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Proton MR Spectroscopy of Delayed Cerebral Radiation in Monkeys
and Humans after Brachytherapy

Kimihisa Kinoshita, Eiji Tada, Kengo Matsumoto, Shoji Asari, Takashi Ohmoto, and Takahiko Itoh

PURPOSE: To determine whether radiation necrosis can be differentiated from residual/recurrent
tumor by proton MR spectroscopy. METHODS: We studied the effects of interstitial brachytherapy
on the brains of healthy monkeys and in humans with glioblastoma multiforme. The effects of
radiation therapy on normal brain tissue in monkeys were assessed with sequential proton MR
spectroscopic studies 1 week to 6 months after brachytherapy. Proton MR spectroscopy was also
performed in five patients with residual/recurrent glioblastoma multiforme (three of whom had
radiation necrosis after brachytherapy), seven patients with newly diagnosed untreated glioblas-
toma multiforme, and 16 healthy volunteers, who served as a control group. RESULTS: In
monkeys, the ratio of N-acetylaspartate (NAA) to creatine-phosphocreatine (Cr) and the ratio of
choline-containing compounds (Cho) to Cr of the reference point were significantly lower 1 week
after brachytherapy than before treatment. The ratio of NAA to Cho of the irradiated area tended
to be higher 1 week after brachytherapy than before irradiation. These peak metabolic ratios
showed characteristic changes 6 months after treatment. In two of three monkeys, lipid signal was
elevated 6 months after irradiation. In the clinical study, the ratio of NAA to Cho in the area of
radiation necrosis was significantly different from that in glioblastoma multiforme when compared
with the contralateral hemisphere after irradiation. In addition, lipid signal was detected in all
patients with radiation necrosis. CONCLUSION: It might be possible to use proton MR spectros-
copy to differentiate radiation necrosis from residual/recurrent glioblastoma multiforme on the
basis of comparisons with the contralateral hemisphere after radiation therapy.

Index terms: Animal studies; Glioblastoma multiforme; Radiation, necrosis
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The efficacy of interstitial irradiation in the
treatment of malignant brain tumors is well es-
tablished (1–3). Radiation necrosis commonly
occurs after brachytherapy, but it is difficult to
differentiate from tumor recurrence with com-
puted tomography (CT) or magnetic resonance
(MR) imaging.

MR spectroscopy is a noninvasive method
used to determine intracellular pathophysiolog-
ical conditions (4–8). A few investigators have
described the changes seen at MR spectroscopy
after external radiation therapy (9, 10). We an-
alyzed the features of proton MR spectroscopy
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in monkey brains damaged by brachytherapy
and in patients with glioblastoma multiforme
treated with interstitial brachytherapy in an at-
tempt to differentiate radiation necrosis from
residual/recurrent brain tumor.

Materials and Methods

Experimental Studies

Six adult Japanese monkeys (Macaca fuscata) weigh-
ing 4.2 to 6.1 kg (mean, 5.2 kg) were used in this study. All
animals were housed individually under standard condi-
tions and given routine care by trained animal technicians.
During the period of irradiation, the monkeys were housed
in radioprotected area. This experiment was carried out
according to the Animal Experiment Guide of our institu-
tion. The animals were observed daily for the entire course
of the study, and notes were made of each monkey’s
motor and behavioral characteristics, including responses
to an examiner and reactions to hand-fed bits of fruit. The
effects of radiation on normal brain tissue were assessed
53



with sequential MR imaging and proton MR spectroscopy 1
week and 1 month after brachytherapy in all six monkeys.
Further studies were done 3 months after treatment in five
monkeys and 6 months after treatment in three monkeys.

For anesthesia, each monkey was given ketamine hy-
drochloride (10 mg/kg) and atropine sulfate (0.06 mg/kg)
intramuscularly, and an intravenous catheter was intro-
duced into a calf vein. Lactate Ringer’s solution was in-
fused through this catheter. All animals were maintained
with pentobarbital (15 mg/kg), which was administered as
an intravenous bolus and supplemented with 5 mg/kg as
needed throughout the various procedures.

Brachytherapy

A right frontal craniotomy was done, and an iridium-
192 seed assembly was inserted stereotactically into each
monkey’s brain 7 mm to the right of the midline, 22 mm
deep, 22 mm anterior to the interaural line, and perpen-
dicular to the plane passing through both external auditory
meatus and the inferior orbital ridge (the H-O plane).

