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ABSTRACT

It has been hypothesized that the 31Phosphorus (31P) nuclear magnetic
resonance spectrum from certain tumors may provide prognostic infor-
mation. The goal of the present study was to identify prognostic metabolic
markers by using proton-decoupled phosphorus magnetic resonance spec-
troscopic imaging (31P MRSI). Twenty patients with bone [osteogenic (OS)
and Ewing’s (ES) and/or primitive neuroectodermal tumor (PNET)] sar-
coma, treated with chemotherapy and surgery or with chemotherapy
alone, underwent 31P MRSI studies pre- and post-therapy. The studies
were performed on a 1.5 Tesla General Electric (GE) clinical scanner
equipped with a stand-alone proton decoupler and a dual 1H/31P surface
coil pair. The limited sensitivity of the 31P nucleus required that a large
soft tissue component of the disease be located within 10 cm (maximum
distance) of the body surface and the use of a highly sensitive coil placed
near the skin surface. Proton decoupling and nuclear Overhauser en-
hancement were used to improve the spectral resolution and signal:noise
ratio. Baseline 31P spectral features and metabolic changes with treatment
were compared with treatment outcome. The patients were categorized
depending on survival as event-free survivors or those who died. The
pretreatment nucleoside triphosphate:inorganic phosphate (NTP:Pi) ra-
tio, an index of tumor bioenergetic status, was significant (P � 0.003) in
differentiating event-free survivors versus those who died. The pretreat-
ment NTP:Pi was higher in patients who were destined to undergo a
durable event-free survival compared with those who died. The results are
promising, although a prospective study is necessary for confirmation. 31P
MRSI appears to be a useful tool for the prediction of survival before
therapy in bone sarcomas.

INTRODUCTION

Primary bone tumors are the third most common tumors in adoles-
cents and young adults (1–3). Of these, osteosarcoma (OS) occurs
most frequently, accounting for 35% of all primary sarcomas of bone
and 56% of the malignant bone tumors in the first two decades of life
(1, 2). Ewing’s sarcoma (ES), the second most common primary bone
cancer, accounts for �30% of all primary bone tumors. Before the
development of adjuvant/neoadjuvant chemotherapy, even localized
potentially curable bone tumors had a greater than 80% mortality rate.
Multi-agent chemotherapy has resulted in cures for a significant
percentage of patients but there are still failures (�30–50%; Refs. 4,
5). In addition, chemotherapy is associated both with the development
of drug-resistant clones and with toxicity. An early predictor of
response to chemotherapy would be extremely valuable, allowing the
oncologist to intervene with alternative therapies.

In OS, the absence of metastases at initial staging is the most
important prognostic indicator at present. In patients with localized ES
or OS who undergo neo-adjuvant chemotherapy, the most reliable

prognostic factor is response to treatment (percentage necrosis) as
assessed by a pathologist at the time of surgery (5, 6). However,
histological response, by current definition, cannot be known before
or during neo-adjuvant treatment. In addition, adjuvant chemotherapy
given to patients with a poor histological response measured after
surgery did not improve outcome, emphasizing the need for an a
priori response predictor. Other prognostic factors are tumor size and
site of tumor (related to resectability) in OS and to a lesser extent in
ES, but these factors are not strong enough to allow stratification or
individualization of treatment (7, 8). Patient age, tumor proliferation
rate, and the presence of p53 may also affect outcome (7, 8). The p53
pathway inactivation is a strong prognostic factor in ES but is only
present in 30% of patients, limiting its utility (7, 8). Thus, in bone
sarcomas, a clear need exists to identify a prognostic indicator that
would help in selecting poor-risk patients before exposure to ineffec-
tive chemotherapy for consideration of novel treatment paradigms.
Alternatives to standard chemotherapy regimens, such as ifosfamide
and etoposide for OS, or high-dose ifosfamide (wherein there are data
to suggest a dose-response relationship), could be considered.

