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2. INTRODUCCIO

El fetge, organ fonamental en el control del metabolisme intermediari, esta implicat
en multiples funcions com la produccid de la bilis per la digestio, el metabolisme de
carbohidrats i de lipids; la sintesi de proteines i dels factors de coagulacio; I
emmagatzematge de vitamines i de ions; o I'eliminacid de substancies toxiques de
la sang. Quan el fetge perd la seva funcid sintetica i metabdlica es produeix una

insuficiencia hepatica.

2.1. Metabolisme de I'amoni
El fetge és I'Unic organ capac de metabolitzar I'amoni de I'organisme a través del

cicle de la urea. Aqguest nitrogen de |'organisme prové bdsicament de la
degradacid protfeica del muscul esqueletic, de la dieta i de la accid dels bacteris

de l'intesti.

Quan hi ha una derivacié porto-sistemica o una insuficiencia hepdtica es produeix
un augment de la concenfracié d’amoni en sang. Es creu que aquest excés
d’amoni és el responsable d'algunes de les greus complicacions cerebrals produides
per la insuficiencia hepatica. L'amoni és capag de travessar, per difusid passiva, la
barrera hematoencefdlica i aixd causa un augment de la concentracié d’amoni al
cervell que estimula la sintesi de glutamina en els astrocits. La glutamina generada
s'allibera a I'espai extracel lular on serd recaptada per la neurona per metabolitzar-
la i formar glutamat que és un metabdlit implicat en la neurotransmissié (Figura
2.1)(1).

BRAIN

Agtroeyle

GLN —
Mitcchondna MUSCLE
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FLORA or—

Figura 2.1 WESTRE

Metabolisme
de I'amoni
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2.2. Tipus d'insuficiencia hepatica

2.2.1. Aguda

La insuficiencia hepdtica aguda és un greu sindrome que normalment es
desenvolupa per una hepatitis viral aguda (HVA, HVB, HVE), una intoxicacié amb
farmacs (paracetamol, terapia antituberculosa) o una intoxicacié ambiental o
alimentaria (com el consum d’Amanita phaloides). També pot ésser causada per
malalties menys comuns com la malaltia de Wilson, la sindrome Budd-Chiari, la

sindrome de Reye o I'hepatitis isquemica.

Aquesta tipus insuficiencia és poc freqUent en els pdadisos desenvolupats, com
Espanya, on es donen un promig de 30 casos per any i on la causa predominant era
I'nepatitis viral aguda (61/145 casos, 42%) (Figura 2.2) (2). En els Ultims anys s'ha vist
disminuida la incidencia de I'etiologia viral fins al 30% (37/122 casos) mentre que ha
augmentat els casos de reaccid idiosincratica a farmacs o per I'efecte de toxines
(del 13 al 27%). Cal destacar que aquesta tendencia també s'ha observat en altres

paisos d'Europa (2;3).

FH in UK from 1973 g |90 FH i Moordic Cowmres rom 1595940 0 FH i US Boen 1FH 10 2007
1 1257 patiesis) 2001 (315 paticnis) (1,147 patsrass)
Williams B Brandsaewr B Lz W%
43 %
.4
Y 4
I% ik
0%
FH in Framce Bom 1986 10 2006 FH = Spain from 1992 s 2000
{363 patichis) |E:r'-| NI|1|E:1D.
Samug] [ N T

Figura 2.2
[ Acxmimiies g P Etiologies de la
[ 1w g it % inSUfi\C.iénCio
L hepdtica aguda
I_l it e D-\.thr (Ref 3)

La insuficiencia hepdtica aguda es caracteritza per produir alteracions en diverses
rutes metaboliques, on normalment esta implicat I'amoniac. Encara que també
estan involucrats altres factors que poden causar pertorbacions a la funcié cerebral
com sén l'activacid de la resposta inflamatoria sistéemica, la disfuncidé circulatoria i el

fracds d'altres organs. Aquestes pertorbacions poden induir el desenvolupament de
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I'edema cerebral aixi com causar canvis en les rutes metaboliques i energetiques

del cervell.

2.2.2. Cronica

La insuficiencia hepdatica cronica és més frequent i normalment es desenvolupa per
un abus del consum d’'alcohol, per hepatitis virals croniques (HVC o HVB) o per
I'obstruccié del conducte biliar. També existeixen algunes malalties autoimmunes,
hereditaries o metaboliques que poden desenvolupar aquest tipus d'insuficiencia
com la malaltia de Wison o I'hematocromatosi. Segons ['Institut Nacional
d’'Estadistica al 2009 es van produir 20680 altes hospitaldries a Espanya degut a la
malaltia hepdtica i a la cirrosi cronica (4). La taxa de mortalitat per cirrosi i per alfres

malalties croniques del fetge era del 12 per cada 100.000 habitants (5).

2.3. Complicacions de la insuficiencia hepdtica
La insuficiencia hepdatica produeix complicacions que afecten al cervell com sén
desordres en el sistema nervids central, augment del contingut d’aigua cerebral,

alteracions de I'autoregulacié del flux sanguini i canvis en el metabolisme cerebral.

2.3.1. Encefalopatia Hepatica (EH)

L'EH és una greu complicacié produida per una insuficiencia hepatica tant cronica
com aguda. Els pacients amb EH manifesten desordres en el sistema nervids central
que van des de canvis neurologics minims fins a un estat de coma. La qualitat de
vida d'aquests pacients es troba afectada i aixd fa que I'EH sigui un element a
considerar en les estrategies per la gestid clinica, per la prioritat del frasplantament

hepatic i per la supervivencia del pacient (6).

La fisiopatologia de I'EH és complexa i es creu que I'amoni és la principal substancia
nociva tot i que, poden estar implicats alires mecanismes com ara modificacions de
la barrera hematoencefdlica, alteracions en la neurotransmissi® o anomalies en les

vies GABAergiques i de les benzodiazepines (7).

- Classificacid de I'EH

Existeixen tres classes d'EH que es classifiquen segons el fipus d’insuficiencia
hepatica (Figura 2.3)(8;9).
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e« L'EH de tipus A esta associada a la insuficiencia hepdtica aguda com a
resultat de processos inflamatoris severs i/o processos rdpids de necrosi
hepatica.

« L'EH de tipus B esta relacionada amb pacients que tenen derivacions porto-
sistemiques en abséncia de dany al parénquima hepadtic. Aquest fipus
d’encefalopatia és molt poc frequent.

e L'EH de ftipus C estd vinculada a la cirrosi hepadtica. Aguest és el fipus
d’encefalopatia més freqUent i es pot dividir en tres categories: EH minima o
latent, EH episodica que pot ser precipitada, espontania o recurrent, i EH

persistent que pot ser moderada, severa o dependre del tractament.

HE associated with | Yes
— -

acute llver failure Type A FIGURA 2.3

Classificacio de I'EH (Ref. 9)

HE In patlents with

portosystemic bypass | Yes
and no Intrinsic — | lPe B _ _
hepatocellular disease Precipitated
Episodic HE Spontaneous
Recurrent
HE associated with i
cirrhosis or portal -
hype rtensicl?r?or | Yes o Type C +——= | Persistent HE | Severe
portosystemic shunts. Treatment-
dependent
Minimal HE

- Manifestacions neurologiques de I'EH

En els pacients amb insuficiencia cronica bdsicament s'observa dos tipus de

conseqgUencies neurologiques anomenades: I'EH latent o I'EH manifesta.

En I'EH latent, els pacients aparentment no tenen un episodi d'EH encara que tenen
un deteriorament cognitiuv que queda pales amb un estudi neuropsicologic. Entre el

20-70% dels pacients amb mala funcié hepadtica pateixen aquest nivell subclinic
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d'EH, el problema és que no existeix un sistema diagnostic estandarditzat i el
diagnostic depen del metode establert en cada centre. S’estima que el 30% dels
pacients amb EH minima acabaran per manifestar EH episddica. Una millora en les
eines diagnostiques per aquest estat subclinic podria permetre actuar de forma

precoc (6).

L'EH manifesta és una complicacié hepatica que fa referencia a un sindrome
neuropsiquiatric amb alteracions neurologiques i neuropsicologiques classicament
reversibles. Actualment es creu que la reversibilitat d’aquest sindrome no és total.
Enfre el 10-50% dels pacients amb cirrosi o amb shunts porto-sistemics pateixen un
episodi d'EH durant el curs de la seva malaltia, pero la falta d'un patrd per avaluar
la presencia de EH repercuteix en la incidencia d'aquesta complicacid. A més,
existeixen alguns factors que poden precipitar I'EH com sén la dieta hiperproteica, el

sagnat gastrointestinal, la infeccid i I'empitjorament de la funcid hepatica (6).

Estudis recents han demostrat que els pacients cirrdtics amb EH presenten un
deteriorament cognitiu, especialment en la memoaria, I'atencio¢ i la funcié motora.
Aquest empitjorament es troba relacionat directament a la insuficiencia hepdatica.
Encara que, també s’ha vist associada a I'etfiologia de la insuficiencia hepatica, aixi
els pacients amb etiologia alcohdlica mostren pitjor funcid cognitiva que els que
tenen una hepatitis viral tipus C. Aquestes alteracions reverteixen després del
trasplantament hepatic tant a curt (6-12 mesos) com a llarg (6-9 anys) termini. No
obstant, cal destacar que els pacients que tenen un nombre elevat d'episodis d'EH
previ al frasplantament presenten una pitjor funcid cognitiva. Es creu que el nUmero
d’episodis EH pot estar relacionat amb la degeneracié neuronal (10;11). Tanmateix,
altres complicacions de la cirrosi com la hiponatrémia, o comorbiditats no
relacionades amb la malaltia hepdatica com sén les malalties cerebrovasculars o els
efectes del tractament amb immunosupressors també poden afectar a la funcié

cognitiva.

En els pacients amb insuficiencia hepdtica aguda I'EH es caracteritza per una
disminucid del nivell de consciéncia. Aquesta situacié és diferent a altres alteracions
que poden influir directament a la funcié cerebral, com la hipoglucemia o la sepsia.

Una caracteristica de la insuficiencia hepdtica aguda és que els nivells d'amoni
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tendeixen a ser molt més elevats que els nivells d’amoni en la insuficiencia cronica.
Es considera que aixo pot contribuir a I'aparicié de simptomes neuroexcitadors com

I'agitacid, les convulsions i les contraccions musculars multifocals (6).

- Tests neuropsicologics

Existeixen diverses proves que permeten avaluar el grau d'encefalopatia i

determinar la funcié cognitiva dels pacients amb EH (12).

El grau d’EH s’estableix amb el test West Haven que és una avaluacio subjectiva del

nivell d'atencid del pacient (Taulal).

Taula 1.West Haven: Estats clinic de I'encefalopatia hepdtica

Grau EH | Estat Mental
Confusid lleu, euforia o depressido, manca de l'atencid, lentitud
1 mental, desordre, arrossegament de les paraules quan parla,
g iritabilitat, patrd de la son canviat, tremolors lleus.
-g Somnolencia, letargia, lentitud mental greu, evidents canvis de
= 2 personalitat, conducta inapropiada, desorientacid intermitent,
manca del control d'esfinters, presencia d’asterixis.
Somnolent perd pot despertar-se, incapac de redlitzar tasques
5 3 mentals, desorientacié persistent, amnésia, atacs ocasionals de
% rabia, parla incoherent, confusi© marcada,  fremolors
4<_E probablement absents.
4 | Coma (norespon a estimuls verbals o dolorosos)

La funcidé cognitiva es sol valorar a partir d'una bateria de qUestionaris
neuropsicologics. Una bateria de proves neuropsicologiques que s’ha estes en molts
paisos es I'anomenada PHES (psychometric hepatic encephalopathy score). Altres
tests bastant utilitzats son els que avaluen la memoria (Auditory Verbal Learning
Memory Test); I'atencid i el processament de la informacio (Trail A, Symbol Digit Test);
i la funcié psicomotora (Grooved Pegboard), la executiva (Controlled Oral Word
Association Test) i la percepcid visual (Hooper Visual Organization test, Judgment of
Line Orientation test). Els resultats d’aquestes proves es tfransformen en uns indexs T,
ajustats per I'edat, sexe i nivell d’educacid, que mostren qualsevol desviacid del

grup confrol de persones sanes (T=50) (13). Es considera que un pacient cirrotic té EH
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subclinica quan dos o més tests d'aquesta bateria es troben per sota a dues
desviacions estandards de la mitja (T<30). També existeixen altres proves per
determinar I'EH minima com la freqUencia critica de parpelleig o I'inhibitory control
fest (14).

2.3.2. Edema Cerebral

L’edema cerebral també és una greu complicacié observada en la insuficiencia
hepatica. Encara que, no estd clar quin paper juga aquest increment d’'aigua en
I'EH, sembla que I'amoni també esta implicat en el mecanisme de formacié de
I'’edema. Es creu que I'amoni té un efecte advers en la regulacid dels osmolits,
induint la formacié de glutamina que és un reservori d’amoni cerebral i qixo

conftribueix a perpetuar I'edema cerebral.

En pacients cirrotics s’ha observat un increment d’'aigua cerebral i agquest increment

es veu accentuat a mesura que augmenta el grau d'EH (15).

En els pacients amb insuficiencia hepadtica aguda, aquest increment d'aigua
cerebral és un dels problemes neuroldogics més importants ja que produeix un
increment del volum cerebral i aixo genera un augment de la pressid dins del crani.
Aquest augment de pressid activa mecanismes compensatoris mitjancant una
disminucid del volum en altres compartiments (en el liquid cefaloraquidi o en el
volum de flux sanguini). Si no es corregeix aquest augment de pressié es pot generar
una herniacid del cervelli com a conseqUencia la mort d’aquests pacients (s'estima
una taxa de mortalitat del 70-80%) (16). A més, aquesta hipertensid intracranial pot
estar exacerbada per augments sobtats en el volum sanguini cerebral secundaris a
la vasodilatacid. Actualment, les unitats de cures intensives estan molt ben
equipades pel maneig d’aquests tipus de pacients i aixd ha fet disminuir la taxa de
mortalitat degut a aquestes complicacions fins a una incidencia de menys de 25%

dels pacients (17).

- Mecanismes de formacioé de I'edema cerebral

Classicament, existeixen dos tipus de mecanismes de formacioé de I'edema cerebral
i es va descriure per primera vegada en pacients amb isquemia cerebral. En les
fases inicials de la isquemia es produeix un increment d’aigua a I'espai intracel {ular

gue pot arribar a produir lesid celfular i per qixd aguest mecanisme es va anomenar
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edema citotoxic. En les fases tardanes de la isquémia es produeix un trencament de
la barrera hematoencefdlica que provoca un increment d'aigua a [I'espai

extracel lular produint un edema de tipus vasogenic (Figura 2.4)(18).

CITOTOXIC ouwo  VASOGENIC

FIGURA 2.4

cerebral

Existeix certa controversia per establir quin és el tipus de mecanisme implicat en la

formacié de I'edema cerebral observat en la insuficiencia hepdatica (19-21).

2.3.3. Flux sanguini cerebral
El flux sanguini cerebral (FSC) és un procés dindmic que es froba afectat per

multiples factors i que estd directament relacionat amb la viabilitat del teixit
cerebral. En condicions normals, el FSC es manté estable encara que es donin
canvis en la pressic de perfusid cerebral ja que s'activen mecanismes
compensatoris que provoguen canvis en el didmetre de les arterioles cerebrals.
Aquest procés de compensacié anomenat autoregulacié es deteriora quan existeix

una insuficiencia hepatica o una hiperamonemia (22).

Aquestes variacions del FSC s’han estudiat en pacients amb insuficiencia aguda i
s'ha proposat un mecanisme de desenvolupament que consta de 5 fases. Aquest
mecanisme es va proposar en un estudi retrospectiu amb 26 pacients on es
suggereix que primer es produeixen canvis en el FSC que contribueixen a

augmentar la pressid intracranial i I'aigua cerebral (23).

Mecanismes de
formacié de I'edema
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2.3.4. Metabolisme Cerebral
El cervell, que representa un 2% de la massa corporal, €s un organ amb un alt

requeriment energetic i aproximadament, consumeix un 20% de I'oxigen i de la
glucosa de I'organisme. Tradicionalment la glucosa s’ha considerat com el substrat

energetic universal de les celfules neuronals per a I'activitat cerebral.

L'astrocit €s una cellula estretament relacionada amb la neurona i es considera
que actua com a principal proveidor dels substrats necessaris pel metabolisme
cerebral. En els Ultims anys, els investigadors neuroenergetics han incorporat una
nova hipotesi on es postula que les neurones també utilitzen el lactat (basicament
subministrat pels astrocits) com a substrat aerobic per la fosforilacid oxidativa en
I'activitat glutamatergica. El glutamat sembla tenir un paper clau en la produccid
de lactat. L'exposicid del glutamat en els astrocits produeix un augment dels
transportadors de glucosa (GLUT1) que va en paral el a un augment del consum de
glucosa. A més, I'absencia de transportadors aspartat/glutamat en els mitocondris
dels astrocits afavoreix la formacié de lactat per tal de mantenir el flux glicolitic.
Finalment, aquest lactat s'allibera a I'espai extracel {ular i es recapta per la neurona

on I'incorpora de nou a la via de la glicolisi (Figura 2.5)(24;25).

Capillary
/_,-"'_.';__ -:-,:;‘h
I."r I.."// \_“I\\III
| Glucose ] |
l""\,\\\ .Ifl'
GLUT3 gt
e
4 jia ™ e N
MCT2 I
i - Al
| | MCT1j4 |
Pyr “ Lac . r\— E‘ Lae
LOHT MNADH
l _ Lactate
e "
(A " _
. ﬂ )
I"“x._ E% A l\ __.»-"'ll Figura 2.5
Meuron Astrocyte Metopo!lsme
energehc: neurona-

astrocit (Ref. 25)

En el metabolisme cerebral també existeix un procés anomenat anaplerosi.

L'anaplerosi, o la formacié ‘de novo’' dels intermedis del cicle dels acids
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tricarboxilics, és un fenomen de compensacid per la péerdua dels intermediaris
d'aquest cicle, especialment de [I'alfa-cetoglutarat. La perdua de [I'alfa-
cetoglutarat es produeix per l'aliberament de glutamat i GABA de les neurones i

aquesta perdua es compensa per I'absorcié de la glutamina de la glia (26).

En els pacients amb insuficiencia hepdtica es produeixen alteracions en el cicle de
glutamat/glutamina, ja que la formacié de la glutamina contribueix a la
detoxificacid de I'excés d'amoni i qixd pot produir canvis en el metabolisme

cerebral (27).

2.4. Tecniques de Neuroimatge
El desenvolupament de noves tecnologies no invasives ha permes avaluar la
morfologia i la funcid cerebral ‘in vivo' i aixd0 ha estat crucial per entendre la

patogenesi de diferents desordres neurologics(28).

Aquestes metodologies proporcionen des d'informacidé microscopica, com déna la
microscopia confocal o les imatges bioluminiscents, fins a informacié morfologica,
fisiologica o funcional utilitzant tecniques com la ulirasonografia Doppler
transcranial, la tomografia axial computeritzada, la ressonancia magnetica (RM) o

les imatges obtingudes amb lligands radioactius (28).

Aquests metodes s’han anat incorporant progressivament a la practica clinica diaria
per avaluar les alteracions cerebrals produides per la insuficiencia hepdtica cronica
o aguda. En aquesta tesi s’ha utilitzat la RM i, a continuacio, es presenta la tecnica i

una revisié sobre la informacié que ha aportat en la insuficiencia hepdtica.

2.4.1. Ressondncia Magnetica

La RM és una téecnica que proporciona informacié anatdmica, metabdlica i
funcional. Es basa en el fenomen fisic de ressonancia magnetica que tenen alguns
nuclis atomics (els més comuns sén 'H, 3'P, 2Na, 3C) quan es sotmeten a un camp
magnetic potent. Aquests nuclis poden absorbir energia a una determinada
radiofreqUencia i I'alliberacidé d'aquesta energia indueix un senyal electric que,
segons com €es genera i processa, proporciona una imatge o un espectre dels

metabaolits.
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2.4.2. Tecniques de Ressondncia Magnetica
Existeixen diferents tecniques de RM que es poden agrupar en dos grans grups, els

metodes d'imatge i els d’espectroscopia.

- Tecniques d'imatge

Els metodes d'imatges es basen en la informacidé que proporcionen els atoms
d’hidrogen de les molécules que, principalment, provenen de I'aigua i els lipids
presents en el cos huma. En les tecniques d'imatge s'estudia com evolucionen el
conjunt d’atoms d’hidrogen que es troben en unitats de volum que s’Tanomenen
voxels. Els nuclis presents en un voxel sota un camp magnetic adquireixen unes
propietats magnétiques que es representen de manera conjunta en el que
s’"anomenen magnetitzacid. Aquesta magnetitzacid és proporcional a la densitat
d’'atoms d’hidrogen que conté el voxel i es troba alineada a la mateixa direccid del
camp magnetic. En enviar una emissio de radiofreqUencia a la mateixa frequencia
de precessio, els nuclis absorbeixen I'energia i la magnetitzacié es desplaca de
I'estat d’equilibri. Quan s'acaba I'emissio de radiofreqUencia, la magnetitzacié
d’aquests atoms torna al seu estat inicial en un procés d'alliberament d’energia que
s’anomena relaxacio. Aquesta relaxacid ve regida per dues propietats inherents a
I'entorn en que es troben els nuclis i, per tant, a un determinat camp magnetic sén
fixes. AqQuestes dues propietats s’anomenen temps de relaxacié longitudinal (T1) i
temps de relaxacié transversal (T2) (29). La ressonancia magnetica es capac de
proporcionar imatges basades en aquestes propietats i en la concentracié en que
es troben els nuclis i s’Tanomenen, respectivament, imatges potenciades en TI,
imatges potenciades en T2 i imatges potenciades en densitat protonica. D'aquesta
manera, les imatges potenciades en la intensitat del senyal son directament
proporcional a la concentracié d'atoms d’hidrogen. Per tant aquells teixits que
tinguin poca densitat de protons com I'os cortical o els ligaments apareixen
hipotenses i en canvi, aquells teixits amb alta densitat protonica com el teixit adipds
o I'aigua lliure es veuen hipertenses (Figura 2.6). Les imatges potenciades en T1, la
intensitat de senyal és directament proporcional a la facilitat de relaxacidé
energetica i inversament proporcional al valor de T1. Aixi, en aquest tipus d'imatges
I'aigua lliure apareix hipointensa pel seu elevat valor de T1 i el greix es veu
hiperintens pel seu valor curt de T1 (Figura 2.6). En canvi, en les imatges potenciades
en T2, la intensitat del senyal és proporcional a la poca estructuracidé dels dtoms

d'hidrogen amb I'entorn i directament proporcional al valor de T2. Per tant, I'aigua
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lliure apareix hiperintensa pel seu valor de T2 elevat i el muscul es veu hipointens
amb un valor de T2 curt (Figura 2.6). Si no es corregeixen les heterogeneitats
produides pel camp magnetic s'obtenen un subtipus d'imatges anomenades T2*
que mostren un millor contrast entre certs teixits com entre el cartilag i I'os cortical
(30).

Densitat Protonica Imatge T2 Imatge T1 Imatge T2 FLAIR
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Figura 2.6 Diferents fipus de contrasts que donen els diferents tipus d'imatge: densitat protonica,
imatges amb contrast T2, imatges amb contrast T1, i imatges amb contrast 72 on s'ha aplicat una
seqUencia FLAIR.

Addicionalment, en aquestes imafges es poden utilitzar unes sequUencies
anomenades d'inversid/recuperacid que permeten eliminar el senyal d'algun fipus
de teixit. Normalment s'utilitzen per anuliar el senyal del greix (seqUencia STIR ) o el

senyal del liquid cefaloraquidi (seqUencia FLAIR) (Figura 2.6)(30).

Actualment existeix una nova técnica on s’obtenen unes imatges anomenades de
transferencia de magnetitzacié. Aquesta tecnica es basa en que tots els nuclis
d'hidrogen no estan en un mateix entorn. Per una banda hi ha nuclis d'hidrogen
amb un moviment més restringit que formen part de les macromoléecules o de les
capes d'hidratacié. Per I'altra hi ha els nuclis d'aigua lliure que no tenen restricciod
de moviments i estan en continu bescanvi amb els nuclis d’hidrogen anteriorment
descrits. Per aconseguir el contrast d’aquestes imatges el que es fa és enviar un pols
de saturacidé a la freqiéncia dels nuclis més immobilitzats abans d'iniciar la
seqUencia de polsos d'excitacio. D'aquesta manera s’obté una nova imatge en la
gue el senyal esta reduit en funcidé de la importancia d'aquestes interaccions amb
I'entorn. Mitjancant I'adquisicié de la imatge potenciada en densitat sense i amb
aquest tipus de contrast es pot generar, matematicament, una nova imatge
anomenada relacié de fransferencia de magnetitzacié (magnetic transfer ratio,
MTR). Aguesta imatge proporciona el percentatge de canvi entre les imatges

potenciada en densitat (lo) i les imatges amb contrast de fransferencia de
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magnetitzacid (Iur) d'acord amb la segUent equacid MTR = [(lo - Im1 )/ lo ]1-100 La
imatge MTR és quantitativa i dona informacié sobre la relacid entre els nuclis

d’hidrogen lliures i els nuclis d'hidrogen lligats(Figura 2.7) (31;32).

Imatges de transferencia de magnetitzacio

Figura 2.7 Imatges de transferéncia de magnetitzacié: imatge de T2 (dreta), imatge de amb
transferencia de magnetitzacié (centre) i imatge on es representa la relacidé de transferencia de
magnetitzacié (MTR).

Perd la RM també pot generar alfres tipus d'imatges que donen coneixement sobre
la funcionalitat dels teixits, com les imatges de difusidé o les imatges d’activitat

neuronal.

Les imatges de difusio es basen en estudiar la difusid molecular de I'aigua lliure pels
diferents teixits (Figura 2.8) (33). Per aconseguir obtenir imatges de difusié cal aplicar
gradients de camp magnetic en diferents direccions durant el periode d’evolucié
del senyal de RM que venen definits pel factor de difusid (b). El senyal d'aquestes
imatges és inversament proporcional al factor de difusid (b) i es descriu per una
corba exponencial decreixent. A partir d'imatges obtingudes amb diferents valors
de b i en diferents direccions es poden obtenir imatges quantitatives del coeficient
aparent de difusid (ADC) o difusivitat mitja (MD) que caracteritza la mobilitat de les
molecules pel medi o imatges de la fraccié d’anisotropia (FA) que és una mesura de
la integritat estructural. El problema d’aquest tipus d'imatge és I'elevada sensibilitat

al moviment que pot causar diversos artefactes.
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b =3000 ADC/MD

Figura 2.8 Imatges de difusio: imatges adquirides amb diferents factors de difusid (b, en s/mm?) i la
imatge on es representa el coeficient de difusié (ADC o MD, en mm?/s).

- Espectroscopia

L'espectroscopia és una técnica andlitica utilitzada per determinar I'estructura
molecular d’'un compost quimic perd també serveix per determinar la composicio
metabolica de diferents teixits. En situacid patologica es poden detectar alteracions
d'alguns dels pic dels metabdlits i fins i tot, identificar nous pics que es poden
considerar com a biomarcadors de la patologia. Per aquesta rad, un camp
important de I'espectroscopia per la identificacié de patrons metabadlics

caracteristics d'una determinada patologia.

En general, I'espectroscopia es pot realitzar ‘in vivo’ o ‘ex vivo’ la diferencia entre
ambdds metodes és la quantitat d’informacié que s'obté degut a la complexitat de
la mostra (Figura 2.9). A més, I'espectroscopia es pot realitzar de diferents atoms i

segons el tipus d'atom, s’aconsegueix diferent informacié metabolica (34).

. ‘ex vivo’ ¥ ‘in vivo’ .
Glu+GlIn Lac
l NAA
TMAO Cr GIn
Cr NAA Lac ¥
mins| | GIn } |
TauCho lGIu Glu
| Cho l
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l Afp Aia Tfp | Tau
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T T T T ] T 1 | 1 | 1 1 1 1 )
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Figura 2.9 Espectroscopia de protd del cervell de rata amb insuficiencia hepdtica aguda realitzada ‘ex
vivo' a partir d'un extracte o realitzada ‘in vivo'. Metabdlits: Lac, lactat; NAA, N-acetilaspartat; Glu,
glutamat; GIn, glutamina; Cr, creatina; Cho, derivats de colina; Tau, taurina; mins, myo-inositol; Ala,
alanina; Asp, aspartat; TMAO, oxid de trimetilamina; TSP, trisililpropionat (referéncia externa).
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Els primers estudis espectroscopics (‘in vivo' i ‘ex vivo’') realitzats van ser amb fosfor
31. Aguesta espectroscopia permet mesurar el metabolisme energetic ja que déna
informacio sobre els pics de fosfocreatina, adenosina trifosfat (ATP) i fosfat inorganic.
També es pot mesurar el pH intracel {ular a partir de la distancia entre els pics del
fosfat inorganic i la fosfocreatina. A mesura que es van anar desenvolupant les
tecniques de supressio del senyal d'aigua i de localitzacid espacial, I'espectroscopia
de protd va adquirir més importancia (34). Actualment, I'espectroscopia de protd és
la més utilitzada ja que I'atom d’hidrogen és el més sensible, amb una abunddncia
natural de casi el 100% i es froba en quasi tofs els metabolits d’interes biologic.
També existeixen espectroscopies amb alfres atoms que permeten obtenir
informacidé sobre una via metabdlica especifica. Per exemple, I'espectroscopia de
carboni 13 permet estudiar els metabdlits relacionats amb la glucdlisi i amb
I'espectroscopia de fluor 19 es pot observar el metabolisme d’'alguns farmacs que

contenen aquest atom (35;36).

2.4.3. Estudi de I'edema cerebral per RM

L'avaluacid de I'edema cerebral és un element clau per esbrinar les alteracions
produides per la insuficiencia hepatica. Existeixen diverses tecniques que permeten
avaluar, de manera directa o indirecta, el confingut d’aigua del cervell aixi com

valorar la distribucid d’aquesta aigua pels teixits.

Les imatges de la relacié de transferencia de magnetitzacié (MTR) permeten
quantificar la proporcié d'aigua lliure/aigua lligada del cervell. D'aquesta maneraq,
aqguelles zones amb poca quantitat d'aigua lligada tenen valors baixos de MIR i al
contrari, aquelles zones amb més quantitat de protons lligats els valors s6n més
elevats. En cas que, en situacié patologica hi hagi una disminucié d'aquest index,
pot indicar la presencia d'un edema inflamatori sense destruccié de mielina o una
destruccid de mielina ja que el colesterol que conté és una de les principals fonts

d'aigua lligada que es tfroba al cervell (37;38).

Com s’ha explicat abans, les imatges potenciades en T2 donen informacié sobre la
interaccid de les molecules amb I'entorn, on les zones amb aigua lliure surten
hiperintenses (liquid cefaloraquidi). Per tant, en aquelles zones on I'aigua es frobi
més estructurada, degut a la formacié de capes d’hidratacié o a la interaccidé amb

macromolecules, la imatge de T2 serd menys infensa que en aquelles zones on
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I'aigua es troba lliure de restriccions. Es pot aprofitar la informacié d'aquest fipus
d'imatge per avaluar I'edema cerebral ja que un augment del confingut d’'aigua al
cervell alteraran els valors de T2 i a la imatge es pot fraduir en I'existencia d'una

regio hiperintensa (39;40).

