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Abstract

The metabolic composition and concentration knowledge provided by MRS liquid and HR-
MAS has a relevant impact in the clinical practice during MRI monitoring of human tumours.
In addition, the combination of morphological and chemical information by MRI and MRS
has been particularly useful for diagnosis and prognosis of their evolution. MRI spatial
resolution reachable in human beings is limited for safety reasons and the demanding
necessary conditions are only applicable on experimental model animals. Nevertheless, MRS
and MRI can be done on human biopsies at high spatial resolution, enough to allow a direct
correlation between the chemical information and the histological features observed in such
biopsies.

Although HR-MAS is nowadays a well established technique for spectroscopic analysis of
tumour biopsies, with this approach just a mean metabolic profile of the whole sample can
be obtained and thus the high histological heterogeneity of some important tumours is mostly
neglected. The value of metabolic HR-MAS data strongly depends in a wide statistical
analysis and usually the microanatomical rationale for the correlation between histology and

spectroscopy is lost.

We present here a different approach for the combined use of MRI and MRS on fresh human
brain tumour biopsies with native contrast. This approach has been designed to achieve high
spatial (18x18x50 pm) and spectral (0.031 ul) resolution in order to obtain as much as
possible spatially detailed morphological and metabolical information without any previous
treatment that can alter the sample. The preservation of native tissue conditions can provide
information that can be translated to in vivo studies and additionally opens the possibility of

performing other techniques to obtain complementary information from the same sample.
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Introduction

The clinical application of MRI and MRS for in vivo study has provided a non-invasive way
for a detailed analysis of the morphology and biochemistry of human brain tumours [1-6].
MRI and MRS have vyield valuable information in important clinical questions as the
discrimination between neoplastic and non neoplastic lesions [7-11], the human brain tumour
type identification and grade determination [1-3, 12-17], the discrimination between
primary tumour and metastases [18], and the detection of tumour infiltration to the normal
appearing tissue and to the edema region [12, 19, 20]. Moreover, MRS combined with MRI
has also been useful in the follow up of treated lesions, distinguishing between necrosis and
tumour progression [21, 22] and has given biochemical information to delineate the tumour
extent to refine the radiotherapy target and the surgical treatment [23, 24]. However, the in
vivo morphological and biochemical information that can be obtained in patients is limited

by the low magnetic fields used in the clinical settings (usually 1.5-3T).

MRM (sometimes defined as high resolution MRI acquired with a resolution less than 100
pum in at least one dimension [25]) is an imaging method that has become in a valuable
technique for translational and preclinical studies of human neurological diseases [26]. The
ex vivo study of biological tissues and organs by MRM allows higher spatial resolution and
longer times of study without motion artifacts [27] and, thus can provide morphological
details that would be very difficult or almost impossible to be achieved on in vivo studies. In
human tissue samples, the ex vivo study of cerebral cortex [28] and hippocampus [29] pieces
at 9.4 T and visual cortex [30] at 14 T, has provided cytoarchitectonic details on the different
structures with a resolution of 78x78x500, 200x200x200 and 80x80x80 pum respectively.
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Nevertheless, the examples of ex vivo imaging studies of human brain tumour tissues by
MRI microscopy are scarce. Excised tissue of human cerebral cavernous malformations has
been studied by MRI microscopy at 9.4 and 14 T with isotropic resolution of 60 um allowing
the study of the angioarchitecture of these lesions near the histological resolution [31].
Diverse type of meningeoma and glioma human brain tumour samples have been studied by
MRI microscopy at 14T with resolution of 34x34x500 pum allowing the observation of fine
tissue features [32]. All the human tissue samples included in these ex vivo MRM studies
were formalin-fixed samples [28-32] and in some cases the tissues were also treated with
novel strategies for target-specific contrast agents [30]. In addition, the fixative processes in
biopsy and autopsy tissue studies have been demonstrated to alter the tissue properties [27,
33, 34]. The use of fixative substances can dramatically modify the concentration of the
metabolites, contaminate the sample and change the relaxation times of the tissue. This
prevents the biochemical study of these samples by MRS and thus, molecular MRI cannot be
obtained and then be superimposed with the high resolution MRI images as it can be done

with lower resolution in vivo in patients [1, 5, 9, 10, 19, 23, 24].

