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LINICAL INVESTIGATION Brain

DISTINCTION BETWEEN RECURRENT GLIOMA AND RADIATION INJURY
USING MAGNETIC RESONANCE SPECTROSCOPY IN COMBINATION WITH

DIFFUSION-WEIGHTED IMAGING

QING-SHI ZENG, PH.D.,* CHUAN-FU LI, M.D.,* HONG LIU, PH.D.,† JUN-HUI ZHEN, M.D.,‡

AND DE-CHAO FENG, M.D.*

Departments of *Radiology, †Radiotherapy, and ‡Pathology, Qilu Hospital of Shandong University, Jinan, China

Purpose: The aim of this study was to explore the diagnostic effectiveness of magnetic resonance (MR)
spectroscopy with diffusion-weighted imaging on the evaluation of the recurrent contrast-enhancing areas at the
site of treated gliomas.
Methods and Materials: In 55 patients who had new contrast-enhancing lesions in the vicinity of the previously
resected and irradiated high-grade gliomas, two-dimensional MR spectroscopy and diffusion-weighted imaging
were performed. Spectral data for N-acetylaspartate (NAA), choline (Cho), creatine (Cr), lipid (Lip), and lactate
(Lac) were analyzed in conjunction with the apparent diffusion coefficient (ADC) in all patients. Diagnosis of
these lesions was assigned by means of follow-up or histopathology.
Results: The Cho/NAA and Cho/Cr ratios were significantly higher in recurrent tumor than in regions of
radiation injury (p < 0.01). The ADC value and ADC ratios (ADC of contrast-enhancing lesion to matching
structure in the contralateral hemisphere) were significantly higher in radiation injury regions than in recurrent
tumor (p < 0.01). With MR spectroscopic data, two variables (Cho/NAA and Cho/Cr ratios) were shown to
differentiate recurrent glioma from radiation injury, and 85.5% of total subjects were correctly classified into
groups. However, with discriminant analysis of MR spectroscopy imaging plus diffusion-weighted imaging, three
variables (Cho/NAA, Cho/Cr, and ADC ratio) were identified and 96.4% of total subjects were correctly
classified. There was a significant difference between the diagnostic accuracy of the two discriminant analyses
(Chi-square � 3.96, p � 0.046).
Conclusion: Using discriminant analysis, this study found that MR spectroscopy in combination with ADC ratio,
rather than ADC value, can improve the ability to differentiate recurrent glioma and radiation injury.
© 2007 Elsevier Inc.
Magnetic resonance imaging, Magnetic resonance spectroscopy, Glioma, Radiotherapy, Neoplasm recurrence.
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INTRODUCTION

n subjects with previously resected and irradiated high-
rade glioma, differentiation of recurrent tumor from radi-
tion injury on routine follow-up magnetic resonance (MR)
mages is problematic, despite the fact that both types of
esions can be associated with more specific characteristics:
or example, corpus callosum involvement or multiple en-
ancing lesions in the former case (1), and “soap bubble” or
Swiss cheese” pattern of enhancement in the latter (2). Use
f MR spectroscopy and diffusion-weighted (DW) imaging
3–6), which are noninvasive functional imaging methods
hat provide information complementary to that furnished
y anatomic imaging, have been proposed as alternative
odalities for differentiating the two entities.
Although MR spectroscopy has been applied to the diag-

osis of recurrent glioma, single-voxel MR spectroscopy
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sed in earlier investigations resulted in interpretative dif-
culties, with overlapping metabolic ratios as a result of
artial volume contamination in these histologically heter-
geneous lesions (6, 7). Multivoxel MR spectroscopy—
ither two-dimensional (2D) (5, 8) or three-dimensional
9)—enables coverage of a larger volume and investigation
f multiple regions of the lesion. However, multivoxel MR
pectroscopy cannot correctly classify lesions in about 18%
f cases by detecting altered levels of biochemical tissue
ompounds (7, 10).

Use of DW imaging has been considered a means to
haracterize and differentiate morphologic features such as
dema, necrosis, and tumor tissue by measuring differences
n the apparent diffusion coefficient (ADC) (11). This tech-
ique has been applied to determining glioma grade (12)
nd evaluating necrotic brain tissue in the temporal lobe
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fter radiotherapy for nasopharyngeal carcinoma (13). Re-
ently it was verified that assessment of ADCs of enhancing
egions was useful in differentiating between recurrent gli-
ma and radiation injury (3, 4).

Both 2D MR spectroscopy and DW imaging can be
arried out in our MR scanner. Therefore, both MR tech-
iques were performed on 55 patients in an attempt to
istinguish recurrent glioma from radiation injury. The aim
f this investigation was to explore whether the addition of
W imaging to MR spectroscopy would improve our ability

o discriminate between the two entities.

