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a b s t r a c t

In vivo Magnetic Resonance Spectroscopy is a useful tool to characterize brain biochemistry as well as its
alteration in a large number of major central nervous system diseases. The present review will focus on
the study of the glutamate-glutamine cycle, an important biochemical pathway in excitatory neuro-
transmission, analyzed using in vivo MRS of different accessible nuclei: 1H, 13C, 15N and 31P. The different
methodological aspects of data acquisition, processing and absolute quantification of the MRS data for
each nucleus will be presented, as well as the description of the mathematical modeling approach to
interpret the MRS measurements in terms of biochemical kinetics. The unique advantages of MRS,
especially its non-invasive nature enabling longitudinal monitoring of brain disease progression and/or
effect of treatment is illustrated in the particular context of hyperammonemic disorders with a specific
focus on animal models. We review the current possibilities given by in vivo MRS to investigate some of
the molecular mechanisms involved in hyperammonemic disorders and to give a better understanding of
the process of development of hepatic encephalopathy, a severe neuropsychiatric disorder that
frequently accompanies liver disease.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Compared to magnetic resonance imaging (MRI), where the
output consists of an image in a grey scale, MR spectroscopy (MRS)
provides a spectrum as readout. This spectrum consists of peaks at
different resonant frequencies (or resonances) representing signal
intensities. Resonant frequency is often expressed in parts per
million (ppm), which is the magnetic field independent frequency
scale. When performing single voxel MRS, spectra are acquired
from a well-defined single volume, usually positioned in a specific
brain region. In spectroscopic imaging (MRSI), also called chemical
shift imaging (CSI), spectra are simultaneously acquired from
different brain regions and thus the spatial distribution of metab-
olites in various regions of the brain can be efficiently studied. After
quantification of the entire set of acquired spectra, each acquired
from different spatial positions (volumes), the result is usually
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displayed as a metabolic map (images of individual metabolite
concentrations using a grey or colored scale from the lowest to the
highest concentration). Spectroscopic imaging can be performed in
rodents with mL spatial resolution, which is comparable in resolu-
tion to animal positron emission tomography (PET) [1], or even
better.

In vivo MRS is a powerful and reliable diagnostic tool with
unique advantages due to its non-invasiveness and consequently its
possibility to be used in a longitudinal manner. It thus enables the
monitoring of disease progression and/or effect of treatment, and
makes a bridge between the clinical diagnostics and basic research.
In vivo studies of energy metabolism and/or glutamate-glutamine
cycle can be performed using different nuclei (1H, 31P, 13C, 15N,
17O). These studies can be more or less complex depending on the
nuclei under investigation. Fig. 1 shows an example of represen-
tative 1H, 31P, 13C and 15N spectra acquired in vivo in the rat brain. As
can be seen, all these spectra look quite different. However, since
the majority of organic compounds contain hydrogen, carbon and
also nitrogen or phosphorus, these spectra often offer comple-
mentary information on the same metabolites by detecting
different atoms in the molecule (e.g. phosphocreatine in 1H and 31P
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Abbreviations

ADP adenosine diphosphate
AHP adiabatic half passage
Ala alanine
ALF acute liver failure
AMARES Advanced Method for Accurate, Robust, and Efficient

Spectral fitting
Asc ascorbate
Asp aspartate
ATP adenosine triphosphate
BBB blood-brain-barrier
BDL bile duct ligation
CK creatine kinase
CLD chronic liver disease
Cr creatine
CRLB Cram�er-Rao lower bounds
CSI chemical shift imaging
GABA g-aminobutyrate
Glc glucose
Gln glutamine
Glu glutamate
GLUTs glucose transporters
Gly glycine
GPC glycerophosphocholine
GS glutamine synthetase
GSH glutathione
HA hyperammonemia
HE hepatic encephalopathy
Ins myo-inositol

Lac lactate
MCTs monocarboxylate transporters
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
MRSI magnetic resonance spectroscopic imaging
NAA N-acetylaspartate
NAAG N-acetylaspartylglutamate
NAD nicotinamide adenine dinucleotide
NADP nicotinamide adenine dinucleotide phosphate
NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
OVS outer volume suppression
PAG phosphate activated glutaminase
PC Pyruvate carboxylase reaction
PCA portocaval anastomosis
PCho phosphocholine
PCr phosphocreatine
PE phosphoethanolamine
PET positron emission tomography
PDH pyruvate dehydrogenase complex reaction
Pi inorganic phosphate
RF radio-frequency
SNR signal-to-noise ratio
Tau taurine
TCA tricarboxylic acid cycle
TE echo time
TR repetition time
VOI volume of interest
WS water suppression
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spectra; glutamate and glutamine in 1H and 13C spectra). Moreover,
all these spectra were acquired using different acquisition param-
eters and setups, and consequently their processing/quantification
will be different as will be described below. 1H MRS enables the
direct detection of an important number of markers of energy
metabolism (lactate, glucose, alanine, phosphocreatine, creatine)
and neurotransmitters (glutamate, aspartate, glycine, g-amino-
butyrate, N-acetylaspartylglutamic acid). 31P MRS provides infor-
mation about energetically important metabolites as the three
phosphates of adenosine triphosphate (ATP), phosphocreatine
(PCr), inorganic phosphate (Pi) and some chemical reaction rates
between them. 13C and 15N MRS together with infusions of isoto-
pically labeled substrates can be used to monitor the flow of the
isotope of interest into different metabolic intermediates that will
appear in the spectrum. 13C MRS offers the possibility to study non-
invasively the fluxes through the tricarboxylic acid cycle and
glutamine-glutamate cycle in vivo. 15N MRS is an alternative
approach to 13C MRS to study glutamate-glutamine metabolism.
Finally, 17O MRS is also used to measure energy metabolism and is
presented in a separate review within this special issue.

A large number of central nervous system pathological states
can be characterized using MRS, e.g. brain tumors, demyelinating
and neurodegenerative diseases, epilepsy, acute stroke, brain
ischemia, infectious brain lesions as well as neonatal and pediatric
disorders (hypoxia-ischemia, inherited metabolic diseases, and
traumatic brain injury) [2]. The focus of the present review will be
on some acquired hyperammonemic disorders [3,4] and on the
usefulness of MRS (1H, 13C, 15N and 31P) to investigate in vivo some
of the molecular mechanisms involved in this type of disease in
animal models.
Hyperammonemia (HA) can lead to hepatic encephalopathy
(HE), a neuropsychiatric disorder that frequently accompanies se-
vere liver disease (acute or chronic). Increasing evidence points to
high blood and brain ammonia concentrations together with its
metabolic product, glutamine, as key factors involved in the path-
ogenesis of HE [3,5e19]. Normally, ammonia is maintained at low
levels by the liver (kidney and muscles can also contribute [20]), as
excess ammonia is toxic to central nervous system [11,16]. Cerebral
ammonia removal relies on formation of glutamine by glutamine
synthetase (GS) in astrocytes [14] (unique astrocytic expression of
GS [6,21]), leading to astrocytes swelling and brain edema in
hyperammonemic cases. Despite important amount of research in
the field, the precisemechanisms and their relative contributions to
the chronological events leading to astrocytes swelling, brain
edema and neurological alterations are very complex and not yet
fully elucidated. These mechanisms are only beginning nowadays
to be understood. Studies, performed mainly on animal models
(in vivo or ex vivo) or in cell cultures, showed that the main path-
ogenic mechanisms involved in HE are: amino acids disturbances
(i.e. glutamine increase); alterations in neurotransmission/neuro-
transmitters (i.e. glutamate, g-aminobutyrate changes); cerebral
energy disturbance (i.e. ATP, creatine, phosphocreatine, lactate
modifications); alteration of nitric oxide synthesis and oxidative
stress which leads to induction of the mitochondrial permeability
transition; impairment of axonal and dendritic growth during brain
development; signaling transduction pathways; alterations in
channels and transporters activity [8,11,14,20,22e25].

To date, MRS (mainly 1H MRS) was successfully used in vivo to
investigate and monitor acquired hyperammonemic disorders in
humans and animal models [3,7,22,26e39]. The main finding of



Fig. 1. Setup of an in vivo experiment under anesthesia: 9.4T horizontal magnet, animal stereotaxically fixed in a home built holder and monitoring of animal physiology
(respiration and temperature using a small animal monitor system, SA Instruments, NY, USA). The placement of the RF coil (i.e. 1He13C coil) and VOI on the rat brain is shown on the
drawing in the center of the image. Representative in vivo 1H, 13C, 15N and 31P spectra acquired in rat brain at 9.4T under anesthesia.
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these studies was the increase in brain glutamine concentration.
Glutamine increase can be easily monitored using 1H MRS while
changes in energy metabolism and glutamate-glutamine cycle can
be investigated using 13C, 31P and 15N MRS.

2. In vivo proton Magnetic Resonance Spectroscopy

In vivo Proton Magnetic Resonance Spectroscopy (1H MRS) is
one of the most used techniques and a powerful tool to non-
invasively investigate in vivo brain metabolism of animals and
humans in different neurological disorders [2,34]. The hydrogen
nucleus (a proton) is the most sensitive nucleus in terms of intrinsic
sensitivity (high gyromagnetic ratio (g)) and high natural abun-
dance (>99.9%) leading to unrivalled signal-to-noise ratio (SNR). As
a consequence, compared with other MRS nuclei (13C, 15N, 17O), 1H
detection is easy to achieve (within minutes) with no need of
infusing labeled substrates to increase SNR.

In vivo 1H MR spectroscopy mainly focuses on carbon-bound
protons in the 1e5 ppm range of the chemical shift scale. It can
detect low molecular weight metabolites that are present at high
enough concentrations (effective proton concentrations of
~0.5 mmol/kg of wet weight (kgww) or greater, in normal brain or
following increases with disease) and mobile on the MR spectro-
scopic time scale. Since nearly all metabolites contain hydrogens, a
large number of biological relevant metabolites can be identified
and quantified (with a typical precision of ~10%) in vivo.

Nowadays, about 19 brain metabolites can be quantified in vivo
from a selected volume of interest (VOI) located in the animal or
human brain when using high magnetic fields (B0 � 7 T) and short
echo times (TE < 10e20 ms). These brain metabolites form the so-
called neurochemical profile, and are the following: glutamate
(Glu), glutamine (Gln), aspartate (Asp), g-aminobutyrate (GABA),
glycine (Gly) (neurotransmitters and associated metabolites);
glucose (Glc), lactate (Lac), creatine (Cr), phosphocreatine (PCr),
alanine (Ala) (markers of energy metabolism); taurine (Tau), myo-
inositol (Ins) (markers of osmoregulation); phosphocholine (PCho),
glycerophosphocholine (GPC), phosphoethanolamine (PE), N-ace-
tylaspartate (NAA), N-acetylaspartylglutamate (NAAG) (markers of
myelination/cell proliferation) and ascorbate (Asc), glutathione
(GSH) (antioxidants). In addition to these metabolites, the macro-
molecules contributions can also be assessed in vivo at high field
[40]. However, brain ammonia is not measurable. In the present
review we will focus on the measurement of Gln, Glu and some
metabolites involved in energy metabolism (i.e. Lac, Cr, and PCr).
More details on the role of these metabolites can be found in the
review by V. Rackayova in this special issue and in Refs. [34,41,42].

While in high resolution nuclear MR (NMR) the principal goal is
to identify unknown compounds and to analyze their structure, for
localized in vivo MRS the main goal is the reliable detection and
subsequent quantification of the concentration (or changes in
concentrations) of as many known metabolites as possible in a
well-defined region of the brain.

