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ABSTRACT

Tumor acidosis and energy deprivation enhance thermal sensitivity.
We have used In vivo "1* nuclear magnetic resonance spectroscopy to

noninvasively monitor changes in pH and energy metabolism in FSall
mouse tumors after i.p. administration of glucose. A dose of 5 g/kg
glucose induced a pH drop of 0.31 units without any statistically signifi
cant change in energy status. The pH changes resolved within 2 h. In
contrast, administration of 10 g/kg glucose resulted in a severe acidosis
(mean nadir pH of 6.19 corresponding to a mean pH drop of 0.96 units)
and loss of energy, the latter most probably being due to an acidosis-
induced inhibition of glycolysis during ischemie hypoxia. The resulting
acidosis and energy loss were more persistent and resolved in 5.5-28 h.
In contrast, after an identical dose of mannitol (10 g/kg), a pH drop of
approximately only 0.1 units over 72 min was noted. The data suggest
that both cleavage of glucose to lactic acid and blood flow inhibition are
involved in glucose induced tumor acidosis. In vivo "!' nuclear magnetic

resonance spectroscopy may be useful clinically to monitor therapeutic
attempts at enhancing thermal sensitivity.

INTRODUCTION

Selectivity is an essential requirement of antineoplastic ther
apy. The lack of tumor selectivity of chemotherapy and radia
tion causes toxic side effects to normal tissues and limits the
amount of therapy one can administer. The enhancement of
antineoplastic therapeutic selectivity will require exploiting bio
chemical and metabolic differences between normal and cancer
cells. The ability of most tumor cells to carry out substantial
aerobic glycolysis which most normal cells do not, may be one
potential route of tumor selectivity. Lactic acid production by
malignant cells can be further enhanced by increasing the
extracellular glucose concentration leading to a selective tumor
acidosis (1).

A variety of agents have been used as thermal sensitizers. It
has been demonstrated that both acidosis and energy depriva
tion (2-5) increase tumor sensitivity to hyperthermia. Tumor
thermal sensitivity induced by chronic acidosis may be de
creased relative to that of acute acidosis due to cellular adap
tation (6). However, the administration of agents designed to
lower tumor pH acutely may be helpful in hyperthermia. These
agents may be given either i.v. or i.p. Small molecules such as
glucose (7, 8) and mannitol (9) have been shown to be readily
absorbed when given i.p.

Glucose has been used to alter tumor pH both by i.v. and i.p.
administration. Voegtlin et al. (10) demonstrated a selective
and prolonged tumor acidosis after injection of 6 g/kg glucose.
.lacinie and Rajewsky (11) showed a tumor size dependence to
glucose induced acidosis. Dickson and Calderwood found a
decrease in extracellular pH but the intracellular pH was either
not affected (12) or was increased slightly after 6 g/kg glucose
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in the Yoshida sarcoma model (13). Naeslund and Swenson
(14) found that in animal tumor models, the tumor pH dropped
with glucose administration, but in 5 patients did not note the
effect. Ashby (15) reported increased tumor acidosis in 8 of 9
cases after patients were given glucose. Jain et al. (16, 17) have
studied the mechanism of glucose induced acidosis and con
cluded that in the Walker 256 model, hyperglycemia leads to a
decreased cardiac output and significant blood flow reduction
to the tumor. A recent report showed that after 100 g p.o.
glucose, 5 of 9 patients had a drop in tumor pH. However, of
interest was the fact that 3 patients had an increase in tumor
pH (18).

3IP NMR3 is an ideal tool for use in conjunction with studies

aimed at manipulating tumor metabolism to enhance thermal
sensitivity. It can be used to rapidly, repetitively, and noninva
sively measure tumor pH and high energy phosphates, PCr and
NTP. Previous "P NMR studies of the effect of glucose on

tumor metabolism have been contradictory. Griffiths et al. (19)
studied the effect of 0.3 ml of 50% glucose on the pH of Walker
256 tumors in rats. At this relatively modest dose, there was no
pH change. In contrast, Evelhoch et al. (20) used 7.5 g/kg of
glucose in their study of RIF-1 tumors and observed a drop of
approximately 0.45 pH units. These differing results may be
due to the different doses of glucose used and/or the different
tumors studied.

