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ABSTRACT

We have used 3lP-nuclear magnetic resonance spectroscopy to detect

the metabolic changes that occur in estrogen-sensitive, /V-methyl-/V-
nitrosourea-induced rat mammary tumors as they regress following ovar-
iectomy. In untreated animals the spectra of the tumors showed a steady
loss of high energy phosphates (phosphocreatine and nucleoside triphos-
phates) and an increase in inorganic phosphate. This was reversed after
ovariectomy. Spectral changes occurred before detectable regression of
the tumor. Estrogen-insensitive tumors, grown from implanted Rama 600
and 622 cells, did not regress in response to ovariectomy, and their high
energy phosphates continued to fall; estrogen-sensitive tumors also failed
to respond to sham ovariectomy. These effects are probably due to the
reduction in cellular energy requirements that occurs when the hormonal
stimulus to growth is removed. Because the nuclear magnetic resonance
method is noninvasive, this technique should be applicable clinically as a
means of predicting the response of a tumor to endocrine therapy.

INTRODUCTION

Endocrine therapy of breast cancer is an important nontoxic
form of palliative therapy for patients with advanced breast
cancer. ER4 determination of the tumor can provide some

predictive information but at best only 50% of patients whose
tumors contain ER respond to endocrine therapy (1). A further
complicating factor is that reduction in tumor size often occurs
slowly and generally a minimum of 1 to 2 months is necessary
for a response to be observed.

For these reasons we have examined the possible application
of 31P-NMR as a means of earlier prediction of response. 3IP-

NMR is a noninvasive technique that can be used for monitor
ing the energetics of tumors in s/'fii,either in animals (2) or in

patients (3). It detects the high energy phosphate compounds
ATP and PCr, their breakdown product PÂ¡,and intracellular
pH (for general reviews, see Refs. 4-6). Tumors are particularly
appropriate for study by 3IP-NMR because their energy metab

olism is poised between the demands of growth and the limited
supply of oxygen and nutrients from the blood vessels induced
in the host. Because the method is noninvasive it can be used
to measure these parameters repeatedly in a single tumor.
Studies on animal tumors have shown that most contain PCr
when freshly implanted but that PCr is lost as the tumors
develop (7, 8); a similar effect has been observed in a human
tumor following unsuccessful chemotherapy (3). Eventually
ATP is also lost and the spectrum resembles that of necrotic
tissue.

Most therapeutic modalities are likely to perturb the energy
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metabolism of tumors. In particular, Ng et al. (7) found that
the PCr peak, which was lost as tumors aged, was recovered
after successful chemotherapy. We now report a similar rise in
the PCr and NTP peaks after successful endocrine therapy. A
preliminary report of this work has been published (9).

MATERIALS AND METHODS

Animals and Tumors. Estrogen-sensitive mammary tumors, which
do not metastasize and which regress in response to ovariectomy, can
be induced in female rats by injection of the carcinogen NMU (10).
The transplantable tumor lines Rama 600 and 622, on the other hand,
are not hormone sensitive and do not respond to ovariectomy (11).
These lines were used as controls, along with sham-operated animals
bearing estrogen-sensitive tumors.

The hormone-sensitive tumors were induced in an inbred strain of
female virgin Ludwig/Wistar/Olac rats (Olac 1976 Ltd., Oxon, United
Kingdom) essentially by the method of Williams et al. (10). The animals
were kept at 19Â°Cin isolators with a phot operimi of 12 h/day. They

were fed CRM Diet (Labshaw, Croydon, United Kingdom) and received
water ad libitum. NMU (Sigma Chemical Company, Poole, Dorset,
United Kingdom) was dissolved in distilled water at 12.5 mg/ml and
adjusted to pH 5.4 with acetic acid. When they were 50 days old, rats
were given three doses of NMU (50 mg/kg body weight) at 2 weekly
intervals. They were then transferred to our animal house where they
were kept at 22-23Â°Cwith a minimum 8-h photoperiod and fed SDS

diet (Specal Diet Services, Ltd., Witham, United Kingdom). After 20
weeks, 80% of the animals developed mammary tumors. Estrogen-
insensitive mammary tumors were obtained by s.c. implantation of
Rama 622 or 600 cells (11). Tumor volume was measured regularly
using the formula