There is evidence that tumor metabolic parameters may provide
prognostic information. Recent studies have suggested that measure-
ments of tumor hypoxia by oxygen electrodes may predict patient
outcome and the likelihood of metastatic disease in certain tumors (9,
10). It has also been shown that the measurement of tumor lactate can
provide prognostic information before treatment (11). Thus, noninva-
sive measures of tumor metabolism may potentially be useful for
predicting prognosis. Phosphorus magnetic resonance spectroscopic
imaging (31P MRSI) is a noninvasive technique that can provide
information on tumor energy status, membrane metabolism, and pH.
In studies of non-Hodgkin’s lymphomas (12), head and neck cancers
(13), and soft tissue sarcomas (14–18), there is evidence that the 31P
nuclear magnetic resonance (NMR) spectrum may provide prognostic
information. The present study characterizes the 31P NMR spectrum
in untreated bone sarcomas and attempts to assess its prognostic value.

MATERIALS AND METHODS

Patients included in the study had a biopsy-proven diagnosis of bone
sarcoma, either OS or ES/primitive neuroectodermal tumor, before study. The
limited sensitivity of the 31P nucleus requires the use of a highly sensitive
resonator placed on the surface of the patient near the tumor; therefore, in
general, a mass of 3 � 3 � 3 cm or larger, located within 10 cm (maximum
distance) of the body surface, was necessary for patient inclusion in the study.
Additionally, prior imaging studies were reviewed to determine whether the
lesion had an associated extraosseous soft tissue component that was deemed
necessary for generating an adequate NMR signal. All of the patients had the
baseline 31P MRSI performed between day 0 to day 10 (average, 4 � 1 day)
before the start of chemotherapy. All of the subjects or their legal guardians
signed informed consent as approved by the Institutional Review Board.

MR Spectroscopy. All of the data were obtained on a 1.5 Tesla General
Electric [(GE) Milwaukee, WI] Signa Horizon scanner equipped with a stand-
alone proton decoupler. The patient examination consisted of proton imaging
followed by proton-decoupled 31P MRSI. Pre-spectroscopic imaging consisted
of spin-spin relaxation (T2)-weighted, fat-suppressed scout imaging in the axial
plane using the whole-body coil. A radiologist identified the most viable-
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appearing region within the soft tissue component of the tumor. The criteria
used were: (a) avoidance of necrotic areas; and (b) selection of a voxel as close
to the coil as possible but excluding normal tissue. A dual 1H-31P coil pair
(Intermagnetics General Corporation; Medical Advances, Milwaukee, WI) was
then placed adjacent to this optimal tumor site. This resonator pair consisted of
a 12-cm square 31P resonator comounted with a flexible two-loop proton coil.
With this coil pair in place, T2-weighted, fat-suppressed, fast-spin echo imag-
ing of the tumor was performed in two orthogonal planes (repetition
time � 4000 ms; echo time � 102 ms; echo-train length � 12; averages � 2).
31P MRSI consisted of three-dimensional chemical shift imaging (19) using
hard radiofrequency pulses with the following parameters: phase-encode ma-
trix � 8 � 8 � 8; field of view � 24, 28, or 32 cm; repetition time � 1 s;
signal averages � 4; sampled points � 1024; spectral width � 8000 Hz; flip
angle � �45°; scan time � 34 min. The flip angle was calibrated using a
triphenylphosphite standard mounted on the center of the 31P coil. Waltz 4
proton decoupling was applied during data acquisition and low-level contin-
uous wave power was applied in the remainder of the TR interval to maintain
the nuclear Overhauser enhancement. Fiducial markers on the coil permitted
retrospective assessment of the coil position in space for field mapping.

Spectroscopic Data Processing. In vivo NMR data were processed using
SAGE/IDL (General Electric, Milwaukee, WI; Research Systems Incorpo-
rated, Boulder, CO) for voxel shifting, spatial Fourier transform, and single-
voxel free induction decay extraction. The single-voxel location was chosen
retrospectively to include as much viable (non-necrotic) soft tissue component
as possible. However, some malignant bone component was included in the
majority of studies. The percentage of the voxel composed of soft tissue was
estimated by assessing the voxel in three consecutive axial images. Once the
tumor free induction decay was extracted from the three-dimensional data set,
Lorentzian peak areas were fit in the time domain using MRUI-AMARES
software (20) and/or jMRUI (21). From the raw peak areas, the following
ratios were tabulated: PE:NTP, PE:PC, PME:NTP, PDE:NTP, PDE:PME,
and NTP:Pi, where PE � phosphoethanolamine, PC � phosphocholine,
PME � phosphomonoester, PDE � phosphodiester, Pi � inorganic phosphate,
and NTP � nucleoside triphosphate. These ratios were selected based on data
in the literature that suggested they may have some prognostic value (14–18).
In addition to raw peak area ratios, normalized individual metabolite quantities
relative to the triphenylphosphite standard were also calculated from the
metabolite peak areas in each spectrum. For these calculations, software was
written in IDL for performing Biot-Savart B1 calculations and overlaying the
three-dimensional B1 field map on the images for calculation of the distribu-
tion of B1 intensity and flip angle. Peak areas were corrected for: (a) saturation
using the calculated three-dimensional flip angle map and published spin-
lattice relaxation (T1) values for normal muscle (22); and (b) receive sensitivity
over the voxel relative to the standard (23). Metabolite levels relative to the
standard are reported as normalized units (n.u.). No corrections were made for
nuclear Overhauser enhancement or point spread function. Intracellular pH
was calculated from the Pi:�-NTP chemical shift in the spectrum using a
calibration curve generated in this laboratory.

