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ABSTRACT

The response of the s.c.-implanted murine mammary carcinoma M -
82 to hyperthermia was followed as a function of time by "I'-nuclear

magnetic resonance spectroscopy. Treatment consisted of elevation of the
temperature of the tumors to 41-45Â°Cduring 15 min. At 18 h after
temperatures of up to 42, 43, 44, and 45Â°Cthe ratio of ATP/PÂ¡was

unchanged, decreased, largely decreased, and approaching zero, respec
tively. After the higher doses the relative concentrations (in percentage
of total phosphate as visible in the nuclear magnetic resonance spectrum)
of phosphomonoesters (mainly phosphoethanolamine) and phosphocrea-
tine also decreased in favor of IV The changes in phosphodiesters (mainly
glycerophosphocholine) correlated linearly with the changes in ATP (r
= (1.84,P < 0.025). Whereas the limited spectral changes after a dose of
43Â°Cwere nullified within 24 h, the more drastic changes after a dose of
45Â°Clasted at least 8 days. The heavier dose not only induced temporary

decreases in tumor perfusion like the lower dose (phase 1) but subse
quently, unlike the lower dose, resulted in formation of necrosis (phase
2). In the same tumor we found increases in I', and decreases in ATP and

phosphodiesters after radiotherapy with a dose of 20 Gy. Radiotherapy
(20 Gy) combined with hyperthermia (44"<') appeared to strengthen these

effects and resulted in an improved tumor response (regression).

INTRODUCTION

In 1975 Zaner and Damadian (1) published 3IP-NMR3 spec
tra of excised tumors. The first in vivo 31P-NMR spectra of

murine and human tumors were published by Griffiths et al. in
1981 (2) and 1983 (3), respectively. As compared with healthy
tissues tumor "P-NMR spectra show high levels of PME
[mainly PE/PC (4-14)] and PÂ¡,and often, low levels of ATP.
Usually PDE [mainly GPE/GPC (6-16)], PCr, and DPDE are
also detectable. During growth tumors become more hypoxic
and necrotic resulting in increased levels of PÂ¡and in decreased
levels of the high energy phosphates. Growing tumors may
show some acidification, up to 0.5 pH unit (17-21). More
correlations between the nature of tumors and their 3IP-NMR

spectra have been reported: According to Victor et al. (22)
breast carcinomas have higher PCr and lower PDE levels when
the estrogen-estrogen receptor affinity is higher. Cohen et al.
(23) found the level of PCr to be a measure of the drug resistance
of breast cancer cells. The level of PME was reported to be a
measure of progressing disease (6).

The greatest potential of 31P-NMR spectroscopy in oncology

is expected to be the prospect of noninvasive monitoring of the
response of tumors to therapy. Up to now most studies deal
with the metabolic changes induced in murine tumors, meas-
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ured before and after treatment, using surface coils or solenoidal
coils.

Radiotherapy. Several authors investigated the effects of large
single doses of ionizing radiation on murine tumors. Evanochko
et al. (19, 24) and Ng et al. (20) reported a two-phase effect on
tumor PCr after irradiation with 14 Gy: a complete disappear
ance of PCr within 15 min was followed by increases in PCr
associated with reduced tumor mass. The same authors found
no reproducible changes after irradiation of an RIF tumor with
a dose of 14 Gy (24). Koutcher et al. (25) found increases in
ATP after irradiation of large CH3 mouse fibrosarcomas with
a dose of 70 Gy. On the other hand, in the BAI 112 rhabdo-
myosarcoma, Sostman et al. (26) observed significant early
increases in PCr after a lower dose of radiation (3 Gy) and
decreases in PCr following a higher dose (20 Gy). In the
mammary carcinoma NU-82 we found a gradual decrease of
the ATP/Pi ratio after 20-Gy irradiation, to 45 Â±7% (SE) after
47 h, which was due to radiation-induced necrosis. Moreover,
decreases in PDE occurred (11, 27). In a patient study Ng et
al. (28) also noticed increases in 1',and decreases in ATP during

fractionated irradiation of a squamous cell carcinoma.
Hyperthermia. Hyperthermia treatment of several murine

tumors, Dunn osteosarcoma (5, 20, 24), mammary 16/C ade-
nocarcinoma (19, 24), mammary carcinoma NU-82 (29), RIF-
I (24, 30), and glioma EA285 (31) has been shown to result in
decreased levels of high energy phosphates and in increased
levels of PÂ¡.After heat doses of 40-45Â°C during 15 min, Lilly
et al. (5, 30) found moderate changes in the tumor 3IP-NMR

spectrum which reversed during the subsequent days. With
tumors given severe hyperthermia, 47Â°Cfor 15 min, there was

complete disappearance of ATP with no recovery by 24 h after
treatment. This is the first 3IP-NMR study in which the separate

contributions of hyperthermia induced decreases in tumor per
fusion on the one hand and of tumor cell kill on the other hand,
to the observed decreases in the ratio of ATP/PÂ¡, are investi
gated. Since hyperthermia treatment in the clinic is usually
combined with radiotherapy, the effects of combined hyper-
thermia/radiotherapy treatments with respect to single treat
ments are also included in this 3IP-NMR study.