Alternativament, les imatges de difusid permeten estudiar la mobilitat de I'aigua
lliure al cervell. En els teixits, la difusid depen de la direccié ja que I'aigua lliure
tendeix a moure cap a la direccié més facil del teixit. Per exemple, en la substdancia
blanca I'aigua lliure es mourad amb més facilitat si es desplaca en la mateixa
direccio dels axons que si es desplaca en la direccid perpendicular. Aixo es coneix
com a difusid anisotropica. Per estudiar aquest tipus de difusid s’han desenvolupat
les tecniques basades en el tensor de difusid. Al aplicar aquestes tecniques
s'obtenen parametres Utils per avaluar la mobilitat de I'aigua de forma
independent de la direccio (el coeficient de difusid) i per avaluar la integritat
estructural del teixit (la fraccid d’anisofropia). Una de les avantatges de les imatges
de difusié respecte a les imatges en T2 és que sdn més sensibles per detectar petites
alteracions. Per exemple, en una situacié d'isquemia aguda les imatges de difusid
poden detectar alteracions que no es poden detectar amb les imatges

potenciades en T2 (33).

Els estudis de difusid han permes determinar els diferents mecanismes de formacid
de l'edema cerebral en l'ictus. En una situacid d'accident isquemic es pot
diferenciar dues fases. Una primera fase, anomenada fase aguda o edema
citotoxic, caracteritzada per un augment del senyal en les imatges de difusid i una
disminucid del coeficient aparent de difusi® sense canvis en les imatges
potenciades en T2. Aquestes alteracions es deuen a un increment d'aigua a nivell
infracelular. La segona és la fase cronica on es produeix un augment dels valors
del senyal en les imatges potenciades en T2, una disminucié del senyal de difusid i
un augment del coeficient aparent de difusid. Aquestes alteracions indiquen un
increment d’'aigua lliure a I'espai extracel lular anomenat edema vasogenic(18).
Aquestes alteracions de la difusio relacionades amb els mecanismes de formacié de
I'edema cerebral també s’han observat en altres patologies. En una situacié
d’hiponatremia es produeix un edema citotoxic degut a la fallada de la bomba de
sodi/potassi que no esta associat a un procés d'isquemia cerebral i que causa una

disminucid del coeficient de difusié (41). En canvi I'edema cerebral peritumoral,
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que es genera com a consequencia de l'increment de la permeabilitat de la
barrera hematoencefdlica, provoca un augment d'aigua en el compartiment
intersticial (mecanisme vasogenic) i es caracteritza per un increment del coeficient
de difusio (42).

Actualment, s’han dissenyant nous metodes més sofisticats per obtenir una
quantificacié absoluta d'aigua al cervell. Basicament consisteix en aplicar unes
determinades seqUencies per obtenir imatges potenciades en T1 i T2. Aquestes
imatges s'adquireixen utilitzant una referencia externa que permet determinar la

concentracié absoluta d'aigua (43).

2.4.4. Estudi del metabolisme cerebral per RM
L'espectroscopia és una técnica utilitzada per avaluar el metabolisme cerebral tant

en I'ambit clinic com en la investigacio experimental.

L'espectroscopia de protd ‘in vivo' cerebral permet detectar els senyals de diferents
metabolits aixi com el senyal de lipids i macromolecules (44). Alguns d’'aquests
metabolits sén de gran interes neurocientific. Per exemple, I'N-acetfilaspartat (NAA),
que es froba exclusivament a les neurones i es considera com un marcador de
viabilitat i/o perdua neuronal. Com que I'enzim responsable de la sintesi de I'NAA es
froba al mitocondri, una reduccidé de NAA també podria indicar una disfuncié
mitocondrial. També es pot detectar els derivats de la colina. La colina és un
precursor de la fosfatidilcolina que representa al voltant del 40% del contingut de
fosfolipids de la membrana celilular. A més aquest pic també correspon a la
glicerofosforilcolina  (subproducte del trencament de la fosfatidiicolina), la
fosfocolina (un altre precursor de la fosfatidilcolina), I'acetilcolina i la colina lliure.
Per tant, alteracions en la sintesi de la membrana cellular poden produir canvis en
el pic de colina. El myo-inositol esta considerat com a putativ marcador de la
neuroglia. El glutamat és un neurotransmissor excitador i també és un precursor per
la sintesi de glutamina. En canvi I'adcid gamma-aminobutiric (GABA) és un

neurotransmissor inhibitori (35).

Un altre tipus d'espectroscopia és la del carboni 13. Aquest tipus d’'atom estd en
poca abundancia natural (1%) i aixo fa que el temps d’adquisicid dels espectres

sigui alt i que normalment els estudis es realitzin ‘ex vivo'. En aquests estudis es sol
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administrar glucosa marcada amb carboni 13 per enriquir la quantitat de carboni 13
de les mostres i qixi poder obtenir més relacidé senyal/soroll en els espectres. Aquest
tipus d’espectroscopia és Util per seguir el metabolisme de la glucosa. En I'espectre
del metabolisme de la glucosa s'obté els pics del lactat i I'alanina, que donen
informacié sobre la via anaerobica de la glicdlisi, i els pics del glutamat i la
glutamina que donen informacié de la via aerobica. A més, depenent de la posicid
del marcatge d’aquets Ultims metabdlits, es pot diferenciar quina és la ruta
enzimatica utilitzada. D'aquesta manera, el glutamat i la glutamina marcats en la
posicid 4 de la molecula indiqguen que la glicdlisi ha anat per via piruvat
deshidrogenasa, en canvi si el marcatge es troba en la posicid 2 es deu a una
glicolisi via piruvat carboxilasa que és un enzim especific dels astrocits (Figura
2.10)(45).

1-13C-Glucosa
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Figura 2.10 Metabolisme de la 1-13C-Glucosa. LDH, lactat deshidrogenasa; ALAT, alanina
fransaminasa; PDH, piruvat deshidrogenasa; PC, piruvat carboxilasa; GDH, glutamat
deshidrogenasa; GS, glutamina sintetasa, GAD, glutamat descarboxilasa.

Recentment s’han dissenyat noves seqlencies que permeten obtenir imatges

espectroscopiques per veure la distribucié dels metabdlits en els diferents teixits
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cerebrals (46). També s’han dissenyat nous instruments com I'hiperpolaritzador que

permet seguir el metabolisme de carboni 13 ‘in vivo'(47).

2.4.5. Alteracions en la insuficiencia hepatica

Els estudis de RM han permes avaluar les diferents alteracions cerebrals que
pateixen els pacients amb insuficiencia hepdtica. Gairebé tots els estudis clinics
s'han realitzant en la insuficiencia cronica ja que com ja s’ha esmentat la situacio

aguda es produeix en baixa frequencia.

En pacients cirrdtics s'Than descrit imatges potenciades en T1 caracteristiques, on
s'observen hiperintensitats situades en els ganglis de la base (Figura 2.11 A).
Aquestes hiperintensitats corresponen a una acumulacid de substancies
paramagnetiques que probablement es deu a una deposicid de manganes com a
consequencia dels shunts porto-sistemics (48). Aquest procés d’acumulacid és lent i
és el responsable que aquests pacients desenvolupin cert grau de parkinsonisme
com la bradicinesia o la rigidesa. Tanmateix, aquestes alteracions no solen estar
present en pacients amb insuficiencia hepdatica aguda encara que existeix un estudi
que descriu aquest tipus d’alteracions en un pacient amb insuficiencia hepatica

aguda produida per una hepatitis del virus E i amb signes de parkinsonisme (49).

En estudis de transferencia de magnetitzacio realitzats en pacients amb cirrosis i EH
minima s’ha observat una disminucid de I'index de transferencia de magnetitzacio
en la regié de substancia blanca parietal. Aquesta disminucié pot ser afribuible a
una deposicié de manganes o a un increment d’aigua cerebral. Perd els valors
d’'aquest index es normalitzen rapidament després del transplantament hepadtic i
aixdo dona suport a la hipotesi d'un edema cerebral de baix grau, probablement
secundari a un increment de la glutamina cerebral (50). S’ha observat que existeix
una correlacié negativa entre I'index de transferencia de magnetitzacio i el grau de
EH tant en els ganglis de la base (probablement degut a la deposicid de
manganes) com en la substancia blanca (51). Els estudis de quantificacié absoluta
d'aigua cerebral demostren que existeix un increment significativ d'aigua en els
pacients cirrotics indicativ de I'existencia d’'un edema cerebral i a més aquest
increment augmenta amb el grau d’EH (15).

Alires treballs han estudiat les alteracions que es produeixen en les imatges
potenciades en T2 i de difusid. Els pacients cirrdtics mostren unes hiperintensitats

difuses en les imatges T2 que es tfroben situades en la regid corticoespinal (Figura
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2.11 B)(52). En estudis de neurofisiologia s’ha observat que la regié corticoespinal
d’'aquests pacients és especialment susceptible(52). Cal afegir que aquestes
hiperintensitats es resolen després del transplantament hepdtic(53). Els estudis de
difusié en pacients amb insuficiencia hepdtica mostren alteracions en la mobilitat
d’aigua cerebral. En els pacients cirrotics es veu un augment del coeficient aparent
de difusid que s'ha postulat com un increment d’aigua a I'espai extracel fular (54).
Per tant, tots aquests resultats obtinguts amb els diferents tipus d'imatges semblen
corroborar la existéncia d'un edema cerebral en els pacients amb insuficiencia

hepadtica.

Figura 2.11 Imatges
potenciades en Tl
(A)ienT2 (B, C) en

pacients amb cirrosis

Destacar que en els estudis amb imatges potenciades en T2 on s'utilitza una
segUencia FLAIR s'observen unes hipeintensitats focals distribuides en la substancia
blanca (Figura 2.11 C)(53). Aguestes lesions s'assemblen a les que es veuen en
pacients amb malaltia cerebrovascular de petit vas com ['arteriolosclerosi,
I'angiopatia amiloide cerebral o l'arteriopatia cerebral autosomica dominant amb
infarts subcorticals i leucoencefalopatia. Per tant, aquestes lesions semblen indicar

que els pacients cirrotics tenen malaltia de petit vas (55).

En estudis de volumetria amb pacients cirrdtics es detecta un augment de la mida
dels ventricles que €s una mesura indirecta del volum cerebral. Aquest augment del
volum ventricular persisteix després del transplantament hepdtic tant a curt (6-12
mesos) com en llarg termini (6-9 anys) i cixo indica que aquests pacients tenen cert
grau d’atrofia (56). Aquest resultats s’han confirmat en treballs posteriors on s’ha

realitzat un estudi de volumetria de tot el cervell (10).

En els estudis espectroscopics d'aquests pacients s'observen patrons metabolics

caracteristics definits per un augment dels pics de glutamat i glutamina i una
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disminucio del pic de colina tant en la insuficiencia hepdtica aguda com en la
cronica (57-59). A més, en la situacié cronica també es veuen disminuits els pics de

myo-inositol i NAA (58) (Figura 2.12).

N,?A N,?\A
Cho |
| C|r |
C|r GIXJ
|
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'ns I' | [
N | T (A RO
J-‘~|f1 14 AN L
|'q W hlhl‘ujll.ll III-\'I"NII“J""-' 'I L‘“j H ) 4 ‘hr 'Il
4 3 2 4 3 2 1 ppm
CONTROL SA PACIENT CIRROTIC

Figura 2.12 Espectre localitzat a substancia blanca parietal amb un espectrometre de 1.5 Tesla
NAA, n-acetilaspartat; Glx, glutamina i glutamat; Cr, creatina; Cho, derivats de colina; mins myo-inositol

Recentment s’ha demostrat que existeix una disminucid del NAA en pacients
cirrotics que han patit algun episodi d’EH. Aquest metabolit és considerat com un
marcador neuronal i pot indicar que aquests pacients pateixen cert grau de

degeneracio i atrofia cerebral (10).






[H/POTES/ | OBJECTIU






[HIPOTESI] I 39

3. HIPOTES!

En la insuficiencia hepatica apareix edema cerebral degut a les consequencies que
té el metabolisme de I'amoniac en la funcid de I'astrocit, que son diferents en la

forma aguda i cronica.

4. OBJECTIU

Estudiar les caracteristiques de la distribucid de I'edema cerebral secundari a la
insuficiencia hepatica aguda i cronica i la seva relacido amb els metabolits cerebrals,
en models experimentals i en pacients, per obfenir informacid sobre els processos

fisiopatologics que hi participen.
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ESTUDI 1

Les imatges de tensor de difusid donen suport a I'origen citotoxic
de I'edema cerebral en un model experimental d'insuficiencia

hepdatica aguda.

5.1. Infroduccio

L'edema cerebral és una greu complicacié de la insuficiencia hepadtica aguda que
s'ha relacionat amb I'augment d'amoni en sang produit per la mala funcid
hepdtica. S'ha proposat I'existencia de dos ftipus de mecanismes en el
desenvolupament de I'edema: vasogenic associat a un frencament de la barrera

hematoencefdlica i citotoxic causat pel metabolisme de I'amoni als astrocits.

5.2. Objectiu

Estudiar I'edema cerebral en un model experimental d'insuficiencia hepadtica aguda
per obtenir informacid sobre els mecanismes de desenvolupament de I'edema
cerebral en I'EH. També es va avaluar les implicacions associades en el metabolisme

cerebral.

5.3. Materials i metodes

Es va realitzar un estudi de RM ‘in vivo' per estudiar la distribucié infracel {ular o
extracellular de I'aigua cerebral en un model animal d’insuficiencia hepdtica
aguda produit per una devascularitzacié hepatica. També es va quantificar el
contingut d’aigua cerebral a partir d’estudis gravimetrics. D'altra banda es va
analitzar el metabolisme cerebral ‘in vivo' i ‘ex vivo' (resultats addicionals)
mitjancant espectroscopia de protd i de carboni-13. La valoracié de la integritat de
la barrera hematoencefdlica es va mesurar amb estudis de permeabilitat amb

sucCrosa marcada amb carboni-14.

5.4. Disseny experimental

El disseny experimental constava de tres estudis:

1) L'estudi de RM es va dividir en dos experiments: A i B. L'objectiu de
I'experiment A era avaluar I'efecte de la derivacié de la vena porta a la

vena cava sobre I'edema cerebral. En I'experiment B es pretenia estudiar
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I'edema cerebral en rates amb insuficiencia hepadtica aguda induida per la
derivacié porto-sistemica i la ligadura de I'artéria hepatica. Es va realitzar

estudis de RM ales 6, 121 15 hores d’haver realitzat la lligadura.

2) La determinacid del contingut d’aigua cerebral per gravimetria en rates amb
insuficiencia hepdtica aguda es va fer a les 6 hores (n=6), a I'estat de

precoma (n=46) i I'estat de coma (n=6) aixi com en rates controls (n=46).

3) La permeabilitat de la barrera hematoencefdlica en rates amb insuficiencia
hepadtica aguda aguda es va estudiar a I'estat de precoma (n=5) i coma

(n=6) i es va comparar els resultats amb un grup de rates control (n=6).

5.5. Resultats

Les rates amb insuficiencia hepdatica aguda mostren una disminucid progressiva del
coeficient de difusid aparent en totes les regions cerebrals que s’han estudiat. Es va
fer un promig de tots els coeficients de difusid en les diferents regions. Aquest promig
decreix el 14% a I'estat de precoma i fins al 20% en I'estat de coma. Aquests canvis
indiguen un increment d'aigua a I'espai intfracel lular que també es va corroborar
mitjancant I'estudi de gravimetria (coma: 82.4+0.3% comparat amb les rates control:
81.6£0.3%; p=0.0001). A més l'increment d'aigua augmentava a mesura que

progressava la insuficiencia hepatica.

En I'estudi de la permeabilitat de la barrera hematoencefdlica amb “C-sucrosa, un
metabolit de baix pes molecular, s’ha vist que la constant de transferéncia es manté
en valors semblants als de les rates confrol. Aixo fa evident que no existeix un
frencament o inferrupcié de la barrera hematoencefdlica en la insuficiencia

hepatica aguda i confirma el mecanisme citotoxic de I'edema.

El metabolisme cerebral també es veu alterat, s’observa un gran increment dels pics
de la glutamina (6 hores: 540%, precoma: 851%, coma: 1086%) i del lactat (6 hores:
166%, precoma: 998%, coma: 3293%). A més amb I'estudi del metabolisme ‘ex vivo'

s'ha confirmat que aquest lactat s’ha sintetitzat ‘de novo'.
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5.6. Resultats addicionals de I'estudi

5.6.1. Andlisimetabondomic
Es va realitzar un andlisi metabonomic de tots els metabdlits obtinguts en els
espectres mitjancant un andlisi de components principals. Aquest andlisi permet

veure com es comporten totes les variables d'una manera global.

En I'andlisi de components principals realitzat d’'una manera no supervisada es va
veure que eren necessaris 17 components principals per explicar la variabilitat de les
dades. Per un nivell de confianca del 95% només calien els 8 primers components
principals i aquests explicaven el 62% de variabilitat de les dades. Els dos primers
components amb més importancia d'acord amb les regles de validacié creuada
eren el primer i el tercer component principal i, individualment, explicaven un 32% i
un 22% de la variabilitat, respectivament. En aquest andlisi es va comprovar que
totes les rates confrol tenen un mateix perfil metabolic. A més existeix una clara
separacié entre els perfils metabolics de les rates control, les rates amb anastomosi
portocava i els diferents estats de les rates amb insuficiencia hepatica aguda. Per tal
de realitzar un model de prediccid, es va fer un andlisi supervisat separant les
variables per classes. Aquestes classes corresponien a tipus de rata que s'havia
analitzat. Realitzant aquest andlisi supervisat es veu que la capacitat de prediccid
del model és del 64% (Figura 5.1).
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Figura 5.1 Andlisi discriminant de components principals de I'espectre de rates control, rates amb
anastomosi portocava i rates amb insuficiencia hepdtica aguda (IHA) a diferents estats (a les 6 hores, a

I'estat de precoma i I'estat de coma) (esquerra). El pes de cada variable en cada component (dreta).
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Si s’anadlitzen les dades amb més detall es veu que els pics dels lipids i les
macromolécules sén els més variables inclis en les rates control. Si es torna a
analitzar les dades sense tenir en compte aquests pics s'observa que 6 components
principals sén capacos de explicar el 75% de la varidncia de les dades amb una

precisid del 56% i un interval de confianca del 95%.

En aquest cas, els dos primers components son els que tenen meés importancia
d’'acord amb les regles de validacié creuada i individualment explicaven un 27% i
un 17% de la variabilitat, respectivament. Al redlitzar I'andlisi supervisat de les dades

s'obté un model de prediccié amb una capacitat de prediccid del 71% (Figura 5.2).
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Figura 5.2 Andlisi discriminant de components principals de I'espectre de rates control, rates amb

anastomosi portocava i rates amb insuficiencia hepadtica aguda (IHA) a diferents estats (ales 6 hores, a
I'estat de precoma i I'estat de comal) (esquerra). El pes de cada variable en cada component (dreta).

L'andlisi de I'espectre per components principals pot ser una eina Util per a realitzar

models de diagndstic a partir de I'espectroscopia d'un pacient (Figura 5.3).
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Figura 5.3 Classificacid del grau de la insuficiéncia hepdtica aguda segons la variancia del primer
component principal de rates control, rates amb anastomosi portocava i rates amb insuficiencia
hepdtica aguda (IHA).

5.6.2. Espectroscopia amb carboni 13

En un altre grup d'animals amb insuficiencia hepdtica aguda es va redalitzar un
estudi d’espectroscopia amb carboni 13. Al cap de 12 hores d’haver redlitzat la
ligadura de I'artéria hepdtica es va inocular 200mg/kg de glucosa marcada amb
carboni 13 per via intraperitonial per enriquir la proporcidé de carboni 13 en els
metabolits. Al cap de 20 minuts es van sacrificar els animals i es van separar diferents
teixits (cervell, muscul i sang arterial) per fer una extraccid dels metabdlits

(procediment descrit en materials i metodes) i realitzar I'espectroscopia.

Només es van observar pics en |'espectroscopia de carboni 13 en el cervell. El que
es va detectar és un augment significatiu de la sintesi ‘de novo’ del lactat (P<0.001) i
de la glutamina via piruvat deshidrogenasa (GIn 4; P=0.024) i via piruvat carboxilasa
(GIn 2; P=0.024) (Figura 5.4).
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Figura 5.4 Concentracié dels metabolits marcats amb carboni 13 de teixit cerebral, normalitzades pel
gram de teixit, de rates amb insuficiencia hepdtica aguda (IHA) i de rates control. Metabdlits: Glu,

glutamat; GIn, glutamina; Lac, lactat. *P<0.050

5.7. Article original
Chavarria L, Oria M, Romero-Gimenez J, Alonso J, Lope-Piedrafita S, Cordoba J.
Diffusion tensor imaging supports the cytotoxic origin of brain edema in a rat model

of acute liver failure. Gastroenterology. 2010; 138(4):1566-73.
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Diffusion Tensor Imaging Supports the Cytotoxic Origin of Brain Edema

in a Rat Model of Acute Liver Failure

LAt CHAVARRIA S MARC OR1A ¥ JORDI ROMERC-GIMENEZ," JULI ALONSO.™ SILVIA LOPE-PIEDRAFITAY anc

JUsN CORDOBA+5

"Liver Lint, Hospial Vsl Hetvon, Barceiona, Spaer 'Cantro de irvestigacsdn Boméaics en Read oe Enfenmedadies Hepdéicas v Digesivas [CIBERERDY, knsiTudo de
Salad Carlog I, Madid, Sparny *Daparfamant Madkcna, Linversla Auidooma e Baceion. Baraebna, Spaly, Wiagnetic Rasomance Lint, Hospital Vil Hahon
Barcalona, Span; TSena de Apssondnca Magndtca Suckor, Unwerstar Actdnoma e Bamelona, Soan

BACKGROUND & AIMS: Braun edema 18 a severe com-
plication of acute liver failure (ALF) that has been related
to ammonia concentranons, Two mechamsms have been
proposed in the pathogenesis: vasogenic edema thar is
secondary to the breakdown of the blood-brain barrier
and cytotoxic edema caused by ammonia metabolites in
asmrocyres. METHODS: We applicd magneric resonance
rechniques ro assess the inracellular or exeracellular dis-
eribution of brain warer and mecabolites in a rar model of
devascularized ALF. The brain water content was assessied
by gravimeery and blood- brain barrier permeability was
determined from the transfer constane of “C-labeled
sucrose. RESULTS: Rats with ALF had a progressive
decrease in the apparent diffusion coefficient (ADC) in all
beain f(-gions. The average decrease in ADC was signifi-
cant in precoma | — 14%) and coma stages (= 20%). These
changes, which indicate an increase of the incracellular
warer compartment, were followed by a significanr in-
crease in cotal brain water (coma B24% = 0.3% vs sham
81.6% = 0.3% P = 0001), Brain concentrations of glu-
tamine (6 hours, 540%; precoma, 851%; coma, 1086%)
and lacrate (6 hours, 166%; precoma, 998%; coma, 3293%)
showed a marked increase in ALF thar paralleled che
decrease in ADC and neurologic outcome. In contrast,
the rransfer consrane of “C-sucrose was unalrered, COM-
CLUSIONS: The pathogenesis of brain edema in an
experimental model of ALF involves a cytotoxic
mechanism: the merabolism of ammonia in astro-
cytes induces an increase of glutamine and lactate
that appears to mediate cellular swelling, Therapeutic
measures should focus on removing ammonia and
improving brain energy metabolizm,

Keywordss Hepane Encephalopachy: In Vive; Diffusion;
Gravimerry; Blood-Brain Barrier.

rain edema is a severe complicarion of acure liver

faslure (ALF)L! The pathogenesis has been relared o
the effeces of ammonmia in the brain, possibly exacerbared
by inflammarory mediators and abnormalicies in cerebral
blood fAow.® Two major mechanisms can explain che
increase of brain water': cytotoxic edema or vasogenic
edema. Srudies in experimental models have documented

an merease in brn warer and swelling of astrocyres,
sipporting a cytotaxic mechamsm, where most of the was
rer accumulares in the incracellular comparrment. The
specific location in astrocytes has been explained by the
exclusive presence in these cells of gluramine syncherase,
which merabolizes ammonia to glutamine. The rise of
glutamine can induce an osmotic imbalance, partially
compensated by the release of ons and organic os-
maolytes, such as myoinositol.* Alternacively, ammonia or
glutamine may induce injury o the mirochondria,
through the gencrarion of reacrtive oxygen species and
protein tyrosing nitranon,® leading to energy falure and
cytooxc edema.

Srudies in patients with crrhosis have also proveded
data supporting the notion that liver fallure causes an
increase in brain warer® However, according o che re-
sults of warer diffusivity obrained by brain magnene
resonance (MR}, most of the water accumulates in the
extracellular comparyment, challenging the cytotoxic hy-
pothesis” Furthermore, one study that wsed a oome
maodel in mice has found breakdown of the blood- brain
barrier (BBBL" Modulation of warer influx requires clar-
ification of the state of the BBB, which in many studies
shows an increase in the pinocytonc acovity and a swol-
len endothelivm, bur seems structurally intace.® Admin-
istranion of saline or manmtol infusion decreases incra-
cranial pressure, an effecr thar may resulr from cerebral
vasoconstriction or by restoration of the asmotic pres-
sure gradient, which requires a normally functioning
BBB. A berter understanding of the mechanisms that
intervene in the pathogenesis of brain edema in ALF 15 a
critical step to design appropriate therapeunc measures,

The aim of our study was to imvestigate the mecha-
nisms involved in the generation of brain edema in a

Abbreviations used in this papes ADC, apparent diffusbon coeff-
chant: ALF, peute liver failure: ANGYA, annlysis of vasiance: BEE, blood-
brain barrier; Glu/Cr, ratio of ghulamate Lo creatine; GPC + PCh/Cr,
ratie of choline dervabes to ereatine; HAL. hopatic artery ligation: MR,
magnetic resanance; PCA, partocaval snastamasis; TE, echa time: TR,
repetition time.

o 10,1053, |.gasiro. 2009, 10.003
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well-charactenized model in the rar with the help of in
vive ME. We applied diffusion-weighred imaging to mea-
sure water motion in the brain and calculated the appar-
ent diffusion coefficient (ADC). A rise in ADC Teprescnes
an merease in the movement of water molecules, as
occurs when warer morion is not restricted by cell mem-
branes.'" Accordingly, extracellular edema is associated
with an increase i ADC, whereas intracellular edema
causes a decrease in ADC, We assessed BBB permeability
o “C-sucrose, a small molecule thar has no specific BBE
carrier, 1o corroborate the eytotoxic or vasogenic origin
of brain edema. We also applied MR specrroscopy 1o
stirdy the relation berween changes in brain water com-
partments and metabolic abnormalicies caused by liver
failure,

Materials and Methods

Animal Models

This study was performed in Sprague-Dawley
male rars {250 -300 g; Harlan, Udine, Iraly). Animals were
housed in polycarbonare cages under standard laboragory
condittons: a 12/12 hours light/dark cycle, a constant
remperature of 22°C = 2°C, and a relave humidicy of
approximately 50%. Standard food (A04; Panlab, Barce-
lona, Spain) and waver were available ad libitum. All
procedures were performed in accordance with Spanish
legislation and approved by the Catalan Animal Research
Commirree in the facilicies of Instiour de Recerca, Hos-
pital Universitan Vall d'Hebron.

Portocaval anastomosis. The portocaval anasto-
mosis (PCA} was performed according 1o the guidelines
of Lee and Fisher'* under isoflurane ancsthesia. The PCA
was constructed under aseptic conditions with the use of
a conginuous suture technique (7/0 Prolene surure) wich
the aid of a microscope. The surgery time was fewer than
15 minutes. Sham-operared rars underwent a similar in-
rerventon withour vein secrion and had the poreal vein
clamped for 15 minuees.

Acute liver failure. The ALF was induced by I'CA,
and 24 hours after this surgery (o ensure the success of
the operation) animals were subjecred to heparic artery
ligarion (HAL), All the surgeries were performed under
anesthesia (isoflurane). The mortaliey of surgery was 9%
for PCA and 19% for HAL. These animals had a predict-
able course reaching precoma stage (defined as a loss of
righring reflex) ar approximarely 11 hours after HAL and
coma stage (defined as loss of comeal reflex) ar approxi-
mately 14 hours after HAL. Sham-operated rats under-
went 2 interventions, 4 sham PCA, as described above,
and a second laparotomy without hepatic artery ligation.

During the experiments, animal body temperature was
kept stable ar 37.0°C = 0.5°C wath the aid of heating
pads, and glucose concentration was kepr above 100
mg/mL with the help of a blood glucose test (GlucoCard;
A. Menarini Diagnostics 5., Firenze, Ttaly). Below chis
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concentration, the animals were supplemented with a
dose ((L3-1.5 mL)} of a solutdon of 10 glucose (Glu-
cosado 10%; Fresenius Kabi, Bad Homburg, Germany).

Experimental Design

The experimental design consisted in 3 expen-
ments: (1) MR study, (2) brain water assessment by
gravimerry, and (3) the study of BBB permeability,

The MR study was subdmided in 2 experimenes (A and
B). The goal of experiment A was to assess the effecr of
PCA, and the ED:II af EKPL'I‘iITLEI‘II: B was to assess the
effects of ALF. Experiment A was performed on PCA rats
{n = 6} and sham-operated controls (n = 6) 24 hours
afrer surgery. Each control rar was examined juse afrer
finishing the acquisicion of MR examination in PCA rats,
te have similar MR conditions. In Experiment B, cach
ALF rat (n = 7) was assessed repeatedly 6 hours after
HAL, at precoma stage and ar coma stage. Each one of
the control rats was assessed repeatedly just afrer the ALF
rac counterpart ar parallel rimes since che sham inrerven-
tion (6 hours, 11 = 2 hours and 14 = 2 hours).

Brain warer assessment by gravimerry was performed
in a group of ALF rats and sham-operated controls (n =
6). ALF rats were studied at 6 hours after surgery (n = 6),
precoma stage (n = 6), and coma stage (n = 6).

The study of BBB permeability was performed in a
group of ALF rars ar precoma stage (n = 5) and ar coma
stage (n = &) and in a group of sham-operated rars
(n = B).

MR Experiments

PH-MR studies were performed in a 7 T Bruker
BioSpec 70/30 USR {Bruker BioSpin GmbH, Karlsruhe,
Germany) equipped with a mini-imaging gradient set
(400 mT/m), a incarly polanzed transmitter volume coil
(72 mm inner diamerer), and a dedicared rar brain circu-
larly polarized receive surface coil All MR dara were
acquired and processed on a Linux computer wath the
use of Paravision 4.0 sofrware (Bruker BioSpin GmbH,
Karlsrube, Germany).

The animal was inside the MR specrrometer lying on a
bed equipped with a fixation system (tooth-bar and ear-
plugs) to aveid motion artifaces and a tube that contin-
uously provided the anestheric (2% isoflurane in oxygen
at 1 Lfmun) dunng a penod of approscamarely 40 minuees.
After this period the animal was taken our and followed
in a nearby room as desenbed previously without recen-
ing Further anesthesia. Once the mext stage was reached
the animal was reintroduced into che magner o repeat
the acquisition of MR data. Isoflurane was re-adminis-
tered as needed. Body remperature and respiration were
continuously controlled with a small animal monitor-
ing system (Model 1025; SA Instruments Ine, Stony
Brook, NY).

Anatomical images. The anatomical images al-
low the localizarion of the regions of interest. The stud-
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ied regions were visual cormex, SENSONMOTOT COrtex, mMo-
tor cortex, hippocampus, thalamus, hypothalamus,
cavdare-putamen, globus pallidus, and nuceus accum-
bens. The images were obtamed with the use of rapd
acquisicion  relaxacion-enhanced  sequence (TR TEeft/
ETL 4000 mulliseconds/36 milliseconds/8) in axial (13
slices), sagittal (9 slices), and coronal (6 slices) planes.
Imaging paramerers for these images were repetition ime
(TR} of 4000 milliseconds, echo spacing of 12 millisec-
onds, effecove echo nme (TEef) of 36 milliseconds, echo
train length of 8, slice thickness of 1 mm, acquisition
marrix of 256 » 236, and a held view of 35 mm X 35
mm. These orthogonal pl.‘:nra were used as reference
Iages,

T2 map. To obrain T2 maps, T2-weighted images
ar varable TE values were acquired with the use of a
mulnslice mulnecho sequence (TE/TR = 10-120 milli-
seconds/ 2000 milhiseconds) in 13 conpinuous shices with
1-mm thickness, an acquisidon macnx of 128 * 128, and
a feld of view of 35 mm X 35 mm.

