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Abstract

This review provides an overview of the current state
of the art of magnetic resonance spectroscopy (MRS)
in /in vivo investigations of diffuse liver disease. So far,
MRS of the human liver /in vivo has mainly been used
as a research tool rather than a clinical tool. The liver
is particularly suitable for static and dynamic metabolic
studies due to its high metabolic activity. Furthermore,
its relatively superficial position allows excellent MRS
localization, while its large volume allows detection of
signals with relatively low intensity. This review de-
scribes the application of MRS to study the metabolic
consequences of different conditions including diffuse
and chronic liver diseases, congenital diseases, diabe-
tes, and the presence of a distant malignancy on he-
patic metabolism. In addition, future prospects of MRS
are discussed. It is anticipated that future technical de-
velopments such as clinical MRS magnets with higher
field strength (3 T) and improved delineation of multi-
component signals such as phosphomonoester and
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phosphodiester using proton decoupling, especially if
combined with price reductions for stable isotope trac-
ers, will lead to intensified research into metabolic syn-
drome, cardiovascular disease, hepato-biliary diseases,
as well as non-metastatic liver metabolism in patients
with a distant malignant tumor.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

The liver is a particularly suitable and interesting organ for
metabolic studies as it plays a central role in intermediary
metabolism, has a high metabolic activity with rapid
response to metabolic insults, and is profoundly altered
in acute and chronic diseases. Magnetic resonance spec-
troscopy (MRS) has been established as a non-invasive
technique to study cellular biochemistry and metabolism,
both at high magnetic strengths 7z vifro and in the whole
body i vive at field strengths of up to 3 T.

MRS has a number of important advantages over
conventional approaches when studying metabolism in
diffuse liver disease in humans. The non-invasive character
of the technique allows valid assessment of the metabolic
profile of many hepatic metabolites 7z vivo which cannot

April 7,2010 | Volume 16 | Issue 13 |



Dagnelie PC et a/. Application of MRS in diffuse liver diseases, diabetes and cancer

be accurately measured using invasive biopsy techniques,
due to the instability of these compounds and the inva-
siveness of biopsies. In addition, the non-destructive
character of MRS, combined with the large hepatic blood
flow, allows repeated measurements over time in the same
subject, facilitating long-term longitudinal (observational/
intervention) studies as well as short-term dynamic meta-
bolic intervention studies with real-time monitoring of
biochemical or metabolic alterations after a meal or an
oral or intravenous metabolic challenge by nutrients
(sugars, amino acids, lipids), hormones e7. Moreover,
the technique can be complemented by dynamic stable
isotope tracer studies, allowing the simultaneous asse-
ssment of hepatic metabolite concentrations by MRS
and turnover measurements in plasma. Of note, although
challenge techniques are also used in clinical practice for
diagnostic purposes, for instance, to diagnose inherited
metabolic errors of metabolism, MRS of the human liver
7n vivo has so far mainly been used as a reseatch tool rather
than a clinical tool.

However, one limitation of MRS studies is that only
compounds present at mmol/L concentrations can be
detected, due to the low inherent sensitivity of the MR
signal 7 vivo.

The liver is a particularly suitable and interesting organ
for metabolic studies for a number of reasons: first, it
plays a central role in intermediary metabolism, has a
high metabolic activity with a rapid response to metabolic
insults, and is profoundly altered in acute and chronic
diseases. Second, its superficial location in the right upper
abdomen, covered only by a thin layer of skin, adipose
tissue and muscle, allows excellent MRS localization using
a double-tuned surface coil, by different localization
techniques such as chemical shift imaging (spectroscopic
imaging, CSI/SI) " and image-selected 7 vivo spectroscopy
(ISIS)™. Third, the relatively large volume of the liver
allows the detection of signals with relatively low intensity
in volumes of up to 1 L; of note, for the study of diffuse
liver disease, the inherent low spatial resolution of MRS
does not play a restrictive role.

Different nuclei such as *'P, 'H, “C and “F have been
applied in studies of diffuse liver disease. So far, 'H MRS
has mainly been applied to detect hepatic lipid levels,
’'P MRS to investigate intracellular energy metabolism,
phospholipid metabolism and gluconeogenesis, and PC
MRS to study liver lipid and glycogen metabolism. 'H
and *'P are naturally abundant isotopes, whereas °C
represents only 1% of total carbon (the majority being
"C). Therefore, in many "C studies, investigators have
infused “C-labeled compounds to increase the MR signal
in dynamic metabolic studies.

The present review provides an overview of the
current state of the art of MRS in i vivo investigations
of diffuse liver disease. First, we discuss publications
regarding the application of MRS to study diffuse and
chronic liver diseases including cirrhosis, fibrosis and alco-
holic liver disease, followed by the application of MRS
in congenital diseases and pediatrics. We then discuss the
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application of MRS to study the metabolic involvement
of the liver in diseases, such as diabetes or the presence of
a malignant tumor elsewhere in the body. Finally, future
prospects including potential clinical applications of MRS
are discussed.

