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VOORWOORD
Het in dit proefschrift beschreven onderzoek werd voor een belangrijk deel verricht op de Afdeling Radiotherapie van het Academisch
Ziekenhuis te Utrecht in het kader van achtereenvolgens het RUU
fellowship "NMR in de oncologie" en het door het Koningin Wilhelmina Fonds gesubsidieerde onderzoeksproject "In vivo ^lp NMR
spectroscopy for sequential monitoring tumor metabolism and
evaluating response to treatment" (UUKC 87-7).
Het project "NMR in de oncologie", dat op initiatief van Prof. dr.
H. A. van Peperzeel tot stand kwam, was gericht op ^ P NMR onderzoek en sloot nauw aan bij het toenmalige op 1 H NMR onderzoek
gerichte KWF project van dr. C.J. G. Bakker "Tissue characterization and evaluation of tissue response to radiotherapy by NMR
spectroscopy and NMR imaging". Beide projecten werden geleid docr
dr. ir. J. Schipper.
Het hier beschreven NMR onderzoek werd uitgevoerd in samenwerking
met het Laboratorium voor Technische Natuurkunde van de Technische Universiteit te Delft, de afdelingen NMR-Spectroscopie en
Bio-Organische Chemie van de Rijksuniversiteit te Utrecht, de
Afdeling Experimentele Cardiologie van het AZU,het Interuniversitair Cardiologisch Instituut Nederland, Philips Medical Systems
Division te Best en het AZU NMR Instituut. Daarnaast was samenwerking met de Afdeling Pathologie van het AZU, de Laboratoria
voor Pathologie en Residue Analyse van het Rijksinstituut voor
Volksgezondheid en Milieubescherming, en de Afdeling Experimentele Therapie van het Antoni van Leeuwenhoekhuis van grote waarde
bij het interpreteren van de NMR waarnemingen.
Ter verbreding van het ^ 1 P NMR onderzoek dat in aansluiting op de
zwaartepunten binnen de Afdeling Radiotherapie aanvankelijk vooral
het bestuderen van de effecten van radiotherapie en hyperthermie
op tumoren inhield, werd met ingang van het KWF project "In vivo
31
P NMR spectroscopy for sequential monitoring tumor metabolism
and evaluating response to treatment" samengewerkt met de Afdeling
Interne Geneeskunde van het AZU. Projectleiders: dr. ir. J. Schipper en dr. J. P. Neijt, sinds 1-1-1988 dr. ir. J. J. Lagendijk en
dr. J. P. Neijt.
Behalve de hierboven genoemden, beide promotoren, en diegenen
wier bijdragen in de afzonderlijke hoofdstukken tot uiting komen,
dank ik I. S. Wils voor het verrichten van dierexperimenteel werk.
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GENERAL INTRODUCTION
Our ability to diagnose cancer, to select optimal therapeutic
modalities and to evaluate at an early stage the response of
tumors to therapy, is still subject to serious limitations. While
turners can be diagnosed and classified with reasonable accuracy
by biopsy and microscopic examination, no noninvasive and generally applicable method is available which has acceptable specificity for cancer diagnosis. Sensitivity for detection of anatomic lesions or masses has been improved with modern imaging
methods, although limitations still exist in many clinical situations in which tumors are small or differ little in physical
properties from adjacent tissue. Following diagnosis, selection
and application of optimal therapy is hampered by numerous factors. Local or distant spread of tumor must be detected in order
to determine whether surgery is possible or to outline radiation
portals. This "staging" process is liable to the same deficiencies
which affect the original diagnosis. If primary radiation, palliative or adjuvant radiotherapy, hyperthermia or chemotherapy are
considered to treat solid tumors, the presence of ischemic or
hypoxic zones within the lesion constitutes a major obstacle to
the success of most forms of such therapy. No clinically applicable method for detecting or quantifying the extent of such zones
is now available. Once nonsurgical therapy has started, it is
difficult or impossible to optimize the sequence and schedule of
treatment or to evaluate the response of the lesion at a stage
before changes in its size begin to occur. Following completion
of therapy, it is at times obscure whether anatomic changes at
the site of the tumor represent regrowth, or a benign response to
toxic therapy. In addition to these pragmatic clinical problems,
many aspects of tumor biology and metabolism in vivo are incompletely understood. This is the case with normal tissues as well,
but the problem is magnified in neoplasm by the wide varieties of
their degrees of differentiation, and by the complexity and
importance of their interaction with the host.
The application of in vivo nuclear magnetic resonance (NMR)
spectrosoopy of tumors in light of some of the above mentioned
problems, is investigated in this thesis. NMR spectroscopy is
based on the absorption of radiofrequency (RF) electromagnetic
radiation by the atomic nuclei (spins) of matter when placed in a

strong magnetic field. Nuclei that possess a net spin and associated magnetic field, precess or resonate
at characteristic
frequencies. This phenomenon can be detected with appropriately
positioned magnetic fields and receiving coils. The enormous differences in frequency at which different NMR-detectable nuclei
(e.g. *H, - 1 P, 13(j) resonate in a given magnetic field enable the
selection of a specific nucleus.
In contrast to NMR imaging,
which gives a pictoral representation, NMR spectroscopy yields a
"spectrum" of peaks at different radiofrequencies ("chemical
shifts"). The differences in chemical shift, which are the result
of differences in the local environment of the chosen nucleus,
are very small and are expressed in parts per million (ppm) of
the applied radiofrequency.
Since its introduction in 1946 NMR spectroscopy has emerged as a
powerful
technique
for chemical analysis, molecular structure
determination and the investigation of molecular motion in solids
and liquids. Since 1972, the advent of NMR imaging has revolutionized the prospective application of *H NMR in medicine, while
the possibility that in vivo 3 1 P NMR spectra could be obtained
gave NMR a whole new dimension. With in vivo 3 *P NMR spectroscopy
a noninvasive method developed for obtaining information regarding the cellular phosphate compounds which participate in tissue
metabolism. Important indicators of bioenergetics obtained by 3 1 P
NMR spectroscopy are the ratios of the high energy phosphates
[adenosine triphosphate (ATP), phosphocreatine (PCr)] to inorganic
phosphate (Pi). In addition, the intracellular pH can be determined from the chemical shift of the Pi peak. By now, localization
methods have been developed to obtain high-resolution 3 1 P NMR
spectra of any desired region in animals and humans.
The first in vivo 3 ^P NMR spectra of murine and human tumors were
published by Griffiths et al. in 1981 (1) and 1983 (2), respectively. The initial experiences of these and other investigators
with in vivo 3 1 P NMR spectroscopy in studying cancer have been
reviewed by several authors (3-7). As compared with other tissues
the 3 1 P NMR spectra of tumors show high levels of phosphomonoesters, Pi and phosphodiesters. In tumors ATP is the major high
energy phosphate. Some investigators, however, observed an intense
PCr signal but it should be mentioned that u pitfall may be the
detection of PCr from tissues surrounding the tumor instead from
the tumor itself. During untreated growth of subcutaneously
10

implanted tumors in mice or rats the ratio of ATP/Pi (PCr/Pi)
decreases which has been attributed to the development of vascular
insufficiency, decreased metabolic activity and the formation of
necrotic tissue. In a number of growing tumors some acidification
has been observed. AJ. '"hough some relationships between the nature
of tumors, for instance resistance to certain drugs or the presence of estrogen receptors, and their 3 1 P NMR spectra have been
reported, there is little evidence for a useful clinical application of in vivo 3 1 P NMR spectroscopy to identify and characterize
tumors. The greatest potential of in vivo 3 1 P NMR spectroscopy in
oncology is expected to be the prospect of noninvasive monitoring
of the response of tumors to therapy.
At the initiation of the in vivo 3 1 P NMR investigations reported
in this thesis, therapy-induced alterations in 3 1 P NMR spectra of
neoplastic tissues were obtained by several authors (1, 2, 8-10),
but the mechanisms of these changes and their significance were
unknown. The principle aim of the studies described here, was to
investigate whether therapy-induced changes in 3 ^P NMR spectrum
can be related to tumor regression, cell kill, changes in blood
flow or other measures of tumor response. The second objective,
in a direct line with the first one, was to determine the predictive value of early changes in phosphate metabolism and pH (detected by 3 1 P NMR spectroscopy) for the ultimate response of tumors
to treatment. Of the six chapters presented, five are quantitative
investigations of radiotherapy-, hyperthermia- and chemotherapy-induced changes in the 3 *P NMR spectra of subcutaneous tumors
(breast carcinomas, rhabdomyosarcomas and immunocytomas) in mice
or rats. In Chapter 6 initial clinical experiences with in vivo
NMR spectroscopy in the evaluation of human breast cancer are
described.

1 Griffichs JR, Stevens AN, lies RA, Gordon RE, Shaws D. 3 ^ P NMR investigation
of solid tumours in the living rat. Biosci Rep ABO Akad 1: 319-325, 1981.
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List of abbreviations:
CDDP (cisplatin), cis-diamminedichloroplatinum(II)
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DPDE, diphosphodiester
FID, free induction decay
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GPE, glycerophosphoethanolamine
IgM/CDDP, CDDP-resistant IgM immunocytoma
IgM-I, CDDP-sensitive parent IgM immunocytoma
MTX, methotrexate
N, proportion of necrotic tissue
NMR, nuclear magnetic resonance
NP, normal protein
NTP, nucleoside triphosphate
PC, phosphochoiine
PCr, phosphocreatine
PD, protein deprived
PDE, phosphodiester
PE, phosphoethanolamine
Pi, inorganic phosphate
PME, phosphomonoester
ppm, parts per million
pv, plasma volume
R-l, rhabdomyosarcoma-1
SE, standard error of the mean; spin echo
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Abstract. The response of the s.c. implanted murine mammary carcinoma NU-82
to 10 and 20 Gy of gamma-radiation was followed by in vivo -^ P nuclear magnetic
resonance spectroscopy on 48 mice during a period of 2 days. During the first
8 h after a dose of 10 Gy, the ratio of ATP/inorganic phosphate increases to a
value of 120 i J 5% (SE) of the control value. This rise is followed by a
decrease of the ratio to 74 x 12% after 47 h. However treatment with 20 Gy
causes the ratio of ATP/Pi to decrease gradually to a level of 45 ± VI. after
47 h. Histological investigations demonstrated that radiation-induced necrosis
largely contributes to this phenomenon. During the time of observation irradiated tumors displayed no changes in size and intracellular pH. After
treatment with 10 Gy as well as with 20 Gy, the phosphodiester resonance
decreased in intensity. By - " P nuclear magnetic resonance spectroscopy on
extracts of the NU-82 tumor, two phosphodiesters were identified, glycerophosphocholine and glycerophosphoethanolamine.

Introduction
Phosphorus NMR spectra can provide information regarding the
cellular phosphate compounds which participate in tissue metabolism. Localized high-resolution 3 1 P NMR spectra can be obtained
in animals and humans. Thus 3 1 P NMR spectroscopy may be used to
study metabolic disorders caused by pathological processes like
cancer. As compared with other tissues/ tumor 31p NMR spectra
show high levels of PME and Pi. During growth tumors become more
hypoxic and necrotic, which results in increased levels of Pi and
decreased levels of the high-energy phosphates (1-9). During this
process tumors may show some acidification up to 0. 5 pH unit (610). The greatest potential of 3 1 P NMR spectroscopy in oncology
is supposed to be in permitting noninvasive monitoring of the
response of tumors to various therapeutic modalities. Chemotherapy
and hyperthertnia have been shown to produce distinct and substanV a l changes in 3 1 P NMR spectra (5, 7-9, 11-15). Evanochko et al.
;i, 7) and Ng et al. (9) reported the effects of 14 Gy radiotherapy on a murine mammary tumor. The tumors of the 5 mice they
17

treated showed changes in PCr, the high-energy compound which
before treatment was about equal in intensity to the ATP resonances; after a reproducible disappearance within the first 15 min
after therapy, they found a recovery of PCr, in one case of five,
clearly beyond the pre-treatment level and the intensities of the
ATP resonances. This effect, which occurred within 1.7 days, was
accompanied by a 50% decrease in tumor mass. The same authors
also investigated the effect of 14 Gy radiotherapy on a radiation
induced fibrosarcoma (5). They found some tumors to exhibit an
increase of PCr which was accompanied by a near total dxsappearanceof the Pi peak, but others showed a large reduction in PCr
during the first days after irradiation. Skog et al. (16) investigated the effect of 5 Gy X-irradiation on Ehrlich ascites tumor
cells in mice. Their in vitro 3 1 P NMR spectra showed no changes
during the first 48 h after treatment, except for a temporal 50%
reduction in ATP/Pi ratio at 20 to 24 h. We used 31p NMR spectroscopy to study the response of a solid murine mammary tumor to 10
and 20 Gy doses of gamma-radiation. In this paper we report our
findings, which contrast with those of Evanochko et al. (7) and
Ng et al. (9).
Materials and methods
Tumors.
Measurements were performed on tumors from female mice.
The mice were from the DBA-2 strain and were approximately 5
months old. Pieces of the NU-82 mammary tumor, which spontaneously
arose in a female DBA-2 mouse, were transplanted s. c. on the
flank. For in vivo NMR measurements mice were anesthetized with
low doses of Valium/Hypnorm (8 mg fluanison, 0. 16 mg fentanyl
base and 5 mg diazepam/kg i. p. ).
Radiotherapy. Total-body irradiation of mice was performed with
photons from a ^ C o source with a dose of 10 or 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 of some mice only the
tumors were irradiated by shielding the remainder of the (anesthetized) animals with blocks of lead. The ^lp NMR 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 ^lp NMR spectra
were measured on a home-built 7 T spectrometer (17) operating in
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the Fourier transform mode. We used the following spectral parameters : 45" flip angle at the center of the coil, 2K data points
with quadrature detection, and 1.0 s recycle time. Resolution was
enhanced by the convolution difference method (filter width, 1.3
KHz and line broadening, 25 Hz). Our tumor spectra are the sum of
400 or 600 scans (total scan time, 6 7 or 10.0 min). Tumors were
measured using 2-turn solenoidal coils, the remainder of the
mouse being shielded by a Faraday shield as described by Evanochko
et al (5). The assignments of resonances to PME, Pi and PDE were
made by 31p NMR analysis of tumor extracts (see next paragraph).
The assignments of the remaining resonances to PCr, ATP, and DPDE
were made from literature values. The apparent intracellular pH
was estimated from the chemical shift of the Pi resonance using
the calibration data of Moon and Richards (18). Relative concentrations were estimated from the integrated areas of the
corresponding ^lp NMR resonances.
By measuring a mouse without a tumor which was positioned in the
probe in the same manner as the tumor-bearing ones, it was ascertained that underlying tissues don' t contribute to our tumor NMR
spectra.
Nuclear magnetic resonance in vitro. In vitro ^lp NMR spectroscopy
was performed upon extracted material to identify unknown resonances. After the mouse had been anesthetized with diethyl ether,
the tumor was quickly removed and put into a stainless steel tube
which was filled with liquid nitrogen. While submerged in the
nitrogen, the tumor was ground into a fine powder using a stell
stave which was also precooled. The frozen powder was treated
with 2 volumes of 7% perchloric acid, centrifuged, neutralized,
and centrifuged again to remove the KC1O4, precipitate. After
freeze-drying the residue was dissolved in a 100 mm EDTA solution
which contained 20% D2O in vitro NMR spectra were measured on a
4. 7 T spectrometer operating at 81. 0 MHz in the Fourier transform
mode. We used the following spectra parameters: 45' flip angle,
8K data points with quadrature detection and 1.0s recycle time.
Resolution was enhanced by the convolution difference method
(filter width, 6. 3 kHz and line broadening, 2. 5 Hz). The spectrum
which is shown in Fig. lb, is the sum of 1024 scans (total scan
time, 17 min).
Histology. S. c. tumors were removed, fixed in 4% formaldehyde,
and embedded in paraffin. Tissue sections were stained with
19

hematoxylin-eosin. By means of a camera the images of the tissue
sections were projected from a light microscope upon a graphic
tablet. Subsequently the surface areas of necrotic and vital
tumor tissue were determined morphometrically using a manual
point counting technique with the graphic tablet linked to a
microprocessor minicomputer.

1
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Figure 1. In vivo ^lp N M R spectrum of a NU-82 tumor (a) and the spectrum of
perchloric acid extract which was made from 2 tumors NU-82 (b). The in vivo
spectrum, which is the sum of 400 scans, shows the resonances of PME (peak 1
at 3.8 ppm relative to 85% phosphoric acid), Pi (2:2.0 ppm), PDE (3:0.2 ppm),
PCr (4:-3.1 ppm), %-ATP (5:-5.5 ppm), a-ATP (6:-10.7 ppm), DPDE (7:-12.8 ppm)
and (3-ATP (8:-19.2 ppm). The extract spectrum, which is the sum of 1024 scans,
shows PME (peak 1) and PDE (peak 3) split into, respectively, 3 and 2 resonances.

Results
The 3 *P NMR spectrum of the mammary carcinoma NU-82 as passaged
in a syngeneic population of mice is characterized by high levels
of PME, Pi and NTP and low levels of PDE, PCr, and DPDE (19).
Because ATP has been reported to be the major tumor NTP compound
(20, 21) and because, thermodynamically speaking, UTP, GTP, and
CTP are considered to be identical to ATP (22), in this paper we

refer to the nucleoside triphosphates as ATP. The in vivo spectrum
shows 8 resonances (Fig. la). In agreement with the finding that
all in vivo NMR signal arises from the tumor (see "Materials and
Methods"), the extract spectrum shows the same resonances, including PCr (Fig.lb). In the extract spectrum, however, the resonances of PME (peak 1) and PDE (peak 3) are split into respectively,
3 and 2 peaks.
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F i g u r e 2. In v i v o 3 I P NMR s p e c t r a of d i f f e r e n t NU-82 tumors 20 days a f t e r
i m p l a n t a t i o n . Tumor a (mass 0.7 g) was measured u s i n g a s o l e n o i d a l s u r f a c e
c o i l of 12 mm d i a m e t e r ; tumors b (mass 2 . 0 g) and c (mass 3 . 4 g) were measured
with a c o i l of 17 mm. In each s t a g e of growth, t h e pH, a s determined from t h e
chemical s h i f t of t h e P i r e s o n a n c e , i s equal t o 7 . 2 . Each spectrum i s t h e sum
of 400 s c a n s . S p e c t r a l a s s i g n m e n t s a r e a s in F i g . 1.