Quantification is challenging and represents the key to suc-
cessful usage of MRS in vivo. Accurate and precise quantification of
brain metabolites depends on:

1) Spectral quality and amount of biological information, which is
strongly influenced by: hardware performances (such as mag-
netic field strength, shim and radio-frequency (RF) system),
pulse sequence designs and calibrations (e.g. TE, repetition time
(TR), localization and outer volume signal suppression (OVS),
water suppression (WS), chemical shift displacement error,
spectral baseline, RF pulse calibration). An example of in vivo 1H
MRS spectrum acquired in the rat brain is provided in Fig. 2
showing the main features of good spectral quality.
An important factor affecting the spectral quality is the sensi-
tivity of the nucleus under investigation. Sensitivity (i.e. SNR) in-
creases not only with increasing B0 field strength but also depends
on the performances of radio-frequency coils (see review by Dr O.
Ipek in this special issue). As previously shown, high magnetic field
strength leads to several main advantages for MRS: increased
chemical shift dispersion (spectral resolution), decreased strong
coupling effects and higher SNR [43e49]. An example of increased
chemical shift dispersion with increasing the magnetic field is
shown in Ref. [50] by simulating under in vivo conditions Glu and
Gln at 1.5T, 4T and 7T. The authors showed a clear separation of Glu
and Gln resonances at 2.35 and 2.45 ppm when increasing mag-
netic field strength to 7T. All these advantages are expected to in-
crease the number of quantifiable metabolites by improving the
quantification precision and accuracy for low concentration me-
tabolites, strongly overlapped metabolites and for metabolites
having complex multiplet patterns [43e46,51,52]. For example, at
1.5T up to five-six metabolites can be reliably quantified: total NAA
(tNAA), i.e. NAA þ NAAG, total choline (tCho), i.e. PCho þ GPC, total
creatine (tCr), i.e. Cr þ PCr, at practically all echo-times, Lac at
144 ms echo-time and Ins, Glx (Glu þ Gln) if short echo times are
used (�20e25ms) [53e55]. At 3T additional metabolites are
measured at short echo-time (i.e. GABA, GSH) and sometimes Glu
and Gln can be measured separately [43,46]. When using an even
stronger magnetic field (�7T), up to 19 metabolites can be quan-
tified [2,43,44,46,47,51].

It has to be emphasized that neither a high nor a low magnetic
field will automatically guarantee accurate and reliable determi-
nation of metabolite concentrations. The spectral quality (i.e. high
quality artifact-free spectra) generated with the chosen pulse
sequence and parameters is crucial. A large number of details
regarding the spectral quality in 1H MRS are provided in the review
by Dr L. Xinwithin this special issue, while the sources and forms of
artifacts in in vivo 1H MRS spectra have been reviewed in detail
elsewhere [56]. Therefore, we will just briefly mention some of the
points affecting the spectral quality.

A key factor that influences spectral quality is the adjustment of
B0 homogeneity in the selected VOI (called B0 shimming or just
shimming). If B0 is spatially inhomogeneous, the resonance fre-
quency of 1H nuclei is not the same over the measured volume of
tissue, resulting in broadened spectral lines, in decreased spectral
resolution and signal-to-noise ratio. Local B0 inhomogeneities are
mostly caused by susceptibility differences between tissue, air,
bone and blood. They are scaled with B0 and become highly non-
linear at high fields leading to increased peak linewidths (in Hz).
An adjustment of the B0 homogeneity for 1H MRS is technically
challenging in rodent brain due to the small size of the brain, and
optimal B0 corrections (shims) are necessary [57e61]. More details
on B0 shimming are provided in the review by Dr C. Juchem (in this
special issue).

The localization efficiency of the acquisition sequence can be
defined as the ability to provide a maximum signal from a selected
volume with minimum contamination from outside. This is typi-
cally achieved by using strong crusher gradients which eliminate all
the unwanted signals. In the 0.5e2 ppm region the subcutaneous
lipids represent the main source of contamination. Their presence,
typically as phase distorted signals, leads to unreliable concentra-
tions for metabolites present in this spectral region (e.g. Lac, Ala,
GABA). This contamination can be limited by the use of additional
OVS bands [49,62], which are typically implemented before the
localization module. The efficiency of the localization sequence
depends also on the chemical shift displacement artifact, repre-
senting the spatial displacement of volumes selected for off-reso-
nance signals (e.g. NAA and Cr) relative to the nominal VOI. This is a
general issue when using slice-selective pulses for localization (a
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Fig. 2. Representative in vivo 1H MRS spectrum acquired in the hippocampus of a rat brain (VOI ¼ 2 � 2.8 � 2 mm3) at 9.4T using the SPECIAL sequence (TE ¼ 2.8 ms). The main
features of a good quality spectrum are shown in the figure (i.e. water suppression (WS), baseline, localization efficiency (no subcutaneous lipid contamination from outside the
brain), spectral resolution).
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frequency selective RF pulse applied simultaneously with a mag-
netic field gradient) and becomes significant at highmagnetic fields
due to increased chemical shift dispersion (i.e. the chemical shift
difference between NAA (2.02 ppm) and Cr (3 ppm) is ~1 ppm,
which represents 127 Hz at 3T, 300 Hz at 7Tand 600 Hz at 14T). This
artifact can be limited by using stronger magnetic field gradients;
however, attention has to be paid to eddy current effects on the B0
stability.

Brain tissue contains around 70e80% of water, therefore water
represents the dominating peak in the proton signal. Water protons
resonate at 4.65 ppm and if unsuppressed, this signal overlaps
almost all important metabolite peaks. However, poor water sup-
pression leads to the presence of residual water signal in the ac-
quired spectrum and affects the spectral baseline. A flat baseline is
critical for reliable quantification. Several water suppression tech-
niques were developed and are usually implemented before the
localizationmodule (sometimes one RF pulse for water suppression
can also be used during the localization module to further suppress
the partially recovered water signal due to longitudinal relaxation)
[63].

The number of quantifiable metabolites can be increased by
using short TE, leading to high quality spectrawith resolved lines of
many metabolites (singlets and coupled resonances are in pure
absorption mode) due to minimal signal modulation induced by J-
coupling of multiplets of coupled spin systems such as Glu, Gln, Ins,
Glc, Asp, Ala, GABA, Asc, PE, Gly and Tau [44,62]. The signal loss due
to transversal relaxation is reduced and consequently a more pre-
cise quantification is expected. One main drawback of short TE
spectra is the presence of underlying broad signals of macromole-
cules. Generally, for an in vivo brain 1H MRS spectrum, the low-
molecular weight metabolites are superimposed on signals of
high-molecular weight macromolecules. Macromolecule contri-
butions at short TE need also to be considered since an error in the
macromolecule estimation can lead to substantial errors in the
obtained metabolite concentrations [64e67]. Several techniques
have been proposed to overcome this issue and were presented in
more details elsewhere [40]. A longer echo time could also be used
(TE above 20 ms) but the number of spectral lines, which can be
used for quantification, will be reduced. This is due to phase
distortion of multiplets produced by coupled spin systems and to
fast transversal relaxation leading to signal reduction, preventing
the observation of small peaks.

2) Reliable data processing (estimate of the signal amplitude or
peak area).

Quantification remains difficult and challenging despite all the
previously mentioned advantages of high field and short TE ac-
quisitions. Spectra contain information on many metabolites, each
with several resonances representing different hydrogen groups in
the molecule. Almost all resonant peaks are severely overlapping,
despite increased chemical shift dispersion. This, in addition to the
low-concentration metabolites, contribution of macromolecules
and residual water signal increases the complexity of 1H MR
spectra. In addition, any misadjustment/error in the parameters of
the pulse sequence will impact the spectral quality leading to un-
reliable metabolite concentrations [56]. Therefore, sophisticated
approaches incorporating extensive or high level prior knowledge
are required for reliable data processing. In the majority of the
cases, the metabolite resonances are well known as well as their
structure. In this context, the estimation of metabolites concen-
trations is generally done by fitting the measured in vivo 1H MRS
spectrum to a linear combination of spectra of known individual
metabolites (also called the metabolite basis set), which makes the
quantification feasible, especially for lowconcentrationmetabolites
[40,44,46,68e70].
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There are basically two ways to obtain the metabolite basis set:

a) Measuring aqueous solutions of pure metabolites. These mea-
surements have to be done under the same conditions as the
in vivo ones (the same magnetic field, acquisition sequence,
timings, temperature, pH). Any change in the acquisition of
in vivo data has to be taken into account in the basis set by
reacquiring the basis set using the new acquisition parameters.
This process is time demanding.

b) Quantum mechanics simulations, based on the density-matrix
formalism, using published values of spin-spin coupling con-
stants and chemical shifts [41], and the relevant in vivo pa-
rameters. Quantum mechanics simulations seem to be a faster
alternative, but also more flexible and less expensive. More
details can be found in the reviews by Dr Gambarota and Dr
Star�cuk published in this special issue.

The spectral fitting uncertainties are estimated from the
Cram�er-Rao lower bounds (CRLB) [71e73], which are independent
of the quantification algorithm and estimated using the assumption
that the set of model functions is correct and complete. This is
obviously a simplification.

Many quantification algorithms depend on user input which
might lead to additional inaccuracies. Therefore, the choice of the
data processing method is very important. Sometimes, spectra
require some pre-processing before the actual quantification step,
such as correction for first and second order phase, residual water
suppression and zero filling. Data filtering should be avoided and
used only for visualization.

Frequency and time domain algorithms, based on metabolite
basis sets, are currently used for accurate quantification (i.e. QUEST
and AQSES from jMRUI software and TARQUIN working in the time
domain; LCModel working in the frequency domain; TDFDworking
in both time and frequency domains; and others)
[55,65e67,74e81]. Some details on several quantification algo-
rithms are provided in Ref. [70]. Fig. 3 shows an example of
quantification using LCModel and a simulated basis set on an in vivo
rat brain spectrum acquired at 14.1T.

3) Quantification strategies (conversion into concentration units).

We have seen so far how to estimate the signal amplitude or
peak areas of each metabolite in a given spectrum. The signal
amplitude or peak area is proportional to the metabolite concen-
tration. Therefore, by using different quantification strategies we
can convert it into tissue metabolite concentration (mmol/kgww).

The easiest way is to report metabolite ratios, but sometimes
these ratios could lead to ambiguous interpretations of metabolic
changes. Absolute metabolite concentrations can be more valuable
for an accurate interpretation of these changes in different neuro-
logical diseases. There are two main quantifications strategies:

a) internal concentration reference, where a known metabolite
from the acquired spectrum is considered to have the least
variations and is fixed at a certain concentration (e.g. tCr at 8
mmol/kgww). It has to be emphasized that there is no known
metabolite whose concentration never changes in the brain.
This is particularly true under pathological conditions or during
brain development (for more details on tCr changes see review
by V. Rackayova in this special issue). Another option is to use
the unsuppressed water signal from the same VOI (this signal is
acquired immediately before or after the signal of the metabo-
lites from the same VOI) as internal reference. This approach is
widely used for in vivo 1H MRS [82,83].
b) external concentration reference where a phantom with a
known concentration of compound is placed either very close to
the object under investigation and within the sensitive area of
the coil or is measured in a separate experiment (phantom
replacement technique). This last strategy is widely used for 13C
and 15N experiments [84,85].

It has to be emphasized that for each technique several cor-
rections need to be done [86]. An important factor to correct for is
the differences in relaxation times between the reference and the
in vivo metabolites. The effects of relaxation are minimized for
acquisitions performed at long TR and short TE (fully relaxed
spectra). Therefore, these acquisitions are considered to be a good
choice for absolute quantification. The longitudinal relaxation
times have been shown to increase with magnetic field [87],
leading to increased signal saturation for shorter TR. No further
increase in longitudinal relaxation times has been observed beyond
9.4T [88].

