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Summary

This article features a novel technique for measuring the spatial distribution of metabolites, such as ATP, glucose, and lactate, in
rapidly frozen tissue. Concentration values are obtained in absolute terms and with a spatial resolution of single-cell dimension.
The method is based on enzymatic reactions that link the metabolite of interest to luciferase with subsequent light emission. Using
a specific array, cryosections are brought into contact with the enzymes in a well-defined, reproducible way inducing a distribution
of light across the section with an intensity that is proportional to the metabolite concentration. The emitted light can be visualized
through a microscope and an imaging photon counting system, and the respective image can be transferred to a computer for
image analysis. Measurements in spherical cell aggregates with central necrosis demonstrate a close correlation between the
distribution of ATP and of cellular viability at a microregional level. Similarly, ATP and glucose are correlated with the geometrical
arrangement of more viable and more necrotic tissue regions in human melanomas xenografted in nude mice. Lactate did not show
such a structure-related distribution in these tumours. Structure-related distributions of ATP, glucose, and lactate are found in cervix
tumours of patients. In contrast to the heterogeneous distributions in tumours, the distribution patterns were much more
homogeneous in normal tissues. Regional differences were present, but were much more gradual than in malignancies. This was
illustrated for heart muscle where ATP concentrations were found that agreed with data in the literature, and that showed a decrease
in periventricular areas.

Introduction between the delivery and the consumption of oxygen and
nutrients in the entire organ considered. This is contrasted
by a pronounced heterogeneity in the physiological state
of malignant cells within solid tumours. The differences
in the metabolic state between normal organs and
malignancies can be attributed mainly to a vastly different
vascularity. The vascular pattern in normal tissue is
characterized by a hierarchical arrangement of blood
vessels with a well defined geometry leading to an
efficient nutritive blood flow at a microregional level.

The functional state of living tissue may be characterized,
among other parameters, by the steady-state distribution
of oxygen and various metabolites that are known to be
of biological relevance. It is generally assumed that
normal organs in a physiological state are sufficiently
supplied with oxygen and nutrients and that metabolic
waste is efficiently drained from these tissues. In contrast,
malignant tumours often show restrictions in tissue

oxygenation, in nutritive supply, and in the removal of
metabolic products (Vaupel ef al., 1989). The distribution
of metabolites in normal biological tissues may be rather
homogeneous which reflects a physiological balance
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Unlike this physiological situation, tumours often show a
chaotic vascularity with normal and extremely abnormal
blood vessels in close proximity. The abnormality of
tumour vessels includes deviation from the normal
architecture of the vessel wall, large variations in vessel
length, diameter, and density, as well as the emergence
of arteriovenous shunts. As a consequence, solid tumours
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often consist of regions with restricted blood perfusion
not matching the metabolic requirements of that area next
to regions with abundance of nutritive blood supply
(Vaupel et al, 1981, 1989).

Knowledge about these peculiarities of solid tumour
growth was initially obtained from pathohistological
investigations (Thomlinson & Gray, 1955; Rubin &
Casarett, 1966; Tannock & Steel, 1969; Falk, 1977). Such
studies were supplemented by detailed investigations on
corrosion casts and by quantitative measurements using
morphometric techniques (Grunt ef al,, 1986; Konerding
et al, 1989; Lametschwandtner ef al., 1990; Skinner éf al.,
1990). Recently, quantitative characterization of tumour
vasculature has unequivocally demonstrated correlations
between vascular geometry in tumours and biological as
well as therapeutic behaviour of malignant lesions (Streffer
et al, 1989; Monschke ef al., 1991). First approaches to
relating vessel geometry to blood flow at a regional level
were made by the use of transparent chamber preparations
of tumours in laboratory animals in combination with
intravital microscopy (Algire & Chalkley, 1945; Goodall
et al, 1965; Reinhold ef al., 1977; Endrich ef al, 1982).
Although the majority of these studies was rather descrip-
tive and qualitative, fundamental information on tumour
microcirculation could be gained with such systems, such
as the existence of irregular blood perfusion with presta-
sis, stasis, and reversal of flow which may occur even at
an early stage of malignant growth. Quantitative data on
regional tumour blood flow come mainly from the
detection of washout kinetics of radioactive tracers or heat
(e.g. reviewed in Vaupel ef al,, 1989). However, the spatial
resolution of these techniques is not sufficient for the
assessment of heterogeneities as observed in chamber
preparations which are typically found in the millimetre
and sub-millimetre dimension. For instance, autoradiog-
raphy with “C-iodoantipyrine has been successfully ap-
plied to detect heterogeneous distributions of blood
perfusion in such small tumour microregions (Blasberg ef
al., 1985; Tozer et al. 1990; Mies ef al.,, 1990).