Enhanced tumor thermal sensitivity has been demonstrated
by several investigators under conditions of acidosis and energy
deprivation (2-5). Previous work using the FSall fibrosarcoma
has shown that enhanced tumor thermal sensitivity is present
after administration of 5 g/kg glucose and is enhanced further
after 10 g/kg glucose (21). The current study was undertaken
to determine (a) if there is a glucose-pH dose-response effect
to tumor acidosis; (b) to determine if the acidosis is accom
panied by energy deprivation which can also enhance thermal
sensitivity; and (c) to correlate changes in pH and energy with
changes in tumor sensitivity with hyperthermia after glucose
induced acidosis and energy deprivation.

MATERIALS AND METHODS

Third generation isogeneic transplants of the spontaneous fibrosar
coma, FSall in C3Hf/Sed mice, were used in these studies. Single cell
suspensions of approximately 2 x IO5cells in 5 M'were injected in the

dorsal subcutis of the right rear foot. These tumors grow with a doubling
time of approximately 1.5 to 2 days over the size range of 50 to 900
mm3. Tumor volumes were calculated as the multiple of three orthog

onal diameters x T/6. One diameter included the foot thickness of
approximately 2 mm, which was excluded from the calculation of tumor
volume. All tumors used for this study were in the volume range of
300-400 mm3. The foot dorsum was chosen as the site of inoculation

since previous NMR and high pressure liquid chromatography studies
had indicated that there is minimal spectral contamination from adja
cent tissues with this tumor model (22).

3IP NMR spectra were obtained on a wide bore NT-150 (General
Electric, Fremont, CA) spectrometer operating at 60.75 MHz for 31P.
Spectra were obtained on 4-turn solenoid coils approximately 1 cm in

3The abbreviations used are: NMR, nuclear magnetic resonance; PCr, phos-

phocreatine; NTP, nucleoside triphosphate; PÂ¡,inorganic phosphate.
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diameter and 1.4 cm in length. Spectral conditions included a 60 degree
tip angle. 2.1-s recycle delay time, spectral width of Â±6kHz, 2048 data
po: its, and 256-512 averaged free induction decays per spectrum. The
spectral peak areas obtained under these conditions are partially satu
rated but no attempt was made to correct for this effect. Spectra were
analyzed after exponential multiplication with a line broadening filter
of 18-20 Hz. Relative peak areas were calculated by fitting the spectra
to a sum of Lorentzian peaks by using a curve fitting program
(NTCCAP) available on the spectrometer. Tumor pH was estimated
from the chemical shift of P, relative to PCr (23, 24). The NTP peak
areas were estimated from the 0-NTP peak since the a- and -y-NTP

peaks are overlapped by other resonances.
All experiments were done without anesthesia. Since cardiovascular

and temperature regulation in the anesthetized mouse can be problem
atic, it was decided to position the animal solely by mechanical means
and avoid any possible influence due to general anesthesia. A ligature
was placed on a toe of the tumor bearing foot. The foot was placed in
the coil with the animal lying on its side in the upright position on a
Plexiglas sheet and the two ends of the ligature were drawn out from
opposite ends of the coil and secured to the Plexiglas sheet. The
contralateral foot and tail were taped in place. To secure the body,
either Velcro straps or tape were used. Typically, 3 straps or pieces of
tape are adequate. In this manner, the foot remains in its physiological
position vis-Ã -visthe leg. The area superior to the coil is blocked off by
a spacer to minimize the motion of the animal. Base-line spectra were
obtained prior to all studies. The animal was subsequently given injec
tions of glucose (50% dextrose; Abbott Laboratories), or mannitol (25%
mannitol; Lypho-Med) and successive 9-min spectra were taken over
the next 2 h.

Microcirculatory changes in FSall tumors upon glucose and man
nitol loading were monitored noninvasively and continuously by laser
Doppler flowmetry. A TSI LASERFLO blood perfusion monitor
(Model BPM 403 A) was used for this study (1.6 mW power at end of
probe; wavelength 780 nm). Laser Doppler flow signals were obtained
from central locations on tumors in nonanesthetized mice (measuring
volume of 2 jJ in superficial tumor tissue layers). Data were expressed
as RBC flux in relative units.

RESULTS

Initial studies focused on the effect of the animal being
immobilized and upright in the magnet for prolonged periods
of time. Five animals were studied for a minimum of 2 h.
Minimal changes in pH and energy (NTP and PCr) were noted
over the course of the experiment. There was limited variability
in the different peak areas over the course of 2 h. The results
indicate that the animal tolerated being upright in the magnet
for extended periods of time without anesthesia with minimal
perturbation to tumor metabolism.

