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Abstract
A spectrum of neuropsychiatric abnormalities caused by portosystemic venous shunting occurs in
hepatic encephalopathy (HE) patients with or without liver dysfunction. It is not completely clear
how the astrocyte swelling leads to glial-neuronal dysfunction, and how the symptoms are manifested
in HE. A major goal of this work is to review the current status of information available from the
existing magnetic resonance (MR) modalities including MR imaging (MRI) and MR Spectroscopy
(MRS) as well as other modalities in the understanding the pathogenesis of HE. First, we discuss
briefly neuron-histopathology, neurotoxins, neuropsychological and neurophysiological tests. A
short review on the progress with single-photon emission computed tomography (SPECT) and
positron emission tomography (PET) is then presented. In the remaining part of the manuscript, the
following topics pertinent to understanding the pathogenesis of HE are discussed: MRI, diffusion
tensor imaging (DTI), one-dimensional MRS based single- and multi-voxel based spectroscopic
imaging techniques and two-dimensional MRS.

Introduction
As the term implies, ‘Hepatic Encephalopathy’ is a neuropsychiatric complication primarily
due to liver dysfunction, which in turn, could be due to hepatocellular failure and/or
portosystemic shunting (Fraser and Arieff, 1985; Trzepacz et al. 1991). Like most organ
dysfunctions, liver failure presents itself as acute liver failure (ALF), chronic liver failure
(CLF), and acute-on-chronic liver failure (ACLF). ACLF is defined as an acute deterioration
of liver function in patients with previously well-compensated chronic liver disease following
acute hepatitis A or E superimposed on underlying liver cirrhosis (Nath et al. 2008). Because
of the large variation in progression and presentation of liver disease, its concomitant
neuropsychiatric manifestations in Hepatic Encephalopathy (HE) are also wide-ranging: from
mild cognitive impairment, altered sleep patterns, to ataxia and coma. The heterogeneity of
clinical presentation makes the diagnosis of ALF, CLF, and ACLF difficult. However, the time
frame of these overlapping clinical profiles is different in different forms of liver failure. In
the case of acute HE the range of manifestations could be in the course of hours or days.
However, for a majority of patients with compromised liver function, HE or ‘minimal
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HE’ (MHE) can exist either as a continuing remission or relapse while awaiting liver
transplantation. ‘Minimal HE’ is defined as the presence of cognitive impairment on
psychometric testing and/or slowing of electroencephalographic (EEG) mean cycle frequency
in the absence of any clinically overt signs (Ferenci et al. 2002). Thus, at its base, HE syndrome
remains a neuropsychiatric complication and hence, traditionally, diagnosed by
neuropsychological (NP) tests, which are not very specific and do not reveal the underlying
pathology. Recent studies have identified cerebral edema in all forms of liver disease, and
hence, HE developed as a result of ALF, CLF, or ACLF, is thought to be closely associated
with cerebral edema although the nature and type of cerebral edema is found to be different in
different forms of liver failure (Nath et al. 2008).

This article will first briefly explore the current information from non-MR modalities in the
understanding the pathogenesis of HE and then look into how MR is contributing to this
continually developing hypothesis of the pathogenesis of HE.

Neuro-histopathology and Neurotoxins
Nuclear enlargement and diffuse increase in the number of protoplasmic astrocytes (Alzheimer
type II astrocytes) were first reported by von Hosslin and Alzheimer in 1912 (von Hosslin and
Alzheimer, 1912). However, the biochemical mechanism leading to the histopathology and its
subsequent relationship in the sequelae of clinical manifestations, to this day, remain
incompletely understood. Ammonia has been the prime suspect in the list of various
neurotoxins associated with the histopathology of astrocyte swelling and the manifestation of
clinical symptoms. Over a century ago, Eck suggested ammonia as the causative factor in the
phenomenon of “meat intoxication” in dogs with portal vein ligations, exhibiting symptoms
of loss of coordination, stupor, and coma (Eck, 1877; Magnus-Alsleben, 1920; Mathews,
1922). However, in some studies, it has been shown that plasma ammonia levels do not
categorically correlate with the severity of HE (Ehrlich M, 1980). It has thus been suggested
that not hyperammonemia (owing to hepatic dysfunction and/or portosystemic shunting) but
ammonia metabolism may be responsible for the cerebral dysfunction seen in HE (Hawkins,
1993; Rose, 2005). Based on in vitro studies and animal models, several other hypotheses that
include or exclude the role of ammonia in trying to explain the cerebral dysfunction observed
in HE have also been proposed in the last few decades. These include the glutamatergic synaptic
regulation (Butterworth, 1994), effects of ammonia on inhibitory neurotransmission (Raabe,
1989), changes in neurotransmitter systems and receptors (Fischer and Baldessarini, 1971),
synaptic deficit of serotonin (Raghavendra, 1993), increased GABA-ergic tone (Baker, 1990;
Rossle, 1989; Basile AS, 1991; Jones EA, 1991), and the role of osmotic and oxidative stress
in HE (Schliess F, 2006).

Neuropsychological and Neurophysiological Tests
Since the hallmark of the syndrome is neuropsychiatric, several test batteries have been used
by many groups (Thomas, 1998; Weissenborn, 2001; Schomerus, 1981; Watanabe, 1995;
Zeneroli, 1992). These batteries includes tests like number connection tests (NCT), color trails
1 and 2, Rey Auditory Verbal Learning test, Rey-Osterrith Complex Figure test, Grooved-
Pegboard test, Symbol Digit Modalities test, Stroop (color, word, and interference) test, Control
Oral Word Association test (FAS), Wisconsin Card Sorting Test and others. The test scores
are often grouped to better elicit which domains are significantly affected. The most common
impairments reported are in the areas of attention, visuospatial functions, and psychomotor
speed and processing. While the correlation of the NP tests with the severity of HE has been
somewhat consistent in the literature, NP tests are non-specific to HE and in of itself do not
propose any mechanism linking the clinical symptoms to the liver dysfunction.
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Neurophysiological studies include the electroencephalograms (EEG), evoked potentials
(EPs), and critical flicker frequency (CFF). Of these, EEG has shown no clear correlation with
the severity of HE (Amodio, 1996; Hollerbach, 1997), EPs exhibit a lower sensitivity than NP
tests and require trained personnel (Davies, 1990), and CFFs are subject to influence of other
factors (Haussinger, 2006).