MATERIALS AND METHODS

Tumors. Measurements were performed on tumors from female mice
of the DBA-2 strain that were approximately 5 months old. Pieces of
the NU-82 tumor which spontaneously arose in a female DBA-2 mouse,
were s.c. transplanted on the flank. For /// vivo NMR measurements
mice were anesthetized with low doses of Valium/Hypnorm (8 mg
IInan isoIK-,0.16 mg fentanyl base, 5 mg diazepam/kg i.p.).

Hyperthermia. Tumors ranging from 1.2 to 1.8 g (average mass, 1.5
g) at 20-22 days after implantation, were treated during halothane
anesthesia with pulsed 2450-MHz microwave radiation (pulse time, 2.0
s; recycle time, 4.0 s) using a waveguide applicator (aperture size, 5x5
cm) at about 0.5 cm above the tumor (32). The temperature, as meas
ured between the pulses using a thermocouple inserted in the center of
the tumor, was regulated by computer-controlled variation of the mi
crowave power (average value, 10 W). By using more power during the
first part of the treatment the targeted temperature was reached within
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TUMOR RESPONSE TO HYPERTHERMIA AND RADIOTHERAPY

2 min, after which it was maintained for 15 min. By inserting other
thermocouples at other points inside the tumor and in the rectum, we
found that the temperature in different parts of the tumor deviated less
than IT with respect to the center and that the rectal temperature
stayed below 41*C during hyperthermic treatment of the tumor.

Radiotherapy. Total-body irradiation of mice was performed with
photons from a MCo source with a dose of 20 Gy (dose rate, 0.85 Gy/

min). The mice were treated in a cage with a height of 2 cm, covered
with a lid of 2-cm perspex to establish equilibrium conditions within
the cage. For control, some tumor-bearing mice were irradiated locally
during anesthesia. The 31P-measured metabolic response of their tumors

was found to be identical to the tumor response of the totally irradiated
mice.

Nuclear Magnetic Resonance in Vivo. All in vivo "P-NMR spectra
were measured on a home-built 7T spectrometer (33) operating in the
Fourier transform mode. Tumors and hind legs were measured using
two-turn solenoid-like coils (wound on a perspex holder; wall thickness,
1 mm) of 17 and 12 mm i.d., respectively, the remainder of the mouse
being shielded by a Faraday shield as described by Evanochko et al.
(24). In general the whole tumor was inside the coil and holder. In this
region the RF field varied less than 26%. We used the following spectral
parameters: 30* flip angle at the center of the coil, 2K data points,
quadrature detection, and 1.0 s recycle time. The 180Â°pulse width (;..)

and quality factor ((_/,) were determined with a small sample in the
center of the coil. For each tumor the Q value was determined again
(Qi). The 30Â°pulse width (TM)was calculated from the relation TM=
(Co/Ci)*. To/6- For the 17-mm coil it varied between 20 and 27 us.
Because of the low signal-to-noise ratio, a repetition time of 1.0 s in
combination with a flip angle of 30Â°was chosen. Under these conditions

we calculate decreases in intensity as a result of saturation for the ATP
peaks (T, = 1.5 s) of 12% and for the PME, PDE, PÂ¡,and PCr peaks
(7"i = 3 s) of 25%; e.g., if the saturation is taken into account (paren

theses, values from Table 1) the control values in Table 1 become:
PME, 30.5 (30); PÂ¡,28.5 (28); PDE, 13 (12.5); PCr, 7.5 (7.5); ATP, 14
(16); DPDE, 6.5 (6.5). The differences between these values and those
in Table 1 are much smaller than the effects of hyperthermia and 7-ray
treatment. So we expect that changes in TÂ¡values as a result of therapy
cannot affect our data significantly. Resolution was enhanced by the
convolution difference method (filter width, 1.2 KHz; line broadening,
25 Hz). Most of our in vivospectra are the sum of 600 scans (total scan
time, 10.0 min). Peaks were assigned as described elsewhere (11). The
apparent intracellular pH was estimated from the chemical shift of the
I', resonance with respect to PCr, using the calibration data of Moon

et al. (34). In absence of a sharp PCr peak spectra were superimposed
(PDE and a-ATP are also pH insensitive) to enable pH determinations
of similar accuracy (Â±0.2pH units). Since in the determination of the
absolute phosphate concentrations, use of a phosphorus containing
compound in a capillary affixed to the coil may introduce errors due
to inaccurately known tumor size, changes in size as a result of therapy,
and variations in the positioning of the tumor inside the coil, in this
study the phosphate levels have been expressed in percentage of the
total (molar) amount of phosphate as visible in the NMR spectrum.

Table 1 Relative concentrations after hyperthermia at different temperatures
Relative concentrations (% + SE of at least four determinations) of the tumor

phosphate compounds as calculated from the "!' NMK spectra, at 18 h after 15
min of hyperthermia at the indicated temperatures. The ratios ut A 11' I', are also

given.

