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To Luis, Manuel, Joao, .....

The difference between the impossible and the plesis merely a measure of a man's

determination

Captain James Thain



And to all the patients affected by
Chronic Liver Disease

Success is not final, failure is not fatal: ith&tcourage to continue that counts.

Winston Churchill
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Sumario

As hepatites virais e a doenga hepatica gorda ltédlea sdo actualmente as causas
mais frequentes de doenca hepatica cronica. Qualqme destas patologias é
caracterizada pela presenca no parénquima heptiesteatose, inflamacao e fibrose,
que podem agravar-se e levar a uma situagao clipigasuficiéncia hepatica, causando
ndo s6 consideravel morbilidade mas também moaddid e igualmente um real
incremento nos custos nacionais com a saude. Acicue de detecdo precoce, por
rotina, de estadios ligeiros/moderados de inflamag&ibrose e a quantificagdo da
esteatose através de meios de imagem nao invagedsra trazer vantagens clinicas
importantes para estes doentes e para a sociedade.

No presente estudo aqui desenvolvido, a fibrodgnmacdo e a esteatose hepéticas
foram avaliadas de forma nao invasiva por resséamanagnética, com sequéncias de
eco de gradiente e sequéncias ponderadas em (difels@bografia por ressonancia
magnética e imagem molecular em ressonancia magné&i igualmente utilizada a
ecografia com elastografia supersénica por ondaisehamento. Do conjunto de
estudos aqui apresentados foi possivel observar:

- A esteatose hepatica pode ser quantificada de fpretésa e simples, utilizando
um mapeamento total da gordura hepatica por ressianénagnética. Assim,
sera possivel diagnosticar precocemente os doeat®s figado gordo nao
alcodlico;

- Os parametros viscoelasticos sdo mais precisosgjparametros de difusdo no
estadiamento da fibrose hepatica. Determinar pezagente quais os doentes
com estadios de fibrose F2 é fundamental paracwida terapéutica antiviral,

- Os parametros viscoelasticos independentes daéinegu de excitacdo sao

19



potenciais biomarcadores de inflamacdo hepaticd. e ainda ndo existia
nenhum biomarcador por imagem focado apenas panfamacdo hepética,
mas a detecdo precisa desta evitaria, por exempeoos doentes com figado
gordo nado alcodlico progredissem para um quadroesteatohepatite nao
alcodlica e uma melhor avaliacdo do parénquima tleep&os doentes com
hepatites virais;

A ecografia com elastografia supersénica por oralaishlhamento é proposta
como uma técnica adequada para o rastreio de dosamefibrose hepatica;
Finalmente, uma abordagem experimental em imagelacoiar utilizando um
contraste de ressonancia magnética vectorizadaiBspmente para a fibrina,
permitiu a detecdo de fibrose no prénquima hep&ioratos injectados com

dietilnitrosamina.
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Summary

Viral hepatitis and nonalcoholic fatty liver diseaare nowadays the most common
causes of chronic liver disease. These disordensichw are characterized by
parenchymal steatosis, inflammation and fibrosis @angress to liver failure and are a
substantial source of morbidity, mortality and smsed healthcare costs. The early
detection of fibrosis and inflammation and the moely quantification of steatosis by
noninvasive methods have important clinical impglmas in these patients.

In the current study liver fibrosis, inflammatiomda steatosis, were noninvasively
assessed by magnetic resonance gradient echo gmagiravoxel incoherent motion
diffusion-weighted imaging, magnetic resonancetetaphy, ultrasound-based shear
wave elastography and molecular imaging. Livercfattent was accurately quantified
by a simple and fast mapping technique using magnetonance imaging, which can
allow the early detection of patients with nonalglhfatty liver. In addition, magnetic
resonance viscoelastic parameters were found tonbee accurate than diffusion
parameters to stage patients with liver fibrosisteddmining when a patient reaches an
F2 fibrosis stage is crucial to start antiviral atreent. Moreover, a frequency-
independent viscoelastic parameter is proposed a®tential biomarker for liver
inflammation. The early detection of increasedrivéglammation can prevent patients
with nonalcoholic fatty liver from progressing tamalcoholic steatohepatitis and
enables an adequate follow up of patients with | vivepatitis. Furthermore, the
ultrasound-based shearwave elastography is progoséde routine clinical screening
of patients with liver fibrosis. Finally, in an esqpmental rat study, a novel vectorized
fibrin-binding magnetic resonance contrast agend foaind to accurately detect liver

fibrosis.
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Palavras-Chave:Imagem por Ressonancia Magnética, Imagem Ponderadaifuséo,
Elastografia por Ressonancia Magnética, Elastayr&upersonica por Onda de
Cisalhamento, Figado, Hepatites Virais, Doenca tiepaGorda N&o Alcodlica,

Quantificacdo de Gordura Hepatica, Imagem Molecula

Key words: Magnetic Resonance Imaging, Diffusion-Weighted Imgg Magnetic

Resonance Elastography, Supersonic ShearWave @ilaghy, Liver, Viral Hepatitis,

Nonalcoholic Fatty Liver Disease, Liver Fat Quanéfion, Molecular Imaging.

22



Chapter I

Introduction

23



1.1. Introduction

Chronic liver diseases, such as viral hepatitis aotalcoholic fatty liver disease
(NAFLD) are a major cause of morbidity and mortalitorldwide and their prevalence has
been rising in the last two decades (1, 2). AltholWAFLD was mostly unrecognized
before the 1980’s, the rising epidemics of obesihd type 2 diabetes have brought
awareness to this disease, which is currently densd the most common cause of chronic
liver disease in the adult and paediatric popufaflh 3). NAFLD includes a spectrum of
liver damage ranging from bland steatosis to sheggatitis, cirrhosis and ultimately liver
failure and hepatocellular carcinoma (3).

Liver biopsy, with histopathological scoring of tledtained specimen, is until now the
reference standard to evaluate fibrosis, inflamomaind steatosis (3). However, it's an
invasive technique and it's also prone to sampdimgrs in diffuse and heterogeneous liver
diseases such as viral hepatitis and NAFLD (4).@dwer, fom a patient’s perspective the
prospect of undergoing repeated liver biopsiesféiow-up is intimidating and highly
inconvenient.

Noninvasive biomarkers are currently under demartiae of the utmost importance to
assess liver fibrosis, inflammation and steatdSesveral noninvasive serum biomarkers,
such as the FibroMax panel (FibroTest + Steatof@$ASHTest), the plasma Pentraxin-3
and Cytokeratin-18 are being studied, but theiuesxy and clinical usefulness is yet to be
determined and their utility in the follow-up is kimown (3).Diagnostic Radiology is a
dynamic specialty that continues to undergo rapiahges with ongoing advancements in
technology and has revolutionized several fieldangdicine. Currently, imaging is as
important, albeit complementary, as a detailed jghy€£xam and anamnesis. The prospect

of using noninvasive and radiation-free methodss Inagnetic resonance imaging and
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ultrasound, in the screening and follow-up of pasgewith liver fibrosis, inflammation
and/or steatosis is particularly attractive. Thhe, purpose of this project was to determine
which imaging biomarkers could be used in the nemgive assessment and follow-up of

fibrosis, inflammation and steatosis in patientdwvehronic liver diseases.
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Chapter II

Review of the Literature and State of the Art
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2.1. The Liver

2.1.1. History

The art of hepatoscopy started at Mesopotamia,cappately at the year 2000 BC, when
the inspection of the liver was the most importamgthod of foretelling events. The
sacrificial priests acquired precise knowledge g tinimal liver, especially that of the
sheep, and assigned specific names to the diffpeatg of the liver and gallbladder or their
respective variations (5). The reading of therlikeceived an enormous acceptance from
the Greeks and Etruscans. Several Etruscan livelelmdiave survived until our days in
which the gallbladder, the pyramidal and papillargcesses and the left and right lobes

(pars hostilis and pars familiaris, respectivelg well differentiated (Fig.1) (5).

Figure 1.Etruscan clay model of a liver (200 BC). Reproduceftom [5].

The Etruscan fortunetellers were particularly niotos in the Roman Empire and
prophecies were related to specific features irstwificial liver or gallbladder (Fig. 2) (5,
6). For example, predictions pertaining to the irgguwere mostly derived from the
appearance of the pars familiaris and gallbladdet #hose of the rival from the pars

hostilis. Moreover, numerous predictions were @gtdrical interest such as the presence of
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an enlarged and double gallbladder that foresawittiery of Octavian against the forces
of Marcus Antonius and Cleopatra in the battle ofidmn (31 BC) (5, 6). At the time of
the fall of the Roman Empire, hepatoscopy was direaell established in the human

belief and it was used to influence major persamal political decisions.

Figure 2. Etruscan hand mirror in bronze,
500-400 BCKALCHAS, the most famous of
the sacrificial priests, inspects the animal liger
with large caudate process. Reproduced from [5].

In the 8" and & centuries BC, the profound effect of mythology weglaced by rational

research of anatomy and physiology. AristotelesSti#gira was the first to distinguish
between hepatic arteries and veins and to desttrébportal vein within the venous system
(5). Four hundred years later Galenos of Perganeseribed the anatomy of the liver in
greater detail than before, as he explained théfications of the intrahepatic vessels and
sinusoids. It was only in 1654 that Francis Glispablished the first monography on the
liver and discussed intrahepatic vessels and thewding connective tissue (Fig. 3) (5,
7). Even today we refer to the Glisson’s capsuég gurrounds the liver and to the portal

triad as Glisson’s triangle.
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Figure 3. lllustration of the blood and bile vessd of the
liver by F. GLISSON, 1654(A: dorsal region, B: right
aspect, C: ventral region, D: left aspect, E: hiepains,

H: umbilical vein, K: duct of ARANTIUS, G: gall bthder,

I: bile duct, F: portal vein). Reproduced from [5].

Johan Jacob Wepfer first described the term lolulde liver parenchyma, in 1664, but it
was with Marie Francois Xavier Bichat, the fathémmodern Histology, at the beginning
of the 19" century that the hepatic parenchyma was considerde a special tissue in
terms of function and morphology (5). The Frenclyditiogist Henri Dutrochet described
hepatocytes twenty years later. In the followingrge the development of the research
methods brought greater insight into liver metabuliand physiology with such names as
Claude Bernard and Friedrich Theodor Frerichs,fétleers of modern Liver Physiology

and Pathology, respectively (5).

2.1.2. General Liver Anatomy
The liver is the largest solid organ in the humandyband its volume ranges from 1,500-

1,600 cniin men and 1,400-1,500 éim women (5). Its surface is smooth with a red
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brownish color and the liver is located intrapargally, with the exception of its bare area.
The separation between right and left liver ismatroscopically visible, however, the left
(smaller) and right (larger) lobes can be easifcdminated at the level of the falciform
ligament (Fig. 4)This double layer of peritoneum binds the livethie anterior abdominal

wall, and on its free edge we can find the roumgrent, which is a remnant of the

umbilical vein that carries the oxygenated bloothfoetus (8, 9).

Falciform ligament

Left triangular ligament

Coronary ligament
Parietal peritoneum

Right triangular ligament —*

Figure 4. Normal liver. The falciform ligament separates thdeft and right lobes. Reproduced from
IMAICS.

The liver has a dual blood supply from the portainvand common hepatic artery. The
portal vein is responsible for approximately 70 Pl ahe hepatic artery for 30 % of the
blood flow (9, 10). In the liver parenchyma, a ébs sheath (Glisson’s capsule) surrounds
arteries, portal veins, and bile ducts. Howevepgaltie veins lack such protection.

The common hepatic artery takes origin most oftemfthe celiac trunk (86 %); other
sources are the superior mesenteric artery, aot&dtaastric arteryThe common hepatic
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artery then runs horizontally along the upper boafdhe head of the pancreas (9). When
the gastroduodenal artery branches off the comnepatic artery, it continues as the
proper hepatic artery and turns upward to ascenldenesser omentum, enveloped by the
hepatoduodenal ligament (9, 11). Within this ligatéhe proper hepatic artery that lies to
the left of the common bile duct and anterior te gortal vein, divides into right and left
branches (Fig. 5) (10).

The portal veiris formed by the confluence of the superior meseantein and the splenic
vein behind the neck of the pancreas (9, 10). Atlitrer hilum, the portal vein bifurcates
into right and left branches before entering threrli The right branch is short and rapidly
divides into anterior and posterior branches fer dnterior and posterior right sectors. In
general, portal veins are found posterior to theakie arteries in their lobar and segmental
distribution (10).

Three major veins that open into the Inferior V€ava (IVC) drain the liver (Fig. 5). The
right, median and left hepatic veins are foundainépatically within planes separating

lobes and sectors (8 - 10).
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Figure 5. Normal anatomy of the liver.CBD: common bile ductCD: cystic ductCHD: common hepatic
duct,HA: hepatic arterylVC: inferior vena cava,HA: left branch hepatic arteriyHD: left hepatic duct,
LHV: left hepatic veinlLPV: left portal vein MHV: middle hepatic veirRV: portal vein RHA: right branch
hepatic arteryRHD: right hepatic ductRHV: right hepatic veinRPV: right portal vein. Adapted and
reproduced from [9].

Bile canaliculi are formed by parts of the membrahedjacent parenchymal cells, and
they are isolated from the perisinusoidal spacgibgtions. Bile flows from the canaliculi
through ductules (canals of Hering) into the irdbdlar bile ducts found in portal triads.
Biliary segmentation is identical to portal veirgseentation (8 - 10).

The hepatic lymphatic network, superficial and dedpes not follow the functional
vasculobiliary organization (Fig. 6). The supediciymphatic system, located within the
Glisson’s capsule, travels toward the thorax arel dabdominal regional lymph nodes.
Lymph vessels pass the diaphragm mainly in the &aga or through Morgagni’s foramen
to reach anterior or lateral phrenic nodes. Thepdegstem is the system of greater
lymphatic outflow. It drains toward the lateral phic nerve nodes through the caval hiatus

following hepatic veins or to nodes of the livelum following portal vein branches (12).
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Figure 6. Left: Superficial pathways of lymphatic drainage for theliver. The anterior diaphragmatic
nodes consist of the lateral anterior diaphragn@atiap and the medial group, which includes the

pericardiac nodes and the subxiphoid nodes behmdiphoid cartilage. The nodes in the falciforgalnent
drain into the anterior abdominal wall along thpesticial epigastric and deep epigastric lymph rsodée

epigastric and the subxiphoid nodes drain intartternal mammary nodeRight: Deep pathways of

lymphatic drainage for the liver. The deep pathways follow the hepatic veins tanferior vena cava

nodes and the juxtaphrenic nodes that follow altvegphrenic nerve. The pathways that follow theador
vein drain into the hepatic hilar nodes and theesad the hepatoduodenal ligament, which then dndin

the celiac node and the cisterna chili. Reproddiced [12].

2.1.3. Segmentation of the Liver

Functional anatomy refers to the description ofdtiepsegmentation, which is the genuine
anatomical basis for modern hepatic surgery. Livesection still remains the only
potential curative treatment for primary and metastiver tumors, and it is also indicated
in some benign liver conditions, such as symptarnia¢éimangiomas or adenomas. It was
the constantly enhanced knowledge of hepatic anatbat enabled improvements in the
techniques of liver resection. The resection ofliver started at the beginning of the™.8
century when, in 1716, Berta performed the firsttiphliver excision. However, the
unstoppable bleeding and high mortality rates, maulgeons dread to operate on this
organ, and the first successful liver resection waly performed at the end of the™9
century (7).The segmental and vascular anatomy that definesubhgical approach to

lesion resection is the most important anatomyvir imaging. Couinaud, developed a
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numbering system in 195dand was an innovator in this field, by showing twajor
advances (8, 13). First, liver can be subdividetiemilivers, sectors and segments using
venous landmarks: portal branches and hepatic v8iesond, each segment has its own
hepatic artery, portal vein and biliary drainagel dnerefore can be removed or safely
preserved.The eight Couinaud segments have separate vasiciilew, outflow, and
biliary drainage and therefore can be resectedowitdamaging the remaining segments. It
was the work of Goldsmith and Woodburn (1957), @aud (1957) and Bismuth (1982)
that led to the nomenclature used today (Tal)l€71 14). Froma practical and axial
imaging perspective, division of the liver into segnts is based on a very important
concept of three longitudinal planes and two trens planes (Fig. 7) (13). A longitudinal
plane through the middle hepatic vein, IVC, andbjatlder fossa divides the liver into
right and left hemilivers (Fig. 8). A longitudinglane through the right hepatic vein
divides the right liver into anterior (VIII and V@nd posterior (VII and VI) sectors. A
longitudinal plane through the left hepatic veinides the left liver into medial (IVa and
IVb) and lateral (Il and 1ll) sectors. The branclugshe portal vein divide the liver into
segments. A transverse plane through the left peeia divides the left liver into superior
(Iva and II) and inferior (IVb and 1ll) segmentsn/Ablique transverse plane through the
right portal vein divides the right liver into superidfI{l and VII) and inferior (V and VI)
segments (14, 15). Segmdnis called the caudate (Spiegel’s) lobe and eddemetween
the fissure of the ligamentum venosum and the IMGts inferior surface we can find the
pyramidal (right) and papillary (left) processeseThepatic venous drainage from the
caudate lobe goes directly into the IVC via smalng. The ligamentum venosum or
Arantius ligamentum that limits the caudate lobesesondary to the obliteration of the
ductus venosus that, during foetal developmentpnected the umbilical portion of the

portal vein to the inferior vena cava, shunting aweom the liver the oxygenated
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umbilical cord bloodThe right lobe includes all the segments in thatrlyer (VIII, VII,
VI, V) and the segment IV. The left lobe corresp®nal the left liver minus the segment

IV, which means: segments Il and Il (Fig. 9) 4, 15).

Table 1. Anatomic segments of the liver

Nomenclature
Anatomic Subsegment
Couinaud Bismuth Goldsmith and Woodburne

Caudate lobe ' B ! | Caudate lobe
Left lateral superior subsegment n ]

} Left lateral segment
Left lateral inferior subsegment n L1}
Left medial subsegment v IV, IVy Left medial segment
Right anterior inferior subsegment Vv \

} Right anterior segment
Right anterior superior subsegment Vil il
Right posterior inferior subsegment vi \

} Right posterior segment
Right posterior superior subsegment Vil vil

Reproduced and adaptdm [14].

Figure 7. Liver segmentation based on the venousagrls. Segment 1 is located posteriorly. Reproduced
from www.radiologyassistant.nl
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Foie droit

Figure 8. Longitudinal plane separating through themedial hepatic vein and gallbladder separating the
right and left hemilivers Left: above portal vein hifurcation. Right: below portal vein bifurcation. I,
caudate segment. Reproduced framw.sfrnet.org‘Anatomie du foie et protocoles d’exploration:dsuet

astuces pour la pratique”.
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Figure 9. Liver SegmentsReproduced fromww.sfrnet.org‘Anatomie du foie et protocoles d’exploration:
trucs et astuces pour la pratique”.
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2.1.4. Hepatic Lobules

The liver parenchyma is divided into lobules. Thessic lobule resembles a hexagon and
is centered on a central vein with portal triad&ifh contain a branch of the portal vein,
hepatic artery and bile duct) at each corner (E@. (16). The lobular structure also
contains liver cells, called hepatocytes, arranigeg@lates around the central vein. The
space between those plates of hepatocytes is fldd sinusoids (low pressure vascular
channels lined with endothelial cells) that recebleod from terminal branches of the
hepatic artery and portal vein at the periphertheflobule and deliver it into central veins
(Figs. 10, 11) (5, 16). Functionally, the lobulen dze divided into three zones based on the
oxygen supply. Zone 1 encircles the portal triadsch are well oxygenated by the hepatic
arteries, while zone 3 is located around the cka&ias where oxygenation is poor. Zone

2 is located in between (Figs. 12, 13) (17)

Hepatic sinusoid
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Figure 11.Enhancement of Figure 10 at the level of two platesf hepatocytesReproduced from [17].
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Figure 12.The hepatic lobule and acinusThe acinus is the physiological unit of the lieed is divided
into three zones, according to distance from tferefit arterial supply. Reproduced from [17].

Between the sinusoidal endothelium and hepatooytescan find the space of Disse.
Sinusoidal endothelial cells are highly fenestratedhich allows unimpeded flow of

plasma from sinusoidal blood into the space of ®i&s 16). Therefore, hepatocytes are
bathed in nutrient-rich plasma (derived from theaBnmtestine), but this plasma will also

flow back toward the portal triads, collecting inyonphatic vessels and forming a large
fraction of the body's lymph. In fact, lymphaticsgels are also found in the portal triads
but since their walls are delicate and often cslaf) they are less easily identified (5, 16).
Another significant feature of hepatic sinusoidshigt they house an important part of the

phagocytic system, the Kupffer cells which areetgf macrophage (5).
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Figure 13. Normal liver tissue.H: hepatocytes, P: portal vein, BD: bile duct, Hi&patic arteriole.
Reproduced from [5].