Patient Selection. 31P MRSI studies were carried out before the onset of
treatment in 36 bone sarcoma patients after the methodology was fully stan-
dardized. Five patients were unable to complete the exam because of discom-
fort or claustrophobia. Data from 10 patients were discarded because of
inadequate signal:noise ratio in 5 cases and technical failure in 5 cases. One
patient had treatment-related mortality and was, therefore, inevaluable for
response. The remaining 20 patients included 11 ES/primitive neuroectodermal
tumor and 9 OS. The clinical characteristics of these patients are included in
Table 1. None of these patients had received any prior treatment for their
disease.

Sixteen patients were treated with chemotherapy followed by surgery,
whereas 4 patients had chemotherapy only and did not undergo surgery
because of progressive disease and distant metastases. Patients were followed
for a range of 8 to 69 months (average follow-up, 38 � 5 months). Clinical
follow-up to detect metastatic disease or local failure included physical exam-
ination, computed tomography, bone scan, and magnetic resonance imaging.
Patients were grouped according to survival as either event-free survivors
(EFSs) or those who died. EFSs were patients who obtained a complete
remission and remained in that state at the time the data were analyzed.
Patients who did not respond or progressed on chemotherapy, or relapsed
within 6 months after surgery, or had distant metastatic disease after chemo-

therapy and did not undergo surgery, all died shortly thereafter. In the category
of EFSs, two ES/primitive neuroectodermal tumor patients had radiation
therapy for close margins after chemotherapy and surgery and one OS patient
had radiation therapy (to the lungs) after chemotherapy and surgery for
possible lung metastasis. In the group of those who died, three ES patients
received palliative radiation therapy after failure.

Statistical Analysis. The statistical significance of each metabolite ratio as
a prognostic marker was evaluated by predicting survival (EFSs versus those
who died) using logistic regression and by predicting time-to-treatment-failure
Cox proportional hazards regression. The NTP:Pi ratio was transformed by
taking the square root to reduce the skewness of the statistical distribution, and
an empirical cutoff of 0.65 was used to compare Kaplan-Meier disease-free
survival curves for low versus high ratios.

RESULTS

Analysis of the 31P NMR data suggested differences between
pretreatment spectra in patients who had a complete clinical response
and remained EFSs versus patients who did not respond, progressed
locally or with distant metastases, and who all died shortly thereafter.
Fig. 1 contains pretreatment spectroscopic data from a patient with
ES. This patient has sustained an event-free survival for 44 months
since neo-adjuvant chemotherapy followed by surgery. In this proton-
decoupled spectrum, the phosphomonoesters PE and PC are resolved.
The other peaks in the spectrum arise from Pi, phosphodiesters PDE
[primarily glycerophosphocholine (GPC) and glycerophosphoethano-
lamine (GPE)] and high-energy metabolites NTPs and phosphocrea-
tine (PCr). The PCr peak may have some contribution from muscle
outside the voxel because of the point-spread function of the acqui-
sition technique. The tumor shows highly elevated PE relative to PC.
In contrast, Fig. 2 contains a pretreatment spectrum from a patient
with ES who failed treatment and died later. This spectrum contains
all of the peaks described above, but there is a lower level of
high-energy phosphates and a higher level of Pi. The ratio of PE:PC
is not as high as in the spectrum in Fig. 1B. In both of these patients,
the tissue included in the voxel of interest was composed of both bone
component and soft tissue component.