From the present review, we excluded T2 and MRS
studies on liver iron and fat content as well as iz vitro
applications of MRS in hepato-biliary disease'™”, as well as
MRS studies of focal liver diseases such as secondary liver
tumors, lymphomas and adenomas, and transplantation.
We also excluded "F MRS studies of metabolites of
fluorinated chemotherapeutic drugs such as 5-FU and

Capecitabine[sl.

MRS IN DIFFUSE AND CHRONIC LIVER

DISEASE

Over the last two decades, the usefulness of *'P MRS for
the diagnosis of liver disease has been investigated as a
non-invasive alternative to liver biopsy, which is still the
gold standard and carries significant morbiditym. The
in vivo spectra of the human liver reflect metabolic and
biochemical alterations in disease. Several publications on
liver functionality have addressed spectral changes related
to the underlying liver disease. However, in order to be
helpful as a diagnostic tool, MR spectra should provide
both sensitive and specific information for different types
of liver disease, such as hepatitis, steatosis, fibrosis or
cirrhosis.

The *'P MRS spectrum provides information on phos-
phorylated compounds of hepatic metabolism: alpha-,
beta- and gamma peaks of nucleotide triphosphates (NTP),
inorganic phosphate (Pi), phosphomonoesters (PME) and
phosphodiesters (PDE). The NTP, PME and PDE peaks
are multicomponent and individual resonances of their
components cannot be distinguished by the majority of
techniques currently used. PME reflects components from
glucose metabolism (gluconeogenesis and glycolysis) and
cell membrane precursors such as phosphoethanolamine
(PE) and phosphocholine (PC)". The majority of the
NTP resonance contains ATP components; below,
we will use ATP and NTP as synonyms, following the
nomenclature of the cited publications. The PDE peak
contains information on cell membrane breakdown prod-
ucts, such as glycerophosphorylethanolamine (GPE)
and glycerophosphorylcholine (GPC), and endoplasmic
reticulum!

The diagnostic value of *'P MRS for various types
of diffuse liver disease has been investigated in several
studies. Overall, diffuse liver disease was associated
with increasing levels of PME and decreasing levels of
PDE. These changes have been attributed to hepatocyte
damage, increased phospholipid turnover in hepatocyte
membranes, and/or altered glucose metabolism. In
general, the magnitude of MRS changes increased signifi-
cantly with increased disease severity and increased fun-
ctional impairment.
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In one of the earliest reportsm, liver metabolite conce-
ntrations were studied in 24 patients with various types
of diffuse liver disease as compared to healthy control
subjects. The authors reported high PME and low PDE
levels in patients with acute viral hepatitis, high PME
levels in patients with alcoholic hepatitis, and decreased Pi
and Pi/ATP ratos in ptimary biliary cirrhosis and in some
patients with hepatitism]. However, they noted that these
changes were not present in all patients.

Cox et al" studied 49 patients with liver disease of
varying etiology, including 25 patients with diffuse liver
disease such as cirrhosis and non-hepatic malignancies.
A non-specific elevation in PME/PDE was obsetved in
the P MR spectra of 10 (40%) out of these 25 patients
with mixed diffuse liver disease. Even though the spectral
pattern did not distinguish between diseases of varying
etiologies, there was a linear correlation between increa-
sing PME/PDE and a reduction in plasma albumin
concentrations (P = 0.03).

Subsequent MRS studies showed elevated PME/NTP
levels compared to healthy controls in patient populations
with primary biliary cirrhosis' and compensated/decom-
pensated cirrhosis of various etiologym. Jalan ez al™
studied 23 patients with primary biliary cirrhosis of var-
ying functional severity and healthy subjects using ’'p
MRS. PME/NTP, Pi/NTP, PME/PDE, and PME/Pi
ratios were higher and PDE/NTP ratios significantly
lower in patients compared with healthy volunteers. Signifi-
cant correlations were seen between PME/Pi ratios and
prognostic indicators such as the Christensen index, the
Mayo R value, and the Pugh score.

Taylor-Robinson ef al"! compared 14 patients with
compensated cirrhosis (Pugh’s score < 7) and 17 with
decompensated cirrhosis (Pugh’s score = 8) of various
etiology with healthy subjects. Worsening liver function
was associated with increased PME/NTP and decreased
PDE/NTP ratios. In freeze-clamped tissue, elevated PE
and PC, and reduced GPE and GPC mirrored these
in vivo changes, but no distinction was noted between
compensated and decompensated cirrhosis. In contrast,
electron microscopy showed that functional decompen-
sation was associated with reduced endoplasmic reticulum
(ER) in parenchymal liver disease, but elevated ER in
biliary cirrhosis. In a more recent study in only 14 cirrhotic
subjects“s], reduced ATP and elevated PME/PDE levels
were detected in patients with decompensated cirrhosis
only.