METHODS AND MATERIALS

atients
A total of 55 patients (30 male and 25 female; mean age, 43.67 �

1.91 years, range 23–67 years) who had undergone surgical
esection with pathologically proven high-grade gliomas (primary
istology according to the classification schemes of the World
ealth Organization: grade III, n � 36; grade IV n � 19) were

nrolled in the study. All subjects had undergone a full course of
onventional fractionated radiotherapy after surgery, and all had de-
elopment of new contrast-enhancing lesions in the vicinity of the
riginal treated tumors visualized on scheduled follow-up MR im-
ges. Written informed consent was obtained from all patients after
he nature of the examination had been fully explained. The study was
pproved by the institutional review board, and the Declaration of
elsinki principles were followed in all aspects of the study.
Follow-up MR imaging examinations were performed 6 weeks

fter completion of radiotherapy and at 2-month intervals during
he first year. During years 2 and 3, follow-up MR images were
btained at 3- or 4-month intervals, depending on the clinical
ourse. If clinical deterioration occurred, MR images were ob-
ained as needed. The MR spectroscopy and DW imaging exam-
nations were performed after initial identification of the recurrent
ontrast-enhancing lesion on follow-up MR images.

Histopathologic examination and follow-up MR imaging after
R spectroscopy were used to establish the identity of the con-

Fig. 1. Radiation injury in a 46-year-old man who underw
lobe glioblastoma multiforme. (a) Axial T1-weighted ima
spectroscopy is placed. (b) Two-dimensional MR spect
choline (Cho)/N-acetylaspartate (NAA) and Cho/creatinin
NAA/Cr ratio (1.18). (c) Diffusion-weighted image (b �
(ADC) in the contrast-enhancing lesion of 1.35 � 10�3

region of 1.66. (d) Contrast-enhanced T1-weighted i
Contrast-enhanced T1-weighted image at 12-month follo

Table 1. Means (� SD) of selected mag
lesi

Lesion type Cho/Cr Ch

Tumor (n � 32) 2.82 � 0.65 3.5
Radiation injury (n � 23) 1.61 � 0.34 1.5

Abbreviations: Cho � choline-containing co
Lip � lipid-containing compounds; NAA � N
regression of enhancement area.
rast-enhancing lesion. Lesions were considered as tumor recur-
ence if they met either of the following criteria: later histopatho-
ogic evidence of active tumor by biopsy or surgical resection; or
ollow-up MR image showing mass effect and steady growth of
nhancement. Lesions classified as radiation injury met either of
he following criteria: later histopathologic verification of radiation
njury without tumor, by biopsy or surgical resection; or stable-
ppearing or resolving regions of enhancement on subsequent MR
mage.

Histopathologic examinations of 39 tissue specimens, 10 by
eans of stereotactic biopsy and 29 by means of surgical resection,
ere performed by a board-certified neuropathologist. Of the spec-

mens, 13 were classified as radiation injury and 26 as tumor
ecurrence.

Apart from histopathologic examination to determine the nature
f lesions, 16 patients underwent additional follow-up. The fol-
ow-up time of the patients after the MR spectroscopy examination
as 14.71 months (range, 10–20 months) in 6 patients whose

esions were classified as tumor recurrence and was 17.7 months
13–22 months) in 10 patients classified as radiation injury.

R and DW imaging
All examinations were performed on a 3.0T MR scanner (Signa

XCITE II; GE Medical Systems, Milwaukee, WI). The conven-
ional MR images consisted of axial T1-weighted (500/8 ms [TR/
E]) spin-echo (SE), T2-weighted (4500/102 ms) fast SE, and
uid-attenuated inversion-recovery (FLAIR) (9000/120/2250 ms
TR/TE/TI]) images obtained by using 6-mm section thickness,
40-mm field of view (FOV), and 320 � 224 matrix. The DW
mages were obtained by using an axial echo-planar SE sequence
5000/64.9 ms [TR/TE]; one average; 6-mm section thickness;
iffusion gradient encoding in three orthogonal directions; b �
000 s/mm2; 240-mm FOV; 160 � 192 matrix) in 1 min. Contrast-
nhanced T1-weighted SE images were then obtained in axial,
oronal, and sagittal planes after intravenous administration of
adopentetate dimeglumine (Magnevist, Schering, Berlin, Ger-
any) at a dose of 0.1 mmol/kg of body weight.
Postprocessing of ADC maps was performed by using standard