2.2. Chronic Liver Diseases

2.2.1. Chronic Viral Hepatitis

Chronic hepatitis is not a single disease, buteraghclinical and pathological syndrome,
which has several causes and is characterizedrigingadegrees of liver damage. For lack
of a better definition of chronicity, chronic hepiatis still defined as a disease that persists
for at least six months (18, 19). The current éfasgion of chronic hepatitis is based on
the aetiology, activity of the inflammatory proce@yading) and degree of fibrosis
(staging). Globally, the most common aetiology bfanic hepatitis and cirrhosis is viral
hepatitis B and C (18 - 20). Grading describesnberoinflammatory activity, which is
based on the hepatocellular damage and inflammaidiiyration. Staging reflects the
architectural alterations in the parenchyma tha& dwe to fibrosis and cirrhosis (5).
Fibrosis is characterized by an increase in collageoduction (types | and Ill) and
consequent deposition in the extracellular matsikile cirrhosis represents the last stage
of fibrosis progression. It is characterized byrddis, nodular regeneration of the liver
parenchyma and vascular disturbance such as cagatian of the sinusoids and
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intrahepatic shunts. The introduction of liver @gpin the medical setting has
revolutionized hepatology since the 1960s. Sewsmaliquantitative systems, which are not
directly comparable, have been proposed to assessic viral hepatitis and the most
commonly used are the Ishak modification of the #a@lbhepatic activity index and the
METAVIR score (21). The latter, used in this prajextages fibrosis on a 5-point scale
from FO to F4 (cirrhosis), and grades activity of-point scale from AO to A3 (Table 2).
A subclassification of cirrhosis was also propossihg the Laennec Scoring System that
subdivides cirrhosis (F4) into F4 A (mild), F4 B dderate) to F4 C (severe) (22). In
chronic infection, the indication for treatment dads on the amount of fibrosis and aims
to avoid the development of cirrhosis and hepaloleel carcinoma. The most clinical
relevant end points are a fibrosis stage-2, which indicates the need for antiviral
treatment, and the detection of cirrhosis (F4), clvhmeans that patients should be
monitored for complications such as the developmehtportal hypertension and
hepatocellular carcinoma (23). However, new trifiherapy of HCV with increased
response rates and decreased side effects mayeritee indications for treatment to
patients with < F2 fibrosis, making the detectidmpatients with> F2 less crucial. Despite
the widespread use of liver biopsy, there has loeéime past decade an increased focus on
its disadvantages. Apart from the invasivenessheftechnique, which by itself carries
risks, liver biopsy is subjected to sampling erfdue to the small liver sample) and it
suffers from intra- and interobserver variation @4, 23). All these factors play an
important role in its variability and highlight tHact that we are probably dealing with an
imperfect gold standard. However, this perceptias pushed even further the need to
develop novel noninvasive biomarkers to screenraadage patients with chronic liver

diseases.
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Table 2. Metavir Scoring System

SCORE METAVIR

Score A (activité)

- Absente A0
- Minime Al
- Modérée A2
- Sévere A3

Score F (fibrose)

- Absence de fibrose FO
- Fibrose portale stellaire sans septa F1
- Fibrose portale avec rares septa F2
- Nombreux septa sans cirrhose F3
- Cirrhose F4

Reproduced from www.ccr.fr.

2.2.2. Nonalcoholic Fatty Liver Disease (NAFLD)

Hepatocellular steatosis is a hallmark in NAFLDvdui steatosis is characterized by lipid
overload and is defined as more than 5% of heptgsayontaining fat (Fig. 14) (24, 25).
In NAFLD liver steatosis is most often macrovesatuwhich means that there is a single
large fat droplet inside the cytoplasm pushinghépatocyte nucleus to the periphery. The
presence of microvesicular steatosis (multiple tingplets) is rare, never exceeding more
than 16%, and is frequently associated with a nsexreere disease progression (26). The
most used histopathological quantification of liwteatosis (grades 0 to 3) refers to the

percentage of hepatocytes containing fat (< 5%38%; 33 — 66%; > 66%) (27).
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Figure 14.Liver slice with macrovesicular steatosis in a diaetic patient. Reproduced from [5].

NAFLD includes a spectrum of disorders and it rangf®@m nonalcoholic fatty liver
(NAFL) to nonalcoholic steatohepatitis (NASH), pregsive liver fibrosis and cirrhosis
(28 - 30). In Portugal about 27% of the populai®mestimated to have NAFLD, which is
currently considered the worldwide leading causehobnic liver diseases being closely
related to the growing frequency of obesity andilinsresistant type 2 diabetes (1, 29, 31 -
33) (Figs 15, 16). The association of obesity aiatbetes represents an added risk since in
this case the prevalence of NAFLD, NASH and cirthasaches almost 100%, 50% and
19%, respectively (29). NAFLD represents not onlgoasiderable loss in the individual
quality of life but also an increase in diseasete#l absenteeism and healthcare costs (3,

34).
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Figure 15.Color map of NAFLD prevalence based on the averageational prevalence (27%).
Reproduced from [31].

Although early stages of liver steatosis may besrgble, still 25% of the patients with
NAFL can progress to NASH, 50% of these will evolkeefibrosis and 10 - 29% to
cirrhosis, ultimately leading to hepatocellulara@aoma (HCC) (24, 25). The evolution of
steatosis, steatohepatitis, progressive liver §itsrand cirrhosis is the result of a complex
set of factors not yet fully understood. An inflamiory state has been associated with the
development of NASH and liver damage, and a cy®kimbalance, in particular an
increase in the ratio tumor necrosis factor-alpipt@ectin, could be important in the
development of NASH and correlate with disease rigyebut the data available are
limited (24, 29, 30). Currently, noninvasive maxkéor NAFLD include clinical signs and
symptoms, laboratory tests, ultrasound and varicombinations of these methods.
Although useful, they lack the specificity and sewisy to differentiate NAFL from
NASH patients (35). Most patients with this disease asymptomatic at presentation and
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liver enzymes values such as aspartate aminotrassfeand alanina transaminase
frequently oscillate between normal and five tinttes upper limit. There have been cases

where the full histological spectrum of NAFLD isegent even with normal serum levels

(4, 29, 30, 33).

Figure 16.The disease spectrum of nonalcoholic fatty liver dease(A) Schematic of progression of
NAFLD. The accumulation of TG within lipid dropleits hepatocytes causes steatosis. Steatosis dssbcia
with inflammation, cell death, and fibrosis is meéxl to as NASH, which can progress to cirrhosis.
Individuals withcirrhosis have an increased risk of hepatocelledacinoma. (B) Histological sections
illustrating normal liver, steatosis, NASH, andrkosis. Collagen fibers are stained blue with Ma&sso
trichrome stain. The portal triad (PT), which catsiof the hepatic artery, portal vein, and biletdand the
central vein (CV) arshown. Reproduced from [R4

The existence of fibrosis is not required to disggdNASH but a specific pattern of

steatosis, hepatocyte hydropic ballooning (cellury)j and surrounding lobular
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inflammation is essential (28). Although the presemf fibrosis does not represent a
critical end point, the detection of fibrosis is tigelf highly suggestive of NASH and is
important to recognize. It should be noticed tmaNASH adult patients the initial site of
fibrosis (but also steatosis and ballooning) dgwelent is in acinar zone 3 while in viral
hepatitides the initial fibrosis is portal and penital (4, 27, 28). In 2005, the NASH
Clinical Research Network (NASH CRN) proposed arisgpsystem (from 0 to 8) for

disease activity based on the assessment of sgediafooning and inflammation (Table

3) (27, 36).

Table 3. Nonalcoholic Fatty Liver Disease activitgcore

NAFLD activity score: 0-8

Steatosis grade Lobular inflammation Hepatocellular ballooning
0: <5% O: none 0: none

1: 5-33% 1: <2 foci/20 x optical field 1: mild, few

2: 34-66% 2: 2-4 foci/20 x optical field 2: moderate marked, many
3: >66% 3: >4 foci/20 x optical field

Fibrosis score
0: none
1: 1a mild (delicate) zone 3 perisinusoidal fibrosis
1b moderate {dense) zone 3 perisinusoidal fibrosis
1¢ portal/periportal fibrosis only
: zone 3 perisinusoidal fibrosis with portal/periporial fibrosis
: bridging fibrosis
: cirrhosis

£ 0 R

Reproduced from [27].

Currently, the individual natural history of NAFLIS unknown and, unlike other chronic
liver diseases, there are no algorithms to simpiify management and no specific

pharmacological treatment (3, 36).
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2.3. Noninvasive Techniques to Assess Liver Fibrasilnflammation and Steatosis

To overcome the complications and limitations podmd liver biopsy, alternative
noninvasive methods ranging from serum biomarkesays to advanced imaging
techniques have been developed for the evaluatioiiver fibrosis, inflammation and
steatosis.

Section 2.3.1. will briefly review current noninwaes serum biomarkers. In the next two
sections noninvasive imaging modalities will hefeedetailed. Section 2.3.2. will focus
on imaging techniques not directly related to fhiigject and the final section 2.3.3. will
thereafter provide greater detail on UltrasoundedaSupersonic Shear Imaging and

Magnetic Resonance, which are the basis for alliesupresented in the current project.

2.3.1. Noninvasive Serum Biomarkers

Several noninvasive serum biomarkers have beeresttiol assess fibrosis, particularly in
viral hepatitis C, which can be divided in directdaindirect markers of extracellular
matrix remodeling. Amongst direct biomarkers werently have hyaluronan, laminin,
procollagen l1ll, type IV collagen and YKL - 40, vahi have variable reported
performances for the diagnosis of significant fédso They all lack large-scale independent
studies (Table 4) (23, 37). Among indirect seruontarkers the most commonly used are
the aspartate-to-platelet ratio and FibroTest. [Aktter combines five biochemical markers
(haptoglobin,a,-macroglobulin, apolipoprotein Aly-glutamyltransferase and bilirubin).
These biomarkers demonstrate greater utility in datection of advanced fibrosis than
intermediate and early stages, whose patients are hkely to benefit from therapeutic

intervention. Moreover, they produce false posgiirepatients with hyperbilirubinemia
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and elevated aminotransferases levels. In patiefiis viral hepatitis B noninvasive
composite scores are not as well validated (21, 28 accuracy and clinical usefulness of
serum biomarkers to detect liver inflammation is tgebe determined. Although caspase-

cleaved cytokeratin-18 fragments have shown soromige to distinguish patients with

NAFL from those with NASH (AUROC of 0.82 - 0.83)eiin use is still limited to clinical

trials (38). A common flaw to these biomarkerslgodhat their utility in following disease

progression is still currently unknown.

Table 4. Performance of different serum biomarkers to detecfibrosis stages> F2 and F4

AlC Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Index =F2 F4 >F2 F4 =F2 F4 2F2 F4 =F2 F4
Hyaluronan (0.73-0.86 0.89-0.92 64.5-75 79.2-100 81.0-91.2 80.0-894 440-863 63.0-100 78.5-93 99.0-100
Laminin 0.77-0.82 N/A 80.0 N/A 83.0 N/A N/A N/A N/A N/A
YKL-40 0.70-0.81 0.80 78 80 81 77.0 61.2-80 73 68.4-79 78.0
Collagen type IV (.74-0.83 0.60 63 60 69 61 67 61 66 60
Procollagen II1 0.69-0.75 0.73-0.79 70-78 60-77 63.4-75 74-66 76 69 77 67
Fibrometer™ 0.85-0.89 091 80.5-89 94.1 84.1-89.9 87.6 82-86.3 68 77.6-82.5 94.7
I-‘fbroSpec‘I':"" 0.82-0.87 N/A 71.8-93.0 N/A 66-73.9 N/A 60.9-82.6 N/A 77.7-94 N/A
Hepascore™ (.79-0.85 0.85-0.94 53.0.8-82 71-76.5 65-92.0 84-89.8 70-88 64.9 63.5-78 89.6-98
ELF score 0.80 N/A 90 N/A 31 N/A 27.5 N/A 92 N/A
AAR N/A 0.51-0.83 N/A 46.7-78 N/A 95.9-100 N/A 73.7-100 N/A 80.7-89
APRI 0.69-0.88 0.61-0.94 41-91 57-89 47-95 75-93 61-88 38-57 64-86 93-98
Lok index N/A 0.78-0.81 N/A 37-92 N/A 30-94 N/A 32-75 N/A 84-91
Forns” index 0.60-0.86 N/A 79.8-94 N/A 61.2-95 N/A b6-94.7 N/A 63.8-96 N/A
Fib-4 0.82-0.89 0.79-0.91 37.6-743 N/A 80.1-98.2 N/A 82.1 N/A 94.7 N/A
Fibrotest™ 0.74-0.87 0.71-0.87 65-77 50-87 72-91 70-92.9 76-80 57.9-93 66.7-81 44-90.5

AUC, area under the receiver operating characiedstve; N/A, not available; AAR, AST-to-ALT ratio
APRI, AST-to-platelet ratio index; NPV, negativeegictive value; PPV, positive predictive value. At
and reproduced from [37].

2.3.2. Overview of Imaging Techniques not Related to Brigject

- Liver Ultrasound

Ultrasounds are sound waves traveling in pulseb Ww&quencies higher than the ones

audible by the human ear (> 20,000 Hz). Piezoetectystals in an ultrasound transducer
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generate a pulse and ultrasound imaging dependseoreflection of those sound waves,
which then become echos. The ultrasound deviceeps®s the returning echos and
assigns them a level of gray, somewhere betweerk ldad white, correlating to that
signal's amplitude, or strength, and an image meudhiately visible on a screen (39).
Ultrasound is widely used in clinical practice tetect fatty infiltration of the liver.
Steatosis increases liver echogenicity making itver lappear brighter than the cortex of
the right kidney or the spleen (Fig. 17) (39). Thiéial stages of fibrosis may have very
little effect on the ultrasound appearances oflitrex, but at advanced stages the liver is
more reflective, giving the appearance of a brighdr often with a coarse texture (40).
The association of fibrosis with fatty changeshartcomplicates the clinical picture, since
both increase liver echogenicity. Ultrasound ishl@ao provide a precise grading and
staging of steatosis and fibrosis, respectivelyrédger, its sensitivity is reduced in the

morbidly obese patients and its performance islitigherator-dependent (35).

Figure 17.Liver steatosis assessed by B-mode ultrasonographihe liver (circle) is brighter than the right
kidney, represented at the inferior left cornethaf image.

Only few studies have used contrast-enhanced altrasand time intensity curve analysis
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to assess NASH and liver fibrosis (41, 42). lijietaal (41) showed that the accumulation
of ultrasound contrast microbubbles in the liverepgahyma is decreased in patients with
NASH but not NAFLD, which led to lower peak sigmaiensity and faster decrease in the
measured signal intensity over time in NASH paseiitowever, the authors did not find
any correlation between these measurements anosiband steatosis as assessed by
histopathology. In the work by Orlacchio et al (48)patients with viral hepatitis C, a
significant correlation was found between liver ggashyma peak signal intensity and
fibrosis staging. Moreover, liver parenchyma peigkal intensity was able to distinguish
patients with Flvs F2 and F2vs F4 fibrosis scores. However, intra- and interobser

agreement and technique reproducibility were ns¢ssed in the study.

- Transient Elastography (TE)

The effectiveness of palpation as a diagnostic toodetect disease has lead to the
development of imaging techniques able to assessht@inges in the mechanical properties
of an organ, such as the liver, with increasedofibrtissue. Transient elastography is a
unidimensional ultrasound-based method that detesniissue stiffness by measuring the
propagation of a shear wave in the liver. This dewontains a transducer, used both as
receiver and emitter, mounted on a mechanical tobrthat with a short, mild amplitude
and low frequency (50 Hz) tone burst (transient)agates the shear wave. An important
feature of this method is that the mechanical wibnahas to be transient to avoid
reflections and interferences occurring within tiesue (43). The stiffer the tissue, the
faster this shear wave propagates. TE is rapid eaperform and painless, measuring
liver stiffness in a cylinder of 1-cm wide per 4-damng, around 25 - 65 mm below skin

surface, which results in a tissue volume 100 titagger than the biopsy specimen
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(Fig. 18) (23, 44). Although the results are immesgly available in kiloPascals (kPa), a
cautious interpretation of data is needed anchallfollowing conditions must be fulfilled:
at least 10 valid measurements, a success rate ¢favalid measurements to the total
number of measurement) > 60% and an interquaetiige (IQR; which reflects variations
among measurements) of less than 30% of the mediale (IQR/M,< 30%) (Fig. 19).
Uninterpretable data or failed examinations stitur in at least 16 - 20% of patients with
a body mass index (BM§ 28 kg/nf, in patients with narrow intercostal spaces anthén
presence of ascites (23, 44). Moreover, the meammeplace is confined to the right liver

edge, which limits the analysis of the liver patgyroa.

Figure 18. Left: Probe positioning to measure livesstiffness with Transient Elastography. Right:
Representation of the explored liver volumeReproduced from [44] and fromww.apef.com.pt
(Associagao Portuguesa para o Estudo do Figado).
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Figure 19. Measurement image for Transient Elastog@phy. The result of 3.9 kPa indicates that the
patient has an FO fibrosis stage. Reproduced fmamw.jle.com/fr(“Le FibroScafi: un nouvel outil pour
I'évaluation non invasive de la fibrose au codes maladies chroniques
du foie”).

Liver stiffness values measured with transientte@raphy have been well correlated with
mild and severe fibrosis stages (AUROC 0.79 - 0i88a wide range of patients with
chronic liver diseases, but its performance isteohifor the intermediary stages of fibrosis
(23, 45, 46). Moreover, fibrosis is frequently agated with other parenchymal changes
and a significant increase in liver stiffness hasently been observed in vivo andin
vitro studies in the presence of edema, inflammatiaatssis and cholestasis (45 - 49).
This overestimation of liver stiffness and the aansent fibrosis overstaging have very

important clinical consequences in terms of treatnaed patient follow-up.

- Accoustic Radiation Force Impulse (ARFI)

Acoustic radiation force impulse imaging is a rdéidia force-based imaging method that is
provided by conventional B-mode ultrasonographRFI imaging involves transmission
of an initial ultrasonic pulse, at diagnostic irdiy levels, to obtain a baseline signal for
later comparison. An acoustic pushing pulse witbristuration (0.3 msec) and high-

intensity is afterwards transmitted by the sameddacerThis induces a shear-wave that

51



propagates away from the region of excitation agegates localized displacements in the
tissue, which are measured by a series of diagnwgénsity pulses (43). The propagation
speed of the shear wave (m/sec) is measured ihraleyof 10-mm long per 6-mm wide,
which is smaller than the one for transient elastplyy, but has the advantage of being
chosen by the operator who is able to place itdingilarge vessels or liver lesions (Fig.
20) (23). ARFI demonstrates a stepwise increaseeaan velocity with increasing fibrosis
stages. The diagnostic accuracy (AUROC) for theati®n of mild and severe fibrosis was
found to vary between 0.74 - 0.98 (50). In sevestaldies ARFI was as accurate as
transient elastography for the assessment of patieith severe fibrosis, but it should be
noted that in one of these studies patients irtéimérol group had velocities in the cirrhotic
range (23, 38, 44, 51, 52). As opposed to TErtethod can be implemented on regular
ultrasound equipment, the region of interest issenoby the operator and overcomes the
reported limitations for TE such as ascites andsitp€23). However, ARFI still requires

further validation in larger cohorts of patientslamth diverse chronic liver diseases.

U’s—‘l_gg m/s

Depth=3.5 cm

Figure 20.Measurement window for ARFI elastography.Reproduced fromvww.intechopen.com
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- Computed Tomography (CT)

Multidetector CT systems use x-ray tubes and x-kdgtectors around the patient. CT
measures the attenuation of the liver, which carexygessed as an absolute value (in
Hounsfield Units), or a ratio, by comparing it tat of the spleen. At unenhanced CT, the
normal liver has a slightly greater attenuatiomtltize spleen and intrahepatic vessels are
visible as hypoattenuating structures (Fig. 21yeListeatosis is diagnosed if the measured
liver attenuation is at least 10 HU less than diahe spleen. In severe liver steatosis, the
intrahepatic vessels appear hyperattenuated relatvthe liver tissue (Fig. 22). A
measured liver-to-spleen attenuation ratio of teas 1 is indicative of fatty liver (35, 40,
53). However, liver attenuation is influenced biietfactors such as edema, fibrosis, iron
and copper and glycogen, which induce errors ingiantification. Furthermore, the
concomitant presence of liver steatosis and iroth wduce opposite effects on liver
attenuation. Thus, this technique has a poor pedace as a screening tool, particularly in

patients with mild steatosis (40, 53).

Figure 21.Normal appearance of the liver at unenhanced CTThe attenuation of the liver (66 HU) is
slightly higher than that of the spleen (56 HU)J amtrahepatic vesse(s) appear hypoattenuated in
comparison with the liver. Reproduced from [40].
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Figure 22.Diffuse fat accumulation in the liver at un- enhaned CT. The attenuation of the liver (15 HU)
is markedly lower than that of the spleen (40 Huirahepatic vessels) also appear hyperattenuated in
comparison with the liver. Reproduced from [38].

Dual-energy CT with different tube potentials (1l 80 kVp) can however present some
advantages in the evaluation of liver steatosig;esthe steatotic liver has more strikingly
attenuation changes than normal liver with theedéht tube potentials (Fig. 23) (54). The
attenuation difference is between 1.7 — 5.8 HU ity steatotic liver, 5.9 — 9.9 HU in
moderately steatosis and more than 10 HU in therséy steatotic liver. However, this

difference is attenuated in livers with concomitaoh and fat deposition (54).

/

[26, 60] ave=48 std=6

Figure 23.Dual-energy CT evaluation of liver in a 45-year-oldmale potential donor for living
transplantation. Axial unenhanced CT scans obtained at 140 {¥fh image) and 80 kVp(right image)
show a hepatic attenuation difference of 9 HUndifig indicative of moderate hepatic steatosis.r&dyced
from [54].
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Recently, CT was found to be useful in the assessofdiver inflammation and mild to
moderate fibrosis in patients with chronic liveselses. The measurements of the xenon
solubility coefficient and portal venous tissue daoflow, with xenon-based computed
tomography, were able to discriminate between ptienith simple steatosis and
advanced NASH (i.e., presence of bridging fibro$i). Additionally, the measurement
of the mean transit time with perfusion CT was fdwo have an early increase in patients
with fibrosis but the performance of this paramétedichotomize patients with F1 vs F2-3
fibrosis stages was only moderate (56, 57). Thdiass with CT not only need further

validation but also expose the patients to ionizamjation.