The capability of *'P MRS to detect pathological
processes was further investigated by comparing én vivo
MRS results with histological samples. In 38 patients with
various types of diffuse liver disease, van Wassenaer-
van Hall ¢ a/” showed that the degree of elevation of
PME/Ptotal in individual patients was significantly
correlated with necrosis, intralobular degeneration, and
portal inflaimmation scorings in liver biopsiesm, but not
with fibrosis. However, P MRS was not able to classify
patients into diagnostic categories, such as fibrosis »s
cirrhosis, and no diagnostic value of MRS was found with
respect to steatosis and cholangitis.
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Dezortova e al'” studied 80 patients with liver
cirrhosis of different etiology and functional status,
described by Child-Pugh score, and a control group of
healthy subjects. Patients with both alcoholic and viral
etiology had lower absolute PDE and ATP levels than
healthy subjects. Patients with alcoholic etiology, but
not viral etiology, also had lower Pi levels than controls.
Patients with cholestatic disease had elevated PDE levels.
Thus, these authors were able to distinguish alcoholic,
viral and cholestatic etiologies of liver cirrhosis based on
MR spectra.

Noren e al'” studied patients with non-alcoholic
fatty liver disease (NAFLD) and none to moderate
inflammation (# = 13), patients with severe fibrosis or
cirrhosis (# = 16), and healthy controls. All patients under-
went liver biopsy and extensive biochemical evaluation.
Absolute concentrations and the anabolic charge (AC),
defined as (PME)/[(PME)+(PDE)], were calculated.
AC was increased and PDE reduced in the cirrhotic
group relative to healthy subjects, whereas NAFLD
patients showed values similar to controls. Using a PDE
concentration of 10.5 mmol/L as a cut-off value to discri-
minate between mild, (FO-2) and advanced (F3-4) fibrosis,
the sensitivity and specificity of PDE were 81% and 69%,
respectively. AC, using a cut-off value of 0.27, showed a
sensitivity of 93% and a specificity of 54%. The authors
concluded that PDE is a potential marker of liver fibrosis,
whereas AC is a potentially clinically useful parameter
discriminating mild from advanced fibrosis.

Interestingly, few authors have performed dynamic
’'P MRS studies with a metabolic challenge, in contrast
with diabetes and cancer (see below). In healthy subjects,
it is well known that fructose infusion induces a rapid
tise in PME and marked reductions in ATP and Pi*'™",
An early Japanese studym} evaluated changes in the
metabolic state of the liver after an intravenous fructose
load (250 mg/kg) in six patients with liver cirrhosis and
eight healthy volunteers. The cirrhotic livers did not
show the usual increase in PME after the fructose load,
suggesting that fructose metabolism in the cirrhotic livers
had impediments before the fructose-1-phosphate stage.
Furthermore, the spectra of the cirrhotic livers showed
a significant drop in Pi, PDE and ATP peak after the
fructose challenge. Dufour and colleagues”™ studied nine
patients with nonalcoholic citrhosis. Fructose (250 mg/kg)
was injected intravenously, and further spectra were
collected sequentially every 6 min for 1 h. PME formation
and utilization of Piwere markedly attenuated in cirrhotic
patients; these measures correlated with the impairment
of liver function as measured by galactose-elimination
capaci 2

In summary, the general observation in cirrhosis and
fibrosis is an increase in PME, often combined with
reductions in PDE and ATP. Of note, the observed
changes were correlated with classical markers such as
Pugh score and plasma albumin. However, ’'P MRS was
not able to classify patients into diagnostic categories,
such as fibrosis #s cirrhosis, and no diagnostic value of
MRS was found with respect to steatosis and cholangitis.
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An intravenous fructose load induced a rapid rise in
PME and reductions in ATP and Pi.

VIRAL HEPATITIS AND HIV

A study of 26 patients with an acute viral hepatitis A
infection showed increased PME/PDE ratios™. After
6 wk of recovery, these abnormalities in liver metabolites
were restored to normal levels, as reflected by decreasing
PME and increasing PDE?,

Lim and colleagues” used *'P MRS to assess discase
severity in 48 patients with hepatitis C virus (HCV)-
related liver disease. Worse liver function was correlated
with an 7z vivo elevation in PME and decrease in PDE.
PME/PDE ratios showed an increase from control
(0.15), via mild disease (0.18) and moderate disease (0.25),
to the cirrhosis group (0.38). An 80% sensitivity and
specificity was achieved when using a PME/PDE ratio
less than or equal to 0.2 to denote mild hepatitis and a
corresponding ratio greater than or equal to 0.3 to denote
cirrhosis™. In a subsequent study™, the same authors
applied *'P MRS to prospectively study 47 patients with
biopsy-proven hepatitis C undergoing viral eradication
treatment with interferon and ribavitin at 6-mo intervals
over a total period of 6-18 mo. In 25 out of 32 patients
with virological response to HCV treatment, this was
accompanied by decreasing PME/PDE ratios over time,
whereas in 15 patients without virological response,
PME/PDE ratios increased”, suggesting that PME and
PDE can be used to monitor treatment response to HCV.

