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High-resolution magic angle spinning (HR-MAS) is a nuclear magnetic resonance

(NMR) technique (1–3) that enables the characterization of metabolic phenotypes

of intact cells, tissues, and organs under normal and pathological conditions. As

with NMR in general, HR-MAS can be applied to a variety of NMR-active nuclei.

However, this chapter is exclusively concerned with the proton-based (1H) vari-

ant, which is the most commonly used HR-MAS method. Therefore, in the remain-

der of this chapter, “NMR” and “HR-MAS” are synonymous with “1H NMR” and

“1H HR-MAS.” A brief introduction of NMR basics and an example of 31P HR-

MAS NMR spectroscopy are presented in Chapter 22. HR-MAS can be used to

assess cellular metabolic networks that are directly related to specific genetic infor-

mation and to the regulation of specific gene transcripts. The basic principle of

HR-MAS is to spin samples at a 54.7-degree angle (“magic angle”) with respect

to the main magnetic field, B0, to remove most of the line broadening created by

magnetic susceptibility gradients in heterogeneous systems such as biopsy speci-

mens (3–8). Magic-angle spinning results in a dramatic sharpening of the NMR

signals of the metabolites contained in a biopsy sample. The first applications of

HR-MAS to biological tissues were published in 1996 by Cheng et al. (9). In this

seminal publication, data obtained on malignant lymph nodes and on tissue sam-

ples from different brain regions in a case of Pick’s disease were presented. Since

then, the technique has been applied to study various pathologies in brain (10–

15), breast (16–21), prostate (22–25), kidney (26–28), cervix (29,30), esophagus

(31), and colon (32–34). Several reviews describing HR-MAS studies of different

human malignancies have appeared in the literature more recently (35–37). How-

ever, most of the studies reported until now have been performed on a small num-

ber of biopsy samples and only in academic research laboratories (as opposed to a

hospital environment). Certain procedures used in these studies can differ substan-

tially from laboratory to laboratory, making it difficult to compare results. There
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1. Sample Collection and Storage 497

is a need for establishing a well-defined protocol covering all aspects of a large-

scale metabolic study of biopsy samples. The same fundamental problem had to be

solved previously for metabolic studies of urine, plasma, serum, and tissue extracts,

and standard protocols eventually were adopted for some of these analyses (38,39)

(biofluid NMR methods are described in Chapters 11 through 17). Regarding the

study of human biopsy specimens, the situation has been more confusing than for

biofluids because only one article by Beckonert et al. (40) has detailed a proto-

col for the study of biopsy samples by HR-MAS. This article is extremely valu-

able and describes the essential steps that have to be followed for a successful

study. However, the authors’ protocol was not embedded in the context of a med-

ical environment where tissue samples have to be analyzed within the regular flow

of routine analysis taking place daily in a hospital. Notwithstanding, the HR-MAS

NMR spectroscopic protocols employed by groups working on human samples have

begun to converge in recent years, and the rough contours of a consensus are

emerging.

This chapter is a first attempt to standardize formally the protocols being used

in this field and is part of the CARMeN (Cancer Résonance Magnétique Nucléaire)

project carried out at the Strasbourg University Hospitals. This chapter describes

the current stage of the development of a general protocol for HR-MAS NMR spec-

troscopy of human biopsy specimens, optimized for use in a hospital environment.

This work is based on the results of more than 5 years of practical progress toward

establishing a common, clinically relevant approach. The techniques described in

the sections of this chapter are widely used today in laboratories analyzing human

biopsy samples by HR-MAS NMR spectroscopy, but alternative approaches are

also pointed out. The different steps involved in these experimental protocols are

explained in detail, and the underlying rationales are presented, followed by some

practical application examples in sections 7 and 8. Reliable metabolic profiling of

human biopsy samples can be achieved only if numerous conditions are met in the

protocol used for analysis. To illustrate the subject of this study, we present in

Figure 23.1 a representative HR-MAS one-dimensional (1D) CPMG (41) 1H

NMR spectrum obtained from an oligodendroglioma biopsy sample, which is a

grade II/III brain tumor (42). Many metabolites are easily identified in this spec-

trum, such as creatine (Cr) and choline (Cho). Characteristic brain metabolites

such as N-acetyl aspartate (NAA) and � -aminobutyric acid (GABA) are also

visible.

1. Sample Collection and Storage

Proper sample collection is one of the most critical aspects of successful HR-MAS

analysis of human biopsy specimens. In contrast to metabolic studies performed on

body fluids – notably urine, plasma, serum, and semen – where sample collection is

relatively straightforward, taking a tissue sample from a patient is an invasive pro-

cess. HR-MAS studies of human tissue, in contrast to studies performed on animal

models, need to be carefully integrated into a standard medical procedure. Typ-

ically, tissue samples are collected by a surgeon during an operation either as a

small biopsy specimen or as a large part of an organ during an exeresis (ablation
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Figure 23.1. 1D 1H HR-MAS CPMG spectrum of a human oligodendroglioma biopsy sam-
ple at 500 MHz. Characteristic metabolites are annotated. Experimental conditions: temper-
ature 277 K, spinning speed 3.5 kHz, weight of biopsy specimen 15 mg, experiment time
10 minutes. All spectra presented in this chapter were acquired on an 11.7 T AVANCE
III system (spectrometer hardware and software from Bruker Biospin, Rheinstetten,
Germany).

of the organ). In the first case, the amount of tissue sample is small (a few mil-

ligrams), whereas in the second case, entire organs can be removed. In a medical

setup, these tissue samples are used primarily for histopathological analysis and for

biomolecular analysis. Histopathological analysis consists of studying the detailed

morphological features of a tissue under a microscope using appropriate staining

agents and is currently the gold standard used to evaluate tissue characteristics, pro-

viding information pertaining to the nature of the tissue (e.g., the grade of a tumor).