2.3.3. Imaging Techniques used in the Current Project

- Real-time ShearWave Elastography (SWE)

Liver stiffness measured by ultrasound-based metluath be described in both physics
and mechanics as the Young’s modulus (E), whichesgmts the mechanical response of
the liver to the shear stress and is expressedlofdscals (kPa) (43). In contrast to
transient elastography that creates a transientation with a low frequency wave of 50
Hz, shearwave elastography uses radiation forcle avitarge frequency bandwidth, from
60 to 600 Hz (“shear wave spectroscopy”), whiclova#l a more precise analysis of the
mechanical behavior in the tissue. The ultrasounbteof the device creates a “supersonic
mach cone” in the liver as ultrasounds are focusattessively at different increasing
depths (10 mm apart), almost simultaneously anggmelicular to the patient’s skin (Fig.
24). The different spherical waves generated by dacus, interfere along this “mach

cone” and create a conical shear wave front on fidés of the focal points propagating at
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a speed of 2 m/s (Fig. 24) (43, 58, 59).

v / Curved Array
\ Focal spots

Imaging area \-O/
%

Shear Waves

Figure 24. Left Image:generation of the Mach Cone shear waves from pushirbeams at increasing
depths. Right Image: Propagating velocities of thehear waves (2 m/s) and pushing beams (6 m/s).
Adapted and reproduced from [58, 59].

The progression of the shear waves is capturechéwery rapid acquisition ultrasound
imaging system with good temporal resolution, taficup to 20,000 frames per second
(i.e., Supersonic Shear Imaging). With this mettiwel operator easily chooses the region
of interest (ROI) in the liver for specific measments. This ROI tool, “Q-box”, allows
measuring an area that ranges from 1 to 7ugorto 7 cm below the Glisson’s capsule (Fig.
25) (58, 60).The propagation speed of the shear wave is display¢he monitor of the
ultrasound device, on a pixel-by-pixel-based colmap at the same time as a B-mode
image. For each one of the pixels of the colour riiegre is a corresponding stiffness
value. The operator is able to assess the stiffneksur of a specifically chosen liver
region and obtains the mean stiffness value amdlatd deviations for that same area (Fig.
25). One important advantage of this ultrafastgm@ (it takes only a few milliseconds),
is that neither patient nor operator movements wiluence the measured liver stiffness.
Moreover, as opposed to ARFI, which only evaluatssticity at a focal point, SWE

assesses elasticity using a shear wave front daieeg previously (Table 5).
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Table 5. Characteristics of the quantitative elastgraphy techniques

TE ARFI SWE
ROI chosen by N Y Y
operator
Shear wave Mechanical vibration Radiation force Radiation forc

generation mode

Frequency 50 Hz Wideband Wideband
Real-time images N Y Y
Possibility to N Y Y
evaluate lesions

Influenced by Y N N

ascites and obesity

N, no; Y, yes; TE, Transient Elastography; ARFI,cAastic

Elastography.

Figure 25.Measurement window for ShearWave Elastography.

Only one study compared real-time SWE with TE aséduliver biopsy for all patients as

the reference standard (60) The authors found ®ME could more accurately
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discriminate patients with a fibrosis stage F@s® F2 (AUROC 0.92ss 0.84,P = 0.002;
SWE vs TE, respectively). However, the difference betwdmih methods was not
significant for patients with a F3 fibrosis stagecorhosis (AUROC 0.98s0.96,P = 0.14
- 0.48; SWEvs TE, respectively). The resulting cut-offs for SWErived from this work,
according to the fibrosis stages, are shown inet&hlThis work included patients with
chronic hepatitis C and low prevalence of obesititis method still requires further

validation in the clinical setting.

Table 6. Median values obtained for each fibrosis stage witBWE and TE

METAVIR Stage Method FO-F1 F2 F3 F4
Median value, SWE 6.2 7.6 10.0 15.6
kPa TE 5.6 6.4 9.1 19.8
IQR SWE 5.1-6.8 7.2-8.3 9.2-10.1 12.8-18.8
TE 4.5-6.5 5.4-8.0 8.4-11.6 13.4-23.0
Range SWE 4.5-9.3 5.6-13.0 8.9-12.0 8.0-22.5
TE 3.5-8.9 3.6-10.2 6.1-20.8 6.4-36.3
Number of SWE 1 2 1 0
outliers TE 0 0 2 0
P value SWE 0.0001* 0.003** 0.09%**
TE 0.02* 0.002%** 0.06%**

IQR, Interquartile range; kPa, kiloPascals; P valugder to differences between consecutive fibrstsiges
(*FO-F1 versus F2; **F2 versus F3; ***F3 versus FReproduced frnam [60].

- Magnetic Resonance | maging (MRI)

a. Basic Concepts and Physical Principles

The human body is approximately 70% water and MRBRésuthe signal from these
Hydrogen tH) protons to generate images. The proton rotatesd is own axis and since
it has an electrical charge it behaves live a smmalgnet, called the magnetic moment.
When protons are exposed to an external magnedid {iB) they align in with the
direction of the field and start to wobble, whichdalled precession (Figs. 26 - 28). The

precession occurs at a characteristic frequencynaa Frequency), which is directly
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proportional to the strength of the external maigngeéld and is given by the Larmor

equation (61, 62):
wo=YuBo/2mn [Equation 1]

where, op is the Larmor frequency (MHz)yy the gyromagnetic ratio specific to the

hydrogen nucleus (42.58 MHZ'Tand B the strength of the magnetic field in Tesla (T).

I
PP

@ e

Figure 26.Random alignment of spins without an external magrté field. Image reproduced from

IMAIOS.

Hydrogen protons have a Larmor frequency of 63.9zMiH1.5 T. When the spins suffer
the influence of B and according to the classical theory, they tenalign into a parallel

and anti-parallel manner. However, the parallerahent is slightly prefered because the
spins reside in a more favorable energy state. difierence between both alignments
creates the net magnetization vector (NMV) or ltudjnal magnetization that increases
with higher field strenghts (Fig. 27) (61). This@alhappens in the earth’s magnetic field

but the resulting longitudinal magnetization is siolerably weaker than the one in an MR
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unit.
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Figure 27.Alignment of spins: parallel and antiparallel with an external magnetic field.Reproduced

from [62].
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Figure 28.The wobbling spin is frequently compared to a spinimg top. Images reproduced from

At this time the system is at equilibrium. When agply a radiofrequency pulse (RF), by
means of a coil, with exactly the same frequencyhasproton Larmor frequency, we

create the resonance condition. At this time spigsat an excited state and with a 90°
pulse, all the longitudinal magnetization is fligpmto a transverse plane (Fig. 29). The
resulting magnetization is now called transversegmetization. Whenever transverse

magnetization is present, it rotates around its axid induces a voltage in a receiver coil

IMAIOS.

creating the MR signal (Fig. 30) (61, 62).
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Figure 29. Transverse magnetization in the XY plane after thérF pulse.lmage reproduced from
IMAICS.

Once the RF pulse is turned off the MR signal rpistarts to fade away. Two
independent processes (spin-lattice and spin-spiteraction) decrease transverse
magnetization and induce a return to the initialidorium energy state, while recovering

longitudinal magnetization (61, 62).

Relaxation . Relaxation

Figure 30.Coils transmit the MR signal. This signal is rapidly decreased due to the dat&ransverse
magnetization and the consequent increase in lagigill magnetization (return to a stable energiesta
axis Z). Images reproduced from IMAIOS.

Longitudinal relaxation is the recovery of the mehgnetization vector along the Z axis.
This recovery is exponential in time, with a chéeastic time T1 (longitudinal relaxation
time). Dissipating the spins energy into the suncbng medium makes the return to the

initial equilibrium energy state and this processalled spin-lattice interaction.
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Transverse relaxation is the decay of transvergmateation in the XY plane. This decay
is exponential in time, with a characteristic tinig (transverse relaxation time). The
energy exchange for this process is due to eneawmyysfer between spins (spin-spin
interaction). This process is called T2 recoverpwever, inhomogeneities of the external
magnetic field (caused by insufficient magnet shimgnthe magnetic field generator and
the patient being imaged) further contribute to deeay of the transverse magnetization
and the sum of the two processes leads to T2* m¥goWhus, the exponential loss of MR
signal is caused by T2* effects, and is calledftbe induction decay (FID) (61, 62).

The T1 and T2 relaxation times are intrinsic MR gma&ontrast parameters and depend on
the tissue of interest that is being imaged. Thregyrasent the time it takes to recover or
reduce 63% of the longitudinal and transverse miagat®ns, respectively.

Repetition time (TR) is the length of the relaxatigeriod between two excitations pulses
and therefore determines how much T1 recovery sdcua particular tissue (Fig. 31). By
choosing a short TR (< 600 ms) we increase T1-wigigh.e., the image contains mostly
T1 information. Indeed, tissues with short T1 retpickly and give a large signal (are
bright) after the next RF pulse, while tissues vidthg T1 suffer very little relaxation and
have less signal available (are dark) for the mexxitation. Nuclei in fat tissue dissipate
their energy to the surrounding medium very fast have a short T1, but water takes a
longer time to do it and therefore has a longe(Table 7) (61, 62).

The Echo time (TE) is the interval between the igpgibn of the excitation pulse and the
collection of the MR signal. TE determines how muich decay occurs in a particular
tissue. If a short TE (< 30 ms) is chosen, theedgfices in signal between tissues will be
very small since T2 decay has just started andniage will have a low T2 weighting
(Fig. 32) (61, 62). However, a longer echo timel witable detection of different signal

intensities in the tissues. Tissues with a longwil2produce a stronger signal and appear
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bright.
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Figure 31.T1 differences between fat and water, according tthe chosen short or long TR.
Reproduced from [62].

small contrast difference

signal between fat and water

intensity

long T2 (water)

large contrast
difference
between fat
and water

short T2 (fat)

short TE TE (ms) long TE

Figure 32.T2 differences between fat and water, according tthe chosen short or long TE.
Reproduced from [62].

A short TR and short TE sequence is usually cdlledveighted. A long TR and long TE
sequence is usually called T2-weighted. pnoton density-weighted images (PD)
differences in the number of hydrogen protons mtiesues have to be demonstrated. To
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reduce both T1 and T2 effects these sequencesahawg TR and short TE.

Table 7.T1 and T2 relaxation times of different tissues al.5 T

T1 (ms) T2 (ms)
Water 3000 3000
Gray matter 810 100
White marter 680 90
Liver 420 45
Fart 240 85
Gadolinium Reduces T1 Reduces T2

Note: T1 and T2 values shown for water representitbasured values in pure water and not water in
biologic tissues. Reproduced from IMAIOS.

The selective excitation of a desired slice anadtifieation of a signal origin will rely on
the fact that the Larmor frequency is proportiot@lthe magnetic field strength. The
magnetic field is first made inhomogeneous by meanis additional magnetic fields
(gradients) applied in a specific direction. Asesult, the magnetic field strength has a
smooth change and each slice has now its own gpéafmor frequency. Therefore, the
application of a RF pulse with the same frequersctha one of the desired slice, will only

excite protons in that area leaving all the otheraffected (Fig. 33) (61, 62).
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slice A slice B

RF at ©3.76 MHz RF at 65.866 MHz
selects slice A selects slice B

W\ YWy

slice select

gradient
14,990G 15,000 G
(65.76 MHz) (65.866 MHz)

Figure 33.Slice selectionAfter applying the gradient, the magnetic fielchnges gradually and
each slice has its own Larmor frequency. The magfietd strength as a difference of 10 G betwdare A
and B. 1 T equals f@Gauss (G). Reproduced from [62].

Spatial encoding identifies the spatial positionofgthe MR signal and it involves two
important steps: phase and frequency encoding. Baehof this steps uses a specific
gradient, either phase or frequency-encoding gnhadibat induces phase and frequency-
shifts between the spins. All the collected datastored in a mathematical area called the
K-space that has a phase and frequency axis (F)gAB MR image will be created after
applying the Fourier transform to the raw data.aBatints in the center of the K-space
determine contrast while those in the peripheremheine the spatial information of the

resulting images (63).
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Figure 34.Graphical representation of the K spaceReproduced from [62].

The signal-to-noise ratio (SNR) is the relationsbgween the MR signal and the amount
of noise in the image. A high SNR is desirable linical imaging. Parameters related to
the MR unit field strength, emitter/receiver codad sequence are able to increase or

decrease the final SNR (Table 8).

Table 8.Parameters affecting signal-to-noise ratio (SNR)

Change in parameter SNR
Increasing slice thickness Increases
Increasing FOV Increases

Reducing FOV in phase-encoding direction (rectangular FOV)  Decreases

Increasing TR Increases
Increasing TE Decreases
Increasing matrix size in frequency-encoding direction Decreases
Increasing matrix size in phase-encoding direction Decreases
Increasing NEX Increases
Increasing magnetic field strength Increases
Increasing receiver bandwidth Decreases
Employing local coils Increases
Partial Fourier imaging Decreases
Fractional echo imaging Decreases

FOV, field of view (distance across an image); Naxnber of averages. Reproduced from [61].
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b. Basic Pulse Sequences
The Spin Echo (SE) pulse sequence uses a 90° fouls&citation which changes all the
magnetization into the XY plane, as previously exptd. The transverse magnetization
decays because some spins precess at a fastdramatethers so after half the echo time a
180° pulse is applied to refocus (“reverse”) thespAt this time, those who were behind
are now ahead and vice versa, and at the secohdfhtle TE all spins will be again in
phase. At this moment the echo is formed (Fig. S#)ce the 180° RF pulse eliminates de
effect of field inhomogeneities but cannot compéndar the spin-spin interaction the
signal decay is of the T2 kind. The spin echo seqgees characterized by an excellent

image quality but long scan time (61 - 63).

L e |

Z-gradient i 1 i
(slice) - [\ U
Y-gradient ' ' i : 2
(phase) : .+ R ' '
5 H HEL S : :
X-gradient : : g - -
(frequency) . —t + [\
i ] [} . L]
Signal * : N
il -
: X : Echo time (ET) :
1 2 3 4 5
! ]
Y
1) Steady state: 2) After 90° RF pulse: 3) Decay of signal 4) 180° refocusing 5) After full TE
no magnetization all magnetization due to spin pulse after 1/, TE interval:
in xy-plane precessing in dephasing interval: spin spin rephasing
xy-plane (T2and T2%) reversal and full recovery
of magnetization
(echo)

Figure 35.SE sequenceThe excitation pulse always has a flip angle ¢f 8 dephased spins are
refocused into the spin echo by the 180° pulse.d&shed lines indicate the phase-encoding steps.
Reproduced from [61].
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The gradient echo sequence (GRE) uses gradiest cather than pairs of RF, to produce
the dephasing and rephasing of spins (Fig. 36).sfomadvantage of using gradients and
not the 180° RF pulse, is that a very short TR lmamused, which allows faster imaging
compared to the SE sequence. Since the statit Higterogeneities are not corrected by

the 180° RF signal decay is of the T2* kind (61B).6

Radio-
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1) Steady state: 2) After excitation 3) Spin dephasing 4) Spin rephasing 5) Rephasing (echo)

no magnetization RF pulse (c2): through frequency-  through frequency  after TE intervall:

in xy-plane all magnetization encoding gradient gradient reversal full recovery of
processing in transverse
xy-plane magnetization

Figure 36. Gradient echo sequencd-or the sake of simplicity, a flip angkeof 90° is assumed here as well.
Reproduced from [61].

At this time a brief explanation is required abomtphase and opposed-phase GRE
imaging, since this method has been used to ditectfat for more than 25 years. The
Larmor resonance frequency of fat protons is slotivan that of water protons and they
have a gap of approximately 210 Hz at 1.5 T (25,68. As shown in Figure 36 the two

vectors in the transverse plane dephase with tmdetlaey will be in opposed-phase at half
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the cycle and in-phase at the end of the cycle. ddreesponding TE can be calculated

according to the formula (25):

TEn = n/2 X CQater-lipidsX ®o [Equation 2]

Where TE is the echo time, GaaripiasiS the frequency gap between water and lipids and
wolis the Larmor frequency (MHz). These theoreticatwations show that water and fat
peaks are in-phase (IP); i.e., the signals are sanfi® = Wier + Fy) and in opposed-
phase (OP); i.e., the signals cancel each othgiGRIt= Waier - Fa) at 4.6 and 2.3 ms, at 1.5
T, respectively (25, 65). The signal from the fedcfion (FF) can be calculated with

equation [3]:

FF = Rt/ Water + Fat [Equation 3]

Where F; is the signal from fat and MW the signal from water. We can nonetheless

rearrange the terms of this equation and fat fwaatan therefore be calculated as follows:

FF=IP-OP/2xIP [Equation 4]

However, when performing this standard measurerftart echoes and high flip angle)

errors are introduced in the final result becalseT1 weighting of fat and the different

T2* relaxations for water and fat are not takem iatcount. For greater detail please refer

to chapter IV.
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c. 'H Magnetic Resonance Spectroscopy in the Liver (MRS)
Magnetic resonance spectroscopy can record prajoals as a function of their resonance
frequencyand is able to detect metabolites present indsst very small concentrations.
MRS is currently considered the imaging referertaadard for liver fat quantification and
is extremely sensitive to even trace amounts si&cl9).®86 (65 - 67). Theresonance
frequencies of water and fat protons are distiwbich translates intdifferent positions in
the overall peak spectrum, and are expressed h#tansfrequency, in parts-per-million
(ppm), relative to a standard. The area under paeak is used to calculate the metabolite
concentration within a given voxel of tissue. Tygrides are spectrally complex and have
at least six different peaks: the dominant methg/lpeak (Ch 1.3 ppm), the methyl peak
(CHs; 0.9 ppm) and the 2.8, 2.1, 4.2 and ppm peaks (Fig. 37) (66, 68). Measurements
of the total lipids, frequently includes only theetlylene peak (70 % of total fat peaks) or
the methylene plus the methyl peaks (70% + 8% ewspely, of total fat peaks), because
the 5.3 ppm peak overlaps with the one of waterthadthers are difficult to individualize

at clinical field strengths (Fig. 38) (68). Watergk is located at 4.3 ppm (66, 68).

H OBM@HHHHHOOHOOHHHHO
| | T T Y I N O O O Y
# -c-0-c-C-C-C—-C-C—C—-C—C=C—C—C=C—-C—C—-C—C—C-
| [ U I I | | I I I
P -CoorR BIHH H H HMH ) HHHHG
|
(H —COOR @ -5.29 ppm @) -5.19 ppm peak 1
} included in water
| H -4.2 ppm peak 2
G) @ -2.75 ppm peak 3 rarely seen in -vivo
] -2.24 ppm [H] -2.02 ppm peak 4 2.1 ppm
@-1.6 ppm H -1.3 ppm peak 5 1.3 ppm
@-0.9 ppm peak 6 0.9 ppm

Figure 37.Representation of typical triglyceride moleculeThe chain shown is linoleic acid. R indicates
the other fatty acid chains in the triglyceridev&al resonances (at 5.29 and 5.19 ppm; 2.20 &&dpm;
1.6 and 1.3 ppm) are not resolvable in vivo aticdihfield strengths<{ 3 T) and appear as single peaks.
Reproducedrom [68].
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Figure 38. Left: coronal section of upper abdomen showing the regiomithin the upper right hepatic
lobe, in which measurement of liver triglycerides was obtained.Middle: proton spectrum from the
liver, showing resonance peaks derived from hepatiwater and triglycerides. Right: expanded view of
the spectrum, highlighting resonances from protonsf methylene (CH2), and methyl (CH3), in the
fatty acid chains.Reproduced from [67].

MRS is technically challenging and to compensatettie low SNR, spectra are usually
obtained from tissue volumes at least twice aselatigan the voxels of water-based MRI
and by repetitive signal averaging. Major drawbaokghis method are a substantially
lower spatial resolution tharthe one for MRI and the longer time required for
examinations and data post-processing (69).

MRS in the liver is usually performed as a singlexel technique (66). The main
advantage is that the sampled volume is largerthetfore the SNR is increased he
two most commonly used spectroscopic sequencebkeirier are thestimulated-echo
acquisition mode (STEAM) and point-resolved spestopy (PRESS). In STEAM, a cubic
voxel is generated with three orthogonal sectidaesiwe 90° pulses (Fig. 39). PRESS uses
a 90° pulse followed by two 180° pulses (66, 6@veBal studies compared the clinical

performances of these two sequences. The volunmeepést with STEAM is larger than
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the one selected with PRESS and STEAM is also sdrakeless sensitive to the J-coupling
(i.e., interaction between spins within a molecusso called spin coupling - which could
cause these sequences to give different peak anhgdit. However, in STEAM only part
of the available signal is used to produce the daited echo, thus PRESS has a higher
SNR (by a factor of 2). There are still no speciécommendations as for the use of one or

the other (66, 69 - 72).

N\

Figure 39.A 3D localized volume (voxel) is formed at the intsection of three orthogonal slices.
Reproduced from [72].

Although MRS is the imaging gold standard for liiat quantification it has several
limitations. First, it has limited spatial coveragdlowing measurements only at the voxel
site. Second, it does require substantial expeftiséts practical implementation. Third,
even with automated post-processing it is stilleioonsuming in the busy clinical setting.