Elevated levels of PME were also observed in a study
of 75 chronic hepatitis B and C infected patients using
"H-MRS". In addition, compared to healthy control
subjects, glutamine/glutamate and glycogen/glucose
resonances were increased, whereas lipids were decreased™.
As in studies using *'P MRS, increases in metabolite levels
were correlated with disease severity™. In a study in
patients with hepatitis C virus infection (HCV, » = 14)
and 20 HIV/HCV co-infected individuals™, a significant
increase in glutamine/glutamate and PME, both measured
relative to hepatic lipid levels, was obsetved in both groups
when compared with healthy individuals. These changes
in metabolite ratios were attributed to an increase in the
particular metabolite contents and a decrease in lipid levels.
HIV/HCV-infected patients treated with anti-retroviral
therapy showed elevated PME and glutamine/glutamate
levels and decreased total lipid levels compared to patients
not undergoing anti-retroviral treatment”. The authors
concluded that 'H-MRS could be used to detect even
slight alterations in hepatic metabolite ratios in this type of
patient.

Orlacchio e a/*” also applied 'H-MRS but used the
water signal as a reference instead of the lipid signal.
These authors studied 23 patients with biopsy-proven
precirrhotic HCV-related liver disease, graded by the Ishak
fibrosis (F) scoring system. Similar to the previous studies,
increasing disease severity correlated with a significant
increase in choline-containing compounds and glutamine/
glutamate. In contrast, lipid levels in this study were found
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to be increased in patients relative to healthy subjectsm].

In summary, > P MRS studies have demonstrated that
PME/PDE ratios in viral hepatitis are increased, and
normalization of PME/PDE over time correlates with
treatment effectiveness. 'H MRS studies showed increased
glutamine/glutamate and glycogen/glucose resonances.
The observation of either increased or decreased lipid reso-
nances in different studies requires further investigation.

ALCOHOL ABUSE

Although the above data show that different ’'P MRS
studies have demonstrated elevated PME/NTP levels in
patient populations with alcoholic liver disease compared
to healthy subjects, there are few reports on the effects of
alcohol abuse and alcohol abstinence per se. Menon ez al”
studied 26 chronic alcohol abusers by °'P MRS 6-12 h after
their last alcoholic drink and following abstinence from
alcohol. Results showed that in patients with minimal liver
injury, recent drinking was associated with a significant
elevation in PDE/ATP and a non-significant rise in
PME/ATP, and abstinence with normalization of both
metabolite ratios. In contrast, in patients with alcoholic
cirrhosis, recent drinking was associated with a significant
elevation in mean PME/ATP and a non-significant
increase in PDE/ATP, whereas abstinence was associated
with no significant change in PME/ATP but with a
teduction in PDE/ATP. The authors suggested that the
changes in PDE/ATP most likely reflected the induction
of hepatocyte ER.

In summary, recent alcohol consumption is associated
with elevated PME and PDE. In patients with minimal
liver injury, both metabolites are normalized during abstin-
ence; in contrast, in patients with cirrhosis, only PDE is
normalized during alcohol abstinence.

OTHER LIVER DISEASES

Several studies have been performed on acute poisoning,
inherited diseases and pediatrics using *'P MRS. A study
in 18 patients after acetaminophen overdose showed
that liver metabolites including PME, PDE and ATP,
were all dramatically decreased with increasing liver
damage expressed as the international normalized ratio
(INR) of prothrombin[zgl. Repeated MRS measurements
in the same patients would be particularly valuable to
see whether improvement in liver damage could also be
confirmed by *'P MRS.

The presence of hemolysis, elevated liver enzymes
and low platelets in pregnant women (HELLP syndrome)
can be associated with disturbed hepatic metabolism. To
investigate whether or not women with HELLP syndrome
have detectable abnormalities of hepatic energetics, Magee
et al” studied seven patients with HELLP syndrome.
One pregnancy was later terminated but the other women
gave birth to healthy infants. One patient with the most
clinically severe HELLP syndrome by laboratory ctiteria
exhibited MR spectra which showed a relative increase in
phosphomonoester and an absolute decrease in hepatic
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ATP (to 62% of control)®. Most patients with HELLP
syndrome had normal liver metabolism as assessed by
MRS, although these results show that clinically severe
HELLP syndrome can be associated with disturbed
hepatic metabolism consistent with that seen in hepatic
ischemia and/or granulocytic infiltration of the liver.

In ten patients with severe hypothyroidism, prospective
’'P MRS measurements before and after thyroid hormone
treatment were performed. In contrast with striated
muscle, which showed a marked normalization of phospho-
creatine/Pi ratios within several weeks of thyroid treatment,
no changes in hepatic metabolism during treatment were
detected by 'P MRS

In a single patient with amyloid light chain (AL) amy-
loidosis, hepatic 'H MR spectra were characterized by
small line widths, a striking increase in trimethylammo-
nium compounds, and the presence of a further reso-
nance at 3.8 ppmm. None of the healthy control subjects
showed trimethylammonium levels of comparable
intensitym.

Changes in liver metabolites in inherited liver diseases
have been reported using *'P MRS. In a report by Dixon
et al’” on an infant with galactosemia, these authors
showed increased levels of galactose-1-phosphate in the
liver which decreased during diet therapy, paralleling the
falling level of galactose-1-phosphate in red blood cells.

