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ABSTRACT

This article focuses on the description of some of the NMR techniques used in the field of biomedical and
pharmaceutical research. Indeed, the NMR method has special characteristics which make it uniquely
suitable for these kinds of studies. It is non-selective so that all the low molecular weight compounds in
the sample investigated are detected simultaneously in a single run. NMR also provides rich structural
information which is an important asset to characterize complex mixture components. NMR is quantita-
tive, i.e. the area of a NMR signal is directly proportional to the number of corresponding nuclei and thus,
at variance with other techniques, the response factor is not dependent on the molecular structure. It is
also a non-invasive tool that permits in vivo studies in humans. Compared with other techniques, NMR is
significantly insensitive, which represents the main drawback of the technique. The recent technological
developments of the technique have nevertheless considerably improved its sensitivity.

The first part of this article presents an overview of the advantages and limitations of NMR for in vitro
quantitative analysis of complex matrices in liquid or semi-solid phases. The second part deals with the
NMR-based metabolomics methodology. The third part describes the in vivo clinical magnetic resonance
spectroscopy techniques. The fourth part reports some examples of NMR applications in the biomedical
and pharmaceutical research fields.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, about 65 years after the observation of proton
nuclear magnetic resonance ('H NMR) in liquid water and paraffin
wax respectively by research groups led by Bloch at Stanford Uni-
versity and Purcell at Harvard University [1-3], NMR spectroscopy
is the preeminent method for determining the structures of syn-
thesized and natural compounds, including the three-dimensional
structures of proteins and other macromolecules in solution. How-
ever, NMR has also found many applications in other fields than
chemistry, such as food science, biology, pharmacy and medicine
since it is the only physical method used routinely that can provide
quantitative valuable information at the molecular level, regarding
analysis of complex mixtures from fluids of biological origin, food
materials, beverages, drugs, cell or tissue extracts, excised tissues,
cell pellets (in vitro studies) to isolated perfused biological systems
(cell or organs) (ex vivo studies) [4-15] and finally intact living
systems (bacteria, plants, animals and humans) (in vivo studies)
[16-20].

Consequently, NMR is unique in its ability to perform analyses
in the field of biomedical and pharmaceutical research. This arti-
cle will focus on the description of some of the NMR techniques
used in these domains and their applications. The first part presents
an overview of the advantages and limitations of NMR for in vitro
quantitative analysis of complex matrices in liquid or semi-solid
phases. The second part deals with the NMR-based metabolomics
methodology. The third part describes the in vivo clinical magnetic
resonance spectroscopy techniques. The fourth part reports some
examples of NMR applications in the biomedical and pharmaceu-
tical research fields.

2. Advantages and limitations of NMR for in vitro
quantitative analysis of complex mixtures

NMR is non-invasive and non-destructive so that the sample
is available for subsequent analysis by an alternative technique.
NMR enables the direct study of intact biofluids and semi-solid or
solid samples (e.g. intact cells or tissues, drugs) using magic-angle
spinning (MAS) methodology. As solids give generally broad lines,
conventional high-resolution NMR is a liquid-phase based tech-
nique with signal width lines at half-height usually of a few Hz.
However, with the development of high resolution-MAS (HR-MAS)
NMR, spectra of whole cells or small pieces of intact tissues can
be obtained with a resolution comparable to that of homogeneous
solutions although intrinsically a little bit lower. Indeed, the high
rate spinning of the semi-solid samples at the magic angle of 54.7°
with respect to the static magnetic field considerably reduces sig-
nal broadening effects due to chemical shift anisotropy and dipolar
coupling, but not those related to the magnetic susceptibility gradi-
ents across the small specimen analyzed [21]. Moreover, whatever
the native physical state (solid or liquid) of the sample investi-
gated, its NMR solution requires minimal preparation (respectively
dissolution or dilution in an adequate deuterated solvent).

The NMR method has special characteristics which make it
uniquely suitable for the analysis of mixtures. It is non-selective
so that all the low molecular weight compounds in the solu-
tion/sample (provided they bear the nucleus under investigation
and are present at sufficient concentrations) are detected simul-
taneously in a single run. There are several magnetically active
nuclei that can be routinely used for the analysis of biological or
pharmaceutical mixtures: 'H (the most sensitive), carbon-13 (13C),
fluorine-19 (19F), phosphorus-31 (31P).

NMR also provides rich structural information. Indeed chemical
shifts, multiplicity, integrals as well as homo- and heteronuclear
two- or three-dimensional (2D or 3D) experiments such as COSY,
TOCSY, HSQC, HMBC, NOESY, ROESY, HSQC-TOCSY, HMBC-TOCSY,

etc., make up a powerful toolkit to probe the molecular structure
of complex mixture components.

2.1. Absolute quantification

The area (referred to as the intensity or the integral) of a NMR
signal is directly proportional to the number of corresponding
nuclei and thus, at variance with other techniques, the response
factor is not dependent on the molecular structure. This is only true
under well-defined experimental conditions. Indeed for quantita-
tive measurements, the spectra must be acquired and processed
under appropriate conditions [12,22]. First, it is necessary to check
that the entire spectral width (SW) is uniformly excited by the
radiofrequency (RF) pulse when resonances extend over a wide
range as with 13C, 19F or 31P nucleus. Second, concerning data
collection, there are some features to take into account. To avoid
artificial distortions of the signal intensities, the spectra must be
recorded (i) using a repetition time (TR), also called recycling time,
of at least five times the longitudinal relaxation time (T;) (after a
90° excitation pulse) of the slowest relaxing nucleus, which allows
the spins to be fully relaxed and (ii) with an adequate digitiza-
tion so that the NMR lines are described with more than five data
points above their half-height (e.g. 32K for 'H or more if a large
SW needs to be used). Moreover, when heteronuclear NMR spec-
tra are recorded with broadband 'H decoupling, the intensity of
the signals must be corrected for the Nuclear Overhauser Enhance-
ment (NOE) distortions or these distortions suppressed by using
inverse-gated recording conditions ('H decoupling applied only
during the acquisition time). Third, the data processing must be
optimized (zero-filling, apodization by a window function, careful
correction of phase and baseline distortions of the spectrum) to
enhance the definition of the lineshape and improve the resolution
or the signal-to-noise ratio (S/N). Integration of the peak areas can
then be performed. Its accuracy is greatly dependent on the S/N of
the peak considered. A S/N of at least 150 is required for an uncer-
tainty of ~1%, but an acceptable level of precision, ~3% and 8%, is
obtained for S/N ~30 and 10, respectively [23].