2.1. 1H MRS in models of hyperammonemia with or without liver
failure

As previously mentioned, 1H MRS can be used either as single
point measurement (i.e. at a specific time point during disease
evolution) or as a longitudinal measurement where the same ani-
mal is measured several times during the disease progression.
When performed in a longitudinal way, 1H MRS enables the mea-
surement of concentration changes of certain brain metabolites
over time (in our case the increase of glutamine over time) and
from the linear fit of these time courses some net accumulation
fluxes can be estimated.

1H MRS single point or longitudinal measurements without
additional fitting of metabolite time courses were performed in
different models of hyperammonemia (acute or chronic liver failure
and hyperammonemia per se without liver failure). Altogether,
there are still few in vivo 1HMRS studies performed on these animal
models to investigate brain metabolism.

For example, brain metabolism was studied in some experi-
mental models of acute liver failure (ALF) (e.g. portocaval anasto-
mosis followed by hepatic artery ligation, galactosamine or carbon
tetrachloride administration) [26,30,35,89e91]. These studies re-
ported an increase of brain Gln concentration together with alter-
ations in brain Lac concentration at later stages of the disease and
the presence of brain edema. In a rat model of portocaval anasto-
mosis followed by hepatic artery ligation (measurements per-
formed at 7T, using a fairly big voxel, PRESS at TE ¼ 12 ms,
concentrations expressed as ratios to Cr) [89] ammonia was iden-
tified as being the principal cause of the alterations in brain me-
tabolisms in ALF. The increase of Lac was suggested to be an
indicator of brain energy impairment and having a secondary role
in the induction of brain edema, after ammonia [89], even though
the mechanisms leading to an increase of Lac are not fully under-
stood. In addition, a decrease in Glu/Cr and NAA/Cr (only at coma
stages) was also reported. Early work in the field suggested that an
interference of ammonia on the malate aspartate shuttle (MAS)
could be a possible cause of lactate increase [92]. NADH produced in
the cytosol from the glycolysis needs transport of reducing equiv-
alents across the mitochondrial membrane, such as through MAS,
in order to be oxidized. Lactate production can also remove NADH
from the cytosol and could therefore be an alternative to the MAS.

Few studies were performed in experimental animal models of
chronic liver impairment to assess the kinetics of glutamine and
other changes in brain osmolytes in combinationwith brain energy
metabolism. Bile duct ligation (BDL) in rats is an accepted model of
chronic HE (type C) associated with cirrhosis, portal hypertension



Fig. 3. An example of quantification using LCModel and a simulated basis set on an in vivo rat brain spectrum acquired at 14.1T. From top to bottom, the in vivo spectrum, the
metabolites basis set and the LCModel fit.
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and hyperammonemia and is validated by the ISHEN commission
[93]. Portocaval anastomosis (PCA) in rats is a popular model to
study type B HE and is associated with limited liver dysfunction
(liver atrophy and loss of perivenous hepatocytes) and hyper-
ammonemia [93]. The main findings of these studies were
increased cerebral glutamine and ammonia levels with sometimes
reductions in brain osmolytes reflecting an osmoregulatory
response [3,89,94e97]. In a PCA rat model, an additional increase in
Lac/Cr was measured while no modifications were found for Glu/Cr
and Tau/Cr [89]. BDL rats were studied by two different laboratories
using high field 1H MRS [95,97]. Both of these studies were per-
formed in a fairly big VOI with the main difference that a shorter TE
was used by Ref. [95] leading to the estimation of an increased
number of brain metabolites. Overall the results were similar in
both studies showing increase in Gln and decrease in Ins, tCho, Cr,
Glu and no significant changes in Lac. It has been proposed that the
differences in brain osmolytes could partially explain the different
rate of development of brain edema in acute liver failure compared
to chronic liver disease [9,98,99].

In order to study the effects of ammonia per se without liver
failure, some animal models of HA were used (e.g. single i.p. in-
jection of ammonia or continuous infusion for several hours)
[27e29,84]. In Ref. [27] single voxel 1HMRS was performed at 7T in
cerebellum and substantia nigra (VOI ¼ 3 mm3) after i.p. injection
of ammonium acetate using the PRESS sequence (TE ¼ 35 ms). The
Gln concentrations were not reported by the authors. A decrease of
NAA in cerebellum and an increase of Ins in both investigated brain
regions was reported. Ins increasewas suggestive of the presence of
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vasogenic edema while the NAA decrease was reported to reflect
neuronal damage. Using 1H MRS the authors in Ref. [29] showed an
increase in Gln during ammonium acetate infusion together with a
decrease in Glu concentrations and an increase in Lac concentra-
tions. It was suggested that the increase of Lac was more likely a
result of a mismatch between the rate of glycolysis and the activity
of tricarboxylic acid cycle (TCA), rather than an attempt by the brain
to buffer incoming ammonia.

Our group recently studied the brain metabolism in animal
models of HA without liver failure (continuous infusion of ammo-
nium chloride for several hours) and in HA due to chronic liver
disease (bile duct ligated rats) in a longitudinal fashion using in vivo
1H MRS and MRSI [28,84,95,100]. The objective of these studies
were: 1) to follow over time the changes in concentration in as
many brain metabolites as possible due to HA by performing our
measurements at high field (9.4T) and very short echo time
(2.8 ms), an aspect never studied previously; and 2) to acquire
additional information on the net glutamine accumulation by
fitting the linear increase of glutamine over time (for details on the
fitting/modeling please see below in the 13C MRS section).

Using an animal model of HA per se and a VOI positioned in a
fairly big volume (5 � 7 � 7 mm3) placed in the center of the rat
brain, we showed that Gln concentration increased immediately
after the start of ammonium infusion and continued to increase
linearly over time (2.3 ± 0.4 mmol/kgww before the infusion and
17.7 ± 4.0 mmol/kgww at the end of the infusion) [84]. This linear
and continuous increase of total Gln implies increased anaplerosis
[31,101,102], which appears to be coupled to the ammonia detoxi-
fication pathway. From the linear fit of Gln increase over time we
obtained a net Gln accumulation of 0.033 ± 0.001 mmol/kgww/min,
suggesting no delay in Gln accumulation and consequently in
anaplerosis. In this model ammonium chloride was continuously
infused at 4.5 mmol/h per kilogram body weight for several hours
and consequently plasma ammonia concentration increased from
0.08 ± 0.02 mM to 0.95 ± 0.08 mM while brain ammonia concen-
tration was 3.8 ± 0.8 mmol/kgww at the end of the experiment, in
agreement with previous measurements [103e105]. To study the
spatial distribution of metabolites in various regions of the brain
during ammonium chloride infusion, we further continued our
studies using 1H MRSI [28]. Spectra were simultaneously acquired
in various brain structures (cortex, hippocampus and thalamus)
and metabolic maps were obtained for 5 � 10 voxels with a nom-
inal voxel size of 1.1 mL for 12metabolites (i.e. Gln, Glu, Cr, PCr, tCho,
Ins, Tau, Lac, NAA þ NAAG, PE, Glc, GABA). In this case also the
increase in the Gln pool at different time points during infusionwas
apparent from the maps. The concentrations of all other metabo-
lites remained within 10% fluctuation in standard deviation of the
mean concentration over the duration of the experiment. During
infusion the Gln increase showed a specific brain region pattern, i.e.
higher in cortex than in hippocampus (16.2 ± 2.7 mmol/kgww in the
cortex and 11.5 ± 1.2 mmol/kgww in the hippocampus), leading to a
higher net glutamine accumulation flux in cortex (0.030e0.035 vs
0.025e0.030 mmol/g/min, respectively). The obtained values were
in agreement with the measurements performed using single voxel
1H MRS in a big voxel.

We further extended our measurements to the bile duct ligated
model [95,100]. For these measurements we used the same
methodology as for the HA studies. We showed a gradual increase
of Gln reaching 2.5 fold increase at week 8 after BDL. Among the
other brain osmolytes only Ins (�36%, weeks 8 vs 0) and tCho
(�21%, weeks 8 vs 0) decreased significantly over time. Cr is well
known for its roles in energy metabolism and osmoregulation
[42,106] and showed a tendency to decrease at week 8 (�11%).
These changes suggest a compensatory effect for the osmotic
imbalance created by Gln accumulation in agreement with
previously published studies in BDL rats and humans
[7,32,33,36e38,97]. In addition, the sum of the main osmolytes
(Gln, Ins, tCho, Cr) was not constant over time (20% increase). The
underlying cause of the observed minimal brain edema associated
with chronic HEmight therefore be this progressive but incomplete
osmotic compensation. Using the combined advantages of ultra-
short echo time and a high magnetic field, we detected in vivo
additional metabolites in this model of HE. For example, the neu-
rotransmitters Glu and Asp showed a significant decrease at week 8
(~20%). No significant changes where measured for the metabolites
involved in energy metabolism and for NAA. We further analyzed
the correlations between brain Gln, plasma ammonium and brain
energy metabolites, to better understand the molecular mecha-
nisms underlying the neurological changes. Plasma ammonium
showed the strongest correlations with plasma bilirubin and brain
Gln, suggesting that Gln is probably the first brain metabolite
influenced by increased blood ammonium. Subsequently, the
change in brain Gln showed strong correlations with changes in
other brain metabolites (i.e. Ins, Glu, ADP).

Since both models were analyzed in our laboratory using the
same methodology, we were able to directly compare the cerebral
metabolic pathways involved in the pathogenesis of both diseases.
It has to be emphasized that the differences in the neurochemical
profile between HA and chronic liver disease (CLD) are clearly
visible in the spectra presented in Fig. 4. Even though Gln increased
in both cases, the decrease in the brain osmolytes was present only
in CLD. Additionally, in CLD glutamine increased similarly in all
brain regions [100], contrary to HA where we measured a higher
increase of Gln in the cortex [28]. For CLD a long term elevation of
brain glutamine may be partially compensated by a decrease in
other brain osmolytes, while in HA the fast and short term increase
of glutamine does not enable the activation of compensatory
mechanisms.

3. In vivo carbon Magnetic Resonance Spectroscopy

Carbon is an element which enters the composition of a large
number of molecules constituting living tissue, including carbo-
hydrates, proteins, lipids and nucleic acids. Its electronic structure
with 4 outer shell valence electrons makes it a key building block
for the backbone chemical chain of these molecules, but also for its
versatility to create single and double bonds with hydrogen, oxy-
gen, nitrogen and also sulfur and phosphorus. It can generate a
large range of chemical geometries, from linear molecules to
branch chains and carbon rings. It is therefore an essential atom in
life, not only to generate newmolecules necessary in tissue growth
and repair but plays a central role in the energy supply of living
cells, which ends in the production of ATP, the essential cellular
energy substrate and CO2. Mammals consume for this reason a
large amount of carbohydrates and fatty acids, which provide the
required energy and carbon backbones for many biochemical
processes.

The in vivo measurement of carbon is therefore of particular
interest for the study of the biochemistry of a given organ. Despite
this strong biochemical interest, in vivo 13C MRS is very far from
being as popular as 1HMRS for a series of physical and physiological
challenges. Carbon is present in nature as two stable isotopes, 12C
and 13C. 12C has a natural abundance of 98.9% and possesses a nu-
cleus made of 6 protons and 6 neutrons, resulting in a zero total
nuclear magnetic moment. It is therefore invisible for nuclear
magnetic resonance. 13C has an additional neutron in its nucleus,
which results in a total nuclear spin ½, similar to the 1H nucleus,
and can therefore be used for MRS measurements. The natural
distribution of carbon isotopes is not favorable for its detection
with MRS, since only 1.1% of the carbons are magnetically active.



