorar l'efectivitat de la recirculacid6 normotérmica en l'obtenciéo de fetges de
donants a cor parat.

Estudiar els parametres de perfusio hepatica (flux sanguini hepatic i metabolisme
d’oxigen hepatic) com també els parametres de circulacio extracorporia (flux de
bomba) 1 valorar-ne la capacitat predictiva de la funci6 de [I’empelt
posttrasplantament.

Estudiar I’efecte de 1’addicié d’L-arginina (precursor d’oxid nitric) en els parametres
abans esmentats com també en la funcié i viabilitat de I'empelt hepatic procedent de

donants d’organs a cor parat.
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4. INVESTIGACIO I RESULTATS
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ESTRUCTURA DELS ESTUDIS

1. Estudis clinics de trasplantament renal de donants a cor parat:

Normothermic Recirculation Reduces Primary Graft Dysfunction of Kidneys
Obtained from Non-Heart-Beating Donors.

Valero R, Cabrer C, Oppenheimer F, Trias E, Sanchez-Ibafiez J, De Cabo FM,
Navarro A, Paredes D, Alcaraz A, Gutiérrez R, Manyalich M.

Transplant International 2000; (en premsa)

2. Estudis experimentals de trasplantament hepatic de donants a cor parat:

Hepatic blood flow and oxygen extraction ratio during normothermic recirculation
and total body cooling as viability predictors in non-heart-beating donor pigs.
Valero R, Garcia Valdecasas JC, Tabet J, Taura P, Rull R, Beltran J, Cifuentes A,
Garcia F, Gonzalez X, Garcia F, Lopez-Boado MA, Cabrer C, Visa J.

Transplantation 1998; 66:170-6.

L-arginine reduces liver and biliary tract damage after liver transplantation from
non-heart-beating donor pigs

Valero R, Garcia-Valdecasas JC, Net M, Beltran J, Ordi J, Gonzalez FX, Lopez-
Boado MA, Almenara R, Taura P, Elena M, Capdevila L1, Manyalich M, Visa J.

Transplantation 2000 (en premsa).
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Recerca clinica en el trasplantament renal de

donants d’organs a cor parat
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ABSTRACT

Our aim was to analyse the short- and long-term function of kidneys procured from non-
heart-beating donors (NHBD) by means of three techniques: in situ perfusion (ISP),
total body cooling (TBC) and normothermic recirculation (NR).

Fifty seven potential NHBD were included. Mean warm ischemia time was 68.9+£35.6
min. Forty four kidneys were obtained from donors perfused with ISP, 8 with TBC and
8 with NR. Eighteen kidneys (32 %) started functioning immediately, 29 (52 %) showed
delayed graft function (DGF) and 9 (16 %) showed primary non function (PNF). The
actuarial graft survival rate was 76.4% at 1 year and 56% at five years. Patient survival
rate was 89.3% at five years. Incidence of DGF and PNF was significantly lower in
kidneys perfused with NR than those with ISP or TBC (p<0.01). Duration of DGF was
shorter in kidneys obtained through TBC than in kidneys obtained with ISP (p<0.05).

In conclusion, NR reduce the incidence of DGF and may be considered the method of

choice for kidney procurement from NHBD.

Key words:
Non-heart-beating donors
Kidney transplantation
Delayed graft function

Normothermic recirculation
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INTRODUCTION

Non-heart-beating donors (NHBD) have been widely introduced in the clinical practice
and the use of organs, especially kidneys, from this type of donors has been reported in
multiple series (7,12,13,15,22,33,37,44,45). At our hospital, a program for identification
and procurement of kidney grafts from asystolic donors has been in progress since 1986.
The main problem using NHBD kidneys arises from the increased incidence of impaired
graft function due to long periods of warm ischemia. High rates of delayed graft
function (DGF) and primary graft non-function (PNF) are the main complications in
NHBD, in comparison with heart-beating donors. In order to improve this impaired
graft function, Banowsky et al. (5) in 1971 and Garcia-Rinaldi et al. (18) in 1975
introduced “in situ” perfusion as a preservation technique for kidney retrieval in NHBD.
This perfusion technique is nowadays the most widespread method used to perfuse these
organs before their extraction. Nevertheless, high DGF rates have been reported using
this technique (13,14,22,33,37,46,48,54).

During the last few years, new techniques have been developed to improve the perfusion
and post-transplant viability of organs obtained from NHBD. Total body cooling (TBC)
through cardiopulmonary bypass (CPB) is a technique developed to minimise pre-
existing ischemic damage, to ensure kidney viability in both the Maastricht category [V
(32) and category II (2,50) NHBD.

More recently, “normothermic recirculation” has been described in experimental studies
(4,19,25,40,51). This consist of the normothermic perfusion of the organs at 37°C with
hyperoxygenated blood by means of a cardiopulmonary bypass, before TBC. As far as
we know, there are no references dealing with the use of normothermic recirculation in

the clinical setting in kidney transplantation from NHBD. The aim of our study has been

57



Investigacid i resultats

to analyse the clinical results of the normothermic recirculation technique for
procurement of kidneys from NHBD in our hospital, as compared to in situ perfusion,

and TBC.
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MATERIAL AND METHODS

The present study was carried out in accordance with the ethical standards set down in
the 1964 Declaration of Helsinki and was approved by the ethical committee in our
centre.

Donors:

Potential NHBD admitted to the hospital were included in the study. In our series, only
Il and IV Maastricht NHBD categories (29) were considered. The procedure for non-
heart-beating organ procurement begins after death is diagnosed. To consider a dead
patient as a potential NHBD, the criteria included, in addition to the general criteria for
donor selection, an age under 65 and a warm ischemia time lower than 150 minutes with
a period of warm ischemia without cardiopulmonary resuscitation manoeuvres less than
30 minutes. Donor demographic characteristics (gender, age), warm ischemia time, as
well as Maastricht categories and cause of death, were recorded. Initially, basic
cardiopulmonary resuscitation manoeuvres (cardiac massage and mechanical ventilation
at FiO,=1) were set in motion and the donors were heparinized (3 mg - kg').
Subsequently, vascular access was attained by surgical dissection and cannulation of the
femoral vessels, and a Fogarty catheter was introduced through the other femoral artery
to block the diaphragmatic aorta and reduce the perfused territory to the splacnic area.
Three different perfusion techniques were used along the years:

-"In situ” perfusion was achieved by means of cold perfusion of Collins’ solution
through a multiperforated catheter in the femoral artery. A catheter was placed into the
cava vein through the femoral vein to allow blood drainage. In our early cases, liquid

infusion was produced by gravity. In the later cases, a non-pulsatile perfusion pump was
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used to maintain a constant Collins’ solution perfusion flow of 500 ml - min™” until a
clear solution through the vein catheter was obtained and then reduced to 200 mL- min™".
-“Total body cooling” through cardiopulmonary bypass was used in other cases.
Cannulation was carried out using a 16-18F cannula for the femoral artery and a 20-24F
cannula for the femoral vein and these were then connected to a blood oxygenator (Bard
Quantum Oxygenator and Venous reservoir, HF6000-H6770VR,CR Bard Inc®;
Haverhill, MA 01832, USA), a heat exchanger (M6dulo Normohipotermia Palex S.A.,
Barcelona, Spain) and a non-pulsatile roller pump (Stéckert-Shiley®, Munich,
Germany). The circuit was primed with saline solution 500 ml, mannitol 0,5 g - kg"' and
Hemoce® (saline solution of polygeline) 500 ml. Oesophagic temperature was also
monitored (Mon-A-Therm; Mallinckrodt Medical Inc®; St Louis, MO 63134, USA).
Bypass was begun with a progressively increasing flow (1 to 2 L - min™) in an attempt
to achieve 2.2 L - min"' - m™ body surface. Sodium bicarbonate was added to the circuit
to correct metabolic acidosis. TBC continued until the donor reached a core temperature
of 15-20°C and was maintained until permissions were obtained; kidney procurement
was then performed. The kidneys were then cooled with 1-2 L University of Wisconsin
solution perfusion through the aorta and preserved at 4°C until transplantation. As
described elsewhere (50), when difficulties in obtaining good venous blood return
appeared, TBC was aborted and “in situ” perfusion was started.

-“Normothermic recirculation” through CPB, was the technique used in the later cases.
In these cases, extracorporeal circulation was maintained at 37°C, using the same
technique above described for TBC. After cannulation of the femoral artery and vein,
cannulas were connected to the blood oxygenator, the heat exchanger and the non-

pulsatile roller pump. “Normothermic recirculation” was supported at the maximum
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pump flow rate for 60 minutes with a progressively increasing flow (1 to 2 L - min™), in
an attempt to achieve 2.2 L - min"' - m™ body surface and the temperature exchanger was
set at 37°C to maintain donor temperature. Sodium bicarbonate was added to the circuit
to correct metabolic acidosis. After the 60 min period of “normothermic recirculation”,
cooling through the extracorporeal circulation was run until the donor reached a core
temperature of 15-20°C and was maintained until permissions were obtained and organ
extraction was finished. Time needed to reach that temperature depended on the donor
size and the blood flow rate maintained during the period.

Recipients:

Kidneys obtained from NHBD were transplanted into blood group-compatible and
negative cross-match recipients, in order to reduce cold ischemia time.
Immunosuppression therapy varied according to the transplant era. However, most
patients were treated with a sequential induction therapy with antithymocite globuline or
OKT3 antibodies, steroids, azathioprine or mycophenolate mophetil and cyclosporine
A. Incidence of family or coroner refusal, and clinical contraindications for
transplantation were recorded.

Demographic characteristics (age, gender) of the kidney recipients were collected.
Delayed graft function was defined as the need for dialysis within the first week post
transplantation. Duration of DGF was defined as the interval between the
transplantation and the date of the last post-transplantation dialysis. The incidence of
PNF kidneys was also recorded. Days necessary to recover plasmatic creatinine values
inferior to 3 mg-dl"' were also registered. Finally, graft and patient survival analysis was

made.
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A comparative analysis was made of the results of kidneys function following the
technique used for organ preservation (in situ perfusion, TBC and normothermic
recirculation).

Statistical analysis was carried out according to Student’s t test and ANOVA for the
analysis of quantitative variables and Chi square and Fisher’s exact probability test were
used for the analysis of qualitative variables. Results are expressed as mean and
standard deviation (SD). Graft and patient survival were analysed by means of the
Kapplan Meier method and Logrank for comparison of survival curves. We considered

a value of p < 0.05 to be statistically significant.
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RESULTS

Donors:

Between October 1986 and March 1999, 57 potential NHBD were included in our
study. Demographic characteristics, Maastricht categories, and death etiology of donors

are described in table 1.

Age (years) 39.5 £15.6

Gender (male/female) 43 /14

Maastricht categories (I-II-IITI-IV)' [0-51-0-6
In situ 0-31-0-6
Total body cooling 0-11-0-0

Normothermic recirculation |0- 6 -0-0

Etiology of death:
Cardiac disease ‘ 23 40 %
Multiple trauma 21 37%
Stroke B 7%
Anoxia 2 3%
Isolated cranial trauma 3 5%
Other 4 7%

TABLE 1: Demographic characteristics, Maastricht categories (according to the
perfusion technique), and death etiology of non-heart-beating donors in our series.
Results are expressed as mean * standard deviation, and as the number of cases and
percentage.

! In three cases the procedure was aborted before any perfusion procedure was started.
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Mean warm ischemia time was 68.9 + 35.6 minutes, with a mean period of warm
ischemia without effective cardiopulmonary resuscitation manoeuvres of 6 + 7 minutes.
The procedure was aborted due to family refusal in 9 cases (15 %), and due to coroner
refusal in 2 cases (3 %). Sixteen donors (27 %) were rejected due to a clinical
contraindication, either for deficient donor perfusion technique (9 cases; 16 %),
deficient organ perfusion noticed during organ explantation (2 cases; 3 %) or a positive
virus serology or other risk factor for disease transmission (5 cases; 9 %).

Perfusion was achieved by means of in situ perfusion with cold Collins” solution by
gravity in 29 cases (51 %), and in situ perfusion was achieved by means of a non-
pulsatile pump in 8 cases (14%). TBC was performed in 11 cases (17%) but in 3 cases,
due to a limited venous blood return, TBC was aborted and in situ perfusion by gravity
was started. In the remaining 6 donors (11 %), normothermic recirculation technique
was used. In 3 cases procedure was aborted before any perfusion procedure was started.
In the end, 30 donors could be used. Forty four kidneys were obtained from donors
perfused with in situ perfusion. Two kidneys were not transplanted due to intraoperative
recipient problems, and two were transplanted in other centre, and not subsequently
followed up. Eight kidneys were obtained from donors perfused with TBC technique
and 8 from donors with normothermic recirculation.