The measurements of absolute concentrations involve the pres-
ence in the spectrum of a reference signal of known concentration
to provide a calibration standard. In solutions, the concentrations
of the analytes are calculated by comparing the analyte and ref-
erence integrals corrected from the number of contributing nuclei
in their respective resonances. One can use an internal or exter-
nal reference contained in a coaxial capillary put into the larger
NMR tube, if a contamination of the sample analyzed with the
reference needs to be avoided. Both of them have to satisfy sev-
eral constraints which are well described elsewhere (e.g. [24,25]).
However, it is impossible to find a universal reference substance
for quantitative (even for one type of nucleus) measurements and
a number of possible reference compounds for 'H, 1°F and 3'P
NMR are listed in Refs. [26,27]. Applying all the requirements given
above, assay determinations with uncertainty of approximately
1% are achieved so long as the integration limits are extended
over a frequency range of 64 times the full width at half signal
height to ensure than >99% of the whole signal intensity is recov-
ered [23]. This is difficult to fulfill due to adjacent or overlapped
peaks, especially in complex mixtures, even if the signal separation
can be optimized by changing the solvent or using a combination
of solvents in pharmaceutical preparations or modifying the pH
value of the biological samples [e.g. 14,27]. For instance, the 'H
NMR assay of the well-isolated or resolved but closed resonances
of glutamine, glycerophosphocholine (GPC), phosphocholine (PC),
choline (Cho) and creatine (Cr) in the 2.9-3.8 ppm spectral region in
a model D,0 solution at concentrations between 0.03 and 2.0 mM
was performed with a precision in the range 2-7% and an accuracy
within +7% of the nominal concentration value [14]. In biofluids,



M. Malet-Martino, U. Holzgrabe / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 1-15 3

cell or tissue extracts as well as whole cells or intact tissues (using
HR-MAS probes) analyzed with currently available high-field spec-
trometers (500-800 MHz), all the signals are not well-resolved and
overlap of a number of resonances still remains. Therefore, decon-
volution algorithms have to be applied to resolve and quantify the
signals. The quantification of the metabolites is performed using
semi-automatic or automatic routine softwares fitting signals of
reference standards to the experimentally acquired data [28-31].
2D NMR TOCSY technique is also successfully used to resolve and
quantify, through the measurement of their cross-peak volumes,
most of the metabolite resonances that are heavily overlapped in
one-dimensional (1D) 'H spectra [32-35].

In biological samples, quantitation may be affected by the
binding of metabolites and/or internal reference to endogenous
components such as macromolecules in blood plasma or serum,
or by micellar substructures in bile. This results in significant
broadening that leads to reduced S/N or even to NMR invisibil-
ity of the signals concerned. Some sample pretreatment may be
therefore required as for example proteins and macromolecules
removal from blood plasma or serum which can be performed by
extraction methods or ultrafiltration [36,37]. Absolute metabolite
quantitation in intact tissues using 1D HR-MAS 'H NMR, beside
the fulfillment of the prerequisites described above, requires that
the integrated or computed peak areas are corrected for transver-
sal relaxation T, decay during the echo delay when a CPMG spin
echo sequence is employed to suppress broad spectral components
[38,39]. Moreover, the addition of known amounts of classical inter-
nal chemical proton reference standards used in aqueous solutions
(trimethylsilyl-2,2,3,3-d4-propionic acid sodium salt (TSP) or 4,4-
dimethyl-4-silapentane-1-sulfonic acid sodium salt (DSS)) to the
biopsy sample leads to overestimation of metabolite concentra-
tions as they can bind significantly to tissue components and flow
out of the RF coil detectable volume, thus becoming partly invisible,
which would cause an overestimation of metabolite concentra-
tions if used as a reference [40-42]. As an example, only 27.5%
of the TSP amount that was expected based on the mass of TSP
added to the sample was detected in human prostate tissue speci-
men [41]. The Electronic Reference To access In vivo Concentrations
(ERETIC™) technique which uses a synthesized RF pulse to pro-
duce an additional peak in the spectrum is the more convenient
and accurate method for the determination of absolute metabolite
concentrations in biopsy samples. However ERETIC is not routinely
implemented on spectrometers [40,42].

2.2. Sensitivity

Compared with other techniques, in terms of the minimum
sample amounts for an analysis, NMR is significantly insensitive,
which represents the main drawback of the technique. Indeed,
the limit of detection (LOD) of NMR ranges between 10~2 and
10~1" mol whereas laser-induced fluorescence reaches 10~13 mol,
Fourier transform infrared spectroscopy and Raman spectroscopy
10-12 to 10~1> mol and mass spectrometry 10~1° mol [43].

To maximize the sensitivity (the S/N) of an NMR experiment,
one can use (i) a static magnetic field as high as possible (result-
ing in a 1 GHz Larmor frequency for commercial supraconducting
NMR spectrometers), (ii) cryoprobes (coils in which the noise volt-
age is reduced via the use of high-temperature supraconducting
materials) allowing to lower the LOD by a factor 3-5 and (iii) a coil
diameter (d) as low as possible down to ~100 wm since the mass
sensitivity increases with 1/d in a first approximation and below
100 wm with the square root of d [43].

Ten years ago, the following detection limits for 'H nucleus in
urine after ~20-30 min of recording with 500 or 600 MHz spec-
trometers using conventional 5 mm probe and tube were reported
by the group of Wevers: 5 and 10 wM respectively for the singlet

and doublet resonances of methyl groups, 15 M for the singlet and
triplet resonances of methine and methylene groups respectively,
30 wM for the doublet resonance of methylene group [44,45]. It is
very likely that the recent technological developments of the NMR
technique have lowered the LOD of the method.

The total volume of sample required for NMR analysis in con-
ventional 5mm tube is 550 wL and 300 L if a coaxial capillary
is employed, but it is reduced to a few pL with microcoil probes
(typically 5-30 wL) [46,47]. 1D 'H NMR spectra of 10-15 pg of
low molecular weight compounds (/~20-30nmol) can be eas-
ily obtained in 10 min with high-field spectrometers in current
use. Indeed, the mass sensitivity of the Bruker 1.7mm TCI
MicroCryoProbe™ which utilizes 30 wL sample volume, is 14- and
6-fold greater than that of 5 and 3 mm conventional Bruker probes,
respectively [48]. A comparative study of the performances of dif-
ferent Bruker TXI probes showed that the microliter probe is 5-
and 1.7-fold more mass sensitive than the 5 mm conventional probe
and cryoprobe, respectively, while its concentration sensitivity was
found to be approximately 22- and 66-fold poorer, respectively.
The cryoprobe is 3-fold more concentration sensitive than the con-
ventional probe (Table 1) [46]. Another detailed sensitivity analysis
demonstrated that the mass sensitivity of the Varian CapNMR probe
with a flowcell volume of 5L is 10-fold greater than the con-
ventional 5mm probe, but, in contrast, the larger volume probe
is 15-fold more concentration-sensitive [47]. In conclusion, direct
NMR study of biological samples which are concentration-limited
need to be performed in a 5mm cryoprobe and conversely mass-
limited samples are most effectively analyzed in a probe whose the
observe coil is as small as permitted by the sample solubility.

3. NMR-based metabolomics

Since the pioneering work of Nicholson et al. [49], there has
been an explosive growth in the application of metabolomics.
Metabolomics or metabonomics, the two terms being often used
interchangeably [50], is a field of study that attempts to detect all
the low molecular weight organic metabolites in biofluids, cells,
tissues or whole organisms, and applies chemometric methods to
identify their key, but potentially subtle changes, as consequence
of multiple context-dependent factors including genetics, diet,
life-style, environment, disease state and pharmaceutical interven-
tions. Hence, to perform metabolomics, it is necessary to generate
comprehensive and representative metabolite profiles of complex
biological samples. NMR (mainly 'H NMR) s, with mass spectrome-
try (MS), the most accepted method used for metabolomic analyses.
MS is intrinsically more sensitive than NMR but generally requires
a chromatographic pre-separation step using gas-chromatography
(GC) after chemical derivatization, liquid chromatography (LC)
(high performance LC (HPLC) or ultra-pressure LC (UPLC)) or
capillary electrophoresis (CE). Metabolomic studies are generally
performed on biofluids (mostly urine and plasma or serum, but also
awide range of other fluids such as cerebrospinal fluid, ascitic fluid,
bronchial washes, prostate secretions or cyst fluid) and cell, tissue
or fecal extracts as well as whole cells or intact tissue specimens
(e.g. biopsies, fine needle aspirates) using the HR-MAS technique.

The requirements for sample collection, storage and preparation
including the extraction strategies are not discussed here and the
interested reader can refer to the recent references of Beckonert
etal.[51], Lin et al. [52], Tiziani et al. [36], Wu et al. [53], Issaq et al.
[54] and Serkova and Glunde [37].