In Table 2, the average metabolite ratios and pH are shown for the
patients who had complete clinical responses to the combination of

Table 1 Clinical characteristics of 20 bone sarcoma patients

Patient
no.

Age
(yr) Sex

Diagnosis
(surgical/

pathological)
Pathological response

grade no.a Outcome

1 18 F Ewing/PNETb III Deadc

2 12 M Ewing/PNET IV Event-free survivord

3 6 M Ewing/PNET I Event-free survivor
4 15 M Ewing/PNET IV Dead
5 13 F Ewing/PNET III Event-free survivor
6 18 M Ewing II Dead
7 15 M Ewing No surgery Dead
8 34 M Ewing/PNET No surgery Dead
9 38 M Ewing No surgery Dead

10 17 M Ewing/PNET IV Event-free survivor
11 31 M Osteogenic I Event-free survivor
12 20 M Osteogenic III Event-free survivor
13 27 F Osteogenic I Event-free survivor
14 22 F Osteogenic II Event-free survivor
15 14 M Osteogenic III Event-free survivor
16 62 F Osteogenic No surgery Dead
17 17 F Osteogenic II Event-free survivor
18 15 F Ewing II Event-free survivor
19 13 M Osteogenic IV Event-free survivor
20 8 M Osteogenic IV Event-free survivor
a Grade numbers, grading of chemotherapy response based on tumor necrosis (%).

Grade I � �50%, II � 50–89%, III � 90–99%, IV � 100%.
b PNET, primitive neuroectodermal tumors.
c Dead, patient who showed no response or relapsed almost immediately after surgery

and died.
d Event-free survivor, patient with no evidence of disease at time of latest follow-up.
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chemotherapy and surgery that were associated with durable event-
free survival versus those who did not respond or responded briefly
and died. PE and PC were resolved in 15 of 20 patients; the combined
PME value is also reported. The only ratio that was a significant
predictor of EFS was NTP:Pi (P � 0.003, by logistic regression on
square root of the ratio). All of the patients who responded and were
clinically free of disease 6 months after surgery remained in remission

and are alive. Conversely, all of the patients who progressed or had
brief responses died.

Fig. 3A shows the pretreatment NTP:Pi data in graphical form for
the individual patients, demonstrating that there is some overlap
between the two groups. In 1 of 7 patients in the group who died, the
NTP:Pi ratio is higher than 0.65, and in 2 of 13 patients in the EFS
group, the ratio is lower than 0.65, giving rise to an overlap in the data
of Fig. 3A. The cutoff 0.65 has a sensitivity of 92% and specificity of
75% for predicting survival. Because there is some data on pH as a
prognostic indicator in the literature, we show the pretreatment pH
data for individual patients in Fig. 3B. In one patient, the pH could not
be evaluated because the chemical shift of the �-NTP peak could not
be determined because of poor signal:noise ratio.

Fig. 4 shows the Kaplan-Meier survival curve illustrating the rela-
tionship between pretreatment NTP:Pi and time to treatment failure.
An empirical cutoff of 0.65 was used for grouping patients to display

Fig. 2. Data from a patient with Ewing’s sarcoma in the right calf, who failed combined
modality therapy and died shortly thereafter. A, 31P spectral grid superimposed on
T2-weighted fast spin-echo (FSE) axial image. B, pretreatment 31P spectrum from tumor
(black box highlighted in A). The peak assignments are the same as in Fig. 1B.

Fig. 1. Data from a patient with Ewing’s sarcoma in the left thigh, who is an event-free
survivor after 44 months after combined modality therapy. A, 31P spectral grid superim-
posed on T2-weighted fast spin-echo (FSE) axial image. B, pretreatment 31P spectrum
from tumor (black box highlighted in A). The peaks assigned in the spectrum are
phosphoethanolamine (PE), phosphocholine (PC), inorganic phosphate (Pi), phosphodi-
esters (PDEs), phosphocreatine (PCr), and �, �, � nucleotide triphosphate (NTP).
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survival curves for lower and higher NTP:Pi ratios based on the data
shown in Fig. 3A, i.e., it appeared to provide the best separation. It is
worth noting that if any other arbitrary value in the range 0.35–0.95
is used as a cutoff, a nominal P between 0.0001 and 0.011 is obtained,
and the data are still significant. The survival analysis showed that
NTP:Pi was a highly significant predictor (P � 0.003, based on the
score test of the square root of the ratio as a continuous-valued
covariate in Cox proportional hazards regression).

