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1. ABSTRACT

Die Lebertransplantation ist ein etabliertes Therapieverfahren zur Behandlung terminaler
Lebererkrankungen. Problematisch ist allerdings die Tatsache, dass eine valide Einschatzung der
Transplantatfunktion bisher erst nach einigen Tagen mdglich ist, so dass in der Friihphase nach
Operation noch kein optimales Therapiemanagement erfolgen kann. Ziel dieser Arbeit war es,
verschiedene (dynamische) Leberfunktionstests, darunter einen in der Charité neu entwickelten
Test (LiIMAX-Test), sowie den bekannten Indocyaningriin (ICG)-Test, auf ihre diagnostische
Wertigkeit (insbesondere die pradiktiven Werte fiir postoperative Komplikationen) nach
Lebertransplantation im Vergleich zu konventionellen laborchemischen Parametern prospektiv
zu untersuchen. Hierzu wurden mehrere, darunter vorbereitende klinische Studien mit insgesamt
433 Patienten und 46 freiwilligen Probanden durchgeftihrt. Es zeigte sich, dass der LIMAX-Test
als einziger unter den analysierten Parametern den postoperativen Verlauf nach
Lebertransplantation individuell prognostizieren kann. Bei einem Trennwert von 64 pg/kg/h
konnte eine Re-Operation mit einer Sensitivitdt von 100% und einer Spezifitdt von 92% direkt
nach der Transplantation vorhergesagt werden. Eine initiale Nichtfunktion der transplantierten
Leber und somit die Notwendigkeit einer Retransplantation konnte anhand des LiIMAX-Tests am
ersten postoperativen Tag mit identischer Genauigkeit vorhergesagt werden. AuRerdem konnte
der wesentliche Einfluss der Transplantatfunktion auf die Pharmakokinetik des
Standardimmunsuppressivums Tacrolimus dargestellt werden. Basierend auf den Ergebnissen
der ersten Auswertung wurde eine neue Definition der schlechten Transplantatfunktion anhand
der postoperativen LiMAXx-Werte entwickelt. Durch diese verbesserte Diagnostik kann die
Behandlung in der Frihphase nach Lebertransplantation deutlich verbessert werden.
Zusammengenommen konnte der neu entwickelte LIMAX-Test erstmals zeigen, dass eine direkte
(dynamische) Messung der initialen Transplantatfunktion nach Lebertransplantation méglich ist

und wichtige Informationen fir die weitere Behandlung liefern kann.
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2. EINLEITUNG

Seit der ersten Lebertransplantation vor tiber 40 Jahren [1], hat sich dieses Behandlungsverfahren
zu einer etablierten Therapieoption fur terminale Lebererkrankungen unterschiedlicher Genese
entwickelt [2]. Alleine in Deutschland werden jahrlich ca. 1.000-1.200 Lebertransplantationen
durchgefiihrt, was jedoch vielmehr auf das begrenzte Angebot von Spenderorganen, als auf den
tatsdchlichen Bedarf zurtickzufiihren ist [3]. Das Organ- und Patiententiberleben konnte in den
letzten Jahrzehnten deutlich gesteigert werden. Die durchschnittliche 5-Jahres-Uberlebensrate in

Europa. liegt mittlerweile bei 65% [4].

Die kritische Phase nach einer Lebertransplantation mit der gréf3ten Haufung von schweren
Komplikationen sind die ersten Monate, in denen die Inzidenz eines Transplantatversagens am
hochsten ist [5]. Der postoperative Verlauf nach Lebertransplantation ist immer multifaktoriell
bedingt und hangt von zahlreichen Organspender-, Organempféanger- und technischen Faktoren
ab [6-8]. Es ist daher nicht mdglich, die postoperative Transplantatfunktion und den
Behandlungserfolg vor einer Transplantation individuell vorherzusagen [9,10].

Ein wichtiger prognostischer Faktor fur den Krankheitsverlauf (Outcome) ist die initiale
Transplantatfunktion in der frihen Phase nach Lebertransplantation [11]. Allerdings ist die
direkte Bestimmung der individuellen Transplantatfunktion mit herkdémmlichen Untersuchungs-
methoden schwierig und nur mit begrenzter klinischer Aussagekraft mdglich [12,13]. Deshalb
wurden in der Vergangenheit zahlreiche Algorithmen zur Einteilung der Transplantatfunktion
und Vorhersage des postoperativen Verlaufs entwickelt: Hierzu wurden diverse Kklinische
Parameter (z.B. Galleproduktion, Ikterus, Aszites, oder Enzephalopathie) mit U(blichen
Laborparametern aus dem Blut (z.B. Transaminasen, Bilirubin, Albumin, oder Blutgerinnung)
in Scores zusammengefasst und somit einer Einteilung der Transplantatfunktion vorgenommen
[11,14-18] (siehe Tabelle 1 der ausgewahlten Publikation 4). Es konnte jedoch gezeigt werden,
dass die auch Aussagekraft dieser Scores insbesondere in der friihen Phase (innerhalb der ersten
Woche), stark eingeschrankt ist [12].

Als Erganzung der konventionellen (statischen) Parameter der Transplantatfunktion kamen in
der Vergangenheit auch so genannte dynamische Leberfunktionstests zum Einsatz [19] (siehe
Tabelle 1), mit denen man die Funktion der transplantierten Leber Uber bestimmte
Enzymfunktionen messen konnte. Trotz zahlreicher Pilotstudien konnte sich jedoch kein
Testverfahren in der routinemaBigen klinischen Anwendung durchsetzen. Hauptgrund hierfir ist

der Mangel an aussagekraftigen Ergebnissen, die eine Uberlegenheit neuer Tests gegeniiber
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konventionellen Verfahren zeigen. Einzig fur den Indocyaningriin (ICG)-Test wurde bisher eine

regulére klinische Zulassung fur die Diagnostik der Leberfunktion erteilt.

Tabelle 1: Dynamische Leberfunktionstests nach Lebertransplantation

Test untersuchte Funktion klinische Verwendung
Indocyaningriin (ICG)-Test  Aufnahme von Indocyaningriin (ICG) e Messung der initialen Funktion und
in die Leberzelle/ Ausscheidung in die Vorhersage postoperativer
Galle Komplikationen [20-24]
Messung_der Plzf\sma_versc_hwinderate e Steuerung der Immunsuppression [25]
(PDRk) mltteIsF,)nllch[g—mv_aswer . e Untersuchung der postoperativen
transkutaner Puls-Densitometrie Hamodynamik [26]
Galactose-Eliminationstest ~ Dehydrogenierung von Galactose im e Messung der initialen Funktion [22]

Zytosol der Leberzelle

Messung der Serumkonzentration von
Galactose im Verlauf nach Applikation

MEGX-Test [27,28] Abbau von Lidocain durch Zytochrom- e Messung der initialen Funktion [29]

Enzyme in der Leber zu e Vorhersage des Uberlebens [30]
Monoethylglycinxylidin (MEGX)

Messung der Serumkonzentration von
MEGX im Verlauf nach Applikation

13C-Atemtests [31] Abbau von **C-markierten Substraten e Messung der initialen Funktion mittels
durch Zytochrom-Enzyme in der Leber 3C-Methionin [32], **C-Aminopyrin
(Oxidierung) [32], *C-Methacetin [33] und *C-
Ausscheidung und Messung von *CO, Phenylalanin [34]

in der Ausatemluft

Zusammengenommen ist eine frihzeitige Einschatzung der Transplantatfunktion nach
Lebertransplantation und eine valide Prognoseabschétzung bisher nicht moglich, so dass auch
schwerwiegende und interventionsbedurftige Komplikationen oft erst nach einigen Tagen sicher
diagnostiziert werden konnen. Dies ist bei technischen Komplikationen (z.B. Geféssstenosen
oder -thrombosen) oder primdren Transplantatversagen sehr problematisch, da diese eine
schnelle operative Intervention bzw. Retransplantation erfordern. Da ein chronischer Mangel an
Spenderorganen vorliegt, missen jedoch auf der anderen Seite vorschnelle Entscheidungen zur
Retransplantation verhindert werden . Daher ist es notwendig das Potential einer nicht-optimal

funktionierenden Transplantatleber zur Regeneration sicher diagnostizieren zu kénnen.
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3. ZIELSTELLUNG

Ziel dieser Arbeit war es, verschiedene (dynamische) Leberfunktionstests, darunter einen in der
Charité neu entwickelten Test (LiIMAX-Test), auf ihre diagnostische Wertigkeit (insbesondere
die préadiktiven Werte fir postoperative Komplikationen) nach Lebertransplantation in einem
grofRen Patientenkollektiv prospektiv zu untersuchen. Der Indocyaningrin (ICG)-Test und der

neue LiIMAX Test wurden mit konventionellen laborchemischen Parametern verglichen.

Zunachst wurde der neu entwickelte LiMAX-Test jedoch in mehreren vorbereitenden
(klinischen) Studien methodisch auf seine grundsatzliche Reliabilitat, Validitat und

diagnostische Wertigkeit hin untersucht.

Ziel der ersten vorbereitenden Studie war es Kenntnisse zur Pharmakokinetik des im LiMAXx-
Test verwendeten Testsubstrats **C-Methacetin zu gewinnen und einen Normalwertebereich

anhand gesunder Kontrollprobanden zu gewinnen.

Ziel der zweiten vorbereitenden Studie war die Untersuchung von Patienten vor und nach
onkologischer Leberresektion. Zum einen sollte anhand der frihen postoperativen Leberfunktion
der individuelle Krankheitsverlauf (insbesondere Patienteniiberleben und postoperative
Komplikationen) prognostiziert werden, zum anderen sollte ein Verfahren entwickelt werden,
um die postoperative Leberfunktion schon vor der Operation zu berechnen. Im weiteren Verlauf
wurde der LIMAX-Test ab 2009 auch in der Routinediagnostik der Charité vor onkologischen

Leberresektion eingesetzt. Die dort gewonnenen Ergebnisse wurden ebenfalls ausgewertet.
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4. METHODEN

Seit 2003 beschéftigt sich die Arbeitsgruppe von PD Dr. Martin Stockmann an der Charité -
Universitatsmedizin Berlin mit innovativen Verfahren zur Diagnostik der Leberfunktion.
Basierend auf der grundlegenden Methodik der *3C-Atemtests [35-37] wurde ein neuartiger
dynamischer Leberfunktionstest - der LIMAX-Test - entwickelt, der sich in seiner Methodik von
den bisher beschriebenen Atemtests deutlich unterscheidet (siehe ausgewahlte Publikation 2).
Die Messung der Patienten erfolgt ,online* am Patientenbett ohne zusatzliche

Laboruntersuchungen, im Sinne einer ,,Point-of-Care* Untersuchung.

4.1. Klinische Studien

Alle klinischen Studien wurden vor Beginn der jeweiligen Untersuchungen wvon der
Ethikkommission der Charité genehmigt. Die untersuchten Patienten wurden ausfihrlich tber
die medizinische Fragestellung, den Studienablauf sowie mdoglich Nachteile und Risiken der
Studienteilnahme informiert und erklarten nach ausreichender Bedenkzeit schriftlich ihr

Einverstandnis.
4.1.1. Vorbereitende Untersuchungen

Zunachst wurde eine groRere Gruppe von freiwilligen gesunden Probanden untersucht. Bei
einem Teil der Personen wurden zusatzlich der Zusammenhang von LiMAX-Messung und der
tatsachlichen Serum-Pharmakokinetik von *3C-Methacetin untersucht (siehe ausgewahlte
Publikation 1).

AnschlieBend wurde der LiMAX-Test in einer Klinischen Pilotstudie bei onkologischen
Leberresektionen untersucht (siehe ausgewahlte Publikationen 2, 3). Der ICG-Test wurde neben
den konventionellen laborchemischen Parametern als Vergleichstest verwendet. Die
Leberfunktion der Patienten wurde vor der Operation, sowie 1, 2, 3, 5 und 10 Tage danach in
gleichartiger Weise untersucht und mit dem Krankheitsverlauf bis 6 Monate nach Operation
verglichen. Anhand einer Computertomographie wurde das prdoperative Lebervolumen
berechnet [38]. Wahrend der Operation wurde das resezierte Lebervolumen ebenfalls gemessen,
so dass eine Berechnung des tatsachlichen Restlebervolumens [in %] mdglich war (siehe

Methoden in ausgewéhlter Publikation 2).

Zusétzlich wurden finf Patienten wéhrend der anhepatischen Phase einer Lebertransplantation
(nach Entnahme der Empféangerleber) mittels LiIMAX-Test gemessen, um die Spezifitat des Tests
fiir die Leberfunktion zu untersuchen. Nach vollstandiger Hepatektomie wurde der Test gestartet
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und zwei Stunden nach Reperfusion des Transplantats beendet. In der Literatur war beim 1CG-

Test zuvor eine gewisse Verschwinderate von ICG auch ohne Leber gezeigt worden [39].
4.1.2. Lebertransplantation

Die Untersuchung der Transplantatfunktion mittels LiIMAXx-Test wurde ebenfalls als klinische
Pilotstudie geplant, so dass keine detaillierte Fallzahlberechnung erfolgen konnte. Bei einer
angenommenen Inzidenz eines primadren Transplantatversagen (PNF) von 5% wurde eine
Fallzahl von 100 Lebertransplantationen vorgesehen, um eine statistische Auswertung dieser
Patientengruppe zu ermoglichen. Die Studie wurde als reine Beobachtungsstudie ohne
Intervention durchgefuhrt. Die Patienten wurden vor der Lebertransplantation in das
Studienprotokoll eingeschlossen und mittels LiMAX-Test, 1CG-Test und Standard-
laborparametern aus dem Blut untersucht. Weitere identische Untersuchungen wurden 6 Stunden
nach Reperfusion der transplantierten Leber, sowie 1, 3, 5, 10, 14 und 28 Tage nach
Transplantation durchgefiihrt. Das Uberleben und der Behandlungsverlauf der Patienten wurden
bis 2 Jahre nach der Transplantation weiterverfolgt und dokumentiert. Fir die Untersuchung der
Bedeutung der Transplantatfunktion fir die Immunsuppression wurden die Talspiegel von
Tacrolimus téglich bis sieben Tage nach Operation mittels kommerziell erhéltlichem ELISA-kit
(IMx tacrolimus I1; Abbott laboratories, USA) bestimmt. Talspiegel tber 20 ng/ml wurden als

toxisch, unterhalb von 5 ng/ml als insuffizient gewertet.

4.2.  Untersuchung der Leberfunktion

Als Vergleichstests wurden folgende laborchemische Parameter aus einer vendsen Blutentnahme
verwendet: Aspartat-Aminotransferase (AST), Alanin-Aminotransferase (ALT), Glutamat-
dehydrogenase (GLDH), Bilirubin (total und konjugiert), Ammoniak, Albumin, Prothrombinzeit,
INR, Faktor I, Faktor VII, und Kreatinin. Die laborchemischen Untersuchungen wurden durch
das Zentrallabor im Charité Campus Virchow Klinikum unabhéngig von der klinischen Studie

durchgefunhrt.
4.2.1. LiMAX-Test

Der LiMAX-Test wurde nach mindestens 6-stiindiger Nahrungskarenz am liegenden Patienten
durchgefiihrt. Nach Bestimmung des Ruhe-Verhaltnisses von *CO,/*?CO, in der Ausatemluft
(sog. Baseline) wurden 2 mg/kg *C-Methacetinlésung (Euriso-top, Saint-Aubin Cedex,
Frankreich) intravends im Bolus appliziert. Die Veranderung des Verhaltnisses von *C0,/**CO,
wurde dann fur weitere 60 Minuten gemessen (FANci2db-16, Fischer Analysen Instrumente,

Leipzig). Aus der Differenz zwischen dem Maximum des *CO,/*2CO, Verhaltnisses und der
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Baseline (Delta-over-baseline, DOBpmax) wurde der LiMAx-Wert nach folgender Formel

berechnet: LIMAX = DOB ey - Rips - P-M
BW

(Reps, Pee Dee belemite limestone-Verhaltnis [**C/**C=0,011237]; P, CO,-Produktionsrate [300
mmol/h* Kérperoberfliche in m?]; M, Molekulargewicht von '*C-Methacetin; BW,

Korpergewicht in kg; siehe Methoden in ausgewahlter Publikation 2)

Die Messungen wurden gleichermalen an beatmeten und spontan atmenden Patienten
durchgefiihrt. Keine Messungen wurden wéhrend einer Hdmodialyse durchgefiihrt. Anhand der
LiMAXx-Werte von Tag 0 und Tag 1 wurde eine Einteilung der transplantierten Patienten in

Subgruppen vorgenommen (siehe ausgewahlte Publikation 6, 7).

Tabelle 2: Gruppeneinteilung der initialen Transplantatfunktion mittels LiMAX-Test

LiMAXx-Wert Einteilung der Transplantatfunktion
<60 pg/kg/h initiale Nichtfunktion (PNF, primary nonfunction),
60-120 pg/kg/h intial schlechte Transplantatfunktion (IPF, initial poor function)

>120-240 pg/kg/h mittlere intiale Transplantatfunktion (fair graft function)

>240 ug/kg/h gute intiale Transplantatfunktion (good graft function)

4.2.2. Indocyaningrin (ICG)-Test

Fir den ICG-Test wurden 0,5 mg/kg Indocyaningriin-Lésung (ICG-Pulsion®, Pulsion AG,
Minchen) intravends im Bolus appliziert. Die Plasmaverschwinderate wurde mittels
Pulsdensitometrie (DDG- 2001K, Dye Densitogram Analyzer, Nihon Koden, Japan) Uber einen
Fingerclip fir ca. 15 Minuten gemessen [40] und das Testergebnis automatisch errechnet
(Normalwertbereich: 18%-25% /Minute) [20].

4.3.  Statistische Auswertung

Die deskriptive Darstellung von parametrischen Daten erfolgte als Mittelwert
+Standardabweichung oder als Median (mit 25% und 75% Quartilen). Korrelationen wurde
entsprechend der Datenskalierung mittels Spearmans Rang-Korrelation oder Pearsons linearem
Korrelationskoeffizienten analysiert. Statistische Mittelwertvergleiche erfolgten entsprechend
der Datenskalierung und -Verteilung univariat mittels Chi-Quadrat-Test, Mann-Whitney U-Test,
Wilcoxon-Test, T-Test oder Varianzanalyse; multivariat mittels logistischer Regressionsanalyse.
Zur Darstellung der diagnostischen Leistungsfahigkeit wurde eine Receiver Operating
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Characteristic (ROC) — Kurve verwendet. Das Uberleben (Patienten, Organ) wurde als Kaplan-
Meier Kurve dargestellt. Gruppenunterschiede im Uberleben wurden mittels Cox-Regression

uberprift. Zweiseitige P-Werte <0,05 wurden als statistisch signifikant gewertet.

Die statistische Auswertung wurden durch einen erfahrenen Medizinstatistiker (Prof. Dr. rer. nat.
Peter Martus, Institut fir Biometrie und Klinische Epidemiologie, Charité) unterstitzt und
gepruft. Alle Berechnungen wurden mittels Computersoftware SPSS 15 durchgefihrt. Die
gesamte Auswertung und Darstellung der Ergebnisse in den verdffentlichten Publikationen

erfolgte entsprechend den Richtlinien der STARD Initiative fur diagnostische Studien [41].
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5. ERGEBNISSE

5.1.  Vorbereitende Untersuchungen
5.1.1. Gesunde Kontrollprobanden

Fur eine erste Beschreibung der Normalwerte des LiMAX-Tests wurden 46 freiwillige und
gesunde Kontrollprobanden mit dem neuen Test untersucht. Die gemessenen LiMAX-Werte
lagen zwischen 311-575 pg/kg/h mit einem Mittelwert von 425 pg/kg/h. Das Maximum des
B3C0,/**CO, Verhaltnisses in der Ausatemluft wurde dabei 10 (+6) Minuten nach der *C-

Methacetin Injektion erreicht (siehe ausgewahlte Publikation 2).

Dariiber hinaus wurde bei einigen Probanden zusatzlich die Serum-Pharmakokinetik von **C-
Methacetin untersucht. Hier zeigte sich ein rasches Absinken der *C-Methacetin Spiegel von
12,3 pg/ml nach Injektion zu 4,8 pg/ml nach 10 Minuten im Sinne der Verteilung in den
verschiedenen Kompartimenten des Korpers. Nach 60 Minuten betrug der Spiegel noch 1,0
pg/ml, so dass bereits mehr als 80% des Substrats in der Leber abgebaut waren (siehe
ausgewahlte Publikation 1).

5.1.2. Spezifitat des LIMAX-Tests

Die Durchfuhrung des LiIMAX-Tests wahrend der anhepatischen Phase der Lebertransplantation
zeigte keinerlei Veranderung des *3C0O,/*?CO, Verhiltnisses bis zur Reperfusion der
Spenderleber. Danach kam es bei allen untersuchten Patienten zu einem unmittelbaren Anstieg
des *CO,/"?CO; Verhiltnisses als Zeichen der Funktionsaufnahme der Leber (siehe ausgewahlte
Publikation 2).

5.1.3. Untersuchung der Leberfunktion nach Leberresektion

In der ersten Pilotstudie wurden insgesamt 64 Patienten vor und nach onkologischer
Leberrektion untersucht. Anhand einer besonderes selektierten Untergruppe von 23 Patienten
konnte eine deutlich hohere Korrelation von residualem LiMAX und Residualvolumen (r=0,94;
P<0,001) im Vergleich zur ICG-PDR (r=0,54; P=0,006) nachgewiesen werden. In der
multivariaten Analyse verschiedener Pradiktoren eines postoperativen Leberversagens (n=9) und
der postoperativen Mortalitdt (n=5) zeigte sich der postoperative LiMAx-Wert (Tag 1) als
einziger statistisch unabhé&ngiger Vorhersage-Parameter. Die retrospektive Vorhersage beider
Komplikationen war durch den LiIMAX-Test mit einer Sensitivitat von jeweils 100% und einer

Spezifitat von >93% maglich.
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Anhand der pré- bzw. intraoperativ gemessenen Volumendaten war eine Vorhersage der
postoperativ gemessenen LiMAXx-Werte mit einem 95%-Konfidenzintervall von 50 ug/kg/h
maoglich (r=0,85; P<0,001). Allerdings ergab sich eine mittlere Differenz von vorhergesagten
und gemessenen LiIMAXx-Werten von -36(x43) pug/kg/h (siehe ausgewéhlte Publikation 2).

In der né&chsten Analyse wurden 168 Patienten die an verschiedenen Klinischen
Beobachtungsstudien sowie 161 Patienten bei denen der LiMAX-Test als Teil der normalen
praoperativen Vorbereitung eingesetzt wurde, ausgewertet. In der zweiten Patientengruppe war
das Testergebnis also mitentscheidend flr die Einschatzung der Operabilitdt und somit fir das
gewéhlte Therapieverfahren. Zundchst zeigte sich, dass bereits die bisherige Form der
Patientenevaluation (Gruppe 1) diejenigen mit schlechter Leberfunktionskapazitdt von einer
Leberresektion ausschloss (n=29; 17,3%; medianer LiIMAX 299ug/kg/h), ohne dass der LiIMAX-
Wert bekannt war. Da jedoch nicht die prdoperative Gesamtfunktion sondern vielmehr die
postoperative Residualleberfunktion der entscheidender prognostische Parameter ist, wurde ein
komplexerer Algorithmus zur préoperativen Patientenevaluation vor Leberresektion entwickelt
(siehe Abbildung 3, ausgewéhlte Publikation 3). Die LiMAXx-Grenzwerte welche die
unterschiedlichen Behandlungsempfehlungen definieren, basierten auf der Auswertung der
klinischen Studien. Es zeigten sich signifikante Unterschiede an allen Untersuchungstagen
zwischen Patienten die sich von der Operation erholten oder im Verlauf nach der Leberresektion
verstarben. Bei postoperativen LiMAXx-Werten unterhalb von 80 pg/kg/h war die tatsachliche
perioperative Patientenmortalitat 38,1%, bei LIMAXx-Werten zwischen 80 und 100 pg/kg/h noch
10,5%, jedoch bei LiMAXx-Werten oberhalb von 100ug/kg/h nur etwa 1% (P<0,0001). Analog
dazu verhielten sich die postoperative Intensivstation- und Krankenhaus -Verweildauer. In der
Gruppe von Routinepatienten wurde der Unterschied zwischen den leberresezierten Patienten
(n=89; 55,3%; medianer LIMAXx 356 pg/kg/h) und den von einer Operation abgelehnten
Patienten (n=72; 44,7%; medianer LIMAX 257 pg/kg/h) noch deutlicher, da inshesondere
Patienten mit vorgeschéadigter Leber (z.B. Leberzirrhose, chronische Virushepatitis) untersucht
wurden. Die Anwendung des LiMAX-Tests in der normalen praoperativen Diagnostik fiihrte in
der Patientengruppe 2 zu einer Reduktion der perioperativen Mortalitdt von 9,4% auf 3,4%
(P=0,019), wobei in beiden Gruppen Uberwiegend erweiterte Leberteilrektionen durchgefihrt
wurden. Darlber hinaus wurde ein neues Verfahren zur VVolumen-/Funktionsanalyse entwickelt,
um eine individuelle Planung der postoperativen Leberfunktion zu erreichen. Hierzu wurde der

LiMAXx-Test kombiniert mit einer virtuellen 3D-Leberresektion basierend auf einer besonderen
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Software zur Volumenberechnung und Geféassrekonstruktion der préoperativen Kontrastmittel-

Computertomographie (Fraunhofer MEVIS, Bremen; siehe ausgewahlte Publikation 3).