Despite a relatively even distribution of blood flow,
normal tissue may exhibit spatial variations in the
metabolic state of cells, yet these variations presumably
occur at a larger distance scale, as compared with tumours,
and the range of variation may be less than that in
malignant tissue. In some organs, differences in cellular
metabolism can be related to the histological architecture
of the tissue; on the other hand, some organs that are
rather homogeneous in their tissue structure, such as liver,
may still show regional differences in metabolism
(Schmidt ef al., 1978). This metabolic zonation of living
tissue in a normal or pathophysiological state has been
subject to intensive research and is still the focus of
interest of numerous scientists (reviewed by Klinger ef al.,
1988; Jungermann & Katz, 1989). ‘Classical’ techniques for
the quantification of metabolic zonation are the Lowry
technique (Lowry & Passonneau, 1972) and the deoxyglu-
cose method according to Sokoloff (1978). Both
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techniques enable the detection of steady-state tissue
concentrations of metabolites as well as enzyme activities
or metabolic turnover rates yielding absolute values with
a spatial resolution almost at the cellular level and in
relation to the histological tissue structure. However,
these techniques are very sophisticated in handling, very
time-consuming to get the final result, and the latter
technique requires the use of radioactivity in animals.
More recent approaches in this field are imaging biolu-
minescence (Mueller-Klieser ef al, 1988, 1989, 1990,
1991; Walenta ef al, 1990) or non-invasive techniques
such as positron emission tomography (PET; Miraldi,
1986; Lammertsma, 1987; Hawkins & Phelps, 1988; Wahl
ef al,, 1991) or magnetic resonance spectroscopy (MRS;
Evanochko ef al, 1984; Bottomley, 1989; Steen, 1989;
Kasimos et al, 1990) or imaging (MRI; Fishman ef al,
1989). The non-invasive techniques are still lacking the
spatial resolution required in many experimental and
clinical studies and the calibration of the signal in absolute
terms is still a problem particularly in heterogeneous
tissue (Fishman ef al., 1989; Bottomley, 1989; Lammertsma
& Jones, 1992). In contrast, imaging bioluminescence has
been advanced in the past few years to be a powerful
technique for measuring absolute concentrations of
metabolites at a high spatial resolution which will be
subject of this article.