Histopathological diagnosis plays a fundamental role in defining a patient’s prog-

nosis, treatment, and management. After surgical resection, the tissue specimens

are immediately sent to the histopathology department for sampling and diagnos-

tic purposes. At this point, a histopathologist selects the samples that are needed

for histopathological diagnosis, routine biomolecular analysis, and immunochemi-

cal (IHC) and in situ hybridization (ISH) analysis with a morphological background.

Samples selected for metabolic studies and future biomolecular analysis are snap-

frozen and stored in a −80◦C deep freezer located in the biobank of the hospital. All

relevant data regarding the sample and the patient are also carefully documented for

future use. At the present time, the most practical way of conducting an HR-MAS

analysis of human tissue samples is to use samples available from the biobank of
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1. Sample Collection and Storage 499

a hospital. In cases where the delay between sample collection and sample freez-

ing needs to be kept very short (less than 5 minutes) to obtain relevant metabolic

information (i.e., brain tissues), snap-freezing may be performed immediately in the

operating room. For animal studies, working with tissue samples is less problem-

atic because animals can be sacrificed and samples can be collected immediately.

These considerations demonstrate that quality and reproducibility of human biopsy

samples depend significantly on the surgeon and on the nature of the surgical oper-

ation. One of the main parameters to control is the duration of ischemia (i.e., the

amount of time during which tissue is left without blood perfusion). This time is

critical because both the nature and the quantity of the metabolites detected by

HR-MAS are strongly affected by the duration of ischemia. One effect of ischemia

is that the amount of lactate increases significantly as a result of anaerobic glycol-

ysis induced by hypoxia. Most tissue samples analyzed by HR-MAS show a large

lactate peak. The duration of ischemia is also important for tissues used in certain

histopathological analyses. However, ischemia has less influence on cellular struc-

tures than it has on metabolic profiles. To determine the total duration of tissue

ischemia, two different phases of the surgical operation process need to be exam-

ined. The first phase is the removal of the tissue. To prevent excessive bleeding of

the patient, the surgeon first clamps the veins and the arteries surrounding the tis-

sue to be excised. This is a required step for many organs (e.g., colon, lung, ovary,

kidney) but not for the brain. The associated duration of ischemia depends on the

surgeon, the organ operated, and the complexity of the operation. The second phase

during which ischemia occurs is after tissue removal. In routine surgery, removed

tissue is often left standing in a recipient on the operating table at room tempera-

ture before storage in nitrogen. Although the duration of the first phase is strictly

defined by the surgical process, the second ischemic delay can be reduced dramat-

ically without adverse effects on the patient’s health. While the sample is exposed

to room temperature, enzymatic and chemical reactions are active and lead to bio-

chemical degradation processes. Sample degradation is more rapid in some organs

than in others. In particular, some metabolites of brain tissue are known to degrade

at a faster rate than in many other tissues. For example, in brain specimens, N-

acetyl aspartate (NAA) is rapidly transformed to acetate and aspartate at room

temperature (43,44).

An example of a degradation study of a healthy lung biopsy specimen at 24◦C is

shown in Figure 23.2. The purpose of this experiment was to simulate the combined

effects of 1) the second ischemic delay, and 2) the duration of sample rotation during

HR-MAS on the metabolic profile of the lung. The first spectrum was recorded at

4◦C with a fresh sample at t = 0. Between each successive experiment, the sam-

ple was taken out of the magnet and left standing at room temperature. These

spectra show that the metabolic profile of the biopsy sample changed over time.

In particular, the signal intensities for glucose (4.65 ppm), phosphorylcholine (3.22

ppm), choline (3.20 ppm), acetate (1.90 ppm), and alanine (1.48 ppm) increased

significantly, whereas ascorbic acid (4.53 ppm) decreased. The fact that the appar-

ent concentrations of most metabolites increase with natural sample degradation

and with repeated cycles of sample spinning has been noted by several authors

(45). This effect is most likely due to progressive degradation of tissue structure.
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Figure 23.2. Degradation study of a control lung biopsy specimen performed at 24◦C to sim-
ulate the second time of ischemia. Spectra were recorded at time 0, 1.5, 3, 6, and 8 hours.
Between each experiment, the sample was taken out of the NMR instrument and kept at
room temperature.

In intact tissue, macromolecules such as enzymes and other relatively immobile

and semisolid structures bind a certain amount of small molecules, notably polar

metabolites. Because these molecules are much less mobile in a bound state than

they are in solution (tissue water), they generate only very broad NMR signals that

are virtually undetectable by common NMR methods, as are the macromolecule

signals themselves. These signals at most may deform the spectrum baseline but do

not permit detailed analysis. As tissue structure decomposes, these macromolecules
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Figure 23.3. Optimized procedure for the collection of human tissues in a hospital.

and other structures with reduced molecular mobility release bound metabolites

into intracellular and extracellular water. Once dissolved, these metabolites are

highly mobile and become NMR-visible, increasing the intensities of the metabo-

lite peaks in question. Consequently, the further tissue degradation progresses,

the more metabolite signals increase until no more molecules are released into

solution.

To guarantee tissue sample integrity as much as possible and to reduce the

duration of ischemia to a minimum, we have established the following protocol

(Figure 23.3). For each type of surgery, a reference person present during the

surgical operation collects the surgical specimen and transfers it rapidly to the

histopathology department, where a pathologist subdivides it to generate individ-

ual specimens for

1) routine histopathological analysis, which may be complemented with addi-

tional analyses, for example, biomolecular analysis, in situ hybridization (ISH),

and immunohistochemistry (IHC) performed on tissues fixed with formol and

embedded in paraffin;

2) further analyses based on frozen samples;

3) routine HR-MAS analysis;

4) additional analyses for research purposes.

For the HR-MAS study, two individual specimens are collected: one for the

metabolic analysis itself and the other (the mirror sample) for a matched histolog-

ical analysis. After this selection, the two samples for the HR-MAS study and the
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502 Reproducible Sample Preparation and Spectrum Acquisition Techniques

research samples are stored in a −80◦C deep freezer. With this procedure, the tissue

sample is continuously kept at low temperature after excision in the operating room.

