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Adenosine triphosphate (ATP) and other high-energy molecules play a central role in the

functional and morphological integrity of cells. During periods when energy levels are

low the viability of cells may be compromised as demands may exceed supply.

Ultimately these events may result in organ dysfunction. As such, disturbances in cellular

energy metabolism have been implicated in the pathogenesis in a variety of diseases. Iz

vivo phosphorus-3l magnetic resonance spectroscopy (31P MRS) is a non-invasive

method that permits direct assessment of energy levels of tissues in situ. The principal

aim of the present study was to determine whether differences in energy status of the

liver, as determined by "P MRS, could assess the extent of underlying liver disease.

Partial hepatectomies (PHx) were first employed in rats to determine whether

changes in hepatic energy levels in healthy rats reflected the amount of residual liver

parenchyma remaining after resection. Following 40yo, 70yo and 90o/o PHx hepatic

energy levels, as reflected by ATP and ATP/Pi, decreased in proportion to the extent of

resection with significantly lower ATP levels occurring following 70% and.90yop;g1x.

Various animal models of acute and chronic liver disease also displayed reduced

energy levels with increasing severity of disease. During acute liver failure iower ATp

levels were observed when more than 50% of the liver lobule was destroyed. Similar

results were evident in rats subjected to parench)¡mal and cholestatic forms of chronic

liver disease as reductions in hepatic ATP levels were only detected once extensive

fibrosis or cirrhosis was established.

ABSTRACT

XVII



Patients with hepatitis C induced chronic liver disease also possessed lower

hepatic ATP levels than healthy control subjects. However, these reductions did not

occur until decompensated cirrhosis developed.

Taken together, the results from animal and human studies suggest that: 1)

reduced hepatocyte numbers, (2) increased energy expenditure due to increased

regenerative activity and functional demands, and (3) a decreased capacity to produce

energy, all contribute to the reduction of hepatic ATP in advanced liver disease. The

results also support the hypothesis that diminished energy reserves within the liver play a

central role in the pathogenesis of hepatic dysfunction during liver disease.
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CHAPTER I

INTRODUCTION



1.1. The Clinical Problem: An Overview

Liver disease is an important cause of morbidity and mortality in North America.l

Each year thousands of individuals, from newborns to the elderly, are afflicted with this

disease.l' t So-t forms of liver disease strike healthy individuals quickly and without

warning leading to marked morbidity and incapacitation within weeks. Others evolve

slowly and silently causing progressive deterioration of the patient's health. For many

with liver disease the outcome is grim. Current statistics indicate that liver disease is now

ranked as the fourth most common cause of death by disease among working adults and

the tenth leading cause of death overall.3 This striking statistic highlights the importance

of this disease. Once liver disease becomes progressive and is no longer self-limiting

there are few treatments available. The disease often charts an insidious course that

spirals into liver failure and the only know curative intervention for this end-stage

sequelae is orthotopic liver transplant.a V/ith the current shortage of donor livers world

wide many patients die from their liver disease while waiting for a transplant.5

Patients that succumb to liver disease usually die from either i) hepatocellular

insufficiency (commonly referred to as "liver failure"), (ii) vascular complications (portal

hypertensive variceal bleed) or (iii) hepatic malignancy. Of the three, liver failure is the

major cause of mortality among patients with liver disease.l'6 Hepatocytes constitute the

majority of the liver cell mass and are responsible for carrying out hundreds of essential

biochemical processes.T'8 In addition, the integrity of many organ systems are dependent

upon a well functioning liver, such that liver disease is often accompanied with

multiorgan dysfunction.e' l0 Thus when liver cells are damaged and hepatic function



becomes compromised it is not surprising that the outcome of liver disease can be so

morbid.

The need to accurately evaluate the status of the liver (particularly hepatocellular

function) is very important for the treatment and management of patients with liver

disease. However, the current tests used to assess the liver suffer from many limitations

including low sensitivity and poor specificity.rr'12

The work outlined in this thesis examines the utility of magnetic resonance

spectroscopy (I!RS) as a novel means of assessing the health and functional status of the

liver. This radiologic technique can provide a direct and non-invasive biochemical

evaluation of tissues in situ. A modality such as this holds great promise in diagnostic

medicine, as valuable information and insights can be acquired on disease processes.'3-'t

In this thesis several experiments are designed (involving animal and human subjects) to

assess applicability of MRS as a diagnostic tool for liver disease. In the first section of

the thesis normal liver physiology will be discussed with respect to hepatic structure and

function. From there, further discussions on liver pathophysiology, clinical and

laboratory methods for evaluating the liver and fundamental concepts and clinical

applications of MRS will follow.



1.2. The Liver: Structure and Function

I.2. I. Fuwcrtowet Dvnnsny

The liver is the largest solid organ in the body accounting for approximat ely 2-3o/o

of the body weight in adults and 5Yo in new borns.l6-le Occupying most of the upper right

quadrant of the abdomen this complex and intricate organ is capable of operating as a

metabolic, endocrine and exocrine gland. The vast biochemical pathways within liver

cells allow them to perform numerous duties. The liver plays a central role in the

intermediary metabolism and distribution of carbohydrates, amino acids, lipids and

vitamins. Circulating toxins and drugs are also extracted by the liver and metabolized to

harmless by-products through an elaborate system of detoxifying enzymes. In addition,

the liver is also actively involved in the formation of bile and the synthesis of numerous

plasma proteins. Specialized phagocytic cells within the liver play an important role in

the body's immune system, as hepatic sinusoidal lining cells are quantitatively the most

effective site of phagocytosis of particulate materials. Finally, the liver can act as a

vascular reservoir allowing it to participate in the regulation of blood volume and blood

flow. Collectively these activities permit the liver to perform well over 500 functions that

are essential for life.

1.2.2. STRUCTURAL ORGANIZATION

L2.2.1. Vascular and Biliary System

Central to the functional diversity of the liver is its structural design. Uniquely

situated between the digestive tract and the rest of the body, the liver receives a dual

blood supply from the portal vein and hepatic artery. The two sources of blood supplying



the liver differ both quantitatively and qualitatively. Seventy-flrve percent of the blood

supplied to the liver occurs through the portal vein, which is a collection of venous

tributaries that drain the intestines, stomach, spleen and pancreas. Thus the portal system

conveys blood that is rich with ingested material from the digestive tract. This strategic

arrangement positions the liver to act as a fare way between the alimentary tract and the

rest of the body. Being the first organ exposed to items from the digestive tract the liver

is uniquely situated to extract, process, and sort digested material for subsequent

distribution or elimination.

The hepatic artery, which branches off the celiac trunk from the aorta, contributes

approximately 25o/o of the blood supply to the liver. This blood is rich in oxygen and is

the primary means whereby liver cells receive oxygenated blood. As such, adequate

hepatic arterial flow is essential for the proper functioning of the highly active liver

parenchyma.

These two main blood vessels enter the liver from its inferior surface at the porta

hepatis accompanied by the common bile duct, lymphatic vessels and nerves. Within the

liver this tract of vessels split into two branches dividing the liver functionally into right

and left lobes. Each lobe operates independently with its own arterial and portal venous

supply and its own venous and biliary drainage. However, anatomically the liver is

divided into four lobes: right, left, quadrate and caudate lobes. The right and left tracts of

vessels undergo further divisions that create interlobar, interlobular and evenfually

terminal vessels. At this level, the terminal branches of the portal vein and hepatic artery

feed directly into the hepatic sinusoid, watershed areas that surround and directly bath the

hepatic parenchymal cells. The sinusoids converge towards terminal hepatic venules



which merge to form sublobular veins, sublobar veins, and right and left hepatic veins

that form the hepatic vein proper which finally drains into the inferior vena cava.

Running in the opposite direction to the hepatic artery and portal vein is the biliary

system. Bile which is formed in hepatic parenchymal cells flows into fine ducts called

bile canaliculi, from there it enters intralobular ductules, larger interhepatic ducts, and

finally into right and left hepatic ducts, which merge from the liver, at the portal hepatis,

as the hepatic duct proper.

1.2.3. CELLUAR COMPOSITION

The functional capability of the liver resides within its cellular constituents. The

liver is composed of both non-parenchymal and parenchymal cells. The non-

parenchymal cells consist of a heterogeneous population of sinusoidal lining cells and bile

duct epithelial cells. Conversely, the parenchymal cell population is made up solely of

hepatocytes.

1.2.3.1. Sinusoidal Lining Cells

Cells found within the hepatic sinusoid include the endothelial and Kupffer cells.

Hepatic endothelial cells, similar to endothelium found in other blood vessels of the body,

line the walls of the vascular compartment. However, sinusoidal endothelial cells differ

from those in regular vessels in that they contain large fenestrae.2o These fenestrae,

approximately 1000 a in diameter, are often grouped together in clusters of 10 or more to

form networks of sieve plates.20' 21 This feature permits the endothelium to be highly

porous which allows the rapid interchange of blood befween the vascular and



perisinusoidal compartments. 22 Kupffer cells are a second class of sinusoidal cells.

These cells are resident macrophages within the liver that stretch across the lumen of the

sinusoids. kr this position Kupffer cells play a key role in the immune system by

effectively removing waste and foreign material that enters the liver.

Just outside the hepatic sinusoid, in befween the endothial cell and the hepatic

parenchyma is the perisinusoidal space commonly called the space of Disse. Hepatic

stellates cells occupy this space wrapped around and in close proximity to basal surface of

the endothelial wall of the sinusoids. Hepatic stellate cells serve primarily to store

vitamin A and maintain a healthy hepatic extracellular matrix. Under pathological

conditions stellate cells transform into myofibroblasts and play a major role in liver

fibrosis.23 Collectively, the cells within the sinusoids and the parasinusiodal space make

up approximately 14-16% of the cell population within the liver.2a

1.2.3.2. Bile Duct Epithelial Cells

Bile duct epithelial cells, also known as cholangiocytes, line the entire biliary tree.

Although cholangiocytes make up only 4-5 % of the total liver cell population they

perform important functions in the biliary system.2s Cholangiocytes alter the composition

of bile by secreting and reabsorbing various metabolites, ions and molecules into the

biliary tract.

Other non-parenchymal cell types can also be found in the liver where they serve

supportive roles in tissues like blood vessels, connective tissue, lymphatics and nerves.



1.2.3.3. The Pørenchymal Cell

The hepatocyte is unrivalled by any other cell type in the iiver in terms of cellular

mass, functional diversity and complexity. Hepatocytes are estimated to number

approximately 250 billion in the normal adult liver and account for about 80% of the total

cellular population.2a Functionally, the hepatocyte also carries the majority of the work

load imposed upon this organ and as such is considered the 'work horse' of the liver.

Activities ranging from the storage and timely release of metabolic fuels, synthesis and

secretion of plasma proteins and the uptake and degradation of endogenous and

exogenous compounds are all performed by hepatocyt"r.t' * Kry to the functional

diversity of the hepatocyte is the structural arrangement of the hepatic parenchyrna.

The organization of hepatocytes within the liver can be described as an acinar

arrangement. Rappaport et al. first described the hepatic acinus as a concentric cluster of

hepatocytes organized around a terminal portal venule and its accompanying hepatic

arterioles, bile ducts, lymphatics and nerve fibers.26 Located in the periphery, terminal

hepatic venules can be found surrounding this ¿uïangement. A tlpical illustration of the

hepatic acinus is presented in Figure 1.



Figure 1. The hepatic acinus, consisting of a concentric cluster of hepatocytes organized

around a terminal portal vein (TPV), terminal hepatic arteriole (THA), terminal bile

ductule (TBD) and lymphatics (L). The TPV and TIIA drain directly into the hepatic

sinusoids (HS), which run along the outside of the liver cell plates (LCP). The HS drain

into the terminal hepatic venules (THV). The hepatocles within the LCP are located in

zone 1,2 or 3 of the hepatic acinus.27



OI



1.2.3.3.2. The Liver Cell Plate

Between the portal kact and the terminal hepatic venule hepatocytes are organized

into liver cell plates. Within the liver cell plate, hepatocytes are arranged in single rows

one cell thick with approximately 15-25 hepatocytes sparuring the distance between the

portal triad and terminal venule.2s Hepatocytes closest to the portal triad are described as

periportal or zone t hepatocytes, those in the middle of the cell plate are called zone 2

hepatocytes and f,rnally those near the terminal venule are termed perivenous or zone 3

hepatocytes (Fig. 1).

Due to the unique characteristics of sinusoidal endothelium, blood flowing into

the hepatic sinusoid readilypasses into the space of Disse and perfuses the hepatocytes in

the liver cell plate. The flow of blood through the sinusoids and down the liver cell plate

is unidirectional. Thus hepatocytes near the proximal end of the sinusoid will be exposed

to the highest concentration of incoming solutes, substrates and hormones. As the blood

flows down the liver cell plate its composition progressively changes as substances are

both extracted from and secreted into the blood. Once this blood reaches the distal end of

the liver cell plate (zone 3) it is markedly different from that initially entering the

sinusoids. This gradient of solutes and substrates creates heterogenous microenviroments

across the liver cell plate such that functional heterogeniety exists among hepatocytes

within a single hepatic acinus.T'8''e Differences in hepatocyte metabolism with respect to

oxidative and ammonia metabolism are two common examples of functional herogeneity

across the hepatic acinus.
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1.2. 3. 3. 3. Hepatocyte Utrastructure

The morphological features of the individual hepatocyte also facilitate the vast

functional capacity of this cell. The hepatocyte is a polyhedral cell with three distinct

membrane surfaces, which include the basal, lateral and apical surfaces.3o The basal

surface of the hepatocyte, also called the sinusoidal front, is the membrane area that faces

the space of Disse. Most hepatocytes within the plate have two or three contiguous

surfaces exposed to the space of Disse and collectively the basal surface accounts for

approximately 72% of the total surface atea of the hepatocyte.3o Irregular microvilli

present on the basal surface also greatly amplify the surface area available for the

exchange of substances between the vascular and parenchymal compartments. in fact

electron microscopy studies have demonstrated that hepatocyte microvilla actually project

directly into larger endothelial fenestrations permitting more direct and intimate contact

with the vascular compartment.2l The high capacity for exchange across the sinusoidal

front is further facilitated by the numerous receptors, secretory vesicles and clathrin-

coated pits present on the basal surface ofthe hepatocyte.

The lateral and apical surfaces of hepatocytes lie between adjacent parenchymal

cells. Cell-cell junctions typically line the lateral surface, where tight junctions, zonula

adherens, desmosomes and gap junctions may all be found.30 These junctions allow for

closer contact between hepatocytes and more efficient communication between cells. The

apical surface is located midway down the lateral surface. This surface is formed from

specialized co-joining grooves that are lined with biliary epithelia. When the apical

grooves of two adjacent hepatocytes come in contact they form an enclosed segment of
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the biliary system called the biliary canaliculus. The canalicular surface is speciaiized to

transport bile acids, products of detoxification, lipids and other solutes into the biliary

system. Like the basal surface, microvilli present on the canalicular membrane serve to

increase the amount of surface area available for exchange and transport of molecules.

The bile canaliculi form a continuous network of channels through-out the liver cell plate

which drain into the intralobular ductules.

1.2.4. LIVER REGENERATION

The liver is one of the few tissues in the body with the capacity to undergo

regeneration. Unlike other regenerating tissues (bone marrorv and skin) which recruit

stem cells to divide, in the liver, in the absence of fulminant hepatic failure, only mature

hepatocytes proliferate to restore lost liver mass.''' 3' The process of regeneration follows

a complex series of highly synchronized events which involves an initial phase of

hepatocyte hypertrophy followed by a subsequent phase of hyperplasia, which is

charactenzed by accelerated rates of DNA synthesis.33 In the immediate period following

hepatic injury the expression of immediate early pro-oncogenes (c-myc and c-ras)

increase markedly in hepatocytes to prime the liver for subsequent proliferation.3z, 3a

During the pre-replicative phase glycogen levels become depleted and lipids and fluids

accumulate causing cell swellin g.3t'32 Circulating levels of growth stimulating hormones,

cytokines and growth factors also increase during the pre-replicative phase and remain

elevated throughout the replicative phase of regeneration.32'3t'3u Some of the more potent

mitogenic factors include hepatocyte and epidermal growth factors, transforming growth

factor o, interleukin-6 and tumor necrosis factor. During this event circulating co-
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mitogens such as estrogen, glucagons and insulin can serve to upregulate the activities of

the mitogenic factors.32 The integration of all these events serves to alter the gene

expression and metabolic activity of the cell to promote liver regeneration. The wave of

regenerative activity is believed to begin in the periportal cells and proceeds down the

liver plate to the perivenous region.37 Depending on the extent of liver injury most

hepatocytes within the residual liver will participate in one to two proliferative cycles.38

Non-parenchymal cells also proliferate in the regenerating liver, however, their peak

proliferative response trails that of hepatocytæ.'n' a0 Within the healthy liver the

regenerative response is both efficient and complete. Studies have documented that the

normal human liver can safely tolerate a 70-80 o/o resection with complete restitution of

liver mass and function within three to five months of the operation.al'a2

1.2.5. The Achilles Heel

The discussion thus far has highlighted the importance of the structural and

orgaruzational features of the liver; its strategic position befween the digestive tract and

the bod¡ the unique arrangement of the hepatic acinus, and the accessibility of solute

interchange between the parenchymal and sinusoidal compartments. All of these

facilitate the many duties carried out by the liver. Equally important to a well functioning

liver is a healthy population of hepatocytes. However, the same structural features

(described above) that permit the functional success of this organ also leaves it vulnerable

to toxins and a host of other harmful compounds. This susceptibility may explain why

the liver is one of the few tissues in the body capable of repairing itself by regeneration.

Low-grade short-lived injuries to the liver are easily handted by the regenerative
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response. However, if an event should occur where the regenerative response is

overwhelmed, hindered or even delayed by injurious stimuii dire consequences may

ensue due to hepatic insufficiency.o3 This is best exemplified in the setting of liver

disease.

1.3. Liver DÍsease

Hepatocellular injury and varying degrees of hepatic dysfunction are hallmark

features common to both acute and chronic forms of liver disease. In acute liver disease

the onset of liver injury and functional deficits develop rapidly, while for chronic liver

disease the course of the disease is often long and progression slow. Common to both

forms of liver disease is the deteriorating status of the liver, which manifests as systemic

complications. There are numerous clinical signs and symptoms that reflect impaired

hepatic function in the setting of liver disease.

1.3.1. Symptoms of Liver Disease

I. 3. I. I. Non-specific Symptoms

Fatigue, malaise, listlessness and gradual weight loss are all non-specific

symptoms commonly associated with liver disease. The pathogenesis of these symptoms

are unknown, but high levels of circulating cytokines þarticularly, interleukin-l and

tumor necrosis factor) associated with liver disease have recently been implicated to

induce catabolic and endocrine changes that promote both fatigue and weight-loss.aa-46 ln

addition, the central role the liver plays in the processing and distribution of metabolic
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fuelsa7 should not be overlooked, as an improperly functioning liver can disrupt the

energy economy within the body leading to some of the syrnptoms described.

1.3.L2. Jaundice

There is a constant furn-over of heme proteins within the body. Once slated for

degradation the heme moiety of the protein undergoes a fwo-step conversion to the more

lipid soluble compound, bilirubin.a8 The liver is primarily responsible for the uptake and

elimination of bilirubin.ae During this process bilirubin undergoes subcellular

translocation to the endoplasmic reticulum where it is modified to a more water soluble

form, thus allowing its excretion into bile for fecal elimination. 'When the liver

parenchyma is severely damaged and no longer functions properly, the uptake,

metabolism and excretion of bilirubin is hindered. As a result, bilirubin accumulates and

settles within tissues such as the skin and sclera.ae The deposition of bilirubin in these

sites cause a yellowish coloration to the eyes and skin, which is a feature referred to as

scleral icterus and jaundice respectively.