oftware on a workstation (Functool 3.1 software; Sun, GE Health-

rgery, radiotherapy, and chemotherapy for a left frontal
er which volume of interest of magnetic resonance (MR)
ic image that shows pathologic spectra with increased
ratio (1.30 and 1.53, respectively), and a decrease in the
s/mm2) that exhibits an apparent diffusion coefficient
and a normalized ADC ratio of the contrast-enhancing

that shows the initial contrast-enhancing region. (e)
fter MR spectroscopy examination that reveals marked

esonance spectroscopy ratios in various
es

Lac/Cr Lip/Cr NAA/Cr

98 1.28 � 1.60 0.14 � 0.20 0.84 � 0.23
54 0.45 � 0.72 0.54 � 0.71 1.10 � 0.26

ds; Cr � (phospho-) creatine; Lac � lactate;
l-aspartate; SD � standard deviation.
ent su
ge, ov
roscop
e (Cr)

1000
mm2/s
mage
w-up a
netic r
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o/NAA
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are), which had been used in a recently published study (3). In
rief, regions of interest (ROIs) were drawn manually onto the
btained ADC maps in the region corresponding to the enhancing
rea on contrast-enhanced T1-weighted images. The ADC value
as calculated automatically by the Functool 3.1 software. For
ormalizing ADC levels, an ADC ratio was calculated as the
uotient of the ADC values of the enhancing region and the
atching structure of same-size ROIs in the contralateral hemi-

phere.

R spectroscopy
In each case MR spectroscopy was performed as an additional

equence within 24 to 48 h after contrast-enhanced MR imaging to
inimize the influence of gadolinium on MR spectroscopy and to

nsure voxel placement over the area of contrast enhancement.
The following parameters were used for 2D MR spectroscopy:

point-resolved spectroscopy sequence (PRESS), which included
ater and outer volume saturation pulses; 1500/144 ms [TR/TE];
6-cm FOV; 16 � 16 matrix; 10-mm slice thickness; acquisition,
average; scanning time, 4 min 20 s. The volume of interest (VOI)
as placed on axial T1-weighted images corresponding to the

ontrast-enhancing area on contrast-enhanced axial T1-weighted
mages. Automatic prescanning was performed before each spec-
roscopic scan to ensure adequate water suppression. The full-
idth half-maximum was kept at less than 15 Hz and water

aturation between 95% and 99%.
Details of the postprocessing procedure used for MR spectros-

opy have been reported previously (5). Within the obtained VOI,
eparate 1 cm � 1 cm � 1 cm voxels were individually placed in
he area of enhancement corresponding to contrast-enhanced axial
1-weighted image. Metabolite peaks used were as follows: N-
cetylaspartate (NAA) at 2.02-ppm, choline-containing com-
ounds (Cho) at 3.22-ppm, (phospho-) creatine (Cr) at 3.01-ppm,
ipid-containing compounds (Lip) in the range of 0.9–1.3 ppm,
nd lactate (Lac) at 1.35-ppm (an inverted �-methyl doublet).
etabolite values were calculated automatically from the area

nder each metabolite peak by the Functool 3.1 software. Metab-
lite ratios (NAA/Cr, Cho/Cr, Lip/Cr, Lac/Cr, and Cho/NAA)
ere manually calculated.

tatistical analysis
Statistical analysis was performed with SPSS for Windows

oftware, release 11.5 (SPSS Inc., Chicago, IL). Metabolite ratios
nd ADC parameters (ADC value and ADC ratio) between the
ecurrent tumor group (n � 32) and radiation injury group (n �
3) were compared using the unpaired, two-tailed Student t test. A
orward stepwise discriminant analysis was undertaken to assess
he power of metabolite ratios and ADC parameters to distinguish
umor recurrence and radiation injury. Diagnostic accuracy was
hen compared between metabolite ratios and metabolite ratios

Fig. 2. Tumor recurrence in a 35-year-old woman who
anaplastic astrocytoma. (a) Axial T1-weighted image,
spectroscopy is placed. (b) Two-dimensional MR spect
choline (Cho)/N-acetylaspartate (NAA) and Cho/creatinin
NAA/Cr ratio (0.85). (c) Diffusion-weighted image (b �
(ADC) in the contrast-enhancing lesion of 1.16 � 10�3

region of 1.46. (d) Contrast-enhanced T1-weighted i
Photomicrograph (hematoxylin-and-eosin stain; origina

neoplasm with areas of radiation changes.
lus ADC parameters for discriminating the two entities by using
he Chi-square test. The level of significance was set at p � 0.05.