Single-Photon Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET) studies in HE

Since ammonia has been at the center of the neurotoxin hypothesis, it makes sense to measure
the cerebral metabolic rate (CMR) of ammonia via N-13 PET studies. Lockwood et al. have
reported both a rise in cerebral metabolic rate of ammonia for patients with minimal HE as
well as an increase in the permeability-surface area (PS) product for ammonia. The rise in PS
may offer an explanation of the permeability of the blood-brain-barrier (BBB) and sometimes
near-normal arterial ammonia concentration found in patients with HE (Lockwood, 1991a;
Lockwood, 1992).

The same group has also studied cerebral blood flow (CBF) via O-15 water PET and cerebral
metabolic rate of glucose utilization (CMRglc) via F-18 FDG PET (Lockwood, 1991b;
Lockwood, 1993). They found that for whole-slice CBF and CMRglc, the values were no
different in this group of patients versus healthy controls. However, for both CBF and
CMRglc, there was a highly significant difference in the pattern of flow and metabolism. Higher
values for both flow and metabolism were observed in the cerebellum, thalamus, and caudate
in patients and lower values in the cortex. The authors have suggested that HE may be the result
of a multifocal as opposed to global disorder of cortical function.

Recently, Weissenborn et al. have reported both F-18 FDG and CMRNH3 in patients with HE
(Weissenborn, 2007). They found similar alteration in cerebral glucose utilization as reported
by Lockwood et al. except for a decrease in glucose metabolism in the motor cortex and stable
or increased glucose utilization rate within the frontolateral cortex. Interestingly, they found
no correlation between the N-13 ammonia metabolic rate and the cerebral glucose utilization
rate.

There are not many studies reported on the use of SPECT and CBF. Of the few studies, that
are reported, the results are contradictory. These SPECT studies predominantly use Tc-99m-
hexamethyl propyleneamine oxime (HMPAO) or Tc-99m ethyl cysteinate dimmer (ECD). In
healthy controls, highest CBF is found to be in caudate and lenticular nucleus, the posterior
cingulated, and the cerebellum. There is an inverse correlation observed between age and CBF
in the frontal cortex until the age of 50 (Van Laere et al. 2001).

In cirrhotic patients, Catafau et al. have shown via Tc-99m-HMPAO-SPECT, hypoperfusion
in the left prefrontal cortex (including the anterior cingulate gyrus) when compared with
healthy controls. The same study also shows poor neuropsychologic performance correlated
with high perfusion in limbic and limbic-connected regions such as the striatum and mesial
temporal region (Catafau et al. 2000). Studies with Tc-99m-ECD-SPECT by Iwasa et al. also
show a significant decrease in blood flow in the anterior cingulate gyrus and in the frontal lobes
of cirrhotics compared to healthy controls (Iwasa et al. 2005). On the other hand, Yazgan et
al. report an increased cerebral blood flow in the frontal area in chronic hepatitis patients and
in cirrhotic patients when compared with controls (Yazgan et al. 2003).
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Magnetic Resonance Imaging (MRI) and HE
In 1991, Inoue et al. for the first time reported unusual lesions with high signal intensity in the
basal ganglia in T1-weighted MR images of patients with HE, which had a correlation with
the size of the porto-systemic collateral vessels (Inoue 1991). In the same year, Zeneroli et al.
also reported globus pallidus alterations and brain atrophy in liver cirrhosis patients with
encephalopathy (Zeneroli, 1991). Since then several reports have shown the presence of these
lesions on T1-weighted images that are not seen on T2-weighted images (Brunberg, 1991;
Kulisevsky, 1992; Pujol, 1993; Thuluvath, 1995). This is the only unusual finding seen on an
MRI besides the structural alterations expected in alcoholic patients as shown in Figure 1.
Cerebral edema is seen in patients with fulminant hepatic failure (Wijdicks EF, 1995) but
conventional MR imaging does not show any edema in patients with chronic HE (Crippin,
1992; Cordoba, 1996).

The hyperintensity in the globus pallidus regions suggests the accumulation of a paramagnetic
substance in these patients. Manganese (Mn) has been proposed as a leading candidate since
manganese accumulation in the globus pallidus has been found in patients receiving total
parenteral nutrition (Mirowitz, 1991; Mirowitz, 1992; Ejima, 1992). In addition, blood
manganese concentration has been measured and found to be elevated in patients with cirrhosis
(Hauser, 1996). These levels have also been correlated with the pallidal signal intensity
(Krieger, 1995) and substantiated further with autoptic brain tissues of patients who have shown
the MR alteration (Maeda, 1997).

However, pallidal hyperintensity has not been correlated with clinical encephalopathy in
several studies (Thuluvath, 1995; Geissler, 1997) perhaps, because manganese accumulation
is more of an indication of the extent of portal-systemic shunting and may explain some of the
extra-pyramidal motor abnormalities seen in chronic HE but not the psychiatric ones. In
addition, in a subset of patients with cirrhosis and moderate to severe chronic parkinsonism,
T1-weighted images show extensive hyperintensities involving both the globus pallidus and
substantia nigra with whole blood concentration of manganese, in the same range as those
reported in patients with symptomatic occupational Mn exposure (Burkhard, 2003). These lines
of evidence along with the fact that liver transplantation provides normalization of both the
MRI abnormalities and Mn levels seem to confirm the suspicion of manganese being the
responsible agent for the hyperintensity on the T1-weighted images (Pujol, 1993).

Signal alterations in T2-weighted MR images in chronic HE are less frequently reported.
However, there have been studies showing T2 hyperintensity along the cortico-spinal tract in
the brain of cirrhotic patients which were reversed after liver transplantation using the fast-
fluid attenuation inversion recovery (FLAIR) sequence (Cordoba, 2003; Rovira, 2002). The
authors also report a mild functional impairment of the cortico-spinal tract in these patients as
measured by trans-cranial magnetic stimulation (TMS) along with a decrease in magnetization
transfer ratios (MTR) on magnetization transfer imaging. Severe decrease in MTRs is usually
associated with myelin damage, cell destruction, etc. However, the decrease observed in these
cases is quite mild and reversible after liver transplantation in parallel with improvements in
neuropsychological function. All of this has linked chronic HE to the presence of mild cerebral
edema.

1D Single Voxel Magnetic Resonance Spectroscopy and HE
In 1990, Kreis et al. published a letter in the journal ‘The Lancet’, demonstrating that single-
voxel proton MR spectroscopy of the parietal cortex showed a remarkable triad of changes in
cerebral metabolites in patients with chronic HE when compared to healthy controls (Kreis,
1990). This signature was an increased glutamine/glutamate (Glx) to creatine (Cr) ratio,
significant reduction in myoinositol (mI) to Cr ratio, and a decline in choline (Cho) to Cr ratio.
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Since then many studies in the literature have appeared showing essentially the same signature
in patients with chronic HE (Kreis, 1991; Chamuleau, 1991; Chamuleau, 1994; Kreis, 1992;
Haussinger, 1994; Huda, 1998; Thomas, 1998) as shown in Figures 2a–c.

