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ABSTRACT

Relationships between tumor bioenergetic status on the one hand and
intracapillary oxyhemoglobin (HbOz) saturation status and fraction of
radiobiologically hypoxic cells on the other were studied using two murine
sarcoma lines (KHT, RIF-1) and two human ovarian carcinoma xenograft
lines (MLS, OWI). Tumor energy metabolism was studied in vivo by "I*

nuclear magnetic resonance (NMR) spectroscopy and the resonance area
ratio (PCr + VI !';<)//', was used as parameter for bioenergetic status.

Intracapillary I Il><)-saturation status reflects the oxygen supply condi
tions in tumors and was measured in vitro using a cryospectrophotometric
method.

The KHT, RIF-1, and MLS lines showed decreasing bioenergetic
status, i.e., decreasing PCr and N I I'/i resonances and an increasing I',

resonance, with increasing tumor volume, whereas the OWI line showed
no changes in these resonances during tumor growth. The volume-
dependence of the I InO; saturation status differed similarly among the
tumor lines; IIM>; saturation status decreased with increasing tumor
volume for the KHT, RIF-1, and MLS lines and was independent of
tumor volume for the OWI line. Moreover, linear correlations were found
between bioenergetic status and I Ib().- saturation status for individual
tumors of the KHT, RIF-1, and MLS lines. These observations together
indicated a direct relationship between 3IP-NMR spectral parameters

and tumor oxygen supply conditions. However, this relationship was not
identical for the different tumor lines, suggesting that it was influenced
by intrinsic properties of the tumor cells such as rate of respiration and
ability to survive under hypoxia. Similarly, there was no correlation
between bioenergetic status and fraction of radiobiologically hypoxic cells
across the four tumor lines. This indicates that "I'-NMR spectroscopy

data have to be supplemented with other data, e.g., rate of oxygen
consumption, cell survival time under hypoxic stress, and/or fraction of
metabolically active, nonclonogenic hypoxic cells, to be useful in quanti
tative determination of tumor hypoxia and hence prediction of tumor
radioresistance caused by hypoxia.

INTRODUCTION

NMR3 spectroscopy monitors radiofrequency-induced trans

itions between the spin states of atomic nuclei in an external
magnetic field and is currently used to provide physiological
and biochemical information about cells and tissues in vitro and
in vivo. Recent development of solenoidal coils has allowed
noninvasive, high-resolution 31P-NMR spectroscopy of super
ficial rodent and human tumors in vivo (1-3). 3IP-NMR spectra

primarily give information about lipid metabolism, high energy
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phosphate metabolism, and intracellular tumor pH, and it has
been suggested that this information may be used clinically in
prediction and monitoring of tumor treatment response (4-6).

Recent 31P-NMR spectroscopy studies of experimental tu

mors have shown that the spectral parameters may differ sig
nificantly among tumor lines (6-8) and in individual tumors
before and after therapy (9-11). Moreover, the spectral para
meters may change considerably during tumor growth; gener
ally the pH and the PCr and NTP/3 resonances decrease and
the PÂ¡resonance increases with increasing tumor volume (5, 8,
12). These spectral changes have been attributed to the reduc
tion in blood flow and the development of hypoxia and necrosis
that generally take place in tumors during growth. Improved
understanding of the utility of 31P-NMR spectroscopy in pre

diction and monitoring of tumor treatment response will prob
ably require detailed studies of the relationship between spectral
parameters and tumor vascular supply and physiological mi-

croenvironment.
A 3IP-NMR spectroscopy study of two murine sarcoma lines

(KHT, RIF-1) and two human ovarian carcinoma xenograft
lines (MLS, OWI) is reported in the present communication.
These tumor lines differ considerably in biological and physio
logical characteristics (13). The main purpose of the work was
to search for possible relationships between the intensity of
various phosphorous energy metabolite resonances on the one
hand and tumor intracapillary Hb()? saturation status on the
other. Intracapillary HbO2 saturations were measured by a
cryospectrophotometric technique (13), using the same tumors
that were subjected to 31P-NMR spectroscopy. HbO2 frequency

distributions depend on the capillary density as well as on the
blood pH and thus reflect the oxygen supply conditions in
tumors (13, 14). The intensity of the phosphorous energy
metabolite resonances is also discussed in relation to the frac
tion of radiobiologically hypoxic cells in the tumors.

