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Background. The objective of this study was to examine
the predictive value of parameters of 3D 'H magnetic
resonance spectroscopic imaging (MRSI) prior to treat-
ment with radiation/chemotherapy (baseline) and at a
postradiation 2-month follow-up (F2mo) in relationship
to 6-month progression-free survival (PFS6) and overall
survival (OS).

Methods. Sixty-four patients with newly diagnosed
glioblastoma multiforme (GBM) being treated with radi-
ation and concurrent chemotherapy were involved in
this study. Evaluated were metabolite indices and metab-
olite ratios. Logistic linear regression and Cox propor-
tional hazards models were utilized to evaluate PFS6
and OS, respectively. These analyses were adjusted by
age and MR scanner field strength (1.5T or 3T).
Stepwise regression was performed to determine a
subset of the most relevant variables.

Results. Associated with shorter PFS6 were a decrease
in the ratio of N-acetyl aspartate to choline-containing
compounds (NAA/Cho) in the region with a Cho-to-
NAA index (CNI) >3 at baseline and an increase of
the CNI within elevated CNI regions (>2) at F2mo.
Patients with higher normalized lipid and lactate at
either time point had significantly worse OS. Patients
who had larger volumes with abnormal CNI at F2mo

had worse PFS6 and OS.
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Conclusions. Our study found more 3D MRSI parame-
ters that predicted PFS6 and OS for patients with GBM
than did anatomic, diffusion, or perfusion imaging,
which were previously evaluated in the same population
of patients.
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lioblastoma multiforme (GBM) is the most
Gcommon and most malignant type of glioma.
Despite advances in multimodal treatments that
combine surgery, radiation therapy (RT), and chemo-
therapy, patients with GBM have a limited prognosis,
with a median survival of 15 months." Conventional
MRI can delineate structural abnormalities such as
regions where the blood—brain barrier has been compro-
mised, but it fails to distinguish among edema, gliosis,
inflammation, and active tumor. The Macdonald criteria
that have been used for many years to assess tumor pro-
gression and response to therapy are based upon changes
in cross-sectional diameters of the contrast-enhancing
lesion in combination with clinical worsening.” Recent
studies have shown that some patients who are treated
with standard therapies can suffer from a temporary in-
crease in the contrast-enhancing lesion that later subsides
without further treatment.”* This phenomenon, which is
termed pseudoprogression, complicates clinical decision
making and leads to ambiguities in evaluation of the ef-
fectiveness of new therapies. While the newer Response
Assessment for Neuro-Oncology criteria® also take into
account changes in the size of regions with abnormal
signal on T2-weighted images, they are unable to differen-
tiate tumor from nonspecific treatment effects.
Proton magnetic resonance spectroscopic imaging
("H-MRSI) is a powerful noninvasive tool for
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characterizing the spatial extent and metabolic proper-
ties of lesions for patients with brain tumors.® Markers
that can be detected include choline-containing com-
pounds (Cho), N-acetyl aspartate (NAA), creatine (Cr),
lactate (Lac), and lipid (Lip). Elevations in the level of
Cho, due to increased membrane synthesis or cell prolif-
eration, and reductions in levels of the neuronal marker
NAA have been used as biomarkers for distinguishing
regions of tumor from normal brain tissue. Cr and phos-
phocreatine, which both resonate as singlets at 3.0 ppm,
are involved in ATP metabolism. The level of total Cr is
a marker of energy transfer, and storage and has been re-
ported to increase”® or decrease’ in gliomas. Lac is a
marker of anaerobic metabolism, and its CH3 compo-
nent (1.3 ppm) often overlaps with CH; groups in long
alkyl chains of Lip that arise from necrosis or subcutane-
ous Lip. Spectral editing using J-difference methods have
been applied to separate Lac from Lip'” for assessing the
malignancy of tumors."' Previous work has shown that
the parameters obtained from 3D MRSI data may
provide useful information for diagnosis,'*'? directing
image-guided surgery and'* radiation planning,'~!”
and predicting survival'®=2% in patients with glioma.