Besides proton MR spectroscopy, P-31 MR spectroscopy has also been implemented in patients
with chronic HE. The typical P-31 MR spectrum contains resonances assigned to
phosphomonoesters (PME), inorganic phosphate (Pi), phosphodiesters (PDE),
phosphocreatine, γATP, αATP, and βATP, all providing information on energy metabolism.
However, no single consensus has emerged from these studies although one group has
consistently demonstrated reduction in PME and PDE to βATP ratio (Taylor-Robinson,
1999; Patel, 2000; Taylor-Robinson, 1994).

What is the significance of the changes observed with MR spectroscopy in view of the findings
from other non-MR modalities? The significance of the cerebral metabolites observed with
MR spectroscopy was itself being debated at the time the signature reports were coming out.
In addition, since neuropsychological tests were the reigning gold standard for detection of
HE, many published reports have shown some correlation of the MR findings to either
individual NP tests or grouped NP tests reflecting a domain of function such as memory,
executive, etc. Reports have also been published on reversal of some of the signature changes
observed with MR spectroscopy post liver transplantation (Huda, 1999).

The same triad of changes has also been observed in other regions of the brain such as the
anterior cingulate gyrus, right basal ganglia, and the left occipital white matter although the
level of statistical significance is different (Binesh, 2006). Recently, our group has also done
chemical-shift imaging in patients with HE against healthy controls.

MR spectra can be recorded in multiple locations of a slice (2D) or a volume (3D) using a
technique called chemical shift imaging (CSI) or MR spectroscopic imaging (MRSI). The CSI
sequence uses STEAM or PRESS for choosing the volume of interest (VOI) and two or three
phase encoding gradients for the 2D or 3D spatial encoding. Shown in Figure 3 are the 2D CSI
spectra recorded in a healthy subject (b) and a minimal chronic HE patient (c) with an axial
MRI slice showing the MRS location (a). Using the spectrum extracted from each location of
the CSI data, metabolite ratios of Cho, mI, Glx and N-Acetyl aspartate (NAA) relative to Cr
can be measured. Significant reductions in the ratios of mI/Cr and Cho/Cr, and elevations in
the Glx/Cr ratio were observed in the patient population, which correlated with the severity of
chronic HE. There were significant regional variations in these metabolite ratios with the mean
Cho/Cr being the lowest in the occipital cortex and the mean Glx/Cr the highest in the basal
ganglia. NAA/Cr remained relatively constant in most of the brain areas. The observed regional
variations in the metabolite ratios suggest that spectral information from more than one voxel
may be useful in the assessment of patients with HE (Kreis et al. 1990;Chamuleau et al.
1991;Kreis et al. 1991).

How does one interpret these findings? As mentioned above, in vitro studies, animal models,
and in-vivo PET studies in humans have all confirmed increased cerebral ammonia and a higher
permeability of the BBB for ammonia. It has been long known that the only compartment in
the brain that can detoxify ammonia are the astrocytes (Martinez, 1977). Ammonia is
metabolized via glutamine synthetase (GS) mediated amidation of glutamate (Glu) into
glutamine (Gln) (Berl, 1962; Clarke, 1962). Gln is transferred back to the neuron to be
hydrolyzed by phosphate-activated glutaminase (PAG) to Glu. This Gln-Glu cycle is coupled
to brain energy metabolism and the oxidative glucose metabolism in the brain (Zwingmann,
2007). If we start from the observed clinical manifestations of HE and work backwards towards
a glial origin, the displayed symptoms must reflect a disturbed glial-neuronal complication,
which may be derived from a dysfunction in the astrocytes as other evidence mentioned above
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has pointed to. What exactly is the disturbed glial-neuronal complication has still to be
completely understood but the MRS data does point to perhaps, the mechanism of dysfunction
in the astrocytes. One suggestion put forth is that ammonia might exert a direct effect on
neuronal function and its detoxification in the astrocytes thereby producing Gln might be to
avoid the cerebral ammonia toxicity. Gln synthesis is tied to glia pyruvate carboxylation and
thus, the neuronal toxicity seen in HE may not be due to accumulation of Gln in the astrocytes
but a limited capacity of the astrocytes to increase pyruvate carboxylase flux (Zwingmann,
2007). However, the more published hypothesis is that in chronic HE, the accumulation of Gln
in the astrocytes due to detoxification of ammonia results in astrocyte swelling, which should
then lead to cerebral edema (Albrecht, 2001; Blei, 1994).

Whether there is not enough glutamine synthesis in astrocytes to detoxify ammonia or enough
accumulation in the astrocytes, the MRS peaks, which represent a mixture of Gln and Glu at
the magnetic field strengths used in the clinic, do show an increase in all forms of liver disease,
i.e. acute liver failure (ALF), chronic liver disease (CLD, and acute-on-chronic liver failure
(ACLF). In a recent article, Verma et al. have shown convincingly that the increase of Glx/Cr
in ALF patients was significantly higher compared with ACLF and CLD patients (see Fig. 4).
But the more interesting story is the ratio of mI/Cr.

mI is an organic osmolyte presumed to serve as a compensatory tool of astrocytes to buffer
ammonia-induced increase in glutamine within the astrocytes. However, effective
compensation shifts takes time for astrocyte volume homeostasis. As shown in Table 1, ALF
happens too rapidly to allow this compensatory shift and hence, mI/Cr ratio is not significantly
different in patients with ALF compared to the healthy controls even though Glx/Cr is
significantly higher.

The decrease in Cho/Cr and its role in the pathogenesis of HE remains somewhat murky.
Several articles have proposed metabolic changes, altered transport mechanisms, decreased
nutritional uptake, and liver dysfunction as possible causes (Galea, 1992; Klein, 1993; Rao,
1994; Chawla, 1989). It has been shown to significantly increase when compared to healthy
controls post liver transplant but its cause cannot be ascertained clearly due to the intake of
many pharmaceuticals post-liver transplantation (Huda, 1999).

The osmolar battle between ammonia, glutamine, and other osmolytes to maintain astrocytic
volume homeostasis in chronic HE may have other functional consequences such as oxidative
stress in addition to the possibility of other non-ammonia factors contributing synergistically
or independently to astrocyte swelling. This has prompted investigators to re-look at the
possibility of a low-grade cerebral edema in chronic HE via non-conventional MR imaging
methods. Diffusion Tensor MR Imaging is one such application.