By addition of organic phosphates to tumor extracts and careful
analysis of the pH t i t r a t i o n curves (using data from Refs, 23-26)
the major PME resonances (at 3.7 and 3.1 ppm r e l a t i v e to 85%
phosphoric acid) and both PDE resonances (at 0. 4 and -0. 1 ppm)
were identified as, respectively, phosphoethanolamine, phosphochol i n e , glycerophosphoethanolamine, and glycerophosphocholine. This
is in agreement with the tumor peak assignments of other authors
(5, 20, 27).
In vivo ^lp NMR spectra of mammary carcinomas NU-82 show a con21

siderable degree of variation due to individual differences in
growth rate, resulting in tumors of different size and stage of
growth. The average tumor volume doubling time amounted to 5
days. Figure 2 illustrates the influence of tumor size on the
31p fjMR spectrum of mammary carcinoma NU-82. To a lesser extent
tumors of the same size also showed some degree of variation. The
spectrum of each individual tumor was highly reproducible, and
during 48 h of untreated growth no spectral changes occurred.
We investigated the metabolic response of the solid murine mammary
NU-82 tumor to 10 Gy of ^-radiation by measuring it beforehand
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Figure 3. Ratio of 3-ATP/Pi after radiotherapy with a dose of 10 (o) and 20 Gy
(•) as a percentage of the value before treatmentj plotted against the time.
Bars, SE. The number of determinations per graphic point varied between 4 and
13.

and at 4, 8, 26 and 47 h after irradiation. Thus tumors of 23
mice with an average tumor mass of 1.5 g (compare Fig. 2b) were
measured at 20 to 22 days after implantation. Because of the
limited a v a i l a b i l i t y of NMR measuring time, most animals were
measured at three of the five points of time which are mentioned
above. For t h i s tumor, which is characterized by low levels of
PCr, we judge the r a t i o between the high-energy phosphate ATP
and the low-energy phosphate Pi as a suitable indicator of metabolism. As a matter of fact, we found significant changes in the
22

ratio of ATP/Pi as determined from the integrals of the resonances
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F i g u r e A. In vivo ^ P NMR s p e c t r a of one NU-82 tumor before ( a ) and a t 18 h
a f t e r 20 Gy i r r a d i a t i o n ( b ) . Both s p e c t r a a r e t h e sum of 600 s c a n s . S p e c t r a l
a s s i g n m e n t s a r ea s i n F i g . l .
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volume occurs, while untreated tumors show some 30% increase
during 2 days of growth; (b) intracellular pH, as determined from
the chemical shift of the Pi resonance, remains equal to 7. 2. The
chemical shifts of the other 31p resonances are also unchanged;
and (c) the concentration of PDE (mc.inly glycerophosphocholine,
peak 3) decreases. The spectra of a tumor before (Fig.4a) and at
8 h after treatment (Fig. 4b) clearly show this. However, because
the PDE resonance usually is less well resolved, after 48 series
of in vivo measurements we still judge it too early to quantify
this radiation effect.
To investigate whether the response to irradiation we observed is
specific for tumors, we also investigated the hind leg at different intervals after radiotherapy. After total-body irradiation
of healthy as well as tumor-bearing mice, the 3 1 P NMR spectrum of
hind leg muscle was unchanged between 4 and 47 h after treatment.
Discussion
The metabolic response, as measured by 3 1 P NMR spectroscopy, of
mammary carcinoma NU-82 to 10 Gy of cobalt jj -radiation differs
from the response to 20 Gy. After 20 Gy the ATP/Pi ratio almost
linearly decreases during the first 2 days after treatment (Fig.
3, closed circles). The 10 Gy response follows a more complicated
pattern (Fig. 3, open circles). The Student's t-test was applied
to evaluate the statistical significance of the changes in ATP/Pi
ratio after a dose of 10 Gy as compared with the changes after 20
Gy. While at 4 h after treatment the 10 Gy ATP/Pi ratio is lower
than the 20 Gy ATP/Pi ratio (73 ± 6% versus 92 ± 6% (P < 0.05)),
at 8 h the 10 Gy ratio is higher than the 20 Gy ratio (120 + 15%
versus 85 ± 10% (P < 0. 1)). At 26 h after treatment there is no
difference (53 ± 7% versus 60 ± 8%), but after 47 h the 10 Gy
ratio is significantly higher again (74 ± 12% versus 45 ± 7 % (P <
0.025). However, the responses of tumor NU-82 to 10 and 20 Gy
irradiation have in common the clearly reduced ATP/Pi ratio of 26
and 47 h after treatment. A possible involvement of some factors
in the changes of the ATP/Pi ratio after radiotherapy will be
discussed below.
(a) Increased ATP consumption to repair radiation damage. This
effect may persist throughout our period of observation; Skog et
al. (28) observed changes in the morphology of Ehrlich ascites
tumor cells after irradiation with a dose of 5 Gy, up to 72 h
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after treatment. Regarding our own observations, the decrease in
the free concentration of the PDE (glycerophosphocholine + glycerophosphoethanolamine) after both 10 and 20 Gy radiotherapy may
be caused by increased incorporation of that phosphate compound
to restore damaged membranes.
(b) Decreased ATP production by conversion from aerobic metaholism
to glycolysis. It is well known that aerobic tumor cells are more
radiosensitive than are hypoxic cells. Since after radiotherapy
murine tumors are known to reoxygenate within about 6 h (29-31),
this radiation-induced metabolic effect may be limited to the
first hours after treatment. As tumor glycolysis has been reported
to be coupled to acidification of the tissue (32-38), our observation of the tumor pH remaining equal to 7. 2 after radiotherapy
does not support an involvement of this factor in our observations.
(c) Fluctuations in ATP level by cell cycle synchronization.
Ishiguro et al (39) and Skog et al (40, 41) reported elevated ATP
levels in tumor cells being in the post-synthetic gap ( G 2 ) , the
cell stage in which irradiated tumor cells accumulate. Using flow
cytometry we observed no significant changes in the cell cycle
distribution except some elevation of G2 at 8 h after a dose of
10 Gy, from 2 ± 0. 5% to 5. 1 ± 0. 5%. However, unless in the G2
phase of tumor NU-82 the ATP level with respect to the Pi level
is one order of magnitude higher than in the other phases, the
observed G 2 accumulation cannot explain the NMR measured elevation
of the ATP/Pi ratio at 8 h after a dose of 10 Gy.
(d) Death of tumor cells. After death organic phosphates, which
are normally seen in the high-resolution 31p NMR spectrum, are
broken down to Pi. Four untreated tumors NU-82 (of different
size) which had been measured by in vivo ^ P NMR spectroscopy
were investigated histologically to correlate tumor necrosis with
the ratio of ATP/Pi. By staining different tissue sections with
hematoxylin-eosin, 4 determinations of necrosis were performed on
each tumor. The thus calculated mean fractions of necrosis diverged from 0. 49 to 0. 90, depending on the tumor of investigation.
These values have standard errors of the mean of about 4%. The
necrotic fraction of the tumor (N) was found to correlate linearly
with the NMR determined ATP/Pi ratio according to the equation:
N = 1 - 0.72 (ATP/Pi)

(1)
25

Equation
0. 90.

1 meets a linear coefficient of correlation of r =-

In Fig. 5 the 3 1 P NMR spectra of the least necrotic tumor

(Fig. 5a) (N = 0. 49, ATP/Pi = 0. 54) and the one of the most necrotic tumor (Fig. 5b) (N = 0. 90, ATP/Pi = 0. 16) are shown together
with corresponding histological preparations.
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Figure 5. In v i v o ^ P NMR s p e c t r a of a n e c r o t i c NU-82 tumor (B) (N = 0 . 9 0 ,
ATP/Pi = 0 . 1 6 ) and a l e s s n e c r o t i c one (A)(N = 0 . 4 9 , ATP/Pi = 0 . 5 4 ) with t h e
c o r r e s p o n d i n g h e m a t o x y l i n - e o s i n s t a i n e d s e c t i o n s (N = n e c r o t i c tumor t i s s u e ; V
= v i t a l tumor t i s s u e ) . Both NMR s p e c t r a a r e t h e sum of 600 s c a n s . S p e c t r a l
a s s i g n m e n t s a r e as i n F i g . l . M a g n i f i c a t i o n , x 100.

Two tumors were analyzed at 26 h after

irradiation with a dose of

20 Gy (when the ratio ATP/Pi amounted about
level;

see the f i r s t

5 3% of the

section of "Discussion").

starting

The histologically

determined N-values were in close agreement with the values which
were

calculated

using

the

equation:

0. 77 versus

0. 78 and 0. 72

versus 0. 67. This finding indicates that radiation-induced changes
in

the

ATP/Pi

ratio

roughly

reflect

changes

in

the

amount of

necrosis within the tumor.
We conclude that radiation-induced necrosis (point d) largely
contributes to the observed spectral changes. In order to assess
the relative importance of membrane repair (point a) and glycolysis (point b), and in particular also to explain the complicated
path after a dose of 10 Gy and its relation to the cell cycle
(point c), in the future we will continue to support our 3 1 P NMR
studies with pathological research and start *H NMR investigations.
Our 10 Gy ATP/Pi pattern resembles the results of Skog et al.
(16), who irradiated Ehrlich ascites tumor cells with a dose of 5
Gy and found a temporal 50% reduction in the ATP/Pi ratio at 20
to 24 h after treatment. Our finding that within the first 2 days
after 10 and, in particular, 20 Gy of radiotherapy the high-energy
phosphate ATP (actually NTP) decreases (PCr is low from the
beginning) contrasts with the increase in PCr which Evanochko et
al (5, 7) and Ng et al. (9) found after 14 Gy radiotherapy to
their murine mammary tumor. However their radiosensitive tumor,
which lost one-half of its weight within 2 days after treatment,
differs from our mammary tumor HU-82, which, more in agreement
with the clinical practice, kept a constant weight during the
first 2 days after radiotherapy. In summary, this study indicates
that 3 1 P NMR spectroscopy may be used to measure radiation-induced
necrosis before changes in tumor volume occur.
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Abstract. The response of the s.c.-implanted murine mammary carcinoma NU-82
to hyperthermia was followed as a function of time by ^lp nuclear magnetic
resonance spectroscopy. Treatment consisted of elevation of the temperature of
the tumors to 41-45°C during 15 min. At 18 h after temperatures of up to 4 2 ,
43, 44 and 45°C the ratio of ATP/Pi was unchanged, decreased, largely decreasea, and approaching zero, respectively. After the higher doses the relative
concentrations (in percentage of total phosphate as visible in the nuclear
magnetic resonance spectrum) of phosphomonoesters (mainly phosphoethanolaraine)
and phosphocreatine also decreased in favor of Pi. The changes in phosphodiesters (mainly glycerophosphochline) correlated linearly with the changes in ATP
(r = 0.84, P < 0.025). Whereas the limited spectral changes after a dose of
43 C were nullified within 24 h, the more drastic changes after a dos« of 45 C
lasted at least 8 days. The heavier dose not only induced temporary decreases
in tumor perfusion like Che lower dose (phase 1) but subsequently, unlike the
lower dose, resulted in formation of necrosis (phase 2 ) . In the same tumor we
found increases in Pi and decreases in ATP and phosphodiesters after radiotherapy with a dose of 20 Gy. Radiotherapy (20 Gy) combined with hyperthermia
(44 C) appeared to strengthen these effects and resulted in an improved tumor
response (regression).
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Cohen et al. (23) found the
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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 3 1 P 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, measured 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 disappearance
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 BA1112 rhabdomyosarcoma, 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 ± 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 Pi 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 adenocarcinoma (19,
24), mammary carcinoma NU-82 (29), RIF-1 (24, 30), and glioma
EA285 (31) has been shown to result in decreased levels of high
energy phosphates and in increased levels of Pi. After heat doses
of 40-45'C during 15 min, Lilly et al (5, 30) found moderate
changes in the tumor 3 *P NMR spectrum which reserved during the
subsequent days. With tumors given severe hyperthermia, 47" C for
15 min, there was complete disappearance of ATP with no recovery
by 24 h after treatment. This is the first 3 1 P NMR study in which
the separate contributions of hyperthermia induced decreases in
tumor perfusion on the one hand and of tumor cell kill on the
other hand, to the observed decreases in the ratio of ATP/Pi are
investigated. Since hyperthermia treatment in the clinic is
34
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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 in vivo NMR
measurements mice were anesthetized with low doses of Valium/Hypnorm (8 mg fluanisone, 0.16 mg fetanyl base, 5 mg dizepam/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, 5 x 5 cm) at about 0. 5 cm above the tumor (32). The temperature, as measured between the pulses using a thermocouple inserted in the center of the tumor, was regulated by computercontrolled variation of the microwave power (average value, 10
W). By using more power during the first part of the treatment
the targeted temperature was reached within
2 cm, 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 l'C 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 ^°Co 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 3 1 P NMR 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 3 1 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;
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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 180° pulse width ( T O ) and
quality factor (Qo) were determined with a small sample in the
center of the coil. For each tumor the Q value was determined
again (Q^). The 30' pulse width (T30) was calculated from the
relation T30 = (Qo/Qi) **• to/(>- 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 30* was
chosen. Under these conditions we calculate decreases in intensity
as a result of saturation for the ATP peaks (Tj = 1. 5 s) of 12%
and for the PME, PDE, Pi, and PCr peaks (T^ = 3 s ) of 25%; e.g.,
if the saturation is taken into account (parentheses, values from
Table 1) the control values in Table 1 become : PME, 30.5 (30);
Pi, 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 hyperth<srmia and
X-ray treatment. So we expect that changes in T-^ 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 vivo spectra 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 Pi 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 aATP are also pH insensitive) to enable pH determinations of
similar accuracy (± 0.2 pH 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.
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TABLE 1 - RELATIVE CONCENTRATIONS AFTER HYPERTHERMIA AT DIFFERENT TEMPERATURES
Relative concentrations (% + SE of at least 4 determinations) of the tumor
phosphate compounds as calculated from the -^P NMR spectra, at 18 h after 15
min of hyperthermia at the indicated temperatures. The ratios of ATP/Pi are
also given.

PME (%)
Pi (X)
PDE (%)
PCr (%)
ATP (7.)
DPDE (%)
ATP/Pi

a P
b
P
c
P
P
P

control
value

42'

30 .0
28..0
12..5
7. 5

16.0
6. 5

25. 0
28. 5
16.0
5.5
18. 0
7. 0

o.:57

0.63

43'
(n-= 5)

(n==4)

±

6. 0
2.0
1.5 d
1.5
1.0 e
1.0

21. 0
37. 0
13.0
6.0
16. 5
6.0

±

0. 0 3 e

0.46

±
±
±
±
±

44
(n=5)

45°

(n=4)
b

18 .0
49..5
10.. 5

±

2 .5 a
3 .0 a
2 .5
1.5
1.0
1.0

3,.0
14..0
4. 0

±

2.o
5.oc
1.oe
1.oc
1.oe
1.Od

*

0. 04d

0.30

±

0. 0 5 b

±

±
±

±
±
±
±
±

6.0
78.5
6.5
2.5
4.5
2.0
0.06

±
±
±
±

4 .0 b
b
6 .0
2 .0 d
2. 5 e

1.5 b
1.0 c
b
± 0 03
±

±

< 0.05
< 0. 01
< 0.02
< 0. 1
< 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 l/2(6+?~5) since both
3*P 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 was 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 Pi (peak 2) amounts to 1. 8 ppm (11).
As the experimental line width of the PCr and the ^-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
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tailing the integration limit between the peaks was determined by
dividing the distance between the two peaks in a ratio corresponding with their heights. By the method described by Barkhuysen 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
chemical 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 underlying
tissues did not contribute to our tumor NMR spectra.
Nuclear Magnetic Resonance in Vitro. In vitro 3 1 P NMR spectroscopy
was performed upon extracted material to identify unknown resonances. 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 : 65' 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 morphometrically 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 (jig/g tumorweight) was determined
spectroscopically (620 nm) and divided by the concentration within
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the blood of the animal

(ng/ml blood).

Results
The 31p N M R spectrum of the NU-82 tumor shows reversible changes
after a moderate hyperthermia dose of 15 min 43'C: within 25 h
an initial decrease of high energy phosphates is nullified. In
Fig. 1A the ratio of ATP/Pi 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.
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Figure 1. 3 1 P NMR spectra of NU-82 tumors before and at different intervals
after hyperthermia (A and B, respectively) 43 and A5°C during 15 min. Field
strength: 7 T (1,PME; 2,Pi; 3.PDE; 4,PCr; 5,Jf-ATP; 6,a-ATP; 7.DPDE; 8,3-ATP).
pH values and ATP/Pi ratios are given in the text.

The corresponding apparent pH values (see "Materials and Methods")
of 7. 2, 7. 3, 7.0, 7. 1 and 7. 0 do not significantly differ from
the pH range of untreated NU-82 tumors (7.0-7.2). A higher dose
(15 min 45'C, Fig. IB) causes a durable decrease of all organic
phosphates in favor of Pi: 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 acidification. As after radiotherapy (11), the
chemical shifts of all ^ P 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 occurred at any point of time within the first 25 h after
a low heat dose of 41"C during 15 min.
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Figure 2. ^lp fjMR spectrum of a perchloric acid extract of NU-82 tumor with
peak assignments and chamical shifts (in ppm relative to 85% phosphoric acid,
at 4.7 T ) .