Therefore, MRS is mainly limited to research anddsmenic centers.
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d. Intravoxel Incoherent Motion Diffusion-Weighted Imaging (IVIM DW)
Diffusion reflects the random Brownian motion ofteradue to thermal agitation. At 37 °C
the water molecules have an average displacemer80omicrometers during a 50-
millisecond interval. This movement in biologicsiies suffers from the interaction of
water molecules with cells, hydrophobic membrameacromolecules (e.g. collagen in
liver fibrosis) and vessels that will disturb fremtion. Therefore the resulting diffusion is
called apparent (ADC: apparent diffusion coeffitjeand is considerably less than in pure
water (73 - 76).
The original pulse sequence was based on a spia sehuence that has symmetric
diffusion sensitizing gradients inserted before afidr the 180° refocusing pulse (Fig. 40).
Water spins experience a dephasing induced byirftediffusion-sensitizing gradient and
afterwards rephasing by the second gradient (7Hé. derived signal of stationary water
spins is maintained as practically unaltered assfiies are at the same position during the
two diffusion-sensitizing gradients. However, mayiwater spins will be in different
positions and are not perfectly rephased by therskgradient, so the derived signal is

reduced. The degree of water motion is proportibtméthe signal attenuation.
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Figure 40. The Stejskal-Tanner pulsed field gradien(1965), is the default diffusion sensitive sequea.
Two diffusion-sensitizing gradients inserted befanel after 180° RF refocusing pulse using precisely
controlled duration and distance. G, amplitugjejuration of the sensitizing gradient; time between the 2
sensitizing gradient lobes. Reproduced from [74].

Echo-planar imaging (EPI) is the gold standard DWliffusion-weighted imaging)
technique. EPI is an ultrafast acquisition thatsusscillation gradient reversals to generate
“‘odd” and “even” echoes that take significantlydeime to be generated. Since EPI
sequences are very sensitive to off-resonanceteftdcwater and fat protons they are
usually fat suppressed. Since liver is an isotrapgan (uniform in all directions) liver
DWI uses tridirectional (x, y and z axis) diffusignadients to calculate the average DWI
image. The b-value provides diffusion weighting /I images. The higher the b-value,
the more diffusion-weighted the image will be (I&XR), while at low b-values (< 100
s/mnf) perfusion effects will dominate over diffusion igleting (high SNR) (76). ADC
can be calculated as the slope of the signal atemuas a function of b, expressed by the

following equation using a mono-exponential fit .76

S/S = exptPAPO) [Equation 5]
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where ADC (10° mnf/s) is the apparent diffusion coefficient, tBe signal intensity for
eachb value ands, the signal intensity dd.

The term intravoxel incoherent motion (IVIM) wassti introduced in the clinical practice
by Denis le Bihan in 1986, and translates the matibwater molecules at the voxel level,
both intra- and extracellular but also in the dapyl network. This theory allows the
separation and measurement of pure diffusion anfdigpen-related diffusion coefficients
(Fig. 41). According to the IVIM theory, signal etiuation as a function of b is expressed

by the following equation using a bi-exponentia(7i6, 77):

Sy/Sp = (1-f) &P (P D)y f exptP O+ D) [Equation 6]

where $ is the signal intensity for eadhvalue, 3 the signal intensity abo, f (%) the

fraction of diffusion linked to microcirculation, 10° mnf/sec) the true diffusion

coefficient, and D* (18 mn¥/sec) the perfusion-related diffusion coefficient.
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Logarithm of Relative Signal Intensities

T T T T
0 200 400 600 800 1000
b value (s/mm?)

Figure 41.Plots show logarithm of relative signal intensity ersus b value from normal liver
parenchyma.Note that there is initially steeper decreasdatigd signal values (circles) at low b values
(within rectangular box A) compared with more graldaitenuation of signal at higher b values (within
rectangular box B). By applying intravoxel incoh@renotion (IVIM) analysis, biexponential behavidr o
signal attenuation is characterized (sdili@), resulting in typical hockey stick appearance aééltcurve.
Using simple monoexponential apparent diffusionfficient (ADC) line fitted to data (dottekine) in this

case provides suboptimal characterization of sigttahuation behavior. Reproduced from [77].

At high b-values (> 100 - 200 s/mMmthe influence of D* on the signal decay is altnos
negligible and equation [6] can be simplified. Dh¢herefore be calculated with a simple

monoexponential fit (76, 77):

S/Sp = exp™P) [Equation 7]

It has recently been recommended to calculate ABifiguat least ® values > 100 s/mm

to avoid the perfusion effects. In this case, equat[5] and [7] become equivalent and the
apparent diffusion coefficient equals the pureudifbn coefficient.

DWI performed with a b-value of 0 s/mimorresponds to a T2-weighted sequence because
S is proportional to exp (-TE/T2) (78). Thus, diffois images have a T2 contamination

and regions/structures with a long T2 may havertfical signal enhancement known as
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the T2 shine-through artifact. This can be overcaaypeising exponential images that are
simply the diffusion image divided by the b = 0 geaor by viewing the ADC map whose
contrast represents the calculated ADC.

DWI has been used to assess liver fibrosis andrmfiation (79 - 86). In factiver
fibrosis is characterized by the accumulation oflagen, proteoglycans and other
macromolecules in the extracellular matrix as asegmence of chronic injury and water
molecules are hence expected to have restrictédsidin. Several studies reported that
ADC was lower in cirrhotic than in non-cirrhoticvéirs and that it could be used to
differentiate severe from mild stages of fibrositowever, ADC was not reliable in
distinguishing FO from F1 and F1 from F2 fibrostages (80, 85, 86). Furthermoomme
experimental and two clinical studies, the lattasing IVIM, have reported that the
decrease in ADC could be due instead to specificedeses in liver perfusion, which occur
with increasing livefibrosis (82, 83, 87).

Only few studies addressed the influence of ingngagnflammation grades in ADC
measurements and with conflicting results. Taetlal (81)found thatpatients with liver
inflammation grades 1 and> 2 had significantly lower ADCs when compared ttigras
without inflammation or with inflammatiors 1, respectively, and that ADC had a
significant inverse correlation with the inflamnmati grade (r = - 0.543 = 0.0001).
However, Bonekamp et a(85) only reported a very weak correlation between
inflammation and ADC (r = - 0.2% = 0.03) and no significant independent influenme f
inflammation on the ADC.

These diverging results and the scarcity of IVIMds¢s have opened the door to new
discoveries in the relationship between diffusienfipsion parameters and other

parenchymal changes besides fibrosis, such a®sigaind inflammation, in patients with
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chronic liver diseases.

e. Magnetic Resonance Elastography of the Liver (MRE)
MRE was first described in 1955 and along with thitial work in the 1990s this
technique has now become very useful in the assegsonh liver fibrosis (88). MR-based
elastography uses a harmonic mechanical vibrafidowofrequency (typically between 50
to 80 Hz) induced by an external transducer, t@iobinformation about the mechanical
properties of the liver. This excitation generam®mmpressional waves in the liver
parenchyma and shear waves are obtained by modeerston at tissue interfaces.
Sinusoidal motion-encoding gradients at the samguiency as the vibration frequency are
applied during image acquisition. The resulting gghaontrast images are processed with
an inversion algorithm to generate viscoelastic snap the elasticity can be calculated
from the wave speed as done with ultrasound elespbyg (76, 88, 89). Usually, the
viscoelastic properties at MRE are based upon apaterivatives of the measured
displacement fields and not on the shear wave spgédexl shear properties of an organ,
referred to as the shear modulus (|G*|, kRalculated by demodulation and local
inversion of the linear viscoelastic 3D wave equatiare best described as a complex
number composed of a real part, the storage mod@ikPa) and an imaginary part, the
lossmodulus (G”, kPa) (90). Théormer is determined by the elastic propertietufreof
the organ to the initial position), whereas théelats associated with the viscous properties
of the organ (tissue friction and attenuation oves). Thus, G’ and G” are distinct from
one another and may respond differently with resfethe underlying pathology.
The complex shear modulus measured by M&Eot directly interchangeablgith the
Young’'s modulus (E) measured with transient elasiplgy, as explained by the following

equation (91 - 93):
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E=2(1+c) xp (L X Y)? [Equation 8]

Where E is the Young's modulus,the Poisson’s Ratigqy the density) the wavelength
andY the wave frequency. The Poisson’s ratio equalsnOificompressible organs such as
the liver, and the second part of the equation lsquathe shear modulus. Therefore,

equation [8] can be further simplified as follows:

E=3u [Equation 9]

Where the Young’s modulus measured at ultrasounghle times the shear modulus
measured at MRE. This unflawed relationship onlgdems in the perfect elastic material
that conserves its volume after the removal ofstiessful agent. However, tissues are not
perfectly elastic but vigelastic (90, 92).

The complex-valued shear modulus can also be ctd/érto the wave number (k) with

equation [10] (Fig. 42) (94).

G* = p x W K [Equation 10]

Where G* is the complex shear modulgsthe density of the orgarny the circular
frequency and k the wave number (or wave vectohe Wave number is a complex
number composed of a real part, propagation coeffi¢ (mnm?) and an imaginary part,
attenuation coefficient (mm™).

The propagation coefficieffitis inversely related to the wavelengil), @s described in the

following equation:
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B=2xn/)x [Equation 11]

-Wavenumber, k -Complex shear modulus, G*
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beta = k™

Shear modulus and
wavenumber are distinct
parameters; so are their
complex parts:

G'and G" # alpha and beta

Figure 42. The wave number (k) and the Shear Moduki(G*) are complex numbers
consisting of real and imaginary parts. Equation adapted from [94].

This complete assessment of the viscoelastic paeasnand wave-related coefficients is
until now only reliably obtained with three-diremtial, three-dimensional (3D) MR
elastographyMRE can easily be added to the standard abdomviRalprotocols and only
adds a very small incremental time.

MRE was found to accurately distinguish betweemoBis stages (AUROC 0.91 - 0.99)
and with a better performance compared to tran®&stography alone (Table 9) or in
combination with the aspartate-to-platelet rati® (998). Moreover, MRE has several
advantages compared to the ultrasound-based methosgls an acoustic window is not
required and it is operator independent. Secorgl,whole 3-dimensional displacement
vector is assessed. Third, it enables the anabfsis larger liver volume. Fourth, the
generation and good propagation of compressiongaesvallows the evaluation of obese
patients and patients with ascites (Fig. 43). FiIMIRE can be integrated into a complete
clinical liver examination and the measured paranseare not affected by the prior use of

gadoxetic acid (44, 95, 99, 100). It should alsmbied that with very rapid gradient echo-
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based MRE sequences the presence of increasedich@pat content is no longer a

limitation for this technique (101).

Table 9.Areas Under ROC Curves With 95% Confidence Intervas for MR Elastography and
Transient Elastography

F=1 F=2 F=3 F=4
MR elastography 0.962 (0.929-0.995) 0.994 (0.985-1.0) 0.985 (0.968-1.0) 0.998 (0.993-1.0)
Ultrasound elastography 0.803 (0.701-0.904) 0.837 (0.756-0.918)  0.906 (0.838-0.975)  0.930 (0.877-0.982)

Reproduced from [95].

Figure 43. Left: External transducer that generates the mechanicalilration. Right: coronal
MR image showing the placement of the transducer othe right flank of the patient (arrow).

Data regarding the influence of steatosis and nmftation on the measured MRE
viscoelastic parameters is, nonetheless, limited eontradictory. In the two clinical
studies by Huwart et al (95) and Yin et al (96) independent effect was found for
inflammation and steatosis on the measured shedulo®in patients with chronic liver

diseases. However, in the clinical study by Cheal €102) the shear modulus increased in
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patients with NAFLD that presented pure inflammatibut no fibrosis. In these
aforementioned clinical studies, only one viscdaaaparameter was measured, thus
lacking important information about the complex &ébr of the shear, storage and loss
moduli and the wave number. Until now only the wbsk Salameh et al (103) in animal
models of steatosis and fibrosis started to shéigha on this matter since the authors
found that viscosity related closely with steatoslsle elasticity was particularly linked

with inflammation and fibrosis.
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Since magnetic resonance imaging techniques haam described in this section, a brief
note should also be made about the hepatobiliary 8&Rtrast agent, gadolinium
ethoxybenzyl diethylenetriamine pentaacetic acid-E®B-DTPA), even though it wasn'’t
used in the current work.

Gd-EOB-DTPA is used in routine clinical practicemany countries, including Portugal.
This compound has a lipophilic residue attachethéoDTPA that specifically targets the
agent for uptake into the organic anion transpatlygeptide (OATP1B1/3) in the
sinusoidal plasma membrane of the hepatocyte. dhast agent is excreted into the bile
by the multidrug resistance protein (MRP2) (104)isl estimated that the hepatocyte
uptake for the gadoxetic acid disodium is approxatya50% of the injected dose, which is
ten times higher than the other available hepatigpeontrast agent (Gd-BOPTA). With
this contrast agent, a delayed hepatobiliary phaseally performed 20 min after the
injection, is added to the dynamic MR imaging, (1097). Several studies used Gd-EOB-
DTPA to evaluate liver function and stage fibroswith simple or more complex
pharmacokinetic analysis, and have obtained engmgaresults (105-107). However,
precaution is warranted in the analysis of theselt® as many aspects have to be taken
into account such as the lack of linear relatiomdbetween signal enhancement and the
contrast concentration, factors that might inflleetice clearance of the contrast agent or

even the known complexity of transporter proteggutation (104).
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Chapter III

Overview and Aims of the Studies
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3.1. Overview and Aims of the Studies

3.1.1. Overview of the studies
All the results presented in this thesis were based5 clinical studies and 1
experimental animal study. Tables 10 and 11 prouide reader with a brief

description of the aforementioned research.

Table 10 Overview of the clinical studies

NAME OF THE NUMBER IMAGING METHOD STATUS

CLINICAL STUDY

PATHOLOGY CHAPTER

TRIPLE ECHO GRE MRI ACCEPTED AT

MR fat fraction mapping: ;
 ACADEMIC RADIOLOGY

a simple biomarker for
liver steatosis
quantification in
nonalcoholic fatty liver
disease patients
Fat deposition decreases
diffusion parameters at
MRE a study in phantoms
and patients with liver
steatosis

26 PATIENTS NAFLD v

PUBLISHED AT
EUROPEAN RADNOLOGY

B PHANTOMS LIVER STEATOSIS ¥ IVIM DWI

19 PATIENTS

The influence of liver
fibrosis, inflammation and
steatosis on MR diffusion
and viscoelastic
parameters: a study in
patients with chronic liver
disease
Accuracy and
reproducibility of shear
wave elastography to
aissess liver fibrosis in

68 PATIENTS

48 PATIENTS

NAFLD
CHRONIC HEPATITIS B
CHRONIC HEPATITIS C

NAFLD
CHRONIC HEPATITIS B
CHRONIC HEPATITIS C

IVIM DWI
50 He MR ELASTOGRAPHY

SHEAR WAVE
ELASTOGRAPHY

SUBMITTED FOR
PUBLICATION AT
HEPATOLOGY

UNPUBLISHED
WORK

patients with chronic viral
hepatitis and nonaleoholic
Fatty liver disease

Evaluation of
Multifrequency MRE
Wavelength Exponent in
Patients with Liver Fibrosis
and Inflammation: a
Feasibility study

28, 56, 84 Hz UNPUBLISHED
MR ELASTOGRAPHY WORK.

25 PATIENTS CHRONIC HEPATITIS B R

CHRONIC HEPATITIS C

Table 11 Overview of the experimental animal study

NAME OF THE PATHOLOGY HAPTER IMAGING STATUS
EXPERIMENTAL METHOD
STUDY

Molecular Imaging 20 RATS Dynamic MRI  UNPUBLISHED
of Liver Fibrosis FIBROSIS WORK
with EP-2104R: a
Feasibility Study in
Rats
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3.1.2. Aims of the Studies

Chapter IV study: MR fat fraction mapping: a simple biomarker fover steatosis

quantification in nonalcoholic fatty liver diseasatients.

The purpose of this prospective, single-center alwical study was to assess the
performance, cut-off values, post-processing tiamg intra- and interobserver agreement

of a simple MR-based mapping technique to quatitigy fat in the daily clinical setting.

Chapter V study: Fat deposition decreases diffusion parameterMRL a study in

phantoms and patients with liver steatosis.

The objective of this study was to estimate theafdf fat deposition on the MR-derived
apparent and pure diffusion coefficients, in lip@sed phantoms and patients with pure

liver steatosis, as proven by histopathology.

Chapter VI study: The influence of liver fibrosis, inflammation anteatosis on MR

diffusion and viscoelastic parameters: a studvaitiemts with chronic liver disease.

In this prospective and single-center clinical gtuek investigated the influence of liver
fibrosis, inflammation and steatosis on the meabkuvlR viscoelastic and intravoxel

incoherent motion parameters.

Chapter VII experimental study: Molecular imaging of liver fibrosis with EP-2104R

feasibility study in rats.

In this experimental and feasibility study a fibtargeted MR contrast agent, the EP-
2104R, was evaluated in its ability to detect matkerand severe fibrosis, induced by

diethylnitrosamine (DEN) in rats.

86



Chapter VII clinical study 1: Accuracy and reproducibility of shearwave elasipdyy to

assess liver fibrosis in patients with chronic Vingpatitis and nonalcoholic fatty liver

disease.

The purpose of this prospective and single-cenlimical study was to evaluate the
performance of ultrasound-based shearwave elagtogita detect patients with a fibrosis
stage> F2. Moreover, the interobserver reproducibilitgddhe influence of inflammation

and steatosis on the measured liver stiffness agsessed.

Chapter VII clinical study 2: Evaluation of multifrequency MRE wavelength expohin

patients with liver fibrosis and inflammation: eafibility study

In this prospective and single-center clinical gttlte performance of the multifrequency-
derived MRE wavelength exponent was studied inepg&i with liver fibrosis and

inflammation.
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Chapter IV

MR Fat Fraction Mapping: a Simple
Biomarker for Liver Steatosis Quantification
in Nonalcoholic Fatty Liver Disease Patients
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4.1. MR fat fraction mapping: a simple biomarker fa liver steatosis quantification in

nonalcoholic fatty liver disease patients

Introduction

Nonalcoholic fatty liver disease is being incregbyirecognized as a disease associated to
liver-related morbidity and even mortality in th@stern countries. Its prevalence has been
rising in the past two decades to become the Igachnise of chronic liver disease, being
closely associated to insulin resistance and tygeRetes (1, 3). This chronic liver disease
includes not only bland steatosis but also stegiafites, which can progress to fibrosis,
cirrhosis and ultimately hepatocellular carcinon®. Although early stages of liver
steatosis may be reversible, patients can progessonalcoholic steatohepatitis even
without any proven inflammation or cell injury (168111). Liver biopsy is the current
gold standard for diagnosing nonalcoholic fattyefivdisease and quantifying liver fat.
However, its invasive nature limits the use forestiing or follow-up of nonalcoholic fatty
liver disease patients (28). Alternative noninvasimnaging methods, such as magnetic
resonance spectroscopy and multiech® (echos) gradient-echo imaging with or without
fat spectral modeling, have been used to accurapeantify liver fat (67, 112 - 115).
However, they are time-consuming and require the w©o$ extensive logarithmic
calculations. Yokoo et al (112 - 113) have receridynd no significant differences
between triple echo gradient-echo imaging and trmencomplex methods for fat
guantification. Therefore, the purpose of our stu@s to (1) assess the performance and
specific cut-off value of a simple MR-based mappiachnique for liver fat quantification
at 1.5-T in patients at risk for nonalcoholic falityer disease, (2) quantify the time it can

add to routine clinical practice abdominal protecahd (3) assess its intra- and

89



interobserver reproducibility.

Materials and methods

Sudy design and patients

This prospective, single-center study was apprdwethe review board at our institution
and written informed consent was obtained for atignts. Between May 2010 and June
2011 a screening program was initiated at the Deymant of Endocrinology, using the
following inclusion criteria: age 18 years and o|daverweight with type 2 diabetes, at
risk for nonalcoholic fatty liver disease, and aixse of a clinical history of hepatitis,
cirrhosis or hemochromatosis. A total of 32 pasewere initially included in the study
protocol which consisted of liver MR imaging at -5Magnetom Symphony, Siemens
Healthcare, Erlangen, Germany), using a four elémsarface coil, performing a triple
echo gradient-echo T1-weighted MR imaging, from alhihe fat fraction mapping was
processed, antH magnetic resonance spectroscopy, used as themeéestandard. Six
patients were excluded for the following reasonpafents due to technical failure during
the magnetic resonance spectroscopy acquisitiohad® uninterpretable spectra and 2
missed the scheduled MR imaging. The final studyutetion consisted of 26 patients, 6
men and 20 women, with a mean age of 47 yearsdr&8- 70 for women; 25 - 55 years
for men). The mean body mass index (BMI) was 3@&nk (range, 25 - 44 kg/frfor

women:; 33 - 48 kg/Afor men).
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Magnetic resonance imaging

'H magnetic resonance spectroscopy (MRS)

Single-voxel liver spectroscopy was performed vaitB0 mm x 30 mm x 30 muoxel (27
mL). Spectra were acquired with the use of poisthead spectroscopy sequence (PRESS)
during free breathing. Water suppression was ndiopeed. To minimize T1 effects,
repetition time was set at 3,000 ms. To correct T@reffects, 5 average-spectra were
collected at echo times 20, 30, 40, 50, 60 and 80 @ther parameters were receiver
bandwith 2,000-Hz and 2,048 point spectral resotutiAutomated optimization of
gradient shimming was followed by manual adjustmehthe central frequency, and
spectra were used only if full width at half maximuvater peak was 40 Hz or less. The
total acquisition time was 3 min 6 s. A region ffieirest containing a tissue volume of 27
mL was placed in one segment of the right liveleast 10 mm from the edge of the liver,
avoiding vessels or focal lesions, by a radiologish 5-year experience in MR abdominal
imaging. The *H magnetic resonance spectroscopy data was analydéd the
spectroscopic analysis package jMRUI (A. van deadaart, Catholic University, Leuven,
Belgium). We measured the water peak@MHat 4.7 ppm and the methylene peak {CH
at 1.3 ppm (116). T2 relaxation for water and miethg were determined from their
integral values, at each echo time, by using adstahleast-squares fitting algorithm with

the following equation (115):

A(t)=Ao.™ [Equation 12]

where A is the integral value at time t anglig\the integral value at time 0.