Diffusion Tensor MR Imaging and HE
MTR and fast FLAIR sequences do point to mild brain edema in chronic HE but are unable to
distinguish whether this increase of water content is intracellular or extracellular. This is better
resolved with diffusion weighted or tensor imaging (DWI/DTI) (Rovira, 2008).

While the presence of cerebral edema has been demonstrated in all forms of liver diseases via
this method and is thought to be closely related to the development of hepatic encephalopathy,
the type of cerebral edema is different in different forms of liver failure. The nature of cerebral
edema in ALF is predominantly cytotoxic which is known to reverse on follow up as and when
the patient survives. It is shown as low mean diffusivity (MD) in various grey and white matter
regions matter regions using diffusion and diffusion tensor imaging (Ranjan, 2005). It is
interesting to note though the patients with ALF show clinical recovery on follow up at 6 weeks,
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the MD shows partial recovery suggesting that the biological changes reversibility lags behind
the clinical recovery (Saxena, 2007).

Cerebral edema secondary to chronic liver disease has been demonstrated using diffusion and
diffusion tensor imaging (Lodi, 2005; Kale, 2006; Miese, 2006; Kumar, 2008; Sugimoto,
2008). Kale et al. have shown increasing value of MD suggestive of interstitial edema in
different regions of the brain in HE of different grade and found correlation of MD values with
different NP tests. In addition, they also showed reversibility of cerebral edema along with
improvement of NP scores following lactulose therapy confirming the presence of cerebral
edema in MHE and its reversibility following therapy on DTI. Sugimoto et al. have suggested
that DWI may be used to follow up the changes from overt to minimal HE in patients on serial
studies and be of value in predicting the progression or regression of the disease process.

In a recent article Nath et al. (Nath, 2008) compared the type of cerebral edema in grade 3–4
ACLF with CLF and found interstitial edema reflected by the increase in spherical anisotropy
(CS) and MD in patients with CLF while cytotoxic and interstitial edema in ACLF reflected
by the no significant change in MD with increase in CS. They suggested that the development
of an acute insult on the pre-existing CLF resulted in superimposition of cytotoxic edema over
and above the preexisting interstitial edema.

Other MR Techniques and HE
There are other MR techniques that have been implemented in other applications and may have
a role in HE in substantiating the cerebral edema story as well as looking into alterations in the
BBB. These include magnetization transfer imaging (MTR), functional MRI (fMRI),
volumetric MRI, and quantitative T1 and water content mapping. Of these MTR has been used
to corroborate the manganese deposition effect mentioned above (Iwasa, 1999; Forton,
2004). fMRI has been used along with critical flicker frequency test to assess the ‘blood
oxygenation level dependent’ (BOLD) signal in HE and has been found to show a decrease in
activation in the right inferior parietal cortex compared to age-matched healthy controls
(Kircheis, 2002). Voxel based morphometric analysis of patients with cirrhosis has also
recently shown some atrophy in both grey and white matter structures, hence, supporting the
cerebral edema hypothesis (Testa, 2005).

2D Localized Single Voxel Proton Magnetic Resonance Spectroscopy and HE
The addition of another spectral dimension to observe the evolution of metabolites in time,
while quite common in biochemistry has had limited applications in medicine in vivo. In one
dimensional (1D) MRS, the signal is recorded as a function of a single time variable and Fourier
transformation of it provides a spectrum containing many chemical peaks or resonances at
different frequencies. A single peak in 1D MRS may also contain contributions from
resonances originating from several different compounds. Hence, quantitation of overlapping
metabolite resonances using 1D MRS is impossible. In two-dimensional (2D) MRS, the signals
after excitation by a 90° rf pulse evolve first during the evolution period (t1) necessary for
encoding the second spectral dimension. The evolution period contains a variable delay t1 that
is incremented N1 times from the initial to a final value with equal steps of Δt1. During t1, the
spin system evolves freely under the influence of various interactions such as chemical shift
and indirect spin-spin coupling. During the detection period (t2), all the detectable frequencies
are measured. Our group has implemented localized 2D correlated spectroscopic sequence (2D
L-COSY) in vivo both on 1.5 and 3T and also checked the reliability of this technique in healthy
controls (Thomas, 2001; Thomas, 2003; Binesh, 2002).

The inherent advantage of two-spectral-dimension techniques is that they express the time
evolution of coupled peaks within a molecule. As such, these techniques are better able to
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disperse severe overlap of metabolites that is observed in 1D. Another advantage is that because
of this dispersion, even low concentration metabolites can be resolved which are not resolvable
with one-dimensional techniques. Of course, since the peaks represent an evolution in time,
additional time is necessary for the implementation of this technique. However, there is current
research underway on ultrafast 2D techniques.

Application of 2D L-COSY technique in chronic HE in the prefrontal cortex using a 3-inch
diameter receive coil with a whole-body transmit MR coil at 1.5T, shows the same triad
signature as the 1D technique with a better spectral dispersion and quantitation as shown in
Figure 5 (Binesh, 2005). In addition, clear peaks of taurine (Tau), phospho-ethanolamine (PE),
and, in selected cases, phosphocholine (PCh) separated from choline (Cho) are seen. In the
case of HE no significant changes are observed in PCh/Cr and PE/Cr ratio when compared to
healthy controls. However, Tau/Cr is observed to be significantly elevated in chronic HE
patients compared to healthy controls. The biochemical significance of this is unclear. Taurine
is one of the most abundant free amino acids in the brain and is localized in both neuronal and
glial compartments. It can have multiple functions in the brain and like mI also serve as an
organic osmolyte. Autopsied brain tissue from patients who died of hepatic coma have shown
significantly decreased Tau in the prefrontal cortex (Butterworth, 1996).

Recent implementation of the 2D L-COSY technique on a 3T scanner has offered another
interesting prospect of measuring glutathione (GSH) as shown in Figure 6. GSH system is an
integral antioxidative defense mechanism in astrocytes. The ability to determine the
concentration of GSH would allow a measure of the integrity of the antioxidative function of
the astrocytes against oxidative stress and hence, tie the hypothesis of oxidative stress as one
of the possible mechanism postulated in the pathogenesis of HE (Haussinger, 2006).