In Figure 2 the ^lp 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 % phosphporic 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 3 1 P NMR spectrum, though the extract spectrum includes some artefactual ADP.
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Variation of Hyperthermia Doses. In series of animals we investigated the metabolic response of the NU-82 tumor to different
doses of hyperthermia by measuring the in vivo ^lp N M R spectrum
before and at 18 h after treatment. The temperatures of the heat
treatments were chosen between 41 and 45'C (see "Materials and
Methods"). In Table 1 the relative concentrations of the tumor
phosphate compounds, as determined from the integrals of the
resonances without correcting for the (minor) saturation of Pi,
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 B), the data of each animal were
paired and analyzed statistically by a modified t test, the
difference method. Because of this method (t = 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 t tests.
Since after a dose of 41'C no significant changes occurred, the
corresponding data have been omitted. Table 1 shows that after
the higher hyperthermia doses the relative concentration of Pi
increases at the cost of all other resonances, though after for
instance 15 min 45* C the 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/Pi at the
applied hyperthermia temperatures shows a decrease from 99 ± 4%
SE of the control value (100% = 0.57, see last row, Table 1) at
4 T C and 111 ± 6% at 42"C to 80 ± 7% (43'C), 52 ± 9% (44*C), and
11 ± 6% (45"C).
To investigate whether the response to hyperthermia we observed
is specific for the tumor, we also investigated the hind leg
41
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Figure 3. Muscle t i s s u e (A) shows small spectral changes as compared with
tumor NU-82 after an equivalent hyperthermia dose. Top, '*P 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/Pi r a t i o s are given in the t e x t . Spectral assignments are as
in F i g . 1 .

a f t e r l o c a l h e a t i n g of t h a t organ. At 18 h a f t e r hyperthermia (30
min 44'C) t h e ^ l p NMR spectrum of h i n d - l e g muscle (Fig. 3A) was
changed l i t t l e as compared with t h e tumor a f t e r an e q u i v a l e n t
dose (15 min 45' C, s e e Fig. 3B); i n t h e heated muscle t h e r a t i o
of ATP/Pi changed from 2.78 (apparent pH 7.2) t o 1.08 (pH 7 . 2 ) , a
decrease of 58%, i n t h e tumor from 0.68 (pH 7.0) t o 0.09 (pH 7.2,
not s i g n i f i c a n t l y above t h e control v a l u e ) , minus 87%. The s l i g h t
i n c r e a s e of t h e muscle Pi resonance a f t e r hyperthermia was r e p r o d u c i b l e . I n view of t h i s , i t should be remarked t h a t r a d i o t h e r a p y
with doses up t o 20 Gy does not a f f e c t t h e 3 1 P NMR spectrum of
h i n d - l e g muscle (11).
Hyperthermia Combined w i t h Radiotherapy. C h a r a c t e r i s t i c s e r i e s of
31
P NMR s p e c t r a o f NU-82 tumors b e f o r e and a f t e r r a d i o t h e r a p y (20
h y p e r t h e r m i a ( 4 4 ' C ) , and a combined t r e a t m e n t (20 Gy and
4. 1

44'C, successively) are shown in Figure 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
Pi increases while only PDE and ATP decrease, while after hyperthermia (44'C) and in particular after the combined treatment (20
Gy + 44"C) Pi increases at the cost of all other resonances. Both
radiotherapy and hyperthermia diminish ATP and PDE, and increase
Pi, whereas the combined treatment strenghthens 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/Pi ratio at 18 h
after 20 Gy [an interpolated value of 70 + 9% of the control
value (100% = 0.57) which is reliable since after 20 Gy ATP/Pi
decreases monotonically with time (11)], after hyperthermia at
44'C (52 ± 9%) and after the combined treatment (26 ± 10%). Each
of the three values differs from the control value with P < 0. 01.

Figure 4. -*lp 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 + 44'C (C)(top). pH values calculated from these
spectra do not significantly differ from 7.1. Spectral assignments are as in
Fig. 1.

The ATP/Pi 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, ?.. 4 + 0. 1, 1. 9 ± 0. 1, and 1. 1 ± 0. 1 g were found, compared
with an increase from 1. 5 g (starting value) to 3.0 g with untreated growth.

TABLE 2 - RELATIVE CONCENTRATIONS AFTER RADIOTHERAPY AND HYPERTHERMIA
Relative concentrations (7. + SE of at least 4 determinations) of the tumor
phosphate compounds as calculated from the ^lp 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 (%)
Pi (%)
PDE (°/.)
PCr (%)
ATP (%)
DPDE (%)
ATP/Pi
a
b
c
d
e

P
P
P
P
P

control
value

20 Gy
O-= 13)

44 °C
(n== 5)

30..0
28. 0
12. 5
7. 5
16. 0
6. 5
0.57

31. 5 ±
32. 0 ±
9. 5 ±
7. 5 ±
14. 0 ±
5.0 ±
0.40 ±

18..0 ±
49.. 5±
10.. 5±
3..0 ±
14..0 ±
4..0 ±
0.30 ±

2 .0
2 .oc
1.5°
1.5
1.0 c
1.5
0. 0 5 a

20 Gy + 44°C
(n=4)
2. 0 a
5.0 d
1.0 e
1.0 d
1.0 e
1.oc
0.05 a

11 .0 ±
70 .5 ±
1. 5±
5 .0 ±
8 .0 ±
4 .5 ±
0. 15 ±

5.0 b
4. 0 a
2. od
1. 5 e
1.5d
1.0 e
0.06 a

< 0.01
< 0.05
< 0.1
< 0.02
< 0.2

Vascular Volume and Necrosis after Hyperthermia. In our previous
study (11) we demonstrated that radiation-induced necrosis caused
gradual decreases in the ATP/Pi ratio in tumor NU-82 after a
radiotherapy dose of 20 Gy, to 45 ± 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/Pi), 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 45'C, the necrotic fractions before and
after treatment were calculated and compared with the actual
(histologically determined) posttreatment values. From the close
agreement between the pretreatment value (0.65, see Table 3) and
the histologically determined value at 24 h after treatment (0. 62
a*

± 0. 04 SE), we conclude t h a t t h e e a r l y changes i n t h e ATP/Pi r a t i o
a f t e r hyperthermic treatment (from 0.49 t o 0.09 ± 0. 03 a t 2 h and
0. 06 ± 0. 02 a t 24 h, compare Fig. IB) a r e not caused by an i n creased p r o p o r t i o n of n e c r o t i c t i s s u e w i t h i n t h e tumor.

TABLE 3 - SEVERAL PARAMETERS AFTER HYPERTHERMIA
NMR-determined ATP/Pi r a t i o s , c a l c u l a t e d N v a l u e s (N = f r a c t i o n of n e c r o t i c
t i s s u e ) , a c t u a l N v a l u e s , plasma volumes and w e i g h t s of tumor NU-82 a t d i f f e r e n t i n t e r v a l s a f t e r hyperthermia with a dose of 15 min 45°C. A l l d a t a
normalized t o c o n t r o l v a l u e s . Where a p p r o p r i a t e SE v a l u e s of a t l e a s t 3 d e t e r minations are included.

parameter

ATP/Pi r a t i o
(n=3)
calculated N
a c t u a l N (n=3)
plasma volume
(mg/ml; n=4) d
tumor weight
(g)

control value

2 h

24 h

192 h

0.06 ± 0 . 0 2 a
0.96
0.62 ± 0.04

0.22 ± 0 . 0 6 b
0.84
0.89 ± 0.05 c

0.49
0.65
0.65

0.09 ± 0 . 0 3 a
0.94
0.65

0.090 ± 0.010

0.037 ± 0.006 a 0.064 ± 0.013

0.039 ± 0 . 0 U b

1.5

1.5 ± 0.1

1.3 ± 0.1

1.5 ± 0. 1

a

P < 0.01
P < 0.05
c
P < 0.02
" independent samples
b

However, an early and reversible decrease in tumor plasma volume
was observed following treatment: the vascular volume decreases
from 0.090 + 0.010 SE (ml blood/g tumor weight) before 15 min
45*C, to 0.037 ± 0.006 at 2 h after treatment, which is followed
by a recovery to 0.064 ± 0.013 ml/g at 24 h. In addition to the P
values given in Table 3 is worth mentioning that this 24-h value
is larger than the 2-h value with P < 0.1. Using the positive
linear correlation between the plasma volume (pv) and the ratio
of ATP/Pi which we found for untreated NU-82 tumors, namely pv =
0.17 (ATP/Pi) + 0.004, with r = 0. 77 (n = 7, P < 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 diminished perfusion (and in consequence a decreased metabolic activity caused by local hypoxia), are involved with the early
decrease in the ATP/Pi ratio. As a matter of fact, we observed
that the lower hyperthermia dose of 15 min 43*C induces decreases
4b

in ATP/Pi ratio (see Fig. 1A and the corresponding ATP/Pi data)
which (a) completely reverse within 24 h; (b) are paralleled by
temporary decreases in tumor plasma volume (from 0.090 ± 0.010
SE ml/g to 0.046 ± 0.009 (n = 3; differs from the control rate
with P < 0. 1) at 2 h and 0.075 ± 0.015 (n = 3; larger than the 2h 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 43'C) are calculated from the ATP/Pi data, suggesting that
the temporary decrease in the ATP/Pi ratio after this lower
hyperthermia dose can be completely attributed to this perfusion
effect (compare the calculated value of 0.041 with the actual
value of 0.046).
The contrast between the temporary decrease in the ATP/Pi ratio
after 43'C and the durable decrease after 45'C can 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 + 0. 04 to 0. 89 ± 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 NU82 tumors have a volume-doubling time of approximately 5 days).
We conclude that the early spectral changes after a hyperthermia
dose of 15 min 45'C are 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 ±
0. 05 at 192 h).
In the preceding paragraph necrosis and plasma volume have been
treated as independent tumor properties. However, from the abover = ;.tioned equations for necrosis [N = 1 - 0. 72(ATP/Pi)] and plasma
volume [pv = 0. 17(ATP/Pi) + 0.004] in untreated NU-82 tumors, the
following expression relating plasma volume to the necrotic
fraction, can be deduced : pv = 0. 17(1 - N)/(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 45'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
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of 0.030 ml/g (at N = 0.89, see Table 3) is in close agreement
with the actual value of 0.039 ± 0.011.
Discussion
The
observed changes in the ratio of ATP/Pi 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/Pi ratio with the higher hyperthermia doses.
The reversible changes in the 3*P NMR spectrum of NU-82 tumors
after a heat dose of 15 min 43'C which are not followed by formation of necrosis, correspond with the pattern in Dunn osteosarcoma
after a dose of 15 min 40'C which 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/Pi 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/Pi ratio during the first 48 h
following hyperthermia doses of 15 min 42, 45, and 47'C, closely
correlated with the blood flow in the tumor as determined by the
13
^Xe 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 ^lp
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) decreases 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 relationship between increases in necrosis and cell kill.
Nevertheless, from the data of Table 3 changes in the amounts of
viable cells can be estimated using the following formula:
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V'

W' (1 - N' - pv' )

V'

W' (1 - H' - pv" )

in which V is the amount of viable cells, W is the tumor weight,
N is the fraction of necrosis, pv is the plasma volume, before
C ) 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 ± 13% SE of the control value) is obtained for the NU-82
tumor at 24 h after a hyperthermia dose of 15 min 45* C and of
only 24 ± 17% (SE) at 192 h (smaller than the control value with
P < 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 ±
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 the 43'C dose induces no net
increase of the proportion of necrosis in the NU-82 tumor, whereas
the plasma volume displays a marked temporary decrease (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 45* 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. The time delay
between both phenomena (at 24 h after treatment with a dose of 15
min 45' C neither 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. 3 1 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 45'C treatment was found to
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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 45'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 47'C (5), and who also in RIF-1 showed some positive correlation between pH and ATP/Pi ratio (30). The pH stability in NU-82 during the major decreases of all organic phosphates
in favor of Pi due to decreases in plasma volume followed by
formation of necrosis after 15 min 45'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. 5* 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 spectroscopie 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/Pi 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/Pi 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/Pi patterns.
This is the first in vivo ^lp NMR study which includes quantitative 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 following radiotherapy, (at 18 h) after hyperthermia might be a way to discriminate decreases in perfusion from formation of necrosis. Thermally
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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 glycerophosphodiesters (PDE: GPC + GPE) are
products of phospholipid 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 . 8 4 , n = 6, P < 0.025),
we postulate that these PDEs actively participate in tumor metabolism and are not markers of necrosis. Both radiotherapy and
hyperthermia diminish ATP and PDE, and increase Pi, whereas the
combined treatment (20 Gy + 44'C during 15 min) strengthens these
changes. An interesting observation forms the high ratio of
PCr/ATP after the combined treatment (0. 63 ± 0.22 SE) compared
with the PCr/ATP ratio after hyperthermia (0.21 ± 0.07), which,
however, is not significantly larger than the value after radiotherapy (0. 54 ± 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 decreases. In view of this, the
high PCr/ATP ratio we observed at 18 h after the combined radiotherapy/hyperthermia treatment, may indicate an improved tumor
response. This is in agreement with our finding at 5 days after
the combined treatment tumor NU-82 regressed from 1. 5 g (starting
value) to 1. 1 ± 0. 1 g as compared with 1. 9 ± 0. 1 g after hyperthermia and 1.4 ± 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 indicate that
31
P 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 demonstrable.
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Abstract. Evaluating Che response of tumors to therapy promises to become one
of Che major applications of in vivo phosphorus ( P) nuclear magnetic resonance speccroscopy. Decreases in Che levels of organic phosphates in favour of
inorganic phosphate (Pi) as occur in murine tumors after hyperchermia treatment, can bt quantified by the ratio ATP/Pi. In this study the relationship
between the time of heating (15, 30 and 60 min) and the temperature (43, 44 C)
was investigated in mice with NU-82 tumors by considering the changes in ATP/Pi
ratio as a function of both variables. Afcer a treatment of 30 min at 43°C a
similar percentual decrease in ATP/Pi ratio was observed as after 15 roin at 44
C (42±9 vs. 48±9), after 60 rain at 43°C a similar decrease as after 30 min at
44°C (75±7 vs. 74±4). These results give further evidence for Che validity of
a current working definition of thermal dose: thermal dose = [2 T ~^^dc. In
addicion chis study shows thac ->1P NMR speccroscopy can be a useful means for
assessment of thermal dose.

Introduction
Local hyperthermia is defined as the treatment of cancer by
artificial elevation of the tumor temperature to 41'C or higher.
Since 1981 this modality is being used at the Utrecht University
Hospital as an adjuvant to radiotherapy in the primary treatment
of advanced breast carcinoma, melanoma (Hofman 1987) and retinoblastoma (Schipper and Lagendijk 1986).
A standard unit of thermal dose which incorporates the effects
of the important biophysical variables such as heat-up times,
step-down heating, thermotolerance, and thermal radiosensitization has not yet been derived. However, from in vitro and in vivo
observations reviewed by Field (1987) there is increasing evidence that the thermal dose of a clinical relevant treatment can be
described as equivalent minutes of heating at 43'C by means of
the following working definition (Sapozink et al. 1985):
rt

thermal dose =

J

2 T " 4 3 dt.

0
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Within the temperature range of 43-45'C, this relationship between
time of heating (t) and temperature (T) can be applied clinically
for determining equivalent time-temperature relations i.e. 15
min. hyperthermia treatment at 45'C is equivalent to 30 min at
44' C and 60 min at 43'C, respectively.
The technique of phosphorus (^P) nuclear magnetic resonance
(NMR) spectroscopy enables noninvasive monitoring of the changes
in phosphate metabolites after a heat treatment. Decreases in the
levels of organic phosphate metabolites in favour of inorganic
phosphate (Pi), as have been reported to occur in murine tumors
after hyperthermia treatment, are often quantified by the ratio of
the major high energy phosphate ATP and the low energy Pi. Forthe
tumor model used in this study, the mammary carcinoma NU-82, we
demonstrated elsewhere (Sijens et al. 1987) that heat-induced
decreases in ATP in favour of Pi are accompanied by comparable
decreases in the levels of the other NMR detectable organic
phosphates, all of which appear to participate in tumor metabolism. The changes in the level of phosphodiesters (PDE's), for
instance, correlated linearly with the changes in ATP (r=0.84,P <
0.025). By analysis of perchoric extracts, the major PDE's in
the NU-82 tumor were identified as glycerophosphocholine and
glycerophosphoethanolamine, compounds involved with degradation
of (membrane) phospholipids.
Lilly et al. (1985, 1986) using Dunn osteosarcoma and the RIF-1
tumor in mice and Naruse et al. (1986) using rat glioma observed
with increasing treatment temperature an increasing reduction of
the ATP/Pi ratio in the tumor. In a previous study with the NU-82
tumor we observed 18 h after a heat treatment of 15 min. at 41,
42, 43, 44 or 45'C, a change in the ATP/Pi ratio to a percentage
of 99 ± 4 (SE), 111 ± 6 , 80 ± 7, 5 2 + 9 and 11 ± 6, respectively,
of the value before treatment (Sijens et al. 1987).
In the study presented, we investigated the relationship between
the time of heating and the temperature by considering the changes
in ATP/Pi ratio in the NU-82 tumor as a function of both variables. For that purpose the spectral effects of clinical relevant
heat treatments of 15, 30 and 60 min at 43 or 44" C were quantified
and compared.
Materials and methods
S. c. mammary carcinomas NU-82 of female DBA-2
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mice, ranging

from 1. 2 to 1. 8 g (average mass 1. 5 g) at 20-22 days after implantation at the left flank, were treated by local hyperthermia
using a computer controlled hyperthermia system (Lagendijk 1982,
Lagendijk and Schipper 1986). A 2450 MHz waveguide applicator
with an aperture size 5 x 5 cm was positioned at about 0. 5 cm
above the tumor. During treatment the animals were anesthetized
with halothane. Thermocouples were inserted in the centre of the
tumor and in the rectum of the mouse. To ensure non-disturbed
temperature readings, microwave power was delivered periodically
with a frequency of 2 s power-on and 2 s power-off. Temperature
data were collected during the power-off period. Treatment temperature in the tumor was reached within 2 min. In a few animals
thermocouples were also inserted at other locations inside the
tumor. The temperatures in different parts of the tumor were
found to deviate less than l'C from that in the centre. Rectal
temperature remained below 41*C during hyperthermia. The tumors
were heated during 15, 30 or 60 min. at 41, 43, 44 or 45" C. Before
and at intervals up to 18 h after treatment tumors were measured
by in vivo ^ 1 P NMR spectroscopy on a home-built 7 T spectrometer
(Mehlkopf 1982). Tumors were measured using a 2-turn solenoid-like
RF coil of 17 mm i. d. The following spectral parameters were
used: 30" flip angle at the center of the coil, 2K data points,
quadrature detection and 1.0 s recycle time. All in vivo NMR
spectra of this study are the sum of 600 scans (total scan time
10. 0 min). A detailed description of the applied RF coil, the
spectral acquisition parameters and the method of data analysis
has been given elsewhere (Sijens et al. 1987). Intracellular tumor
pH was calculated from the chemical shift of Pi, determined from
the chemical shift difference between the phosphocreatine (PCr)
and the Pi peaks using the calibration data of Moon and Richards
(1973). In the absence of a sharp PCr peak spectrawere superimposed (PDE and a-ATP are also pH insensitive) to enable pH determinations of similar accuracy. By performing some of the NMR
measurements for a second time (repeating immobilazation of the
animal prior to spectral acquisition), it was established that
the standard deviation in NMR determined pH was 0. 1 pH unit.
After the higher hyperthermia doses, however, major decreases in
the levels of the organic phosphates (PCr, ATP, PDE) resulted in
less accurate chemical shift determinations and therefore less
accurate pH values (±0.2 pH unit).
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Results

Figure 1 shows the in vivo 31 P spectra of the mammary carcinoma
NU-82 before (lower part) and the corresponding spectra measured
18 h after a heat treatment of 15 min. at a) 43'C, b) 44'C and c)
45'C (upper p a r t ) . In order of decreasing radiofrequency the,
numbered, resonance peaks can be assigned as 1: phosphomonoesters(PME), 2: Pi, 3: PDE, 4: PCr, 5 and 6: the X- and a- 31 P nuclei of ATP,

Figure 1.
In v i v o ^ P NMR s p e c t r a of
p a r t ) and t h e c o r r e s p o n d i n g s p e c t r a a t
a t a) 43*C, b) 44°C and c) 45*C (upper
3:PDE, 4:PCr, 5:#-ATP, 6:a-ATP, 7:DPDE,

tumors NU-82 b e f o r e t r e a t m e n t (lower
18 h a f t e r hyperthermia during 15 min
p a r t ) . Peak a s s i g n m e n t s ; 1:PME, 2 : P i ,
8:3-ATP.