A combination of MRS and MRM has been successfully applied in vivo to study the brain
metabolites in rats [35-37]. The use of a very short echo time (1 ms), FASTMAP shimming
performance [38] and VAPOR water suppression has yielded a highly resolved in vivo 'H
MRS spectra in rat brain where resonances from alanine, aspartate, choline group, creatine,
GABA, glucose, glutamate, glutamine, myo-Inositol, lactate, N-acetylaspartate, N-
acetylaspartylglutamate, phosphocreatine, glycogen and taurine have been detected [35]. The
tissue concentrations of these metabolites and others as phosphorylethanolamine and scyllo-
inositol, have been quantified in the rat brain showing a good agreement with the
neurochemical data from the literature [36]. The selection of the right echo time has enabled
to target especially some signals as glucose to estimate in vivo concentrations as an
alternative to observe the uptake detected by nuclear medicine [39]. A comprehensive
evaluation of cerebral energy metabolism in rat brain using infusions of [1-*C] D-glucose
with simultaneous measurement of lactate, glucose and phosphocreatine has been feasible
with the use of sequences to select the signals of *H bound to *C [37]. Other metabolites as

glutamate, glutamine and GABA have been also shown to incorporate 3C [37].
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The brain tumours studied by MRI and MRS microscopy are usually gliomas, intracranial
neoplasms that are originated from neuroglial cells, and that are the most common of the
primary brain tumours [52]. Glioblastoma multiform (GBM) is the highest glioma grade type
and the most common malignant tumour currently found in the central nervous system in
adults [53]. MRI studies in human GBM reveal these tumours as a poorly delineated mass
with areas of necrosis, cyst formation and edema [52]. Microscopically, the salient features
are the diversity of cell forms, the dense cellularity, the presence of focal necrosis and the
vascular changes both inside and adjacent to the tumour [52]. Microvascular proliferation is
present in 95% of GBM and provides the basis for malignancy grading of glioma tumours
[52, 54]. The identification of the border zone between tumour infiltrated and normal brain
tissue is one of the major problems to be solved before starting the therapy. These invasive
regions of tumour are often missed by routine MRI techniques and are usually the reason for
tumour regrowth or recurrence after surgery and radiotherapy [23].

In this study, MRI and MRS microscopy are combined to evaluate the possibility of obtaining
spatially localized biochemical information together with 3D vascular and cytoarchitectural
features on human GBM biopsies. Previously published work supports the possibility of a
metabolic study by MRS in intact human brain biopsies with single voxel and low resolution
MRI images [55]. In this work, the MRI signal to noise has been significantly improved and
then the MRI resolution obtained is enough to allow a direct comparison between
microanatomical details and the histological analysis used here as reference. Moreover,
multivoxel spectra provide a spatially distributed metabolic information, complementary to
the single voxel, as it can be seen in the study of tumours in animals by MRS and MRM [40-
51]. This detailed metabolic and structural information could be of main importance in the
prognosis of GBM tumours. This study has been performed using native contrast and the
sample has not been modified by fixative process in order to make possible the MRS study
and open the possibility for further additional ex vivo studies on the same samples as DNA
chips, proteomics, immunohistochemistry, or imaging mass spectrometry. These techniques
could provide valuable additional biochemical information for improving classification,

prognosis and treatment selection on brain tumours.
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Materials and methods

This study was approved by the Ethics Committee of the Hospital de la Ribera. The biopsies
used in this study come from patients that underwent surgical resection of brain tumour. A
portion of the tissue biopsy was stored at -80°C until the NMR microscopy study was
performed. Other portion underwent routine histological analyses for clinical diagnosis. The
tumours were identified as GBM (see table 1).