The peak areas of water and methylene correcte@iZaffects (A n20 and Ay crxo) were
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used to calculate liver fat fraction with the follmg equation (115):

% FF=100. A c1a (Ao chztAo H20) [Equation 13]

We used the 5.56% value proposed by Szczepan@ak(@t), as a threshold for the upper
normal limit of liver fat. Time required for postgressing the magnetic resonance

spectroscopy data was registered in each patient.

Fat fraction mapping (FFM)

A Tl-weighted 2D triple echo gradient-echo sequenas initially acquired with a
repetition time/echo time 164/4.6 ms (In Phalég), 7.27 ms (Opposed Phase, OP), 9.98
ms (In PhaseIP,), matrix 192 x 256 pixels, 390-mm field of viewr@piding a pixekize

of 2.0 x 1.5 mm), slice thickness 6 mm and 20° digle to correct for the T1-weighting
effect. The acquisition time was 35 s. The fingkti fat fraction mapping images were
acquired on an automated pixel-by-pixel basis aodthputed in a post-processing
workstation (Leonardo, Siemenslealthcare, Erlangen, Germany) using its basic
mathematical functions as follows: 1) Images regméag the IP signal intensity (SI) were
corrected for T2* decay (ko) using the arithmetic mean function, whereSkE (1P, +
IPy)/2; 2) OP images (gb) were subtracted from the previously obtaineg.Simages
(Slpco — Sbp); 3) The final fat fraction mapping images werdaned by dividing the
(Slpco — Sbp) images by Skimages, and applying a scaling factor of 50%, asipusly
reported (117). A circular region of interest of-2 cnf was manually placed by a
radiologist blinded to spectroscopy results atrtgkt liver lobe, matching the anatomical
location of the spectroscopic region of intered amoiding vessels or focal lesions. The

region of interest drawn in the liver mapping pd®d an immediate percentage result of
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the fat content in that area (Figs. 44, 45). A Emiolume-matched region of interest was
placed in the spleen, to serve as internal referéorctechnical consistency. All FFM were
repeated 1 week later to assess intraobserverdeghility by a radiologist with 5-year
experience in MR abdominal imaging. Ten cases warelomly selected to assess
interobserver reproducibility, which was performég one radiologist with 2-year
experience in MR abdominal imaging. The latter waeviously taught to post-process the
IP/OP images in order to obtain the fat fractiorppiag in half an hour Time required for

post-processing the FFM was registered for eadbrgat

Figure 44. Left 'H magnetic resonance spectra.iver fat content was 5.7 9Right: Liver fat fraction
mapping of a 67-year old patient with type 2 diabeds.Region of interest (1) positioned in the liver
directly provides the respective fat fraction vatiiés.7 %. Liver signal is only slightly more intmn

compared to the spleen (internal reference stahdard
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Figure 45.Left: *H magnetic resonance spectra.iver fat content was 26.7 %Right: Liver fat fraction
mapping of a 40-year old patient with type 2 diabeds and severe steatosikiver fat is clearly visible on
the mapping, as the liver is very hyperintense canexpb to the spleen. Measurements in the liverirfd) a
spleen (2) provide fat fraction within regions ofdrest (25.5 % and 1.3 %, respectively).

Statistical Analysis

In this prospective study anpriori power analysis was performed in order to obtain a
significance of 0.05 and a power of at least 80Bévidus reports in the literature for the
prevalence of liver steatosis and mean liver fateat in a similar population were used
for that purpose (114, 118). A minimum number ofpatients had to be included in our
study.

The correlation between the fat fraction mappirepsaurements and magnetic resonance
spectroscopy was assessed using the non-para®p&aman rank correlation coefficient
(). The evaluation of bias was done using the 8&%-of-agreement method developed
by Bland and AltmaKl19), in which the difference between fat conteetasured by two
methods is plotted against their mean. The perfoomaf the fat fraction mapping was
assessed by plotting the true positive rate intfanof the false positive rate for different

cut-off points, which allowed calculating the atealer the curve of a receiver operating
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characteristic curve and determining the cut-oftigdor the technique. The difference in
acquisition and post-processing times between inatinods was assessed using the non-
parametric Wilcoxon test. Intra- and interobsemegroducibility was calculated using
intraclass correlation coefficients.FAvalue< 0.05 was considered statistically significant.
Statistical analysis was performed with the MedGalitware (MedCalc, Mariakerke,

Belgium).

Results

In this patient cohort a mean fat percentage of%l(range, 2 - 35.4%) was obtained
using the FFM technique corresponding to 9.8% @afg - 30%) using MRS (Table 12).
A strong correlation was found between both meth@ds 0.89,P < 0.0001). On the
Bland-Altman plot 25 of the 26 fat measurementseweithin + 4.2% of the mean
difference of both methods (2%) (Fig. 46). Using tleference threshold proposed by
Szczepaniak et al (67) for MRS, we found that aativalue of 6.9% for FFM provided
an accurate diagnosis of fat content with 93% seitgiand 100% specificity. The area
under the curve for fat fraction mapping was 0.88e spleen was used as our internal
reference and all spleen measurements had a feenten1.5% (Fig. 45). Median post-
processing and reading time was 5 minutes (rangel® min) for FFM and 35 minutes
(range, 30 - 50 min) for MRSP(< 0.0001). Intraclass correlation coefficientsifdra- and
interobserver agreement were 0.98 (95% CI, 0.989)0and 0.99 (95% CI, 0.97 - 0.99),

respectively.
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Table 12.Fat fraction measurements with FFM and MRS in the B patients

FFM (%) MRS (%)
4.8 1.2
2.8 0.8
2.6 0.8
27.4 28.6
4.5 1.2
35.4 30
15.7 14.2
2.0 1.0
6.7 5.7
12.0 7.0
15.9 15
10.8 7.3
3.0 1.0
20.8 21.7
25.5 26.7
12.6 10.8
6.9 3.1
25 1.0
5.3 1.3
11.4 10.3
16.8 20.5
6.7 1.6
2.2 0.8
6.8 4.4
317 29.3
12.0 11.0
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Figure 46. Bland-Altman plot representing the diffeence between liver fat fraction (%) estimated with
magnetic resonance spectroscopy and mapping (measdrby observer 1 at one time point) plotted
against their means.Only one fat fraction measurement wasn't withia #h1.96 SD (4.2 %) of the mean
for both methods, but all fat fraction measuremstaged within the upper maximum and lower minimum
95 % limit of agreement. SD = Standard Deviation.
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Discussion

In this prospective, single-center study we hawess the performance, post-processing
time, intra- and interobserver agreement of an MRBed mapping for liver fat
quantification using a triple-echo gradient-echqusnce for T2* correction. Our results
show that this mapping can accurately provide Ifa¢muantification within a short post-
processing time with excellent intra- and interalaee agreement. The cut-off value of
6.9% for the mapping method was found to have & Bensitivity and specificity to
diagnose patients with and without liver fat deposi Histological assessment of liver
biopsy is considered the reference standard fordihgnosis of steatosis but its use for
screening or follow-up studies remains impractoha¢ to its invasive nature. Moreover, it
is subjected to important sampling errors sincerlisteatosis is a heterogeneous process
often associated with spared areas that may b&edelamong other reasons, to vascular
abnormalities (120). The noninvasive quantificatodriver fat has been made possible by
the use of magnetic resonance imaging with eftHemagnetic resonance spectroscopy or
multiecho gradient-echo sequences. However, sgacpy has limited spatial coverage
and requires substantial expertise for its impleaten and analysis, and the multiecho
sequences>( 6 echos) require the use of equations with inangagsomplexity and
additional analysis software to measure fat con@st53, 112). Recently good agreement
of fat fraction measurements between MRS and tegleo gradient-echo imaging over a
wide range of fat content was reported (11Phe FFM technique used in our study also
showed very good correlation with MRS, although tlerelation coefficient was lower
than previous reports:(0.98) (119). This may probably be explained by factors: first,
due to technical limitations at 1.5-T we assumeihglified fat spectrum consisting of a
single methylene peak at 1.3 ppi6), while gradient-echo magnetic resonance intagi
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includes signals from all fat peaks. Secondly, €#fect was corrected assuming a linear
T2* decay between the two IP echoes, as previoabserved by Guiu et al (117).
However, to insure that no bias from T2* decayuaficed our measurements we used the
first two closely spaced in-phase echo times taiolthe in-phase corrected signal. These
two in-phase echo times have superior signal-tsencatio and are less influenced by fat-
fat interference. We are aware that the FFM teakeidoes not solve the problem of fat-
water ambiguity since subcutaneous fat will showes of 8 - 12%, when the real fat
fraction is obtained subtracting this value from0%0 However, liver fat fractions higher
than 50% are very uncommon in the liver parenchi@ial112, 114, 118Y.he highest fat
fraction measured in the present study was 35.4%en\performing visual assessment of
the map, liver fat is hyperintense compared tcsgileen, our internal reference. The spleen
does not contain visible fat on MRI except in castdipid storage disorders and after
administration of intravenous fat emulsions (1121)1 Since splenic measurements
obtained for all patients were consistentl¥.5%, it allowed us to conclude about the good
reproducibility of the technique.

The Bland-Altman plot showed that the fat fractrmeasurements for all patients, except
one, were within + 4.2% of the mean difference othbmethods. This is a fairly
reasonable value considering that quantificationliwdr fat by visual assessment on
pathological specimens has broader grading limds The median time spent for
acquisition and post-processing’ef MRS in our study was 38 min, which can at least
be partially explained by the lack of fully automéatspectral analysis software. However,
the mean time spent to produce and analyze FFMowhs5 min 35 s, which makes the
technique a realistic choice to incorporate in aybelinical setting. Compared to previous
studies that only assessed the agreement of th@imgapechnique with respect to an

imaging gold standard (114, 117), we have deterdhite cut-off value and intra- and
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interobserver reproducibility. Using 6.9% as a-affitvalue can accurately distinguish
patients with and without liver steatosis. Furtherey in our work excellent intra- and
interobserver reproducibility were observed andoekeve that this is an additional reason
to apply FFM as a potential biomarker for liverattesis quantification.

The clinical relevance of FFM must be considergueemlly in the setting of longitudinal
population-based epidemiologic studies, since mec&ndies have reported a 5%
prevalence of fatty liver in the general pediagrapulation, 38% in obese children and 48
% in children having type 2 diabetes (122).

Our study has limitations: first, steatosis quacdiion was not confirmed by histology
since performing liver biopsy in asymptomatic pat$eis not ethically justified, and may
be under representative since only 1/50000 of tharois actually analyzed (4); second,
the absence of liver iron overload was not histiclaity verified but it must be stressed
that the present series was composed of patietysabmisk for nonalcoholic fatty liver
disease, without clinical or biological evidenceroh overload; third, we were not able to
test the longitudinal reproducibility of FFM sineach patient was submitted to a single
MR session for each quantification technique.

In conclusion, FFM is a simple and accurate teamifpr liver steatosis quantification.
Since it can be performed in a short time frameait potentially be included in routine
liver studies dealing with this clinical problemspecially in the setting of large

longitudinal population-based epidemiologic studies
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Chapter V

Fat Deposition Decreases Diffusion
Parameters at MRI: a Study in Phantoms
and Patients with Liver Steatosis
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5.1.Fat deposition decreases diffusion parameters MRI: a study in phantoms and

patients with liver steatosis

Introduction

Chronic liver diseases are frequent causes of mityband mortality in the Western
countries. In a recent screening study performed general population older than 45
years, liver fibrosis related to unsuspected clurdimer disease was detected in 7.5% of
the subjects and cirrhosis in about 1% (123). Thstnrequent causes of chronic liver
diseases encountered were nonalcoholic fatty ldisease (NAFLD), alcoholic liver
disease and viral hepatitis C and B (123). Amomgéeh nonalcoholic fatty liver disease is
a major healthcare problem since excessive liiesfdetected in one third of the United
States adult population (67, 122).

Recently, various imaging methods, including didmsweighted magnetic resonance
imaging, have emerged as potential biomarkers lioordgc liver disease (67, 97). Prior
studies have shown that chronic liver diseasesaaseciated with a decrease of the
diffusion coefficients. This has been related togoessive fibrosis, inflammation and
decreased perfusion (81, 82, 85, 87, 124). Liweatssis is also frequently observed in
patients with liver fibrosis, especially in patisnwith nonalcoholic and alcoholic liver
diseases and viral hepatitis C and B (53, 108).

However, only few and conflicting data are avakabégarding the influence of liver
steatosis on the diffusion parameters. In mostrtegetudies liver steatosis is considered
not to restrict diffusion (85, 115, 125). Two retstudies performed in patients and rats
suggested a relationship between steatosis andidiff (126, 127). However, because no
liver biopsies were obtained in the patient stullg,effect of confounding factors such as

fibrosis and inflammation on the diffusion measueais could not be assessed. In the
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animal study, biopsies were obtained, but a muiti@ analysis of the influence of
steatosis, inflammation and fibrosis on the diffussimeasurements was not performed.
Therefore, the purpose of our study was to assessffect of fat deposition on the MRI
diffusion coefficients, in lipid emulsion-based pt@ms and in patients with normal liver
and with isolated liver steatosis, without any otbenfounding factors, as confirmed by

histopathology.

Material and methods

Lipid emulsion-based phantom study

The phantoms consisted of 50 mL tubes containingrstant amount of 5 mL of gelatin,
used as a solidification agent. To obtain theowaifat fractions in the phantoms, we
progressively increased the added amount of a pidision of refined olive oil (16%)
and soybean oil (4%) (ClinOleic 20%, Baxter, MaagpFrance) in each tube and
decreased the added amount of water in parall@.fiflal fractions of fat in the phantoms
ranged from O to 18% (0%, 3%, 5%, 7%, 9%, 12%, 1468p, 18%). Fat droplets inside
the phantoms had a mean diameter of 0.6 micronghw similar to that of fat droplets
within the hepatocyte cytoplasm (about 1 micror28(1129).

The phantoms were imaged using 1.5T MR (InteraligdhMedical Systems, Best, The
Netherlands) with a four-element surface coil. O8fbn-weighted magnetic resonance
imaging was performed without and with a fat suppi@n scheme (Spectral Presaturation
with Inversion Recovery), using a single-shot eplamar acquisition and the following
parameters: repetition time/echo time 305/57 metyimn80 x 80 pixels, 250-mm field of
view, 3 transverse slices, slice thickness 4 mnh ¢4lues (0, 10, 20, 30, 40, 50, 75, 100,
150, 300 and 500 s/nfijp 20 averages and 3 directions. The acquisitiome tivas 3
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minutes 30 seconds.

Patient study

This retrospective clinical study was approved gy teview board at our institution and
informed consent was waived. Patients who undenm@agnetic resonance imaging for
the assessment of a liver tumour, between June 20dMarch 2011, were identified for
this study. Inclusion criteria were: age 18 yeansl alder; liver MRI with a multi-b
diffusion-weighted sequence; histopathological sssent of the tumour and non-
tumourous liver parenchyma performed by liver bjops after surgical resection. Ninety-
seven patients were identified based on the inmfusiiteria.

The diffusion-weighted images in the patients weléained using the same 1.5T MRI
system and surface coil described above for theétpha study. The multi-b single-shot
echo-planar diffusion-weighted acquisition had tflelowing parameters: repetition
time/echo time 305/57 ms, matrix 80 x 80 pixelsP-82m field of view, 3 transverse
slices, slice thickness 4 mm, 1¥alues (0, 10, 20, 30, 40, 50, 75, 100, 150, 3@D510
s/mnf), 20 averages and 3 directions. Image acquisitias obtained with fat suppression
(Spectral Presaturation with Inversion Recovery) ige breathing. The acquisition time
was 3 minutes 30 seconds.

Exclusion criteria were as follows: motion artefawmt the diffusion-weighted images
precluding the analysis of the diffusion parametéfspatients); liver inflammation,
fibrosis, cirrhosis or iron overload at histopatigital evaluation (71 patients). The final
study population consisted of 19 patients, 12 wowash 7 men, with a mean age of 50.7
years (range: 24 - 72 years for women; 37 - 74 syéar men). The median interval
between magnetic resonance imaging and biopsyl®) or surgical resection (n = 3) was
14.5 days (range: 0 - 90 days).
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For the patients included in the study, the noneuraus liver biopsies were
retrospectively reviewed by an experienced hepbaopipathologist who was unaware of
imaging results. This evaluation confirmed the abseof steatosis, inflammation, fibrosis
and iron 6 = 14, normal liver) or the presence of isolataeisteatosis (n = 5), and
grading was performed according to the Brunt cfesdion (4): three patients had grade 1
steatosis (number of hepatocytes containing fat: 3%), one grade 2 (33 — 66 %) and

one grade 3 (> 66%).

Image interpretation

Regions of interest were placed on the diffusiomgived images, by one of the authors
with 5-year experience in MRI, blinded to the réswf histopathology. The regions of
interest were placed within the center of each psintom to avoid edge artifacts and in
the right liver avoiding large vessels and focegtilesions. The absence of a liver lesion
or large vessel in the region of interest was ¢oréd by visually comparing the region of
interest positioned on the diffusion-weighted, Tt & 2-weighted images. The mean area
for the regions of interest was 4.3 + 0.5%dmthe lipid emulsion-based phantoms and 18 +
6.8 cnf in patients.

The apparent diffusion coefficient was measuredigusi monoexponential model (130)

with the following equation:

Sy/Sp = expP AP [Equation 14]

where ADC (1G mn¥/s) is the apparent diffusion coefficient, tBe signal intensity for
eachb value ands, the signal intensity ddp.

The other diffusion coefficients were measured gignbi-exponential fit (130) with the
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following equation:

Sy/So = (1-f) &P (P D)y f exptP O+ D) [Equation 15]

where, f (%) is the fraction of diffusion linked moicrocirculation, D (18 mn¥/s) the true
diffusion coefficient, and D* (1 mn'/s) the perfusion-related diffusion coefficient.

The algorithms were implemented with purpose kaoltware running under the ROOT
environment (ROOT 5.22, CERN, Geneva, Switzerland)e reproducibility of the

diffusion parameters measurements has been regoaedusly (131).

Statistical analysis

The results are reported as mean + standard dwmviafihe correlation between the fat
fraction and the diffusion coefficients for the itlp emulsion-based phantoms was
calculated with Spearman correlation coefficienfs The diffusion parameters of the
patients with and without isolated liver steatagese compared with the Mann-Whitnby
test after Bonferroni correctiorP < 0.01 was considered to indicate a statistically
significant difference. Statistical analysis wasfpened with the MedCalc software

(MedCalc, Mariakerke, Belgium).

Results

The results of the diffusion parameters measuresnenthe phantoms are given in table
13. The apparent and pure diffusion coefficiergsrdased from 2 and 2.1 x3@n¥/s,

for a fat fraction of 0%, to 1.42 and 1.49 x'3lﬁm2/s, for a fat fraction of 18%, with fat

105



suppression, and from 2.04 and 2.1 X &@n?/s, for a fat fraction of 0%, to 0.89 and 0.88
x 10° mn¥/s, for a fat fraction of 18%, without fat suppriess respectively. A strong

inverse correlation was found between fat fractaomd apparent and pure diffusion

coefficients, either with fat suppression (r = 9&.P < 0.0001; r = - 0.97P < 0.0001,
respectively) or without fat suppression (r = -9.B < 0.0001; r = - 0.999 < 0.0001,
respectively). The measured perfusion fraction® £11% and 1 + 0.8% with and without
fat suppression, respectively) and the perfusideted diffusion coefficients (6.7 = 3.5 x
10°mn¥/s and 3.6 + 2.4 x Tdmnf/s) were almost zero.

In patients with normal liver, the pure diffusiooetficient was significantly higher than in
patients with isolated liver steatosis (1.18 + 0x020° mn¥/s versus 0.96 + 0.16 x T0
mnv/s, P = 0.005) (Figs. 47 - 49). The apparent diffusiaeféicient, perfusion-related
diffusion coefficient and perfusion fraction didtnadiffer significantly between patients
without and with isolated liver steatosis, but thavas a small decrease trend of the
apparent diffusion coefficient in patients with div steatosis (apparent diffusion
coefficient: 1.41 + 0.14 x T mnf/s versus 1.26 + 0.25 x Fomnf/s, P = 0.298;

perfusion-related diffusion coefficient: 99.9 + 8.¢ 10° mnt/s versus 99.6 + 3.79 x 0

mnv/s, P = 0.754; perfusion fraction: 21 + 2% versus 23 + #% 0.431, respectively).
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Table 13.Apparent ADC x 10_3 IIIIIIZ/S and pure D x 10’3 IIIIIIZ/S diffusion coefficients, measured without and wh fat suppression, in lipid emulsion-based
phantoms, according to the fat fraction

Fat fraction (%) 0 3 5 7 9 12 14 16 18

ADC without fat suppression 2.04 181 169 157 139 115 110 1.09 90.8 -0.99 < 0.0001

ADC with fat suppression 2.00 194 181 174 169 168 161 1.54 1.42 - 0.98 < 0.0001

D without fat suppression 2.1 184 174 160 142 117 111 1.09 0.88 - 0.99 < 0.0001

D with fat suppression 2.1 202 190 182 176 175 168 1.62 1.49 - 0.97 < 0.0001
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Figure 47.Box and whisker plots showing the apparent (a) angure (b) diffusion coefficients (x 16°
mm?s) according to the presence or absence of liveeatosis.Central box represents the values from
the first to third quartiles and the middle linpmesents the median. The vertical line extends fitzam
minimum to the maximum value within 1.5 times thi&erquartile range. Outliers are represented as
individual points. No significant difference of apent diffusion coefficient is observed betweentthe
groups (a). The pure diffusion coefficient (b) igrsficantly lower in the steatotic group & 0.005).