To determine if restraining the animal without anesthesia
caused tumor metabolic changes due to physiological stress or
pressure on tumor vasculature, we compared 31PNMR spectra

of animals restrained with and without anesthesia. Four animals
with tumor sizes ranging from 300 to 400 mm3 were anesthe

tized (pentobarbital, 35 mg/kg i.p.) and were studied in a
manner identical to that of the unanesthetized mice. These
animals were compared to the base-line studies (pretreatment)
of animals receiving glucose. Table 1 compares the two groups.
A trend toward increased energy content (PCr/PÂ¡and NTP/PÂ¡)

Table1pH

PCr/Pi
NTP/PiAnesthesia

(n =4)7.
10 Â±0.05Â°

0.34 Â±0.06
1.06 Â±0.19No

anesthesia
(n=12)7.

16 Â±0.04*
0.46Â±O.I2(NS)f

1.38Â±0.39(NS)
Â°Mean Â±SD.
* P < 0.05.
' NS. not statistically significantly different.

is seen in the unanesthetized animals but is not statistically
significantly different. The small increase in pH noted in the
absence of anesthesia is statistically significant. These results
indicate that restraint without anesthesia has no untoward
effects on tumor metabolism.

Fig. 1 demonstrates the effect on tumor metabolism of i.p.
injection of 5 g/kg glucose. Over the course of these experi
ments, the pH dropped about 0.3 pH units. There was little
change in the PÂ¡,PCr, or NTP peaks. In a cohort of six animals
treated with 5 g/kg glucose and studied serially, the mean
maximum drop in pH was 0.31 Â±0.09 (SD) pH units. Fig. 2
demonstrates the time course of the pH changes in this cohort.
The nadir pH typically occurred between 45 and 90 min after
administration of glucose. One animal had a minimal and
delayed pH drop and might have received a s.c. or i.m. rather
than i.p. injection. The pH of all six tumors reverted to approx
imately their initial value within 2 h. The initial PCr/PÂ¡value
of 0.48 Â±0.12 decreased to 0.35 Â±0.09 at 36 min and subse
quently rose to 0.44 Â±0.04 at 108 min. The NTP/PÂ¡ value
changed from 1.31 Â±0.18 to a nadir value of 1.25 Â±0.17 at 54

TIME

124

Fig. 1. 3'P NMR study showing the effect of 5 g/kg glucose on tumor energy

metabolism. A drop of 0.3 pH units is noted with subsequent pH recovery by
about 2 h. The time (left column) denotes the midpoint of the spectral accumu
lation. Peaks include A, phosphomonoesters; B, PÂ¡;C, phosphodiesters; D, phos-
phocreatine; Â£,7-NTP and /3-nucleoside diphosphates; F, a-NTP and a-nucleo-
side diphosphates; G, NAD(H); //, diphosphodiesters: /, /3-NTP.
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Fig. 2. Course of tumor pH changes after an i.p. injection of 5 g/kg glucose.
Each symbol represents a different animal. One animal had minimal response to
glucose. Mean ApH = 0.31 Â±0.09 (SD).
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min and subsequently rose to 1.46 Â±0.22 at 108 min. These
changes were not statistically significant.

In contrast, after the administration of 10 g/kg glucose,
significant changes in pH and energy were noted. The pH
dropped more rapidly in comparison to the low dose (5 g/kg)
experiments. Fig. 3 shows the time course of pH drop for the
6 animals studied after treatment with 10 g/kg glucose. All
tumors responded with a rapid drop in pH which reached its
maximum change typically in about 90 min. Five of the animals
were restudied at 5.5 h, after glucose administration. The pH
of 2 of the tumors had reverted to approximately their initial
value, 2 were unchanged from their nadir pH value, and one
showed partial recovery. The sixth animal was studied at 10 h
after glucose administration and had a pH (7.08) similar to its
initial value (7.14). The 3 tumors that were still acidotic at 5.5
h were restudied at 28 h and all had returned to their initial pH
values. For the six animals studied, the mean maximum drop
in pH was 0.96 Â±0.29 pH units. A linear regression analysis
of the plot of ApH versus time (up to 90 min) showed a mean
slope of 0.011 Â±0.003 (ApH/min). This slope is statistically
significantly different (P < 0.02) than a slope of 0 (control)
based on Student's t test.