Apparent diffusion coefficlent map. Diffusion
[ENS0r IMaging was carmied our with the use of a SERTTNE
ted diffusion-weighted echo-planar sequence (TR/TE =
200 malhseconds/35 mulliseconds; number of shots = 4
milliseconds) with identical geometry as in T2 map. Dif-
fusion-weighreed images were acquined along 20 diffusion
directions and 4 b values (b = 0, 200, 600, 1000 5/mm-,
A/E = 20 milliseconds/4 milliseconds) to obtan ADC as
the trace of the estimared diffusion rensor. An average of
the ADC of all measured regions was caloulared and
termed brain-ADC,

In vive 'H spectroscopy. Localized "H spectros-
copy was obtained with the use of a point-resolved spec-
troscopy sequence was procecded by a variable ]'ullm:
power and oprimized relaxation delays sequence for
global water suppression in a voxel size of 6.5 mm X 6.5
mm % 6.5 mm with the following parameters: a spectral
bandwidch of 4000 Hex, 4096 poinrs, TE of 12 millisec-
onds, TR of 2.5 seconds, and 64 scans. The voxel was
locared above the pituitary gland and caudal ro the ol-
factory bulb and included gray and white mateer (Figure
1). Chemical shifts were referenced to creatine ar 3.02
ppm. Metabolites were quantified automancally (racios
compared with creating) with the use of LCModel soft-
ware (Stephen Provencher Ine, Oakoalle, ON, Canada).?

Figura 1. Localizationof the woxel of MP spectroscopy in 3 arihogons
planes (sl sagittal, and coronal).
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The LCMaodel software performs an auromaric quantifi-
carion of the in vivo specrra by reference spectra of rar
brain buile by phantoms of cach merabolice.

Brarn Water Measurement

Cerebral water content of ALF mits (n = 6) was
measured by a gravimerric method thar used a bromao-
benzene-kerosene gradient densiry calibrared wirh sulfare
potassium. Percentage of water in ossue was calculared as
described in Marmarou et al."* Briefly, a gradient of a
mixture of bromobenzene and kerosene was built in a
100-mL graduated cylinder. Thirty minuces larer, stan-
dards of sulphate porassium were immersed to get a
calibrared curve. The animals were decapitared, and their
brains were removed and placed into a dry plague. Then,
brain samples from fronal cortex were cur with avolume
of approximately 1 mm® and were immersed into che
calibraced gradient density. After 2 minurtes of immersion
the specific graviey was determined by the calibrated
curve obtained with sulphate porassium. The cerebral
water content was compured by using 2 rissue-specific
CONSIANGS (M0 B thar have been derermined by
immersion of samples of dry solid rissue (Equanion L)
This method permitted a reselunon in gray marer of
0.2% per graduare chat was suited for che study of brain
edema.

% g H,O/g tissue = (M, specific gravity) — b, (1)

Measurement of BBB Permeability

Animals received a bolus of 25 pCi [U-*C] su-
crose (GE Healtheare UK Limited, Amersham) by intra-
VEROLUS injection. After the injection, 100 ul of femoral
arterial blood samples {via carherer) were withdrawn ev-
ery 5 minures during the nexr 30 minures and collecred
into separated heparinized tubes. Afrer 30 minutes, brain
microvasculature was cleared of blood by perfusion of
100 mL saline with 1% |1.|:|'|:,1rin (Heparin sodica Chiesi;
Chiesi Farmaceutici S.p.A, Parma, [taly) for an 8- to
10-minuee petiod. Afrer this period, the amimals were
decapitared, and their brains were removed and eleared of
meninges, Weighred samples (approximarely 100 mg)h of
frontopanetal cortex were homogenized with a buffer (a
mixure of 50 mM Tris-HCI, 150 mM NaCl, 5 mM CaCl;,

% Tricon X-100, 0.05% Brij35, and 0.02% NalN;). Ho-
maogenized rissue (100 L) and plasma (30 pl} obrained
from blood samples were transterred in vials wach scin-
tillation cockrail (PerkinElmer, Shelton, CT) for liquid
scintillation n,umriul.: (LS 6500 [.:quid Scineillacion
Counting Systems, Beckman Coulter, Fullerton, CA)H
The concentration of the mracer was decermined in pa-
renchyma (Cparen; in dpm/g) and plasma (Cplasma: m
;Ipm,-’ml.:l o compute the rransfer constane (Ki) that was
calculated from the mathematical relationship (Equa-
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tion 2j based on a 2-compartment (plasma and brain)
model, '

E 4
Ki= mm—w {2)
J' Cplasw - dt
Statistical Analysis

Significant differences berween intergroup dara
(PCA or ALF and sham) were verified with the Student’s
¢ vest or l-way amalysis of varance (ANOVA), and the
comparisons for continuous vanables of intragroup data
(6 hours, precoma and coma) were analyzed with L-way
AMOVA for repeated measures or Friedman ANOVA on
ranks. P values << .05 were considered stanistically signif
icant. All the stavistical analysis was performed with
Sigma Stat package (SPSS Inc, Chicago, IL).

Results
MR Experiments

Experiment A: PCA rats. PCA rars did not show
any change either in T2 or ADC values in all the studied
regions (data nor shown). However, the metabolic profile
obtained by MB-spectroscopy was significantly aleered
(Figure 2): myodnositel and choline derivares decreased
(ratio of myoinositol to oeatine: NCA, 0750 = 0121,
versus sham, 0.908 = 0111, P = 040; racto of choline
derivates to creatine |[GPC 4+ PCh/Cr): PCA, 0,134 =

Exparimant A
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00013, versus sham, 0.219 £ 0.009, P < 001}, whereas
glueamine and lactare increased (rano of glutamine to
creatine: PCA, 1.248 = 0.161, versus sham, 0.294 + 0,057,
P 001; ranoe of lactate to creatine: PCA, 0.202 = 0.056,
versus sham, 0,104 £ 0,035, P = 005). No changes were
observed in glutamate (rano of glutamate to creatine
[GlufCrl) and raurine (rato of raurine to creanne) (Fig-
ure 3.

Experiment B: ALF rats, ALF rats did not show
any change in T2 bur did show a decrease in ADC in all
regions (Table 1) Compared with sham-operated con-
trols the brain-ADC in ALF was 8% lower after 6 hours
(P = .053), 14% lower ar precoma (P = 030), and 20%
lower at coma stage (P < 001) (Figure 4). In the group of
ALF rars the differences berween srages did nor reach
stanstical signiﬁc;mr;r: for bramn-ADC. However, ADC in
the thalamus and hyporhalamus was significantly lower
ar the coma stage than ar precoma and after 6 hours (Table 1),

MR spectroscopy data (Figures 2 and 3) showed that
glueamate in ALF was lower than in sham eats ar 6 hours
(Glu/Cr: ALF, 1053 = 0,087, versus sham, 1,353 = 0.059;
P =< .001), precoma (Glu/Cr: ALF, 1.210 = 0080, versus
sham, 1.338 * DO8S; P = .014), and coma {Glu/Cr: ALF,
0.909 = 0.158, versus sham, 1.345 = 0.044; P = 001).
Choline derivares had decreased compared with sham
rats at & hours (GPC + PCh/Cr: ALF. 0,122 = 0018,
versus sham, 0216 = 00LS; P < 001), ar precoma (GPC +
PCh/Cr: ALF, 0.137 = 0,012, versus sham, 0,209 % 0.020;
P < 001), and coma (GPC + PCh/Cr: ALF, 0.134 = 0,017,

PCA

T T T T T T T
40 ¥ A T 29 1§ W0 ppm

43 AF 39 IF @0 1% L0 pom

Figure 2. Representathe MR spectra of sham, POA, and ALF rats (G hours, precoma, coma), Ing indicates myoinosiiol; Tau, tauine; GPC + PCh,
choling derates; Cf, creating; Gin, ghaaming: Ghi, glutamate; NAA, N-acetylaspanabe; Lac, lacta,
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Flgure 3. Quantification of brain metabolies cbisned by MR spec-
troscopy i PCA and ALF rats. The results &re expressad as the per-
centage of varistion compared with sham-operabed controiz, The dol-
ted e inglicates sham levels. To ease i representation, the figure is
apit in 2 chans (4, B). Gw'Cr incicates, the rato of gulsmale 1o orad-
ting; In='Cr, ratio ol mycinosiol to creatine; Taw'Cr, ratio of taurine o
creating; GPC + PChCr, ratio of choline dertvatas to craatine; MAA +
MAAGCr, mto of N-acetylaspartate and N-acstyightprate to creatine;
Cabrn/Cor, waiti Of chutararid 1o Codatinng; LisCr, riftic of letadis o Criting
(i) All ctata wane signicantly highar than tha sham-oparated controts (P
= 050,

versus sham, (0217 £ 0.024; P < 001). Taurine, myoi-
nositol, N-acerylasparrare, and N-acerylglutarare re-
mauned unaltered (Figure 3A); except for the rato of
N-acerylaspartare and N-acetylglutarare to crearine thae
was decreased at the coma stage.

Gluramine increased progressively in ALF {6 hours,
1.B38 = 0.496; precoma, 2.886 = 02215 coma, 3207 %
0.295) compared with sham rats (6 hours, 0.287 = 0,031;
precoma, 00303 = 00045; coma, 0.270 = 0.047). Values ar
precoma and ar coma in ALF were higher than after 6
hours, but there were no significane differences between
precoma and coma. Lactare showed a marked increase in
ALF from 6 hours (0.278 = 0.171) to precoma (0.885 =
0.554) and coma (2.584 = 1.043). Differences were sta-
uistically significant between stages and compared with
sham values (6 hours, 0,105 = 0,047; precoma, 0.081 £
0.041; coma, 0.076 = 0.030) (Figure 36),
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Brain Water
Gravimerric studies showed thar there was a grad-

ual increase in the brain water content (Figure 5), and it
was significant ar the coma seage (P = .0001),

BBB Permeability

The transfer constant for “C-sucrose remained
unalrered in ALF ar the precoma and coma stages com-
pared with sham (Figure 6).

Discussion

The smdy shows a decrease in the ADC in an
experimental mosdel of ALF in which the development of
braimn edema can be shown. This observation 15 in accor-
dance with a eytotoxic origin of brain edema thar is
suppﬂm:d by the lack of increase in the BEB pcnn:nhi]ir}-
to MC-sucrose,

No MR rechmques are easily available o quanrify
brain water in vivo. In their absence, diffusion-weighted
imaging has been used o investigare different experimen-
tal sinanions thar are accompanied with brain edema.
The mterpretanon of the dam provided by this mechod
in some situations has been difficule, becavse of the
complexity of some processes thar include injury ro the
tissue and combined cyrotoxic and vasogenic edema.'®
ADC is a parameter obtained by MR to estimare water
motion that has been shown to be decreased in experi-
mental siwations in which warer accumulates in the
intracellular compartment. ADC is decreased secondanly
to sodium pump Fulure in the first moments of ischemic
stroke and 1o osmotic imbalance in hyponatremia ' In
our study we show a decrease in ADC in rars with ALF,
which became evident at the precoma and coma stages.
The decrease in ADC was even more pronounced at the
coma stage in some regions. These changes evolved in
parallel with an increase in brain water that was shown by
gravimetry and was significant ar the coma stage, The
best explanation is an indtial increase in the proportion of
water in the intracellular comparmment char larer caused
an ncrease in the amount of water in the whole tissue.

ADC did not decrease in rats with portocival anasto-
mosis. These ammals exiubic mild behavioral abnoomal-
ities, and for this reason they are considered a model of
minimal hepatic encephalopathy. Meuropathologic stud-
ies have shown disturbances of astrocytes, such as Alz-
heimer type 2 astrocytosis, which has been armibured o
an increase in the intracellular concentrarion of glu-
tamine, The nise of glutamine may be sufficient to tigger
an impairment of neurologic funcrion'™ but not to cause
a net increase in brain water. Brain edema has enly been
shown when these racs are challenged with an additional
bolus of ammonia. The explanation for the lack of in-
crease in brain wager s thar small osmornic changes,
especially if not accompanied by energy fRailure,'® can be
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Table 1. ADC Values of all Brain Regions in ALF or Sham-Operated Controls

G hours Procoma (11 hours) Coma (14 hours)
ADC
{204 mm /5] Sham ALF Sham ALF Sham ALF
Visual cortex 7991 = 0.589 T.443 = 0.508 B.S1T = 1.1B1 7.603 = 0.734 5431 = 0989 B.A439 = 04497
Motor corex 8052 = 06056  T.426 = 0.593 BT14 21419 T7333=049% 85140=0516 6578 = g.oav
Sensorimotor cortex T.BE3 = 0536 T.238 = 0.551 BA4BT = 1228 T7190=0448* 797V =-0385 B.410 = D.708°
Thalamus 70932 20438 T.3086=0.738 B.559 = 12658 T7.204 0822 ES261=057T0 5959 = 0.96322
Hippocamipus B.218 = 0480 T7.507 = 0.623 8783 = 1189 7.689 = D.641 8531 = 0.96 G.664 = 0.964°
Hypothalamiss B33 =060 T7.632=0.T66 BO24 =125 T544=0634" EB4095=04T3 5796 = 086422
Cauate-putamen 7.753= 0629 T.140= 0631 8307 = 1.188 T.002: 03640 TEI6=0419 6756 = 0.8057
Globus pallidus 7938 -0623 T.161=1031 8330 = 1.188 7309 = 0393 8077 = 0342 6,690 = 0,903°
Nucleus accumbens. B.003 = 0677 TOBD =048 B316=0868 T224+=0453" B010=0368 B.A842 = 06070

Vabues are means = standard deviations.
e 050 for mtergroup data (Studend | test),
&P < 050 fod intragroup Gata (ANOVA for repeating measures),

compensated by the release of ions and organic os-
molyres to che extracellular compartment. In accordance
with this hypothesis, we observed in the MR spectrum of
PCA an increase in gluramine and a decrease in the peaks
of myoinositol and choline derivares. The lack of decrease
in ADC suggests char this response is sufficient to avoid
an increase in the ntracellular water compartment.
Many factors are present in ALF that in other clinical
circumstances parnicipate in the generadon of brain
edema, such as inflammatory mediators, circulatory in-
stability, or hypoxia.' However, the most important fac-
tor appears to be ammonia, which causes brain edema in
muleiple experimental preparations®® and in human be-
ings with acute hyperammonemia®’ The effects of am-
monia are directed to astrocytes, which are the cells that
are abnormal in peuropathologic smudies and swell in
cultures.®? We observed a homogeneous behavior of ADC
across all the examined regions that is compatilde with

200 -
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ADC (x10-*mm®/s)
(=]
samm
[ma=nd o
a
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o i PCA —m— ALF

& by Precoma Coma
Figure 4. Bran ADC (averaged ADC of al measwed regions) in PCA
rats and sham conrots. jexpenimeant A) and in ALF rals and sham con-
trols & different stages (expeniment B, ADC values of ALF rs at the
priscoma and coma stages ans significantly iower than tha sham valees
P = OS50

an increase of water in astrocytes. A prior study in a ac
model of acure ammonia intoxicanon thar performed
MR after an mtraperitoneal injection found an increase
in AIXMC in 4 regions (hippocampus, caudate/puramen,
cerebellar correx and substanna nigra) and a decrease in
ADC in one region (hypothalamus), withour changes in
the other 11 regions that were examined.”® The investi-
garors interpreted changes in ADC as cyroroxic and va-
sogenic edema. However, a direct toxic effect of ammonia
on brain and secondary changes in ADC cannot be ex-
cluded, because it has been observed with some drugs.®
Brain edema, which was not assessed in this study, usu-
ally becomes evident after at least 3 hours of continuous
ammonia infusion.

Brain edema and intracranial hypertension have been
documented in ALF and chronic liver fallure, bur the
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Flgure 5. Percentage of cerebval water coment quantfied Dy granim-
ity in sham s (81.6% = 0U3%), all rivts with ALF ot 6 hours (81.8% =
0.2%), precoma [B2.0% = 0.3%), and coma B2.3% = 0.4%), Bran
waler was signficantly higher at the coma stage "P < 050, ANOVA)
folicwed by Holm-Sidak pairwisa companisons.



[ESTUDI 1]

1572 CHAVARRLA ET AL

25
2.0 1 o
gu‘-
2 10
' .
8 . :
w £ 4
L]
L=
o -
0.a
Sham ALF precoma ALF coma

Flgura 8. Transher constant fof '5C-sucrose (K} in Sham s &nd s
with ALF at the precoma and coma slages. Mo significant differances
wers obhaenved betwesn the groups.

mechanisms and the consequences of brain edema ap-
pear to be different in both situations. In patients with
cirthosis and a stable clinical condivion, ADC has been
repeatedly shown to be increased,” whereas a limited
number of studics in patients with ALF shows a decrease
in ADC** Ulrrastrucrural examination of brain capillar-
ies obrained from patients dying of ALF has shown thar
the intercellular oghe junctions between capillary en-
dorhelial cells were intact.” However, endorhelial cells
showed increased vacuolization that could indicate in-
creased passage of substances across a morphologieally
conserved BBB. Funcrional studies, which can only be
performed in experimental prepararions, have provided
conflicring resules®+"; some can be explained by an inad-
equare control of some varables, such as body empera-
mure, Im our soudy, we used the ransfer coeffictent o
sitcrose as an indicator of the integrity of the BBB. This
is & widely used method rhar in experimental models of
stroke gives Ki values =12 and =5 nmes higher than
contrel.* In our hands, che permeability to sucrose was
not impaired, neither when there was an increase of warer
in the intracellular compartment (precoma) nor a rise in
total brain water (coma), Thus, although a combination
of cyrotoxic and vasogenic mechanisms has been pro-
posed, according to our dara the main process that
causes brain edema in ALF is cyrotoxic. Furure studies
would be necessary o elucidate the role of vasogenic
mechanisms in chronie liver failure,

The abnormalicies of brain metabolites chat are de-
tected by MR spectroscopy in ALF are probably caused by
the exposure of the brain to ammonia. As in other stud-
1es, wie observed a marked increase in bran glutanune
and lacrate, which correspond to de novo synthesis of
these metabolites.™ Our in vivo approach allowed us o
examine the same animal ac different stages and to relace
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changes in these metabolites to the intracellular accumu-
lation of water. In ALF rats at inicial stage (6 hours) there
was an increase in glutamine and lactate that progressed
in precoma, when water accumulared in the incracellular
compartment (significant decrease in ADC). The change
From the precoma to the coma stage was accompanied by
a marked rise in lactare (>3 rimes) and a net increase in
brain water wathout a significant increase in glutamine.
This course is similar o whar has been described in
patients with ALF thar underwent moniroring of lacrare
by microdialysis in which it was observed thar surges of
high intracranial pressure were always preceded by an
increase in lacrare® Our findings support the hypothesis
of brain energeric impairment secondary to ammonia
metabolism in che induction of brain edema. The in-
crease of lactate may be an ind,'n:;lmrnfimpcnd:'ng Energy
failure secondary to injury to che mitochondnia.®® How-
ever, the lack of decrease of high energy phosphare com-
pounds™ is contrary to this interpretation. Aleernatively,
lactare may have been generared aerobically by excessive
gluramartergic accivarion®! and could directly cause asoro-
oyie swelling

MNotably, the accumulation of warer in the incracellular
COMpartment appears oo initate at an early stage. Al-
though differences were not stansucally significant, there
is a clear trend for a lower ADC after 6 hours. Ar this
stage the rar did nor exhibic apparent signs of encepha-
lopachy. However, neurophysiologic studies have shown
neuronal dysfuncion in this model ar this stage®* The
increase in intracellular warter and neurophysiologic dis-
rurbances coincide wirth an increase in gluramine and
lactare, supporting an important role for these merabo-
lices in the pathogenesis of astrocyte swelling and heparic
mccph:llupnrhy, Most of the changes of the other me-
tabolites decected by MR spectroscopy were mild (< 200%).
The decrease in glutamate and N-acerylaspartare in ALF
are well deseribed.® The former has been explained by
substrate consumption secondary to gluramine synchesis
and the latter by an effect of energy failure ** An osmoric
compensitony response to astrocyte swelling may be re-
Recred in a decrease in choline-containing compounds
and myoinositol.? As in clinical reports,®® the lacter was
probably not observed in rars with HAL because of ari-
Facts in the spectrum caused by the marked rise in the
peaks of gluramine

In conclusion, the development of brain edema in
experimental ALF is in aceordance with a eytotoxic mech-
anism. Similar findings to those obrained in this study
have been observed in human studies. Therefore, these
resulis validate the rat model of liver devascularization
For the study of brain edema in ALF. Lacate could have
a key role in cellular swelling secondary to impcndl'ng
encrgy failure or o excessive glutamatergic activation.
Therapeutic measures should focus on removing ammo-
mia and improving brain energy merabolism.
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ESTUDI 2

Andlisi biexponencial de les imatges del tensor de difusié del
cervell en pacients amb cirrosis abans i després del

transplantament hepdtic.

6.1. Introduccid
En els estudis del tensor de difusié en cervell realitzats en pacients amb cirrosi s'ha
observat un increment del coeficient de difusié de les molecules d’aigua que pot

correspondre a la preséencia d'edema cerebral.

6.2. Objectius

Estudiar I'edema cerebral en pacients amb cirrosi i sense encefalopatia hepdtica
mitjancant un andlisi biexponencial del senyal de difusié i establir-ne I'evolucio
després del transplantament hepdtic. Analitzar si I'encefalopatia hepdtica minima

tenia algun efecte en I'edema cerebral.

6.3. Materials i métodes

En aquest estudi clinic es van reclutar 41 pacients amb cirrosi que estaven estables
en el moment de I'estudii en la llista de transplantament hepadtic. Els resultats es van
comparar amb un grup control de persones sanes (n=16). També es va valorar
I'efecte de I'encefalopatia hepdtica minima en I'edema cerebral. Un any després
del fransplantament es va tornar a avaluar un subgrup de pacients (24 individus) per

establir I'estat de I'edema cerebral.

Per fer aquests estudis de I'edema cerebral es van adquirir imatges de difusié per
RM on es van estudiar dues regions de substancia blanca: la via corticoespinal i la
substancia blanca parietal. Per tal d’esbrinar el tipus de mecanisme implicat en
I'edema cerebral es va fer un fractament de les imatges utilitzant una aproximacié
biexponencial. D'aquesta manera, es podien obtenir dos pardmetfres que
permetien avaluar de forma més acurada el mecanisme de formacié de I'edema

(vasogenic/citotoxic).
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6.4. Resultats

En pacients amb cirrosis es va trobar un augment del coeficient de difusid i una
disminucid del factor d'anisotropia en el component rapid de |'aproximaciod
biexponencial. Aquests parametres son compatibles amb un mecanisme vasogenic
de I'edema i a més es normalitzen després del tractament (transplantament

hepatic).

En la via corticoespinal s’observa el mateix comportament que en la regié de la
substancia blanca parietal perd, a més, un augment del coeficient de difusié en el
component lent de I'aproximacié biexponencial. Aquest pardmetre s'associa a un
mecanisme citotoxic de I'edema. A més després del tractament les alteracions en

aqguesta regiod persisteixen.

Tanmateix, no es va trobar cap alteracié associada a la presencia d’encefalopatia

hepatica minima.

6.5. Article original

Chavarria L, Alonso J, Garcia-Martinez R, Aymerich FX, Huerga E, Jacas C, Vargas V,
Cordoba J, Rovira A. Biexponential Analysis of Diffusion-Tensor Imaging of the Brain
in Patients with Cirrhosis before and after Liver Transplantation. AJNR Am J
Neuroradiol. 2011; 32(8):1510-7.
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Biexponential Analysis of Diffusion-Tensor
Imaging of the Brain in Patients with Cirrhosis
before and after Liver Transplantation

BACKGROUND AND PURPDSE: DTl has shown increased MD of water molecules in the brain of
patients with cirrhosis, consistent with low-grade edema. This study further characterizes this edama
by using bisxponential anakysis of DT data, a technigue that may differentiate cyioioxic and vasogenic
eiema

MATERIALS AND METHODS: A total of 41 patients with cirthosis awaiting bver transplantation and 16
healthy controls wera studied by DT by using a singla-shot acho-planar technigue with 11 bvalues
irange, 0=7500 simm”) and 6 noncollinear directions. Measuremants wera fittad to biexponantal
function to detarmina MD and FA for tha fast and slow diffusion componants. Regions of interest wera
salected in the patietal white matter and corticospinal tract. The assessment was rapeated 1 yvear after
livir transplantation in 24 of thase patients,

RESULTS: In paretal while matter, pabents with cirrhosis showed an increase m fast MD and a
decreasa in fast FA that normalized after liver transplantation. In the corhicaspinal tract, there was an
incraase in fast and show MD that normalized alter transplaniation, and a decrease in FA that parsisted
postiransgiantation. Therg was no associatan of DT| paramatars wath minimal HE (n = 12]

CONCLUSIONS: Baixpondntinl aralyss of DT suppons this prasoncs of edeama in thi bean of palients
with cirthogsis that raverts 311or transplantaton, In panatsl whitd matiod, (e ncroass in Dran walor was
ity Iocaed in thie interstitial compartmant, whili e Conicaspingl wWact shinsad & mixed pattem
fintra- and extraceliular. In additen, the findings on POStFANSPIENtIESN Wil consistant with micro-

SIrUCTurd Gamage along the corpcosgnal 1ract,

ABBREVIATIONS: ADC = apparent diffusion coefficient; DTI = diffusion tensor imaging: DWW =
ditfusion-weighted imaging, FA = fractional anisotropy; HCV = hepatitis C virus; HE = hepatic
encephalopathy, MD = maan diffushity

W1 is a noninvasive technique that examines the micro-
scopic random translational motion of water molecules in
a fluid system driven by their internal thermal energy.” In the
central nervous system, diffusion is influenced by the micro-
strctural components of tsue, indluding cell membranes
and organelles. Hence, the diffusion coefficient of biologic tis-
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sues measured by W1 is lower than the diffusion coefficient
in free water; this s called the ADC.* In clinical practice, DWI
is of great value for asscssing patients with cerebral ischemia,”
and it may be possible to extend the wse of this technigue to a
wide variety of other neurologic conditions,

[T provides more detailed information of the movement
of water molecules,' White matter tracts are aligned on the
scale of an MR image pixel, and the ADC value is sensitive to
the dircction of the diffusion-sensitizing gradient. Diffusion
measurements can give information about the size, shape, in-
tegrity, and geometry of white matter tracts.” A measure of
diffuston that does not depend on the orentation of the stric-
tures examined is provided by the M. 30 characterization of
diffusion can be obtained in terms of o tensor, 2 3 % 3 matrix
that accounts for the correlation existing between molecular
displacements along orthogonal directions.” From the DTI
data, it is possible 1o derive anisotropy indewes, such as FA,
which represent a measure of intravoxel fiber coherence in
clinical WL

Diffusion sensitization is often carried out by using a b-
value of 1000 s/mm”. The signal-intensity attenuation result-
ing from water self-diffusion in vive follows a monoexpoenen-
tial function with this b-value.” However, it has been shown
that when b-values above 1000 s/mm’® are used, the signal-
intensity attenuation is better fined to a biexponential func-
tion." Different models have been proposed 1o explain the
nonmoncexponential behavior of the water signal intensity at
high b-values." Some of these madels try to associate this
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behavior with extracellufar and intracellular compartments,
An alternative model recently proposed suggests that the bi-
exponential model assumes an exchange of water between 2
poals, known as the “stow™ and “fast”™ diffusion pools. Accord-
ing to this model, the slow diffusion pool comprises water that
interacts by electrostatic forces with the proteins, cytoskele-
ton, and membrancs of the cell, whereas the fast diffusion pool
consists of the remaining water in the intracellular or extracel-
lular space."" Although the exact pathophysiologic meaning is
not known, several works dealing with the existence of cyto-
taxic or vasogenic edema show different behavior of the vari-
ables associated with the biexponential model,

HE is a complication of acute and chronic liver Bailure tha
has been associated with a rise in brain water."* The develop-
ment of brain edema may be explained by an increase in
Mood-brain barrier permeability that leads predominantly 1o
extracellular edema (vasogenic) or to accumulation of water
in the astrocytes due to osmotic mechanisms or oxidative
stress (evtotoxic). In experimental models of acute liver fail-
ure, T shows a decrease in MDD, which is in accordance with
a cytotoxic mechanism.'” In contrast, studies in patients with
chronic liver failure show an increase in MD, which has been
interpreted as a rise of water in the extracellular compart-
ment,"" Furthermore, the outcome of ADC following HE
has been interpreted as a mixed patiern of brain edema,™

The aim of this study was to analyze brain white matter
changes by biexpanential analysis of diffusion tensor data in
patients with cirrhosis and chronic liver failure to further
characterize the presence of edema in these patients. The re-
gions that were selected correspond to those thar have been
identified as abnormal in previous studies {parietal white mat-
ter and the corticospinal tract). ™" The results were analyzed
in relation 1o the presence of cognitive disturbances (minimal
HE}, and the study was repeated in a group of patients after
successful liver transplantation. In addition, 1o assess the use-
fulness of biexponential analysis, we compared the results with
those obiained with 2 monoexponential analysis, by using an
extended range of b-values,

Materials and Methods

Patient Characteristics
Coasecutive patients with cirrhosls undergoing evaluation for liver
transplantation at our institution were invited o participate i the
study. Forty-one patients without overt signs of HE were included,
and 24 of them were studied again | vear (358 = 47 days) after Hver
transplantation (Table 1), Patients with a history of alcohol abuse
wiere abstinent for a persod of at least 6 months before the stsdy. All
patients underwent the standard assessment of Fiver function and
comorbiditics with the determination of clinical and bischemical pa-
rameters. The severity of liver failure was estimated with the Child-
Pugh score (range, 5-15k mild (Child-Pugh A:, 5-6), moderae
(Child-Pugh B, 7-10}, and severe {Child-Pugh C, 11-15),

All participants (except 3 patients for logistic reasons) completed
a battery of newropsychalogical tests. The tests assessed memory [Au-
ditory Verbal Learning Memory Test), attention, speed of informa-
tion processing [ Traill A, Symbol Dhgit Test), psychomator function
(Grooved Pegboard ), executive function (Controlled Oral Word As-
sociation Test), and vissoperceptual function (Hooper Visual Orga-
nizatkon Test, fudgment of Line Orientation test ). The scores for each
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Table 1: Clinical charscteristics of patients with cirrhosis included
in the baseline and longitudinnl study, prior to liver transplantation

Basaling Swidy Langiudinal Study

e, 41 2
Age [yl H=3 M=g
Male/fpmale 74 188
Etiology

HCY 7 12

Aleohal 13 A

HCW =+ sicohol [ i}

[ther 5 4
HE

Previous eqrsodes 3 12

Mirirnal ancaghalopathy 12 i
(Chvild-Pugh A/BT 1A 411317
Baochermical paramelirs

Bilinein {mo,dL} 12=15 iT=41

Albusmin (migdL) 31=06 31 =05

Creatinine: [myg/dL) 09=03 08+03

Sodium [madll 1361 =35 1355238

Prottwombin acthvty (%) 189=048 18=08

test were transformeed into Tvalues and were adjusted by age, sex, and
educational level, as described by Minguer et al."™ Patients with =2
test values below 2 SDsof the mean (T <= 30) were diagnosed as having
minimal HE™

Sixteen healthy volunieers (6 men/ 10 women; age, 33 = 7 viears of
age) were recraited to form a control group and anderwent MR im-
aging to obtain normal valees. None had any history of neurologic
ilmvess, alcohaol or drug abuse, or liver discase,

The study was approved by the ethics commuttee of oor institu-
tion, and informed consent was obtained from participants before
they were inclided in the protocol,

MR Imaging Protocol

ME imaging was performed on a 1,57 Symphony Quantim Maestro
Class scanner { Siemens, Edlangen, Germany ) eqquipped with a circular
polarized receiver head armay coil, with the body coil acting as a
transmitter.