Three major steps can be defined in metabolomic analyses: first,
the pattern recognition or group clustering based on spectral dif-
ferences; second, the identification of the spectral regions that
permits to distinguish sample classes and subsequently the specific
metabolite(s) responsible for the group discrimination; third, the
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Table 1
Comparison of Bruker probe performances (spectra were recorded on a Bruker DMX 600).
Probe Fill volume Active volume Reported S/N for 0.5 wmol of Sm? SIN per Enhancement®  S. S/N per Enhancement®
Viotr (L) Vobs (L) sucrose in Vioe (NS=1,LB=1) wmol in Vops pmol L1 in Vi
1 mm TXI microliter probe 5 25 276 1104 5 2760 1
5 mm conventional TXI 550 278 55 218 1 60,604 22
5mm TXI cryoprobe 500 278 181 651 3 180,978 66

Adapted from [46].

2 Sm: mass sensitivity. The obtained sensitivity was normalized to the signal-to-noise (S/N) ratio of 1 umol of samples in the NMR active volume.
b Enhancement factors were given relative to conventional 5 mm probe for S;,, and to 1 mm microliter probe for S.
¢ Sc: concentration sensitivity. Values were calculated from Sy, values using the equation S = VopsSm [47].

quantitation and validation of this (these) putative biomarker(s)
with respect to a particular characteristic or outcome (e.g. physio-
logical or pathological status, response to therapy).

TH NMR spectra of biological samples consist of thousands of
overlapping resonances and this enormous amount of raw data
needs to be prepared to make them amenable to statistical anal-
ysis. This necessity has been fully discussed [55-57]. It typically
involves the processing of acquired spectral data (phasing and poly-
nomial baseline correction, removal of overdominating peaks such
as the residual water peak after presaturation and urea in urine,
peak alignment between the spectra), followed by data normaliza-
tion (some form of adjustment of the intensity values measured
either on each data point, on each peak or on segmented spectral
regions that are referred to as variable values) and, if required, by
data scaling of the variables. The spectral data are thus compiled in
a matrix consisting of rows that identify samples and columns that
represent variables.

The standard normalization method, integral normalization or
normalization to constant sum (CS), expresses the intensity of each
individual variable in a spectrum as a fraction of the summed inte-
gral intensity of this spectrum. Probabilistic quotient normalization
(PQN) is an alternative approach. For each of the individual spec-
tra, a series of quotients is generated by the element-wise division
of the spectrum by a reference spectrum, typically a median spec-
trum [58]. Other methods also exist such as the histogram matching
adapted from the field of image processing [59].

To improve and facilitate the subsequent statistical data anal-
ysis by reducing the number of variables, the spectra are divided
along the chemical shift axis into regions called bins or buckets
of constant width (from 0.01 to 0.1 ppm, typically 0.04 ppm) or
adaptive width (intelligent bucketing in which the bin edges corre-
spond to minima in the spectrum). The total peak intensity within
each bucket is summed providing a characteristic integral of one
variable.

Given the high dynamic range of metabolite concentrations
in biological samples, a normalization on the columns of data
(i.e. on each spectral intensity of a variable across all samples)
is recommended to avoid that changes in abundant metabolites
dominate statistical models. Three classes of methods (centering,
scaling and transformations) are most commonly used. Centering
or mean centering that converts each value intensity to fluctua-
tions around zero instead of around the mean of all the column
values, is applied in combination with transformation (non linear
conversion of the data, most often logarithmic) or scaling meth-
ods such as autoscaling (also called variance scaling, unit scaling
or unit variance scaling) or Pareto scaling that divides each value
in the column by the standard deviation (SD) of the column or the
square root of the SD of the column, respectively [60]. The data
sets obtained at this stage are then submitted to statistical mod-
eling for pattern recognition using unsupervised and supervised
methods. Unsupervised data analysis, such as Principal Compo-
nent Analysis (PCA) or hierarchical cluster analysis, maps samples
according to their properties without knowledge of their class
and then establishes whether or not any intrinsic clustering exists

within a sample group. Supervised methods, such as Partial Least
Squares-Discriminant Analysis (also known as Projection to Latent
Structures-Discriminant Analysis) (PLS-DA), Orthogonal Projection
to Latent Structures-DA (O-PLS-DA) or neural networks, use prior
class information to optimize the separation between two or more
sample classes. PCA, PLS-DA and O-PLS-DA methods are widely
used for NMR-based metabolic profiling [61].

Identification of the metabolites at the origin of the samples
group clustering can be accomplished using free web-based and
commercial NMR spectral libraries as the Human Metabolome
Database (HMDB) [62], the Madison Metabolomics Consortium
Database (MMCD) [63], the Biological Magnetic Resonance Data
Bank (BMRB) [64], the Magnetic Resonance Metabolomics Database
[65] or the Chenomx database [66], as well as open source or not
publicly available software tools (e.g. Analysis of MIXtures (AMIX)
program [67], MetaboMiner [68] or rNMR which also permits to
quantify the metabolites [69]). The statistical total correlation spec-
troscopy (STOCSY) is a new approach to molecular identification in
a complex mixture. The method exploits the colinearity of many of
the intensity variables in a set of spectra (as '"H NMR spectra) to gen-
erate a pseudo-2D NMR spectrum (resembling TOCSY) that displays
the correlation among the intensities of the various peaks. Strong
correlations between spectral intensities lead to identification of
resonances from the same molecule, even with no NMR-based spin-
coupling connectivity. Connections between peaks belonging to
different molecules involved in the same metabolic pathway can
be detected by examining lower coefficients or even negative cor-
relations [70,71].

The statistical approach for the validation of putative metabo-
lite markers between the different groups can be represented by a
standard Student’s t-test or analysis of variance (ANOVA) [72].

4. In vivo magnetic resonance spectroscopy (MRS)
techniques

In the context of human (and by extension animal) in vivo stud-
ies, NMR spectroscopy is commonly referred to as MRS to avoid
the upsetting word “nuclear” when talking to human volunteers or
patients as it may erroneously lead to associations with radioactive
materials and/or ionizing radiation and also because the technique
involves the use of the same scanners than those employed to carry
out magnetic resonance imaging (MRI) investigations.

A number of magnetically active nuclei found in biological sys-
tems (1H, 13C, sodium-23 (23Na), 31P) or in xenobiotics (lithium-7
(7Li), 19F) are available for in vivo MRS studies. However, mainly the
TH nucleus is used for practical applications in biomedicine since
it has favorable NMR characteristics (nuclear spin of 1/2, almost
100% natural abundance, highest sensitivity of any stable nucleus)
and it is present in nearly all the metabolites and also because the
TH MRS spectra can be performed using clinical MRI scanners with
no additional hardware required.