Concluding Remarks
The emerging hypothesis is that cerebral edema whether cytotoxic or interstitial, is present in
varying grades in all forms of liver disease and failure. DTI and other MR modalities are crucial
in identifying and quantifying its presence. Cerebral edema itself is a consequence, and the
cause(s) can be astroglial swelling or morphologic changes in astrocytes, all of which, may be
due to multiple, synergistically related mechanisms. At least one of these seems to relate to
astrocytic volume homeostasis as evidenced by MRS parameters of Glx and mI in case of
chronic HE. The piece of the puzzle that would bridge the gap on how exactly does the astrocyte
changes lead to glial-neuronal dysfunction, and hence, the symptoms manifested in chronic
HE, has yet to be established firmly. However, the other part establishing the presence of
cerebral edema, predisposing the cirrhotic patient to volume compensation via the exchange
of osmolytes, and the possibility of observation of in vivo concentration of glutathione via 2D
MRS to get a measure of the efficiency of antioxidative defense mechanism, has placed MR
squarely as a definitive tool in understanding the pathogenesis of HE, and perhaps, also as a
potential routine diagnostic test for chronic HE.

Acknowledgments
This work was supported by an R01 grant from the National Institute of Mental Health (NIMH, 1R01MH065695A1).
Scientific support of Drs Steve Han, Nader Binesh, Aparna Singhal, Virginia Elderkin-Thompson and MR. Neil Wilson
is gratefully acknowledged.

References
Albrecht J, Dolinska M. Glutamine as a pathogenic factor in hepatic encephalopathy. J Neurosci Res

2001;65:1–5. [PubMed: 11433423]

Huda et al. Page 8

Magn Reson Insights. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Amodio P, Quero IQ, et al. Diagnostic tests for the detection of subclinical hepatic Encephalopathy:
comparison of standard and computerized psychometric tests with spectral EEG. Metab Brain Dis
1996;11:315–28. [PubMed: 8979251]

Baker BL, Morrow AL, Vergalla J, et al. Gamma-aminobutyric acid (GABAa) receptor-function in a rat
model of hepatic encephalopathy. Metabolic Brain Dis 1990;5:1285–93.

Basile AS. The contribution of endogenous benzodiazepine receptor ligands to the pathogenesis of hepatic
encephalopathy. Synapse 1991;7:141–50. [PubMed: 1849322]

Berl S, Tokagaki G, Clarke DD, et al. Metabolic compartments in vivo. Ammonia and glutamic acid
metabolism in brain and liver. J Biol Chem 237:2562–9. [PubMed: 13867916]

Binesh N, Yue K, Fairbank L, et al. Reproducibility of localized correlated 2D MR. spectroscopy. Magnet
Reson Med 2002;48:942–8.

Binesh N, Huda A, Bugbee M, et al. Adding another spectral dimension to 1H magnetic resonance
spectroscopy of hepatic encephalopathy. J Magn Resn Imaging 2005;21:398–405.

Binesh N, Huda A, Thomas MA, et al. Hepatic encephalopathy: A neurochemical, neuroanatomical, and
neuropsychological study. Journal of Applied Clinical Medical Physics 2006;7(1):86–96. [PubMed:
16518320]

Blei AT, Olaffson S, Therrien G, et al. Ammonia-induced brain edema and intracranial hypertension in
rats after portacaval anastomosis. Hepatology 1994;9:1437–44. [PubMed: 8188174]

Brunberg, JA.; Kanal, E.; Hirsch, W., et al. AJNR. Vol. 12. 1991. Chronic acquired hepatic failure: MR.
Imaging of the brain at 1.5T.

Burkhard PR, Delavelle J, Du Pasquier R. Chronic Parkinsonism Associated With Cirrhosis. Arch Neurol
2003;60:521–8. [PubMed: 12707065]

Butterworth, RF. Porta-systemic Encephalopathy: a disorder of multiple neurotransmitter systems. In:
Felipo, V.; Grisolia, S., editors. Hepatic Encephalopathy, Hyperammonemia, and Ammonia Toxicity.
New York: Plenum Press; 1994.

Butterworth RF. Taurine in hepatic encephalopathy. Adv Exp Med Biol 1996;403:601–6. [PubMed:
8915400]

Catafau AM, Kulisevsky J, Berna L, et al. Relationship Between Cerebral Perfusion in Frontal-Limbic-
Basal Ganglia Circuits and Neuropsychologic Impairment in Patients with Subclincal Hepatic
Encephalopathy. J Nucl Med 2000;41:405–10. [PubMed: 10716310]

Chamuleau RAFM, Bosman DK, Bovee WMMJ, et al. What the clinician can learn from MR. glutamine/
glutamate assays. NMR Biomed 1991;4:103–8. [PubMed: 1677585]

Chamuleau, RAFM.; Vogels, BAPM.; Bosman, DK., et al. Magnetic Resonance Imaging (MRI) and
Magnetic Resonance Spectroscopy MRS) in Hepatic Encephalopathy. In: Felipo, V.; Grisola, S.,
editors. Hepatic Encephalopathy, Hyperammonemia, and Ammonia Toxicity. New York: Plenum
Press; 1994.

Chawla RK, Wolf DC, Kutner MH. Choline may be essential nutrient in malnourished patients with
cirrhosis. Gastroenterology 1989;97:1514–20. [PubMed: 2511054]

Clarke DD, Waelsch H. Carbon dioxide fixation in the brain. J Biol Chem 1962;237:2570–3. [PubMed:
13867915]

Cordoba, J.; Blei, AT. Brain Edema and Hepatic Encephalopathy. In: Blei, AT.; Butterworth, RF., editors.
Seminars in Liver Disease. Vol. 16. New York: Thieme Medical Publishers; 1996.

Cordoba J, Raguer N, Flavia M, et al. T2 Hyperintensity Along the Cortico-Spinal Tract in Cirrhosis
Relates to Functional Abnormalities. Hepatology 2003;38:1026–33. [PubMed: 14512890]

Crippin JS, Gross JB, Lindor KD. Increase intracerebral pressure and hepatic encephalopthy in chronic
liver disease. Am J Gastroenterol 1992:879–82. [PubMed: 1615943]

Davies MG, Rowan MJ, et al. The auditory P300 event related potential: an objective marker of the
encephalopathy of chronic liver disease. Hepatology 1990;12:688–94. [PubMed: 2210671]

Eck NV. Ligature of the Portal Vein. Voen Med J (Russ) 1877;130:1–2.
Ehrlich M, Plum F, Duffy TE. Blood and brain ammonia concentration after portacaval anastomosis:

effects of acute ammonia loading. J Neurochem 1980;34:1538. [PubMed: 7381478]
Ejima A, Imamura T, Nakamura S, et al. Manganese intoxication during total parenteral nutrition. Lancet

1992:339–426.