Thie conventional MR imaging protocs] included proton attenu-
ation and T2-weighted fast spin-echo (TRTE scquisitionsfecho-
train lengih, 3550 mef14-86 ma/15) and T1-weighied spin-echo
{ TRITE acquisitions, 650 ms/17 mall ) ssquences. A total of 46 con-
tighioais transverse sectbons with @ thickness of 3 min, a pixel size of
approximately 1 = 1 mm. an FOV of 230 mm, and an acquisition
matrix of 256 * 256 were wsed to obtain images.

DTls were acquired by using a single-shot echo-planar sequence
( TRITE acaquisitions, 1100 ms/ 145 ms/10] with gradients applied in 6
nomcollinear directions and 11 b-values (range, 0-7300 s/mm”), Im-
ages were obvained in 5 axdal sections centered about 2 ¢m above the
bicommissural fine with a section thickness of 4 mm and an intersce-
tion gap of 2 mm, an FOV of 250 mm, and an acquisition mairix of
64 b, whiich gives an in-plane resolition of 3.9 % 3,9 mim. Acqui-
sitbon time of the DT] sequence was |1 minutes 14 seconds,

MR Imaging Analysis

DT1 data were analyzed on a Linux Sun Fire X400 (Sun Microsys-
tems, Santa Clara, Californial server with two 2.4-GHz duoal-core
Opteron processors (AMD, Sunnyvale, California) and 4 GB of RAM
by wsing in-house software written in C programming language.
Briefly, after the images were interpolated 1o 128 % 128 by using 4

AJNA Am J Neworadiol 321510-17 | Sep 2001 | wwwajrrorg 1511
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Results

In the parictal white marter of patiems with cirrhosis, D1
with biexponential finting detected an increase in the MDD for
fast diffusion, which returned to normal after liver transplan-
tation (controls: 1251 = 48 um’/s versus posttransplantation:
1250 = 52 um'fs; P = 863) (Fig 24). In addition, patients
with cirthosis showed a decrease in FA that increased afier
liver transplantation (Fig 34). There was a trend to a similar
patterm in the MDD and FA for slow diffusion (Figs 28 and 38),
but significant differences were only found in the slow FA
before and after liver transplantation. In the monoexponential
fitting for MD (Fig 2C) and FA (Fig 3C), significant differences
were also found only for FA before and after transplantation,

In the corticospinal tract of patients with cirrhosis, an MD
increase was observed for both fast (Fig 44) and slow diffusion
(Fig 48). The FA exhibited a significant decrease only in the
fast FA (Fig 54 ). However, after liver transplantation, only the
fast MDD returned to normal (Fig 44) (comtrols: 1190 = &
pm’fs versus posttransplantation: 1218 = 48 pm’fs; P =
127, A persistent decrease was seen in the fast component of
FA (controls: 0.545 = 0044 versus postiransplantation:
0490 £ 0,054 P = .00 ) (Fig 54). The monoexponential fit-
ting also showed an increase in MD { Fig 40 with a decrease in
FA (Fig 5C).

There were no changes in the relative signal intensity in the
parietal white matter for fast (cirrhosis pretransplant: 66,9 =
1.7 versus controls: 68,5 = L0 F = 972) or slow diffusion
(cirrhosis pretransplant: 33,6 = L0 versus controls: 33,1 =
2.7: P = 972) and in the corticospinal tract for fast (cirrhosis
pretransplant 71.2 = 1.7 versus controls: 720 = 34; P= A77)
or stow diffusion (cirrhosis pretransplant: 28.8 * 3.2 versus
controls: 27.8 = 3.4, P= 477).

The changes in the DT] parameters of the brain in patients
with cirrhosis did not relate to impairment on neuropsycho-
logical testing. Patients with minimal HE showed values sim-
ilar to those of patients with normal psychometric test results
(Table 2). There was no correlation between DTI parameters,
Child-Pugh scores, and biochemical parameters (albumin, so-
divm, bilirubin, and prothrombin fevels).

Discussion

I this study, MR imaging signs consistent with brain edema
were present in the white matter of patients with cirrhosis. DT1
and biexponential fitting found an increase in the fast MD
vitlues in the parictal white matter and corticospinal tract.
These results are consistent with those of previous studies, in
which DWI" or DTI" with monoexponential fitting was
used; thus, they support the concept that the increased brain
water in cirrhosis is mainly extracellular. These observations
comtrast with a recent hypothesis suggesting that the brain
edema in acute liver failure has a cytotoxic origin."*

The exact physiologic meaning of the fast and slow com-
ponents of diffusion is still under discussion.’ The idea that
the slow diffusion component measures the intracellular space
and the fast diffusion component, the extracellular space lacks
confirmatory data. The volume fractions obtained from biex-
ponential analysis of water signal-intensity decay (F slow —
10.33; F fast ~ 0.67) do not corresponid 1o the physiologic vol-
ure fractions of the extra- and intracellular compartments (F
intra ~— 0.80 F extra ~ 0.200."** A mare recent theory has
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suggested that the 2 components could correspond o 2 differ-
ently structured water poals rather than to specific extracellu-
lar and intracellular water compartments.'’ Diespite this con-
troversy, we decided to perform a I¥TT study over a large range
of b=values to investigate whether biexponential analysis could
potentially differentiate the cytotosic or vasogenic nature of
the edema. This idea was based on previous studics showing
that cytotoxic edema, a featare of the early phase of ischemic
stroke, causes an increase in the show MD,” whereas vasogenic
edema, typically present surrounding brain tumors, causes an
increase in the fast MD,™

The observation of a fast MD increase that returned o
normal after liver transplantation supports the concept that
the increased water content was mainly located in the intersti-
tial compartment. The decreased FA in white matter, which
occurred paralle] to the M increase, likely represents less re-
stricted movement of water molecules, o typical feature of ex-
tracellular edema.®® Liver transplantation restores liver func-
tion and results in resolution of brain edema. In accordance,
FA in  parietal white matter normalized following
transplantaition,

Brain edema is a well-recognized complication of acune
liver failure related to ammonia-induced astrocyte swelling
that can cause intracranial hypertension and death.”™ ™ In re-
cent years, MR imoging technigues have documented low-
grade brain edema in patients with chronic liver failure.” This
observation led to the proposal that encephalopathy in circho-
sis is the dinical manifestation of neuronal dyvsfunction sec-
ondary to astrocyte swelling.* In support of this hypothesis,
guantitative cerchral water-content mapping found an in-
crease in total brain water in patients with HE.'* However, the
characteristics of brain edema in cirrhosis appear 1o differ
from those of edema in acute liver Qailure. Our observations
and those of previous studies"*"* in cirrhosis suppart a water
increase in the interstitial compartment, which could be ex-
plained by greater blood-brain barmer permeability, second-
ary to chronic inflammation and cvtokine activation.” The
increased permeability could resulr in low-grade interstitial
brain edema, which would not affect neuronal function be-
cause it is located extracellularly, This could be the reason why
we found no differences in the fast MD between patients with
and without minimal HE, The absence of differences in MR
imaging parameters in these patients has been observed in
previous studies by using magnetization transfer imaging,"”
DW1,' and DT

Episodes of HE are usually related to a precipitating factor
that causes acute hyperammaonemia. In acute liver failure, per-
sistent elevation of ammonia concentration above 200 pmol/L
leads to brain edema and intracranial h}'prrtfn.lim'l_“ It is
plausible that the precipitating factor of episodic encephalop-
athy would induce superimposed swelling of astrocytes and
cytotoxic edema. This is supported by the observation of an
MD decrease in patients with acute-on-chronic liver failure,™
Thus, a better explanation of what occurs during episodes of
HE is the presence of mixed edema,'” consisting of chronic
vasogenic edema secondary to cirrthosis and superimposed
acute cytotoxic edema secondary to  hyperammonemic
decompensation,

An additional finding in our study is the differing pattern
observed in the parictal white matter and corticospinal tract.,

AJNR Am J Neutoradal 321510-17 | Sep 2000 | wwwoajni ong 1515
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Table 2 Biexponential analysis of OT] in patients with cinthosis according to the presence of minimal HE*

Parietal Whete Matter Coicospinal Tract
Nodmal Psychameine Marmal Peychamatnc
Test Aesuhs Minimal HE Test Results Minimal HE
Fast componanl
WD = 10~ §mm?isl 1287 + 0ga 1300 = 1.14 1246 = 064 1249 = 061
FA 047 = D06 041 = 006 051 =005 049 = D08
Slira COMPONENt
WD = 107 fmm* &) 1.56 = 015 153 =022 15 =03 152 =013
Fy 077 = 006 072 = 005 083 = 005 061 = 0
p G

Regional differences on MR imaging have been reported for
T1-* and T2-weighted imaging,'® and for DWL" In a previ-
ous study by using fluid attenoated inversion recovery imag-
ing, we found an increased T2 signal intensity in the cortico-
spinal tract in approximately 25% of patients with cirrhosis,
This abnormality, which is associated with functional impair-
rivent detected by newrophysiologic methods, probably corre-
sponds to the sume pathogenic symdrome as hepatic myelop-
athy,” but to a lesser extent. In comparison with the parietal
whiite matter, the corticospinal tract showed an increase in fast
and slow MDY, which suggests coexistence of extracellular and
intracellular edema. The higher vulnerability of this tract to
the putative toxins that cause HE has been explained by higher
energy requirements that may lead to long-term effects.™ FA
of the corticospinal tract did not change after liver transplan-
tation, despite MD normalization. The persistent isotropy
(lower FA) in the corticospinal tract probably relates to micro-
scapic structural changes, such as those caused by demyvelina-
tion.™ Myelin loss can explain the persistent functional de-
rangement after liver transplantation in patients with well-
defined hepatic myelopathy” and in those with T2
hyperintensity along the corticospinal tract.*

One important result of our study is that introduction of a
biexponential analysis—enabled detection of MDD and FA
changes that monoexponential analysis did not show, as can
b seen in Figs 1-4, Thus, in addition o providing informa-
tion that could be pathophysiologically relevant, biexponen-
tial analysis enables detection of changes in the water pools
that escape monoexponential studyv. Application of this
method to other pathologic conditions, such as ischemia or
demyelinating disorders, could be useful for asscssing the ex-
tent of tissue damage.

The current study has several limitations that should be
taken into consideration in the interpretation of the results,
The MR imaging method (biexponential analysis of DTT) has
the previously discussed differences between physiologic and
measured volume fractions. Although statistically significant,
the intensity of changes in DT parameters before and after
liver transplantation was low (approximately 29). Thus, it
may be difficult to show differences in studies with limited
numbers of patients or multiple comorbidities. Cognitive
function is infloenced by several factors that are present before
and after liver transplantation, and some of these may not have
been adequately recognized in the study. The diagnosis of
mininal HE is based on demonstration of cognitive distur-
bance in the absence of other causes, but several factors could
have participated in the deterioration seen on neuropsychao-
logical tests before liver transplantation. Immunosupressors,

1§16  Chavarrin | AJNR 32 | Sep 2000 | www.ojnrong

which are necessary after liver rransplantation, may cause
white matter lesions.™ We did not observe signs of netrotos-
icity attributable to immunosupressors, but a possible role in
the outcome after liver transplantation cannot be completely
ruled out becanse it is not possible to control for their effect

Conclusions

Biexponential analysis supports the existence of different pat-
terns of edema in the brains of patients with carchosis, likely an
extracellular pattern in the parictal white matter and a mixed
pattern along the corticospinal tract, The edema is reversible
with liver transplantation, but some microstructural damage
may persist along the corticospinal tract, as is suggested by the
evolution of FA. Bicxponential analysis of diffusion tensor
data s a powerful method for studving the pathogenesis of
brain edema in cirrhosis, which may be wseful for diagnosing
brain injury in other conditions,
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Estudi de RM cerebral en pacients amb cirrosis i amb EH.

7.1. Infroduccid

L'EH és un desordre cerebral amb implicacions que van des de alteracions lleus de
la funcid cognitiva fins a un coma profund. L'EH es diagnostica per exclusié d'altres
malalties neurologiques. Es creu que I'amoniac, I'edema cerebral i el metabolisme
energetic sén els possibles factors implicats en la patogenesis de I'EH. S'ha utilitzat la

RM per avaluar les alteracions cerebrals associades a I'EH.

7.2. Objectius

Obtenir informacié sobre els factors que intervenen en la patogenesi de I'EH.
Per aix0 es van analitzar les alteracions produides per I'edema cerebral en
pacients amb cirrosis durant un episodi d'EH i es seguird la seva evolucid
després de la recuperacid de I'EH. També es valoraran els canvis en el
metabolisme cerebral abans i després de I'episodi EH. Finalment s'estudiaran

les lesions de leucaraiosis d'aquest pacients.

7.3. Materials i metodes

En aquest estudi es van reclutar 18 pacients cirrdtics amb EH i es van comparar amb
un grup de control de persones sanes (nN=8). Sis setmanes després de I'episodi agut
es va tornar a avaluar els pacients (14 individus ja que es van perdre 2 pacients i es

van morir 2 més durant el seguiment).

Es varen obtenir imatges potenciades en T2 amb una seqiencia FLAIR per veure les
lesions focals en substancia blanca, imatges de difusid per observar la mobilitat de
I'aigua en dues regions: la via corticoespinal i la substancia blanca parietal i
relacionar els canvis amb la presencia d'edema i un espectre en la regid de

substancia blanca parietal per veure les alteracions metaboliques durant I'EH.

/.4. Resultats
Els pacients amb cirrosis i EH presenten un augment de la glutamina cerebral i una

disminuci¢ de la colina. Aquest augment del pic de glutamina es correlaciona amb
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els nivells d’amoni plasmatic i amb el grau d’EH (r = 0,622, p = 0,006). A més existeix
un augment del coeficient de difusid aparent al cervell que disminueix després de la
recuperacio de I'episodi d'EH. Aquests resultats son compatibles amb un augment
d'aigua a I'espai extracel Jular (edema vasogenic) perd no s'observa una correlacidé
entre el coeficient de difusid i el grau d’EH. Aquests pacients sén propensos a tenir
lesions leucaraiotiques i I'area d'aquestes lesions disminueix significativament

després de I'episodi d’EH.

7.5. Article original
Chavarria L, Alonso J, Garcia-Martinez R, Simén-Talero M, Ventura-Cots M, Torrens M,
Vargas V, Rovira A, Cordoba J. Brain glutamine assessed by magnetic resonance

spectroscopy in episodic hepatic encephalopathy. [Enviat per a publicacid].
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ABSTRACT

Background and aims: Proton magnetic resonance (MR) spectroscopy (1H-MRS) and diffusion-
weighted imaging have shown abnormalities that could be useful for the diagnosis of hepatic
encephalopathy (HE). However, most MR studies have been performed in minimal HE and have not
reassessed the same patient after the recovery of HE. Furthermore, these studies have been
performed on 1.5T MR magnets, which lacked enough resolution to assess glutamine. For these
reasons, we designed a study to investigate the disturbances of brain water and metabolites and
relate them to the outcome of HE using a 3T-MR scanner.

Methods: Cirrhotic patients with overt signs of HE (n=18) at the time of admission (grade I-ll: n=6,
grade llI-1V: n=12) and a group of healthy voluntaries (n=8) underwent brain MR that was repeated at
six weeks (n=14).

Results: Brain glutamine was high at baseline (GIn/Cr: 2.40+0.78 vs 0.22+0.08, P<0.001),
decreased during follow-up (1.55+0.55, P=0.028), related to the severity of HE (r=0.62; P=0.006) and
correlated to plasma ammonia (r=0.513, P=0.006). During HE, patients exhibited high apparent
diffusion coefficient, and focal white matter lesions compatible with vasogenic edema. However,
apparent diffusion coefficient values did not correlate to the grade of HE.

Conclusions:  Brain glutamine assessed by 1H-MRS could be a good biomarker for the
assessment of HE. The increase of water in HE is likely limited to the extracellular compartment

suggesting vasogenic edema secondary to disturbances in the blood-brain-barrier. However, the

pathogenesis of HE does not seem to be directly imputable to brain edema.

INTRODUCTION

Hepatic encephalopathy (HE) is a common
complication of cirrhosis that covers a wide
range of neurological complications, from subtle
cognitive deficits (minimal HE) to deep coma (1).
The diagnosis is based on the exclusion of
alternative neurological disorders. However, in
clinical practice this may be difficult, due to high
number of comorbidities present in patients with
cirrhosis (2). For this reason, it would be useful
to develop accurate markers for the diagnosis of
HE. Proton (MR)
spectroscopy (1-H MRS) and diffusion-weighted

magnetic  resonance
MR imaging have shown a series of brain
metabolic abnormalities and changes in the
amount and distribution of water that could be
useful for this purpose. The metabolic fingerprint
observed on 1-H-MRS obtained in 15 T

equipments is characterized by an increase in
the GIx peak, which includes glutamate and
glutamine, and a decrease in myo-inositol and
choline derivates (3-5). This pattern has been
attributed to the induction of elevated
intracellular osmolality and the compensatory
release of organic osmolytes (myo-inositol and
glycerophosphocholine) during the metabolism

of ammonia into glutamine in the astrocyte.

Current hypothesis on the pathogenesis of HE
are focused on the impairment of astrocyte
function (6), which determines the integrity of the
blood-brain-barrier, the  concentration  of
neurotransmitters in the synaptic cleft and the
energetic supply to the neuron. Dysfunction of
the astrocyte may be secondary to swelling

induced by multiple factors present in liver
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failure (e.g. hyponatremia, ammonia, cytokines)
(7). Water quantification has demonstrated a
trend towards higher proportion of water in the
white matter in overt HE (grade I-11) (8) , which
can explain disturbances in magnetization
transfer ratio found in cirrhosis (3;9). However,
contrary to what should be expected from the
hypothesis of edema secondary to astrocyte
swelling, MR data in cirrhosis show an increase
of water in the extracellular compartment (10). It
is plausible that the pathogenesis of brain
edema depends on the temporal pattern of liver
injury. Experimentally induced hyper-acute liver
failure causes intracellular brain swelling (low
ADC) without injuring the blood-brain-barrier
(11), but sub-acute models are characterized by
a mixed pattern of cytotoxic (intracellular) and
vasogenic (extracellular) edema (12). A similar
ADC pattern has been observed in patients with
acute liver failure (cytotoxic edema) (13) and
acute-on-chronic liver failure (mixed vasogenic

and cytotoxic edema) (14).

The majority of episodes of HE develop in
patients with cirrhosis. However, most MR
studies have been performed in patients with
minimal HE and few studies have controlled for
individual variables by reassessing the same
patient after the recovery of HE (15).

Furthermore, these studies have been
performed on 1.5T magnets, which lack enough
resolution to separate glutamine and glutamate
peaks (figure 1 supplementary material).

The aim of the study was to investigate the
disturbances of brain water and metabolites and
relate them to the course of HE. MR was
performed with a 3T-scanner, which allows
assessing brain glutamine (16), a key factor in
These

ammonia-related neurotoxicity (17).

findings could support current pathogenic
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hypothesis and may be useful for developing
diagnostic biomarkers. In addition, we assessed
the concentration of astroglial protein S100 beta,
which is known to indicate glial injury and related

blood-brain-barrier dysfunction (18;19).

MATERIAL AND METHODS
Design
The study

consisted in a prospective

assessment of clinical and brain MR
characteristics of a group of patients with
cirrhosis that were admitted to the hospital
because of an episode of overt HE (n=19). The
patients were clinically stable, without
manifestations of neurological impairment before
the episode of HE (within 5 days before
admission). The MR study was performed during
the first 5 days of admission (one patient did not
tolerate MR and was excluded from the study).
All  patients underwent daily biochemical
analysis, clinical evaluation and assessment of
the grade of HE (twice a day) until MR exam.
The study was repeated after six weeks (1
week) in 14 patients (2 patients died,and 2
patients rejected the second MR) of who 2
exhibited HE grade 1 in the follow-up. The
Ethics Committee of Hospital Universitari Vall
d’'Hebron approved the study and an informed
consent was obtained from participants (first by

next of kin and later confirmed by the patient).

Patient characteristics

The study included eighteen patients that
showed at admission signs of overt HE (grade Il
[n=6], grade Il [n=10] and grade IV [n=2]). All of
them exhibited typical clinical and biochemical
parameters of cirrhosis (table 1). They were
treated according to a standard protocol that
included the correction of precipitating factors,

the administration of intravenous solutions and
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initiation of oral intake when possible. The
precipitant factors corresponded to infection
(n=5), hyponatremia (serum sodium < 130 mEq
/L, n=6) and diuretic-induced dehydration (n=9).
All the patients received lactulose (through
rectal, nasogastric or oral route) and rifaximin
600 mg bid (nasogastric or oral route). Many of
them showed an improvement of HE during the
first days of admission. For this reason, the
grades of HE were lower at the time of MR
exam: 7 patients recovered consciousness and
did not show HE, 8 patients exhibited low-grade
HE (grade I-1l) and 3 patients high-grade HE
(grade llI-1V). Eight healthy voluntaries (4 male,
4 female), age-matched (578 years) with

patients were evaluated as control group.

S100 beta

The serum S100 beta protein levels were
measured using an electrochemilumi-nescence
immunoassay (ECLIA) intended for use on
(Roche

Diagnostics, Switzerland). This test lasts around

Eclecsys immunoassay  system
18 minutes and requires a minimum sample of
serum of 20uL. The results of the concentration
of S100 beta are given in micrograms per litre
(ug/L). The immunoassay is unaffected by
icterus (bilirubin < 25mg/dL) and hemolysis
(hemoglobin < 1g/dL). The eighteen patients had
bilirubin levels below the limits of interference;
however, two of them were hemolytic samples
and were not considered for analysis of S100

beta.

MR protocol
MR data were acquired using a 3.0Tesla
(MAGNETOM  Trio

Erlangen, Germany) equipped with a 32 channel

scanner Siemens,

circular polarized receiver head array coil.
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The following conventional MR sequences were
obtained in each subject: 1) Transverse proton
density and T2-weighted fast spin-echo
(repetition time [TR] /echo time [TE]/echo train
length/acquisitions/ turbo factor [TF] 2900 ms
/19 -87 ms/16/2/6) and 2) T2 fast-FLAIR (TR /TE
f/inversion time [T / echo train
length/acquisitions/TF 9000 ms/93 ms/2500
ms/12 /1/16). For both

interleaved contiguous axial

sequences, 46

sections were
acquired with a 3-mm section thickness covering
the whole brain, 256 x 256 matrix, and 250 x
250 mm field of view, giving an in-plane spatial

resolution of approximately 1 x 1 mm.

Diffusion-weighted imaging (DWI) imaging was
obtained in the axial and coronal planes with
four b values of 0, 500, 1000 and 2000 s/mm2
along all three orthogonal axes; with 5 mm slice
thickness, 1.5 mm intersection gap, 230-250 mm
field of view and 128x128 matrix, covering the
whole brain. To minimize the effects of diffusion
anisotropy, DW data were automatically
processed to vyield standard isotropic DWI
imaging. From all the DWI sequences, we
calculated the apparent diffusion coefficient

(ADC) maps.

DWI was acquired in the transverse plane using
a single-shot echo-planar
(TR/TE/acquisitions 4000ms/93ms/6) with

gradients applied in all three orthogonal axes

sequence

and with four b-values (range 0-3000s/mm2).
Images were obtained with a slice thickness of
4mm, an interslice gap of 2mm, a field of view of
250mm, and an acquisition matrix of 128x128,
covering the whole brain (28 slices). To
minimize the effects of diffusion anisotropy, DWI
data were automatically processed to vyield

standard isotropic DWI. From all the DWI
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sequences the ADC maps were calculated using
NUMARIS4

(Siemens, Erlangen, Germany).

software syngo version B15

Proton MR spectroscopy (1H-MRS) was
performed from a volume of interest localized at
(with

predominance of white mattegnd defined by a

the parietal-occipital regiont higher
cube of 20mm side containing mainly white
matter. A 90°-180°-180° spin-echo—based pulse
sequence was used (TR /TE /acquisitions
3000ms /30ms /80). For water suppression, a
chemical shift selective Gaussian pulse was
applied. A total of 1024 data points were

collected over a bandwith of 1200Hz.

MR analysis

All proton-density/T2 fast spin-echo and fast T2-
FLAIR images obtained at baseline and follow-
up scans were used to identify focal lesions on
hemispheric white matter. All lesions with at
least 3mm in diameter were manually marked on
fast-FLAIR MR hard copies. Then, lesions were
outlined on the computer image to compute the
lesion volume using the Jim image analysis
package (version 5.0, Xinapse Systems Ltd,

Northants, UK, www.Xxinapse.com).

ADC values (in um?/s) were calculated from the
ADC maps in two regions (parietal subcortical
white matter and corticospinal tract) identified in
six consecutive slices, along the white matter in
or around the corticospinal tract in each
hemisphere, following a line that connected the
subcortical precentral white matter and the

posterior limb of the internal capsule (20).

Spectra were analyzed using LCModel software
v6.2-4A (Stephen Provencher Inc, Oakville, ON,
Canada) to

quantify  automatically the
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metabolites (ratios compared to creatine [Cr])
(21). Glutamine, glutamate, compounds of NAA
(N-acetylaspartate and N-acetylaspartyl-
glutamate), choline derivates (glycerophos-
phorylcholine and phosphorylcholine) and myo-
inosiyol were analyzed by fitting a linear
combination of a basis set of metabolite model
spectra to the data (LCModel). The basis set

was simulated using the GAMMA library.

Statistical analysis

The statistical analysis was performed with
Sigma Stat package (SPSS Inc, Chicago, USA).
Values are expressed as the mean * standard
deviation.  Significant differences between
intergroup data were verified with the Student’s
t-test, Mann-Whitney U test or ANOVA. ANOVA
test were followed by all pairwise multiple
comparison procedures (Holm-Sidak method or
Dunn's Method).

baseline and follow-up variables were carried

The comparisons between

out with the paired Student’s t-test or Wilcoxon
W test. The correlations between parameters
were performed with Pearson or Spearman’s
correlation. P-values <0.050 were considered

statistically significant.

RESULTS

The metabolic profiles obtained on 1H-MRS
were abnormal in patients with cirrhosis
compared to controls: a) glutamine was higher
(GIn/Cr: 2.40+0.78 vs 0.22+0.08, P<0.001) and
b) myo-inositol and choline derivates were lower
(Ins/Cr:  0.14+0.07 vs 0.66+0.07, P<0.001;
Cho/Cr: 0.20+0.04 vs 0.26+0.03, P=0.002).
However, glutamate and N-acetylaspartate were
not significantly different (Glu/Cr: 1.10+0.20 vs
1.06+0.08, P=0.157 and NAA/Cr: 1.77+0.02 vs

1.64+0.08, P=0.92). The peak of glutamine
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increased significantly in relation to the severity
of HE at the day of the MR exam (P=0.038),
while the peak of choline derivates exhibited a
decrease (P=0.048) (figure 1). There was a
positive correlation between glutamine/creatine
ratio and HE grade (r=0.608, P=0.007) (figure
2). During the follow-up the peak of glutamine
decreased ~36 % in those patients that
recovered from
2.42+0.65 to 1.55+0.55, P=0.028). In contrast,

glutamine remained stable in those patients that

the episode of HE (from

were admitted to the hospital showing HE, but

exhibited normal mental status at MR
assessment (baseline: 2.03+0.65, six weeks:
1.94+0.66, P = 0.663) (figure 3). Brain glutamine
correlated to blood ammonia in the group of 14

patients with baseline and follow-up data

(r=0.526, P=0.004, n=28). Myo-inositol
increased in the follow-up but there was not any
relation with the severity of HE. Other

metabolites  (glutamate, choline and N-

acetylaspartate) remained stable.

DWI showed that ADC values were higher in the
corticospinal tract (804+66 um2/s vs 707129
pm2/s; P < 0.001) and in the parietal white
matter (895167 um2/s vs: 798+ 57 uym2/s; P =
0.005) of patients with cirrhosis than in controls.
The increase in ADC values tended to be higher
in relation to the severity of HE (figure 4),
reaching  statistical significance in the
corticospinal tract (P = 0.006). In the follow-up,
ADC values (in

recovered from the HE episode) exhibited a

the twelve patients who

significant decrease in the corticospinal tract
(from 780+44 ym2/s to 758+44 um?2/s, P=0.025)
and in the parietal white matter (from 884154
um2/s to 842+38 um2/s, P=0.016) (figure 5).
The ADC values in the follow-up did not differ

from controls in parietal white matter, but
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persisted slightly elevated in the corticospinal

tract.

Fifteen patients exhibited T2 focal lesions in the
hemispheric white matter, of whom nine were
revaluated after HE resolution. The lesion
volume diminished after the episode of HE
(P=0.039) (figure 6). The comparison between
precipitating factors and MR parameters at
baseline showed that ADC values in parietal
white matter were higher in dehydration (no-
dehydrated= 861+44 um2/s vs dehydrated=
928+70 um2/s; P=0.027). In addition, myo-
inositol/creatine ratio was lower in patients with
hyponatremia  (0.092+0.05 vs 0.16%0.07;
P=0.031)

The concentration of serum S100 beta
correlated at baseline with the grade of HE
(r=0.584, P=0.018, n=16) (figure 7), but was not

associated with other clinical or MR variables.

DISCUSSION

The study shows abnormalities in the amount of
several brain metabolites and in the distribution
of water in brain compartments in episodic HE.
Some of these MR abnormalities appear to be
of pathogenic relevance and may be useful for
the diagnosis of HE. Baseline glutamine was
higher in relation to the severity of HE and
during follow-up decreased in those that
exhibited an improvement of HE. In contrast,
glutamine remained stable in those that did not
change the grade of HE. These data are the first
clinical evidence in support of a pathogenic role
of glutamine in HE, because they were obtained
by a direct assessment, instead of using GIx,
and established an association between the
severity of clinical manifestations and the degree

of glutamine increase.
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Glutamine was classically considered an inert
amino acid, but has been proposed to be toxic to
the astrocyte trough acting as a carrier of
ammonia to the interior of the mitochondria (17).
Alternatively, it may be simply an indicator of the
exposure of the brain to ammonia, which may be
the key factor in the development of HE. A
recent study in an vitro-neuronal network model
supports direct alterations in neuronal activity
caused by ammonia (22). Previous studies have
found an increase in the peak of GIx (23) or
glutamine (24) in overt HE. However, a recent
study that included 9 patients that underwent
repeated MR assessment at five days did not
find an association between the severity of HE
and GIx (15). Irrespective of its role in the
pathogenesis of HE, the assessment of
glutamine by MR-spectroscopy could be an
useful biomarker in the diagnosis of difficult
cases. Cirrhotic patients may develop non-
hepatic encephalopathy secondary to small
vessel cerebrovascular disease or Alzheimer’s
disease; MR-spectroscopy can help in the
diagnosis of these cases. In our study, the
evolution of HE was closely related to the
evolution of brain glutamine. For this reason,
alternative diagnosis to HE should be suspected
in those cases that show discrepancies between
the evolution of brain glutamine and neurological

manifestations.

The most important mechanism by which brain
glutamine has been proposed to originate HE is
by inducing astrocyte swelling and impairing its
function (25). The observation of a decrease in
ADC in patients with acute liver failure supports
this interpretation. However, MR studies in
patients with cirrhosis have consistently found

signs of increased extracellular water, instead of
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intracellular (10;26). Furthermore, it has been
shown that an acute oral ammonia load in
cirrhotic patients induces a rise in the ADC (27).
These findings are contrary to the hypothesis
that the severity of HE is directly caused by

astrocyte swelling.