MATERIALS AND METHODS

Mice and Tumor Lines. The KHT sarcoma, a tumor line maintained
in vivo, was passaged approximately every 2 weeks by intramuscular
inoculation of single cell suspensions prepared by a mechanical disso
ciation procedure (15). The RIF-1 sarcoma line was maintained alter
nately in vivoand in vitro according to a previously established protocol
in order to minimize genetic drift and development of antigenicity (16).
The tumors used in the present experiments were initiated by inoculat
ing 2 x IO5KHT or RIF-1 cells s.c. into the flank of 8- to 10-week old

female C3H/HeJ mice (The Jackson Laboratory, Bar Harbor, ME).
The MLS and OWI human ovarian carcinoma xenograft lines were

initiated from cell lines established in monolayer culture (17) and
maintained in athymic mice by serial s..c. transplantation of tumor
fragments, approximately 2x2x2 mm in size (8). Subcutaneous
tumors in passages 4 and 5 growing in the flank of 8- to 10-week old
female BALB/c athymic mice (Life Sciences, Inc., St. Petersburg, FL)
kept in a humidified, aseptic environment were used in the present
work.

All tumors were implanted at the same anatomical site in the flanks
of the mice in order to minimize experimental variability among and
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within the four tumor lines. Tumor volume was measured with calipers.
Two perpendicular diameters (length and width) were recorded and
tumor volume was calculated as V = l/2-ab2, where a and b are the

longest and the shortest diameter, respectively.
â€¢"P-NMRSpectroscopy. "P-NMR spectra were obtained using a

General Electric 2T CSI spectrometer with a working magnet bore of
22 cm operating at 34.635 MHz. During spectroscopy the mice were
positioned horizontally in the center of the magnet bore by means of a
small perspex table. The mice were anaesthetized with sodium pento-
barbital, 0.07 mg/g body weight for the C3H/HeJ mice and 0.09 mg/g
body weight for the BALB/c athymic mice, and were kept at normal
body core temperature (37-38Â°C)by using a heating pad with circulat

ing water. Preliminary experiments had shown that it was absolutely
necessary to keep the body core temperature at the normal level to
obtain reproducible spectra. However, when the body core temperature
was controlled, the anaesthesia itself was found to have insignificant
effects, if any at all, on the spectral parameters.

A panel of solenoidal coils featuring appropriate tune and match
capacitors was used for spectral accumulations. For each tumor a coil
encompassing a volume almost equal to the tumor volume was selected
from the panel. The coils were fitted with a grounded copper foil
Faraday shield to eliminate spurious signals from normal tissues adja
cent to the tumor, i.e., signals that could be caused by the fringe field
of the coils. Solenoidal coils were used in preference to surface coils
because (a) solenoidal coils generate a uniform radiofrequency field
over the entire tumor volume and thus eliminate the potential sampling
artifacts introduced by surface coils and (/>)solenoidal coils are consid
erably more sensitive than surface coils of the same diameter (1). Thus,
by using solenoidal coils it was ensured that equal weight was given to
all excited spins, i.e., a true average spectrum was obtained from the
tumors when correctly positioned within the coils.

The homogeneity of the magnetic field was optimized for each
individual tumor by shimming on the water proton resonance. The
acquisition parameters, chosen to optimize sensitivity, were as follows:
4 /is pulse length; 1000 H/ spectrum sweep width; 4000 data points
per FID; 1000-ms repetition time. The number of acquisitions per
spectrum was always 1024 to ensure a good signal-to-noise ratio. Since
the experiments were performed using repetition times of less than 3
TÂ¡(spin-lattice relaxation time), the area ratios of the resonances were
not exactly equal to the concentration ratios of the corresponding
phosphorous metabolites, i.e., absolute quantitation of the metabolite
concentrations from the spectra was prohibited by saturation effects
due to the acquisition parameters.

The FIDs were subjected to an exponential line-broadening of 10 Hz
prior to Fourier transformation. Resolution-enhanced, baseline-cor
rected spectra were produced by linewidth stripping and Gaussian
apodization of the FIDs (18), and peak heights and areas were calcu
lated by applying a curve-fitting procedure which was based on the
least-squares minimization technique and assumed Lorentzian peak
shapes. Height ratios and area ratios were found to give similar esti
mates of metabolite concentration ratios. The results presented here
were based on peak areas. Further details in the experimental procedure
have been reported previously (8).