The reference point was defined by a plane passing
through the midpoint of the seed assembly (11 mm deep
to the brain surface) in the white matter 5 mm from the
seed assembly. The seed assembly had an average activ-
ity of 12 mCi. The dose rate at the reference point aver-
aged 112 cGy/h. A total dose of 202 Gy was applied at the
reference point over a period of 181 hours. The volume of
brain tissue receiving more than the total dose of 202 Gy
was approximately 1.5 cm3. Total doses were calculated
with a computerized radiation treatment planner (Modulex,
Computerized Medical System, St Louis, Mo).

MR Imaging

MR imaging was done with a 1.5-T clinical system.
T1-weighted images with and without 0.3 mmol/kg of
gadopentetate dimeglumine were obtained using a spin-
echo sequence of 500/13/3 (repetition time/echo time/
excitations). T2-weighted images were obtained with a fast
spin-echo sequence of 4000/95/2, with an echo train
length of eight. All images were obtained with a 256 3 128
matrix, a 13-cm field of view, and section thickness of 3
mm with a 0.5-mm intersection gap. These parameters
resulted in six oblique-axial images, which included the
plane parallel to the H-O plane and passed through the
reference point. These MR studies were obtained 1 week, 1
month, 3 months, and 6 months after irradiation.

Proton MR Spectroscopy

Proton MR spectroscopy was performed with the same
1.5-T clinical system, equipped with a bird cage–type
head coil. The magnetic field homogeneity was adjusted
by shimming on the proton signal using an automated
routine provided in the unit’s research package. We used a
point-resolved spectroscopy sequence with a chemical
shift-selective pulse for water suppression, because this
technique offers a gain of a factor of two in signal-to-noise
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ratio, less sensitivity to motion and diffusion, and no sen-
sitivity to multiple-quantum effect as compared with other
sequences, such as stimulated-echo acquisition mode or
image-selected in vivo spectroscopy (11).

The coordinates for a single volume of interest of 1.0
cm3 centering on the reference point were established on
the axial T2-weighted image. The size of all volumes of
interest was fixed at 1.0 cm3 to prevent contamination by
subcutaneous fat and cerebrospinal fluid in the lateral ven-
tricle. On the section through the reference point, the mon-
key brains were about 7 cm in anteroposterior diameter
and 5 cm in transverse diameter. We used the minimum
volume of interest possible for our clinical MR system.
Acquisition parameters were 2000/136, with 192 to 384
scanning repetitions. The spectral width was 2500 Hz, and
the number of data sample points was 2048. The scan
time for the collection of proton MR spectroscopic data
ranged from 6.5 to 13 minutes. These studies were also
obtained 1 week, 1 month, 3 months, and 6 months after
brachytherapy, and spectral data were acquired before the
MR imaging studies.

The spectra were processed on a Sparcstation (Sun
Microsystems, Mountain View, Calif) with installed SA/GE
spectroscopic analysis software (General Electric Medical
Systems, Milwaukee, Wis). The resulting free induction
decay was rectified with an exponential line-broadening of
2 Hz after zero-filling to 4096 points. After one-dimen-
sional Fourier transformation, a phase correction was ap-
plied. The spectra were evaluated without baseline correc-
tion programs. The single-volume data were processed by
applying the Lorentz-Gauss transformation for noise re-
duction. To determine the peak ratios of metabolites, the
peak heights and areas of each metabolite were measured
from baseline. The major metabolites for our interests in-
cluded the CH3 group of N-acetylaspartate (NAA) at 2.0
ppm, the CH3 group of creatine-phosphocreatine (Cr) at
3.0 ppm, the (CH3)3 group of choline-containing com-
pounds (Cho) at 3.2 ppm, and the CH3 group of lactate at
1.3 ppm.

We analyzed these metabolites as ratios to peak in-
tensities (NAA/Cr, Cho/Cr, and NAA/Cho). These peak
ratios were compared with the ratios before irradiation
and with the ratios of the corresponding contralateral
white matter.