Fig. 4. Representative in vivo 1H MRS spectra acquired in the rat brain at 9.4T (TE ¼ 2.8 ms) in two different models: HA per se and BDL. In both models, an increase in Gln was
measured (Gln peaks highlighted in red: 2CH at 3.8 ppm, 4CH2 at 2.4 ppm and 3CH2 at 2.1 ppm). A significant decrease in the brain osmolyte Ins (�36%, weeks 8 vs 0) was only
observed in the BDL model.

B. Lanz et al. / Analytical Biochemistry 529 (2017) 245e269 253
This low natural abundance adds to the intrinsically low sensitivity
of NMR detection at body temperature, resulting from the small
Zeeman energy splitting between the two nuclear spin states in an
external magnetic field as compared to the thermal energy (see
review by Dr V. Mlynarik in the present issue). Moreover, the 4
times smaller gyromagnetic ratio of 13C nucleus compared to 1H
reduces its coupling with the RF electromagnetic field and its
sensitivity of detection. Natural abundance 13C MRS is therefore
rarely used as an alternative to 1H to detect metabolites concen-
trations in vivo.

However, the low natural abundance of 13C can be turned into
an asset, since 13C can be used for tracer experiments, similar to
radionuclides studies. In vivo 13C MRS studies are thus typically
coupled to an intravenous infusion of a13C-labeled metabolic sub-
strate. This enables the dynamic measurement of the transit of 13C
across the different biochemical pathways involved in the meta-
bolism of the infused substrate in the organ of interest, which
carries temporal information on the corresponding chemical re-
action rates. As such, it gives 13C MRS the possibilities to probe
information on brain metabolism which is not accessible with 1H
MRS. Despite the additional physiological difficulties linked with
the substrate infusion and plasma level monitoring through blood
sampling as well as the high cost of 13C-labeled substrates in the
quantity needed for such applications, the unique possibility of 13C
MRS to probe brainmetabolism in vivowith low invasiveness raised
strong interest in the field of brain energy metabolism [107] (and
reviews by Dr J. Valette and M. Lai in this special issue).
3.1. Brain metabolic pathways involving 13C

The brain meets its energetic demands at rest and during acti-
vation largely, if not exclusively by oxidative combustion of fuels.
Although glucose is the main energy substrate in cerebral meta-
bolism, other energy substrates are metabolized in the brain, such
as acetate and ketone bodies [108], which are sometimes used as
alternative 13C tracers. The energy substrates used by the brain are
taken up from the blood circulation through the blood-brain barrier
by specific transporters, classified as glucose transporters (GLUTs)
[109] and monocarboxylate transporters (MCTs) [110]. Although
themajor part of the endothelial cells are covered by glial endfeet, it
remains unclear inwhat proportion glucose is taken up by glial cells
and by neurons [111,112] and whether neurons could be only fueled
with pyruvate from the glial cells through the Lac shuttle [108].
After its transport through the blood-brain barrier, glucose is
further metabolized to CO2 and water through the glycolysis and
the TCA cycle (Fig. 5), generating high-energy phosphates such as
ATP [108].

The glycolysis is the initial step of glucose metabolism and
converts the 6-carbon chain of glucose into two molecules of py-
ruvate (3-carbon chain). When glucose utilization is higher than
the oxidative metabolism (TCA cycle rate), non-oxidative meta-
bolism occurs by a net production of Lac from pyruvate. In addition,
glucose can be stored in the form of glycogen in astrocytes as an
energy buffer which can be converted back to glucose through the
glycogen phosphorylation [113].
3.1.1. The TCA cycle
To complete the oxidation of glucose to CO2, pyruvate enters the

TCA cycle via the pyruvate dehydrogenase complex reaction (PDH)
[108]. The TCA cycle in themitochondria not only generates energy-
rich molecules in the form of ATP, but also provides precursors for
the biosynthesis of compounds including amino acids, in particular
glutamate, directly involved in the neurotransmission process.
Fig. 6 shows the different molecules and chemical reactions



Fig. 5. Schematic view of the main biochemical steps involved in brain energy metabolism. This scheme focuses on the metabolism of glucose and acetate. After transport across the
blood-brain barrier (BBB), glucose is phosphorylated and its six carbon chain enters the glycolysis, resulting in the production of pyruvate. Pyruvate carbon backbone enters the TCA
cycle either through the pyruvate dehydrogenase pathway (PDH) or through the anaplerotic pyruvate carboxylase pathway (PC) in glial cells. Acetate is transported specifically in
glial cells and enters the TCA cycle directly at the level of acetyl-CoA.
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involved in the TCA cycle. Pyruvate enters both the glial and
neuronal TCA cycle, while acetate is specifically metabolized in the
glia [114]. The TCA cycle intermediates are in exchange with the
cytosolic amino acids glutamate and aspartate. These exchanges are
mediated by aspartate transaminase, glutamate dehydrogenase
and the transport across the mitochondrial membrane [108,115].

[1,6e13C2] glucose is a widely used NMR tracer to probe mito-
chondrial metabolism in rodents. After transport across the blood
brain barrier, two molecules of [3e13C] pyruvate are generated
from one molecule of labeled glucose through the glycolysis. When
infusing [1e13C] glucose, only one molecule of [3e13C] pyruvate is
produced, while the second pyruvate molecule generated by the
glycolysis is unlabeled.

13C from [1,6e13C2] glucose enters both astrocytic and neuronal
TCA cycles at the position C4 of citrate. In the first turn of the TCA
cycle, 13C reaches the position C4 of 2-oxoglutarate, which ex-
changes label with cytosolic glutamate. This transmitochondrial
label exchange transfers 13C from the carbon position C4 of 2-
oxoglutarate to the position C4 of glutamate.

Due to the symmetry of the succinate molecule, the second turn
of the TCA cycle transfers half of the labeled carbons of the position
C4 of 2-oxoglutarate to the position C3 of 2-oxoglutarate and the
other half to the position C2 of 2-oxoglutarate. Through the trans-
mitochondrial exchange þ transamination, [3e13C] glutamate is
formed from [3e13C] 2-oxoglutarate.

In the third turn of the TCA cycle, half of the labeled carbons of
the position C3 of 2-oxoglutarate reaches the position C2 of the
same molecule, while the other half remains at the position C3. At
the same time, 13C from the position C2 of 2-oxoglutarate is
transferred to the position C1, labeling further the position C1 of
glutamate. The position C1 of glutamate is usually not simulta-
neously measurable with the positions C4, C3 and C2 using 13C
MRS, due to the large chemical shift of the C1 carbon position
compared to the other resonances [116].

Some reactions are specific to a certain cell type. Pyruvate
carboxylase reaction (PC) takes place only in the glial compartment
and is the main anaplerotic enzyme [117], generating new in-
termediates in the TCA cycle at the level of oxaloacetate, which can
be further used to generate new glutamate molecules. PC transfers
13C from [3e13C] pyruvate to the position C2 of oxaloacetate, which
further labels the position C2 of 2-oxoglutarate and glial glutamate
(see Fig. 6). On the other hand, this reaction transfers unlabeled 12C
to the position C3 of glial glutamate. This glial specific dilution ef-
fect makes it possible to distinguish glial and neuronal TCA cycle
activities from glutamate and glutamine 13C time courses following
[1,6e13C2] glucose infusion. Moreover, the glial acetyl-CoA, at the
entrance of the TCA cycle, is diluted by alternative energetic fuels
that glial cells can metabolize, like acetate and fatty acids [118,119].

3.1.2. The glutamate/glutamine cycle
The glutamate/glutamine cycle is a major biochemical pathway

in vivo, directly involved in the glutamatergic neurotransmission
process [108,120]. This glutamate recycling process is the result of
highly compartmentalized enzymes. Glutamine synthetase is
located essentially in astrocytes [121], while the glutamate to
glutamine conversion through phosphate activated glutaminase
(PAG) is mostly present in neurons [122]. Most of the glutamate is
in the neurons, while glutamine is essentially located in the glial
cells [123]. Both glutamine and glutamate are 5-carbon chains
differing by an amino group at the carbon position 5 of glutamine.
In the glutamate/glutamine cycle, the carbon positions are main-
tained, which means that a carbon located at the position C4 of
glutamate will reach the position C4 of glutamine and vice versa.

When using 13C enriched substrates, the result of these neuro-
energetic processes is a progressive labeling of the carbon positions
of glutamate and glutamine, which are present in the brain in
sufficiently high concentrations to be observed with 13C MRS. The
dynamics of their labeling contains information on the activity of
the glial and neuronal TCA cycles and on the neurotransmission
cycle. The total concentration of 13C at a certain carbon position is
given by the total intensity of the corresponding 13C resonance,
independently of its multiplet structure.

In an in vivo experiment, the plasma 13C-glucose fractional
enrichment is quickly elevated to a high level of about 50e70% and
maintained at this value through continuous intravenous infusion.
This input function of labeled substrate is also continuously
monitored by arterial blood sampling. The interpretation of the 13C
turnover curves of glutamate, glutamine and aspartate in brain
tissue from the localized 13C MRS is typically undertaken using a
two-compartment model, as presented in Fig. 7, which represents a



Fig. 6. A) Schematic view of the carbon labeling flow through the TCA cycle. Some parts of the cycle are cell-specific: in the neurons, acetate is not metabolized. The colors enable
the follow-up of the carbons from one molecule to the next. The arrows on the right show how carbons are moving in the carbon chain of 2-oxoglutarate from one TCA cycle turn to
the next. The carbon positions of glutamate are identical to those of 2-oxoglutarate. In each TCA cycle, the carbons 4 and 5 of citrate are added from acetyl-CoA, while two carbons
are lost in CO2 at the level of oxalosuccinate and 2-oxoglutarate. B) Schematic view of the carbon labeling from pyruvate through pyruvate carboxylation in the astrocytic TCA cycle.
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simplified description of the biochemical reactions involved in
glucose metabolism. This kind of modeling approach assumes
constant metabolic fluxes (noted as Vi) in mmol/g/min and constant
metabolic pool sizes, which can be assessed from a 1H MRS
acquisition in the same brain location (metabolic steady-state
condition). As discussed later, the model can be extended to



Fig. 7. Model of compartmentalized brain metabolism adapted from Gruetter et al. [115]. Pyruvate (Pyr) originated from glucose consumption is in fast equilibrium with Lac that is
exchanged between neurons and glia and is diluted with extra-cerebral Lac through dilN. VTCA

n is the neuronal TCA cycle, Vg þ VPC is the total glial TCA cycle VTCA
g, VPC is the rate of

pyruvate carboxylase. In the glial compartment, the dilution of label at the level of acetyl-CoA (AcCoA) by glial specific substrates is accounted by dilG. TCA cycle intermediates
oxaloacetate (OAA) and 2-oxoglutarate (OG) exchange with amino acids through the exchange flux VX. The apparent glutamatergic neurotransmission (i.e. glutamate-glutamine
cycle) is VNT and glutamine synthetase rate is Vsyn. Finally, efflux of labeling from the metabolic system occurs through the rate of glial glutamine loss Vefflux. The superscripts g
and n distinguish metabolic fluxes in the glial and neuronal compartments, respectively.
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include time-varying pool sizes, as necessary for Gln in HA. Under
these conditions, the model in Fig. 7 translates into a set of linear
differential equations, whose solutions are adjusted to the experi-
mental 13C turnover curves by varying the metabolic fluxes. As a
result, the experiment provides a set of metabolic rates and dilution
constants (Vtcag , Vtcan , Vx, VPC, VNT, Vsyn, Vefflux, dilG and dilN), which
characterize the dynamics of brain glucose metabolism. A detailed
description of these modeling processes is given in the review by
M. Lai et al. in this special issue.
3.2. Brain metabolic processes involving ammonia