Elevated plasma uric acid concentrations (hyperu-
ricemia), which are a characteristic feature in gout patients,
may be caused by altered liver fructose metabolism. As
hereditary fructose intolerance is known to be associated
with hyperuricemia, this concept has been used in 'p
MRS studies™ ™. The effect of a fructose challenge on
liver metabolism was studied by *'P MRS in five patients
with hereditary fructose intolerance (HFI) and eight
heterozygotes for HFI™. In patients with HFI, ingestion
of small amounts of fructose was followed by an increase
in sugar phosphates (PME) and a decrease in Pi in hepatic
’'P MR spectra, combined with a rise in plasma uric acid.
*'P MRS could be used to diagnose fructose intolerance
in heterozygotes. Oral fructose (50 g) also led to sugar
phosphate accumulation and Pi depletion in the liver,
which was associated with a larger increase in plasma uric
acid than in control subjects. The effect of fructose on
liver Pi and plasma uric acid was most pronounced in
heterozygotes with gout (# = 3). In a subsequent study in
18 additional subjects from different families with familial
goutm, the authors demonstrated a positive association
between response in *'P MR spectra (i.e. increase in PME,
decrease in Pi) and response in serum uric acid after
oral glucose, suggesting ’'P MRS as a method for initial
screening of this defect.

Limited MRS data are available in the pediatric popu-
lation. Nevertheless, 'P MR spectra of infants have been
compared with adult spectra in an attempt to investigate
changes in hepatic metabolism with age[%]. Spectra
from three infants showed that PME/ATP levels were
markedly higher than in adults, whereas PDE/ATP levels
were decreased when compared with adults. Spectral
hepatic concentrations of a single adolescent studied were
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intermediary between the neonates and the adults. The
authors hypothesized that this indicated an increased rate
of membrane synthesis in the infant livers, and concluded
that these differences should be taken into account when
comparing studies using varying ages[%].

In summary, a considerable amount of data on
the use of MRS for the study of liver metabolism in
disease is currently available, although most studies were
performed in relatively small groups. Static measurements
mainly reveal alterations in relative PME and/or PDE
concentrations as compared to healthy controls. In con-
trast, dynamic applications of the MRS technique to
obtain information during a challenge have remained
limited to date. Challenge tests will be discussed in more
detail in the following sections.

LIVER METABOLISM IN PATIENTS WITH
DIABETES

Impairment of hypoglycemic counterregulation, which
occurs even in intensively treated type diabetes, has
traditionally been attributed to deficits in counterregulatory
hormone secretion in type I diabetes, and to impaired
hormone sensitivity of target organs in type Il diabetes. In
the normal fed state, the liver takes up glucose for energy
production (via glycolysis and TCA cycle) and stores
excess energy as glycogen, whereas in the fasted state,
the liver releases glucose produced from glycogen and
via gluconeogenesis; in fact, the liver is almost exclusively
responsible for endogenous glucose production (EGP).
After a glucose load, liver glycogen can be synthesized
both directly from glucose (via glucose-6P, glucose-1P
and UDP-glucose) and indirectly from 3 carbon units (via
phosphoenolpyruvate-glucose-GP ez.). °C MRS, ecither at
natural abundance or combined with °C tracer infusion,
provides a tool to study glycogen content in the liver
and thus, in dynamic studies, net glycogen synthesis and
breakdown over time. Moreover, combined with turnover
measurements using deuterated glucose tracer infusions
and measurement of isotopic enrichment of UDP-
glucose using acetaminophen (measured as acetaminophen
glucuronide in plasma/urine) allows an estimation of
relative contributions of the direct and indirect pathways
of glycogen synthesis. Noninvasive sampling of hepatic
glutamine pools by oral administration of phenylacetate
allows simultaneous estimation of the contribution of
pytruvate oxidation to the TCA cycle flux"",

Over the past decades, "C MRS studies have signi-
ficantly contributed to the notion that the liver plays
a critical role in the derangements of plasma glucose
regulation in both type [ and type II diabetes. Most MRS
studies to date have been performed in diabetes type 1. To
determine alterations in the direct and indirect pathways
of glycogen synthesis in diabetes, Cline and coworkers™”
studied subjects with poorly controlled diabetes type 1
using a 5 h hyperglycemic-hyperinsulinemic clamp (plasma
glucose: 9 mmol/L, insulin: 400 pmol/L) and [1-13C]-
glucose. Hepatic pools of UDP-glucose and glutamine
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were noninvasively sampled by oral administration of
acetaminophen and phenylacetate, respectively. Although
total hepatic glycogen synthesis was similar in both groups,
the flux through the indirect (gluconeogenic) pathway
was found to be proportionately about twice as active in
the diabetic subjects compared to the control subjects.
Moreover, the relative contribution of pyruvate oxidation
to the TCA cycle flux in diabetic subjects was decreased by
circa 30%, indicating reduced glycolysis. The abnormalities
were not immediately reversed by normalizing intraportal
concentrations of glucose, insulin and glucagon, and might
contribute to postprandial hyperglycemia.

Hwang et al™ studied poortly controlled diabetes
type [ patients and weight-matched control subjects during
a day in which three isocaloric mixed meals were ingested.
Although fasting hepatic glycogen levels were identical
in the two groups, the diabetic subjects synthesized less
glycogen over the day than healthy subjects. Again, the flux
through the gluconeogenic pathway relative to the direct
pathway of glycogen synthesis was markedly reduced in
diabetic subjects.