5.2.  Leberfunktionsdiagnostik nach Lebertransplantation
5.2.1. Diagnose einer initialen Transplantatdysfunktion

Insgesamt konnten 99 Patienten im Zeitraum August 2005 bis Mai 2007 in die Pilotstudie
eingeschlossen und entsprechend dem Studienprotokoll untersucht werden. Eine initiale
Transplantatdysfunktion wurde als initiale Nichtfunktion (PNF) oder interventionspflichtige
technische Komplikation mit friher Re-Operation definiert. Patienten mit diesen
Komplikationen zeigten sehr geringe LiIMAX-Werte von 43+18 pg/kg/h im Vergleich zu den
anderen Patienten mit 184+98 pg/kg/h (P<0,001). Der LiMAX-Test war unter den analysierten
Werten der einzige unabhangige préadiktive Parameter in der multivariaten Analyse. Bei einem
Trennwert von 64 pg/kg/h konnte eine Re-Operation mit einer Sensitivitdt von 100% und einer
Spezifitdt von 92% direkt nach der Transplantation vorhergesagt werden. Eine initiale
Nichtfunktion der transplantierten Leber und somit die Notwendigkeit einer Retransplantation
konnte anhand des LiMAX-Tests am ersten postoperativen Tag mit identischer Genauigkeit
vorhergesagt werden. Mittels ICG-Test waren unmittelbar nach der Transplantation noch keine
diagnostisch verwertbaren Aussagen moglich. Am ersten postoperativen Tag zeigten sich
ebenfalls verringerte Werte bei Patienten mit einer Nichtfunktion, jedoch mit deutlich geringerer

Trennscharfe (siehe ausgewahlte Publikation 4).

Bei einigen Patienten mit ansonsten guter Transplantatfunktion wurden jedoch deutlich
verringerte ICG-PDR Werte gemessen. Interessanterweise wurde bei diesen Patienten im
Verlauf ein mechanischer Gallengangsverschluss diagnostiziert und dann mittels endoskopischer
Cholangiographie und Stent-Einlage therapiert. Im Anschluss der Intervention kam es zu einer
raschen Normalisierung der ICG-PDR Werte. Daher wurde ein direkter Einfluss eines
Gallengangsverschluss auf die ICG-Exkretion angenommen, welcher in einer
tierexperimentellen Studie bestatigt werden konnte (siehe ausgewahlte Publikation 5).

5.2.2. Neuartige Definition der schlechten Transplantatfunktion

Basierend auf den Ergebnissen der ersten Auswertung wurde eine neue Definition der schlechten
Transplantatfunktion anhand der postoperativen LiMAXx-Werte entwickelt (siehe Abbildung 1,
ausgewahlte Publikation 7). Auch der Vergleich mit bekannten Definitionen aus der Literatur
[14,16] zeigte einen statistisch signifikanten Zusammenhang mit den postoperativen LiMAX-

Werten. Die Gruppeneinteilung der Patienten in schlechte Funktion (n=23) und Kontrollgruppe
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(n=73) ermdglichte die Vorhersage unterschiedlicher Leberparameter und des Serumkreatinins
im Verlauf nach der Transplantation. AulRerdem war die Einteilung eng mit postoperativen
Komplikationen, insbesondere einem Nierenversagen und Dialysepflichtigkeit, sowie einer
schweren Kreislaufinsuffizienz verknipft, die in der Gruppe mit schlechter Transplantatfunktion
deutlich hdufiger beobachtet wurden. Die Behandlungskosten waren bei diesen Patienten median
um 10.000 Euro (34,5%; P=0,049) erhoht. Unterschiede in der stationdren Behandlungsdauer,
sowie hinsichtlich des Organ- und Patientenliberleben in der Patientengruppe mit ,,schlechter
Funktion* im Vergleich zur Kontrollgruppe konnten hingegen nicht gezeigt werden. (siehe

ausgewahlte Publikation 7).
5.2.3. Vorhersage der Pharmakokinetik von Tacrolimus

Insgesamt 93 Patienten erhielten eine postoperative Immunsuppression mit Tacrolimus (0,05
mg/kg am Tag der Transplantation, sowie 2x 0,05mg/kg am ersten postoperativen Tag, weitere
Dosierung entsprechend der gemessenen Talspiegel) und Kortikoiden. Die Untersuchung der
Tacrolimus Talspiegel zeigte eine breite Spannweite von 0-54,4 ng/ml innerhalb der ersten
Woche. Die Inzidenz toxischer Spiegel lag insgesamt bei 44%, wahrend insuffiziente Spiegel bei
41% der Patienten beobachtet wurden. Es wurde eine Korrelation von r=-0,529 (P<0,0001)
zwischen LiMAXx-Wert und den Tacrolimus-Talspiegeln berechnet. Patienten mit einer
schlechten Transplantatfunktion zeigten deutlich erhdhte Talspiegel (n=24; 20,1+11,6 ng/ml) im
Vergleich zu Patienten mit guter Transplantatfunktion (n=29; 9,5+4,4 ng/ml; P<0,0001) (siehe

ausgewahlte Publikation 6).
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6. DISKUSSION

Die zahlreichen in der Literatur beschriebenen Testverfahren zur Untersuchung der
Leberfunktion deuten bereits auf eine grundsatzliche Schwierigkeit dieser Aufgabe hin: Die
Leber verfligt Uber unterschiedliche, messbare Teilfunktionen, wobei es unklar ist, welche
Teilfunktion am besten die Gesamtfunktion definiert und einen Krankheitsverlauf vorhersagen
kann [35]. Gemeinsam war allen bisherigen Tests, dass sie Funktionseinschrankungen einer
transplantierten Leber nicht friihzeitig darstellen konnten [12,13]. Daher mussten zahlreiche
statistische Risikofaktoren, wie beispielsweise Spenderalter, Organqualitit und Ischamiezeit, in
die Beurteilung der Transplantatfunktion mit einbezogen werden [14,42-44]. Obwohl solche
Faktoren mit einer schlechten Organfunktion korrelieren, war so jedoch im Einzelfall keine

valide Bewertung der Transplantatfunktion maéglich.

6.1. Methodische Entwicklung des LiIMAX-Tests

Aus dem Kklinischen Bedarf fiir eine bessere Einschatzung der Leberfunktion ergab sich die
Herausforderung ein geeignetes Testsystem zu entwickeln, dass bereits in der Frihphase nach
Transplantation eine valide Messung ermoglicht. Aufgrund der relativ  einfachen
Durchfiihrbarkeit wurde ein nicht-invasiver *C-Atemtest zur Untersuchung der Leberfunktion
ausgewadhlt [45,46]. Diese Testmethodik hat den Vorteil gegeniiber anderen Tests, dass keine
wiederholten Blutentnahmen Uber einen langeren Zeitraum notwendig sind, was im klinischen
Alltag ein starkes Hindernis fur den Einsatz des Tests bedeuten wirde [47,48]. Darlber hinaus
stand mit *3C-Methacetin ein nicht-toxisches Testsubstrat zur Verfiigung, dass bereits in
zahlreichen klinischen Studien zum Einsatz gekommen war [49-54]. Aufgrund der fehlenden
Toxizitdt wurde Methacetin sogar zu Untersuchung der Leberfunktion bei Neugeborenen [55],
Kindern [56] und Schwangeren [57] eingesetzt.

Allerdings wurde anstatt der ublichen oralen Applikation eine intravendse Applikationsform
gewdhlt. Vorrangegangene Studien hatten gezeigt, dass mittels oraler Applikation keine
Unterscheidung zwischen schlechter und guter Organfunktion in den ersten drei Tagen moglich
war [32,34]. Ursache hierfir ist die Ublicherweise auftretende postoperative Magen- und Darm-
Atonie, die insbesondere nach groRen abdominellen Eingriffen, wie der Lebertransplantation,
stark ausgepragt ist. Daher kommt es zu einer erheblichen Verzdgerung der Substratresorption
bei oraler Applikation, was die Testergebnisse des Atemtests erheblich beeinflusst [34]. Auch
andere Studien hatten bereits gezeigt, dass orale und intravendse Applikation zu deutlich

unterschiedlichen Atemtestergebnissen fuihren [58,59].
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Um eine kinetische Analyse des Maximums im **CO,/*?CO, Verhaltnisses zu ermdglichen,
wurde eine Online-Atemgasanalyse am Patientenbett mit hoher Messfrequenz entwickelt. Hierzu
wurde eine spezielle Atemmaske entwickelt, welche die Ausatemluft sammelt und ber einen
Verbindungsschlauch direkt in das Messgerét leitet, was mit einer Abnahme der bisher Gblichen

Atemgasbeuteln nicht praktikabel war.

Bei der Untersuchung der Pharmakokinetik von **C-Methacetin nach intravendser Applikation
zeigte sich ein schneller Abbau innerhalb weniger Minuten, der zeitlich eng mit dem beim
LiMAXx-Test verwendeten Maximum des *CO,/*?CO, Verhaltnisses zusammenhéngt. Der
schnelle enzymatische Abbau im Zytochrom P450 1A2 war bereits in der Literatur beschrieben
worden, jedoch nur in einem kurzen Abstract mit geringer Fallzahl [60]. Da keine Patienten mit
vorhandener Lebererkrankung insbesondere mit Leberzirrhose in dieser Kontrollstudie
untersucht werden, ist noch keine Aussage zur Pharmakokinetik bei Leberschadigungen
moglich. Die Untersuchung einer Gruppe von gesunden Kontrollprobanden ergab einen unteren
Grenzwert von etwa 315ug/kg/h, wobei die Variabilitat der Ergebnisse relativ grold war. Hier
bleibt zu klaren, ob deutlich hohere Messwerte berhaupt von klinischer Relevanz sind. Bei
normaler Leberfunktion ist dass Zytochrom P450 1A2 durch die Applikation von 2mg/kg **C-
Methacetin bei weitem noch nicht geséattigt (siehe ausgewéhlte Publikation 1). Bei
eingeschrankter Leberfunktion kommt es jedoch mit der insgesamt geringeren Enzymkapazitét
zu einer Sattigung, sodass in diesem Fall keine Schwankungen der Testergebnisse nach oben zu
erwarten sind. Die Untersuchung des “*C-Methacetins wahrend der anhepatischen Phase der
Lebertransplantation konnte die hohe Spezifitat des Substrats fiir die Leberfunktion zeigen.

6.2.  Diagnostische Wertigkeit dynamischer Leberfunktionstests

Wie bereits bei den Studien zur Leberresektion konnte auch nach Lebertransplantation gezeigt
werden, dass die Leberfunktion effektiv mittels LiIMAX-Test gemessen werden kann. Die
Testergebnisse korrelieren eng mit allen anderen untersuchten Leberfunktionsparametern.
Allerdings konnte der direkte Vergleich der unterschiedlichen Leberfunktionstests eine deutlich
bessere diagnostische Guite des LiMAXx-Tests fir die untersuchten Studienendpunkte
(Krankheitsverlauf/ Outcome) zeigen. Die Uberlegenheit des Tests war insbesondere in der
Fruhphase bis 24 Stunden nach Transplantation am deutlichsten. Im Gegensatz zu allen anderen
Tests war auch erstmals eine direkte Messung der Leberregeneration nach Transplantation
maoglich. Im Vergleich zu den Normalwerten zeigten die Transplantat -Lebern eine im Mittel um

30% verringerte Funktion, die binnen 5 Tagen normale Werte erreichten und bis zwei Wochen
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weiter anstiegen. Die Standard-Laborparameter dagegen geben die Transplantatfunktion stets mit
zeitlicher Verzdgerung von einigen Tagen wieder, da Syntheseparameter erst gebildet oder

Retentionswerte erst abgebaut werden missen.

Der bereits in zahlreichen Studien beschriebene ICG-Test ist zwar ebenfalls fir eine
Abschétzung der Transplantatfunktion geeignet, wird allerdings auch von zahlreichen weiteren
Faktoren beeinflusst, wie der globalen Hamodynamik [61], der Leberdurchblutung [62-64], dem
Serumspiegel von Bilirubin [65,66], sowie dem ungehinderten Galleabfluss (ausgewahlte
Publikation 5). Diese Faktoren konnen in der frihen postoperativen Phase einen ganz
erheblichen Einfliissen haben, und schrédnken somit die diagnostische Wertigkeit des Tests,

insbesondere die positiv pradiktiven Werte flr ein Transplantatversagen deutlich ein [67].

6.3.  Klinische Bedeutung

Die verbesserte Diagnostik der initalen Transplantatfunktion mittels LIMAX-Test bietet das
Potential, die Behandlung in der Friihphase nach Lebertransplantation deutlich zu verbessern.
Unabhangig von empirischen Risikofaktoren und statischen Laborparametern kann erstmals eine
individualisierte Behandlung der Patienten anhand der tatsachlichen Transplantatfunktion
erfolgen. Dies kann einerseits helfen, die Entscheidungen fir oder gegen bestimmte
postoperative Interventionen, insbesondere die Anmeldung zur Retransplantation bei Verdacht
auf ein Transplantatversagen, zu stiitzen; andererseits aber auch die weiteren, erforderlichen
Behandlungsschritte zu planen. Beispielsweise kann bei einer schlechten Transplantatfunktion
bereits fruhzeitig eine langere Intensivbehandlung oder eine engmaschige Kontrolle der
Patienten geplant werden, um sekunddre Komplikationen zu vermeiden. Auch die Anpassung
von Medikamenten-Dosierungen an den Metabolimus in der Leber, wie am Beispiel Tacrolimus
gezeigt, kann helfen, Nebenwirkungen von Uberdosierungen zu vermeiden. Dagegen kénnen
Patienten mit einer sehr guten Transplantatfunktion auch frihzeitig diagnostiziert und so

schneller auf eine erforderliche Rehabilitation vorbereitet werden.

Zusammengenommen konnte der neu entwickelte LIMAX-Test erstmals zeigen, dass eine direkte
(dynamische) Messung der initialen Transplantatfunktion nach Lebertransplantation am
Patientenbett (point of care) moglich ist und wichtige Informationen flr die weitere Behandlung
liefern kann. Die bisher gewonnen Ergebnisse deuten auf eine Uberlegenheit der diagnostischen
Genauigkeit des LiIMAX-Test gegentber allen anderen verfligbaren Tests hin.
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Abstract

Non-invasive breath tests can serve as valuable diag-
nostic tools in medicine as they can determine particu-
lar enzymatic and metabolic functions in vivo. Howev-
er, methodological pitfalls have limited the actual clini-
cal application of those tests till today. A major chal-
lenge of non-invasive breath tests has remained the
provision of individually reliable test results. To over-
come these limitations, a better understanding of
breath kinetics during non-invasive breaths tests is es-
sential. This analysis compares the breath recovery of
a 13C-methacetin breath test with the actual serum ki-
netics of the substrate. It is shown, that breath and
serum kinetics of the same test are significantly differ-
ent over a period of 60 minutes. The recovery of the
tracer 13CO, in breath seems to be significantly de-
layed due to intermediate storage in the bicarbonate
pool. This has to be taken into account for the appli-
cation of non-invasive breath test protocols. Other-
wise, breath tests might display bicarbonate kinetics
despite the metabolic capacity of the particular target
enzyme.

Key words: liver function, liver function test, 13C-breath
test, methacetin, cytochrome P450 1A2, LiMAX test
Abbreviations: NBT, non-invasive breath tests; DOB,
delta over baseline; HPLC, high performance liquid
chromatography

INTRODUCTION

Non-invasive breath tests (NBT) with 13C-labeled sub-
strates have been applied for the assessment of specif-
ic enzymatic/ metabolic functions and the diagnosis
of particular diseases [1, 2]. NBTs are based on in vivo
metabolism of certain 13C-labeled substrates into a
product and 3C-labeled carbon dioxide by a specific
target enzyme. The interpretation of the test results
assumes that the appearance and recovery of 13CO,
represents the concurrent in vivo metabolism of the
substrate (Fig, 1).

Expired 13CO, can be detected by mass spectrome-
try [3], non-dispersive isotope selective infrared spec-
troscopy [4] or other methods [5]. Breath sampling can
be performed in bags or tubes [6], or by direct online
analysis [7]. Thus NBTs can determine in vivo metab-

olism without repeated blood sampling, which makes
it more acceptable and comfortable for both physi-
cians and patients. However, 13CO, is not directly ex-
haled from the target enzyme, but needs to be trans-
ported from the investigated organ as bicarbonate
(H 12CO5™ / H 13COy) into the lung [8]. Methodologi-
cal studies reported the kinetics of 13CO, excretion al-
ready in the 1970-80ies [9-13]. It is known that emerg-
ing bicarbonate has a relatively long halftime of ap-
prox. 60 minutes [14] and that ultimately only 70% of
the emerging 13CO, is excreted [15]. This could signifi-
cantly interfere with NBT results [8]. However, these
data did neither influence the design of later breath
test protocols nor the algorithms of NBT interpreta-
tion. Different ways for calculation of test readouts
have been described in literature: Some authors used
single time points (Fig. 2; # 1-4) - whether at chosen
arbitrary points in time like 15, 30 or 60 minutes (Fig.
2; # 2-4) [16] or maximal abundance (Fig. 2; # 1) [7].
Other authors applied area-under-curve analysis (Fig.
2; #5) (17, 18].

However, it remains somehow undefined which way
actually provides the most valid and reliable test read-
out. The aim of this analysis was to explore the corre-
lation between substrate and 3CO, kinetics during the
intravenous 3C-methacetin breath test to improve the
analytic algorithms.
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Fig. 1. General principle of non-invasive breath tests using
13C-labeled substrates. The close connection between breath
test interpretation and in vivo metabolism is a essential pre-
condition for the validity of a test.





548 EUROPEAN JOURNAL OF MEDICAL RESEARCH

r-baseline

13C02/12C02 ratio
N
o

Deltz-ow

] 10 20 20 40 50 60
Time after adminsiration [min]

Fig. 2. Algorithms of test interpretation in non-invasive
breath tests for calculation of the enzymatic capacity. It is
shown an exemplary plot of breath recovery (13CO,/12CO,
ratio) after administration of 2 mg/kg 13C-labeled
methacetin. #1- Maximum of delta-over-baseline (DOB); #2-
DOB at 15 minutes; #3- DOB at 30 minutes; #4- DOB at 60
minutes; #5- Cumulative recovery by calculation of area un-
der DOB curve.

METHODS

The experimental study was performed in healthy vol-
unteers after approval by the faculties ethics review
board. The persons were assessed by a specific breath
test using 13C-methacetin as substrate for the hepatic
cytochrome P450 1A2 system and thereby blood sam-
ples were drawn to determine the substrate kinetics.
The methodology was based on the previously report-
ed LiMAx test of Stockmann et al. [7]. The substrate
was administered into a peripheral vein as a bolus in a
dose of 2 and 4mg/kg body weight.

BREATH SAMPLING AND ANALYSIS

An online protocol of breath analysis was applied, to
enable a high sampling rate to enable kinetic analysis
of breath recovery. Breath samples were automatically
drawn and analyzed with a frequency of as approxi-
mately 1/min by a modified nondispetsive isotope-se-
lective infrared spectroscopy based device (FANci2-
db16, Fischer Analyseninstrumente, Leipzig, Ger-
many). Exhaled breath was collected by a special two-
way face mask. Mean baseline 13CO,/12CO, ratio was
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recorded ten minutes before injection for the calcula-
tion of delta-over-baseline (DOB) 13CO,/12CO, ratio
values. The presented 13CO,/12CO, ratio is standard-
ized by the Pee Dee Belemnite standard [12]. For each
test, a total of 46 breath samples were automatically
analyzed.

BLOOD SAMPLING AND ANALYSIS

Bloods samples were drawn from a peripheral vein be-
fore injection of the substrate, and after 30 seconds, 1,
2, 5, 10, 20, 30 and 60 minutes. Samples were taken in
a standardized way. Firstly, 5 mL of blood were sam-
pled and discarded. Secondly, a sample of 5 mL was
taken in a serum tube for analysis. Finally, the catheter
was flushed by 10 mL of 0.9% sodium chloride solu-
tion. Serum probes were centrifuged with 3,000 rpm
for 4 minutes and the serum aliquot was taken into a
separate tube. Probes were analyzed for the concentra-
tion of methacetin by high performance liquid chro-
matography (HPLC). The analysis was performed by a
specialized pharmacologist, who was blinded from the
breath test results. For sample preparation 50 uL
serum were mixed with 100pul. of a acetonitrile
methanol solution (1:1) and centrifuged 14,000 rpm
for 8 minutes. Finally, 10ul. of each sample was ap-
plied to the analyzer. A commercial HPLC-Test-Kit
for measurement of levetiracetam in serum (Chrom-
systems GmbH, Munich, Germany) was used for
analysis. The Kit-conditions were modified for estima-
tion of methacetin. Chromatography was performed
with a LC-6B system (Shimadzu, Duisburg, Germany)
at a flow rate of 1.5 mL/min, with UV-detection at
260 nm. The sensitivity was 0.5ug/ml. with proven
test linearity up to a concentration of 100 pg/mL. The
mean inter-assay variability for methacetin was 6.8%.

RESULTS

The pilot experiment was performed in a 34-year old
male healthy volunteer without any history of hepatic
or extra-hepatic disease. His healthy condition was
confirmed by routine clinical biochemistry including a
standard pattern of parameters (Aspartat-aminotrans-
ferase, alanine-aminotransferase, bilirubin, albumine,
creatinine, urea, blood count, prothrombin time) and a

40 -
Injection of P
o 304 methacetin e Te et <
- e ‘e e N e
© i S A
- P * e ot
S 20- . DOBmax
L4
= . -+ -4mg/kg
= 10 -
S TN
g 0 T T T T ——
‘; 10 20 30 40 50
= =10 1 DOBmas Time [min] Fig. 3. Breath recovery curve of
(a] 13CO,/12CO, ratio from the 13C-
-20 - i ) methacetin breath test. 13C-metha-
Baseline cetin was applied intravenously in a
-30 - dosage of 2 and 4 mg/kg and breath
\ Y / \ v / recovery was analyzed for in total

Baseline curve Delta over baseline curve

60 minutes.





December 14, 2009

30 - Injection of
methacetin

25
20 -
15 4 . e

10 4

Serum level [pg/mL]

EUROPEAN JOURNAL OF MEDICAL RESEARCH 549

Fig. 4. Serum kinetics of 13C-methacetin from the
13C-methacetin breath test 13C-methacetin was ap-

Time [min]

standard history taking and clinical examination. The
tests were performed in a resting position on two con-
secutive days.

A baseline 13CO,/12CO, ratio of -23.1 * 0.3 was
measured before injection. The intravenous 13C-
methacetin injection lead a rapid increase of DOB,
leading to the maximum of DOB (DOBmax) already
within 7 minutes for a dose of 2 mg/kg and 15 min-
utes for a dose of 4 mg/kg (Fig. 3). The 13CO,/12CO,
ratios increased up to + 8.7 (2 mg/kg), and + 33.8 (4
mg/kg) leading to DOBmax values of 31.7 (2 mg/kg),
and 57.1 (4 mg/kg), respectively. Consequently, the
DOB values continuously decreased slowly, leading to
13CO,/12CO, ratios after 60min of -2.4 (DOBG60min
= 20.7 [2 mg/kg]) and 22.6 (DOB60min = 45.9 [4
mg/kg]) (Fig. 3).