PME(%)PDE

(%)
PCr (%)
ATP (%)
DPDE (%)
ATP/P,Controlvalue30.0

28.0
12.5
7.5

16.0
6.5
0.5742-C25.0

Â±6.0
28.5 Â±2.0
16.0Â± 1.5e

5.5 Â±1.518.0 Â±l.<r*

7.0 Â±1.0
0.63 Â±0.03'43'C2

1.0 Â±2.5"
37.0 Â±3.0"

13.0 Â±2.5
6.0 Â±1.5

16.5 Â±1.0
6.0 Â±1.0

0.46 Â±0.04J44'C

</V=5)18.0
Â±2.0*

49.5 Â±5.0e
10.5 Â±1.0*
3.0 Â±1.0e

14.0 Â±LO*
4.0 Â±KO*

0.30 Â±0.05*45'C(JV=4)6.0

Â±4.0*
78.5 Â±6.0*

6.5 Â±2.0a
2.5 Â±2.5'
4.5 Â±1.5*
2.0 Â±1.0e

0.06 Â±0.03**/><o!oi!c

i < 0.02.

'P<0.2.

Another problem with absolute concentrations is the fact that the total
phosphate level may change due to therapy and tumor regression
(necrotic tissue, e.g., contains less phosphate than vital tissue).' The

relative concentrations were determined from the steps in the totally
integrated signal intensity as a function of the frequency as performed
by the computer. The levels of PDE, PCr, and ATP could be easily
obtained in this way from the areas of peaks 3, 4, and 8. DPDE was
calculated as '/2(6+7â€”5)since both 3IP nuclei of one DPDE molecule

contribute to peaks 6 and 7 (ATP, ADP, DPDE, DPDE) and not to
peak 5 (ADP, ATP). DPDE includes NAD, ADP as calculated from
the difference between 5 and 8, but is not included in the tables since
no significant amounts were present. According to analysis of extracts
by in vitro NMR (see also next section), peak 1 (PME) consists of three
major peaks with distances of 0.09 and 0.42 ppm (see Fig. 2), whereas
in vivo the distance between PME and PÂ¡(peak 2) amounts to 1.8 ppm
(11). As the experimental line width of the PCr and the 7-ATP peak in
our in vivo studies was in the range of 0.9-1.1 ppm, peak 1 was
considered in the integration procedure as a single peak. By mirroring
the free sides of peaks 1 and 2 the amount of tailing of one peak into
the other could be estimated. To compensate for tailing the integration
limit between the peaks was determined by dividing the distance be
tween the two peaks in a ratio corresponding with their heights. By the
method described by Barkhuijsen et al. (35) a series of spectra of tumor
NU-82 were processed to improve baseline and resolution. The integrals
of such processed spectra were in close agreement with the outcomes
of our regular integration method.

The spectra of repositioned tumors were reproducible (in the chem
ical shifts as well as in the relative peak areas) within the accuracy as
determined by the signal-to-noise ratio. By measuring a control mouse
which was positioned in the probe in the same manner as mice with a
tumor, it was ascertained that underyling tissues did not contribute to
our tumor NMR spectra.

Nuclear Magnetic Resonance in Vitro. In vitro 31P-NMR spectroscopy

was performed upon extracted material to identify unknown reso
nances. The extraction procedure has been described elsewhere (11). In
vitro NMR spectra were measured at 4.7 T in the Fourier transform
mode. We used the following spectral parameters: 65Â°flip angle, 8K

data points, and 1.82-s recycle time. Resolution was enhanced by the
convolution difference method (filter width, 6.3 kHz; line broadening,
2.5 Hz). The spectrum as shown in Fig. 2 is the sum of 512 scans (total
scan time, 15.5 min).

Necrosis Histology. Removed s.c. NU-82 tumors were fixed in 4%
buffered formaldehyde. Slices of 2 mm were embedded in paraffin and
stained with hematoxylin & eosin. Following projection of the images
of the tissue sections from a light microscope upon a graphic tablet,
the surface areas of necrotic and vital tissue were determined morphom-
etrically using a manual counting technique with the graphic tablet
linked to a microprocessor minicomputer. Thus at least four slices per
tumor were analyzed. Necrosis was homogeneously distributed
throughout the tumor, as appeared from the small variation (SE < 5%)
between different slices from the same tumor.

Vascular Volume. To determine the vascular volume (plasma volume)
of hyperthermically treated NU-82 tumors as compared with controls,
Evans blue (60 mg/kg mouse), a dye which rapidly forms a complex
with serum albumin, was injected into a tail vein at 7 min before the
mice were killed. Subsequently the concentration of Evans blue within
each tumor (Â¿Â¿g/gtumorweight) was determined spectroscopically (620
nm) and divided by the concentration within the blood of the animal
Gig/ml blood).