V = 'Air (dfdiYn

NMR Methods. When the tumors had grown to 1.5 to 2.0 cm
diameter the animals were anesthetized with pentobarbitone (30 mg/
kg i.p.) and placed within the 27 cm bore, 1.89 Tesla magnet of an
Oxford Research Systems TMR-32 200 NMR instrument. Spectra
were obtained at 32 MHz using 0.7-, 1.0-, 1.4-, or 2.0-cm diameter
surface coils. Pulse durations of 6 or 10 ^s were used, depending on
the size of the tumor. The pulse repetition rate was 2s, which was
chosen to optimize data acquisition while minimizing saturation effects.

Peak areas were calculated using the software package supplied with
the instrument after the Profile Correction routine had been used to
remove some of the broad signals. This involved multiplication by the
function

1

1 + a â€¢exp -

where a, the factor that defines the amount of broad signal to be
removed was set at 0.8, b, the secondary line broadening was set at 360
Hz, and i was the time point in the free induction decay. This method
gives an interspectral coefficient of variation of 6.8% in our hands (12),
but it may not give integrals proportional to the true chemical concen
trations of each peak because of problems with baseline definition and
peak overlap. Despite this, the ratios of integrals measured in the
present work proved to be reproducible. Mean Â±SE of the data are
reported throughout and the significance of differences was tested by
Student's t test.
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The assignment of peaks is given in Fig. 2. Assays of tumor nucleo-
tides by high performance liquid chromatography (data not shown)
demonstrated that about 85% of the nucleotide triphosphate content
was ATP and the remainder was mainly GTP. The "ATP" peaks have

therefore been referred to as NTP.

RESULTS

Tumor Size. Table 1 shows the volumes of the tumors on the
day when first studied and on the day when ovariectomy was
performed; Fig. 1 shows their growth curves. Because the
estrogen-sensitive tumors are induced by carcinogens they arise
unpredictably. It was therefore necessary to study small batches
of animals when their tumors grew to suitable sizes. The days
on which measurements were performed varied, so in some
cases they have been shown in the results in terms of mean and
SE. The estrogen-insensitive tumors, which were implanted
rather than chemically induced, grew more rapidly than the
sensitive tumors.

Validation of NMR Measurements. It was important to elim
inate the possibility of signals from surrounding tissues (partic
ularly muscle, which has an intense PCr peak) contaminating
those obtained from the tumors. Initial studies (13) involved
plots of the irregular radio frequency fields induced by the
surface coils using a sample of phosphoric acid in a plastic
phantom containing 150 m\r KC1 solution. Larger coils and
longer duration pulses gave more intense signals but were more
likely to acquire spurious signals from adjacent tissues. By
using small coils and short duration pulses for the smaller
tumors we were able to minimize this possibility. Only in the
smallest tumors do we feel it possible that muscle signals could
have contaminated the spectra.

We confirmed that the field plots of the surface coils did
indeed represent the penetration of radio frequency pulses into
living tissue by using phantoms made from vegetable matter.
Pieces of potato were carved to the shape of the tumors and
placed beneath the skin of the rats in positions typical of the
tumors we were studying. When the surface coils used in these
experiments were placed over potato phantoms and suitable
pulses applied, the signal obtained was characteristically that
of potato and no muscle PCr was observed. By increasing the
pulse duration to 35 ^s we were able to obtain signals from the
underlying muscle, demonstrating that shimming was adequate
over the whole volume of the phantom and subjacent tissues.