Fig. 4 shows the changes that occurred in tumor energy status
after 10 g/kg glucose. The initial PCr/P, value (0.46 Â±0.07)
dropped to a nadir value (0.09 Â±0.01) at approximately 90
min. At 5.5 h, in some of the animals, the PCr/PÂ¡value had
returned to approximately its initial value, but in others the
ratio was unchanged, leading to the large standard deviation
noted in Fig. 4 at that time. At 28 h, the PCr/PÂ¡ratio was 0.43
Â±0.12, which is unchanged from its initial value. Similarly, the
NTP/Pj ratio was found to be initially 1.28 Â±0.34, dropped to
a nadir value of 0.54 Â±0.20 at 90 min and returned to approx
imately its initial value at 28 h (1.47 Â±0.27). The nadir energy
and maximal pH change both occur at about 90 min and are
statistically significantly different than their initial base-line
studies.

Fig. 5 demonstrates the effect of administration of 10 g/kg
i.p. mannitol, a non metabolized sugar alcohol. The pH drop is
smaller with mannitol than with the equivalent dose of glucose.
Six animals were treated with mannitol and were followed
serially. The pH decreased from an initial value of 7.16 Â±0.09
to 7.08 Â±0.05 at 70 Â±5 min and 6.84 Â±0.20 at 5.2 Â±1 h. In
addition, a decrease in high energy phosphates is noted at 70
min (Table 2). This decrease is not as great as seen in Fig. 4
after an equivalent dose of glucose. The maximum decrease in
PCr/PÂ¡and NTP/PÂ¡are similar in magnitude for both mannitol

10 Gms/Kg Glucose

ApH_75

21 M 120 300 'IN \170080 100

TIME (Minutes)

Fig. 3. Time course of tumor pH changes after i.p. injection of 10 g/kg
glucose. The pH reaches a nadir value at about 90 min. The time for normalization
of tumor pH is variable and ranged from 5.5 to 28 h. Each symbol represents a
different animal.

10 Gms/Kg Glucose

NTP/P,

PCr/P,

O 20 40 60 80 100 5.5 hrs 28 hrs.

Time Post Injection (minutes)

Fig. 4. Changes in tumor PCr/P, and NTP/P, ratios based on their relative
peak areas (mean Â±SD). Changes in both ratios are statistically significant.

6.Â»

Fig. 5. Changes in the "P NMR spectra after 10 g/kg of mannitol, a nonme-

tabolized sugar alcohol. The pH drop over the first 90 min is much less than after
the same dose of glucose, although a relative but delayed reduction in tumor PCr
and NTP is seen.

Table 2 Effect of mannitol on tumor pH and energy

TimePretreatment

(n = 6)
70 Â±5 min (n = 6)
5.2 Â±1 h (n = 4)pH7.16

Â±0.09Â°

7.08 Â±0.05
6.84 Â±0.20PCr/P,0.53

Â±0.09
0.33 Â±0.12
0.12 Â±0.10NTP/P,1.56

Â±0.36
1.02 Â±0.41
0.54 +0.61Â°

Mean Â±SD.

and glucose (for equivalent doses), but the effect is delayed after
mannitol injection as noted in Table 2. The changes in pH and
energy are statistically significant at 5.2 h. The loss of high
energy phosphates associated with a smaller and delayed pH
decrease with a nonmetabolized sugar suggests that both glu
cose metabolism to lactic acid and blood flow inhibition con
tribute to tumor acidosis after 10 g/kg glucose.

Blood flow changes after i.p. administration of saline (0.5
ml), glucose (5 and 10 g/kg), and mannitol (10 g/kg) were
measured by using laser Doppler flowmetry. Data are given in
Table 3. Maximal flow drop (-80%) occurs 60-90 min after

10 g/kg glucose (mean maximum pH drop, 0.96 pH units).
Flow decrease is somewhat less pronounced following 10 g/kg
mannitol (â€”72%;mean maximum pH drop, 0.07 pH units).

After 5 g/kg glucose, maximum flow inhibition is 70% (mean
maximum pH drop, 0.31 pH units). Although flow inhibition
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Table 3 Laser Dopplerflow (in relative units) in superficial tissue areas ofFSall
tumors before and after i.p. administration of saline, glucose, or mulinimi

Laser Doppler flow after i.p.
administration at

Before 30 min 60 min 90min
No. of
tumors

Saline (0.5 ml)
Glucose

5g/kg
10g/kg

Mannilol (I0g/kg)

1.0 0.93 Â±0.14" 1.04 Â±0.17 1.12 Â±0.12

1.0
1.0
1.0

0.38 Â±0.06
0.27 Â±0.05
0.32 Â±0.03

0.30 Â±0.05 0.31 Â±0.08
0.20 Â±0.03 0.20 Â±0.05
0.28 Â±0.03 0.28 + 0.03

11

10
10
10

Â°Mean Â±SE.

is comparable after 5 g/kg glucose i.p. and 10 g/kg mannitol
i.p. (70 versus 72%), the drop in pH during the first hour is
more pronounced after i.p. glucose. This is due to a transient
increase in the glucose availability (= arterial glucose concen
tration x blood flow) to the tumor tissue in the animals with
glucose loading (Table 4).