1.3.1.3. Coagulopathy

The liver plays a key role in the regulation of the coagulation cascade as it

synthesizes most of clotting factors and inhibitory modulators necessary for proper

hemostasis. Disturbances in liver function due to hepatocellular injury can result in

marked impairment of the clotting cascade. The clotting factors most affected by hepatic

insufficiency are factors V, VII, VIII and fibrinogen.sO Decreased levels of the inhibitory

modulators (antithrombin III, protein C, heparin cofactor II) have also been documented
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in patients with liver disease. Collectively, these defects prolong clotting times and

potentiate hemorrhagic events.

1.3.1.4. Ascites

Ascites is a condition characterized by the excessive retention of fluid within the

abdominal cavity. While ascites may accompany a number of disease states, liver disease

is the leading cause for this condition. In the setting of liver disease, many factors

contribute to ascites formation, including peripheral arterial vasodilatation, renal sodium

retention and sinusoidal hypertension with marked lymph formation and accumulation.

Hepatocellular dysfunction is believed to contribute to the process via impaired hepatic

synthesis of serum albumin, which reduces oncotic pressures within the sinusoids.

Together with portal hypertension, this causes fluid to accumulate within the peritoneal

cavity and further potentiates the formation of ascites. Also relevant is the liver's ability

to clear selected compounds from the circulation which is reduced with liver disease,

consequently, hormones such as aldosterone acquire an extended half-iife and this in tum

promotes both sodium and water retention.

1.3. 1. 5. Encephalopathy

The functional integrity of the central nervous system is highly dependent upon a

well functioning liver.5t The liver acts not only to provide appropriate fuels for the brain,

but also to remove endogenous and exogenous neurotoxins from the body. If the hepatic

parenchyma is hindered or damaged to the point where it is incapable of removing

neurotoxic/inhibitory molecules like ammonia, aromatic amino acids and endogenous
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benzodiazepines from the circulation neurological disturbances will develop.')

Neurological manifestations range from subtle behavioural changes and forgetfulness to

delirium, seizures or deep coma depending on the degree and rapidity of the hepatic

insufficiency.sl

1.3.2. Evaluation of Liver Status

Clearly the clinical spectrum of liver disease is vast. Some patients experience

only mild nausea and fatigue while others can suffer from life threatening multi-system

failure. The severity of the disease is dependent upon the extent in which the structural

and functional integrity of the liver is compromised. Providing an accurate assessment of

liver disease severity is essential as it influences patient prognosis and decisions regarding

therapeutic interventions. However, the task of evaluating the status of the liver is a

difficult clinical problem. The liver is not as accessible for evaluation as some other

organs; despite this, several modalities can be employed to address this task. Clinical

tests used to evaluate the status of the liver can be categorized as methods that monitor:

liver function, anatomic structure (imaging studies), and morphology (histologic studies).

L3.2.1. Líver Functíon Tests

The term 'liver function test' often refers to a large group of laboratory tests used by

physicians to help evaluate and manage patients with liver disease. This term includes i)

conventional liver function tests, (ii) quantitative liver function tests and (iii) tests of liver

injury.
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L3.2.1.1. Conventional Liver Function Tests

This group of tests routinely performed in the laboratory provide a measure of

liver function, however, the assessments are not quantitative.

Serum bilirubin levels become elevated in settings of increased production,

reduced clearance, impaired metabolism and./or decreased excretion. Aside from the

setting of increased production, elevated serum bilirubin levels can be interpreted as

indicative of liver dysfunction reflecting impaired hepatocyte activity and/or cholestasis.

The main limitation of this test is its insensitivity. Serum bilirubin levels do not become

elevated until the liver has lost at least one-half of its excretory capacity.tz The test is

also non-specific as hyperbilirubinemia can result from haemolytic conditions.

Blood ammonia levels have also been used as an index of the liver's functional

capacity as well as the severity of hepatic encephalopathy. However, hyperammonemia

is not specific for liver disease (elevated levels also occur with poor sample preparation

and in patients with certain congenital enzrrrrre deficiencies) and blood ammonia levels do

not correlate well with presence or stage of hepatic encephalopathy.t2 For these reasons

many centres do not routinely use blood ammonia measurements as an index of liver

function.
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Albumin is the major protein synthesized by the liver, as such its blood levels can

serye as an index of the synthetic capacity of the liver. When the status of the liver is

compromised, hepatic protein synthesis may become impaired and the production of

albumin reduced. However, several factors make semm albumin concentrations a

difficult parameter to interpret.s2 First, the liver can synthesize albumin at twice the

required basal rate, thus high rates of production can compensate for and mask minor

impairments in liver function. Secondly, the half-life of albumin is approximately three

weeks, therefore, changes in serum albumin levels occur too slowly for it to be

informative in settings of acute liver disease. Third, up to two thirds of the body's

albumin is distributed into extravascular compartments and movements of albumin across

compartments can confound serum measurements. Finally, serum albumin

concentrations may decrease as a result of non-hepatic disorders such as proteinuria,

malnutrition and inflammatory states like bums, trauma and sepsis.

The synthetic capacity of the liver can also be measured by prothrombin times.

The liver synthesizes many of the factors in the clotting cascade, including factor VII

which has a half-life of six hours.l2 Hence, prothrombin times are sensitive to rapid

changes in liver synthetic function. Similar to other conventional liver function tests,

prothrombin times measurements are limited by insensitivity and non-specificity. This

test can be normal in mild and early hepatocellular injury, upwards of 80 percent of the
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liver's synthetic capacity must be lost before abnormal prothrombin times are detected.l2

Prolongation in prothrombin times may also result from vitamin K deficiency, this can

occur with chronic cholestasis, fat malabsolption from diseases of the pancreas or small

intestine and prolonged use of antimicrobial agents that alter Vitamin K synthesizing

intestinal flora.

L3.2.1.2. Tests of Liver Injury

Although this group of tests are classified as 'liver function tests' they do not

evaluate liver function per se. Rather these tests measure the serum levels of liver

enzymes as an indication of hepatocellular damage or impaired bile flow.

The most commonly used markers of hepatocyte injury are the aminotransferases,

aspartate aminotransferases (AST) and alanine aminotransferase (ALT). Both enzymes

are present in the hepatocyte, the former in both the cytosol and mitochondria while the

latter is localized in the cytosol. Both AST and ALT are normally present in the serum at

low levels (<30-40 U/Q, with hepatocellular injury the integrity of the hepatocyte

membrane is lost and these enzymes leak into the circulation. Depending on the degree

of hepatocyte necrosis, enz)¿me levels reaching several thousand units per litre may be

detected during liver disease.s3 Although measurements of serum aminotransferase

provide a general indication of liver damage, their levels do not directly correlate v/ith the

extent of liver darnage.rz' 5o Moreover, normal enzqelevels do not exclude the presence

of hepatocellular damage.ss' s6 Finally, elevation in serum aminotransferase levels,

especially of AST, are not specific for liver injury, as these enzyrnes may also increase

with skeletal muscle injury or cardiac myopatþ.
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Lactate dehydrogenase has also been used as a maker of heparocellular injury however, it

suffers the same shortcomings as the aminotransferases. Other common enzqe markers

of liver inju.y include alkaline phosphatase, gamma glutamyltransferase and 5'-

nucleotidase. Elevations in these enzymes are indicative of cholestasis.

1.3.2.1.3. Quantitative Liver Function Tests

Quantitative liver function tests are a group of assays that measure the liver's

ability to clear certain exogenous compounds. The selected compound must be one that

is eliminated mainly or exclusively by the liver. During this procedure the test compound

is administered to the subject and samples, typically blood, are collected over a given

period to calculate hepatic clearance rates. Depending on the test compound selected

these tests may reflect liver function, hepatic blood flow or a combination of both

processes.

Indocyanine green (ICG), perhaps one of the most popular quantitative liver

function tests, is an anionic dye that is taken up solely by the liver and excreted

unchanged. Although ICG clearance parameters are best known to provide information

on hepatic blood flow, determination of ICG clearance at 15 min or its maximal removal

rate have been used to estimate hepatic function.57's8 Several studies have demonstrated

that the ICG retention times are effective in predicting post-operafive liver failure in

cirrhotic patients. However, these reports have not been universally transposable to other

centres.se' 60 An additional shortcoming of ICG measurements is that it can not be

reliably performed in the presence of marked jaundice since bilirubin and ICG share the

same vascular carriers.
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Clearance exams involving galactose, caffeine, aminopyrine, antipyrine and

trimethadone are altemative test compounds that can be used to assess the metabolic

capacity of the liver.61-63 While all of these tests have proven to accurately assess hepatic

microsomaV metabolic activity, they only provide information on individual detoxifying/

clearance pathways within the liver. Furthermore it is well documented that hepatic

microsomal / metabolic activity decreases with age in the absence of hepatocellular

dysfunction6a and that hepatic elimination pathways are not uniformly impaired in liver

disease.6s

In most centres quantitative liver function tests are not included in the general

clinical work up for patients with liver disease.63 Although these tests can provide

additional quantitative information regarding specific functional processes, their clinical

applicability is limited by inaccuracies, cumbersome data collection and/or difficulties in

interpretation. For these reasons quantitative liver function tests have largely remained a

research tool.

I. 3. 2. 2. Child's Classìfication Systems

In an attempt to acquire information about the overall function of the liver a

grading system was devised in which several liver function tests and clinical features of

liver disease were combined to provide an index of the severity of liver dysfunction.

Child first proposed such a system in 1964 to evaluate cirrhotic patients undergoing portal

systemic shunt procedures.66 A modified version of the classification system was later

published by Pugh in 1973 where a point system was used to grade the severity of each

test variable. Depending on the cumulative score, patients are classified in increasing
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severity as either a Child's A, B or C.67 The grading system is traditionally used to

predict overall life expectancy and surgical mortality in patients with cirrhosis. The

shortcoming of this system is the fact that it is based on clinical assessments and

conventional liver function tests that akeady have limitations of their own. This may

explain the variable successes reported with this classification system.68

Several imaging modalities are available for examining of the liver. These

include: ultrasound, computer tomography (CT), magnetic resonance imaging (MRI) and

scintigraphy (nuclear medicine). V/ith the advent of digital imaging techniques and the

development of novel contrast agents these imaging techniques are now able to provide

highly detailed anatomical information of the liver. The modality of choice is dictated by

the clinical scenario and the objectives of the imaging exam. Tlpically, ultrasound is

indicated as the initial screening modality for most liver disorders due to its low-cost and

wide spread availability.6e When higher sensitivity and resolution is required CT or MRI

is employed. Both techniques provide excellent spatial resolution and with the

development of triple phase spiral CT both modalities now offer three-dimensional

reconstructive imaging capabilities.To CT or MRI are indicated in the detection and

charactenzation of focal masses and to a lesser extent, infiltrative lesions and diffuse liver

diseases. 'With 
the recent advances in ultrasound, CT and MR[, scintigraphy has had a

decreasing role in evaluations of the liver. At present, scintigraphy is occasionally used

as an adjunctive imaging technique to CT or MRI. The main limitation of scintigraphy is

its poor spatial resolution, thus it is rarely used in routine anatomical studies of the liver.
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Instead, efforts have focused on the high sensitivity

radiopharmaceuticals to provide information about

metabolic processes in the liver.Tt'72

To date, the liver biopsy remains an important diagnostic procedure in the management of

hepatic disorders and the gold standard by which other diagnostic modalities for liver

disease are assessed.T3'7s During this bedside procedure mechanical or trigger-enabled

devices assist the physician in puncturing the liver parenchyma to obtain a biopsy sample

by suction or the sequential release of a needle and cutting cannula.T6 The size of the

biopsy specimens obtained from this procedure are typically 1-3 cm in length with a

diameter ranging between 1.2 and2.0 mm.76 Provided an adequate specimen is obtained

(at least six portal tracts present), histologic examination of tissue cores can provide

valuable information regarding the diagnosis, grading and staging of liver disease. In

spite of its superiority as a diagnostic tool, a number of problems surround the liver

biopsy: first and foremost, the procedure is invasive, often painful and feared by most

patients. Secondly there is an inherent risk of complications associated with this

procedure such as hemorrhage, bile leakage and infection. Approximately 1-3 percent of

patients require hospitalization for complications following a liver biopsy and in O.Oß%

the complication is fata1.76' 
tt Additional steps such as CT or ultrasound guidance can be

employed during the biopsy procedure to help reduce the risk of serious complications.Ts'

7e Altematively, transjugular biopsies can be performed, however, this procedure can be

technically difficult and requires the patient to be very cooperative.T6 Finally histological

of this technique and the use of

targeted receptors or selected
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interpretations of liver biopsy samples are subjective and significant interobserver

variations can occur. 8o

L3.2.5. The Problem

Accurate clinical evaluation of the liver is essential for effective management of patients

with liver disease. Each of the techniques described above have their particular strengths

and weaknesses. The functional assays, although informative, tend to be based on

peripheral markers of liver function that are often subjected to extrahepatic influences.

Conversely, the imaging modalities and liver biopsy procedures allow one to directly

probe the liver; however, mainly structuraL/histological information is acquired from

these methods. A technique that would offer the strengths of both approaches (i.e. a

functional assessment of the liver that is both direct and non-invasive) would greatly

enhance our capacity to evaluate the liver.

1.4. Magnetic Resonance Spectroscopy

The nuclear magnetic resonance phenomenon \Ã¡as first describ ed in 1946.81 Since

this time there have been strong endeavours to apply this technology to study living

systems. From these efforts two major biomedical applications emerged; magnetic

resonance imaging (MRI) and magnetic resonance spectroscopy (l\4RS). The principle

difference between the two radiological applications is that MRI generates anatomical

images of the tissue under study based primarily on the detection of signals from tissue

water, while MRS provides a biochemical profile of tissues based on their metabolite

composition. Of the two applications, MRI quickly gained acceptance into the medical
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field and has since emerged as a leading imaging modality in clinical radiology.s2 In

contrast, MRS has not developed as quickly as MRI and to date is still confined to the

research arena. MRS has not yet reached its full potential but active research in this field

in ongoing. This technique affords researchers a unique opportunity to examine and

quantify the metabolic composition of tissues in a non-invasive manner. Numerous

published studies have already demonstrated that MRS has contributed significantly to

our understanding of basic physiological as well as pathophysiological mechanisms.ls, s3,

8o Incorporating such a modality into clinical medicine would greatly advance current

methods of diagnosing and managing disease.

1.4.1. Fundqmental Principles of MRS

The basic principles of MRS are founded upon the intrinsic property of certain

nuclei called magnetic spin. Several nuclei of biological importance such as hydrogen-l

(1H), carbon-t3 1t3C; and phosphorus-31 ("P) exhibit this property. This characteristic

causes the nuclei to behave like magnetic dipoles. In the absence of an external magnetic

field the orientation of the magnetic dipoles are random and consequently no net

magnetization results. If the nuclei are placed in a static magnetic field (8.), as that found

in an MR scanner, their magnetic dipoles will align þarallel or anti-paratlel) and produce

a net magnetization in the direction of Bo. Introduction of a second magnetic field (81) in

the form of a radiofrequency (RF) pulse that is perpendicular to Bo and oscillating at an

appropriate frequency (the resonance frequency of the considered nuclei) excites the

nuclei to a new state causing them to align with the new field. The net magnetization of

the nuclei will now be in the direction of B¡. A receiver device, called the MR probe,
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located in the plane of B1, is positioned to detect this signal. Once the RF pulse is

removed the excited nuclei will begin to retum to their equilibrium orientation in Bo (Fig.

2). During the relaxation period the amount of signal detected in the probe will decrease

at a characteristic rate (relaxation time constant). This decreasing signal is called the free

induction decay (FD). The FID is composed of signals from a single nuclear species,

however, nuclei from different molecules will generate signals of slightly different

frequencies due to the shielding effect of their slightly different chemical environment.

This phenomenon, called chemical shift, is essential to MRS since it allows different

molecules to be identified by their unique resonant frequency. This is visualized through

an elaborate mathematical process, called the Fourier transformation, in which the time

domain signal of the FID is converted into a spectrum in the frequency domain. In a

typical MR spectrum the x-axis is a frequency scale which is usually expressed in parts

per million (PPM) and the vertical axis is an intensity scale. 'Within 
the MR spectrum are

many peaks, which are generated by molecules that contain magnetically active nuclei

that resonate at a characteristic frequency. Quantitative information can also be derived

from MR spectra as the area under the peaks are directly proportional to the concentration

of the corresponding molecules in the studied sample.

Nuclei within living tissues also behave in this manner when placed in the

magnetic field of an MRI scanner. Modified RF transmitter/receiver systems and

multinuclear hardware would have to be installed into the clinical MRI scarurer to permit
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Figure 2. Diagrammatic representation of the behavior of MR-sensitive nuclei when

subject to static and oscillating magnetic fields. (A) Nuclei precessing in a ¡andom

fashion when no magnetic f,reid is present. (B) Nuclei align parallel or antiparallel to the

axis of the magnetic field (Be). (C) Nuclei realign to a different axis upon the application

of an oscillating magnetic field (B¡) perpendicular to the original magnetic field (Be). (D)

Nuclei return to their original orientation (along Be) after termination of the B¡ pulse.ss
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MRS capabilities. This platform would allow the use of elaborate gradient systems of

MRI scanners, which would permit the acquisition of localized spectra from specific

regions within the body. By incorporating MR imaging into MRS studies one can

perform sophisticated MRI guided spectroscopic examination of living organs in situ.