In an earlier study, we showed that integrated ana-
tomic and diffusion- and perfusion-weighted imaging
examinations obtained postsurgery but pretreatment
and at posttreatment follow-ups could provide parame-
ters that predicted progression-free survival (PFS) and
overall survival (OS) in patients with GBM.>® We
found that larger volumes of the region with T2 hyper-
intensity at baseline (pre-RT) and at post-RT were asso-
ciated with worse OS, while higher blood volumes, peak
height, and recirculation factors at pre-RT and larger
blood volumes at post-RT, in the T2 hyperintensity
lesion, were associated with shorter PFS.%® In the
current study, we evaluated data from baseline and
post-RT scans for the predictive values of MRSI param-
eters in relation to 6-month PFS (PFS6) and OS in the
same population. Parameters evaluated were the metab-
olite indices>* and ratios between spectroscopic voxels
containing anatomic and/or metabolic lesions and
those within normal appearing white matter (NAWM).
We hypothesized that metabolic imaging parameters
from the pre-/post-RT examinations were more likely
to identify the true spatial extent and malignancy of
tumors than would conventional MRI. The results of
this analysis were also compared with the findings
from anatomic, diffusion, and perfusion imaging in
order to evaluate the importance of these modalities in
understanding the clinical course of the disease.

Materials and Methods

Study Population

The study population comprised 66 patients who were
newly diagnosed with GBM, were recruited for treat-
ment at the University of California, San Francisco,
and gave informed consent to participate in serial MR
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scans. Two patients were subsequently excluded from
analysis: 1 died of hepatitis B virus infection before pro-
gression, and 1 had surgical complications. The remain-
ing 64 patients (26 females, 38 males; median age = 53 y;
KPS > 60) were treated with radiation and concurrent
temozolomide alone (7 =23 patients), temozolomide
with erlotinib (7 =29), poly-ICLC (polyinosinic-
polycytidylic acid stabilized with polylysine and car-
boxymethylcellulose) (7 =10), or R115777 (n=2).
This population had been studied previously in terms
of the patterns of changes in diffusion and perfusion
imaging parameters.”’ In the current study, we exam-
ined the predictive values of MRSI parameters at base-
line (after surgical resection but prior to RT and
chemotherapy) and at post-RT in relation to PFS6 and

Half of the patients received gross total resection, and
the others had either a subtotal resection or a biopsy
alone due to the location of the lesion. RT was adminis-
tered with a total dose of 60 Gy in 2-Gy fractions over a
6-week period. Of the 57 patients for whom the exact
start date of RT was recorded, baseline examinations
were acquired at a median of 5 days before RT
(ranging from 19 days pre- to 8 days post-RT).
Post-RT MRSI data were acquired at times varying
2—4 months after baseline, with a total of 53 MRSI data-
sets available at the 2-month follow-up scan (F2mo).
When tumor progression was suspected, patients re-
ceived an additional scan at a short time interval (~1
mo) to help distinguish true from pseudoprogression.
Criteria for defining true progression were according to
Macdonald et al* and were in many cases confirmed
by a second surgery. Survival information was collected
up to 6.8 years after the first scan.

Forty-seven of the patients progressed during the
study period, with 44 recurring locally/regionally
(within 10 mm from the margin of the resection cavity,
residual contrast enhancement, and/or T2 hyperinten-
sity lesions at baseline) and 3 showing distant recur-
rence. The recurrence pattern was not a significant
factor in OS. Of these patients, 20 switched to a new
type of chemotherapy, 24 had new therapy in combina-
tion with a second surgical resection, and 3 had no treat-
ment information available. Patients who received a
combination of reoperation and new chemotherapy
had significantly longer survival than those who received
new chemotherapy alone (median survival, 558 days vs
342 days; P < .0001, log-rank test).”> Only 2 of the pa-
tients who progressed received anti-angiogenic therapy
at the time of recurrence. Age, sex, KPS, steroids,
extent of resection, and type of chemotherapy were not
significantly correlated with OS or PFS6 in this
population.”?