An additional "natural phantom" that we have used is a

tumor that has been removed from the animal and kept at room
temperature until it has lost its high energy phosphate signals.
Tumor thus treated is likely to have radio frequency penetration
characteristics similar to those of normally vascularized tumor.
Fig. 2 shows the spectra of such a tumor (A) in the rat and (B)
after 60 min on the bench at room temperature. We reimplanted
these tumors into the devascularized bed from which they had
been excised so that they acted as phantoms free of PCr and
NTP. Fig. 2C shows the spectrum of the same tumor observed

Table 1 Tumor volumes before ovariectomy.
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Fig. 1. Growth and regression of mammary tumors before and after ovariec
tomy. O, estrogen-sensitive tumors before and after ovariectomy; â€¢.estrogen-
sensitive tumors before and after sham operations; A, estrogen-insensitive tumors.
Tumor volume was calculated by the method shown in the text. Because tumor
size differed slightly at the time of initiation of therapy the volumes (shown in
Table 1) have been normalized to the mean of the volume on the day of
ovariectomy. The number measured is shown in parentheses; bars, SE.

after reimplantation; no PCr or NTP from underlying muscle
was observed.

We have recently found that healthy rat skin gives clear PCr
and NTP signals due to a layer of cutaneous muscle (14). With
some tumors (such as hepatomas) this signal from cutaneous
tissue can contribute strongly to the 3IP spectrum, but in other

tumors it does not, possibly because the overlaying skin be
comes atrophie or invaded by tumor. The mammary tumors
studied in the present paper do not suffer significantly from
this artifact, as demonstrated by experiments in which the skin
overlaying the mammary tumors was resected. NMR spectra
taken before and after this procedure showed no significant
difference in their high energy phosphate signals.

Effects of Ovariectomy. The first series of experiments was
performed on the estrogen-sensitive tumors. Spectra from a
typical 2.5-cm3 tumor are shown in Fig. 3. When the tumor

was first examined (Fig. 3A) a strong PCr signal was observed,
whereas the PÂ¡peak was relatively small. Fig. 3B shows the
same tumor 5 days later when it had increased to 3.7 cm3. PCr

has decreased; this was a constant finding. The mean integral
of the 0-NTP peaks did not change significantly during the
period of growth that was followed. After ovariectomy the PCr
and /3-NTP peaks rose and the PÂ¡peaks fell in all the tumors
examined. Fig. 3C shows the same tumor 7 days postovariec-
tomy, when it had decreased in size to 2.5 cm3. The NMR

changes were quantified by calculating the ratios of the integrals
of the PCr and /3-NTP peaks to that of the PÂ¡peak in each
tumor. The PCr/PÂ¡ratio fell significantly before ovariectomy
and rose significantly afterwards (Fig. 4, left). The /S-NTP/PÂ¡
ratio did not change significantly in the period before ovariec-
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after reimplantation

B

Fig. 3. "P-NMR spectra of an estrogen-sensitive mammary tumor before and
after ovariectomy. Peak assignments are as in Figs. 2; the peak of PCr is shaded.

18
liâ€”I

Fig. 2. Reimplantation of an ischemie tumor. . I spectrum of an estrogen-
sensitive tumor in \iiu: B, spectrum of the same tumor wrapped in plastic film
after surgical excision and 60 min at room temperature; C spectrum of the same
tumor reimplanted with the skin sutured over it, 20 min later: 480 eighths pulses
were given at 2-s intervals for each spectrum. Peak assignments: a, phosphomon-
oesters; A, PÂ¡;c, phosphocreatine: d to /, y-, a-, and fi-phosphates of nucleoside
triphosphates, principally ATP: Â¡I.and <â€¢contain a negligible contribution from
the ti- and Â«-phosphates of nucleoside diphosphates. while e contains a contri
bution from NAD(H).

tomy but it rose significantly afterwards. Indeed, there was a
significant rise in this ratio on the second day after ovariectomy
(P = 0.007) which was sustained until the eighth day (P =
0.008). There was also a less marked but statistically significant
rise in PCr/0-NTP peaks following ovariectomy (Fig. 4, right).
As can be seen from a comparison of Figs. 1 and 4, middle, the
rise in 0-NTP/PÂ¡ occurred before ovariectomy had caused sig
nificant regression.