By definition, the maximum of serum concentra-
tion of 3C-methacetin was reached directly after intra-
venous Injection (first sample after 30 seconds). A
maximum of 12.3 ug/mlL was determined after injec-
tion of 2 mg/kg, and maximum of 18.2 pg/mL after 4
mg/kg, respectively. The concentration rapidly de-
creased during intracorporeal distribution within few
minutes, declining down to 4.8 ug/ml (2 mg/kg) and
8.0 pg/mL (4 mg/kg) within 5 minutes. Thereafter,
the concentration further decreased by hepatic metab-
olism to 1.0 pg/mL (2mg/kg) and 2.1 pg/mL
(4mg/kg) at 60 minutes after injection (Fig, 4).

DiscussioN

Any protocol of breath analysis for dynamic breath
test should aim to display the actual metabolism at its
best. The literature has reported the successful differ-
entiation between diseased and non-diseased groups
by NBTs using 13C-labeled substrates [1, 2]. However,
this is only a pre-condition for the successful imple-
mentation into clinical diagnostics. Individually reliable
test results that prove superior prognostic power in
comparison to preexisting diagnostic tests are required
[19] and the different algorithms require further stan-
dardization for clinical application. If 13CO, is not ex-
pired directly but retained inside the body during the
active metabolism, this has to be taken into account
for the methodology of breath sampling and the cor-
rect interpretation of test results. These preliminary
results confirm the significant difference between
serum kinetics of methacetin and the kinetics of

plied intravenously in a dosage of 2 and 4 mg/kg and
blood serum samples were drawn during breath
analysis.

13CO, in expired breath. Intravenous injection of 13C-
methacetin leads to a very early maximum of DOB
values within less than 10 minutes, while the substrate
levels have already decreased significantly from its
maxima directly after injection. This could be inter-
preted that the physiological metabolism of 13C-la-
beled methacetin is extremely fast at the administered
dosages. Moreover the 13CO, excretion and thus
breath recovery appears to be significantly delayed in
comparison to the continuously rapid decrease of the
substrate serum levels. The prolonged pulmonary ex-
cretion of 13CO, over one hour strongly confirms that
the quickly produced 13CO, is not completely expired,
but a certain magnitude is stored as bicarbonate inside
different body compartments. As the 3C-methacetin
breath test was meant to analyze cytochrome capacity
and not individual bicarbonate kinetics, this phenome-
non needs to be considered more thoroughly. As a
consequence, protocols that determine test readouts
from single time point breath samples could be signifi-
cantly influenced by individual bicarbonate kinetics. In
contrast, the online assessment analyzes a large num-
ber of breath samples — without any sampling bags or
tubes — and thus could also determine the individual
bicarbonate kinetics. As a result, the maximum of
13CO, exctetion can be accurately determined at an
carly point after injection and might be more closely
connected to the fast in vivo methacetin metabolism
(Fig. 1). Nevertheless, these effects need to be further
investigated and confirmed in larger numbers of
healthy volunteers and liver diseased patients. In con-
clusion, accurate test results from NBTs could only be
obtained, when other influencing factors such as the
physiological serum kinetics of the substrate and the
bicarbonate kinetics are taken into account in the de-
velopment of suitable test protocols.
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Introduction

Summary

Initial poor function (IPF) is a frequent complication after liver transplanta-
tion, but there is no consensus on its definition. Ninety-nine patients under-
going primary deceased-donor liver transplantation were examined in a
prospective clinical trial. A new functional classification for initial graft func-
tion was developed based on two LiMAX readouts during 24 h after transplan-
tation with a cutoff LiMAx of 60 and 120 ng/kg/h using a simple algorithm.
Patients were classified as non- (3/99), poor- (23/99) and immediate function
(73/99). The functional regeneration of IPF grafts was delayed until day 28
(P < 0.05). Significant differences were observed for postoperative maximal
transaminase activity, bilirubin, albumin, coagulation and creatinine. Recipi-
ents’ MELD score, the donor risk index and donor age were increased in the
IPF group. Incidence of haemodialysis (P = 0.003) and catecholamine support
(P < 0.0001) was higher for IPF, resulting in higher therapy costs (P = 0.049).
However, IPF did not influence either the length of stay (P = 0.434) or 2-year
recipient (P = 0.415) or graft survival (P = 0.495). In conclusion, the LiMAx
test might provide the first adequate functional parameter to assess and classify
liver graft performance from the beginning. Patients with IPF frequently suffer
from secondary complications, but ultimately develop satisfactory outcome and
thus worth intensive and expensive therapy.

classify early graft function [6]. Different, partially
contradictory definitions of IPF have been provided in

Early graft function after liver transplantation (LT) is an
important prognostic parameter for the individual
outcome [1-3]. Initial poor function (IPF) has been
described as a borderline dysfunction with the potential
to recover [4], which appears as a form of temporary/
reversible liver insufficiency. IPF is a multifactorial event,
which is related to different risk factors, such as marginal
donors, severe ischaemia-reperfusion injuries, acute rejec-
tion episodes or vascular complications [5]. Nevertheless,
the question how to define exactly graft function and
dysfunction has not been ultimately answered yet. For
reasons of lack of appropriate tests, which could accu-
rately quantify the grafts’ performance, a number of
models and scoring systems have been developed to

© 2010 The Authors
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literature and no final consensus has been reached for its
diagnosis [7]. Various parameters, such as laboratory
readouts from clinical chemistry or clinical data like bile
output or the grade of encephalopathy have been used
for this purpose. However, the selection of parameters
and cut points has been somehow arbitrary and does not
provide a generally applicable classification of graft dys-
function. Ploeg et al. [2] primarily defined IPF as serum
aspartate-aminotransferase activity >2000 U/l, prothrom-
bin time (PT) >16 s and ammonia level >50 umol/l dur-
ing postoperative days 2-7. Deschénes ef al. defined IPF
as presence of serum bilirubin >10 mg/dl, PT >17 s and
hepatic encephalopathy during days 2-7 [8]. Pokorny
et al. [3] replaced PT and ammonia by clotting factor
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support and bile production on days 1-3. Ultimately,
Nanashima ef al. [9] simplified the classification criteria
to the level of aminotransferase >1500 U/l on two
consecutive measurements within 72 h after LT. There-
fore, it is not surprising that a prospective comparison
of different scoring systems revealed only a poor concor-
dance in-between each other [7]. Moreover, no evidence
concerning the long-term impact and the recovery from
IPF is currently available. It has been suggested that the
initial function could have a significant impact on the
patients’ individual prognosis [10]. Thus, IPF is poten-
tially associated with secondary complications, such as
renal failure, severe bleeding or septic infections [7,11],
and might have a negative effect on long-term health
and employment [12]. However, the individual impact of
IPF on the postoperative recovery, the occurrence of
secondary complications and the graft survival cannot be
sufficiently predicted yet [7,13].

A new dynamic liver function test, the LIMAX test, was
developed at our Department. Its prognostic validity
during the postoperative monitoring of liver function was
recently shown in hepatectomy [14,15] and LT [6]. The

3co
DOBmax * ﬁ

[standard] - CO, production -
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donor characteristics, including the donor risk index
(DRI) described by Feng et al. [16]. In addition, post-
transplant complications were prospectively assessed and
documented during the hospitalization. Patient and graft
survival was followed up for 2 years.

Performance of LiMAX test

LiMAXx test was applied by intravenous bolus injection of
2 mg/kg ’C-labbeled methacetin (Euriso-top, Saint-Au-
bin Cedex, France), as a substrate for the hepatic
cytochrome P450 1A2 enzyme family. Metabolism of
BC-methacetin leads to hepatic production and thus
exhalation of *C-carbon dioxide, which was consecutively
measured in an online breath analysis over 60 min by
nondispersive  isotope-selective infrared spectrometry
(NDIRS). Breath was collected by a face mask or if
patients were mechanically ventilated by direct connection
to the ventilator circuit. Ventilated patients received
100% oxygen to avoid interference with NDIRS [17]. No
tests were performed during haemodialysis to avoid extra-
hepatic clearance. The LiMAx readout was calculated by

molar mass'>C — methacetin

LiMAx =

aim of this study was the development of a simple
decision tree algorithm for effective classification of
initial graft performance based on initial LiIMAx test
readouts. Risk factors for IPF, including donor and reci-
pient characteristics and the clinical consequences of IPF
were analysed.

Methods

Study design

Patients receiving deceased-donor LT were enrolled into a
prospective noninterventional study. The study protocol
had received official approval by the faculty’s review
board. All patients provided written informed consent
before LT. Assessment of graft function was first sched-
uled 6 h after graft reperfusion and analogously on
postoperative days 1, 3, 5, 10, 14 and 28 (at 06:00 AM).
Besides standard postoperative monitoring by clinical
biochemistry, the graft performance (functional capacity)
was directly measured by the LiMAx test. The LiMAx
readouts were compared with standard graft function
scores by Ploeg et al. [2] and Deschénes et al. [8]. A new
algorithm was developed to classify patients exclusively by
LiMAx readouts during 24 h after LT. An arbitrary cut
point of 120 pg/kg/h was chosen for this purpose (Fig. 1).
The new classification was compared with recipient and

body weight

Readouts in a large group of healthy volunteers were
found homogenously >315 pg/kg/h [14]. Prior reports
had revealed certain cut points of postoperative LIMAx
values for prediction of clinical outcome: Irreversible liver
failure was indicated by LiIMAx <74 pg/kg/h after hepa-
tectomy [14] and initial graft dysfunction requiring surgi-
cal re-intervention or retransplantation was indicated by
LiMAx <64 pg/kg/h after LT [6].

Parameters of graft dysfunction

LiMAx results were compared with standard laboratory
readouts, in particular, aspartate-aminotransferase activity
as a measure of ischaemia/preservation/reperfusion injury;
bilirubin, albumin, and PT/INR as a measure of graft per-
formance and creatinine as a measure of renal function.
The laboratory tests were performed by hospital’s facilities
independent from the study.

Statistical analysis

Parametric data are presented as median with interquar-
tile range, unless otherwise noted. Patients with primary
nonfunction [5] were excluded from the analysis of IPF
versus control group (immediate function). Univariate
analysis was performed by Mann-Whitney U-test for

© 2010 The Authors
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Evaluation of initial graft function by the LiMAX test

6 h after graft reperfusion

Immediate function

Consider surgical
reintervention!

06:00 Am at the consecutive day

* .....

for the analysis of outcome for patients : nonfunction
with initial poor function. .

E Evaluate :
: - retransplantation
+ - re-do LiIMAX :
Figure 1 Classification of initial graft . .
function. Patients classified as immediate :
function were applied as control group Primary :

independent samples, by Wilcoxon test for paired
samples, and chi-squared test according to the respective
data distribution. Survival analysis was performed by
Kaplan—-Meier analysis with Logrank test. Statistical
significance was accepted at P <0.05 (two-sided).
Calculations were performed with spss™ 15.0 (SPSS Inc.,
Chicago, IL, USA).

Results

A total of 99 patients were recruited and they received LT
during 2005-2007. The indications for LT were alcoholic
cirrhosis (30%), chronic hepatitis C infection (30%), car-
cinoma (10%), primary biliary cirrhosis/sclerosing cholan-

© 2010 The Authors
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: Normal :
Secondary IPF Primary IPF

without technical
complications

with technical
complications

Immediate
graft function

Initial poor
graft function

gitis (14%) and other (16%). The age of recipients was 58
(49-61) years with 66% male gender. The direct preoper-
ative labMELD score was 13 (7-18). The age of donors
was 59 (42-67) years, with a DRI of 1.9 (1.6-2.2)
(Table 1). All recipients underwent our standard surgical
procedures [piggyback (85%) and vena cava replacement
(15%)]. Immunosuppressive therapy was based mainly on
prednisolone and tacrolimus.

Classification of initial graft function

The initial graft function was actually determined by
LiMAx 6.8 (5.7-7.7) h after graft reperfusion. The initial
readouts ranged between 8 and 504 pg/kg/h with a
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Table 1. Pretransplant characteristics of

All* IPF Control P-valuet recipients and donors,
Recipient characteristics
labMELD 13 (7-19) 15 (8-22) 12 (7-16) 0.060
AST (U/) 62 (42-86) 63 (45-96) 56 (42-84) 0.347
Bilirubin (mg/dl) 2.4(1.0-5.2) 3.3(1.3-9.1) 2.2 (0.8-4.7) 0.169
Albumine (g/dl) 3.4 (3.0-4.0) 3.1(2.9-3.7) 3.4 (3.0-4.0) 0.136
INR 1.4 (1.2-1.8) 1.6 (1.2-2.1) 4(1.2-1.7) 0.182

Creatinine

Donor characteristics
Donor Risk Index[16]
Donor age (years)
Serum sodium (mmol/l)
Cold ischaemia (min)
Warm ischaemia (min)

0.87 (0.71-1.11)  0.89 (0.68-1.58)
1.9 (1.6-2.2)
58.5 (41.5-67.4)
147 (142-154)
604 (480-709)

44 (36-45)

2.1 (1.7-2.5)
67.0 (52.0-74.4)
148 (142-157)
618 (517-702)
45 (38-50)

0.86 (0.72-1.01) 0.466

1.8 (1.6-2.1) 0.021

54.0 (39.0-66.5)  0.009
147 (142-154) 0.397
602 (480-717) 0.942

44, (35-45) 0.390

IPF, initial poor function defined by LiMAX readouts according to Fig. 1; Control, control group of

patients with immediate function.

Median values with interquartile range, analysed by Mann-Whitney U-test.

Bold values indicates significant values.

*Includes three patients with primary nonfunction that are not separately shown and were excluded

from statistical analysis.
+IPF group versus control group.

median LiMAx of 166 (94-225) ng/kg/h. In seven cases,
normal LiMAx values >315 pg/kg/h were determined
already at that point. The second LiMAx test was
performed consecutively at 06:00 Am, which was actually
20.9 (17.8-23.8) h after graft reperfusion. Overall, the
individual readouts did not change significantly during
24 h (P = 0.949). Thirty-six patients had LiMAx <120 pg/
kg/h at 6 h, but 10 of them increased up to >120 pg/kg/h
at day 1. The time interval within both LiMAx tests was
not correlated with the individual progression of LiMAx
values (r = 0.081; P = 0.447). Normal LiMAx values
(>315 pg/kg/h) were determined in nine patients at day
1. In some cases, technical (vascular) complications were
evident, which explain poor graft performance in those
patients as a secondary IPF. The graft performance
homogenously increased after surgical re-intervention.
Three cases with extremely low LiMAx readouts and
without any technical complication were diagnosed as
primary nonfunction and underwent retransplantation.
The respective algorithm for classification of graft func-
tion based on LiMAx readouts is presented in Fig. 1.
Patients were classified as initial non- (3/99), initial poor-
(23/99) and immediate function (73/99).

LiMAx readouts at day 1 were compared with the IPF
classification by Ploeg et al. [2] and Deschénes et al. [8]
respectively. For both classifications, LiMAx readouts
were significantly lower in the respective IPF group
(Fig. 2). In addition, the IPF definitions by LiMAx, Ploeg
and Deschénes were compared in two-by-two contingency
tables and showed significant correlations (Table 2). The
DRI in the LiMAx-IPF group was 2.1 (1.7-2.5) in com-

parison with the control group with 1.8 (1.6-2.1;
P = 0.002). Especially, donor age was highly significantly
different between IPF group and control group defined
by LiMAx (Table 1). Interestingly, the DRI was not differ-
ent between IPF group and control group defined by the
classification of both Ploeg (P = 0.927) and Deschénes
(P = 0.516). The preoperative labMELD score was higher
for IPF with 15 vs. 12 (P = 0.060), but single biochemical
parameters of recipients’ liver function were merely dif-
ferent (Table 1).

Regeneration of graft function

The decision tree algorithm (Fig. 1) was post hoc applied
to compare the developing of LiMAx and laboratory read-
outs during 4 weeks after LT. A homogenous recovery of
LiMAx readouts were observed in all survivors after the
first post-transplant day. The regeneration in IPF-classified
grafts was significantly delayed until day 28 (always
P < 0.05; Fig. 3a). While a majority of patients with
immediate function (control group) had regained normal
liver function at day 5, it took until day 28 for IPF-classi-
fied grafts to do so. Transaminase activity rose in IPF-clas-
sified grafts up to a maximum of 1802 (895-2910) U/, in
contrast to the control group with 922 (598-1756) U/l (P
= 0.016). These levels resolved in both groups until day 5
(Fig. 3b). Bilirubin levels of 5.2 (4.0-8.2) mg/dl were ini-
tially determined in the IPF group in comparison with the
control group with 3.7 (2.6-5.5) mg/dl (P = 0.009). The
difference between both groups remained significant dur-
ing follow-up (always P < 0.05; Fig. 3c) and hyperbiliru-

© 2010 The Authors
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Figure 2 Post-transplant LiMAXx and initial poor function, defined by
Ploeg and Déschenes. (a) IPF, initial poor function defined by Ploeg
et al. as serum aspartate-aminotranferase activity >2000 U/I, prothrom-
bin time (PT) >16 s, and ammonia level >50 umol/l during postopera-
tive days 2-7. Control, control group of patients with immediate
function according to Ploeg et al. (b) IPF, initial poor function defined
by Deschénes et al. as presence of serum bilirubin >10 mg/dl, PT >17 s,
and hepatic encephalopathy during days 2-7. Control, control group of
patients with immediate function according to Deschénes et al.

binemia resolved in the control group within 4 weeks,
while bilirubin remained slightly elevated in the IPF
group. Analogously albumin levels were significantly dif-
ferent until day 14 and resolved until day 28 (Fig. 3d).
Moreover, IPF-classified grafts revealed a certain coagula-
tion deficit after surgery with an INR of 1.9 (1.7-2.1) vs.
1.6 (1.4-1.8) in the control group (P < 0.0001). Coagula-
tion resolved within 3 days for the control group, but took
10 days for IPF (Fig. 3e). Finally, also parameters of renal
function were different between both groups. Creatinine
levels rose up to 1.9 (1.4-3.6) g/dl at day 3 in the IPF

© 2010 The Authors
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Table 2. Contingency tables for different IPF classifications.

Ploeg et al. [2]
P=0.014 IPF Control >
LIMAX
IPF 7 16 23
Control 7 66 73
> 14 82 9%
Deschénes et al. [8]
P =0.039 IPF Control >
LIMAX
IPF 8 15 23
Control 1 62 73
» 19 77 9%
Ploeg et al. [2]
P=0.019 IPF Control >
Deschénes et al. [8]
IPF 6 13 19
Control 8 69 77
) 14 82 9%

IPF, initial poor function was either defined by Ploeg et al. as serum
aspartate-aminotranferase activity >2000 U/l, prothrombin time (PT)
>16's, and ammonia level >50 pmol/l during postoperative days 2—-7;
by Deschénes etal. as presence of serum bilirubin >10 mg/dl,
PT >17 s, and hepatic encephalopathy during days 2—7, and by LiIMAXx
readouts according to Fig. 1. Control, control group of patients with
immediate function. Three patients with primary nonfunction and
early retransplantation were excluded from this analysis. Analysis by
chi-squared test. Bold values indicates significant values.

group in comparison to 1.1 (0.8-1.7) g/dl in the control
group (P < 0.0001). Consequently, the values resolved
until day 10 in both groups (Fig. 3f).

Clinical outcome and early complications

The intra-hospital mortality after LT was 5/99. One
patient (4%) with IPF died of septic peritonitis during
hospitalization. In contrast, three patients (4%) with
immediate function deceased either of intracerebral
infarction, acute hepatic artery bleeding or respiratory
failure. Retransplantation was performed in 7/99 patients,
in three of them for primary nonfunction. No single
patient in the IPF group received retransplantation during
hospitalization, but four did in the control group. The
indications for retransplantation were secondary graft fail-
ure caused by hepatic artery thrombosis (three cases at
days 2, 3 and 6) and one case of severe abdominal bleed-
ing from hepatic artery (at day 6). The incidence of single
or multiorgan failure (according to Dindo grade IVa+b
[18]) was relatively higher for IPF with 26% vs. 12%.
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Figure 3 Regeneration of graft function. Patients were classified as initial poor function according to the classification in this figure (n = 23) and
compared to patients with immediate function (control group; n = 73). The analysis included the following parameters: LIMAX test (a) as measure
of the metabolic liver function capacity. Aspartate-aminotransferase activity (b) as a measure of ischaemia/preservation/reperfusion injury; bilirubin
(), albumin (d) and INR (e) as a measure of graft performance and creatinine (f) as a measure of kidney function. Group differences were calculated
by Mann-Whiney U-test. Values are expressed as median with interquartile range as error bars. *P < 0.05; **P < 0.001; NS, not significant.

Other grades of complication were not different within
the two groups. The total incidence of re-operation was
19/73 for immediate function and 6/23 for IPF
(P =0.943). Also, length of stay on intensive care and
total statistically ~ different
(Table 3). However, the incidence of acute renal failure

hospitalization were not
and haemodialysis was higher in the IPF group (Fig. 4a
and b). Respiratory function was also somehow impaired
in the IPF group: 30% in IPF required mechanical venti-

lation for longer than 3 days vs. 14% in control
(P = 0.067). The most significant difference was observed
for initial haemodynamic stability after LT: 44% vs. 11%
required catecholamine support (P < 0.0001; Table 3).
Consequently, the total costs of treatment for the hospital
were 39 000 (26 800-63 700) Euro for IPF vs. 28 700
(23 700-47 500) Euro (P = 0.049; Table 3). Interestingly,
these early complications did not impair long-term graft
survival: IPF did not influence the 2-year recipient
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Table 3. Clinical outcome parameters.

All* IPF Control P-valuet

Post-transplant
complications (%)%

Acute renal failure 20/99 (20) 9/23 (39) 8/73 (11) 0.002

Requiring haemodialysis 15/99 (15) 7/23 (30) 5/73 (7) 0.003

Mechanical ventilation 20/99 (20) 7/23 (30) 10/73 (14) 0.067

(>3 days post-transplant)
Hypotension requiring 20/99 (20) 10/23 (44) 8/73 (11) <0.0001
catecholamines

Retransplantation 7/99 (7) 0/23 (0) 4/73 (6) 0.251
Dindo classification (%)%

Grade O-ll 77/99 (78) 16/23 (70) 61/73 (83) 0.142

Grade IVa-IVb 17/99 (17) 6/23 (26) 9/73 (12) 0.113
(single or multiorgan

failure)

Grade V (death) 5/99 (5) 1/23 (4) 3/73 (4) 0.960
Hospitalization§

On ICU (days) 8 (5-15) 10 (5-17) 7 (5-11) 0.207

Total (days) 26 (22-38) 27 (23-43) 26 (22-34) 0.434

Costs (1000 Euro) 29 (24-51) 39 (27-64) 29 (24-47) 0.049
Survival (%)

2-year recipient survival 86/99 (87) 19/23 (83) 65/73 (89) 0.415

2-year graft survival 80/99 (81) 18/23 (78) 62/73 (85) 0.495

IPF, initial poor function defined by LiIMAXx readouts according to Fig. 1; Control, control group of
patients with immediate function.

Bold values indicates significant values.

*Includes three patients with primary nonfunction that are not separately shown and were excluded

from statistical analysis.

+IPF group versus control group.
iNumber of events, analysed by chi-squared test for homogeneity.
§Median values with interquartile range, analysed by Mann-Whitney U-test.

YAnalysed by Logrank test.

survival (P = 0.415; Fig. 5a) or 2-year graft survival
(P = 0.495; Fig. 5b).

Discussion

This study provides the first definition of IPF that was
exclusively based on a direct parameter of graft perfor-
mance — the actual metabolic capacity. This approach
includes several advantages in comparison with prior
definitions of IPF: The LiMAx test determines the graft
performance in real-time. Thus, the pretransplant liver
function or general health condition does not influence
the test result. Moreover, no serum half-lives of biochem-
ical parameters or any interference from extrahepatic
factors has to be taken into account. The direct postoper-
ative bedside test provides the fastest diagnostic test result
that is available and no scores need to be calculated. As a
result, the definition of IPF can be reduced to one singe
quantitative parameter determined within 24 h after LT.
The presented results point out that LiMAx readouts
are a valuable surrogate parameter of graft performance,
as they are highly correlated with the progression and
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recovery of conventional biochemical parameters. More-
over, LIMAx readouts were also different for the standard
graft function scores that were applied as comparators
[2,8]. The contingency between LiMAx, Ploeg’s and
Deschénes’ graft classification was high for immediate
function, but incongruence for IPF was evident — also in
between the scores of Ploeg versus Deschénes. Interest-
ingly, a significant difference in the DRI was observed
between IPF and control for LiMAx, but not for the com-
parator scores (Ploeg/Deschénes). Furthermore, the IPF-
classified group by LiMAx revealed significantly higher
incidences of early post-transplant complications that are
associated with liver function. But, at the end, the occur-
rence of IPF was not associated with the duration of hos-
pitalization and the survival. This is in accordance with
former classification scores that suggested the potential of
grafts to overcome IPF without further impact on prog-
nosis [7,13,19]. However, other authors had also sug-
gested a negative impact on survival [2,3]. It is apparent
that the fate of primary nonfunctioning grafts is irrevers-
ible and leads to either death or retransplantation [5].
Hence, these three cases were excluded from analysis of
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Figure 4 Incidence of renal dysfunction. Post-transplant incidences of
(a) renal failure and (b) haemodialysis divided into patients with initial
poor function (n = 23) versus patients with immediate function (con-
trol; n = 73; defined by the LiIMAX algorithm). Group differences were
calculated by Mann-Whiney U-test.

long-term survival. In contrast, borderline graft perfor-
mance, or IPF, has an entirely different clinical impact
and could be differentiated from PNF as recently shown
[6]. The present results demonstrate complete functional
regeneration of IPF-classified grafts within 4 weeks.
Nevertheless, these patients frequently develop secondary
complications and thus require additional care and a
more intensified management, as shown by the significant
increase in hospital charges.