Conventional MRI measures the intensity of the resonances of all
hydrogen-bearing moieties (roughly the proton density) contained
in the volume of tissue excited by the RF pulse. The human body
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ppm

Cho/NAA

Fig. 1. MRSI data obtained from a patient with a brain tumor. A: MR image with VOI selected by STEAM in white. Spectra are only acquired from the MRSI voxels inside the
VOIL. The dotted line in A indicates the MRSI voxels shown in B. B: Part of the spectral image showing MRSI voxels with their corresponding spectra. C: Enlargement of the
spectrum obtained from the voxel indicated in red in A and B. D: Metabolite map showing the intensity distribution of the ratio of choline (Cho) to N-acetylaspartate (NAA)
over the VOI with the highest intensity indicated in red at the position of the tumor. Cre: creatine, Lac: lactate. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of the article.)
Adapted from [86].

is primarily water and fat. In consequence, the high signal inten-
sity of water and methylene lipid groups is used to obtain detailed
anatomical images by assigning shades of gray, white and black
to the strength of their signals. As in CT (Computed Tomography)
scanners, the signals are subdivided into tiny cubes or rectangular
volumes called voxels (volume elements). Each of them has differ-
ent signal intensity and is therefore made of different shade. The
image is thus composed of a sum of voxels or pixels (picture ele-
ments) whose size is typically 1 mm x 1 mm x 5 mm or less. In MRS,
the signals of interest are not those of water and lipids but rather
those of metabolites which are approximately 10,000 times less
concentrated. Indeed, the concentration of endogenous metabo-
lites ranges between 1 and 30 mM in hydrogen, typically 10 mM,
whereas that of water is approximately 80 M in hydrogen. Hence,
the detection of their resonances requires a magnetic field strength
of 1.5 Tesla (T) (which corresponds to ~65 MHz for the resonance of
proton) or higher, while clinical magnetic resonance (MR) images
can be obtained with magnetic field strength as low as 0.2 T. Today,
1.5T MR scanners and well over a thousand of 3 T MR systems are
commonly used for clinical routine. Ultra high field MR scanners
(=7T) are available for clinical research (more than thirty operat-
ing at 7T and a few ones at 9.4 T) as well as for biomedical research
on small animals at field strengths up to 20T and commonly at 9.4
and 14.1T [73].

For biological tissues, the enhancement of S/N and chemical
shift resolution with increasing magnetic field strength (Bg) may
be less than the predicted linear improvement. This appears to be
due to the line width increase with By. Nevertheless, it is clearly
demonstrated that S/N and resolution in spectra at 3T or 7T are

improved compared to those at 1.5T or 4T, respectively [74-77].
Hence, higher field strength MR systems permit detecting moieties
at lower concentrations, reducing resonance overlap and decreas-
ing the voxel volume that can be observed.

The high intensity of water and lipid resonances at 4.8 and
1.3 ppm respectively overwhelm all the resonances of the metabo-
lites of interest (dispersed between 0 and 4.8 ppm) whose intensity
is far below (several orders of magnitude). Therefore, suppres-
sion techniques of these signals are critical in order to reliably
observe the much smaller metabolite signals. The most common
approaches to suppress the water signal prior the start of the
localization sequence are the CHEmical Shift-Selective (CHESS)
sequence which presaturates the water signal using frequency-
selective 90° pulses [78] and the Water suppression Enhanced
through T, effects (WET) that utilizes selective excitation of the
water resonance followed by dephasing gradients [79]. It is also
possible to suppress water and lipid resonances during the local-
ization sequence through the use of frequency-selective inversion
(180°) pulse surrounded by a spoiler gradient pulse of opposite
signs, a method known as “MEGA” or “double BASING” (BAnd Selec-
tive INversion with Gradient dephasing) [80-82].

4.1. Localization and spectral data acquisition

In vivo MRS examination starts with the identification of a spa-
tially well-defined tissue volume called Volume Of Interest (VOI)
which can be described by a voxel or voxels. The sizes of the vox-
els used for MRS studies with current MR systems (1.5 or 3T) are
generally in the range 3-8 cm?3, however voxels as small as 1cm3
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may be selected (e.g. [75,76,83]). The spatial localization is per-
formed using either Single-Voxel Spectroscopy (SVS) which records
the spectrum from a single region, or Magnetic Resonance Spec-
troscopic Imaging (MRSI), originally introduced as Chemical Shift
Imaging (CSI) by Brown et al. [84], in which the volume investigated
is divided in multiple smaller voxels, the spectra of each of them
being acquired simultaneously. Hence, the technique allows deter-
mining the spatial distribution of various metabolites in a single
experiment (Fig. 1). The basic principles and methodology of MRSI
are well presented elsewhere (e.g.[75,85,86]). Two commonly used
techniques for localization and interrogation of a voxel or vox-
els are Point-Resolved Spatially localized Spectroscopy (PRESS)
[87] and STimulated Echo Acquisition Mode (STEAM) [88]. Both
of them involve sequential application of three orthogonal gradi-
ents to select slices, during which selective RF pulses (three 90°
pulses in STEAM and a 90° pulse followed by two 180° pulses in
PRESS) are applied and generate a spin echo. Hence, at the end of
the three-slice series, only the signal from the spins within the cho-
senvolume (voxel(s))is refocused and acquired. Changing the delay
times between the pulses modify the echo time (TE). Using a longer
TE decreases the signal intensity due to T, relaxation and changes
the phase of the multiplet signals due to J-coupling modulation.
Signals with minimal intensity loss due to T; and T, relaxations
are obtained by acquiring the spectra with a long TR combined
with a short TE. Conversely, the spectra recorded with long TR
and TE contain only resonances of metabolites with high T, val-
ues whereas those of the compounds with short T, are dephased,
becoming thus undetectable. The principal advantage of PRESS over
STEAM is the additional gain in S/N with the collection of a spin
echo as opposed to a stimulated echo. Indeed, half of the signal
is not used in acquisition of a stimulated echo, resulting in a 50%
signal intensity loss. On the other hand, the presence of two 180°
pulses in the PRESS sequence does not allow performing data acqui-
sition with very short TE; they result in a poor sharpness of edges
of voxel and thus a not optimal volume selection, and in a chemical
shift displacement error, which increases with the magnetic field
strength, larger than with the STEAM sequence. However, these dis-
advantages have been lowered with the improvement of 180° pulse
designs or the replacement of each 180° pulse by two adiabatic
pulses (e.g. [86]). STEAM and PRESS are currently used for short
and long TE data acquisitions (e.g. [89,90]). In MRSI, both PRESS
and STEAM sequences can be applied with phase-encoding gradi-
ents which allow the defined volumes to be subdivided. However,
MRSI data can also be collected without PRESS or STEAM localiza-
tion and a number of alternative strategies have been proposed to
reduce acquisition time, increase spatial resolution or extend the
field of view (e.g. [75,85]). The main disadvantage of MRSI is the
contamination of the spectrum of a voxel by signals originating
from adjacent voxels, the so-called voxel bleed [86].

4.2. Quantitative in vivo MRS

As for in vitro NMR quantification, two steps need to be con-
sidered: first, the determination of accurate peak areas and their
assignments to relevant metabolites, and second, conversion of the
peak areas into metabolite concentration using adequate calibra-
tion references.

4.2.1. Post-processing, resonance assignment and peak area
measurement

In vivo MRS post-processing is basically not different from that
use in high-resolution NMR. It includes apodization, zero-filling,
Fourier transform (FT), phasing and baseline correction. However,
it must be taken into account that in localized MRS, the rapid gra-
dient switching produces electric currents known as eddy currents
that are time- and space-dependent, causing shifts of the reso-

nance frequency which result in distortion of the spectrum after
FT. Such artifacts can be removed using the water signal collected
without water suppression as a reference to correct for frequency
and line shape variations in the metabolite spectrum. Most mod-
ern MRI systems are equipped with actively shielded gradients that
minimize the effect of eddy currents. Although less essential, eddy
current correction is still commonly used for automatic phasing
and frequency offset correction [86].