Figure 48.Left: Diffusion-weighted image at b = 10 s/mf Right: the same image with a
superposed parametric color map of the pure diffusin coefficient, with a scale in mrs, in 68-year
old woman without liver steatosis The measured pure diffusion coefficient was 1.3%snThe region

of interest was placed in the right lobe, away fr@gions with apparent increase of diffusion. This
apparent increase of diffusion in the left lobe rbayexplained by the flow in the large hepatic send
transmitted cardiac motion.
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Figure 49. Left: Diffusion-weighted image at b = 1&/mn?t. Right: the same image with a
superposed parametric color map of the pure diffusin coefficient, with a scale in mris, in 52-year
old woman with liver steatosisThe measured pure diffusion coefficient (0.82 #is)was lower than
that observed in a patient with normal liver.
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Discussion

In this study performed in lipid emulsion-based mbans and patients with and without
isolated liver steatosis, we have observed thaptkeence of fat droplets decreases the
apparent and pure diffusion coefficients. In tissgentaining both water and fat, it has
been reported that slow diffusion may be explaibga@ restriction of water diffusion due
to abundant lipids and by diffusion of mobile lipjdwhich is a slow phenomenon,
occurring at a rate that is 100 times slower thatewdiffusion (132, 133). The respective
influence of restricted water diffusion and slowidi diffusion on the decrease of the
diffusion parameters in steatosis is unknown. Tifisience will depend on the use of fat
suppression. Without fat suppression, both restlicivater diffusion and slow lipid
diffusion may be observed, whereas with perfectstgipression, only restricted water
diffusion should be observed. Our findings in plams agree with these concepts, as the
diffusion parameters measurements were higher faithsuppression than without. In
vivo, perfect lipid signal suppression cannot bdawmied, as multiple technical and
biological reasons are at stake, including the thet two of the fat spectrum peaks
(olefinic acid at 5.3 ppm and glycerol at 4.2 pgmaye frequencies very close to that of
the water peak (at 4.7 ppm) (116). These lipickkpeeepresenting 8 - 10% of the total fat
spectrum, cannot be suppressed at clinical fielengths, without also suppressing the
water peak. Residual fat signal on fat suppresgagn-weighted images may decrease
the measured diffusion parameters in two ways.t,Fsow lipid diffusion may be
observed in these fat areas. Second, residualfatison high b-value diffusion-weighted
images, may artefactually decrease the measurddsidih parameters (134, 135).
Regardless of the cause, our results show thaatesblliver steatosis decreases the

diffusion parameters measurements.

110



We observed similar results in liver steatosis angbhantoms closely mimicking this
clinical condition. In contrast to the lipid phantomodels previously described in the
literature, containing unmixed volumes of water amisheral oil in a container, imaged
with an oblique imaging plane through the boundadgboth chemical environments to
obtain different concentrations of water and f&6,1137), our phantoms consisted of lipid
emulsions, with lipid droplets similar in size aodncentration to the lipid inclusions in
hepatocytes. Indeed, as mentioned in material attlads, the size of the lipid droplets in
our phantoms (0.6 microns) was close to that ahadilular fat droplets in liver steatosis
(about 1 micron). Moreover, the fat percentagdténphantoms (0 — 18%) covered a wide
range of steatosis severity. It has previously bskeown that the percentage of fat-
containing hepatocytes is about 2.75 higher thanpércentage of fat on a volume basis
(138). This means that a fat percentage of 18%erphantoms, relates to almost 50% of
fat containing hepatocytes, i.e. moderate to seweatosis according to the Brunt
classification (4).

With respect to the clinical study and to the lmdstur knowledge, this is the first biopsy-
proven study that reports the definite influenceisofated liver steatosis, with no other
pathological confounding factors, on the diffusiparameters. Until now, limited and
conflicting results have been published regardihg influence of steatosis on the
diffusion parameters. In most studies, no significemfluence was observed (85, 115,
125). Recently, an inverse correlation between apparent diffusion coefficient and
hepatic fat fraction was reported in ex-vivo raehs by Anderson SW et al. (126) and in
patients by Poyraz AK et al. (127). However, thiese studies are limited by the absence
of information about the specific influence of stesas, inflammation and fibrosis on the
apparent diffusion coefficients measurements. Ngmelthe retrospective clinical study

by Poyraz AK et al. (127), liver biopsy was not abed. In the ex-vivo study by
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Anderson SW et al. (126), histopathology was abélabut a multivariate analysis of the
influence of steatosis, inflammation and fibrosis tbe diffusion measurements was not
performed.

Moreover, except for the study of Lee JT et al.5)12only the apparent diffusion
coefficient was measured in these previous worke dpparent diffusion coefficient, a
compound parameter that includes influences frome pmolecular diffusion and
perfusion-related diffusion, may be less sensithan the individual diffusion parameters
to changes induced by steatosis or fibrosis, agnsho our study and that of Luciani et al.
(82). In nonalcoholic fatty liver disease, liverrfusion is decreased because of reduced
sinusoidal volume (139). However, we did not obseavdecrease of the perfusion-related
diffusion parameters in patients with liver stesosSeveral factors may explain this
apparent discrepancy such as, the small numbeatans with isolated liver steatosis in
our study, and the known difficulty of obtainindiable results for the perfusion-related
diffusion parameters (140). Moreover, decreasefup@n has mainly been observed in
steatohepatitis rather than in isolated steatdsexause sinusoidal compression and
distortion in steatohepatitis are caused not oglfabdeposits within hepatocytes, but also
by hepatocyte hydropic ballooning, fibrosis of 8pace of Disse and leukocyte adhesion
to the sinusoidal endothelium (139, 141).

Diffusion-weighted magnetic resonance imaging is uged to quantify liver fat, since
other methods, such as proton spectroscopy and-echid gradient-echo imaging, are
accurate for that purpose (67, 112). However, esults show that liver steatosis may
decrease the measured diffusion parameters in ichligar diseases. In addition to liver
inflammation and decreased liver perfusion, whicwveh previously been shown to
decrease the diffusion parameters (81, 85, 87,, 142} steatosis is hence a confounding

factor when trying to stage liver fibrosis at d#fan-weighted MRI. Concomitant liver
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steatosis and fibrosis are often observed in chriover diseases, not only in nonalcoholic
and alcoholic steatohepatitis, but also in chreimal hepatitis (143).

In our study, the decrease of diffusion parametepatients with liver steatosis concerned
the true diffusion coefficient, but not the appardiffusion coefficient, calculated with a
monoexponential approach using 11 b values, ranfgorg 0 to 500 s/mf It has been
recently recommended to calculate the apparentudidh coefficient with a
monoexponential approach using at least 2 b vatu#80 s/mr to avoid the perfusion
effect on the measured value (75). In this cds®apparent diffusion coefficient equals
the true diffusion coefficient and liver steatosilso decreases the apparent diffusion
coefficient calculated with this method.

Our study has limitations. Firstly, the number méluded patients was small, because we
excluded all patients with combined fat infiltratjoiron overload, fibrosis and/or
inflammation. The small cohort of patients withleged liver steatosis might explain why
we have not found a significant difference in tipparent diffusion coefficient between
the two subgroups of patients, since this compgsiiameter is less sensitive than the
pure diffusion coefficient. Because of the smalintner of patients, we did not correlate
the diffusion parameters with liver fat fractiotdowever, our phantom study suggests
that increasing fat fraction correlates with desneg diffusion. A larger prospective
study in patients with isolated liver steatosisegded to confirm these findings.

Secondly, we acquired free-breathing echo-plandfusion-weighted imaging and
physiological motion is always a concern when siuglyhe microscopic displacement of
protons. However, good reproducibility of the ddfon parameters was reported with free
breathing or navigator-echo triggered sequences3@5

In conclusion, our results show that the presericitodroplets decreases the diffusion

parameters and suggests that steatosis may haf@indmg effects when measuring the
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diffusion parameters at MRI.
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Chapter VI

The Influence of Liver Fibrosis, Inflammation
and Steatosis on MR Diffusion and Viscoelastic
Parameters: a Study in Patients with Chronic
Liver Disease
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6.1. The influence of liver fibrosis, inflammationand steatosis on the MR diffusion

and viscoelastic parameters: a prospective study ipatients with chronic liver disease

Introduction

Chronic liver diseases such as viral hepatitis modalcoholic fatty liver disease, are a
major cause of morbidity and mortality worldwideh€lr prevalence has been rising in the
last decade mostly due to nonalcoholic fatty livksease that increases along with
metabolic conditions and obesity. Furthermore |altier can also be associated with other
causes of chronic liver diseases in the same patlerid4). Liver biopsy is commonly
used as the reference standard to evaluate fibamsisthe associated inflammation and
steatosis, but it has inherent risks, poor reprility and a low performance for
intermediary stages of fibrosis (145). Moreoveonira patient’s perspective the prospect
of undergoing repeated liver biopsies for followisglaunting and highly inconvenient.
Several noninvasive imaging methods such as uliresbased transient elastography,
magnetic resonance elastography and diffusion-weighmaging are used to stage
fibrosis, and assess inflammation and steatosis4@,781, 82, 85, 95 - 97, 102, 103, 146,
147). However, there is still a significant debated conflicting data regarding the
influence of the necroinflammatory activity andagtesis on the measured viscoelastic and
diffusion parameters in patients with liver fibresiln three previous studies no
independent effect was found for inflammation anda®sis on the measured liver
stiffness and apparent diffusion coefficient, inigats with chronic liver disease (85, 95,
96). However, other authors reported that thegmes of edema and inflammation, in
acute hepatitis, increases liver stiffness andicestdiffusion (47, 48, 81). The same
effect was found on viscoelastic and diffusion paters for cholestasis and steatosis (23,

49, 146 - 149). Therefore, the purpose of our stadp assess the independent influence
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of liver fibrosis, inflammation and steatosis one timeasured MR diffusion and
viscoelastic parameters. To the best of our knogddtiis is the first study to evaluate this

effect on both MR-derived parameters in the sanm@it@f patients.

Material and methods

Patients and study protocol

The review board at our institution approved thigge-center and prospective clinical
study and informed consent was obtained for ailep&d. From November 2010 through
October 2012, all consecutive patients 18 yearlder, seen at the department of
hepatology with untreated viral hepatitis and noolblic fatty liver disease and
scheduled for liver biopsy were enrolled in thigdst A total of 82 patients were initially
included in the study protocol which consisted iwel MR imaging at 1.5-T (Intera,
Philips Medical Systems, Best, The Netherlandsygua four element surface coil, and
performing intravoxel incoherent motion diffusioreighted imaging and monofrequency
magnetic resonance elastography. Fourteen patieets afterwards excluded for the
following reasons: in 2 patients a metallic implaohtraindicated the study; in 2 patients
MR imaging was stopped because of claustrophobi@;patients the presence of imaging
artefacts precluded the analysis of the MR parameted 1 patient was pregnant at the
time of the scheduled MR imaging. The final studpylation consisted of 68 patients, 21
women and 47 men, with a mean age of 41 years danem (range: 29 - 68 years) and 47
years for men (range: 22 - 71 years). Thirty-nia¢ignts had viral hepatitis C, 20 had
viral hepatitis B and 9 had nonalcoholic fatty lveisease. An expert hepatobiliary
pathologist who was unaware of imaging resultsqueréd the histopathologic analysis of

all liver specimens. Fibrosis and inflammation wetecumented according to the
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METAVIR or NAS scoring systems (27, 150, 151) atehtosis was graded according to
the Brunt classification (4) as explained in Chafitesections 2.2.1. and 2.2.2.. The mean

interval between biopsy and MR imaging was 24 degsge: 0 - 60 days).

MR Imaging and post-processing analysis

Diffusion-weighted imaging:

Multi-b single-shot echo-planar diffusion-weightedhaging was acquired with a
previously publishedprotocol (152). Briefly, the following parameterseme used:
repetition time/echo time 305/57 ms, 320-rfield of view, matrix 80 x 80 pixels, 4 mim
isotropic voxels, 3 transverse slices, slice thesen4 mm, 11 b values (0O, 10, 20, 30, 40,
50, 75, 100, 150, 300 and 500 s/Mn20 averages and 3 directions. Image acquisition
was obtained with fat suppression (Spectral Presi@dn with Inversion Recovery) and
free breathing. The acquisition time was 3 min 28 s

Regions of interest were placed in the liver on difeusion-weighted images avoiding
large vessels and focal liver lesions (which wasfiomed by visually comparing the
region of interest positioned on the diffusion, drid T2-weighted images), by one of the
authors with 7-year experience in MR imaging, béiddto the results of the
histopathologic analysis. The ROIs were copiednen@W images, and ROI location was
checked over all b images. The ROIs were then dopiethe DW parametric maps, and
mean parameter values were obtained in each RQGdnMeea for the regions of interest
was 18 + 6.8 cf The signal acquired from all tievalues was used to generate the maps
on a pixel-by-pixel basis for the intravoxel incodre motion diffusion-weighted imaging

parameters, using the ROOT environment (ROOT £ERN, Geneva, Switzerland).

118



All the parameters were measured by applying a satgd bi-exponential fit (130) with

the following equation:

S/So = (1-f) P P D)y § exptP P+ D) [Equation 16]

where $ is the signal intensity for eadhvalue, $ the signal intensity abo, f (%) the
fraction of diffusion linked to microcirculation, P10° mnf/sec) the pure diffusion
coefficient, and D* (18 mnf/sec) the perfusion-related diffusion coefficiefihe

reproducibility of the parameters measurementsbkas reported previously (131).

Magnetic resonance elastography

For MR elastography, harmonic mechanical waves wevduced at 50 Hz by an electro-
mechanical transducer placed near the liver onritite flank of the patient in supine
position (Fig. 42) (95, 154 - 155). Synchronous ioteencoding bipolar gradients were
added to a spin-echo sequence to encode the tineeiahal components of the motion in
the phase of the MR signal. The following sequepaeameters were usetkpetition
time/echo time 560/40 ms, echoplanar readout vatior 3, matrix 80 x 80 pixels, 320-
mm field of view, 7 transverse slices, slice thieks 4 mmand phase sampling of 4 points
per vibration period Nulling of fat signal was performed with spettraversion recovery.
The acquisition time was 19 s per direction. Thastsgiency between breath holds was
checked visually during data processing by assgsgiat the liver was at the same
location on the consecutive images. Nine patiendsevexcluded based on this visual
assessment. The spatial resolution (4 Mags chosen as a compromise between signal to
noise ratio, acquisition time and spatial sampbfhghe wave. The complex-valued shear

modulus was calculated from the phase images scaletisplacement values by first
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suppressing the compressional components of thesvdnrough application of the curl
operator. Displacement values were then used tertirthe local time-harmonic wave
equation under physical constraints of local memamsotropy and incompressibility, as
previously described (156, 157). Three-dimensianaps for the complex-valued shear
modulus (G*, kPa), storage modulus (G', kPa) asd tnodulus (G", kPa) were analyzed.
Regions of interest were positioned in the livertba viscoelastic maps matching the
previous regions of interest in the DW parametraps) by one of the authors with 6-year

experience in MR imaging blinded to the resultthef histopathologic analysis.

Statistical analysis

In this prospective study aa priori power analysis was performed and a minimum
number of 45 patients had to be included to oldasignificance level of 0.05 and a power
of 95% (95, 147). The univariate correlations bewébrosis, inflammation and steatosis
on one hand, and the diffusion and viscoelastiapaters on the other hand were
assessed with Spearman rank correlation coeffci¢nt (158). In addition, fibrosis,
inflammation and steatosis were introduced as iedéent variables in a stepwise
multivariate regression model (the significant ables are entered sequentially, checked
and possibly removed if non-significant), to ass#ssir independent effect on the
diffusion and viscoelastic parameters (159). Wits tmodel multivariate regression
correlations (RC) were calculated.

P < 0.05 was considered to indicate a statisticallynificant difference. Statistical

analysis was performed with the MedCalc softwaredMalc, Mariakerke, Belgium).
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Results

In the 68 patients, the histopathologic analysieated the following distribution:

fibrosis: FO (n = 12; 18%), F1 (n = 27; 40%), B2« 14; 20%), F3 (n = 9; 13%), F4 (n =
6; 9%); inflammation: A0 (n = 14; 20%), Al (n =;38%), A2 (n =9; 13%), A3 (n = 6;
9%); steatosis: grade 0 (n = 34; 50%), grade< 1id; 25%), grade 2 (n = 11; 16%) grade
3 (n = 6; 9%). Three patients had only fibrosis)(FR&o patients only inflammation (A1)
and four patients only steatosis (grade 1: n =radeg 3: n = 2). Spearman correlation
coefficients and multiple regression coefficientstvieen fibrosis, inflammation and
steatosis and the diffusion parameters and are rstwovables 14 and 15. A moderate
negative correlation was observed between steadasishe pure diffusion coefficient (r =

- 0.5,P < 0.0001). The correlation between the pure diffusoefficient and fibrosis was
weak (r = - 0.3P = 0.01). Inflammation showed a weak negative datien with the
perfusion fraction (r = - 0.3 = 0.04) and none with the other parameters. Imtbkiple
regression model, only steatosis showed an indegm¢nchfluence on the diffusion
parameters and this was found exclusively for tine gpliffusion coefficient (RC =- 0.8,

= 0.0003) (Fig. 50). Spearman correlation coeffitseand multiple regression coefficients
between fibrosis, inflammation and steatosis amedvibcoelastic parameters are shown in
tables 16 and 17. Fibrosis showed a univariateetairon with the shear and the storage
moduli (G*: r = 0.6; G: r = 0.5;P < 0.0001), and a weak correlation with the loss
modulus (G”: r = 0.4P = 0.001). Inflammation showed a weak correlation 0.2 - 0.4)
with each viscoelastic parameter, as did steatdsighe multiple regression model,
fibrosis was a significant independent factor iaflaing the measured shear and storage
modulus (G*: RC = 0.6; G: RC = 0., < 0.0001) (Fig. 51). The multivariate correlation
coefficient was weaker between fibrosis and the le®dulus (RC = 0.42 = 0.0002).

Steatosis showed a weak correlation (RC = 0.3 005) on the shear and storage moduli
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and inflammation had no effect on the measuredeisstic parameters.

Table 14.Univariate Spearman rank correlations between diffision parameters and fibrosis,
inflammation and steatosis

Fibrosis Inflammation Steatosis
D (10° x mm?/s) P=0.01 P=0.16 P =0.0001
r=-0.3 r=-05
D* (10 x mm?/s) P=0.5 P=0.38 P=0.14
f (%) P=0.2 P=0.04 P=0.7
r=-0.3

Table 15 Multiple regression analysis between diffusion panmeters and fibrosis, inflammation
and steatosis

Fibrosis Inflammation Steatosis
D (10° x mm?/s) nim nim P =0.0003
RC=-0.42
D* (10 x mm?/s) nim nim nim
f (%) nim nim nim

nim, not in model.