7: diphosphodiesters (DPDE) and 8:the Q-31P nucleus of ATP. The
major PME' s were i d e n t i f i e d as phosphoethanolamine and phosphochol i n e , compounds involved with biosynthesis of (membrane) phosphol i p i d s (Sijens e t al. 1986). The i d e n t i t y of the major PDE's has
been mentioned in "Introduction". The diphosphodiesters include
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the important electron carrier NAD(H) (Sijens et al.1987).
Intracellular tumor pH calculated from the chemical shift of Pi
ranged from 7. 0 to 7. 2 in untreated tumors. In these and in
earlier experiments, hyperthermia, even at the higher temperatures, did not induce significant changes in the pH of the NU-82
tumor.
For the study of the relationship between the alterations in the
ratio of ATP/Pi and thermal dose, the appropriate period between
heat treatment and post-treatment NMR spectrum had to be determined. To compare with in vitro studies in which the thermal
dose is estimated from cell survival curves and with their transposition into Arrhenius plots, the spectral changes during the
selected waiting time had to reflect therapy induced cell kill.
A difficulty in the interpretation of hyperthermia induced alterations in ATP/Pi ratio, is that they can be caused by a decrease
in blood flow (Lilly et al. 1985), cell kill (Lilly et al. 1984,
Naruse et al. 1986) or by a dose dependent combination of both
effects (Sijens et al. 1987). To get an impression of the impact
of reversible effects not reflecting hyperthermia induced death
of tumor cells on the ^lp JJMR spectrum, groups of animals were
measured at short intervals after heating of the tumor at 41, 43,
44 and 45'C for 15 min. Figure 2 shows the ATP/Pi ratios at 2, 4,
6. 5, 18 and 24 h after each treatment expressed as percentages of
the values before the treatment. Each determination is based on
4-5 animals. The error bars indicate the corresponding SE values,
which refer to the standard errors of the mean difference between
the values prior to and after treatment as determined by the
t-test difference method (Bahn 1972).
Figure 2 shows that the ATP/Pi ratio after a heat treatment of
15 minutes at (a) 41'C is reduced temporarily at 6. 5 h to a value
of about 70%, (b) 43'C is decreased to some 40% at 4 h followed
by a recovery to almost the starting level at 18 and 24 h, (c)
44'C reaches a minimum of about 30% at 4 h followed by a partial
recovery to 50% at 18 and 24 h, and (d) at 45* C is reduced permanently to a level of about 10%. The similarity of the values at
18 and 24 h indicates that by then a steady state is reached for
each treatment regimen, the starting level at (very) low doses of
15 min 41-43'C, about 50% at the moderate dose of 15 min 44" C,
and 10% at the higher dose of 15 min 45'C.
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time after hyperthermia ( h )
Figure 2. The ratio of ATP/Pi in NU-82 tumors in percentage of the value prior
to treatment, at different intervals after 15 min of hyperthermia at the
indicated temperatures. Bars, SE (n=4-5).
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treatment of 15 min. at 43, 44 or 45'C the ATP peaks are increasingly reduced in favour of the Pi peak. Spectra prior to and at
18 h after hyperthermia doses of 41-42'C for 15 min, are not
shown since we demonstrated elsewhere that no significant spectral
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Figure 3. The ratio of ATP/Pi in percentage of the value prior to treatment,
at 18 h after various hyperthermia treatment times and temperatures. Bars, SE
(n=4-5).

Figure 3 shows the changes in ATP/Pi ratio 18 hrs after a heat
treatment at 43 and 44'C as a function of treatment time (n =
4-5). From this graph it appears that after a heat treatment of
15, 30 and 60 min at 43*C the ATP/Pi ratio progressively decreases to a percentage of 80 ± 7, 58 ± 9 and 25 ± 7 and, similarly,
at 44'C to 5 2 + 9 , 26 ± 4 and 7 ± 3, respectively.
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Discussion
The spread in the therapy induced decrease of the ratio of ATP/Pi
within each treatment group as represented by the error bars in
the Figures 2 and 3 can be attributed to:
a) Variations in thermal dose.
As mentioned before, the temperature in different parts of the
tumors could vary up to l'C from that in the centre. Since the
central temperature usually was the highest, each tumor as a
whole actually got a slightly lower thermal dose than indicated.
By our method of NMR spectroscopy the whole tumor is sampled.
b) Limitations in the accuracy of the ATP/Pi ratios as determined
from the NMR spectra. The accuracy of integrating peaks of in
vivo NMR spectra is limited by waving baselines, time domain
windowing effects, unpredictable lineshapes, peak overlap, and by
the signal-to-noise ratio. Control experiments, that is repeated
immobilazation of the animal and acquisition of the spectra,
indicated an accuracy of approximately 10% (standard deviation)
in each ATP/Pi determination.
c) "Biologic noise", different species responding differently to
the same treatment.
The SE bars in the ATP/Pi ratios shown in Figures 2 and 3, range
from 4 to 9% and correspond with standard deviations between 8%
(n = 4) and 18% (n = 4). These values are of the same order of
magnitude as the above mentioned accuracy in the NMR determined
ATP/Pi ratios (point b). At the 43*C dose (see Fig. 3), however, a
larger spread in the changes in ATP/Pi ratio was found.
In a previous study we reported that the decrease in ATP/Pi ratio
18 h or more after a heat treatment is intimately related with
cell kill (Sijens et al.1987). From Fig. 3, showing the alteration
of the ATP/Pi ratio in the NU-82 tumor 18 h after different times
of treatment at 43'C and 44'C, it appears that heat treatments of
equal thermal dose induce an equal reduction in the ATP/Pi ratio.
For instance, the observed ATP/Pi ratio after 30 min at 43'C is
in good agreement with that after 15 min at 44'C: (58 ± 9 ) % vs.
(52 + 9)%. Similarly, the greater reduction in ATP/Pi ratio after
the more severe thermal dose of 60 min at 43'C equals that of 30
min at 44'C: (25 ± 7 ) % vs. (26 ± 4)%. As shown in Fig. 2, after an
equivalent-thermal-dose treatment of 15 min at 45'C, the ATP/Pi
ratio is slightly more reduced to (11 ± 6 ) % which, however, is
f4

not significantly below the latter values (P > 0.075).
The results presented here give, at least within the range of
clinical relevant treatment times and temperatures (15-60 min/4344"C), further evidence for the validity of Eq. 1 for quantitatively comparing hyperthermia treatments in terms of thermal
dose. In addition, this study shows that in vivo ^lp NMR spectroscopy can be a useful means for assessment of thermal dose. As
shown in Fig. 2, different hyperthermia doses induce clearly
different temporal patterns of ATP/Pi ratio. That the heat treatment of 15 min at 45"C does and at 43*C does not induce formation
of necrosis (Sijens et al. 1987), is reflected by the contrast
between the permanent reduction of the ATP/Pi ratio (to about 10%
of the starting level) after the 45" C dose and the only temporal
decrease followed by complete recovery after the 43" C dose. The
overall change during the 18-24 h it takes to reach a steady
state, could be used in the clinic to check whether a sufficiently
large heat dose has been administered to a tumor, or a hyperthermia treatment should be repeated.
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Abstract. The effects of 5 days of protein deprivation and of subsequent
cytotoxic treatment upon growth and metabolism of rat rhabdomyosarcoma R-l
were investigated by in vivo 31P nuclear magnetic resonance spectroscopy.
Protein deprived rats (n=4) received a diet containing 0% protein and 75.5%
glucose and were compared with 4 rats receiving a normal diet (containing 2 Tt.
protein and 47.3% glucose). In the dietary manipulated rats tumor growth was
retarded while at one day after resumption of normal diet a tumor pH of 6.75 ±
0.03 (SE) was found against 6.95 ± 0.04
pH units in the controls. In both
groups (continuing on normal diet) the response to methotrexate chemotherapy
(a single dose of 30 mg/kg) was subsequently investigated by measuring the
tumors at 1,2 and 4 days after administration. In the tumors of manipulated
animals as well as controls the pH increased, from resp. 6.75 and 6.95 to a
value near 7.10. Although both groups showed tumor regression, the ultimate
response was better in the manipulated animals. In their tumors an increase of
the ratio of ATP/Pi from 0.26 before administration of methotrexate to 0.51 ±
0.03 (SE) after 4 days was preceded by a temporary decrease to 0.13 ± 0.02 at
day 1, whereas in the control group the ATP/Pi ratio continuously increased,
from 0.15 (t=0) to 0.68 ± 0.04 (t=4). Our findings indicate that protein
deprivation impairs tumor metabolism, as a result of which the sensitivity of
tumors to methotrexate chemotherapy is enhanced.

Introduction
The development and growth of tumors in laboratory animals can
be inhibited by severe protein malnutrition, that is to say the
iso-caloric replacement of dietary proteins by sugars like glucose. In addition, it has been demonstrated that the effectivity of
methotrexate (MTX) chemotherapy is enhanced in tumor-bearing rats
that receive high-glucose diets (1,2). These apparent benefits of
dietary restriction are counteracted
in the form of host body
weight loss, depressed serum protein levels and impaired immunologie function. Nutritional replenishment prior to chemotherapy,
however, can protect the host against the toxic effects without
diminishing tumor response. Daly et al. (2) even reported that MTX
was most effective in tumor-bearing rats that were switched from
a protein-deprived (PD) diet to one with a normal protein content

(NP). Observations of others (3-6) support the proposed explanation that nutritional replenishment would stimulate tumor cell
replication and make the tumor thereby more susceptible to chemotherapeutic drugs which are known to be effective against proliferating neoplastic cells (e.g. MTX, doxorubicin). Tumor growth
delay as a consequence of a dietary protein deprivation was
reported in an earlier study of rhabdomyosarcoma R-l (7). The
observation that this effect was not accompanied by changes in
tumor cell cycle distribution (7), evoked the question whether a
change in tumor metabolism might be involved. In our present
study we therefore investigated the same tumor by in vivo ^lp
nuclear magnetic resonance (NMR) spectroscopy. In addition to
metabolic effects of 5 days of protein deprivation, the consequences in terms of the response of tumor R-l to subsequent MTX
chemotherapy (a single dose of 30 mg/kg) were investigated in
this 3 1 P NMR study.
Whereas the effects of dietary fat modulation, and (in normally
fed animals) of MTX chemotherapy on tumor metabolism have been
investigated by 31p NMR spectroscopy (8-11), the impact of protein
deprivation upon tumor metabolism has not yet been investigated
by this technique. One study, focusing on the MTX-induced metabolic changes in a mammary tumor, reported a decrease of phosphomonoester (PME) and inorganic phosphate (Pi) in favor of signal
from outside the tumor, but gave little information about possible metabolic changes in the tumor itself (9). Another study
(10, 11) reported major changes in the 3 *P NMR spectra of neuroectodermal tumors, namely disappearance of ATP and a marked increase of Pi, after a lethal dose of MTX (100 mg/kg), but no
reproducable effect after a lower dose (30 mg/kg).
Response to MTX was only investigated in (continuously) normally
fed rats and in rats which had been replenished for 24 h, since
it has been established that protein-replenishment one day before
injecting MTX (30 mg/kg) to PD rats is necessary to reduce lethality in rats with R-l tumors from 100% to 15% (12). Summarizing,
the objective of our present in vivo 3 1 P NMR study was to detect
metabolic changes resulting from dietary protein-deprivation and
to look for a relationship in changes in phosphate metabolism
between the R-l tumors of normally fed rats and dietary manipulated rats both treated with MTX. As in earlier 31P NMR studies
of murine tumors (13,14), spectral changes have been evaluated in
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terms of ATP/Pi ratios and pH.
Materials and methods
Tumors. Rhabdomyosarcoma tumor cells (l.OxlO6 R-l cells in single
cell suspension) were inoculated subcutaneously into the neck
region of young female WAG/Rij rats (Radiobiological Institute
TNO, Rijswijk, The Netherlands) weighing 150-160 g. Rhabdomyosarcoma R-l is a non-metastasizing tumor with constant growth characteristics in vitro and in vivo (15,16). After having reached a
diameter of 15-20 mm at the fourth week after inoculation, the
tumors were examined by in vivo 31-P NMR spectroscopy while the
rats were anesthetized with low doses of Valium/ Hypnorm (2.5 mg
fluanison, 0.05 mg fentanyl base, and 1. 56 mg diazepam /kg i. p. ).
Prior to each NMR determination the volume of the tumor was
calculated using 3 perpendicular measurements and the following
formula, supposing an ellipsoidal tumor shape:
V = n/6 .L .
2
(D/2 + D' / 2 ) ,
where L is the length of the tumor and D and
D' are both other tumor dimensions. Tumors were extracted using
perchloric acid according to elsewhere described procedures (13).
Nutritional manipulation and chemotherapy. Rhabdomyosarcoma bearing WAG/Rij rats were fed a normal protein (NP) diet containing
27. 0% protein and 47. 3% glucose. Directly after the first NMR
measurement, when the tumors ranged from 3. 5 to 6. 5 cc, animals
were randomized to continue on NP diet (n=4) or to be fed a
protein deprived (PD) diet (0.0% protein and 75.5% glucose) (n=4)
for 5 days. Animals were fed ad libitum and their mean food intake
was measured twise a week by weighing. The precise composition of
both diets which were isocaloric and contained identical amounts
of additives, has been described elsewhere (7). All animals
subsequently received the NP diet. At 144 h after the first NMR
investigation of the tumors (24 h after replenishment) the second
NMR measurement was performed. Immediately thereafter the rats
were i. p. injected with 30 mg/kg MTX. The responses of the tumors
of both groups of animals, indicated throughout the paper as "NP
rats" and "PD rats", were followed by 3 1 P NMR spectroscopy. Pilot
studies had shown that neither during the first day after replenishment, nor during the first hours after administration of MTX,
significant changes in 3 1 P tumor NMR spectrum occurred. For that
reason the number of NMR investigations was confined to the
intervals of 6 days before (t=-6 d ) , just before (t=0 d), and at
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24 h (t=l d), 48 h (t=2 d) and 96 h (t=4 d) after administration
of MTX. No further NMR measurements were performed since the
tumors became so small that accuracy was hampered by a major
contribution from other tissue. The animals were sacrificed at 7
days after chemotherapy (no mortality occurred).
NMR Spectroscopy. In vivo ^lp NMR spectra were measured on a
Bruker MSL200 4. 7 T NMR spectrometer operating at a frequency of
81. 015 MHz. All tumors were measured using a 2-turn surface coil
of a diameter of 22 mm. We used the following spectral parameters: pulse width 10 (is, 2K data points, spectral width 5 KHE, 1.0
s recycle time, 512 averages (total scan time 8. 7 min). Baseline
correction was achieved by deconvolution and exponential multiplication prior to Fourier transformation resulting in 10 Hz line
broadening. Spectral intensities were determined by integration
of resonances. In the case of overlapping peaks, the intermediate
points of minimum intensity were taken as the boundary. Differential saturation due to different Tl's was assessed by repeating
NMR measurements with a pulse width of 2 (is. It appeared that
both in untreated tumors and in specimens taken at up to 4 days
after administration of MTX, the ratio of ATP/Pi at 10 us amounted to between 120% and 140% of the value at 2 us, indicating a
slight saturation of the Pi resonance. Thus it appeared that MTX
induced no significant changes in longitudinal relaxation time
(Tl) and that in consequence all in vivo 31p N M R spectra could be
compared directly. The tumor pH was calculated from the chemical
shift difference between the resonances of Pi and a-ATP using the
formula of Evanochko et al. (17) and assuming an a-ATP - phosphocreatine (PCr) difference of 7. 5 ppm. Under physiological conditions the chemical shift of the alpha-ATP peak is, like that of
PCr, independent of pH and of the presence of divalent metal
ions (18,19).
In vitro ^*P and 1H NMR spectra of the EDTA containing tumor
extract dissolved in 100% D2O (pH 10-11) were measured on a Bruker
WP200 4. 7 T NMR spectrometer operating in the Fourier transform
mode (at 200 and 81 MHz, respectively). For in vitro 3 1 P NMR
spectroscopy the following acquisition parameters were used: 60*
flip angle, 8K data points, and 1. 82 s recycle time, for *H: 90'
flip angle, 16K data points, and 4. 1 s recycle time. The spectra
shown in Figure 1A and B are both the sum of 512 averages (total
scan time 15 and 35 min, resp. ).

Statistics. Differences in group means were analysed by Student' s
t-test (2-tailed). To eliminate the considerable degree of variation in tumor ATP/Pi ratio between different animals, those data
were paired to the value before chemotherapy (t=0).
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Figure 1. A) 3 1 P NMR spectrum and B) 1 H NMR spectrum of perchloric acid extract
of rhabdomyosarcoma R-l, measured at the same field strength (4.7 T) as the in
vivo spectra. Chemical shift values are in ppm relative to A) 85X phosphoric
acid, and B) trimethylsilylchloride. In spectrum A the Pi peak is clipped.