Clinical Studies

MR imaging and proton MR spectroscopy were per-
formed in five patients (43 to 62 years old; mean age, 50
years) with residual/recurrent glioblastoma multiforme
treated by brachytherapy, including three patients (44 to
62 years old; mean age, 51 years) with proved radiation
necrosis. Imaging studies were also performed in seven
patients (32 to 68 years old; mean age, 55 years) with
newly diagnosed glioblastoma multiforme and in 16 vol-
unteers (20 to 39 years old; mean age, 25 years) who
served as a control group. Three patients with radiation
necrosis are still alive; the patient with the longest survival
time is 4 years past the first operation. Six patients with
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Fig 1. Top row, MR images of a monkey brain 1 week after brachytherapy. Left, T1-weighted image (500/13/3) shows a hypointense
area around the placement tract of the seed assembly; center, T2-weighted image (4000/95/2) shows a large hyperintense area in white
matter with midline shift; right, T1-weighted image with contrast enhancement shows ring enhancement around the tract.

Bottom row, Sequential T2-weighted MR images of a monkey brain treated with brachytherapy before irradiation (left) and 1 week,
1 month, 3 months, and 6 months after treatment, respectively (right). The hyperintense area and the mass effect were less prominent
1 month after irradiation and again at 6 months.

AJNR: 18, October 1997 BRACHYTHERAPY 1755
newly diagnosed or residual/recurrent glioblastoma multi-
forme are also alive, but three others have died.

MR imaging was performed with the same clinical sys-
tem used for the monkey studies. T1-weighted images
with and without 0.1 mmol/kg gadopentetate dimeglu-
mine were obtained with a spin-echo sequence of 500/
18/2. T2-weighted images were obtained with a fast spin-
echo sequence of 4000/114/2 and an echo train length of
eight. All images were obtained with a 256 3 192 matrix,
a 22-cm field of view, and a 6-mm section thickness with
a 2-mm intersection gap. These parameters resulted in 12
oblique axial images, which included a plane passing
through the nasion and the pontomedullary junction on the
midsagittal scout image.

Proton MR spectroscopy was performed in the same
manner as for the monkeys, except that the single volume
of interest ranged in size from 1 to 8 cm3 and was con-
tained in the brain tumors or in the areas of radiation
necrosis, which were established on the axial T1- or T2-
weighted images. These studies in the cases of radiation
necrosis were performed 17 to 22 months after brachy-
therapy. Spectral analysis was done in the same way as in
the experimental studies.

Proton MR spectroscopic data from corresponding
white matter of the contralateral hemisphere were used as
controls. These clinical data were analyzed as ratios to
major peak intensities. These peak metabolic ratios were
compared with those of the contralateral hemisphere in the
patients with tumors and in the healthy volunteers.

Results

Experimental Studies

The MR images taken 1 week after brachy-
therapy in one monkey are shown in Figure 1.
The T1-weighted image showed a hypointense
area around the placement tract of the seed
assembly. The T2-weighted image showed a
large hyperintense area in the white matter with
midline shift. The contrast-enhanced T1-
weighted image showed ring enhancement
around the tract. In sequential T2-weighted MR
images of a monkey treated with brachyther-
apy, the hyperintense area and mass effect
were reduced 1 month after irradiation, and
nearly stable thereafter.

Figure 2 shows sequential proton MR spectra
at the reference point before irradiation and at
each point after brachytherapy. The NAA and
Cho signals 1 week after irradiation were rela-
tively lower than they were before treatment.



One month later, the NAA and Cho signals in-
creased. Subsequently, these signals did not
show rapid change. The lactate signal was not
detected in any of the spectra. Spectra from two
monkeys obtained 6 months after brachyther-
apy showed a signal from lipid.

Figure 3 is a graphic representation of the
proton MR spectroscopic data. The ratios of
NAA/Cr, Cho/Cr, and NAA/Cho before treat-
ment were 1.830 6 0.142, 0.759 6 0.069, and
2.247 6 0.118 (mean 6 standard error), re-
spectively. A statistical analysis of variance
(ANOVA) of this data confirmed that the ratio of
NAA/Cr (1.052 6 0.072) and Cho/Cr (0.483 6
0.090) decreased significantly 1 week after
brachytherapy compared with the ratio before
treatment (NAA/Cr, P , .001; Cho/Cr, P 5
.033). The NAA/Cr ratio at 6 months (1.119 6
0.196) was lower than that before irradiation
(P 5 .061). The Cho/Cr at 6 months (0.602 6
0.040) was also lower than that before treat-

Fig 2. Proton MR spectra
(2000/136/256) from a mon-
key brain before and after
brachytherapy. The NAA and
Cho signals 1 week after irradi-
ation were relatively lower than
before treatment. One month
later, the NAA and Cho signals
increased. Subsequently, these
signals showed no significant
change. Lactate signal is not
seen in any of these spectra. Six
months after brachytherapy, a
signal from lipid was detected
(arrow).
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ment (P 5 .069). Elevated peaks from lipid that
had broad bases centering at approximately 1.2
ppm were observed at 6 months after irradiation
in two of three monkeys. These signals might
have been due to lipid-laden macrophages.