A relevant number of studies tried to predict outcome
after LT from preoperative variables, such as recipients
and donor factors [8,20,21]. However, the potential of
these strategies is limited because graft performance is
also strongly dependent on organ preservation and patho-
physiological effects during and after reperfusion. There-
fore, effective evaluation of initial graft function remains
an inevitable challenge. On the other hand, the clinical
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Figure 5 Survival curves. Kaplan-Meier curve for the patient survival
(@) and graft survival (b) that was followed up for 2 years after LT.
Logrank test was applied for analysis.

impact of initial graft performance is not exclusive. The
outcome of LT is extremely multifactorial. Both immedi-
ate and poor function can develop technical or immuno-
logical complications, which could threaten graft survival.
Nevertheless, the negative impact of additional complica-
tions is more critical in patients who already suffer from
poor graft performance. Therefore, the diagnosis of IPF
should imply a careful management and additional evalu-
ation of graft perfusion. The decision and schedule for
surgical re-intervention because of impaired graft perfu-
sion could also be augmented by the LiMAx readouts.
However, this new classification algorithm might appear
somehow academic, if no effective intervention strategies
are available for IPF management. There is still a lack of
interventional strategies to enhance graft regeneration to
shorten recovery. The potential of liver support therapy to
induce or enhance graft regeneration cannot be appraised
yet [22,23]. Somehow, all patients recovered without IPF-
specific therapy, but required intensive and expensive
treatment. Nevertheless, the prediction of clinical recovery
and secondary complications is extremely favourable to
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prevent critical situations by adequate intensive care man-
agement. Moreover, patients with primary nonfunction
clearly profit from an early and safe diagnosis of irrevers-
ible graft failure, because the decision-making for or
against retransplantation is reached earlier [6]. Further-
more, LT recipients might also profit from early diagnosis,
as this might identify the patient eligible for transfer to
general ward, if an ICU bed is needed for another patient.

In conclusion, the initial graft performance — measured
by the LiIMAX test — is closely associated with early post-
operative outcome after LT. In addition, a significant
association with donor and recipient factors was shown.
The LiMAXx test enables the effective patient classification
into non, poor and immediate function with in 24 h after
LT with a single parameter. Patients with IPF frequently
suffer from secondary complications, but ultimately
develop satisfactory outcome and thus worth intensive
and expensive therapy.
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ORIGINAL ARTICLES

Prediction of Postoperative Outcome After Hepatectomy With a
New Bedside Test for Maximal Liver Function Capacity

Martin Stockmann, MD, PhD,* Johan F. Lock, MD,* Bjorn Riecke, MD,* Karsten Heyne, PhD, 7
Peter Martus, PhD,} Michael Fricke, MD,* Sina Lehmann, MD,* Stefan M. Niehues, MD, PhD,§
Michael Schwabe, MD,Y Arne-Jorn Lemke, MD, PhD,§ and Peter Neuhaus, MD, PhD*

Objective: To validate the LIMAX test, a new bedside test for the determi-
nation of maximal liver function capacity based on '*C-methacetin kinetics.
To investigate the diagnostic performance of different liver function tests and
scores including the LiMAX test for the prediction of postoperative outcome
after hepatectomy.

Summary Background Data: Liver failure is a major cause of mortality
after hepatectomy. Preoperative prediction of residual liver function has been
limited so far.

Methods: Sixty-four patients undergoing hepatectomy were analyzed in a
prospective observational study. Volumetric analysis of the liver was carried
out using preoperative computed tomography and intraoperative measure-
ments. Perioperative factors associated with morbidity and mortality were
analyzed. Cutoff values of the LiMAXx test were evaluated by receiver
operating characteristic.

Results: Residual LIMAx demonstrated an excellent linear correlation with
residual liver volume (» = 0.94, P < 0.001) after hepatectomy. The
multivariate analysis revealed LiMAX on postoperative day 1 as the only
predictor of liver failure (P = 0.003) and mortality (P = 0.004). AUROC for
the prediction of liver failure and liver failure related death by the LIMAx
test was both 0.99. Preoperative volume/function analysis combining CT
volumetry and LiMAXx allowed an accurate calculation of the remnant liver
function capacity prior to surgery (» = 0.85, P < 0.001).

Conclusions: Residual liver function is the major factor influencing the
outcome of patients after hepatectomy and can be predicted preoperatively
by a combination of LiMAx and CT volumetry.

(Ann Surg 2009;250: 119-125)

epatectomy is the treatment of choice for hepatic malignancies.

However, resection of functional hepatic parenchyma is asso-
ciated with the risk of developing postoperative liver failure. Inad-
equate functional reserve leads to the inability of regeneration which
is associated with increased morbidity and mortality. Especially
major resection and underlying chronic liver disease can increase the
liver-associated mortality.! Therefore, a reliable preoperative deter-
mination of the liver function capacity and a prediction of the
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residual liver function have the potential of reducing postoperative
mortality.

Conventional liver function diagnostics are often not sensitive
enough to indicate early stages of cirrhosis or fatty liver disease,
with a significant impact on the postoperative outcome.? Further-
more, a postoperative assessment of the residual liver function is
extremely important for the early prediction of liver failure and
effective patient classification. Balzan et al showed that a simple
combination of postoperative laboratory tests can help to predict
liver failure related death (LF-RD) by postoperative day (POD) 5,
however not earlier.> Widely used scores for chronic liver disease
such as the model for end-stage liver disease (MELD) and Child-
Turcotte-Pugh (CTP) have failed to predict individual outcome after
hepatectomy.'*

Various methods to determine the enzymatic and nonenzy-
matic liver function in preoperative evaluation before hepatectomy
have been described.® Computed tomography (CT) can predict the
extent of liver resection correlating with the postoperative function
in normal livers.®” More caution is required in patients with fatty
livers or early stages of cirrhosis. Interesting results have been
reported from studies using the indocyanine green retention rate,® '
galactose elimination capacity,'* or the monoethylglycinexylidide
test.'? Unfortunately, these methods are not able to predict postop-
erative complications reliably,'> and have thus not become part of
the routine diagnostics prior to hepatectomy.

An individual quantitative test result may be achieved by
determining the absolute quantity of an enzyme system which is
exclusively expressed in hepatocytes and is proportional to paren-
chymal volume. Particularly the cytochrome P450 1A2 (CYP1A2)
system can be used for that purpose. George et al have shown that
the activity of CYP1A2 allows a clear discrimination between
normal function and liver diseases independent of cholestasis.'*
Moreover, CYP1A2 is not influenced by drugs or genetic varia-
tions,'® and is distributed throughout the entire liver acinus.'® A
substance exclusively metabolized by CYP1A2 is methacetin.'”
Previous studies have shown the general feasibility of oral methace-
tin breath tests to evaluate the enzymatic liver function,'®2° but
failed to provide useful clinical information.

In this study, we present a novel test procedure (the LiIMAx
test) with intravenous administration of '*C-methacetin and contin-
uous real-time breath analysis. The primary aim of the study was the
technical feasibility and validity of the LiMAX test. Secondly, we
investigated predictive factors including the LIMAX test for liver-
associated complications and outcome after hepatectomy in a pro-
spective observational study.

PATIENTS AND METHODS

Subjects

The study was conducted at the Department of General,
Visceral, and Transplantation Surgery of the University Hospital
Charité, Berlin, Germany. The study protocol was approved by the
local ethics committee and all patients gave their written informed
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consent. Between August 2004 and February 2007, 64 of 874 liver
resections in our department were included in the study. Inclusion
criteria were critical hepatectomy and age between 18 and 75 years.
These patients were monitored throughout the entire study period
(Table 1). None of the patients withdrew their consent.

In addition, 5 other selected patients were investigated during
the anhepatic phase of liver transplantation (LTX) by an intraoper-
ative experiment to prove the specificity of hepatic methacetin
metabolism. Forty-two healthy volunteers (25 men, 17 women, age
33 *= 10 years) without a history of liver disease and completely
normal conventional laboratory testing, including bilirubin,
transaminases, albumin, cholinesterase, INR, factor II, factor VII,
complete blood count, C-reactive protein, served as controls for the
LiMAX test.

Study Design

The study was designed as a prospective observational single-
center study. Patients were examined preoperatively and at postop-
erative days 1, 2, 3, 5, and 10. Extended laboratory testing was
performed during every single examination. Liver function was
determined by the LIMAX test and indocyanine green plasma dis-

TABLE 1. Characteristics of Patients Undergoing
Hepatectomy
Characteristic 64 Patients
Age [yr] 59 £ 10
Gender (female/male) 19/45
Body mass index 25 £ 3.7
Etiology
Klatskin tumor 32 (50)
Hepatocellular cancer 8 (13)
Colorectal metastases 12 (19)
Cholangiocarcinoma 6(9)
Other 6(9)
Preoperative data
CTP class A 50 (78)
CTP class B 14 (22)
MELD score 6.0 £42
Fibrosis score 0-2 54 (84)
Fibrosis score 3 6(9)
Fibrosis score 4 4 (6)
Serum albumin [g/dl] 4.0 = 0.56
Platelet count [G/1] 255 + 128
Serum creatinine [mg/dl] 0.83 = 0.22
Serum bilirubin [mg/dl] 1.7+ 1.7

PVE 18 (28)

Functional liver volume [ml] 1780 = 580
Surgical procedures

Trisectorectomy 32 (50)

Right hemihepatectomy 18 (28)

Left hemihepatectomy 9 (14)

Atypical resection 5(8)

Intraoperative ischemia 42 (66)
Intraoperative blood transfusions [Units] 0 (0-8)
Biliary reconstruction 34 (53)
RLV [%] 48 = 19

Mean * SD, median (range) or n (%) are shown.
CTP, Child-Turcotte-Pugh; MELD, model for end-stage liver disease; PVE, pre-
operative portal vein embolization; RLV, residual liver volume.
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appearance rate (ICG-PDR). The test results had no influence on
clinical procedures. Patients’ history and clinical data were docu-
mented on a standardized clinical form. Patients were followed up
for a total of 6 months.

Preoperative liver and tumor volumes were determined by CT
volumetry (LightSpeed 64; GE Medical Systems, Milwaukee, IL),
using a 4-phase contrast enhanced examination technique. Image-
guided volumetric measurement was performed using AMIRA soft-
ware (Mercury Computer Systems, Chelmsford, MA). The volume
of the resected liver was measured intraoperatively by water dis-
placement volumetry and was multiplied by a factor of 1.15 to
compensate for the unperfused state.?! The residual liver volume
(RLV), excluding tumor volume, was calculated using the following
formula:

liver volume (ml) — resected liver (ml) - 1.15

RLV [%] = 100 X —
liver volume (ml) — tumor volume (ml)

Histopathology was performed by a blinded pathologist. The
extent of liver fibrosis was determined according to Desmet and
Scheuer classification.??

Liver failure was defined as hepatic encephalopathy or pro-
longed hyperbilirubinemia (>10 mg/dL) after POD 5 without biliary
obstruction. Severe complications were defined following the sur-
gical complication classification recently described by Dindo et al,
with severe complications classified as grade IIla or more.>* Hepatic
ischemia was defined as intraoperative inflow occlusion (Pringle
maneuver or selective portal vein clamping) lasting more than 15
minutes. All collected data were continuously transferred into a
computed database for further analysis.

The New LiMAXx Test

The use of labeled CO, to assess liver function was reported
as early as the 1970s.>* However, oral administration of labeled
substrates leads to variations in gastrointestinal absorption and
hence, different maximal plasma levels. This precludes a reliable
kinetic analysis of the CYP1A2 activity as the actual metabolism
dependents on the available substrate. To overcome this limitation,
a new protocol with intravenous bolus application was developed
(Fig. 1). The expired air was collected by a specially designed face
mask for real-time analysis. The analysis of '*CO,/'2CO, ratio was
performed by a modified nondispersive isotope-selective infrared
spectroscopy based device (FANci2-db16, Fischer Analysen Instru-
mente, Leipzig, Germany). No tests were performed during hemo-
dialysis. Mechanically ventilated patients were respired with 100%
oxygen during the test to reduce interference with nondispersive
isotope-selective infrared spectroscopy.®®

After a minimum of 6 hours fasting, patients were placed in
a resting horizontal position. Ten minutes prior to the injection with
'3C-methacetin, the baseline '*CO,/'2CO, ratio was recorded and
the mean was used for the delta-over-baseline (DOB) calculation. A
solution of 2mg/kg body weight (BW) '*C-labeled methacetin was
then injected as a bolus over a maximum of 30 seconds into an
intravenous catheter, followed by 20 mL 0.9% sodium chloride
solution. For each LiIMAX test 46 breath samples were analyzed
(Fig. 1).

The LiMAx value was calculated as follows:

DOBmax . RPDB ‘P-M
BW

LiMAx =

The result is given in [ ug/kg/h]. Rppp represents the Pee Dee
Belemnite standard '*CO,/'?CO, ratio (Rpps = 0.011237),>* P
represents the estimated CO, production rate (300 [mmol/h] body
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FIGURE 1. Schema of the LiMAx test. During the first 10
minutes before injecting '*C-methacetin, baseline values
were recorded with 6 samples with the test device. Two
mg/kg BW '3C-labeled methacetin solution was then in-
jected as a bolus into an intravenous catheter following 20
mL sodium chloride solution (0.9%). '*C-methacetin is me-
tabolized by the cytochrome P450 1A2 system of the hepa-
tocytes into paracetamol and '3CO,, which is excreted pul-
monary. Within 60 minutes after injection 40 breath samples
were analyzed for '*CO,/'?CO, ratio automatically.

surface area), M represents the molar mass of '>C-methacetin, and
BW represents the body weight of the person.

Validation of the LiMAx Test

Five patients undergoing LTX were investigated by an intra-
operative experiment to assess the hepatic specificity of methacetin
metabolism. Measurements were initiated just after removal of the
recipient liver at the beginning of the anhepatic phase. Baseline
13C0,/'?CO, ratio was recorded and 2mg/kg BW '*C-methacetin
was injected before reperfusion. The measurement was continued
until about 60 minutes after reperfusion of the graft, and DOB values
were calculated. No venous-venous bypass was used during surgery.
Total intravenous anesthesia was performed to avoid interference by
volatile anesthetics.>

The validity of the LiIMAX test was evaluated with an as-
sumed standard for liver function. Since volume and function
correlate, the reduction from total volume to RLV after resection

© 2009 Lippincott Williams & Wilkins
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should have a proportional effect on the LiMAXx values if no other
hepatic injury occurred. The residual LiMAx (%) was calculated
(postoperative LiMAx divided by preoperative LIMAX times 100)
and compared with the RLV. Similarly the residual ICG-PDR (%)
was calculated and used for comparison. Patients with a fibrosis
score of 3 or 4, or operative influencing factors like hepatic ischemia
(inflow occlusion) for more than 15 minutes were excluded from
this analysis. Thus, a subgroup of 23 patients was analyzed as
validation group. The ICG test was performed by intravenous bolus
injection of 0.5mg/kg BW indocyanine green (Pulsion, Munich,
Germany). The PDR was measured by a pulse dye densitometry
device (DDG-2001K, Nihon Kohden, Tokyo, Japan). Finally, the
linear correlations between the RLV and the residual LIMAX as well
as the correlation between the residual ICG-PDR and RLV were
calculated.

Statistical Analysis

Descriptive analyses use mean with standard deviation or
median with range unless otherwise noted. Simple and multiple
logistic regression analysis identified factors associated with post-
operative complications and outcome. Stepwise variable selection
was applied. Receiver operating characteristic (ROC) analysis was
performed to analyze the sensitivity and specificity of the LiMAx at
POD 1 to 5 for LF-RD, liver failure and other severe complications.
The congruence between predicted and measured LiMAXx was pre-
sented by the Bland-Altman plot including 95% limits of agreement.
The level of significance was 0.05 (2-sided). The analyses were
performed using SPSS 15.0 (SPSS Inc., Chicago, IL).

RESULTS
Feasibility and Validation of the LiMAx Test

No adverse events of the intravenous '*C-methacetin admin-
istration were observed during injection or follow-up. In healthy
volunteers the normal range of LiIMAx was found to be 425 + 67
ug/kg/h (range, 311-575 pg/kg/h) with a maximum of '*CO,
excretion 10 = 6 minutes after methacetin injection. We did not
detect a significant correlation between LiMAx and age (P = 0.33)
nor with gender (P = 0.15) in our control group.

The intraoperative experiments in LTX-patients (n = 5)
showed no significant changes in the '*CO, excretion before and
after methacetin application during the anhepatic phase (P = 0.29).
DOB after the injection was 0.18 (—0.6—1.2), indicating no metab-
olism of methacetin without a liver. A prompt increase was recorded
subsequently to liver graft reperfusion (Fig. 2).

The residual liver volume of the validation group (n = 23)
was compared with the residual LiMAx and residual ICG-PDR.
Starting with a preoperative liver volume of 1633 mL (1205-2979)
and a resection volume of 790 mL (120-1540), RLV was 46%
(27-92). The RLV correlated significantly with residual LIMAX, r =
0.94 (P < 0.001, Fig. 3A), but poorly with residual ICG-PDR, r =
0.54 (P = 0.006, Fig. 3B).

Outcome After Hepatectomy

Information of the postoperative course and perioperative
LiMAXx is shown in Table 2. Preoperative LiMAx did not differ
significantly between any of the groups.

Thirty-four patients (53%) had a regular postoperative recov-
ery and a rapid increase in LiMAX within 10 days after hepatectomy
(Fig. 4A). Mortality was 15.6% (10 of 64 patients) within 6 months
after hepatectomy while in the overall experience of 874 liver
resections 30-day mortality was 2.7%. The median time until death
was 30 days (range, 0—185). Extended hepatectomies were per-
formed in 9 of 10 deaths. Severe postoperative infections followed
by septic shock and multiple organ dysfunction syndromes were the
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FIGURE 2. Specificity of the LiIMAXx test. Here the specificity
of the hepatic '*C-methacetin metabolism is shown, starting
in the anhepatic phase during liver transplantation (no me-
tabolism in the anhepatic phase). No significant increase in
the DOB was detected during the anhepatic phase. Median
(range) of all data points during the anhepatic phase was
0.18 (—0.6 to 1.2) DOB in n = 5 patients.

cause of death in 3 patients. Another patient developed fulminant
myocardial infarction directly after surgery and died at POD 0. One
patient had a good postoperative liver function and was discharged
from ICU, however, within 3 months postoperatively he developed
secondary liver failure due to scarred outflow obstruction of the
remaining left hepatic vein. In 5 cases (1 extended right hemihepa-
tectomy, 4 trisectorectomy), liver failure was the cause of death
(LF-RD). In those 5 patients median age was 61 (52—67) years,
residual liver volume was 34% (29%—-38%), CTP class was A in 2
and B in 3, MELD score was 9.4 (4.6—-12.9), and time until death
was 14 (9-185) days. One of the deceased patients had received 29
courses of chemotherapy (FOLFOX; oxaliplatin with leucovorin)
prior to surgery. Histopathological examination of the resected liver
revealed a moderate stage of steatohepatitis. These lesions could be
the result of the former alcoholic abuse and/or chemotherapy-
associated.

Severe postoperative complications occurred in 30 cases
(47%), resulting in prolonged ICU stay with decreased LiMAx-
values (Fig. 4A). Most common severe complications were bile
leakage (13 cases), peritonitis (6 cases), pleural effusions (4 cases),
and severe bleeding (3 cases). Postoperative liver failure occurred in
9 cases and lead to LF-RD in 5 cases.

Four patients with fibrosis score 4 recovered without delay or
serious complications. Three of them had a normal preoperative
LiMAx (339-417 pg/kg/h) and underwent major hepatectomy. The
other patient had a preoperative LIMAX of 164 wg/kg/h and was
successfully treated by a small wedge resection (85 mL).

Predictive Value of the LiMAx Test

All parameters included in the logistic regression analysis are
shown in Table 3. In a univariate analysis, the LiMAx and ICG-PDR
at POD 1 were significantly associated with liver failure and mor-
tality. Additionally, preoperative total bilirubin, intraoperative blood
transfusions, CTP and MELD were associated with mortality, and
residual liver volume (RLV), trisectorectomy and operating time
with liver failure. Stepwise logistic regression analysis revealed the
LiMAx at POD 1 as the only predictor for mortality (P = 0.004) and
liver failure (P = 0.003). Severe general complications were signif-
icantly associated with operating time (P = 0.042) and LiMAXx at
POD 1 (P = 0.041) in the multivariate analysis (Table 3). In those
logistic regression analyses, both backward and forward selection
revealed identical results. The predictive probabilities of RLV and
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FIGURE 3. Validation of the LiMAXx test. Correlation analysis
of residual liver volume with residual LiIMAx (LiIMAx at POD1
divided by LiMAXx preoperatively times 100) (A) and residual
ICG-PDR (ICG at POD1 divided by ICG preoperatively times
100) (B). The same patients are shown in A and B (n = 23).
Regression lines are shown; r = linear correlation coefficient
(Pearson).

LiMAx at POD 1 for outcome were separately compared by ROC
analysis, and revealed superiority of LiIMAx on RLV (detailed data
not shown). In addition, logistic regression analysis was performed
for the postoperative parameters (POD 1) bilirubin, INR, albumin,
cholinesterase and calculated CTP at POD 1 and MELD at POD 1
under inclusion of LiMAx at POD 1, residual liver volume, operat-
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TABLE 2. Postoperative Outcome and LiMAx Values Classified in Different Morbidity Related Groups
n ICU Stay* Hospital Stay* LiMAx Pre OP' LiMAx POD 17 LiMAx POD 107

All patients 64 2 (1-153) 20 (2-185) 370 = 140 130 = 70 248 + 132
6-mo survival 54 2 (1-90) 20 (8-143) 377 = 143 140 + 70 264 = 132
Deceased patients 10 15 (1-153)! 30 (2-185) 331 + 111 71 + 28l 144 + 74!
Regular postoperative course 34 1(1-12) 15 (8-28) 363 * 122 155 = 80 287 * 115
Severe complications 30 9 (1-153)** 39 (2-185)** 377 = 158 102 = 80 201 £ 136**
Specific complications

Liver failure* 9 14 (8-153)** 67 (9-185)** 358 £ 100 63 = 26%* 102 = 61%*

Liver failure-related death® 5 12 (9-185)** 21 (9-185) 341 *= 87 51 = 14%* 107 £ 73%*

*Postoperative stay in days on intensive care unit (ICU) and in the hospital.
fLIMAX in [pg/kg/h].

*Subcategory of Severe complications.

SSubcategory of Severe complications and deceased patients.

IP < 0.01 vs. 6-mo survival.

**P < 0.01 vs. regular postoperative course.

ing time, intraoperative blood transfusion, age, and BMI. Similarly,
this analysis revealed the LIMAx at POD 1 as the only predictor for
mortality (P = 0.01) and liver failure (P = 0.004).

The results of ROC analysis are shown in Table 4. Optimal
cutoff values of LIMAx by POD 1 were 74 ug/kg/h for LF-RD and
85 ug/kg/h for liver failure. Accordingly, patients with an ICU stay
of more than 3 days showed a significantly lower LIMAx at POD 1
(94 = 37 pg/kg/h vs. 159 = 73 ug/kg/h, P < 0.001).

Preoperative Volume/Function Analysis

Additionally, a predicted LiMAX value (residual liver func-
tion capacity) was calculated from preoperative data of the CT
volumetry and the preoperative LiMAX test. The predicted LiMAx
compared with the measured LiMAx at POD 1 revealed a linear
correlation of » = 0.85 (P < 0.001) for all patients and » = 0.95
(P < 0.001) for patients selected for the validation group (Fig. 4B).
The difference for all patients between the predicted and the mea-
sured values was —36 = 43 ug/kg/h. The deviation was only —9 *
24 pg/kg/h in the validation group, but —65 £ 59 ug/kg/h for
patients with intraoperative ischemia or severe fibrosis (Fig. 4C).