Recipients and grafis:

The kidney recipients’ mean age was 44.2 £ 16.5 years old. Thirty six were male and 20
female. Eighteen kidneys (32 %) started functioning immediately, 29 (52 %) showed
DGF and 9 (16 %) never functioned. Mean duration of delayed graft function was 20.1

+ 14.6 days.
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The actuarial graft survival rate was 76.4% at 1 year and 56% at five years. Graft
survival rate is shown in figure 1. Patient survival rate was 90% at one year and 89.3%

at five years.
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FIGURE 1.- Actuarial graft survival rate of kidneys transplanted from non-heart-
beating donors in our series, according to the technique used: in situ perfusion
technique and techniques using cardiopulmonary bypass (CPB) (including total body
cooling and normothermic recirculation). Values on each line: Number of grafts at risk
Jfor each technique (at one to five year-period).

(In situ: CPB: Overall: ).

Kidney function was analysed according to the organ perfusion technique used in the
organ procurement. No differences were found in age, sex, HLA matching, cold

ischemia time or immunossupresion therapy between the three groups (Table 2).
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In situ Total body Normothermic
cooling recirculation

Donor’s cause of death:
PLT /Non PLT 9/13" 143 0/4
Cold ischemia time (hours) 18.5+6.2 153+ 4.6 17.8 + 6.7
Warm ischemia time 58 +41" 8115 82+ 11
(minutes)
Recipients age (years) 36.7+16.4 36 5.9 46.7 £ 8.1
Recipients sex (M/F) 26/ 14 3/5 7/1
HLA-A,B,DR matching 19+1.3 1.6+1.1 1.3+16

TABLE 2: Donor’'s cause of death, cold and warm ischemia time, recipients
characteristics and HLA-A,B,DR matching according to the perfusion technique used
for organ procurement. Values expressed as mean and standard deviation, and as the
number of cases.(M= male; F= female; PLT = politraumatism). 1 : p=0.02 compared

to other groups.

The percentage of polytraumatic patients in the in situ group was statistically higher
than in the other two groups (p=0.02). Warm ischemia time was significantly lower in
the in situ group compared to the other groups (p=0.02) (Table 2). Incidence of DGF

and PNF kidneys, according to the organ perfusion technique used, are shown in table 3.
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In situ Total body | Normothermic

cooling recirculation
Total transplanted kidneys 40 8 8
Immediate functioning kidneys 9 (22.5%) 2 (25%) 7 (87.5%) "
Delayed graft functioning kidneys 22 (55%) 6 (75%) 1 (12.5%) '
Primary non functioning kidneys 9 (22.5%) 0 0
Duration of delayed graft function (days) [22.3+16.1| 34+44° 7
Days before plasmatic
creatinine < 3 mg - dI' 46.5+66.7| 29.1+6.9 134+78'

TABLE 3: Kidney function according to the perfusion technique used for non-heart-
beating donors organ procurement. Values expressed as number and percentage of
kidneys with respect to the technique group, or mean and standard deviation.

I p<0.05 compared to other groups; 2 p<0.05 compared to in situ group

Incidence of DGF and PNF was significantly lower in kidneys perfused with
normothermic recirculation than in those perfused with in situ perfusion (p=0.0003) or
TBC (p=0.04). The incidence of DGF and PNF was not significantly different in
kidneys perfused with TBC compared with those perfused with in situ perfusion.
However, the duration of DGF was significantly shorter in kidneys obtained through
TBC than kidneys obtained with in situ perfusion (p<0.05). Serum creatinine levels
lower than 3 mg-dL" were achieved in fewer days in the normothermic recirculation

group than in the others, being these differences being statistically significant (p=0.029).
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The graft survival rate was separately analysed, according to the perfusion technique,

but no statistical differences were found (figure 1).

%
100
L ) B L e :

P Y S g s o =yl
70| O e

60 0 A — 2ndt
50 : : .l_.__i}A
40
30
20
10

FIGURE 1.- Actuarial graft survival rate of kidneys transplanted from non-heart-
beating donors in our series, according to the technique used: in situ perfusion
technique and techniques using cardiopulmonary bypass (CPB) (including total body
cooling and normothermic recirculation). Values on each line: Number of grafis at risk
for each technique (at one to five year-period).

(In situ: CPB: Overall: . ... ... .. ):
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DISCUSSION

The main handicap of NHBD kidneys as opposed to heart-beating donors lies in the
high incidence of DGF and a high percentage of never functioning grafts, which has
been widely documented. In the most experienced groups, DGF varies from 48 to
78.4% and PNF kidneys from 4 to 19% (13,14,22,33,37,46,48,54). Our overall results,
with a DGF rate of 52 % and PNF rate of 16 %, are very similar to the above data. DGF
not only increases the duration of hospital admission but has been related to an
impairment of the long-term graft function (11,41). Ojo et al found a significant and
robust relationship between DGF and decreased cadaveric renal function, DGF being an
independent risk factor for long and short-term graft survival. Some other authors
(48,49,53), however, have failed to find a relationship between DGF and long term
survival, acute graft rejection being the only risk factor identified.

Different techniques of organ perfusion and preservation before and after graft
extraction have been developed. The use of the pulsatile perfusion preservation reduces
the incidence of DGF (8,23), and it has been described as an useful test for considering
whether a kidney is suitable for transplantation (28,36). As regard organ perfusion in the
cadaver, different perfusion techniques have been developed. Several modifications of
in situ perfusion technique have been introduced to improve viability results: various
types of catheters (3,34), different types of perfusion liquid (9,26,44), or the addition of
drugs, such as trifluoroperazine (3), tolazoline (27) or phentolamine (7), to the perfusate.
However, the results with the use of this technique are far from optimum. Although
PNF was slightly higher in our series (22.5%), the DGF rate (55%) and graft survival
(71,8% at one year and 50% at five years) in kidneys harvested through in situ perfusion

was similar to other groups.
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Other techniques, such as intraperitoneal surface cooling (3,33,42) and isolated
mechanical ventilation combined with cardiac massage until organ extraction (20) have
also been used with the same purpose.

After the favourable results obtained with the total body perfusion through
extracorporeal circulation in the preservation of the heart and lungs, and in cases of
multiorganic extraction (6,10), several groups have used the technique of TBC through
CPB in non-heart-beating human donors with good results, either for procurement of
kidneys (2,32,50), livers (24,31) or other organs (16). Between 1990 and 1996 we have
used a portable CPB device for TBC to improve kidney viability. With this technique
we were not able to reduced the rate of DGF, compared to in situ perfusion kidneys, but
we could significantly reduce the delay in the recovery of graft function from 22.3 +
16.1 days in the in situ group to 13.4 + 4.4 days in the TBC group. Moreover, all
kidneys functioned in this group, compared to 9 out of 40 kidneys which never
functioning in the in situ group. Better quality hypothermia, induced progressively and
smoothly, compared with simple perfusion, has been hypothesised as the main factor for
improving viability (10). Higher pressure perfusion of the preservation liquid has been
related to an improvement in post-transplant renal function (30), since low perfusion
pressure would cause an increase in the renal vascular resistance, and thereby a
reduction in renal flow and inadequate hypothermia (3). Moreover, temperature
decrease is more rapid and effective when perfusion pressure is over 70 mmHg (3).
Besides these factors, TBC provides the additional benefit of continuously oxygenating
the organs during the cooling period (24).

Normothermic recirculation has shown the best results in our series, reducing DGF and

improving viability. All organs perfused with this technique are functioning, and DGF
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only appeared in 1 out of 8 kidneys transplanted. This dramatic reduction in the DGF
rate can be explained by various reasons: firstly, blood has been shown to be a better
preservation solution than crystalloids for recovering from tissue damage
(24,35,38,43,52). In previous studies, Van der Wijk et al (52) improved preservation
and viability of three-day cold preserved kidneys by means of an ex vivo organ
perfusion with normothermic blood for 3-4 hours. These results were confirmed by
other authors (17,35). Mayfield et al (38) demonstrated an improvement in the capacity
of the blood perfused kidneys to control tissue oedema and ion pump activity,
suggesting better membrane integrity than in kidneys not preserved with this technique.
Since cell metabolism decreases rapidly at temperatures below 37°C, Schon et al, in an
experimental study with ex-vivo perfused pig livers, postulates that normothermic
oxygenated perfusion after extraction could offers the possibility of restoring metabolic
processes and repairing damaged cells, thus resuscitating ischemically injured livers
(47). Some other experimental studies in liver and kidney transplantation have
demonstrated the utility of normothermic recirculation to recover adenine nucleotide
levels after warm ischemia (4,21,25,40), to increase reduced glutathione levels in both
the liver and the kidney before cold storage (4) and to improve post transplant viability
(19,25,51). In this way, Rijkmans et al state that it is possible to prevent irreversible
damage through normothermic blood perfusion (43). Accordingly to these studies, we
have found a clear improvement in graft function when there was a period of
normothermic recirculation during organ procurement.

The results of our study, however, must be carefully analysed since some limitations are
clear. Donors’ groups were not randomly distributed. The choice of the perfusion

technique, has evolved over the years in our hospital. /n situ perfusion was the only
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technique used from 1986 to 1989, TBC was incorporated from 1990 to 1996 and,
lastly, normothermic recirculation has been used from 1997 till now. Other factors
influenced the choice of the technique: in situ perfusion was the only technique used in
the IV-Maastrich category-NHBD. This factor would enhance the results in this group
since “controlled” NHBD have shown better results than “non controlled” NHBD (12).
On the other hand, when difficulties in obtaining good venous blood return appeared,
TBC was aborted and in situ perfusion was started. For this reason, since 1995, we have
not used neither TBC nor normothermic recirculation when the cause of death was a
polytraumatism. The higher number of polytraumatisms in the in situ group could alter
the results. In spite of this, there are authors who obtain similar or even better rates of
graft function and graft survival in kidneys harvested from non-heart-beating trauma
donors (1,13).

In situ perfusion requires a high volume of perfusate, at least initially, to perfuse the
organs and wash out the deleterious blood constituents. For this reason, Collins’
solution was used for this purpose in our series. In contrast, University of Wisconsin
solution was used to wash out the organs prior to cold storage when TBC or
normothermic recirculation were used. This difference could affect the results since
several authors (9,26,44) have pointed out the benefits of Wisconsin solution over
Collins solution.

Finally, the small number of patients, especially in the groups using CPB could also
explain the lack of differences in survival rate between the groups (in spite of statistical
differences which appeared in the comparison of the DGF rate).

An ethical concern exist about when death may be pronounced. Although there is no

universal consensus about how long heart has to be stopped to assure the death of the
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brain and about when cardiac function has been “irreversibly” lost, the “ten-minute
rule” has been widely accepted. According to the “Maastritch recommendations” the
diagnosis of death in our NHBD series was made by physicians independent of the
procurement team. On the other hand, category III NHBD, where statement of death is
quite more difficult, are not permitted in Spain, so none of these donors were included
in our series.

In conclusion, kidneys obtained through normothermic recirculation, showed a lower
degree of DGF, a zero incidence of PNF kidneys and a trend towards an improvement in
long-term survival. Consequently, extracorporeal circulation with a period of
normothermic recirculation may be the method of choice for the procurement of organs

from NHBD, although further studies have to be performed to validate our results.
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HEPATIC BLOOD FLOW AND OXYGEN EXTRACTION RATIO
DURING NORMOTHERMIC RECIRCULATION AND TOTAL BODY
COOLING AS VIABILITY PREDICTORS IN NON-HEART-BEATING

DONOR PIGS'

RicARD VALERO,? JUAN C. GARCiA-VALDECASAS, JEANINE TABET, PILAR TAURA, RAMON RuLL,
JOoAN BELTRAN, FELIX GARciA, FrancIScO X. GONZALEZ, MIGUEL A. LOPEZ-BoADO, CATIANA CABRER,

AND JOSEP Visa
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Department of Surgery, School of Veterinary, University of Barcelona, Barcelona, Spain

Background. Our aim was to evaluate the hepatic
blood flows and oxygen metabolism of non-heart-beat-
ing donor (NHBD) pigs, with the use of cardiopulmo-
nary bypass (CPB) and normothermic recirculation
(NR) before total body cooling, and its relationship
with recipient survival.