MR Examination

MR data were acquired using a standard transmit/
receive quadrature head coil or an 8-channel
receive-only phased-array coil from either 1.5-T or 3-T
scanners (GE  Healthcare  Technologies).  The



examinations included the acquisition of anatomic, per-
fusion, diffusion, and spectroscopic imaging data. As the
perfusion and diffusion imagings have been described
previously,”® we provide details of only the standard
MRI and MRSI data acquisition parameters.

Anatomic MRI included a T1-weighted sagittal scout
(repetition time [TR]/echo time [TE] = 54/2 ms), axial
T2-weighted fluid attenuated inversion recovery (FLAIR;
TR/TE/inversion time [TI] = 10 002/127-157/2200 ms,
48 slices, slice thickness =3 mm, in-plane resolution =
0.9-1.0 mm), and pre- and postcontrast T1-weighted
spoiled gradient echo (SPGR) (TR/TE =26/2-8 ms,
180 x 240 mm? field of view, 64 slices, slice thickness =
1.5-3 mm, in-plane resolution = 0.9-1.0 mm). For data
obtained with the 8-channel coil, proton density-
weighted gradient echo images were acquired using the
manufacturer-provided parallel imaging calibration se-
quence in order to obtain estimates of coil sensitivities
(TR/TE = 150/2 ms) for the combination of the spectral
data from each channel.

The 3D 'H-MRSI data were obtained using chemical
shift selective (CHESS) water suppression, very selective
suppression (VSS), outer volume suppression,”® and
point resolved spectral selection (PRESS), volume selec-
tion with TE/TR of 144/1000-1100 ms. Of these 117
examinations, 47 MRSI datasets were acquired using a
Lac-edited sequence at 1.5 T' (29 at baseline; 18 at
F2mo), which offered peaks of Lac and Lip separately.
The remaining exams were obtained with a
non-Lac-edited sequence at 3 T. An overpress factor of
1.2 was utilized to reduce chemical shift artifact at
3 T.2° The spectral data were acquired with 512 dwell
points and 1000 Hz sweepwidth at 1.5 T and with
1024 dwell points and 2000 Hz sweepwidth at 3 T.
Spectral array sizes were 12 x 12 x 8 or 16 x 16 x 8,
acquired with sampling restricted to an elliptical region
of k-space and with fields of view corresponding to
120 x 120 x 80 mm” or 160 x 160 x 80 mm>.*’

Postprocessing and Analysis

Postprocessing was performed using a previously pub-
lished methodology.?® Spectral arrays from the
8-channel coil were processed individually, and the
signals were combined using software developed
in-house that weights the data by their coil sensitivities.
The spectral data were apodized with a 2-Hz and a 4-Hz
Lorentzian filter at 1.5 T and 3 T, respectively, Fourier
transformed, and processed with phase and frequency
corrections. The peak parameters, including individual
peak heights (Cho, Cr, NAA, and Lac/Lip) and the
Cho-to-NAA index (CNI), were computed automatically
for each voxel within the excited region using in-house
software.”* Since not all MRSI was acquired using a
Lac-edited sequence, an index of combined Lac and Lip
(LL) was defined as the absolute peak intensity at 1.3
ppm for the non-Lac-edited case, and by combining Lac
and Lip peak heights for Lac-edited data.?!

The 3D 'H-MRSI data were referenced to the post-
contrast 3D SPGR image under the assumption that
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there was no movement between the acquisition of
imaging and spectral data. The FLAIR image was
aligned to the corresponding postcontrast 3D SPGR
images.”” Segmentation of the brain was performed au-
tomatically on the precontrast 3D SPGR images using a
program based on a Markov random field model.>* The
segmented white-matter mask was then used to identify
voxels that had at least 75% NAMW. The T2ALL
region of interest (ROI), the T2 hyperintensity defined
from the FLAIR images, was downsampled to the reso-
lution of MRSI, and only voxels containing >50% of
the T2ALL ROI were defined as T2L. The other ROlIs in-
cluded regions within the PRESS volume that had a CNI
value >2 (CNI2) or >3 (CNI3) and in the intersection
of the T2L and CNI2 (CNI2T; see Fig. 1). All ROIs ex-
cluded the resection cavity.