The comparison of microcirculation in normal organs
with that in tumours suggests that global information on
the metabolic state of malignancies may not reflect the
specific situation of metabolism in some tumour micro-
areas. For example, the overall concentration of ATP as
measured in tumour homogenates with HPLC is typically
in a range of 0.5—2.0 mM (Koutcher ef al., 1990; Mueller-
Klieser et al, 1991). Due to the heterogeneous micro-
circulation in tumours it is very likely that ATP
concentration in vivo may be low in some distinct tumour
regions with implications for metabolism, growth, viabil-
ity, and therapeutic response of the respective cancer cells.
It is well accepted that many tumours exhibit resistance
to a large number of anticancer drugs owing to a
membrane transport protein, the so-called glycoprotein P
(Juranka ef al, 1989). This multidrug resistance (MDR)
protein is highly sensitive to ATP, ie, within certain
limits drug resistance is enhanced with increasing ATP.
As a consequence, cancer cells with a high ATP content
next to blood vessels may escape therapy with drugs,
although these cells may be exposed to relatively high
concentrations of drugs due to their vicinity to capillaries.
Conversely, cells that are located at a distance from blood
vessels may have less ATP and may thus be more
sensitive to drugs, yet local drug levels may be low as
a result of limited penetration into tumour tissue. This
example illustrates that metabolic imaging in tumours has
to include the correlation of the measuring values with
histology. Tumours are often characterized by various
necrotic areas that are randomly distributed across the
malignant tissue. Since ATP is rapidly hydrolysed upon
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cell death and is rapidly removed from the extracellular
space, it is obvious that ATP concentrations will be low
in such regions. On the other hand, those areas will not
contribute to tumour growth after therapeutic failure; this
implies the need for us to know whether ATP is low in
viable or necrotic tumour regions. Thus, high-resolution
techniques are required that make it possible to image
concentrations of metabolites, such as ATP, with a high
spatial resolution in relation to the tissue architecture.
This is particularly true for malignant disease, but may
also apply to organs in a pathophysiological state, e.g.,
with vascular disease.

The major focus of this report is on the technique of
quantitative bioluminescence and single photon imaging
for the measurement of steady-state concentrations of
ATP, glucose, and lactate within tissues. The latter two
metabolites are of particular interest in tumours where
glucose is metabolized to lactate irrespective of the
presence or absence of oxygen. The method has been
developed in our laboratory on the basis of a procedure
for imaging regional metabolite distributions on a relative
scale according to Paschen and colleagues (Csiba ef al.,
1983, 1985; Paschen, 1985; Paschen ef al, 1981, 1985,
1987). The determination of substrate concentrations in
absolute terms was a prerequisite for the use of the
technique for the comparison among metabolites in
different individual tumours and normal organs.

Materials and methods

Multicellular spheroids

Investigations were carried out on multicellular tumour
spheroids for the quantification of the spatial resolution of the
imaging technique used. Spheroids are spherical agglomerates
of cultured cells that can be used as avascular in vifro models
of organs or tumours. In general, non-malignant cells only form
aggregates of 100-200 pum in diameter without any further
growth yet with organotypic histological and functional differ-
entiation. In contrast, a large variety of malignant cells can be
cultured as spheroids that reach sizes of >1mm and may
contain up to 100000 cells. Tumour spheroids show many
analogies to solid tumours in vivo, such as the emergence of
heterogeneous cell populations or of necrosis. Unlike the
situation in solid tumours however, heterogeneity in spheroids
occurs in a well-defined geometric arrangement with concentric
layers of proliferating cells in the periphery, non-proliferating
yet still viable and clonogenic cells in interior parts, and
necrotic cell areas in central regions. This concentric structure
of spheroids implies that imaging techniques may be used to
detect gradients or regional differences in metabolites within
these aggregates provided the technique has a spatial resolution
in the sub-millimetre range. (For further details on spheroids see
reviews: Acker ef al., 1984; Mueller-Klieser, 1987; Sutherland,
1988; Schwachéfer, 1990; Bjerkvig, 1992).

Measurements were carried out on EMT6/Ro spheroids that
were derived from a mouse mammary sarcoma (Rockwell ef al.,
1972) and that were grown in Eagle’s basal medium (BME)
supplemented with 10% (v/v) newborn calf serum (NCS).
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Spheroid growth was initiated by incubating cells in non-
adhesive microbiological Petri dishes for 3-4 days. Emerging
cell aggregates were then transferred into spinner flasks where
they were kept in a standard incubator atmosphere with 5%
(v/v) CO, in rotated suspension cultures. Relatively constant
growth conditions were maintained by replenishing the culture
medium every day or every second day depending on the cell
concentration chosen. Also, the cell concentration during
spheroid growth was kept constant by removing adequate
numbers of spheroids from the culture flasks for the entire
culturing period. Spheroid populations of uniform diameters
with a coefficient of variation of 10% were obtained by
hand-sorting the spheroids under a microscope at day 2 in
spinner culture. In general, the mean volume of such a spheroid
population showed a Gompertzian growth kinetic, i.e., an initial
exponential phase with a subsequent gradual transition into a
stationary growth phase (Steel, 1977). Further details on
spheroid culturing in spinner flasks and on quantifying spheroid
growth have been published in previous reports (see spheroid
reviews referenced before).