The samples were studied by MRS and MRI in a 14 T magnet (Avance DRX 600
spectrometer, Bruker, Rheinstetten, Germany) operating at 600.13 MHz for 'H and
connected to a microimage console with a gradient system of 300 G/cm at 60 A current
(Bruker Biospin). The instrument was equipped with a standard bore Micro 5 imaging
probehead with rf inserts of 5 (for samples 1-5 and 8) and 10 mm (for samples 6 and 7). A

Bruker Cooling Unit Extreme controlled the temperature during the acquisition.

Human brain biopsy handling and sample preparation

Each sample was studied fresh, without any other treatment than the ultrafreezing after the
surgical process. No fixative process or enhancing contrast agent was added to the samples.
The samples were introduced in NMR tubes of 5 or 10 mm, according to the tissue sample
size. Inside the tubes, the samples were submerged in cool PBS to avoid saline stress of the
tissue and to get high amount of proton signal to prepare and perform the MRI and MRS
study. The probe was precooled before introducing the samples to minimize the effects of
tissue degradation. The acquisition was carried out at a theoretical temperature of 3°C. This
value corresponds to the temperature measured from the thermocouple, but internal

measurement using a 100% methanol sample provided a corrected internal value of 4°C.

MRI experiments

Orthogonal FLASH (Fast Low Angle Shot) images were acquired for the initial sample
location inside the tube and inspection of the sample position inside the probe (field of view
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10x10 mm, matrix size 128x128 elements, slice thickness 1 mm, TR/TE 100/5 ms, 4

averages, 51 seconds).

Multislice RARE (Rapid Acquisition with Relaxation Enhancement) images in the three
planes were acquired in a short acquisition time (13 minutes) to achieve better detail before
planning the high resolution images (field of view 4.5x4.5 — 6.5x6.5 mm, matrix 256x256,
TR/TEf4200/36 ms, RARE factor 8, 8 averages, 13 minutes). These rapid RARE images had

500 um of thickness and the in plane spatial resolution was 16x16 pum.

Multislice RARE sequence was also used for obtaining the highest resolution images with
slice thickness of 50 um (field of view 4.5x4.5 — 6.5x6.5 mm, matrix 256x256, TR/TE¢
4630/36 ms, RARE factor 8, 128 averages). The MRI spatial resolution achieved was
16x16x50 pm.

MRS experiments

Single voxel (SV) and multivoxel (MV) experiments were acquired for all tumour biopsies

with PRESS (Point RESolved Spectroscopy) sequence.

A MV slice was located in the tissue, in parallel to the high resolution RARE images,
including the tissue and the surrounding solution. The slice thickness was 500 um. The
resolution was of 250x250x500 pm (0.031 pL of volume). FASTMAP procedure (1% and 2™
order automatic shim algorithm [38]) was used for field homogenization performance. The
water suppression was achieved by VAPOR pulse sequence [35] (Variable pulse power and
optimized relaxation delays). TE was 12 ms and TR 2100 ms and with 2k points in time

domain.

SV (size ranging from 1x1x1 mm, 1pL, to 2x2x2 mm, 8uL, TR/TE 2100/12 ms) were located
in the tissue for each biopsy. In order to optimize the 1% order shims a specific shimming
was performed on the selected volume for each single voxel before the acquisition. VAPOR
sequence was used for water suppression. The spectral width was 10 ppm/6000 Hz and the

number of points was 4k.
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Histological study

The samples underwent routine histological procedures after the MR microscopy study. The
samples were immersed in 10% formalin inside the NMR tubes. Once fixed, the tissue
specimens were embedded in paraffin, and the tissue pieces were serially sectioned into 5

pm slices and H&E stained.