The individual normalized metabolite levels are not shown because
there were no significant differences observed between the two
groups. These data were more scattered and the SDs much larger than
in the ratio data. This could be due to several factors. The various
scaling factors necessary for individual metabolite quantitation may
amplify interindividual differences in metabolites, increasing scatter
and reducing significance. Also, although we attempted to limit the
amount of necrotic-appearing tissue in the voxel, interpatient varia-
tions in the percentage of viable tissue could also affect individual
metabolite quantitation, because little high-energy phosphate signal
would be expected in necrotic tissue. Finally, the amount of bone
tissue in the voxel could also change the metabolite levels. However,
when the estimated percentage of soft tissue was compared with the
individual metabolite levels, no correlation was observed.

In 12 of 20 patients, we were able to evaluate changes in NMR
parameters that occurred between the pretreatment spectrum and a
subsequent follow-up study done before the second cycle of treatment.
The second exam was performed, on average, 15 � 2 days after the

start of treatment. The changes in the NMR parameters with treatment
did not yield any information that predicted prognosis; however, the
sample size was limited.

DISCUSSION

The data from the 20 patients in the current study indicate that a
higher pretreatment ratio of high-energy phosphates to Pi (NTP:Pi)
may be predictive of better outcome in bone sarcomas. This suggests
that the energy status of these tumors influences patient prognosis.
There is also previous data in the literature for soft tissue sarcomas
supporting this hypothesis. A series of studies from the group at Duke
University has investigated the relationship between tumor metabo-
lism, hypoxia, and response to hyperthermia and radiation in soft
tissue sarcomas (14–18). Pretherapy pH and water T2 were shown to
predict necrosis in human tumors (15, 18) with higher T2 and/or
higher pH correlating positively with percentage of necrosis at the
time of surgical resection. When changes between pretreatment and
follow-up studies were assessed, a decrease in NTP:PME correlated
with �95% necrosis (15) and changes in NTP:Pi and PCr:Pi corre-
lated negatively with percentage of necrosis at surgery (18). The
present study differs from these prior investigations in several impor-
tant respects. The data from the previous studies focused on soft tissue
sarcomas, whereas the data presented here are based on patients with
bone tumors (ES or OS). The prognosis for these tumors differs from
those of soft tissue sarcomas; OSs typically are more responsive to

Table 2 Pretreatment values (mean � SEM) of nuclear magnetic resonance (NMR) parameters in patients who had event-free survival (EFS) versus those who died (D)

PEa:NTP PE:PC PME:NTP PDE:NTP PDE:PME pH NTP:Pi

EFS 1.09 � 0.29 2.9 � 1.02 1.51 � 0.29 1.56 � 0.28 1.34 � 0.31 7.5 � 0.06 1.12 � 0.14
D 1.06 � 0.25 2.25 � 0.64 2.03 � 0.36 2.68 � 0.87 1.68 � 0.53 7.33 � 0.09 0.45 � 0.09
P 0.91 0.60 0.29 0.26 0.59 0.15 0.003

a PE, phosphoethanolamine; NTP, nucleoside triphosphate; PC, phosphocholine; PME, phosphomonoester; PDE, phosphodiester; Pi, inorganic phosphate.

Fig. 3. A, Pretreatment nucleotide triphosphate:inorganic phosphate (NTP:Pi) ratios in bone sarcomas. The data are from 13 patients who had event-free survival (EFS) and 7 who
died (D). Circles with bars, mean � SEM. B, pretreatment pH values in bone sarcomas. The data are from 13 patients who had event-free survival and 6 who died. Circles with bars,
mean � SEM.
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chemotherapy and have a better prognosis than soft tissue sarcomas.
In addition, the patients in the prior studies received hyperthermia and
radiation, whereas the patients studied here were treated with chem-
otherapy (in ES: cyclophosphamide, doxorubicin, vincristine, ifosf-
amide, etoposide; in OS: high dose methotrexate, cisplatin, doxoru-
bicin, ifosfamide, etoposide). Despite these differences, it is
noteworthy that in both studies, parameters related to energy metab-
olism were found to correlate with response, and patients whose
tumors had higher energy levels before therapy had a better outcome.
There is no literature available in preclinical models of bone tumors
trying to predict response based on a single pretreatment spectrum.
However, there are two preclinical studies (24, 25) wherein changes in
PCr:Pi predict a lack of tumor treatment response in human OS
implanted into nude mice with a specificity of 70% and a sensitivity
of 54%.