HbOj Cryospectrophotometry. The intracapillary HbOj saturation
status of the tumors was fixed by rapid freezing in vivoat liquid nitrogen
temperature. The mice were anaesthetized with sodium pentobarbital
as described above and then the skin surrounding the tumors was
surgically removed. The mice were heated during and after this proce
dure and the body core temperature was monitored using a thermocou
ple rectal probe. A solid copper block precooled in liquid nitrogen was
applied directly on the tumors while the rectal temperature was 37-
38Â°C,i.e., the mice were kept under the same conditions during tumor
freezing as when the tumors were subjected to 31P-NMR spectroscopy.

The tumors were excised from the mice under liquid nitrogen using a
chisel and then prepared for cryospectrophotometric analysis in a 95%
ethanol bath kept at -75Â°C by a surrounding dry ice-ethanol bath. A

precooled scalpel was used to cut the tumors into samples of appropriate
size (approximately 5x5x4 mm) and to prepare a smooth surface
suitable for spectrophotometry. The samples were then mounted in

specially made sample holders and transferred from the ethanol bath
to the cold stage of the cryospectrophotometer (13).

Intracapillary HbU2 saturations were measured by reflection cryo-
spectrophotometry using a modification of the four-wavelength method
of Gayeski (19). Measuring wavelengths of 557 and 578 nm and
"isosbestic" wavelengths of 565 and 584 nm were applied in the present

work (13). HbO: saturations were determined as the average of the
values measured at 557 and 578 nm. This procedure and these wave
lengths were under our experimental conditions found to minimize the
problems of reflection Cryospectrophotometry discussed by Hoffman et
al. (20) and Hoffman and Lubbers (21) and allowed vessels of widely
varying hematocrit to be analyzed accurately using a single calibration
curve. Moreover, a third "isosbestic" wavelength of 547 nm was used
together with the two "isosbestic" wavelengths of 565 and 584 nm to

check for possible variations in light-scattering conditions due to dif
ferences in ice crystal size and surface characteristics among different
vessels and different tumor specimens (13).

Two to five representative surfaces were prepared from each tumor
and vessels with a diameter larger than 12 /un were randomly selected
from the surfaces for measurement of HbU2 saturations. Green light
was used to facilitate visual recognition of vessel profiles in the frozen
samples. A total of 100 vessels were analyzed for each tumor. The area
of the vessel profiles that was exposed to light was kept constant at 4
x 4 x 4 /im by a diaphragm. A measurement was rejected if two timewise
separated readings at the same wavelength differed more than 3%, as
determined by computer analysis.

Further details in the experimental method, including a description
of the cryospectrophotometer and the calibration procedure as well as
a theoretical and mathematical description of the principles of 11W):
Cryospectrophotometry, are presented elsewhere (13, 19).

RESULTS

Frequency distributions for intracapillary HbO2 saturation
for four KHT tumors differing significantly in volume are
presented in Fig. 1. The majority of the vessels showed HbO2
saturations below 10%, but values covering the whole range up
to 90% were measured. The HbO2 saturations were gradually
shifted towards lower values as the tumor volumes increased.

A total of 15 individual tumors from each of the four tumor
lines was subjected to HbO2 saturation measurements. HbO2
saturation status is shown as a function of tumor volume in
Fig. 2. It has been shown that intracapillary HbO2 saturations
below about 30%, corresponding to a blood pO2 of 30-40 mm
Hg depending on pH, will result in areas with radiobiological
hypoxia, i.e., a tissue pO2 below about 3 mm Hg, in most
tumors in mice (13, 22). Fraction of vessels with HbO2 satura
tion above 30% was therefore used as parameter for HbO2
saturation status in the present work. However, the curves for
HbO2 saturation status would not be qualitatively different from
those in Fig. 2 if a cut-off value below 30% was used as
parameter in the analysis. Fig. 2 shows that the 111><) saturation
status of the tumors decreased with increasing tumor volume
for the KHT, RIF-1, and MLS lines, whereas no change with
tumor volume was observed for the OWI line.

31P-NMR spectra for four KHT tumors differing considerably

in volume are presented in Fig. 3. The spectra for all four tumor
lines were qualitatively similar and showed seven clear, major
peaks corresponding to PME, Pâ€žPDE, PCr, NTP-y, NTPÂ«,