RESULTS

indings of MR spectroscopy
The Cho/Cr, Cho/NAA, and Lac/Cr ratios of the contrast-

nhancing lesions in the recurrent tumor group were signif-
cantly higher than those in the radiation injury group (p �
.01, p � 0.01, and p � 0.01, respectively), whereas the
AA/Cr and Lip/Cr ratios of the contrast-enhancing lesions in

he recurrent tumor group were significantly lower than those
n the radiation injury group (p � 0.01 and p � 0.01, respec-
ively). The mean values of the metabolite ratios in respective
esions are summarized in Table 1. Representative MR im-
ges and MR spectroscopy are shown in Figures 1 and 2.

indings of DW imaging
The recurrent tumor group showed significantly lower

DC value (1.20 � 0.08 � 10�3 mm2/s, mean � SD)
ompared with the radiation injury group (1.39 � 0.09 �
0�3 mm2/s). Significance was set at the level of p � 0.01.

We subsequently obtained data normalized by creating the
atio of ADC of the enhancing lesion to ADC of matching
tructure in the contralateral hemisphere (i.e., ADC ratio). The
DC ratio was significantly lower in the recurrent tumor group

1.42 � 0.10) compared with that in the radiation injury group
1.69 � 0.08; p � 0.01). A box-and-whisker diagram of the
DC values and ADC ratio is used to illustrate these results in
igures 3 and 4. Representative MR images and DW image are
hown in Figures 1 and 2.

indings of MR spectroscopy in conjunction with
W imaging
To analyze the power of correct classification, two dis-

riminant analyses were carried out separately for metabo-
ite ratios alone and for metabolite ratios in conjunction with
DC parameters. In the first analysis, which focused only
n the available metabolite ratios, NAA/Cr, Cho/Cr, Lip/Cr,
ac/Cr, and Cho/NAA were used as independent variables.

n the second analysis, all variables (metabolite ratios and
DC parameters) were used as independent variables. For
oth analyses, the findings of follow-up or histopathology
erved as the group variable.

In the first analysis, two variables were shown to be
ignificant. The Cho/NAA value emerged as the first vari-

rwent surgery and radiotherapy for a left frontal lobe
hich volume of interest of magnetic resonance (MR)
ic image that shows pathologic spectra with increased
ratio (2.99 and 2.54, respectively), and a decrease in the
s/mm2) that exhibits an apparent diffusion coefficient
and a normalized ADC ratio of the contrast-enhancing

that shows the initial contrast-enhancing region. (e)
nification, �400) showing a hypercellular astrocytic
unde
over w
roscop
e (Cr)

1000
mm2/s
mage
l mag
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ble to differentiate tumor recurrence from radiation injury. To
etermine the classification ability of other variables, Cho/
AA was removed as a candidate, and Cho/Cr emerged as

he second variable. When Cho/Cr was forced out, other
ariables did not contribute significantly. When both vari-
bles (Cho/NAA and Cho/Cr) were grouped together for
lassification, 85.5% of total subjects were classified cor-
ectly according to radiation injury (91.3%) vs. tumor re-
urrence (81.3%) (Table 2).

In the second analysis, three significant variables were
dentified. The first variable correlated highly with Cho/
AA, the second with ADC ratio, and the third with Cho/
r. The ADC value did not contribute significantly to dif-

erentiate tumor recurrence from radiation injury. When all
he three variables (Cho/Cr, Cho/NAA, and ADC ratio)
ere subjected together for classification, 96.4% of total

ubjects were classified into correct groups (radiation in-
ury, 100%; tumor recurrence, 93.8%; Table 2). Compared

ig. 3. Comparison of apparent diffusion coefficient values
�10�3 mm2/s) between the radiation injury and recurrent tumor
roups. Line indicates the range of data; boxes represent the
istance between the first and third quartiles, with the median
etween them.

ig. 4. Comparison of apparent diffusion coefficient ratio between
he radiation injury and recurrent tumor groups. Line indicates the
ange of data; boxes represent the distance between the first and
hhird quartiles, with the median between them.
ith the first analysis, the second analysis could further
ncrease the accuracy of discriminant analysis for the as-
essment of the recurrent enhancing lesion (Chi-square �
.96, p � 0.046).
On the basis of discriminant analysis, two different equa-

ions were derived (Table 2). If D (tumor recurrence) was
ore than D (radiation injury), the lesion was classified as

umor recurrence. If D (radiation injury) was more than D
tumor recurrence), the lesion was classified as radiation injury.