Huda et al. Page 9

Magn Reson Insights. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ferenci P, Lockwood A, Mullen K, et al. Hepatic encephalopathy-definition, nomenclature, diagnosis,
and quantification: final report of the working party at the 11th World Congress of Gastroenterology,
Vienna, 1998. Hepatology 2002;35:716–21. [PubMed: 11870389]

Fischer JE, Baldessarini RJ. False neurotransmitters and hepatic failure. Lancet 1971;2:75–80. [PubMed:
4103986]

Forton DM, Patel N, Prince M, et al. Fatigue and primary biliary cirrhosis: association of globus pallidus
magnetization transfer ratio measurements with fatigue severity and blood manganese levels. Gut
2004;53:587–92. [PubMed: 15016756]

Fraser CL, Arieff AI. Hepatic Encephalopathy. N Engl J Med 1985;313:865–73. [PubMed: 2993889]
Galea E, Estrada C. Quabain-sensitive choline transport system in capillaries isolated from bovine brain.

J Neurochem 1992;59:936–41. [PubMed: 1494919]
Geissler A, Lock G, Frund R, et al. Cerebral Abnormalities in Patients with Cirrhosis Detected by Proton

Magnetic Resonance Spectroscopy and Magnetic Resonance Imaging. Hepatology 1997;25(1):48–
54. [PubMed: 8985263]

Hauser RA, Zesiewicz TA, Martinez C, et al. Blood manganese correlates with brain magnetic resonance
imaging changes in patients with liver disease. Can J Neurol Sci 1996;23:95–8. [PubMed: 8738919]

Haussinger D, Laubenberger J, vom Dahl S, et al. Proton magnetic resonance spectroscopy studies on
human brain myoinositol in hypo-osmolarity and hepatic encephalopathy. Gastroenterology
1994;107:1475–80. [PubMed: 7926510]

Haussinger, D.; Cordoba, J.; Kircheis, G., et al. Definition and assessment of low-grade hepatic
encephalopathy. In: Haussinger, D.; Kircheis, G.; Schliess, F., editors. Hepatic Encephalopathy and
Nitrogen Metabolism. The Netherlands: Springer; 2006. p. 423-32.

Hawkins RA, Jessy J, Mans AM, et al. Effect of reducing brain glutamine synthesis on metabolic
symptoms of hepatic encephalopathy. J Neurochem 1993;60:1000–6. [PubMed: 8436955]

Hollerbach, St; Kullmann, F.; Frund, R., et al. Auditory event-related cerebral potentials (P300) in hepatic
encephalopathy topographic distribution and correlation with clinical and psychometric assessment.
Hepatogastroenterology 1997;44:1002–12. [PubMed: 9261590]

Huda A, Guze B, Thomas MA, et al. Clinical correlations of neuropsychologic status with 1H MR.
spectroscopy in hepatic encephalopathy. Psychosomatic Medicine 1998;60:550–6. [PubMed:
9773757]

Huda, A.; Thomas, MA.; Guze, B., et al. Clinical Investigations in Hepatic Encephalopathy: Applications
of 1H Nuclear Magnetic Resonance Spectroscopy. In: Yurdaydin, C.; Bozkaya, H., editors. Advances
in Hepatic Encephalopathy and Metabolism in Liver Disease. Turkey: Ankara University Press; 1999.
p. 291-6.

Inoue E, Hori S, Narumi Y, et al. Portal-Systemic Encephalopathy: Presence of basal ganglia lesions with
high signal intensity on MR. images. Radiology 1991;179:551–5. [PubMed: 2014310]

Iwasa M, Kinosada Y, Nakatsuka A, et al. Magnetization transfer contrast of various regions of the brain
in liver cirrhosis. AJNR Am J Neuroradiol 1999;20:652–654. [PubMed: 10319977]

Iwasa M, Matusmura K, Nakagawa Y, et al. Evaluation of Cingulate Gyrus Blood Flow in Patients with
Liver Cirrhosis. Metabolic Brain Disease 2005;20:7–17. [PubMed: 15918546]

Jones EA. Benzodiazepine receptor ligands and hepatic encephalopathy. Further unfolding of the GABA
story. Hepatology 1991;14:1286–90. [PubMed: 1660022]

Kale RA, Gupta RK, Saraswat VA, et al. Demonstration of interstitial cerebral edema with diffusion
tensor MR. imaging in type C hepatic encephalopathy. Hepatology 2006;45(3):833–4.

Kircheis G, Wettstein M, Timmermann L, et al. Critical flicker frequency for quantification of low grade
hepatic encephalpathy. Hepatology 2002;35:357–66. [PubMed: 11826409]

Klein J, Gonzalez R, Koppen A, et al. Free choline and choline metabolites in rat brain and body fluids:
sensitive determination and implications for choline supply to the brain. Neurochem Int 1993;22:293–
300. [PubMed: 8443570]

Kreis R, Farrow N, Ross BD. Diagnosis of hepatic encephalopathy by proton magnetic resonance
spectroscopy. Lancet 1990;33:635–6. [PubMed: 1975411]

Kreis R, Farrow N, Ross BD. Localized 1H-NMR. spectroscopy in patients with chronic hepatic
encephalopathy Analysis of changes in cerebral glutamine, choline, and inositols. NMR Biomed
1991;4:109–16. [PubMed: 1650239]

Huda et al. Page 10

Magn Reson Insights. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kreis R, Ross BD, Farrow N, et al. Metabolic Disorders of the Brain in Chronic Hepatic Encephalopathy
Detected with 1H-NMR. Spectroscopy. Radiology 1992;182:19–27. [PubMed: 1345760]

Krieger D, Krieger S, Jansen O, et al. Manganese and chronic hepatic encephalopathy. Lancet
1995;346:270–3. [PubMed: 7630246]

Kulisevsky J, Pujol J, Balanzo J, et al. Pallidal Hyperintensity on Magnetic Resonance Imaging in
Cirrhotic Patients: Clinical Correlations. Hepatology 1992;16(6)

Kumar R, Gupta RK, Elderkin-Thompson V, et al. Voxel-Based Diffusion Tensor Magnetic Resonance
Imaging Evaluation of Low-Grade Hepatic Encephalopathy. J Magn Reson Imaging 2008;27:1061–
8. [PubMed: 18425846]

Lockwood AH, Yap EWH, Wong WH. Cerebral ammonia metabolism in patients with severe liver
disease and minimal hepatic encephalopathy. J Cerebral Blood Flow Metabol 1991a;11:337–41.