DISCUSSION

Previous studies with '*C-methacetin have reported signifi-
cant group differences only?°*%*” and were unsuitable for routine
diagnostics for several reasons: Firstly, the oral substrate adminis-
tration has the disadvantage of delayed absorption and does not
provide immediate and complete substrate delivery to the liver.
Secondly, practicability had remained limited. Results had been
delayed although Schneider et al reported a simplified breath sam-
pling method.?® Thirdly, accurate determination of the maximum
DOB required a kinetic analysis with a high sampling rate. This
cannot be provided by breath sampling in bags or tubes.

The activity of the CYP1A2 has a high potential to provide
reliable information about quantitative liver function. The enzyme is
exclusively expressed in hepatocytes throughout the whole liver aci-
nus.'® The activity is less influenced than eg, CYP3A4 by inter- and
intraindividual variations but is dependent on chronic liver disease.'*
Methacetin is an appropriate substrate for the determination of the
maximal activity of CYP1A2, because it is metabolized within a single
step and no adverse effects have been reported.'®

We have transformed the existing method into a new
bedside and real-time method using intravenous substrate admin-
istration and continuous online analysis. The test protocol was
casily integrated into our clinical routine and delivered immediate
test results. The correlation analysis with RLV proved the unique
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performance of the LIMAX test to quantify liver function capacity
with high precision. The high specificity of the LIMAX test for the
liver was demonstrated by negligible metabolization during the
anhepatic phase of LTX.

The clinical application of the LiMAX test in hepatectomy
demonstrated for the first time that the quantity of residual liver
function itself is the relevant factor in the genesis of postoperative
liver failure. This appears to be logical at first sight, but an accurate
individual assessment of the liver function has not been possible so
far.> Existing methods had initially shown promising results, but
failed accuracy during further clinical evaluations. Our results con-
firm that a valid individual assessment is difficult to achieve with the
ICG test. Only group differences between diseased and normal liver
function have been described in literature.”'** A study by Oka-
moto et al reported an approach of volume/function analysis with the
ICG test, however, they were unable to define reliable cutoff levels
and practicable guidelines.'' Moreover, the ICG test is influenced by
several factors such as hepatic blood flow and hyperbiliru-
binemia.***! Interestingly, new findings even suggest that indocya-
nine green plasma disappearance rate is different from zero during
the anhepatic phase of LTX.*? Therefore, multiple classification
systems have been developed for risk related patient stratifica-
tion.>*? In fact, clinical decisions currently still rely mainly on the
surgeons’ experience."

Our multivariate analysis yielded LiMAx as the only predic-
tor for liver failure as well as for mortality after hepatectomy. CTP
and MELD appeared as significant predictors of outcome in univar-
iate analyses, however were subsequently excluded. Moreover, the
outcome of patients with liver cirrhosis was accurately determined
by the LIMAX test. Furthermore, the ROC analysis revealed that the
LiMAX test provides important information about the postoperative
course and predicted severe complications. Early and effective
postoperative evaluation of residual liver function is extremely
important in the detection of impending liver failure. This might
offer the possibility of preventing severe complications and devel-
oping new intervention strategies for artificial liver support systems.

Preoperative planning by volumetric analysis using CT in
combination with the LIMAX test (volume/function analysis) can
predict the residual liver function capacity with high accuracy (r =
0.85). This allows effective preoperative surgical risk evaluation to
prevent liver failure related death. Preoperative volumetric analysis
with calculation of residual liver volume alone was not sufficient in
the multivariate analysis (Table 3). However, in patients affected by
cirrhosis or prolonged intraoperative ischemia, the residual liver
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FIGURE 4. Liver function capacity before and after hepatec-
tomy, and significance of preoperative assessment using the
LiIMAX test. A: Effect of hepatectomy and course of regenera-
tion after surgery in the LiMAX test for patients with regular
postoperative course, severe complications, and postopera-
tive liver failure. Shown are means with standard error of
mean. B: Linear correlation of predicted and measured
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TABLE 3. Predictors of Mortality and Morbidity, Univariate,
and Multivariate Analysis
P P
Univariate Multivariate OR  95% CI
Liver failure related
death
CTP .002 Excluded
MELD .002 Excluded
Total serum bilirubin .004 Excluded
pre OP
ICG-PDR POD 1 .010 Excluded
Intraoperative 017 Excluded
transfusions
LiMAx POD 1 .004 .004 95% .92-99
Liver failure
Residual liver volume .028 Excluded
Trisectorectomy .041 Excluded
Operating time .029 Excluded
ICG-PDR POD 1 .006 Excluded
LiMAx POD 1 .002 .002 92F .88-.97
Severe complications
Residual liver volume .037 Excluded
Trisectorectomy .008 Excluded
Intraoperative .020 Excluded
transfusions
ICG-PDR POD 1 .005 Excluded
Operating time .003 017 1.01%  1.0-1.02
LiMAx POD 1 .008 .048 998 .97-1.0

The following factors were included in the logistic regression analysis: residual
liver volume (%), CTP, MELD, Age (years), BMI (kg/m?), LIMAx pre OP (ug/kg/h),
total serum bilirubin pre OP (mg/dl), platelet count pre OP (G/1), smoking (pack years),
alcohol abuse, type of operation (right hemihepatectomy, left hemihepatectomy, trisec-
torectomy, atypical resection), operating time (min), intraoperative ischemia (=15 min),
intraoperative blood transfusions (units), fibrosis score, ICG-PDR POD 1 (%/min),
LiMAx POD 1 (ug/kg/h). Factors without significant P values in univariate and
multivariate analysis are not shown in the table. OR = Odds Ratio, CI = Confidence
interval.

*Risk reduction of 50% for 14 ug/kg/h.

A risk reduction of 50% for 7 pg/kg/h.

Risk increase of 50% for 40 min.

SRisk reduction of 50% for 50 ug/kg/h.

function capacity was over-assessed by volume/function analysis
(predicted LiMAX). Hence, an adequate security margin to critical
postoperative LIMAX values has to be taken into account for those
patients. This issue needs to be addressed in future studies.

In conclusion, residual liver function capacity is the major
factor influencing the prognosis of patients undergoing hepatectomy.
Neither CTP nor MELD or residual liver volume alone showed a
significant impact on outcome in our multivariate analysis. Preop-
erative volume/function analysis based on CT volumetry and the
LiMAx test allowed the calculation of the residual liver function
capacity prior to surgery. After hepatectomy the LiIMAX test allowed
the early diagnosis of postoperative liver failure and has been

LiMAx at POD 1. Predicted LiMAx has been calculated from
preoperative volume/function analysis. Regression line is
shown; r = linear correlation coefficient (Pearson). C: Bland-
Altman plot of predicted and measured LiMAX. Lines shown
are mean (dashes) and 95% limits of agreement (—) of the
validation group.
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TABLE 4. ROC Analysis: Predictive Value of LiMAx at POD

1-5
POD AUROC* Cutoff™ Sensitivity ~Specificity
Liver failure related
death
1 .99 (.96-1.0) 74 1.0 93
2 .98 (.95-1.0) 62 1.0 .95
3 97 (91-1.0) 91 1.0 92
5 .97 (.93-1.0) 116 1.0 92
Liver failure
1 .99 (.96-1.0) 85 1.0 94
2 .97 (.93-1.0) 90 1.0 .87
3 .95 (.88-1.0) 97 1.0 91
5 .97 (.93-1.0) 116 1.0 93
Severe complications
1 .69 (.54-.84) 136 .82 51
2 72 (.58-.85) 144 77 51
3 .76 (.62—-.89) 134 17 74
5 .76 (.61-.90) 195 75 .67

*Area under receiver operating characteristic curve with 95% confidence interval in

parentheses.

TLiMAX (ug/kg/h) with maximal value of sensitivity and specificity.

superior to other relevant laboratory markers. Thus, clinical appli-
cation of the LiMAX test could substantially improve management
of patients undergoing liver surgery.
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The LiMAX test: a new liver function test for predicting
postoperative outcome in liver surgery
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Abstract

Background: Liver failure has remained a major cause of mortality after hepatectomy, but it is difficult
to predict preoperatively. This study describes the introduction into clinical practice of the new LiMAX test
and provides an algorithm for its use in the clinical management of hepatic tumours.

Methods: Patients with hepatic tumours and indications for hepatectomy were investigated periopera-
tively with the LiMAX test. In one patient, analysis of liver volume was carried out with preoperative
three-dimensional virtual resection.

Results: A total of 329 patients with hepatic tumours were evaluated for hepatectomy. Blinded preop-
erative LiIMAx values were significantly higher before resection (n = 139; mean 351 pug/kg/h, range
285-451 ng/kg/h) than before refusal (n = 29; mean 299 pg/kg/h, range 223-376 pg/kg/h; P = 0.009).
In-hospital mortality rates were 38.1% (8/21 patients), 10.5% (2/19 patients) and 1.0% (1/99 patients) for
postoperative LiMAXx of <80 ug/kg/h, 80-100 pg/kg/h and >100 pg/kg/h, respectively (P < 0.0001). A
decision tree was developed to avoid critical values and its prospective preoperative application revealed
a reduction in mortality from 9.4% to 3.4% (P = 0.019).

Discussion: The LiMAX test can validly determine liver function capacity and is feasible in every clinical
situation. Combination with virtual resection could enable the calculation of residual liver function. The
LiIMAX decision tree algorithm for hepatectomy might significantly improve preoperative evaluation and

postoperative outcome in liver surgery.
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Introduction

Predicting postoperative hepatic dysfunction is becoming
increasingly important as surgeons pursue a more aggressive
approach to achieving complete tumour resection.' Accordingly,
residual liver function has become the major limitation for sur-
gical treatment.” Small residual liver volume can result in signifi-
cant problems in terms of postoperative liver function, as well as
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effective liver regeneration.”® Postoperative liver failure (PLF)
remains a major cause of mortality after liver resection.?
Outcome and prognosis are closely associated with the occur-
rence of PLF, which is always a life-threatening complication
with high mortality.>> A meta-analysis estimated the overall inci-
dence of PLF after hepatectomy to lie between 0.7% and 9.1%.’
Actual mortality rates outside reported studies may be even
higher,® reducing the overall benefit of hepatic resection and
increasing the health economic burden.” Currently, the accurate
determination of liver function and prediction of residual liver
function represent significant challenges in perioperative patient
evaluation and monitoring.
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Conventional blood parameters of liver function, such as liver
enzymes, albumin, bilirubin or INR, as well as scoring systems
derived from those values (such as Child—Pugh or Model of End-
Stage Liver Disease [MELD] scores) have been shown to be unre-
liable for the prediction of the residual liver function.*®’ Similarly,
volumetric analysis of computed tomography (CT) cannot reli-
ably predict a patient’s outcome.’ Several dynamic tests for the
assessment of liver function have been developed, including non-
invasive breath tests, blood elimination tests and scintigraphy.'®"?
However, there is no single test which can accurately predict
residual liver function and individual outcome. Thus, preoperative
testing to predict residual liver function has not been part of the
routine clinical management of most patients considered for
hepatic resection.

A novel test protocol, designated the LiMAx test, has been
developed at the Department of General, Visceral and Transplan-
tation Surgery at the Charité Hospital in Berlin since 2003 to
overcome these limitations. The aim of this study was to develop
a decision tree algorithm incorporating the LIMAX test for preop-
erative patient evaluation prior to hepatic resection.

Materials and methods

Patients

The clinical evaluation of the LIMAX test in perioperative moni-
toring for hepatectomy was based on 168 patients who partici-
pated in different prospective studies during 2004-2008
(Stockmann et al., 2009, unpublished data). These studies were
analogously performed in a non-controlled observational design
in accordance with the Declaration of Helsinki. Patients with
malignant hepatic tumours, who had been successfully evaluated
for hepatectomy, were asked to undergo additional perioperative
monitoring with the LiMAXx test. Thus tumours of different eti-
ologies and subject to different surgical procedures were included.
The selection of patients was influenced mainly by administrative
issues and not by individual characteristics. Responsible medical
personnel were blinded to preoperative LIMAXx readouts. Postop-
erative liver function was monitored until day 10. Outcome and
survival were followed until discharge from the hospital. The
study protocols received prior approval by the faculty’s ethics
committee and written informed consent was obtained from each
patient before enrolment.

In addition, a total of 161 patients were preoperatively evalu-
ated with the LIMAx test from January 2008 (Routine group). The
test was applied as an additional test during routine preoperative
patient evaluation. No regular follow-up LIMAX test after surgery
was performed. The decision for LIMAx evaluation was individu-
ally and non-systematically made by the responsible surgeons.
Thus the LIMAX test was mainly applied before critical resections
with expected small residual liver volumes or in cases of pre-
existing hepatic impairment. Written informed consent was also
collected from each of these patients.

Prospective volume and function analysis before surgery was
applied in one patient by a combination of volume planning using
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virtual resection based on a conventional CT scan together with
a measurement of preoperative liver function capacity obtained
using the LiMAx test. The preoperative, multilayer, four-phase,
contrast-enhanced CT scan was transferred into specific software
for virtual three-dimensional analysis and resection (MeVis
LiverExplorer; Fraunhofer MeVis, Institute for Medical Image
Computing, Bremen, Germany). The virtual resection was per-
formed in direct cooperation with the responsible surgeon on the
day prior to hepatectomy.

Performance of the LiMAXx test

The LiMAX test is based on the hepatocyte-specific metabolism of
the C-labelled substrate (methacetin; Euriso-top, Saint-Aubin
Cedex, France) by the cytochrome P450 1A2 enzyme, which is
ubiquitously active throughout the liver."> After i.v. injection, the
PC-methacetin is instantly metabolized into acetaminophen and
the demethylated *C-group is converted into *CO,, which is pul-
monarily exhaled. Hence, the administration of “C-methacetin
leads to a significant alteration of the normal *CO, : '*CO, ratio
(Pee Dee Belemnite standard 1.1237%") in the expired breath.
This alteration is determined by a suitable device which is directly
connected to the patient (online measurement). Breath analysis is
performed automatically. Liver function capacity is calculated
from the kinetic analysis of the *CO, : '*CO; ratio over a period of
60 min. The protocol has been recently described in detail.””

DOB,,. #standard *CO, /2CO, ratio*CO, production*
molar mass (*C-methacetin)

LiMAx = :
body weight

The resection of a certain percentage of functional liver volume
leads to an equivalent decrease in the LiMAx value after surgery.
LiMAX test readouts were highly correlated with functional liver
volume (r=0.94; P<0.001) and thus the LIMAX test was assumed
to represent an accurate surrogate parameter of liver function
capacity."

Statistical analysis

Descriptive data are shown as medians with interquartile range
(IQR) unless otherwise noted. Patients were retrospectively
dichotomized into deceased and survivors to compare the pro-
gression of LIMAXx values. In addition, patients were retrospec-
tively classified by their residual postoperative day 1 LIMAXx values
to compare mortality rates between groups. Univariate analysis
was carried out by chi-squared test, Fisher’s exact test, Mann—
Whitney U-test, Kruskal-Wallis test or #-test in accordance with
the data scale and distribution. The level of significance was 0.05
(two-sided). The analyses were performed using spss 15.0 (SPSS,
Inc., Chicago, IL, USA).

Results

A total of 329 patients with hepatic tumours were evaluated for
hepatectomy and 59 (17.9%) were refused surgery. Forty-two
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Table 1 Patient characteristics
Study group Routine group P-value
2005-2008 2008-2009
Patients, n 168 161
Age, years, median (IQR) 63 (53-69) 62 (53-70) 0.8352
Male gender, n (%) 106 (63.1%) 102 (63.4%) 0.668°
Aetiology 0.005°
Colorectal metastases, n (%) 32 (19.0%) 34 (21.1%)
Hepatocellular cancer, n (%) 30 (17.8%) 46 (28.6%)
Cholangiocarcinoma, n (%) 26 (15.5%) 22 (13.7%)
Klatskin tumour, n (%) 55 (33.7%) 26 (16.1%)
Other, n (%) 25 (14.9%) 33 (20.5%)
Preoperative LiMAX, ng/kg/h, median (IQR) 346 (269-444) 323 (239-405) 0.037
Surgery <0.0001°
None, n (%) 10 (6.0%) 49 (30.4%)
Only laparotomy, n (%) 19 (11.8%) 23 (14.3%)
Minor resection, n (%) 16 (9.5%) 26 (16.1%)
Hemi-hepatectomy, n (%) 79 (47.0%) 48 (29.8%)
Trisectorectomy 44 (26.2%) 15 (9.3%)
Mortality (intra-hospital after hepatectomy), n (%) 13 (9.4%) 3 (8.4%) 0.019¢

Statistical analysis by 2t-test for independent samples, Pchi-squared test,
IQR, interquartile range

patients (12.8%) underwent explorative laparotomy without
hepatectomy. Postoperative mortality in the 228 patients who
underwent hepatectomy was 7.0% (16 patients). The median
(IQR) length of stay was 17 days (11-30 days), including a median
(IQR) stay of 2 days (1-6 days) in intensive care. The character-
istics of patients in the two different patient cohorts are provided
in Table 1.

Study group
The clinical application of the LIMAX test began with an observa-
tional trial (Study group). Retrospective analysis revealed that
preoperative median (IQR) LiMAx values of those who underwent
hepatectomy and recovered vs. those who deceased after hepatec-
tomy were identical (354 pg/kg/h [289-458 pg/kg/h] vs. 339 ng/
kg/h [250-421 pg/kg/h]; P = 0.279). Interestingly, the overall
preoperative LIMAx values of study patients (n = 139) who under-
went surgery were significantly higher in comparison with those of
patients who were refused resection (n =29) (Fig. 1A). Although
decisions for surgery were made independently of individual
LiMAx values, the LIMAx of refused patients was 299 ug/kg/h
(223-376 pg/kg/h) and thus below the normal range (>315 ug/
kg/h) in the majority of patients (64.3%). The LiMAx of actually
resected patients was 351 ug/kg/h (285-451 ug/kg/h) (P = 0.009)
and thus mostly within the normal range (65.5%) (Fig. 1A).
Postoperative LIMAx and functional regeneration in this cohort
revealed significantly different values between survivors and
deceased patients, as shown in Fig. 2. LiMAx values in the
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°Mann-Whitney U-test and Fisher's exact test

deceased group were extremely low after surgery (62 ug/kg/h
[41-73 ng/kg/h] vs. 136 pg/kg/h [102-197 pg/kg/hl; P < 0.0001).
The effects of postoperatively decreased values on need for inten-
sive care, length of stay and survival are shown in Table 2.
In-hospital mortality rates were 38.1% (8/21 patients), 10.5%
(2/19 patients) and 1.0% (1/99) for LiMAx values of <80 ug/kg/h,
80-100 pg/kg/h and >100 pg/kg/h, respectively (P < 0.0001). The
cause of death for the one patient who died with a postoperative
LiMAx of 101 pg/kg/h was haemorrhagic shock secondary to an
acute peptic ulcer bleeding 4 weeks after hepatectomy from which
he developed multiple organ dysfunction syndrome.

Routine group

A total of 161 patients underwent a preoperative LIMAX as part of
their routine preoperative testing prior to consideration for
hepatic resection. The demographics and outcomes of this group
are compared with those of the Study group in Table 1. A decision
tree algorithm was developed during this period, shown in Fig. 3.
This was mainly used to evaluate patients whose histories indi-
cated a risk for hepatic injury. Eventually 72 (44.7%) of the evalu-
ated patients were excluded from hepatectomy (median [IQR]
LiMAx values of 257 ug/kg/h [175-348 ug/kg/h] vs. 356 ng/kg/h
[301-425 pg/kg/h]; P < 0.0001) (Fig. 1B). Patients who under-
went explorative laparotomy without hepatectomy (n = 23) had
median (IQR) LiMAx values of 285 pg/kg/h (239-347 ug/kg/h),
whereas those who were directly refused surgery had LiMAx
values of 240 ug/kg/h (163-369 ug/kg/h) (P = 0.159). Postopera-
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Figure 1 Preoperative LiIMAx evaluation. The box plots present
LiIMAX values determined during preoperative evaluation, divided
into resected patients and patients refused surgery. Different results

tive mortality after hepatectomy was only 3.4% and thus lower
than in the prior period in which LiMAx readouts were blinded (P
=0.019) (Table 1).

Discussion

The lack of an accurate preoperative test with which to predict
postoperative outcome before hepatectomy was the motivation
for the development of a novel test protocol for a bedside
breath test with "C-methacetin.”” Fundamental methodological
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Figure 2 Development of liver function after hepatectomy, showing
the perioperative course of liver function capacity, as determined by
the LiIMAx test. The patients were divided into surviving and
deceased groups. Median values with error bars represent 75% and
25% quartiles. LiMAX readouts were compared using the Mann-
Whitney U-test. Data for the following tests were available:

Day — 1 2 3 5 10
were obtained during (A) the initial clinical studies and (B) the later .
routine application of the LIMAX test. Boxes indicate medians with Deceased patients (7 = 13) 13 ® ! 1 8 8
interquartile ranges; bars represent minimum and maximum values Survivors (n = 126) 126 111 58 99 97 93
Table 2 Postoperative LiMAX values and clinical outcomes in 139 patients
<80 pg/kg/h 80-100 pg/kg/h 100-150 pg/kg/h >150 pg/kg/h P-value
Patients, n (%) 21 (15.1%) 19 (13.7%) 42 (30.2%) 57 (41.1%)
Intensive care, days, median (IQR) 12 (4-26) 3 (1-16) 2 (1-4) 1(1-3) <0.00012
Hospitalization, days, median (IQR) 25 (17-35) 20 (15-39) 16 (13-41) 14 (10-26) 0.0562
In-hospital mortality, n (%) 8 (38.1%) 2 (10.5%) 1(2.4%) 0 <0.0001°

Patients receiving hepatectomy (n = 139) were classified into four categories by LiIMAx readouts on postoperative day 1. This classification was
compared with length of stay (in the intensive care unit and general ward) and mortality during the hospital stay

Statistical analysis by 2Kruskal-Wallis test, °chi-squared test
IQR, interquartile range
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Evaluation
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The LiMAX algorithm
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Figure 3 The LiMAXx algorithm: a clinical decision tree for preoperative evaluation before hepatectomy. LTX, liver transplant; CT, computed
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considerations and the need to adapt the test to the practical needs
of surgical management led to the design of a completely new test
protocol with i.v. substrate administration, real-time online
assessment and an automatic kinetic analysis with prompt test
readouts. These specifications were seen as preconditions for
achieving reliable test results with clinical meaning, as well as
ensuring a high clinical utility of the test system, so that any
medical specialist can easily perform the test. The LiMAx test
would seem to meet these criteria.

Previous work by the authors has shown the LiIMAx to be an
independent predictor of PLF and mortality."”” The evaluation of
diagnostic power consequently revealed a high individual validity,
as shown during area under receiver operating characteristic curve
(AUROC) analysis."” The critical point for PLF was identified as a
postoperative LIMAx value of <85 pg/kg/h. In addition, poor but
uncritical LiIMAx values in the initial postoperative phase have
been associated with secondary severe complications, such as
postoperative bleeding, pleural effusions or septic infections."
Normal values were retrieved from a group of healthy volunteers
and determined as LIMAx > 315 pg/kg/h."

The current study shows that, even without the benefit of
LiMAx test results, surgeons are more likely to decline patients
with poorer preoperative hepatic function. However, by contrast
with this group-based strategy, valid individual prediction could
be significantly improved with the new LiIMAX test, allowing indi-
vidual patient management according to the developed algorithm
(Fig. 3). Another important advantage is that it may allow sur-
geons to offer surgery to patients they might previously have
declined. Two patients within the Routine group had previously
been declined surgery because of the extent of their cirrhosis.
LiMAx values were obtained (392 pg/kg/h and 511 pg/kg/h) and
both patients subsequently underwent major hepatectomy (right
hemi-hepatectomy and trisectorectomy) and were discharged
after 21 and 17 days, respectively.

Although preoperative hepatic function is important, residual
function and its ability to regenerate are also crucial to short-term
outcomes, as shown in the current study (Table 2). However, it is
also important to consider intraoperative factors such as blood
loss and warm ischaemic time, which may have deleterious effects
on postoperative function. The LIMAx can assist in identifying
these patients early in the postoperative period."”