Results and discussion

The ex vivo NMR microscopy study on fresh biopsies of human GBM was performed trying
to cause minimum alterations on the sample. With this objective the sample was submerged
in PBS and kept at low temperature during the experiments. Using RARE pulse sequence
‘thick’ (500 um) and ‘thin’ (50um) slices were obtained with an in plane resolution of 16x16
um. RARE images with 500 um of thickness made possible a rapid identification of the
sample location (Figure 1A) as well as the detection of some regional differences, as blood
vessels, that could be observed throughout the tissue, even at this moderate resolution. RARE
images at 50 pm of thickness (Figure 1B and C) showed a higher level of detail in the tissue
in all the samples compared to the images at 500 um of thickness. This improvement in the
resolution was enough to clearly show the microheterogeneity that could be afterwards
appreciated in the histological preparation (Figure 1 D). Moreover, the improved sharpness
permitted the observation of fine micronanatomical details in the structure of the tissues, as
it can be appreciated in the fibber-like texture present in some parts of the tissue (Figure 1,
B and C). The changes in the tissue contrast by MRI were also observed in the differently
stained parts of the H&E slices corresponding to the diverse types of tissue that constituted
the sample (Figure 1D). The MRS experiments provided the metabolite profile corresponding
to each part of the sample and the resonances of small metabolites as Lactate, Creatine,
Choline, Glutamine, Glutamate, N-Acetylaspartate and Alanine among others were easily
detected (Figure 1E). On this sample, three types of tissues with clear differences in contrast
could be distinguished. On the lower and left part the grey areas in MRI appear poorly stained
in optical microscopy (OM) and could be related to a most necrotic area (Figure 1E, boxes 5

and 6). On the middle-right part a white and bright area in MR that is more intensely stained
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by H&E could be related to a more viable tissue (Figure 1E, boxes 3 and 4). In the upper part
of the sample the MRI images show a very dark area which, as seen in OM, contains a high
amount of red blood cells that can be related to a hemorrhagic area (Figure 1E, boxes 1 and
2). These dark areas on T2 weighted MRI images are normally associated with the presence
of deoxyhemoglobin or hemosiderin. The mean spectrum for this sample can be seen at the
bottom of the figure 1E and it is the result of the contribution of very different types of tissue
(and metabolic composition). These spectra can be compared with the ones obtained on a
different piece of the same biopsy (Figure 1F). This whole volume spectrum is similar to the
mean spectra displayed in figure 1E, but whit this information alone we cannot say if the
differences (for example the different proportions of GIn and Glu) are due to distinct

metabolic profiles in the tissue or simply a different proportion of the same profiles.

In some samples, despite the fact that hyperplasia and tortuous vasculature was observed
(Figure 2, A and B), the tissue is rather homogenous and the spectra in different areas are
very similar (Figure 2C). Nevertheless, still some minor differences could be present (Figure
2D). The signals of Lactate, Alanine, Glutamate, Creatine, Choline and aminoacids can be
observed in the three chosen locations with slight differences in the intensity. In this case,
the mean spectra of the sample will be representative because the entire sample seems to be

mostly constituted by a specific type of tissue.

Noteworthy, a very necrotic sample can still display heterogeneous contrast and texture
(Figure 3, A and B). The sample of this tumour was mainly composed of lipids, as shown in
the spectra in the figure 3C. The different hydrogen peaks from several saturated and
unsaturated carbons in the fatty acid are assigned in a spectrum taken from the multivoxel
experiment (figure 3C) and a density map showing their distribution has been constructed
using the intensity of-CH=CH- hydrogen resonances at 5.34 ppm (figure 3C, left).
Differences in the proportions of the signals can be observed in each one of the selected
locations, which is indicative of a heterogeneous lipidic composition. These heterogeneities
in the structure and composition of the residual necrotic lipids could be due to different kinds