This procedure guarantees a high degree of sample integrity, which is essential not

only for HR-MAS metabolic analysis but also for biomolecular analysis. At −80◦C,

samples can be stored for several years with minimum alteration (46). A variant of

the above-described procedure consists of selecting the final, individual specimens

directly in the operating room, snap-freezing them in liquid nitrogen, and keeping

them at −80◦C until analysis.

Because it is known that repeated cycles of sample freezing and thawing alter

the structure of tissues (47−49), it is recommended to minimize the number of

cycles (typically one or two) before HR-MAS analysis. The most common sources

of contamination giving rise to signals detectable by NMR in tissue samples are

1) ethanol (peaks at 1.18 ppm and 3.65 ppm), which is used for sterilization of

surgical instruments, and 2) optimum cutting temperature (OCT) cryoprotective

embedding medium that contains soluble glycols and resins. OCT medium might be

detectable in samples that were previously used, at least in part, for a histopatholog-

ical study. The OCT signal is easily identified in 1D 1H spectra because it gives

rise to a large singlet at 3.70 ppm. Samples containing a large amount of either

of these two compounds should be discarded from the analysis. When present in

small quantities, their signals can be simply removed from the spectrum by digital

processing.

The tissue sample collection procedures presented here describe the process as

performed at the Strasbourg University Hospitals; as of this date, corresponding

procedures from other clinical environments have not been described in the pub-

lished literature. However, sample storage is very similar across laboratories active

in this field (40,50).

2. Sample Preparation

To eliminate the risk of sample cross-contamination and cleaning issues, biopsy sam-

ples are now routinely prepared in disposable inserts. These inserts are made of

polychlorotrifluoroethylene (PCTFE), marketed as KelF (Daikin Industries, Osaka,

Japan), and have an active volume of about 30 µL. This volume is sufficient to

accommodate 15 to 20 mg of tissue and 10 µL of D2O. There is no need to use

a buffer for biopsy studies because the physiological salts naturally present in bio-

logical tissues already provide sufficient buffering capacity. To prevent as much as

possible sample degradation during the preparation procedure, samples should be

prepared in the frozen state inside a cryostat regulated at −20◦C (Figure 23.4). This

type of equipment is routinely used in histopathology departments for the prepara-

tion of histological sections. The amount of specimen used for each sample (∼15 mg)

and the time required for preparation should be kept as constant as possible for

all samples involved in a particular study, which is greatly facilitated by the use of

biopsy punches. Because it is important to know the exact amount of tissue used

in each analysis, the insert should be weighed before and after filling. Once the

specimen is introduced and weighed, D2O is added for the purpose of locking the

spectrometer during the NMR experiment. After the insert has been closed with

a plug, it is stored back in the −80◦C freezer. At the time of analysis, the insert is
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2. Sample Preparation 503

(a) (b)

(c) (d)

Figure 23.4. Biopsy sample preparation for HR-MAS studies. (a) Cryostat at −20◦C. (b)
Biopsy punch used to take the biopsy specimen. (c) Introduction of the biopsy specimen
and D2O into the insert. (d) Final insert closed with a transparent conical plug.

placed in a standard 4-mm ZrO2 rotor of the type classically used for solid-state

NMR studies (3). To obtain reproducible sample preparation, this task should be

entrusted to a meticulous person who performs this preparation on a routine basis.

The entire sample preparation process takes only 2 to 3 minutes for a trained person,

minimizing sample degradation. At a later stage of development, automatic sample

preparation procedures should be considered. Advantages of a disposable insert are

that the tissue sample can be stored back in the −80◦C freezer after HR-MAS analy-

sis without the need for removing it from its recipient and that the rotor itself can be

immediately reused for subsequent analyses. The biopsy specimen is available for

histopathological analysis if needed. This is an important point because HR-MAS

and histopathological analysis both can be performed on the same sample in cases

where it is uncertain whether the mirror sample represents the same type of tissue

that has been used for obtaining the metabolic data. At the present stage of develop-

ment, histology on the very samples that have been used in HR-MAS experiments

is not performed on a routine basis because cutting the insert to generate 5-µm

slices suitable for histopathological analysis takes an extra amount of time. For this

reason, the use of mirror samples cannot entirely be replaced by post–HR-MAS

histology at this time.
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In addition to our laboratory, these sample preparation techniques have been

implemented by numerous groups working in this field (40,50). However, slight vari-

ations can be found. Some authors, instead of adding pure D2O to the biopsy sam-

ple, prefer a solution of phosphate-buffered saline (PBS) in D2O (16). The advan-

tage of this approach is twofold. First, the liquid being in direct contact with tis-

sue material is isoosmotic; this may be beneficial to tissue integrity by minimizing

osmotic pressure. In this way, metabolite leakage from the tissue may be prevented

or at least reduced. Second, the buffering capacity of the liquid surrounding the tis-

sue is increased, facilitating the maintenance of constant, tissue-like pH. However,

the overall salt content of the sample is increased with PBS/D2O versus D2O alone.

This may result in a reduction of the sensitivity of the NMR experiment.

3. Data Acquisition

Before running an HR-MAS analysis of biopsy samples, one should ensure that

the spectrometer is operational and meets certain specifications. First, the temper-

ature existing inside the rotor should be calibrated precisely for the spinning speed

to be used subsequently for tissue HR-MAS because samples are being heated

owing to rotation (51). A calibration sample consisting of 100% MeOH or 99.8%

MeOD/0.2% MeOH (52). allows high-precision temperature calibration. Because

sample degradation is always of prime concern, low temperatures are mandatory,

and a value of 4◦C is typically chosen. This temperature ensures that tissue samples

are not frozen during HR-MAS analysis.

The spinning speed is usually chosen to be as low as possible to prevent sample

degradation secondary to the centrifugal forces induced by rotation. At 500-MHz

measurement frequency (11.7T magnetic field), a spinning speed of 3,500 Hz (cor-

responding to 7 ppm) is adequate. This value is sufficiently high to prevent spinning

side bands associated with the rotation to fall in the crucial 4.7- to 0.5-ppm region.