Results
The ^lp NMR spectrum of a perchloric acid extract of rhabdomyosarcoma R-l is shown in Figure 1A. Next to Pi the most intense
peak in the 31p spectrum is a phosphomonoester (PME) which (at pH
values between 8 and 12) was found to resonate at 0. 10 ppm upfield from phosphoethanolamine. Since the *H NMR spectrum of the
same extract (Fig. IB) shows an AMP peak (H8,at 8.45 ppm) which is
much more intense than the peak to which ADP and ATP contribute
(H8,at 8.38 ppm), we assigned this PME to AMP. Note that in the
7'j

*H spectrum the peaks of AMP and ADP/ATP bear the same proportion
to one another as in the 3 1 P spectrum the AMP-assigned PME and
ADP+ATP (about 4. 5: 1). As a matter of fact the chemical shift of
this PME appeared to change with pH as has been described for
5'AMP (20). In addition to
other phosphates which are usually
detected in tumor extracts {phosphocholine (PC), glycerophosphoethanolamine (GPE), glycerophosphocholine (GPC), sugarphosphates
(SP)}, small amounts of glycero-1, 2-cyclic phosphate (GcP) and
glycerophosphoglycerol (GPG) (both assigned by using the chemical
shift values of Graham et al. (21,22)) and PCr are seen in Figure
1A. The presence of PCr in the extract of the R-l tumor implies
that the low levels of PCr in the in vivo spectra may essentially
represent signal from the tumor itself. In the legend of Figure
2, showing in vivo ^lp NMR spectra of a R-l tumor prior to and at
various intervals after treatment with MTX, the phosphodiester
and diphosphodiester peaks have been abbreviated to PDE and DPDE,
respectively. Figure 3, the spectrum of the neck region of a
(normal) WAG/Rij rat without tumor, shows that in the absence of
tumor the PCr peak is by far the most intense signal: the ratio
of PCr/ATP amounts to 2. 58.
From the chemical shift difference Pi-PCr in the spectrum of the
rat without tumor, a pH of 7. 07 was calculated. While in this
case the surface coil was placed directly against the neck,
usually, when touching the subcutaneous tumor, the coil is separated by more than 1 cm from the neck. In this way little background signal was measured, as evidenced by the low PCr levels in
the tumor spectra (compare Fig. 2 with Fig. 3). During 6 days of
uninhibited growth in NP fed rats tumor R-l displays the spectral
change which is often observed with animal tumors and associated
with formation of necrosis or hypoxia, namely a decrease in mean
ATP/Pi ratio from 0. 46 at t = -6 to 0. 15 at t=0. The standard error
of the mean difference between both values amounts to 0.08 (P <
0. 05) and is indicated in the bottom graph of Figure 4 by the
error bar at (-6,0.46). PCr is low from the beginning and a significant change in tumor pH does not occur.
Dietary manipulation. In the R-l tumors of rats which had been
protein-deprived between t=-6 and t=-l (PD rats) the ATP/Pi ratio
decreased similarly, from 0.54 at t=-6 to 0.26 at t=0 (SE: 0.11;
P < 0. 1). However, at t = 0 the tumor pH of PD ratB reached the
value of 6.75 * 0.03 (SE), significantly lower than the tumor pH
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Figure 2. Sequential in vivo 3 1 P NMR spectra
of the R-l tumor of a PD rat prior to (A) and
ac 1 (B),2 (C) and 4 (D) days after i.p.
administration of MTX (30 mg/kg). Peak assignments: l.PME; 2,Pi; 3.PDE; 4,PCr; 5,^-ATP;
6,ct-ATP; 7.DPDE; 8,3-ATP.

6

Figure 3. 3 1 P NMR spectrum of normal rat with
the surface coil positioned above the neck
instead of the tumor. Spectral assignments
are as in figure 2. This indicates that even
a small contribution of background signal to
the tumor NMR spectrum can influence (increase) the intensity of the PCr peak.
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of NP rats at that point of time, 6.95 ± 0.04 (P < 0.02). In
contrast to the tumors of the NP animals, the tumors of the PD
animals did not grow during the above-mentioned period. Whereas
PD rats showed a decrease in body weight from 150-160 g (t=-6)
to 130-140 g (t=0), NP rats did not lose weight. Mean food intake
was similar for the rats from both groups. By means of separate
NMR experiments it was ascertained that during the first day of
dietary replenishment, between t=-l and t=0, the tumors of PD
animals showed no significant changes in volume, ATP/Pi ratio and
pH. In other words, the differences in change of the above75

mentioned parameters from t = -6 to t=0 between the tumors of PD
rats on the one hand and NP rats on the other, may be interpreted
as the effects of the five-day period of protein deprivation.

tumor volume cc
8-

0
2 4
time(days)

6

Figure 4. Mean volume, pH, and ATP/Pi ratio of tumor R-l in the groups of NP
(-•-) and PD (-o-) rats as a function of time. Broken lines,protein deprivation; f,administration of MTX;
bars.SE. The SE bars in the ATP/Pi ratios
represent the standard errors of the mean difference between each value and
the value at t=0 (*).

Response to methotrexate. In both d i etary groups MTX (30 mg/kg,
i. p. ) administered d i r e c t l y after the second NMR measurement (at
t=0) induced comparable tumor volume regression during the f i r s t
few days; in NP from 7. C ± 1.1 (£E) cc at t=0 to 2. 8 + 0. 5 cc at
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t = 4 (P < 0.05) and in PD from 5. 6 + 0. 6 cc (t = 0) to 1.4 t 0,3 cc
(t = 4) (P < 0.01). Overall, the tumors of the PD rats responded
better to the treatment than those of the NP rats: At sacrifice
(day 7) the tumors of the NP animals varied in weight from 1. 4 to
2. 3 g whereas those of the PD rats all weighed less than 0. 5 g.
Since it appeared that 1 cc of tumor roughly equaled 1 g of tumor,
Fig. 4 includes the changes in tumor size between the fifth NMR
examination (t=4) and sacrifice (t=7). By then the body weights
of the NP and PD animals amounted to 150-160 and 135-150 g,
respectively. During the 4 days of NMR-observation the tumors of
both groups displayed remarkable differences in spectral response. In NP animals tumor regression was paralleled by a continuous increase in the ratio of ATP/Pi, from a starting value of
0.15 (t=0) to 0.68 ± 0.04 SE at t=4 (P < 0.001). However, in PD
animals an increase in ATP/Pi ratio from 0. 26 (t=0) to 0. 51 +
0.03 (t = 4; P < 0.01) was preceded by a temporary decrease to 0. 13
± 0. 02 (P < 0. 02) at t=l. A representative pattern is shown in
Figure 2. Although the same scaling factor was used for each
plot, the peak intensities of different spectra can not be related
to absolute phosphate concentrations since from A (t=0) to D
(t=4) the tumor regressed from 6. 0 g to 1. 6 g, while consequently
the position of the surface coil varied from against the tumor to
surrounding the tumor (after regression of the tumor to a diameter of less than 22 mm, which corresponds to a tumor weight of
about 5.0 g). However, since from A (t=0) to B (t=l) the size of
the tumor (and therefore the position of the surface coil) did
not yet change, the decrease in ATP/Pi ratio during the first day
after administration of MTX can be attributed to a decrease in
the concentration of ATP (Pi does not change from A to B). A
comparison to the ATP levels at t = 2 (C) and t = 4 (D) is obscured
by loss of signal as a result of the reduced tumor size on the
one hand, and gain of signal by the different position of the
surface coil, on the other.
During the first 4 days after MTX treatment the tumors of PD rats
displayed a considerable alkaline shift, from pH 6. 75 ± 0. 03 SE
to 7.05 ± 0.03 (P < 0.01), whereas the NP rat tumors, which had a
higher pH at t = 0, showed little change in pH; from 6. 95 ± 0. 04 to
7.13 ± 0. 05 (P < 0. 1).
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Discussion
In our experience rhabdomyosarcoma R-l is the only tumor with AMP
as major phosphomonoester. In similarly prepared perchloric acid
extracts of other murine tumors, we detected smaller quantities
of AMP. In those tumors, a mammary carcinoma NU-82 (14) and two
IGM iramunocytomas (Sijens, de Jong, et al., unpublished), phosphoethanolamine was the major PME. Low levels of AMP were also
observed by other groups of investigators; in extracts of RIF-1
(23), in Friend leukemia cell tumors (24) and in Ehrlich ascites
tumor cells (25,26). Considering that only very small amounts of
AMP ( ~10 iiM) are needed for activating the metabolic important
enzymes glycogen phosphorylase and adenylate kinase (27), the
meaning of the high AMP level in the Rhabdomyosarcoma-1 tumor (~1
HM) is unclear.
Our in vivo ^lp NMR study demonstrates that dietary protein
deprivation causes metabolic changes in rhabdomyosarcoma R-l. The
tumors of PD rats had, in the first place, a significantly lower
pH at t=0 compared to those of NP rats (6.75 ± 0.03 vs. 6.95 ±
0.04 (P < 0.02). Secondly, in contrast to tumors of NP rats,
they showed a significant decrease in ATP/Pi ratio (P < 0.02)
during the first day following MTX chemotherapy. Since the tumors
of PD rats responded better to the treatment than those of NP
rats, it is our opinion that the second observation may be related
to changed tumor metabolism leading to an improved tumor response
as a result of enhanced sensitivity to MTX.
Since the dietary manipulation in the PD rats consisted of temporary replacement of the protein in the regular diet by glucose,
the observed tumor acidification might very well be related to
increased anaerobic glycolytic activity within the tumor. Tumor
cells derive a major part of their ATP from glycolysis and numerous investigators have shown that glucose-induced excess glycolysis results in lactate accumulation and decreases in tumor pH.
The decrease of pH (up to 0. 45 pH unit) which Evelhoch et al. (28)
observed by in vivo 3 1 P NMR spectroscopy in the RIF-1 tumor after
injecting glucose solution (7.5 g glucose/kg), confirms the idea
of glucose induced tumor acidification. Despite the apparent
stimulation of glycolytic activity, tumor growth was retarded in
the PD rats. This probably reflects shortage of the proteins
needed for proliferation and/or inhibition of oxidative tumor
catabolism. The latter explanation is supported by the observati78

ons of McKee et al. (29) that in Ehrlich asoites tumor cells the
uptake of oxygen decreased by approximately 40% after addition of
34 mM glucose, and by 50% when the pH of the suspending medium
was lowered from 7. 0 to 6. 75 {Note the tumor pH value at t = 0 in
PD rats (6.75 ± 0.03) as compared with NP rats (6.95 ± 0.04 )).
The following factors should be taken into consideration in the
explanation of this enhanced MTX activity in PD rats:
a. Increased cell replication due to increased metabolic activity
after protein replenishment.
Substrate induced alterations of
tumor metabolism could be exploited to potentiate tumor response
to cycle-specific chemotherapy like the administration of MTX
(4). However, this explanation is unsatisfactory since the cell
cycle distributions in the R-l tumors of PD rats and NP rats do
not significantly differ from each other (7). As a matter of
fact, our observations indicate a shift from oxidative tumor
metabolism to anaerobic glycolysis and, in consequence, decreasing yields of ATP rather than increased metabolic activity.
b. Slower removal of MTX from the tumor. Determinations of serum
MTX levels in tumor-bearing NP and PD rats at various intervals
after i. p. administration of MTX indicated some delay in the
clearance of MTX from the systemic circulation in PD rats (Dunki
Jacobs, de Graaf, et al., unpublished). An enhancement of tumor
response in PD rats as a result of a slower removal of MTX from
the tumor can therefore not be excluded. An explanation for a
prolonged stay in the metabolically inhibited tumors of PD rats
might be that the efflux of MTX from cancer cells has been shown
to be an active (energy-dependent) proces (30).
c. Increased MTX activity as a result of lower pH. At pH=5. 9 one
molecule of MTX can inactivate one molecule of its target dihydrofolate reductase, an enzyme essential for DNA synthesis, but
at higher pH values the binding of MTX to enzyme is weaker (31-33). Since at the time of chemotherapy in our PD rats the tumor pH
was significantly lower than in the NP rats, this factor is very
likely to contribute to the in PD rats increased sensitivity to
MTX.
Preliminary findings with respect to the responses of resistant
and sensitive IgM immunocytoma cell tumors to cisplatin and
doxorubicin (Sijens, de Jong et al. , not published) indicate that
increases in ATP/Pi ratio and pH do not generally relate to
chemotherapy-induced tumor regression. This emphasizes that the
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observed net increases in ATP/Pi ratio and pH in the R-l tumors
of both series of rats during the first 4 days after the administration of MTX are not necessarily manifestations of tumor regression (compare t = 4 and t = 0 in Fig. 4). Our present results,
however, suggest that the increased MTX sensitivity of the rhabdomyosarcoma R-l tumors in the nutritionally manipulated rats is
achieved by an increase of glycolysis at the cost of oxidative
tumor metabolism, resulting in tumor acidification and activation
of MTX, possibly by means of an increased binding of MTX to its
target enzyme and/or by a delayed removal of MTX from the tumor.
Along this line of argument the conclusion can be drawn that the
temporary decrease in tumor ATP/Pi ratio, brought about by the
anti-metabolite MTX in protein-deprived rats, indicates the
existence of impaired tumor metabolism and thus results in enhanced tumor regression. Therefore, in a more general approach, by
producing conditions of low pH, whereby tumor metabolism is
restricted, it may be possible to enhance the sensitivity of
tumor cells to anti-metabolite chemotherapy.
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CHAPTERS

31p magnetic resonance study of cisplatin-induced changes in tumor metabolism in
rats with a cisplatin-sensitive immunocytoma or its resistant subline
(submitted to Cancer Research)

P.E. Sijens, W.H. de Jong, CJ.A. van Echteld, D. Seijkens, G. de Groot, R.H. van Rijssel, A.C.E. van
der Minnen, J J.W. Lagendijk, J.P. Neijt.
Depts of Radiotherapy (P.E.S., J.J.W.L.), Cardiology and lnteruniversity Cardiology Institute of the
Netherlands (CJA.v.E.),
Pathology (R.H.v.R.) and Internal Medicine (J.P.N.), University Hospital
Utrecht; Laboratories for Pathology (W.H.dJ., A.C.E.v.dM.)
and Residue Analysis (G.d.G.), National
Institute of Public Health and Environmental Protection (RIVM) Bilthoven; and Dept of Organic
Chemistry, Utrecht University (D.S.). The Netherlands.

31p magnetic resonance study of cisplatin-induced changes in tumor metabolism in
rats with a cisplatin-sensitive immunocytoma or its resistant subline

P.E. Sijens, W.H. de Jong, CJ.A. van Echteld, D. Seijkens, G. de Groot, R.H. van Rijssel, A.C.E. van
der Minnen, JJ.W. Lagendijk, J.P. Neijt.
Depts of
Radiotherapy (P.E.S., J.J.W.L.), Cardiology and Interuniversity Cardiology Institute of the
Netherlands
(CJA.v.E.),
Pathology (R.H.V.R.) and Internal Medicine (I.P.N.), University Hospital
Utrecht; Laboratories for Pathology (W.H.dJ., A.C.E.v.d.M.) and Residue Analysis (G.d.G.), National
Institute of Public Health and Environmental Protection (RIVM) Bilthoven; and Dept of Organic
Chemistry, Utrecht University (D.S.). Vie Netherlands.
Acknowledgement: This work was supported by the Dutch Cancer Foundation (K.W.F.; UUKC 87-7 &
UUKC 86-21) and by the Interuniversity Cardiology Institute of Tlte Netherlands. We thank K.L.
Wubs for performing platinum analyses and B.CA. Tepas for performing doxorubicin analyses.

Abstract. The response of tumors to treatment with the cytostatic drugs cisplatin (CDDP) or doxorubicin (DXR) was followed in vivo by -^lp nuclear magnetic
resonance spectroscopy. A CDDP-sensitive parent line and a CDDP-resistant
subline of the IgM-immunocytoma were used, both showed tumor regression in
vivo after therapy with DXR. ^*P NMR spectra of subcutaneous tumors were
measured in 22 rats prior to and at 1, 2 and 4 days following treatment with a
single dose of CDDP (1 mg/kg) or DXR (10 mg/kg), and in 11
controls which received no treatment. The ^lp NMR spectra of both tumor sublines were similar prior to treatment. In each of the three responding groups
induction of tumor regression (either by CDDP or DXR), to volumes of less than
50X of the initial value at day 4, was accompanied by alkaline shifts in tumor
pH of 0.31-0.41 pH units, while the ratio of ATP/Pi in the tumors increased
continuously to 250-435X. Following CDDP treatment, the ^lp NMR spectra of the
CDDP-resistant tumor, which continued to grow to 1512 at day 4, showed a
similar pH increase (0.37 units). The ratio of ATP/Pi showed a temporary
decrease to 63 ± 147. SE at day 1, which was followed by a recovery to 130 ±
12% at day 2 and 119 ± 157, at day 4. In DXR-treated rats the concentrations of
DXR in the immunocytoma tumor and its subline were similar, but in the CDDPtreated rats the CDDP-sensitive tumor contained significantly higher levels of
platinum Chan the CDDP-resistant subline, both measured at 72 and 96 h after
administration.
The continuous increase in ATP/Pi ratio observed in the sensitive tumors, is a
phenomenon characteristic of tumor regression, while the early temporary
decrease in tumor ATP/Pi ratio could be associated with resistance to CDDP. If
these findings can be extended to the human situation they may provide a
break-through in the use of cisplatin to treat cancer.