Metabolite peak heights were normalized by median
peak heights in NAWM for Cho and Cr (nCho and nCr),
and normalized Lac, Lip, and LL (nLac, nLip, and nLL)
were estimated by metabolite peak heights divided by
median peak NAA intensity in NAWM. Excess Cho
(exCho; Fig. 2) or excess Cr (exCr) was calculated
using the formula (Cho-[Cho/NAA]nawm *INAA)/
Chonamw or (Cr-[Cr/NAA]nawwm *NAA)/ CrNAMWa3]
respectively. The medians and maximums of the metab-
olite ratios (normalized metabolite values, exCho, exCr,
and CNI) were analyzed within these abnormalities, but
maximum Cho/NAA and NAA/Cho were not evaluat-
ed, to avoid these voxels being dominated by voxels
with extremely low NAA or low Cho. The CNI is a
z-score that measures the deviation of Cho and NAA
in the spectrum relative to levels in spectra from normal-
appearing brain. Also considered in the analysis were the
sum of nLac, nLip, and nLL, the volumes of the T2ALL,
and the number of voxels within the lesions, including
T2L, CNI2, CNI3, and CNI2T.

Statistical analysis was performed using R version
2.9.2 (www.r-project.org). A nonparametric Wilcoxon
signed-rank test was used to access the difference in
volumes at baseline, F2mo, and progression. Variables
influencing early progression (Y =1 if PFS was <6 mo
and Y= 0 if PFS was >6 mo) and OS were identified
by applying multivariable logistic regression and Cox
proportional hazards models, respectively. The same
model development procedure was applied for assessing
both outcomes at the time of baseline and F2mo. Each
variable was assessed in a multivariate model with
field strength and age. At each time point, all estimates
significant at P <.05 within an ROI were included as
potential variables in a forward stepwise procedure,
where age and field strength were forced into the
model. Selected variables within each ROI were then
evaluated together in this same stepwise procedure to
obtain a single overall model. The difference between
the 2 time points (F2mo and baseline) was included in
the model development at F2mo if both scans were per-
formed on the same field strength. Patients who pro-
gressed at F2mo were excluded from the F2mo PFS6
analysis. Due to the exploratory nature of this study, ad-
justment for multiple comparisons was not made.
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Fig. 1. (A) Images and spectra at baseline, (B) 2-month follow-up after baseline (F2mo), and (C) progression (PG) from a patient with newly
diagnosed GBM. The postcontrast and FLAIR images display the PRESS selected volume and the corresponding arrays of spectra. The
corresponding Cho-to-NAA index (CNI) values are shown in the spectral array. Voxels with CNI > 3.0 are highlighted in light red, voxels
in light green had CNI between 2 and 3, and voxels in the T2 lesion within the PRESS volume (T2L) are outlined in blue. The patient
had PFS of 4 mo and OS of 8 mo. CNI values varied in the T2L at PG (C).

Results

Volumes of ROIs

The mean + SD of the T2 lesion coverage by MRSI
PRESS selected volume was 0.73 +0.17. The numbers
of voxels in the various abnormalities are plotted in
Fig. 3. The median differences in the numbers of
voxels between CNI2 and T2L (CNI2-T2L) and
between T2L and CNI2T (T2L-CNI2T) were 15 and 1
at baseline (P <.0001, P <.0001), while they were
-1 and 13.5 at progression (PG in Fig. 3) (P =.8699,
P <.0001). There was a trend for larger metabolic
lesions (CNI2) than anatomic lesions (T2L) at baseline,
while the CNI values were more variable in T2L at pro-
gression. Serial 3D MRSI data in Fig. 1 show that the
patient (PFS of only 4 mo) had new areas of contrast
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enhancement that originated from the metabolic lesion
at baseline and F2mo. Note that voxels in the T2L at
progression had elevated CNI but with more heterogene-
ity than at baseline and F2mo.