Methods. Thirty-five pigs were transplanted with an
allograft from NHBDs. After warm ischemia (WI) time
(20, 30, or 40 min), CPB and NR were run for 30 min.
After this period, the animals were cooled to 15°C. In
the control group (20 min of WI), the period of NR was
excluded. Liver procurement was then performed.

Results. Survival rate was 100% in the 20WI, 70% in
the 30WI, and 50% in the 40WI. Control group survival
rate was 0%. Hepatic artery blood flow and portal
blood flow recovered during NR. Pump blood flow dur-
ing CPB increased rapidly during NR and was signif-
icantly higher in the 20WI. When donors of the livers
transplanted in “surviving pigs” (DSP) were compared
with donors of the livers transplanted in “nonsurviv-
ing pigs” (DNSP), hepatic artery blood flow, portal
blood flow, and pump blood flow were higher in the
DSP. Hepatic oxygen extraction ratio increased in the
three groups with respect to baseline values. Hepatic
oxygen extraction ratio was lower in the 20WI than in
the other groups and was lower in the DSP than in the
DNSP.

Conclusions. The use of a NR period before total
body cooling improves survival of liver transplanta-
tion in NHBDs. Portal blood flow and pump blood flow
measurements can predict the viability of the grafis.

Non-heart-beating donors (NHBDs*) have been considered
as a potential source of organs for clinical transplantation
(1-8) and different methods to procure the organs from these
donors have been described. “Total body cooling” (TBC)
through cardiopulmonary bypass (CPB), as a method of pro-
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96/1047.

% Address correspondence to: Ricard Valero, MD, Department of
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* Abbreviations: CPB, cardiopulmonary bypass; DSP, donor of the
liver transplanted to surviving pigs; DNSP, donor of the liver trans-
planted to nonsurviving pigs; HDO,, hepatic oxygen delivery;
HOLER, hepatic oxygen extraction ratio; HVO,, hepatic oxygen up-
take; NHBD, non-heart-beating donor; NR, normothermic recircula-
tion; TBC, total body cooling; WI, warm ischemia.

curement of kidneys from NHBDs, based on a shortened
warm ischemia (WI) time to minimize ischemic damage, has
demonstrated its effectiveness in the procurement of organs
viable for transplantation (9, 10). With this method, first
described by Koyama et al. (11), the body temperature is
reduced steadily but quickly, also giving enough time to
obtain harvesting permission. Kidneys obtained by this
method seemed to be of better quality with a reduced inci-
dence of acute tubular necrosis.

As a result of the fact that the demand for liver donors
continues to exceed supply, the interest in the use of NHBDs
has been increasing over time. However, up to now, the
experience in liver transplantation with this type of donor
has been limited and has only been considered in donors for
whom the time of cardiac arrest is known and determined
within several minutes (12, 13). This is mainly a result of the
lack of knowledge about reversibility of the histological dam-
age and because liver function remains unpredictable after
transplantation. Thus, the consequences of transplanting a
liver that is unable to provide immediate life support are
unacceptable.

TBC may ameliorate the damage caused by cardiac arrest,
presumably a result of the continuous oxygenation of donor
livers by CPB throughout procurement (14, 15). Recently, it
has been suggested that “extracorporeal circulation with car-
diopulmonary bypass and tissue oxygenation at 37°C” during
a period of time before TBC, may improve this compromised
cellular energetic status that appears after a period of car-
diac arrest, thus improving the viability of the graft (16). The
period of recirculation time at 37°C may provide a mean of
measuring organ quality, before considering the organ for
transplantation, and parameters obtained during this period
can become predictors of viability.

Optimization of the flow perfusion of organs obtained from
NHBD:s is one of the main objectives of any perfusion proce-
dure used. The ability to measure and monitor tissue perfu-
sion effectively is important in the ongoing assessment of
organ viability. In this way, some studies have been designed
to measure the perfusion pressure during the in situ perfu-
sion of kidneys from NHBDs (17).

On the other hand, it has been suggested that perfusion of
these organs with oxygenated blood could correlate with a
better survival of the grafts (11, 14, 18, 19). However, the
tissue oxygen consumption has not been studied in the livers
after prolonged periods of ischemia.
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The aim of this study is to evaluate the relationship be-
tween hepatic blood flows and hepatic oxygen metabolism in
livers obtained from NHBD pigs after different periods of WI,
with the use of CPB and recirculation at 37°C during 30 min
(normothermic recirculation [NR]) before TBC, as well as its
relation to recipient survival.

MATERIALS AND METHODS

Thirty-five outbred weanling pigs, weighting 25-35 kg, underwent
transplants with an allograft from a NHBD with the following char-
acteristics.

Donor. Animals had fasted for 36 hr before surgery. They were
sedated with intramuscular injection of azaperone (10 mgkg). A
small venous catheter was inserted into the ear vein; anesthesia was
then induced with 15 mg/kg sodium pentobarbital. After orotracheal
intubation, the lungs were mechanically ventilated (Siemens Servo
900 D) at a tidal volume of 10-15 ml/kg with oxygen (FiO, 1). The
respiratory rate was initially adjusted to maintain an end-tidal car-
bon dioxide of 30—35 mmHg (Hewlett-Packard, 78342-A). Anesthesia
was maintained with isofluorane (0.5-1 MAC), 3 ug/kg fentanyl, and
muscle paralysis was obtained with 0.3 mg/kg atracurium besilate.
The electrocardiograph was continuously monitored. Exposure of the
right external jugular vein and carotid artery was performed by a
longitudinal incision on the right side of the neck; a catheter (16-
gauge, Arrow) was placed into the carotid artery for blood sampling
and arterial pressure recording (Hewlett-Packard, 78342-A). After
opening the abdomen, the hepatic hilium was exposed. A noninva-
sive Transonic flowmeter (Transonic Systems Inc. HT207, Ithaca,
NY) was placed around the hepatic artery and portal vein. Baseline
flow values were determined. At that time, heparin was given intra-
venously (3 mg/kg). Jugular vein, aorta, and the inferior vena cava
were canalled (22, 16, and 28 Fr, respectively) and then were con-
nected to a blood oxygenator (William-Harvey blood oxygenator,
H-1700, CR Bard Inc.), a heat exchanger (Marcusor, Sorin), and a
nonpulsatile roller pump (Stéckert-Shiley). The circuit was primed
with 500 ml of saline serum, 0.5 g/kg mannitol, and 500 ml of
Haemoce. Liver and esophagic temperature were also monitored
(Mon-A-Therm; Mallinckrodt Medical Inc.). Cardiac arrest was then
produced by intravenous injection of KCI (10-15 ml, 2 M).

Pigs were divided into three groups (20WI, 30WI, and 40WI
group) according to their WI time. After 20, 30, and 40 min of WI, NR
(extracorporeal circulation and tissue oxygenation at 37°C) was ini-
tiated and maintained for 30 min at the maximum pump flow rate,
trying to achieve 2.2 L/m? body surface, depending on venous blood
return. This pump flow rate was recorded during the whole NR
period, and mean pump flow rate was calculated. Sodium bicarbon-
ate was added to the circuit to correct metabolic acidosis but no other
liquid was introduced in the circuit. After this period, TBC by extra-
corporeal circulation was started and continued until the animal
progressively reached a liver temperature of 15°C. At that moment,
liver procurement was performed in an standard manner with UW
perfusion through the aorta and portal vein and then cooled and
preserved at 4°C for 6 hr.

A fourth group, with 20 min of WI, with a period of TBC by
extracorporeal circulation, but without the NR period, was consid-
ered as the control group (C group).

Mean arterial pressure, liver and esophageal temperatures, and
the temperature of the heat exchanger were recorded at least every
5 min. Portal and hepatic artery blood flows were continuously
registered before cardiac arrest, during the 30-min period of NR and
during TBC until UW solution perfusion was started. Flow data was
calculated in reference to the animal body surface.

Blood samples from portal vein, suprahepatic vein, and carotid
artery were taken for blood gas, electrolytes and hemoglobin analysis
(Analyzer 288, blood gas system, Ciba-Corning Diagnostics) at base-
line, 5 min after the beginning of NR, 15 min after the beginning of
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NR, and at the end of NR. The time needed to reach 15°C was also
registered.

With this data, arterial (Ca0,), portal (CpO,), and suprahepatic
(CshO,) oxygen content was calculated as follows:

Oxygen content = pO, X 0.0023 + (hemoglobin X (O, saturation/

100) x 1.31).

Oxygen delivery (HDO,) of the liver = (CaO, X arterial flow) + (CpO,

X portal flow).

Suprahepatic flow = arterial flow + portal flow.

Oxygen uptake (HVO,) of the liver = HDO, — (CshO, X suprahepatic
flow).

Hepatic oxygen extraction ratio (HO,ER) = (HVO,/HDO,) X 100.

Recipient operation. The anesthetic management was similar to
that of the donor group. Exposure of the right external jugular vein
and carotid artery was also performed in the same way. Electrocar-
diogram, arterial pressure, and central venous pressure were re-
corded continuously. Blood gas, electrolytes, and hemoglobin analy-
sis were made during the procedure to correct metabolic imbalance.
Once the abdomen was opened, a standard hepatectomy was per-
formed as previously described (20). The allograft was placed in the
recipient, and the anastomosis were performed in the following or-
der: first the suprahepatic vena cava and portal vein, immediately
revascularizing the liver, then the infrahepatic vena cava and the
hepatic artery, and finally the biliary tract, leaving the gallbladder
in place. No veno-venous bypass was performed because the duration
of the anhepatic stage was no longer than 20 min in any case. The
hepatic arterial blood flow was reconstructed between the donor
celiac axis and the recipient’s hepatic artery by means of magnifying
lenses. Biliary reconstruction was performed with an intraluminal
stent externally secured with two silk stitches. Cold ischemia time
from the beginning of the TBC to reperfusion in the recipient was 6
hr. The abdominal wall was closed in two layers and the skin with a
running silk suture.

Postoperative care. The animals were tracheally extubated be-
tween 20 and 35 min after the operation. They were placed in
metabolic cages with warm lamps. Blood gas monitoring was done
postoperatively for several hours. Analgesia was given by means of
intramuscular injection of 100 mg of meperidine, 1 hr after tracheal
extubation. Immunosuppressive regimen included 500 mg of meth-
ylprednisolone and 1.5 mg/kg azathioprine before liver reperfusion,
and 25 mg/kg oral cyclosporine daily after the first postoperative day.
Fluid were permitted orally on the first postoperative day, and the
animals were fed with commercial pig food and yogurt after the
second day. The animals were sacrificed on the fifth postoperative
day by an intravenous overdose of sodium pentobarbital.

Statistical analysis. This was carried out according to Kruskall-
Wallis test, Friedman analysis of variance test, Mann-Whitney U
test, Wilcoxon test, and Spearman correlation test. P-values of 0.05
or less were taken as significant. Results are expressed as mean *
standard deviation.

RESULTS
Pig characteristics in the four groups are shown in Table 1.
Survival rate was 100% (10/10) in the 20WI group, 70% (7/10)
in the 30WI group, and decreased to 50% (5/10) in the 40WI
group. Survival rate of the control group was 0% (0/5).

TaBLE 1. Characteristics of the animals in the different groups
and survival on the fifth postoperative day after liver

transplantation
Control 20W1 30W1 40W1
n 5 10 10 10
Weight 25.8+3.6 283+34 28.0%2.1 2493296

Corporal surface 0.79+0.006 0.83+0.05 0.84+0.04 0.78+0.04
Survival 0/5 10/10 7/10 5/10
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Flows during NR. Hepatic artery blood flow was signifi-
cantly lower, after asytolia, with respect to baseline measure-
ments. It progressively recovered during NR in the three
groups, but it did not reach baseline values. However, the
arterial flow was only significantly lower during NR with
respect to baseline values in the 30WI group (P<0.05) (Fig.
1). The portal blood flow was also lower at all stages during
the NR period with respect to baseline data in the three
groups, but these differences were only statistically signifi-
cant in the 30WI and 40WI group (P<0.05). No differences
were found among the groups (Fig. 1). Pump blood flow
increased quickly during NR, improving during the first 15
min in all three groups, after which it began to decrease
slightly. This decrease was only significant in the 30WI
(P<0.01) and 40WI group (P<0.05). Higher flows were re-
corded in the 20WI compared to both 30WI and 40WI, in all
periods studied (Fig. 2). Mean pump blood flow was also
higher during NR in the 20WI (2.00+0.48 L/min/m?) than in
the 30WI (1.88+0.22 L/min/m?) and the 40WI (1.75+0.31
L/min/m?). The differences, however, were not statistically
significant.