Although the relationship between cause and effect leading to
hepatic encephalopathy and the related spectrum of neurological
disorders remains unclear, the increased blood ammonia concen-
tration seems to be the central initiating event. Cerebral meta-
bolism of ammonia involves in particular two biochemical
reactions able to assimilate ammonia in brain tissue and therefore
to decrease its concentration and related toxicity. Those reactions
are glutamate dehydrogenase and glutamine synthetase (Fig. 7).
Cooper and coauthors [124] showed using L-methionine-S,R-Sul-
foximine (MSO), a potent glutamine synthetase inhibitor, in [13N]
ammonia infused rats that glutamine synthetase is the major re-
action for ammonia detoxification in brain tissue and that without
this reaction, the brain is unable to trap efficiently blood-borne
ammonia with alternative pathways. Both glutamate dehydroge-
nase and glutamine synthetase are essentially astrocytic reactions
[122,125]. Astrocytes have therefore a central role in ammonia
fixation but are simultaneously the principal target of ammonia
neurotoxicity. The observation on the secondary role played by
glutamate dehydrogenase as compared to glutamine synthetase
activity and the specific 13N labeling pattern of glutamine, gluta-
mate and aspartate went against the earlier theories depicting the
high depletion of the astrocytic TCA cycle intermediates through
glutamate dehydrogenase as the cause of an energy metabolism
impairment and insufficient ATP production [14,126] as the main
origin of its neurotoxicity.
The exact biochemical reaction changes that generate the
accumulation of glutamine in brain tissue also remain only partially
understood. Glutamine is a 5-carbon chain that originates from
glutamate in the astrocytes and used as precursor for the neuronal
glutamate, through the glutamate/glutamine cycle. An increase of
glutamine could result from a change in the glutamate/glutamine
ratio in this metabolic cycle, the large pool of glutamate being
depleted. However, the steady increase of glutamine measured
with 1H MRS in HA and CLD models showed simultaneously a
significantly smaller decrease in glutamate concentration
[84,95,127]. The glial and/or neuronal glutamate pools are therefore
replenished accordingly. Since neurons cannot replenish their
glutamate pool through anaplerotic processes, the new carbon
chains are therefore expected to be provided by astrocytic pyruvate
carboxylase and subsequent exchange between 2-oxoglutarate in
the TCA cycle and astrocytic glutamate, further converted to
glutamine. This process is active in the healthy brain to compensate
for carbon chain losses, essentially through glutamine efflux from
brain tissue [128] (Fig. 7). The need for new glutamate molecules in
the astrocytic compartment as precursor for ammonia fixation
through glutamine synthesis requires therefore modified input
fluxes in the astrocytic TCA cycle, in particular modifications in the
pyruvate carboxylase anaplerotic reaction, which might impact
glial oxidative metabolism. Most glutamine is stored in the astro-
cytic compartment in healthy conditions. An important question
that remains unanswered is the exact reaction changes that create
the increase in total glutamine concentration. It could be an in-
crease in glutamine synthetase activity because the enzyme is not
saturated with NH3 in the normal brain and its in vivo activity in-
creases with increased ammonia concentration in hyper-
ammonemia [105], a decrease in glutamine transfer to neurons or a
decrease in glutamine efflux from brain tissue, or any combination
of those processes. Since all of these metabolic pathways involve an
exchange of carbon chains, 13C MRS is expected to be particularly
useful to explore changes in glutamate/glutamine exchange and the
impact of the higher glutamine content on oxidative and non-
oxidative energy metabolism, particularly in astrocytes.
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3.3. Ex vivo/in vitro experiments

In order to understand the disturbance of the biochemical
mechanisms that leads to hepatic encephalopathy and address the
issue of glutamine synthesis per se in conditions of hyper-
ammonemia, a series of 13CMRS labeling studies were conducted in
animal models of liver disease. Zwingmann et al. [129] used a
model of ALF in Sprague-Dawley rats by portacaval anastomosis
followed by hepatic artery ligation. [1e13C] glucose was used as
tracer substrate, injected intraperitoneally as a bolus. The animals
were sacrificed 15min after the bolus injection. Both blood samples
and brain samples were analyzed for the 13C concentrations and
fractional enrichments (ratio of 13C-labeled molecules over the
total molecule concentration) of the substrate and metabolic
products through perchloric acid (PCA) extraction approaches, and
high resolution NMRmeasurements of the lyophilized PCA extracts
resuspended in D2O. The fractional enrichment can then be deter-
mined by the ratio of the peak areas of both 1He13C satellite signals
and the 1He12C signal of the molecule in the 1H NMR spectrum,
which was used in that study for Lac and Glc measurements, which
were then further used as internal reference to scale the 13C spectra
and determine the 13C concentrations and fractional enrichments
of the other molecules of interest [129,130]. This enabled the
determination of the 13C concentrations and fractional enrichments
of several metabolite carbon positions, including the Glu and Gln
C2, C3 and C4 resonances, Lac C3 and Ala C3. The 13C labeling
pattern of these metabolites is a reflection of the upstream meta-
bolic rates, which gives a footprint of brain metabolism that can be
compared to a group of sham rats under same infusion protocol. In
particular, this gives information on the relative contribution of the
anaplerotic compared with the oxidative pathway (PDH). However,
the exact quantification of the relative contribution of the ana-
plerotic pathway is difficult because the labeling at the position C2
and C3 arises both via PC-mediated entry of pyruvate into the TCA
cycle and via PDH, in the second turn of the TCA cycle. Taking the C4
to C2 concentration ratio in glutamate and glutamine as an
approximation of the PDH to PC activity ratio, it showed an acti-
vation of PC relative to PDH, both in precoma and coma stages of
ALF, compared with sham-operated controls. The authors also
showed an increased de novo synthesis of 13C-labeled glutamine
from glucose in encephalopathy compared with sham-operated
controls. 1H NMR and 13C NMR results showed that both de novo
synthesis and total concentrations of lactate and alanine increased
in precoma and coma stages of ALF.

Using a 6 weeks BDL rat model of CLD under infusion of uni-
formly labeled 13C-glucose, Bosoi and co-workers [131] took a
similar experimental approach, sacrificing this time the rats 30 min
after the 13C-glucose intraperitoneal injection. The [Ue13C] pyru-
vate formed from [Ue13C] glucose through PDH is metabolized via
2-oxoglutarate in the TCA cycle to [4,5e13C]-labeled glutamate,
whereas [Ue13C] pyruvate metabolized through PC results in
[1,2,3e13C]-labeled metabolites. [4,5e13C]-labeled glutamate and
glutaminewas therefore taken as a relative measure of PDH activity
and [1,2,3e13C]-labeled glutamate and glutamine for PC activity.
This neglects further transit from the C4 and C5 carbons of 2-
oxoglutarate to the C3, C2 and C1 positions through multiple TCA
cycling.

The results showed a 1.6- and 2.2-fold increase in de novo syn-
thesis of Lac and glutamine, respectively, and the flux through PDH
(2.3-fold increase) and PC (1.8-fold increase) was higher in BDL vs.
SHAM rats. From these observations, ammonia-induced increase in
brain Lac was interpreted not as a result of energy failure, but rather
that the increase in Lac synthesis may occur as a compensatory
mechanism to maintain ATP levels [131]. The technique was used
further in combination with 31P and 1H NMR to focus on the
particular impact of ammonia toxicity under hyponatremic condi-
tions in astrocytes, using astrocyte cell cultures incubated with
[1e13C] glucose with or without NH4Cl [132], from which the au-
thors showed an imperfect correlation of changes in astrocytic
glutamine, other organic osmolytes, and the cellular energy state
under hyperammonemic stress in isoosmotic and hypoosmotic
media, suggesting that additional mechanisms related with astro-
cyte dysfunction in hyperammonemic states are independent from
glutamine formation.

However, those ex vivo/in vitro studies could not show a direct
link between the increased brain glutamine concentrations or the
magnitude of the increase in de novo glutamine synthesis rate with
the severity of encephalopathy or occurrence of brain edema [133].
13C NMR studies on brain extracts or cell cultures provided key
elements on the metabolic pathways affected by the hyper-
ammonemic conditions to understand HE. However, they suffer
from some technical limitations that could potentially hide subtle
characteristic changes in TCA cycle activity and glutamate/gluta-
mine cycling as the cause or consequence of hyperammonemia
induced HE mechanisms. A first limitation is the measurement at a
single time point after the 13C-labeled substrate injection. This
limits the analysis to a subset of metabolic flux ratios, under as-
sumptions such as the negligible labeling of the observed carbon
positions through the second and third TCA cycle turn. Moreover,
since PDH is more active in neurons than astrocytes [134,135], but
PC is only present in astrocytes, the time at which the animal is
sacrificed might affect the relative balance between the glutamate
and glutamine carbon positions labeled through PDH and PC. Other
technical limitations are linked to possible post-mortem meta-
bolism during extraction, especially important considering the
generation of Lac, as well as possible brain regional differences in
themetabolismwhich are averaged out during thewhole brain PCA
extraction.

A possibility to overcome this limitation is the use of in vivo 13C
MRS [107,136e138]. With this approach, 13C NMR spectra are ac-
quired directly in vivo, in a localized position in the brain, during
the infusion of the 13C-labeled substrate with a temporal resolution
of 5e10 min. This non-invasive study of brain energy metabolism
enables the measurement of the 13C turnover curves of the carbon
labeling positions in the different metabolites, carrying kinetic in-
formation on the metabolic rates involved in the TCA cycle and
glutamatergic neurotransmission processes. This dynamic infor-
mation enables one to distinguish between astrocytic and neuronal
metabolism and is expected to give further insights into the link
between hepatic encephalopathy and changes in metabolism of
glutamate and glutamine.

3.4. In vivo 13C MRS

In vivo 13C MRS spectra of brain amino acids show a large
chemical shift dispersion as compared to 1H MRS, on the order of
30 ppm range from glutamate C2 to glutamine C3 (Fig. 1). Localized
13C MRS in the brain ensures a proper suppression of 13C signal
from extracranial lipids, resulting in a spectrum with a very flat
baseline and well separated resonances. The use of the currently
available very high magnetic field scanners enables an enhance-
ment of the 13C polarization and related sensitivity of detection, as
well as a better spectral resolution, enabling the cleaner separation
of the carbon multiplet resonances of neighboring carbon reso-
nances, in particular the C2 of glutamate and glutamine [139]. This
is a particular advantage for the spectral quantification of the
different carbon resonances, in terms of absolute concentrations.
On the flip side, the large frequency range in which the resonances
of interest are distributed is a challenge on the transmission side of
the MRS experiment, since very large bandwidth pulses are
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required to excite or refocus all the resonances in a single repetition
cycle. This implies the use of short pulses and therefore strong
applied B1 transmission field, requiring both efficient transmit coils
and RF amplifiers. For this reason, most of the in vivo 13C MRS
studies in the brain were achieved using surface coils, which are
well-suited to generate high B1 fields in a limited tissue space (see
the review by M. Lai et al. in this special issue for more details).

The spectrum in Fig. 1 shows the labeling pattern obtained after
4 hours of infusion of doubly labeled [1,6e13C2]glucose. The spec-
tral region between 20 and 65 ppm is of particular interest for the
study of oxidative metabolism and neurotransmitter exchange. The
C6 resonance of glucose, the infused substrate, is the leftmost
resonance, while Lac C3, the result of non-oxidative metabolism of
pyruvate C3 is present at 21 ppm. In between the two, the C4, C3
and C2 resonances of glutamate and glutamine are prominent,
Aspartate C3 and C2 as well as the GABA resonances C2, and C4 and
NAA C3 and C6 are also detectable. The 13Ce1H J-coupling effect is
frequently cancelled by applying 1H decoupling during the 13C
detection, merging that way all the heteronuclear multiplet split-
ting of each carbon resonance. This spectrum illustrates also the
typical 13Ce13C J-coupling splitting of the resonances taking place
when two neighboring carbons are labeled in the same molecule.
This is for example visible on the Glu C4 peak, where the singlet
peak is surrounded by the two doublet peaks resulting from the
C4eC3 coupling in glutamate, with a shift of 34.9 Hz. The reader is
referred to [139] for description of the spectral quantification of 13C
MRS data. The reviews by Lai et al. and Valette et al. in the current
issue will inform the interested reader with further details on the
different aspects of 13C MRS for rodent and human applications.