and NTP0. The PME resonance in tumors is caused mainly by
PE and PC, and the PDE resonance by GPE and GPC (23,
24). Sugar phosphates, nucleoside monophosphates, 2,3-di-
phosphoglycerate, and phosphoserine may also contribute to
the PME resonance, but the contribution from these com
pounds has been found to be small compared with that from
PE and PC (23, 24). The NTP7 resonance is overlapped by
resonances from NDP and the NTPa resonance by resonances
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Fig. 1. Frequency distributions for Â¡ntracapillary l lh( ).. saturation for four individual KHT tumors differing considerably in volume. A few vessels gave negative
Mho saturation readings slightly below zero due to the random uncertainty in the measurements, and these vessels are included in the first column of the frequency
distributions. A total of 100 vessels was analyzed for each of the four tumors.
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from NDP as well as oxidized and reduced NAD and NADP.
The NTP/3 resonance represents nucleoside triphosphates alone
and is therefore the most appropriate spectral parameter for
ATP, although UTP, GTP, and CTP also may contribute
significantly to this resonance (25, 26). This peak assignment
was mainly based on comparisons with results from analyses of
perchloric acid extracts from murine tumors and human tumor
xenografts reported by Evanochco et al. (25) and CorbeÂ«et al.
(23). It is evident from Fig. 3 that the NTP/3/fÃ¬ratio decreased
with increasing tumor volume for the KHT line.

The tumors were subjected to 3IP-NMR spectroscopy im

mediately before they were frozen for cryospectrophotometry.
Fig. 4 shows tumor bioenergetic status as a function of tumor
volume for the same 60 tumors that are analyzed in Fig. 2. The
curve shapes as drawn in Fig. 4 have been confirmed by studies
of 15-20 additional tumors of each line (8). The resonance area

ratio (PCr + NTP/3)/PÂ¡was used as parameter for tumor bio-
energetic status since energy is stored as PCr and ATP in cells,
and P\ is the end-product when ATP is converted to ADP and
energy. Fig. 4 shows that the bioenergetic status of the tumors
decreased with increasing tumor volume for the KHT, RIF-1,
and MLS lines, whereas no change with tumor volume was
observed for the OWI line. The volume-dependence of the

bioenergetic status for the three former tumor lines was due to
a decrease in the PCr and NTP/3 resonances as well as an
increase in the P-,resonance with increasing tumor volume (8).

There was a striking similarity between the curves in Figs. 2
and 4.

Figs. 5-7 show the relative area of different phosphorous
energy metabolite resonances as a function of intracapillary
HbO2 saturation status for individual tumors. The P, resonance
(Fig. 5) decreased whereas the NTP/3 resonance (Fig. 6) and the
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Fig. 3. "P-NMR spectra for four individual KHT tumors differing consider

ably in volume. The resonance assignment is: Peak 1, PME; Peak 2, PÂ¿Peak 3,
PDE; Peak 4, PCr, Peaks 5, 6, and 7, NTP-y, NTPa, and NTP/3.

bioenergetic status (Fig. 7) increased with increasing HbO2
saturation status for the KHT, RIF-1, and MLS lines, i.e., the
lines for which the "P-NMR spectra and the HbO2 frequency

distributions changed during tumor growth. The slopes of the
regression lines drawn in Figs. 5-7 were all significantly differ
ent from zero (P < 0.05) with one exception (Fig. 5C), as
ascertained by a t test. On the other hand, the phosphorous
energy metabolite resonances and the l IM >: saturation status
differed just slightly among individual tumors of the OWI line
and no correlations were found. Although the data in the four

panels in Figs. 5-7 would be reasonably well fitted by a single
curve if plotted in the same panel, statistical analysis (/ test)
showed that the correlations between the 31P-NMR and the
HbO2 data were not identical for the KHT, RIF-1, and MLS
lines.

Previous studies have shown the fraction of radiobiologically
hypoxic cells to increase from 12 to 23% for the KHT line,
from 0.9 to 1.7% for the RIF-1 line, and from 9 to 28% for the
MLS line when tumor volume was increased from 200 to 2000
mm3 (13). The OWI tumors were found to have similar hypoxic
fractions at 200 (17%) and 2000 mm3 (15%) (13). Fig. 8 shows

a plot of tumor bioenergetic status versus fraction of hypoxic
cells; both parameters were determined under identical anaes
thetic and temperature conditions at tumor volumes of 200 and
2000 mm3. There was no correlation between these two para

meters across the four tumor lines. The relative area of the PÃ•,
PCr, or NTP0 resonance alone did not show a positive corre
lation with hypoxic fraction either.