Our data show the lack of relationship between
neurological manifestations and the distribution
intracellular and

of water between the

extracellular compartment. We found an
the ADC that

expansion of the extracellular compartment that

increase in represents an
returned to normal in the follow-up in parietal
white matter. Similarly to a previous study that
assessed ADC in the corticospinal tract before
ADC did not

completely normalized in this

and after liver transplant,
region after
recovery of HE (28), which can be explained by
persisting neurological damage (mild hepatic

myelopathy) (29).

ADC was higher in patients with signs of body
dehydration. This finding may be explained by
the inhibition of water transport across cellular
diuretics  (30).

Interestingly, diuretics are a frequent factor

membranes caused by

associated to episodic HE, to which no
mechanistic explanation has been found. The
correlation between myo-inositol and
hyponatremia seen in our and other studies (31)
is an additional sign of the disturbance of brain
water distribution. However, we could not relate
ADC values nor myo-inositol to the severity of
HE, suggesting that HE cannot simply be
attributed to brain edema, as has been shown in

experimental models (32).

Our findings are not contrary to the participation

of the astrocyte in the pathogenesis of HE. One



80 |l

possible explanation to reconcile our data with
in HE

participation of the astrocyte in the blood-brain-

signs of glial injury seen is the
barrier. White matter lesions in T2-weighted

images compatible with small-vessel
cerebrovascular disease were observed in an
important proportion of our patients (33). Recent
studies have shown that these lesions are
probably indicative of higher permeability of the
blood-brain-barrier (34;35). It is plausible that
during HE, ammonia or glutamine cause an
impairment of the astrocyte function, as
supported by the association between the
severity of HE and an increase in serum S100
beta. Astrocyte dysfunction could have two
effects that are not directly related: vasogenic
neuronal

brain edema and dysfunction.

Reversion of astrocyte dysfunction during follow-
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up will lower brain edema and explain the
decrease in the volume of white matter lesions
(20;36) and normalization of ADC (25), but some

sequels in neuronal function may persist (37).

In conclusion, MR spectroscopy supports a
major role of brain glutamine in the
pathogenesis of HE. Current clinically available
equipments of higher magnetic field (3T) provide
better resolution that may be useful in the
diagnosis and monitoring of HE. In spite of the
major role of the astrocyte, brain edema is
mostly extracellular and does not appear to be
directly responsible for the development of
neurological manifestations. Studies on the
pathogenesis of HE should avoid the use of
disturbances as a

water surrogate  of

neurological manifestations.
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Figure 1. Metabolic alterations between patients with cirrhosis and HE (n=18) and controls subjects

(n=8). Metabolites: GIn, glutamine; Glu, glutamate Ins, myo-inositol; Cho, choline derivates; and NAA,
N-acetylaspartate. * P<0.050
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Figure 2: Correlation of baseline brain glutamine/creatine ratio (GIn/Cr) and the grade of HE
determined at the time of the RM exam
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FIGURE 3
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Figure 3. The follow-up of brain glutamine (GIn/Cr) in relation to the severity of HE at baseline.
*P<0.050
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Figure 4: Apparent diffusion coefficient values (ADC, in um2/s) of patients with different degrees of

HE (in grey, n=18) and controls (in white, n=8) in two different regions. The mean of each group is
marked by a dash. *P<0.050
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Figure 5: The follow-up of apparent diffusion coefficient values (ADC, in pm2/s) of patients with
cirrhosis (n=12) in two brain regions. At baseline study is differenced the patients without HE (dots in
white) and the patients with low-grade HE (grade I-1l, dots in grey). *P<0.050
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Figure 6: T2 lesions volume of cirrhotic patients with overt HE and the follow-up after the recovery of
HE. *P<0.050
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FIGURE 7
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Figure 7: Correlation between the concentration of serum S100 beta protein levels and and the grade
of HE at the time of the RM exam.
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Figure 1: Improvement of the resolution of spectra in the region where are localized glutamine (GIn)
and glutamate (Glu) peaks (2.05-3.05 ppm) according to the magnetic field (1.5 or 3 Tesla magnets).
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Table 1: Clinical characteristics of cirrhotic patients with acute episode of HE (baseline) and six

ES

weeks after the episode of HE (longitudinal). The parameters have been determined within 6
hours of MR study.

Study Baseline Longitudinal
Number 18 14
Age (years) 60 + 10 59 +11
Male/female 13/5 10/4
Etiology

hepatitis C virus 2 1

Alcohol 8 5

hepatitis C virus + alcohol 3 2

Other 5 4
HE grade*

0 7 12

I 5 2

Il 3 0

I 1 0

1Y 2 0
Child Pugh A/B/C 1/9/8 1/5/8
Biochemical parameters
Prothrombin activity (%) 53.2+13.9 64.0+17.2
Sodium (mEqg/L) 134.6 £6.3 136.3+3.8
Potassium(mEqg/L) 40+0.6 44+0.3
Creatinine (mg/dl) 1.1+0.7 09+0.3
Total bilirubin (mg/dl) 28+1.0 22+1.1
Conjugated bilirubin (mg/dl) 1.1+04 09+0.5
Albumin (g/dl) 3.3+0.6 3.3+04
Aspartate transaminase (UI/L) 58.6 + 48.8 68.5+59.3
Alanine transaminase (UI/L) 36.9+32.3 47.7 £40.2
Alkaline phosphatase (UI/L) 118.8+47.0 1449 +74.1
gamma-Glutamyl transpeptidase (UI/L) 96.0+79.1 110.2+35.8
Plasma ammonia concentration (uM) 105.8 £53.5 89.5+47.8

* West-Haven criteria
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ESTUDI 4

Estudi de I'edema cerebral en un model animal d’insuficiencia

hepatica cronica secundaria a la lligadura del conducte biliar.

8.1. Infroduccid

L'edema cerebral estd present en els pacients amb cirrosii la RM és utilitzada per
avaluar agquest edema. Existeix un estudi de RM realitzat en un model experimental
d’insuficiencia hepdtica cronica induit amb toxines perd en el que no s'observa els
mateixos resultats obtinguts en els estudis clinics. Una possible limitacié d’aquest
estudi podria ser I'Us de toxines per generar el model experimental ja que aquestes

toxines podrien alterar la integritat de la barrera hematoncefdlica.

8.2. Objectius

Estudiar I'edema cerebral en un model experimental d'insuficiencia hepatica
cronica. Per tal d’evitar qualsevol interaccié entre la barrera hematoencefdlica i les
toxines, el model experimental elegit en aquest estudi és quirdrgic. També

s'avaluaran les alteracions implicades en el metabolisme cerebral.

8.3. Materials i metodes
Es va realitzar un estudi de RM per mesurar les alteracions de la mobilitat de I'aigua
cerebral produies per la insuficiencia hepadtica cronica. Aquest estudi es va realitzar

en rates amb cirrosi secundaria a la ligadura del conducte biliar.

Els experiments es van realitzar en 6 rates controls i en 8 rates cirrotiques ales 4, 51 6
setmanes de la ligadura del conducte biliar. A més, a la sisena setmana es va tornar
a realitzar I'experiment de RM al cap de 3 hores d'haver inoculat lipopolisacdrids.
L’'injeccié de lipopolisacarids es va realitzar per tal de generar una descompensacio

aguda de la cirrosi.

També es va quantificar el contingut d'aigua cerebral per gravimetria en rates
conftrols i rates a les 6 setmanes de la ligadura del conducte biliar; sense o amb

inoculacié de lipopolisacarids (n=7 per cada grup).
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8.4. Resultats

En I'espectroscopia de RM es va observar un augment de la glutamina i una
disminucié de myo-inositol de les rates BDL a mesura que progressava la
insuficiencia hepatica. La quantitat d'aigua cerebral en aquestes rates
augmentava en el cortex frontal i hi havia diferencies significatives després
de la inoculacié de lipopolisacdrids. Perd aquests canvis d'aigua no
modificaven el coeficient de difusid aparent. Aquest resultat déna suport a la
existencia d'un edema mixte (vasogénic i citotoxic) en la insuficiencia

hepatica cronica descompensada.

8.5. Article original

Chavarria L, Oria M, Romero-Giménez J, Alonso J, Lope-Piedrafita S, Cordoba J.
Magnetic resonance study in an experimental model of cirrhosis. [Enviat per a

publicacid]
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ABSTRACT
Background & Aim: Brain edema is a complication of liver failure that can be reproduced in
experimental models. In acute liver failure, the participation of cytotoxic mechanisms have been
shown experimentally and clinically. In chronic liver failure, magnetic resonance (MR) studies suggest
an important role for vasogenic mechanisms. The aim of the study was to investigate the MR
characteristics of the brain in a rat model of acute-on-chronic liver failure.

Methods: Rats with bile duct ligation were studied at 4, 5 and 6 weeks and after superimposed
administration of lipopolysaccharide. MR techniques were applied in vivo to assess brain metabolites
and the intra or extracellular distribution of water. The brain water content was assessed by
gravimetry.

Results: MR-spectroscopy showed an increase in brain glutamine and a decrease in myoinositol and
choline in relation to the progression of liver disease. BDL rats showed a progressive and slight
increase in the amount of cortical brain water that resulted significant after inoculation of LPS. These
changes did not modify the apparent diffusion coefficient, supporting the mixed (vasogenic and
cytotoxic) origin of brain edema in acute-on-chronic liver failure.

Conclusions: The mechanisms of brain edema development associated to acute-on-chronic liver
failure relate to the temporal course of liver failure and to coexistent pro-inflammatory stimuli. MR

supports the presence of cytotoxic and vasogenic mechanisms in the induction of brain edema in BDL

rats exposed to LPS.

INTRODUCTION

Several disturbances of the brain have been
described in liver failure. The two more
prominent features are a decrease in the level of
consciousness, which is referred to as hepatic
encephalopathy, and an increase in the amount
of brain water that can result in intracranial
hypertension and death. Brain edema is well
described in acute liver failure, clinically and
experimentally (1) and is considered the

consequence of acute hyperammonemia.
Chronic liver failure and acute-on-chronic liver
failure are by far much more common than acute
liver failure and are also associated with
hyperammonemia and neurological
complications. However, the role of brain edema
in these situations is controversial. Intracranial
hypertension is seldom seen in cirrhosis and is
restricted to severe HE (2). Recent data

obtained in patients with cirrhosis and mild HE

using a sensitive method (quantitative water
mapping) has demonstrated a slight increase of
brain water in grey matter (3). These data
suggest that brain edema is present in the whole
spectrum of liver failure. The differences in the
degree of edema between acute and chronic
situations are probably explained by the severity
of the acute insult and the chronic activation of

compensatory mechanisms.

Edema has been attributed to the effects of a
sudden rise in the concentration of glutamine in
the astrocytes, via the metabolism of ammonia
to glutamine. The increase in glutamine can
cause a rise in intracellular osmolality or induce
mitochondrial toxicity through the activation of
the transition pore (4). The osmotic distubances
may be compensated to a certain extent by the
release of organic osmolytes. However, once

compensatory mechanisms are exhausted the
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astrocyte swells, an effect that has been
proposed to explain neuronal dysfunction and

encephalopathy (5).

Magnetic resonance (MR) of the brain has been
applied to experimental models of acute liver
failure with the goal of understanding the
pathogenesis of brain edema. In an ischemic
model secondary to hepatic artery ligation, brain
edema related to a decrease in the apparent
diffusion coefficient (ADC), which is consistent
with a cytotoxic mechanism. However, in
galactosamine-induced acute liver failure, MR
found signs of mixed (vasogenic and cytotoxic)
brain edema that were related to the time since
the induction of liver failure. A relationship
between ADC and the time-course of liver injury
has also been found when comparing different

clinical situations (1).

The aim of the study was to investigate the
mechanisms involved in brain edema in a model
of acute-on-chronic liver failure in BDL rats with
superimposed  inflammation  induced by
lypopolysacharide (LPS). We applied diffusion-
weighted imaging to measure water motion in
the brain, MR-spectroscopy to assess several
metabolites and performed absolute water

quantification by gravimetry.

MATERIALS & METHODS

Animal model

This study was performed in 200-250g Sprague-
Dawley male rats (Harlan, Udine, Italy). Animals
were housed in polycarbonate cages under
standard laboratory conditions: a 12/12 hours
light/dark cycle, a constant temperature of 22 +
2 degrees Celsius and a relative humidity about
50%. Standard food (A04, Panlab, Barcelona,

Spain) and water were available ad libitum. All
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procedures were performed in accordance to
Spanish legislation and approved by the Animal
Research Committee in the facilities of Institut
de Recerca, Hospital Universitari Vall d’'Hebron.

Rats underwent BDL under anesthesia
(isofluorane). Briefly, bile duct was isolated from
adjacent fat tissue and two ligations were
implemented to interrupt the bile duct. Formalin
solution was injected into the bile duct through a
30G needle, to preserve it and avoid the
retention of bilis. These animals developed
cirrhosis and ascites within 4-6 weeks of BDL.
Rats received an intramuscular dose of vitamin
K (0.1mL/kg) (Roche, Basel, Switzerland) at the
end of surgery. Sham-operated rats underwent
the same intervention without bile duct ligation.
After the performance of MR, those rats that
achieved week 6, received a dose of LPS
(Img/kg i.p.) of Klebsiella Pneumoniae (Sigma-
Aldrich, St. Louis, USA) and underwent a
second MR assessment 3 hours after the

injection of LPS.

Experimental Design

The experimental design consisted in two
experiments: a) magnetic resonance study and
b) brain water assessment by gravimetry.

The magnetic resonance study was performed
on BDL rats (n=8) and sham-operated controls
(n=6) repeatedly at 4, 5 and 6 weeks after
surgery and 3 hours after LPS administration.
Although, all BDL rats achieved week 4, the
posterior mortality was high: 70% achieved
week 5 and 35% achieved week 6. Only the
results at week 4 and week 5 of those rats that
achieved week 6 were considered for analysis.
Brain water assessment by gravimetry was
performed in four groups of animals at 6 weeks
after ligation: BDL rats (n=7), BDL rats with LPS

(n=7), Sham-operated controls (n=7) and Sham-
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operated controls with LPS (n=7). Venous blood
samples were extracted after MR assessment
and at the time of sacrifice in rats that

participated in the gravimetric measurement.

Magnetic Resonance Experiments

1H-Magnetic resonance studies were performed
in a 7T Bruker BioSpec 70/30 USR (Bruker
BioSpin GmbH, Karlsruhe, Germany) equipped
with a mini-imaging gradient set (400mT/m), a
circular polarized transmitter whole body coil (72
mm diameter) and a circular polarized receiver
rat head coil. All MR data were acquired and
processed on a Linux computer using Paravision
4.0 software (Bruker BioSpin GmbH, Karlsruhe,

Germany).

The animal laid inside the MR-spectrometer on a
bed equipped with a fixation system (tooth-bar
and ear-plugs) to avoid motion artifacts and a
tube that continuously provided the anesthetic
(2% isofluorane) during a period of about 40
minutes. Body temperature and respiration were
continuously controlled with a small animal
monitoring and gating system (Model 1025, SA
Instruments, Inc., Stony Brook, NY, USA).

Anatomical images

The anatomical images allow the localization of
the regions of interest. The studied regions were
visual cortex, sensorimotor cortex, motor cortex,
hippocampus, thalamus, hippothalamus,
striatum and nucleous accumbens. The images
were obtained using rapid acquisition relaxation-
enhanced (RARE) sequence (TR/TEeff/[ETL
4000ms/36ms/8) in axial (13 slices), sagital (9
slices) and coronal (6 slices) plans. These
orthogonal plans were used as an image of
reference with the following parameters: slice

thickness of 1mm, an acquisition matrix of
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256x256 mm and a field of view of

35mmx35mm.

T2-weighted map

T2-weighted image were also acquired using
multi-slice multi-echo (MSME) sequence (TE/TR
10-120ms/2000ms) in 13 continuous slices with
1mm thickness, an acquisition matrix of 128x128
mm and a field of view of 35mmx35mm to obtain

T2 maps.

Apparent Diffusion Coefficient map
DTl were acquired using an echo-planar
sequence (TR/TE/A/S 2000ms/35ms/20ms/4ms)
with the identical geometry of T2 map along 20
diffusion directions and 4 b-values (range O-
1000 s/mmz) to obtain ADC maps.

In vivo *H spectroscopy

Localized *H spectroscopy were obtained using
(PRESS)
sequence preceded by a variable pulse power
relaxation delays (VAPOR)

sequence for global water suppression in a

a point resolved spectroscopy

and optimized

voxel size of 6.5mmx6.5mmx6.5mm with the
following parameters: bandwidth
4000Hz, 4096 points, TE 12 ms, TR 2.5 s and

64 scans. The voxel was located above the

a spectral

pituitary gland and caudal to olfactory bulb and
included grey and white matter. Chemical shifts
were referenced to creatine at 3.02 ppm.
Metabolites were quantified automatically (ratios
compared to creatine) using LCModel software
(Stephen Provencher Incorporated, Oakuville,
Ontario, Canada) (6). The LCModel software
performs an automatic quantification of the in
vivo spectra by reference spectra of rat brain

built by phantoms of each metabolite.
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Brain Water Measurement

Cerebral water content of BDL rats (n=8) was
measured by a gravimetric method using a
bromobenzene-kerosene gradient density
calibrated with sulfate potassium. Percentage of
water in tissue was calculated as described in
(7). Briefly,

bromobenzene and kerosene was built in a 100

a gradient of a mixture of
mL graduate cylinder. Thirty minutes later,
standards of sulphate potassium were immersed
to get a calibrated curve. The animals were
decapitated and brain was removed into a dry
plague. Then brain samples from frontal cortex
were cut with a volume about 1mm?® and were
immersed into calibrate gradient density. After 2
minutes of immersion the specific gravity (sp gr)
was determined by the calibrated curve obtained
with sulphate potassium. The cerebral water
content was computed using two tissue-specific
Dissue)  that

determined by immersion of samples of dry solid

constants  (Mgssues have been
tissue [EqQ.1]. This method permitted a resolution
in gray matter of 0.2%/graduate that was suited

for the study of brain edema.

%g HZO — rntisuue
dissue spgr

- btissue [1]

Statistical Analysis

The significant differences between data in MR
experiments (BDL and sham rats) were verified
with two-way ANOVA for repeated measures.
The significant differences between data in
gravimetry (BDL and sham rats) were confirmed
with one-way ANOVA. P-values < 0.050 were
considered statistically significant. All the
statistical analysis was performed with Sigma

Stat package (SPSS Inc Chicago, USA).
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RESULTS

General features

BDL rats showed biochemical alterations that
are typical of advanced liver failure (week 6: ALT
128496 IU/L, bilirubin 5+2 mg/dL, urea 38+20
mg/dL). Some of these alterations worsened
after inoculation of LPS (ALT 126450 IU/L,
bilirubin 52 mg/dL, urea 73+44 mg/dL).

MR Experiments

T2 values remained stable in all studied regions,
showing similar results between BDL and sham
rats (Table 1). Likewise, ADC values did not
show differences between BDL and Sham rats
in all the studied regions (Table 2).

In comparison to T2 and ADC, the metabolic
profile obtained by spectroscopy differed
between BDL and controls: glutamine and
lactate were higher, while glutamate, choline
and myoinositol were lower (Figure 1). These
differences were related to the time course, as
demonstrated by the presence of interaction in
the two-way ANOVA between the duration of the
model and the metabolites glutamine (GIn/Cr:
P=0.040) and choline (Cho/Cr: P<0.001). NAA
did not differ between BDL and controls and was

stable during the evolution of the model.

Brain Water

Gravimetric studies (Figure 2) showed a
progressive increase in the brain water content
in the frontal cortex among the four groups
(ANOVA, P = 0.029). All pair-wise multiple
comparisons showed significant differences
between the group of sham-operated and the

group of BDL rats challenged with LPS injection.



98 |

DISCUSSION

Brain edema is a complication of liver failure that
can lead to intracranial hypertension and dead.
The accumulation of brain water may be
predominantly limited to the intracellular or the
extracellular space. The former is secondary to
cellular swelling, mostly present in astrocytes;
while the latter occurs due to an increase in the
permeability of the blood-brain-barrier. The
results of the current study indicate that both
elements are present in acute-on-chronic liver
failure. We have shown an increase in the
amount of brain water in BDL rats challenged
with LPS. This model has been considered to
correspond to an acute decompensation of
chronic liver failure, because combines
sustained liver injury with the inflammatory
response induced by LPS (8). Brain edema was
not accompanied by changes in ADC, which
indicates that affects both, the intracellular and
extracellular compartments. These results are in
accordance with MR findings in patients with
acute-on-chronic liver failure and support that
the mechanisms that generate brain edema

relate to the time course of liver failure.

The pathogenesis of brain edema in acute liver
failure has been attributed to astrocyte swelling,
due to neuropathological findings in patients,
observations in cultures of astrocytes exposed
to ammonia and results of MR studies in
experimental models (9). In accordance with an
intracellular increase of water, diffusion weighted
imaging has shown a decrease in the ADC.
However, the MR characteristics of brain water
distribution in cirrhosis, by far the most common
cause of chronic liver failure, are different to
those of acute liver failure. Patients with chronic
liver failure show a rise in ADC (10) that may be
load (11).

exacerbated after an ammonia
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Studies of brain water distribution in patients
with acute-on-chronic liver failure are similar to
those of the current study and are better

accounted for by mixed edema (12).

A possible explanation for our findings is the

coexistence of cytotoxic and vasogenic
mechanisms (13). During acute-on-chronic liver
failure, there will be an initial cytotoxic injury to
the astrocyte. This injury would be mediated by
ammonia and glutamine, as suggested by
results in patients with acute liver failure (14)
models (15).

response  will

and in animal Initially, a

compensatory include the
decrease in myoinositol and choline, as we
show in 4-5 weeks old BDL rats and the
activation of aquaporin-4, a water channel that
has been shown to be activated in 4 week old
BDL (16).

inflammatory stimuli and oxidative stress injury,

Systemic mechanisms, such as

present in 6 week old BDL rats could lead to a
further damage of the astrocyte, induce the
genesis of lactate, as observed in our and other
studies (17) and increase the permeability of
blood-brain-barrier to water (18). This process
may explain the lack of changes in ADC in BDL
rats with acute-on-chronic liver failure.

One important consequence of our findings is
that hepatic encephalopathy cannot be simply
attributed to the consequences of astrocyte
swelling. If this would be the case, neurological
manifestations would be directly related to
increased intracellular water and accordingly to
a decrease in the ADC. Our results are in
accordance to those of other authors that show
differences in brain water distribution in relation
to the time course of liver failure. The results
suggest that there is a spectrum in the increase
failure that is

in brain water in liver
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predominantly intracellular in acute liver failure,
mixed in acute-on-chronic liver failure and
extracellular in chronic liver failure.

In conclusion, the severity and time course of
liver failure is critical in the pathogenesis of brain
edema. BDL rats show a pattern of metabolic
disturbances in the brain similar to cirrhotic

patients with an increase in glutamine and a

I 99

decrease in myo-inositol and choline derivates.
These findings highlight the relevance of the
duration of liver failure in the generation of brain
edema and in the activation of compensatory
mechanisms. Similarly to patients with acute-on-
chronic liver failure, brain edema in BDL rats
challenged with LPS,

cytotoxic and vasogenic mechanisms.

appears to involve
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Figure 1: MR-spectrocopy of the brain in BDL (black) and sham rats (white) at repeated exams
following surgery: 4, 5, 6 weeks (at baseline and 3 hours after LPS inoculation). Metabolites: Cr,
creatine; GIn, glutamine; Glu, glutamate; Ins, myo-inositol; Lac, lactate; Cho, choline derivates; NAA,
N-acetylaspartate. Two-ways repeated measures ANOVA followed by Dunn's Method or Holm-Sidak
pairwise comparisons. (# P<0.050 intergroup and *P<0.050 intragroup).
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FIGURE 2
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Figure 2. Percentage of cerebral water content quantified by gravimetry in sham rats and BDL rats at
6 weeks after surgery with or without LPS administration. One-way ANOVA followed by Dunn's
Method or Holm-Sidak pairwise comparisons (* P<.050).
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Table 1: T2 values of BDL and Sham rats at 4, 5 and 6 weeks after bile-duct ligation and at 6

weeks and 3 hours after Lipopolisacharides (LPS) inoculation

T2 values (ms)

BDL Sham ps
4 5 6 6 + LPS 4 5 6 6 + LPS
Thalamus| 45.0+25 454+29 452+26 454126 | 453+3.2 46.2+37 451+32 454+3.1 | 0.443
Hypothalamus | 48.9+35 489+39 489+3.7 493+37| 499+45 505+51 49.7+53 50.2+4.6 | 0.815
Motor Cortex | 49.2+3.0 493+3.3 502 £29 499+30| 499+44 50.0x45 50.6%£4.6 49.7+4.2 | 0.500
Sensorial Cortex | 47.9+3.0 478+33 48.6+29 482+3.0 | 48.0+44 486+45 485+44 478+42 | 0.282
Hippocampus | 51.1+3.0 51.0+3.2 51.0+3.1 508+30| 51.3+34 516+38 516+37 51.0+35 |0.735
Striatum | 48.2+0.5 48.0+05 477+04 476+05| 485+0.7 488+03 48.6+0.7 48.0+0.5 | 0.847
Acmggﬂz 491+30 492+32 491+30 482+30| 498+3.6 50638 50037 49.6+3.7 | 0495
Substantia Nigra | 47.4+4.0 46.7+3.2 473+39 46.7+3.7| 46.8+3.7 46.7+42 470+41 46.41+34 |0.964
Cerebellum | 49.4+3.4 491+38 494+34 494+35| 494+41 504+50 494+43 49.3+4.2 | 0.056
Brainstem | 47.0+3.4 47.7+38 475+34 469+35 | 48.1+41 489+50 479+43 47842 | 0.809
§ Two-ways repeated measures ANOVA
Table 2: Apparent diffusion coefficient (ADC) values of BDL and Sham rats, at 4, 5 and 6 weeks
after bile-duct ligation and at 6 weeks and 3 hours after Lipopolisacharides (LPS) inoculation
ADC values (umz/s)
BDL Sham ps
4 5 6 6 + LPS 4 5 6 6 +LPS
Thalamus | 860 + 36 920+45 839+36 841z+41 922 £ 48 875 +58 784 £41 827 +43 0.233
Hypothalamus | 882 +44 941 +51 829+49 832+52 923 £ 96 903 £ 77 856+£92 86376 0.746
Motor Cortex | 843 +73 87065 79971 833x71 891 + 64 909 +90 799 +74 824 +66 0.594
Sensorial Cortex | 828 +68 855+63 77265 813+78 884 + 68 88171 779+58 812+70 0.745
Hippocampus | 867 +49 921 +48 818+46 849+50 946 + 61 89370 823 +57 848 +62 0.454
Striatum | 793 £ 42 830+57 76341 804+41 847 +129 834+101 760 +28 754 +97 0.847
Acﬁrlj‘gzzz 821+42  816+43 709+33 760+39 | 841+43  832+51  653+46 796+39 | 0.885
Substantia Nigra | 880 +55 948 +54 836 +45 86347 93771 886 + 76 832+54 83945 0.431
Cerebellum | 772 + 103 82799 66675 724+83 877 £97 789 £100 749+103 748194 0.261
Brainstem | 989+63 1051+ 66 967 +62 1019 +69 986 + 66 890 + 73 851+70 899 +57 0.241

§ Two-ways repeated measures ANOVA
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9.

DISCUSSIO

L’edema cerebral és una greu complicacié present en la insuficiencia hepatica tant
cronica com aguda perd encara no es sap amb certesa quin és el mecansime que
propicia l'increment d'aigua al cervell. El metabolisme cerebral també es veu
alterat sobretot per un augment destacat de la glutamina. Es creu que aquests

factors poden estar implicats en la patogenesis de I'EH.

9.1. Edema cerebral

En el primer estudi es va utilitzar un model quirdrgic d’insuficiencia hepatica aguda
en el qual s’havia demostrat un increment d'aigua cerebral amb tecniques
gravimetriques (60). Aquest model consistia en realitzar una anastomosi portocava i
una posterior lligadura de I'arteria hepadtica. Un punt important de I'estudi era el fet
que el model produis insuficiencia hepatica sense ufilitzar cap toxina i d'aquesta
manera evitar qualsevol alteracié que podia causar la toxina en la barrera

hematoencefdlica.

En I'estudi es pretenia caracteritzar I'edema cerebral de la insuficiencia hepatica
aguda mitjancant tecniques de RM. Cal esmentar que no existeixen tecniques de
RM que siguin facilment aplicables per obtenir una quantificacié ‘in vivo' de I'aigua
cerebral. En la seva absencia, les tecniques de difusid donen les eines Utils per
investigar I'edema cerebral, encara que a vegades la seva interpretacid pot ser
dificil a causa de la complexitat d'alguns processos com per exemple la lesid dels

teixits o 'edema mixte (61).

En rates amb insuficiencia hepdatica aguda es va observar que es produia una
disminucio de I'ADC. Aguesta baixada d’ADC era homogenia en tot el cervell i es
donava en totfes les regions estudiades. Com ja s'ha comentat, 'ADC és un
parametre de RM que permet estimar la dindmica de I'aigua al cervell perdo que no
serveix per quantificar I'aigua, per aixo es va quantificar I'aigua amb la tecnica

gravimetrica.

El mal funcionament de la bomba de sodi en les fases inicials de la isquémia
cerebral (61) o al desequilibri osmotic produit en una situacid d'hiponatremia (41)

causa un augment d'aigua a I'espai intracel fular i produeix una baixada d’ADC. En
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el nostre estudi, la disminucié de I'ADC era més pronunciada a mesura que
avancava la insuficiencia hepatica (estat de precoma i coma) i anava en paral el
amb l'increment de I'aigua cerebral, mesurat per gravimetria. Aixo indicava que
I'edema cerebral en la insuficiencia hepatica aguda es deu a un mecanisme

citotoxic.

Aquestes observacions es van reafirmar amb I'estudi de la permeabilitat de la
barrera hematoencefdlica. La integritat de la barrera hematoencefdlica es va
avaluar amb el coeficient de fransferencia de la sucrosa marcada amb carboni-14.
Aquest metode esta ampliament utilitzat en models experimentals d'isquémia. En
una situacié d’isquemia s'observa un augment del coeficient de transferencia
d'unes cinc vegades superior al observat en animals controls (62). En els nostre
estudi la permeabilitat de la sucrosa no es veu alterada i aquest resultat recolza el

mecanisme citotoxic de I'edema cerebral.

Tanmateix, es va voler analitzar el paper que tenia I'anastomosi portocava en el
desenvolupament de I'edema cerebral. Es va observar que no es produien canvis
en el valors d’ADC. A més, en els estudis gravimetrics tampoc es veuen canvis en el
contingut d'aigua cerebral (~81% en cortex frontal (63)). Per tant, el model
d'anastomosi portocava, per se, no produeix un edema cerebral, en canvi si que
s'observen canvis en el metabolisme cerebral. Una possible explicacid seria que es
produeixen canvis dels metabdlits osmoticament actius , en abséncia de fallada
energetica (64), que serveixen per mantenir la concentracié osmolitica i idnica

existent entre I'espai extracel fular i I'intracel lular i garantir aixi el volum cel lular.