RESULTS

The 3IP-NMR spectrum of tumor NU-82 shows reversible
changes after a moderate hyperthermia dose of 15 min 43Â°C:

within 25 h an initial decrease of high energy phosphates is
nullified. In Fig. IA the ratio of ATP/PÂ¡ changes from 0.61
before treatment to 0.27, 0.24, 0.31, and 0.86 at 2, 4, 6.5, and
24.5 h, respectively. The corresponding apparent pH values
(see "Materials and Methods") of 7.2, 7.3, 7.0, 7.1, and 7.0 do
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Fig. 1. "P-NMR spectra of NU-82 tumors before and at different intervals
after hyperthermia (A and B, respectively) 43 and 45'C during 15 min. Field
strength: 7 T (I, PME; 2, Vf,3, PDE; 4, PCr, 5, y-ATP; 6, a-ATP; 7, DPDE; 8,
0-ATP). pH values and ATP/Pi ratios are given in the text.

not significantly differ from the pH range of untreated NU-82
tumors (7.0-7.2). A higher dose (15 min 45Â°C,Fig. 1Ã„)causes
a durable decrease of all organic phosphates in favor of I',: the

ratio of ATP/Pi changes from 1.01 before treatment to 0.13,
0.07,0.08, and 0.08 at 2, 4, 6.5, and 24.5 h, respectively. From
the corresponding pH values of 7.0, 7.0, 7.2, 7.2, and 7.0 it
appears that the important spectral changes after this heavier
hyperthermia dose were also not paralleled by tumor acidifica
tion. As after radiotherapy (11), the chemical shifts of all 31P

resonances, some of which depend on both pH and ionic
strength, are unchanged after hyperthermia (see Ref. 11 for in
vivo chemical shift data). No significant spectral changes oc
curred at any point of time within the first 25 h after a low heat
dose of 41Â°Cduring 15 min.

In Fig. 2 the "P-NMR spectrum of a perchloric acid extract

of this murine tumor is shown with additional peaks assigned
as compared with our previous publication (11). The chemical
shifts of the major peaks relative to 85% phosphoric acid and
expressed in ppm, have been added. The extract spectrum shows
PME and PDE to be split into, respectively, six (PE, PC,
glucose-6-phosphate and three unknown phosphates) and two
resonances (GPC and GPE). The pattern is in close agreement
with the in vivo 31P-NMR spectrum, though the extract spec

trum includes some artefactual ADP.
Variation of Hyperthermia Doses. In series of animals we

investigated the metabolic response of tumor NU-82 to differ
ent doses of hyperthermia by measuring the in vivo "P-NMR
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Fig. 2. "P-NMR spectrum of a perchloric acid extract of tumor NU-82 with

peak assignments and chemical shifts (in ppm relative to 85% phosphoric acid,
at 4.7 D.

spectrum before and at 18 h after treatment. The temperatures
of the heat treatments were chosen between 41 and 45Â°C(see
"Materials and Methods"). In Table 1 the relative concentra

tions of the tumor phosphate compounds, as determined from
the integrals of the resonances without correcting for the (mi
nor) saturation of PÂ¡,PME, and PCr in favor of ATP (see
"Materials and Methods"), are shown together with their SE

values and P limits. To eliminate the considerable degree of
variation between the spectra of untreated tumors of different
mice (compare for instance the lowest spectra of Figs. 1, A and
li), the data of each animal were paired and analyzed statisti
cally by a modified f test, the difference method. Because of
this method (i = d/SEd in which d is the average difference
between the value before and after treatment) in which each
animal serves as its own control, SE values in the tables refer
to standard errors of the mean difference. All data in Tables 1
and 2 have been normalized to the levels before treatment as
averaged over all animals from both tables, the control values
(N = 35). The data of Table 3, however, are normalized to the
average values of the groups indicated in the table itself. The P
values refer to the levels of significance of the differences
between the values after treatment and the control values and
therefore were obtained by two-tailed f tests. Since after a dose
of 41Â°Cno significant changes occurred, the corresponding

data have been omitted. Table 1 shows that after the higher
hyperthermia doses the relative concentration of PÂ¡increases at
the cost of all other resonances, though after for instance 15
min 45Â°Cthe decreases of PME and ATP are more significant

than those of PDE, PCr, and DPDE. For this tumor which is
characterized by low levels of PCr, we judged the ratio between
the high energy phosphate ATP and the low energy phosphate
Pi as a suitable indicator of metabolism (11). The ratio ATP/PÂ¡
at the applied hyperthermia temperatures shows a decrease
from 99 Â±4% SE of the control value (100% = 0.57, see last
row, Table 1) at 41 Â°Cand 111 Â±6% at 42'C to 80 Â±7% (43Â°C),
52 Â±9% (44Â°C),and 11 Â±6% (45Â°C).

To investigate whether the response to hyperthermia we
observed is specific for the tumor, we also investigated the hind
leg after local heating of that organ. At 18 h after hyperthermia
(30 min 44Â°C)the 31P-NMR spectrum of hind-leg muscle (Fig.