Pump blood flow did not correlate with hepatic artery
blood flow during the NR. However, pump blood flow corre-
lated with portal blood flow well at 5 min (P<0.0001;
R=0.76), 15 min (P<0.001; R=0.64), and 30 min (P<0.005;
R=0.59) of the NR period.

When the donors of the livers transplanted to “surviving
pigs” (DSP) were compared with those donors of the livers
transplanted to “nonsurviving pigs” (DNSP), hepatic artery
blood flow was higher in the DSP after 15 min of NR, but
differences were not significant (Fig. 3). However, portal
blood flow was significantly higher in the DSP at 15 min of
NR (P<0.05) and 30 min of NR (P<0.05) (Fig. 3). Pump blood
flow was also higher in the DSP, these differences being
statistically significant during the whole NR period
(P<0.001) (Fig. 4). When analyzing the mean pump blood
flow, the best “cut-off point” was found to be at 1.7 L/min/m?
with an specificity of 87.5% and a sensibility of 82% (Fig. 5).

Oxygen metabolism. Oxygen content, regional oxygen de-
livery, and oxygen consumption of the liver in the three
groups are shown in Table 2. Oxygen content globally de-
creased in the three groups with respect to baseline values
during the NR, as a result of the hemodilution produced in
this period. Suprahepatic oxygen content was significantly
higher in the 20WI group than in the other groups during
NR. Hepatic HDO,, was significantly lower during NR in all
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FiGURE 1. Hepatic artery blood flow (left) and portal blood flow
(right) in the three groups, as baseline and at 5, 15, and 30 min
during the normothermic recirculation period (NR). (20WI, 20-min
warm ischemia (WI) group; 30WI, 30-min WI group; 40WI, 40-min
WI group) (a, P<0.05 with respect to basal data; b, P<0.05 with
respect to 5NR; ¢, P<0.05 with respect to 5NR and 15NR).
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FiGure 2. Extracorporeal pump blood flow in the three groups, dur-
ing NR at 5, 15, and 30 min.
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FIGURE 3. Hepatic artery blood flow (left), and portal blood flow
(right) in the group of donors of the livers transplanted to surviving
pigs (DSPs) and in the group of donors of the livers transplanted to
nonsurviving pigs (DNSPs), at baseline and at 5, 15, and 30 min
during NR (a, P<0.05 between groups.)
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FIGURE 4. Extracorporeal pump blood flow in the group of DSPs and
in the group of DNSPs, during NR at 5, 15, and 30 min (a, P<0.005
between groups.)

three groups with respect to baseline values, but no differ-
ences were found among the groups. Hepatic HvO, did not
show differences among the groups. However, HO,ER was
significantly lower in the 20WI group than in the other
groups (Fig. 6).
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an specificity of 87.5% and a sensibility of 81% (surviving, pigs which
survived at 5 days; nonsurviving, pig which did not survive at 5
days.)

TABLE 2. Arterial (Ca0O,), portal (CpQ,), and suprahepatic (CshO,)
oxygen content, oxygen delivery (HDO2) and consumption (HvO2)
in the three groups, at baseline (b) and at 5, 15, and 30 min
during the normothermic recirculation

20W1 30WI 40WI
Ca0,
Baseline 13.99+2.09 14.80+2.01 12.67+1.56
5 min 9.99+1.39 9.36=1.99 8.47+1.00
15 min 8.88+0.86 8.31+x1.12 8.08x1.16
30 min 9.37+0.40 8.29+1.68 7.82+1.42
Cpo-z
Baseline 11.35£2.00 12.23+1.96 10.04+1.30
5 min 5.19+0.86 491+1.21 4.92+0.76
15 min 5.340.50 5.55+1.04 4,92+0.89
30 min 5.40=1.16 4.85+1.73 4.67+0.98
cshOQ
Baseline 10.46+1.81 11.46+1.35 881+1.14
5 min 3.96+=1.50 2.78+1.53 2.96+1.16
15 min 4.09+0.53 3.21x091 2.60+1.32
30 min 4.35+1.26° 2.62+1.34 2.17+0.52
HDO2
Baseline 113.98+33.00 124.85+35.70 97.66+21.83
5 min 36.01+16.51 31.43+13.58 29.62+10.93
15 min 42.85+20.26 47.80+10.57 39.15+9.16
30 min 47.96+27.42 38.77+12.31 33.68+7.46
HvO2
Baseline 15.77+10.12 14.86+11.77 17.13%=7.83
5 min 10.83+8.63 16.46+2.72 14.41+4.98
15 min 13.73+8.14 22.74+5.23 20.73%5.72
30 min 14.16+10.74 20.30+8.23 19.57+3.50

@ P<0.05 with respect to 30WI and 40WI.

No differences were found in the oxygen content when the
DSPs were compared with the DNSPs (Table 3). HDO, was
higher in the DSP than in the DNSP, but there were no
statistical differences. HO,ER was significantly higher in the
DNSP than in the DSP (Fig. 7).

Cooling time. The time the liver needed to reach 15°C was
shorter in the 20WI (12,57+4.15 min) and 30WI (12.40+2.67

FIGURE 6. Hepatic oxygen extraction ratio in the three groups, at
baseline and at 5, 15, and 30 min during the NR (a, P<0.05 between
20WI, 30WI, and 40WI groups).

TaBLE 3. Arterial (Ca0,), portal (CpQy,), and suprahepatic (CshO,)
oxygen content, hepatic oxygen delivery (HDO2), and consumption
(HvO2) in the group of donors of the livers transplanted to
surviving pigs (DSP) and non-surviving pigs (DNSP), at baseline
(b) and at 5, 15, and 30 min during the normothermic recirculation

DSP DNSP
CaO,
Baseline 13.94+2.33 14.10+1.81
5 min 9.32+1.90 9.09+0.88
15 min 8.31+1.17 8.55+0.83
30 min 8.30+1.65 8.70+0.89
CpO,
Baseline 11.52+2.34 11.11+155
5 min 4.95+1.08 5.09+0.71
15 min 5.22+0.93 5.51+0.83
30 min 4.74+1.54 5.42+0.83
CshO,
Baseline 10.59+2.10 10.26+1.35
5 min 3.26+1.54 2.83+1.25
15 min 3.43+0.99 2.83+1.28
30 min 3.09+1.56 2.42+0.68
HDO2
Baseline 129.02+32.59 91.43+18.23
5 min 34.37+13.97 26.59+9.87
15 min 46.15+14.07 38.91+9.38
30 min 41.51+18.05 34.53+9.44
HvO2
Baseline 18.94+11.77 11.03+4.49
5 min 14.51+5.96 14.29+4.91
15 min 19.52+7.31 20.74+6.55
30 min 17.75+8.01 20.86+8.06 ~

min) groups than in the 40WI group (15.37+3.96 min). In the
control group liver cooling time was 13+3.08 min. No statis-
tically significant differences were found. Cooling time was
also longer in the DNSP (15.43%+4.19 min) than in the DSP
(12.61+3.23 min), but differences were not statistically sig-
nificant.
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FIGURE 7. Hepatic oxygen extraction ratio in the group of DSPs and
in the group of DNSPs, at baseline and at 5, 15, and 30 min during
NR (a, P<0.05 between groups).

DISCUSSION

Livers from NHBDs are being considered as a potential
source for liver transplantation (9, 12, 13, 21-23). Procure-
ment of these organs offer difficulties because the liver does
not tolerate long periods of WI. Although there are some
clinical and experimental reports suggesting that the liver
can tolerate substantial WI time, even for periods up to 60
min, they are limited and sometimes poorly documented (24~
27). Any method applicable for the procurement of livers from
NHBDs must arrest the process of ischemic injury, and pref-
erably reverse it (28). In this way, some different techniques
for procurement of organs from NHBDs have been used to
improve organ viability (29, 30). TBC, using a CPB, has been
suggested as a useful method (14, 31, 32). However, recovery
of the liver has been only possible, even with this technique,
after a short WI time (10 min) (14).

As previously suggested, “extracorporeal normothermic re-
circulation with cardiopulmonary bypass and tissue oxygen-
ation,” during a period of time before “total body cooling,”
may improve the compromised cellular energetic status that
appears after a period of cardiac arrest, thus improving the
viability of the graft (32-34). Moreover, in our study, we have
confirmed that survival of the liver allograft after 20—40 min
of cardiac arrest is feasible. Posttransplant liver viability was
determined by recipient’s survival during the first 5 days.
After 6 hr of cold preservation, a high proportion of the pigs
retained life-sustaining graft function immediately after
transplantation and survived for 5 days. This survival rate is
very high, contrary to other experiences (35). These results
suggest that, although there may be a compromised viability
of the graft, liver transplantation is feasible up to 40 min of
WI and the liver organ is capable of sustaining life immedi-
ately after transplantation. A long WI time of 40 min, how-
ever, has been related with severe necrosis of the biliary tract
in surviving pigs (36), and, although the hepatocyte function
may be preserved during liver procurement (34), the sensi-
bility of the biliary tract to the ischemic injury impairs long-
term survival.
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Quality assessment of the organ is a requirement that any
procurement technique must satisfy, before any recipient
operation is started (28). The period of recirculating time at
37°C may provide a means of measuring organ quality, before
considering the organ for transplantation. The parameters
obtained during this period can become predictors of viability
and can be useful in considering longer periods of WI. Opti-
mization of the flow perfusion of organs obtained from
NHBDs is one of the main objectives of any perfusion proce-
dure used. The ability to measure and monitor tissue perfu-
sion effectively is important in the ongoing assessment of
organ viability. In this way, some studies have been designed
to measure the perfusion pressure during the in situ perfu-
sion of kidneys from NHBDs (17). Anaise et al. (17) demon-
strated that a perfusion pressure over 70 mmHg produces a
quicker and more effective decrease in temperature (up to
15°C in 5 min) and it correlates with better viability of the
kidney graft. It was suggested that low perfusion pressure
may result in a release of renin and angiotensin, with a
subsequent increase in renal vascular resistance. In our
study, the recovery of higher values of portal blood flow
during NR was correlated with a higher graft survival. The
achievement of such high blood flows, probably secondary to
minor endothelial and microcirculatory damage (34), allowed
those donors to recover from the previous ischemic lesions.

Better recovery of the hepatic blood flow evolved parallel to
the achievement of better pump flows. Important differences
were found between the pigs whose livers sustained life in
the recipient and those whose liver did not. This is especially
remarkable because the monitoring of this parameter in a
clinical setting is quite easy, and its usefulness to assess the
viability of the graft is clear.

In a clinical setting, the blood flow achieved can be tempo-
rarily increased by the addition of fluids into the oxygenator- °
container (10, 23), when venous blood return is not sufficient
to maintain a correct perfusion of the organ and donor. How-
ever, the excessive hemodilution significantly reduces the
delivery of oxygen to the tissues and the beneficial effect of
the oxygenation is impaired. Another disadvantage to the
excessive priming of the circuit during the NR could be the
loss of information that the value of the pump blood flow
gives us about the viability of the graft.

In the clinical situation, heparinization is actually done
after pronouncement of death. This is one of the differences
with our model. Although nonexperimental studies omitting
administration of heparin until the initiation of CPB have
been performed, we suspect that this would impair the re-
covery of circulation after a long period of WI. However, the
value of CPB for kidney procurement from NHBDs has been
documented in the clinical setting, even when heparin is
administered after the WI period (9, 11, 18, 23).

Furthermore, it has been suggested that perfusion of
NHBDs with oxygenated blood could correlate with a better
survival of the graft (10, 14, 18, 19, 37). Tissue oxygen con-
sumption, however, has not been studied in livers after pro-
longed periods of ischemia. The relationship between oxygen
uptake and supply is an indirect measure of tissue oxygen-
ation. The O, extraction ratio increases to maintain oxygen
uptake at baseline levels and appears to be an early indicator
of inadequate oxygen delivery. It has been suggested by
several researchers (14, 27, 38) that the nonviability of or-
gans after prolonged warm ischemic time is related to an
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impairment of energy metabolism. In our study, the longer
the ischemia time was, the higher hepatic oxygen extraction
ratio. This dramatic elevation noted in our study, suggests
that the liver tries to restore the energy metabolism lost after
the ischemic period. The livers with severe ischemic damage,
which showed a higher HO,ER, were not able to recover the
energetic status and showed poor viability. In donors with
less severe ischemic insult, the progress of damage caused by
WI should be rapidly arrested and metabolic repair initiated
during NR. The latter data might explain the beneficial effect
of the normothermic blood perfusion in our experiments.