1.4.2. MRS and Liver

The majority of in vivo MRS studies on liver physiology and disease have utilized

3lP MRS. The 31P MR spectrum provides an assessment of energy status, membrane

tumover and glycolytic/ gluconeogenic intermediates in tissues. At clinical field

shengths six resonances can be identified in 3lP MR spectrum of liver; these include: the

phosphomonoesters (PME); inorganic phosphate (Pi); phosphodiesters (PDE) and three

phosphate groups (o, p and 1) from nucleotide triphosphates (lr{TP). Several peaks found

in the in vivo 31P spectrum of liver are multicomponent resonances, hence if the

individual components are to be resolved, stronger more homogeneous magnetic fields

must be utilized. This can be accomplished by performing high resolution in vitro MF<S

experiments on tissue extracts.s6 The PME resonance is composed of 14 different

components.s6' 87 Included in this broad resonance are contributions from intermediates

of carbohydrate metabolism: glucose-6-phosphate, glycerol-3-phosphate, glycerol-1-

phosphate, 3-phosphoglycerate, ribose-5-phosphate and 2,3-diphosphoglycerate;

coenzyme A an important metabolite in fatty acid metabolism; phosphoethanolamine

(PE) and phosphocholine (PC,) precursors in membrane synthesis and adenosine

monophosphate (AMP).
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The PDE signal consists of two overlapping peaks from

glycerophosphoethanolamine (GPE) and glycerophosphocholine (GpC).86 Both

metabolites are degradation products of phospholipid catabolism. At clinical magnetic

field strengths signal from the endoplasmic reticulum is believed to be the major

contributor to the PDE resonarrce.ss'8e

The NTP peaks are also multicomponent resonances consisting primarily of

adenosine triphosphate (ATP) with minor contributions (I0-20o/o of the signal) arising

from the other NTP's like guanosine and uridine triphosphate.eo Other phosphorylated

nucleotides are also associated with some of the NTP resonances. The gNTP resonance

contains contributions from oATP along with nicotinamide adenosine dinucleotide

(NAD/ NADH) and oADP. Similarly, the INTP resonance consists of overlapping

signals from IATP and BADP. However, the BNTP peak arises solely from BATP. It

should be noted that the majority of intracellular ADP is bound to protein; this restricted

mobility renders bound ADP MRS invisible.eo This phenomenon of reduced mobility and

MRS invisibility also explains why signals from rigid macromolecules like membrane

phospholipids are not present in the in vivo 31P spectrum. Likewise the Pi resonance at

5.94 ppm is believed to represent approximately only 40o/o of inftacellular levels of Pi as

the remainder is thought to be bound to proteins in the mitochondria.eo

Normally in most tissues of the body a prominent phosphocreatine @Cr) peak at 0

ppm will be present. The liver, however, does not possess the enzyrne creatine kinase and

therefore cannot synthesize PCr. Thus the presence of PCr in the in vivo 31P spectrum of

liver indicates spatial contamination of the spectrum with signals from surrounding

muscle.
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1.4.3. 3tP MRS and Liver Disease

The first reports of MRS of the liver were published approximately fifteen years

ago.el These early studies involved basic experiments comparing 3lP MR spectra of

normal liver from neonates, infants and adults.e'' e3 Other studies at this time utilized 3lP

MRS to document the liver response to various metabolic challenges.ea'es Soon after,

MRS was being applied to study liver disease, the majority of which involved patients

with cirrhosis.e6'e7 A common frnding throughout these studies \Mas the increase in PME

and decrease in PDE relative to the other hepatic metabolites. Higher levels of hepatic

PME/PDE or PME/ATP and lower levels of PDE/ATP were typically reported in patients

\¡/ith hepatitis and cirrhosis compared to healthy controls.eT-I0o Elevated ratios of PME

are thought to arise from the increased levels of the cell membrane precursors PE and

PC.10l These metabolites are believed to increase as a result of the enhanced cell

proliferation occurring in the regenerating cirrhotic liver. Similarly decreased PDE ratios

were thought to reflect reduced levels of the cell membrane degradation products GPE

and GPC.10l Complementary in vitro studies conducted on liver biopsy samples obtained

at liver transplantation reveal that indeed the concentrations of hepatic PE and PC are

increased and GPE and GPC decreased in the cirrhotic 1iver.l00' 102 Subsequent in vívo

studies went on to show that the relative increase in hepatic PME correlated with the

indices of the Child-Pugh classificationeT' r03 and the aminopyrine breath test.eT These

findings however have not been consistent, as other groups have reported the PME levels

do not change with advanced disease.l04' 10s An alternative approach to assessing the

severity of liver disease involved the use of exogenous compounds to measure the liver's

metabolic capacity.l06-l0e Several studies documented changes within the liver spectrum
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following fructose administration. The phosphorylation of fructose results in the

formation of fructose-1-phosphate, this can be detected as an increase in the pME

resonance. Diminished rates of hepatic fructose metabolism were detected among

patients with liver disease, however, investigators of this study raised concerns regarding

the interpretation of these findings and the potential for this test to cause adverse affects

in selected patient populations. I 10

1.4.3.1. Shortcomings of Previous Studies

Many of the previous studies have provided informative insights into the

pathophysiology of liver disease,l4' e6' 100 however, considerably more important

information can be acquired from in vivo MRS. In most of the published articles, ratios

rather than absolute values were used to quantitate metabolite changes in the liver. The

short-coming of this method is the uncertainty of not knowing which metabolite is having

a greatet affect on the changing ratio. The importance of individual metabolite levels to

the particular biological process is not provided by ratios and in this regard definitive

conclusions cannot be made. While quantitative MRS can provide this information, this

method is generally avoided because it is more difficult to perform. Conducting absolute

quantitative in vivo MRS studies requires that extra steps be performed (calibration

experiments) and additional variables be accounted for and controlled (B¡ inhomogeneity

and T1 values), this often translates into longer scan times and more involved data

processing. Although challenging, absolute quantitative MRS enables one to report

individual metabolite changes with confidence.
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Due to the limitations of metabolite ratio quantitation little information has been

documented regarding the importance of hepatic ATP levels in liver disease. Central to

the viability of all cells, whether healthy or diseased, is the availability of ATp.r I I' I r2 As

the common currency of energy in all cells, ATp hydrolysis is coupled to

thermodynamically unfavourable reactions, thereby allowing many biosynthetic,

catabolic and transport processes to occur in the cell. Moreover, essential homeostatic

processes such as ion regulation and membrane maintenance are govemed by ATP

availability. The levels of cellular ATP are regulated by a balance between ATP

producing and consuming reactions. IVhen the latter prevail inhacellular levels of ATP

become depleted and the cell is forced to sacrifice less essential acitivies and re-direct its

remaining resources to maintaining cell viability. In this setting the functional capacity of

the cell becomes compromisedll3 and dysfunction becomes evident at the organ level.

Hence, it seems reasonable to assume that the direct assessment of hepatic ATP levels

would provide a robust measure of the health and functional capacity of the liver.
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CHAPTER II

HYPOTHESIS AND OBJECTIVES
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2.1. HI.POTHESIS

It is hlpothesized

of the liver can serve as

disease.

2.2. SPECIFIC OBJECTIVES

that by utilizing 31P MRS, differences in the bioenergetic status

a valuable and accurate means of assessing the extent of liver

To address this hypothesis a series of experiments involving both animal models

and human subjects will be performed. In the first set of experiments 3rP MRS will be

performed on various animals models of liver disease and the association between hepatic

energy status and the severity of liver disease will be determined. Following these animal

studies, 3lP tr¡ß.S will be performed on a cohort of patients with chronic liver disease of

varying severity. The latter study will assess the utility and feasibility of 31P lvß.S as a

diagnostic tool in human liver disease.

The specific objectives of the studies are to determine:

1) 'Whether 3rP MRS can detect changes in the hepatic energy levels of

healthy rats following hepatic resection and to determine whether these

energy changes reflect the percent of residual hepatic parenchyma

remaining after different degrees of partial hepatectomy.
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2) whether the hepatic energy status as documented by 3'p MRS can

accurately assess the severity of liver damage and is of prognostic value in

a rat model of acute liver failure.

3) whether hepatic energy status as documented by "p MRS could serve as a

non-invasive means of documenting the progression of the liver disease to

cirrhosis in a rat model of chronic liver disease.

4) \ilhether hepatic energy status as documented by 3rp MRS reflects

differences in the severity of the chronic liver disease in patients with

cirrhosis.
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CHAPTER III

GENERAL METHODOLOGY

Phosphorus-3l Magnetic Resonance Spectroscopy in the Rat.
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3.1. ttP-Magnetic Resonance Spectroscopy

AIl MRS examinations performed on laboratory rats were conducted at the Health

Sciences Centre Magnetic Resonance Laboratory. The laboratory houses a MSLX Bruker

Biospec spectrometer equipped with a 7 Tesla 21cm bore horizontal magnet (Bruker,

Karlsruhe, Germany). Prior to MR examinations animals were fasted ovemight. All MR

exams were conducted between 8:00 A.M. and 12:00 noon where animals were

anesthetized (isoflurane 2o/o in N2O/O2 2:l at lVmin) and placed on their right side on a

31P/tH doubly-tunable double ring surface coil (15/40 mm diameter) operating at

121.51300 MHz. A small vial containing methylene diphosphonic acid (MDP) was

placed near the center of the coil to assist with subject positioning during MR imaging,

calibration of the RF field strength at the region of interest (ROD, and for quantitation of

metabolite concentrations. Snapshot-Flash MR images were acquired in the axial plane

with repetition time (TRy echo time (tn¡= 3.7/2.2 ms, slice thickness of 2 mm, field of

view (FOV) 8 cm x 8 cm and a matrix size of 128 x 128. Locahzed shimming on the

liver was performed using a VOSY sequence with a 15x 15x 25 mm3 (lateral, vertical,

and axial dimensions respectively) voxel using TE: 15 ms and a mixing time (TM) of 20

ms. The frequency of the coil was then tuned to phosphorus and the 90o pulse length was

determined for the MDP reference vial near the center of the coil. A non-localized fully

relaxed spectrum of the MDP reference was acquired for measurements of coil loading.

Based on the characteristics of the Br field of the surface coil, a 90o pulse length was

determined at the center of the ROI for subsequent localized spectroscopy. Localized 3rP

liver spectra were acquired using two-dimensional chemical shift imaging (2D-CSI) with

39



a chemical shift selective suppression of the residual MDP resonance, Data acquisition

parameters were FOV: 8.85 cm (horizontal) x 6.0 cm (vertical), 14 averages, TR: 3 s,

matrix size: 8 x 8 zero filled to 16 x 16, acquisition size: lK, zero-filled to 2 K, and,

sweep width: 4840H2.

3.2. Data Processing

Data processing was accomplished using WIN-MRI and WIN-NMR software

(Bruker-Franzen Analytik GmbH, Bremen, Germany). Briefly, the free induction decay

underwent 30 Hz exponential line broadening prior to Fourier transformation, and the

resulting spectra were processed with manual phase and baseline correction. Peaks were

registered relative to c¿-ATP resonance (-10 ppm) which served as an internal chemical

shift reference. Finally, peak integrals were calculated by gaussian curve-fitting with all

signals treated as singlets.

Corrections for minor contributions of metabolite signal arising from overlying

skeletal muscle were performed as needed. Based on the percentage of phosphocreatine

(PCr) contamination in the liver spectra, reiative amounts of muscle signal contributing to

each metabolite was calculated according to previous published data.tla'l's These values

were then subtracted from the appropriate integral to give a 'pure' liver reading.

3.3. Quantitation

For quantitation of hepatic metabolites, phantom experiments were performed as

described by Meyerhoff et al.r16 A250 ml flask containing 50 mM sodium phosphate

[NaH2POa, pH 7.2) served as a phantom, on which identical MRS examinations were
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performed regularly throughout the experiment. The various metabolite concentrations

were determined by the equation:

C_

cp:

r,Ip:

N,\:
S,SP:

Iref,I ref(p) :

C =Co x ilp x Np/N x Sn/S x lrer(p) ll.rurlt7

where...
absolute tissue metabolite concentration in mmoVl

concentration of phantom (p) solution used for calibration in mmovl
corresponding signal integrals (I)

corresponding number of signal averages (N)

corresponding saturation factors (S) calculated from measured Tr times

corresponding signal integral of reference sample

Literature T1 values for liver were used in the calculation for saturation factors.lls

Hepatic ATP levels were determined using the peak area of the B-ATP resonance, which

is free of contributions from other phoshorylated adenosine species.e0
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EXAMINATION OF REGENERATIVE ACTIVITY AND LTVER

FUNCTION F'OLLOWING PARTIAL HEPATECTOMY TN THE

RAT UTILIZTNG,'P MRS

CHAPTER IV
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4.1. Introduction

Hepatic resections are now more frequently performed in patients with primary

and secondary hepatic malignancies as a result of advances in perioperative care, surgical

technique and diagnotlitt.lle-l2l Patients often develop signs or symptoms of liver

dysfunction in the immediate post operative period as a result of reduced liver mass, but

normal liver function resumes once the resected liver mass is restored.122-t24 However,

adequate restoration of the liver mass may not occur when the liver disease is advanced,

hence these patients may succumb to hepatic insufÍiciency.t2s-rzt The morbidity and

mortality which arise as a result of hepatic complications following liver surgery may be

reduced with further insight and documentation of the physiological alterations which

occur in the liver following partial hepatectomy (PHx). The course of those events

involves a complex series of molecular and macroscopic alterations, which are ultimately

reflected in the processes of hepatic regeneration and dysfunction. Numerous

investigators have used various experimental techniques in animal models of hepatic

resection to document and charactenze the processes of hepatic regeneration and

dysfunction during the post-operative period.ao'128-130 Although many of these techniques

have provided important insights, the majority, by virtue of their invasiveness, have

iimited applicability to the clinical setting. One technique which provides valuable

information and can readily be applied to the clinical setting is phosphorus-31 magnetic

resonance spectroscopy 13IP-MRS).13' 
13l' 132

Initial animal studies have been performed in which in vivo 3rP MRS has been

used to document metabolic changes in the liver following PHx.l33-136 All studies

consistently report changes in the energetic status of the liver, as reflected by the ratio of
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ATPlPi, throughout the post-operative period. These studies, however, failed to elucidate

the significance of ATP/Pi in relation to hepatic regeneration or dysfunction, as direct

correlations were not performed with either parameter. The aims of the present study

were three fold: first, to determine whether 3tP MRs-documented alterations in the

hepatic energy levels following PHx in the rat best reflect hepatic regeneration or liver

dysfunction or a combination of both processes; secondly, to determine whether changes

in hepatic energy levels are proportional to the extent of hepatic resection; and finally, to

document serial changes in hepatic energy metabolism in hepatectomized rats over a

seven-day post-operative period.
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4.2. N,4ATERIALS AND METHODS

4.2.1. Animals

Adult male Sprague-Dawley rats weighing (300-350 g) were maintained on

Purina rat chow and water ad libitum until the day before surgery when food but not

water was withheld. All animals were kept in identical housing units on a l}-hr light and

12-hr dark cycle. This study was approved by the University of Manitoba Animal Ethics

Committee.

4.2.2. Surgery

Partial hepatectomies were performed between 9 AM and noon each day while

animals were under light ether anaesthesia. Forty and, 70Yo PHx were performed

according to the method described by Higgins and Anderson.l3t Ninety percent pHx

were performed as described by Zieve et al.l38 Sham operations in which the appropriate

portions of the liver were exteriorized and manipulated as in rats undergoing PHx, were

also carried out.

Rats (4-6 per group) subjected to a 70o/o PHx and Sham operations underwent

MRS examinations at 24 or 48 hrs following surgeries, while animals allocated to the

40o/o and 90% PHx groups (5-7 rats) had MRS examinations perform ed, at 48 hrs post

surgery. This time interval was selected as previous studies indicate it to be the period at

which maximum hepatic regeneration and dysfunction occur,l28' 130' l3e and because the

volume of the residual liver makes it more feasible to perform localization spectroscopy
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at 48 than at24hrs. An additional group of fasted rats not subjected to surgery was also

studied, these served as Baseline controls. Finally, serial MRS examinations were

performed on a separate group of rats CN:5) preoperatively and at 24, 48,72, lZ0 and 168

hrs followingT0ToPHx.

4.2.3. 3t P-Magnetíc Resonance Spectroscopy

3lP-MRS exams were performed as described in chapter 3.

Immediately following MRS examinations, assays were performed on each

animal in the first and second series of experiments to document hepatic regenerative

activity and liver function by the following techniques.

4.2.4. Hepatic Regeneration Assays

4.2.4. 1 . Thymidíne Incorporation

Thymidine incorporation assays were performed as described previously.lao

Briefly, rats receivea 3¡H1-ttr¡,midine (10 ¡rCi per 2009 of body weight) by intraperitoneal

injection t hr prior to sacrifice. Approximately 0.5 g of each liver specimen obtained at

sacrifice was homogenized (1:10 Wv) in a solution of 2.5 mM EDTA and aliquots were

precipitated with trichloroacetic acid (TCA). 3¡H1-tfrymidine radioactivity in the

precipitates was determined using a liquid scintillation counter (Wallac LKB l7lg

Rackbeta, Stockholm, Sweden). Total DNA was measured after reaction with

diphenylamine at 37"C, using a UV spectrophotometer at 600nm.rar Thymidine

incorporation was expressed as counts per minute (CPM) incorporated per milligram of

DNA.
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4.2.4.2. Proliferating Cell Nuclear Anttgen (PCNA) Protein Determinations

PCNA protein determinations v/ere performed by Western blot analysis.l3o

Briefly, cellular proteins were isolated by homogenizing 0.5 g of tissue in 5ml of buffer

containing 10 mM tris-HCl, pH7.5, 1 mM EDTA, 10mM Mgcl2, 1 mM KCl, lmM

phenylmethylsulfonyl fluoride. Protein was quantified by the Bio-Rad protein assay. A

sample of 100ug of protein was mixed in loading buffer and denatured by boiling for 5

min. The denatured pol¡peptides were then transferred to nitrocellulose filters. The

filters were incubated ovemight at 4 oC in a solution of PC-10 mouse antibody specific

for PCNA protein (Dako Diagnostics Canada, Mississauga, Ontario, Canada). The

secondary antibody (anti-mouse IgG bound to horseradish peroxidase) (Pharmacia

Biotech, Baie d'Urfe, Quebec, Canada) was then bound over t hr. PCNA bands were

visualized by autoradiography following the addition of a commercially available

chemiluminescence solution (ECL Western blotting analysis system, Amersham Life

Science, Oakville, Ontario, Canada) and quantified using NIH densitometry software for

the Macintosh computer.

4.2.5. Liver Function

Total serum bilirubin levels were measured using a coÍrmercial kit (Sigma, St.

Louis, Mo, USA).

4. 2.6. Statistical Evaluation

Results were expressed as mean + standard

Fisher's protected least significant difference post

error. An analysis

hoc testing was
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differences between $oups and Spearman correlations to test for associations between

test variables. Differences with a P value of less than 0.05 were deemed significant.
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4.3. RESULTS

A representative cross-sectional MR image from a normal rat is shown in Fig. 3.

Overlayed on the image is a two dimensional spectral grid generated by the CSI pulse

sequence. The highlighted voxel located over the liver contains localized spectral

information from the liver. Expanded below is the localized hepatic 3lP MR spectrum. A

typical 3rP MR spectrum from liver contains resonances belonging to PME, pi, pDE and

the three phosphate groups (y, a and B) from nucleotide triphosphates- the majority of

which arises from ATP.e0 Small amounts of phosphocreatine may be detected inthe in

vivo spectrum of liver, this is indicative of some spatial contamination of the spectrum

with signals arising from muscle.

Table 1 displays the changes in the concentrations of hepatic phosphorylated

metabolites at Baseline and 24 and 48hrs after 70o/o PHx or Sham surgery. At 24 hrs,

levels of hepatic ATP among PHx rats were maintained relative to Baseline/Sham levels.

The same rats experienced a rise in Pi over Baseline (P< 0.05), which was accompanied

by a reciprocal drop in hepatic ATP/Pi (P< 0.05). At 48 hrs, animals who underwent a

T}YoPHx displayed a reduction in hepatic ATP (P< 0.05), while in Sham operated rats,

ATP was equivalent to Baseline. During this time, the levels of Pi in the livers of PHx

rats approached Baseline/Sham levels. The more marked decline in the former (ATp

levels) led to a more significant reduction in the ratio of hepatic ATP/Pi in PHx rats

compared to Baseline/Sham levels (P<0.001). Concentrations of the PME resonance

remained constant among the various groups, but features of the PDE region varied
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Figure 3: A representative hepatic 3lP 
N,IR spectrum from healthy rat acquired using 2D-

CSI. PME, phosphomonoesters; Pi, inorganic phosphate; pDE, phosphodiesters; ATp,

adenosine triphosphate. * Small phosphocreatine resonance arising from abdominal wall

muscle.
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TABLE 1. Goncentrations (mM) of phosphorytated metabolites in rat liver before
(baseline) and 24 and 48 hrs after T0o/o partial hepatectomy or sham surgery.

Baseline'¡'

pHx 24hrs
Sham 24hrs

pHx 48hrs
Sham 48hrs

3.05 t 0.23

2.91 t0.25
3.05 r 0.10

2.37 t 0.139
3.06 r 0.20

':'Baseline were concurrently studied rats not subjected to abdominal surgery.
Values are means t SEM (N=4-6).
ATP, adenosine triphosphate; Pi, inorganic phosphate; pME, phosphomonoesters.
gP < 0.05 vs Baseline and P < 0.05 vs corresponding Sham.
*P < 0.05 vs Baseline.

€P < 0.05 vs Baseline and P=0.05 vs correspondiing Sham.
Ë€P < 0.001 vs Baseline and P < 0.0005 vs corresponding Sham.