DISCUSSION

The thermal sensitivities of normal and neoplastic tissue are
inherently similar. To enhance selectivity of thermal cell kill,
methods to selectively enhance the sensitivity of malignant
tissue to heat are necessary. The ability of some cancer cells to
undergo aerobic glycolysis can be exploited to selectivity induce
tumor acidosis and thereby enhance tumor thermal sensitivity.
To achieve this effect, different approaches have been tried,
including the administration of glucose which selectively in
creases tumor acidity.

Previous work has shown that decreasing the pH or energy
status of a tumor enhances thermal sensitivity (2-5). Urano et
al. (21) have demonstrated that in the FSall tumor, thermal
sensitivity is enhanced by the use of glucose and hyperthermia
in comparison to hyperthermia alone. A larger dose of glucose
(10 g/kg) was found to be a more effective thermal sensitizer
than a smaller dose (5 g/kg). We undertook this study to
determine whether this enhanced thermal sensitivity is due to
changes in pH, energy, or both.

The results of the 5 g/kg glucose study indicate that enhanced
thermal sensitivity can be achieved by moderate reduction of
pH alone (~0.3 pH units) without any energy changes. How
ever, this enhanced thermal sensitivity can be augmented by
further decreasing the pH and tumor energy through larger
doses of glucose. Both acidosis and energy deprivation may
lead to enhanced thermal sensitivity, so one cannot be certain
regarding the extent to which each factor contributes to increase
thermal cell killing. However, thermal sensitization following
5 g/kg glucose appears to be due to changes in pH and blood
flow since the tumor energy is not changed significantly.

A maximum drop in tumor pH (~1 pH unit) after i.p.
administration of 10 g/kg glucose was found to occur after
about 90 min. The mean nadir pH for the 6 animals was 6.19
Â±0.11. These results are similar to those of Jaehde and Ra-
jewsky (11), who found a maximum reduction in pH (pH =
6.15) to occur at about 2 h when the serum glucose concentra

tion was rapidly raised to 50 HIMby i.v. administration. In both
their study and our study, the animals tolerated this dose of
glucose without problems.

The markedly different responses of tumor energy metabo
lism to the two doses of glucose suggest that two mechanisms
of tumor acidosis may be involved. At 5 g/kg glucose, a mod
erate and brief drop in pH, without loss of energy, was observed.
In contrast, at 10 g/kg glucose, the acidosis is profound (ApH
~ l pH unit), long lasting (5.5-28 h), and associated with

energy loss. Control experiments studying the effect of 10 g/kg
glucose on muscle metabolism showed no changes in the 31p-
NMR spectrum (n = 2).

Glucose loading either with 5 or 10 g/kg induced a significant
flow drop (P< 0.001) in the tumor tissue. Since the blood flow
decreases with 5 and 10 g/kg glucose were not significantly
different (P = 0.11), the energy loss after 10 g/kg glucose
cannot exclusively be due to the slightly greater flow inhibition.
It is more likely that the loss in high energy phosphates is
caused at least partially by the severe tissue acidosis following
the higher glucose dose. The basic mechanism responsible for
this most probably is an acidosis-induced inhibition of glycol
ysis of tumors and some normal cells (25,26). Since in ischemie
hypoxia no other substrates are available, this shutdown of
glycolysis should lead to the energy depletion observed.

Administration of 10 g/kg mannitol results in a similar
decrease in blood flow to that noted after a comparable dose of
glucose. Minimal changes in pH occur over the first 72 min.
The magnitude of the decrease in energy seen after high dose
glucose or mannitol is similar (although delayed with mannitol)
and is probably due to blood flow inhibition. The severe acidosis
noted with high dose glucose is caused primarily by lactic acid
production from glucose and therefore is not seen after man
nitol injection. The more rapid decrease in PCr/PÂ¡and NTP/
PÃ•after glucose injection compared to mannitol may be caused
by the combination of both acidosis induced inhibition of gly
colysis and tumor blood flow decrease leading to decreased
production of high energy phosphates.