As already stated (28), the quick reduction of temperature
occurred in the control group dramatically reduces the cellu-
lar metabolism but without time to recover the reduced cel-
lular energetic status as a result of the preceding ischemia. It
could probably explain the difference in the survival rate of
the control group without the NR period.

From this study, it can be concluded that it is possible to
increase the survival of liver transplantation after prolonged
warm ischemic time in NHBDs, up to 30—40 min, with the
use of a period of NR before TBC. This technique can be
transferred to the clinical setting, as reported previously (10,
23), so the direct application of our results is feasible. Al-
though catheterization was done previous to cardiac arrest in
our experiments, the vascular approach in the human donor
through femoral vessels, after diagnosis of death, is possible
and easier. Furthermore, by using this technique, measure-
ment of the portal blood flow and the extracorporeal pump
blood flow, which can be done during the procurement pro-
cedure, can be useful predictors of viability of the graft.

Finally, the possible modifications during the period of NR,
by the use of drugs, such as vasodilators, or by changing the
duration or characteristics of this phase, could permit the
improvement of graft viability and the widening of the al-
lowed WI time that guarantees the safety of the recipient.
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ABBREVIATIONS

Ca0, : Arterial oxygen content

CpO, : Portal oxygen content

CshO, : Suprahepatic oxygen content
CPB: Cardiopulmonary bypass

FiO,: Inspiratory fraction of oxygen
HA: Hyaluronic acid

HDO, : Oxygen delivery of the liver
NHBD: Non heart beating donor
NO: Nitric oxide

a-GST: a-glutathione-S-transferase levels
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ABSTRACT

Background: To evaluate whether L-Arginine reduces liver and biliary tract damage
after transplantation from non heart-beating donor pigs.

Methods: Twenty-five animals received an allograft from non heart-beating donors.
After 40 min of cardiac arrest, normothermic recirculation was run for 30 min. The
animals were randomly treated with L-Arginine (400 mg-Kg' during normothermic
recirculation) or saline (control group). Then, the animals were cooled and their livers
were transplanted after 6 hr of cold ischemia. The animals were sacrificed on the 5" day,
liver damage was assessed on wedged liver biopsies by a semi-quantitative analysis and
by morphometric analysis of the necrotic areas, and biliary tract damage by histological
examination of the explanted liver.

Results: Seventeen animals survived the study period. The histological parameters
assessed (sinusoidal congestion and dilatation, sinusoidal infiltration by
polymorphonuclear cells and lymphocytes, endothelitis, dissociation of liver cell plates,
and centrilobular necrosis) were significantly worse in the control group. The necrotic
area affected 15.9+14.5% of the liver biopsies in the control group and 3.7£3.1% in the
L-arginine group (p<0.05). Six out of 8 animals in the control group and only 1 out of 8
survivors in the L-arginine group developed ischemic cholangitis (p<0.01). L-arginine
administration was associated with higher portal blood flow (676.9+149.46 vs
475.24205.6 mL'min'm™; p<0.05), higher hepatic hialuronic acid extraction at
normothermic recirculation (38.8+53.7% vs -4.2+18.2%; p<0.05) and after reperfusion
(28.6+55.5% vs -10.9£15.5%; p<0.05) and lower levels of a-glutation-s-transferase at

reperfusion (1325+£1098% respect to baseline vs 6488+5612%; p<0.02).
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Conclusions. L-Arginine administration during liver procurement from non heart beating

donors prevents liver and biliary tract damage.
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INTRODUCTION

The reduced number of donors in comparison with the number of potential recipients
remains the main limitation in liver transplantation. Among the different strategies to
increase the donor pool, the use of non-heart-beating donors (NHBD), which is widely
accepted for kidney transplantation(1,2), is particularly attractive(3-7). The use of
NHBD has increased the number of kidney donors by approximately 20%(8).

During the past few years, several studies in experimental animals have raised important
issues which could be essential for the clinical application of NHBD grafts. The outcome
of animals transplanted with NHBD grafts is critically dependent on the duration of
cardiac arrest (9). The method used for liver procurement is also extremely important.
Total body cooling through cardiopulmonary bypass (CPB) prior to graft extraction
improves graft function after transplantation from NHBD (10-12). Normothermic
recirculation (extracorporeal circulation with CPB at 37°C) for 30 min prior to total
body cooling further improves graft function and survival even after long periods (40
min) of cardiac arrest (9,13). This procedure is associated with a reduction in
endothelial and hepatocellular damage (9,14). However, despite these advances, the
results of NHBD grafts in experimental animals are still not optimal. When cardiac
arrest is relatively prolonged, fifty per cent of animals die soon after transplantation due
to graft failure (9,13). On the other hand, severe and irreversible damage of the
intrahepatic biliary tract is the rule in the survivors (15) .

There is an increasing number of studies showing that impaired activity of nitric oxide
(NO) is involved in the ischemia-reperfusion injury. On the other hand, L-arginine (the
substrate of NO synthase)(16) as well as NO donors have been shown to be very

effective in reducing liver damage during reperfusion (17-22). Therefore, the aim of the
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current study was to assess whether the addition of L-arginine administration to coincide
with normothermic recirculation during liver procurement from NHBD pigs improves

the results obtained with CPB and normothermic recirculation alone.
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MATERIALS AND METHODS

Twenty-five outbred weanling pigs, weighing 20-25 Kg, were transplanted with an
allograft from a NHBD.

Donor Procedures

Animals had fasted for 36 hours prior to surgery. They were sedated with an
intramuscular injection of azaperone 10 mg-Kg'. A small venous catheter was inserted
into the ear vein; anesthesia was then induced with 15 mg-Kg" sodium pentobarbital.
After orotracheal intubation, the lungs were mechanically ventilated (Siemens Servo 900
D®, Siemens-Elema AB; Sweden) at a tidal volume of 10-15 ml-Kg™ with oxygen (FiO,
1). The respiratory rate was initially adjusted to maintain an end-tidal carbon dioxide
level of 30-35 mmHg (Hewlett-Packard, M1046A, 71034 Boeblingen, Germany).
Anesthesia was maintained with isofluorane (0.5-1 Minimum Alveolar Concentration),
fentanyl 3 pg-Kg' and muscle paralysis was obtained with atracurium besilate 0.3
mg-Kg"'. The electrocardiograph was monitored continuously. Exposure of the right
external jugular vein and carotid artery was performed by a longitudinal incision on the
right side of the neck; a catheter (16G) was placed into the carotid artery for blood
sampling and arterial pressure monitoring (Hewlett-Packard, M1046A, 71034
Boeblingen, Germany). After opening the abdomen, the hepatic hilium was exposed. A
non-invasive flowmeter (Transonic Systems Inc. HT207. Ithaca, New York 14850,
USA) was placed around the hepatic artery and portal vein. Baseline flow values were
determined. At this point, heparin was given intravenously (3 mg-Kg"'). The jugular
vein, aorta and the inferior vena cava were cannulated (22 Fr, 16 Fr, 28 Fr respectively)
and connected to a blood oxygenator (Bard Quantum Oxygenator and Venous reservoir,

HF6000 - H6770VR, CR Bard Inc®; Haverhill, MA 01832, USA), a heat exchanger
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(Médulo Normo-hipotermia Palex S.A., Barcelona, Spain) and a non-pulsatile roller

pump (Stockert-Shiley®, Munich, Germany). The circuit was primed with saline

solution 500 ml, mannitol 0.5 g/Kg and Haemoce® (saline solution of polygeline) 500
ml. Liver and esophagic temperature were also monitored (Mon-A-Therm; Mallinckrodt
Medical Inc®; St Louis, MO 63134, USA). Cardiac arrest was then produced by
intravenous injection of KCI (10-15 ml 2M).

After 40 min of cardiac arrest, normothermic recirculation (extracorporeal circulation
and tissue oxygenation at 37°C) was begun. The pigs were then randomly treated (sealed
envelopes) with L-arginine or saline. L-arginine group: This consisted of 10 animals
treated with a rapid (I min) administration of 400 mg-Kg" L-arginine in 150 mL of
saline introduced into the venous reservoir of the oxygenator at the start of
normothermic recirculation; Control group: This consisted of 15 animals only treated
with 150 ml of saline.

Normothermic recirculation was maintained for 30 minutes at the maximum pump flow
rate permitted by the venous blood return, with a target of 2.2 L'min"-m™ body surface.
The pump flow rate was recorded, as an indirect estimate marker of circulatory function,
during the whole normothermic recirculation period, and the mean pump flow rate
calculated. Sodium bicarbonate was added to the circuit to correct metabolic acidosis but
no other fluids were introduced into the circuit. At this point, total body cooling by
extracorporeal circulation was started and it continued until the animal progressively
reached a liver temperature of 15°C. The time needed to reach 15°C was registered.
Liver procurement was then performed as described elsewhere (23) with University of
Wisconsin solution perfusion through the aorta and portal vein. The liver was then

cooled and preserved at 4°C for six hours.
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The mean arterial pressure, liver and esophageal temperatures, and the temperature of
the heat exchanger were recorded every five minutes. Portal and hepatic artery blood
flows were continuously registered before cardiac arrest, during the 30 minutes period of
normothermic recirculation and during total body cooling. Flow data are corrected to the
animal body surface.

Recipient operation

The anesthetic management was similar to that of the donors. Exposure of the right
external jugular vein and carotid artery was also performed. The electrocardiograph,
arterial pressure and central venous pressure were recorded continuously. Blood gas,
electrolytes and helmoglobin analyses were performed during the procedure, and
metabolic disturbances were corrected. Once the abdomen was opened, a standard
hepatectomy was performed as previously described (23). The donor liver was flushed in
the back table with saline solution at room temperature. The allograft was placed in the
recipient and anastomosis were performed in the following order: first the suprahepatic
vena cava and portal vein, immediately revascularizing the liver, then the infrahepatic
vena cava and the hepatic artery and finally the biliary tract, leaving the gallbladder in
place. No veno-venous bypass was performed because the duration of the anhepatic
stage lasted no longer than twenty minutes in any case. The hepatic arterial blood flow
was reconstructed between the donor celiac axis and the recipient’s hepatic artery by
means of magnifying lenses. Biliary reconstruction was performed with an intraluminal
stent externally secured with 2 silk stitches. The cold ischemia time, from the end of
total body cooling to reperfusion in the recipient, ranged from 5 to 6 hr. The abdominal

wall was closed in two layers and the skin was closed with a running silk suture.
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Postoperative care

The animals were tracheally extubated between 20 to 35 minutes after the operation.
They were placed in metabolic cages with heat lamps. Blood gas was monitored
postoperatively for several hours. Analgesia was given by means of intramuscular
injection of meperidin 100 mg one hour after tracheal extubation. The
immunosuppressive regimen consisted of metilprednisolone 500 mg and azathioprine
1.5 mg:Kg" before liver reperfusion, and oral cyclosporine 25 mg-Kg"' daily after the
first postoperative day. Fluids were permitted orally on the first postoperative day and

the animals were fed with commercial pig food and yogurt after the second day. The

animals were sacrificed on the 5th postoperative day by an i.v. overdose of sodium
pentobarbital.

The study was approved by the Investigation and Ethics Committee of the Hospital
Clinic. The animal experiments have followed the “Guide for the Care and Use of
Laboratory Animals™ (NIH publication No.86-23, 1985).

Blood samples and measurements

Blood samples from portal, suprahepatic vein and carotid artery were taken for blood
gas, electrolytes and hemoglobin analysis (288 Blood Gas System, Ciba-Corning
Diagnostics Corp. Medfield MA 02052, USA) at baseline, five and fifteen minutes after
the beginning of normothermic recirculation and at the end of normothermic
recirculation. With these data the following parameters were calculated: Oxygen content
in hepatic artery (Ca0,), portal vein (Cp0O,) and suprahepatic vein (CshO,) blood = pO,
x 0,0023 + (Hemoglobin x (O, Saturation/100) x 1,31); the values are expressed as mL
0,-dL™".