,11) was changed little as compared with the tumor after an
equivalent dose (15 min 45Â°C,see Fig. 3D); in the heated muscle

the ratio of ATP/P, changed from 2.78 (apparent pH 7.2) to
1.08 (pH 7.2), a decrease of 58%, in the tumor from 0.68 (pH
7.0) to 0.09 (pH 7.2, not significantly above the control value),
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TUMOR RESPONSE TO HYPERTHERMIA AND RADIOTHERAPY

Fig. 3. Muscle tissue (.1) shows small spectral changes as compared with
tumor NU-82 after an equivalent hyperthermia dose. Top, 3IP-NMR spectra at
18 h after 30 min 44'C (A) and 15 min 45'C (B). Bottom, spectra before treatment.

pH values and ATP/PÂ¡ratios are given in the text. Spectral assignments are as in
Fig. 1.

Fig. 4. "P-NMR spectra of NU-82 tumors before treatment (bottom) and the
corresponding spectra at 26 h after 20 Gy (A), at 18 h after 15 min 44*C (B), and
at 18 h after 20 Gy + 44Â°C (C) (top). pH Values calculated from these spectra

do not significantly differ from 7.1. Spectral assignments are as in Fig. 1.

Table 2 Relative concentrations after radiotherapy and hyperthermia
Relative concentrations (% + SE of at least four determinations) of the

tumor phosphate compounds as calculated from the "P-NMR spectra at 18 h
after radiotherapy (20 Gy), hyperthermia (44'C), and the combined treatment (20
Gy + 44'C). ATP/Pi ratios are also presented.

PME (%)
P. W
PDE (%)
PCr(%)
ATP (%)
DPDE (%)
ATP/P,Control

value30.0

28.0
12.5
7.5

16.0
6.5
0.5720

Gy<yv=i3)31.5

Â±2.0
32.0 Â±2.0e

9.5 Â±\.5C

7.5 Â±1.5
14.0 Â±1.0e

5.0 Â±1.5
0.40 Â±0.05Â°44'C

(JV=5)18.0
Â±2.0Â°

49.5 Â±5.V1
10.5 Â±1.0'
3.0 Â±1.0*"

14.0 Â±1.0*
4.0 Â±1.0e

0.30 Â±0.05Â°20

Gy + 44'C
(N=4)11.0

Â±5.0*
70.5 Â±4.0Â°

1.5 Â±2.0"'

5.0 Â±1.5'
8.0 Â±1.5Â«"

4.5 Â±1.0'
0.15Â±0.06"â€¢P<0.01.

*/><0.05.
CP<0.\.
Â°><0.02.
' P < 0.2.

minus 87%. The slight increase of the muscle PÂ¡resonance after
hyperthermia was reproducible. In view of this, it should be
remarked that radiotherapy with doses up to 20 Gy does not
affect the 31P-NMRspectrum of hind-leg muscle (11).

Hyperthermia Combined with Radiotherapy. Characteristic
series of 3IP-NMR spectra of NU-82 tumors before and after
radiotherapy (20 Gy), hyperthermia (44Â°C),and a combined
treatment (20 Gy and 44Â°C,successively)are shown in Fig. 4.

The relative concentrations of the tumor phosphate compounds
after each of these treatments are presented in Table 2. As in
Table 1 normalized data are given with their SE values. Table

2 shows that after radiotherapy PÂ¡increases while only PDE
and ATP decrease, while after hyperthermia (44Â°)and in par
ticular after the combined treatment (20 Gy + 44Â°C)PÂ¡increases

at the cost of all other resonances. Both radiotherapy and
hyperthermia diminish ATP and PDE, and increase PÂ¡,whereas
the combined treatment strengthens these changes. After each
treatment the apparent pH is unchanged (between 7.0 and 7.2).
The last row of Table 2 shows the ATP/PÂ¡ratio at 18 h after
20 Gy [an interpolated value of 70 Â±9% of the control value
(100% = 0.57) which is reliable since after 20 Gy ATP/PÂ¡
decreases monotonically with time (11)], after hyperthermia at
44'C (52 Â±9%) and after the combined treatment (26 Â±10%).

Each of these three values differs from the control value with P
< 0.01. The ATP/P; ratio after the combined treatment is
smaller than the data after radiotherapy and hyperthermia
alone, with P< 0.025 and < 0.1, respectively. Although, during
the first days after the separate treatments and the combined
treatment no significant decreases of tumor volume occurred,
at 5 days after radiotherapy, hyperthermia and the combined
treatment tumor weights of, respectively, 1.4 Â±0.1, 1.9 Â±0.1,
and 1.1 Â±0.1 g were found, compared with an increase from
1.5 g (starting value) to 3.0 g with untreated growth.