Since January 2008, the LiMAXx test has become available in
routine preoperative evaluation. Clearly, the proportional increase
in the number of patients with hepatocellular carcinoma (HCC)
and the number of patients for whom surgery was refused indicate
that surgeons have chosen to use it selectively (Table 1). Although
the Routine group represents a potentially higher-risk group, its
mortality rate was significantly lower than that seen in the Study
group (Table 1). However, given the nature of the study, this dif-
ference should be interpreted with caution. A complex decision
tree algorithm for preoperative evaluation was developed during
the application of the LIMAX test and enhanced with increasing
clinical experience. The flowchart in Fig. 3 presents the current
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decision tree used for patients with malignant hepatic tumours in
our department. First of all, the risk for any pre-existing hepatic
impairment must be evaluated. This includes the anamnesis of all
relevant risk factors for liver disease, such as chronic hepatitis,
alcohol abuse, exposure to toxins (environmental or medical, such
as chemotherapy), genetic disorders, or obstructive jaundice, as
well as the analysis of standard blood parameters in clinical chem-
istry. If hepatic impairment is unlikely, small resections of up to
two liver segments can be performed without further diagnostic
workup. If hepatic injury is suspected or larger resections need to
be performed, a preoperative assessment of liver function with the
LiMAx test is recommended. Normal liver function (LIMAx >
315 pg/kg/h) allows the resection of up to four liver segments
without further consideration. By contrast, patients with strongly
impaired liver function (LIMAx < 140 ug/kg/h, representing sig-
nificant hepatic injury) must be refused surgery as they are prone
to developing PLF after minor liver resection.

However, the most challenging decisions pertain to patients
with intermediate liver function (140-315 pg/kg/h, representing
limited hepatic impairment) or a planned resection of more than
four segments. In the future preoperative volume and function
analysis might effectively augment therapeutic decisions by pre-
dicting residual liver function after surgery, as demonstrated in
Fig. 4. If this is so, procedures with expected residual LiMAx
values of <80 pg/kg/h should not be performed according to the
results of the current study (38.1% postoperative mortality). Pro-
cedures with expected residual LIMAx values of 80—-100 ug/kg/h
are still critical (10.5% postoperative mortality) and thus alterna-
tive therapies or additional preoperative procedures should be
considered. These might include selective portal vein emboliza-
tion, which could enlarge residual liver volume,'® or neo-adjuvant
chemotherapy, which could downstage tumours and thus allow
smaller resection volumes."” In addition, intraoperative proce-
dures such as in- and outflow occlusion (e.g. Pringle manoeuvre)
should be strictly limited in these patients in order to minimize
additional hepatocellular injury. Procedures with expected
residual LiMAx values of >100 pg/kg/h (1.0% postoperative mor-
tality) are feasible with a high degree of safety (Table 2, Fig. 3).
Clearly, these cut-off values need to be further validated with
prospective studies correlating predicted postoperative volume
and function with actual postoperative values.

In the future, combined volume and function analysis might be
applied in every clinical situation and aetiology, and thus surgical
procedures tailored to optimize residual function. However, at
present it is important to remember that neither the LIMAX test
nor volume planning can currently predict the effect of intraop-
erative events such as hepatic ischaemia (Pringle manoeuvre) or
blood loss. Therefore, it may be sensible to consider retaining a
‘margin for error’ for patients in whom a significant hepatic event
is anticipated. Moreover, residual liver function is an essential but
not unique limitation of hepatectomy. Therapeutic decisions
must include multiple diagnostic parameters and clinical factors.
Along with the expected residual function, pre-existing liver dis-
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1450 ml

Total liver volume:

Tumour volume: 153 ml
Resected liver volume (less tumour): 599 ml
Remnant liver volume: 698 ml

LiMAX before operation: 307 pg/h/kg

Remnant liver volume: 625 ml

Planned postoperative LiMAX:

165 ug/h/kg

Measured postoperative LiMAx: 169 ug/h/kg

Figure 4 Planning of surgery by volume and function analysis, demonstrated by prospective volume and function analysis in one patient.
Preoperative LIMAx was 307 pg/kg/h; functional liver volume was 1450 ml, tumour volume was 153 ml. A right hemi-hepatectomy was
planned during virtual resection with a functional resection of 599 ml, thus resulting in a residual liver volume of 698 ml (53.8%) and a residual
LiMAX of 165 pg/kg/h. The initial postoperative LiMAX test revealed a liver function capacity of 169 ug/kg/h. (A) The preoperative computed
tomography (CT) scan is converted into a 3D construction. The tumour is shown in yellow, the planned liver resection in red. A representative
slide and the calculated data for surgery are shown beneath. (B) Confirmation of the planned volume in the postoperative CT scan. A
representative slide and the measured postoperative values are shown beneath. Portal vein branches are displayed in blue and hepatic artery

branches in red

eases, such as liver fibrosis, cholestasis or hepatitis, intraoperative
surgical procedures and, of course, tumour stage and the general
condition of the patient must be taken into account. Further
methodical considerations and clinical studies will aim to opti-
mize the test reliability and individual accuracy, particularly in
relation to potential parameters that might bias the individual test
result, such as haemodialysis, smoking and nutrition, as well as
genetic variations or visceral haemodynamics. Further, it would
seem to be appropriate to evaluate the effects of neoadjuvant
chemotherapy or preoperative portal-venous embolization in
order to provide the surgeon with important information regard-
ing surgical resection following these procedures.'

In conclusion, the LIMAx decision tree algorithm for hepatec-
tomy might significantly improve preoperative evaluation and
postoperative outcome in liver surgery.
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Early Diagnosis of Primary Nonfunction and
Indication for Reoperation After Liver
Transplantation
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Maciej Malinowski,' Peter Neuhaus,' and Martin Stockmann'
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Epidemiology, Charité-Universitdtsmedizin Berlin, Berlin, Germany

Initial graft function is a major factor influencing the clinical outcome after liver transplantation (LTX), but a reliable method
for assessing and predicting graft dysfunction directly after LTX is not available. Ninety-nine patients undergoing deceased-
donor LTX were studied in a prospective pilot study to evaluate the LiMAX test, the indocyanine green test, and conventional
biochemical parameters with respect to their sensitivity and prognostic power for the diagnosis of initial graft dysfunction.
Patients suffering from initial graft dysfunction (defined as technical complications or primary nonfunction (n = 8)) had signif-
icantly decreased LiMAx readouts (43 + 18 versus 184 + 98 ug/kg/hour, P < 0.001) immediately after LTX. Univariate anal-
ysis also showed significant differences for serum bilirubin, ammonia, glutamate dehydrogenase, and the international
normalized ratio (P < 0.05), but multivariate analysis revealed LiMAX as the single independent predictor of initial dysfunc-
tion (P = 0.008) with an area under the receiver operating characteristic curve (AUROC) of 0.960 (95% confidence interval
= 0.921-0.998, P < 0.001). In addition, the diagnosis of primary nonfunction (n = 3) was evaluated with LiMAx and aspar-
tate aminotransferase (AST) activity on the first postoperative day. The calculated AUROC values were 0.992 (0.975-1.0, P
= 0.004) for LiIMAx and 0.967 (0.929-1.0, P = 0.006) for AST. By a combination of test results obtained directly after LTX
and on the first day, LiIMAX indicated primary nonfunction with a sensitivity of 1.0 (0.31-1.0) and a positive predictive value
of 1.0 (0.31-1.0), whereas AST classification showed a sensitivity of 0.67 (0.13-0.98) and a positive predictive value of 0.29
(0.05-0.70). In conclusion, the assessment of initial graft function using the LiMAXx test might be effective for identifying criti-
cal complications that could threaten graft survival within 24 hours after LTX. Liver Transpl 16:172-180, 2010. o 2010
AASLD.
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Early graft dysfunction could have a major impact on
the prognosis and clinical outcome after liver trans-
plantation (LTX).!"® The incidence of graft dysfunction
is up to 27% after deceased-donor LTX (Table 1).
Graft function is influenced by multiple factors,
including organ quality, ischemia time, graft reperfu-
sion, and immunological matching. Thus, graft failure
is an extremely multifactorial condition. Primary non-

function (PNF) is defined as an aggravated form of
reperfusion injury resulting in irreversible graft failure
without detectable technical or immunological prob-
lems.*5 It is the most common reason for early
retransplantation,® with a reported incidence of 4% to
8% in the literature (Table 1). In addition, technical
complications such as hepatic artery thrombosis
(HAT), portal vein thrombosis, and severe bleeding

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUROC, area under the receiver operating
characteristic curve; CI, confidence interval; DOB, delta over baseline; GLDH, glutamate dehydrogenase; HAT, hepatic artery
thrombosis; ICG, indocyanine green; ICG-PDR, indocyanine green plasma disappearance rate; ICU, intensive care unit; IDF, initial
graft dysfunction; INR, international normalized ratio; LTX, liver transplantation; MELD, Model for End-Stage Liver Disease; PNF,
primary nonfunction; POD, postoperative day; PT, prothrombin time; ROC, receiver operating characteristic.
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TABLE 1. Definition and Incidence of Graft Dysfunction After Liver Transplantation
Graft
Dysfunction
Diagnostic Time Frame 7[%)
Authors n Parameters for Definition of Graft Dysfunction (days) PNF  Total
Ploeg et al.? 323 AST, PT, ammonia 2-7 6 22
Gonzales et al.' 168 ALT, PT, bile output 3 4 27
Maring et al.® 125 AST, PT, ammonia 2-7 5 13
Deschenes et al.'® 710 Bilirubin, PT, encephalopathy 2-7 — 23
Rosen et al.?” 313 AST 3 7.6 —
Pokorny et al.® 632 AST, PT, bile production, clotting support 3 7 16
Nanashima et al.>® 93 AST/ALT 3 4 22
NOTE: This brief overview was created with an unsystematic PubMed search with the following search terms: liver
transplantation with graft dysfunction or primary nonfunction. Only original work with n > 50 is presented.

from vascular anastomosis can significantly impair
graft perfusion and thus potentially lead to graft
failure.

Presently, graft dysfunction is usually diagnosed by
a combination of several diagnostic methods, such as
clinical chemistry, clinical examination, bile produc-
tion, and the need for clotting support.”-® However,
clinical symptoms as well as biochemical parameters
are limited in displaying and predicting graft func-
tion.° Many of these parameters strongly depend on
the pretransplant condition of the recipient or can be
significantly influenced by intraoperative and postop-
erative medical procedures, despite representing
actual graft function. Various scoring systems have
been developed to overcome these limitations, but
they are still disappointing.>°'2 A brief overview of
these different scoring systems is provided in Table 1.
Recent studies have shown that a diagnosis is not
reliable before the third postoperative day (POD).'3
As a result, novel dynamic liver function tests, such
as the indocyanine green plasma disappearance
rate (ICG-PDR), the monoethylglycinexylidide test,
and several metabolic noninvasive breath tests,
have been considered as additional diagnostic
tools,'*!® but no common clinical usage has been
reached yet.

In summary, an accurate and specific diagnosis of
initial graft dysfunction (IDF) or impending graft fail-
ure has not been possible directly after LTX. In the
late stage, graft failure is accompanied by encephalop-
athy, cholestasis, renal and respiratory failure, or he-
modynamic instability® and then becomes clinically
apparent when it has usually become irreversible.
Thus, signs of IDF require doctors to decide if retrans-
plantation or reoperation should be considered or if
the graft has the potency to recover. Because of the
organ shortage and the risk to the patient, retrans-
plantation or reoperation that is too early has to be
avoided. On the other hand, missing the right time for
surgical reintervention can endanger a patient’s sur-

vival. Therefore, the accurate and reliable detection of
critical conditions that threaten graft survival and
require immediate reoperation or relisting for high-
urgency retransplantation would be favorable at the
earliest possible point to assist with these crucial
decisions.

We hypothesized that a valid metabolic liver func-
tion test should detect IDF with the best sensitivity
and prognostic power. In the present pilot study, we
compared the recently described LiMAx test?° and the
indocyanine green (ICG) test with biochemical testing
for the indication of urgent surgical reintervention in
a prospective study.

PATIENTS AND METHODS

This pilot study was designed as a prospective obser-
vational study comparing different diagnostic methods
for the detection of graft dysfunction after primary
deceased-donor LTX. The study protocol had received
prior approval by the local ethics committee, and writ-
ten informed consent was obtained from all patients.
The primary endpoints were PNF and IDF requiring
surgical reintervention within 2 days or leading to
death/retransplantation within 14 days after LTX.
The indication for surgical reintervention was decided
by the doctors in charge independently of any study
results. PNF was defined as a subgroup of IDF after
the exclusion of specific technical and immunological
complications according to Burton and Rosen.® The
etiology of IDF was irrelevant for the classification. We
assumed that PNF as well as severe vascular compli-
cations (secondary dysfunction) should lead to
the equivalent condition of impaired graft function.
The secondary study endpoints were discharge from the
intensive care unit (ICU)/hospital, retransplantation,
and death. Postoperative complications and outcomes
were documented for 90 days on a standardized

LIVER TRANSPLANTATION.DOI 10.1002/1t. Published on behalf of the American Association for the Study of Liver Diseases





174 LOCK ET AL.

reporting form. All collected data were continuously
transferred into a computer database for further analy-
sis. This article was prepared according to the Stand-
ards for Reporting of Diagnostic Accuracy.?!

Evaluation of Graft Function

Study patients were examined directly after LTX and
at 06:00 am on PODs 1 and 3 in an analogous man-
ner. Graft (liver) function was evaluated by biochemi-
cal testing [aspartate aminotransferase (AST), alanine
aminotransferase (ALT), glutamate dehydrogenase
(GLDH), bilirubin, ammonia, albumin, blood count,
prothrombin time, international normalized ratio
(INR), and clotting factors II and VII], clinical assess-
ment (patient’s history and condition, skin and ab-
dominal inspection, bowel palpation and auscultation,
and inspection of postoperative drainage), and the
LiMAx and ICG tests. The 2 dynamic liver function
tests were performed by a specially trained team of

D
LiMAx =

medical doctors who were not involved in the clinical
management. The respective test results were not pro-
vided to the other medical staff. All other tests were
done by the regular hospital facilities. The test proce-
dures were completely performed within a time frame
of 2 hours at every point in time.

Dynamic Liver Function Tests

The LiMAx test (maximal enzymatic liver function
capacity) was performed as previously described by
Stockmann et al.%° The applied '3C-methacetin (Eur-
iso-Top, Saint-Aubin Cedex, France) was demethy-
lated in a single rate-limiting step by the microsomal
cytochrome P450 1A2 system of the hepatocytes. The
13C group was excreted in a pulmonary fashion as
13C0, and was subsequently detected as a change in
the '3C0,/'2CO, ratio [delta over baseline (DOB)] by
nondispersive isotope-selective infrared spectrometry.
LiMAx was calculated as follows:

OBpax X Standard!'3CO5/12CO, ratio x CO5 production x Molar mass(!'3C — methacetin)

The LiMAx readout was given in micrograms of sub-
strate metabolism per kilogram of body weight per
hour (ug/kg/hour). Normal values (>315 pg/kg/hour)
were detected in healthy controls.2° The specificity of
hepatic methacetin metabolism was shown during the
anhepatic phase of LTX.?° The ICG-PDR test was per-
formed with an intravenous bolus injection of ICG
(0.5 mg/kg of body weight; Pulsion, Munich, Ger-
many). The plasma disappearance rate (%/minute)
was assessed by pulse dye densitometry (DDG-
2001K, Nihon Kohden, Tokyo, Japan) for 15 minutes.

Statistical Analysis

Data were expressed as means and standard devia-
tions or as medians with ranges. Univariate analysis
was performed with the Student t test; multivariate
analysis was performed with forward and backward
logistic regression. Subgroup differences were ana-
lyzed with the Mann-Whitney U test. Receiver operat-
ing characteristic (ROC) analysis was performed to
analyze the prognostic power of the different liver
function tests. Cut points were calculated from the
same data set at the maximum sum of sensitivity and
specificity. Parameters of diagnostic accuracy were
provided with 95% confidence intervals. AST was
used as a comparator for LiIMAx in the analysis of
PNF. The test results obtained directly after LTX and
on POD 1 were combined to improve the predictive ac-
curacy. A positive result (PNF) was defined as 2 posi-
tive results (directly after LTX and on POD 1); a single
negative result (directly after LTX or on POD 1) was
defined as no PNF. Diagnostic performance was pre-
sented in separate 2-by-2 tables. The diagnostic accu-
racy of AST and LiMAx was directly compared in a
contingency table divided into false diagnoses (false-

Body weight

positive and false-negative results) and correct diag-
noses (true-positive and true-negative results). Test
equality was analyzed with McNemar's test. Statistical
significance was accepted at P < 0.05. Calculations
were performed with SPSS 15.0 (SPSS, Inc., Chicago,
IL).

RESULTS

Ninety-nine patients received deceased-donor LTX
between August 2005 and May 2007. Detailed preop-
erative patient characteristics are provided in Table 2.
All subjects underwent standardized LTX and were
transferred to ICU. The engraftment was performed ei-
ther by a piggyback technique (85%) or with replace-
ment of the retrohepatic vena cava (15%). Tacrolimus
and prednisolone were applied as primary immuno-
suppression in 93 patients; 6 patients received a com-
bination of daclizumab, mycophenolate mofetil, and
prednisolone. In addition, 61 patients received sup-
plementary antibody induction therapy (basiliximab,
daclizumab, or alemtuzumab).

Patient Outcomes

IDF occurred in 8 cases: 3 patients with PNF (retrans-
plant on PODs 4-6), 2 patients with severe intra-ab-
dominal bleeding from anastomosis (reoperation on
PODs 0-1), 2 patients with HAT (reoperation on POD
1), and 1 patient with portal vein thrombosis (reopera-
tion on POD 0). The 5 patients with vascular compli-
cations completely recovered after surgical interven-
tion without retransplantation. Additional severe
complications occurred after POD 1: 4 cases with HAT
on PODs 2 to 6 (leading to retransplantation in 3
cases on PODs 5-14) and 1 case with severe intra-
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abdominal bleeding on POD 6 (leading to retransplan-
tation on POD 21). Altogether, 7 patients underwent
retransplantation within 90 days (3 with PNF, 3 with
HAT, and 1 with bleeding). In addition, 3 patients
died within 90 days: 1 case of septic peritonitis with
multiple organ dysfunction syndrome (POD 14), 1
case of cerebrovascular infarction (POD 38), and 1
case of graft-versus-host disease (POD 63). Patients
were discharged from the ICU overall after 17 * 27
days (median = 8 days, range = 3-199). The overall
hospitalization time was 36 * 27 days (median = 26
days, range = 15-199).

TABLE 2. Characteristics of the Patients Before Liver
Transplantation
Patients undergoing liver transplantation 99
Gender (female/male) 33/66
Age (years) 55 (27-69)
Primary disease
Acute liver failure 3
Alcoholic cirrhosis 32
Autoimmune cirrhosis 3
Carcinoma 10
Cryptogenic cirrhosis 3
Hepatitis C 28
Primary biliary cirrhosis/primary 13
sclerosing cholangitis
Other 7
Child-Pugh class
A 36
B 30
C 33
Laboratory MELD score (preoperative) 13 (1-39)
NOTE: All values are given as n or median (range).

No adverse effects of the intravenous '*C-methace-
tin administration were noticed during the whole
study period. The LiMAx test was successfully
applied in every clinical situation, except during
hemodialysis.

Evaluation of Initial Graft Function
Directly After LTX

Patients were evaluated after transfer to the ICU
within 4.8 = 1.6 hours (range = 1-8) after surgical
procedures. Serum AST activity reached maximal val-
ues directly after LTX (1734 = 1859 U/L) or on POD 1
(1621 = 2211 U/L) and recovered until POD 3 (446 *=
765 U/L). Overall LiMAx values increased from 172 =
102 pg/kg/hour after LTX and 174 = 98 ug/kg/hour
on POD 1 up to 260 = 153 ug/kg/hour on POD 3.
ICG-PDR revealed stable values directly after surgery
(15.3 = 6.4%/minute), on POD 1 (15.1 = 7.0%/mi-
nute), and on POD 3 (15.4 + 8.9%/minute).

Initially dysfunctional grafts revealed lower LiMAx
values directly after LTX (43 + 18 versus 184 * 98 ug/
kg/hour, P < 0.001), whereas ICG-PDR at this point
was only slightly decreased (11.8 = 6.1 versus 15.5 =
6.4%/minute, P = 0.200). Significant differences were
also observed for bilirubin, ammonia, INR, and GLDH
(P < 0.05), but multivariate analysis yielded LiIMAx as
the only independent predictor of IDF directly after
LTX. ROC analysis for LiMAx revealed an area under
the receiver operating characteristic curve (AUROC) of
0.960 (0.921-0.998, P < 0.001) with a best cut point
of 64 ug/kg/hour (Table 3). At this cut point, a total
of 15 patients were thus classified as IDF, and 84
patients were classified as no IDF (Fig. 1). Three
patients were ultimately diagnosed with PNF, 5
patients successfully underwent surgical reinterven-
tion with consequently increasing LiMAx (Fig. 2), and

TABLE 3. Different Predictors of Initial Graft Dysfunction Directly After Liver Transplantation

Initial Graft

Receiver Operating Characteristics

Normal Dysfunction Control Univariate Multivariate

Range (n=28) (n =91) P Value PValue AUROC 95% CI P Value Best Cutoff
LiMAx (ug/kg/hour) >315 43 = 18 184 = 98 <0.001 0.008 0.960 0.921-0.998 <0.001 64
ICG-PDR (%/minute) >18 11.8 £ 6.1 15.5 * 6.4 0.200 0.659 0.413-0.905 0.195 8.3
AST (U/L) <35 2921 *= 1962 1629 *+ 1823 0.110 0.756 0.599-0.912 0.017 1371
ALT (U/L) <34 1083 * 523 857 = 776 0.290 0.684 0.530-0.838 0.086 648
GLDH (U/L) <4.8 736 + 713 351 * 481 0.041 Excluded 0.676 0.473-0.879 0.101 233
Bilirubin (mg/dL) <1 8.8 £11.7 4.9 + 3.58 0.026 Excluded 0.650 0.505-0.795 0.161 4.6
Ammonia (umol/L) 10-50 83 = 53 46 = 32 0.004 Excluded 0.756 0.575-0.937 0.017 82
Albumin (g/dL) 3.6-5.0 3.13 +0.56 3.21 *0.49 0.675 0.563 0.339-0.786 0.560 3.25
INR 0.9-1.25 1.94 = 0.55 1.69 = 0.31 0.047 Excluded 0.615 0.390-0.839 0.284 1.74
Factor II (%) 70-130 51.5*+9.4 54.0*13.2 0.503 0.552 0.360-0.744 0.628 48.5
Factor VII (%) 70-130 50.6 +11.2 51.8 = 15.8 0.785 0.506 0.343-0.669 0.956 46.5

distinguish between the diseased and nondiseased.

NOTE: All parameters were compared by univariate analysis (Student t test for independent samples), multivariate analysis (forward and
backward logistic regression), and receiver operating characteristics. The best cutoff was chosen at the maximum sum of sensitivity and
specificity. The P value in the receiver operating characteristic analysis represents the probability that the true AUROC is 0.5 in this
population. A P value < 0.05 indicates that the AUROC is significantly different from 0.5 and thus the diagnostic test has the potential to
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Patients receiving LTX
(n=99)

<64 ug/kg/h >64 pg/kg/h
[directly after LTX]
v grommm— 2
Classified as Classified as
“initial dysfunction® “no initial dysfunction®
(IDF, n=15) (no IDF, n=84)
True-negative (n=84)
$ i7 ..... G
Primary Initial technical No technical
nonfunction complications i[ complications
(PNF, n=3) (n=5) (n=7)

4

False-positive (n=7)

True-positive (n=8)

Figure 1. Classification of initial graft function by the
LiMAXx test.

7 patients had false-positive results and thus recov-
ered without surgical reintervention (Fig. 1). The re-
spective sensitivity of LiMAx was 1.0 (0.6-1.0) with a
positive predictive value of 0.53 (0.27-0.78), a speci-
ficity of 0.92 (0.84-0.97), and a negative predictive
value of 1.0 (0.95-1.0; Table 4). Interestingly, the 7
false-positive—classified patients revealed a significant
increase in LiIMAX readouts on PODs 1 and 3 in con-
trast to the PNF grafts but to a lesser extent than the
other patients without IDF (Fig. 2). In addition, the
median ICU stay in this group was longer [19 (n = 7)
versus 7 days (n = 84), P = 0.018], and also the inci-
dence of postoperative hemodialysis was significantly
higher [42.9% (n = 3/7) versus 7.1% (n = 6/84), P <
0.0001]. In 3 of 7 patients, a severe reperfusion
injury with a maximal AST activity of 4000 to 12,000
U/L was evident. Moreover, 71% (n = 5/7) suffered
from postoperative hypotension requiring significant
catecholamine support, whereas only 14.3% (n = 12/
84) of the other patients postoperatively received cate-
cholamines (P = 0.001).