Oxygen delivery (HDO,) to the liver = (Ca0, x arterial flow) + (CpO, x portal flow).
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In the donor, blood samples for biochemical assays were taken at the beginning of the
procedure, after 40 minutes of cardiac arrest and after 30 minutes of recirculation at
37°C. In the recipient, samples were taken immediately after reperfusion and one hour
after reperfusion. Blood was immediately centrifuged and the plasma distributed in
aliquots frozen and stored at -20°C for future testing. Hepatocellular and endothelial
damage, as estimated by the plasma concentration of a-glutathione-S-transferase (o-
GST) (24) and by hyaluronic acid (HA) (25-27), respectively, were assessed at the times
stated above. The values of HA, and a-GST given in the results are expressed as a
percent increase with respect to baseline values. Enzyme analyses were carried out using
the standard laboratory methods (a-GST: Biotrin HEPKIT ™ -a-porcine GST-a; Biotrin
LTD. Dublin, Ireland). HA was measured by a radiometric assay (Pharmacia
Diagnostics®, Uppsala, Sweden). The extraction of HA by the liver was calculated by
the following equation (28): HA Extraction = (Arterial HA - Suprahepatic vein HA) *
100 / Arterial HA.

Histological evaluation of liver damage

Five different 0.5 cm® wedge liver biopsies were taken from the left lobe of the donor
liver at five different points in the surgical procedure (beginning of the procedure, after
40 minutes of cardiac arrest, at the end of normothermic recirculation, before the
reperfusion in the recipient, and one hour after reperfusion). After the animal was
sacrificed on the 5" postoperative day, a large sample, including a whole hepatic
segment, was sent for pathological evaluation. Serial sections perpendicular to the
hepatic capsule were carried out every 0.5 cm. A careful macroscopic inspection was
performed and two different randomly selected samples (1.5 cm’) were submitted for

histologic evaluation. A third sample was chosen from the hilar area, including large
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hilar portal tracts. In case of macroscopically evident infarcted areas a fourth sample was
taken. All the specimens for histology were fixed in 10% neutral buffered formalin and
embedded in paraffin. Four-um-thick sections were routinely stained with hematoxylin
and eosin and Masson’s trichrome. Sinusoidal congestion and dilatation, sinusoidal
infiltration by polymorphonuclear cells and lymphocytes, endothelitis, dissociation of
liver cell plates, ischemic cholangitis and centrilobular necrosis were evaluated in all
specimens (29-32). All the histological parameters were semi-quantitatively evaluated
according to the following criteria: absence (0), mild or focal (1), moderate (2) and
severe (3). The pathologist was not aware of the times at which biopsies had been
carried out or the treatment animals had been submitted. The reproducibility of the
histological analysis, assessed by repeated blinded examination of 25% of the biopsies
obtained at each time, showed 93% of agreement.
Morphometric analysis of the necrotic area

Quantitative analysis was performed with the digital image processing software
MIP (Microm, Spain), using an Olympus BH2 microscope (Olympus, Tokio, Japan) at a
magnification of 40x, with an eyepiece with a field of view of 26.5, with an
intermediate device, each field resulting in the area of 15.45 mm’. Three randomly
selected areas representing a total area of 46.35 mm’ were measured in each case.
Necrotic areas were semi-automatically evaluated, manually drawing the necrotic areas
with a clear camera. The results were expressed as percentage (mm’ of necrotic
parenchyma per mm’ of total area).
Statistical analysis
The statistical analysis of the results was performed using the Fisher exact test, unpaired

Student t test, MANOVA test, Bonferroni test and Spearman correlation test when
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necessary. Values of p < 0.05 were considered to be statistically significant. Results are

expressed as mean + standard deviation.
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RESULTS

Both groups were similar as regard weight (Control group=25.25 + 2.65 Kg; L-Arginine
group=24.27 + 0.77 Kg) and body surface area (Control group = 0.79 + 0.04 m’ ; L-
Arginine group = 0.77 £ 0.03 m?). Two out of ten animals in the L-arginine group and
six out of fifteen in the control group died within the first 48 hours after transplantation
(p=0,29). Data regarding post-liver transplantation, therefore, refer to 8 animals in the L-

arginine group and 9 animals in the control group who survived for 5 days.

Histological changes:

The semi-quantitative histological evaluation of liver biopsies obtained after
normothermic recirculation and immediately after reperfusion in the recipient showed
that all histological parameters studied were similar in both groups, except for the degree
of sinusoidal infiltration by polymorphonuclear cells and lymphocytes at the time of
reperfusion, which was significantly more intense in the control group (1.4 £ 0.8 vs. 0.7
+ (.5; p=0.05).

Seventeen animals surviving up to the end of the study were investigated to assess
postoperative histological changes in samples obtained at necropsy. Sinusoidal
congestion and dilatation, sinusoidal infiltration by polymorphonuclear cells and
lymphocytes, endothelitis, dissociation of liver cell plates, ischemic cholangitis and

centrilobular necrosis were significantly worse in the control group (FIG 1).
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Figure 1: Histological findings evaluated on 5" postoperative day in L-arginine group
(shadowed bars) and control group (open bars). The intensity of these changes was
evaluated by a semi-quantitative scoring system as absent (0), mild or focal (1),
moderate (2) and severe (3). (SIPCL: sinusoidal infiltration by polymorphonuclear cells
and lymphocytes; SCD: sinusoidal congestion and dilatation;, DLCP: dissociation of
liver cell plates; CN. centrilobular necrosis, ICOL: ischemic cholangitis;, END:

endothelitis,). Values expressed as mean * standard deviation). * = p<0.05

Morphometric analysis of the liver specimens revealed a significantly greater percentage
of necrotic parenchyma in the control group (15.9 = 14.5 %) than in the L-arginine
group (3.7 = 3.1 %) (p<0.05). Six out of nine animals in the control group and only one
out of eight in the L-arginine group developed ischemic cholangitis (p< 0.01). Ischemic
cholangitis, in several portal tracts was characterized by a focal necrosis of the bile duct,
but in most cases, the necrosis affected the whole portal area and extended into the

adjacent parenhyma (FIG 2).
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Figure 2: A) Ischemic cholangitis in a case from the control group. The parenchyma
shows sinusoidal dilatation, inflammation and necrosis. B) Normal liver in a case from

the L-arginine group. (Hematoxylin & eosin, 40x)
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Hepatic extraction of hyaluronic acid, plasma levels of a-GST and hepatic tissue energy
charge

There were no differences between the two groups when comparing baseline plasma
levels of HA (124.5 + 90.7 pg-L"' in the control group vs. 144.2 + 80.5 pg-L"' in the L-
arginine group ) and a-GST (4.3 2.5 IU-L" vs. 11.6 + 7.6 IU-L™"), hepatic extraction of
HA (2.3 £ 13.7 % vs. 15.2 £ 45.9 %) and energy charge (0.27 £ 0.1 vs. 0.25 £ 0.1).
Table 1 shows the changes in these parameters during the procedure in the two groups of
animals. A significant impairment in hepatic extraction of HA during the procedure was
observed in both groups of animals. In the control group hepatic extraction of HA at the
end of normothermic recirculation and one hour after reperfusion was negative
indicating a net production of HA in the liver. In contrast, animals in the L-arginine
group showed a positive hepatic extraction of HA. These differences were statistically
significant (p<0,05). The impairment in hepatic extraction of HA was associated with a
marked increase in the plasma levels of this substance in both groups. Although the
increase in HA plasma levels was lower in the L-arginine group, these differences were
not significant. Since extraction of HA by the liver is made by the endothelial cells,
these results indicate a significantly greater endothelial cell damage in the control group.

The plasma levels of a-GST, which provide an estimation of the hepatocellular damage,
increased throughout the procedure in both groups reaching the peak value one hour
after reperfusion in the recipient. The values were similar in both groups prior to
reperfusion. However, after reperfusion there was a strikingly sharp increase in a-GST

values in the control group, a feature not observed in the L-arginine group. The

difference in @-GST at the time of reperfusion between groups was statistically

significant (p=0.02).
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The energy charge significantly drops after cardiac arrest and cold ischemia (ischemic
periods) and recover after normothermic recirculation and reperfusion (p< 0,01). These

changes were similar during the study in the two groups.



Investigacio i resultats

B CA NR IR RP

Plasma HA (%)

Control 100 200.3+£80.2 473.2£391.9 760.1+362.8 1337.7£679.5

L-Arginine 100 169.1£66.5 385.3+£262.4 575.9+426.1 984.7+717.1
Hepatic HA extraction

Control 2.3+13.7 n.d. -4.2+18.2 n.d. -10.9£15.5

L-Arginine 19.2+40.8 n.d. 38.8+53.7 ¢ n.d. 28.6+55.5°
o-GST (%)

Control 100 85.4+40.7 515.6+328.4 1009+413  6488+5612

L-Arginine 100 101.44£21.1 354.9+439.5 1304+1225 1325+1098 *°
Energy charge

Control 100 82.1£18.0  106.9+27.7  90.4+23.3  119.8+38.2

L-arginine 100 87.9£23.8 102.9+38.3  90.8+284  133.6£31.9

Table 1: Changes in the plasma levels of hyaluronic acid and a-Glutathione-s-
transferase, hepatic extraction of hyaluronic acid and hepatic tissue energy charge in
control group and L-arginine group.

Hyaluronic acid (HA); a-Glutathione-s-transferase (a-GST), Baseline (B), after cardiac
arrest (CA), at the end of normothermic recirculation (NR), immediately after
reperfusion (IR) and one hour afier reperfusion (RP). Non-determined value (n.d.);
Values of plasma levels of hyaluronic acid and a-Glutathione-s-transferase, and hepatic
tissue energy charge are expressed as percentage variation respect to baseline.
Extraction of HA by the liver was calculated by the following equation (28) : HA
Extraction = (Arterial HA - Suprahepatic vein HA) * 100 / Arterial HA. (4 p<0.05

respect control group).
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Flows and oxygen metabolism during normothermic recirculation

Pump blood flow increased quickly during normothermic recirculation in both groups.
However, higher flows were recorded throughout the study period in the L-arginine
group as compared to the Control group (FIG 3). Mean pump blood flow during the
whole normothermic recirculation period were 2.94 + 0.40 L-min"'m™in the L-arginine
group and 1.75 + 0.31 L'min”-m™ in the Control group (p<0.001). Portal blood flow
and hepatic artery blood also rapidly recovered during normothermic recirculation in
both groups. However, whereas portal blood flow was significantly higher at all stages
during the normothermic recirculation period in the L-arginine group (F= 3.6; p<0.05),
no differences were observed in

the hepatic artery blood flow between groups (FIG 3).
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Figure 3: Extracorporeal pump blood flow, portal blood flow and hepatic artery blood
flow in L-arginine group (shadowed bars) and control group (open bars). B: Baseline

values;, SNR, I5NR, 30NR: values obtained 5, 15 and 30 minutes after the onset of

normothermic recirculation. (Values expressed as mean + standard deviation). *
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comparison between groups: (F= 20.9; p<0.001); # comparison between groups: (F=
3.6; p<0.05).

During normothermic recirculation there was a strong relationship between pump blood
flow and portal blood flow (r=0,64; p<0,001) and total hepatic blood flow (r=0.59;
p<0.001)(FIG 4). Such relationship, however was not observed with hepatic artery blood
flow. As expected considering the higher hepatic blood flow, the time the liver needed to
reach 15°C (cooling time) was shorter in the L-arginine group (8.44 £+ 2.30 min vs. 14.40

+ 4.06 min; p=0.001).
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Figure 4: Significant Correlation (Spearman test) between pump blood flow and portal

blood flow during normothermic recirculation.
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The oxygen content in the portal vein and hepatic artery during normothermic
recirculation was markedly decreased as compared to baseline in L-arginine and control
animals, with no significant differences between both groups at any time period (5, 15

and 30 minutes) (FIG 5).
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Figure 5: Oxygen content in hepatic artery, portal vein and suprahepatic vein in L-
arginine group (shadowed bars) and control group (open bars). B: Baseline values;

SNR, I5NR, 30NR: values obtained 5, 15 and 30 minutes afier the onset of
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normothermic recirculation. (Values expressed as mean # standard deviation). *
comparison between groups: (F= 3,99, p<0.001).