1.51 t0.12 2.07 t0.14

2J2t0.24* 1.46t0.178
1.66 t 0.15 1.BB r 0.19

1.85 r 0.20 1.32t 0.10ë€
1.41 t0.07 2.17 t0.08

3.66 t 0.29

3.43 t0.29
4.32 t0.71

3.38 r 0.39
3.05 r 0.18
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considerably between animals. Due to the non-uniformity of this region the PDE peaks

underwent curve fitting, but were not further analyzed for inter-group comparisons.

Figures 4, 5 and 6 depict the corresponding non-parametric correlations between

hepatic ATP/Pi and changes in regenerative activity 13U-th¡rmiaine incoqporation and

PCNA protein expression) and liver fi.lnction (serum bilirubin). Correlation coefficients

of r -0.61, P<0.005; r: -0.62, P<0.005; r-0.49, p<0.05 were observed for'H-thymidine

incorporation, PCNA expression and serum bilirubin respectively.

In the second series of experiments, graded resections were performed and

representative spectra from Sham, 4oo/o,70Yo and 90%PHx rats are presented in Fig. 7.

The corresponding concentrations of hepatic phosphorylated metabolites were

documented and are presented in Table 2. Concentrations of hepatic ATP steadily

decreased from Baseline/Sham levels at 3.05 + 0.23 mM, to 2.68 + 0.17 mM with 40yo

PHx, reaching significantly lower levels at2.37 * 0.13 mM with T}YoPHx (P<0.05) and

1.22 * 0.08 mM with 90% PHx (P<0.001). Inorganic phosphate tended to increase

following 40Yo and70%PHx but did not reach statistical significance. ATPÆi displayed

a significant stepwise reduction from Baseline/Sham to 90%o PHx. Lower levels of PME

were also detected among rats subjectedto 90o/o pHx @<0.05).

Alterations in hepatic ATPÆi along with corresponding changes in measurements

of hepatic regeneration and liver function following graded resections are presented in

Fig. 8. 3H-thyrnidine incorporation and PCNA expression increased over each group,

with 3H-thymidine incorporation reaching a maximum at 70% PHx before dropping to

lower levels at90%o PHx as described previously.3o PCNA expression paralleled the
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Figure 7: Representative hepatic 31P MR spectra from Sham, 40yo,70o/o and,90% pÐx

rats. PME, phosphomonoesters; Pi, inorganic phosphate; pDE, phosphodiesters; ATp,

adenosine triphosphate. * Small phosphocreatine resonance arising from abdominal wall

muscle.
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TABLE 2. Goncentrations (mM) of phosphorylated metabolites in rat liver before
(baseline) and 48 hours following varying degrees of hepatic resection or sham
surgery.

Group

Baseline'''

Sham

40%

70%

90%

ATP

3.05 r 0.23

3.06 r 0.20

2.68 t 0.17

2.37 t0.13rp

1.22 ! 0.08rpq

*Baseline were concurrently studied rats not subjected to abdominal surgery.
Values are means t SEM (N=4-6).
ATP, adenosine triphosphate; Pi, inorganic phosphate; pME, phosphomonoesters.
rp P < 0.05 vs Baseline & Sham
qq P < 0.0001 vs Baseline, Sham, 40% pHx,and T0o/o pH,x
( P < 0.05 vs 70% PHx.
*P < 0.01 vs Baseline, P< 0.005 vs Sham.
**P < 0.0001 vs Baseline & Sham, P=0.06 vs 40% pHx
***p ( 0.001 vs Baseline, Sham & 40% pHx, p< 0.005 vs 70% pHx

E P < 0.001 vs Baseline, P< 0.05 vs 4oo/opHx, and 70o/o p1x

Pi

1.51 * 0.12

1.41 t 0.07

1.66 r 0.07

1.85 r 0.20

1.55 r 0.16

ATP/Pi

2.07 t 0.14

2.17 !0.08

1.64 x 0.12*

1 .32 * 0.1 0**

0.81 t 0.09***

PME

3.66 r 0.29

3.05 r 0.18

3.37 t0.26

3.38 r 0.39

2.35 x 0.271
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increases in 3H-th¡'midine incorporation but continued to rise, although only marginally,

at 90% PHx. Finally, serum bilirubin levels were moderately increased following 40%

and 70o/o PHx and significantly more so (25 fold) following 90o/o PHx compared to

Baseline/Sham.

In the final series of experiments rats underwent MRS examinations before and

serially (24 -168 hrs) following a70YoPHx. Changes in hepatic energy status (ATP/PÐ

are plotted versus time in Fig. 9. The nadir of hepatic energy status occured at 24-48 hrs

following liver resection (P< 0.001), the period of maximum regenerative activity in the

rat, beyond this point ATP/Pi began to return to pre-operative levels. The increased ratio

observed at 120 hrs corresponds with the well documented "rebound" of regenerative

activity described in animals and man.l42'143
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4.4. DISCUSSION

Phosphorus-3l MRS provides a unique opportunity to monitor the energy levels

of intact tissues in a non-invasive mamer.l3' e0' l3l Traditional methods require the

excision and subsequent extraction of tissues, after which HPLC or enzyme analyses are

performed to quantify adenine and other high energy species.laa' 145 From these methods

expressions such as the phosphorylation potential and the adenylate energy charge can be

applied to describe the energy status of tissues.lll'l12 Although several studies have been

performed in this manner,to6-l48the results must be interpreted with caution, as hydrolysis

of ATP and accumulation of Pi are known to occur during tissue collection and

processing.e0 Such problems are avoided with in vívo "p MRS. while the

phosphorylation potential and adenylate energy charge cannot be measured directly from

in vivo spectra, the ATP/Pi ratio has been shown to serve as a reliable index of the

cytosolic energy status or the phosphorylation potential of tissues.l5' l4e

Following hepatic resection the remnant liver is known to undergo energetic

changes as documented by in vitro experimentssT' 146-148' 150' lsl and invasive MRS studies,

in which laparotomies were performed and a phosphorus surface coil was placed directly

upon the liver.87' 133' 134't36 To date, the present study along with a report by Kooby et

al.13s arc the only published reports to have quantitatively documented hepatic energy

levels following PHx non-invasively with 31P MRS. Localized, spectral data 24lrs

following PHx depicted a decrease in hepatic ATP/Pi among hepatectomized rats, but of

interest, it arose not because of lowered ATP levels but as a result of increased hepatic Pi.

Campbell et aI.136 reported similar findings using invasive MRS techniques. The increase
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in hepatic Pi likely resulted from the hydrolysis of phosphorylated species other than

nucleotide triphosphates, as levels of the ATP resonance were maintained' Additional

expranations for the increased levels of hepatic pi include increased hepatic uptake and

accumulationofphosphate,whichwouldbeinkeepingwiththedepletionofserum

phosphate levels observed following hepatic resection'ls2'1s3 The pronounced increase in

DNA synthesis which accompanies hepatic regeneration is also known to liberate Pi

species,lll however, whether this process quantitatively contributes to the increase in

hepatic Pi is uncertain. clearly, further studies are required to eiucidate the increase of

hepatic Pi in the immediate post-operative period'

Datacollectedat48hrswerealsoconsistentwithotherMRSfindings.As

reported by Kooby et al.,13s we observed a reduction in ATP/Pi among hepatectomized

animars. euantitative data from both reports reveal that the depietion in hepatic ATP/Pi

arose from a reduction in the levels of ATP' while only a trend towards increasing

concentrations of pi was reported. Although the magnitude of the absolute concentration

of metabolites differed between the two studies, the pattems of the energetic changes

were consistent'

AlterationsintheenergeticstatusoftheliverfollowingaPHxarebelievedto

resurt from the enhanced metabolic load praced upon the remnant liver.la6'la7 Following

the removal of a portion of liver, the remnant liver must attempt not only to meet

metabolic needs formerly placed *pon an entire liver' but also undergo regenerative

proliferation to restore lost liver mass' The remnant liver possesses only a finite energetic

capacity in its attempt to meet homeostatic functions and regeneration. As a result of this

metabolic road, increased energy expenditure occuïs, and finaily the energy levels of the
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remnant liver (as reflected by hepatic ATP/Pi and to a lesser extent ATP) become

depleted.

While it has been suggested by some that the reduced energy status of the liver

following PHx reflects hepatic regenerative activityl3s' 136, others maintain that these

energetic disturbances reflect altered liver function.lo6'150 Both arguments are plausible,

as hepatic regeneration is an energy consuming process3l'"', ffid the functional capacity

of a cell is directly related to its energy status.l12 Direct correlations performed in this

study between ATP/Pi and parameters of regenerative activity and liver function revealed

that the energy status of the remnant liver correlated with both hepatic regeneration and

liver function. That correlations were found with both hepatic regeneration and liver

dysfunction was not surprising as both these processes occur concurrently following liver

injury.3a' t22' t23' 128' 138 Hence the energy status of the remnant liver, as reflected by

ATP/Pi, provides a robust measure which encompasses both processes of hepatic

regeneration and liver function.

Concentrations of the broad multicomponent PME resonance remained constant in

the 24 and 48 hrs terminal experiments as well as in the serial examination series (data

not shown). Previous high resolution MRS studies of tissue extracts revealed that

concentrations of phosphoethaolamine, a phospholipid membrane precursor, were

elevated following PHx.87' ls4 The elevated levels of phosphoethanolamine are

interpreted to reflect increased phospholipid membrane synthesis during rapid cellular

proliferation. Phosphoethanolamine, however, is just one of 14 different metaboiites

encompassed in the PME resonance and its contribution to the PME region is less then

15o/o.86' 
87 Therefore, increases in phosphoethanolamine are unlikely to cause significant

65



changes to the in vivo reading of the PME resonance following hepatic resection. While

similar findings have been reported by some investigatorssT' l3s others have reported

increases in PME following PHx.r33'1sa The broad overlapping characteristics of this peak

along with the multiple signals contributing to this resonance hinders accurate

quantification of the PME peak and likely explains these conflicting findings.

The intensity of the regenerative response and degree of liver dysfunction are

known to be dependant upon the amount of liver resected.3l' 130' 138 The present study

reports that the magnitude of the energetic disfirbance following PHx is also proportional

to the extent of hepatic resection. V/ith each incremental grade of resection the

divergence between ATP and Pi became more pronounced and the reduction of ATpÆi

more significant. This would suggest that the step-wise reduction of ATPÆi is reflective

of the increasing metabolic load, resulting from enhanced regenerative activity and

functional demands, which accompanies the increasing loss of liver mass. The pattem of

the energetic changes, however, was slightly different following 90%o PHx. Indeed, the

ATP/Pi ratio at 90Yo PHx was significantly lower then that at 70Yo PHx, reflecting the

striking depletion of ATP (Pi levels were maintained relative to Baseline/Sham values).

This differing metabolite profile following 90% PHx was accompanied by reduced or

minimal increases in regenerative activity as evidenced by 3H-thy-idine incorporation

and PCNA expression respectively, and a pronounced increase in hepatic dysfunction, as

indicated by elevated serum bilirubin. The marked decrease in hepatic ATP, limited

regenerative activity and increase in serum bilirubin suggest that following 90Yo PHx the

depletion in hepatic ATP/Pi more likely reflects liver dysfunction than regeneration, At

90o/oPHx the functional demand upon the remnant liver is so great that ametabolic crisis
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ensues, where the regenerative response may be hindered and liver failure eventually

occurs. 34' 138' l5s' ls6 A mortality rate of 17% associated with 90%PHx further supports

this argument (data not shown).

Lower levels of PME were also reported following 9}%PlFrx. This may have

resulted from the marked metabolic derangement that occurs following such an extensive

resection. The PME resonance contains many glycolytic intermediates the detection of

which may have been hampered due to the shortened halÊlives that accompany increased

metabolic flux during this enhanced catabolic state.l55'ls7

Energetic alterations detected over the seven-day postoperative period were also

in keeping with MRS data reflecting both hepatic regenerative activity and function.

Specifically, the nadir of hepatic ATP/Pi occur¡ed between 2448hrs post-PHx, which

coincides with the period in which maximum DNA synthesis and liver dysfunction

occu..l28'130' 13e Beyond this time point, the ATP/Pi gradually reverted to preoperative

levels. These dynamic changes in hepatic ATPÆi throughout the post-operative period

mirror changes in regenerative activity and liver dysfunction which are known to occur

following hepatic resection in rats and humans.l2s' 130' t32,137,138' 147

In summary, increased energy expenditure following PHx as indicated by lower

hepatic ATPIPi is a robust index that reflects enhanced regenerative activity and

functional demands placed upon the remnant liver. As such, valuable information

concerning the status of these physiological processes throughout the post-operative

period can be documented by repeated determinations of hepatic ATP/?i levels.

Furthermore, the ATPÆi ratio is a graded index, in that levels decrease in proportion to

the extent of PHx. Finally, quantitative MRS is a promising technique to monitor in a
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non-invasive manner, hepatic

resection of the liver.

regenerative activity and dysfunction following surgical
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UTILITY OF' HEPATIC PHOSPHORUS-3I MAGNETIC
RESONANCE SPECTROSCOPY IN A RAT MODEL OF ACUTE

LIVER F'ATLURE

CHAPTER V
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5.1. INTRODUCTTON

Acute liver failure is a clinical syndrome associated with rapid deterioration of

hepatic function in the absence of pre-existing liver disease.rss The clinical signs

accompanying the sudden cessation of normal liver function include jaundice,

coagulopathy, ascites, renal impairment, encephalopathy and/or cerebral edema.lse' 160

The course of acute liver failure is variable. For some patients, hepatic dysfunction is

short lived and recovery occurs without sequelae, while for others, hepatic function

continues to deteriorate, multiorgan failure develops, and death ensues.'tn' '60 Mortality

rates in the absence of medical treatment can be in excess of 80%.160

Orthotopic liver transplant (OLT) has been proposed as the optimal treatment for

most patients with acute liver failure.l6l't62 t63 This approach, however, is hampered by

lengthy transplant waiting lists and a shortage of donor livers wor1dwide.l64' 16s In

addition, there is also a risk of performing OLT in patients who would otherwise recover

from an episode of acute liver failure. 'Were this to happen, recipients could be

considered to have undergone unnecessary surgery and are committed to life-long

immmunosupressive therapy and the complications thereof. In addition, an inappropriate

allocation of a donor liver would have occurred. Thus, an accurate determination of

which patients might benefit from OLT is of utmost importance.

In current clinical practice, patients with acute liver failure are selected for

transplantation based on various clinical and laboratory prognostic criteria.l66' ló7

Traditional liver function tests which measure the functional capacity of the liver, such as

prothrombin times, international normalized ratio (n{R) and serum bilirubin levels, are

commonly used to assess the status of the liver upon presentation of acute liver failure.

70



However, information provided by such indicators can be misleading, as these markers

are subject to extrahepatic influences.t' Direct assessment of the liver by biopsy may be a

shong indicator of prognosis, but for most patients with acute liver failure this procedure

is contraindicated. 168-170

Radiologic examination provides yet another approach with which direct

information may be obtained from the liver. Traditional magnetic resonance imaging,

computer tomography and ultrasound, however, provide only anatomical information,

which is of limited prognostic value.lTl' t72 Phosphorus-3l magnetic resonance

spectroscopy 13lP-tttRS) is an alternative radiologic technique that provides biochemical

rather than structural information about the tissue under examination. Such information

may be of importance when assessing patients with acute liver failure as bioenergetic

alterations and disturbances in plasma membrane integrity are known to accompany liver

cell injury and acute liver failure.ll3' 173 Thus, the aim of the present study was to

determine whether hepatic metabolic alterations, as detected by quantitative 3lP-i\ß.S,

reflect the severity of disease in a rat model of acute liver failure. Secondly, we sought to

prospectively determine the prognostic value of 3rP MRS for predicting survival

following acute liver failure in rats.
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5,2. MATERTALS AND METHODS

5.2.1. Animals and Acute Liver Failure

The protocol outlined below was approved by the University of Manitoba Animal

Ethics Committee. Adult male Sprague-Dawley rats (240-300 g) were allowed free

access to food @urina rat chow) and water throughout the study. Acute liver failure was

induced by a single inhaperitoneal injection of the potent hepatotoxin D-galactosamine

hydrochloride (D-galN) (Sigma Chemical Co., St. Louis, Mo, USA) at a dose of 1.0 g/kg

as described by Terblanche and Hickerman.l'o D-galN was dissolved in physiological

saline and adjusted to a pH of 7.0 with 1 M NaOH prior to each injection.rTa

5.2.2. Disease Severity Study

Fourteen rats were subject to D-galN exposure, after which in vivo MRS

examinations were performed 48h¡s following treatment (mean peak of hepatic

necrosis).17s Immediately following MRS examinations, animals were sacrificed at which

time blood samples and livers were collected. A portion of each excised liver was fixed

in 10o/o buffered formalin. An additional group of rats not exposed to D-galN was also

studied, these served as healthy controls.

5.2.2.1. 3t P-Magnetic Resonance Spectroscopy

MRS examinations were performed as outlined in chapter 3.

72



5.2.2.2. Liver Function

Sera were isolated from blood samples collected at the time of sacrifice. Serum

aspartate aminotransferase (AST) and total bilirubin were measured using commercial

kits (Sigma, St. Louis, MO, USA).

5.2.2.3. Histology

Fixed tissue specimens were blocked in paraffin, cut and then stained with

hematoxylin and eosin. Slides were graded (0-ry) blindly by two independent

investigators (GM andMZ) for hepatic necrosis according to the following scale; grade 0;

no necrosis, gtade I (mild disease); <25yo, grade II (moderate disease); 25-50yo, grade III

(marked disease); 50-75% and grade fV(severe disease); >75% necrosis of the liver

lobule.l76' 177 Concordance was excellent between the two investigators (<10%

variability).

5.2.3. Survival Study

Twenty-two rats were administered D-galN as described above. Approximately

thirty hours post D-galN treatment rats underwent MRS examinations (see above),

following which animals were observed and deaths recorded over a 7 day post treatment

period.

5.2.4. Statistical Evaluation

Results were expressed as mean * standard error. The Student's t-test was used to

examine differences between groups and Spearman correlations to test for associations
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between continuous and categorical test variables. Differences with a P value of less than

0.05 were deemed significant. Sensitivity, specificity and positive and negative

predictive values were calculated using receiver operating characteristic curves.

5.3. RESTJLTS

5.3.1. Severity of Dtsease Study

Presented in Figure 10a is a representative section of normal liver tissue from a

control rat and the corresponding localized hepatic 3'P MR spectrum. As indicated

earlier, a typical "P MR spectrum from healthy liver contains strong resonances

belonging to phosphomonoesters (PME), inorganic phosphate (Pi), phosphodiesters

(PDE) and the three phosphate groups (y, o and B) from nucleotide triphosphates- the

majority of which arise from ATP.eO Shouldering the cr-ATP peak is the broad resonance

belonging to uridine 5'- diphosphosugar (UDP-sugar) species. Small amounts of

phosphocreatine may be detected in the in vivo spectrum of liver, indicative of signals

arising from adjacent muscle.