Diagnosis of PNF

After exclusion of the initial technical complications
(n = 5), the remaining patients were analyzed for the
diagnosis of PNF on POD 1. Respective tests (POD 1)
were performed at 06:00 am (a mean of 14.5 * 5.0
hours after the first postoperative investigation).
Patients with PNF (n = 3) revealed LiMAx values of 36
+ 15 pg/kg/hour in contrast to values of 176 * 101
ug/kg/hour in functioning grafts (P < 0.001). The
LiMAx readouts with PNF constantly remained <50
ug/kg/hour until retransplantation, whereas all other

—4#—true negative (no IDF; n=84)
wedpss false positive (no tech. compl.; n=7)

300 4 —a— true positive (tech. compl.; n=5)
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Figure 2. Progression of LiMAx readouts after liver
transplantation. The patients were divided into 4 groups
according to the classification shown in Fig. 1: true-
negative results of patients without initial dysfunction (n =
84), true-positive results (n = 8) of patients with PNF (n =
3) or initial technical complications (n = 5), and false-
positive results of patients without the need for surgical
reintervention (n = 7).

patients presented a considerable regeneration of liver
function (P < 0.001; Fig. 3). The initial ICG-PDRs with
PNF were within the normal range in 2 cases but
revealed decreased parameters on POD 1 (P = 0.003)
and POD 3 (P < 0.001). Liver aminotransferases such
as AST reached a maximum on POD 1 (P < 0.001) but
also recovered with PNF until POD 3 (however, P <
0.001). The INR was significantly higher with PNF on
POD 1 (P = 0.01) and remained constant until POD 3,
whereas the INR of the other patients decreased (P <
0.001; Fig. 3). LiMAx and AST were the single param-
eters that showed a highly significant difference (P <
0.001) already on POD 1 and thus were further ana-
lyzed. The calculated AUROC for LiMAx on POD 1 was
0.992 (0.975-1.0, P = 0.004) with a best cutoff of 43
ug/kg/hour; for AST, the AUROC was 0.967 (0.929-
1.0, P = 0.006) with a best cutoff of 4126 U/L. The
combination of test results after LTX and on POD 1 led
to the patient classifications shown in Table 5. LIMAx
values discriminated PNF grafts with a sensitivity of
1.0 (0.31-1.0) and a positive predictive value of 1.0
(0.31-1.0; Table 5A). AST results were false-negative in
a single patient with PNF [sensitivity = 0.67 (0.13-
0.98)] and false-positive in 5 patients [positive predic-
tive value = 0.29 (0.05-0.70)]. The different classifica-
tions by LiMAx and AST were directly compared in a
contingency table. Significantly better diagnostic accu-
racy for the LiMAx test compared to AST was calcu-
lated from this data set (P = 0.031; Table 5C).
Interestingly, 1 patient with an initial LiIMAx value
of 140 pug/kg/hour was clinically suspected to have
PNF because of excessively high aminotransferases
and severe encephalopathy and was listed for high-
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TABLE 4. Direct Posttransplant Diagnosis of Initial
Graft Dysfunction by LiMAx

Initial Graft Dysfunction
LiMAx Present Absent z
Positive* 8 7 15
Negative' 0 84 84
= 8 91 99

NOTE: The test characteristics (with 95% confidence
intervals) were as follows: the sensitivity was 1.0 (0.6-
1.0), the specificity was 0.92 (0.84-0.97), the positive
predictive value was 0.53 (0.27-0.78), and the negative
predictive value was 1.0 (0.95-1.0).

*LiMAX < 64 pg/kg/hour directly after liver transplantation.
"LiMAx > 64 ug/kg/hour directly after liver transplantation.

urgency retransplantation on POD 2. However, the
patient recovered completely, and no retransplanta-
tion was performed.

DISCUSSION

This prospective pilot study was designed to improve
the evaluation of graft function in order to identify
patients with initial dysfunction. Unfortunately, there
is still no consensus about the definition of graft dys-
function itself.5® We assumed that actual surgical
reinterventions (whether early reoperation or urgent
retransplantation) provide a more reliable definition/
standard of graft dysfunction than arbitrary scores of
biochemical testing.?>® In this study, the different
diagnostic tests for graft function were compared to
these particular postoperative events and thus to the
actual outcomes of patients. The new LiMAx test was
previously presented as a valuable predictor of liver
failure after hepatectomy,?° and its application after
LTX is here reported for the first time.

The present results confirm that biochemical blood
parameters are not the optimal tool for the early
assessment of graft performance. Although some pa-
rameters such as GLDH, bilirubin, ammonia, and INR
showed significant differences for IDF grafts during
univariate analysis, LiIMAx was identified as the single
independent predictor in multivariate analysis: it indi-
cated a more than 4-fold functional capacity in
patients with the absence of IDF. In contrast, serum
bilirubin is strongly influenced by the pretransplant
level'’® and therefore is unsuitable for providing accu-
rate information directly after LTX. In fact, our data
showed that it takes at least 3 to 5 days before serum
bilirubin reliably indicates graft failure. The plasmatic
coagulation, reflected as the INR, is more strongly
associated with graft function. Unfortunately, elevated
INR values could also be derived from secondary hem-
orrhaging, disseminated intravascular coagulation, or
inadequate pharmacotherapy. Additionally, patients
in critical condition regularly receive clotting support,
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Figure 3. Progression of liver function parameters with
PNF in comparison with mean values. All tests were
performed directly after liver transplantation (day O) and on
postoperative days 1 and 3. The mean values of the control
group without PNF (no PNF) with the standard deviation
(error bar) are presented in comparison with the individual
progression of the 3 PNF grafts. Statistical significance was
calculated with the Mann-Whitney U test.

which disqualifies the specificity of INR. The ICG
results in this study were identical with or without
IDF directly after LTX. In contrast, Jalan et al.'*
reported the prediction of graft dysfunction by the
ICG test within 24 hours after surgery. However, only
23 patients were included in a nonparametric analy-
sis, and this limited the conclusions of that work.
Another experimental study with the ICG test showed
an equivalent performance in comparison with the
conventional biochemical tests.?? Our results confirm
the ICG test as a vague indicator of initial function. It
is known that the ICG test is relatively nonspecific,
but it is influenced by multiple factors besides liver
function.?3-2*

The present ROC analysis revealed that LiMAx test-
ing directly after LTX could augment the identification
of patients with impending graft failure before these
conditions become clinically apparent or reinterven-
tions are considered. If any vascular problems
are detected, the LiMAx readout might assist doctors
in deciding if reoperation should be performed
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TABLE 5. Diagnosis of Primary Nonfunction Within 24
Hours After LTX

A. By the LiMAx Test

Primary Nonfunction

LiMAx Present Absent z
Positive* 3 0 3
Negative' 0 83 83
) 3 83 86*
B. By the Serum AST Activity
AST Primary Nonfunction

Present Absent z
Positive® 2 5 7
Negative! 1 85 86
z 3 90 931

C. Contingency Table of LiMAx Versus AST

Classification By AST
of Primary
Nonfunction False Correct s
By LiMAx
False 0 o o
Correct 6 80 86
5 6 80 86

NOTE: The test characteristics (with 95% confidence
intervals) were as follows: (A) the sensitivity was 1.0
(0.31-1.0), the specificity was 1.0 (0.94-1.0), the positive
predictive value was 1.0 (0.31-1.0), and the negative
predictive value was 1.0 (0.94-1.0); (B) the sensitivity was
0.67 (0.13-0.98), the specificity was 0.94 (0.87-0.98), the
positive predictive value was 0.29 (0.05-0.7), and the
negative predictive value was 0.99 (0.93-0.99); and (C) P
= 0.031.

*LiIMAx < 64 ug/kg/hour directly after LTX and LiMAx <
42 ug/kg/hour on the first postoperative day.

'LiMAX > 64 ug/kg/hour directly after LTX or LiMAx >
42 pg/kg/hour on the first postoperative day.

*Eight missing values for patients without any clinical
signs of dysfunction.

SAST > 1375 U/L directly after LTX and AST > 4126 U/L
on the first postoperative day.

IAST < 1375 U/L directly after LTX or AST < 4126 U/L
on the first postoperative day.

YOne missing value.

immediately. Despite the high specificity of the LiIMAx
test, a relevant number of false-positive tests for IDF
were obvious. Interestingly, the majority of these
patients received intensive catecholamine therapy,
which could have had a negative impact on hepatic
perfusion and thus led to a certain underestimation
of graft function at that point. Moreover, these false-
positive—classified grafts demonstrated a homogene-
ous increase in LiMAx within less than 24 hours.
Although this group recovered without surgical rein-
tervention, a prolonged stay in the ICU, a higher inci-
dence of renal failure, and a prolonged regeneration of
liver function were observed. Whether this status

might be interpreted as borderline dysfunction or pri-
mary poor function according to Ploeg et al.? requires
further analysis.

The PNF grafts in this study demonstrated the over-
all lowest functional capacity during the LiMAx test
and did not show any regeneration during follow-up.
This could be interpreted as follows: PNF might have
an immediate impact on metabolic capacity and,
therefore, could be detected at a very early point. With
a potentially increasing incidence of PNF due to the
widespread use of marginal donors,?® the demand for
a more effective evaluation of graft function is grow-
ing. The most commonly accepted prognostic parame-
ter has been the activity of serum aminotransferases,
whether ALT or AST, which was here applied as a
comparator for the LiMAx test. AST and ALT have
been included in most of the scoring systems of graft
dysfunction (Table 1) as they reflect the quantitative
extent of ischemia-reperfusion injury. Nanashima
et al.?® reported a scoring system using the highest
aminotransferase levels within 72 hours as the single
parameter for the definition of graft dysfunction. How-
ever, hepatic damage is definitely not identical to graft
function itself. Rosen et al.?” reported in a larger se-
ries that the AST maximum was associated with sur-
vival only after reaching a threshold >5000 U/L, and
it predicted PNF in only 40% of events. Equivalent
results were obtained in this analysis, which showed
that despite a high sensitivity, the predictive values
were insufficient. Hence, LiMAx has the potential to
indicate PNF significantly better than AST levels after
the exclusion of vascular complications and a reevalu-
ation on the first day but still within a time frame of
24 hours after graft reperfusion. This could lead to
more effective patient selection for retransplantation
on the one hand and could prevent premature
retransplantation on the other hand.

Interestingly, previous breath tests with '*C-labeled
substrates did not achieve equivalent results after
LTX. Noninvasive breath tests with an oral *C-phe-
nylalanine or '*C-aminopyridine application were able
to discriminate PNF grafts within 3 days but failed to
do so immediately after LTX.'®!” Pauwels et al.?®
showed the higher effectiveness of intravenous tests
versus oral breath tests with '*C-aminopyrine already
in 1982. More recent studies of Freeman'” and Tugte-
kin et al.?® pointed out that the oral substrate admin-
istration in breath tests precludes a valid analysis of
hepatic enzyme kinetics during postoperative periods.
The intravenous administration during the LiMAx
test, combined with online real-time analysis, enables
the in vivo assessment of the metabolic liver function
capacity. Thereby, the LiMAx test procedure is rather
simple and provides a valid result directly at bedside.

Nevertheless, some limitations of this study are evi-
dent and need particular notification. The study proto-
col was only observational, and the IDF group was ret-
rospectively defined from the patients’ history. The
complications predicted by the LiMAx test were suc-
cessfully managed without this diagnostic information,
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and thus potentially positive effects of LIMAx testing af-
ter LTX can only be appraised. Apparently, the initial
LiMAX test is unable to predict later vascular complica-
tions; this was the case in 4 patients of this study. The
diagnosis of these events would require repeated inves-
tigation during the postoperative management. The
LiMAx test itself might also be influenced by some ex-
trahepatic factors, such as the coadministration of cat-
echolamines, the amount of carbon dioxide production,
and changes in body weight after LTX. The clinical rele-
vance of these factors needs to be addressed in sepa-
rate studies. Moreover, the diagnostic pathways during
the statistical analysis were simplified to single param-
eters, whereas a normal clinical evaluation of graft
function includes all available factors of each patient’s
history, the organ quality, the ischemia time, the intra-
operative bile production, and more information. The
cut points for patient classification by liver function
tests were post hoc chosen from the same data set and
thus overestimate the diagnostic accuracy.*® However,
this procedure was analogously applied for the AST
thresholds. Nevertheless, additional clinical studies
are necessary to confirm the LiMAx cutoffs by a pro-
spective evaluation after LTX.

In conclusion, the new LiMAx test can determine
metabolic graft function after LTX, and initial test
results already might be adequate predictors of indi-
vidual outcome. Therefore, the LiMAx test might
improve the postoperative monitoring of graft function
after LTX.
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Methodology: Three Patients with suspected
obstructive jaundice after liver surgery or trans-
plantation without any symptoms of liver insuffi-
ciency but disproportionate impaired ICG-test were
selected for repetitive ICG-test measurement after
endoscopic intervention. Additionally experiments
in a rat model of short-term common bile duct liga-
tion (BDL) were performed. ICG plasma disappear-
ance rate (PDR) and ICG retention at 15 min (R;5)

experiments BDL compared to sham operation
caused a marked reduction in ICG-PDR by 75%
(p<0.005) and an increase of ICG-Ri5 (p<0.005). No
alterations in conventional histology and only slight
elevations of bilirubin and ALT were observed.

Conclusions: Acute cholestasis might be one addi-
tional factor directly influencing the ICG-test. This
should be taken into account for correct interpreta-
tion of the ICG-test in respective clinical situations.

INTRODUCTION

Indocyanine green (ICG) has been known since
the late 1950s and was initially used for measuring
cardiac output (1). By measuring the ICG clearance
or plasma disappearance rate (PDR) the ICG-test can
provide additional information about the liver func-
tion which has been described in numerous papers (2-
5). During clinical application of ICG-PDR in the
early postoperative period after hepatectomy and
liver transplantation, we observed critical low test-
results for several patients, who did not present other
symptoms or indicators of severe liver insufficiency.
Interestingly, those patients suffered constantly from
obstructive jaundice (OJ) and were treated by inter-
vention during endoscopic retrograde cholangiogra-
phy (ERC). Thus, we supposed that acute cholestasis
might have an additional effect on the ICG-test
already before any significant liver injury occurs.

However, up to now the direct influence of acute
cholestasis on the result of the ICG-test has not been
completely clear. Although it is known that long-term
OdJ leads to histological alterations and increasing
impairment of liver function (6), no data exist on the
influence of short-term cholestasis on the elimination
of ICG. Nevertheless, acute cholestasis is a common
situation in liver disease and especially before and

Hepato-Gastroenterology 2009; 56:734-738
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after liver surgery. Liver function in patients with
acute cholestasis might only be slightly impaired or
even completely unaffected although bilirubin and
other laboratory values are already clearly elevated.
Thus, the aim of this study was to investigate the
direct influence of acute cholestasis on the result of
the ICG-test in clinical cases and in a rat model.

METHODOLOGY
Patients

Three patients undergoing liver surgery (2 liver
transplantations (OLT), 1 hepatectomy) were ana-
lyzed. All subjects had been included into different
clinical trials with ICG-PDR and declared informed
consent. The study protocols had received prior
approval by the local ethics committee. The selected
patients developed acute cholestasis and attracted
attention by critical low ICG-PDR results during fol-
low-up investigations. In contrary, parameters of
liver synthesis and clinical symptoms did not suggest
severe liver injury at the time of the intervention.
Another ICG-test was performed according to suc-
cessful stent implantation into the bile duct.

Animals

Male Sprague Dawley rats (Winkelmann,
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TABLE 1 Patient Characteristics, ICG-PDR and Laboratory Results
Pre and Post ERC Intervention

Influence of Acute Cholestasis on the ICG-test

Bochum, Germany) weighing 200-300g were used for
all experiments. The rats were housed four to six ani-
mals per cage and had free access to standard rat

chow and tap water ad [ibitum. The animals were . Pre- . POSt',
Patient Parameter  Intervention Intervention
kept at a constant room temperature on a twelve-
B . Male 65 yrs. ICG-PDR 6.8 16.0
hour day and n1’ght (}ycle. Prior to use the rats were  Grpor hepatitis B ICGRys 374 9.8
allowed to acclimatize for at least one week. All  hogis, Bilirubin 4.2 21
experiments were performed in accordance with the = ERC on postoperative GQGT 526 173
German legislation on the protection of animals. day 8, 2nd ICG-test AST/ALT 23/56 16/19
3d post ERC Albumin 33 27
Experimental Design of Rat Experiments INR 1.3 14
In total 13 rats were randomized to the following FII 62 53
operations: sham operation (group 1, sham, n=6) and FVII 54 43
o . _ Male 65 yrs. ICG-PDR 8.7 18.7
ligation of the common bile duct (group 2, BDL, n=7). -
. . Extended right hepatectomy ICG-Ry5 28.8 6.7
In both groups animals were sacrificed one hour after for metastasis of a Bilirubin 34 31
surgery. All rats were operated under isoflurane  GrST.tumor. ERC on GGT 847 700
inhalation anesthesia by the same surgeon. A mid-  postoperative day 17 AST/ALT 201/328 74177
line abdominal incision was performed followed by  2nd ICG-test 1d post ERC  Albumin 35 34
the respective surgical procedure. In the sham group INR 0.9 1
the liver was gently manipulated and the hepatoduo- FII 85 85
denal ligament incised to ensure that the operative FVII 106 94
trauma was similar as in the BDL group. In the BDL. Male 60yrs. . ICG-PDR 7.4 16.3
group the hepatoduodenal ligament was incised and OLT for alcoholic cirrhosis, — ICG-Rys 35.1 10.0
th bile duct d. Then th ERC on postoperative day 11, Bilirubin 2.0 0.9
1€ common brie duct prepared. then the common o, 410G test 1d post ERC ~ GGT 220 212
bile duct was ligated Wlt.ih two 5/0 Vlcryl hgatgres. AST/ALT 49/41 20/12
The abdomen was closed in two layers with 4/0 vicryl Albumin 2 2
running suture. Subsequent to the latest test, 60 INR 1.4 1.3
minutes post surgery, the rats were sacrificed and FII 52 40
the liver and blood samples harvested. The blood was FVIL 57 62

placed in serum tubes. Serum parameters were
determined immediately using routine biochemical
methods. Samples from the liver were fixed in 4%
formaldehyde. For histological evaluation paraffin

Units: ICG-PDR: Indocyanine green plasma disappearance rate in %/min;
ICG-R15: Indocyanine green retention at 15 minutes in %; ERC: endoscopic
retrograde cholangiography; Bilirubin: total serum bilirubin in mg/dL;
GGT: gamma glutamyl transferase in U/L; AST/ALT: aspartate and alanine
aminotransferase in U/L; Albumin in g/L; INR: International Normalized

embedded tissue was cut in 4 pum sections and
stained with hematoxylin and eosin (HE) using rou-
tine protocols. The sections were checked for inflam-
matory activity, grade of hepatocellular damage or
necrosis and cholestatic alterations.

ICG Plasma Disappearance Rate and R15
Measurements

After intravenous application ICG is bound to
albumin and eliminated exclusively by the liver via
an energy dependent transport mechanism for conju-
gated and unconjugated bilirubin. The ICG plasma
disappearance rate (PDR) and ICG retention at 15
minutes (R15) was determined by ICG pulse dye den-
sitometry (7) by means of a commercially available
analyzer (DDG-2001, Dye Densitogram Analyzer,
Nihon Kohden, Japan) and a corresponding finger
probe (DDG Analyzer Finger Probe TL-301P, Nihon
Kohden, Japan). In humans the ICG-test was per-
formed as described (8). Each individual received
intravenous bolus injection of a dosage of 0.5mg/kg
bodyweight (ICG-Pulsion, Pulsion Medical Systems,
Munich, Germany).

In the animal experiments, the finger probe was
placed at the right hind limb of the rat as described
recently (9). Measurements were performed before
operation as well as 30 and 60 minutes after bile duct
ligation or sham operation, respectively. An intra-

Ratio; FII and FVII: Coagulation factor II and VII in %.

venous line (27 gauge, BD Venflon, Becton Dickin-
son, Sweden) was placed in a tail vein and the ICG
bolus was injected with subsequent flush of 1.25mL
isotonic saline solution. The PDR and R;5 were calcu-
lated by offline analysis of the recorded raw data dur-
ing a stable measuring period of at least five minutes.

Statistical Analysis

Data were expressed as mean value = standard
error of mean (SEM). In the clinical cases only
descriptive data were presented. As a consequence of
group sizes, statistical tests were performed non-
parametrically. For comparison of continuous vari-
ables between groups the Mann-Whitney U-tests for
independent groups and Wilcoxon tests for paired
observations were used. Statistical significance was
accepted at p<0.05. Calculations were performed
with SPSS™ 13.0 (SPSS Inc., Chicago, IL, USA).

RESULTS
Patients

The ICG-PDR increased significantly in all
patients within a short time after successful inter-
vention (range 7.0%/min to 9.6%/min). Bilirubin and
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FIGURE 1 A architecture was completely preserved.

Postoperative oy m 18 Plasma disappearance rate of ICG (ICG-PDR)
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GGT decreased accordingly to the ICG-PDR but in
smaller extend. Other blood markers of liver function
were not significantly influenced by the intervention.
Patients’ characteristics and detailed values are
shown in Table 1. One exemplary course of ICG-
PDR and several laboratory markers of a patient
after hepatectomy and the corresponding ERC x-ray
slide are presented in Figure 1 A-B.

Animals

The preoperative body weight of the animals was
not different between groups (Table 2). Bile duct lig-
ation (BDL) resulted in slightly increased serum
bilirubin and ALT activity one hour after the opera-
tion (Table 2). Histomorphology was completely
unaltered at this point. There was no relevant
inflammation, no cholestasis and no necrosis
observed in both groups. Lobular and hepatocellular

TABLE 2 Preoperative Weight and Laboratory Data One Hour

after Operation of Rat Experiments

Sham BDL
Weight (g) 259+ 6.4 252+ 8.9
Bilirubin at 1h (mg/dl,) 0.12 + 0.02 1.2 +0.09 ™

ALT at 1h (U/L) 66.8 + 3.8 206.0 £ 41.4 ~

BDL: bile duct ligation; ™ p<0.005 vs. sham.

utes (Figure 2B).

DISCUSSION

Indocyanine green (ICG), a water-soluble, inert
anionic compound, is not metabolized. After intra-
venous injection ICG 1is selectively transported by an
adenosine triphosphate (ATP) independent process
into the hepatocytes. ICG is then excreted unchanged
into the bile by an ATP-dependent transport (10).
Measurement of ICG-PDR or ICG-Rq5 especially by
the easy to use pulse dye densitometry method (7)
has been proposed by many authors as a valuable
tool for the assessment of liver function (3-5).

It is a matter of common knowledge that the ICG-
test is influenced by several factors beside the main
purpose of measuring the liver function. This might
be the reason for the wide range of reported ICG-val-
ues and contradictory results (11-14). Firstly, liver
blood flow has a major impact on the ICG-test.
Hence, liver blood flow can be estimated behalf of the
ICG-test in patients with stable liver function (15-
17). On the other hand, in septic hyper-dynamic con-
ditions, it was shown that the ICG-PDR failed to indi-
cate liver dysfunction (18). Secondly, the PDR varies
significantly with the administered ICG dose (3,10).
Thirdly, ICG removal from the blood is inhibited by
bilirubin and other anionic compounds. Thus, rele-
vant hyperbilirubinemia (above 3mg/dL) directly
reduces the ICG-test results (10,19).

Taken together, beside liver blood flow, ICG dose,
and hyperbilirubinemia the reason for the partly
insufficient results obtained so far might be the direct
influence of cholestasis. Except for the used ICG-dose
the different influences cannot be easily discriminat-
ed and have to be interpreted in the clinical context
(Table 3).