The identification and assignment of resonances may be accom-
plished in several ways. First, spectra may be acquired by using
phantoms that contain compounds thought to be present in the
tissue under investigation using the same experimental parame-
ters. Large database established from in vitro measurements are
available to assist the process of metabolite identification (e.g.
[91]). Second, spectra may be acquired with different TEs to pro-
vide information about the T, values of the resonances and to
reveal their multiplicities. Third, more sophisticated MR experi-
ments such as “editing” and 2D correlation spectroscopy may be
performed in vivo to obtain a more precise assignment of reso-
nances to specific molecules [92,93]. At the low field strengths
(1.5 and 3 T) commonly used for clinical MRS investigations (com-
pared to field strengths of 11.8-18.8 T (500-800 MHz) currently
utilized for in vitro NMR analysis), there is a considerable resonance
overlap which precludes any integration of individual metabo-
lite resonances and the determination of the intensity resonance
requires spectral deconvolution using fitting programs. The most
accurate data are obtained with peak fitting routine incorporating
prior knowledge about the metabolites that contribute to the MRS
signal [94]. The LCModel™ (Linear Combination of Model spectra)
developed by Provencher [95] is a widely used software package
for the automatic quantification of H in vivo MRS spectra as well
as 'H in vitro HR-MAS NMR spectra. The model fits spectra as Lin-
ear Combination of Model spectra from 23 relevant metabolites
and 18 simulated lipids and macromolecules peaks in the ver-
sion 6.1-4. It is very truthful for the evaluation of brain spectra
acquired with short TE and hence containing many overlapping res-
onances. Conversely, the quantification package jMRUI (Java-based
Magnetic Resonance User Interface) [96] which fits the data in the
time domain using prior knowledge of the metabolite resonance
parameters, is generally used for quantification of spectra obtained
with long TE and thus with fewer overlapping signals. These two
software programs allow not only to determine the signal inten-
sities but also give information on the quality of the fit with the
Cramér-Rao lower bound as an error estimation [86]. An extensive
description of currently used computer programs for the analysis
of in vivo "TH MRS spectra can be found in the publication of Jansen
etal. [94].

4.2.2. Absolute quantification

The area of a peakis directly proportional to the number of nuclei
that contribute to it and to the concentration of the metabolite to
which the nuclei belong. However, the peak areas depend on sev-
eral factors such as receiver gain instability, compartmentation or
MR visibility of metabolites whose influence is described in detail
by Jansen et al. [94] as well as T; and T, relaxation times. To avoid a
reduction of the signal intensity, the spectra must be recorded with
a TR longer than five times the T; of the relevant metabolites. As an
example, the T; of the methyl protons of N-acetylaspartate (NAA)
being ~1400 ms at 1.5 T, using a TR of 2000 ms leads to a decrease
of its signal intensity of ~25%, whereas with a TR of 7000 ms, the
reductionisless than 1% [94]. Therefore, when the TR does not fulfill
this condition, the peak area of the metabolites should be corrected
for partial saturation separately as their T; values are not the same.

Recording the spectra with a short TE (6-30 ms) minimizes sig-
nal loss due to T, relaxation. Indeed, the reduction of the signal
intensity of the NAA methyl group (T, ~400ms at 1.5T) is ~5% if a
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TE of 20 ms is used and ~21% when the TE is 100 ms. However, the
signal intensity of compounds with very short T, such as macro-
molecules (T, ~ 50 ms), is significantly reduced even with a short TE
(~33% macromolecule signal loss with a TE of 20 ms). On the other
hand, spectra acquired with a long TE (=135 ms) have less com-
plicated appearance since the signals of metabolites with short T,
are highly reduced or even not detectable [94]. Therefore, signal
intensities of each resonance have to be corrected for T, relaxation
according to the TE value used. However, it is not conceivable to cor-
rect each signal intensity for relaxation effects as each metabolite
in each patient has its own Ty and T, values and their determina-
tion is too time-consuming to be performed in every patient. It is
therefore better to acquire spectra with long TR and TE as short as
possible to minimize the reduction of the signal intensities.

Signal intensities (possibly corrected for relaxation effects)
determined using the data analysis procedures are expressed in
arbitrary units, with ratios widely and successfully applied in the
clinical diagnosis of pathological tissues. With this approach, one of
the measured peaks whose concentration is supposed to be invari-
ant serves as a reference standard and is used as the denominator
in the peak ratios. However, even if the reference metabolite peak
area is measured in healthy tissue, it remains uncertain if this
hypothesis is correct and the alterations observed in the peak ratio
can be caused by variations in the concentration of the numerator
only (what is expected), the denominator or both. Peak areas of all
the metabolites can be converted into concentrations by using a
value from the literature for the reference metabolite concentra-
tion. Although concentration values in mmol/kg wet weight can
thus be obtained, this remains a relative quantification method.
To overcome this limitation, absolute quantification of metabo-
lites can be determined. It requires referencing to an internal or
external standard of known concentration. Tissue water signal is
frequently used as an internal reference. Two spectra are succes-
sively recorded on the same voxel, with and without presaturation
of the water signal. Because the MRS determination of the water
content is difficult, one usually applies a value from the literature
taking into account that this value varies according to the pathol-
ogy [97]. Some quantification strategies using an external reference
have been developed [94]. The signal intensity of the metabolites is
then correlated to that of a known amount of the external standard
which is present inside the coil at the time of the in vivo mea-
surement (external standard method) or which is placed at the
position of the patient afterwards (replace-and-match method).
Jansen et al. [94] in an excellent and comprehensive review on
in vivo MRS quantification strategies reported that the replace-and-
match method is the most accurate but requires extra-imaging and
preparation times and is not easy to use, whereas external ref-
erence and internal water referencing methods are less accurate,
need extra-imaging time and for the former is not easy to use.
Very recently, the applicability of the ERETIC method in a clinical
environment was demonstrated. The method has been improved
to enable accurate and reproducible quantification in vivo on a 3
T MR system. The metabolite concentrations measured in healthy
volunteers were in good agreement with literature values and with
internal water referencing [98].

5. Applications
5.1. MRS/NMR applications in the biomedical field

We elected to focus our examples to the application of MRS and
NMR to brain tumor studies because there is a large body of work
that has concentrated on these tumors. For more general applica-
tions, the reader can consult for instance the excellent and recent
reviews of Soares and Law [99], van der Graaf [86] and DeFeo and
Cheng [100].

There are two types of brain tumors: primary brain tumors that
originate in the brain and metastatic (secondary) brain tumors that
originate from cancer cells that have migrated from other parts
of the body. In adults, the most common types of cancer that
spread to the brain are melanoma, breast cancer, renal cell carci-
noma and colorectal cancer. The overall incidence rate for primary
brain and central nervous system (CNS) tumors in European coun-
tries and United States depends on age and is approximately 18
cases/100,000 persons per year [101]. Even if one-quarter of the
cost of care for cancer patients is allocated for CNS tumors, survival
rates are still very poor in all countries.

Gliomas account for more than 90% of primary brain tumors in
patients older than 20 years and for more than 60% of all intracranial
brain tumors in all patients [101]. Gliomas are named according to
the specific type of cell from which they originate. The main types
of gliomas are astrocytomas that specifically arise from astrocytes
and include the highly malignant glioblastoma multiforme (GBM),
oligodendrogliomas originating from oligodendrocytes, and mixed
oligoastrocytomas coming from both astrocytes and oligodendro-
cytes [102]. Gliomas are further categorized according to their
grade that is defined according to the WHO classification [103].
Low-grade (LG) gliomas (WHO grade I-II) are well-differentiated,
i.e. not anaplastic; these are not benign but still portend a better
prognosis for the patient. High-grade (HG) gliomas (WHO grade
[II-1V) are undifferentiated, i.e. anaplastic; these are malignant and
carry a worse prognosis [103].