Vascular Volume and Necrosis after Hyperthermia. In our
previous study (11) we demonstrated that radiation-induced
necrosis caused gradual decreases in the ATP/PÂ¡ratio in tumor
NU-82 after a radiotherapy dose of 20 Gy, to 45 Â±7% (SE) of
the control value at 47 h after treatment: both untreated and
irradiated NU-82 tumors appeared to meet the equation n = 1
- 0.72 (ATP/Pj) in which n is the fraction of necrosis within
the tumor as determined histologically (see "Materials and
Methods"). Using that equation for tumors which had been

measured before and after hyperthermia with a dose of 15 min
45Â°C,the necrotic fractions before and after treatment were

calculated and compared with the actual (histologically deter
mined) posttreatment values. From the close agreement be
tween the pretreatment value (0.65, see Table 3) and the his
tologically determined value at 24 h after treatment (0.62 Â±
0.04 SE), we conclude that the early changes in the ATP/PÂ¡
ratio after hyperthermic treatment (from 0.49 to 0.09 Â±0.03
at 2 h and 0.06 Â±0.02 at 24 h, compare Fig. IB) are not caused
by an increased proportion of necrotic tissue within the tumor.
However an early and reversible decrease in tumor plasma
volume was observed following treatment: the vascular volume
decreases from 0.090 Â±0.010 SE (ml blood/g tumor weight)
before 15 min 45Â°C,to 0.037 Â±0.006 at 2 h after treatment,

which is followed by a recovery to 0.064 Â±0.013ml/g at 24 h.
In addition to the P values given in Table 3 it is worth men-

Table3 Severalparametersafterhyperthermia
NMR-determined YlÃ¯'/T, ratios, calculated n values (n =-â€¢fraction of necrotic

tissue), actual n values, and plasma volumes and weights, of tumor NU-82 at
different intervals after hyperthermia with a dose of 15 min 45'C. All data

normalized to control values. Where appropriate SE values of at least three
determinations are included.

Parameter
Control

value 2h 24 h 192 h

0.49 0.09 Â±0.03Â° 0.06 Â±0.02Â° 0.22 Â±0.06*ATP/Pi ratio (N
= 3)

Calculated n 0.65 0.94 0.96 0.84
Actual n(!V=3) 0.65 0.65 0.62 Â±0.04 0.89 Â±0.05C
Plasma volume'' 0.090 Â±0.010 0.037 Â±0.006Â°0.064 Â±0.013 0.039 Â±0.01 1*

(mg/ml;

Tumor weight (g) 1.5 1.5 Â±0.1 1.5 Â±0.1 1.3 Â±0.1

..
* P < 0.05.
CP<0.02.
d Independent samples.
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tioning that this 24 h value is larger than the 2-h value with /'

< 0.1. Using the positive linear correlation between the plasma
volume (pv) and the ratio of ATP/PÂ¡ which we found for
untreated NU-82 tumors, namely, pv = 0.17(ATP/PÂ¡) + 0.004,
with r = 0.77 (/V=?,/>< 0.025), vascular volumes of 0.019 (at

2 h) and 0.014 (at 24 h) are calculated. We conclude that
temporary decreases in tumor plasma volume reflecting dimin
ished perfusion (and in consequence a decreased metabolic
activity caused by local hypoxia), are involved with the early
decrease in the ATP/PÂ¡ratio. As a matter of fact, we observed
that the lower hyperthermia dose of 15 min 43Â°Cinduces

decreases in ATP/PÂ¡ratio (see Fig. IA and the corresponding
ATP/Pj data) which (a) completely reverse within 24 h; (b) are
paralleled by temporary decreases in tumor plasma volume
[from 0.090 Â±0.010 SE ml/g to 0.046 Â±0.009 (N = 3; differs
from the control value with P < 0.1) at 2 h and 0.075 Â±0.015
(N = 3; larger than the 2-h value with P < 0.12 and not
significantly smaller than the control value) at 24 h]; and (c)
are not followed by formation of necrosis within the First 8 days
after treatment. After normalization, vascular volumes of 0.041
(at 2 h) and 0.0121 (at 24 h after 43Â°C)are calculated from the

ATP/Pj data, suggesting that the temporary decrease in the
ATP/Pi ratio after this lower hyperthermia dose can be com
pletely attributed to this perfusion effect (compare the calcu
lated value of 0.041 with the actual value of 0.046).

The contrast between the temporary decrease in the ATP/PÂ¡
ratio after 43Â°Cand the durable decrease after 45Â°Ccan be

explained by a late formation of necrosis after the heavier dose
since at 192 h after that dose the necrotic fraction was found
to be increased, from 0.65 and 0.62 Â±0.04 to 0.89 Â±0.05 which
corresponded very well with the n value of 0.84 which was
calculated from the spectra of that point of time. This increase
was paralleled by some loss of tumor weight (in comparison,
untreated NU-82 tumors have a volume-doubling time of ap
proximately 5 days). We conclude that the early spectral
changes after a hyperthermia dose of 15 min 45Â°Care mainly

caused by temporarily diminished tumor perfusion whereas the
spectra of 24 or more hours after treatment reflect the (future)
formation of necrosis (compare the calculated value of 0.96 at
24 h with the actual value of 0.89 Â±0.05 at 192 h).