MRSI and 6-month Progression-Free Survival

Median PFS was 6 months (95% confidence interval
[CI], 5-7 mo), with 17 patients being censored after
1-year follow-up. Of the 64 patients, 32 had progressed
at 6 months and were designated as early progressors.
The metabolite parameters that were significantly asso-
ciated with PFS6 are given in Table 1. The only baseline
parameter that was related to PFS6 was median NAA/
Cho in CNI3 (odds ratio [OR] of early progression =
0.0678, P =.0301). At F2mo, not only NAA/Cho but
also CNI and exCho were significant predictors of



Fig. 2. 3D (non-Lac-edited) MRSI acquired from a patient with PFS
of 2 mo and OS of 7 mo at F2mo. The individual spectra show
peaks corresponding to Cho, Cr, NAA, Lac, and Lip in the lesions.
Voxels with a Cho-to-NAA index (CNI) > 3.0 are highlighted in
dark grey, voxels in light grey had CNI between 2 and 3, and
voxels in the T2 lesion within the PRESS volume (T2L) were
outlined in black thick line. Numbers in the spectral array
represent values of excess Cho (exCho), the differences in Cho
compared with those in NAWM adjusted by the changes in NAA.
Spectrum from the top left corner with a relatively high NAA
peak had exCho of 0.07, whereas that in the opposite corner
with a low NAA was 0.72. Elevated exCho values are seen in the
regions of the T2L with increased CNI.

PFS. Patients with lower median NAA/Cho in T2L,
higher maximum CNI in CNI2, higher median CNI
in CNI3, and CNI2T at F2mo had worse PFS6
(OR =0.0233,1.4175, 5.6299, and 2.1531, respectively;
Ps=.0229, .0193, .0196, and .0271). Of the volu-
metric parameters, the number of voxels in CNI2
(OR =1.0458, P =.0431) at F2Zmo was a significant
predictor of progression at 6 months. These predictors
are illustrated in Fig. 4 for early and late progressors.
Of the patients who had T2L, CNI2, CNI2T, and
CNI3 lesions, those with higher NAA/Cho in T2L at
F2mo were associated with late progression (7 = 26;
OR =0.0123, P =.0312). However, changes in metab-
olites between these 2 time points were not related to
PFSe6.

MRSI and Overall Survival

Median OS was 20 months (95% CI, 16-24 mo), with
11 patients being censored. Treatment failure or progres-
sion by 6 months was associated with significant survival
disadvantage (P =.0010). Table 2 summarizes the
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Fig. 3. Box plots of the numbers of voxels in the T2 lesion within
the PRESS volume (T2L), regions that had CNI value >2 (CNI2),
regions that had CNI value >3 (CNI3), intersection of the T2L
and CNI2 (CNI2T), CNI2-T2L and T2L-CNI2T at baseline, F2mo,
and progression (PG). Number of patients are 64, 41, and 36,
respectively, at these 3 time points. CNI2-T2L and T2L-CNI2T
represent the difference in number of voxels between CNI2 and
T2L and between T2L and CNI2T, respectively. Metabolic lesions
were larger than the T2L, and the percent of the metabolic
lesions within the T2L varied at PG.