The grading of a tumor has important implication for clinical
management because the grade of the tumor defines to a sub-
stantial extent survival probability and course of therapy. The gold
standard of tumor grading is histopathological diagnosis requiring
a biopsy during an open or stereotactic neurosurgical procedure.
However, the technique has limitations due to sampling errors,
inter- and intra-observer variability and the intrinsic heterogeneity
of cerebral gliomas that may confound histopathological diag-
noses made on small biopsy specimens [104,105]. Moreover, the
histopathological classification of gliomas is complex and still
under discussion and revision [106]. This stresses the interest of an
additional and/or alternative technique that does not resort to any
invasive act. "TH MRS has thus been proposed as a risk free method
for grading cerebral gliomas and numerous studies have been con-
ducted in this aim. We focus here on the most recent studies as
literature data up to 2004 have been reviewed by Hollingworth
etal. [107].

Non-invasive grading of gliomas still remains a challenge as
clear conclusions have not yet been drawn mainly due to the dif-
ferent techniques employed, the size of the voxel(s) analyzed, the
lack of consensus regarding the best metabolite(s) to be taken into
account, the methods for metabolite quantification and the choice
of the cohorts of patients evaluated.

Numerous studies were based on single-voxel techniques
because they are fully automated, easy to use and do not require
long acquisition time. However, they result in interpretative dif-
ficulties especially when the size of the voxel is high. Indeed, the
metabolite signals can be influenced by partial volume effects (sig-
nals from outside the tumor) and the spectral analysis may be
hampered by tissue heterogeneity which is a characteristic of these
lesions, by necrosis, hemorrhage, intraparenchymal calcification,
adjacent bone tissue, cerebral edema that can be included in the
assessed voxel and cause local magnetic field inhomogeneities
[108,109]. Moreover, single-voxel methods do not generally allow
for quantitative comparison of tumor and normal brain tissue
metabolites [110], except when two voxels, one located in the
lesion and the other at a similar position in the contralateral
hemisphere, are successively recorded. To overcome the limita-
tions of the single-voxel technique, a multiple-voxel 2D 'H MRSI
method has been used in the more recent studies as it has several



Table 2

Values of commonly used ratios for grading brain gliomas.

Study Number and type tCho/tCr tNAA/tCr tCho/tNAA Measurement
of tumors analyzed conditions
HG LG HG LG HG LG
Zengetal. [112] 25 HG (10111, 15 1V) 294+1.83 1.72+0.62 0.72+0.35 0.89+0.50 3.65+3.14 1.97+1.10 Multivoxel NN® ratios in the lesion:
12LG(41,81I) TR 1000 ms max tCho/tCr and
TE 144 ms tCho/tNAA, and min
tNAA/tCr
Server et al. [118] 53 HG (19 AAIIL 34 3.91+3.09 0.86+0.91 6.97 +5.63 Multivoxel NN ratios in the tumor
GBM V) GBM GBM GBM TR 1500 ms core: max tCho/tCr and
3.50+£2.03 0.87+0.89 7.31+6.00 TE 135ms tCho/tNAA, and min
AA AA AA tNAA/tCr
4.65+4.38 0.85+0.98 6.36 +5.00
Senftetal. [111] 36 HG (26111, 10 IV) 1.33+£0.30 0.40+0.03 Multivoxel Absolute concentrations
27 LG (II) TR 1500 ms (phantom, T; and T,
TE 144 ms corrected)
N? to normal tissue for
tCho
Max tCho in tumor
Hourani et al. [119] 28 HG 2.84+2.43 2.10+£0.98 0.78 £0.28 1.05+0.51 2.94P 1.72b Multivoxel NN ratios in the lesion and
8LG TR 1700 or determination of
2300 ms normalized tCho, tNAA and
TE 280 ms tCr to normal tissue
Toyooka et al. [120] 10 HG (5111, 5 1V) ~1 (1) ~0.5 ~0.8 (Ill and V) ~1.1 Single-voxel NN ratios
13 LG (1) ~1.2 (IV) TR 2000 ms
TE 136 ms
Spampinato et al. [121] 8 HG 4.234+2.46 2.03+£2.05 0.84+0.43 1.06+1.11 2.73+0.82 2.78 £2.00 Multivoxel NN ratios in the tumor:
12 LG TR 1000 ms max tCho/tCr and
Oligodendroglioma TE 135ms tCho/tNAA, and min
and tNAA/tCr
oligoastrocytoma
Yerli et al. [122] 19 HG NN NN NN NN Multivoxel NN ratios in the tumor:
6 LG 3.03+£2.34 1.75+0.29 0.37+0.28 0.64+£0.25 TR 1500 ms max tCho/tCr and min
N N N N TE 135ms tNAA/tCr and N ratios to
1.65+0.82 1.40+0.64 0.29+0.23 0.58+0.18 tCr in normal tissue: max
tCho/tCryorm and min
tNAA/tCrnorm
Zonari et al. [123] 65 HG (45111, 20 IV) 247+1.28 2.01+0.68 0.28+0.42 0.69+0.41 Single-voxel NN ratios
40 LG v v TR 1500 ms
2.70+1.54 0.08+0.23 TE 144 ms
11 11
2.38+1.15 0.37+0.45
Stadlbauer et al. [117] 17 HG 0.66¢ 0.43P 0.87° 1.17° 0.81+0.46 0.40+0.16 Multivoxel Absolute concentrations
9LG TE 135ms (phantom, T; and T,
corrected)
Concentrations averaged
across whole tumor
Chen et al. [124] 4 HG 4.06+1.21 2.76 £0.70 4.32+1.57 2.14+0.84 Multivoxel NN ratios in the tumor
17 LG TR 1500 ms
astrocytoma TE 144 ms
Kim et al. [125] 28 HG (1211, 16 IV) 3.56+3.10 1.92+0.89 7.09+6.69 4.57 £4.35 Single-voxel NN ratios
7LG I\% v TR 1500 ms Measurement of peak
4.25+3.83 6.31+3.54 TE 144 ms heights
11 11
2.64+1.39 8.14+9.52

2 NN: non-normalized; N: normalized.

b Ratios not given by the authors and calculated from their data.
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advantages. It provides multiple spectra of the tumor with spa-
tial information for each voxel-related spectrum, thus revealing
the spatial heterogeneity of gliomas [111]. Furthermore, addi-
tional spectra from healthy brain tissue can be acquired in the
same measurement offering the opportunity to express the lev-
els of metabolites in tumor directly in those detected in unaffected
brain tissue [110]. However, the analysis is restricted to a single
slice. To more accurately evaluate each part of the entire lesion
and so to minimize sampling errors, one can resort to 3D 'H
MRSI whose advantage is an increase of spatial coverage in the
three-dimensional space; it nevertheless requires longer acquisi-
tion times [112].

Major signals detected in 'H MRS spectra of cerebral gliomas are
those of choline-containing-compounds (tCho) encompassing at
least GPC, PC and Cho, total creatine (tCr) (Cr and phosphocreatine),
lipids and other macromolecules, lactate, glutamine and glutamate
(GIx), myo-inositol, NAA and N-acetylaspartyl glutamate (tNAA).
In most studies reported so far, two metabolites have a pivotal role
in glioma grading, tCho and tNAA. HG gliomas tend to have lower
tNAA intensities and higher tCho intensities than LG gliomas [113].