Introduction
The development of ^lp NMR speotroscopy for noninvasive monitoring of phosphate metabolism has provided a new tool for investigating tumor treatment responses. Changes in the 31p NMR spectra
of human tumors in situ due to chemotherapy have already been
shown in several studies (1-4). In order to gain an understanding
of the mechanisms involved, a variety of murine tumors have been
monitored by 3 1 P NMR spectroscopy during the first days following
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the administration of a single dose of a cytotoxic agent. Several
workers reported an increase in the levels of high energy phosphates {PCr, ATP} following chemotherapy induced tumor regression
(5-9). In some cases this was accompanied by an increase in tumor
pH (6,8,9). Other workers who employed very high doses (LD50),
observed a decrease of ATP with an increase of Pi as a result of
chemotherapy-induced tumor necrosis (10,11). A reason for discrepancy may be due to PCr being detected in the tissues surrounding the tumor rather than in the tumor itself.
Studies investigating whether or not the observed drug-induced
changes in the 3 *P N M R metabolic characteristics of tumors are
related to the susceptibility of the tumors to the applied drug
are rare. Proietti et al. (12) used in vitro 3 1 F NMR spectroscopy
to compare the spectral response of tumors generated by inoculating interferon-resistant or interferon-sensitive Friend erythroleukemia cells. They found similar spectral changes in both
groups, decreases in the ratios of phosphomonoesters and phosphodiesters to inorganic phosphate (PME/Pi and PDE/Pi) and increased
pH. This disappointing observation, however, was found to be
linked up with a host-mediated effect resulting in inhibition of
tumor growth in both tumor types. Evelhoch et al. used in vivo
31
P NMR spectroscopy to relate drug-induced early spectral changes
to tumor response (13). On the first day following the administration of doxorubicin, Evelhoch et al. observed an increase in pH
to above 7. 3, while the level of ATP relative to Pi (as well as
to PME and PDE) increased in a DXR-sensitive tumor but not in a
DXR-resistant subline of this tumor. This indicated that the
early changes in these factors might be predictive markers of the
response of tumors to DXR.
Our present study was designed to investigate the existence of
predictive response-specific markers of CDDP sensitivity. We used
in vivo 3 1 P NMR spectroscopy to investigate the changes in tumor
phosphates upon administration of CDDP in the CDDP-sensitive
parent line and in the CDDP-resistant subline of the IgM immunocytoma tumor. Both tumor lines are sensitive to treatment with
DXR. Therefore the responses of these tumors, undergoing regression due to DXR treatment, can be compared. The antitumor mechanisms of the organic compound DXR and the inorganic compound CDDP
both involve the interaction and binding with DNA which has been
implicated as the major cytotoxic action (14). In accordance with

our previous studies (9, 15-17), we quantified spectral changes in
terms of ATP/Pi ratio and pH. However, changes in the levels of
other tumor phosphates (PME, PDE, PCr) have also been taken into
account. We used changes in tumor volume (and histological determinations of tumor necrosis) as a parameter of tumor response. To
investigate possible relationships with the levels of CDDP or DXR
in the tumors, quantitative determinations of these drugs in
tumor tissue were performed.
Materials and methods
Tumors. Inbred female LOU/M Wsl rats of 12-20 weeks of age, were
inoculated subcutaneously in the neck region with 1 x 10^ CDDP-sensitive IgM immunocytoma (IgM-I) tumor cells or CDDP-resistant
IgM immunocytoma (IgM/CDDP) tumor cells. Details on the tumor
model have been described by de Jong et al. (18). At approximately
day 18-21 following inoculation, the diameter of the tumors were
15-20 mm, at which stage they were examined by in vivo ^ 1 P NMR
spectroscopy while the rats were anesthetized with low doses of
Valium/Hypnorm (2.5 mg fluanison, 0.05 mg fentanyl base, and 1.56
mg diazepam /kg i. p. ). Prior to each NMR determination the volume
of the tumor was calculated using 3 perpendicular measurements
and the following formula, supposing an ellipsoidal tumor shape:
V = n/6 . L . (D/2 + D' / 2 ) 2 ,
where L is the length of the tumor and D and D' are the other two
tumor dimensions. Tumors were extracted using perchloric acid as
described in an earlier 31-P NMR study (15). Histological determinations of tumor necrosis were performed as previously described
(15, 16). The levels of platinum and DXR in tumor and kidney tissue
were quantified at 1, 24, 48, 72 and 96 h after intraperitoneal
administration of the drugs. Platinum was determined by atomic
absorption spectroscopy (AAS) with electrothermal atomisation in
a graphite furnace using a Instrumentation Laboratory 451 Video
AAS spectrometer (19), DXR by a high-performance liquid-chromotographic procedure with fluorescence detection (20). The tissues
were digested by means of an enzymic digestion procedure (19).
The concentrations of CDDP and DXR in the kidney served as reference values to assess adequate intraperitoneal administration of
the cytotoxic drugs.
NMR Spaotroioopy. In vivo 3 1 P NMR spectra were measured on a
Bruk«r MSL200 4, 7 T NMR spectrometer operating at a frequency of
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81.015 MHz. All tumors were measured using a 2-turn surface coil
of a diameter of 22 mm. The following spectral parameters were
used: pulse width 10 us, 2K data points, spectral width 5 kHz,
1.0 s recycle time, 512 averages (total scan time 8.7 min).
Baseline correction was achieved by deconvolution and exponential
multiplication prior to Fourier transformation resulting in 10 Hz
line broadening. Spectral intensities were determined by integration of resonances. In the case of overlapping peaks, the intermediate points of minimum intensity were taken as the boundary.
Differential saturation due to different Tl' s was assessed by
repeating NMR measurements with a pulse width of 2 us. It appeared that in both untreated tumors and in specimens taken at up to
4 days after administration of CDDP or DXR, the ratio of ATP/Pi
at 10 (is amounted to between 120% and 140% of the value at 2 us,
indicating a slight saturation of the Pi resonance. Thus it
appeared that these drugs induced no significant changes in
longitudinal relaxation time (Tl) and that as a consequence all
in vivo 3 1 P NMR spectra could be compared directly. The tumor pH
was calculated from the difference in chemical shift between the
resonances of Pi and a-ATP using the formula of Evanochko et
al. (7) and assuming an a-ATP - PCr difference of 7. 5 ppm. Under
physiological conditions the chemie- shift of the a-ATP peak is,
independent of pH and of the presence of divalent metal ions
(21,22), as is PCr.
In vitro 31 P-NMR spectra of the EDTA-containing tumor extracts
dissolved in 100% D 2 O (pD 10-11), were measured on a Bruker WP200
4. 7 T NMR spectrometer operating at 81.015 MHz. The following
acquisition parameters were used: 60' flip angle, 8K data points,
1.82 recycle time, 512 averages (total scan time 15 min).
Chemotherapy. Directly after the first NMR measurement rats with
IgM-I tumors or IgM/CDDP tumors, ranging from 4. 5 to 8. 0 cc, were
randomized and injected i. p. with either CDDP (1 mg/kg) or DXR
(10 mg/kg). A non-treated control group for both types of tumors
was selected to have tumor volume between 1. 5 and 4. 0 cc at day
0, so that the tumors would not exceed 9. 0 cc at day 4. In total
the tumors of 6 groups of animals were monitored
by 3 1 P
NMR
spectroscopy. The groups IgM/CDDP, IgM/CDDP(CDDP), IgM/CDDP(DXR),
IgM-I, IgM-I(CDDP) and IgM-I(DXR) consisted of 7, 6, 7, 4, 5 and
4 rats, respectively. Pilot studies had shown that during
the
first hours following administration, no significant changes in
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P NMR spectrum occur. Therefore the number of NMR investigations were confined to the intervals of: immediately prior (t=0),
and at 24 h (t=l d), 48 h (t = 2 d) and 96 h (t = 4 d) following
administration of CDDP or DXR. No further NMR measurements were
carried out since sensitive tumors became too small, that major
signals from other tissues interferred with the tumor signal,
while in the controls and in the resistant rats the tumors reached
the stage in which the animals would be affected by the development of metastases (18).
Statistics. Differences in group means were analysed by Student' s
t-test (2-tailed). To eliminate the considerable degree of variation in ATP/Pi ratio between different animals, those data were
paired to the value prior to chemotherapy (dependent samples).
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Figure 1. The low field regions of ^ P NMR spectra of perchloric acid extracts
of the IgM/CDDP and IgM-I tumors, measured at the same field strength (4.7 T)
as the in vivo spectra. Chemical shift values are in ppm relative to 85%
phosphoric acid. (G)PC, (glycero)phosphocholine; (G)PE, (glycero)phosphoethanolamine; SP, sugarphosphate.

Results
Spectral c h a r a c t e r i s t i c s of immunocytoma tumors. The 31p NMR
spectra of perchloric
acid extracts of the sensitive and r e s i s -

tant IgM immunocytoma tumor were similar, except for a difference
in the line widths which may have been caused by contamination of
the IgM-I extract by the presence of paramagnetic metal ions,
despite the presence of EDTA. Figure 1 shows that both tumors
contain high levels of the PME' s phosphoethanolamine and AMP and
a relatively low level of phosphocholine. No differences in
PME/ATP or PDE/ATP ratio could be detected. The PDE's glycerophosphocholine and glycerophosphoethanolamine were observed in a
ratio of almost four to one, while PCr was not detected. Generally the use of in vivo ^lp N M R spectroscopy can not discriminate
between the various PME' s. The reason for this is that in living
tissues phosphate resonances have larger line widths than in
tissue extracts because of their short transversal relaxation
times (T2). The same is true of PDE's. However, in some of our in
vivo tumor spectra the PDE's glycerophosphocholine and glycerophosphoethanolamine were partially resolved while the PME peak
(phosphoethanolamine + AMP) often showed a shoulder due to phosphocholine. An example is presented by Figure 2A. The absence of

PCr
ATP

ATP

ATP

Pi

Figure 2. 3 1 P NMR spectra of A) an IgM immunocytoma tumor (IgM/CDDP) and B)
the neck region of a rat without tumor, the surface coil touching the neck
instead of tumor. Abbreviations are as in Figure 1.

PCr in the extracts of both tumors implies that any PCr seen in
the in vivo spectra represents background signal from the (neck)
muBcles behind the tumor. That the lack of PCr did not result
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from imperfect extraction procedures, was confirmed by the reproducible presence of this rather unstable phosphate in similarly
prepared perchloric acid extracts of a mammary carcinoma (15,16)
and a rhabdomyosarcoma (9). Also no PCr was present in IgM/CDDP
and IgM-I tumors which had been extracted on the fifth day after
administration of CDDP or DXR. Figure 2B shows that PCr dominates
the ^lp N M R spectrum of the neck region of a rat without tumor
(the ratio of PCr/ATP amounts to 2.58). The distance Pi-PCr
indicates a pH of 7.07, a normal value for muscle tissue. In the
presence of a tumor the distance between coil and neck muscle
tissue usually amounted to more than 1 cm, so that little background signal was measured. In the in vivo tumor spectra (as
shown in the Figures 2, 5 and 6), PCr peaks reveal minor contributions from adjacent tissues.

10- tumor vot

Figure 3. Mean volume (cc),
IgM-I (- - -) tumors of the
s n £ 7 ) . The SE bars in the
mean difference between each

ATP/Pi ratio and pH of the IgM/CDDP (-) and
untreated rats as a function of time; bars,SE (4
ATP/Pi ratios indicate Che standard errors of the
value and the initial value.
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During 4 days of uninhibited growth, the IgM-I and IgM/CDDP tumors
displayed the pattern which is usually observed with animal
tumors, namely a decrease in the ratio of ATP/Pi to 68 ± 13% SE
(P < 0.1) and 51 ± 10% (P < 0.01) of the starting value, respectively (see Figure 3). For the range 2 cc-8 cc
(the initial
tumor volume and the volume at day 4, respectively), no correlation between tumor volume and tumor pH was found. Untreated IgM-I
and IgM/CDDP tumors had pH values ranging from 6. 85 to 7. 05,
lower than or similar to the slightly basic value in the neck
region of rats without tumor.

IOT tumor vol

2

3
time ( d a y s )

Figure A. Mean volume (cc), ATP/Pi ratio and pH of Che IgM/CDDP (-) and
IgM-I (- - -) tumors of the treated rats as a function of time; bars.SE (4 £ n
s 7 ) . The SE bars in the ATP/Pi ratios indicate the standard errors of the
mean difference between each value and the value prior to administration
(o,CDDP; «.DXR).

Effects of CDDP chemotherapy on immunocytoma tumors. CDDP only
induced a minor growth retardation to the IgM/CDDP tumor. Howe9?

ver, extensive volume regression occurred in the IgM-I tumor. In
Figure 4 the mean volumes, ATP/Pi ratios, and pH values of the
IgM-I and IgM/CDDP prior to and at 1, 2 and 4 days after administration of CDDP or DXR are shown. Remarkable differences in
spectral response were observed. In tumor IgM-I volume regression
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F i g u r e 5. ' * P NMR s p e c t r a of CDDP s e n s i t i v e IgM immunocytoma tumor (IgM-I)
p r i o r t o (A) and a t 1, 2 and 4 days a f t e r a d m i n i s t r a t i o n of CDDP (1 mg/kg) (B,
C, D). Peak a s s i g n m e n t s : l.PME; 2 , P i ; 3 , PDE; 4,PCr; 5,jf-ATP; 6,<x-ATP; 7.DPDE;
8,0-ATP.

t o 52 ± 6% SE of t h e s t a r t i n g value a t day 4, was p a r a l l e l e d by
a continuous i n c r e a s e of the r a t i o of ATP/Pi t o 256 ± 29% (P <
0 . 0 1 ) , with concomitant i n c r e a s e in pH, from 7.00 ± 0.02 SE t o
7.32 ± 0.02 a t day 4 (P < 0.001). Figure 5 shows t h e 31P NMR
spectra of an IgM-I tumor prior to (A) and at 1, 2 and 4 days
after administration of CDDP (B, C and D, respectively). At day
4, following regression of the tumor to a volume of about 2 cc,
the moderately intense PCr peak revealed an increased contribution of signal from outside the tumor. At this stage the intensi93

ties of the ATP resonances (the peaks 5, 6 and 8) had increased
compared to the peaks of PME and PDE, but to a lesser degree than
compared to Pi (see Fig. 5D).

10

-10

Figure 6. ^lp fjMR spectra of CDDP r e s i s t a n t IgM immunocytoma tumor (IgM/CDDP)
prior to (A) and at 1, 2 and 4 days after administration of CDDP (1 mg/kg) (B,
C, D). Spectral assignments are as in Figure 5.

Only in the IgM/CDDP tumor did CDDP induce a temporary decrease
in ATP/Pi r a t i o , t o a value of 63 • 14% SE at day 1 (P < 0.05).
As i l l u s t r a t e d by the s e r i e s of spectra in Figure 6, the ATP/Pi
r a t i o subsequently recovered to 130 + 12% at day 2 and 119 ± 15%
at day '1. The value a t day 4 does not d i f f e r s i g n i f i c a n t l y from
the i n i t i a l ATP/Pi r a t i o (P > 0.2). The tumors continued to grow
at the same r a t e as the IgM/CDDP controls (note in Figures 3 and
4 the comparable slopes of the volume changes in both groups). At
day 4 the CDDP-treated IgM/CDDP tumor reached a volume of 151 ±
8% of the i n i t i a l value. At t h i s stage, the i n t e n s i t i e s of the
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ATP peaks had not increased compared to the PME and PDE peaks. As
in tumor IgM-I, the pH increased continuously, from 6. 84 ± 0. 04
to 7. 21 ± 0. 02 (P < 0. 001). Figure 4 shows that in both tumors
the major part of this alkaline shift occurred during the second
day after injection of CDDP.
Effects of DXR chemotherapy on immunocytoma tumors. Following
administration of DXR, the IgM-I and IgM/CDDP tumors regressed
similarly, to 28 ± 2% SE and 28 ± 4%, respectively, of the starting value measured on day 4. Following DXR administration, both
tumors showed a steady increase in ATP/Pi ratio to 435 ± 28%
(IgM-I. P < 0.01) and 250 ± 14% (IgM/CDDP, P < 0.001) at day 4,
while the tumor pH increased from 7.07 ± 0.03 to 7.38 ± 0.07
(IgM-I, P < 0.01) and from 6.93 ± 0.06 to 7.34 ± 0.06 (IgM/CDDP,
P < 0.001). These observations are similar to those in the IgM-I
tumor during CDDP-induced tumor regression. As in the IgM-I tumor,
administration of CDDP is followed by tumor regression accompanied
by increases in the ratios of ATP/PME and ATP/PDE which were less
prominent than the increases in ATP/Pi ratio.
Chemical shift difference between the a-ATP and 3-ATP peaks,
which has been reported to be a measure of (ATP-bound) divalent
metal ions, like Mg++ (e.g. 22), is also influenced by the intracellular pH (23). No significant changes occurred in any
treated group, although this varied from 8. 46 to 8. 77 ppm. Furthermore, in 4 of the 6 groups of rats the tumor PME/Pi ratio
showed a positive correlation to the ATP/Pi ratio with P < 0. 001
and in both remaining groups {IgM-I(CDDP) and IgM-I (DXR)) with P
< 0. 05 and P < 0. 075 respectively; the PDE/Pi ratio with P <
0.001 in 4 groups, P < 0.005 in IgM-I(CDDP) and P < 0.05 in
IgM-I(DXR).
Histologioal determinations of tumor necrosis.

in the untreated

IgM-I and IgM/CDDP tumors, the determinations of necrosis demonstrated an inverse correlation between the fraction of necrotic
tissue and the ratio of ATP/Pi: in large tumors

(7-9 cc) with

ATP/Pi < 0.5, the fraction varied from 32 to 45% (n=3), while in
smaller tumors (5-7 cc) with ATP/Pi > 0. 5, values between 12 to
30%

(n=4) were obtained.

Tumors with increased ATP/Pi ratios,

resulting from CDDP- or DXR-induced

regression from 5-7 cc to

1.5-3 cc at day 4, necrotic fractions between 18% and 33% (n=4)
were found. The close agreement between the necrotic fractions of
the "smaller" untreated tumors

(5-7 cc: 12-30%) and the post95

treatment values (from 5-7 cc to 1.5-3 cc: 18-33%) indicated
that the increases in ATP/Pi ratio in the regressing tumors are
not caused by decreases in the proportion of necrotic tumor
tissue.

TABLE 1 - THE LEVELS OF PT AND DXR IN TREATED
The levels of platinum and DXR in the IgM-I
(in mg/kg wet tissue) at various times after
of either CDDP (1 mg/kg) or DXR (10 mg/kg).
cated (5<n<ll).