As has been described previously with the D-galN model of liver disease,rTa the

severity of disease varied considerably with some rats displaying limited evidence of

hepatic injury while others died of liver failure. Of the 14 animals receiving D-galN

injections, four (29%) died before MRS examinations could be performed. Figure 10b,

10c and 10d depict histologicai sections and corresponding spectra from other rats with

histologic evidence of mild, moderate and severe disease respectively. In those with mild

liver disease, inflammatory infiltration was present but confined to the periportal regions
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Figure 10: A representative histologii section of liver and corresponding hepatic 3rp MR
spectrum from (A) healthy rat and rats with acute liver failure (B) mild; (c) moderate

and (D) severe. H&8, xz}. Abbreviations: pME, phosphomonoesters; pi, inorganic
phosphate; PDE, phosphodiesters; ATp, adenosine triphosphate; pcr, phosphocreatine

resonance arising from abdominal wall muscle.
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@appaport zone 1) of the hepatic lobule. A slight decrease in the signal of
phosphorylated metabolites in 3lP spectrum accompanied mild liver disease. Moderate

liver disease was associated with more marked inflammatory infiltration extending into

Rappaport zone 2' The signal from MR detectable metabolites continued to decline; in

conhast the levels of the UDP-sugars increased. with severe liver failure there was

extensive destruction of the liver lobule with a heavy inflammatory cell infiltration. In
addition, there was pronounced dilation of the portal venules and bile ductular

proliferation' corresponding spectra displayed a pronounced depletion of phosphorylated

metabolites with the exception of UDp_sugars.

The actual concentrations of the various phosphorylated metabolites depicted in
the hepatic 3l P lv[R. specka are presented in Table 3. Features of the pDE region varied

considerably between animals' Due to the non-uniformity of this region, the pDE peaks

underwent curye fitting, but were not further analyzed, for inter-group comparisons.

overall' each of the measured phosphorylated metabolites in the livers of D-galN treated

rats were significantly lower than in controls. ATp levels displayed the most striking

reduction (- 45%), followed by pME (_ 32%),and pi (_ l7%).

Table 4 provides the results of correlations between changes in the concentrations

of phosphorylated metabolites and biochemical markers of liver injury (AST) and

function (bilirubin)' Both ATP and PME showed a negative correlation with serum AST
(r:-0'91, P< 0.00001, r-0.65, p<0.01 respectivery) while correlations with serum

bilirubin were r: -0.74, p<0.005 for ATp and r-0.71, p<0.005 for pME. Hepatic pi did

not correlate with these parameters of liver disease.
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Table 3. ConcentratÍon (mM) of hepatic phosphorylated metabolÍtes in controls and
rats with acute liver disease following D-galactosamine exposure.

Group PME

Control (n: Ð 4.02 + 0.25

D-galN (n:10) 2.74 + 0.20b

(-31.8%)

Values are means t S.E.M. Numbers in
control values.
Abbreviations; D-galN, D-galactosamine;
phosphate; ATP, adenosine triphosphate.
u p< 0.05 vs Controls
b p< 0.0001 vs Controls

Pi

1.58 r 0.09 3.15 + 0.16

t.32 + 0.07^ r.72 + 9.17b

(-r6.s%) (-4s.4%)

ATP

parentheses represent percent changes from

PME, phosphomonoesters; Pi, inorganic
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Table 4. Correlations between hepatic phosphorylated metabolites, serum AST and
bilirubin and liver histology

Serum AST

PME
Pi

ATP

PME
Pi

ATP

Correlation (r)

PME
Pi

ATP

-0.65
-0.38
-0.91

AbbreviatÍons; PME, phosphomonoesters; Pi, inorganic phosphate; ATP, adenosine
triphosphate.

Correlation (r)

<0.01

0.t4
<0.00001

Serum Bilirubin

-0.71

-0.32
-0.74

Correlation (r)

P-value

-0,7r
-0.40

-0.92

Liver Histolosy

P-value
<0.0005

0.23
<0.001

P-value
<0.005

0.11

<0.00001
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Correlations \¡/ere also performed between changes in the concentration of

phosphorylated metabolites and histological grade of injury. A strong negative

correlation existed between ATP levels and the percentage of hepatocyte necrosis (r:

-0.92, P<0.00001), while a weaker correlation existed for pME ( r: -0.71, p<0.005).

5.3.2. Survival Study

In the second series of experiments, all animals (n:22) were alive 30 hrs post D-

galN injection for MRS examinations. Between 48 and T2b spost D-galN exposure, nine

tats (4I%) died of liver failure. Based on data from the previous series wherein hepatic

ATP levels best reflected the status of the liver during acute liver injury, the ATP level

was selected for prospectively predicting survival. Sensitivity, specificities and predictive

values are listed in Table 5. When sensitivity and specificity were simultaneously

maximized, values of 78% and 62% respectively were found with an ATP cut-off value

of 2.01mM. The corresponding positive and negative predictive values were 58% and

80% respectively. When an ATP cut-off value v/as selected to increase the sensitivity to

100% (ATP :2.29 mM), specificity dropped to 54o/o and positive and negative predictive

values were 60%o and l00Yo respectively. If specificity was increased to l00Yo (ATP cut-

off : 1.46 mM), sensitivity fell to 22Yo, the positive predictive value rose to l00o/o, while

the negative predictive value equalled 65%.
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Table 5. Sensitivity, specifïcity and predictive value of hepatic ATP levels with
respect to death following D-galN induced acute liver failure

Cut-off value
(mI\[)

r.46
2.0t
2.29

Sensitivity

0.22
0.78
1.00

Specificity

1.00

0.62
0.s4

Positive
Predictíve

value
1.00
0.s8
0.60

Negative
Predictive

value
0.6s
0.80
1.00
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5.4. DISCUSSION

Acute liver failure is a potentially life threatening illness which results from a

rapid deterioration in liver function.rss-r6O Regardless of etiology, the syndrome is

chatactenzed by massive hepatocyte necrosis and near complete destruction of the liver

parenchyma.l5s-160 Oral or intravenous administration of the potent hepatotoxin, D-galN,

to laboratory animals produces hepatic lesions similar to those seen in many forms of

acute liver failure in humans including extensive hepatocyte necrosis and inflammatory

cell inf,rltration, bile ductularproliferation, and enlargement ofportal venules.lTs

The most striking finding in the present study was the significant decrease in the

concentration of phosphorylated metabolites detected in the hepatic 3rP spectra of D-galN

treated rats. This decrease likely reflects reduced hepatocyte mass within the liver. t7s,178-

181 As the total amount of viable cells per unit volume of liver decreases, MR detectable

signal from that volume of tissue will also decrease.l78-l8l The strong correlations

between hepatic ATP levels and serum AST (r:-0.91, P<0.00001) and the histological

extent of hepatocyte necrosis (=-0.92,p<0.00001) support this interpretation.

Bioenergetic alterations may also explain the reduced levels of hepatic

ATP seen among rats with acute liver injury. Indeed, bioenergetic disturbances do occur

in acute liver failure.lT3 The loss of upwards of 80%-85 Yo of liver cell mass places

considerable metabolic demands on the residual liver to maintain life.l82 Not only must

the residual liver mass expend energy to maintain normal synthetic and excretory

functions but in addition, regenerative activity, another energy demanding process must

be undertaken.3l' 183' 18a These homeostatic demands can lead to a metabolic crisis in
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which energy stores are depleted and the functional performance of the liver is

compromised. This was evident in the hepatic dysfunction seen among rats with acute

liver failure and the significant correlations that existed between hepatic ATP and serum

bilirubin levels (=-0.74, P<0.005). Rats subjected to 90Yohepafic resections (chapter 4)

further support these findings.

The mechanism of D-galN induced liver damage involves both direct and

indirect pathways of injury.lss-r87 Free standing D-galN elicits cell injury by binding to

membrane structures. Galactosamination of membrane proteins and lipids is thought to

promote lipoperoxidation and impair key membrane ion pumps, such as calcium

dependent ATPase.l87 Both processes contribute to cellular necrosis by causing

membrane dysfunction, the accumulation of intracellular calcium, and irreversible

metabolic derangements. While the liver is capable of metabolizingD-galN, this occurs

along catabolic pathways that are optimal for galactose and thereby result in the depletion

of both glycogen and uridine triphosphate (UTP) stores (Fig. 11).'88 The latter hinders

the synthesis of both RNA and glycoproteins, which in turn compromises the integrity of

the cell membrane and potentiates cell necrosis.lse In addition, the numerous uridine-

hexose derivatives that accumulate, due to the inefficient metabolism of D-galN, generate

intracellular disturbances through defective glycosylation of internal and secreted

proteins.leo

It could be argued that the depletion of hepatic UTP stores following D-galN

administration further influenced hepatic ATP levels. The 'ATP' peaks in 31P Iv{R

spectrum actually contain resonances from other triphosphate species, e.g. CTP, GTP,

UTP and ITP.eO However, the concentration of these additional species collectively
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only account for approximately l0% of the concentration of 'ATP'.eo Thur, although

significant depletion of UTP stores occurs with D-galN metaboiism, its contribution to

the reduction of the 'ATP' resonance would be limited.

Hepatic PME levels also correlated with liver histology, but not to the same extent

as ATP. The weaker correlation presumably reflects the fact that several metabolites

arising from different metabolic pathways contribute to the PME resonance.t6 For

example, the metabolism of D-galN produces many phosphorylated intermediates which

accumulate to detectable levels in the 3lP MR spectrum (Fig. 2).1e1' 
re2 Previous studies

using elaborate high resolution MR spectroscopy of liver extracts have described the

identity and position of these D-galN catabolites in the 3tP Nß. spectrum.ler' rez The D-

galactosamine catabolites glucosamine-6-phosphate and N-acetyglucosamine-6-

phosphate are in fact PME-molecules which increase dramatically following D-galN

administration and contribute to the broad PME resonance. In addition, phosphocholine

and phosphoethanolamine, the principal metabolites of the PME resonance,, are precursor

molecules for phospholipid membrane synthesis. As such, their levels, particularly that

of phosphoethanolamine, have been reported to increase with liver regeneration following

hepatic resectionsT' lsa and during the course of chronic liver disease.e8' 
100' 102 Similar

increases in PME metabolites have been reported in setting of rapid cell proliferation such

as lymphomatous infiltration of the liverle3'lea and during hepatic graft failure in chronic

ductopenic rejection.let Thus the increased concentrations of metabolites arising from D-

galN metabolism and hepatocyte proliferation may have contributed to the weak

correlation between PME and the extent of liver damage.
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In a similar manner, concentrations of Pi can be altered by the same processes. D-

galN intermediates, galactosamine-l-phosphate, N-acetylglucosamine-1-phosphate and

N-acetyl-galactosamine-1-phosphate all accumulate and resonate within 0.20 ppm of

Pi.ler' re2 The broad lines present in in vivo spectroscopy thereby render the 'Pi' resonance

a multicomponent peak. In addition to the contributions made from D-galN catabolites,

levels of Pi have also been reported to increase during liver regeneration.sT' le6

Actual evidence of D-galN metabolism was identified by the prominent elevation

of the UDP-sugar resonances in the spectra from rats with moderate and severe acute liver

failure. Peaks belonging to UDP-galactosamine, UDP-glucosamine and their N-

acetylated derivatives all increased dramatically following D-galN exposure, and resonate

up-field from cr-ATP .tet' 1e2

The prognostic outcome from acute liver failure is largely dependent on residual

viable liver tissue.leT' le8 Unfortunately, radiologic imaging lacks sensitivity in terms of

measuring viable liver tissue and liver biopsies are often avoided and/or contraindicated

in most patients with acute liver failure due to coagulopathies.l6e' 'to Th" results of the

present study indicate that 3lP MRS, via hepatic ATP levels, provides a non-invasive

indication of residual viable tissue and thereby helps predict the outcome in this rat model

of acute liver failure. 'When performed 18-20 hrs prior to maximum liver injury MRS

clearly demonstrated that rats with hepatic ATP > 2.3 mM would survive the episode of

acute liver failure (negative predictive value 1.0), while rats with hepatic ATP <1.5 mM

would die þositive predicative value 1.0). Values between these extremes provided a

less definitive outcome. When a cut off value of 2.0 mM was selected (both sensitivity

and specificity were maximized) the test was able to correctly predict survival and death
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with 80% and 600/0 accuracy respectively. This compares favourably with other

purported means of predicting survival.l67

Regarding the limitations of intermediate hepatic ATP levels and prognosis it

should be noted that hepatic ATP is a dynamic variable. Thus, during an episode of acute

liver failure the nadir of hepatic ATP (severity of necrosis) is determined by the rate of

ATP depletion over the initial course of liver injury. This raises the possibility that

repeated measures of hepatic ATP may prove to be of even greater prognostic value than

a single ATP measurement at one point in time. However, transporting severely ill

patients to the MR unit for multiple scans would be technically difficult. Given these

constraints only a single MR scan may be feasible, in which case the prognostic value of

a single hepatic ATP measurement must be interpreted in relation to the etiology, time of

onset and current clinical features of the episode of acute liver failure.

In summary, we have documented that 3'P MRS can non-invasively assess the

bioenergetic alterations, hepatocyte necrosis and hepatic dysfunction that accompanies

acute liver failure. We have also documented that hepatic ATP levels hold promise as a

useful indicator of prognosis in the setting of acute liver failure.
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CHAPTER W
HEPATIC 3'P-MRS 

IN RAT MODELS OF CHRONIC LIVERDISEASE : ASSESSING THb^ËXrNXr ArVN ÞNOGRESSION OF'DISEASE
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6.1. INTRODUCTION

The majority of chronic liver disorders will eventually progress in an insidious

manner to cirrhosis'e' l0 cirrhosis is a diffuse condition, characteri zed, by the loss of
functioning hepatic mass' extensive fibrosis and reconstruction of hepatic lobules into

abnormal nodular pattems.ree Initially the condition is asymptomatic and associated with

normal liver function tests as the residual liver is able to compensate for hepatocyte

necrosis and changes in hepatic architecture. Eventually the disease and structural

distortions become sufficiently extensive to result in hepatic decompensation and death

from liver failure or complications thereof.e

The rates of progression of chronic liver diseases to cirrhosis are highly variable.

For some patients, cirrhosis can develop within I to z years while for others, 2 to 3

decades may be required.2oo This variability highlights the importance of being able to

accurately document the rate of disease progression, which often impacts on decisions

regarding therapeutic interventions. To date, liver biopsies remain the gold standard

whereby assessments of liver disease are conduc ted.73-7s Holever, a number of problems

surround this procedure, including; 1) it is invasive, occasionally painful and often feared

by patients, (2) complications can be life threatening, (3) it is prone to sampling error and

(4) the histological interpretation is subje ctive.76,rr,zot Alternative means of documenting

the extent of chronic liver disease and dysfunction include traditional blood tests (serum

aminotransferases, bilirubin and albumin levels and prasma prothrombin times) and

classification systems such as Child-Pugh scores.t2 euantitative liver function tests can

also be employed' These include various measurements of hepatic blood flow, clearance
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rates and hepatic metabolism of exogenous agents.63 Unfortunately, the applicability of
these tests is limited by inaccuracies, cumbersome data collection and/or diff,rculties in

interpretation.ll' 12

chapters 4 and 5 have demonstrated that hepatic ATp levels in particular

accurately reflect the extent of hepatic disease and dysfunction following graded surgical

resections and in animal models of acute liver disease. Reports by other groups have

suggested that changes in the PME resonance may also be indicative of the extent of
acute or chronic disease'e7'100' 102 The aim of the present study was to determine whether

levels of hepatic metabolites (ATP, Pi, PME and/or pDE), as detected by quantitative 3rp-

MRS' reflects the severity and progression of chronic liver disease to cirrhosis in rats.
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6.2. II{4ATERTAL AND METHODS

6.2. I. Experimental Animals

Adult male Sprague-Dawley rats were maintained on Purina rat chow and water ad

libitum until initiation of the study. All animals were kept in identical housing units on a

12-hr light and l2-kv dark cycle. The number of rats assigned to each experimental group

was based on published data regarding the consistency of the model employed,

anticipated death rates and number of analyses outlined in the experimental protocol.

This study was approved by the University of Manitoba Animal Ethics Committee.

6.2. I . L Thíoacetamide-Induced Líver Cirrhosís

Thioacetamide (TAA) cirrhosis was induced in 35 rats (150-2509) by

administering TAA (Sigma Chemicals, St. Louis, Mo, USA; 30 mgl 100 ml) in their

drinking water over a period of 6 months.z02' 203 Serial MRS examinations were

performed at baseline and at 2,4 and 6 months during TAA exposure. Following MRS

examinations at each time, a subset of rats (4-I2 per group) was sacrificed and blood and

livers samples were collected. For animals which underwent serial examinations (n:i0)

over the entire six month period, percutaneous liver biopsies were performed following

each MRS exam.

Twelve isocaloric-fed rats not exposed to TAA served as controls. Serial MRS

examinations were also performed on this group. However, subsets of these rats were

only sacrificed at baseline and at 6 months.
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6,2. 1.2. Carbon Tetrachloride-Induced Líver Cirrhosís

This group consisted oî27 rats weighing 100-120g. All animals had free access

to water containing 0.35gll phenobarbital (Abbott Laboratories Canada) starting two

weeks prior to and continuing throughout carbon tetrachloride (CCla) administration.20a

CCla (Sigma Chemicals, St. Louis, Mo, USA) was given intragastrically twice a week to

2l rats for I to 9 weeks. CCI+ was diluted in 0.5 ml of corn oil and doses were

continuously adjusted on the basis of individual body weight as described by Dupin et

al.20s Six control rats underwent the same procedure, but received only com oil

intragastrically.

MRS examinations were performed on all animals I0-I4 days after their last CClq

or com oil treatment. Following each MRS exam, animals were sacrif,rced and blood and

liver samples were collected.

6.2.L3. Common Bile Duct Ligatíon-Induced Círrhosis

Common bile duct ligation (CBDL) was used to produce secondary biliary

cirrhosis in ten rats (240-270g).'ou Briefl¡ under ether anaesthesia a 4 cm incision was

made just below the xiphoid process. The bile duct was isolated, a double ligation of the

common bile duct was performed, and then the bile duct v/as severed between the

ligatures. The abdomen was subsequently closed and the animal allowed to recover.

Serial MRS examinations and blood sample collections were performed on each

rat at baseline (preoperatively), and on days 12, 27 and 46 post-surgery. Following the

measurements on day 46, animals were sacrificed and liver samples were collected.
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MRS examinations, blood and liver sample collections were also performed on day 46 on

an additional group of age-matched rats (n:4) not subjected to surgery.

6. 2.2. t' P-Magnetic Resonance Spectroscopy

MRS examinations were performed as outlined in Chapter 3.

6.2.3. Liver Function

Sera \ryere isolated from collected blood samples and serum aspartate

aminotransferase (AST) and albumin were measured using commercial kits (Sigma, St,

Louis, MO, USA). Albumin was selected because it accurately reflects hepatic

dysfunction in the setting of chronic liver disease and serum bilirubin levels tend to be

disproportionatly elevated in cholestatic liver disorders.

6.2.4. Histology and Quantitative Morphological Analysis of Liver Tissue.

Fixed tissue specimens were blocked in paraffin, cut and stained with hematoxylin

and eosin and van Gieson (collagen) stains. Slides were staged (0-IV) by a pathologist

(blinded to the study groups) for hepatic fibrosis according to the following scale: stage 0;

no fibrosis, stage I (mild fibrosis); fibrous expansion around portal tracts or central veins,

stage II (moderate fibrosis); septa extending into the liver lobule, stage III (moderate

fibrosis); bridging fibrosis þortal-portal, central-central or portal-central linkage) and

stage IV (cinhosis); parenchymal noduals surrounded by fibrous septa and disturbed

hepatic architecture.
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Images of the van Gieson stained sections were capfured with a Spot Cooled

Color Digital Camera and Spot Software v2.2 (Diagnostic lnstruments, Inc., Sterling

Heights, MI, USA). A 40x power microscopic field of the liver tissue was displayed on a

colour monitor as an 800x 600 pixel image. Proportional areas of liver tissue and fibrosis

were determined using a computerized image analysis system (Image Pro Plus Software

Package, Silver Spring, MD, USA) and the liver cell areal whole tissue area ratio was

then calculated. The procedure was carried out over 10-15 fields of view on each tissue

section excluding large vessels and large portal tracts. The mean value from all fields

was expressed as a percentage defined as the 'liver cell area ratio' (LCAR), which

represents the liver cell volume per unit of liver tissue.