DISCUSSION

Complete surgical ablation of tumor as a primary therapy
s a goal for patients with high-grade gliomas, but in many
ases the extent of excision is limited by the involvement of
eoplasm in vital or functional anatomic parts of the brain
14). For this reason postsurgical external-beam radiother-
py is a generally accepted and common procedure for the
anagement of glioma (15). Nevertheless, the sequential
R images obtained in these patients have demonstrated a

ariety of radiation-induced brain injury. When a patient
ith an irradiation-treated high-grade glioma develops a

ontrast-enhancing lesion, the clinical question is referred
s “recurrent tumor vs. radiation injury”. Because of shared
R imaging characteristics such as areas of abnormal en-

Table 2. Results of stepwise discriminant analysis*

Function Classification

Variable
Tumor

recurrence
Radiation

injury Group
Classified

(%)

tepwise discriminant analysis of metabolite ratios
ho/NAA 2.77 0.67 Tumor

recurrence
81.3

ho/Cr 7.50 4.98 Radiation injury 91.3
onstant �16.13 �5.22 Total 85.5

tepwise discriminant analysis of combination of metabolite
ratios and ADC parameters

ho/NAA 6.43 4.87 Tumor
recurrence

93.8

DC ratio 180.16 206.60 Radiation injury 100
ho/Cr 8.24 5.83 Total 96.4
onstant �151.87 �183.73

Abbreviations: ADC ratios � quotient of apparent diffusion
oefficient of contrast-enhancing lesion and matching structure in
ontralateral hemisphere; Cho � choline-containing compounds;
r � (phospho-) creatine; Lac � lactate; Lip � lipid-containing
ompounds; NAA � N-acetyl-aspartate.

* Based on the analysis, the discriminant equation is as follows:
For metabolite ratios: D (tumor recurrence) � 2.77 (Cho/NAA) �

.50 (Cho/Cr) � 16.13
D (radiation injury) � 0.67 (Cho/NAA) � 4.98 (Cho/Cr) � 5.22
For combination of metabolite ratios and ADC parameters:
D (tumor recurrence) � 6.43 (Cho/NAA) � 8.24 (Cho/Cr) �

80.16 (ADC ratio) � 151.87
D (radiation injury) � 4.87 (Cho/NAA) � 5.83 (Cho/Cr) �

06.60 (ADC ratio) � 183.73
ancement with surrounding edema that are located in or
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ear the primary site of glioma and within the irradiated
olume, recurrent glioma and radiation injury are difficult to
istinguish (1). Thus, in the follow-up of these patients,
lassifying newly manifested, contrast-enhancing lesions is
ne of the key goals in neuro-oncologic imaging (1, 2).
urthermore, any sequential therapeutic measures depend
n the correct classification.
Either MR spectroscopy or DW imaging has been used to

istinguish glioma relapse from radiation injury (3–6, 16).
n our clinical practice, these two imaging modalities have
een used in the follow-up of patients treated with radiation
or high-grade gliomas in an attempt to distinguish the two
ntities. The major findings of this study were as follows.
1) Significant differences in Cho/Cr, Cho/NAA and ADC
atios were found between tumor recurrence and radiation
njury in patients with irradiation-treated glioma, respec-
ively. (2) With discriminant analysis, Cho/Cr, Cho/NAA,
nd ADC ratios were the key factors to discriminate recur-
ent tumor from radiation injury, and the addition of ADC
atios to MR spectroscopy could improve the power of
ifferentiation for the two entities.
A discriminant analysis is a statistical procedure that is

ighly apt to detect subtle differences in populations by
eighting the influence of dependent variables to maximize

he distance between groups. To reach this goal, the depen-
ent variables are combined into different classification
ectors according to their intercorrelations to distinguish
etween the previously defined investigation groups. In the
rst discriminant analysis, the first classification vector we
ound correlated highly with Cho/NAA. The second classi-
cation vector concerned mainly Cho/Cr. According to the
lassification vectors we used in our study to differentiate
etween the two groups of radiation injury and tumor re-
urrence, 85.5% of total subjects were classified into correct
roups, which was consistent with previous reports (7, 10).
n a similar population examined with 2D MR spectros-
opy, Cho/Cr, and Cho/NAA ratios allowed a correct ret-
ospective classification in more than 80% of the cases (10).

The ADC values of biologic tissue reflect the Brownian
ovement of water molecules, thereby potentially revealing

istopathologic characteristics of cellular structure (3). For
rain tumors after therapy, cellularity is one of the important
actors that influences the ADC. Higher cellularity in recur-
ent neoplasm would contribute to lower ADC values, as
reviously reported (17). Thus, recurrent growth of tumor
ells determines in part the tissue ADC within the contrast-
nhancing region in the recurrence group, which might

xplain the differences in ADC value between the two w
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