122



Table 16.Univariate Spearman rank correlations between visoglastic parameters and fibrosis,
inflammation and steatosis

Fibrosis Inflammation Steatosis
G* P < 0.0001 P=0.001 P=0.05
(kPa) r=0.6 r=04 r=0.2
G’ P < 0.0001 P=0.01 P =0.003
(kPa) r=0.5 r=0.3 r=0.4
G” P =0.001 P=0.02 P=0.08
(kPa) r=0.4 r=0.3

Table 17 Multiple regression analysis between viscoelastiapameters and fibrosis, inflammation
and steatosis

Fibrosis Inflammation Steatosis
G* P < 0.0001 nim P=0.02
(kPa) RC=0.6 RC=0.3
G’ P < 0.0001 nim P=0.01
(kPa) RC=0.5 RC=0.3
G” P =0.0002 nim nim
(kPa) RC=04

nim, not in model
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Figure 50. Parametric color maps of true diffusioncoefficient (10° mm?s) in two patients with viral
hepatitis. METAVIR scoring and steatosis grading are: a) F&fdatosis grade 0, b) F1AO steatosis grade
3. The mean values for the true diffusion coeffitiare significantly decreased by the presencécatasis.

o
o
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Figure 51. Parametric color maps of the complex slae modulus (kPa) in three patients with viral
hepatitis. METAVIR scoring and steatosis grading are: a) F&featosis grade 0, b) F1A1 steatosis grade 2
and c) F3A2 steatosis grade 0. The mean valugbdaromplex shear modulus are not significantly
modified by the presence of steatosis: images aj @kPa and b) G* = 1.8 kPa; but there is an iasedn
the measured complex shear modulus in the patigmthigher liver fibrosis staging: image c) G* =LXPa.
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Discussion

In this prospective clinical study we measured tloerelation between liver fibrosis,
inflammation, steatosis and the diffusion and vitastic parameters, in patients with viral
hepatitis and nonalcoholic fatty liver disease. @esults in patients with chronic liver
diseases show that the measurements of shearaadesmoduli are mostly influenced by
changes in liver fibrosis, while liver steatosisiniinfluences the measurements of the
pure diffusion coefficient and to a lesser extéose of the mechanical parameters.
Diffusion-weighted imaging has been increasinglgdiso assess liver fibrosis. In fact,
previous studies have shown that the apparentsibifiucoefficient values decrease in
fibrotic and cirrhotic livers compared to the noiringer tissue, which is mainly related to
the decrease in capillary perfusion (81, 82, 85, Blowever, there are still limited data
regarding the specific influence of histopatholofjiedings such as inflammation and
steatosis on the measured intravoxel incoherentomgiarameters in patients with liver
fibrosis. In our study, we found a significant nidga correlation between the pure
diffusion coefficient and the presence of liverastesis. Moreover, steatosis was the only
histopathologic factor that independently influesth¢be true diffusion coefficient. These
results are in agreement with the recently repditatings by Leitdo et al (146) and Guiu
et al (147) in patients with pure steatosis andafawholic fatty liver disease, respectively.
Although an inverse correlation was found betweeer Ifibrosis and the pure diffusion
coefficient no independent influence was seen fbrosis. Thus, our work clearly
highlights that steatosis is definitively a confdung factor, that overweighs fibrosis when
present. We did not see any univariate or multatarcorrelation for the perfusion-related
diffusion coefficient, which is not surprising sethis is the most unstable parameter, has

poor reproducibility and is prone to noise (83,125
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It is known that the increase in liver stiffnessusll correlated with the degree of fibrosis
(103). However, conflicting data still exists redjag the influence of inflammation and
steatosis, which frequently coexist with liver birs in chronic liver disease, on the
measurements of liver stiffness. In previous ssidieflammation has been reported to
have no effect (95, 160, 161) or to increase tlmmbichanical parameters (102, 162 -
165). The differences in these results are probadligted to the study population. In
studies including an elevated proportion of higadgr inflammation, especially in studies
of patients with acute hepatitis or acute flarexkhmonic HBV infection, inflammation
significantly increases the liver stiffness. In ptgtions with more chronic diseases and
less advanced grades of inflammation, this effectat seen. Weak correlations between
inflammation and the biomechanical parameters weserved in our study at univariate
analysis and no significant effect of inflammatimas seen at multivariate analysis. In
contrast, in the study of Fraquelli et al. (164)ammation was a significant confounder
on stiffness measurements at multivariate analysitheir study population, 54% of the
patients had an inflammation grade < 2, whereas 4@&¥e A> 2. Moreover, when we
excluded the patients with ALT (Alanine Transamajas 2 the upper limit of normal, the
correlation between inflammation and mechanicabpeters disappeared. This shows
that the relationship between stiffness measuresnamdl fibrosis stage in patients with
high ALT levels should be regarded cautiously. Efae, it has been recommended to
correct the stiffness measurements in patients wwitheased ALT levels. However, this
correction is not yet used in clinical practicecardifferent cut-off values for normal and
elevated ALT levels have been proposed in ordeadjust the inflammation-induced
overestimation of fibrosis stage (166).

The influence of steatosis on the biomechanicahpaters is also debated. Steatosis has

been reported not to modify (95, 160,161, 167 ntowaase (103, 164) or even to decrease
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the liver mechanical parameters (168). Again théi$ierences may be explained by
differences in steatosis grade between the popuktibut also by differences in liver
diseases with steatosis. Indeed, Fraquelli etl&4)(reported increases in liver stiffness
with steatosis in patients with HCV infection, dt in patients with HBV or NAFLD.
They explained this condition by the increase dammation and fibrosis that is caused
by liver steatosis in patients with HCV. The deeeeaf stiffness observed in the study of
Gaia et al. (168) in patients with steatosis isemdifficult to explain, but may be caused
by suboptimal measurements of transient elastograpbbese patients. In our study, we
observed that steatosis correlated weakly withbibenechanical parameters at univariate
analysis and had a modest influence at multivaaatysis. We can conclude from our
study that the measuremants of the biomechanicahpeers are mainly influenced by the
stage of liver fibrosis, whereas the measuremehteeodiffusion parameters are mainly
influenced by liver steatosis. This is a stronguangnt for using MR elastograghy rather
than DW-MRI to stage liver fibrosis. These resalts in agreement with those of Wang et
al. (97) who showed with ROC analysis the suped@gnostic performance of MR
elastography relative to DW-MR imaging in stagiivgt fibrosis.

This study has some limitations that need to benaskedged. First, the number of
patients in this study, albeit acceptable, includedy a small group with severe
inflammation. However, this is a true reflection thfe population with chronic liver
disease. Our observations that inflammation hamfieence on viscoelastic parameters
may not be valid in patients with ALT flares, whidhghlight the need for its
measurement. Secondly, we acquired free-breathictyp-planar diffusion-weighted
imaging and physiological motion is always a concethen studying the microscopic
displacement of protons. However, it was recentlgppsed that free breathing with

multiple acquisitions is superior to complex gatiaghniques (75).
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In conclusion our work confirms that the measuréfision parameters are significantly
modified by the presence of liver steatosis andl tthere is clearly an advantage in using
MR elastography parameters when assessing patigtitdiver fibrosis, since these are

less sensitive to the confounding effects of infiaation and steatosis.
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Chapter VII

Other Experimental and Clinical Studies:
unpublished data
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7.1. Experimental Animal Study

7.1.1. Molecular Imaging of Liver Fibrosis with ERO4R: a Feasibility Study in Rats

Introduction

Liver damage leads to the development of fibrosisagaradigm of the wound healing
process, since increased coagulant factors sucfibas and fibrinogen have been
described in chronic liver disease, despite thdopged conventional coagulation tests
(169 - 173). Furthermore, haemophiliac patienté whronic viral hepatitis demonstrate a
slow progression of liver fibrosis (174). Currentlligere are no effective antifibrotic drugs
clinically available but the association betweemdrgoagulation and increased fibrosis
seems to indicate that interference with the caatgul cascade may in fact reduce liver
fibrosis.

EP-2104R is a novel fibrin-specific MR contrast m@igehat combines strong fibrin
binding, fibrin selectivity, and high molecular aglvity (175). EP-2104R was found to be
effective at providing positive contrast enhancetmerpreclinical models of arterial and
venous thrombosis and pulmonary emboli (176 - 1B®reover, EP-2104R has already
entered a phase Il clinical trial and confirmed ithereased specificity and sensitivity to
detect thrombo-embolic disease in patients andowitlany serious adverse effects (180).
This contrast agent demonstrated increased usehiineboth fresh as well as aged clots.
However, the efficacy of EP-2104R in the detectdriver fibrosis was never assessed.
Therefore, the purpose of this feasibility studyswa determine whether fibrin-targeted
dynamic MRI could be used as a noninvasive biomaidkedetect liver fibrosis in a rat

model.
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Materials and Methods

Animal Model

All experiments were performed in accordance wighNIH (National Institutes of Health)
Guide for the care and use of laboratory animats\aere approved by the Athinoula A.
Martinos Center care and use committee. Male Wister (Charles River Laboratories,
Wilmington, MA) were given weekly intraperitonealnjections of 100 mg/kg
diethylnitrosamine (DEN; Sigma, St. Louis, MO) férweeks (n = 5), defined as the
moderate fibrosis group, and 9 weeks (n = 5), spwading to the cirrhosis group. Control

animals received PBS (phosphate buffered saling) feeeks (n = 5) and 8 weeks (n = 5).

Probe

EP-2104R (EPIX Pharmaceuticals, Lexington, MA) esgnts a new class of MR imaging
contrast agents in which a specific protein iseted for imaging. EP-2104R comprises a
fibrin-binding peptide (11 amino acid peptide) clagpto 4 gadolinium DOTA-like
chelates (Fig. 52). EP-2104R binds equally to @ss@in human or rat fibrin (Kd = 1.7 or
1.8 umol/L, respectively) and has excellent specifidity fibrin compared with serum
proteins, e.g., > 100-fold affinity relative to fibogen and > 1000-fold relative to serum
albumin (175). The relaxivity of EP- 2104R boundfitwrin at 37 °C and at 1.4 Tesla is
71.4 mM'st (17.4 mM! s? by [Gd]), about 25 times higher than that of Gd-DOT
measured under the same conditions (175). EP-210@dRkprovided as a sterile, white
lyophilized powder that was reconstituted at ttie and administered to the animals at a

dose of LL/g (20 umol Gd/kg).

131



.""_o OH;, 0 OH;
0. —N” 0.—N /
Fra v N
fa] n o Gd L o= Gy O
i N 0 s L.-__N 10
L] I‘\ FT 5— g Q “_."--._'|
0 o ( u . F P s
I I B ] e [ e 0 h=
i H o _H o I M N N™ ™y : N o
5 3 o] H o H g H ig: L. H NH- MH
HM o
) (o B ]
YD aH i) 07 NHy BN, g
cl
Q | OH o
2
0 ",L D -0 S 0
Wy N 1
0L 8t ® 0640
| M M OH;! f W r\:""‘-—..UHz
- _-' b X Ay y
o 20 § EP-2104R i s j
o 0

Figure 52. Chemical structure of EP-2104RReproduced from [175].

MR imaging and analysis

Rats were anesthetized with 2.5% isoflurane. |ettiggneal injection of ketamine at a
dose of 100 mg/kg was given as maintenance ddse.tail vein was cannulated for
intravenous delivery of the contrast agent. Magnesonance imaging was performed in a
1.5-T MR unit (Magnetom Avanto Syngo, Sieméfealthcare, Erlangen, Germany) with a
high-resolution 4-channel wrist coil. The animalsres placed in prone position in the
scanner and body temperature was approximatelyategt.5 °C by a heating device.

The imaging protocol included pre and post contnastging with the 3D T1-weighted
VIBE sequence with the following parameters: rdpeti time/echo time 7/3.27 ms, 77-
mm field of view, matrix 192 x 192, in-plane residen 0.4 mm, 30 transverse slices per
slab, slice thickness 1 mm, 8 averages. The atgumdime was 3 min and 8 s. The T1
VIBE sequence post dynamic imaging was repeatedt@@B0 min. For the dynamic

imaging a 2D multislice fast low angle shot seqeefELASH) was used with the
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following parameters: repetition time/echo time.b7”2ms, 80-mm field of view, matrix 61

X 61, in-plane resolution 1.3 mm, 1 transverseesigtice thickness 3 mm, 4 averages. The
total acquisition time was 6 min, 2 min baselin@gimg and 4 min dynamic imaging.

A radiologist, with 5-year experience in MR imagirdyew a region of interest of £ 0.8
cn? in the right lobe of the liver of each rat. Thgrsil intensity of the region of interest
was measured using OsiriX imaging software (v.3-B2 bits) with a specific homemade
plugin (fit toolbox), and was exported to Microséfkcel with Solver software (Fig. 53).
Noise was quantified as the standard deviatiomefsignal intensity in the air adjacent to
the animal. Contrast-to-noise ratio (CNR) was dakewdl as the signal intensity difference

between liver and skeletal muscle.

Figure 53.MR images before (a and c) and after EP-2104R injéon (b and d) with regions of interest
in rat with liver fibrosis (a and b) and control rat (c and d). Remaining signal intensity enhancement is
observed in rat with liver fibrosis 30 min after 2P04R injection.
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Tissue Analysis

Several organs (liver, lungs, pancreas, spleemekidmuscle, heart, bone, tail, brain, fat
and intestines) and blood were harvested 45 mar aftaging. Formalin-fixed samples
were embedded in paraffin, cut into 5 mm-thick imas and stained with sirius red
according to standard procedures. The stainedossctinderwent blinded review by a
board certified hepatobiliary pathologist to sctire amount of liver fibrosis according to
the METAVIR score (150). Gadolinium was quantified tissue acid digests by
inductively coupled plasma-mass spectrometry (Agile7500 Series, Agilent
Technologies, California, USA) using dysprosium iasernal standard. Gadolinium
concentrations in the livers were normalized to gladolinium concentration in blood to
compensate for variations in the injected dosed, epressed as the percentage of the

injected dose per wet weight of tissue.

Statistical Analysis

The differences between both groups of animalst{obws diseased) were assessed with
Student’st test. AP value < 0.05 was considered statistically significant. tiStizal

analysis was performed with the MedCalc softwared®alc, Mariakerke, Belgium).

Results

During this feasibility study the rats of the citlt group died at week 7 due to a
nematode infestation in the animal house. One ofcoatrol rats also died during MR
imaging. The final imaged population consisted ofa#s with 5 weeks PBS injection

(control group) and 5 rats with 4 weeks DEN injectiimoderate fibrosis group). The
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histopathological analysis revealed a normal Iperenchyma in the control group and the
following fibrosis distribution for the diseasedogp: one rat had mild fibrosis (F1) and 4

rats moderate fibrosis (3 F2 and 1 F3) (Fig. 54).

FO F1 k2 k F3

Figure 54.Liver slices stained with sirius red in four rats.Corresponding fibrosis stages are indicated in
the upper left corner of each image.

Since one rat had only mild fibrosis after 4 weejedtions of DEN, it was removed from
the analysis of the fibrosis group. The mean tim@dak enhancement was significantly
longer in fibrotic rats (22.4¢s 14.4 s;P = 0.002) (Fig. 55). Signal intensity enhancement
was still observed in the liver parenchyma 7 mieraEP-2104R injection in the rats with
liver fibrosis, but not in the control rats (mearhancement 19.3 % vs 18;= 0.01) (Fig.
56). The prolonged retention of EP-2104R in therliparenchyma of the rats with liver
fibrosis was also shown by the lack of significaignal intensity decrease in the rats with
liver fibrosis between 10 and 30 min after EP-210d4fection. The liver percentage of
injected dose of gadolinium was higher in the waith liver fibrosis than in the control
rats, but the difference was not significant (Fd). We also compared the increase in
CNR at 7 min after EP-2104R injection relative e tbaseline. Although the measured
CNR at 7 min was higher in the rats with liver ébis relative to the normal rats, a

statistically significant difference was not found.
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and rats with liver fibrosis. The values represented are normalized by livestbknd lung/blood ratio.
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Discussion

In this feasibility study we were able to differiat¢ murine livers with moderate DEN
induced fibrosis from normal livers with the noWblrin-specific contrast agent EP-2104R.
The time to peak enhancement with this contrashtagied the signal decrease in the liver
were significantly prolonged in rats with liver fidsis relative to controls.

The rationale of using a fibrin-targeting agentiver fibrosis is based on the presence of a
procoagulant status in liver fibrosis. For a ldimge clinicians thought that patients with
cirrhosis were protected against thrombotic evedtsvever, several studies have shown
that patients with advanced hepatic fibrosis hayeogoagulant state that places them at
risk for thrombo-embolic episodes (174). Two compdatary theories could explain how
the coagulation cascade may be related with liierosis (170, 174). The first one
(parenchymal extinction theory) postulates thatratlrombi in branches of the hepatic

and portal veins are induced by the adjacent neitaonmatory activity. The resulting
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imbalance between inflow and outflow leads to catige and tissue ischaemia with
resulting parenchymal extinction and replacementitmpus tissue (Fig. 58). The second
theory (direct stellate cell activation) proposeattthe aggression to the liver parenchyma
increases the expression of thrombin receptor PA&hd of tissue factor, which will
initiate the coagulation cascade by increasing ntfnio expression. The binding of

thrombin to PAR-1 leads to direct stellate celiation and fibrinogenesis (Fig. 58).

INCREASED TISSUE FACTOR
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:

COAGULATION CASCADE
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Figure 58.PAR-1 mediated actions of thrombin in stellate celactivation. Inflammation within the
hepatic parenchyma increases expression of tissterf a key initiator of the coagulation cascaahel the
thrombin receptor, PAR-1. Inflammation thus prinbesh the generation of thrombin and its down-stream

signaling activity. In the presence of the FvL {éacv Leiden) mutation, the normal thrombin/
thrombomodulin negative feedback loop via activaieatein C (APC) that limits thrombin production is
ineffective. This allows thrombin generation to geed unchecked in a hepatic environment thatésdir
sensitized for PAR-1 mediated stellate cell actbraboth directly and via platelet released PDGRtgbet-
derived growth factor). (TM, thrombomodulin). Reguced from [174].
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The fibrin-targeted agent presented here has ttenpal to be a complementary approach
to detect liver fibrosis. We were, nonetheless, eohat surprised by the small
concentrations of the probe in the liver. This niigl explained by probe binding in other
organs. We analyzed blood, liver and lung withuctdely coupled plasma-mass
spectrometry and also found EP-2104R in the luigs T not totally surprising because
pulmonary and liver fibrosis have the same pro-oteag and pro-fibrotic factors.
Moreover, DEN is able to induce lung injury (18183). The kinetic properties of EP-
2104R found in this study were significantly di#et between controls and rats with
fibrosis, even though we only assessed a group mibderate fibrosis. Moreover EP-
2104R offers a genuine clinical potential sincehase 1l trials for thrombi detection, no
serious adverse events were observed in patieBRB:2104R also has a high relaxivity at
common clinical field strengths (1.5 and 3 T). Altlgh with this work we tried to
demonstrate the feasibility of using EP-2104R lasrfitargeting agent in liver fibrosis, this
study has some limitations that need to be ackriydd. First, we did not evaluate EP-
2104R in rats with liver cirrhosis. Second, we oalyalyzed the concentrations of the
probe in the liver, lung and blood. Third, fibrimmunohistochemistry of liver slices was
not performed. These points will however be adéi@éss future studies.

In conclusion, the results of our study in ratshmiXEN induced liver fibrosis suggest that
the fibrin-targeting agent EP-2104R may be usefuldistinguishing between normal liver

parenchyma and liver fibrosis.
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7.2. Clinical Studies
7.2.1. Accuracy and Reproducibility of ShearWavaskEgraphy to Assess Liver Fibrosis

in Patients with Chronic Viral Hepatitis and Nor@iolic Fatty Liver Disease

Introduction

Liver biopsy with histopathological quantificatiaa the current gold standard to stage
fibrosis. However, this method is invasive, notilgaaccepted by the patient, provides
only a semiquantitative evaluation and suffers frpooling errors in the assessment of
diffuse and heterogeneous liver diseases (4, 3&.need for novel noninvasive imaging
biomarkers is a real clinical challenge. Althoughusn biomarkers have been proposed to
stage fibrosis, their diagnostic value still rensaidebated for intermediary stages of
fibrosis (23, 37, 44, 46, 50). Transient elastogyawas the first ultrasound-based method
implemented in clinical practice showing that livaiffness rises along with increasing
fibrosis stages (23, 37, 43, 44). However, this hoet has limitations because
measurements are difficult to obtain in at leas$tX8 the patients and are often impossible
to obtain in patients with ascites or who are ol{@8¢. Shearwave elastography (SWE) is
a new ultrasound-based method with ultra rapid enacguisition under evaluation in the
clinical setting (58, 59). Very few studies havaleated SWE and mostly only included
hepatitis C patients, but clinicians are alreadyfiamted with conflicting results (58, 60,
184). Moreover, reproducibility of the techniqueshanly been assessed in healthy
volunteers. Therefore, the purpose of this stilyamng work was to (1) determine the
performance of shearwave elastography to diffeastFO-1vs > F2 fibrosis stages in
patients with chronic viral hepatitis and NAFLD athé respective cut-off value, (2) assess

interobserver reproducibility, (3) evaluate the apdndent influence of steatosis and
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inflammation on the measurement of liver stiffnassl (4) determine the time it adds to

routine abdominal ultrasound examinations.

Materials and Methods

Patients and study protocol

The review board at our institution approved thisgke-center and prospective clinical
study and informed consent was obtained for aliep&t. From March through October
2012, all consecutive patients 18 years or oldéh suspected chronic viral hepatitis or
nonalcoholic fatty liver disease, scheduled foelibiopsy were enrolled for this study. A
total of 50 patients were included in the studytgeol that consisted akal-time SWE
studies using the Aixplorer US system (SuperSomadine, Aix-en-Provence, France)
with a convex broadband probe (SC6-\o patients were excluded because they missed
the scheduled appointment. The final study popatationsisted of 48 patients, 21 women
and 27 men, with a mean age of 40 years for womsegé: 29 - 66 years) and 44 years for
men (range: 24 - 71 years) and mean body mass iafi®6.1 kg/m (range: 20 — 40
kg/n?). Seventeen patients had viral hepatitis B, 2al\iepatitis C and 9 nonalcoholic
fatty liver disease. A board certified hepatobiligrathologist who was unaware of the
imaging results performed the histopathologic asialgf all liver specimens. Fibrosis and
inflammation were documented according to the METRWr NAS scoring systems (27,
150, 151) and steatosis was graded according t8rilnat classification (4), as previously
explained in Chapter II, sections 2.2.1. and 2.Z.Be mean interval between biopsy and

SWE was 14 days (range: 0 - 60 days).
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Supersonic Shear |maging

All measurements were performed in the right lobée liver with the patient lying in a
dorsal decubitus position. The right arm was alwagéntained in abduction to enlarge the
intercostal space as much as possible and to serm@ecess to the right hypochondrium.
The patient was asked to be fasting, as beforeerdimnal ultrasound imaging, and to
maintain either a shallow breathing or apnea whske@& All measurements were
performed between 2 and 7 cm of the surface ofitke to prevent reverberation artifacts
beneath the Glisson’s capsule and ensure good pewetration. Observer 1 (10-year
experience in abdominal ultrasonography) obtaimeer Istiffnress measurements from a
circular region of interest, 20 - 22 mm in diametvroiding large vessels or focal liver
lesions.The mean value of three consecutive measuremerssgments V, VII and VI
was used for statistical analysis. Observer 2 @-yexperience in abdominal
ultrasonographyblinded to the results of observer 1 repeateéettmeasurements only in
segment V. The resulting liver stiffness was digpthin the circular region of interest as a
color map and at the right side of the image asimax, minimum and mean values and
respective standard deviations (Fig. 25). Measunésneere defined as failures when no
or little signal was obtained in the SWE badxtal time required for the measurements was

assessed for each patient and observer.