Data interpretation of the literature is not straightforward as
the diagnosis is based on different parameters according to the
authors: metabolite ratios, absolute concentrations of metabolites,
mean or maximum values of metabolite concentrations in multi-
voxel approaches. Moreover, data can be normalized or not. As the
intensity of the tCr peak remains stable or only mildly changed
in tumor spectra, it is commonly considered as an internal refer-
ence and the ratios tCho/tCrand tNAA/tCr have been predominantly
used to grade brain tumors. However, increased and decreased tCr
levels in different brain tumors and even in different regions of the
same tumor have been reported [114-116]. For example, Hattingen
etal.[116] have demonstrated that the normalized to contralateral
normal brain tissue value of tCr in WHO grade II gliomas is a sig-
nificant predictor for tumor progression and for malignant tumor
transformation. LG gliomas with decreased tCr may show longer
progression-free times and later malignant transformation than LG
gliomas with regular or increased tCr values. Stadlbauer et al. [117]
observed a significant difference for the tCr value in the voxel show-
ing the maximum tCr concentration within the tumor. All patients
with a grade Il oligoastrocytoma or oligodendroglioma had a max-
imum concentration <7 mmolL~1, whereas those with a grade III
astrocytoma had a maximum concentration >7 mmol L-1.

The discrepancies of the tCho/tCr, tNAA/tCr and tCho/tNAA val-
ues shown in Table 2 may have several origins. The first one is the
way of calculating metabolite ratios. Most studies reported non-
normalized “standard” ratios obtained from metabolites within
the lesion (e.g. tChowm/tCryum), even with a multivoxel approach
which easily enables a ratio of one metabolite from the diagnostic
voxel to another (or the same) metabolite from the contralateral
hemisphere (e.g. tChowm/tCryormalized)- This implies that the con-
tralateral tissue is truly healthy. However, Kallenberg et al. [109]
have recently reported increased absolute concentrations of myo-
inositol and glutamine in the contralateral normal-appearing white
matter in patients with GBM that could be due to neoplastic infil-
tration. The concentrations of tNAA, tCr, tCho and glutamate were
nevertheless not altered. There is currently no consensus in the lit-
erature on which type of differently calculated ratios is the better
to be considered [110,126,127]. Yerli et al. [122] evaluated the two
ways of calculating ratios: normalized ratios in which tCr from the
normal contralateral hemisphere was used as denominator were
compared with non-normalized ratios obtained from metabolites
in the lesion (both as the numerator and the denominator) (Table 2).
Whereas the standard ratio max-tCho/tCr was significantly differ-
ent (p=0.007) between HG and LG tumors, the normalized ratio
max-tCho/tCryormalizeda did not allow discriminating HG and LG
tumors (p=0.525). Maybe future studies should use both types of

ratios in order to improve the accuracy of the 'H MRS method for
grading gliomas.

In order to generate more stable measures of tCho abnormality,
particularly in voxels that have low tNAA or tCr, which can drive
the direct ratio to very large values irrespective of the tCho level,
McKnight et al. [128,129] developed two indexes, the so called CCI
(tCho-to-tCr index) and CNI (tCho-to-tNAA index). These indices,
generated by a linear regression-based method, reflect the number
of standard deviations of difference between the relative level of
tCho in a given voxel and the mean relative level of tCho in vox-
els from non-tumor regions. The authors demonstrated that the
best criterion for choosing an appropriate biopsy target in pre-
sumed grade Il or grade Il gliomas would be that both the standard
tCho/tNAA ratio and the CNI are near their maximum values.

Some authors measured absolute concentrations of metabo-
lites in order to avoid ratios which can artificially enhance
or conversely reduce the differences [111,117]. For example,
Stadlbauer et al. [117] measured significantly lower tCho lev-
els (2.24+0.37mmolL-! vs 3.21+1.04mmolL~!, p=0.002) and
higher tNAA levels (6.10+ 1.64 mmol L~! vs 4.25+0.99 mmol L1,
p=0.010) in grade Il tumors compared with grade IIl tumors.

The highly variable values reported in Table 2 may also arise
from the fact that many authors did not stratify their studies
according to the nature of the glioma. Under the name of HG
tumors, they often mixed anaplastic astrocytomas, GBM, anaplas-
tic oligodendrogliomas and anaplastic oligoastrocytomas, and for
LG tumors, astrocytomas, oligodendrogliomas and oligoastrocy-
tomas. All these tumors are different in terms of evolution, chemo-
and/or radiosensitivity, biologic behaviour, histologic character-
istics, power of infiltration, level of necrosis. However, this can
be explained by the fact that astrocytomas constitute 76% of all
gliomas when oligodendrogliomas and oligoastrocytomas account
for ~7% and ~11% of glial tumors. Moreover, GBM and anaplastic
astrocytomas represent ~54% and ~7%, respectively [101]. From
these figures, it is obvious that it is statistically easier to recruit
patients with astrocytomas and mostly GBM.

Another parameter to be taken into consideration is the number
of patients. Few studies recruited large patient cohorts. Moreover,
in several studies, patients evaluated have had previous therapeutic
(adjuvant radiation and/or chemotherapy) or diagnostic interven-
tions, which can impair the data.

A number of exploratory studies have demonstrated that TH
MRS can distinguish between HG and LG gliomas. At the present
time, it is still not possible to definitively predict the histologic
grade of a glioma using the 'TH MRS pattern alone and it does not
seem that 'H MRS could replace the gold standard of image-guided
stereotactic biopsy. However, the work deserves to be extended on
larger cohorts of more homogeneous patients, with standardized
procedures of ratio calculations (or absolute concentration deter-
mination), standardized diagnostic thresholds, and more accurate
comparisons (i.e. not only HG vs LG but also GBM vs anaplastic
astrocytoma for instance).

In vivo MRS studies clearly showed that the intensity of the tCho
peak or the tCho/tCr peak ratio is higher in HG gliomas than in LG
gliomas, thus demonstrating that there is a correlation between the
tCho levels and the tumor malignancy. However, the in vivo tCho
peak at ~3.2 ppm is a complex mixture of heavily overlapping res-
onances, mainly Cho, GPC and PC, but also phosphoethanolamine,
glycerophosphoethanolamine, taurine, myo-inositol, betaine and
[3-glucose. Because of its enhanced resolution, in vitro NMR consid-
erably reduces signal overlapping in this highly congested region
enabling to observe resonances of the different metabolites. Some
studies have focused on the profile of the choline-containing com-
pounds (GPC, PC, Cho) in perchloric acid extracts or intact tissues
of biopsies from patients with gliomas using conventional high-
resolution or HR-MAS NMR, respectively (e.g. [29,130]). These
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Fig. 2. 'H NMR spectra of a biopsy extract of a GBM (astrocytoma grade IV, HG tumor) and an astrocytoma of grade II (All, LG tumor). The expanded areas above the
spectra show the switch in the percentages of GPC and PC. Ref: reference used for quantification; Lac: lactate; Ala: alanine; Glu: glutamate; GIn: glutamine; Tau: taurine; PE:
phosphoethanolamine; Bet: betaine; mIno, myo-inositol; sIno, scyllo-inositol; Gly: glycine.

studies showed that the metabolic repartition of GPC and PC is dif-
ferent in HG and LG gliomas with a higher contribution of PCin HG
while the GPC peak dominates in LG tumors (Fig. 2). Indeed, rela-
tive percentages of GPC and PC exhibit a crossover as they range
from 69/31 to 37/63 in extracts (or 64/36 to 26/74 in intact tis-
sues) in LG and HG gliomas, respectively. This allows to easily and
accurately discriminating HG from LG gliomas. The assay of the
expression of the genes involved in the Kennedy pathway (phos-
phatidylcholine (PtdCho) cycle) permits to understand the pattern
of choline metabolites as detected by NMR. The high level of PC in
HG gliomas can be explained by an upregulation of both the choline
kinase 3 gene leading to an increase in PC synthesis, and the phos-
pholipase C gene triggering an increased degradation of PtdCho into
PC. On the other hand, the GPC accumulation in LG gliomas is sup-
ported mainly by the upregulation of phospholipase A1 and the
down-regulation of phospholipase C genes [29].