Existeixen dos estudis experimentals on han realitzat neuroimatge en models
d’insuficiencia hepatic aguda induits per infusié d’amoniac (65) i per I'administracio
de galactosamina (66). Ambdds estudis veuen alteracions en la dindmica de I'aigua
cerebral de forma heterogenia, és a dir, regions on es produeix una baixada ADC,
com I'hipotalam, regions on es veu un increment, com a I'estriat, i d’'altres que es
mantenen inalterades, com en el nucli accumbens. Els autors d'aquests estudis
interpreten que aquests canvis es deuen a la presencia d'un edema mixte (citotoxic
i vasogenic). Pero, encara que no es pot descartar que I'amoniac fingui un cert

efecte toxic en el cervell i que produeixi alteracions en I'ADC, existeixen algunes
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limitacions en aquests dos estudis. En I'estudi del model per infusié d’amoniac no es
va avaluar I'augment d’'aigua cerebral i a més els experiments es van realitzar
durant les dues hores posteriors a la injeccid d'una Unica dosi d’amoniac (65). S'ha
demostrat que I'edema cerebral no es fa evident fins després de, com a minim, 3
hores d'una infusid continua d'amoniac (67). Per tant, no es coneix si els resultats
obtinguts es deu a I'increment de I'aigua o a la redistribucid de I'aigua degut al
bolus d’amoniac. En I'estudi d’'infusid de galactosamina si que es va demostrar un
increment d'aigua al cervell i un augment de la permeabilitat de la barrera
hematoencefdlica, com havien demostrat altres estudis (68;69), i que, conjuntament
amb les alteracions d'ADC, podrien confimar I'edema mixte. Perd no es pot
descartar que existeixi alguna pertorbacié a la barrera causada per la
galactosamina. En canvi, en els estudis amb cultius cel{ulars s'observa un increment

d’aigua dins de I'astrocit quan es déna una infusié d’'amoniac (70;71).

En els estudis clinics realitzats en pacients amb insuficiencia hepatica aguda,
secunddaria principalment a hepatitis viral aguda (tipus A, B, E) o a tractament amb
antituberculosos, s’observa un increment d'aigua cerebral (72) associada a una
disminucid de I'ADC (73). Cal afegir que estudis on han examinat I'estructura dels
capil1ars cerebrals, obtinguts a partir de biopsies de pacients morts per insuficiencia
hepadtica aguda, mostren que les unions intercelulars (fight junction) es mantenen
intactes (74) i a més es veu una vacuolitzacié de les celdules que envolten el vas.
Aquests resultats donen suport a I'existencia d’'un edema cerebral d'origen citotoxic

en els pacients amb insuficiencia hepdatica aguda.

L’edema cerebral i I'augment de la pressid intracranial també s'ha documentat en
I'insuficiencia hepadtica cronica (75). En estudis amb  pacients cirrotics estables
s'observa un augment d'aigua cerebral (una disminucié de I'index de transferencia
de magnetitzacié) (51) i un increment de I’ADC (76). Aixd sembla indicar que els
mecanismes de I'edema cerebral i les seves conseqUencies probablement siguin

diferents a la situacié aguda.

Per tal d'obtenir informacid sobre els mecanismes implicats en la situacid cronica es
va realitzar el segon estudi de la tesi en el qual es va estudiar I'edema cerebral

mitjancant un ajust biexponencial de la difusié. El que es pretenia amb aquest ajust
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era estudiar amb més deteniment els mecanismes de formacié de I'edema cerebral

en la situacid cronica.

L’andlisi biexponencial consistia en separar la difusid de I'aigua lliure en dos
components anomenats rapid i lent (77). Inicialment, aquest ajust estava ideat per
mesurar I'espai intracel fular amb el component lent i I'espai extracel Jular amb el
rapid (78). Pero al realitzar I'analisi biexponencial del senyal de I'aigua es va obtenir
una proporcié de volum d’'aigua en cada component (lent 33% i rapid 67%) que no
corresponia amb la distribuciod fisiologica de [I'aigua a I'espai intracelular (80%
d’aigua) i extracelular (20 %) (79;80). Una teoria més recent suggereix que aquests
dos tipus de components corresponen a dos tipus d'aigua que depen del nivell
d’estructuracio que té I'aigua lliure amb I'entorn (33). Malgrat aquesta controversia,
estudis on han analitzat el tensor de difusid amb un ajust biexponencial han mostrat
diferent difusivitat segons el tipus d’'edema cerebral. Aixi, els estudis de I'edema
citotoxic realitzat en la fase inicial de I'ictus isquémic mostren un augment de la
difusivitat en el component lent (81); en canvi en els estudis de I'edema vasogenic
present en regions peritumorals observen un augment de la difusivitat en el
component rapid (42). Per qix0O, es va decidir realitzar un estudi de la difusié amb un
ajust biexponencial en pacients amb cirrosis amb I'idea de diferenciar el tipus

d’edema implicat en la insuficiencia hepatica cronica.

Les imatges de RM van mostrar signes d’edema cerebral en la substancia blanca. Al
realitzar I'gjust biexponencial es va observar un augment de la difusivitat en el
component rapid en les dues regions estudiades (substancia blanca parietal i via
corticoespinal). Aquests resultats son consistents amb els estudis previs de la difusid
(54;82) i donen suport a un edema d’origen vasogenic (increment de I'aigua a
I'espai extracellular). Aquest augment de la difusivitat va en paraliel amb la
disminucid de la fraccié d'anisofropia que probablement representa menys
restriccid del moviment de I'aigua lliure i que és una caracteristica tipica de
I'edema extracel fular (83). Aquesta observacidé de I'edema vasogenic en pacients
cirrotics contrasta amb el primer estudi on s'observava que I'edema era de tipus
citotoxic i per tant podria indicar que els mecanismes de formacidé de I'edema sén
diferents segons el fipus d'insuficiencia hepdtfica. Quan es van analifzar el

component lent també es va veure un augment de la difusivitat de I'aigua present
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només en la via corticoespinal. Aquest resultat podria correspondre a la
coexistencia d'ambdds fipus d'edema en aquesta regié. En altres situacions
cliniqgues també s’ha proposat la existencia d’'ambdues formes d'edema. En un
estudi amb pacients amb una lesié hepdtica aguda sobre un fetge previament
malalt (acute-on-chronic) s'observa una disminucid del fraccié d'anisotropia i del
component linial de la difusid i un augment del component esferic de la difusid,
mentre que la difusivitat mitja i el component planar de la difusid no es veuen
alterats. Aquests resultats indicarien que en aquests pacients hi ha la preséncia
d'ambdds tipus d’edema (84). La malaltia hepadtica cronica hauria causat un
edema vasogenic, sobre el que s'afegiria la formacid de I'edema citotoxic per la

descompensacio aguda.

Actualment, el tractament de I'edema cerebral de la insuficiencia hepatica aguda
consisteix amb la ferdpia osmotica pel manteniment de la integritat de la barrera
hematoencefdlica. A més es pot afegir hiperventilacié per disminuir el volum
cerebral de sang i mitjancant aquest mecanisme reduir la pressio intracranial. Tot i
aixo, estudis de ressondncia magnetica per avaluar el tfractament amb mannitol
readlitzats en pacients amb insuficiencia hepdtica aguda i insuficiencia hepatica
cronica aguditzada no mostren cap reduccié de I'edema cerebral ni canvis en el
metabolisme cerebral després del fractament (85). El fractament de la insuficiencia
hepatica és el transplantament hepatic i amb ell es resolen totes les complicacions
derivades de la insuficiencia hepdtica. Per tant, en el segon estudi també es va
voler seguir I'evolucié de I'edema cerebral després del tfransplantament. El que es
va observar era que tant la difusivitat del component rdapid com la fraccié
d’anisotropia es normalitfzaven a excepcidé de la via corticoespinal on persistia cert
grau d'isotropia (valors baixos de la fraccié d'anisofropia). La falta de recuperacié
de la fraccié d'anisotropia podria indicar que en la via corticoespinal hi ha canvis
microestructurals de la substancia blanca causats, probablement, per
desmielinitzacio (86). Aquesta perdua de mielina podria explicar el trastorn funcional
que persisteix després del transplantament en pacients amb mielopatia (87).
Aquests resultats suggeririen que la via corticoespinal €s més vulnerable que la
substancia blanca parietal. Probablement aquesta zona és més sensible a les

alteracions produides en I'EH (52).
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Una de les hipotesis sobre la patogenesis de I'EH és que I'edema astrocitari (edema
citotoxic) és el factor causant de I'EH. Per qixo es van realitzar tests neuropsicologics
en els pacients cirrotics del segon estudi, els quals no presentaven signes evidents
d’EH, per saber si tenien EH subclinica. Es va comprovar que la meitat dels pacients
tenien EH minima perd al comparar la difusivitat mitja i la fraccié d’anisotropia amb
els pacients amb cirrosi i sense EH no s'observaven diferencies, motiu pel qual es va

proposar el tercer estudi de la tesi.

En el tercer estudi de la tesi es pretenia estudiar les caracteristiques de I'edema
cerebral en pacients amb cirrosi hepdatica durant un episodi d'EH. Per aquest motiu
es van incloure pacients amb una EH evident. Es va observar que aquests pacients
presentaven un ADC elevat perd que no existia cap relacid entre les manifestacions
neurologiques (EH) i la distribucid de I'aigua cerebral. A més aquest increment
d'aigua cerebral es normalitzava quan ja s'havia resolt I'episodi d’'EH. Aquests
resultats indicaven que el desenvolupament de I'EH en pacients cirrdtics no es podia

atribuir directament a I'edema cerebral.

L’Unica dada relacionada amb els valors d’ADC era el fractament amb diUretics. Els
pacients que els havien rebut presentaven valors d’ADC més elevats. Aixo suggereix
que el mecanisme pel qual els ditretics causen EH poden participar en els canvis
de la distribucié de I'aigua cerebral. A més es va observar una correlacié entre els
valors de myo-inositol i la hiponatremia, com ja s’havia demostrat en altres estudis
(88) que, tot i que no es correlacionaven amb els valor d' ADC, podria ser un signe
addicional de l'alteracié de la distribucié d'aigua al cervell. Cal afegir que un
nombre elevat de pacients també presentaven lesions focals en la substancia
blanca. Aquestes lesions son compatibles amb les lesions vistes en malaltia
cerebrovascular de petit vas. Estudis recents han demostrat que aquestes lesions de
leucaraiosis estan presents en la isquemia i podrien indicar una major permeabilitat
de la barrera hematoencefdlica (89-921). A més s’ha vist que disminueixen després
de I'episodi d'EH. Aquestes lesions leucaraidtiques també disminueixen després del
transplantment hepatic (53). Per tant aquestes dades podrien indicar que I'edema
vasogenic present en els pacients cirrdtics es deu a alteracions de la barrera
hematoencefdlica. Aquest augment de permeabilitat podria ser secunddria a la

inflamacio cronica i a l'activacid de citoquines (92).
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El quart estudi de la tesi es va realitzar per tal d‘avaluar I'edema vasogenic i les
possibles alteracions de la barrera hematoencefdlica. El model experimental elegit
va ser el model de cirrosi secunddaria a la ligadura del conducte biliar per tal
d’evitar qualsevol model produit per toxines que poguessin alterar la barrera
hematoencefdlica. El moment elegit per analitzar I'edema cerebral era a les 6
setmanes de la lligadura del conducte biliar perque diferents estudis havien
demostrat un augment del contingut d'aigua cerebral tant per metodes
gravimetrics com per metodes de dessecacié (93;94). L'estudi de RM es va dur a
terme a partir de la quarta setmana de la lligadura del conducte biliar ja que s'ha
demostrat que en aquest moment comencen a observar alteracions dels
parametres bioquimics i hipertensid portal (95). A més, en un grup d’animals es va
inocular lipopolisacdrids, que és un factor precipitant per activar la cascada de
neuroinflamacio i provoca una descompensacié de la insuficiencia hepdtica (96).
En el nostre estudi es va observar un augment d’'aigua cerebral. Aquest augment
era estadisticament significatiu en el grup d’animals inoculats amb lipopolisacarids.
En canvi, no es van observar alteracions de la difusivitat de I'aigua cerebral ni en el
grup d'animals amb els lipopolisacarids. El fet que no es veiessin alteracions en la
difusié podria indicar I'existencia d'un edema mixte. Per aixd no es veurien les
alteracions dels parametres de RM tot i que es produeixi un augment del contingut
d'aigua cerebral observat per gravimetria. Per tant, aquest model animal
reprodueix les froballes vistes en els pacients amb una descompensacié aguda de
la cirrosi, motiu pel qual no es un bon model per estudiar I'edema vasogenic ni les

pertorbacions en la barrera hematoencefadlica.

Els resultats dels diversos estudis realitzats mostren que existeixen diferents patrons en
l'augment d'aigua cerebral produits per la insuficiencia hepdtica. Aquest augment
de I'aigua seria principalment infraceldular en la insuficiencia hepdtica aguda,
mixte en la insuficiencia hepadtica cronica aguditzada i extraceldular en la
insuficiencia hepadtica cronica. La hipotesi que es podria suggerir sobre I'edema
cerebral en l'insuficiencia hepatfica seria la seglent. En un primer moment es
formaria I'edema citotoxic a nivell de [I'astrocit produit per I'augment de la
concentracié d’amoniac al cervell en forma de glutamina. El segon esdeveniment, i

tenint en compte que l'astrocit forma part de la barrera hematoencefdlica, es
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produiria una alteracid de la barrera que a llarg termini produiria I'edema

vasogenic.

9.2. Metabolisme cerebral

L'espectroscopia detecta les alteracions del metabolisme cerebral. En Ia
insuficiencia hepatica es veu un augment de la glutamina i una disminucié del myo-
inositol i dels derivats de colina que es pot considerar el patré metabolic d'aguesta

patologia.

En el primer estudi de la tesi es va avaluar el metabolisme cerebral en la
insuficiencia hepatica aguda. El patré metabolic ja es comenca a observar en el
model animal d'anastomosi portocava perd I'augment del pic de la glutamina és
significativament inferior al observat en les etapes inicials de I'insuficiencia hepatica
aguda (a les 6 hores de la ligadura). Basicament, els canvis metabodlics que es van
detectar en el model d'insuficiencia hepdtica aguda van ser de caracter lleu

(<20%) a excepcid de la glutamina i del lactat.

La glutamina és I'aminodacid precursor del glutamat cerebral i es troba localitzada
en les céllules astrocitaries. A I'astrocit hi ha I'enzim glutamat sintetasa que esta
implicat en el cicle glutamat/glutamina i en una situacié d'hiperamonemia es pot

produir una alteracié d’'aquest cicle.

Aquests metabolits (glutamina i lactat) es van examinar amb més deteniment a
mesura que progressava la insuficiencia hepatica. En estats inicials (6 hores després
de la lligadura) com ja s’ha comentat hi ha un augment de la glutamina i del lactat
que a més, es van incrementant en I'estat de precoma. El canvi de I'estat
precoma a l'estat de coma va acompanyat per un augment marcat del lactat, de

més de tres vegades, sense un augment significatiu de la glutamina.

Aquest curs és similar al que s'ha descrit en pacients amb insuficiencia hepadtica
aguda sotmesos a un control de lactat per microdidlisi i en els quals es va observar
un gran augment de la pressid infracranial (64). En altres estudis de pacients amb
insuficiencia hepdatica aguda també s’ha observat aquest augment marcat de la

glutamina i el lactat (97). A més, com es va comprovar en els estudis addicionals,
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aquesta sintesi del lactat és ‘de novo’ (98) i només es dona al cervell, probablement

degut al'estat d'inactivitat que presenten els animals.

Aquestes dades recolzen la hipotesi de la deficiencia energetica cerebral
secundaria al metabolisme de I'amoniac. Aquest deficit energetic podria indicar
I'existencia d'alguna lesid mitocondrial (71) encara que els experiments
d'espectroscopia amb fosfor 31 contradiuen aquesta hipotesis ja que no observen
alteracions en els metabdlits energetics com I'ATP (99). D'altra banda, el lactat
podria estar generat per via aerdobica degut a una activacié glutamatergica

excessiva (100).

A més, s’observa una disminucié del pic de glutamat, un aminodcid que actua en
la neurotransmissié excitadora, probablement secundari  al consum d'aquest
substrat per la sintesi de glutamina. En canvi no s’han observat aquests canvis en el
model d'anastomosi portocava. També s’ha vist que aquest i altres aminodcids
cerebrals relacionats amb la neurotransmissié canvien la seva concentfracié en
diferents fluids (plasma, sang total, liquid cerebroespinal) a mesura que es va

desenvolupant el coma hepdatic (101).

Hi ha una disminucid del N-acetilaspartat en I'estat de coma que esun metabolit,
considerat com a marcador de la densitat neuronal. Aquestes alteracions vistes en
el model animal podria explicar les disfuncions cognitives que s'observa en els

pacients (102).

En el tercer i quart estudi de la tesi es va avaluar I'alteracié del metabolisme
cerebral de la insuficiencia hepatica cronica. El perfil metabdlic de la insuficiencia
hepatica cronica respecte el grup d'individus control és caracteritza per I'augment
de glutamina i la disminucié dels derivats de colina i el myo-inositol, resultats que ja

s'havien trobat en altres estudis de cirrosis (50).

El resultat més destacat es tfroba en I'estudi en pacients amb cirrosis durant I'episodi
d’EH. La glutamina basal augmenta a mesura que creix el grau d’EH i es redueix un
cop el pacient s'"ha recuperat de I'episodi d'EH. En canvi, la glutamina es manté

estable en els pacients que encara presenten EH sis setmanes després del primer
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estudi. Aquestes dades son una prova clinica del paper de la glutamina com a

factor causant d’EH.

La glutamina classicament s’ha considerat com un aminodcid inert pero el transport
d’'amoniac en forma de glutamina cap a la mitocondria de I'astrocit pot ser un
element toxic per aquesta celdula (103). Alternativament, I'augment de glutamina
pot ser un simple indicador de I'exposicié d’'amoniac que hi ha al cervell i pot ser el

factor clau en el desenvolupament de I'EH.

Independentment del seu paper en la patogenesis de I'EH, la glutamina cerebral
podria ser un biomarcador Util pel diagnostic de casos dificils d’encefalopatia, per
exemple pacients cirrdtics amb encefalopatia no hepdtica secundaria a malaltia

de petit vas cerebrovasculars o a I'Alzheimer.
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10.

CONCLUSIONS

L'’edema present en la insuficiencia hepdtica aguda és principalment
citotoxic, es dir hi ha un increment d'aigua a I'espai intracel lular, i no estan
involucrats mecanismes de trencament ni d’augment de la permeabilitat de

la barrera hematoencefdlica.

L'edema en la insuficiencia hepatica cronica és principalment vasogenic el

que implica un increment de I'aigua a I'espai extracel {ular.

Existeixen indicis de la coexistencia dels dos fipus d'edema, citotoxic i

vasogenic, en els pacients amb insuficiencia hepatica cronica.

L'edema cerebral esta present en pacients durant un episodi d’EH, tot i qixi,

no sembla ser el factor desencadenant de I'EH.

Després del transplantament hepdtic o de I'episodi d'EH hi ha una resolucid

total o parcial de I'edema cerebral excepte en la via corticospinal.

La via corticospinal sembla ser una regid més sensible al desenvolupament

de sequUeles de I'EH.

En la situacié aguda hi ha una sintesi de lactat de ‘novo’ en els astrocits que
pot estar associada a una fallada energetica o a I'activacid del sistema

lactat/glutamat.

La concentracié de glutamina en el cervell determinada per espectroscopia
de RM s’incrementa amb el grau d’'EH. Per tant, pot ser un bon candidat a

biomarcador de I'EH en pacients cirrofics.
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MATERIALS | METODES

11.1. Subjectes

Es van realitzar dos estudis clinics sobre I'edema cerebral en pacients amb cirrosi
mitjancant RM on es van estudiar pacients sense encefalopatia hepdtica, amb EH
minima o amb EH episodica. Tots els estudis van ser aprovats pel comite étic de

I'hospital Vall d’"Hebron i amb el consentiment informat de tots els participants.

11.1.1.
Aquest estudi es va dividir en dues fases. La primera era un estudi basal que consistia

Estudi de RM en pacients amb cirrosi

en I'avaluacié de I'edema cerebral en pacients sense signes evidents d'EH (sense
EH o amb EH minima). La segona fase era un estudi longitudinal per fer el seguiment
de I'edema després del tfransplantament del fetge. En I'estudi Basal es van reclutar
41 pacients amb cirrosi i 24 d’ells es van tornar a analitzar un any després (35847
dies) del fransplantament en I'estudi longitudinal. Aquells pacients amb una cirrosi
d’origen alcohdlic van ésser abstinents com a minim en els sis mesos anteriors a

I'estudi (Figura 11.1).
¥ 1

0 Transplantament 358 + 47
.-.'-_;;-'..__' ! '__;‘_'_._._-.
i 5 S
Estudi Basal* Longitudinal
NUmero 41 24
Edat (anys) 56+9 54+9
Home/Dona 32/9 18/6
Child Pugh
A/B/C 11/19/11 4/13/7
Etiologia 5
VHC / OH / VHC+OH / clfres 171137615 12/8/0/4
EH prévia 23 12
* Controls (n=16) 6 homes/10 dones (537 anys)
Figura 11.1 Disseny experimental i caracteristiques cliniques del pacients

Es va redlitfzar una bateria de tests neuropsicologics per detectar la EH minima.

Aquesta bateria consistia en diferents tests per avaluar la memoaria (Auditory Verbal
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Learning Memory Test); I'atencié i el processament de la informacié (Trail A, Symbol
Digit Test); i la funcié psicomotora (Grooved Pegboard), executiva (Controlled Oral
Word Association Test) i visuoperceptual (Hooper Visual Organization test, Judgment
of Line Orientation test). Els resultats d'aquestes proves es van fransformar en uns
indexs T, ajustats per edat, sexe i nivell d’educacié que mostren qualsevol desviacio
del grup control de persones sanes (T=50) (13). Es considera que un pacient cirrotic
té EH minima quan dos o més tests d’aquesta bateria es troben per sota a dues
desviacions estandards de la mitja (T<30). Com a grup confrol es van reclutar 16
voluntaris sans, dels quals é eren homes i 10 dones, amb una edat de 537 anys,
sense un historial d'abus de drogues o alcohol i cap d’ells patia malaltia hepatica o

neurologica.

11.1.2.
L'estudi durant un episodi d’EH consistia en realitzar imatges de RM en pacients amb

Estudi de RM en pacients durant un episodi d’EH

un episodi agut d’EH i veure com evolucionaven aquests pardmetres quan I'episodi
ja estava resolt. Abans de cada ressondncia, els pacients es van sotmetre a una
bateria de tests neuropsicologics (West Haven) per avaluar com estava la funcio
cognitiva. En aquest estudi es van avaluar 18 pacients cirrdtics, dels quals 14 es van
tornar a analitzar 6 setmanes després i es van comparar amb 8 voluntaris sans
(Figura 11.2).

4

0
e
- E

Estudi EH episodica* Post EH
episodica
NUmero 18 14
Edat (anys) 60+ 10 59 £ 11
Home/Dona 13/5 10/4
Child Pugh
A/B/C 1/9/8 1/5/8
Etiologia
VHC / OH / VHC+OH / dltres 2/8/3/5 1/5/2/4

* Controls (n=8) >4homes/4dones (5718 anys)

Figura 11.2 Disseny experimental i caracteristiques cliniques del pacients.
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11.2. Models Animals

Existeixen diversos models animals per estudiar la insuficiencia hepdtica. En els
nostres estudis experimentals es van utilitzar el model de desvascularitzacid hepadtica
per estudiar I'edema cerebral en la insuficiencia hepadtica aguda i el model de
lligadura del conducte biliar per estudiar I'edema a la insuficiencia hepdtica

cronica.

Tots els animals utilitzats per realitzar els diferents models eren rates mascles fipus
Sprague-Dawley (Harlan, Udine, Itdlia) amb un pes inicial d'uns 250-300g. Aquests
animals van romandre estabulats sota un ambient controlat, amb un cicle de llum i
foscor de 12 hores, una temperatura constat de 22+2°C i humitat relativa del 40-50% i

a més, tenien lliure accés a menjar (dieta estandard) i aigua.

Tots els estudis experimentals van ser aprovats pel comite etic d’experimentacio

animal de I'hospital Vall d'Hebron.

11.2.1. Model d’'Insuficiencia Hepdatica Aguda: Desvascularitzacio

El model de desvascularitzacié consisteix en eliminar les principals enfrades de sang
al fetge; les quals sén la vena porta, on circula una sang amb un alt contingut de
nutrients, i I'arteria hepatica, on circula una sang més rica en oxigen. D'aquesta
manera es provoca la insuficiencia hepdtfica i es produeix una acumulacid
d’'amoniac al sistema circulatori que es postula com a agent causant de

I'encefalopatia hepdtica.

Per fer la desvascularitzacid a les rates, primer es fa una anastomosi portocava
perque hi hagi una comunicacid directa entre la via portal i la sistemica (Lee &
Fischer). Per realitzar I'anastomosi portocava s'identifica la vena porta i s'ailla amb
un clampatge. Després es fa un clampatge de la vena cava inferior per sota i per
sobre de les venes renals. S'obra un ullal a la vena cava i s’anastomosa a la vena
porta amb una sutura continua de prolene 7/0. Es freu el clamp de la vena cava i es
confirma que hi ha circulacié correcte de sang i absencia de lesions intestinals. Vint-
i-quatre hores després es fa una segona cirurgia en la qual es procedeix a la
ligadura de I'arteria hepdtica. Les dues cirurgies es realitzaran sota anestesia per
inhalacié (isofluord). Aquests animals desenvolupen insuficiencia hepdtica fins

arribar a un estat de precoma caracteritzat per una peéerdua del reflex de
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redrecament (a les 10-12 hores de la ligadures de I'artéria) i un estat de coma on a
mes, hi ha una perdua del reflex corneal (a les 14-16 hores de la lligadura) (Figura
11.3).

Venes Hepdtiques Venes Hepatiques

Artéria
Hepadtica

@

Artéria
Hepatica

Vena Cava
Vena Cava

Figura 11.3 Desvascularitzacio del fetge: I'anastomosi portocava (1) i la lligadura
de I'artéria hepatica (2).

En aquest model animal s’ha de mantenir controlada la temperatura i la glicemia;
per aix0 es fa un monitoratge d'ambdds pardmetres cada hora durant tot
I'experiment. La temperatura corporal es manté a 37°C mifjancant mantes
termiques. La glicemia es confrola mitjancant un test de glucosa en sang
(Glucocard ® A. Menarini Diagnostics S.r.l., Florencia, Itdlia) a la vena de la cua. El
nivell de glucosa es mantenen sobre els 100mg/dL. Per sota d’'aquest nivell
s"’administra una dosi subcutania entre 0.5-2mL d’'una solucié de glucosa al 10%

(Glucosado 10%, Fresenius Kabi, Bad Homburg, Alemanya).

En el grup de rates control es fa una operacio ficticia de I'anastomosi portocava
sota anestesia (isofluord) durant la qual es fa un clamplatge de 15 minuts de la vena
porta. Vint-i-quatre hores després es procedeix la cirurgia ficticia de la lligadura de

I'arteria hepdtica.

11.2.2. Insuficiencia Hepatica Cronica: Lligadura del Conducte Biliar

El model de la lligadura del conducte biliar és un model de cirrosi biliar secundaria.
La intervencid consisteix en dissecar el conducte biliar del greix adjacent, en el qual
es prepara una lligadura i es liga la part del conducte que va cap a l'intesti.

Després es punxa en direccié al fetge amb una agulla de 30G 0,ImL/kg de
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formalina, ja que la formalina esclerosa. D'aquesta manera es fixa el conducte biliar
i aixi s'evita la formacid de biloma que podria desencadenar una peritonitis. Tot
seguit es fa la ligadura, es neteja el possible liquid que hagi sortit i es talla el

conducte entre els dos nusos per evitar la repermeabilitzacié (Figura 11.4).

Venes Hepatiques Venes Hepdtiques

@)
s 9
3 3
o)
@)

% Congluc’re % Conducte
> biliar > biliar

Artéria Artéria

Hepatica Hepdtica

| Figura 11.4. Ligadura del conducte biliar

Per evitar hemorragies per deficit de vitamina K, les rates reben una dosi de vitamina
K (0.1mL/Kg) a la setmana per via inframuscular. En el grup de rates amb cirurgia
ficticia (rates control) es fa el mateix procediment perd no es realitza la doble
ligadura ni la injeccidé de formalina. Els experiments es fan a les 6 setmanes de la

ligadura del conducte biliar i en aquesta etapa la mortalitat és alta (60%).

- Factor precipitant de la cascada neuroinflamatoria: lipopolisacarids

Els lipopolisacarids (LPS) sén unes biomolecules localitzades en la membrana exterior
dels bacteris gram negatiu. Aquestes molecules produeixen I'activacié de la
cascada neuroinflamatoria en els animals i per tant ens permeten avaluar la
resposta immunitaria de la infeccid. D'aquesta manera es produeix augment de
permeabilitat de la barrera hematoencefdlica que és un factor de

descompensacioé de la insuficiencia hepatica.

En un grup d’animals amb cirrosi biliar secundaria se’ls induira I'activacio de la
cascada neuroinflamatoria mitjancant I'administracié d'una dosi 1mg/kg de LPS de
la soca Klebsiella Pneumoniae en un volum final de 0.5mL de serum sali per via

intfraperitonial.
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11.3. Gravimetria
Per mesurar la quantitat d’aigua que hi ha en els teixits cerebrals de les rates (cortex

frontal) es va utilitzar el metode de gravimetria descrit per Marmarou (104). Aquest
metode consisteix en realitzar una columna amb un gradient de densitats construida
a partir d'una combinacid de querose i bromobenze. Aquesta columna es calibra
amb uns estandards de sulfat potassi els quals tfenen una densitat especifica (Figura

11.5).
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11.5 Muntatge per fer la columna gravimetrica (Ref.105)

Per mesurar la quantitat d’aigua en el cervell el que es fa és tallar les mostres de
teixit amb una mida d'un a dos millimetres cuUbics (unes 6 mostres per teixit) i
submergir-les a la columna de densitat, aixi d’aquesta manera es pot determinar la

quantitat d'aigua que conté el cervell.

11.4. Metabonomica: Estudi de metabolisme amb 13C-glucosa
Es va realitzar un estudi del metabolisme cerebral mitjancant RM. Es va realitzar
espectres de protd per estudiar el patré metabolic cerebral i també es va fer

espectres de carboni 13 per estudiar de forma especifica la glicalisi.
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Per fer agquest estudi metabondmic es va utilitzar el model de desvascularitzacié i
I'estudi es va fer al cap de 12 hores d'haver redlitzat la ligadura de I'artéria
hepdadtica. Per tal de fer I'estudi de carboni 13 es va injectar glucosa marcada amb
carboni 13 ([1-13C]-glucosa, Sigma-Aldrich GmbH, Steinheim, Alemanya) per via
intraperitonial a una dosi de 200mg/kg. Passat vint minuts es van sacrificar els
animals i es va procedir a I'extraccid de diferents teixits (cervell, muiscul, sang) per
congelar-los amb nitrogen liquid de la forma més rapida possible i aixi parar el

metabolisme.

En el teixit congelat es va fer I'extraccidé dels metabolits. Aquesta extraccid consistia
en: polvoritzar el teixit en fred; afegir un volum de 6émL/g de fteixit de
metanol/cloroform (2:1) a 4°C; esperar 15 minuts a 4°C mesclant amb alguns cops
de vortex; afegir un volum de 2.5mL/g de teixit de cloroform i un volum de 3.7mL/g
de fteixit d'aigua; centrifugar a 1000G a temperatura ambient (23°C) durant 5
minuts; i separar la fase organica i la fase aquosa. Aquesta extraccid es fa dos cops i
després s'evapora la fase orgdnica i el metanol de la fase aquosa amb nifrogen
gas; la fase aquosa s'acaba d'evaporar mitjancant Speed-Vac (Jouan, Nantes,
Franca) a 35°C.

Per fer I'estudi d’espectroscopia es va recompondre el solid amb aigua deuterada
a un volum final de 600uL. Per quantificar els metabdlits es va afegir una referencia
externa amb una concenfracié coneguda. En els nostres experiments es va afegir
una concentfracié TmM de trimetil-sililporopionat sodic (TSP) (Sigma-Aldrich GmbH,

Steinheim, Alemanya).