Bischof ef al™ studied poorly controlled diabetes
type [ patients (HbA1C: 8.8% and matched non-diabetic
subjects (HbA1C: 5.5%) in an experiment over 24 h with 3
isocaloric mixed meals. Over 24 h, the mean plasma glucose
concentration was 2.4-fold higher in diabetic subjects. Net
liver glycogen synthesis and breakdown were calculated
from linear regression of the glycogen concentration time
curves from 19:30-22:30, and 22:30-8:00, respectively.
Glycogen synthesis was reduced by 74% and glycogen
breakdown by 47%, and both were partly but not com-
pletely normalized by intensified insulin treatment.

In a subsequent study in long-term well-controlled
diabetes type [ patients, Bischof ez al*” showed that tight
glycemic control in diabetes type I patients normalized
overall glycogen synthesis and breakdown as well as
glucose production. However, the relative contribution
of the indirect pathway of glycogen synthesis remained
clevated in diabetic subjects, a finding which indicated
augmented gluconeogenesis in type I diabetic patients,
which would be consistent with experimental models
showing increased PEP-carboxykinase and/or reduced
glucokinase activity in the liver of diabetic animals.

Also, in 6 to 12-year-old children with diabetes type I A
the capacity to replenish hepatic glycogen after an over-
night fast was at least as good as in age-matched healthy
children.

Kishore e7 a/*” compared the hepatic response to hypo-
glycemia in well-controlled type I diabetes patients and
healthy subjects. In the overnight fasted state, diabetes
type | patients had decreased hepatic glycogen levels com-
pared to controls. In insulin-induced hypoglycemia, the
normal response of glycogenolysis observed in healthy
subjects was virtually absent in diabetic subjects.

Type 1 diabetes patients were studied by Magnusson
et al™, who compared seven diabetic (mean duration 13
years) and five healthy subjects matched for age and body
mass index (BMI) during 23 h of fasting after an initial
liquid meal. Oral medication with sulfonylurea agents (z
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= 5) was discontinued 3 d before the study and insulin
treatment (# = 2) was discontinued the evening before
the study. Blood glucose levels in the diabetic subjects
were consistently higher throughout the experiment. Four
hours after the meal, hepatic glycogen levels in diabetic
subjects were < 50% of those in control subjects. During
the subsequent fasting period, glycogen breakdown
was reduced in diabetic subjects; instead, their rate of
gluconeogenesis was markedly increased, resulting in a
circa 20% overall increase in glucose output compared to
healthy subjects.

Krssak and colleaguesw studied hepatic glycogen
synthesis, glycogen breakdown and gluconeogenesis in
patients with type II diabetes (mean duration 6 years) and
age- and weight-matched healthy subjects before and after
a mixed meal. Hepatic glycogen concentrations were lower
in diabetic patients before and after dinner, and post-meal
glycogen synthesis was reduced by circa 44%. Overnight,
rates of glycogenolysis were also circa 50% lower in
diabetic patients than controls. Endogenous glucose
production was elevated in diabetic patients before dinner
and remained so for 3 h after dinner; also, the nadir
of glucose production was delayed in diabetic patients
(240 min »s 60-90 min); thereafter, glucose production in
patients and controls was similar. At 6-9 h after dinner,
gluconeogenesis amounted to 67% of EGP in diabetic
patients zs 43% in controls.

During a subsequent hyperglycemic-hyperinsulinemic
clamp, glycogen synthesis was circa 46% lower in diabetic
patients, with a similar contribution from the direct and
indirect pathways. Glycogen breakdown was similar,
resulting in circa 54% lower net glycogen synthesis. EGP
was circa 30% elevated in diabetic patients both before and
during the clamp. Hepatocellular lipid content was three
times higher in type I diabetic patients and negatively
correlated with rates of net glycogen synthesis and whole-
body glucose uptake during the clamp test (which was
circa 37% reduced in diabetic patients)w. Petersen ef
al* demonstrated that an average weight loss of 8 kg
in type 1I diabetic patients over a period of 7 wk led to
normalization of plasma glucose concentrations as well
as hepatic glycogenolysis, glucose production and gluco-
neogenesis, indicating marked restoration of hepatic
insulin sensitivity. These changes were associated with
a reduction in hepatic lipid content from 12% to 3%,
whereas muscle lipid content and muscle insulin resistance
remained unchangedm].

In summary, the presence of marked alterations in
hepatic glucose and glycogen metabolism in type I and
type I diabetes has been substantiated by “C MRS in
combination with isotope tracer studies. When compared
with non-diabetic humans, both patients with type I
and type Il diabetes exhibit elevated endogenous glu-
cose production by increased gluconeogenesis, combin-
ed with reduced glycogen synthesis and breakdown. In
type I diabetes, this defect can be partly restored by
combined long- and short-term optimized treatment with
insulin. In contrast, in type I diabetes, increased gluconeo-
genesis appears to be the main cause of elevated glucose
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production and fasting hyperglycemia, and it is normalized
by weight reduction.