A very recent HR-MAS NMR study on biopsy samples proposes
to use glycine as a biomarker to distinguish several types of brain
tumors, among them LG and HG gliomas. Indeed, the glycine mean
concentration is higher in HG gliomas (GBM) than in LG ones, but
with a limited statistical significance (p=0.05) [131].

A metabolomic study of biopsies from brain tumors histologi-
cally classified as LG and HG oligodendrogliomas (LGO and HGO)
was performed using HR-MAS NMR. The results of the multivariate
statistical analysis show a clear separation between LGO and HGO
on the basis of the whole set of metabolic variables. The distinc-

tion between HGO and LGO is principally due to the metabolites
involved in the amino acid metabolism. In HGO, the production of
alanine and valine, which are related to the anaerobic pathway, is
increased while that of amino acids related to the Krebs pathway
(proline, glutamate, glutamine, y-aminobutyric acid and NAA) is
decreased. This metabolic shift toward fermentative metabolism
clearly reflects tumor hypoxia in HGO [132].

NMR is prone to the same sampling errors as histopathology
because it analyzes a tiny part of the tumor. However, it can be
complementary especially for cases difficult to grade with histo-
logical examination. An example of discordance between diagnoses
from histology and TH NMR of biopsy extracts has been reported
in two patients whose clinical evolution was in agreement with
the NMR data [133]. In the future, in vivo MRI and MRS and in vitro
NMR studies associated to the gold standard method should be con-
ducted simultaneously in a multidisciplinary approach to increase
confidence in tumor grading assessment.

5.2. NMR applications in pharmaceutical analysis

NMR spectroscopy can be used in pharmaceutical analysis for
a couple of applications, i.e. the quality control of both active
pharmaceutical ingredients (APIs) and excipients for identification,
impurity assessment and assay purposes as well as determination
of the origin (production plant) of the drug [134]. Similarly, drug
formulations can be evaluated. Additionally, the method can be
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employed in a non-destructive manner by means of solid state
NMR of formulated drugs to analyze polymorphism and imaging
techniques of tablets [135].

Since THNMR can “detect” all proton bearing molecules, it can be
regarded as an universal detector and is thus highly appropriate in
unraveling counterfeit drugs (see U. Holzgrabe, M. Malet-Martino,
Analytical challenges in drug counterfeiting and falsification, in this
issue). When it comes to the quantification of a mixture of com-
pounds, e.g. API and excipient, components of an API, mixtures of
APIs, components of an excipient, etc.,, NMR spectroscopy can be
advantageous because (i) the quantification of all components can
be performed in one run when well separated signals of all com-
ponents can be found, (ii) no response factor has to be determined
beforehand, and (iii) NMR spectroscopy is highly specific. The same
holds true for 3'P NMR spectroscopy, e.g. for the characterization
of the distribution and quantification of phospholipids in lipids and
further fatty acid analysis [136]. Nevertheless, it is currently rarely
used in quality analysis of API and drug formulations. In the fol-
lowing we want to demonstrate the power of NMR spectroscopy
on three examples, purity control of amino acids, identity control
of small peptides, and quality control of heparin derivatives.

5.2.1. Purity control of amino acids

Currently, the European Pharmacopoeia, regulating the quality
control of drugs, is in the process of the revision of the impurity
control of amino acids by replacing the thin layer chromatogra-
phy method including the ninhydrin derivatization with a HPLC
method, i.e. the amino acid analysis [137]. This method is tedious,
often not robust and labor intensive. Additionally, only amino acids
can be detected because all other impurities would not give a reac-
tion with ninhydrin and thus are not found by the UV/vis detector.
However, the quality of amino acids is a challenge due to the fact
that most of them do not contain a chromophor, fluorophor or
electrophor. Thus, they cannot be seen by the typical HPLC detec-
tors. Beside employing HPLC in hyphenation with an evaporative
light-scattering detector (ELSD), a Corona-charged aerosol detector
(CAD), a nano quantity analyte detector (NQAD), or a mass detec-
tor, the impurities of alanine, i.e. malic acid, fumaric acid, aspartic
acid, and glutamic acid, were recently assessed by TH NMR spec-
troscopy with 400 and 600 MHz NMR spectrometers using 128 and
16 scans, respectively. The limits of detection for all impurities
were in the same range than the NQAD and CAD, i.e. 0.02-0.04% of
the main component alanine, and even better than with the ELSD.
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Only the mass detector was able to provide more sensitivity [138].
These findings clearly demonstrate that the often cited low sensi-
tivity of the NMR spectroscopy is mostly not a problem in quality
assessment.

5.2.2. Identity control of small peptides

The amino acid analysis has to be applied also for the character-
ization of peptide hormones and their derivatives for identifying
and quantifying the amino acids [137]. However, Kellenbach et al.
[139] showed that simple 1D TH NMR spectroscopy can be used to
identify peptides of up to 25 amino acids, such as gonadotropin
releasing hormone, its analogues, and other peptide hormones
(Fig. 3). Here, NMR spectroscopy is used like IR spectroscopy as a
patternrecognition method which does not need the interpretation
of the spectrum but a chemical reference substance for compari-
son. Correspondingly NMR spectroscopy can be applied to check
the batch-to-batch conformity. Even human, porcine and bovine
insulin, consisting of 51 amino acids and differing in only 4, can
be distinguished by their NMR spectra [140]. Furthermore, NMR
spectroscopy has become a routine technology for protein char-
acterization, not only for small proteins such as enzymes but also
for large proteins like G protein-coupled receptors (for review see
[141]).

5.2.3. Quality control of heparin derivatives

In 2007 and 2008, some one hundred people died from hep-
arin contaminated with oversulfated chondroitin sulfate (OSCS)
(for review see U. Holzgrabe, M. Malet-Martino, Analytical chal-
lenges in drug counterfeiting and falsification, in this issue; [134]).
The heparin case happened because the monographs in the inter-
national pharmacopoeias, e.g. European Pharmacopoeia and the
United States Pharmacopoeia, on unfractionated heparin were not
revised for a long period and contained biological methods for
identification and quality control, only. The fact that 'H NMR spec-
troscopy was able to identify OSCS [142] and to guarantee the
absence of impurities related to heparin in addition to residual sol-
vents [143,144] created a NMR hype worldwide resulting in dozens
of NMR papers. The most recent ones are dealing with the identifi-
cation, characterization and quantification of old and new heparin
impurities often using multivariate analysis [145-149] and moni-
toring the production process [150].

Especially the heparin case leaves the hope that NMR spec-
troscopy will be applied in quality analysis of APIs and excipients
more often in the future in order to avoid substandard drugs
appearing on the market on the one hand. On the other hand,
NMR spectroscopy can be a powerful alternative when the classical
HPLC-UV or HPLC-fluorescence analysis is not possible.

6. Conclusion

This article has described the various abilities of NMR spec-
troscopy in the field of biomedical and pharmaceutical research.
Mostly used at its beginning by chemists as a tool for structural
elucidation, it has spread to Biochemistry, Pharmacy and Medicine
among other disciplines. This is due to its unique properties that
are largely discussed here. The versatility of NMR has enabled the
technique to make significant and valuable contributions to both
the in vitro analysis of complex mixtures as drugs, biofluids, intact
tissue samples and the in vivo clinical investigations. In vitro NMR is
awell established analytical technique evenif in our opinion its true
merit is not sufficiently recognized. MRI has proven to be essential
for clinicians in diagnosis and monitoring of pathology. However,
despite promising data, in vivo MRS has still to demonstrate its
additional diagnostic value before being routinely included in the
clinical practice. With the present technological developments and

the establishment of larger and more organized studies, the benefit
of MRS should be demonstrated in the near future.
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