11.5. Ressondncia magnetica

La RM és una tecnica no invasiva que ens permet avaluar el sistema nervids central.
Aquesta tecnica es basa en I'estudi de les propietats magnetiques d'alguns nuclis
(protd, carboni, fosfor, sodi) dels teixits biologics a partir de la qual podem obtenir
imatges i espectres. D'aquesta manera podem observar qualsevol alteracié

produida per una patologia.
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Figura 11.6 Aparells de RM: Siemens per pacients (esquerra), Bruker Biospec per animals
petits (centre) i Bruker 9.4T per animals petits i mostres (dreta)

11.5.1. Pacients
En pacients, els experiments de RM es van redlitzar en espectrometres de Siemens®

(Siemens, Erlangen, Alemanya). En I'estudi dels pacients amb cirrosis es va utilitzar
I'espectrometre Symphony de 1.5T i en I'estudi de pacients amb EH episddica es va

utilitzar I'espectrometre Trio de 3T (Figura 11.6).

- Symphony Quantum Maestro Class (1.5T)

L'espectrometre Symphony Quantum Maestro Class €s un imant de 1.5 T. Per realitzar
els experiments es va utilitzar la bobina de cos com a transmissor del senyal i la
bobina de cap (circular i polaritzada) que actuava com a receptor. El protocol de
RM consistia en I'obtencié de imatges potenciades T1 utilitzant una seguencia spin-
echo (TR: 650ms; TE: 17ms; 1 adquisicid) i imatges potenciades en T2 mitjancant una
sequUencia spin-echo (TR: 3550ms; TEs: 14-86ms; 1 adquisicid i ETL 5). Per cada eco es
varen obtenir un total de 46 imatges fransversals contfinues, de 3mm de gruix, una
mida de pixel de 1xImm, un camp de visid de 250mm i una matriu d'adquisicid de
256x256.

També es van obtenir imatges de tensor de difusidé mitjancant una seqiencia single-
shot echo-planar (TR: 1100ms; TE: 145ms; 10 adquisicions) i utilitzant els gradients
aplicats en 6 direccions no co-lineals i 11 valors de b (entre 0-7500 s/mm?2). Es van
obtenir 5 imatges axials cenfrades 2cm per sobre de la linia bicomisural amb un gruix
de 4mm, una separacidé entre talls de 2mm, un camp de visié de 250mm i una matriu

d’'adquisicid de é64x64 que donava una resolucid en el pla de 3.9x3.9mm.
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Es va realitzar espectroscopia localitzada en la regié parieto-occipital en un volum
cUbic de 2cm de costat en el que principalment hi havia substancia blanca (Figura
11.7). Per realitzar I'espectre es va utilifzar una sequencia de polsos spin-eco 90°-
180°-180°, amb un TE de 30ms i un TR de 1600 ms. Per fer la supressid d'aigua es va
aplicar un pols gaussida selectiu centrat a la posicié de I'aigua. El nombre de punts
que es van adquirir van ser de 1024 punts amb un nombre de promitjos de N=128 i

un ample espectral de 1000Hz.

| Figura 11.7. Localitzacié de I'espectre al cervell dels pacients
en els diferents plans

- Trio (37)

L'espectrometre Trio és un imant de 3T. Per redlitzar els experiments es va utilitzar la
bobina de cos com a transmissora de radiofreqiencia i la bobina de cap (circular i
polaritzada) que actuava com a receptora. El protocol de ressonancia consistia en
realitzar imatges potenciades en densitat protonica i en T2 amb una seqiencia fast
spin-echo (TR: 2900 ms; TE:19 -87ms; 2 adquisicions; factor turbo de 6) i imatges T2
amb una seqUencia FLAIR (TR: 9000ms; TE: 93ms; temps d'inversid [TI]: 2500ms; 1
adquisicio; factor turbo de 16) per enregistrar 46 imatges contigles de 3mm de gruix
en un camp de visié de 250mm i una matriu d’adquisicid de 256x256. Les imatges de
difusié es van obtenir amb una seqiéencia single-shot echo-planar (TR: 4000ms; TE:
?3ms; 6 adquisicions; factor turbo de 128) i utilitzant gradients en 3 direccions
ortogonals amb 4 valors de b 0, 1000, 2000 3000 s/mm?2 per cada direccié. Es varen
obtenir 28 imatges axials de 4mm de gruix i una distancia entre talls de 2mm, en un
camp de visid de 250mm i una matriu d'adquisicié de 128x128. També es va realitzar
una espectroscopia localitzada de protd en substancia blanca de la regid parieto-
occipital amb una seqgiencia de polsos spin-eco 90°-180°-180° (TR 3000ms; TE 30ms;

80 adquisicions; 4 dummy scans) i es van adquirir 1024 punts.
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11.5.2. Animals: Bruker Biospec (7T)

Els experiments ‘in vivo’ en animals es van readlitzar en un espectrometre Bruker
Biospec® 70/30 (Bruker BioSpin GmbH, Karlsruhe, Alemanya) amb un imant
horitzontal superconductor de 7.0T (Figura 11.6).

Per realitzar els estudis de ressonancia es va fer servir una sonda de volum de 72mm
de diametre intern pel procés d'excitacié dels protons i el senyal de relaxacié va ser
adquirit mitjangant una sonda de superficie dissenyada pel cervell de la rata. Els
programes utilitzats per a la realitzacié d'aquests experiments van ser el Paravision

v4.0i el TopSpin.

El protocol d'experimentacid que es va realitzar en cada sessido de RM consistia en
I'obtencié d'imatges anatomiques, I'espectre localitzat del cervell de la rata i

imatges potenciades en T2 i difusid (tensor de difusio).

Les imatges anatomiques es van adquirir utilitzant una seqUencia RARE (TR/TEeff/ETL
4000ms/36ms/8) en un pla axial (13 imatges), sagital (? imatges) i coronal (6
imatges). Aquests plans ortogonals es van utilitzar com imatge de referencia amb els
segUents parametres: gruix de la imatge de of Tmm, una matriv d’adquisicié de

256x256 mm i un camp de visid de 35mmx35mm.

Les imatges potenciades en T2 es van adquirir utilifzant una sequencia multi-slice
multi-echo (TE/TR 10-120ms/2000ms) en 13 capes continues amb Tmm de gruix, un
matriu d'adquisicié de 128x128 mm i un camp de visio de 35mmx35mm per obtenir

els mapes de T2.

Les imatges del tensor de difusio (DTl) es van adquirir utilitzant una seqiencia echo-
planar (TR/TE/A/6 2000ms/35ms/20ms/4ms) amb una geometria identica al mapa de
T2 en 20 direccions de difusid i 4 valors de b (rang 0-1000 s/mm?2) per obtenir ADC.

L'espectre localitzat de protdé es va obtenir mitjancant una sequéncia PRESS
precedida per una seqUéencia de supressido d'aigua (fipus VAPOR) en un mida de
voxel de 6.5mmxé6.5mmxé6.5mm amb els parametres seglients: ample de banda

espectral de 4000Hz, 4096 punts, TE 12 ms, TR 2500 ms i 64 promitjos. El voxel es va
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localitzar per sobre de la glandula pituitaria fins al bulb olfactori i inclou substancia

blanca i substancia gris (Figura 11.8).

Figura 11.8. Localitzacié de I'espectre al cervell de la rata en els diferents plans

- Metabonomica: Bruker Avance

Els experiments ‘ex vivo' es van readlitzar en un espectrometre Bruker AVANCE® de
400MHz (Bruker BioSpin GmbH, Karlsruhe, Alemanya) equipat amb un imant vertical
superconductor de 9.4T (Figura 11.6). Per realitzar els estudis de ressonancia es va fer
servir una sonda invertida per a liquids de 5mm de didmetre que i es va sintonitzar

per protd i carboni.

L'espectroscopia de protd es va adquirir utilitzant una seqiéncia WaterGate, que és
una seqiencia classica 3_9_19 amb presaturacidé del pic de I'aigua, amb 64
adquisicions, 4 dummy scans i un ample de banda de 4006.41Hz a una temperatura

de 303K i un angle de gir dels rotors de 20Hz.

Per fer I'adquisicidé de carboni es va utilitzar una sequencia de pols desacoblada
amb temps de echo de 4s (32k), un temps de relaxacié de 0,7s, 1024 adquisicions, 4

dummy scans i un ample de banda de 24038.46Hz a una temperatura de 303K.

11.6. Processament de Dades

El general per fer el processament de les imatges i els espectres es va utilitzar el
software que per defecte tenia en cada maquina: NUMARIS4 software syngo version
(Siemens, Erlangen, Alemanya) per Siemens; Paravision v.4 i Top Spin per Biospec
(Bruker, Karlsruhe, Alemanya) i XWNNMR per AVANCE (Bruker, Karlsruhe, Alemanya).
Perd també es va ufilitzar altres programes per realitzar el processament de les

imatges i els espectres que a confinuacio detallarem.
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11.6.1. Tensor de Difusio: Andlisi Biexponencial

Per fer I'andlisi biexponencial es va dissenyar un programa amb llenguatge C. El
primer pas d'aquest programa consistia en fer un tractament del senyal de la
imatge on es realifzava una interpolacié de les imatges per augmentar la matriu fins
a 128x128 punts mitjancant una funcidé segmentaria cubica (tipus spline), es reduia el
soroll del senyal mitjancant I'Us d'un algoritme descrit per Gudbjartsson i Patz, i es
feia una correcci¢ de la distorsid entre les imatges de cada gradient de difusid i les

imatges sense difusid mitjiancant I'aplicacié de I'algoritme simple de Nelder i Mead.

Després es van definir les regions que es volien analitzar, utilitzant el programa
MRIcro (http://www.sph.sc.edu/comd/rorden/mricro.html) en els mapes de fraccid

d'anisotropia obtingudes en I'estudi del tensor.

Un cop ftractat el senyal, es va redlitzar I'andlisi del senyal ufilitzant un ajust
monoexponencial [Eq.1] i un ajust biexponencial [Eq.2] del senyal, en aquelles
regions que s'havien seleccionat, utilitzant 11 valors de b (0-7500s/mm2) i 6

direccions no co-lineals.

3 3
2 2 bijDjj
S s [Eq.1]
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En ambdds ajustos S es el senyal de la intensitat que depenen dels valors de b, i per

tant de la difusid, i So és la intensitat de senyal en abséncia de difusid.

La diferencia entre els dos ajustos és que en el biexponencial I'atenuacié del senyal
estd repartit en dos components: un que constitueix una difusid més rapida (fast) i un
altre que mostra una difusio més lenta (slow). D’aquesta manera es pot estudiar dos
moviments diferents que corresponen a una aigua en un entorn menys estructurat i
per tant que es mou amb menys restriccions i una altra tipus d’aigua en un entorn

més estructurat i per tant més lenta en moviments.

Utilitzant aquestes equacions es construeix un sistema d’equacions vectorials que

mesuren la difusi® de les molecules en varies direccions i que es van resoldre
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mitjancant la implementacié de Lourakis de I'algoritme optimitzat per Levenberg-

Marquardt. Després d'obtenir el tensor de difusié es fa la diagonalitzacié per tal
d’obtenir els valors propis (A1, A2, A3) i els vectors propis (/Tl,/TZ,/Tg) que serviran per
calcular la fraccid d’'anisofropia [EqQ.3] i la difusivitat mitja [Eg.4] de les regions

estudiades. En I'andlisi biexponencial s’obfindran els valors i els vectors propis, la

fraccio d’anisotropia i la difusivitat mitja per a cada component.

2 2 2
A=A +U1,-A +1, -1 A+ A, + A
FA:\/lé (1 2) 2( 2 23) 2(1 3) [Eqd; mp =-1 32 3 [Eq4]
M F AT+ A
11.6.2. Lesions en les imatges FLAIR: Andlisi amb Jim

Per identificar les lesions observades en les imatges T2-FLAIR es va utilitzar les plaques
de ressondancia on es van localitzar les lesions focals en la substancia blanca amb
una mida minima d'uns 3mm. Després es va mesurar I'area d’aquestes lesions
utilitzant el programa Jim (version 5.0, Xinapse Systems Ltd, Northants, UK,

www.xinapse.com).

11.6.3. Espectroscopia ‘in vivo': Andlisiamb LCModel

LCModel va ser el programa ufilitzat per a quantificar els espectres ‘in vivo' de
pacients i de rates (105). Aquest programa aplica un algoritme per quantificar, de
forma automatica, els espectres de protd. Aquest algoritme el va desenvolupar i
validar mitjancant estudis espectroscopics en mostres de referencia, cervell de rates
i cervells de voluntaris sans i van demostrar que es podia utilitzar en espectres d'alta i

baixa qualitat (106).

L'andlisi de LCModel es basa en comparar els espectres ‘in vivo' mitjancant un
espectre de referéencia. Per fer aquest espectre de referéncia, el que es fa és
readlitzar o simular els espectres individuals de cada metabdlit en les mateixes
condicions d'estudi (tipus d'imant, seqiencia d'adquisicié) i, mitjancant la
combinacid lineal de tots aquest espectres individuals, obtenir I'espectre de

referencia.

Al aplicar el programa en els espectres obtinguts s’obté la concentracié de cada

metabolit i la relacié de cada metabdlit respecte a creatina/fosfocreatina.
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11.6.4. Metabondmica: Andlisi de components principals

La metabonomica és una drea que genera molta informacid i aixd fa que I'andlisi
sigui complex. Les variables a estudiar sén per una banda tofs els punts de I'espectre
i per I'altra tota aquella variable que es vulgui relacionar amb els metabdlits ja sigui
altres variables bioguimiques, estats de la patologia o tractaments utilitzats. Aixo fa
que s'hagi d’'analitzar un gran nombre de variables per individu i per tant es
necessari utilitzar una eina per I'andlisi de multivariables com ['andlisi de
components principals. Aquest andlisi redueix la dimensié de les dades amb la
perdua minima d'informacio i és molt Ufil per obtenir models de prediccid (107). Per

fer aquest andlisi es va utilitzar el programa SIMCA (Ulmetrics, Umea, Suecia)

L'andlisi de components principals consisteix en fer una transformacié lineal del
conjunt de dades originals a un nou sistema de coordenades que depen del nivell
de variacié entre les variables. D'aquesta manera, en el primer component
principal es projectaran les dades amb mdaxima variancia, en el segon component,
ortogonal al primer, es projectaran les dades amb segona major variacid i qixi
successivament fins a definir tota la varidncia de les dades. Normalment es

necessiten més de tres components per resumir la informacié del conjunt de dades.

Els components principals depenen de la precisio (R2X) que explica la variacié de
I'ajust i augmenta amb el nombre de components, i del poder predictiu del model
(@Q2X) que incrementa fins a un valor maxim. Per tant, el nombre de components
gue defineix el model és un equilibri enfre la qualitat de I'ajust i la capacitat de
prediccio. Generalment, s’agafa com a valor de precisio aquell que explicava el
95% de la variancia de les dades. A més, en aquest tipus d'andlisi podem avaluar el
pes de cada variable original en cada component i qixo fa possible identificar

algun tipus d'agrupacioé entre les variables.

L'avantatge d'utilitzar aquest tipus d’andlisi €s que permet fer una avaluacié de les
dades de forma no supervisada, és a dir, sense necessitat de tenir un coneixement
previ de les dades. Tanmateix, es poden realitzar un andlisi de supervisi6 com ara
I'andlisi discriminant a través de la prediccié d'estructures latents utilitzant minims

quadrats parcials (PLS-DA). Aquest andlisi permet distingir les diferencies entre els
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grups i per tant, requereix un coneixement previ dels grups de les mostres o classes

per tal de desenvolupar el model de prediccid (Figura 11.9).
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Figura 11.9 Andlisi de components principals: no supervisat (esquerra) i andlisi discriminant

PLS-DA (dreta)

11.7. Andlisi estadistic

El programa utilitzat per a fer I'andlisi estadistic va ser el Sigma Stat. Es van utilitzar les

proves parametriques i no parametriques comuns segons el tipus de comportament

de les variables analitzades i es va considerar com a diferencia significativa una P<

0.050.
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ABSTRACT

faute liver fallure (ALF) is frequently complicaied by the development of brain edema that can lead 1o
intracrantal hypenension and severe brain injury. Neurolmaging technéques allow a pone-invasive assess-
meit of beadn tissue and cerebral hemodynamics by means of transcranial Doppler ultrasomography, mag-
netic resonance and nuclear imaging with radiodigands. These methods have been very helpful to unravel
the pathagenesis af this process and have been applied to patients and experimental models. They allow
e Eor g the outoome of patients with ALF and newroboghcal manifestations. The increase in bradn water
can be detecred by observing changes in brain valume and disturbances in diffusion weighted imaging
Neurometabalic changes are detected by magnetic resonance spectroscopy, which peovides a pattern of
abnormalithes characterized by an increase in glutamine and a decrease in myo-inositol. Disturbances in
cerebral ood (low are depicted by SPECT of FET and can be monilored and the bedside by assessing
the characteristics ol the wavefoom provided by transcranial Doppler ultrasonography. Neoroimaging
methods, which are rapidly evalving, will undoubtedly lead 1o fature desgnostic and therapewtic progress

that could be very helpful for patients with ALF,

1. Introduction

The development of new technologies that allow in vivoe assess-
ment of brain morphology and function have been crucial for a bet-
ter understanding of the pathogenesis of a varety of newrological
disorders. These methods include microscopic information using
techniques such as confocal microscopy or biophotonic imaging:
as well as morphological, physiological and functional information
uding transcranial Dagpler (TCD), computed awal tomography (CT)
of magnetic resonance (MR] ar images provided by radioligands
detected by positron emission tomography (PFET) or single ploton
emission computed tomography (SPECT L. These methods are being

Abbrrviation: ACLF, acute-oa-chiionic liver laileie; ADC apparent dilfuison
coe{Bciem; ALF, spure bver fadune; CAF, cevebwal blood floew; Cho, choline
n:-'npnurhi: CLF, chronic lver Lailure; CFF, certwal perfusion pressure; O, creatine

i CT, eompnated vomography; FA fractiona) aniotregn: Gl glitimate
am1 ’_Iu.ﬂﬂlr‘l HE. heputic eocephalopative ICF, istracranial pressuse; MO, mean
diflusivity: mlns, myo-inatitol; ME magnelic rescnance; MEL mugnetic ivsonance
imaging: MES. mugnetic resonance pectrestopy: NAA N-acetylapariaie; PET,
poaitron emition omography: SPECT, singhe ph puded Bnmaog-
raphy; TCD, kranacranial Doppler.
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progressively applied 1o imvestigate brain disturbances in acule
liver Railure (ALF)L Most of the data curmently ariginate of experi-
mental medels, which have benefit from the increasing availability
of imaging resources for small animals, Studies in patients with
ALF are scarce, because these patients are commaonly in a critical
condition. where neursimaging investigations are difficult to per-
form, Extrapalation of the results in chronic liver lailure patients
with acute HE have been very helpful.

I this artiche we will feview the data peovided by dilferel neu-
roimaging methids in patients and experimental models of ALF,
Some data are controversial and have not béen widely reproduced:
differences among experimental models may explain part of the
divergences. In spite of these caveats, the findings are discussed
in relation 0 our currenl understanding of brain disturbances in
ALF andl how they may be helpful for futune developments in the
field.

2. Neuroimaging methods

2.1, Counpurted tomography (CT)

This a clinical fast technigue that offers high-resolution imagoes
giving anatomical information related to bones, soft tissue and
hlood veswels to identify global abnormalities, n addition o
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outlining of organs or tumaors with the administration of iodized
contrast agents. The major value of CT is that is easy available
and 5 a fast method to investigate changes in brain structuee, Dur-
ing the procedure, it is possible to monitor the dlinical status of the
patient, better than during MR, For these reasons, CT is very useful
for the diagnosis of intracranial complications, such as cercbral
bleeding or cerebral herniation [ Kumamato et al., 2009]. However,
CT is less sensitive than MR to detect mild to moderate brain ede-
ma and does not allow the performing of additional technigques o
investigate biochemical or functional abnormalities,

22 Mognebic resonomce (MR}

MR is hated on a property of the nuclei of certain atoms (most
usual isotopes are "H, "'P, *"Na, ''C}, which absorb the energy at a
selective radiofrequency under very powerful magnetic fields,
Release of this excess of energy induces an electrical signal thar,
properly processed, will yield an image [ magnetic resonance imag-
ingz, MEI) or a spectrum that enables metabolic analysis of a tissue
[magnetic resonance spectroscopy, MES] Since MR is sensitive 1o a
high number of nuclei physicochemical properties, it is able to give
interesting morphological and physiological information as well as
in vive metabolism, Morphological information is obtained mainly
from T1-, profen density- and T2-weighted images.

Diffusion imaging is a variant of MRI that is sensitive o the
restriction of local warer diffusion. It offers quantitative informa-
tion of water motion [apparent diffusion coefficient, ADC, or mean
diffusivity, MD) and structural integrity (fractional anisotropy, FAL
Diffusion siudies are also capable of detecting damage (o neuronal
traces, because the damage affects the diffusion of warer along the
axonal fracts, This damage is reflecied in FA. Moreover, MR allows
the assessment of changes in local blood flow and haemoglobin
oxygenation by functional MR and provides mapping of the
functional centers of the human brain. In paticnts with chromic
liver failure, ME has been applied in an important nomber of
studies. One of the most characteristic findings s a high signal
on Tl-weighted images in the globus pallidus that can spread oo
other nuclei (Rovira et al, 2008) and has been attributed to manga-
nese accumulation secondary o portal-systemic shunting [Kose
et al, 19931 The process of manganese accumulation is show and
relates to the development of Parkinsonizm (bradykinesia-rigid-
ity For this reason is usually not seen in ALF. However, one resaort
describes high T1 signal and reversible Parkinsomism in one patient
that developed ALF secondary to hepatitis E (Aggarawal et al. 2006

MHES is an analytical technique to determine metabolic
compounds of different blobogical tssues that is wsed to dentify
metabolic patterns of some disorders, Changes in the brain spec-
trum are typical from some disorders, such as hepatic encephalop-
athy (HE) (Kreds et al, 1992) Some of the metabolites of the
spectrum that can be easily identified in the specirum of healthy
brain are M-acetylaspartate [ NAA) glutamate and glulamine, crea-
tine and phosphocreatine (Cr), choline-containing compounds
[Cha), mya-ineddted (mins). However, it is important 1o note that
glutamine [one of the metabolites implicated in ALF) shows a peak
that cannot be separated easily from glutamare with the 1.5-3
Tesla MB systems, For this reason, glutamine and glutamate are
wsually grouped and referrsd as Gl Several methods have been
applied for quantifying the changes in the peaks of the spectrum;
the most widely applied is the comparison of the peak of interest
1o the peak of creatine.

23 Nuclegr imoging techniqures

These techniques consast of assessing the signal generated by
radisisotopes that are administered intravenously with PET ar
SPECT. The radicisotopes are linked to molecules, such as

deoyglucose, which allows following the metabolism of these com-
pounds and obiain functional and metabolic information of the
brain, The most relevant limitations are the gpatial resslution that
are capable to generate and the lack of information about the ana-
tomical structures and the detected metabolic data

PET gives quantitative data of isotope distribution (nCifmL}; the
main isotopes used to study brain function are "0, PN, "'C, and
8E, In contrast. SPECT provides only relative measurements of
the radioactivity (counts/mL) and uses uncommon biological ele-
ments such as **mTe, Howeever, SPECT is mone HS'IL'.' avaailable
amd less expensive than PET. One recent application is bimadal
imaging that combines the anatomical images of CT or MR with
functional images of PET, Examples of the use of this methodology
are the ""N-ammonia PET studies that have been performed 1o
imvestigate brain ammonia metabolism in cirrhosis. These studies
have shown that intracellular metabolism of ammonia increases
in patients with cirrhosis and overt HE. which is in accordance to
the important role of ammonia in the pathogenesis of HE (Iversen
et al, 2009, ""N-ammonia PET studies have not been undertaken
in patients with ALF,

24 Transcranfal Doppler (TCO)

TCD is a noninvasive device which can continuously measure
cerebral blood Aow vebocity (CBF), producing a velocity-time wave-
form that indirectly moniters changes [ cerebral hemodynamics,
including intracranial pressure (ICPL In addition, TCD avoids the
risks of hemaorrhage and infection that are associated with ICF mon-
ltors. Blood fow velocliy is recorded by emitting 3 high-pliched
sound wave from the ulirasound probe, The speed of the blood in
relation to the probe causes a phase shift. TCD does not allow
assessment of CBF, because the velocity of blood depends on the
diameter of that vessel that is variable, but is useful to estimate rel-
ative changes in flow and has become part of the monitoring anma-
mentarium in neunocritical units. By assessing the velooity-time
waveform it s possible to Indirectly monitor changes in cerebiral
hemodynamics, such as ICF and cerelbral perfusion pressure (CPP).
The waveform has two phases namely a systolic double peak and
a diasiolic depression. The morphology s affected by cerebral
hypertension and parallel changes in CM* { Aggarwal et al., 2008},

25 The brain in ooute liver failure

Ther hallmark of ALF is the development of a decrease in con=
sciousness that is attributed to an insufficient liver function. This
situation that is identified as HE is different from a series of distur-
bances that are comman in ALF and that may impact directly on
brain function, such as hypoglycemia or sepsis. The mechanisms
that generate HE in ALF are in many ways similar to those present
in chronic liver fallure. Liver failure impairs several metabolic
pathways and incocases plasma levels of substances, such as
ammonia, which is considered a key factor in HE. Other features
of major pathophysiological impartance are the activation of a sys-
temic inflammatory response, circulatory dysfunction and lailure
of other organs that can cause directly disturbances to brain func-
tion, These disturbances induce brain edema, which has an impaor-
tant e in ALF, cause newrometabolic changes and impact on CBF
amd neursenergetics.

2.6. Brain edeman in ALF

Traditiomally, intracranial hypemension secondary to brain ede-
ma was congidered the main cause of death in ALF (Jalan et al,
2004 L Improvements in the intensive cane management of patients
with ALF have been associated with a decrease in the [requency of
this complication that nowadays is responsible of death in less
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than 25% of patients {Wendon et al., 2010 The increment of cere-
bral water content in ALF has been dlearly documented in different
experimental models and several species with different methods
(Cauli et al, 3011; Chatauret ot al, 2003; Chavarria et al., 2000;
Swingmann et al., 2003, 2004). Assessing brain edema in humans
s difficult, due 1o the difficulty of stedying critically-il patients
and to the low sensithvity of clinically available neuroimaging
methods. One aspect that is important to separate is brain edema
{an increase of the amount of water in brain parenchyma) from
intracranial hypertension, which requires invasive monitoring
catheters. Brain edema leads to an increase in brain volume, which
CAN CAUSE A rise of the pressune inside a righd skull if it i not mit-
igated by a compensatory decrease in the volume of other com-
partments [such as cerebrospinal fuid or cerebral blood volume)
Furthermore, intracramal hypertension may be exacerbated by
sudden rises in cerebral Blood velume, secondary o vasodilatation.

CT and stanclard MR may reveal changes in the volume of brain,
such a decrease in the size of ventricles, ingurgitation of brain con-
volutions and attenuation of the signal intensity of brain paren-
chyma. However, mild to moderate accumulation of water may
not become apparent as shown in studies in patients with chronic
liver failure. Patients with cirrhosis exhibit mild chronic edema
that can be demonstrated indirectly with magnetization transfer
ratio (Rovira et al., 2001 L Studies comparing the brain of patients
before and after liver transplantation show an increase in the size
of the ventricles and a decrease in white matter lesions that are
compatible with resolution of mild edema after liver transplanta-
tion (Garcia-Martinez et al, 2010L The increase in brain water
has been confirmed with water quantification maps, a sophisti-
cated method of MR that measures directly the amount of water
im the vissue (Shah et al. 2008

Brain edema can be secondary to a cytotoxic mechanism that
causes an increase of water inside the cell (generally the astrocyie],
such as hypoxia or hyponatremia, Alternatively, brain edema can
be caused by an increase in the flow of water that cresses the
blood -brain barrier and accumulates in the interstitial compart-
menl (vasogenic edema), such as edema secondary 1o brain tumors
{Fig. 11 MR diffusion techndques are able 1o distinguish changes in
the distribution of water between the intracellular and the extra-
cellular compartment (Schwarce et al, 2007; Sevick et al, 1992
An increase in the ADC can be interpreted as an increase in the
amount af water i the extracellular companment, while a
decrease as a rise in the intracellular compartment,

Diffusion weighted studies in expermental models, have shown
signs consistent with cytotoxic edema in rats with ALF secondary
to devascularization or to the administration of galactosamine
{Cauli et al, 20011; Chavarria et al. 2010) In bath studies, the

progression o coma was associated with an increase in the
amount of brain water and a decrease in ADC [Fig. 2). These find-
ings are consistent with the observation in astrocyie oultures, in
which the exposure to ammaoenia resulis in cell swelling. In addi-
tion, experimental models of ALF show normal permeability of
BEE to small mobecules (Chavarria et al., 20000 However, some
studies have found regional differences in ADC, and it has been
proposed that cytotoxic and vasogenic edema may coexist and af-
fect dilferent regions of the central nervous system, One study in
the galactosamine model has shown an increase in ADC in the cer-
ebellum associated with an increase in the permeability 1o Evans
Blue, supporting breakdown of the Wood-brain barrier (Cauli
et al, 2011} Similarly, in a rar model of acute ammonia infusion
there were different results depending on the studied brain area,
some areas exhibited a decrease in T1 and T2 relaxation times
while others an increase in ADC (Cauli et al,, 20071 A comprehen-
sive review of Bood-brain barrier integrity and funcrion in exper-
irmental and human ALF has been recently published (Nguyen et al,,
this isswe).

In paticnts with ALF, diffusion weighted imaging have lound
signs consistent with cytotoxic edema (Rai et al. 2008; Ranjan
et al. 2005; Saksena et al. 2008; Saraswat ot al, 2008). The ADC
or the mean diffusivity (MDY [indexes of water movemnent), have
been found decreased in four studies (Table 1) As in some exper-
imental preparations (Chavarria et al., 20000, these changes were
et reflected in T2-wreighted images (Table 2). However, according
to one study wsing diffusion tensor imaging, a mixed pattern may
also be present. In thar study, the spherical isotropy increased in
association with changes in the fractional anisoiropy thai was
probably due to the dilution effect caused by the rise in extracellu-
lar water content {Rai et al, 2008).

According to clinical observations, the normalization of brain
edema may be a show process, In one study in ALF patients that re-
peaved diffugion tensor imaging at 3 weeks, when patients exhib-
ited a complete clinical recovery, MB parameters were still
abnormal {Bai et al, 2008). Similarly, the adminkstration of manni-
1ol 1o five patients with raised intracranial pressure was no fol-
lowed by any effect on brain edema determined by diffusion
tensor imaging soguired 45 minutes after completing the mannigol
injection (Saraswat et al, 2008).

The results of diffusion weighted imaging in ALF are oppesite (o
those obtained in chronic liver filure, where ADC is increased
(Revira et ak, 2008) and T2-weighted images show locused hyper-
mntensities, However, a mixed pattém may alsa be present in this
situation. A biexponential analysis of diffusion images suggests
the coexistence of interstitial and intracellular edema. One expla-
nation to these apparently divergent findings is the predominance

CYTOTOXIC

[ =]

VASOGENIC

Pl 1. Schema of Brain edema mechaniyms: cytotenic {the rse of intracelhilas water) and vasngesic |1k rise of interstitial weaterl
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Ersodcrgies: ATT. angitubernslar chevapy; HAY, Bepatieis A virus: HBY, hepaticts B wina:; HOV, hepatitis © vimesess HEY. hepaistis E wins

MEL TIWL

Td-veoighied images. SOC apparent diffusion coelBoieni: NI, mean diffusteity; FA, aoional anisoiropy; O, spherical soiropy.