of original constituting tissues.
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HR-MAS is other NMR technique widely used to obtain high resolution spectra on tissue
samples [56-61]. Despite the speed and resolution that this technique can provide, the
biochemical interpretation of HR-MAS spectra is limited owing, on the one hand, to the fact
that the spectra obtained are the mean contribution from all the sample introduced in the
rotor, and on the other hand the high spinning speed needed in HR-MAS originates great
distortion of the tissue and transference of metabolites from the tissue to the medium [55].
With the use of MRS microscopy the knowledge of spatial distribution of the metabolites is
available and the contribution of different type of tissue within the sample can be evaluated.
Moreover, in MRS microscopy the size of the sample may be larger than in HR-MAS studies
and without the distortions due to the spinning. These advantages of MRS microscopy over
HR-MAS are especially important for the study of intrinsically heterogeneous tissues as is

the case on some tumours like GBM.

The application of MRI and MRS to the study of metabolism of tumours in vivo in animal
models has provided a high metabolical detail [39-51]. Some of the research has aimed for
the study of tumour metabolism in general [41, 47-48] with different objectives as to
distinguish between two distinct glioblastoma phenotypes [41] or different glioma models
[47] and to detect the intense glycolysis in the tumour cells [48]. Other part of the research
in tumours has demonstrated the value of these techniques to evidence the distribution of a
determined metabolite or group of metabolites as lactate, choline, creatine and N-
acetylaspartate (NAA) [46, 49] and unsaturated mobile lipids [42-45, 50-51]. NAA was
essentially present in the normal tissue outside the tumor, choline was higher near the
periphery, creatine was low near the center of the tumour and lactate was detected almost
exclusively within the tumors [46, 49]. The unsaturated mobile lipids were related with
treatment-induced apoptosis [42-45, 50] and the saturated mobile lipids were found in areas
with necrosis [51]. In this context, MRS has also been useful to verify the value of this
technique to study the tumour pH in the tumour microenvironment using probe molecules
[46, 49] and has shown acidic pH in the nonviable part of tumours and normal pH in the
viable tumour areas [49]. MRS has also been used from a metabonomic perspective studying
the perturbation of in vivo metabolism with acute hyperglycemia in mice brain tumours

observing maximal increases in glucose resonances in tumors compared to control mice
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group, which is in agreement with extracellular accumulation of glucose and with glucose
transport/metabolism working close to the maximum capacity in these tumours [40]. The
extracellular pH in gliomas has been shown also altered after glucose infusion [46]. These
experiments have been usually performed at short echo times in order to achieve as much as
possible metabolical information. Since T2 effects are minimized, more molecules can be
detected and the identification of coupled spin systems is improved [35, 36]. In some of these
studies single voxel (volumes of 27-125 L) experiments have been performed to obtain the
metabolical profile of the tumour and the contralateral location [40-41, 44], while in the other
studies, multivoxel sequences have provided a detailed spatial distribution of the metabolites
[42-43, 46] with volumes ranging from 0.75 to 5 uL per voxel.Aside of the spectrospopic
analysis, we have checked that NMR microscopy o MRM) allows a three-dimensional
microanatomical study of these samples. We have performed the analysis of the vasculature
on a human GBM biopsy obtaining a 3D model of the vessels distribution and ramifications
inside the whole sample (Figure 4). Additionally, virtual sections can be done in any desired
orientation in order to carry precise measurements of the vessels diameter and points of
ramification (Figure 4C,D). The spatial resolution in this study is out of reach of the clinical
application of MRI. The images at 500 um of thickness have also shown differences in
contrast inside the samples and have presented some details that, despite of being better
interpreted with the higher resolution sections, themselves can provide a kind of intermediate
step between high resolution MRM or OM and the in vivo human MRI studies. Regarding
the MRS sequences, the small volumes measured in multivoxel (0.031uL) and single voxel
(1pL) experiments have provided spatially localized information on the metabolite and the
lipids present in these kind of tumours. In this study the GBM biopsy samples were very
different according to the MRI, MRS and histological findings, in terms of metabolite
content, image contrast and vascularisation. The pixel resolution in MRI has enabled to
observe small blood vessels, regions with several textures and areas with different natural

contrast in agreement with the subsequent histological study.
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Conclusions