3.5. Modeling of brain metabolism in 13C MRS studies

In contrast with radionuclide labeling studies such as PET
studies, 13C MRS can be used to determine in which molecule and
even in which carbon position the 13C atom is incorporated, which
is referred to as chemical specificity. These interesting properties of
13C MRS labeling studies raised a strong interest in the neurosci-
ence community in the last decades, providing a deep insight in
brain energy metabolism in vivo. Early studies were essentially
undertaken by infusion of [1e13C] glucose [140e143] and were
analyzed with a one-compartment model of brain metabolism.
With the rapid improvements of MRS sensitivity and NMR meth-
odology in general, the detection of the carbon positions C4 and C3
of glutamate and glutamine became possible [140], and two-
compartment models describing both the glial and neuronal
oxidative metabolism and the glutamatergic neurotransmission
process were developed [115,144].

The two compartment model is based on the fact that brain
tissue is composed of two major cell types, the neurons and the
glial cells. They have distinct properties and functions, which rely
on their mutual interaction. Neurons are highly specialized cells
responsible for processing and transmission of information through
electrochemical signals in the central nervous system. Glial cells are
responsible to support and protect the neurons in the brain, but are
also an active part of the neurotransmission process through the
uptake of the neurotransmitter glutamate from the synaptic cleft
[145] and play a role in synaptic plasticity [146].

3.5.1. Mathematical modeling of non-steady-state metabolic
conditions

In hyperammonemic models, the equilibrium concentrations
are modified over time through the neuroprotective actions of
specific ammonia-fixing pathways, in particular glutamine syn-
thesis in the astrocytes [144]. This induces a progressive change in
the total concentrations of glutamine, resulting in a progressive
decrease of the glutamate to glutamine ratio. In the metabolic
modeling of 13C-glucose infusion experiments, metabolic steady-
state is typically assumed over the period of the MRS data acqui-
sition, which means that metabolic fluxes and total metabolite
concentrations are assumed to be constant over this period [107]. If
this is a conservative assumption in healthy subjects, this condition
might prove to bewrong under hyperammonemic conditions, since
a significant change of glutamine and possibly glutamate happens.
However, the impact of those changes must be compared to the
timing at which they happen as compared to the experiment
duration. In CLD, the glutamine increase is a relatively slow process
which happens over weeks, resulting in a typical increase of
1e1.2 mmol/g/week for BDL rat models [95], which can be assumed
negligible over a typical 13C MRS experimental time of 4e6 h. On
the other hand, in acute hyperammonemia models, with and
without liver failure, the changes in glutamine concentration take
place with a rate of about 0.033 ± 0.001 mmol/g/min [84], on the
same time scale as the 13C infusion experiments. Therefore, this
non-metabolic steady-state condition has to be taken into account.
In vivo 1H MRS studies showed that glutamine concentration fol-
lows a linear increase from 2.3 ± 0.4 mmol/g before the infusion to
17.7 ± 4.0 mmol/g at the end of the infusion [31,84]. Mathematical
models of brain energymetabolism are characterized by two sets of
equations, the mass-balance equation and the labeling equations
(see Ref. [107] and M. Lai et al. in the present issue). The labeling
equations handle the 13C transfer in itself betweenmolecules, while
mass-balance equations deal with the total concentrations of those
molecules, also known as pool size. The increase of glutamine has
therefore to be included in those equations. A standard mass bal-
ance equation for a product P with i influxes and j outfluxes is given
by:

dPðtÞ
dt

¼
X
i

V i
in �

X
j

V j
out

In the metabolic steady-state conditions, this is equal to zero,
which fixes the relation between the sum of influxes and outfluxes.
In the case of a time-varying pool size, the net change needs to be
included in the modeling. In the hyperammonemic situation, a
robust way of doing this is to characterize the increase in glutamine
by 1H MRS in the same brain location as the 13C MRS acquisition.
Since glutamine concentration rises linearly, the slope of this in-
crease can replace the left term in the mass-balance equation of
glutamine and fix the new relation between the fluxes. This gives
the following equation for glutamine in the two-compartment
model (Fig. 7):

½d½Gln tð Þ �
dt

�measured with

H1 MRS

¼ Vsyn � Vefflux � VNT

Using the 1H MRS measurement as input does not generate
additional degrees of freedom in the mathematical fitting of the
turnover curves, which in turn ensures a stability of the metabolic
modeling comparable to the normoammonemic conditions. The
increase of glutamine concentration can be either determined prior
to the start of the 13C infusion study or followed throughout the 13C
MRSmeasurements, for example by using 1H-[13C]MRS approaches
[147]. A similar approachwas used by our group for themodeling of
brain metabolism under infusion of sodium [2e13C] acetate in rats,
which resulted in slow time-varying concentrations of glutamate
and glutamine [135].



Fig. 8. Representative in vivo 15N spectra acquired in the rat brain at 9.4T during 15N
labeled ammonium chloride infusion. The labeled urea visible in the spectrum is a
consequence of labeled urea release from the liver, distributed across blood circulation
to all tissues.
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4. In vivo nitrogen Magnetic Resonance Spectroscopy

Compared to 1H MRS and 13C MRS, 15N MRS is rather more
challenging and therefore not as widely used. This is mainly due to
15N low natural abundance (0.365%) and low intrinsic sensitivity
(low gyromagnetic ratio), leading to a low SNR in vivo. As for 13C
MRS, to overcome these issues, continuous infusions of 15N labeled
substrates are used (e.g. 15N labeled ammonium chloride, ammo-
nium acetate). The possibility to monitor the dynamic incorpora-
tion of 15N across different molecules involved in important
metabolic pathways represents the main advantage of infusing
labeled substrates. As previously stated, this information is not
accessible when using classical 1H MRS. 15N MRS is an alternative
and sometimes complementary approach to 13C MRS in studying
glutamate-glutamine metabolism and can in principle provide a
more direct interpretation of glutamine metabolism than 13C
studies (i.e. 15N label enters directly into the glutamine - glutamate
cycle, providing a direct measurement of glutamine synthetase
rates (Vsyn)).

Additionally, 15N MRS offers some other advantages. The ac-
quired in vivo spectra benefit from a wide chemical shift dispersion
leading to the resolution of the important metabolites involved in
glutamine-glutamate cycle. As previously published [84,104] the
majority of the 15N signals comes from inside the brain. Therefore,
there is no need for sophisticated localization sequences. OVS based
localization is easy to implement and therefore suitable for these
types of applications. Two 15N spectra acquired in vivo in the rat
brain with and without OVS localization are presented in Fig. 8. By
comparing the resonances of [5e15N] Gln from the two spectra, we
can notice that almost the entire signal comes from the brain.
Moreover, there are no resonances fromwater or fat present in the
spectra which needs to be suppressed andmonitored for additional
artifacts. To enhance the 15N signal, additional NOE (nuclear
Overhauser effect used to transfer magnetization from 1H to 15N
nuclei) and 1H decoupling (RF irradiation at the 1H frequency
during 15N signal acquisition) modules are implemented in the
acquisition sequence [84].

Finally, the 15N spectra are characterized by the presence of very
few resonances leading to a straightforward quantification. For
example, AMARES (Advanced Method for Accurate, Robust, and
Efficient Spectral fitting) [148] from the jMRUI software is an
improved interactive time domain algorithm, easy to use with no
need of using a metabolite basis set. The prior knowledge is
generated by manually selecting the resonances to quantify by
clicking on the top of each of them and afterwards defining the
linewidth. Then, the prior knowledge is given in terms of relative or
fixed amplitudes, frequencies, linewidths, phases and lineshapes
(also called low level prior knowledge). The flexibility for the user is
increased and therefore any error created by the user can addi-
tionally lead to unreliablemetabolite quantification. For 15N signals,
two Lorentzian spectral components are usually selected to fit the
major contributions of the metabolites ([5e15N]Gln and [2e15N]
Gln þ Glu), the zero-order phase estimated and the first-order
phase fixed to zero. The precision of the amplitude estimates is
assessed using the CRBs. Absolute quantification is, on the other
hand, more challenging and performed using an external reference
method [84]. The amplitudes of the localized in vivo signals are
compared with those obtained under identical experimental con-
ditions from a phantom solution containing 15N uniformly labeled
glutamine and glutamate. A small sphere containing a different 15N
labeled compound is placed in the center of the 15N coil and used to
correct for the effect of variable coil loading on sensitivity between
in vivo and phantommeasurements. In addition, NOE and T1 effects
need to be taken into account by performing each time two
different acquisitions: one performed with NOE using the
parameters of the in vivo experiment and the second using fully
relaxed conditions in absence of NOE [84,140].

However, an important drawback of 15N MRS in vivo experi-
ments has to be mentioned, i.e. the careful monitoring of animal
physiology during 15N labeled ammonia infusions. In our laboratory
we mainly used 15N labeled ammonium chloride that was infused
at a continuous rate of 4.5 mmol/h/kg and a plasma ammonia
concentration of 0.95 ± 0.08 mmol/L was reached. The physiolog-
ical variables were maintained within normal physiology
(pH ¼ 7.41 ± 0.04; PaCO2 ¼ 40.0 ± 1.8 mm Hg, O2 satura-
tion> 99.8%) during the in vivo experiments. However, we noticed a
tendency of decreasing arterial pH. Therefore, sodium bicarbonate
diluted in Dulbecco's Phosphate Buffered Saline was infused
continuously at an adjustable rate to maintain arterial pH in the
normal physiological range.

A very comprehensive description of 15N MRS is provided by the
review of Dr K. Kanamori published in this special issue. In the
present review we will focus only on the direct detection of 15N
labeled metabolites and on the improvements done in our labo-
ratory from methodological and metabolic modeling point of view
[84].

The past in vivo MRS studies under ammonia infusion mainly
focused on the incorporation of 15N of ammonia into [5e15N]Gln
measuring the apparent GS flux (Vsyn) [31,103e105]. The glutamate
dehydrogenase flux (VGDH) was also estimated by measuring
[2e15N]Gln þ Glu signal during 15N-enriched ammonia infusion in
a separate experiment [149]. It is however difficult to determine
Vsyn and VGDH simultaneously in the same subject in an in vivo and
localized experiment, due to the large chemical shift dispersion
between [5e15N]Gln and [2e15N]Gln þ Glu.

As for 13C MRS, a two compartment (neurons/glial cells) math-
ematical model can be used to follow the incorporation of 15N label
across different metabolic pathways and to estimate different brain
metabolic fluxes related to enzyme activities in the in vivo brain.
Fig. 7 shows in red the brain metabolic processes involving
ammonia in a model of compartmentalized brain metabolism.
Ammonia has two components: a gaseous (NH3) and ionic (NH4

þ)
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one, being mostly present as NH4
þ at physiological pH. Both of them

are transportable across cell membranes and thus entering the
cells: NH3 is lipid soluble, entering the brain through diffusion;
while NH4

þ has similar properties as Kþ, competing with Kþ on Kþ

transporters and channels [150]. The infused 15N labeled ammonia
passes the blood-brain-barrier (BBB) and enters directly the glial
cells at a rate Vin. In astrocytes ammonia and Glu are converted to
Gln through GS, leading to the labeling of Gln at the position N5.
This labeling can be directly measured in the15N spectra (Fig. 9) and
provides the measure of the flux through GS (Vsyn). Afterwards, Gln
is released by the astrocytes and transported into the neurons
where it is converted in Glu by glutaminase, completing the
glutamate-glutamine cycle. Ammonia can also be incorporated in
glial glutamate through glutamate dehydrogenase leading to la-
beling of [2e15N]Glu þ Gln, which can also be followed directly in
the 15N spectra giving the flux VGDH (Fig. 9). Then glutamate is
converted into glutamine by GS, which is transported into neurons
and converted to glutamate by neuronal glutaminase.