Tumours

Investigations were carried out on human melanomas that were
derived from lymph node metastases of patients and xeno-
grafted in female BALB/c-nu/nu/BOM mice (Solesvik ef al.,
1982, 1984; Rofstad, 1984). Tumours were kindly provided by
Dr. Rofstad from the Institute of Cancer Research at the
Norwegian Radium Hospital in Oslo, Norway. For biolumines-
cence, tumours were rapidly frozen in sifu by contact with a
brass block that was precooled in liquid nitrogen. Further
details on biological characteristics of the tumours are given
elsewhere (Rofstad, 1984, 1989a, b; Rofstad ef al, 1988a,b;
Mueller-Klieser ef al, 1991).

Data were obtained in a cryobiopsy of a cervix cancer in a
patient. This biopsy was also received from the Norwegian
Radium Hospital through Dr. Rofstad.

Heart muscle

To illustrate the application of imaging bioluminescence in
normal tissue, heart muscle of the rat was rapidly frozen by
superfusion of the organ in sifu with liquid nitrogen in
anaesthetized animals (pentobarbital, 60 mg kg™, i.p.). Animals
were in a physiological state at the time of freezing the tissue
of interest which was ascertained by monitoring mean arterial
blood pressure and relevant parameters of respiratory gas
exchange.

Histological investigations

The histological structure of spheroids was analysed in standard
paraffin or cryostat sections through the spheroid centres
stained with Haematoxylin and Eosin. The diameter of the
whole spheroid and of the necrotic centre, and the thickness of
the rim consisting of viable cells, were determined in separate
measurements. Each of these quantities was obtained as the
geometric mean of two measuring values along two orthogonal
diameters of the spheroid. Values obtained from paraffin
sections had to be corrected for an average shrinkage of 25%
by comparing the size of spheroids before and after histological
processing. Cytological criteria, such as structural disinte-
gration, pycnotic nuclei or eosinophilic cytoplasms, served for
the identification of viable and dead cells. In general, a clear
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Fig. 1. Biochemical reaction scheme for the detection of ATP, lactate, and glucose with bioluminescence. 1: NAD(P)H-FMN,

oxidoreductase; 2: bacterial luciferase; 3: firefly luciferase.

distinction could be made between necrotic and intact spheroid
regions even in unstained cryostat sections. Similarly, the
histological structure of tumours was investigated in cryostat
sections that were adjacent to the sections used for metabolic
imaging. After staining with Haematoxylin and Eosin, two
distinctly different types of tissue could be identified in these
malignancies. One type contained densely packed viable
tumour cells, and the second type consisted mostly of cellular
debris and fibrous material with some stromal cells dispersed
within the necrosis. The two types of tissue architecture were
found in an irregular geometric arrangement that varied
considerably from tumour to tumour.

Metabolic imaging

The distribution of metabolite concentrations within spheroids,
tumours and heart muscle was assessed by a novel technique
using single photon imaging and quantitative bioluminescence
(Walenta et al., 1990). To visualize metabolites, a cocktail was
prepared that consisted of a basic aqueous solution of 60 g1~*
gelatin and 0.3 M glycerol, 30 g 17" polyvinylpyrrolidone, 0.2 M
HEPES, 0.1 M di-sodium-hydrogen-arsenate, and 10 pM MgCl,
(all chemicals except gelatin and glycerol: Sigma, Munich,
Germany; gelatin and glycerol: Merck, Darmstadt, Germany).
For detection of ATP, powderized firefly-lanterns (Photinus