The peak ratios between the reference point
and the contralateral hemisphere 6 months after
brachytherapy were nearly equal. The ratio be-
tween NAA/Cr at the reference point and in the
contralateral hemisphere was 0.892 6 0.071.

Fig 3. The time course of metabolic peaks at the reference
point as shown by proton MR spectra of monkey brains irradiated
by brachytherapy. The ratios of NAA/Cr and Cho/Cr decreased
significantly 1 week after brachytherapy Asterisk indicates P ,
.001; double asterisk, P 5 .033.

AJNR: 18, October 1997



Similarly, the ratio of NAA/Cho was 0.908 6
0.067, and the ratio of Cho/Cr was 0.983 6
0.021. These results show that the ratios be-
tween each metabolic peak at the reference
point and in the contralateral hemisphere after
treatment approached 1.00. Analysis of proton
MR spectroscopic data from the contralateral
hemispheres, which received approximately 15
Gy, confirmed that brachytherapy had some
effect on those (nonimplanted) hemispheres
(Fig 4).

Clinical Studies

NAA/Cr, NAA/Cho, and Cho/Cr of tumors,
including new diagnoses and recurrences, were
1.136 6 0.170, 0.496 6 0.071, and 2.403 6
0.257, respectively. The NAA/Cr (1.136 6
0.170) and the NAA/Cho (0.496 6 0.071) in
patients with glioblastoma multiforme were sig-
nificantly lower than those in healthy volunteers
(NAA/Cr, 2.150 6 0.111; NAA/Cho, 2.089 6
0.131, P , .005). The Cho/Cr in patients with
glioblastoma multiforme was significantly
higher than that in healthy volunteers (1.074 6
0.078, P , .005) (Fig 5).

In three of 12 patients, radiation necrosis oc-
curred after brachytherapy. In all three patients,
it was not possible to differentiate radiation ne-
crosis from residual/recurrent glioblastoma
multiforme on MR images. Figure 6 shows typ-
ical spectra from a patient with glioblastoma
multiforme and from a patient with radiation
necrosis. Lipid signal was not observed in the
patients with glioblastoma multiforme, but it did
appear in the patients with radiation necrosis.

There were no significant differences between
patients with radiation necrosis and those with
glioblastoma multiforme with respect to NAA/
Cr, NAA/Cho, and Cho/Cr. Thus, it was difficult
to differentiate radiation necrosis from malig-
nant gliomas on the basis of comparisons with
the peak metabolic ratios in healthy control
subjects.

Subsequently, we compared peak metabolic
ratios from the lesions with those from the con-
tralateral hemispheres after irradiation. The ra-
tios of NAA/Cr, NAA/Cho, and Cho/Cr for glio-
blastoma multiforme as compared with
corresponding ratios for the irradiated contralat-
eral hemisphere were 0.542 6 0.085, 0.242 6
0.035, and 2.400 6 0.241, respectively. The
ratios of NAA/Cr, NAA/Cho, and Cho/Cr in pa-
tients with radiation necrosis as compared with
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corresponding ratios for the irradiated contralat-
eral hemisphere were 1.022 6 0.400, 0.676 6
0.242, and 1.500 6 0.098, respectively. Com-
pared with the ratios in patients with glioblas-
toma multiforme, there was a tendency for the
ratios in patients with radiation necrosis to be
close to 1.00. In particular, the ratio of NAA/
Cho was significantly increased (P , .005).

Fig 4. The time course of metabolic peaks at the contralateral
(nonirradiated) hemisphere as shown by proton MR spectra in
monkey brains. The ratios of NAA/Cr, Cho/Cr, and NAA/Cho 6
months after brachytherapy decreased as compared with those
before treatment. These results suggest that brachytherapy has
some effect on the contralateral (nonimplanted) hemisphere.