LIVER METABOLISM IN PATIENTS WITH
A DISTANT MALIGNANT TUMOUR

The cancer-bearing state is generally associated with
profound alterations in host metabolism. Many patients
lose weight due to decreasing fat and muscle mass, a
condition known as cancer cachexia, which not only leads
to functional decline but is also an important predictor
of poor prognosis. Although cancer cachexia is partly
caused by decreased appetite, altered metabolism in host
organs such as liver and muscle are now thought to play
a major role in the pathogenesis of the condition. So far,
most studies have concentrated on experimental animal
models of cancer cachexia. To further explore the role of
altered liver metabolism in the etiology of cancer cachexia
in humans, Dagnelie e# al* and Leij-Halfwerk ez al*™"
performed a series of studies in patients with advanced
lung and breast cancer. Importantly, patients were only
included if they were free of liver metastases, as confirmed
by CT and/or ultrasound. In all studies, weight-stable and
weight-losing cancer patients were compared with healthy
subjects. Dietary energy intake was similar in all subjects,
and all spectra were acquired in the overnight-fasted
state. Since ATP peak areas differed between patients and
controls, total phosphorous content of the liver (which
was demonstrated to be stable) was used as a reference.

In one study, ATP peak areas were significantly
reduced in both weight-stable (WS) and weight-losing
(WL) cancer patientsl%]; in the second study, the reduction
was only statistically significant in WL but not WS cancer
patients'”, During a 90-min infusion of 2.8 mmol/kg
per minute of the gluconeogenic amino acid alanine, liver
ATP levels decteased in healthy subjects and patients to a
similar extent for 60 min; however, from 60-90 min, ATP
levels in WS cancer patients and healthy subjects recovered
to baseline values despite continued infusion, but further
decreased in WL patients, indicating impaired ATP
recovery'". Intravenous infusion of ATP at 75 ug/kg
per minute over 24 h induced complete normalization
of liver ATP levels both in WL and WS patients to levels
similar to healthy subjects”".

As shown in Figure 1, baseline PME values in the liver
were matkedly increased in WL cancer patients relative to
WS patients and healthy controls, due to increased glucose
cycling and gluconeogenesis as indicated by both the
observed downfield alteration of the PME chemical shift*”
and the significant correlation of PME levels with glucose
turnover and gluconeogenesis from alanine™’. Baseline
alanine turnover as measured by tracer techniques was
elevated in WL cancer patients, but not in WS patientsHS]
L-alanine infusion induced a steady 33% rise in PME
in healthy subjects (Figure 1). In WS cancer patients, a
markedly faster and higher (i.e. 69%) response of PME
to alanine infusion was observed, whereas WL patients
showed virtually no further rise in PME (7%) relative to
their already clevated baseline PME levels (Figure 1),
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Figure 1 PME (A) and PDE (B) concentrations in the liver of healthy control
subjects (n = 9) as well as weight-stable (n = 10) and weight-losing (n = 7)
lung cancer patients during a primed-constant infusion of L-alanine (initial
priming, 1.4-2.8 mmol/kg; infusion, 2.8 mmoll/kg per hour). Curves represent
means; bars, SE. Values are expressed as percentage of mean baseline value
of healthy subjects (100%). Times during L-alanine infusion are mid-time points
of 31P MRS data collection referenced to the start of the L-alanine infusion (0 =
baseline). From™”, with permission.

In cancer patients, but not in healthy subjects, the rise in
PME levels during alanine infusion was strongly inversely
correlated with baseline PME (= -0.82). Liver intracellular
pH increased in the order: healthy < cancer-WS < cancer-
W™ suggesting that the host liver may have a similar
intra-extracellular pH gradient as reported for cancerous
tissue™ 7,

In summary, using ’'P MRS, marked alterations in
hepatic glucose metabolism were demonstrated in the non-
metastatic liver of cancer patients, as shown by elevated
hepatic concentrations of gluconeogenic intermediates
in the overnight-fasted state, as well as during infusion of
a gluconeogenic challenge. Of note, the rapid response
of the PME peak to alanine infusion demonstrated rapid
induction of the gluconeogenic pathway in WS cancer
patients, corroborating the power of MRS as a tool to
detect enzymatic alterations within the liver.