pyralis 20 g I™%; Sigma) were added to this solution — which was
subsequently homogenized by ultrasonication and centrifuged
(1000 g; 5 min). The supernatant was then collected and stored
at —80°C until use. Alternatively, the firefly lanterns can be
replaced by purified luciferase (78 mU1™"; Boehringer
Mannheim, Mannheim, Germany) and  D(-)-luciferin
(100 mg I™"); Boehringer Mannheim). For the measurement of
glucose and lactate, the same procedure applied as that
described for ATP, but the firefly luciferase was replaced by
luciferase from marine bacteria (Vibrio fischeri). In addition,
enzymes had to be added to the cocktail in order to link the
substrate of interest to the luciferase via the NADP)H+H"
redox system. The corresponding biochemical reactions are
shown schematically in Fig. 1. The detailed composition of the
respective cocktails is given in Tables 1 and 2.

The technique for imaging is shown schematically in Fig. 2.
To obtain highly reproducible results in the determination of
ATP and lactate, cellular enzymes in the cryosections were
inactivated for 10 min at 100°C. The reproducibility of glucose
was higher without this step (for details see: Paschen ef al,
1981). The recovery of all three metabolites was not affected
by heat-inactivation in a systematic manner. Serial tissue
sections (thickness: 5 pm) of spheroids, tumours or heart
muscles were made at —25°C. A cover-glass with a frozen

Table 1. Constituents of enzyme cocktail for the detection of glucose via bioluminescence (modified according to Paschen et al,

1981)°

Constituent Concentration (mM) Constituent Activity (U ml™7)
ATP 100 Hexokinase 44

NADP 75 Glucose-6-phosphate dehydrogenase 55

FMN 0.4 Luciferase 0.013

MgdCl, 8 NAD(P)H-FMN-oxidoreductase 8

Decanal (capric aldehyde) 8

1,4-Dithiothreitol 0.5

2All substances were dissolved in an aqueous solution of 24 g I"* gelatin, 12 g 1" glycerol, 12 g 17* polyvinylpyrrolidone and 0.3 M phosphate

buffer.
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Table 2. Constituents of the enzyme cocktail for the determination of lactate via bioluminescence (modified according to Paschen,

1985)

Constituent Concentration (mM) Constituent Activity (Uml™?)
Glutamate 50 Lactate dehydrogenase 463

NAD 160 Glutamate—pyruvate transaminase 67

FMN 0.4 Luciferase 0.013
1,4-Dithiothreitol 0.5 NAD(P)H-FMN-oxidoreductase 8

Decanal (capric aldehyde) 8

All substances were dissolved in the same aqueous solution as given in the footnote to Table 1.

section adhered to its upper side was laid upside-down upon
a glass slide with a rectangular casting-mould. The mould was
filled with the frozen enzyme cocktail described above. The
luciferase reaction with light emission was then started by
raising the temperature of the whole array above the melting
point of the cocktail, up to 10°C. This was possible by
positioning the glass slides in a thermostated chamber on a
microscope stage. The spatial distribution of the biolumines-
cence intensity within the tissue section was measured directly
using an appropriate  microscope (Axiophot, Zeiss,
Oberkochen, Germany) and an imaging photon-counting
system (Argus 100, Hamamatsu, Herrsching, Germany), as
depicted in Fig. 2. Sections adjacent to those used for
bioluminescence were stained with Haematoxylin and Eosin for
histological investigations.