TUMORS
and IgM/CCDP tumors
i.p. administration
SE values are indi-

IgM-I

IgM/CDDP

IgM-I

IgM/CDDP

hours
after
treatment

platinum

platinum

DXR

DXR

1

0. 36±0. 03

0. 31±O.O6

1.92 + 0.20

1. 60±0. 10

24

0. 36±0. 05

0. 26+0. 02

2. 65±0. 32

3. 39+0. 20

48

0. 22±0. 02

0. 18+0. 01

3. 55 + 0. 38

3. 75 + 0. 31

72

0.42+0.02

0. 16±0. 03

4. 65±0. 53

3.93+0.24

96

0. 44±0. 04

0. 20±0. 05

3. 41±0. 39

2. 94±0. 71

The levels of DXR and platinum in the tumors of DXR- and CDDPtreated rats.
The levels of platinum and DXR in IgM-I and IgM/
CDDP tumors were determined at similar time points. In CDDP- as
well as in DXR-treated rats, the concentrations of the respective
cytostatic drugs in kidneys were similar in both IgM-I and IgM/
CDDP tumor groups at each sampling time (data not shown). This
indicates an adequate intraperitoneal administration in all four
groups. Table 1 shows that the DXR concentrations in the IgM-I
and IgM/CDDP tumors were similar. However in the CDDP-treated
groups the platinum concentrations in tumor were significantly
different at 72 and 96 h following the administration (P < 0.001
at both times).
Discussion
The close resemblance of the PME and PDE regions of the 3 1 P NMR
spectra of the perchloric acid extracts from the IgM-I and IgM/

CDDP tumors, both in qualitative and quantitative respect, indicates the absence of a 3 1 P marker with prognostic relevance for
CDDP-resistance prior to treatment (compare Fig. 1A and IB), Both
tumor sublines, which are equally sensitive to treatment with
DXR, contain no PCr. An elevated level of PCr observed by Cohen
et al. (24) in DXR-resistant breast cancer cells when compared to
sensitive cells from the same line, was not encountered in the
CDDP-resistant tumor. The in vivo 3 1 P NMR measurements revealed
no significant differences in PME/ATP or PDE/ATP ratio between
the IgM-I and IgM/CDDP tumors, even though both Cohen et al.(24)
and Evelhoch et al. (13) have demonstrated lowered PME/ATP and
PDE/ATP ratios in the case of resistance to DXR. Our data indicate
that neither of these parameters are universal markers of
resistance against anti-tumor agents.
The specificity of the CDDP-induced changes in tumor ATP/Pi ratio
and tumor pH.
Our observation that the resistant group {igM/
CDDP(CDDP)} had a significantly lowered tumor ATP/Pi ratio at day
1, while in the
responding rats {IgM-I(CDDP), IgM-I(DXR), IgM/
CDDP(DXR)} continuous increases were seen,indicates that these
early changes in tumor ATP/Pi ratio after administration of CDDP,
may be related to the susceptibility of the tumors. Evelhoch et
al. (13) reported that chemotherapy with DXR induced increases in
ATP/Pi ratio in a DXR-sensitive tumor, but not in its DXR-resistant subline. This is in agreement with our results concerning
the effects of DXR and CDDP in the sensitive groups { IgM-I(DXR),
IgM-I(CDDP), IgM/CDDP(DXR)), as opposed to the resistant group
{IgM/CDDP(CDDP)}. An early change in tumor NMR spectrum in the
case of resistance to the applied drug treatment, has not, to our
knowledge, been demonstrated before. The alkaline shifts in the
IgM-I and IgM/CDDP tumors in response to (effective) treatment
with DXR agree with the findings of other workers using DXRsensitive tumors (V, 13). The comparable increases of tumor pH
after CDDP treatment indicate that CDDP-induced changes in tumor
pH can not be used as a measure of CDDP sensitivity. A possible
involvement of some factors in the response-specific early decrease of the tumor ATP/Pi ratio will be discussed btlow.
The levels of platinum and DXR in the tumors. At 1, 24 and 48 h
following the administration of CDDP, the IgM-I and IgM/CDDP
tumors had similar platinum concentrations. This indicates that
the response-specific early decrease in tumor ATP/Pi ratio can
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not be related to a differential uptake and removal of CDDP. Only
at 72 and 96 h after CDDP treatment did the IgM-I tumors have
higher platinum levels than the IgM/CDDP (see Table 1). An accumulation of platinum compounds in the IgM-I tumors, as a result
of tumor regression, seems to be the likely cause for this difference in Pt level, and not the existence of a causal relationship
between the tumor platinum content and its susceptibity to CDDP.
Fichtinger-Schepman et al. (25) found both identical platinum
levels and similar concentrations of CDDP-DNA adducts in the
IgM-I and IgM/CDDP tumors shortly after administration of CDDP
(10 mg/kg, i. v. ). In both tumors the platinum as well as CDDP-DNA
adduct levels at 24 h were lower than at 1 h after administration. No differences were observed in CDDP-DNA adduct levels
between the tumors at 1 h and 24 h following the administration
of CDDP. Therefore the difference in susceptibility to CDDP,
between the IgM-I and IgM/CDDP tumors, is probably not due to
differences in CDDP-DNA adduct formation and removal. However,
after such a high dose (10 mg/kg) CDDP treatment both tumors
showed a similar response (regression). It is unclear whether the
use of low dose (1 mg/kg) CDDP treatment, results in a difference
in CDDP-DNA adduct formation and removal. The observed response
specific early decrease of the tumor ATP/Pi ratio in the resistant tumor at 24 h after treatment, may indicate an ongoing energy
consuming repair process of CDDP-induced DNA damage. The similar
DXR levels in both tumors at all time points following the administration of DXR indicated that resistance against CDDP does
not influence uptake in or excretion from the tumor of DXR, as
expected.
Death of tumor cells. Formation of tumor necrosis, as a result of
therapy, has been shown to be coupled with a major increase in
the Pi peak compared with the other phosphate resonances (10,11,
15-17). Our present NMR observations agree with the histological
finding, that the CDDP and DXR treatments did not induce an
increased fraction of necrotic tissue in the IgM-I and IgM/CDDP
tumors. The "early decrease" in ATP/Pi ratio is certainly not due
to the formation of necrosis (death of tumor cells) since it occurred only in the resistant group (IgM/CDDP(CDDP)}.
The continuously increasing ratios of ATP/Pi in the responding
tumors present an inversion of the pattern in (untreated) growing
tumors. rnv" observed increase fractions of necrotic tissue in

large tumors compared with small tumors, could explain the ATP/Pi
decreases in the controls. With reference to the unchanged necrotic fractions following chemotherapy, the spectral changes after
effective treatment must have a different cause. The contrast
between the observed major increases of tumor pH in all treatment
groups and the absence of correlation between tumor volume and
tumor pH in the controls, also indicate that the changes in tumor
metabolism, after effective chemotherapy are not simply the
reversal of the changes during tumor growth.
In summary, our findings indicate that the extent of the change
in tumor pH after CDDP chemotherapy is not related to the sensitivity of the tumor to CDDP. The temporary decrease in tumor
ATP/Pi ratio, which was only observed in the group IgM/CDDP(CDDP),
does neither reflect formation of necrotic tissue, nor active
removal of platinum out of the tumor. The phenomenon of which the
mechanism is unclear, is probably associated with resistance to
CDDP, a drug which like DXR forms complexes with tumor DNA. The
spectral changes are probably not universal and may well be
limited to CDDP resistance. Although the early response-related
change in ATP/Pi ratio was demonstrated only in the IgM immunocytoma, this finding may have relevance for future clinical use.
31
P NMR spectroscopy might be used in the clinic as an aid in
predicting the response of tumors to CDDP chemotherapy at a very
early stage following the commencement of treatment.
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Abstract. To assess the potential of in vivo NMR spectroscopy in evaluating
breast cancer, 'H and ^lp N M R spectra of malignant human breast tumors were
compared with the spectra of unaffected breast tissue. Whereas
P NMR spectra
give information regarding the cellular phosphate compounds which participate
in tissue metabolism, the characteristic parameters in the H NMR spectra are
the relative intensities of the water and fat signals. The water to fat ratio
was high in the presence of breast carcinoma (average value of the five tumors
studied: 2 . 2 ) , while unaffected breast tissue showed a much lower ratio (average value: 0.3). The ^*P NMR spectrum of normal breast tissue showed low levels
of phosphomonoesters, inorganic phosphate, phosphodiesters and ATP. In addition, an intense phosphocreatine (PCr) signal was observed in breast tissue of
young women: the relative intensities of the PCr and ATP signals had a mean
value of 1.9. The tumor spectrum showed elevated levels of phosphomonoesters,
Pi and phosphodiesters, while no PCr was seen (PCr/ATP < 0.2).
In two breast cancer patients treated by radiotherapy, resulting in a decrease
of tumor volume with more than 502, a similar change in tumor 3 * P NMR spectrum
was observed: an intense PCr signal developed (PCr/ATP - 1.1). Control experiments indicated that the appearance of PCr after radiotherapy was the result
of a radiotherapy induced metabolic change in the tumor itself.
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of 6 0 Co [(-radiation significant decreases in phosphodiester (PDE)
level were observed. Only after the higher dose the ratio of
ATP/Pi was found to decrease steadily, to a level of 45 * 7% SE
of the value prior to treatment. Histological investigations
related that phenomenon to radiation-induced formation of necrosis. Tumor NU-82 showed no changes in pH after 10 or 20 Gy of
ionizing irradiation. Decreases in tumor ATP/Pi ratio during the
first days after irradiation were also found by Adams et al.
(14), while other animal studies showed increases (15,16) or
decreases (17) in the level of phosphocreatine (PCr).
The present study was undertaken to investigate whether by in
vivo 3 *P H M R spectroscopy malignant breast carcinomas can be
discerned from the corresponding regions of unaffected breasts.
To control the volume selection and to determine the water content
of the chosen volume, 3 *P NMR investigations were accompanied by
1H NMR spectroscopy. In addition, in two patients the spectral
response of their breast carcinoma to fractionated radiotherapy
was investigated by measuring the tumorous region before and
after the treatment.

Materials and methods
All imaging and spectroscopy experiments were performed on a 1.5
T Philips Gyroscan S15 MR Imager {£ (!H) = 63.9 MHz, f (31P) =
25.9 MHz}, equipped for spectroscopy. Patients were placed in
prone position allowing the breasts to hang perpendicular to the
body axis to faciliate the separation of spectral resonances of
breast tissue from those of underlying chest muscle. Surface coil
imaging was performed with the examined breast hanging down in a
one-turn circular surface coil of 17 cm diameter. The body coil
served as RF transmitter, the surface coil as receiver. The volume
of the tumor was determined from adjacent sagittal slices. For 1 H
and 3 1 P NMR spectroscopy a circular one-turn transmitter/receiver
coil of 6 cm diameter was used and placed directly over the tumor.
Shimming was done on the *H signal of water. All 1 H NMR spectra
were obtained by averaging 8 FID' s, using a pulse width of 225 (is
(corresponding with a sensitive depth of approximately 3. 5 cm
from the plane of the coil used in these studies), 2K data points,
a spectral width of 1.5 kHz and a repetition time of 3. 0 s. The
coil was subsequently tuned to the 3 1 P NMR frequency. Typically
275 FID' s were averaged to obtain a good signal to noise ratio.
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The 180' pulse angle, determined by minimizing the 31P-signal
from a sample of dimethylphosphonate solution which was fixed to
the coil during breast studies, corresponded to a pulse time of
240 us. For spectral acquisition 120 us pulses were used, which
sampled about the same volume as the 225 (is pulses in the 1 H NMR
spectroscopy experiment. The following acquisition parameters
were used: spectral width 1. 5 kHz, 2K data points, repetition
time 3.0 s.
Provided that in the 3 1 P NMR spectrum a sharp peak could be
assigned as inorganic phosphate (Pi), tissue pH was calculated
from the chemical shift difference between that peak and PCr. The
formula of Evanochko et al. (16) was used. When no PCr was present, the chemical shift with respect to the a-ATP peak was used,
assuming that a-ATP differs 7. 5 ppm from PCr. In this paper the
observed chemical shift values are given in parts per million
(ppm) relative to PCr (31P) and trimethylsilylchloride ( 1 H). The
experimental errors in the quantified water/fat ratios, PCr/ATP
ratios and apparent pH values
shown in Tables 1 and 2, amount
approximately 10%, 15% and 0. 2 pH unit, respectively.

TABLE 1 - SUMMARY OF NMR EXAMINATIONS OF NORMAL BREAST TISSUE.
initials and
age of patient

water/fat
ratio

PCr/ATP
ratio

4 controls

0. 25-0. 4

1. 5-2. 3

PA 32, unaffected breast

0. 3

2. 1

LE 71, unaffected breast

0. 3

0. 2

ZU 72, unaffected breast

0. 35

0. 3

(age: 25-40)

Combined 1 H- 3 1 P NMR investigations of breast tissue were performed on four female volunteers which did not have any breast
disorder. To faciliate the separation of spectral resonances of
breast tissue from those of underlying chest muscle and to join
with the dimensions encountered in patients, volunteers were
selected to have a separation between breast skin (surface coil)
and chest muscle of at least 5 cm. The tumorous regions of five
cases of malignant breast cancer were investigated prior to
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treatment. In three of that, the unaffected breast was also
investigated. Two patients were examined for a second time at 4
weeks after the end of radiation therapy. Further details are
given in Tables 1 and 2.
Results
Phosphorus NMR spectra of normal breast tissue are characterized
by low levels of PME, Pi, PDE and ATP. In addition, an intense
PCr signal was observed in breast tissue of young female volunteers (see "controls" in Table 1). An example is shown in Figure

-«v„-

[ppm]

Figure 1. 3 *P NMR spectrum (lower part) and 'H NMR spectrum (upper part) of
breast of young woman (35 years). Chemical shift values are in ppm relative to
PCr (31P) and trimethylsilylchloride (1H). The 3 1 P spectrum was acquired by
averaging 275 Fill's. Baseline correction was achieved by deconvolution and
exponential multiplication prior to Fourier transformation resulting in 9 Hz
line broadening. 1,PME; 3,PDE; 4,PCr; 5,the f, a and (3 nuclei of ATP.

1 (lower part). The characteristic parameters in the hydrogen NMR
spectra are the relative intensities of the waterand fat signals.
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The upper part of Figure 1 shows that the X H NMR spectrum of
normal breast tissue is dominated by "fat". In the controls the
ratio between the integrated areas of the small water peak (chemical shift 4. 7 parts per million) and the major fat peak (essentially the methylene groups from the fatty acid chains of triglycerides, chemical shift 1.3 ppm) ranged from 0. 25 to 0. 4. Whereas
the control 3 1 P NMR spectra revealed that in breast tissue of
young women (25-40 years) the relative intensities of the PCr and
ATP signals ranged from 1. 5 to 2. 3, in older women, that is the
unaffected breast of the patients LE (71 years old) and Z0 (72
years), the ratio of PCr/ATP was much lower (0.2 and 0.3). The
31
P NMR spectrum in Figure ?, shows the weak phosphate signal
which was obtained from the breast tissue of patient LE. Comparison of the spectral intensities with the dimethylphosphonate
signal from the sample which was affixed to the coil, indicated
that in the breast tissue of both older women the levels of
NMR-detectable phosphate were about a factor four lower than in
the young women. Note that the 3 1 P NMR spectrum of Figure 2 is
the sum of a larger number of accumulations than that of Figure
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*.*

J.I
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[ppm]

Figure 2. 3 1 P NMR spectrum (lower part) and X H NMR spectrum (upper part) of
the unaffected breast of patient LE (71 years). The 3 1 P NMR spectrum is the
sum of 1000 BID'S. The remaining spectral parameters are as in Fig.l.
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1 (1000 instead of 275). Since in the3 1 P NMR spectra of breast
tissue of both young and older women the minor Pi peaks were
poorly resolved from the other peaks, it was not possible to use
the spectra for assessment of tissue pH. As shown in Table 1, the
1
H NMR spectra of the normal breast tissue of controls and patients had similar water/fat ratios. In addition to the above
mentioned ^H-resonances which are indicated in Figures 1 and 2,
one or two minor peaks were occasionally seen in the down-field
region of the1 H NMR spectrum.

TABLE 2 - SUMMARY OF NMR EXAMINATIONS OF BREAST CARCINOMAS.
water/fat
ratio

PCr/ATP
ratio

infiltrating
duct carcinoma
12 cm

1. 2

0. 1

7. 2

cytol. proven
breast cancer
10 cm

1. 7

0. 2

7. 1

cytol. proven
breast cancer
21 cm

1. 5

0. 0

7. 5

colloid
carcinoma
18 cm

5. 0

0. 0

initials
and age of
patient

pathology
and largest
diameter

JA 72

ZU 72

DE 54

PA 32

PA 32

LE 71

LE 71

same tumor
after R T
10 cm

2.8

apparent
pH

1. 0

infiltrating
duct carcinoma
10 cm

1. 4

0. 1

same tumor
after RT
4 cm

2. 0

1. 2

7. 4

No pH determination possible due to the absence of a well resolved Pi peak.

Five cases of breast cancer were investigated by NMR spectroscopy. At the time of f i r s t NMR examination, the size of each tumor
no

was estimated by palpation. As shown in Table 2, the tumors had
diameters of up to 21 cm. As compared with the spectra of normal
breasts, the *H NMR spectra of tumorous regions are characterized
by high ratios of water/fat. In the five cases of breast cancer,
values between 1. 2 and 5. 0 were found as compared with 0. 2-0. 4
innormal breast tissue. In Figure 3a the spectra of a stage T4b
(UICC 1978) colloid carcinoma (patient PA, 32 years) are shown.
In this case a large tumor extended almost to the skin (see

i-3

10.0

9.0

-10.0

[ ppm]

-20.0

10.0

0.0

-10.0

-20.0

[ppm|

Figure 3. ^ P and 1 H NMR spectra of (a) colloid carcinoma and (b) unaffected
breast of patient PA (32 years). Spectral parameters as in Figure 1.