DISCUSSION

So far, MRS has primarily been used as a research tool.
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MRS in vivo allows rapid assessment of the metabolic
profile and function, including alterations in liver
metabolism and physiology under different conditions.
Dynamic studies have so far mainly been performed in
diabetes and cancer. The limitation of these studies is
the relatively high cost of the equipment and, even more,
the cost of "C enriched compounds which are infused
to increase hepatic PC content and to directly monitor
the signal increase of "C in different metabolites above
the 1% natural abundance of "C. As high-field machines
become more available in the next decades, it is expected
that the application of PC MRS studies in the liver may
continue. However, the possibilities of *'P MRS have by
no means been exhausted, as is shown by the dynamic
studies demonstrating altered host liver metabolism in
patients with a malignant tumor elsewhere in the body. As
the studies in cancer and diabetes demonstrate, metabolic
challenges such as carbohydrates (like as glucose and
fructose), amino acids (such as alanine) and lipids are likely
to yield substantial new knowledge in the near future.
Comparing individual papers investigating disease
states is difficult as there is no overall standard for repre-
sentation of data or methods. Interpretation of part of
the studies in diffuse liver disease is hampered by the
notion that healthy controls were not always matched for
age, weight/body mass index (BMI), gender, ez.; often,
healthy subjects were younger than patients. As it has been
shown that these factors may impact the quality of the
spectra”™ and concentrations of metabolites™, attempts
should be made to minimize their bias. Many studies
showed substantial between-subject variability within
patient and control groups, e.g. with regard to PME.
Another important issue is the difference in magnetic
field strengths and techniques used in different studies with
regard to spatial resolution and differences in repetition
times (TR), which lead to T1 weighting. T1 weighting in
quantification of metabolites in liver MRS studies has so
far been relatively neglected[z]. Each data acquisition step in
MRS comprises a brief excitation of nuclei of interest
by irradiation with non-ionizing radiofrequency energy,
followed by measurement of the signal derived from
relaxing nuclei in the tissue of interest. TR is defined
as the time between two subsequent radiofrequency
pulses. The full information is only derived when the
nuclei of interest are allowed sufficient time to fully relax.
T1 weighting occurs when a new radiofrequency pulse
is administered before full relaxation of the nuclei of
interest. Although depending on the pulse angle, a rule of
thumb is that the applied TR must be circa 5 times T1 or
longer in order to obtain fully relaxed spectra. Sijens ¢ al?,
using chemical shift imaging with 1 D phase encoding
for localized measurement of *'P metabolites to measure
a large liver voxel, showed that, with a pulse angle of 70°
at TR 1 s, concentrations of liver metabolites are only
54%-84% of those at full relaxation (TR 50 s). Importantly,
T1 relaxation times may change in disease: Dagnelie ez al™
showed ATP concentrations in WIL-cancer patients to be
reduced relative to healthy subjects at TR 5 s and TR 20 s,
but not at TR 1 s. In a later study, Leij-Halfwerk ez al™
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showed that ATP infusion induced an increase in hepatic
ATP levels at TR 15 s; however, this was not observed at
TR 1 s (Leij-Halfwerk ez a/, 2002, unpublished data). Thus,
accurate assessment of changes in metabolite concen-
trations in different conditions is only possible if TR is
chosen to be sufficiently long to allow a large degree of
relaxation. As the measured MR signal becomes larger as
TR increases, signal to noise ratios will improve, allowing
a smaller number of acquisitions per phase encoding step,
thereby relatively reducing measurement time. Thus, using
4 phase encoding steps, Sijens e al” showed the following
number of acquisitions and measurement time at TR 1, 5
and 20 s, respectively: 60 (4:08 min), 20 (7:20 min), and 8
acquisitions (13:20 min).

What are the prospects for the clinical application
of MRS in diffuse liver disease? For use as a diagnostic
tool, not only high sensitivity and specificity at an indi-
vidual patient levels are essential, but also practicality
of application including patient burden and costing,
These requests are most likely to be fulfilled in inherited
diseases, where marked metabolic alterations are typical,
however, for the majority of diseases, other, less invasive
tools will remain methods of first choice. However, MRS
may be an excellent tool for assessing disease severity
and for monitoring disease progress or recuperation, as

shown e.g, in diabetes™ and patients with primary biliary

cirrhosis"”.

Finally, altered findings in MRS may predict disease
progression, weight loss or survival, and thus assist in the
estimation of patients’ prognosis. For instance, preliminary
analyses (Leij-Halfwerk & Dagnelie, unpublished obser-
vations) demonstrated that elevated baseline PME levels in
WS cancer patients predicted subsequent weight loss and
shorter survival.

CONCLUSION

MRS of diffuse liver disease has given important new
insight in a number of diseases, including inherited
diseases, hepatitis, steatosis and cirrhosis. Importantly,
MRS has also allowed new insights in metabolic deran-
gements in non-liver diseases such as diabetes and non-
liver cancer. Based on the progress achieved so far by MRS
studies in diabetes, it is anticipated that future technical
developments such as clinical MRS magnets with higher
field strength (3 T) and improved delineation of multi-
component signals such as PME and PDE using proton
decoupling, especially if combined with price reductions
for stable isotope tracers, will lead to intensified research
into metabolic syndrome, cardiovascular disease, hepato-
biliary diseases, as well as non-metastatic liver metabolism
in patients with a distant malignant tumor.

Of note, there are also potential drawbacks: thus,
tightening regulations related to preparing and adminis-
tering compounds by intravenous infusion or orally
threaten to make metabolic research extremely costly
(or perhaps even impossible) in the near future: a develo-
pment which could have dramatic negative consequences
for scientific and clinical progress in the field.

April 7,2010 | Volume 16 | Issue 13 |



Dagnelie PC et a/. Application of MRS in diffuse liver diseases, diabetes and cancer

Emphasis should be placed on the development of
standards of the techniques used in order to be able to
compare data and to obtain valid estimates of absolute
metabolite concentrations. In order to allow MRS to
compete with standards of care, efforts should be made to
validate results in larger patient cohorts and to minimize
bias in distinguishing diseased states from healthy states.
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