DISCUSSION

The majority of the vessels in the KHT, RIF-1, MLS, and
OWI tumors were found to have very low HbO2 saturations,
but values covering the whole range up to 90% were measured.
The frequency distributions were clearly shifted to the left
compared with those measured in our and other laboratories
for various normal tissues (14, 27-29). Thus, we found that
most vessels in resting mouse skeletal muscle showed I lb<):
saturations in the range 20-90%. Even under conditions of high
oxygen consumption in a heavily working dog muscle, relatively
high arterial and venous HbO2 saturations of 70-93% and 4-
53%, respectively, were measured using the present cryospec-
trophotometric technique (27). Low intracapillary HbO2 satu
rations, similar to those measured here, have also been recorded
by others in tumors in rodents (28, 30). Moreover, tumor pO2

Fig. 4. Tumor bioenergetic status, i.e., the
resonance area ratio (PCr + NTP/3)//>Â¡,as a
function of tumor volume for the KHT (A),
RIF-1 (A), MLS (C), and OWI (D) tumor
lines. Each point represents one tumor.
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Fig. 5. Relative area of the P\ resonance as a function of HbO2 saturation
status, i.e., the fraction of tumor vessels with HbOz saturation above 30%, for the
KHT (A), RIF-1 (fi), MLS (C), and OWI (D) tumor lines. Each point represents
one tumor.
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Fig. 7. Tumor bioenergetic status, i.e., the resonance area ratio (PCr + NTP/3)/
/',. as a function of 1ll><)/ saturation status, i.e., the fraction of tumor vessels with
HbO2 saturation above 30%, for the KHT (A), RIF-1 (fi), MLS (O, and OWI
(D) tumor lines. Each point represents one tumor.
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Fig. 6. Relative area of the NTP/3 resonance as a function of HbO2 saturation
status, i.e., the fraction of tumor vessels with HbOÂ¡saturation above 30%, for the
KHT (A), RIF-1 (B), MLS (C), and OWI (D) tumor lines. Each point represents
one tumor.
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Fig. 8. Tumor bioenergetic status, i.e., the resonance area ratio (PCr + NTP/3)/
/',. plotted versus fraction of radiobiologically hypoxic cells for the KHT (A), RII

1 (â€¢),MLS (O), and OWI (A) tumor lines. The data refer to tumors with volumes
of approximately 200 and 2000 mm3.

values calculated from measured HbO2 saturations have been
shown to agree well with pO2 values measured polarographi-
cally by means of gold microelectrodes (31, 32).

The HbO2 saturation status decreased with increasing tumor
volume for the KHT, RIF-1, and MLS lines. The oxygen supply
conditions in most tumors are gradually impaired during
growth due to the development of an abnormal vascular archi
tecture. An increase in capillary length, a widening of capillary
diameter, and a broadening of intercapillary distances generally
take place, and redundant bending capillaries, cystiform vessels,
lacuna-like sinusoids, and arteriovenous anastomoses are
formed (33). These modifications of the vascular architecture
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result in reduced blood flow and the occurrence of capillaries
with intermittent circulation, stasis, and thrombosis. The vol
ume dependence of the HbO2 saturation status for the KHT,
RIF-1, and MLS lines was therefore probably a compulsory
consequence of a gradual development of an abnormal vascular
architecture during tumor growth. Moreover, tumor pH has
been found to decrease during volumetric growth for these three
tumor lines, and the HbO2 dissociation curve is shifted signifi
cantly to the right at acid pH (34). Consequently, reduced
hemoglobin affinity caused by acid pH at large tumor volumes
may also have contributed to the volume dependence of the
HbO2 saturation status for the KHT, RIF-1, and MLS lines.

The bioenergetic status for the KHT, RIF-1, and MLS lines
also decreased with increasing tumor volume, i.e., the PCr and
NTP/3 resonances decreased and the Pi resonance increased.
The volume dependence of these spectral parameters probably
reflected increased nutritional deprivation and development of
hypoxia and necrosis during tumor growth caused by an im
pairment of the vascular network and hence reduced oxygen
supply conditions. Metabolically active hypoxic cells generate
ATP by anaerobic glycolysis, and since this energy pathway is
less efficient than oxidative phosphorylation, the hypoxic cells
compensate for that by converting PCr into ATP by the creatine
kinase-mediated reaction:

PCr-kinase
PCr + ADP - Â»creatine + ATP

However, after the PCr supply of the hypoxic cells is depleted,
the ATP level in these cells will decrease significantly:

ATP -Â»ADP 30.5 kJ/mol

Consequently, the decrease in the PCr and NTP0 resonances
and the increase in the P\ resonance were probably caused partly
by an increase in the fraction of metabolically active hypoxic
cells during tumor growth. This is in agreement with the
observation that the fraction of radiobiologically hypoxic cells
was larger in 2000 mm3 than in 200 mm3 tumors (13). More

over, although the bioenergetic status of the aerobic cells in
tumors at any time is very close to a steady state, this near-
steady state may change gradually during tumor growth due to
cooperative biochemical interactions between the aerobic and
the metabolically depleted hypoxic cells (35), and this could
also have contributed significantly to the volume dependence
of the 31P-NMR spectral parameters.