For different magnetic fields or when using a wider chemical shift range for metabo-

lite analysis, the spinning speed should be adjusted as needed. Although higher spin-

ning speeds can be technically achieved, it is advisable to limit these to the minimum

required because the risk of tissue alteration significantly increases with spinning

speed. This effect not only may adversely influence the reproducibility of HR-MAS

spectra, but also has detrimental consequences for tissue histology on samples that

have undergone HR-MAS spectroscopy.

To obtain spectra with the required quality, the magic-angle setting (54.7

degrees) should be set precisely because it has a direct influence on the line shape

of the samples (51). The standard procedure is to use a KBr sample and acquire
79Br spectra. The intensity of the spinning side bands in the 79Br spectrum is maxi-

mized by adjusting interactively the position of the stator. Once the magic angle is

set, the quality of the shims should be checked by using a test sample containing 1%

CHCl3 in acetone-D6. It is important to position the probe in the magnet in such

a manner that the stator containing the radiofrequency coil is aligned either along

the x- or the y-axis of the shim system of the spectrometer. This procedure allows

one to decrease the number of active shims and facilitates the shimming procedure.

More information concerning the exact spinning angle adjustment procedure can

be found elsewhere (51). Typical full width at half height (FWHH) values of the
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Table 23.1. Standard acquisition and processing parameters for a

one-dimensional CPMG experiment used at a field strength of 500 MHz

for a standard biopsy sample of 15 mg (pulse program, cpmgpr1d, and

acquisition mode, baseopt)

1-D CPMG

Acquisition Parameters

Temperature 4◦C

Rotation speed 3,500 Hz

Relaxation delay 2 sec

Acquisition time 2.34 sec

90◦ pulse width About 8 µsec

Receiver gain 128

Sweep width 14 ppm

Number of scans 128

Dummy scans 4

Number of points (real + imaginary) 32k

Length of CPMG 93 msec

Interpulse CPMG delay 286 µsec

Field strength used for water presaturation 50 Hz

Experiment time 10 min

Processing Parameters

Number of points (complex) 64k

Exponential broadening 0.3 Hz

Baseline correction Linear

Note. The parameters used for the acquisition of a simple “90◦ pulse-acquire”

experiment (pulse program, zgpr) are identical except for the absence of CPMG-

specific parameters (names of pulse programs and acquisition modes are given

in italics as used in Bruker instruments; similar software is available for spec-

trometers from other manufacturers).

CHCl3 line at 7.24 ppm should be less than 1 Hz. Once acceptable values have been

obtained on the CHCl3 test sample, biopsy specimens can be analyzed. If the probe

is positioned along the y-axis of the shim system, only a small set of shims (Z, Y,

YZ, X2–Y2) (51) has to be adjusted for each individual biopsy sample, by optimiz-

ing the FWHH of either the lactate resonance at 1.33 ppm or the alanine resonance

at 1.48 ppm. The FWHH of each doublet peak should be inferior to about 1.5 Hz.

At the present time, gradient-based methods (53–55) are not yet available for auto-

matic shimming of samples spinning at the magic angle; however, these methods are

under development and should become available in the near future.

For metabolic analysis of tissue samples, 1D 1H NMR data are typically

recorded using either a CPMG (Carr-Purcell-Meiboom-Gill) (41) sequence or an

experiment employing a simple 90-degree pulse, both with water presaturation.

A solvent signal suppression sequence frequently used in the field of biofluid

metabolomics is 1D 1H NOESY with presaturation, which also efficiently minimizes

broad signals of exchangeable protons (typically urea contained in urine). However,

the advantage of 1H 1D CPMG over 1D 1H NOESY is that the CPMG sequence

reduces the broad signals originating from proteins and lipids contained in biopsy

specimens. Without attenuation, lipid signals might easily dominate the tissue spec-

trum, obscuring metabolite signals of interest. Acquisition parameters of a typical
1H 1D CPMG biopsy tissue experiment are presented in Table 23.1. The interpulse
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delay between the 180-degree pulses of the CPMG pulse train is synchronized with

sample rotation (�r), and is set to 286 µsec (1/�r = 1/3,500 = 286 µsec) to eliminate

signal losses owing to B1 field inhomogeneity (56,57). The number of loops (i.e.,

180-degree pulses) is typically set to 328, yielding a total CPMG pulse train length

of 93 msec. This value is adequate to reduce the intensity of lipid signals to the

level of the metabolites in most organs (i.e., brain, colon, kidney, and ovary). For

samples originating from organs containing large amounts of lipids, such as breast,

the length of the CPMG pulse train should be increased to 200 to 250 msec (58).

Metabolite signal intensities are reduced owing to the presence of the CPMG

sequence preceding data acquisition, and this attenuation depends on the length of

the CPMG pulse train (i.e., effective echo delay [TE]). However, the signal attenua-

tion secondary to a given echo delay decreases with increasing transverse relaxation

time (T2) of the observed protons, where T2 = 1/(LW*�), with LW being the natu-

ral linewidth of the corresponding peak (LW ≤ FWHH).

With our current protocol, the lines generated by virtually all metabolite

molecules are relatively narrow (1 to 1.5 Hz), which indicates that the lower limit

for T2 is approximately 210 msec. The “true” T2 values should be significantly

higher because factors such as residual magnetic field inhomogeneity effects also

contribute to the measured linewidth, FWHH. Therefore, no dramatic signal atten-

uation is to be expected for the metabolites in question when a relatively short

CPMG pulse train is employed (e.g., the pulse train length of 93 msec mentioned

previously). Because all metabolite resonances exhibit roughly similar linewidths,

the signal attenuation secondary to the CPMG pulse train is similar for all metabo-

lites (provided that the actually observed linewidths are not strongly influenced by

residual magnetic field inhomogeneities). It is also implied that the relative metabo-

lite concentrations would not be substantially affected by the length of the CPMG

pulse train (i.e., pulse train effects would be within the narrow limits indicated by

linewidth variations). The same argument holds for the determination of absolute

concentrations provided that the spectrum of the metabolite in the reference solu-

tion is recorded under the same CPMG conditions that are applied to the tissue

samples.