BRACHYTHERAPY 1757
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These results demonstrate that, compared with
glioblastoma multiforme, the proportion of me-
tabolites in radiation necrosis have a tendency
to approximate those of the irradiated contralat-
eral (nonimplanted) hemisphere (Fig 7).

Discussion

Phosphorus MR spectroscopy shows the en-
ergy status and pH in brain tissue (12–14). Pro-
ton MR spectroscopy provides information
about energy and many other kinds of metabo-

Fig 5. The ratios of metabolic peaks in patients with glioblas-
toma multiforme (n 5 12) and in those without tumors (n 5 16).
The difference between these patients is significant (P , .0001).
White indicates healthy volunteers; gray, patients with glioblas-
toma; and asterisk, P , .0001.)
lism by tracking a large number of metabolites.
In addition, proton MR spectroscopy has a bet-
ter signal-to-noise ratio and spatial resolution
than does phosphorus MR spectroscopy; there-
fore, it is practical for experimental and clinical
studies to detect radiation-induced brain dam-
age (15–17).

Some experimental protocols have used MR
spectroscopy to study the results of external
radiation therapy on the brain. Grossmann et al
(9) irradiated the brains of cats externally with a
dose of 35 Gy and used phosphorus MR spec-
troscopy to observe the energy status and pH of
the irradiated brain. In their study, the regions
that showed changes on MR images were not
significantly different from the phosphorus MR
spectroscopic studies. Yousem et al (10) used
proton MR spectroscopy to study the externally
irradiated brains of cats who had been given a
single dose of 50 Gy. They documented signif-
icant decreases in the NAA/Cr and NAA/Cho
ratios in the irradiated hemisphere compared
with the contralateral (nonirradiated) hemi-
sphere, and found no differences or trends in the
Cho/Cr ratios between hemispheres.

Interstitial brachytherapy has shown promis-
ing results in the treatment of some malignant
brain tumors (18, 19). Focal enhanced lesions
were seen after brachytherapy on contrast-en-
hanced T1-weighted MR images. Conventional
imaging techniques (eg, CT or MR imaging) are
unreliable in distinguishing radiation necrosis
Fig 6. Typical proton MR spectra from glioblastoma multiforme (left) and radiation necrosis (right) in a patient. The peak height of
Cho in radiation necrosis is relatively high compared with that in glioblastoma multiforme. The remarkable difference between
glioblastoma multiforme and radiation necrosis is the existence of a lactate peak in glioblastoma multiforme (arrow) and the appearance
of lipid peak in radiation necrosis (arrowhead).



from residual/recurrent gliomas in patients who
are symptomatic after high-dose radiation ther-
apy. Forsyth et al (20) have shown that stereo-
tactic biopsy is useful in differentiating tumor
progression from radiation necrosis, and
Schwartz et al (21) have reported that dual-
isotope single-photon emission CT (SPECT)
with thallous chloride Tl 201 and 99mTc hexa-
methylpropyleneamine oxime (HMPAO) was
useful in differentiating sites of likely tumor
growth from nonspecific radiation changes in
patients treated for glioblastoma multiforme.
Some authors have suggested that 201Tl SPECT
could be used instead of positron emission to-
mography with fludeoxyglucose F 18 for pa-
tients with abnormal findings on CT or MR im-
aging who are referred for the detection of
residual/recurrent brain tumor, especially when
the lesion is 1.6 cm or more in diameter (22,
23). However, this opinion has been challenged
(24–27).

In our animal study, metabolic peak ratios at
the reference point showed remarkable changes
1 week after brachytherapy. Furthermore, the
ratios of NAA/Cr and Cho/Cr at the reference
point 6 months after brachytherapy had a ten-
dency to decrease relative to those before treat-
ment, because of destruction and decreased ac-
tivity of neuronal cells in radiation-necrotic
tissue (28, 29). Despite the remarkable differ-
ences in peak ratios at the reference point be-
fore and 6 months after brachytherapy, the met-
abolic peak ratios at the reference point 6