6.2. 5. Statistical Evaluatton

Tukey-Kramer correction \Mas used to examine differences between groups. Spearman

correlations were performed to test for associations between nonparametric test variables,

with a P value of less than 0.05 considered significant.

Results were expressed as mean * standard error. An analysis of variance with
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6.3. RESULTS

6.3.1. TAA Model

Animals in the TAA series tended to gain weight over the course of the disease as

rats at stages 2, 3 and 4 weighed more than those at stage 0 and i (Table 6). Liver

weights were also greater at stages 3 and 4 thanat the preceding stages.

Table 7 provides the results of serum AST and albumin determinations at various

stages of disease. Similar to the reports of others, levels of serum AST and albumin did

not differ with the stage of disease.207'208 Holever, LCAR decreased with progressive

disease reaching significantly lower levels at stages 2,3 and.4.

Representative sections of liver tissue and corresponding localized 3tP MR spectra

from rats with normal livers (stage 0) and those with stages 2,3 and 4 of TAA induced

chronic liver disease are provided in Fig.12. In addition to the hbrosis and cirrhosis

traditionally described for late stages of chronic liver disease, regions of ductular

cholangiocellular proliferation were frequently present in TAA-treated rats with stages 3

and 4 disease.

Hepatic 3lP MR spectra from rats with normal livers (stage 0), and stages I and,2

disease were similar. Once disease progressed to stages 3 and 4, a significant decrease in

the signal of phosphorylated metabolites was seen in the 3rP MR spectra. The

concentrations of the various phosphorylated metabolites are presented in Table 8.

Hepatic ATP levels decreased with progression of the disease such that significantly

lower levels were documented once rats progressed to stages 3 and 4. Levels of Pi

fluctuated with progression of the disease, but significantly lower levels were detected at
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Table 6. Rat Body and Liver \ileights At Various Stages of Chronic Liver Disease

Thioacetamide Series

Group n Body Weight (g)

Stage 0

Stage I
Stage2
Stage 3

Stage 4

Carbon Tetrachloride Series

9

4
4

7

9

Stage 1

Stage 4

Common Bile Duct Ligation SerÍes

341 ! 15

270 + 9.0
410 + 15*
423 + 15*
415 + 15*

Baseline
Cholestasis

11 days

26 days
46 days

Age Matched Controls

Liver Weieht (s)

10

14.8 t 0.9
11.1 r 0.6

15.01 i.6
19.1 + 1.5x*
19.7 + 1.6**

Values are means + S.E.
*p<0.05 vs Stage 0 and i. **p<0.05 vs Stage 1
rp<0.05 vs Baselin". -p.0.05 vs Baseline and Age matched controls

433 Xtz

4T3 + TT

9

9

7

4

283 !7.0

295 + 7.0
344 + IOL

376 + 24!'
461 t 12

1l + 0.5

13 + 1.0

20.0 + 2.1

I4.I X0.9
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Table 7. Serum AST and albumÍn levels and liver cell area ratio (LCAR) in control
rats and rats at various stages of thioacetamide-induced chronic liver disease

Stage
Serum AST

(u/L)

65.7 t14.4

72.4 !24.0

59.2 r 10.0

76.5 r 15.0

89,1!t4.4

Abbreviations; AST, aspartate aminotransferase; LCAR, liver cell area ratio.

ep< 0.05 vs Stages 0 and 4
aep<0.05 vs Stages 0 and 1

eeep<0.05 vs Stages 0,1and2

Serum Albumin
lg.tLl

38.5 r 0.9

42.6 !2.6

40.6 r 1.8

40.6 r 1.0

42.0 t0.8

LCAR
(%)

98.5 t 0.2

98.2 t0.1

93.6 + 2.0'p

90.1 + 2.5q'p

96.4 t 2.5qqe
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Figure 72: A representative histologic section of liver and corresponding hepatic 3lP N{R

spectrum from (A) a healthy rat (stage 0) and rats with TAA-induced chronic liver disease

(B) stage 2; (C) stage 3 and (D) stage 4. Van Gieson,X2}. See methods for description

of histologic staging. Abbreviations: PME, phosphomonoesters; Pi, inorganic phosphate;

PDE, phosphodiesters; ATP, adenosine triphosphate. PCr, small phosphocreatine

resonance arising from abdominal wall muscle.
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Table 8. ConcentratÍons (mM) of hepatic phosphorylated metabolites in control rats
and rats at various stages of thioacetamide-induced chronic liver disease

Stage

0

I

2

J

4

3.68 + 0.17

3.63 r 0.40

3.05 r 0.17

3.03 r 0.88

2.55 !0.t7

Values are means + S.E. Abbreviations; PME, phosphomonoesters; Pi, inorganic
phosphate; PDE, phosphodiesters; ATP, adenosine triphosphate.
*p<0.05 vs Stage 0 and 1. *tp<0.05 vs Stage 0

1.55 + 0.07

1.90 r 0.28

0.91 t 0.07x

1.21! 0.08*

0.94 ! 0.06*

PDE

1.05 r 0.09

1.13 + 0.15

1.23 !0.11

1.28 t0.t2

1.1 1 r 0.09

ATP

3.04 t0.12

2.82 ! 0.04

2.6t !0.14

2.2I t 0.17**

2.18 + 0,15**
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stages 2,3 and 4 compared to stage 0 and I levels. PME levels displayed a downward

hend with disease progression but did not achieve statistical significance , while pDE

levels remained unchanged.

Correlation analysis (Table 9) revealed no significant associations between these

hepatic phosphorylated-metabolite levels and serum AST, however, Pi levels did correlate

with serum albumin concentrations (r:-0.48, P<0.004). Significant correlations also

existed between the LCAR index and hepatic ATp (r:0.56, p<0.001) and pME (=0.46,

P<0.01) levels.

6.3.2. CCl4 Model

Body and liver weights among rats exposed to CCl¿ were similar to those of

controls (Table 6) as were serum AST concentrations (Table i0). Holvever, serum

albumin concentrations in rats with stage 4 disease were significantly lower than in rats

with stage 1 disease (30.2 t 0.6 versus 35.2 t Lz glL, p<0.05 respectively), Stage 4

livers also had a lower LCAR index than those at stage 1 (83.9 t 1.2% vs 98.6 + 0.Zo/o,

P<0.05, respectively).

Animals treated for 8-9 weeks with CCl+ had cirrhosis (stage 4) while those

treated with corn oil alone displayed non-specific histologic changes. Presented in Fig.

13 are representative histological sections and hepatic 31P MR spectra from cirrhotic and

control rats. Table 11 shows the concentrations of hepatic phosphorylated metabolites in

CCla heated rats and controls. Similar to TAA experiments, animals with stage 4 disease

had decreased hepatic ATP levels compared to rats with stage i disease. Hepatic pi and

PME levels demonshated a trend towards lower levels with increasing severity of disease

but these did not reach statistical significance. PDE levels remained unchanged.
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Table 9. Correlations between hepatic phosphorylated metabolites, serum AST and
albumÍn levels and liver cell area ratio (LCAR) in thioacetamide-induced chronic
liver disease

Serum AST

PME
Pi

PDE
ATP

PME
Pi

PDE
ATP

Correlation (r)
0.01
-0.02
-0.10
0.01

Conelation (r)

PME
Pi

PDE
ATP

Abbreviations; PME, phosphomonoesters; Pi, inorganic phosphate; PDE,
phosphodiesters; ATP, adenosine trÍphosphate; AST, aspartate aminotransferase.

-0.21
-0.48
0.09
-0.25

Serum Albumin

P-value

Conelation (r)

0.97
0.92
0.59
0.95

0.46
0.29
-0.t2
0.s6

P-value

LCAR

0.24
0.004
0.65
0.15

P-value
0.0i
0.r4
0.52

0.001
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Table 10. Serum AST and albumin levels and lÍver cell area ratio (LCAR) in control
rats and rats with carbon tetrachloride-induced chronic liver dÍsease

Stage Serum AST Serum Albumin LCAR
(U/L) (s.tL) (%l

Abbreviations ; AS T, aspartate aminotransferas e ;
*p< 0.05 vs Stage 1

I 60.98 r 10.70 35.23 r 0.63 98.56 t0.21

4 75.t4!t3.07 30.23 + !.20* 83.86 + t.22*
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Table 11. Concentrations (mM) of hepatic phosphorylated metabolites in control
rats and rats with carbon tetrachloride-induced chronic liver disease

Stage

Values are means t S.E. Abbreviations; PME, phosphomonoesters; Pi, inorganic
phosphate; PDE, phosphodiesters; ATP, adenosine triphosphate.
*p< 0.05 vs Stage 1

4 3.35 + 0.18 1.09 + 0.06 0.81 + 0.08 2.71t0.10x

PME Pi PDE ATP

3.61 + 0.39 0.94 + 0.11 0.90 + 0.16 3.33 !0.20

t04



Figure 13: A representative histologic section of liver and corresponding hepatic 3lP MR

spectrum from (A) a control rat and @) a rat with carbon tetrachloride-induced cirrhosis.

Van Gieson, X20. See methods for description of histologic staging. Abbreviations:

PME, phosphomonoesters; Pi, inorganic phosphate; PDE, phosphodiesters; ATp,

adenosine triphosphate. PCr, small phosphocreatine resonance arising from abdominal

wall muscle.
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correlations between hepatic phosphorylated metaborites, serum AST and albumin
concentrations and LCAR in ccr¿ treated rats are presented in Table 12. Hepatic ATp
Ievels correlated with both serum albumin (r=0.53, p<0.02) and LCAR (r:0.63, p<0.006).

6.3.3. CBDL Model

As shown in Table 6, animals in the CBDL series followed a similar trend to that
described for the TAA group in that rats with more advanced disease (days 26 and 46)
weighed more than those at baseline or with early disease (day 12). Aged-matched
controls weighed more than their day 46 cholestatic counterparts. Liver weights were
similar between the fwo groups (Table 6).

As shown in Table 13, significant elevations of serum Asr and reductions in
serum albumin concentrations and the LCAR index occurred in chorestatic rats over the
course ofthe disease.

Representative sections of liver tissue and the corresponding liver 3,p MR spectra
from a control rat and rat with chronic cholestasis are displayed in Fig. 14. At 46 days
post bile duct ligation, hepatic lesions which incruded marked hepatocyte necrosis,
inflammation' bile duct proliferation and fibrosis, were in keeping with b¡iary cirrhosis.
A summary of the levels of hepatic phosphorylated metabolites documented during the
course of the chronic cholestatic liver disease is presented in Tabre 14. Hepatic ATp
levels progressively decreased, with significantly lower levels occuring at 47 days post
surgery (Fig' 12)' correlation analysis (Table 15) revealed that hepatic ATp levers
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Table 12' correlations between hepatic phosphorylated metabolites, serum ASTand albumin levels and liver cell area ratio (LCAR) in rats with carbontetrachloride-induced chronic liver disease

PME
Pi

PDE
ATP

PME
Pi

PDE
ATP

Correlation
0.04
0.13
0.01
0.26

Serum AST

PME
Pi

PDE
ATP

Abbreviations; pME, 
nhos

phosphodiesters; ATP, adenosine triphosphaie; a5t, aspartate aminotransferase.

Correlation
0.00
-0.34
0.19
0.53

Serum AtbumÍn

P-value
0.86
0.62
0.95
0.30

0.25
-0.24
0.29
0.63

P-value
0.99
0.17
0.35
0.02

P-value
0.32
0.3s
0.17

0.006
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Table 13.
rats and
ligation

serum Asr and arbylÍn revers and liver cet area ratio (LcAR) in control
rats wirh chronic .nor"rtutiJffi; ,å¡r*rã.ìäffiiil,;mmon 

bire ducr

Time

Baseline

12 days

27 days

46 days

Aged matched

Serum AST

73.9 + 19.4

237 + 29x

217 + 3gx

325 + 9g*x

33.0 + 5.4Controls

lf. o,of u, aglo Ã;ci,i**p< 0.05 vs Baseli:

:p< 0.05 vs saserinJ"iy^::: 
and Aged matched controls

**pa

Serum AtbumÍn

Yp< 0.05 vs Baseline,46 diys

48.2 + 1.4

42.0 + 2.3

33.5 + 2.gt

27.5 + 1.9x*

39.4 + 1.1t

rne, 12 days

LCAR
o//o

70.7 + 5.gx

96.0 + 0.7
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Figure 14: Arepresentative histologic section of liver and corresponding hepatic 31P Nß.

spectrum from (A) a control rat and (B) a rat with cholestatic (common bile duct ligation)

induced cirrhosis. Van Gieson, X40. See methods for description of histologic staging.

Abbreviations: PME, phosphomonoesters; Pi, inorganic phosphate; pDE,

phosphodiesters; ATP, adenosine triphosphate. PCr, small phosphocreatine resonance

arising from abdominal wall muscle.
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Table 14. Concentrations (mM) of hepatic phosphorylated metabolites in control
rats and rats with chronic cholestatic liver disease following common bile duct
ligation.

Baseline 3.05 ! 0.24 1.64 t 0.1 1 0.94 + 0.15 3.13 t 0.22

12 days 3.21t0.19 1.56 r 0.10 1.01 + 0.07 2.69 t}.Zz

27 days 3.20+0.28 I.7Z+0.16 0.98+0.09 2.60r0.30

46days 2.64!0.30 1.43+0.t7 0.97+0.19 1.66+0.13*

Age matched controls 3.04 t 0.13 1.30 + 0.03 r.4g + 0.37 3.29 t0.34

Time PME Pi pDE ATp

Values are means t S.E. Abbreviations; PME, phosphomonoesters; Pi, inorganic
phosphate; PDE, phosphodiesters; ATP, adenosine triphosphate.
*p< 0.05 vs Baseline, Aged matched Controls, 72 day and27 day cholestatic rats
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Table 15. Correlations between hepatic phosphorylated metabolites, serum AST
and albumin levels and liver cell area ratio (LCAR) in rats with common bile duct
ligated induced cholestatic liver disease

Serum AST

PME
Pi

PDE
ATP

Correlation (r)

PME
Pi

PDE
ATP

-0.08
0.14
-0.36
-0.57

PME
Pi

PDE
ATP

Abbreviations; ATP, adenosine triphosphate; AST, aspartate aminotransferase.

Correlation (r)
-0.23
-0.02
0.13
0.42

Serum Albumin

Correlation (r)

P-value
0.70
0.s0
0.11

0.002

0.24
0.39
0.53
0.71

P-value

LCAR

0.19
0.91

0.52
0.01

P-value
0.51

0.26
0.r4
0.02
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correlated with serum AST (r:-0.57, p<0.002)

concentrations and LCAR (=0.7 I,P<0.02).

and albumin (r=0.42, P<0.01)
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6.4. DISCUSSION

Chronic liver disease can result from various causes which operate through different

pathophysiological pathways and elicit distinct patterns of hepatic injury.e' r0' 113

However, the general course and outcome of chronic hepatic injury as described by

progressive fibrosis and eventually cinhosis remains constant.e'7a In a similar maruler,

the present study reports consistent alterations in hepatic metabolism throughout the

course of hepatocellular and cholestatic chronic liver diseases to ci¡rhosis. Animals

subjected to TAA-, CCl4- and CBDL- induced chronic liver disease all displayed

progressive reductions in hepatic ATP levels with disease progression.

Although the mechanism(s) responsible for the decline in hepatic ATP levels

remains to be determined, as in the case of acute liver failure, the loss of viable

hepatocytes is likely to be an important contributing factor. As the total amount of these

cells per unit volume of liver decreases, MR detectable signal from that volume will also

decrease. Indeed, image analysis of tissue sections taken at various stages of disease

revealed a progressive decrease in the LCAR index that correlated with decreases in

hepatic ATP levels. Thus, during early phases of disease, when hepatocyte loss is offset

by active hepatic regeneration only minor changes in hepatic ATP were detected.20e'210

Once more advanced disease was established, and when regenerative activity becomes

impaired,2ll hepatic ATP levels decreased and the decrease was proportional to the loss of

functional hepatic tissue.

Another possible explanation relates to altered hepatic bioenergetics, namely

increased energy expenditure as liver disease prog.esses."t With the reduction in total

volume of viable liver tissue, residual hepatocytes must expend more energy to maintain
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normal hepatic function and engage in compensatory liver regeneration. Eventually, the

remnant hepatocyte population is incapable of meeting the increasing demands and both

energy depletion and hepatic insufficiency ensue. Supporting this explanation were the

decreases in serum albumin concentrations and hepatic ATP leveis in CCl+-treated and

CBDL rats. That serum albumin concenhations were maintained during TAA-induced

chronic liver disease is in keeping with the findings of other investigators who reported

no or few chmges in liver function tests in TAA-treated animals.207'208' 
213 Further studies

are required to examine the compensatory mechanism that exists in this model.

Disturbed hepatic bioenergetics has also been ascribed to the capillanzation of

hepatic sinusoids during the development of cirrhosis.2lo In normal livers, the sieve-like

structure of the sinusoidal endothelium and the freely accessible perisinusoidal space

allow for rapid and high exchange of substrates and nutrients between the vascular

compartment and hepatocytes. During fibrogenesis and the development of cirrhosis, a

barrier of connective tissue and extracellular matrix is deposited in the perisinusoidal

space.6t'21s By limiting hepatocyte access to nutrients, high energy substrates and

oxygen, this barrier may impair hepatic energy metabolism .214'216

The levels of hepatic ATP at end stage disease varied considerably between the

models of chronic liver disease, being highest in CCl+-treated rats (ATP: 2.71 mM),

lowest in CBDL rats (i.66 mM) and intermediate in TAA-treated rats (ATP=2.18 mM),

despite similar levels of LCAR in each model. This disparity may be explained by the

different histological features present. Specificaily, CClq administration produced the

typical pattem of cirrhosis with bridging fibrotic septa, disorganized parenchymal

architecture, regenerative nodules and mild periportal bile ductual proliferation.
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Although the same features were present in the TAA model, TAA-exposed rat livers also

contained multiple cholangiofibromas. In the CBDL model, a different pattern of

cirrhosis was present where extensive bile ductual proliferation extended beyond

periportal regions and replaced much of the normal parenchyma. Given that the LCAR

index includes both parenchymal and non-parenchymal cells and bile ductual cells are

luminal cells, the disparity observed in the hepatic ATP levels could reflect differences in

viable hepatocyte populations. It is important to note that the differences between the

various models would not affect the results of serial examinations within the same model

or individual subjects within the group.

An alternative explanation for the differences in absolute ATP levels relates to the

heterogeneity of the liver lobule and the patterns of zonal injury induced by the various

models. Periportal hepatocytes within zone I of the liver lobule have suffrciently high

oxygen tension that they are capable of generating energy by both glycolytic and

oxidative metabolism, whereas the less aerobic perivenous hepatocytes predominantly

utilize glycolytic pathways of energy generation.s'2e Having access to both aerobic and

anerobic pathways, and thereby a selection of fatty acid and carbohydrate substrates,

periportal hepatocyte are capable of generating more energy on a per mole basis than

those in the perivenous region.T'2|1 Hence, one would predict that lesions specific fo zone

1 of the liver lobule would create a greater bioenergetic disturbance than lesions localized

in zone 3. The results from the present study support this hypothesis as CBDL injury

predominantly involves zone 1, while CCl¿ involves zone 3 and TAA is a more diffuse

injury, involving zones 1-3 hepatocytes.
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Inorganic phosphate, another marker of tissue bioenergetics, displayed a trend

towards lower levels with more advanced stages of chronic liver disease. However,

significant decreases were only detected among TAA-treated rats. As with hepatic ATP,

lower levels of hepatic Pi likely result from reduced hepatocyte mass. However unlike

ATP, these changes are attenuated by certain metabolic activities within the functioning

remnant liver. Specifically, increased energy expenditure perpetuates the hydrolysis of

high energy phosphate bonds which in tum liberates inorganic phosphate species.