MRS ratio i3 made yersus creating. Cho, choling compaands; Gix, glutamane and glutamade; Gln, glutaming; Lac, lactates mns. supo-incsiiol; MAA, N-aoerylaspanate,

' Changes depend on rhe stsdied region

of cytotoxic mechanisms in the acute setting. probably in relation
1o an abrupt exposure b ammonia, and vasogenic mechanisms in
the clronbe situation, possible secondary 1o inflammatory media-
tors alfecting the function of nght junctions (Nguyen et al, 20061

3. Brain metabolism

Sewveral brain metabolites may be determined non-invasively
in vive applying brain "H-spectroscopy. Liver failure is associated
with a charactenistic pattern that incledes an increase in the peaks
that correspond to glutaming and a decrease of the peaks thar are
amociated to choline containing compoands [ Saksena of a1, 2008;
Saraswal et al, 2008; Sijens of al., 2008; Verma et al, 2008) (Table
1L In additbon, they may be some differences between acute and
chronec Hver [allure. Verma and colleagues performied an in viva
MES study to revise divergences between ALF, acute-on-chronic
liver Bailure (ACLF) and chronic liver failure (CLF). They showed a
significant  increase in GlxfCr  according to the severity

[ALF = ACLF = CLF = controls) and a reduction of ChaCr, without
any significant differences between ALF, ACLF and CLF. NAACr
and mins/Cr did not change compared 1o controls values in ALF
patbents while decreased in ACLF and CLF patients (Verma et al,
2008)

The best explanation for the changes in ME-spectrascopy |5 that
cofrespond 1o the effects of ammonia metabolism in the brabn,
where ammaonia is metabolized to glutamine. The drop in choline
and myo-inositol i uswally understoosd 4% an GSmMotc Compensd-
oy response to the intracellular increase in glutamine and water.
The differences in myo-inositol between the acute and chronic sit-
uateon could account for the show regulatory process that invaolves
mya-inositol [Cordoba et al, 1996), In general, NAA is considersd a
neuronal marker that is not affected unless the presence of some
defrde o neurodégensration and brain atrephy |[Garca-Martines
et al, 2011}

Many studies have been performed in experimental models to
evaluate brain metabolism using "H, '°C and " spectroscopy
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* Changes depend oo e studied fegion

(Table 2} tn addition of corroborating the disturbances described
in humans, a common fAnding is signs of disturbed energy metab-
aolism (Barba et al., 2006], The most conspacuous disturbance is an
increase of Lactate in brain tissue, which has also been demon-
strated in patients with ALF using a brain microdialysts system in
the interstitial fluid (Tofteng et al., 20021 The increase in brain lac-
tate, which has not been demonsirated in CLF, is most apparent in
the advanced stages of HE.

In vive studies have confirmed the increase of lactate at late
stages of ALF (Chavarria et al, 20010} {(Fig. 2L The arigin of this in-
crease appears o be ‘e nove’ synthiesis as could be cormoborated by
"C-spectroscopy after the njection of of U-"*C-glucose (Zwing-
mann et al., 2003 ). Lactate is a substrate produced by ihe anaerobic
via of glucose metabolism and classically, was defined as 2 bio-
marker of mitochondmal impairment. However, eeceml stodies pro-
posed astrocytic lactate as a precursor of newronal pynavate
{Pellerin et al., 2007) that may be stimulated by enhancement of
the glutarmine synthesis due (o ammonia uptake,

4. Cerebral blood flow

CBF in ALF is a dynamic process that is affected by multiple fac-
tors and that has major impact on the viability of brain tissoe. In
normal conditions, CBF remains stable in spite of changes in CPP
(the difference between mean arterial pressune and ICF) due o
compensatory changes in the diameier of cerebral arterioles. This
process, which is known as autoregulation, has been shown to be-
come impaired in bver failure and in hyperammaonemia |Larsen
cf al., 2000] The variations in CHF in ALF have been proposed (o de-
velop ina pattern that includes five phases: (1) low CBF (secondary
1o a decrease in cerebral metabolic rate ol oxygen) and normal 1ICPF;
(2] high CBF [probably secomdary to loss of autoregulation] and
normal ICP; (3] high CBF (probably secondary to brain energetic
Failure) and high ICP (enhanced by the increase in cerebral blood
valimel; (4) low CBF (secondary to low CPP) and high 107 and
(5] brain death [the comsequence of high ICPF and insuffickent
CPI*L This model assumes that the CBF changes precede and con-
tribute o an elevated 1CPF and beain swelling and is supported by
the results of a retrospective study in 26 paticnts (Aggarwal
et al, G

Siivce, CRF i 40 variable, it is of help to have systems (o monitor
CBF and assoclated changes in cerebral hemodynamics. TCD has

been shown to be of help i this siteation. In a retrospective study
in 16 patients with ALF that underwent simultaneous moniboring
of intracrantal pressure identified several features of the wavelorm
obtained by TCD predicted CPP and 1CP (Aggarwal et al., 2008)
Simdlar encouraging findings have been reported in short observa-
tional series. An addivional method that may help 1o monitor the
consequences of insufficient CBF in brain tissue is the assessment
of tissue oxygenation by near-infrared spectrophotometry [Mielsen
ot al.. 2003), The rale of non-invasive monitonng of cercheal hemo-
dynamics in ALF is not folly established (Bindi et al., 2008], How-
ever, it may be of help in guiding therapeutic interventbons, such
as mechanical hyperventilation {Srawss et al. 2000), perfusion of
noradrenaline (Miclsen b al. 2003} or moderate hypoihermia
(Jalan et al., 2004

5, Conclusion

Newroimaging technologies are approgriate and valuable for the
mumitoring of ALF complications such as CBF by TCD, brain edema
evolution by diffusion technabogies and brain metabalism by spec-
troscopy or nuclear imaging. These technologies ane in continwears
evolution; a better understanding ol biophysics and neurophysiol-
oy basis of these technologies help 1o understand the pathogene-
sis of brain disturbances in ALF and will lead o new ways of
diagnosing and monitoring the effects of new freatments,
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Metabonomic Analysis in Liver Disease [E-book]
CHAPTER 7

Metabonomic Analysis in Liver Diseases

Laia Chavarria, **Ignasi Barba;* "Juan Cérdoba"*?

Liver Unit, Hospital Vall Hebron, Barcelona Spaf@entro de Investigacién Biomédica en
Red de Enfermedades Hepaticas y Digestivas (CIBEREHD), Instituto de Salud Carlos I,
Madrid Spain’Departament Medicina. Universitat Autdbnoma de Barcelona, Bellaterra,
Spain,*Cardiology Unit, Hospital VVall Hebron, Barcelona Spain

Abstract: Metabonomics is a new technology that provides rapid, accurate and precise analysis of
a large number of metabolites in biological systems. Using multivariate analysis and pattern
recognition, it provides a direct unbiased measure of biochemical consequences of a pathology or
a drug treatment. The integration of the all ‘omics’ information (genomics, transcriptomics,
proteomics and metabonomics) can provide knowledge for better understanding of biological
systems and may lead to the generation of new mechanistic hypotheses to explain the
development of pathologies. In this chapter, we will give an overview of the basic principles of

this new technology and provide examples of applications in liver diseases.

TABLE 1. Definitions of terms used in metabolomics analysis

Term Definition

Metabolomics Identification and quantification of all metabolites in a biological
system

Metabolomic profiling Identification and quantification of metabolites implied in a

biological pathway

Metabolomic fingerprinting A global analysis that provides a classification model

Metabolic footprinting A specific analysis of secreted/excreted metabolites by an
organism

Metabolic target analysis Analysis of metbolites related to a specific reaction

Metabonomics Analysis of metabolites in response to pathophysiological

stimuli (disease or therapeutic treatment) or genetic modification

Lipidomics Analysis of all lipids and molecules that interact with them
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INTRODUCTION

The availability of complete genome sequences has led to the development of new ‘omics’
technologies including transcriptomics, proteomics and metabonomics. These technologies
provide useful information for the investigation of new diagnostic biomarkers and for the
evaluation of disease progression and therapeutic effectiveness. Moreover, it may lead to
generation of new mechanistic hypotheses to explain the development of pathologies (Fig. 1)

(1),

Gene q

- ——
E sam B ’?“-&55

mRNA q Proteins q Metabolites

Il

&

Il

a

Genome Transcriptome Proteome Metabolome
y oo
a *9
-
DNA/RNA microarrays 2D DIGE  NMR spectroscopy

Figure 1. Schematic representation of the ‘omics’ technologies. The metabolome can be seen
downstream of the genome, transcriptome and proteome.

Genomics provides information about the genotype of a large number of species and
contributes to the development of functional genomic techniques such as transcriptomics, to
the study of gene expression, or proteomics, to the evaluation of protein translation and post-
translational modifications (2JHowever, many genes are not under transcriptionairalp
suggesting that an approach based solely on transcriptomics is inadequate. Also, unraveling

the proteome of an organism remains an immense technical challenge (3).

Metabolomics is a new technology that yields a snapshot of global metabolism and defines
phenotypes based on measurements of metabolite concentrations and fluxes in cells/tissues
(interaction between the genetic activity, protein activity and metabolic activity). Whenever
possible, the analysis takes into account that biologigatems also depend on external
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factors such as other genomes (symbiotic organisms) or metabolic responses from multi-
cellular systems (pathophysiological stimuli or genetic modification). Likewise,
metabolomics assessment of differences between normal and pathological metabolic profiles
may improve our understanding of the disease process or predict metabolic consequences of

gene modifications (4).

Classically, this technology was classified by Nicholson & Wilson (5) in two terminologies:

1) Metabolomicsdefined asthe measurement of metabolite concentrations and fluxes and
secretions in cells and tissues in which there is a direct connection between the genetic
activity (gene expression), protein activity (proteome) and metabolic activity itself’; 2)
Metabonomicsdefined as ‘the quantitative measurement of the multivariate metabolomic
responses of multicellular systems to pathophysiological stimuli or genetic modifications’.
Later, other authors used other terminologies in order to explain the different aspects of
metabolomics, for example Fiehn (6) used metabonomics, metabolomic profiling and
metabolomic fingerprinting and Ellis and coworkers (7) also used metabonomics,
metabolomic profiling, metabolomic fingerprinting and metabolic footprinting, metabolic

target analysis, metabonomics and lipidomics (Table 1).

An advantage of metabolomics over other ‘omics’ techniques is that the metabolome is
downstream of the genome and the proteome and thus it more closely resembles the
phenotype (8). It has been shown, using metabolic control analysis, that small changes of
enzyme activity, and therefore their expression, may have little or no effect on metabolite
fluxes but could lead to substabtial changes in metabolite concentrations (9). Moreover, while
genes and proteins are specific for each organism, metabolites are virtually the same in all
organisms. Thus, the study of metabolites is useful for translational research because findings

in lab animals can be directly transferred to the clinical environment.

All expressed phenotypes depend on the constrains imposed by the enviroment and the
identification of all these restrictions defines phenotypic states. Metabolic networks have
more thermodynamic and stoichiometric constraints than signalling networks, and,
consequently, metabolomics provides a more basic approach to understanding biological
systems (10). All these facts make metabolomics an attractive option, especially because there

are only 2766 metabolites per 31897 genes in humans (11).
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Another advantage of metabolomics is that it is much cheaper on a per sample basis and with
higher throughput compared to transcriptomics and proteomics. The major challenge of
metabolomics is the experimental design in order e.g. to determine adequate variables and

sample size (12).

Metabonomics is a rapid, accurate and precise analysis of metabolite data which yields an
unbiased measure of biochemical consequences of drug effectivity/toxicity, disease processes
and gene functions. Data analysis is not basead pniori knowledge of physiological or
pathophysiological models and thus provides unbiased information of complex biological
systems. Integration with physiological studies (as for example described in Chapters 3, 4, 12,
13) and studies using other ‘omics’ approaches (13) will ultimately lead to improved

understanding of biological systems.

DATA COLLECTION

There are two main approaches in metabonomics, profiling and fingerprinting (Table 1).
Profiling is based on quantitative analysis of all metabolites involved in a biochemical system
(14). Fingerprinting is based on the determination of characteristic metabolites of a
biochemical system “snapshot” (15).

Metabolites are of a very heterogenous chemical nature. There is no single technical approach
that allows to detect all of them and thus very different detection methods have been used,;
these include enzymatic analysis, infra-red spectroscopy, Raman spectroscopy, thin layer
chromatography, high performance liquid chromatography (HPLC) (16;17), mass
spectroscopy (MS) and magnetic resonance spectroscopy (MRS). Until now, metabolomics
has mostly been based on MS and MSR because these methods provide measurements of a

great variety of metabolites in each analysis.



[Annex II] I 153

TABLE 2. Comparison between mass spectroscopy (MS) and magnetic resonance
spectroscopy (MRS)

Advantages Disadvantages
Identify similar substances lonisation method
Determine molecules in low concentratipPrior separation of a mix
MS High sensitivity
Quantitative analysis
Non-ionisation method (non-invasive) | Low sensitivity
MRS Studies of mixtures

In vivo studies

Quantitative analysis

Mass Spectroscopy

MS is an analytical technique to determine the sample composition by measurement of the
mass-to-charge ratio of particles that have been ionised e.g. by an electron beam (18). MS is
usually coupled with a metabolite separation method such as gas chromatography where
analytes are separated by their boiling point, or liquid chromatography where analytes are
separated by their chemical properties (hydrophobicity, hydrophilicity or charge) or capillary
electrophoresis where analytes are separated by the mobility of their electrical charge (Table
2) (19).

An advantage of this technique is that it provides high sensitivity for detecting metabolites at
physiological concentrations. For example, MS coupled with HPLC has instrumental lower
limits of detection in the 25-75 pg range, and lower limits of quantification in the 75-250 pg
range. The lower limits of quantification in human samples is on the order of ritniml L

umol L* (20). On the other hand, the presence of a separation method prior to the detector

implies that only a pre-defined group of metabolites will be detected.

Magnetic Resonance Spectroscopy
MRS is a non-ionising analytical technique associated with magnetic resonance imaging
(MRI). It is based on proton resonance of the molednlgs/oor in a biological sample (21)

in order to determine metabolic compounds. It does not require any separation before analysis
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(Table 2). Hydrogen is usually the nucleus studied by magnetic resonance, but other nuclei of

biological interest can also be used suct@s®*'P, *°F and™N.

Briefly, when a biological sample is placed in a magnetic field, the nuclei (for exam)pbé

the molecules can absorb radiofrequency radiation and the nuclear spin transits to an elevated
energy level. During spin relaxation, there are emissions of photons proportional to the
magnetic field ¢; in Hz); the spectrum is a representation of these emissions. Each nucleus
within a molecule will sense a slightly different magnetic field due to its particular
environment. Thus, in a spectra the frequency, which is typically plotted as chemical; shift (

in ppm), is a characteristics of an atomic nucleus allowing for metabolite identification (Fig.

2).
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Figure 2. Typical '"H-MR spectra of metabolites in the brain cortex of rats with portocaval
anastomosis  obtained at 94T  (400MHz). All  metabolites are referred to
trimethylsilyltetradeuteropropioniate acid (TSP) at 0.0 ppm. Only the aliphatic part of the spectra,
between 0 and 4.5 ppm, is shown. Abbreviations: lac, lactate; ala, alanine; GAsBAnobutiric

acid; glu, glutamate; gln, glutamine; asp, aspartate; cr, creatine; cho, choline; glc, glucose; tau, taurine;
mins, myo-inositol.
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An advantage of MRS is that metabolic markers discovered and anatyséd can be
measuredh vivo. A recent study of acute liver failure in rats determinedrthevo alterations

of brain metabolites involved in this pathology (22). MRS can routinely be performed in the
human brain and metabolic fingerprinting has been carried out in patients, particularity in the
field of cancer (23-26). In adition, magnetic resonance spectroscopic imaging (MRSI) is a
new approach which focuses on a segment of the metabolome by analysing a few selected
metabolites to comprise a specific biochemical pathway (27) (Fig. 3). Another way to study a
specific alteration of a particular pathway is through the follow-up of metabolism using

labelled substrates such’d€-labelled precursors [22], see also Chapter 12.

(a) T2WI (b) YOI region (¢) MR-glc (%%)

80 100 120 140 160 180 200 220

Figure 3. Example of'H-MRSI from a high-grade mouse glioma, with PRESS localisat&nT 2-
weighted reference image (T2WI) of the mouse brain with overlaid volume of interest (VOI, blue
square) for MRSI includes most of the tumour regidm. Enlargement of the PRESS-VOI region,
where a 10 x 16H-MRSI matrix and respective spectra are displayedM@ap of time-course MR-
detectable glucose changes in the VOI region, during induced acute hyperglycemia, color-coded
according to the scale displayed (MR-glc, %); tumour borders marked with dashed line. Maps could
be drawn for each metabolite identified in the spectra. Modified figure from [21].

Biological Samples
Metabonomic analysis can be done with most types of biological samples such as cell cultures
(28) tissues (29) or biofluids (plasma, urine, cerebrospinal fluid, the vitreous humor) (30) and

it can also be performed vivo using, for example MRS measurements (31).
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DATA ANALYSIS

As with other ‘omics’ approaches, a metabolomic dataset consists of a huge number of
variables (MS or MRS peaks) compared to the number of samples. Statistical analysis usually
comprises multivariate data analysis such as principal component analysis (PCA), allowing
for pattern recognition. PCA reduces the dimensions of a dataset with a minimum loss of
information and is mainly used to explore the dataset and to build predictive models (32).
PCA implies linear transformation of the original variables of the dataset to a new coordinate
system in which the largest variance of the dataset is referred to the first axis (first principal
component; PC1), the second largest variance is referred to the second orthogonal axis
(second principal component; PC2) and so on. The projections of a dataset comprise a score
plot. The score plot is interpreted by use of a loading plot that shows the weight of each
original variable for each component whereby it becomes possible to indentify some kind of

grouping variables (Fig. 4).
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Figure 4. Chart of a typical chemo-metric approach used to cluster NMR data. (a) Unsupervised
classification method (Principal Component analysis) is used to see any major trends in the dataset. (b)
Supervised classification (Discriminant Analysis) shows clustering or outliers related to a variable of
interest. (c) Cooman's plot shows the separation of two different groups (i.e. Meatthgdisease).

Thick lines mark the 95% confidence interval for the samples belonging to a particular group.

Frequently, more than three components are necessary to summarise the information of a
dataset. The number of principal components chosen for the analysis depends on two
parameters: the goodness of fit accuraciXjRand the goodness of prediction?Q. While

the RX parameter explains the fitting variation that increases with the complexity of the
model, GX explains the predictive power of the model that increases until a maximum value.
Therefore, the number of chosen components defines the model with optimal balance between

the goodness of fit and the predictive ability.
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PCA is an unsupervised technique to assess the variation of the dataset without any prior
knowledge of the samples (Fig. 4). However, if specific questions are being posed, supervised
techniques such as prediction to latent structures through partial least squares (PLS) may be
more appropriate (Fig. 4). These supervised methods require a knowledge of the sample class
to develop a projection model in which dependent variables are chosen to represent the class
membership (33). Discriminant analysis is a method for distinguishing differences between
groups (Fig. 4). This analysis first uses a training-set of data for the establishment of rules for
classification and features of each data entry. Then these features are combined to maximise
the separation between the classes in the training set while keeping intra-group variation at a
minimum. The objective is to obtain the decision boundaries with which the subsequent
prediction model will work. However, if this part of the analysis is based on a small number
of samples, the prediction model may be biased due to a selection of the variability of the
samples in the training set. Consequently, application of such a prediction model to other data
sets may result in a biased fit and an incorrect prediction. Therefore, the model has to be
validated using an independent test set of individuals of unknown classes to assure the correct
prediction of the model (34). In addition, there have been described data filter procedures that
can be used in discriminant analysis to further improve separation between groups such as the
orthogonal signal correction (OSC) (35).

METABONOMIC APPLICATIONS
Metabonomic analysis is used in a variety of studies to establish pattern recognition as a
diagnostic tool, a system to monitor pharmacological treatment, or to determine silent

mutations.

In basic research, metabonomics is used in a great variety of studies. For example, the
FANCY (functional analysis by co-responses in yeast) approach can reveal the phenotype of
silent genes by the metabolic comparison of mutations (36). This study showed that mutations
with no changes in growth rate or substrate utilisation had different levels of intracellular
metabolite concentrations. In this case, the metabonomic approach provided extra information
not provided by transcriptomics or proteomics. The study showed that more knowledge about
the function of unstudied genes could be obtained through metabolic analysis.

One objective in metabonomics is to classify biological variables by pattern recognition

analysis and to find useful biomarkers for diagnosis. Brindle and co-workers used this
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approach to predict coronary artery diseases and to determine the severity of the disease by
means of the analysis of blood composition (37). They used MR-based metabonomics to
identify small molecules such as the levels of various lipids as risk factors involved in
coronary heart diseases. This study determined two partially overlapping clusters that
distinguished between patients with triple vessel disease and patients with normal coronary
arteries by discriminant analysis (PLS-DA). They identified the main metabolites that allowed
for setting these groups apart. After the application of OSC, patients were well separated and
a predictive model was constructed from the data of fifty-four patients. This model predicted
class membership of unknown samples with a sensitivity of 92% and a specificity of 93%. In
addition, it was unnecessary to fully understand the molecular differences of the patients’
spectra for a correct classification. The high sensitivity, specificity and simplicity show the
power of this technique for screening and diagnosis of human metabolic disorders. However,
in a subsequent study Kirschenlohr and co-workers (38) found that the classification model
was biased since gender and statin treatment were factors of interference which were not

accounted for.

Metabolomics is also a tool to assess drug toxicity (39) or to personalise a pharmacological
treatment (40). The evaluation of drug toxicity has been assessed by the consortium for
metabonomic toxicology (COMET) formed by five major pharmaceutical companies and
Imperial College (London) (41). They used MR-based metabolomics to generate a database of
metabolite content in rodent urine and blood. Predictive systems were built using pattern
recognition tools for the detection of vivo drug toxicity from a set of 80 treatments. The
error rate of the predictive models was found to be around the 8% with a sensitivity between
40-70%, depending on the main organ of toxicity, and specificity above 70%. In some
treatments, it was not possible to make predictions due to interfernces between metabolite
signals or class overlaping . This study validated the metabonomic approach to preclinical
toxicology assessment for rapidvivo drug toxicity screening. Pharmaco-metabonomics is a
personalisation of drug treatment according to the individual characteristics of each patient
using pattern recognition of biofluid metabolite profiles to predict the drug response (42).
This approach can provide both population-screening and individualised tools for suitable
drug treatment.
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Metabonomics Applications in Liver Diseases

Metabonomic analysis has been applied in some liver disease studies. For exemple, Barba and
coworkers used metabonomics to establish a model of classification of hepatic
encephalopathy (HE) according to its severity and to evaluate the effect of therapeutic
hypothermia in a rat model of acute liver failure (43). They studied brain metabolites using
MRS of brain tissue extracts. This animal model has a predictable course reaching precoma,
defined as loss of righting reflex, and coma, defined as a loss of corneal reflex. They isolated
two different brain regions (frontal cortex and brainstem) to evaluate the metabolites by high-
resolution magic angle spinning (HR-MAS) spectroscopy. Principal component analysis
(PCA) summarised the information of the metabolite spectra; where PC1 clustered the data
according to the severity of liver failure (normal, precoma and coma stage), PC2 provided no

useful information and PC3 showed the origin of tissue (frontal cortex or brainstem) (Fig. 5).
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Figure 5. Score plots of principal component analysis from HR-MAS spectra obtained from the brain
of a rat model of HE. Each symbol corresponds to an individual animal. The first principal component
(PC1) is related to the severity of HE while the third principal component (PC3) differentiated
between cortex and brainstem. The second component (not shown) was unrelated to pathology or

brain area. Legend: Samples from sham (squares), 6 h stage (circles), precoma (diamonds) and coma
(triangles) acute liver failure rats are labelled filled for the cortex and opened for the brainstem.

Thus, metabolic profiles changed during acute liver failure progression. The study also
demonstrated that mild hypothermia as a treatment for acute liver failure caused a delay in
disease progression, which correlated with the changes of brain metabolite profiles. Indeed,
this study established a model to classify the severity of liver failure and to detect the
effectiveness of a treatment using metabolomics analysis (Fig. 6). This is a promising tool for

diagnosis and prognosis of pathologies.
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Figure 6. Average of score plot (t) for sham-operated animals, normothermic animals at 6 h (6 H),
precoma and coma and hypothermic animals (hypo) at 6 h (6 H) and 15 h (15 H) in the cortex (grey
bars) and the brainstem (empty bars) obtained in one-component partial least square discriminate
analysis (PLS-DA). Scores for hypothermic animals were obtained using the PLS-DA model created
using the different stages of disease progression in normothermic animals showing that hypothermia
prevents metabolic degeneration as well as the symptom progression.

Metabolic profiling has been used to study specific metabolites that may be involved in
pathology. Vinaixa and co-workers studied an animal model of non-alcoholic liver disease,
which is a frequent cause of liver dysfunction secondary to a fatty infiltration in the absence
of alcohol abuse (44). It has been hypothesised that the development of hepatic inflammation
originates from steatosis of the liver but this has been questioned recently. This study
analysed the effect of dietary cholesterol on steatosis in a mouse knockout model of the low-
density lipoprotein receptor. Mice were fed three different diets: a control diet (3% fat, 0.03%
cholesterol); a high-fat diet (23% fat, 0.03% cholesterol); and a high-fat and high-cholesterol
diet (23% fat, 0.28% cholesterol). Analysis of the livers after 16 and 32 weeks showed that
the dietary cholesterol content was of importance for the development of steatosis. In contrast,
inflammation had less impact because the three groups of animals showed the same number
of infiltrating cells. Therefore, diet could have a critical role on the mechanism of this
pathology. These external factors can be evaluated by metabolomics.

In a more recent study, Sun and co-workers demonstrated that the potential hepatotoxicity of
acetaminophen (APAP) could be assessed through the study of the drug's metabolite profiles
in urine (45). They treated rats with APAP 400 md kg 1600 mg g to study the metabolic
pathway of APAP through the metabolites excreted in urine. They found that almost all
APAP was metabolised and excreted as compunds conjugated with sulphate (APAP-Sul) or

with glucuronide (APAP-Glu). A small quantity of APAP was oxidated to a reactive
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metabolite (N-acetyl-p-benzosemiquinone) that is involved in liver toxicity. N-acetyl-p-
benzosemiquinone reacts with glutation to form APAP conjugated with N-acetyl-L-cysteine
(APAP-NAC) that is excreted in urine. A small amount of unmetabolised APAP is excreted in
the urine. All these metabolites were detected in the urine with MS-based metabonomics for
both doses and then their concentrations were detected at different time-points by MR-based
metabonomics. The highest concentration of APAP-NAC in urine was seen after 24h of
treatment and disappered after 72h. Furthermore, the concentration of S-adenosyl-L-
methionine, the source of sulphur in glutation, was evaluated in urine and there was an
inverse correlation between S-adenosyl-L-methionine and APAP-NAC concentrations. This
suggests that the trans-sulphuration metabolic pathway was involved in the drug
detoxification process. They also showed a correlation between APAP-NAC and biochemical
analyses (ALT, AST and bilirrubin). This data supports the idea that metabolomic
technologies are useful in evaluating the potential toxicity of a drug and in detecting

biomarkers of toxicity that could be useful for the drug discovery process.

Hepatic graft failure could be detected as early as two hours after transplantation by blood
metabolic analysis (46). A patient was examined after a failed graft of orthotopic liver
transplantation from a living donor and after a second successful graft transplantation from a
deceased donor. Blood samples were collected 2, 24 and 48 hours after both liver
transplantations. Principal component analysis showed two different clusters depending on
the success or failure of the liver transplantation; thus, putative biomarkers of graft
dysfunction were identified including lactate, uric acid, citrate, glutamine, methionine and
total fatty acid. Moreover, there were differences in the metabolic profiles between graft
rejection and a favourable outcome both at early stages of the transplantation (after two hours
when there are no changes in liver enzymes) and at late stages (after 24-48h). Although this is
a preliminary study that should be validated in a heterogeneous population, these data suggest
the possible usefulness of metabonomics as a tool for clinical decision making.

Hepatocellular carcinoma could also be detected before the patients developed clinical
symptoms using a minimally invasive analysis of blood metabolites (47). MR spectroscropy
was performed on serum samples from patients with cirrhosis, hepatocellular carcinoma and
healthy volunteers. A supervised discriminant analysis (PLS-DA) found two principal
components that allowed for the correct separation between the three groups of subjects. This

model predicted class membership with a goodness of fit of 50% and a predictive ability of
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59%. The main metabolites involved in the clustering of healthy volunteers were very low
density lipoproteins (VLDL) and unsaturated lipids. This is in accordance with the results
obtained fromin vivo spectra that showed a decrease in lipids in the serum of the same
patients. In contrast, patients with cirrhosis had elevated glycerol and glutamine and patients
with hepatocarcinoma showed a decrease in LDL and an increase in acetylglycoproteins.
Thus, the study demonstrated that patients with cirrhosis and hepatocarcinoma have different
metabolic profiles as compared to healthy controls. Furthermore, the supervised analysis
between cirrhosis and hepatocarcinoma showed a good prediction mdde3§R% and ©

= 45.7%). This study suggests that metabolomics can be a tool for the early diagnosis of
hepatocarcinoma and cirrhosis. More studies are necessary before stablishing an adequate

classification model for the stratification of liver diseases.

All metabolites contain hydrogen atoms, tHitsMRS could be used to study almost all
metabolites. However, some metabolic pathways are better assessed by other approaches.
Energetic metabolism or phospholipid metabolism have been studiéB-MRS and carbon

fluxes by**C-MRS using**C-labelled percursors. These methods have also been applied in
different pathologies of the liver. Zwingmann and collaborators (48) usé@-labelled

glucose to follow glycolytic metabolism in the rat brain of acute liver failureeowivo
magnetic resonance. They showed a selective increase in the sythdsisnmfolactate at
advanced stages of liver failure (coma stage) and an increase in the synthesis of glutamine at
an earlier precoma stage. Both metabolites are involved in energy and nitrogen metabolism.
Hyperpolarisation is a new approach that enhances the MR signal and may be used as a non-
invasive agent fomn vivo studies. Ardenkjaaer-Larsen and coworkers have carried out the
development of this technology achieving an enhancement of the signal-to-noise ratio to
44400 for**C and 23500 fot°N (49). Moreover, there are some experimeintalivo studies

that follow the carbon fluxes usingC-hyperpolarised pyruvate as non-invasive biomarkers

in the area of cancer (50) or heart disease (51). An accurate MR-based metabolic study may

elucidate some extra data of the mechanisms that act in this pathology.

Hepathic encephalopathy is a complication of cirrhosis. These patients have charaicteristic

vivo brain*H-MR spectra defined by a decrease in choline derivates and myo-inositol and an
increase in glutamate and glutamine (52;53). These alterations have been linked to the
severity of liver failure and it has been proposed that they could indicate compensatory

mechanisms due to the development of brain edema (54;55). These metabolic changes may



[Annex II] I 163

also participate in the neurophysiologica disturbances that affect the first motor neuron (56).
In experimental models (57), neurophysiological abnormalities have been related to
abnormalities of nitrogen metabolism. It is difficult to distinguish which metabolites are
involved in neurophysiological detriment and in brain edema or if there is a combined effect
of both. Metabolomics may clarify the mechanisms involved in brain edema and

neurophysiological detriment associated with hepatic encephalopathy.

CONCLUSION

Metabonomics is a useful tool for basic research and clinical applications in the diagnosis and
prognosis of liver diseases as well as for treatment follow-up. This technology is especially
useful for the liver because of the key role of the liver in the metabolism of exogenous and
endogenous substances. Furthermore, unlike genomics, metabonomics considers the
alterations due to the environment making this a promising tool to evaluate not only

phenotypes but also disease progression and treatment response.
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