Oxygen delivery to the liver also decreased markedly during normothermic
recirculation. However, since the hepatic blood flow was lower in the control group, the
percent decrease in oxygen delivery to the liver was significantly greater in this group of
animals (F: 7,69; p<0,01) (FIG 6). Consequently, suprahepatic oxygen content was
significantly higher in the L-arginine group than in the Control group at the end of

normothermic recirculation (F=5.99; p=0,001). (FI1G 5).
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Figure 6: Percentage decrease in oxygen delivery to the liver in L-arginine group
(shadowed bars) and control group (open bars) respect to baseline values. SNR, 15NR,
30NR: values obtained 5, 15 and 30 minutes after the onset of normothermic
recirculation. (Values expressed as mean * standard deviation). * comparison between

groups: (F=7,69; p<0.01).
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DISCUSSION

Before discussing the study, it is important to point out that our experimental model has
been designed to assess the beneficial effect of the administration of L-arginine during
liver procurement of grafts obtained from non heart beating donor with the use of
normothermic recirculation. This complex model has been previously described
elsewhere (13,14). It introduces two periods of ischemia: a first 40-minute period of
warm ischemia and a second 5-hour period of cold ischemia. Between these two periods
a 30 minute normothermic recirculation period is interposed. In addition a period of
reperfusion is produced following implantation in the recipient. Finally, the surgical
procedure during procurement and transplantation introduces additional variables in the
model. Therefore, this is an experimental liver transplantation model from non-heart
beating donors and should not be regarded as a pure model of ischemia reperfusion
injury, although ischemia reperfusion may be an important mechanism of liver damage.

Liver damage following ischemia reperfusion is a complex process with many
pathophysiological mechanisms including impairment of microcirculatory function,
leukocyte adhesion and platelet aggregation, increased oxygen free radical production,
lipoperoxidation, and hipoxia (33-36). Several lines of evidence suggest that a reduced
activity of NO may be involved in the pathogenesis of ischemia reperfusion injury. NO
synthesis may be reduced during ischemia reperfusion due to endothelial cell damage
and low L-arginine availability secondary to a high amount of arginase release from the
ischemic liver (37). NO inhibition aggravates ischemia reperfusion injury (19,21,35,38).
L-arginine administration improves ischemia reperfusion injury in several pure models
of ischemia reperfusion (17-19,22). It has been shown that L-arginine given during
reperfusion in the recipient produces an increase in portal venous blood flow (39) and

hepatic tissue blood flow (17,34,35). Finally, NO is known to be a powerful portal and
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arterial vasodilator, inhibits leukocyte adhesion and platelet aggregation, and may act as
a cytotoxic superoxide radical scavenger (35). The current study was designed on the
basis of these data. We wanted to investigate whether the administration of L-arginine,
the precursor of NO synthesis, improves the results of liver transplantation from non
heart beating donor using normothermic recirculation.

The results of the current study clearly shows that the use of exogenous L-arginine
markedly reduces liver damage following experimental liver transplantation from
NHBD. First, all hepatic histological parameters obtained five days after transplantation
were significantly worse in the control group than in the L-arginine group. Particular
attention should be given to the extension of liver necrosis which was four times lower
in the L-arginine group. These results are in agreement with those regarding the plasma
levels of a-GST which reach significantly higher levels at the time of reperfusion in the
recipient in the control group as compared to L-arginine group. Endothelial cell damage
as estimated from the hepatic HA extraction was also significantly higher in the control
group.

The most important problem of liver transplantation from NHBD is the extremely
frequent development of severe and irreversible damage of the intrahepatic biliary tract
in the graft of those pigs which survives after transplantation (15). The results of the
current study confirms this feature, since this complication developed in eight out of
nine pigs from the control group who survived the study period. The administration of
L-arginine was also very effective in preventing the occurrence of biliary lesions
following transplantation. Only one out of eight survivors in this group showed necrosis

of the biliary tract.
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Pump blood flow during cardiopulmonary bypass mainly depends on venous blood
return and this is probably related to microcirculatory function (40,41). In the current
study, L-arginine administration was associated with a significantly higher pump blood
flow. On the other hand, pump blood flow was directly related to hepatic blood flow.
Considered together, these data suggest that during liver procurement from NHBD there
is an impairment in systemic circulatory function that adveresely affect hepatic blood
flow and that these events are prevented by the administration of L-arginine. Therefore,
it is possible that the beneficial effect of L-arginine administration on liver and biliary
tract damage after transplantation may be related to an improvement in the circulatory
changes associated to the procedure. The observation that changes in HA extraction
(endothelial damage) precede the increase in the plasma levels of GST (hepatocellular
damage) is consistent with this contention. These results confirm previous findings
which suggest a difference in onset of warm ischemia-reperfusion injury between
parenchymal and endothelial cells of the liver (42).

Unfortunately, we did not measured any marker of nitric oxide production such as
nitrite and nitrate determination. In that way, we can just suggest but no demonstrate
that the actual effect of L-arginine was due to the enhanced nitric oxide production.
However, some studies in the reviewed literature support our findings, suggesting NO
production as the most feasible way to explain L-arginine improvement over the
ischemia reperfusion injury, although no modification of the nitrite/nitrate system have
been demonstrated by these studies (38,39).

In summary, the administration of L-arginine in an experimental model of liver
procurement and transplantation from NHBD, was associated with a dramatic decrease

in hepatic cell necrosis and biliary tract damage. The most likely mechanism of this
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beneficial effect is an improvement in systemic circulatory function and increase in
hepatic blood flow. Further studies are needed to assess whether this effect of L-arginine
administration is long standing. The results suggest that L-arginine administration may
be useful during liver procurement and transplantation from non heart beating donors

through normothermic recirculation in the human setting.
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Conclusions

Es indubtable avui en dia que els donants a cor parat representen una alternativa molt

eficag per a l'obtencié d’organs per a trasplantament.

El problema principal que presenten els ronyons procedents de donants a cor parat
respecte als de donants en mort encefalica consisteix en [’alta incidéncia de retard en el
funcionament de I’empelt (RFE) i I’alt percentatge de ronyons que mai arriben a
funcionar. En els grups més experimentats I’'RFE oscil-la entre un 48 i un 78,4% i els
ronyons que mai funcionen entre un 4 i un 19%"'***"*_Els nostres resultats, amb una
incidéncia del 52% 1 16%, respectivament, sébn molt similars als descrits. L'RFE
augmenta la durada de I’ingrés hospitalari i, a més, s’ha relacionat amb un
empitjorament de la funcié de I’empelt a llarg termini**"*". Ojo i col-laboradors'"*"
troben una forta relacié entre I'RFE i la funcié renal, i consideren I’'RFE com un factor
de risc independent per a la supervivencia de I’empelt a curt i llarg termini. Altres

autors, malgrat tot, no troben aquesta relacié™'"*"'*2,

Els fetges de donants a cor parat son igualment considerats com una font potencial
d’organs per a trasplantament**'*"'*'* " Malauradament, 'obtencié d’aquests organs
presenta greus dificultats atesa la mala tolerancia del fetge a periodes d’isquémia
perllongats. Encara que alguns treballs clinics i experimentals suggereixen que el fetge
podria resistir temps d’isquémia calenta fins a 60 minuts, aquestes experiéncies son

155-157)

limitades i poc documentades'" . Qualsevol meétode aplicable a l'obtencié de

fetges de donant a cor parat hauria d’aturar la lesi6 isqueémica, i si és possible, revertir-

latll.‘l] )
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Per millorar els resultats del trasplantament d’organs de donant a cor parat, s’han
desenvolupat diverses tecniques per a la perfusié i la preservacié dels organs abans i
després de l'extraccio. En primer lloc, s’han dissenyat diferents modificacions de la
técnica de perfusio in sifu. S’han assajat diversos tipus de catéters”*’®, diferents tipus de

G¥HIN o Paddicié de drogues al liquid de perfusié, com ara

liquid de perfusi
trifluoroperazina’’®, tolazolina®” o fentolamina® . Malgrat tot, els resultats amb aquesta
tecnica no han estat optims. En la nostra série de ronyons perfosos amb la técnica in
situ, la incidéncia de ronyons que no van funcionar mai va ser del 22.5% (lleugerament
superior al d'altres series), I'RFE del 55% 1 la supervivéncia de ’empelt del 71,8% al
cap d’un any i del 50% al cap de cinc anys, similar a la d’altres séries. Altres técniques,
com ara el refredament intraperitoneal de superficie”*'**™ o el massatge cardiac i la

ventilacié mecanica aillada fins a l'extraccié"*” també s’han emprat amb el mateix

proposit.

Després dels resultats favorables en la preservacio de cor i pulmé amb la perfusié
corporal total mitjangant circulacié extracorporia i en la seva utilitzacié per a les
extraccions multiorganiques'***”, la técnica de refredament corporal total mitjangant
derivacié cardiopulmonar s’ha usat en donants d’organs a cor parat amb bons resultats,
tant per a l'obtencié de ronyons"®'V fetges®'” o altres organs"®’. Emprant aquesta
técnica, nosaltres no vam poder reduir la incidéncia d’RFE pero si que vam reduir-ne la
durada quan apareixia, des de 22,3 + 16,1 dies quan la técnica emprada era la perfusi6 in
situ, fins a 13,4 + 4,4 dies amb el refredament corporal total. Encara més, tots els
ronyons van funcionar en aquest grup, i cal comparar-ho amb els 9 de 40 que no ho van

fer en el grup de perfusié in situ. Una millor qualitat de la hipotérmia, més suau,
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progressiva i rapida i una millor pressi6 de perfusio poden ser els factors que expliquin
aquestes diferéncies””'**’. Tot aixd s’ha d’afegir al benefici addicional que implicaria

I’oxigenacié continua dels drgans durant el periode de refredament””.

En aquest sentit, també per al fetge, s’han dissenyat diferents técniques amb la intencid

43189 " El refredament corporal total amb derivaci6

de millorar-ne la viabilitat'
cardiopulmonar s’ha assajat com un métode que podria ser util"*'**!* Malgrat tot, la
recuperacié del fetge només ha estat possible després de temps d’isquémia calenta molt

s'1%  En la nostra experiéncia, aquesta técnica de refredament corporal total no és

curt
suficient per garantir la viabilitat dels empelts hepatics després de 20 minuts d’isquémia

calenta.

Finalment, la recirculacié normotérmica ha estat la técnica que ha demostrat millors
resultats en la nostra série de trasplantament renal, ja que reduia I’RFE i millorava la
viabilitat. Tots els ronyons perfosos amb la recirculacié normotérmica van funcionar i
només 1 de 8 ronyons trasplantats van presentar RFE. D’altra banda, en els nostres
estudis experimentals hem confirmat que la viabilitat de ’empelt hepatic després de 20
a 40 minuts d’aturada cardiaca és possible utilitzant la recirculacié normotérmica.

La recirculacié normotérmica amb derivacié cardiopulmonar i oxigenacié tissular a
37°C durant un periode de temps previ al refredament corporal total pot millorar I’estat
energeétic tissular que apareix malmeés després d’un periode d'isquémia calenta,
secundaria en aquest cas a |’aturada cardiaca, i, d’aquesta manera, millorar la viabilitat

de l 1empelt{9?‘l%_IUZJGS—I&S].
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Aquesta millora de la funcié de I’empelt, tant renal com hepatica, pot explicar-se per
diferents raons. En primer lloc, la sang ha evidenciat ser millor liquid de preservacié que
els cristal-loides, per tal de recuperar els teixits lesionats””'*!'!112189 "En estudis previs,
Van der Wijk i col-laboradors!'™ van millorar la preservaci6 i viabilitat de ronyons
preservats en fred durant tres dies mitjangant una perfusié ex vivo de sang normotérmica
durant 3-4 hores. Aquests resultats van ser confirmats per altres autors"''*''" . Mayfield i
col-laboradors ''? van demostrar una millora en la capacitat de controlar I’edema tissular
i ’activitat de les bombes ioniques en ronyons perfosos amb sang, cosa que suggeria
una millor integritat de membrana que en els ronyons no preservats amb aquesta técnica.
Altres estudis experimentals en trasplantament renal 1 hepatic han demostrat la utilitat
de la recirculaci6 normotérmica per recuperar els nivells de nucledtids d’adenina

al!!'+116189) " per incrementar els nivells de glutati en el

després de la isquémia calent
ronyé i el fetge abans de I’emmagatzematge en fred"'” i per incrementar la viabilitat
posttrasplantament""”. Rijkmans i col-laboradors suggereixen que és possible prevenir
el dany isquémic irreversible mitjangant la perfusi6 amb sang normotérmica “*.
D’acord amb aquests estudis, nosaltres hem trobat una clara millora de la funcié de

I’empelt quan es va afegir un periode de recirculacié normotérmica durant l'obtenci6

dels organs.