A small group of three animals were subjected to sham
operations under identical conditions. Their tumors did not
regress (see Fig. 1) and the /3-NTP/PÂ¡ratios in their spectra fell
steadily from the start of the experiment [1.8 Â±0.3 (SE)] to
sham ovariectomy 10 days later (1.6 Â±0.3) and for a further 15
days (1.0 Â±0.06) although none of these changes was statisti
cally significant (see Fig. 4, middle). The mean /3-NTP/PÂ¡ratio

in the estrogen-sensitive tumors at 8 days after ovariectomy
(1.8 Â±0.2; n = 6) was significantly higher than that in the
sham-operated tumors at 7 days (1.4 Â±0.2; n = 3; P = 0.02).
The PCr peaks in the sham-operated tumors fell too low to be
measured accurately.

An additional control experiment was performed under iden
tical conditions using estrogen-insensitive Rama 622 and 600
tumors. A typical series of spectra from a Rama 622 tumor is
shown in Fig. 5; these tumors had almost no detectable PCr
when first examined, whereas some of the Rama 600 tumors
showed a PCr peak as well as stronger NTP peaks (not shown).
Because of this, Fig. 6 shows changes in /3-NTP/PÂ¡.As the six
tumors varied in size and NMR characteristics, the data are
presented individually. One Rama 600 tumor showed a rise in
/3-NTP/PÂ¡in the period prior to ovariectomy and one of the
Rama 622 tumors showed a rise after ovariectomy; this latter
animal died before this single reading could be repeated. Oth
erwise, all the plots show a steady fall in /3-NTP/PÂ¡.When these
data were normalized to permit statistical analysis no signifi
cant changes were observed in the 14 days prior to ovariectomy,
but a marked and significant (P = 0.05) fall was evident after
the operation. Typical changes in the spectrum are shown in
Fig. 5; note the poor signal/noise ratio in Fig. 5C, probably due
to the tumor becoming necrotic. Fig. 1 shows the steady rise in
tumor size, despite ovariectomy, in estrogen-insensitive Rama
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Fig. 4. Variations in PCr/Pi (left), 0-NTP/P, (middle), and PCr/0-NTP (righi) ratios in estrogen-sensitive mammary tumors before and after ovariectomy or
(middle) sham operation; O, estrogen-sensitive tumors in animals submitted to ovariectomy; â€¢,estrogen-sensitive tumors in animals submitted to sham operations;
ban, SE. Left, difference between the mean of each group and the mean of the observations performed immediately prior to ovariectomy (day 0) was statistically
significant on days -8 (/' = 0.005), 8 (P < 0.0001), and 16 (/>< 0.0001); middle, for animals submitted to ovariectomy, the difference was significant on days 2 (P =
0.007) and 8 (P = 0.008); right, the difference was statistically significant on day 16 (P < 0.0001). The number of observations in each group is shown in parentheses.

pre-ovoriectomy

B

5 days

post-ovariectomy

1.5r

is
Fig. 5. J1P-NMR spectra of an estrogen-insensitive Rama 622 mammary

tumor before and after ovariectomy. Peak assignments are as in Fig. 2; the peak
of PÂ¡(*) is shaded.

1.0

ÃŸ-NTP
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06

ovariectomy

-10 + 10 Days
Fig. 6. Variation in /3-NTP/P, ratio in estrogen-insensitive mammary tumors

before and after ovariectomy; A, Rama 622 tumors; A, Rama 600 tumors.

600 tumors. No significant intracellular pH changes occurred
in any experiment.

DISCUSSION
The changes observed in the 3IP-NMR spectra of the devel

oping tumors are similar to those previously reported (3, 7, 8).
Freshly implanted estrogen-sensitive tumors had clear PCr
peaks (e.g., Fig. 3A) which decreased as the tumor developed
(Fig. 3Ã„).After a sham operation or after ovariectomy in an
estrogen-insensitive tumor the neoplasm continued to grow
(Fig. 1) and the high energy phosphate peaks were progressively
lost (Fig. 5); the PCr peak, if present, was lost first, followed
by the NTP peaks. The PÂ¡peak rose in parallel with the fall in
PCr, as has been observed in other tumors (7, 8).