The data acquisition time for each FID is set to 2.34 seconds to provide ade-

quate resolution, and the recycling delay is set to 2 seconds to obtain pseudoquanti-

tative spectra within an acceptable measurement time. Significantly longer recycling

delays would be needed to avoid any signal saturation secondary to incomplete lon-

gitudinal relaxation of the protons of many metabolites (TR ≥5*T1, where T1 is

the longitudinal relaxation time of the protons in question, and TR is the repetition

time for each scan – the sum of the data acquisition time and the recycling delay).

However, such delays would result in prohibitively long spectrum acquisition times.

Saturation effects must be considered for exact determinations of absolute metabo-

lite quantities based on this protocol.

Typically, 128 scans are acquired, resulting in a total measurement time of

10 minutes. These conditions provide an adequate signal-to-noise ratio and fast

turnover and minimize tissue degradation effects; the latter become particularly sig-

nificant when the overall sample spinning time exceeds 30 minutes. To automate the

acquisition process as much as possible and to avoid unnecessary adjustments, the

receiver gain of the spectrometer is kept at a constant value (Table 23.1). The only
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5. Data Analysis and Signal Assignment 507

parameter individually adjusted for each sample is the 90-degree pulse width. This

parameter varies slightly among samples and can affect absolute quantification of

metabolites. Further details concerning quantification are mentioned in section 5

on data analysis and signal assignment.

In essence, the data acquisition protocol is common to virtually all laboratories

analyzing human biopsy samples (40,50). Nonetheless, minor variations in experi-

mental parameters have been reported. For example, although it is now accepted

that low temperatures should be used for the acquisition of biopsy sample spectra,

temperature values ranging from 1◦C to 4◦C have been published. The length of the

CPMG pulse train varies between 50 msec and 250 msec, depending on the project

described. This variation can be explained by the fact that this parameter is organ-

dependent, and its optimal value depends on the amount of lipid present in the

tissue. The exact values used for TR, the data acquisition time, and the interpulse

delay of the CPMG pulse train also may differ slightly from the values presented in

the protocol described.

4. Data Processing

All 1D 1H CPMG spectra should be recorded in such a manner that only zero-

phase order correction is necessary to phase the spectrum properly (Table 23.1).

The first-order phase correction is close to zero for all spectra. This procedure gen-

erates spectra with fairly flat baselines and offsets close to zero. The FID is multi-

plied by an exponential weighting function corresponding to a line broadening of

0.3 Hz before Fourier transformation (Table 23.1). At the present time, spectra are

processed using an automatic baseline correction routine employing a simple linear

correction to obtain a baseline level that is exactly at 0. 1H spectra are referenced

by setting the lactate doublet chemical shift to 1.33 ppm. TSP is an unreliable refer-

ence for chemical shift referencing because it can bind to various proteins or mem-

branes in the sample, making its chemical shift sample dependent. In the event of

the presence of contaminants such as OCT or ethanol at low concentrations, digi-

tal processing of the spectra can be used to set the intensity of the corresponding

spectral regions to zero.

Although most laboratories use data processing methods very similar to those

presented in this chapter (40,50), the reference compound, lactate, is replaced in

some protocols with a different metabolite, such as alanine (1.48 ppm) or glucose

(5.23 ppm) (59).

5. Data Analysis and Signal Assignment

Specific experiments used for the assignment of metabolites present in biopsy sam-

ples are primarily 1H/13C HSQC, and DIPSI2 sequences. Measurement times for

each of these experiments are typically 8 and 15 hours, respectively. Because the

duration of these experiments is long, they are acquired on only a few samples that

are representative of each class of tissues and exclusively for the purpose of sig-

nal assignment. Significant tissue degradation occurs during this long measurement

time; therefore, 1H CPMG experiments have to be completed before these signal

assignment experiments. Further assignment methods are described in Chapter 24.
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508 Reproducible Sample Preparation and Spectrum Acquisition Techniques

In addition, assignment of spectral resonances can be facilitated by using pub-

lished literature values or specific databases (e.g., Human Metabolome Database

(60) or Bruker Metabolic Database). For most biopsy samples, 35 to 45 metabo-

lites are detected. Greater than 90% of the metabolites detected by 1H HR-MAS

NMR are common to all organs. Specific metabolites are more abundant in the

brain (NAA, GABA), the adrenal gland (epinephrine) (28), or the prostate (cit-

rate) (22). Quantification of metabolites in each sample is of paramount impor-

tance because metabolic profiling potentially reveals characteristic values for sets

of metabolites for many healthy and cancerous tissues. With current technology, it

is possible to detect by HR-MAS NMR approximately 35 to 45 metabolites in about

15 mg of tissue within an experimental time of about 10 minutes. This corresponds

to a detection threshold of about 0.1 mmol of metabolite per kilogram of tissue.

Because magnetic resonance is an intrinsically quantitative technique, it is possible

to obtain exact absolute metabolite levels for each sample, provided that signal sat-

uration effects are taken into consideration or are avoided altogether. The influence

of acquisition parameters on signal intensities is discussed in section 3 on data acqui-

sition. The quantitation technique suggested in this protocol includes calibration by

separately measuring the signal intensity of a reference solution containing a known

amount of a metabolite, typically lactate, under exactly the same conditions used for

the measurement of biopsy samples. We have found that the T1 values measured in

these reference solutions were similar to the corresponding values in tissue samples

(data not published). In cases where precise absolute quantitation is needed, correc-

tion for saturation has to be included as mentioned in section 3. The fact that CPMG

linewidths are also similar in reference solutions and in tissue indicates that any sig-

nal attenuation owing to the CPMG pulse train (effective TE) should be similar in

both sample types. The recommended quantitation method with the aid of reference

solutions provides a good approximation at this stage of development. In addition,

a technique using an electronic reference signal for quantitation (Eretic [“electronic

reference to access in vivo concentrations”] (61)) associated with a method based on

pulse length measurements (PULCON [“pulse length based concentration”] (62))

is particularly powerful (63). The current state-of-the-art Eretic method is a digital

version that does not require any additional hardware but only a dedicated program

that digitally adds a synthetic reference signal to the NMR spectrum.