Although the glutamine synthetase reaction is fast in rat brain,
Glu/Gln labeling is however a combination of total concentration
changes and labeling turnover. The purpose of the study shown in
Fig. 9 was therefore to determine over an extended period what the
consequences of hyperammonemia are on brain biochemistry of
these amino acids, following the change in total brain glutamine
concentration. As can be seen from the 15N turnover curves in Fig. 9,
the labeling in N5 and N2 reaches rather quickly (<1 h) a dynamic
labeling steady-state, in the sense that the 15N concentration in
these positions follows then the same linear trend as that of the
total Gln or Glu þ Gln concentration (keeping the fractional
enrichment constant).

More details about the modeling are provided in the review by
M. Lai in this special issue. It is well known that a higher number of
Fig. 9. Representative in vivo 1H and 15N MRS spectra and corresponding time courses o
modeling. The modeling approach for the 15N data was simplified by merging the glial and
impact on the determined parameters. The Gln kinetic pool is drawn in the glial compartm
glutamate represents therefore both Gln transport to the neuron and conversion to Glu in
experimental labeling curves will increase the robustness of the
modeling process, the number of estimated parameters and their
accuracy. We therefore developed a new alternate acquisition
strategy to measure in the same experiment the total glutamine
(tGln) accumulation using 1HMRS and the incorporation of 15N into
both [5e15N]Gln and [2e15N]Gluþ Gln using 15N MRS, an approach
never reported previously. Mathematical modeling of 1H and 15N
MRS data provided reliable estimations of net glutamine accumu-
lation (Vsyn-Vnt), Vsyn, the apparent neurotransmission rate Vnt and
VGDH under 15N-labeled ammonia infusion in the rat brain.

[5e15N]Gln and [2e15N]Glu þ Gln signals show a large chemical
shift difference in 15N spectra (~70 ppm) which makes them diffi-
cult to fully excite in a single experiment using conventional
acquisition sequences with the carrier frequency placed on the
[5e15N]Gln resonance. Therefore, we developed a new 15N pulse
sequence starting from the conventional SIRENE sequence [151] to
simultaneously detect [5e15N]Gln and [2e15N]Gln þ Glu in vivo
[84]. This was done using two adiabatic excitation pulses with
opposite frequency modulations and by acquiring the two 15N
signals of interest separately in an interleaved mode. The first
adiabatic half passage (AHP) RF pulse with the carrier frequency
placed on the [5e15N]Gln fully excites this resonance (no longitu-
dinal (Z) magnetization remaining), but barely affects the Z
magnetization of [2e15N]Glu þ Gln. After 3 s the second AHP RF
pulse with the carrier frequency on [2e15N]Glu þ Gln flips the
magnetization of [2e15N]Glu þ Gln into the transverse plane,
whereas the Z magnetization of [5e15N]Gln is slightly reduced by
this pulse. This interleaved excitation scheme enables the selective
excitation of the two resonances of interest in the same effective TR.
The main improvement of this new sequence was the detection of
[2e15N] Glu þ Gln signal approximately 50 min earlier than with
the conventional sequence due to a better RF excitation, which in
btained during 15N labeled ammonium chloride infusion and used for mathematical
neuronal Gln pools into a single kinetic pool, which was shown to have no significant
ent, which contains 90% of Gln in normal healthy conditions. The arrow to neuronal
the neuronal compartment.
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turns leads to an increased precision for the estimation of VGDH flux.

4.1. Mathematical modeling of 1H and 15N spectra during
ammonium chloride infusion

For our experimental setup, the time courses of total Gln (1H
MRS measurements), [5e15N]Gln and [2e15N]Glu þ Gln (15N MRS
measurements) were used as experimental data to which the
model was fitted (Fig. 9). The models can be defined using SAAM II
environment (The SAAM Institute, Seattle, WA, USA) or in-house
Matlab routines using differential equations derived for [Gln],
[5e15N]Gln and [2e15N]Glu þ Gln.

As mentioned in section 3.5, from a modeling point of view the
metabolic system is in non-steady-state conditions since the total
Gln concentration is linearly increasing over time during ammonia
infusions. The modeling of the time course of total glutamine
concentration obtained from the 1HMRSmeasurement is described
at the end of section 3.5 and provided us themeasure of the net rate
of glutamine accumulation (0.033 ± 0.001 mmol/kgww/min) [84].
The direct measurement of the dynamic labeling of brain ammonia
was not possible, therefore Vin was assumed 0.23 mmol/kgww/min
[20,31,124] together with a negligible efflux from the Gln pool
compared to Vsyn [31,104,105]. Previous measurements of net Gln
accumulation [31] were done indirectly by extrapolation and
assumed that the increase of glutamine is attributed to increased
PC and GDH activities which were considered equal to each other
and accounting for the net transport of ammonia. These measure-
ments were confirmed by experimental measurement of Gln
accumulation at the end of the in vivo experiment.

Following the same metabolic modeling approach as for the
interpretation of the kinetic 13C MRS concentration curves (see
Ref. [107] and M. Lai et al. in the present issue), the mass-balance
equation and the labeling equation of the measured metabolites
and their precursors can be written in terms of metabolic fluxes.

In the model presented in Figs. 7 and 9, metabolic steady-state
conditions for the fluxes (i.e. constant) and involved chemical
pools is assumed, except for glutamine, which increases over time.

4.1.1. Pool sizes considerations
4.1.1.1. Glutamate. The mass-balance equation for total glutamate
is then given by:

d½Glu�
dt

¼ d½Glun�
dt

þ d½Glug�
dt

¼ Vnt � Vnt þ Vnt þ VGDH � Vsyn

¼ Vnt þ VGDH � Vsyn ¼ 0 (1)

From equation (1) and the metabolic steady-state of glutamate,
we obtain the following relation between the fluxes:

Vsyn ¼ Vnt þ VGDH (2)

4.1.1.2. Glutamine. For glutamine, the mass-balance equation is:

d½Gln�
dt

¼ Vsyn � Vnt � Vefflux (3)

Assuming constant metabolic fluxes, glutamine change over
time will be characterized by a linear increase:

½Gln�ðtÞ ¼ ½Gln�ðt ¼ 0Þ þ
�
Vsyn � Vnt � Vefflux

�
t (4)

Which simplifies to:

½Gln�ðtÞ ¼ ½Gln�ðt ¼ 0Þ þ �
Vsyn � Vnt

�
t (5)
When assuming a negligible Vefflux as compared to Vsyn, as re-
ported by Refs. [31,104,105].
4.1.1.3. Brain ammonia. Assuming metabolic steady-state condi-
tions for the involved fluxes and chemical pools, except for gluta-
mine, brain ammonia is characterized by the following mass-
balance equation:

d½NH3�brain
dt

¼ Vin þ Vnt �
�
Vo þ Vsyn þ VGDH

� ¼ 0 (6)

0Vo ¼ Vin þ Vnt � Vsyn � VGDH
4.1.2. 15N labeling dynamics

4.1.2.1. Brain ammonia. Its labeling equation takes into account the
fractional enrichment in 15N of each precursor pool as follows:

d15NH3brain
dt

¼ Vin

15NH3plasma

½NH3�plasma
þ Vnt

½5� 15N�Gln
½Gln� � �

Vo þ Vsyn

þ VGDH
� 15NH3brain
½NH3�brain

(7)

The fractional enrichment of ammonia in plasma (FEplasma) is
typically assumed to be constant during the infusion period, which
is valid and consistent with relatively low ammonia levels before
infusion (0.08 ± 0.02 mM). Blood ammonia enrichment follows
therefore tightly the injected enrichment. Using the result of
equation (6), equation (7) can be rewritten:

d15NH3brain
dt

¼ Vin FEplasma þ Vnt
½5� 15N�Gln

½Gln� � ðVin

þ VntÞ
15NH3brain
½NH3�brain

(8)
4.1.2.2. [5e15N] glutamine. The labeling of [5e15N] glutamine is
thus given by:

d½5� 15N�Gln
dt

¼ Vsyn

15NH3brain
½NH3�brain

� Vnt
½5� 15N�Gln

½Gln� (9)

The first term on the right of equation (9) can be isolated from
the labeling equation of brain ammonia (equation (8)). Equation (9)
is then rewritten as:

d½5� 15N�Gln
dt

¼ Vsyn

�
Vin

ðVin þ VntÞ FEplasma

þ Vnt

ðVin þ VntÞ
½5� 15N�Gln

½Gln�

� 1
ðVin þ VntÞ

d15NH3brain
dt

�
� Vnt

½5� 15N�Gln
½Gln�

(10)
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d
�
5�15N

	
Gln

dt
þ Vsyn

ðVin þ VntÞ
d15NH3brain

dt

¼ Vsyn

�
Vin

ðVin þ VntÞ FEplasma þ
Vnt

ðVin þ VntÞ
½5� 15N�Gln

½Gln�
�

� Vnt
½5� 15N�Gln

½Gln�
(11)

Changes in NH3 brain can be assumed to be small in comparison
with the large glutamine pool (“small pool approximation”
[152,153]), i.e.:

d½5� 15N�Gln
dt

[
d15NH3brain

dt
(12)

Equation (11) is then simplified to:

d½5� 15N�Gln
dt

¼ VsynVin

ðVin þ VntÞ FEplasma þ
VsynVnt

ðVin þ VntÞ
½5� 15N�Gln

½Gln�

� Vnt
½5� 15N�Gln

½Gln�
(13)

In equation (13), not only the 15N-labeled metabolite concen-
trations are changing over time, but the total [Gln] concentration is
also increasing, as glutamine is in a metabolic non-steady-state
condition, as described in the 13C section of this review. Using
equation (5), equation (13) can be rewritten more explicitly:

d½5� 15N�Gln
dt

¼ VsynVin

ðVin þ VntÞ FEplasma

þ VsynVnt

ðVin þ VntÞ
½5� 15N�Gln

½Gln�ðt ¼ 0Þ þ �
Vsyn � Vnt

�
t

� Vnt
½5� 15N�Gln

½Gln�ðt ¼ 0Þ þ �
Vsyn � Vnt

�
t

(14)

d
�
5�15N

	
Gln

dt
¼ VsynVin

ðVin þ VntÞ FEplasma

� Vnt


ðVin þ VntÞ � Vsyn

ðVin þ VntÞ
�

�
�
5�15N

	
Gln

½Gln�ðt ¼ 0Þ þ �
Vsyn � Vnt

�
t

(15)

From equation (15), the initial slope of the [5e15N]Gln labeling
curve can be derived:

lim
t/0

�d�5�15N
	
Gln

dt

�
¼ VsynVin

ðVin þ VntÞ FEplasma;

since
h
5�15N

i
Glnðt ¼ 0Þ ¼ 0

(16)
4.1.2.3. [2-15N] glutamine and glutamate. From the model in Fig. 9,
the rate of labeling of [2e15N]Glug, [2e15N]Gln and [2e15N] Glun

can be derived:
d
�
2�15N

	
Glug

dt
¼ VGDH

15NH3brain
½NH3

	
brain

� Vsyn
½2� 15N�Glug

½Glug�

þ Vnt

�
2�15N

	
Glun

½Glun� (17)

d
�
2�15N

	
Gln

dt
¼ Vsyn

�
2�15N

	
Glug

½Glug � � Vnt

�
2�15N

	
Gln

½Gln� (18)

d
�
2�15N

	
Glun

dt
¼ Vnt

�
2�15N

	
Gln

½Gln� � Vnt

�
2�15N

	
Glun

½Glun� (19)