Accumulation of Pi due to enhanced metabolic activity and reduced recycling back to

purine/ pyrimidine moieties would in turn contribute to the Pi signal. Indeed, increases in

Pi have been observed during high energy activities such as liver regeneration following

partial hepatectomy. I 36' le6

Contrary to previous reports, in this study the PME resonance did not increase in

any of the models employed. As discussed earlier, the PME peak is diffîcult to interpret

because it is a multicomponent resonance with numerous metabolites contributing to its

broad signal.87 These include membrane phospholipid precursors, phosphoenthaolamine

(PE) and phosphocholine (PC), and several phosphorylated glycolytic intermediates.

Moreover, in the previous reports, PME findings were reported as ratios of PME/ATP and

PMEÆDEe7'eB which could also reflect decreases in hepatic ATP and/or PDE levels, as

was observed in the present stud¡ rather than increases in PME.I04 Finally, biological

processes can influence the components of the PME resonance in a dissimilar manner.

While the loss of viable liver cells likely contributes to a decrease in PME, other

processes favôur an increase in the PME signal. High resolution MRS experiments

performed on tissue extracts demonstrate significant elevations of-hepatic PE and PC in
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cirrhosis.l0o gigr, levels of these membrane precursors are assumed to reflect enhanced

cell tumover as the cirrhotic liver attempts to regenerate. PE and PC, however, only

contribute approximately 15% to the total PME signalsT and thus are unlikely to cause a

significant effect on the in vivo PME resonance. This may explain why we and others

have not found significant changes in the absolute levels of PME in cirrhosis or following

partial hepatectomy. I 3s

Levels of the PDE resonance also remained constant over the course of chronic

liver disease in each animal model. Like the PME signal, PDE is a multicomponent

resonance with contributions from several metabolites. Signals arising from degradative

phospholipid metabolites GPC and GPE and the phospholipid bilayer of the endoplasmic

reticulum contribute to this peak.87-ss These components are not resolved in in vivo

spectra. Thus, difficulties interpreting the state of these metabolites remain as diverging

alterations in individual components may cancel, leaving total PDE levels unchanged.

The interpretation of the PDE resonance is further complicated by its magnetic field

dependence, hence caution must be exercised when comparing studies performed at

different field strengths.ss' 8e

In summary, the results of the present study indicate that hepatic ATP levels

correlate well with biochemical evidence of hepatic dysfunction and histological evidence

of loss of functioning hepatocytes and progressive disease. The results also support the

concept that regardless ofthe etiology, progressive liver disease has a significant effect on

hepatic bioenergetic integrity. Given these observations, hepatic 3rP MRS holds promise

as a non-invasive means of documenting the extent and progression of chronic liver

disease.

119



CHAPTER VII
QUANTITATTVE HEPATIC PHOSPHORUS-3 1 MAGNETIC

RESONANCE SPECTROSCOPY IN PATIENTS WITH
COMPENSATED AND DECOMPENSATED CIRRHOSIS
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7.1. INTRODUCTION

Cirrhosis and its associated complications is a major cause of morbidity and

mortality worldwide.2rs The clinical spectrum of cirrhosis is broad, including patients

who are asymptomatic and unalvare of their condition to those who require

hospitalization for life threatening emergencies.e' l0 Between these extremes is an

insidious clinical course in which compensated cirrhosis progresses to a decompensated

state. During the early stages of cirrhosis the large functional reserve of the liver is able

to compensate for changes in tissue architecture brought about by bridging fibrosis and

abnormal nodular formation. Hence, patients may only experience non-specific symptoms

such as fatigue, weakness and general malaise. Eventually the disease progresses to the

point where the hepatic reserve is unable to compensate for hepatocyte loss and structural

distortions in the liver. At this late stage, signs of hepatic dysfunction ensue which

include jaundice, ascites, variceal hemorrhage, and/or portal systemic encephalopathy.

The development of these complications marks the transition from compensated to

decompensated cirrhosis and affords the patient a poor prognosis.

The clinical features and gross pathophysiology surrounding hepatic

decompensation are well described,e't0 however, little is known regarding cellular events

in end-stage liver disease. Functionally, in decompensated cirrhosis the synthetic and

excretory capacity of the liver is compromised as low levels of albumin, long clotting

times G\IR) and high levels of bilirubin are commonly documented.l2 Several

quantitative liver function tests convey a similar message in that the decompensated

cirrhotic liver has a reduced capacity to metabolrze/detoxify exogenous compounds.2le

To date, few studies have attempted to document the cellular events that exist in
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compensated and decompensated cirrhosis, largely because most methods require

invasive tissue sampling which is generally avoided in this group of ill patients with

coagulopathies. In the present study we employed 3rP MRS to document and compare

the metabolic status of the livers of patients with compensated and decompensated

cirrhosis.
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7.2. Material and Methods

7.2.1. Subjects

The study population consisted of 17 chronic hepatitis C patients. Their mean age

was 51 years (range 28-73 years) and 13 were male. The presence of cirrhosis was

documented histologically and/or by CT or ultrasound features of cirrhosis including

irregular, nodular liver surfaces with accompanying signs of portal hypertension such as

the presence of ascites, esophageal varices and./or splenomegaly. Patients were

classified as having either compensated or decompensated cirrhosis based on clinical and

radiologic findings. Decompensated cirrhosis was defined as patients with persistent

jaundice, hepatic encephalopathy, clinically or radiologically apparent ascites and/or

endoscopically documented variceal bleeding secondary to cirrhosis. Nine patients with

compensated and eight with decompensated cirrhosis were studied.

Eight volunteers (6 males, 2 females, mean age 51 years [rang e 4l-60 years]) with

no history or evidence of liver disease served as healthy controls.

7.2.2. MR Examination

Prior to each MR scan, subjects were required to fast for four hours. MR examinations

were performed on a i.5 T General Electric Signa whole body magnetic resonance

system. Subjects were positioned supine within the scanner, and a 15 cm transmit/receive

phosphorus surface coil, tuned and matched to 25.85 MHz, was placed directly above the

subject's liver. A small vial containing 0.5 M phenylphosphonic acid (PPA) was placed
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at the center of the coil to assist with subject positioning during proton imaging,

calibration of the RF field strength at the region of interest (ROD, and for quantitation of

metabolite concenfrations. Proton signal was used for shimming and localizer images in

the coronal and axial planes were then obtained with the body coil to ensure correct coil

positioning. Further automated and manual localized shimming on the ROI within the

liver was performed using a STEAM sequence with a typical voxel size of 70mm x

70mm x 40 mm (lateral, vertical, and axial dimensions respectively). For 3lP

spectroscopy at25.85IvILIz, the transmit power to obtain a 90' flip angle was determined

for the PPA reference vial at the center of the coil using a 900 ¡rs slice selective gaussian

RF pulse. A fully relaxed spectrum (TR: 7s) of the entire 4-cm axial slice was acquired

and the area of the PPA peak at 14.3 ppm was used for measurements of coil loading.

Based on the characteristics of the B1 field of the surface coil, the transmit power for a

45" flip angle was determined at the center of the ROI (typically at a depth of 7cm) for

subsequent localized spectroscopy. Localized,3tP liver spectra were acquired using two-

dimensional chemical shift imaging (2D-CSI). Data acquisition parameters were as

follows: FOV:48 cm (horizontal) x 48 cm (vertical), 8 averages, TR: 1.5 s, matrix

size: 1,2 x 12, an acquisition size of L024 pts, zero-filled to 2048 pts, and a sweep width

of 2500}l2.

7.2.2. I. Data Processíng

Data processing was accomplished using SAGE software (General Electric Ltd.).

Briefly, the free induction decay underwent I0 Hz exponential line broadening prior to

Fourier transformation, and the resulting spectra were processed with manual phase and
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cubic spline baseline correction. Peaks were registered relative to cr-ATP resonance (-10

ppm) which served as an internal chemical shift reference. Finally, spectra were analyzed

with a frequency domain fitting function where peak integrals were calculated with

gaussian curves. The PME, Pi, PDE and PCr (when necessary) signals were treated as

singlets, y and cr-ATP peaks as doublets, and the B-ATP resonance as a triplet.

Corrections for minor contributions of metabolite signal arising from overlying skeletal

muscle were performed. Based on the percentage of PCr in the liver spectra, relative

amounts of muscle signal contributing to each metabolite were calculated according to

previous published data.l14' l15 These values were then subtracted from the appropriate

integral to give a 'pure' liver reading.

7.2.2.2. Quantitatíon

For quantitiation of hepatic metabolites, simulated phantom experiments were

performed as described by Meyerhoff et al.l16 A 20 L plastic carboil containing 50 mM

sodium phosphate served as a phantom on which identical MR examinations were

performed regularly throughout the experiment. The various metabolite concentrations

were determined by the equation:

C :Co x I/Io x NoÆ.{ x So/S x lrer(p) llr"¡117

Where...
C- absolute tissue metabolite concentration in mmoVl

Cp: concentration of phantom (p) solution used for calibration in mmol/L

I,Ip: corresponding signal integrals (I)

N,\: corresponding number of signal averages (N)

S,Sp: corresponding saturation factors (S) calculated from measured Tl times

Irer,I rer(p) : corresponding signal integral of reference sample
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Literafure T¡ values reported for liver were used in the calculation for saturation

factors.lls

Hepatic ATP concentration was based upon the peak area of the P-ATP resonance, which

is free of other phosphorylated adenosine species.eO

7.2.3. Liver Function

Liver enzpe and function tests were performed on the day of or within one

month of the date of the MR examination.

7.2.4. Statistical Evaluation

Results were expressed as mean + standard error. An analysis of variance with

Tukey-Kramer correction was used to examine differences between groups. P values <

0.05 were considered significant.

7.2.5. Ethics Approvøl

The research ethics boards at the Institute for Biodiagnostics National Research

Council and the University of Manitoba approved the above study. All subjects provided

written informed consent before entering the study.
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Four patienfs (three compensated and one decompensated) receiving ribavirintherapy for their hepatitis c were excruded frorn the sfudy post-hoc due to hepaticformation of the acfivated ribavirin metaborite-ribavirin 
kiphosph¿1s.22' 

Oncephosphorylated in hepatocytes' these nucreotide trþhosphate anarogues preventeddeterminations of hepatic ATp levels.

A summary of liver enz*.e and frinction tests and child-pugh scores in theremaining 13 patients with compensated and decompensated cirrhosis are presented inTable 16' As predicted' patients with compensated cirrhosis tended to have earrier, moreactive liver disease (higher liver enzymes) white those with decompensated cirrhosis hadmore advanced hepatic dysfi.rnction and a higher chird_pugh,s score (p=0.01). However,

;rffi:;t" 
concentrations were significanrrv rower in rhose wirh decompensared

Figure 15 provides a þpical axial image from ahealthy,yolunfeer. 
Indicated onthe image is a fwo_dimensional voxel generated by fhe CSI pulse sequence from whichlocalized.spechal 

information from the liver is acquired. Expanded below is the iocalized.hepatic ''P MR spectrum' A tlpical 3'p 
MR speckum from liver contains resonancesbelonging to PME' Pi' PDE and the three phosphate groups (y, s and B) from nucreotidetriphosphates- the majority of which arise from ATp.e' pcr may arso be detected in thein vivo spectrum of liver' This is indicative of signars arising from adjacent muscre andits contribution is deducted from the final data output.

Representative 3lP MR specha obtained from a healthy contror (paner A) andpatients with compensated (paner B) and decompensated cirrhosis þaner c) are shown in

7.3. RESULTS
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Table 16. Liver function tests and Child-Pugh's scores in healthy individuals and
HCV patients with compensated and decompensated cirrhosis

Serum alanine
amino

transaminase (U/L)
Serum aspartate
aminotransferase

(u/L)

Serum alkaline
phosphatase (U/L)

Serum albumin
(u/Ð

Serum bilirubin
(pmol/L)

INR

Child-Pugh's score

Normal
Range

0-30

t0-32

30-120

35-50

3- 18

0.9-1.1

Compensated
cirrhosis (n:7)

97.4 !29.5

95.7 !38.4

113.4+ t}.l

36.0 + 1.4

13.8 t2.2

1.1 + 0.04

5.6 + 0.33

Decompensated
cirrhosis (n:6)

49.83 + t2.5

55.7 !8.7

143.3 !30.7

28.5 !25

29.5 + t0.9

1.3 + 0.10

8.2 + 9.9

P-value

0.1 8

0.37

0.34

0.02

0.19

0.10

0.01
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Figure 15: An axial proton image of the liver and corresponding hepatic 3rp MR

spectrum from a healthy volunteer. PME, phosphomonoesters; Pi, inorganic phosphate;

PDE, phosphodiesters; ATP, adenosine triphosphate. * Phosphocreatine resonance

arising from abdominal wall muscle.
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Fig. 16. Hepatic 3lP Nß. spectra from patients with compensated cirrhosis were

equivalent to those seen in healthy controls. However, as indicated in Table 17,

significant metabolic derangements were evident in patients with decompensated

cirrhosis compared to those with compensated cirrhosis and healthy controls, including

lower levels of hepatic ATP (P<0.02 and P<0.009, respectively) and a higher PME/PDE

ratio @<0.003 versus healthy controls).
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Figure 16: Representative hepatic 3tP Nß. spectra from (A) healthy control and patients

with compensated (B) and decompensated (C) cirrhosis. PME, phosphomonoesters; Pi,

inorganic phosphate; PDE, phosphodiesters; ATP, adenosine triphosphate.

*Phosphocreatine resonance arising from abdominal wall muscle.
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Table 17. Concentrations (mmol/L) of Hepatic Phosphorus Metabolites in Healthy
Controls and HCV Patients with Compensated and Decompensated Cirrhosis

Metabolite Control Subjects Compensated Decompensated
(n:8) cirrhosis (n:7) cirrhosis (n:6)

PME

Pi

PDE

B-NTP 3.20 + 0.t5 3.tt + 0.29 2.28 !0.20*

PME/PDE 0.47 + 0.04 0.t2 + 0.t2 r.07 ! 0.20**

Values are means + S.E. Abbreviations; PME, phosphomonoesters; Pi, inorganic
phosphate; PDE, phosphodiesters; NTP, nucleotide triphosphate.
xSignificant difference P<0.05 vs Controls and compensated cirrhosis
**Significant difference P<0.05 vs Controls

3.69 r 0.56 4.74 + 0.39 4.06 t 0.49

1.18 + 0.07 1.15 t 0.20 0.69 + 0.21

7 .64 ! 0.70 7.55 + 1.08 4.53 + 0.98
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7.4. DISCUSSION

To date few studies have been performed that examine at a cellular level

hepatocyte differences in patients with compensated versus decompensated cinhosis. In

the present study 3tP MRS was utilized to non-invasively assess the hepatic metabolic

profile of such patients. Our findings suggest that hepatocyes within the decompensated

cinhotic liver have depleted energy stores and altered phospholipid metabolism compared

to those within the livers ofpatients with compensated cirrhosis and healthy controls.

The mechanism whereby hepatic ATP levels become depleted in the

decompensated state remains to be determined. Two possible explanations include; (1)

the loss of a critical amount of viable hepatocyte mass and./or (2) altered hepatic

bioenergetics. With regards to the former, it has been well documented that the formation

of cirrhosis involves repeated cycles of hepatic injury and repair that ultimately result in

the deposition of fibrous tissue throughout the liver. When hepatocyte necrosis persists in

the setting of inadequate liver regeneration (as occurs in decompensated cinhosis) and

extensive fibrosis extends across liver lobules, a significant loss of viable hepatocytes

within the liver will occur.22r-223 As the total amount of these cells per unit volume of

liver decreases, MR detectable signal from that volume will also decrease. Results from

chapters 5 and 6 demonstrated that reduced levels of hepatic ATP detected in animal

models of acute and chronic liver disease are proportional to the diminished volume of

viable liver tissue.

Bioenergetic alterations may also influence hepatic ATP levels as energy

expenditure has been shown to increase with increasing severity of cirrhosis. 2l' This

explanation is not incompatible with the diminished hepatocyte mass hypothesis as

13s



disturbances in hepatic bioenergetics can arise from a diminished hepatocyte population

within the cirrhotic liver. As the total volume of viable liver tissue decreases, residuai

hepatocytes must expend more energy to maintain hepatic function and engage in

compensatory liver regeneration. Eventually, the remnant hepatocyte population is

incapable of meeting these increasing demands resulting in both energy depletion and

hepatic insufficiency. Supporting this explanation are the results of rat studies wherein

hepatic ATP levels correlated with the extent of hepatic dysfunction.le6

As discussed in relation to animal models of chronic liver disease, further

alterations to hepatic bioenergetics would be predicted from capillarization of liver

sinusoids. 2la By limiting hepatocyte access to nutrients, high energy substrates and

oxygen, this process is likely to impair hepatic energy metabolism.214'216 The magnitude

of bioenergetic alterations would depend upon the degre,e of sinusoidal defenestration

and impairment of substrate and oxygen transport (i.e. the severity of the disease), thus

patients with decompensated cirrhosis would be more likely to be affected by these

processes than those with compensated cirrhosis.

Altered hepatic bioenergetics have long been implicated as contributing to the

disturbances associated with cirrhosis.22a-226 However, the present study is the first to

report in vivo that hepatic ATP levels are significantly lower in patients with

decompensated cirrhosis. Although previous quantitative 3tP MRS studies have

described decreased concentrations of hepatic ATP among alcoholic cirrhotics,los' 227

patients in these studies were not stratified according to disease severity. ln addition,

concems exist regarding the cause of ATP depletion in these individuals as diminished

levels were also detected in alcoholics with hepatitis who had not yet developed
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cirrhosis.lot To avoid

patients with cirrhosis

medications that might

function.

The ratio of PME to PDE resonance in the 3tP MR spectrum has traditionally

been viewed as an index of cell membrane turnover.l0l PME and PDE are both

multicomponent resonances, which contain contributions from metabolites involved in

membrane synthesis þhosphocholine [PC] ; phosphoethanolamine [PE]) and degradation

(glycerophosphocholine [GPC]; glycerophosphoethanolamine [GPE]) respectively.sT' 8e'

ts4 Rapidly proliferating cells are likely to have high levels of PME relative to PDE.

Indeed, high levels of PME/PDE have been reported in hepatic tumorsz28 and in

regenerating livers following hepatic resection.l32 Several studies have documented

elevations in hepatic PME/PDE with increasing severity of cirrhosis.e8-100 In these studies,

the increase has commonly been attributed to elevations in PME with concomittant

reductions in PDE levels. IVhile in vitro MRS has confirmed that the concentration of

phosphocholine and phosphoethanolamine increase in cirrhosis,lOO' 102 it is uncertain

whether these elevations are sufficient to cause an increase in the total concentration of

the PME resonance. In fact, increases in the absolute concentration of hepatic PME have

not been reported in the cirrhotic liver.los' 227 hthe present study, levels of hepatic PME

were similar in the two study populations and controls. However, consistent with other

reports, hepatic PME/PDE ratios were significantly elevated in those with decompensated

cirrhosis. Hence, the increase in the ratio likely stemmed from lower levels of PDE,

rather than increased PME. Although the drop in hepatic PDE only approached

such confounding variables, we selected a cohort of hepatitis C

and no alcohol intake for a minimum of one month and off all

adversely affect hepatocyte mitochondria and respiratory chain
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significance (P:0.05) in patients with decompensated cirrhosis, it was sufficient to cause

a significant shift in the PME/PDE ratio (p<0.003).