At the present time, only peaks that are well resolved in 1D CPMG spectra

can be routinely quantified. However, using more sophisticated methods such as

LCModel (LCModel Inc., Oakville, Canada) (64) or jMRUI (University of Lyon,

Lyon, France) (65), it will eventually be possible to quantify larger sets of metabo-

lites. These advanced techniques have the added advantage of taking into account

the entire spectra of all metabolites in the quantitation process, which significantly

reduces the probability of overestimating certain metabolite levels owing to “invis-

ible” peaks that may lie under the resonances to be quantitated. This is a common

problem in all biological 1D proton spectra. In addition, this software allows one

to include model spectra of macromolecules and lipids. These compounds generate

very broad resonances that effectively “deform” the baseline, even though CPMG

protocols reduce their appearance. Current routine baseline correction methods

neglect these effects, which may result in further overestimation of certain metabo-

lite levels. Methods such as LCModel or jMRUI will be recommended for use in
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6. Statistical Analysis 509

clinical routine protocols once they are able to process large quantities of spectra

rapidly and automatically. By and large, the data analysis and signal assignment

techniques described in this chapter have found numerous applications in the field

of biopsy sample HR-MAS NMR spectroscopy (40,50).

6. Statistical Analysis

In most cases, the spectral region between 4.7 ppm and 0.5 ppm of each 1D 1H

CPMG NMR spectrum is automatically subdivided into regions of 0.01 or 0.001

ppm width for automated statistical evaluation. This process is also known as “bin-

ning” or “bucketing.” If necessary, the region between 10 ppm and 5.2 ppm can also

be used for the analysis. However, the region containing the residual water signal

at approximately 5 ppm is systematically excluded. A large variety of manufactur-

ers provide software platforms that can be used for binning; these platforms can

be programmed by users or are programmed by the manufacturer to perform this

task. Examples shown in this chapter are based on AMIX software (Bruker Biospin,

Rheinstetten, Germany).

The widths of the bucketing regions can be adjusted to minimize effects of peak

shifts owing to variations in pH or salt content. The choice between 0.01 ppm or

0.001 ppm bucketing depends on how well corresponding peaks in the spectra to

be compared are aligned. The quality of peak alignment can be assessed easily by

inspecting the stacked plots of the spectra to be included in a specific statistical eval-

uation. The peak integral within each individual bucket region is computed with the

aid of AMIX or with a MatLab-based program and normalized with respect to the

total integral of the entire spectral region included (typically 4.7 to 0.5 ppm). This

procedure allows normalizing all metabolite signals of a given spectrum to tissue

sample weight. If necessary, signals originating from contaminants or lipids can also

be removed at this stage by excluding the corresponding spectral regions from the

bucketing and normalization processes. The bucketing process generates an X data

matrix with a number of columns corresponding to the number of buckets and a

number of rows corresponding to the total number of samples used.

Data sets are imported into a statistics program for analysis (e.g., SIMCA P

11.0 software from Umetrics AB, Umeå, Sweden). First, data are preprocessed to

give equal weight to metabolites present at high and low concentrations. Then, data

are first analyzed using principal component analysis (PCA) (66,67). This unsuper-

vised multivariate data reduction routine serves to evaluate the quality of the data

quickly and to identify possible outliers. In the typical case of a two-group study,

the two groups first should be subjected to independent PCA analyses. Outliers in

each group might be due to incorrect spectral referencing, poor data quality (e.g.,

because of suboptimal shims, phase errors), or occasionally the presence of con-

taminating signals (e.g., chemical impurities, electronic “parasites”) that were not

removed at an earlier stage of spectrum processing This procedure is very useful

for identifying samples that are contaminated with ethanol or fixing agents. Spec-

tra from these contaminations usually appear unmistakably in the score plot of the

first two principal components. The spectra of these outliers should be inspected

visually and either corrected or removed from the analysis. After PCA analysis, a

supervised partial least square discriminant analysis (PLS-DA) (67–69) is usually
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510 Reproducible Sample Preparation and Spectrum Acquisition Techniques

employed to build a statistical model that optimizes the separation between the two

groups. The number of components of the PLS-DA model is determined by cross-

validation. The class membership of each sample is iteratively predicted, using the

results to generate a goodness-of-fit measure, Q2, for the overall model. The max-

imum theoretical value for Q2 is equal to 1 for perfect prediction. However, a Q2

value more than 0.5 is generally considered to be a decent predictor. Because in

practice PLS-DA models are often built using a relatively small number of samples

compared with the number of variables, an extensive cross-validation of the model

is mandatory to avoid overfitting of the data (70).

The combination of PCA and PLS-DA has become the universally used stan-

dard approach to this type of analysis (40,50). However, more sophisticated statis-

tical methods such as hierarchical cluster analysis, K–nearest neighbor analysis, or

neural networks are also in use (71). Further details of statistical methods can be

found in Chapters 4 through 10.

7. Sample Reproducibility in High-Resolution Magic Angle Spinning

When studying cohorts of humans by tissue HR-MAS, it is essential to ensure a high

level of reproducibility for all samples belonging to a specific group, for all groups.

This includes separate validation for control (healthy) and diseased tissues because

the two might behave slightly differently with respect to reproducibility. While set-

ting up a statistical model, detailed histopathological results should be available for

all samples to ascertain the exact characteristics of the tissue type in question. The

contribution of histopathologists is crucial at all stages of the study. In this sec-

tion, we present two examples of reproducibility studies based on different human

tissues.

7.1. Epilepsy

Thirty-seven 1D 1H CPMG spectra of healthy human cerebral cortex were obtained

from patients with epilepsy who had undergone surgical removal of the hippocam-

pus (Figure 23.5). This set of spectra shows convincingly that the protocol described

in this chapter can be used to obtain highly reproducible brain tissue spectra.