Linear correlations were found between the P, and NTP/3
resonances and the (PCr + NTP0)/PÂ¡ ratio on the one hand
and HbO2 saturation status on the other for individual tumors
of the KHT, RIF-1, and MLS lines. This observation shows
that 3IP-NMR spectral parameters reflect the oxygen supply

conditions in tumors and is consistent with the general belief
that there is a direct relationship between tumor energy meta
bolism and tumor oxygÃ©nation.However, this relationship is
probably influenced by intrinsic properties of the tumor cells
such as the rate of respiration and the ability of the cells to
survive under hypoxic stress, and is therefore not necessarily
identical for all tumor lines. Thus, the curves in Figs. 5-7 were
significantly different for the KHT, RIF-1, and MLS lines.
Other studies in agreement with the existence of such a rela
tionship have also been reported recently. Evelhoch et al. (36)
found clear relationships between 31P-NMR spectral parame
ters and I5O perfusion characteristics by studying individual
RIF-1 tumors in vivo. Tozer et al. (37) studied the MCalV
mammary adenocarcinoma line and found a positive correlation

between ATP concentration, measured by using an enzymatic
assay, and blood perfusion measured in vivo by i.v. injection of
20IT-1

The OWI line, in contrast to the other three tumor lines,
showed 31P-NMR spectra and HbO2 frequency distributions

that did not change with tumor volume in the volume range
100-4000 mm3, suggesting that the oxygen supply conditions

and the energy metabolism of this line were volume independ
ent. This suggestion is consistent with the observations that the
fraction of radiobiologically hypoxic cells (15-17%), the volume
fraction of necrotic tissue (50-70%), and the intracellular tumor
pH (6.9-7.0) were independent of tumor volume in the same
volume range (13). However, since the OWI tumors had devel
oped a large necrotic fraction of 50-70% at a volume of about
100 mm3, it is very probable that the HbO2 saturation status as

well as the bioenergetic status changed significantly during the
early growth of these tumors, i.e., before a tumor volume of
about 100 mm3 was reached. Unfortunately, the present meth

ods of analysis were not sufficiently sensitive that tumors in
that volume range could be investigated. The lack of correlation
between the 3IP-NMR spectral parameters and HbO2 saturation
status for the OWI line (Figs. 5-7) was probably just a conse
quence of the random uncertainty in the measurements being
large compared to the biological and physiological variability
among the different, individual tumors.

Tumor bioenergetic status decreased and fraction of radio-
biologically hypoxic cells increased with increasing tumor vol
ume for the KHT, RIF-1, and MLS lines, whereas both para
meters were volume independent for the OWI line, indicating
a relationship between these two parameters within tumor lines.
However, there was no correlation between bioenergetic status
or any other 31P-NMR spectral parameter and fraction of

radiobiologically hypoxic cells across the four tumor lines. This
lack of correlation may be due to the fact that the fraction of
radiobiologically hypoxic cells refers only to the clonogenic
tumor cells, i.e., the cells of interest in radiation therapy,
whereas all metabolically active hypoxic cells, clonogenic or
not, contribute to a 3IP-NMR tumor spectrum. The fraction of

metabolically active, nonclonogenic hypoxic cells may differ
considerably among tumor lines due to differences in oxygen
diffusivity (33), rate of oxygen consumption and its dependence
on oxygen and glucose availability (33, 35), and/or cell survival
time (clonogenic) under hypoxic stress, acid pH, and low glu
cose concentrations (38-40).

Noninvasive, reliable methods for prediction of tumor radiore-
sistance caused by hypoxia are needed in order to individualize
and hence optimize clinical radiation therapy (41). 3IP-NMR

spectroscopy used alone will probably have limited practical
value in that respect, mainly because there is no clear, simple
relationship between the fraction of radiobiologically hypoxic
cells in a tumor and bioenergetic status or any other 3IP-NMR
spectral parameter. However, 3IP-NMR spectroscopy may well

be useful in clinical radiation therapy if supplemented with
other methods for prediction of radioresistance or used to
monitor tumor oxygÃ©nationstatus during a fractionated course
of radiation therapy (24).
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