The mechanism(s) whereby hepatic PDE levels fall in patients with

decompensated cirrhosis is unclear. The two principle components of the PDE resonance

include the degradative metabolites of phospholipid metabolism (GPC and GPE) and

contributions from endoplasmic reticulum (ER).tt'8e High resolution in vitro analysis has

demonstrated that GPC and GPE concentrations are low in the cirrhotic liver,l0o' 102

however, these metabolites are only minor contributors to the PDE resonance at low

magnetic field strengths.ss Thus signal arising from the ER phospholipid membrane

would be the major contributor to the PDE resonance at clinical field strengths. As such,

changes detected in the PDE resonance are likely to reflect disturbances in the ER.

Indeed, electron microscopy studies have documented a striking decrease in the quantity

of ER in hepatocles from patients with decompensated cirrhosis compared to those with

compensated disease. 
loo

Given the above, caution must be exercised when interpreting changes in the

PME/PDE ratio. In settings where PME levels are increased, an elevation in the

PME/PDE ratio is likely to be indicative of enhanced cell proliferation. In the present

study, hepatic PMEÆDE levels were increased in patients with decompensated cirrhosis,

horvever, this increase may not have reflected enhanced cell proliferation (regeneration),

but rather disturbances in the hepatic ER pool. The latter explanation would be more in

keeping with the pathophysiology of decompensated cirrhosis, as smaller hepatic ER

pools may help explain the diminished drug clearing capacity seen in decompensated
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cirrhosis' That the increased PME/PDE reflects enhanced regenerative activity is arso
unlikely given the high death rate from liver failure in these patients.22e

It is important to note that the present study is not without caveats of its own.
Absolute quantitation of tissue metabolites by MRS is a challenging task as many
experimental variables must be conholled. The relaxation time of each metabolite, T¡, is
an important variable as it governs the metaborite peak area in the MR spectrum.
unforfunately' T1 values are difficult to determine in population studies, because 1) T¡
may change in disease states and Q) long scan times are required for definitive
measurements of T¡' In thepresent stud¡ T¡ values from normal individuars were used
for all subjects' This introduces a source of error to the calcurated values of some
metabolites' since certain metabolite T¡s change with cinhosis.es, ee Menon et ar.
documented that T1s of hepatic PME and Pi increase in cirrhosis while pDE Trs
decrease'e8 As a result, sah*ation effects would cause calculated concentrations of pME
and Pi to be underestimated and PDE to be overestimated. such errors may exprain the
discrepancy between the in vivo and in vitroreports discussed earlier. Interesting ly, þ-
ATP Tl values remain unchanged between normal individuals and cirrhosis patients,e8,ee
hence one can safely assert that the most striking change detected in the present study, the
reduction in hepatic ATP levels among patients with decompensated cirrhosis, is both rear
and accurate.

rn summary' the results of this study indic ate thathepatic ATp and pDE levels are
reduced in patients with decompensated but not compensated cirrhosis. The results also
indicate that 3lP MRS examination of the liver is a valuabre toor for documenting the
metabolic status of hepatocytes in patients with advanced liver disease.
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CHAPTER VIII

CONCLUSIONS
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8.1. CONCLUSIONS

8.1.1. Hepatic ATP Measurements

The premise of this thesis introduces hepatic energy levels as a new index with

which to evaluate the status of liver. In the liver resection study absolute levels of ATP

and the ratio of ATPIPi were used to reflect hepatic energy levels. Following liver

resection ATP levels dropped while Pi levels rose concomitantly. This inverse

relationship permitted ATP/Pi to be used as an addition index of hepatic bioenergetic

derangement brought about by increased functional demands and regenerative activity.

However, this relationship was not consistently observed in the settings of acute and

chronic liver disease. For this reason ATP levels were used as the sole index of hepatic

energy levels in the remaining studies.

Quantitative MRS showed that the concentration ATP within the iivers of

healthy rats and humans is approximately 3.2 mmoVlitre, ranging between 2.8 and 3.6

mmoVlitre. These findings are in keeping with previous published in vivo data.lls'230'23t

The results in this thesis also suggest that reductions in hepatic ATP are indicative of

damage and/or functional disturbances within the liver. If measurements of hepatic ATP

are to be recognized as new test of liver health and functional capacity, confounding

variables that may give a lower ATP reading in the absence of liver injury or disease must

be identified and appropriately controlled.
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8. 1.2. Additional Considerations

The fasted versus fed state of the subject is an obvious variable that should be

controlled. During the post-prandial state when the supply fuel substrates are readily

available to the liver, it is assumed that hepatic ATP production would be high. While in

the fasted state, resources to the liver would be at a minimum and consequently, rates of

hepatic ATP synthesis would be less. This issue is particularly important for patients

with liver disease as these individuals often have depressed appetites and in more severe

cases, may be malnourished. Initial MRS experiments performed on rats fasted for 48

hours reported that food restriction did indeed deplete hepatic ATP stores.232 However,

studies performed in humans indicated that fasting does not have as profound an affect on

hepatic ATP levels.233 At this point it is unclear what affect the fasted/fed state of the

subject has on hepatic ATP measurements, but this can be controlled by standardizinglhe

subject's nutritional intake or by having the subjects fast for 3-6 hours prior to his/her

MRS examination, as was outlined in both the animal and human studies.

From all accounts in the literature there do not appear to be any gender difference

in hepatic 3lP MR spectra, likewise differences in the quantitation of hepatic ATP by this

method would seem unlikely. More importantly, medications or drugs that are taken by

the subject that are known to uncouple or disrupt mitochondria function should be noted.

In this case the subject can be asked (if possible) to refrain from taking these medication

prior to the MRS exams. Alcohol consumption is another important factor that should be

carefully documented and restricted before spectroscopic evaluations of the liver.

Ethanol is known to have a direct effect on liver mitochondria and has been shown to

alter hepatic energy levels.23a
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'When taken in moderation many of these medications/drugs can potentially

reduce hepatic ATP levels towards the lower end of its normal range. However, if these

agents cause hepatic ATP levels to drop beyond this range it is likely that significant

hepatocyte damage or severe metabolic derangements have occurred and in this case

reductions in hepatic ATP would be reflecting true disturbances within the liver.

Finally, it should be noted that medications that artificially increase the hepatic

ATP reading are equally important and should be appropriately controlled. Drugs that are

similar in structure to ATP, such as nucleotide triphosphate analogues (a class of

antivirals and chemotherapeutic agents), may accumulate in the liver to levels detectable

by MRS. This is important to note as many patients with viral induced liver disease or

tumors of the liver are prescribed antiviral and chemotherapeutic medications. Indeed,

this was the case in the human study where patients with cirrhosis who were receiving

ribavirin therapy had markedly elevated P-NTP readings when compared to controls.

Once again, knowledge of and/or restricted intake of such medication should be

considered prior to MRS exams.

8.1.3. The Verdict

The studies in this thesis have demonstrated that disturbances in hepatic ATP

levels occur during liver injury and disease. Regardless of the nature (surgical or disease

induced), duration (acute or chronic) or etiology þarenchymal or cholestatic) of

hepatocellular damage the response of the liver is uniform, hepatic ATP is reduced.

Although ATP depletion is a general response, the interpretation of this finding can be

complex. Following hepatic resection ATP levels are lowered within the residual liver
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mass as a result of increased energy expenditure arising from increased functional

demands and enhanced regenerative activity. During acute liver failure severe hepatocyte

necrosis results in a reduced mass of viable hepatic parenchyma. V/ith less hepatocytes

there are fewer cells to generate the MRS detectable signal and those that do remain are

exposed to increased metabolic demand. Finally, in chronic liver disease the

interpretation is most complex as lower ATP levels can result from reduced cell numbers,

increased energy utilization or reduced ATP synthesis. Similar to the setting of acute

liver failure, reduced ATP signal may arise from hepatocyte necrosis, however, in chronic

liver disease, fibrosis which replaces viable hepatic parenchyma also seryes as a means

whereby less hepatocyte ATP signal may be detected. As described above, increased

energy expendih[e due to enhanced functional and regenerative demands on the residual

liver can also contribute to decreased hepatic ATP levels in chronic liver disease. Finally,

capillanzation of hepatic sinusoids has been shown to limit substrate and nutrient supply

to hepatocyles," and reduced access to these substances (particularly oxygen) can

undoubtly hinder hepatocyte ATP production and lower hepatic ATp levels .216,23s

Taken together, hepatic ATp, as measured by in vivo 3tp MRS, is a robust

measure of the functional hepatocyte mass. The index reflects both the quantity and

bioenergetic integrity of the hepatocyte population within the liver. A disturbance in

either of these components could thereby alter this measurement.

Theoretically, such an index should provide physicians with a valuable tool to

accurately assess the extent and progression of liver disease in their patients. However,

this test has one major limitation, it is insensitive. Levels of hepatic ATp, as detected by
3lP MRS, do not decrease until a large fraction of the hepatocyte mass is lost either
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through surgery or advanced disease. Following PHx, at least 70%o of the liver must be

removed before ATP levels drop. In disease states in rats, hepatic ATP levels do not

decline until in excess of 50o/o of the liver lobule is destroyed (acute liver failure) or until

extensive fibrosis or cirrhosis is established (chronic liver disease). Moreover, during

chronic liver disease in humans, signiflrcant reductions in hepatic ATP do not occur until

hepatic decompensation is evident.

Collectively these findings suggest that the liver retains healthy ATP levels until

advanced disease and functional deficits occur. In hindsight this makes teleological

sense. In the absence of disease or metabolic challenge, the healthy liver maintains

normal ATP levels due to a metabolic milieu that favours ATP production over ATP

consumption. During the initial stages of disease the magnitude of hepatic injury is not

great and both the number of viable hepatocytes and their energetic capacity are sufficient

to maintain hepatic ATP levels and thus the functional integrity of the organ. Even with

more advanced liver disease, when injury to the liver is more pronounced, the remaining

hepatocyte mass may still be able to compensate to maintain normal ATP levels and

preserve liver function. It is not until the liver has reached end-stage disease that residual

hepatocytes are either too few in number and/or metabolically overwhelmed that ATP

levels decline and consequently, liver insufficiency and decompensation ensue. A graphic

representation of the association between hepatic ATP levels and the course of liver

disease is presented in figure 17 . If the quantity and bioenergetic integrity of hepatocytes

continue to decline along this path a threshold of irreversible damage will be surpassed

and the organ will cease to function at a level compatible with life. Based on the findings

from the previous chapters this critical point occurs below hepatic ATP levels of 1.0 mM,
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where hepatocytes are too few in number to sustain minimal organ function and/or

intracellular ATP levels are severely depleted to the point where ion regulation and

membrane integrity can no longer be maintained. Studies performed on tissue slices and

cell cultures have reported that irreversible cell injury occur when ATP levels drop below

15-10% of norma1.236-23e The higher critical ATP levels identified in the present study are

likely related to the determinations being performed in vivo.

The utility of hepatic ATP measurements like many of the conventional liver

function tests is limited by the large functional reserve of the liver. Hepatocytes are

capable of functioning well above their healthy basal states, thus by simply increasing

metabolic, synthetic and./or excretory rates the liver is able to compensate and obscure

deficits which may occur. This explains why conventional indicators of liver function,

such as levels of albumin and bilirubin and prothrgmþln limqs, dg not become 4bno.¡q¡41

until a large percentage of the liver's functional capacity is lost. Adaptive strategies that

increase the hepatocyte's capacity to produce ATP, such as increasing mitochondrial

content through mitochondrial proliferation has been described in animal models and

humans with liver disease.2ao-2a3 Thus, as a result of the liver's large functional reserve,

hepatic ATP levels, as measured by 3lP MRS, afford the physician little additional

information until end-stage liver disease has developed.

8.1.4. Reflections: Hepatic Functional Reserve-Friend or FoeT

The task of accurately assessing liver function has frustrated many. The large

functional reserve of the liver continues to arise as an obstacle that obscures our capacity

to accurately measure liver function. Although this attribute has thwarted the efforts of
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many researchers/clinicians it remains an important feature in liver physiology.

Considering how important proper liver function is to the integrity of other organ systems

and the overall heath and well being of the individual it is crucial that the liver have a

large functional reserve. As discussed earlier, the same anatomical and structural

features that permit the liver to perform such a diverse array of functions also leaves it

vulnerable to injury from a number of toxic and noxious agents. The liver's large

functional reserve, like its regenerative capacity, is an ingenious strategy designed to

safeguard the functional viability of an organ that is both essential for life and prone to

injury.

8.2. Future Studtes

8.2.1. Diagnosis and Prognosis

The need to accurately evaluate liver function to determine the progression and

extent of liver disease still remains an unanswered clinical problem. The closest current

tests available that may address this issue are the quantitative liver function tests.

Although these tests may be diffrcult to perform and only provide data on selected

microsomal pathways, they remain the only class of tests that are sensitive enough to

distinguish different stages of disease comparable to the liver biopsy.t22,244,24s

Future efforts of developing an improved liver function test should first focus on

identifying a more global and robust indicator of liver function. This would circumvent

the inconsistent results various microsomal pathways (quantitative liver function tests)

provide during liver disease. Secondly, given the large hepatic reserve, the test should

attempt to measure the liver's compensatory efforts rather than end products of certain
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hepatic processes. By determining the degree of compensation one in fact obtains a

measure of the liver's functional reserve. This enables one to determine how much of the

liver's resources are exhausted and how much remains. Thus by determining the extent

the liver must work over basal rates to maintain homeostasis one can assess how

fi¡nctionally 'challenged' the liver is, which in turn provides a sensitive and accurate

measure of the extent of liver disease.

Future applications of quantitative 3lP MRS in liver disease should focus on its

potential role as a prognostic indicator of liver failure. Figure 17 illustrates that over the

course of liver disease hepatic ATP levels are maintained until the onset of hepatic

decompensation. Central to this paradigm is the assumption that hepatocyte ATP

depletion precedes hepatic dysfunction. If this is true then reductions in hepatic ATP

levels among patients with late stage compensated liver disease should predict the onset

of hepatic insufficiency. To address this hypothesis a longitudinal prospective study

should be performed in patients with compensated cirrhosis. Serial MRS exams would be

performed on this patient population at specific intervals from the time of enrolment until

the f,rrst signs of hepatic decompensation. If hepatic ATP levels begin to decline prior to

clinical evidence of decompensation, then 3lP MRS would represent a new and very

valuable prognostic tool. Such information would greatly improve the selection of

patients awaiting liver transplantion.

8.2.2. Therapeutícs

The results of this thesis highlight the importance of hepatic ATP levels in the

pathophysiology of liver failure. Specifically, when hepatic ATP levels become depleted
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as a result of disease or surgical resection, the functional capacify of the liver deteriorates

and liver insufficiency soon follows. Given this paradigm, several therapeutic strategies

can be introduced during the course of liver disease or preoperatively to prevent ATP

depletion and the downward spiral to liver failure. The various ATP preserving strategies

include i) increasing the content of hepatic ATP by direct infusion of ATP or nucleotide

mixtures; (iÐ enhancing the capacity of the liver to generate ATP via oxygen

supplementation; and (iii) buffering/reducing the loss of hepatic ATP by introducing the

creatine kinase gene to the liver.

Several studies have demonstrated that administration of exogenous ATP or ATP

precursors can correct intracellular disturbances of ATP within the liver.2a6'2a7 kr

addition to the increase in hepatic ATP levels, marked improvements in the subject's

health and liver condition was also observed following this therapy.z47'248 Patients with

advanced nonsmall-cell lung cancer are reported to have decreased levels of liver ATP

and experience significant weight loss.zae' 2s0 Recent studies have demonstrate that

intravenous infusion of ATP restores hepatic energy levels and prevents the deterioration

of body weight, muscle strength and serum albumin concentrations that occur in cancer

patients without ATP infusions.2a7' 2st' 2s2 Beneficial results may also be attained when

ATP precursors are administered in the setting of liver disease. Animal studies performed

by Torres et al. demonstrated that by supplementing the diet of TAA-cinhotic rats with a

mixture of nucleotides required for ATP synthesis, significant histological improvements

in cirrhosis (reduced fibrosis and steatosis and increased hepatic regeneration) could be

detected,.zs3'2sa
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Although several of these studies have documented that exogenous ATP and ATP

precursors increase intracellular levels of ATP,2a7'2aB the extracellular effects of these

molecules must not be overlooked. Indeed ectonucleotidases limit the availability of

these molecules within the extracellular environment, however, only submicromolar

levels are required for these nucleotides to exert their physiological effects.2ss As such

extracellular ATP can act on cell's purinergic (P2) receptors to enhance glycogenolysis,

blood flow and microcirculation within the liver, while systemically adverse effects

which include general discomfort, deep and frequent breathing, headaches, nausea, chest

pain, sinus bradycardia and atria fibrillation may be experienced.2ss

Oxygen supplementation is an alternative means whereby depleted hepatic ATP

levels may be restored. The oxygen limitation theory proposes that the sinusoidal

capillanzation associated within cirrhosis induces hepatocyte hypoxia, which elicits

metabolic disturbances.23s Studies performed by Harvey et al. demonstrated that by

providing oxygen supplementation to cirrhotic rats, reductions in hepatic ATP and energy

levels could be reversed.2l6 Oxygen supplementation has also been shown to temporarily

improve oxidative drug metabolism in patients and rats with cirrhosis.2s6' 257 Froomes et

a1., however, noted a limitation of this therapy, namely oxygen delivered to human

patients, via a face mask, did not produce the full therapeutic requirements for changes in

arterial and portal pO2 as was demonstrated in rats.2s6-2s8 To achieve this, studies are

examining the feasibility of selectively increasing hepatic artery perfusion through the

administration of oral vasodilator s.zse' 
260

The final and most complex therapeutic approach to preserving hepatic ATP

levels in liver disease and surgical resection would be to introduce the creatine kinase
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gene to the liver. While absent in the liver, creatine kinase functions in other tissues to

catalyze the formation of phosphocreatine. This high energy metabolite donates its

phosphate group to hydrolyzed ATP moieties to buffer reductions in ATP and preserve

energy levels during enhanced ATP utilization.rrr Studies performed in transgenic mice

expressing liver creatine kinase reported that following 70% PHx, liver phosphocreatine

both preserved hepatic ATP levels and enhanced regenerative activity.'ut Hepatic PCr

has also been shown to buffer ATP losses and help protect the liver during periods of

hypoxia and ischemia.262 Liver gene therapy using viral and non-viral delivery systems

would have to be used to introduce creatine kinase to human patients. To date such

technology has been applied to congenital deficiency of various enzymes, metabolic

diseases and liver malignancies, thus it should be technically feasible to perform in vìvo

gene transfer of creatine kinase to the 1iu"t.263-26s However, numerous problems

associated with gene therapy (low efficacy gene transfer, non-specific interactions, safety

issues and ethical concems), currently limit its use in clinical medicine

Each therapeutic strategy has its strengths and shortcoming, depending on the

clinical setting some strategies may be more practical and effective then others. The first

two strategies provide only temporary solutions and thus would be limited to the setting

of fulminant liver failure where the goal would be to preserve liver ATP, function and

integrity until a suitable donor liver would be available for transplantation. Alternatively

if difficulties surrounding gene therapy can be overcome, stable transfection of creatine

kinase may provide a more long term solution for patients with chronic liver disease.
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8.3. Closing Remarlçs

To date in vivo MRS has made few inroads into clinical medicine.r3' 131 The

author still believes that MRS is a valuable tool with immense clinical potential.

However, at this time, it remains a sophisticated technique in search of an appropriate

clinical application. It is my hope that the experiments and discussion outlined in this

thesis have not only provided further insights into the pathophysiology of liver disease

but on a much larger scale, have also advanced efforts to one day establish MRS as a

diagnostic tool in clinical medicine.
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