Figure 4a and the next section), resulting in a 16 fold increase
in water/fat ratio as compared with the unaffected breast (Fig.
4b, Table 1). The 3 *P NMR spectra of the unaffected breast of
patient PA both qualitatively and quantitatively resembled those
of breasts of healthy volunteers of comparable age. In accordance
with earlier work on murine and human tumors (12,13,18,19) the
peaks 1 and 3 in the 31p NMR spectra of Figures 3a and 5 have
been assigned as PME and PDE, respectively. Comparison of the
phosphate signals from the colloid carcinoma and the unaffected
breast in this 32 years old patient, revealed higher levels of
PME and PDE, and comparable levels of ATP in the presence of
tumor. No PCr was detected in any of the untreated breast tumors
which we have investigated to date by NMR spectroscopy. To get
ill

p a t i e n t PA the the 31 P measurement of the tumorous region was
repeated. The r e l a t i v e peak i n t e n s i t i e s in the second spectrum
(Figure 5a, lower part) agreed very well with those in the f i r s t
one (Fig. 3a). In Figure 5a, however, the down-field region of
the 31p spectrum, however, shows a minor peak between peak 2 and
peak 3 (PDE). The chemical shift of peak 2 in Figures 3a and 5a
was 5. 9 ppm, by far exceeding the value which Pi can reach under

Figure 4. S a g i t t a l
SE NMR
image (TR 900 ms, TE 30 us)
of the colloid carcinoma of
p a t i e n t PA, before (a) and
after
radiotherapy
(b).
Scaling u n i t : 1 cm.
11,''

physiological conditions. For the colloid carcinoma of patient
PA, therefore, no pH value is presented in Table 2. In the four
other cases of breast cancer which were examined prior to therapy, on the contrary, an intense peak was observed at the frequency of Pi. In those tumors the chemical shift of peak 2 (Pi) varied
between 4. 9 to 5.3 ppm, indicating tumor pH values ranging from
7. 1 to 7. 5 (Table 2). The lower part of Figure 5b shows a spectrum
in which peak 2 is Pi (chemical shift 5. 2 ppm, tumor pH 7. 4). Two
patients
with breast cancer were examined for a second time
after radiation therapy. At the time of first NMR examination by
palpation the colloid carcinoma of patient PA (stage T4b) was
estimated to be 18 cm in its largest diameter, with an ulcus of 4
cm. Figure 4a shows a sagittal Spin Echo MR image of the affected
breast. By its lower signal intensity the tumor (dark region) can
be easily discerned from the surrounding adipose tissue. By
delineating and integrating the tumor in adjacent sagittal slices
its volume was estimated 400 cc. The tumor received a total dose
of 60 Gy in 30 fractions. The second NMR examination took place 4
weeks after termination of radiotherapy. The SE image of Figure
4b represents the largest sagittal cross section of the tumor
after radiotherapy (compare Fig. 4a). From a series of adjacent SE
images a tumor volume of 160 cc, 40% of the volume before radiotherapy, was calculated. When shortly after the second NMR examination the tumor was removed surgically, it had regressed to a
size of 10*6*6 cm, indicating a tumor volume of 0. 5*a*b*c = 180
cc. The differences between the tumor spectra of both NMR examinations were as follows: the '•H NMR spectrum of the tumorous
region after therapy had a water/fat ratio of 2. 8 against 5. 0
prior to treatment (compare: 0. 3 in unaffected breast, see Tables
1 and 2). As appears from the 3 1 P NMR spectra before {Fig. 5a
(lower part) and Fig. 3a} and after therapy (Fig. 5a, upper part),
the most prominent change in tumor NMR spectrum was the appearance
of peak 4 (PCr). In addition, peak 1 (PME, chemical shift 7. 3 ppm)
decreased as compared with peak 2. Since in the post-treatment
spectrum the chemical shift of peak 2 is 6. 1 ppm (compare: 5. 9
prior to radiotherapy), here again peak 2 is definitely not Pi.
The moderately differentiated infiltrating duct carcinoma of
Patient LE (stage T4b) was also investigated before and 4 weeks
after radiotherapy. By then, after a total dose on the tumor of
64 Gy (in 32 fractions), the tumor had regressed from 12 cm in
li-i

its largest diameter (ulcus 6 cm) to 4 cm in its largest diameter
(ulcus 2 cm), while oedema had developed in the tissue around
thetumor as a result of the irradiation. The observed changes in
31p NMR spectrum were in close resemblance to the other case:
peak 4 (PCr) increased while peak 1 (PME) decreased as compared
with peak 2. It must be mentioned, however, that in this case the
chemical shift of peak 2 "increased" from 5.2 ppm to 5.8 ppm. In
the discussion section it will be argued that the peaks at 5. 2
and 5. 8 ppm probably don' t have the same identity. In patient LE
which had a smaller breast tumor than patient PA, the 1 H NMR
spectra of the tumorous region revealed no decrease in the ratio
of water/fat (2. 0 after treatment against 1. 4 at the first examination; compare: 0.3 in unaffected breast).

2 3
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Figure 5.
P NMR spectra of breast tumors before (lower part) and after
radiotherapy (upper part), a, the colloid carcinoma of patient PA (see Fig.
4); b, the infiltrating duct carcinoma of patient LE. Spectral parameters as
in Figure 1. Both spectra of patient LE, however, are the sum of 1000 FID's.

Discussion
The close agreement in the colloid carcinoma between the tumor
volume after therapy as determined from adjacent sagittal slices
(160 cc) and the value obtained after subsequent surgery (180 cc)
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indicates that NMR determinations of tumor volume can be veryaccurate. This result underlines that it is useful to perform
multiple slice NMR imaging prior to each spectroscopie NMR investigation. Our observations, by 1 H NMR spectroscopy, of elevated
water to fat ratios in the presence of malignant breast tissues
agree with reports that tumors have considerably higher water
contents than fatty tissues, for instance in mice according to
Bakker and Vriend 84% vs. 12% of the tissue weight (20). In this
way, by combining 3 1 P NMR studies of breast cancer with 1 H NMR
spectroscopy, an additional control of volume selection is obtained. A requirement is that by ^-H and 3 1 P NMR spectroscopy the
same region is selected, in our case a volume with a sensitive
depth of approximately 3. 5 cm from the plane of the applied 6 cm
surface coil.
The ^lp NMR spectrum of tumor bearing breast tissue is characterized by high levels of PME and PDE, and absence of PCr. The
absence of PCr, by far the most abundant NMR-detectable phosphate
compound in muscle tissue, establishes that underlying muscle
does not contribute, and that despite the observation of PCr in
rat skin by Vanstapel et al. (21), no detectable amounts of PCr
are present in the skin between tumor and surface coil. Breasts
of healthy volunteers and unaffected breasts of patients show,
especially with age, low levels of phosphate metabolites. This
observation is in agreement with observations of Ng et al. (22).
Since in vitro NMR experiments (Sijens et al., unpublished) have
shown the presence of only minor amounts of 3 *P metabolites in
fatty tissue, the peaks in the 3 *P NMR spectra of normal breast
tissue can only be associated with mammary gland and chest muscle. The small size and therefore limited reach of the surface
coil used (see previous section) and the relatively long distance
of 6-7 cm between coil and chest muscle which was calculated from
a transversal NMR image of the unaffected breast of patient PA,
exclude muscle signal. Since in the controls surface coil and
chest muscle were separated by at least 1.4 times the sensitive
depth of the coil (5 cm vs. 3. 5 cm), also in those cases the intense PCr signal can only be associated with the mammary gland.
The very low levels of NMR detectable phosphate (including PCr)
in the unaffected breast tissue of the patients LE and ZU of 71
and 72 years, respectively, probably reflect the loss of glandular breast tissue with age. *H NMR spectroscopy of the large
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colloid carcinoma (patient PA) and the less large infiltrating
duct carcinoma (patient LE) treated by radiotherapy revealed
water/fat ratios of resp. 2. 8 and 2. 0 against values of resp. 5. 0
and 1. 4 prior to treatment. The increased water content in the
infiltrating duct carcinoma (patient LE) in spite of (as in the
other case) considerable tumor regression, can be explained by
the observed development of oedema in the tissue around the tumor
(see Results). In patient LE, a radiation-induced excess accumulation of serious fluid has apparently increased the water content of the surrounding breast tissue.
In the previous paragraph it was mentioned that the absence of
PCr signal in any of our ^lp NMR spectra of untreated breast
tumors indicated that muscle signal did not contribute to the
tumor spectra. The appearance of the rather intense PCr signal
after radiotherapy, might nevertheless be explained by shrinkage
of the affected breast
as a result of tumor regression after
therapy. However, since from the images in Figure 4 surface coilmuscle distances of 8-9 cm before and still 7-8 cm after therapy
can be deduced, it is highly unlikely that the arisen PCr peak
(Figure 5a, upper part) originated from outside the affected
breast. Our finding of tumor PCr signal is in agreement with the
report of Degani et al. who demonstrated the presence of this
phosphate compound in biopsies from malignant breast tumors of
human origin (10). Our experience that no PCr is seen in the 3 1 P
NMR spectra of untreated malignant breast tumors is not contradictory since the PCr detected in vitro by those authors would not
exceed the noise level in our in vivo spectra. The observed high
level of PCr after reduction of tumor volume as a consequence of
therapy, nicely accords with animal studies reporting increases
of PCr during tumor regression (13, 15, 17). The absence of major
changes in ATP/Pi ratio as observed in tumor NU-82 (12, 13) and
related to formation of necrosis, probably means that during
fractionated radiotherapy in human breast tumors no dead tumor
cells accumulate. So far, extensive patient studies of the impact
of radiotherapy on the 3 *P NMR spectra of human tumors have not
been published. However, both the appearance of PCr and our second
radiotherapy induced alteration in 3 1 P NMR spectrum, the decrease
of peak 1 (PME) as compared with peak 2, are in close agreement
with the changes in the levels of PCr and PME which Segebarth et
al. observed with radiotherapy induced regression of a brain
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tumor (8). It should also be mentioned that Maris et al. (2)
reported decreases in tumor PME level during spontaneous tumor
regression and also in a case of chemotherapy induced tumor
regression. In contrast to the above mentioned observations, in a
non-Hodgkin lymphoma Ng et al. observed a spectacular decrease in
PDE level during radiotherapy induced tumor regression and considerable variations in the chemical shift of the peak which was
assigned as Pi, up to apparent pH values of 7. 6 and higher (7).
The divergent chemical shifts of "peak 2", between 4. 9 and 5. 3
ppm in four tumors as compared with 5. 9 ppm in the fifth tumor
and 5. 8 and 6. 1 ppm in both tumors after radiotherapy, indicate
that in the last mentioned cases the second peak on the left is
not Pi. The minor signal between the peaks 2 and 3 in some of the
spectra where peak 2 is not Pi (most clearly in Figure 5a, lower
part), might be the real Pi peak. Considering the limited signalto-noise ratio and resolution of the tumor NMR spectra, the peaks
at 5. 8, 5. 8 and 6. 1 ppm may very well be signal from the same
PME. A possibility might be phosphocholine which is known to
resonate at a chemical shift of approximately 6 ppm (from PCr),
at neutral pH. The other PME (peak 1) at 7. 3 ppm probably is a
sugar phosphate. It is our intention to identify both PME' s in
the near future, and to investigate the reproducability of the
radiotherapy-induced changes in the PME-Pi region.
We conclude that using a 1. 5 T MR Imager, by ^lp N M R spectroscopy
malignant breast tissues can be discerned from normal breast tissues and that in response to radiation therapy and subsequent
tumor regression spectral changes occur, mainly the appearance of
an intense PCr signal. Our findings indicate that this phenomenon
is the result of a metabolic change in the tumor itself.
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SUMMARY AND DISCUSSION
In this thesis the effects of different kinds of therapy on tumor
metabolism, were investigated by in vivo 3 1 P NMR spectroscopy.
Changes in tumor phosphates following radiotherapy, hyperthermia
and chemotherapy were monitored in mice and rats with subcutaneous tumors. Attempts were made to relate these changes to tumor
regression, cell kill, changes in blood flow and other measures
of tumor response. To demonstrate the clinical potential of this
technique, an in vivo investigation of human breast cancer by 1 H
and 3*P N M R spectroscopy has been included.
Chapter 1 is a description of the impact of radiation treatment
on the phosphate metabolism of the mammary carcinoma NU-82.
Changes in tumor ATP/Pi ratio after treatment with different
dosee of Jj-radiation were demonstrated. A dose of 20 Gy induced a
steady decrease in tumor ATP/Pi ratio. Histological investigations demonstrated that radiation-induced necrosis largely contributed to this phenomenon.
Chapter 2 deals with the effects of different doses of local
hyperthermia on the same tumor. Whereas a low hyperthermia dose
(43*C during 15 min) only induced a temporary decrease in tumor
ATP/Pi ratio which "as paralleled by a temporary decrease in
tumor perfusion, durable decreases in ATP/Pi ratio and a subsequent formation of necrotic tissue were observed after a higher
hyperthermia dose (45*C during 15 min).
Chapter 3 is
changes in
temperature.
of a current

an investigation of the hyperthermia-induced spectral
tumor NU-82, as a function of treatment time and
The results give further evidence for the validity
working definition of thermal dose.

In Chapter 4 the effects of dietary manipulation and subsequent
cytotoxic treatment upon growth and metabolism of the rhabdomyosarcoma R-l, are presented. In both protein deprived rats and
normally fed rats, tumor regression was accompanied by increases
in ATP/Pi ratio and pH.
Chapter 5 is a description of the changes in tumor spectra following treatment with the drugs cis-diamminedichloroplatinum (CDDP)
or doxorubicin. A CDDP-sensitive parent line and a CDDP-resistant
subline of the IgM immmunocytoma were used, both showed tumor
regression in vivo after therapy with doxorubicin. The lines
showed similar spectral alterations (ATP/Pi and pH increases)
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after effective treatment with doxorubicin and cisplatin, in
contrast to a significant temporary decrease of ATP/Pi ratio in
the CDDP-resistant subline following treatment with CDDP.
In Chapter 6 initial experiences with clinical NMR spectroscopy
of human breast cancer are described. The results indicate that
by 3*P N M R spectroscopy malignant breast tissues can be discerned
from normal breast tissues. Following radiotherapy and subsequent
tumor regression, in the spectrum of the tumorous region an
intense PCr signal developed which appeared to reflect a metabolic change in the tumor itsalf.
The first objective of this thesis was to determine whether
therapy-induced changes in 31p jjMR spectrum can be related to
measures of tumor response. The preceding paragraphs make clear
that this question can be answered positively. The various investigations of murine tumors strongly indicated the existence of
relationships between therapy-induced changes in 3 1 P NMR spectrum
and the phenomena tumor regression (Chapters 4, 5 ) , cell kill
(Chapters 1, 2, 3, 5), and reduced blood flow (Chapter 2). Whereas
in growing tumors decreases in ATP/Pi ratio occurred (Chapters 1,
4, 5), therapy-induced tumor regression was expressed by increases
in ATP/Pi ratio (Chapters 4, 5). These observations were paralleled by increasing and decreasing proportions of necrotic tumor
tissue, respectively. The absence of significant changes in NMRdetermined tumor pH during tumor growth, as opposed to major
increases with chemotherapy-induced tumor regression, indicates
that the spectral changes with tumor regression are not necessarily the opposite of the observations with tumor growth. The
above mentioned increases in tumor ATP/Pi ratio and pH, as well
as the elsewhere observed increases in tumor PCr level (Chapters
3, 6) could indicate an increased metabolic activity in regressing
tumors. However, in tumors responding rather by accumulating dead
cells than by decreases in volume, decreases in ATP/Pi ratio will
occur (Chapters 1, 2, 3). The observation that therapy-induced
decreases in ATP/Pi ratio were not paralleled by changes in tumor
pH, indicates that necrotic areas in tumors have neutral to
slightly alkaline pH.
The second and much more ambitious objective was to determine the
predictive value of early changes in phosphate metabolism and pH
(detected by 3 1 P NMR spectroscopy) for the ultimate response of
tumors to treatment. Although in a number of studies early spec122

tral changes, especially in tumor ATP/Pi ratio, were obtained
which appeared to reflect differences in ultimate tumor response
(Chapters 2, 4, 5), at this stage the second question can not yet
be answered with certainty. More experience in 3 1 P NMR spectroscopie animal as well as patient studies will be needed to establish the value of this method in predicting the responses of
tumors to treatment. The availability of a reliable noninvasive
method for early prediction of ultimate tumor response would be
of great value for the clinic.
As indicated in Chapter 6, clinical 3 1 P NMR examinations should
be combined with *H NMR spectroscopy and imaging. In this way the
volume selection can be controlled, the tumor volume can be
quantified and additional NMR parameters (relaxation times, waterto-fat ratios, etc. ) can be obtained. A new development, the
application of water- and fat-suppression techniques in *H NMR
examinations of tumors, will enable the detection of amino acids,
lactic acid and other organic compounds, and thus offer an additional opportunity for monitoring metabolic responses to therapy
(beyond the scope of the present work).
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SAMENVATTING
Dit proefschrift beschrijft de toepassing van fosfor (31P) NMR
spectroscopie bij het bestuderen van de stofwisseling van tumoren, en met name van de veranderingen daarin na therapie.
Uit de eerste vijf hoofdstukken (proefdierstudies) blijkt dat
zowel na radiotherapie als na hyperthermie of chemotherapie veranderingen in de ^lp NMR spectra van tumoren kunnen optreden. In
een aantal gevallen trad een duurzame daling in de verhouding
tussen het hoog-energetische adenosinetrifos faat (ATP) en het
laag-energetische anorganisch fosfaat (Pi) op ten gevolge van het
afsterven van tumorcellen. Tumorregressie na effectieve chemotherapie resulteerde daarentegen in toeneming van de ATP/Pi ratio.
In een geval trad een tijdelijke daling op die met een tijdelijke
vermindering van de doorbloeding van de behandelde tumor in
verband gebracht kon worden. In een ander geval correleerde een
tijdelijke daling van de ATP/Pi ratio met resistentie tegen
behandeling met cis-diaminodichoroplatina. In tegenstelling tot
de veranderingen in ATP/Pi ratio lijken de na (chemo)therapie
optredende veranderingen in tumor pH in het algemeen geen verband
te houden met de respons van de tumor.
De uitkomsten van de proefdierstudies geven aan dat in vivo ^lp
NMR spectroscopie in de kliniek toegepast zou kunnen worden om de
respons van tumoren op therapie vroegtijdig vast te stellen. Het
zou met name een grote winst zijn om aldus een methode in handen
te krijgen waarmee ineffectieve chemotherapie behandelingen in
een vroeg stadium onderkend (en beëindigd) kunnen worden. Patiëntstudies (hoofdstuk 6 geeft aangaande de bortstumor een aanzet) zullen moeten uitwijzen of het verantwoord is om behandelingen van tumoren op grond van spectrale waarnemingen te wijzigen.
Ter verdere opheldering van de mechanismen achter de therapiegeinduceerde veranderingen in 31P NMR spectrum zullen proefdierstudies voorlopig noodzakelijk blijven.
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