The intensity of the bioluminescence can be calibrated in
absolute terms using heat-inactivated homogenates of liver
tissue with different ATP and substrate concentrations that
have been determined by high performance liquid chromatog-
raphy (HPLC; Au ef al, 1987) or standard enzymatic assays
(Lowry & Passonneau, 1972), respectively. The frozen hom-
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Fig. 2. Experimental set-up for high-resolution single-photon
imaging and quantitative bioluminescence in cryosections of
frozen tissues.

ogenates were processed for metabolic imaging in the way
described before. Concentration values in pmole g™* with
regard to tissue wet-weight, or mmole 1"* with regard to tissue
volume, were determined by comparing the bioluminescence
intensity of the respective tissue sections with that of the
standard sections. A linear correlation was obtained between
the bioluminescence intensity and the metabolite concentration
of the homogenates within a physiologically relevant range,
when the photon intensity was integrated over an appropriate
time period. Figure 3 illustrates the time course of the photon
intensity at various concentrations of ATP, starting 60 s after
thawing. At that time, the peak intensity has been passed, and
the curves illustrate a continuous decrease in the photon
emission with time. This kinetic is dependent on the presence
of arsenate in the enzyme cocktail which slows down the
inherently rapid luciferase reaction. The best results in detecting
ATP were obtained using an integration period of 90 s, starting
90 s after thawing the cocktail. This time has been determined
empirically to obtain optimal linearity in the photon intensity
as a function of substrate concentration. Self-absorption of the
cryosections was considered negligible, since doubling or
tripling the thickness of slices resulted in a linear increase in
photon intensity according to a two- and three-fold increase,
respectively, in the amount of substrate registered. This obser-
vation was made in sections of tissue homogenates and of
various rapidly frozen organs. Representative calibration curves
for all metabolites measured at present are shown in Fig. 4.
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Fig. 3. Photon emission intensity of ATP-dependent firefly
luciferase as a function of reaction time and substrate concen-
tration in a liquid standard solution using the arrangement for
metabolic imaging as described in the text.
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Fig. 4. Intensity (mean + SD) of bioluminescence in cryosec-
tions of tissue homogenates for (a) ATP, (b) glucose, and (c)
lactate, as a function of the wet-weight-related metabolite
concentration in these homogenates determined with HPLC or
standard enzymatic assays, respectively.

The precision of measurement was 5% as determined by the
average coefficient of variation from multiple determinations of
metabolite concentrations in standards. Since single photons
can be detected, the minimum absolute amount of ATP that is
detectable is in the range of some fmoles. Taking into account
photon integration to achieve a satisfactory signal-to-noise
ratio, the minimum detectable concentration of ATP is in the
range of 100-200 uM with regard to tissue volume. Determi-
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Fig. 5. Central ATP concentration measured with biolumines-
cence in EMT6 tumour spheroids as a function of spheroid size.
Shaded area: size range (2 SD) with emerging central necrosis.

nation of metabolites in the tissue of interest with HPLC and
standard enzymatic assays, respectively, were in a good
agreement with averaged data obtained by bioluminescence.
Systematic studies on ATP in various tumour entities obtained
with bioluminescence were in accordance with data from *'P
NMR spectroscopy measured in the same tumours (Mueller-
Klieser ef al, 1990).

Results

Multicellular spheroids

In general, larger spheroids consist of a rim of viable cells
surrounding a spherical central necrosis. The distribution
of ATP reflects this architecture with concentrations
being relatively high in the viable cell zone and being low
and often at a background level in the necrotic core. An
analysis of the congruency between the distributions of
ATP and cellular viability in spheroids which can be used
for the determination of the spatial resolution of the
bioluminescence technique has been published elsewhere
(Walenta ef al.,, 1990).

Measurement of ATP in cellular aggregates at various
stages of spheroid growth made it possible to correlate
ATP concentrations with spheroid size. Since the first
emergence of necrosis in these spheroids consistently
occurs in the centre of the spheroid, the ATP
concentration in central parts of EMT6 spheroids is
plotted against spheroid diameter in Fig. 5. The shaded
area indicates the diameter range (2 SD) in which signs of
necrosis were observed first in histological observations

Fig. 6. Results of bioluminescence measurements in a human melanoma xenograft using consecutive cryosections. Cryosection
stained with Haematoxylin and Eosin (upper left panel), and colour-coded concentration distributions of ATP (upper right panel),

glucose (lower left panel), and lactate (lower right panel).