Lockwood AH, Yap EWH, Rhodes HM, et al. Altered cerebral blood flow and glucose metabolism in
patients with liver disease and minimal encephalopathy. J Cerebral Blood Flow Metabol 1991b;
11:331–6.

Lockwood, AH. Hepatic Encephalopathy. Massachusetts: Butterworth-Heinemann; 1992.
Lockwood AH, Murphy BW, Donnelly KZ, et al. Positron-emission tomographic localization of

abnormalities of brain metabolism in patients with minimal hepatic encephalopathy. Hepatology
1993;18(5)

Lodi R, Tonon C, Stracciari A, et al. Diffusion MRI shows increased water apparent diffusion coefficient
in the brains of cirrhotics. Neurology 2004;62(5):762–66. [PubMed: 15007127]

Maeda H, Sato M, Yoshikawa A, et al. Brain MR. imaging in patients with hepatic cirrhosis: relationship
between high intensity signal in basal ganglia on T1-weighted images and elemental concentrations
in brain. Neuroradiology 1997;39:546–50. [PubMed: 9272489]

Magnus-Alsleben E. Uberdie bedeutung der Eck’schen Fistel fur die normale und pathologishce
physiologie der leber. Ergebn Physiol 1920;18:52.

Martinez HA, Bell KP, Norenberg MD. Glutamine synthetase: glial localization in brain. Science
1977;195:1356–8. [PubMed: 14400]

Mathews SA. Ammonia, a causative factor in meat poisoning in Eck fistula dogs. Am J Physiol
1922;59:459.

Miese F, Kircheis G, Wittsack HJ, et al. 1H-MR. spectroscopy, magnetization transfer, and diffusion –
weighted imaging in alcoholic and nonalcoholic patients with cirrhosis with hepatic encephalopathy.
Am J Neuroradiol 2006;27:1019–26. [PubMed: 16687536]

Mirowitz SA, Westrich TJ, Hirsch JD. Hyperintense basal ganglia on T1-weighted MR. images in patients
receiving parenteral nutrition. Radiology 1991;181:117–20. [PubMed: 1909445]

Mirowitz SA, Westrich TJ. Basal ganglial signal intensity alteration: Reversal after discontinuation of
parenteral manganese administration. Radiology 1992;185:535–6. [PubMed: 1410368]

Nath K, Saraswat VA, Krishna YR, et al. Quantification of cerebral edema on diffusion tensor imaging
in acute-on-chronic liver failure. NMR in Biomedicine. 2008 10/1002/nbm.1249.

Patel N, Forton DM, Coutts GA, et al. Intracellular pH measurements of the whole head and the basal
ganglia in chronic liver disease: a phosphorus-31 MR. spectroscopy study. Metab Brain Dis
2000;15:223–40. [PubMed: 11206591]

Pujol A, Pujol J, Graus F, et al. Hyperintense globus pallidus on T1-weighted MRI in cirrhotic patients
is associated with severity of liver failure. Neurology 1993;43:65–9. [PubMed: 8423913]

Raabe, WA. Neurophysiology of ammonia intoxication. In: Butterworth, RF.; Pomeir-Layrargues,
editors. Hepatic Encephalopathy: Pathophysiology and Treatment. New Jersey: Humana Press; 1989.

Raghavendra Rao VL, et al. Increased activities of MAO-A and MAO-B. in autopsied brain tissue from
cirrhotic patients with hepatic encephalopathy. Brain Res 1993;621:349–52. [PubMed: 8242348]

Ranjan P, Mishra AM, Kale R, et al. Cytotoxic edema is responsible for raised intracranial pressure in
fuliminant hepatic failure in vivo demonstrating using diffusion-weighted MRI in human subjects.
Metab Brain Dis 2005;20(3):181–92. [PubMed: 16167196]

Rao VL, Therrien G, Butterworth RF. Choline acetyltransferase and acetylcholinesterase activites are
unchanged in brain in human and experimental portal-systemic encephalopathy. Metab Brain Dis
1994;9:401–7. [PubMed: 7898405]

Huda et al. Page 11

Magn Reson Insights. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Rovira A, Cordoba J, Raguer N, et al. Magnetic resonance imaging measurement of brain edema in
patients with liver disease: resolution after transplantation. Curr Opin Neurol 2002;15:731–7.
[PubMed: 12447113]

Rovira A, Alonso J, Cordoba J. MR. Imaging Findings in Hepatic Encephalopathy. AJNR. 2008 10.3174/
ajnr.A1139.

Rose C, Felipo V. Limited capacity for ammonia removal by brain in chronic liver failure: potential role
of nitric oxide. Met Brain Dis 2005;20:275–83.

Rossle M, Deckert J, Jones EA. Autoradiographic analyis of GABA-benzodiazepine receptors in an
animal model of acute hepatic encephalopathy. Hepatology 1989;10:143–7. [PubMed: 2545587]

Saxena S, Rai V, Saraswat VA, et al. Cerebral diffusion tensor imaging and in vivo proton magnetic
resonance spectroscopy in patients with fulminant hepatic failure. Journal of Gastroenterology and
Hepatology. 2007 10:1111/j.1440–1746.2007.05158.x.

Schleiss, F., et al. Osmotic and oxidative stress in hepatic encephalopathy. In: Haussinger, D.; Kircheis,
G.; Schleiss, F., editors. Hepatic Encephalopathy and Nitrogen Metabolism. The Netherlands:
Springer; 2006. p. 20-42.

Schomerus H, Hamster W, et al. Latent portosystemic Encephalopathy. Nature of cerebral function
deficits and their effect on fitness to drive. Dig Dis Sci 1981;16:321–8.

Sugimoto R, Iwasa M, Maeda M, et al. Value of Apparent Diffusion Coefficient for Quantification of
Low Grade Hepatic Encephalopathy. Am J Gastroenterology. 2008 May 28; Epub ahead of print.

Taylor-Robinson SD, Sargentoni J, Mallalieu RJ, et al. Cerebral phosphorus-31 magnetic resonance
spectroscopy in patients with chronic hepatic encephalopathy. Hepatology 1994;20:1173–8.
[PubMed: 7927249]

Taylor-Robinson SD, Buckley C, Changani KK, et al. Cerebral proton and phosphorus-31 magnetic
resonance spectroscopy in patients with subclinical hepatic encephalopathy. Liver 1999;19:389–98.
[PubMed: 10533796]

Testa, C.; Gomez-Anson, B.; Gines, P., et al. Brain changes in cirrhosis: A voxel based morphometry
study. Proceedings of the 11th Annual Meeting of the Organization for Human Brain Mapping; 2005.
Abstract No. 475

Thomas MA, Huda A, Guze B, et al. Cerebral 1H MR. Spectroscopy and Neuropsychologic Status of
Patients with Hepatic Encephalopathy. AJR 1998;171:1123–30. [PubMed: 9763008]

Thomas MA, Yue K, Binesh N, et al. Localized two-dimensional shift correlated MR. spectroscopy of
human brain. Magnet Reson Med 2001;46:58–67.