TABLE 3 Parameters Influencing the ICG-test besides
Measuring the Liver Function

Parameter References Solution

Liver blood flow (15-18) Interpret in clinical
context

ICG-dose (3,10) Use constant dose

Hyperbilirubinemia (10,19) Interpret in clinical
context

Obstructive jaundice This study Interpret in clinical
context
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The patients presented in this study showed con-
tradictory ICG-PDR results compared to other liver
function tests and clinical presentation. In all cases a
cholestatic biliary problem was discovered during fol-
low up. Interestingly, reapplication of the ICG-test
after successful ERC intervention, revealed an imme-
diate remarkable increase of ICG-PDR that could
clearly not be interpreted as liver regeneration.
Therefore, we decided to elude the obvious influence
of acute cholestasis on the ICG-test in a rat model. In
that study we could demonstrate that acute cholesta-
sis induced by common bile duct ligation (BDL) leads
to a rapid impairment of the ICG-test result within
30 minutes. These findings encourage our own clini-
cal observations that ICG-PDR might be frequently
reduced in a significant extend without real severe
liver function impairment. No alterations in conven-
tional histology and only slight elevations of bilirubin
and ALT were observed in the rat experiments. Since
serum bilirubin levels up to 3mg/dL: were reported to
have no influence on the ICG-test (10), the inhibition
of bilirubin itself is irrelevant in this experimental
setting. In addition, in this short-term setting with
the same operative trauma in sham and BDL group
an influence of liver blood flow seems to be unlikely.
Some studies have shown impaired ICG-test results
several days after bile duct ligation (20-22). That was
mainly attributed to ongoing impairment in liver
function due to beginning hepatocellular damage
after BDL. Hence, in earlier studies it appeared to be
likely that impairment of liver function is the expla-
nation for impaired ICG-test results in long-lasting
obstructive jaundice. However, also several days
after onset of cholestasis an important effect of
cholestasis itself as an explanation for the impaired
ICG-test cannot be excluded while liver function
might mainly be preserved. We and others could not
observe any relevant histomorphologic alterations
one or two hours after BDL and a study of Baum-
gartner et al. could additionally not find alterations
in electron microscopy (23). Thus, the impairment of
the ICG-test in our rat experiments cannot be con-
tributed to hepatocellular damage but seemed to be a
direct effect of the acute cholestasis. Since all meta-
bolic pathways are accelerated in rats relevant hepa-
tocellular damage by cholestasis should be even more
delayed in humans.

Indeed, a pathophysiological model was described
earlier, which could explain the direct effect. Cotting
et al. showed that short-term OJ 20 min after BDL
leads to an immediate collapse of the potential differ-
ence between sinusoids and bile canaliculi which per-
mits regurgitation of negatively charged molecules
(24). In parallel, there were no alterations of hemo-
dynamics or morphology in this short-term setting.
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This regurgitation theory within minutes after BDL
is also supported by others (23) and might be the rea-
son for the immediate impairment of the ICG-test
results in our experiments. Probably, the maximal
effect after total common bile duct ligation can be
observed in less pronounced nuances when obstruc-
tive jaundice is incomplete. Also in obstructive jaun-
dice for several days, the effect described in this
study and not alteration of liver function itself could
be of major relevance for the impairment of the ICG-
test. However, this cannot be differentiated as easily
as in the analyzed very acute situations.

In conclusion, our findings suggest that acute
cholestasis might be one relevant additional factor
directly influencing the ICG-test. This should be
taken into account for correct interpretation of the
ICG-test in respective clinical situations. The under-
standing of this background could improve the clini-
cal interpretation and usefulness of the ICG-test.
Additional prospective studies are needed to confirm
this effect and to determine its particular extend.
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Abstract: The narrow therapeutic range of tacrolimus requires careful
management after liver transplantation (LT). The aim of this study was to
investigate the influence of graft function on tacrolimus trough levels during
the first post-transplant week. Ninety-three patients receiving deceased-
donor LT were observed in a prospective observational study. Graft func-
tion was determined by the new LiIMAX test (maximal liver function
capacity). Significant correlations between LiMAX readouts and consecutive
tacrolimus levels, up tor = —0.529 (p < 0.0001), were determined
throughout the observed period of time. Patients with initially poor graft
function revealed higher trough levels (n = 24; 20.1 £+ 11.6 ng/mL) in
comparison with fair (n = 40; 13.7 £ 7.8 ng/mL) and good function

(n = 29;9.5 £ 44 ng/mL; p < 0.0001) already at the second post-trans-
plant day. Toxic levels could be predicted with an area under receiver
operating characteristic analysis AUROC=0.751 (p = 0.001) with high
sensitivity and specificity. Insufficient levels could be predicted with
AUROC=0.800 (p = 0.003). In conclusion, initial graft function is a major
factor influencing the pharmacokinetics of tacrolimus and can be validly
determined by the LiMAXx test. Thus, recipients with poor functioning grafts
are prone of developing toxic levels within the first week after LT, whereas
patients with good functioning grafts frequently develop insufficient levels
with the current immunosuppressive protocols.

Tacrolimus has become a standard induction and hepatocytes.
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the adequate dose for

maintenance immunosuppressant drug after liver
transplantation (LT) (1). Nevertheless, tacrolimus
has a narrow therapeutic window and can cause
serious adverse effects. Acute overdosing can
provoke renal failure and severe neurological
disorders, such as seizures, delirium, or coma (2).
It was demonstrated that the actual trough levels
were directly associated with nephrotoxicity (3) as
well as neurotoxicity (4). On the other hand,
insufficient levels (<5 ng/mL) could lead to graft
rejection in the initial post-transplant phase (5).
The clinical application of tacrolimus is chal-
lenging because of its sophisticated pharmaco-
kinetics. Tacrolimus is mostly metabolized by the
cytochrome P450 3A4 system (CYP3A4) of

sufficient levels is dependent on the actual graft
function. Initial poor graft function was
associated with an increased risk of tacrolimus
discontinuance and worsened prognosis in a
retrospective analysis (6). The intestinal absorp-
tion and the first pass metabolism of intestinal
mucosa could also influence individual pharma-
cokinetics (7). Additionally, the CYP3A4 system
can be inhibited or induced by various drugs, such
as antiepileptic or antifungal agents (8, 9). As a
result, an individually administrated dose does
not directly correlate with consequent blood
concentrations (10). Thus, continuing therapeutic
drug monitoring (TDM) is a basic necessity (5,
11). Target trough levels of 5-15 ng/mL have

1
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been recommended after LT, but the values in
clinical practice revealed a much wider range (12).
Thus, recent studies tended to reduce target levels
with regard to the clinical relevance of adverse
effects. The first post-transplant week remains
somehow the most challenging period, because
stable pharmacokinetics have not been reached
yet and graft function cannot be validly deter-
mined. Thus, a body weight-adjusted starting dose
is usually applied (1). Hence, a more accurate
determination of initial graft function might
augment the therapy to achieve optimal blood
levels at an earlier point in time.

The LiMAX test (maximal liver function capac-
ity) was recently evaluated for the assessment of
post-operative liver function after hepatectomy
and liver transplantation (13, 14). It was shown
that the LiMAXx test can validly predict liver
dysfunction directly after surgery — in contrast to
prior diagnostic tools. The primary aim of this
analysis was to explore the correlation of LIMAX
readouts and tacrolimus trough levels during the
first post-transplant week. In addition, we analyzed
the individual prognostic power of LiMAx for
consecutive tacrolimus levels.

Patients and methods
Study design

This study was designed as an observational study
in patients receiving deceased-donor LT, evaluat-
ing graft function by the LiMAx test without
experimental intervention. The applicability and
diagnostic power of the LIMAX test to determine
graft function after LT was recently shown (14).
In the present analysis, only patients receiving
tacrolimus as primary immunosuppression were
analyzed. Graft function was repeatedly deter-
mined by the LiMAX test after transfer to the
intensive care unit (ICU) (directly after surgery)
and at post-transplant days 1, 3, and 5. The
LiMAx readouts were blinded from the doctors in
charge and did not influence clinical management
including the tacrolimus dosage. Individual out-
come was documented in a standardized form
until date of discharge. The study procedures were
conducted according to the ethical standards of
the Declaration of Helsinki. The study protocol
was approved by the faculty’s review board.
Patients gave their written informed consent
before LT. All obtained data were continuously
transferred into a computed database. The man-
uscript was prepared according to the standards
for reporting of diagnostic accuracy (STARD)

(15).
2

Immunosuppression

The department’s standard primary immunosup-
pression was based on methylprednisolone and
prednisolone in combination with tacrolimus,
starting at a dose of 0.05 mg/kg (body weight) at
the day of transplantation (1). Consequently,
0.05 mg/kg were given orally twice a day until
the dose was controlled by TDM. TDM was
performed by daily blood sampling just before
administration of the morning dose (12 h after the
last dose). Target range of trough levels was 10—
15 ng/mL during the first month (1). Tacrolimus
levels were daily obtained from the hospital’s
laboratory. Levels were determined by a commer-
cially available test-kit (IMx tacrolimus II; Abbott
Laboratories, USA). Trough levels <35 ng/mL
were judged insufficient, trough levels >20 ng/
mL were assumed toxic.

Determination of graft function

Graft function was determined by the novel
LiMAKX test, which has recently shown its diagnos-
tic potential during hepatectomy (13, 16) and liver
transplantation (14). The test evaluates the meta-
bolic capacity of the cytochrome P450 1A2
(CYP1A2) system by demethylation of '*C-labeled
methacetin ~ (Euriso-top, Saint-Aubin  Cedex,
France). "*C-methacetin is metabolized into acet-
aminophen and '*C-labeled carbon dioxide, which
is consequently excreted pulmonary. An intrave-
nous solution of 2 mg/kg was injected as a bolus.
Expired air was collected by a special face mask
for breath analysis at bedside. The ratio of
13C0,/'?C0O, is continuously measured 10 min
before injection and for 60 min after injection
(13). The test result was expressed as pg
(metabolism of methacetin) per kg body weight
per hour (ug/kg/h) assuming a CO, production
rate of 300 mmol/h/m?. Normal values were deter-
mined > 315 pg/kg/h (13).

Statistical analysis

Data were expressed as mean + standard devia-
tion (SD), if not otherwise noted. Correlation
between LiMAX readouts and tacrolimus levels
was calculated by Spearman’s rank correlation
coefficient. Individual graft function was classified
by the initial LIMAX readouts into three groups.
The cut values for classification were based on
multiples of the critical value of approximately
60 pg/kg/h after LT (14). Thus, liver function was
classified as “‘poor” (LiMAx <120 pg/kg/h), as
“fair” (LiMAx 120-240 pg/kg/h), or as ‘““good”





(LiMAx >240 pg/kg/h). Tacrolimus trough levels
were classified ““insufficient” (<35 ng/mL) and
“toxic” (>20 ng/mL). Continuous variables were
analyzed by analysis of variance (ANOVA) with
Bonferroni post hoc test. Receiver operating char-
acteristic (ROC) analysis was performed to deter-
mine the prognostic power for inadequate levels.
The days with the highest overall incidence of
inadequate levels were chosen for that purpose.
Area under receiver operating characteristic curve
(AUROC) was presented with 95% confidence
intervals (95%CI). ROC cut points were chosen for
fixed specificities of 0.5, 0.6, 0.7, 0.8, 0.9. A best cut
point was obtained at the maximum sum of
sensitivity and specificity. The level of significance
was 0.05 (two-sided). Calculations were performed
with SPSS™ 15.0 (SPSS Inc., Chicago, IL, USA).

Results

Ninety-nine of 229 patients receiving deceased-
donor LT between September 2005 and May 2007
were enrolled into the study. The selection of
patients for the study was arbitrary and contrib-
uted to administrative issues. Six of these patients
did not primarily receive tacrolimus and had to be
excluded. Thus, the prospectively collected data of
93 liver recipients were analyzed. Fifty-six of these
patients (60%) received a supplementary antibody
induction therapy (38 basixilimab, 12 daclizumab,
9 alemtuzumab); nine patients additionally re-
ceived mycophenolate mofetil. Table 1 provides
detailed pre-transplant characteristics of the recip-
ients.

Patients’ outcome

All patients were successfully liver transplanted
and moved to the ICU. Graft failure during the
initial hospital stay occurred in eight cases (8.6%),
and retransplantation was performed in five; three
of these were retransplanted during the first week
and were not followed up. Four patients died
during hospitalization (4.3%); one because of
acute hepatic artery bleeding, one because of
respiratory failure with amyloidosis as indication
for transplantation, one because of multi-organ
dysfunction syndrome after sepsis, and one because
of cerebrovascular infarction. Cases of graft failure
and death were included into the statistical anal-
ysis.

Individual graft function was classified by Li-
MAXx readoutsas “poor” (n = 24), “fair” (n = 40),
and “good” (n = 29). Acute renal failure occurred
in 18 recipients, and 13 required temporary
hemodialysis. Severe neurological complications

Prediction of tacrolimus trough levels

Table 1. Pre-operative recipients’ characteristics

93 Patients receiving tacrolimus after LT

Age (yr)? 54 +9
Gender (male/female) 64/29
BMI? 26 +5
Etiology
Alcoholic liver disease 32
Hepatitis C 28
Carcinoma 10
Cholestatic cirrhosis 9
Acute liver failure 3
Autoimmune hepatitis 3
Cryptogenic 3
Other 5
Pre-operative tests
LabMELD score (pre-transplant)® 13 (1-39)
CHILD
A 32
B 28
C 33
“Mean with standard deviation.
®Median with range.
(delirium/seizures) were documented in five

patients. Mean duration of ICU treatment was
16.3 £ 27.5 d (median eight d, range 3-199); mean
hospitalization was 35.5 = 27.5d (median 26 d,
range 15-199).

Tacrolimus dose and trough levels

All recipients were treated with tacrolimus
throughout the first week. One patient was
switched to cyclosporine because of seizures after
four wk. The overall trough Ilevels were
10.0 = 6.7 ng/mL on the first day and increased
to 14.0 £ 9.1 ng/mL on the second day. Thereaf-
ter, the overall levels continuously decreased to
9.7 = 4.3 ng/mL until day 7 (Table 2). However,
trough levels of 0.0-51.0 ng/mL were recorded
during the first week. Single inadequate levels were
evident at every time point of investigation
(Table 2). Toxic levels were recorded in 41 patients
(44%); however, only in 10 subjects (11%) for
longer than one d, with the highest frequency on
the second (n = 19) and third day (n = 12).
Patients who received urgent retransplantation
during the first week (n = 3) revealed individual
trough levels of maximal 12.8, 27.4, and 42.8 ng/
mL; their individual average levels were 8.9, 15.1,
and 26.4 ng/mL, respectively. Insufficient levels
were recorded in 38 subjects (41%); 19 (20.5%) of
them for longer than one d. At the end of the first
week, 49 patients (53%) had relatively low levels,
whereas only 23 (25%) were inside the target range.
Table 2 provides a detailed description of the
tacrolimus levels at every single day.
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Table 2. Tacrolimus whole blood trough levels during the first week after liver transplantation

Post-transplant day 1 2 3 4 5 6 7
Tacrolimus trough levels (ng/mL)? 100+ 6.7 140 + 9.1 12573 111 +£69 91+48 9.0+43 97+43
Minimum level (ng/mL) 0 15 2.0 3.0 29 2.9 4.4
Maximum level (ng/mL) 25.6 51.0 42.8 54.4 30.2 30.0 28.6
Individuals (n) 88 92 93 91 89 85 80
Insufficient levels (<5 ng/mL) (n) 21 9 5 10 7 7 1
Low levels (5-10 ng/mL) (n) 29 27 34 36 54 55 49
Optimal levels (10-15 ng/mL) (n) 17 25 32 30 21 19 23
High levels (15-20 ng/mL) (n) 11 12 10 9 4 2 3
Toxic levels (>20 ng/mL) (n) 10 19 12 6 3 2 4

“Mean with standard deviation.

The influence of graft function

LiMAx readouts did not influence the management
of tacrolimus therapy. All patients consistently
received equivalent doses after surgery (0.05 mg/
kg) and on the first day (2 x 0.05 mg/kg). The
comparison of LiMAXx readouts at the different
days versus the consecutive tacrolimus levels and
the ratios of level per dose revealed highly signif-
icant correlations up to six d after the respective
test (data not shown). The overall comparison of
tacrolimus trough levels (averaged over day 1-7),
versus graft function (determined by the LiMAx
test and averaged over day 0, 1, 3, and 5) revealed a
correlation coefficient of r = —0.512 (p < 0.0001).
The ratio calculated by division of trough levels per
previous administered dosage was similarly corre-
lated to the LiMAx readouts (r = —0.540;
p < 0.0001). Analogous results were calculated
for the correlation of minimal and maximal
tacrolimus levels versus graft function (data not
shown).

Accordingly, recipients with poor functioning
grafts (n = 24) revealed increased levels of
20.1 £ 11.6 ng/mL compared to those with fair
(n = 40;13.7 £ 7.8 ng/mL) and good functioning
grafts (n = 29; 9.5 £ 44 ng/mL; p < 0.0001)
already on the second day. In regard of these
levels, the applied dose was actually reduced in the
poor functioning group from primarily 0.1 to
0.06 mg/kg on the second and 0.04 mg/kg on the
third day (Fig. 1A), and led to decreasing levels
from 17.9 £ 9.2 ng/mL on the third day to
149 + 10.2 ng/mL on the fourth day (Fig. 1B).
Patients with good functioning grafts revealed
continuously decreasing levels with a minimum of
7.5 £ 2.6 ng/mL on day 5, although the dose had
been increased daily up to 0.18 £ 0.07 mg/kg on
day 6. Somehow optimal levels were observed in
the fair functioning group. Those patients received
stable doses around 0.01 mg/kg, and trough levels

4

of 11.6 £ 54 and 10.7 £ 4.7 ng/mL were re-
corded at the third and the fourth day (Fig. 1B).
Post hoc analysis revealed non-significant differ-
ences of tacrolimus levels between the fair and the
good functioning group. In contrast, the levels of
the poor function group were significantly different
up until day 6 (p < 0.05).

Prediction of tacrolimus levels

At day 2, 9/23 patients (39%) with initial poor
function revealed toxic levels. In contrast, §/28
(29%) patients with initial good function revealed
insufficient levels at day 4. Receiver operating
characteristic analysis of toxic levels by LiMAx
readouts at day 0 showed an area under curve
(AUROC) of 0.751 (95%CI 0.63-0.88; p = 0.001;
best cut point 104 pg/kg/h; Fig. 2A) with a sensi-
tivity of 0.61 and a specificity of 0.80. ROC
analysis of insufficient levels by LiMAx readouts
at day 1 revealed an AUROC of 0.800 (95%CI
0.60—-1.0; p = 0.003; best cut point 255 pg/kg/h;
Fig. 2B) with a sensitivity of 0.78 and a specificity
of 0.83. Different cut points at different stages of
specificity of both ROC analyses are provided in
Fig. 2A,B.

Tacrolimus related complications

Patients receiving temporary hemodialysis because
of an acute post-transplant renal failure revealed
increased tacrolimus trough levels (mean levels of
16.2 £ 8.5 vs. 10.0 £ 2.8 ng/mL; p < 0.0001;
maximal levels of 25.2 + 13.0 vs. 17.6 £ 7.1 ng/
mL; p < 0.0001; and minimal levels of 10.8 + 5.8
vs. 5.9 £ 2.1 ng/mL; p < 0.0001) during the first
week. A significant correlation coefficient of
r = 0427 (p < 0.0001) was calculated for mean
creatinine readouts versus mean tacrolimus levels.
No association of tacrolimus trough levels with the
recorded neurological events in this population was
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observed (data not shown). Acute rejections were
suspected in 15 patients during the initial two wk.
Percutaneous biopsies confirmed acute cellular
rejections in 13 cases, and a high-dose methylpred-
nisolone pulse therapy was applied for three
consecutive days. No statistically significant asso-
ciation was found with the tacrolimus trough levels
during the first week. Patients initially receiving
supplementary antibody induction therapy re-
vealed the same incidence of acute rejection in
that period of time.

Discussion

The primary hypothesis of this study was that
poor graft function might lead to higher tacrol-
imus levels and vice versa during the first week
after LT. The present study provides the cur-
rently most detailed description of the immense
variety of tacrolimus levels in a large clinical trial.
The influence of graft function on the metabolism

2 3 4 5 6 7
Posttransplant period [days]
W Initital fair function

O Initial poor function W Initial good function

of tacrolimus is a commonly shared experience in
clinical practice, but the presented results clearly
demonstrate for the first time the graduated
impact of initial graft function. The LiMAX test
can determine and classify graft function from
the beginning (14), and LiMAx readouts are
significantly correlated with tacrolimus trough
levels throughout the first week, although phar-
macokinetics of tacrolimus are extremely multi-
factorial. It is shown that toxic levels are not a
rare event, but are frequently seen during the first
post-transplant week, which significantly increases
the risk of adverse effects, especially the incidence
of renal failure. Although, the individual preci-
sion of trough levels is somehow limited (17), the
current tacrolimus protocol (starting with a body
weight-adjusted dosage in all patients) could lead
to tacrolimus toxicity in patients with a poor
graft function, and to insufficient immunosup-
pression in those with a good graft function.
Although tacrolimus doses were ultimately
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adapted by TDM without consideration of
LiMAx readouts, this process required approxi-
mately an entire week. Persisting inadequate
levels could have a negative effect on the patients’
outcome. The prognostic values of LiMAx for
prediction of inadequate levels might allow an
individual adjustment of the tacrolimus therapy
during that period. Hence, adequate and stable
tacrolimus levels might be provided earlier
and thus reduce the incidence of severe averse
effects.

Recent strategies

In contrast, recent models to define poor graft
function for a better understanding of tacrolimus
metabolism were disappointing (18). It was sug-
gested that optimal dosing might be provided by
liver weight (in ratio to the body weight) adapted
dose after living-donor LT (19). However, the
situation after deceased-donor LT is different.

6

Prolonged ischemia has a significant impact on
initial function, and the correlation between graft
function and graft weight is poor.

Other regular liver function parameters, such as
bilirubin, which is elevated in graft dysfunction
but not exclusively in that condition, do not
provide information about the metabolic capacity
and accordingly is not associated with tacrolimus
levels (20, 21). Furthermore, different dynamic
liver function tests were also evaluated for the
determination of post-transplant drug metabo-
lism. The indocyanine green (ICG) plasma disap-
pearance rate was recently evaluated for the
control of tacrolimus therapy. Again, the correla-
tions between the test results and the tacrolimus
levels were disappointing and did not enable
individual accuracy (22). The '*C-labeled eryth-
romycin breath test was applied for the direct
assessment of the individual CYP3A4 capacity,
but the correlation between the breath test results
and the actual enzymatic level in hepatocytes was





found to be poor (23). Moreover, the extreme
inter-individual variability (10-20 times) of the
CYP3A4 is a relevant problem for the reliable
determination of its capacity (23). It was shown
that even liver failure might not be detected by
determining the CYP3A4 capacity (24, 25). In
contrast, the demethylation of '}C-methacetin
during the LiMAx test might be a valuable
(surrogate) parameter for graft function capacity
(26). The use of the CYP1A2 system as the target
enzyme provides several advantages in compari-
son with the CYP3A4 system: It is exclusively
expressed in hepatocytes — without bias from an
intestinal clearance. The inter-individual varia-
tions are smaller in CYP1A2, and it is not
induced by the commonly applied drugs after
LT (27).

Methodological limitations

However, the following limitations are evident
and have to be reported for the correct interpre-
tation of this work: The investigation into immu-
nosuppressive therapy had not been the primary
aim of the study design, and the analysis focuses
on only one important parameter of tacrolimus
metabolism, although drug pharmacokinetics are
always multi-factorial. Additional parameters,
such as gastrointestinal absorption, first pass
clearance in the intestinal mucosa, the CYP3A4
genotype, or interfering medications were not
assessed nor included into the analysis. However,
the LIMAX test is not biased by those parameters
because it targets CYPIA2. No standardized
documentation of encephalopathy or an electro-
encephalography was performed. Moreover, the
interpretation of renal failure and its individual
etiology is rather difficult. Patients with poor graft
function are per se prone of developing renal
failure and simultaneously suffered from toxic
levels, which hinders the differentiation between
both factors. Taken together, the conclusions of
this work are limited to tacrolimus trough levels
itself and cannot fully appraise a potential clinical
benefit.

Furthermore, the effective classification of graft
function will not fully exclude single events of
inadequate levels. But the LIMAX test can provide
relevant information that could be integrated into
more sophisticated drug application algorithms
after LT, like e.g., by classification of graft
function before the first dosage. Thus, the pre-
ventive adaptation of pharmacotherapy in regard
of the individual function has the potential to
enable a more effective and efficient application of
immunosuppressive drugs.

Prediction of tacrolimus trough levels

Conclusion

Initial graft function is a major factor influencing
the pharmacokinetics of tacrolimus and can be
validly determined by the LiIMAX test. Recipients
with poor functioning grafts are prone to develope
toxic levels with the current immunosuppressive
protocols and thus might profit from a calculated
dosage reduction. Accordingly, recipients with
good functioning grafts frequently develop insuf-
ficient levels and might require a preventive
increase in tacrolimus dosage.
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