Because no normalization with respect to sample weight was applied for the display

of these spectra, the globally constant signal intensities across all spectra indicate

that the weight of biopsy specimens was rather constant. Sample contamination by

ethanol is visible in some spectra (peaks at 1.18 ppm and 3.65 ppm). Because these

contaminations were not very large, the corresponding spectral regions were sim-

ply set to zero in all the spectra for statistical evaluation. The corresponding PCA

analysis is shown in Figure 23.6. Only the first two principal components of the PCA

model are shown because they account for the largest variability in the sample. In

this example, the first and the second component (PC1 and PC2) account for 18%

and 14% of the variability. Most of the spectra fell within the Hotelling T2 ellipse

shown, with a confidence level of 95%. Only two data points fell outside the T2

ellipse. The corresponding outlier spectra showed slightly abnormal intensities at

2.19 ppm and 3.5 ppm, which probably explain the nontypical behavior of the two

points in the PCA plot.
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7. Sample Reproducibility in High-Resolution Magic Angle Spinning 511

Figure 23.5. Stacked plot of 1D 1H HR-MAS CPMG spectra of healthy human cortex biopsy
specimens originating from thirty-seven different patients.

7.2. Normal Kidney Tissue and Renal Cell Carcinoma

1D 1H CPMG spectra of healthy kidney and renal cell carcinoma biopsy sam-

ples were acquired, originating from twenty different patients. Clear or conven-

tional renal cell carcinomas represent 75% to 80% of renal cell carcinomas, the

latter accounting for about 90% of adult renal tumors (72–74). From each patient,
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512 Reproducible Sample Preparation and Spectrum Acquisition Techniques

Figure 23.6. PCA analysis of the spectra shown in Figure 23.5 corresponding to thirty-seven
healthy human cortex biopsy specimens (spectral region corresponding to the ethanol reso-
nances set to zero).

one healthy and one cancerous biopsy specimen were taken. The data presented

in Figure 23.7 show the reproducibility of these spectra across the patient cohort

(ethanol contamination is observable for several samples). Visual inspection of

these spectra immediately reveals the existence of differences in metabolic signa-

tures between control and clear renal cell carcinoma tissues. The cancerous samples

are clearly characterized by a conspicuously intense lipid peak at 0.9 ppm. Table

23.2 presents detailed assignments of metabolites detected in healthy kidney tissue.

To ascertain further the reproducibility of the method, the average concentra-

tion of selected metabolites was evaluated for the twenty healthy human kidney

samples presented in Figure 23.7. Metabolite concentrations were obtained from

each spectrum by simply integrating the areas under individual peaks representing

the resonances of the metabolites being analyzed. Only metabolites presenting at

least one resonance with sufficient spectral resolution were selected for this analysis.

A more robust but also more time-consuming protocol using the software LCModel

(64) or jMRUI (65) would lead to more reliable results (see section 5 on data anal-

ysis and signal assignment). Nevertheless, the results presented in Table 23.3 show

very reasonable standard deviations for the metabolite concentrations evaluated.

The corresponding PCA analysis of these two sets of spectra, based on 0.01-

ppm bucketing, is shown in Figure 23.8. Only the first two principal components of

the PCA model are shown because they account for the largest variability in the

sample. For the cancerous tissue samples (Figure 23.8(a)), PC1 and PC2 account

for 19% and 9% of the variability. This data set is unusually large and contains 139
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1.01.52.02.53.03.54.04.5 ppm

Figure 23.7. Stacked plot of 1D HR-MAS CPMG spectra of control kidney biopsy samples
(blue) and clear renal cell carcinoma tissue (red).

spectra. As in the previous example (section 7.1 on epilepsy), most of these spectra

fell within the Hotelling T2 ellipse. Only four data points fell slightly outside the T2

ellipse. For the corresponding control tissues (Figure 23.8(b)), PC1 and PC2 account

for 19% and 14% of the variability (119 spectra; 9 outside the T2 ellipse).
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Table 23.2. 1H and 13C resonance assignment of metabolites present in healthy human kidney

biopsy specimens

Metabolites Group 1H Chemical shift (ppm) 13C Chemical shift (ppm)

Acetate CH3 1.92 25.97

Alanine �CH3 1.48 18.81

�CH 3.78 53.22

Arginine �CH2 1.70 26.75

�CH2 1.92 30.15

�CH2 3.21 43.27

Ascorbate CH2(OH) 4.02 72.12

C4H 4.52 81.25

Asparagine CH 4.00 54.15

CH2 2.94 37.43

CH2 2.84 37.35

Aspartate CH2 2.70 39.17

CH2 2.80 39.17

CH2 3.90 54.93

Choline N-(CH3) 3.21 56.75

CH2 3.52 69.96

CH2 4.06 58.27

Creatine CH3 3.03 39.64

CH2 3.93 56.36

Ethanolamine CH2 3.80 60.57

CH2 3.13 44.18

Fatty acids (a) CH2 1.29 34.53

CH2 1.31 25.36

Fatty acids (b) CH2 2.03 27.35

CH2 2.80 28.16

CH 5.33 130.51

CH 5.33 132.2

Fatty acids CH3 0.90 16.96

CH2-CO 2.25 36.43

Fatty acids (a) (b) (n) CH2 1.29 32.4

Fatty acids (c) CH2 1.60 27.3

GABA CH2 2.30 –

�-Glucose C4H 3.43 72.58

C1H 5.23 94.44

CH 3.84 59.12

�-Glucose C3H, C5H 3.47 78.44

C6H 3.75 63.44

C6H 3.89 63.44

C1H 4.65 98.7

Glutamate CH2 2.05 29.74

CH2 2.34 35.95

CH 3.76 57.2

Glutamine CH2 2.14 29.52

CH2 2.44 33.48

CH2 3.77 57.38

Glycerol 1,3CH2OH 3.56 65.09

1,3CH2OH 3.65 65.09

CHOH 3.78 74.85

Glycerophosphocholine N-(CH3)3 3.23 56.75

�CH2 4.32 62.19

�CH2 3.69 68.5
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Metabolites Group 1H Chemical shift (ppm) 13C Chemical shift (ppm)