Com que el metabolisme cel-lular disminueix rapidament a temperatures per sota de
37°C, Schon i col-laboradors, en un estudi experimental amb fetges perfosos ex vivo,
postulen que la perfusié oxigenada normotermica després de l'extraccié podria oferir la
possibilitat de restaurar els processos metabolics i reparar el dany cel-lular, resucitant

aixi els fetges amb lesié isquémica’’'”. En aquest sentit la normotérmia per se sembla
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que podria tenir avantatges afegits sobre la preservacié hipotérmica, com aixi ho
suggereixen treballs recents '’“'"". La perfusié normotérmica no tan sols permetria als
organs recuperar el seu estat metabolic siné que, a més, permetria la valoracié d’aquests

préviament al trasplantament''"”.

* % ok *

Tota tecnica d’obtencio d’organs hauria de permetre la valoracio de la qualitat d'aquests
abans de fer I'empelt"'”. El periode de temps que dura la recirculacié a 37°C permet
mesurar la qualitat de I"organ abans de considerar-ne el trasplantament. D’aquesta
manera alguns dels parametres mesurats 1 monitoritzats durant aquest periode podrien
esdevenir predictors de la viabilitat dels organs sotmesos a la isquémia calenta.
L’optimitzaci6 dels fluxos de perfusio dels organs procedents de donants a cor parat €s
un dels objectius prioritaris de les técniques de perfusio. La capacitat de mesurar i
monitoritzar la perfusié tissular és un punt important en la valoracio de la viabilitat".
En els nostres estudis, la recuperaci6 de nivells alts de flux sanguini portal durant la
recirculacid normotérmica es va correlacionar amb una supervivéncia meés alta de
’empelt hepatic. La consecucié d’aquests fluxos sanguinis, probablement de manera
secundaria a una menor lesié endotelial i de la microcirculacid, permetria a aquests

donants recuperar-se de les lesions isquémiques previes.

La millor recuperacié dels fluxos sanguinis hepatics va evolucionar paral-lelament als

millors fluxos de bomba, i es van trobar diferéncies significatives entre els d'aquells que

van permetre la supervivencia del receptor i els d’aquells que no ho van permetre. Aquest
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fet és especialment important perque la monitoritzacié d’aquest parametre en l'aplicacio
clinica d’aquestes técniques és molt facil i pot convertir-se aleshores en un parametre molt

atil per monitoritzar la viabilitat dels organs.

En la practica clinica, el flux sanguini es pot incrementar de manera temporal amb
I’addici6 de liquids a 1’oxigenador diposit del circuit de derivacié cardiopulmonar'®,
quan el retorn venos no és suficient per mantenir una perfusié correcta del donant. Malgrat
tot, una hemodilucio excessiva reduiria el transport d’oxigen i reduiria I’efecte beneficios

de I’alliberament d’oxigen tissular.

Com hem esmentat anteriorment, el coneixement de I’estat metabolic dels teixits sotmesos
a isquémia calenta podria ser util per valorar-ne la viabilitat. Malgrat aixo, el consum
d’oxigen tissular hepatic després de periodes perllongats d’isquémia no s’ha estudiat

d’una manera amplia"'’”

. La relacio entre el consum i I’aportament d’oxigen és una
mesura indirecta de l'oxigenacié tissular. L'extracciéo tissular d’oxigen (O,ER)
s’incrementa per mantenir un consum adequat en situacions de deficit d’aportament i és
un indicador preco¢ d'una alliberacié inadequada d’oxigen. Nombrosos autors han
suggerit que la reduccio de la viabilitat dels Organs sotmesos a isqueémia calenta
perllongada esta relacionada amb un empitjorament del metabolisme energétic!'*'""'"2,
En el nostre estudi, com més llarg va ser el temps d’isquémia, més alta va ser l'extraccio
d’oxigen. Aixo suggeriria que el fetge isquémic tracta de restaurar els nivells energetics,
malmesos durant I'episodi isquémic. Els fetges amb lesié isquémica més greu, que van

demostrar una HO,ER superior, no eren capagos de recuperar l'estat metabolic adequat i

van presentar menys viabilitat. En els donants amb menys lesié isquémica, la progressio
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de la lesié es va poder reparar i el nivell energétic es va restaurar durant el periode de
recirculacié normotérmica. Aix0 podria explicar I'efecte beneficios de la recirculacio
normotérmica en els nostres experiments. Com ja s’ha establert préviament en altres
estudis""”, la reducci6 rapida de la temperatura en el grup de control del nostre segon
estudi. en el qual no es va dur a terme el periode de recirculacié normotérmica, va
disminuir rapidament el metabolisme cel-lular sense temps a recuperar |’estat energétic
deteriorat en el periode d’isquémia precedent, i aquest fet podria explicar les diferéncies

de supervivéncia en aquest grup.

* ok ¥ k

D’altre banda, la possibilitat de fer modificacions sobre el periode de recirculacié
normotérmica, amb 1'us de drogues o canviant les caracteristiques de la perfusio amb la
derivacié cardiopulmonar, podria millorar encara més la viabilitat de I'empelt 1

perllongar el temps d’isquémia tolerable que garantis la seguretat del receptor.

Coneixent els efectes de la sindrome d’isquémia reperfusio sobre la funcio dels organs
trasplantats, la possibilitat de la manipulacié del periode de recirculacié normotérmica
per influir sobre la cadena fisiopatologica d'aquesta lesio podria ser molt interesant.
Aquesta va ser la raé per la qual vam dur a terme el tercer treball d’aquesta tesi.
L’estudi, malgrat tot, va ser dissenyat per valorar I’efecte suposadament beneficios de
I’administracié d’L-arginina durant I'obtencié de fetges procedents de donant a cor parat
amb 1'as d’aquesta técnica de recirculacié normotérmica, sense pretendre transformar-se

en un model d’estudi de la sindrome d’isquémia-reperfusio. El fet que es tracti d’un
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model complex amb dos periodes d’isquémia (una de calenta, de 40 minuts, i una de
freda, de 6 hores), amb dues fases de reperfusié (la produida per la recirculacid
normotérmica i la produida en el receptor durant I’empelt), impedeix estudiar-ho com
un model pur d’isquémia reperfusid, encara que aquesta sindrome sigui, sens dubte, un

mecanisme important de la lesi6 de I’empelt.

La lesio hepatica a conseqiiencia de la isquémia-reperfusié és un procés complex amb
molts mecanismes fisiopatologics implicats, que inclouen I'empitjorament de la
microcirculacié, 1’adhesié leucocitaria, [’agregacié plaquetaria, una produccid
augmentada de radicals lliures d’oxigen, I’aparicié de lipoperoxidaci6 i hipoxia®***+73,
La lesié de la cel-lula endotelial, juntament amb la reducci6é de la disponibilitat d’L-
arginina secundaria a un augment de 'alliberacié d’arginasa pel fetge isquémic, semblen
responsables d’una reducci6 de la sintesi d’oxid nitric durant la isquémia-reperfusio®®.
La inhibici6 de I’0xid nitric empitjora la lesid per isquémia- reperfusié, com s’ha
demostrat en nombrosos estudis*****’*® Al contrari, l'administracié d’L-arginina
millora la lesié per isquémia-reperfusié quan s’estudia en models purs d’isquémia-
reperfusié“*****»_ §’ha demostrat que I’L-arginina administrada durant la reperfusio en
el receptor produeix un increment del flux sanguini portal® i un augment del flux
sanguini tissular hepatic****?. Finalment, 1’0xid nitric és un poderés vasodilatador
arterial i portal, inhibeix I’agregaci6 plaquetaria i I’adhesi6 leucocitaria i actua en contra
dels radicals lliures superdxid“”. Els nostres resultats demostren clarament que 1’ts d'L-
arginina exogena redueix la lesid hepatica resultant del trasplantament del fetge
provinent del donant hepatic a cor parat. En primer lloc, va millorar tots els parametres

histologics estudiats i, especialment, va reduir l'extensié de la necrosi hepatica d’una
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manera significativa. Aquests resultats histologics estan refermats per una lesid
hepatocel-lular i endotelial menor, que es tradueixen, per un costat, en uns nivells
plasmatics d’a-GST més baixos i, per I’altre, en una afectaci6 menor de I'extraccio

d'acid hialuronic.

El problema més greu secundari al trasplantament hepatic de donant a cor parat és el
desenvolupament, de manera molt freqiient i greu, de lesi6 del tracte biliar
intrahepatic!'”™ . Un llarg temps d’isquémia calenta, fins a 40 minuts, s’ha relacionat
amb una necrosi greu de la via biliar en aquells animals supervivents, i, encara que la
funcié hepatocel-lular pot estar preservada durant l'obtencio del fetge, la sensibilitat del
tracte biliar a la lesié isquémica afecta la supervivéncia a llarg termini. L’administracié
d’L-arginina durant la recirculacié normotérmica en el nostre estudi va ser igualment

efectiva en la prevencio de I’aparicié d’aquesta lesié biliar.

El flux de la bomba de derivacié cardiopulmonar depén fonamentalment del retorn
venoés que esta probablement relacionat amb la funcié microcirculatoria”’ '™,
L’administraci6 de L-arginina es va associar a un increment del flux de la bomba.
D’altre banda, aquest flux de la bomba de derivacid cardiopulmonar va estar
directament relacionat amb el flux sanguini hepatic i, especialment, el flux sanguini
portal. Tot plegat fa pensar que durant el manteniment de la perfusio per a l'obtencié
dels organs del donant a cor parat hi ha una alteraci6 de la funci6 circulatoria sistémica

que afecta negativament el flux sanguini hepatic, i que aquests efectes es poden prevenir

amb 1’administraci6 d’L-arginina. Més encara, és possible que I’efecte beneficids de
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I’administracié d’L-arginina pugui estar relacionada amb una millora de Ila

microcirculacié associada al procediment.

* k % ¥k

Després d’analitzar els resultats d’aquest estudi podem extreure les conclusions que

presentem tot seguit.
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En relacio amb el trasplantament renal:

1 La utilitzacié dels ronyons de donants a cor parat ha augmentat el nombre de
trasplantaments renals, amb una funcid i supervivéncia posttrasplantament bones

tant de I’empelt com del receptor.

2 La funcio i supervivéncia de I’empelt renal depenen de la técnica de perfusio
emprada en |'obtencié dels ronyons.

3. La recirculacié normotérmica redueix la incidéncia de retard en el funcionament
primari de I’empelt, presenta una incidéncia nul-la de fracas primari de I’empelt i
una tendencia positiva a una millor supervivéncia a llarg termini comparada amb

la perfusio in situ 1 el refredament corporal total.

En relacié amb el trasplantament hepatic:

4. La recirculacié normotémica permet la utilitzacié del fetge amb bona funcié de
I’empelt posttrasplantament, en el trasplantament hepatic experimental.

5. Els fluxos sanguinis hepatics, i especialment el flux de bomba, aconseguits
durant la reperfusié normotérmica depenen del temps d’isquémia calenta, i son
molt més reduits com més llarg és el temps d’isquémia al qual ha estat sotmes el
donant a cor parat.

6. El flux sanguini portal i el flux de bomba durant la recirculacié normotérmica
son més alts en els donants dels fetges que van permetre la supervivéncia del
receptor, comparats amb els dels donants dels fetges que no van permetre la

supervivencia del receptor.
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7. El flux de bomba durant la recirculacié normotérmica €s un parametre predictiu
de la supervivencia del receptor de fetges procedents de donants a cor parat.

8. L'extraccié hepatica d’oxigen durant la recirculacid normotérmica augmenta
comparat amb |'estat basal i és major com meés llarg és el temps d’isquémia
calenta, com també és major en els donants dels fetges que no van permetre la
supervivencia del receptor, comparats amb els dels donants dels fetges que van
permetre la supervivencia del receptor.

9. L'addicio d’L-arginina durant la recirculacidé normoteérmica, després de 40
minuts d’isquémia calenta, s’associa a un augment dels fluxos sanguinis hepatics
i del flux de bomba.

10. L'addicié d’L-arginina durant la recirculacié normotérmica redueix la lesio
hepatocel-lular i la necrosi biliar en els fetges obtinguts de donants a cor parat
després de 40 minuts d’isquemia calenta.

11.  La recirculacié normotérmica permet modificar i millorar les condicions de
I’'empelt hepatic mitjangant I’addicié de substancies amb capacitat de reduir la

lesio per isquémia reperfusio.

Per tots aquests fets, la recirculacié normotérmica ha de ser la técnica d’eleccio

en l'obtencié d’organs procedents de donant a cor parat.
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