Thomas MA, Hattori N, Umeda M, et al. Evaluation of two-dimensional L-COSY. and JPRESS using a
3T MRI scanner from phantoms to human brain in vivo. NMR Biomed 2003;16:245–51. [PubMed:
14648883]

Thuluvath PJ, Edwin D, Yue NC, et al. Increased signals seen in globus pallidus in T1 weighted magnetic
resonance imaging in cirrhotics are not suggestive of chronic hepatic encephalopathy. Hepatology.
1995;(2)

Trzepacz PT, Levenson JL, Tringali RA. Psychopharmacology and neuropsychiatric syndromes in organ
transplantation. Gen Hosp Psychiatry 1991;13:233–45. [PubMed: 1874424]

Van Laere K, Versijpt J, Audenaert K, et al. 99mTc-ECD brain perfusion SPET: Variability, asymmetry
and effects of age and gender in healthy adults. Eur J Nucl Med 2001;28:873–87. [PubMed:
11504084]

Verma, A.; Saraswat, VA.; Krishna, YR., et al. Liver International. 2007 Feb 7. In vivo1H magnetic
resonance spectroscopy-derived metabolite variations between acute-on-chronic liver failure and
acute liver failure. Epub ahead of print

Von, Hosslin; Alzheimer, A. Ein Beitrag zur Klinik und pathologischen Anatomie der Westphal –
Strumpellschen Pseudosklerose. Z Neurol Psychiat 1912;8:183–209.

Watanabe A, Tuchida T, et al. Evaluation of neuropsychological function in patients with liver cirrhosis
with special reference to their driving ability. Metab Brain Dis 1995;10:239–48. [PubMed: 8830284]

Weissenborn K, Ennen JC, et al. Neuropsychological characterization of hepatic Encephalopathy. J
Hepatol 2001;34:768–73. [PubMed: 11434627]

Huda et al. Page 12

Magn Reson Insights. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Weissenborn K, Ahl B, Fischer-Wasels D, et al. Correlations between magnetic resonance spectroscopy
alterations and cerebral ammonia and glucose metabolism in cirrhotic patients with and without
hepatic encephalopathy. Gut 2007;56:1736–42. [PubMed: 17660226]

Wijdicks EF, Plevak DJ, Rakela J, et al. Clinical and radiologic features of cerebral edema in fulminant
hepatic failure. Mayo Clinic Proc 1995;70:119–24.

Yazgan Y, Narin Y, Demirturk L, et al. Value of regional cerebral blood flow in the evaluation of chronic
liver disease and subclinical hepatic encephalopathy. J Gastroent Hepatol 2003;18:1162–7.

Zeneroli ML, Cioni G, Crisi G, et al. Globus Pallidus Alterations and Brain Atrophy in Liver Cirrhosis
Patients with Encephalopathy: An MR. Imaging Study. Magn Reson Imaging 1991;9:295–302.
[PubMed: 1881246]

Zeneroli ML, Cioni G, Ventura P, et al. Interindividual variability of the number connection test. J Hepatol
1992;15:263–4. [PubMed: 1506647]

Zwingmann C. The anaplerotic flux and ammonia detoxification in hepatic encephalopathy. Metab Brain
Dis 2007;22:235–49. [PubMed: 17823857]

Huda et al. Page 13

Magn Reson Insights. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
T1-weighted axial MRI of a patient with HE showing the hyperintense lesions in the globus
pallidus.
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Figure 2.
Figure 2a. T1-weighted axial MRI of a patient with HE showing the MRS voxel localized in
the parietal region.
Figure 2b. A PRESS-localized 1D spectrum of healthy control and processed using LC-Model.
Figure 2c. A PRESS-localized 1D spectrum of a HE patient and processed using LC-Model.
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Figure 3.
CSI spectra recorded in a healthy control (b) and a HE patient (c) with a representative axial
MR image (a).
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Figure 4.
LC model processed 1D spectrum recorded in a patient with acute liver failure (ALF) (Verma
et al. 2007).
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Figure 5.
Figure 5a. A 2D L-COSY spectrum recorded in the anterior cingulate region of a HE patient
using a 1.5T MRI scanner.
Figure 5b. A 2D L-COSY spectrum recorded in the anterior cingulate region of a healthy
subject using a 1.5T MRI scanner.
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Figure 6.
A 2D L-COSY spectrum recorded in the anterior cingulate region of a healthy subject using a
3T MRI scanner. MM represents macromolecules.
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Table 1

Peak integrals relative to those of creatine (mean ± standard deviation) in the parietal white and grey matter of
patients with acute-on-chronic liver failure, acute liver failure, and chronic liver disease compared with healthy
controls. (Verma et al. 2007).

Metabolites

Study NAA/Cr Cho/Cr Glx/Cr mI/Cr

A. Controls (n = 10) 1.25 ± 0.20 0.25 ± 0.03 2.14 ± 0.42 0.58 ± 0.15

B. ACLF patients (n = 9) 0.84 ± 0.28 0.17 ± 0.04 3.07 ± 0.72 0.35 ± 0.16

C. ALF patients (n = 10) 1.14 ± 0.15 0.17 ± 0.08 4.39 ± 1.25 0.55 ± 0.11

D. CLD patients (n = 10) 0.97 ± 0.21 0.20 ± 0.06 3.15 ± 0.69 0.25 ± 0.17

Mann-Whitney test (P value)

 A vs. B <0.001 <0.001 0.029 0.009

 A vs. C 0.282 0.002 <0.001 0.314

 A vs. D 0.004 0.043 <0.001 0.002

 B vs. C <0.001 0.705 0.002 0.001

 B vs. D 0.035 0.105 0.436 0.105

 C vs. D 0.036 0.223 0.008 0.001

One-way ANOVA (P value) <0.001 0.004 <0.001 <0.001

ACLF, acute-on-chronic liver failure; ALF, acute liver failure; ANOVA, analysis of variance; Cho, choline; CLD, chronic liver disease; Cr, creatine;
Glx, glutamine/glutamate; mI, myoinositol; NAA, N-acetylaspartate.
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