This study shows the feasibility for performing NMR microscopy on fresh human brain
biopsies in PBS without fixation or other treatments. The high resolution images and spectra
here obtained have provided localized metabolic information and a morphological analysis
at microscale level. The multimodal data obtained from the three techniques (MRI, MRS and
OM) offers complementary and concurrent information on the tissue features key for the

human brain tumours study.

The approach here proposed can complement other techniques like HR-MAS in the
rationalization of the results and interpreting the variable contribution of several kinds of
tissue that can be present in different proportions in each sample.

The performance of this study on human tumour tissue permits a more direct comparison
with animal models studied in vivo and ex vivo also at high resolution. Moreover, it can help
to knowledge transfer from high resolution MRI and MRS microscopy data to MRI and MRS
in the clinical practice.
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Table 1. Sample list including weight and grade classification

Sample Grade Weight (mg)
1 GBM (IV) 35.8
2 GBM (IV) 9.8
3 GBM (IV) 21.0
4 GBM (1V) 20.0
5 GBM (IV) 49.0
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Figure captions

Fig. 1 Microscopy and spectroscopy results of a heterogenous glioblastoma sample (sample
1). A) Optical image of the sample inside the NMR tube (left) and a 3D NMR image
reconstruction (right). B, C) RARE images (50 pum slice thickness) showing internal details
and dimensions of this very heterogeneous sample. D) Histological section (H&E staining)
with some magnifications that include regions of necrosis, high cellularity and vessels details.
E) Several *H spectra obtained in localized volumes as indicated are presented at right of the
image. The signals of the main metabolites are assigned. Differences in the spectra reflect
the different metabolic profiles of each region. A mean spectra was obtained for all regions
(bottom). F) Image and spectrum from other piece of the same biopsy (sample 2). The
spectrum corresponds to the volume indicated in the sagittal (sag) axial (ax) and coronal (cor)

images.

Fig. 2 NMR microscopy images and spectra for a homogeneous glioblastoma sample (sample
3). Despite the fact that this sample shows several anatomical features as some big vessels
with diverse diameter and tortuosity (A and B), the localized spectra display a remarkable
similarity (C). The search for maximum differences in bigger localized volumes around the
sample only provided little differences as can be appreciated in the superimposed spectra (D).
(A-D) RARE images of 50 um of thickness, with the zoomed area (A and B) displaying a
blood vessel of 330 um of diameter (A) and a tortuous vessel (B). (D) Three locations for the
single voxel and the corresponding spectra overlapped with the assignment for the main

resonances (zoom of the 3-4 ppm range at the top left).

Fig. 3 NMR microscopy images and spectra for a necrotic glioblastoma sample (sample 4).
A and B) RARE image of a 50 um thickness slice. C) Distribution of lipids according to the
integration of the peak at 5.34 ppm (left). Some localized spectra are shown on the right with
an indication of the assignments to the diverse type of hydrogens of a standard aliphatic lipid
chain. This piece of tissue is very heterogeneous as can be appreciated in the images A and
B. The metabolic profile dominated by the lipids signals indicates a high level of necrosis,

nevertheless the profiles are far to be homogenous throughout the whole sample
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Fig. 4 Micro-anatomical analysis of the biopsies by NMR microscopy (sample 5). A) Optical
image of a histological section (H&E staining) B) Comparative image section by NMR. The
distances of some vessels inside the sample area labeled which are similar to the ones on
image A. C and D) NMR images of different sections with details on vessel ramification and
size. E) Image reconstruction of the whole sample from NMR images. F) 3D model of the

vessels distribution inside the sample (the colored spots mark the reference planes).
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