In the preceding paragraph necrosis and plasma volume have
been treated as independent tumor properties. However, from
the above-mentioned equations for necrosis [n = 1 â€”0.72(ATP/
PÂ¡)]and plasma volume [pv = 0.17(ATP/PÂ¡) + 0.004] in un
treated NU-82 tumors, the following expression relating plasma
volume to the necrotic fraction, can be deduced: pv = 0.17 (1 -
/i)/(0.72) + 0.004. This inverse correlation, which, because of
reversible processes, is not valid during the first 24 h after
hyperthermia, suggests that the low pv value at 192 h after 15
min 45Â°C(0.039 ml/g compared with 0.064 at 24 h and a

control value of 0.090) is due to the larger n value at that point
of time: the calculated plasma volume of 0.030 ml/g (at n =
0.89, see Table 3) is in close agreement with the actual value of
0.039 Â±0.011.

DISCUSSION

The observed changes in the ratio of ATP/PÂ¡as a function of
heat dose are in agreement with the results of Lilly et al. who
in Dunn osteosarcoma (5) and RIF-1 (30) tumors observed
greater reductions in ATP/PÂ¡ratio with the higher hyperther
mia doses. The reversible changes in the 3IP-NMR spectrum of
NU-82 tumors after a heat dose of 15 min 43Â°Cwhich are not

followed by formation of necrosis, correspond with the pattern

in Dunn osteosarcoma after a dose of 15 min 40Â°Cwhich was

also reported to produce no apparent cell kill as determined by
steady tumor growth and rise in serum alkaline phosphatase.
Whereas Lilly et al. (5) did not determine the causes for the
temporary decreases in ATP/PÂ¡ratio in Dunn osteosarcoma, in
this study we demonstrated that in NU-82 this reversible effect
is paralleled by temporary decreases in tumor plasma volume,
a property related to perfusion and blood flow. In their study
regarding RIF-1, Lilly et al. (30), however, showed that the
changes in ATP/PÂ¡ratio during the first 48 h following hyper
thermia doses of 15 min 42, 45, and 47Â°C,closely correlated
with the blood flow in the tumor as determined by the l33Xe

clearance technique. Since in that study no determinations of
cell kill were included, this is the first study in which an attempt
is made to separately assess the role of blood supply and cell
death in the changes in tumor phosphates as observed by "I"

NMR spectroscopy.
Some remarks must be made concerning the determination

of therapeutic response in addition to monitoring changes in
tumor volume. Our determinations of necrosis directly quantify
changes in tumor histology, whereas the alkaline phosphatase
method only indirectly measures the amount of viable tumor
cells in osteosarcomas (and not necessarily so in mammary
carcinomas like our NU-82). We acknowledge, however, that
(supposing validity of the a.p. method for tumor NU-82) de
creases in serum alkaline phosphatase more straightforwardly
measure cell kill than our method since the unknown speed in
which dead cells leave the tumor somewhat obscure the rela
tionship between increases in necrosis and cell kill. Neverthe
less, from the data of Table 3 changes in the amounts of viable
cells can be estimated using the following formula:

y ^ W'(l -n' -pv')
r- " w (i - n' -pv-)

in which y is the amount of viable cells, JFis the tumor weight,
n is the fraction of necrosis, pv is the plasma volume, before (")
and after (') treatment. In this formula the (histologically

proven) fact that tumor NU-82 consists of vital tissue, necrosis,
and blood vessels (fraction of vital tissue + n + pv = 1) was
used. Thus an amount (not significantly changed) of viable cells
(122 Â±13% SE of the control value) is obtained for the tumor
NU-82 at 24 h after a hyperthermia dose of 15 min 45Â°Cand

of only 24 Â±17% (SE) at 192 h (smaller than the control value
with /' < 0.025). In fact the only disadvantage of our method

is that changes in tumor weight have to be taken into account
to obtain the changes in the amounts (not concentrations) of
vital tumor cells after treatment. The above-mentioned value
means that at 8 days after therapy the amount of vital cells was
reduced to 24 Â±17% of the value before treatment.

Alterations of the microcirculation and the associated cellular
environment have been suggested to be important determinants
of tissue viability during and after hyperthermia treatment (36,
37). From the observation that in NU-82 the 43Â°Cdose induces

no net increase of the amount of necrosis within NU-82,
whereas the plasma volume displays a marked temporary de
crease (to 51% of the control value), we conclude that after this
moderate hyperthermia dose the blood supply is insufficiently
affected for resulting in irreversible damage and cell kill. After
the higher hyperthermia dose of 15 min 45Â°C(the usual clinical

dose), however, when the plasma volume decreases to 41% of
the control value, a threshold value appears to be passed since
after this dose the fraction of necrosis was found to increase
from a control value of 0.65 to 0.89 at 8 days after treatment.
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The time delay between both phenomena (at 24 h after treat
ment with a dose of 15 min 45Â°Cneither the vascular volume

nor the fraction of necrosis differs significantly from the control
value) probably is a reflection of the time it takes for necrosis
to become histologically detectable. "P-NMR spectra recorded