There has been much interest recently in tumor hypoxia as a prognostic
indicator in human tumors. Oxygen-sensing microelectrodes have en-
abled investigators to directly measure oxygen levels in certain tumors
accessible by the instrument. In soft tissue sarcomas, poorer oxygenation
status has been correlated with the development of metastases and de-
creased disease-specific and overall survival (14, 26). Similarly, large
numbers of studies have been performed in both cervical cancer (27–34)
and head and neck cancers (35–42) showing poor outcome in patients
with more hypoxic tumors. Brizel et al. (14) showed that PCr:Pi as
measured by 31P NMR correlated with tumor hypoxia in soft tissue
sarcomas. In addition, early animal studies on several tumor models
indicated that pretreatment phosphorus-metabolite ratios (PCr:Pi, NTP:
Pi) and pH are sensitive indices of tissue hypoxic fraction, well-perfused
fraction, and tumor oxygenation status (43–50). Hence, 31P NMR has the
capability of providing a noninvasive measurement of energy status and
also may be a surrogate of the related oxygenation status, making 31P
NMR a potential prognostic indicator.

The level of tumor lactate, which is generated by anaerobic glycolysis,
has also been correlated with tumor oxygenation and, additionally, with
patient outcome in cervical (51) and head and neck (11) cancers. Thus,
another tumor-energy status marker has been linked with outcome. In-
terestingly, ATP, measured by bioluminescence, did not correlate with
outcome in a study of advanced cervical cancer (50).

Energy status and hypoxia may influence patient outcome through
several mechanisms. Radiotherapy is well known to be less effective in
poorly oxygenated tumors and poor local tumor control leads to poor
outcome (26, 52, 53). In addition, the hypoxic tumor microenvironment
has been associated with the increased occurrence of genetic mutations.
These mutations may result in the promotion of certain factors that make
the tumor more likely to metastasize, and/or in the suppression of factors
that prevent metastases (54). In addition, the stress induced by hypoxia

has been reported to cause selection of cells that have a survival advan-
tage under adverse conditions, and these cells may also have greater
metastatic potential (55). With its capability of noninvasively assessing
energy status and hypoxia, 31P NMR spectroscopy has the potential to
play a prognostic role in human cancer.

The disadvantages of 31P MRSI include the requirement for spe-
cialized equipment, in addition to the need for “large voxels” because
of the low sensitivity of the nucleus. In this study, the average voxel
size was 27 � 1.5 cm3, which gave adequate signal:noise ratio in a
34-min scan for tumors that were 3–8 cm deep. Because of this large
voxel size, it was usually feasible to obtain optimal data from only one
voxel, centered within the coil sensitivity profile and achieving the
highest signal:noise ratio possible at the tumor depth. Walenta et al.
(51) have recently suggested that “macroscopic heterogeneities may
not be as pronounced as heterogeneities in microscopic dimensions,”
which suggests that macroscopic biopsies (and possibly localized
imaging data) may be more representative of the tumor. This has been
seen in previous animal studies (46) using nonlocalized NMR meas-
urements of tumor metabolism and bioluminescence techniques.

In the present study, we have used 1H-decoupled 31P MRSI to
assess possible prognostic factors in bone sarcomas. In these tumors,
the pretreatment NTP:Pi ratio, an index of tumor bioenergetic status,
exhibited different values in patients who subsequently responded
well or poorly to combined treatment with chemotherapy and surgery.
Because combined chemotherapy and surgery is the standard of care,
we did not attempt to determine whether this methodology predicts
response to either treatment alone. The patients that did not respond to
combined therapy had a lower pretreatment NTP:Pi ratio than the
patients who did. Confirmation of these findings will require a pro-
spective trial, but the preliminary results appear promising. The avail-
ability of a noninvasive pretreatment prognostic index would greatly
facilitate the treatment planning of bone cancers.
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