Statistical Analysis

The performance of SWE to distinguish patients \aifiifbrosis stage F2 was determined
by calculating the area under the receiver opegatharacteristic curve (AUROC).
Univariate correlations between stiffness measungsnand fibrosis, inflammation and

steatosis were calculated with Spearman rank @tioal coefficients (r) (158). In addition,
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fibrosis, inflammation and steatosis were introduces independent variables in a

multivariate regression model to assess their iedéent effect on the measured parameter
(159). With this model multivariate regression etations (RC) were calculated. Groups

of patients with different inflammation grades amothe same fibrosis stage were

compared with th&ruskal-Wallis testinterobserver reproducibility was calculated using
intraclass correlation coefficients.FAvalue< 0.05 was considered statistically significant.

Statistical analysis was performed with the MedCsidétware (MedCalc, Mariakerke,

Belgium).

Results

In the 48 patients the histopathologic analysi®aéed the following distribution. Fibrosis
stage: FO(n=7), F1 (n =18), F2 (n =7), F3 B)=F4 (n = 8); inflammation grade: A0
(n=29), Al (n = 23), A2 (n = 11), A3 (n =5); atesis grade: SO (n =23), S1(n=9), S2
(n = 11), S3 (n = 5). The univariate correlatioesneen stiffness on one hand and fibrosis,
inflammation and steatosis on the other were alvagsificant but only fibrosis had a
correlation coefficient above 0.5 (Fibrosis: r 83).P < 0.0001; Inflammation: r = 0.4®,

= 0.005; Steatosis: r = 0.3B,= 0.02). Although measured stiffness values withensame
fibrosis stage showed an increasing trend with reeirdlammation grade, no significant
statistical difference was found between groupdlga8). Only liver fibrosis was found
to have an independent effect on the liver sti$n@$C = 0.69P < 0.0001). Using liver
biopsy as the reference examination we found th&WE cut-off value of 10.3 kPa
provided the diagnosis af F2 with 80% sensitivity and 95% specificity. Th&HROC was
0.92, P < 0.0001 (Fig. 59). The real-time SWE examination lasted approximately

minutes per patient for observer 1 (three segmaeissured) and 3 minutes for observer 2
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(one segment measuredyo measurement was classified as failure (Fi§s.64). The

intraclass correlation coefficient for the interebger agreement was 0.99 (95 % CI, 0.98 -

0.99).

Table 18.Mean SWE stiffness and standard deviation accordingp fibrosis stage and inflammation

grade
AO 71+13 _ 1240 24.7 +0
Al 85+16 10.1+2.7 9.4 +1.4 249+1.6
A2 740 10.5+ 0 10.4+1.4 31435

A3 109+4.2 17.8+0 16.5+2.6 _

Note: Stiffness values within the same fibrosigstahowed an increasing trend with severe inflariamat
grade but no statistically significant differencasnobserved.
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Figure 59.Real-time SWE AUROC (0.92P < 0.0001) to differentiate between FO-4s F2-4 fibrosis
stages.
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Figure 60. SWE stiffness (26.9 kPa) in a patient with chronitiepatitis B. METAVIR score was A2F4
and no steatosis was identified on the liver slice.
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Figure 61.SWE stiffness (6.3 kPa) in a patient with chronic épatitis C. METAVIR score was A2F0 and
no steatosis was identified on the liver slice.
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Discussion

In this preliminary prospective clinical study, whiincluded patients with viral hepatitis
and NAFLD, we have found that only fibrosis has iadependent effect on the liver
stiffness measured with SWE. Moreover, SWE had ledeinterobserver reproducibility
and could accurately differentiate patients with-1IFQ@s F2-4 fibrosis stages with an
AUROC of 0.92 P < 0.0001).

Real-time SWE is a novel ultrasound-based elaspbgranethod under evaluation for the
assessment of liver fibrosis in patients with clicoliver diseases. Few studies have
assessed the performance of SWE (58, 60, 184)@artifeom the recent study by Poynard
et al (184) which did not use liver biopsy as refee examination, the evaluation was
limited to patients with chronic hepatitis C. Faitaet al (60) recently reported results
similar to ours in a population of patients witlphagtis C with AUROCSs of 0.92 and 0.99
respectively for B 2 and F4.

In our study, no measurement was classified asgduailed, even in the 9 patients with a
BMI higher than 30 kg/fm We do acknowledge that a learning curve is neéale8WE as
for all imaging methods but we do not think tha® Examinations should be performed to
be an experienced operator, as reported by Poyetaed (184). Indeed, in contrast to
Fibroscan, SWE offers the advantage of being immated in a common ultrasound device
allowing direct comparisons between SWE and B-maasges. Since both operators in
our study were experienced in abdominal ultrascexaminations, the learning curve for
SWE was rapid and both operators felt confortakléogpming SWE examinations after 15
patients, which comes in agreement with the fingling Ferraioli et al (185).

Although this is an ongoing study and at the tirhéhes thesis limited to 48 patients, two

of our patients, both diagnosed with NASH, werezting. Patient 1 had a mean liver
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stiffness of 13.9 kPa while patient 2 had 7.9 kRiness (Figs 62, 63). However, the
histopathologic score classified both patients asirtg mild fibrosis (F1) and severe

inflammation (A3). Steatosis was also classifieg@sle 2 for both patients (34 - 66 %).

Figure 62 SWE stiffness (13 kPa) in a patient with NASH.

The reason for the discrepancy in liver stiffnesgaot completely understood because the
SWE studies were considered valid by the two olesereach time, which also obtained
very similar liver stiffness values. Moreover, dfaom the different gender, no significant
clinical differences (e.g. BMI, age, transaminasssnorbidities) were found between
them. Additionally, the pathologist reviewed thstblogical slices and made no changes in
the previously attributed score. Although theseultesare still preliminary, we might
hypothesize that in patient 1 fibrosis was moretogieneously distributed and in this case
the limited parenchymal evaluation of liver biopsgderscored the patient. Moreover,
these two patients also participated in the stugcdbed in chapter VI and the measured

monofrequency (50 Hz) MRE storage modukagl@asticity) was also higher for patient 1.
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+40 kPa

Figure 63. SWE stiffness (7.9 kPa) in a patient with NASH.

Our study has limitations that need to be acknogéed First, the number of included
patients is small. However, this is an ongoing gtadd we plan to include more than 100
patients. Second, since none of our patients heileaswve were not able to assess the
potential influence of this factor on the SWE meaments.

In conclusion, this is the first study to assessghrformance and reproducibility of SWE
in patients with chronic viral hepatitis B, C andARLD, using liver biopsy as gold
standard. We found that SWE can accurately detaatns with a fibrosis stageF2, has
excellent interobserver reproducibility and it caasily be incorporated in the routine
abdominal ultrasound examinations. Moreover, orityokis was found to have an

independent effect on liver stiffness.
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7.2.2. Evaluation of Multifrequency MRE Wavelendixponent in Patients with Liver

Fibrosis and Inflammation: a Feasibility study

Introduction

Magnetic Resonance Elastography (MRE) is senditivahanges induced by fibrosis in the
mechanical properties of the liver and is now agggia more relevant place in the clinical
setting (95 — 97, 186). Liver inflammation is fremily associated with fibrosis but so far a
noninvasive imaging biomarker to detect and diffiéegde inflammation grades has not
been found. Standardization for MRE studies has lg#icult because the behavior of
compressional and shear waves is influenced byréggiency of excitation applied in the
first place, thus the obtained viscoelastic valaes difficult to compare (98, 186 - 188).
This frequency-dependent wave attenuation and digpeat the tissue and cellular level
can nevertheless be explained by a common wavetiequaodeled by a power law,
therefore excluding frequency dependence (187).aélsbet al (98) used a frequency-
independent shear modulus to evaluate patients hvigh fibrosis and found that this
parameter did not have a superior performance coedpa the monofrequency evaluation.
However, the authors did not assess the influericeflammation on their measured
parameters neither did they study the behaviohefwavelength. Therefore, the purpose
of this still ongoing study was to evaluate thefgenance of the frequency-independent

wavelength exponent in patients with liver fibrogrsl inflammation.
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Materials and Methods

The review board at our institution approved thrsgke-center and prospective clinical
study and written informed consent was obtainedalbipatients. From March through
October 2012, all consecutive patients 18 year®lder with untreated chronic viral
hepatitis scheduled for liver biopsy were enrofiedthis study. A total of 35 patients were
included in the study protocol, which consistedmailtifrequency MRE on a 1.5-T MR
unit (Philips Healthcare, Best, The Nederlandshgis gradient-echo sequence with the
following parameters: TR/TE=112 ms/9.6 r820-mm field of view, 9 transverse slicds,
mm?® isotropic resolution, 3-directional encoding, 8rse per vibration period. The total
acquisition time was 1m 20s. The simultaneous B8artd 84 Hz mechanical waves were
induced with an electromechanical transducer platesed to the liver on the right flank
of the patient in supine position (Fig. 43). Themgbex-valued shear modulus was
calculated by demodulation and local inversionhef linear viscoelastic 3D wave equation
and converted into wavelength, (mm). The frequency dependence modeled by a power
law was assessed as the wavelength exponent parafYigt Ten patients were excluded
because of technical problems. The final study fadjmn consisted of 25 patients, 7
women and 18 men, with a mean age of 48 yearsdra@ig- 68 years). Eight patients had
chronic hepatitis B and 17 had chronic hepatitisA@. expert hepatobiliary pathologist
who was unaware of imaging results performed tls¢opathologic analysis of all liver
specimens. Fibrosis and inflammation were docundemecording to the METAVIR
scoring system, as described in chapter I, se@idrl. (150). The mean interval between

biopsy and MRE was 24 days (range: 4 - 60 days).
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Statistical Analysis

Patients with different inflammation grades anddtis stages were compared with the
Kruskal-Wallis test. The performance ¥ to distinguish between AO-%s A2-3 was
determined by calculating the area under the receoperating characteristic curve
(AUROC). A P value< 0.05 was considered statistically significant.tiStecal analysis

was performed with the MedCalc software (MedCaleyiskerke, Belgium).

Results

Values are presented as mean * standard devidttidhe 25 patients the histopathologic
analysis revealed the following distribution. Fibiostage: FO (n = 2), F1 (n=13), F2 (n =
3), F3 (n = 7); Inflammation grade: A0 (n = 5), Al = 15), A2 (n = 4), A3 (n =1). The
wavelength exponent decreased with increasingnmfiation grades and the difference
was statistically significant between A0 and A2<0.01) (Fig. 64). Using liver biopsy as
the reference standard we found that a cut-offevallu-0.43 forY’, provided an accurate
separation of inflammation grades AO-1 from A2-3hwva sensitivity and specificity of
100% and 85%, respectively. The AUROC was 0.95.(Blg). Although wavelength
exponent could also differentiate patients witlidgis stages F0-ls F2-3 (AUROC 0.93),
when examining the subgroups of patients withindame fibrosis stage, the decrease in
Y; as a function of the inflammation grade was sitematically observedlthough no
statistical significance was observed in this fieiiy pool of 25 patients (Fig. 66, Table

19)
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Figure 64. Wavelength exponent values among diffemeinflammation grades.
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Figure 65. MRE wavelengthexponent AUROC (0.95P < 0.0001) between inflammation grades AO-1
vs A2-3.
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Figure 66.Wavelength exponent color scale according to thebfiosis stages and inflammation grades
= number of patients per corresponding fibrosigestand inflammation grade.

Table 19. Mean wavelength exponent values and staad deviations according to the fibrosis stages
and inflammation grades

o o --

Al -033+0.05 -0.33£0.01 -0.43 £0.07
) -- o o
A3

--- o

Note: wavelength exponent values within the safmméis stage showed a decreasing trend with inicggas
inflammation grades but no statistically signifitdifference was observed.
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Discussion

In this preliminary prospective clinical study, whiincluded patients with chronic viral
hepatitis, we have found that the wavelength expboan accurately differentiate AO-1
from A2-3 inflammation grades. Moreover, this frequy-independent parameter seems to
decrease according to the inflammation grade inaldgratly of the fibrosis stage.
Elastography-based methods characterize the meahamoperties of the liver through the
measurement of viscoelastic parameters. MR elagpbgr measures the whole spatial
displacement vector, which allows assessment ofsmdnee number and propagation and
separation of elasticity and viscosity parameter$act, assuming that elasticity is the only
parameter that defines the mechanical behavior iolodical tissues will result in
evaluation errors since their viscous propertyemg ignored (92, 98). Even though MRE
is progressively acquiring a new place in the agsest of liver fibrosis, comparisons
among obtained results are difficult and MRE idl $4ir from standardization. Several
studies have shown that both healthy and diseaged display a frequency-dependent
elastodynamic behavior, which also depends upompdisgrocessing model used (98, 188
- 191). Therefore, any specific viscoelastic par@nmsehave to be given in the context of
the underlying model and detailed by the frequeatyexcitation applied. One way to
overcome this drawback is to use frequency-indepetwscoelastic parameters.

Although in the work by Asbach et al (98) the nfudtjuency MRE (50 - 62.5 Hz) did not
surpass the previously reported performance of fnegoency for fibrosis staging, this
was the first and crucial step to MRE standarduratMoreover, MRE has the potential for
additional increases in technical innovation thall wndoubtelly further improved the
diagnostic accuracy.

It was already demonstrated in chapter VI thatabraplex shear modulus and the storage
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and loss moduli are not able to assess liver inflation, since the necroinflammatory
activivity was not found to have any independeriectfon these parameters. In this
preliminary work we used the multifrequency-deriveothd frequency-independent
parameter, wavelength exponent, to assess livdamnfiation. The spectrum of
frequencies used in our work from 28 - 84 Hz madctiee range of frequencies already
used in several studies (95 - 98, 102, 186). Thalt® of this study demonstrate that the
wavelength exponent can accurately differentiatéepes with mild inflammation from
those with moderate and severe inflammation. Maggawithin the same fibrosis stage we
found that there was a decreasing trend in the unedswavelength exponent with
increasing inflammation grades. This could haveralVémportant clinical implications,
namely in patients with NAFLD since the detectidnimcreased parenchymal activity
could prevent patients from progressing to sevieredis and cirrhosis.

Our study has limitations. First, the number ofluded patients is small. However, this is
still an ongoing study. Second, we did not asdesgdpeatability of our measurements in
the same cohort of patients.

In conclusion, our results show that the wavelengtbonent parameter might be an
important biomarker to assess inflammation in pégiewith chronic liver disease.
Moreover, the frequency-independence of this pammewill allow a higher

standardization and comparison among liver MR etasphy studies.
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Chapter VIII

Summary, Final Considerations and Perspectives
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8.1. Summary

The results of the present research project havtléhe final conclusions:

Chapter IV

In patients without clinical or imaging evidenceiafn overload the quantification of the
mean liver fat content can be easily performedomtine clinical practice. The use of a
simple and fast gradient echo sequence, with omfget echo times, allows accurate
mapping of diffuse liver fat with excellent intrand interobserver reproducibility. This
mapping technique has the potential for early diste®f NAFLD, thus reducing the risk

of progression to severe stages of this disease.

Chapter V

Magnetic resonance diffusion-weighted imaging isréasingly used tguantify hepatic
fibrosis. This IVIM DWI prospective study was thiest one to demonstrate, in patients
with liver biopsy, as the reference examinatiorat thteatosis has a higher impact than
fibrosis in the measured diffusion parameters. &réon is therefore warranted when

using the pure diffusion coefficient in the assemsnof liver fibrosis.

Chapter VI

In this prospective clinical study, two sets of mwasive MR imaging parameters
(diffusion and viscoelastic) used to quantify liidarosis were put side-by-side and the
influence of inflammation and steatosis in theimafi measurements was assessed. The
results of our study suggest that magnetic res@arscoelastic parameters are best for
the evaluation of liver fibrosis since they aresleensitive to the concomitant presence of

parenchymal inflammation and steatosis.
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Chapter VII

Experimental study

The development of liver fibrosis has been closediated to the activation of the
coagulation system with increased perisinusoidatirfi accumulation. This pilot MR
molecular imaging study in rats with liver fibrosaggests that the fibrin-binding contrast
agent EP-2104R has the potential to detect moderatk severe fibrosis. Since this
compound was already assessed in patients witihgusexious adverse effects it may be a
complementary approach to the already existing m@sive MR-based diffusion and

viscoelastic biomarkers.

Clinical study 1

The changes that occur in the extracellular mataring liver fibrosis have been shown to
directly influence the mechanical properties of liker. In this prospective clinical study
ultrasound-based shearwave elastography was usadloate patients with chronic viral
hepatitis and NAFLD. This imaging technique wasnfduo be accurate in distinguishing
patients with mild fibrosis from those with moderadnd severe fibrosis, exhibiting
excellent interobserver reproducibility. Inflamnuati and steatosis were not found to
influence the measurements of liver stiffness. Mueg, shear wave elastography is easy
to perform and already implemented in the commaagilable ultrasound devices,

enabling its use as an epidemiologic screeningitodlinical practice.

Clinical study 2
The recognition of liver inflammation is importafidr detecting active and evolving
chronic liver diseases. Until now no imaging biokearwas found for liver inflammation.

In this pilot study, multifrequency MR elastograpimas used to assess patients with
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fibrosis and liver inflammation. Our results suggéisat the frequency-independent

wavelength exponent has the potential to identity grade liver inflammation.
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8.2. Final Considerations and Perspectives

The statementrhore discoveries have arisen from intense obsenatf a very limited
material than from statistics applied to large groups...”,especially true in imaging
findings, as the radiologist struggles even moa tall other medical specialties to include
patients in their research studies (192).

The goal of this thesis was to uncover noninvasimaging biomarkers to characterize
chronic liver diseases; i.e., liver fibrosis, imflmation and steatosis. But what does the
concept of biomarker mean? Biomarkers are by definimeasurable parameters that
allow us to assess normal biological or patholdgicacesses or the response of tissues to
therapeutic interventions (193, 194). According ttee ESR (European Society of
Radiology) statement on the development of bionrtarkéhe clinical value of new
biomarkers is of the highest priority in terms atipnt management, assessing risk factors
and disease prognosis” (194). New biomarkers shaldéd overcome the important
limitations of our current gold standard in chroliver disease; i.e., liver biopsy.
Quantifying liver steatosis in routine clinical ewamations answers many questions and
has important medical implications. Undoubtediyyill allow early detection and follow-
up of NAFLD patients. But we can go even furthed avidespread this assessment to the
follow-up of patients under treatment with tamorifeantidiabetic drugs, amiodarone,
antiretrovirals, etc (25, 53). Moreover, accuratd diffuse quantification of liver steatosis
will help selecting patients that best fit the regonents for liver donors as the presence of
steatosis in transplanted livers carries an importesk of hepatocellular insufficiency.
Furthermore, the detection of preoperative livexagisis is associated with increased
perioperative risks and even death after major thepasection (two or more segments)
(53, 195 - 199).
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The noninvasive assessment of liver inflammatiod forosis/cirrhosis in at-risk groups
(viral hepatitis, alcoholic and nonalcoholic livelisease, patients under methotrexate
treatment, etc.) and in the general populationni®lavious clinical need. Interestingly, |
was able to experience in first hand that sympathgl the word “noninvasive” have
generally a very good acceptance by patients witbrac liver disease. In this project two
elastography methods, ultrasound-based shear wastography and MR elastography,
were used. They should never be perceived as cdorpeis they are indeed at two
different healthcare levels (21) (Fig. 67). Sheamvalastography can and should be
employed as a screening tool at a secondary ldtel physical examination and liver
function tests (simple or composite scores). Onethef many advantages over the
frequently used transient elastography is that thiethod is already incorporated in
commonly available ultrasound devices, which aretinely used in the evaluation of
patients with chronic liver diseases. However, M&s®graphy is not as widely available,
is more expensive and belongs to the tertiary levklhealthcare. As such, MR
elastography should further assess the screenedo@sitive patients, as this complex
method allows more detailed assessment the vistaefaoperties, which can potentially

characterize liver fibrosis and inflammation (F6@).

Patients with Chronic
Liver Disease

SWE

MRE

Figure 67. Levels of care for elastography-based riteds in chronic liver diseases.
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Figure 68. MR biomarkers for the assessment of chric liver disease as proposed by this project.

Molecular imaging is at the moment relegated to lthsic experimental assessment of
chronic liver diseases, for safety and economieakons. Even though the MR contrast
agent studied in this project, as opposed to otketorized probes, has already entered
phase Il proof-of-concept clinical trials in patierwith thombo-embolic disease, the FDA
(Food and Drug Administration) has asked for adddi patient safety monitoring. The
long pipeline development time, the lack of finah@upport and the critical concern about
safety issues, place these probes far away frordlithieal setting.

In conclusion, the need for noninvasive biomarkersiver fibrosis, inflammation and
steatosis to detect, stage and follow-up chrowierldisease is clear. Additional areas of
research are nonetheless still lacking such as-toehdad comparisons of several
noninvasive methods, defining cut-offs values fpedfic diseases, standardisation and
repeatability and reproducibility assessments. Meee, longitudinal studies to look at

disease progression, regression under treatment favad outcomes are needed.
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Truthfully, 1 think that the ideal biomarker willrpbably be a composite biomarker. The rg

ahead seems long, very long... as the “... man in &nk om, looking for the black cat...” thd

could be hiding!
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Six Honest Serving-Mefor Medical Writers

| keep six honest serving men
They taught me all | knew

Their names are WHAT and WHY and WHEN
And HOW and WHERE and WHO

Rudyard Kipling
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