Fig 7. Metabolic ratios of treated hemispheres compared with
those of contralateral hemispheres in patients with glioblastoma
multiforme (n 5 12; white) and radiation necrosis (n 5 3; gray).
The difference between the two groups is significant (Asterisk
indicates P 5 .074; double asterisk, P , .005; and triple asterisk,
P 5 .094). In comparison with patients with glioblastoma multi-
forme, the values of radiation necrosis are closer to 1.00.
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months after brachytherapy were not significant
compared with those in the contralateral hemi-
sphere after irradiation. Therefore, the concen-
tration of all metabolites was low in the “pure”
radiation necrosis that developed in normal
brain tissue. Moreover, the proportion of metab-
olites in the established volume of interest cen-
tered on the reference point closely resembled
that of the contralateral hemisphere after irradi-
ation. In other words, these results show that
the ratios between each of the metabolic peak
ratios at the reference point and those of the
contralateral hemisphere after treatment ap-
proached 1.00. We confirmed that brachythe-
rapy had some effect on the contralateral (non-
implanted) hemisphere in our animal study.

In previous clinical proton MR spectroscopic
studies, all spectra from malignant glioma had a
lower NAA signal and a much higher Cho signal
than normal brain. In addition, a lactate signal
was sometimes observed (30–33). Our clinical
studies confirmed these findings: in eight of 12
patients, the inverted doublet of lactate was
shown at 1.3 ppm. On the other hand, the spec-
tra from radiation necrosis in our patients had a
low NAA signal and a high Cho signal, like that
of patients with glioblastoma multiforme. In two
of three patients, however, the lipid signal ap-
peared as a broad-based peak at about 1.3
ppm. This peak was sharper than that of lipids
seen in our animal study. It is possible that
elevated lipid peaks reflect the presence of lip-
id-laden macrophages in necrotic tissue (34,
35).

Based on the metabolic peak ratios of un-
treated normal brain tissue, the peak ratios of both
glioblastoma multiforme and radiation necrosis
showed no significant differences, and the values
of peak ratios were similar to those reported in
previous studies (5, 16, 17, 30, 32, 33, 36, 37).
These results imply that it may be difficult to dif-
ferentiate radiation necrosis from malignant glio-
mas on the basis of comparisons of metabolic
peak ratios with those in untreated healthy control
subjects. However, our experimental findings
showed that the irradiated peak ratios of the ref-
erence point nearly equaled those of the con-
tralateral hemisphere. Metabolic peak ratios in all
patients with radiation necrosis showed a pro-
nounced tendency to be closer to those in the
irradiated contralateral hemisphere than they did
in patients with glioblastoma multiforme. In par-
ticular, the NAA/Cho ratio showed a significant
difference (P , .005).
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In our animal study, we confirmed that
brachytherapy affected the contralateral hemi-
sphere. Thus, the peak ratios of metabolites
were not significantly different in radiation ne-
crosis and in the irradiated contralateral hemi-
sphere, despite the differences between radia-
tion necrosis and untreated normal brain tissue.
And in our clinical study, in which comparison
was made with the contralateral hemisphere,
radiation necrosis showed significant differ-
ences from glioblastoma multiforme. These pa-
tients had previously been treated by brachy-
therapy and whole-brain irradiation, and so it
seemed that their contralateral hemisphere was
also affected by irradiation. Therefore, we be-
lieve that the differences between radiation ne-
crosis and glioblastoma multiforme in proton
MR spectroscopic data were detected by com-
paring the metabolic peak ratios of lesions with
those of the irradiated contralateral hemisphere.
Our clinical data showed remarkable differ-
ences, especially in the NAA/Cho ratio. As for
the cause of these results, it appears that the
number of tumor cells decreased and that me-
tabolism was depressed by irradiation in radia-
tion necrosis and in the irradiated contralateral
hemisphere. We postulate that radiation necro-
sis may be differentiated from glioblastoma
multiforme by the proportion of NAA/Cho in
relation to the irradiated contralateral hemi-
sphere and by the appearance of the lipid
signal.

In summary, our experimental and clinical
studies analyzing the changes induced by
brachytherapy with in vivo proton MR spectros-
copy showed that metabolic peak ratios (NAA/
Cr, NAA/Cho, and Cho/Cr) in radiation necrosis
had characteristic features as compared with
those of the irradiated contralateral hemisphere.
In particular, the NAA/Cho ratio in radiation
necrosis showed a significant difference from
that of glioblastoma multiforme. We conclude
that in vivo proton MR spectroscopy may be
able to distinguish between necrosis and resid-
ual/recurrent glioblastoma multiforme.
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