The spectra of estrogen-insensitive and Rama 600 and 622
tumors showed little or no PCr, possibly because they had
passed through the stage at which they contained PCr or had
failed to express the enzymes required for its synthesis. Never-
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theless, these tumors underwent the same loss of NTP and rise
in PÂ¡as sham-operated estrogen-sensitive tumors (compare
Figs. 4, middle and 6), and we considered them satisfactory
controls.

The fall in high energy phosphate concentration and increase
in PÂ¡(compared with concentrations in normal tissues) (15) in
growing tumors are probably due to progressive hypoxia. Vau-
pel et al. (16) found that small human mammary carcinoma
xenografts grown in nude rats have a higher oxygen consump
tion than normal postmenopausal human breast and that both
oxygen consumption and tumor blood flow decrease as tumor
size increases. Similar results were obtained by Song et al. (17)
in Walker carcinosarcomas grown in rats. These data suggest
that in the tumors studied in the present paper the decreases in
the PCr/PÂ¡and ,8-NTP/PÂ¡ratios (Fig. 4, left and middle) as the
tumors enlarged were due to decreased oxygen availability
caused by deterioration in the blood supply.

A possible explanation for the paradoxical increase in tumor
high energy phosphates that we observed after ovariectomy
would be that when estrogens are removed and growth ceases
the ATP demand falls and the cellular oxygen supply is again
sufficient for the tumor's needs. As the oxidative phosphoryla-

tion pathway is no longer oxygen limited the PÂ¡concentration
falls and both PCr and /3-ATP rise. Thus the fall in PCr/PÂ¡and
in /8-NTP/Pj observed in growing tumors indicate a worsening
of their metabolic status, while the reversal that occurred after
ovariectomy suggests that the cellular energy reserves were
being replenished, probably because the cessation of growth
reduced energy demands. In the long term the tumor will be
infiltrated by host cells but this is unlikely to account for the
present results which could be observed within 2 days of ovar
iectomy.

An alternative explanation that must be considered is that
the regressing tumors became so small that the radio frequency
field of the surface coil extended into adjacent muscle. We think
that this conclusion is unlikely because experiments with phan
toms enabled us to choose coil sizes and pulse durations that
eliminated spurious signals (see above, "Validation of NMR
Measurements"). Some of the smallest tumors we examined,
the estrogen-insensitive Rama 600 tumors (which when first
examined were only 2.0 to 2.5 cm3, smaller than those in any
other group except the estrogen-sensitive tumors on the 15th
day after ovariectomy) showed no significant PCr. This finding
suggests that the reappearance of PCr in the estrogen-sensitive
tumors was a real effect and not due to increasing contamina
tion with muscle signal during regression. Also, /3-NTP/PÂ¡rose
significantly on the second day after ovariectomy when com
pared with the value immediately before operation. This change
occurred before any significant regression had taken place (com
pare Figs. 1 and 4B).

The clinical implications of these findings are clear. Despite
the use of ER determinations, it is still not possible to predict
accurately which breast carcinomas will respond to endocrine
therapy. The results obtained in the present study suggest that
changes in the 3IP-NMR spectrum occur rapidly after the

initiation of endocrine therapy and often before the tumor size

starts to decrease, thereby predicting response. By using se
quential NMR measurements in patients with primary breast
cancer prior to surgery we can ensure that the correct treatment
has been selected.
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NOTE ADDED IN PROOF

Additional experiments (see Fig. 4) at each time point (10 or 11
observations) showed that the PCr/Pi was also significant at Day 2 (P
<0.01) and that PCr/jS-NTP was also significant on Day 2 and Day 8
(P<O.OS).
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