Fig. 7. Cryosection stained with Haematoxylin and Eosin through a human melanoma xenograft demonstrating viable tumour
regions (bright staining of nuclei) and necrotic tumour areas (dark staining of nuclei; bar: 100 pm).



Figs 6 and 7.
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Fig. 8. Mean (£ D) concentrations of (a) ATP, (b) glucose, and
(c) lactate, in total, mostly viable or mostly necrotic tumour
regions and in adjacent normal tissue obtained by structure-re-
lated evaluation of bioluminescence measurements in 10 human
melanoma xenografts. The differences in metabolite concen-
trations between viable and necrotic tumour regions are
statistically significant (p < 0.05), except for lactate (asterisk).

on 52 spheroids of various sizes. It is evident that during
spheroid growth there is a continuous decrease in ATP
to values close to or at the background level following
the development of necrosis.
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Tumours

Typical distribution patterns of ATP, glucose, and lactate,
and the corresponding histological structure in a human
melanoma xenograft, are shown in Fig. 6.

In most of the tumours investigated there was an
obvious relationship between the distribution of ATP and
of viable cell areas surrounded by necrosis in tumours.
The areas of viable, densely packed cells can be identified
in the histological section (Fig. 6: upper left panel) as
regions with brighter staining that are surrounded by
darker cells mostly with signs of structural degradation
such as pycnotic nuclei. To illustrate the cellular structure
in these two distinct tumour areas, a transitional region
including both viable and necrotic tumour portions is
shown at high magnification in Fig. 7. The distribution
pattern of the intact cells is partially reflected by the
distribution of ATP values that are above the background
level (Fig. 6: upper right panel). The distribution of neither
glucose (Fig. 6: lower left panel) nor lactate (Fig. 6: lower
right panel) was correlated in such an obvious way with
the histological structure of the tumours, yet glucose
concentration was generally less in tumours than it was
in the surrounding normal tissue, or was often close to
the background level, as shown in Fig. 6.

Evaluation of the metabolite concentrations in mostly
viable and mostly necrotic regions of 10 tumours resulted
in the data shown in Fig. 8. The values demonstrate
consistent and statistically significant differences in the
metabolic milieu in the two types of structurally different
tumour regions as well as in the adjacent normal tissue,
which consisted of connective tissue, fat and skin muscle.
It is obvious that ATP and glucose—but not
lactate — concentrations are significantly less (p < 0.05) in
mostly necrotic parts of tumours compared to mostly
viable parts. Compared to concentrations in overall,
viable or necrotic regions of tumours, ATP and glucose
are significantly higher (p < 0.05) and lactate is signifi-
cantly lower (p < 0.05) in the surrounding normal tissue.
For example, mean ATP values were found to be 0.9, 0.3
and 1.4 pmole g™ in viable tumour, necrotic tumour and
normal tissue, respectively.

To illustrate the significance of such a regional
evaluation for tumours in patients, Fig. 9 shows a
histological section and the corresponding biolumines-
cence intensities from a cryobiopsy of cervix cancer in a
patient. It is obvious that the distribution of densely
packed mostly viable cancer cells (basophilic areas) within
stromal and necrotic tissue (eosinophilic areas) have

Fig. 9. Results of bioluminescence measurements in a cryobiopsy from a cervix cancer in a patient using consecutive cryosections.
Cryosection stained with Haematoxylin and Eosin (upper left panel), and colour-coded concentration distributions of ATP (upper
right panel), glucose (lower left panel), and lactate (lower right panel).

Fig. 10. Results of bioluminescence measurements in rat heart muscle using consecutive cryosections in a plane perpendicular to
the heart axis. Cryosection stained with Haematoxylin and Eosin (upper left panel), and colour-coded concentration distributions
of ATP (upper right panel), glucose (lower left panel), and lactate (lower right panel).





