during this period seem most suitable for predicting tumor
response, the more so as at 24 h. The spectral difference between
the ineffective 43"C treatment and the necrosis inducing 45Â°C

treatment was found to be maximal.
Like after radiotherapy (11), no significant changes in the

apparent pH of tumor NU-82 were observed after hyperthermia
treatment, not even during the first hours after the heaviest
dose (15 min 45Â°C).This contrasts with the results of Lilly et

al. who reported decreases in pH from 7.4 to 5.9 and 6.8 in
Dunn osteosarcoma at, respectively, 0 and 6 h after a (rather
extreme) dose of 15 min 47Â°C(5), and who also in RIF-1

showed some positive correlation between pH and ATP/PÂ¡ratio
(30). The pH stability in NU-82 during the major decreases of
all organic phosphates in favor of 1' due to decreases in plasma
volume followed by formation of necrosis after 15 min 45Â°C,

suggest that this mammary carcinoma has a high intracellular
buffering capacity against hypoxia-induced acidification and/
or is efficiently neutralized by the microcirculation (despite
major decreases in vascular volume after hyperthermia). As a
matter of fact, using pH microelectrodes Rhee et al. (38) in a
murine tumor of the same type as NU-82, the SCK mammary
carcinoma, measured decreases in pH of only 0.2 pH units after
a heat dose of 30 min 43.5Â°C,whereas Naruse et al. (31) in

their rat glioma noted a decrease (P < 0.1) of less than 0.2 pH
units. Considering the limited accuracy of NMR spectroscopic
pH determinations (see "Materials and Methods") a pH effect

on tumor NU-82 of that order cannot be excluded.
Whereas during the first 2 days after radiotherapy with a

dose of 20 Gy, the ratio of ATP/PÂ¡ decreases gradually to a
level of 45% of the control value, it can be gathered from Fig.
IB and Table 3 that a necrosis-inducing dose of hyperthermia
(15 min 45"C) causes ATP/PÂ¡to drop acutely to a durable level

of about 15% of the control value (which partially recovers to
some 45% of the control value at 8 days). In our opinion the
reversible decreases of tumor plasma volume after hyperthermia
and the knowledge that after radiotherapy no early decreases
in blood flow (perfusion) occur (39), explain the divergent ATP/
PÂ¡patterns.

This is the first in vivo 3IP-NMR study which includes quan

titative data regarding changes in phosphate concentrations as
expressed in percentage of total NMR-measured phosphate,
after radiotherapy and hyperthermia. The observed loss of PME
(mainly PE) and PCr, the levels of which are unchanged follow
ing radiotherapy, (at 18 h) after hyperthermia might be a way
to discriminate decreases in perfusion from formation of necro
sis. Thermally induced hypoxia would increase the consumption
of (a) PME, and (b) PCr to meet the demands for (a) the
biosynthesis of phospholipids to restore reversible membrane
damage and (b) energy in the form of ATP (PCr + ADP + H+

= Cr + ATP). According to Navon et al. (14) PC and PE are
biosynthetic precursors of phospholipids, whereas their glycer-
ophosphodiesters (PDE: GPC + GPE) are products of phos-
pholipid catabolism. However, since using the data from Tables
1 and 2 we found the changes in the levels of ATP and PDE to
correlate linearly (r = 0.84, N = 6, P < 0.025), we postulate
that these PDEs actively participate in tumor metabolism and
are not markers of necrosis. Both radiotherapy and hyperther
mia diminish ATP and PDE, and increase PÂ¡,whereas the
combined treatment (20 Gy + 44Â°Cduring 15 min) strengthens

these changes. An interesting observation forms the high ratio
of PCr/ATP after the combined treatment (0.63 Â±0.22 SE)
compared with the PCr/ATP ratio after hyperthermia (0.21 Â±
0.07), which, however, is not significantly larger than the value
after radiotherapy (0.54 Â±0.11) and the control value (0.47).
Increases in PCr which reflect changes in the creatine kinase
equilibrium (Cr + ATP = PCr + ADP + H+), or rather changes

in creatine kinase equilibria, have been shown to occur with the
development of brain (40) and during tumor regression (17,
19-20, 24, 41, 42), whereas during tumor growth PCr de
creases. In view of this, the high PCr/ATP ratio we observed
at 18 h after the combined radiotherapy/hyperthermia treat
ment, may indicate an improved tumor response. This is in
agreement with our finding that at 5 days after the combined
treatment tumor NU-82 regressed from 1.5 g (starting value)
to 1.1 Â±0.1 g as compared with 1.9 Â±0.1 g after hyperthermia
and 1.4 Â±0.1 g after radiotherapy.

Our observations of (a) irreversible decreases in ATP/Pi ratio
prior to hyperthermia induced formation of necrosis and (b)
high PCr/ATP ratios prior to tumor regression strongly indi
cate that 3IP-NMR spectroscopy can be used to evaluate the

response of tumors to therapy shortly after treatment, when
formation of necrosis and tumor regression are not yet demon
strable.
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