Again, the linear increase of [Gln] in hyperammonemia has to be
included in the modeling. The “small pool approximation”
[152,153] is assumed for 15NH3 brain. Using equation (8), the isotopic
enrichment of brain ammonia can be isolated and inserted in
equation (17):

d
�
2�15N

	
Glug

dt
¼ VGDH

�
Vin

ðVin þ VntÞ FEplasma

þ Vnt

ðVin þ VntÞ

�
5�15N

	
Gln

½Gln�

� 1
ðVin þ VntÞ

d15NH3brain
dt

�
� Vsyn

�
2�15N

	
Glug

½Glug �

þ Vnt

�
2�15N

	
Glun

½Glun�
(20)

d
�
2�15N

	
Glug

dt
þ VGDH

1
ðVin þ VntÞ

d15NH3brain
dt

¼ VGDH

�
Vin

ðVin þ VntÞ FEplasma þ
Vnt

ðVin þ VntÞ

�
5�15N

	
Gln

½Gln�
�

� Vsyn

�
2�15N

	
Glug

½Glug � þ Vnt

�
2�15N

	
Glun

½Glun�
(21)

The “small pool approximation” is given by the following
expression:

d
�
2�15N

	
Glug

dt
[

d15NH3brain
dt

(22)

Finally, the labeling equation of glial glutamate (equation (17))
can be directly written in terms of plasma ammonia enrichment as:

d
�
2�15N

	
Glug

dt
¼ VGDH

�
Vin

ðVin þ VntÞ FEplasma

þ Vnt

ðVin þ VntÞ

�
5�15N

	
Gln

½Gln�
�

� Vsyn

�
2�15N

	
Glug

½Glug � þ Vnt

�
2�15N

	
Glun

½Glun� (23)

Equations (18), (19) and (23) are a set of three coupled differ-
ential equations, also coupled to the [5e15N]Gln enrichment. The
sum of the numerical solution of these three equations can then be
fitted to the measured [2e15N]Glu þ Gln.
5. In vivo phosphorus Magnetic Resonance Spectroscopy

In vivo 31PMRS is closer in sensitivity to 1HMRS than to 13CMRS,



Fig. 10. Representative localized 31P MRS spectrum acquired in vivo in the rat brain at 9.4T (VOI ¼ 4 � 7.5 � 6.5 mm3, localization using OVS in x and z direction and ISIS in y
direction, no decoupling and no NOE) and corresponding calculations. References: (1): [163], (2): [164], (3): [165], (4): [156], (5): [166], (6) [167].
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having a 100% natural abundance and no need for infusion of any
labeled substrates. The intrinsic 31P sensitivity is however lower,
only ~7% MRS sensitivity compared to protons. For animal studies,
this translates into the need of longer acquisition times or expan-
sion of the VOI to reach a SNR similar to 1H MRS. As previously
mentioned, 31P MRS provides different information on the



Fig. 11. In vivo 31P MRS spectra acquired in the rat brain at 9.4T. A) unlocalized spectrum; B) localized spectrum acquired from the same rat, acquisition parameters and same scaling
(VOI ¼ 4 � 7.5 � 6.5 mm3); C) same spectrum as in B) but at a different scaling.
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energetically important metabolites from 1H MRS and therefore it
should be considered as a complementary approach to obtain
additional information.

The review of Dr L. Valkovic in this present issue gives a general
overview of 31P MRS in vivo, therefore in this chapter we will focus
on brain static 31P MRS in animal models of HA. In addition, the
review of V. Rackayova in this special issue provides a description of
the roles of Cr/PCr and their measurement by 1H and 31P MRS.
In vivo brain phosphorous spectra contain the contribution of

few metabolites with limited number of resonances and a signifi-
cant chemical shift dispersion (~30 ppm), leading to a better sep-
aration of metabolites and easier quantification than 1HMRS. Fig.10
shows a representative in vivo 31P spectrum acquired in the rat
brain. The PCr resonance is the most important one and by
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convention is fixed to 0 ppm. Other high energy phosphates that
can be detected are the three resonances of ATP which originate
from the three non-equivalent phosphate groups a, b and g. Due to
homonuclear J-coupling (coupling with adjacent 31P nuclei), a and
g-ATP are doublets whereas b-ATP is a triplet with typical J-
coupling constants of ~16 Hz. These multiplets are not always
resolved in vivo. Pi is another metabolite detected in vivo and
involved in important chemical reactions of energy metabolism.
Brain 31P spectra contain also the contribution of phosphomo-
noesters and diesters which are cell membrane precursors and cell
membrane degradation products, respectively. PCho and PE are the
major contributors to the phosphomonoesters signal, while GPC
and glycerol-phosphoethanolamine are the main components of
the phosphodiesters. The signals of phosphomonoesters and di-
esters are characterized by an additional heteronuclear scalar
coupling (31Pe1H) which is in the range of ~6e7 Hz leading to
undesirable line broadening. Finally, the resonance of nicotinamide
adenine dinucleotide (NAD; doublet) overlapping with the one
from nicotinamide adenine dinucleotide phosphate (NADP;
doublet of doublet) can also be detected. In addition to the con-
centration of the visible phosphorus metabolites mentioned above,
31P MRS offers the possibility to calculate some new parameters as
shown in Fig. 10. The exact chemical shift position of some reso-
nances is sensitive to intracellular pH andMg2þ concentration. This
is due to the fact that protonation (or complexation with magne-
sium) of a compound changes the chemical environment of
neighborhood nuclei leading to a change in their chemical shift.
This allows one to calculate the intracellular pH via the chemical
shift difference between PCr and Pi using the modified Henderson-
Hasselbach equation. The amount of free Mg2þ can also be calcu-
lated from the chemical shift between PCr and b-ATP (Fig. 10). The
two resonances of adenosine diphosphate (ADP) overlap with the
resonances of a and g-ATP, which together with the low in vivo
concentration makes them difficult to directly detect in vivo. As
shown in Fig. 10, ADP concentration can however be calculated
using ATP, Cr and PCr concentrations due to its involvement in the
creatine-kinase reaction. Additionally, the phosphorylation poten-
tial, relative rate of ATP biosynthesis and relative rate of creatine-
kinase reaction can be estimated using the concentrations of ATP,
Pi, ADP, and PCr [95,154e156].

31P MRS spectra need to be acquired using localization modules
to eliminate the contaminations originating from cranial muscu-
lature and bone phosphate. The cranial musculature mainly con-
taminates the PCr signal since muscle contains a substantial
amount of PCr, while bone phosphate produces an extremely broad
resonance leading to a hump-shaped baseline (Fig. 11). The main
localization modules used for 31P MRS are ISIS, STEAM, PRESS and
SIRENE. To avoid J-coupling evolution and loss of signal due to T2
relaxation, pulse-acquire sequences are preferred. In our labora-
tory, we used a combination of OVS (in two directions: x, and z)
with an additional 1D ISIS (to localize a slice in y direction) similar
to the SIRENE localization. Fig. 11 shows spectra acquired with and
without localization modules at the same scale and at different
scales optimized for display, all acquired in vivo in the same animal
at 9.4T. As can be seen, the localized spectrum is characterized by a
flat baseline, narrow linewidths but significantly lower SNR. Several
options can be used to increase SNR in 31P spectra: broadband 1H
decoupling applied during the signal acquisition aims to eliminate
the heteronuclear interactions and was used to improve the
quantification of phosphomonoesters and diesters; NOE applied
during the full TR (using for example low power 1H decoupling)
was used to increase the SNR by ~30% (but not for all metabolites);
ultrahigh field MR systems lead to an increase in SNR and spectral
resolution. Similar to 15N MRS there is no contamination from the
water signal in the spectra which would need to be suppressed and
monitored for additional artifacts.
In vivo brain 31P spectra are characterized by the presence of a

limited number of resonances and a significant chemical shift
dispersion leading to a straightforward quantification. As for 15N
MRS, AMARES algorithm [148] from the jMRUI software is most
often used. Recently, LCModel was also used for 31P MRS quantifi-
cation together with a simulated basis set [157]. In terms of abso-
lute quantification, as for 1H MRS, different approaches can be used
(internal or external concentration reference), with the exception
that the water signal cannot be used as internal reference. In place
of thewater signal, the PCr concentration from 1HMRS can be used.
This approach is however more time demanding since one 1H
spectrum needs to be acquired separately from the same voxel. In
addition PCr is strongly overlapping with Cr and therefore a reliable
quantification of the two needs to be achieved first. Very often,
ratios to PCr or ATP are presented, assuming that the concentra-
tions of these two compounds are relatively stable. In some dis-
eases this assumption does not apply, for more detail please see the
review by V. Rackayova in this special issue.

5.1. 31P MRS in models of hyperammonemia

The pathogenic mechanisms in hyperammonemia-induced HE
have been repeatedly associated with disturbances in energy
metabolism. However, their direct role is still elusive. In this context
31P MRS is a well suited technique to measure the energy charge by
measuring the high energy phosphates. To date there are very few
in vivo 31P studies performed in animal models of HA and the re-
sults are sometimes controversial. For example no changes in 31P
metabolites were measured in a model of acute liver failure [35] or
in a model of hyperammonemia per se [29]. It has been postulated
that the discrepancies can be due to the differences in ammonium
exposure or severity and timing of clinical symptoms [158]. The
majority of the 31P MRS studies performed in CLD were performed
in humans and the results are here again quite controversial
[159e162].

In a rat model of chronic hepatic encephalopathy (due to chronic
liver disease) we performed an in vivo and longitudinal study
combining high field 31P with 1H MRS [95]. This study revealed
mild changes in some energy metabolites: 8 weeks after BDL, rats
showed a tendency toward ATP decrease (�10%, p¼ 0.07), a gradual
decrease in ADP (�28%, p ¼ 0.003) together with a progressive
decrease in cerebral pH reaching 0.03 pH decrease at week 8
(p ¼ 0.002) and a significant decrease in relative rate of creatine
kinase (CK) reaction v/Vmax-CK (�18%, p¼ 0.012). Other metabolites
measured by 31P MRS did not show any significant change. This
decrease in brain ADP, pH and v/Vmax-CK was significantly corre-
lated with increase in plasma ammonium. Regarding the fact that
all changes in energy metabolites appear mainly late in the pro-
gression in the illness, it can be concluded that the perturbation of
brain energy metabolism is not a major cause of early symptoms of
chronic hepatic encephalopathy in adult brain.

6. Conclusion

MRS has proven to be a promising tool, providing information
about metabolite concentration changes and metabolic fluxes
which are directly linked to some specific molecular mechanisms.
The non-invasive applicability of this technique combined with the
unique advantages of high magnetic fields enables, as shown here,
the time evolution assessment of changes in certain metabolites.

1H, 13C, 15N, 31P MRS have specific requirements from a meth-
odological point of view and contain different information on brain
metabolites. Used in alternative/combined way they are a powerful
diagnostic tool and very useful to assess several pathological
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mechanisms involved in HE. It is important to emphasize that ALF,
CLD and HA per se are very different models of HE with increased
ammonium and Gln as common factor, therefore leading to MRS
results that are different and sometimes controversial. In addition,
the extraordinary developments in MRS combined with other
in vivo MR imaging techniques promise new perspectives for a
better understanding of pathogenicmechanisms involved in HE but
also for a more reliable diagnostic in HE by establishing precise
correlations between different profiles of metabolites and the de-
grees of HE.
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