Glycine CH2 3.56 44.09

Isoleucine CH3 0.94 13.79

CH3 1.01 17.29

CH2 1.51 27.30

CH 3.65 62.34

Lactate CH3 1.33 22.7

CH 4.12 71.11

Leucine CH3 0.95 23.43

CH3 0.91 24.52

CH 1.70 26.78

CH2 1.70 42.37

CH 3.73 56.06

Lysine CH2 1.43 24.21

CH2 1.71 29.10

CH2 1.89 32.56

Methionine CH3 2.12 16.61

CH2 2.18 32.72

CH2 2.64 31.50

CHNH2 3.85 56.84

Myo-inositol C5H 3.27 77.00

C1H, C3H 3.54 73.84

C4H, C6H 3.61 75.06

C2H 4.06 74.85

Phenylalanine CH2,6 7.30 131.81

C4 7.37 131.49

Phosphocholine N(CH3)3 3.22 56.52

CH2 3.60 68.98

CH2 4.16 60.60

Phosphoethanolamine CH2 3.98 63.05

CHNH2 3.22 43.35

Proline CH2 3.32 48.83

CH2 3.41 48.83

CH 4.10 64.39

Scyllo-inositol All HS 3.35 76.32

Serine CH 3.84 59.12

CH 3.97 62.88

Taurine CH2-NH3 3.26 50.13

CH2-SO3 3.42 38.06

Threonine CH 3.60 63.04

CH 4.24 68.67

CH3 1.32 22.30

Tyrosine CH 3.92 58.72

CH3,5 6.87 118.50

CH2,6 7.16 133.37

Valine CH3 0.98 19.16

CH3 1.04 20.65

CH 2.30 31.94

Note. The nomenclature used for fatty acids is defined by Martı́nez-Bisbal et al. (15).
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Table 23.3. Average concentrations and standard deviations of selected

metabolites present in healthy human kidney biopsy specimens

Metabolites

Average concentration

(mmol*kg−1) Standard deviation

Acetate 0.46 0.12

Alanine 1.69 0.31

Ascorbate 0.20 0.06

Asparagine 6.08 0.95

Aspartate 0.71 0.18

Choline 0.70 0.14

Ethanolamine 0.67 0.15

Glutamate 2.43 0.53

Glutamine 0.46 0.10

Glycine 3.50 0.52

Lactate 7.15 1.83

Lysine 1.10 0.16

Myo-inositol 3.94 1.21

Scyllo-inositol 2.62 1.14

Taurine 2.71 0.35

Valine 0.21 0.04

8. Metabolic Tissue Profiling by High-Resolution Magic Angle Spinning

Nuclear Magnetic Resonance Spectroscopy

The purpose of clinical metabolic tissue profiling is to gain information on the

metabolic pathways active in different tissues and for different pathologies and to

establish correlations between the patients’ metabolic data and their clinical evolu-

tion. This is particularly important for pathologies and patients where a discrepancy

exists between histopathological diagnosis and clinical evolution. Some promising

results for human brain tumors have appeared more recently in the literature (14).

These results show that for some intermediate oligodendroglioma and glioblastoma

cases, metabolic results are better correlated with the evolution of the patient than

the corresponding histopathological data. These results are preliminary and need

to be confirmed by complementary studies; however, they already open very inter-

esting perspectives. As a first step, being able to differentiate healthy tissue from

apparently healthy tissue infiltrated by cancer cells is an important issue; this is not

only interesting from a biological point of view but also for possible applications

such as real-time metabolic analysis of tissues in the context of a surgical operation

(83). This type of application, if validated clinically, could be of great importance in

the case of brain surgery because it would allow the surgeon to delineate exactly the

tumorous part of the tissue. Figures 23.8 and 23.9 illustrate the potential of future

applications of the procedures described in this chapter to tissue metabolic profil-

ing. Simple PLS-DA analysis of the kidney data (Figure 23.8) proves that distinction

between healthy and cancerous kidney tissues can be readily achieved. The PLS-

DA score plot of the two principal components shows clear separation between

the two sets of data (Figure 23.9). Numerous results published in the literature

prove that this methodology can be successfully applied to several different organs.

Particularly promising results have been obtained for prostate (22,75,76), breast
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Figure 23.8. Principal component analysis of control (a) and clear cell adenocarcinoma (b)
kidney tissue, based on 1D HR-MAS CPMG spectra (see also Figure 23.7).
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Figure 23.9. PLS-DA analysis of control kidneys (black triangles) and clear renal cell carci-
noma kidney biopsy specimens (black boxes) (see also Figures 23.7 and 23.8).

(16,58,77), brain (13,15,78), kidney (26,27), colon (32,34,79,80), and cervical cancers

(30,81,82).

9. Conclusion

Standardization of protocols for reliable tissue metabolic profiling of human biopsy

samples can be achieved in such a way as to be compatible with the constraints

of a hospital environment. For this purpose, numerous precautions must be taken

during the whole chain of events between sample collection and statistical data anal-

ysis. Because this type of tissue analysis involves human samples, the participation

of physicians and other medical personnel is crucial to the success of the proce-

dure. The modifications of standard medical protocols that are required for robust

metabolic profiling by HR-MAS are minor and should be easily implemented in

many hospitals. One of the future axes of development will be the full automa-

tion of the HR-MAS measurement process. This development not only will save

time and manpower but also will ensure better reproducibility of HR-MAS data.

Full automation will also allow hospital laboratory personnel to perform these anal-

yses independently. The development of refrigerated HR-MAS sample changers

greatly facilitates this task. This also applies to future developments regarding auto-

matic tuning and matching of the HR-MAS probe and automatic gradient shim-

ming of the sample (53,55). At a later stage, dedicated robots could be envisaged to
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automate the sample preparation process. Finally, when reliable statistical mod-

els representative of different tumor types and organs have been developed,

these should become an integral part of medical HR-MAS spectrometers,

making it possible to evaluate specific biopsy specimens in a fully automatic

mode.
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