The doses of glucose and mannitol administered represents
a large osmotic load to the mouse. The molarity of these
solutions are 2.8 and 1.4 M or approximately 9 and 4.5 times
normal osmolarity. It is possible that after administration of
high doses of glucose or mannitol, there are osmotic effects
causing possible hypotension that may contribute to energy
loss. This may explain why despite the lack of severe acidosis
after mannitol injection, a significant drop in energy is seen.

The use of rodent tumors, which are a relatively homogeneous
population, represents a simplification of the clinical problem.
This is seen by comparing our data with that of Thistlethwaite
et al. (18), who in their study found that 5 patients did have a
hyperglycemia induced tumor acidosis. Conversely in 3 in
stances, there was a rise or no change in pH. An increased pH
was not observed by us in any of the animals studied. The time
course of the pH changes after 5 g/kg glucose varied among
different animals (Fig. 2), as did the nadir pH values after 10
g/kg glucose (range of 5.95 to 6.47), demonstrating animal

Table 4 Blood glucose levels and arterial glucose availability (= arterial glucose concentration x flow) before (control) and at certain time intervals after i.p.
administration of glucose or mannitol (values are means Â±SD)Â°

Blood glucose level (HIMIafter i.p. administration at Glucose availability (relative) after i.p. administration at

Control 15 min 30 min 60 min 90min Control 15 min 30 min 60 min

' Ten animals in each experimental group.
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90min

Glucose5
g/kg10

g/kgMannitol
(10 g/kg)6

Â±0.46
Â±0.428

Â±2.550
Â±2.618

Â±2.141
Â±2.76

Â±0.412

Â±2.322
Â±3.09Â±

1.818
+ 2.51.01.01.02.22.50.251.01.60.180.60.80.150.40.60.15

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2433320/cr0480215917.pdf by guest on 19 M

ay 2023



TUMOR METABOLIC CHANGES WITH GLUCOSE

variability even within this homogeneous murine tumor popu
lation.

The doses of glucose administered for these studies have been
shown to yield acidosis and energy loss. However, it is unlikely
that glucose would be administered in this manner clinically or
even in larger animal studies. Continuous i.v. infusion has been
shown to elevate glucose levels in patients and rats and to be
well tolerated. In nondiabetic patients, complications due to
hyperosmolarity have not been noted. Jaehde and Rajewsky
have shown in unanesthetized rats that systemically adminis
tered glucose is nontoxic to unanesthetized rats at very high
concentrations (11) for longer than 48 h. Lippmann and
Graichen (27) demonstrated that serum glucose concentrations
of 25 HIM can be tolerated in humans without serious side
effects. Ashby (15) found that it is possible to achieve a reduc
tion in tumor pH of approximately 0.3 pH units with 100 g of
glucose in patients. This pH reduction is similar to what we
have found by using 5 g/kg in the mouse, suggesting that lower
doses/kg body weight of glucose may be adequate in order to
achieve a substantial reduction in tumor pH in patients.

This study suggests that 3IP NMR may potentially be useful

clinically for monitoring pH and energy reduction in patients
being treated with glucose prior to hyperthermia. These meas
urements are rapid (~5-10 min), noninvasive, and would allow
one to "titrate" the infusion of glucose in order to achieve a

maximum reduction in pH. Since the pH reduction may vary
from patient to patient due to different tumor vascularity, size
and glycolytic capacity, 31P NMR spectroscopy could indicate

whether increasing glucose concentrations are causing any fur
ther pH or energy changes. Since the duration of hypergly-
cemia-induced tumor acidosis is of variable length, one can
noninvasively repeat pH measurements at various intervals.

The results of Thistlethwaite et al. (18) indicate that the use
of glucose as a thermal sensitizing agent is approaching the
stage of clinical testing. They suggested that further work to
determine the optimal amount of glucose, route, and rate of
administration is necessary. We have shown that in a mouse
tumor model, increasing the dose of glucose results in a more
acidotic tumor pH accompanied by loss of energy. These results,
combined with the previous studies of Urano et al. (21) which
indicate that these factors are associated with increased thermal
sensitization, suggest that 3IP NMR spectroscopy is an ideal

technique for studies designed to optimize glucose administra
tion. The availability of whole body NMR units operating at
1.5 T, which have been shown by numerous investigators (28-
31), to be capable of obtaining spectra in volunteers and pa
tients, indicate that 31P NMR monitoring of metabolic manip

ulations is clinically feasible.
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