significant factors predicting OS. Overall, the normal-
ized Lac and Lip values were the best OS predictors at
all time points. Fig. 2 (non-Lac-edited MRSI) and
Fig. 5 (Lac-edited MRSI) demonstrate that patients
with elevated median nLL in T2L at F2mo had poor
OS (7 and 11 mo, respectively). Maximum exCr,
maximum nCr, median Cho/NAA, maximum CNI,
and maximum exCho at F2mo were also found to be sig-
nificantly associated with OS (see Fig. 6), but only
maximum nCr in T2L was selected with median nLL
in the stepwise regression analysis (hazard ratios
[HRs| = 2.2613, 1.9338" [increased HR per 0.1 unit];
Ps =.0956, .0040). Figure 7 shows that a patient with
higher maximum nCr and elevated nLL in T2L had
relatively shorter OS (11 vs 61 mo). Patients with
small volumes of T2ALL at baseline and CNI2T at
F2mo or a decreased number of voxels in CNI2T from
pre-RT to post-RT (F2mo-baseline, delta) had a signifi-
cant benefit in OS (HRs=1.0163, 1.0442, 1.0755;
Ps=.0201, .0036, .0034). The stepwise regression
models based on these metabolite and volumetric pa-
rameters for the patients who had T2L, CNI2, CNI3,
and CNI2T lesions indicated significant association
with OS of higher sum nLL in T2L, CNI2, and CNI2T
at baseline (n = 46; HRs = 1.2894, 1.1025, 0.7394, re-
spectively; Ps =.0020, .0757, .0119); larger maximum
nCr in T2L, maximum nLL in CNI2T, and number of
voxels in CNI2T at F2mo (n=37; HRs = 5.9858,
8.8522, 0.9524, respectively; Ps=.0120, .0346,
.1707); and elevated maximum nLL in T2L and
number of voxels in CNI2T post-RT (7 =42; HRs =
2.6992, 1.0531, respectively; Ps =.0575, .0702).

Combined Imaging and Spectroscopic Predictors

Significant anatomic, diffusion, and perfusion imaging**
as well as spectroscopic predictors of OS and PFS or
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Table 1. Odds ratios and P-values for metabolite parameters that were significant predictors of PFS6 (P <.05) after controlling for age

and field strength

Time ROI n Logistic Linear Regression Stepwise Output
Parameter P OR
Baseline CNI3 61 Median NAA/Cho .0301 0.0678 Median NAA/Cho
F2mo T2L 32 Median NAA/Cho .0229 0.0233 Median NAA/Cho
CNI2 41 Max CNI .0193 1.4175 Max CNI
Median CNI .0291 6.3427
Max exCho .0335 3.3471
CNI2T 28 Median CNI .0271 2.1531 Median CNI
Max CNI .0441 1.3459
CNI3 35 Median CNI .0196 5.6299 Median CNI
Median NAA/Cho .0450 0.0159
Volume 41 CNI2 .0431 1.0458 CNI2 vol

Metabolite parameters in the final column represent the selected parameter from the stepwise analysis within each ROI. Parameters in
bold were selected over the variables from different ROIs that were significant at that time point.

Fig. 4. Box plots of median NAA/Cho in the regions that had CNI
value >3 (CNI3) at baseline, median NAA/Cho in the T2 lesion
within the PRESS volume (T2L), maximum Cho-to-NAA index
(CNI) in the regions that had CNI value >2 (CNI2), median CNI
in the CNI3 and intersection of the T2L and CNI2 (CNI2T) at
F2mo in the groups of early progressor (EP) and late progressor
(LP). N represents the number of patients. Smaller CNI values
and higher NAA/Cho are seen in patients who progressed later.

PFS6 are summarized in Table 3. Only those MRSI pa-
rameters calculated from stepwise regression models
are included in the table. Note that none of the diffusion
parameters is associated with OS or PFS and that the
perfusion values are associated with only PFS. The
T2L and non-enhancing lesion volumes are associated
with OS at both baseline and F2mo, but the volume of
the contrast-enhancing lesion is associated with OS at
only F2mo. By contrast, there are MRSI parameters at
both baseline and F2mo, which relate to PFS6 and OS.
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Discussion

While the prognosis for patients with GBM is relatively
poor, variability of survival among patients who are
given the same aggressive treatment suggests that there
are additional underlying factors that influence how
the tumor responds to treatment. Although conventional
MRI is a powerful tool to visualize changes in morpho-
logical abnormalities, it is not a direct reflection of bio-
chemical changes in the tumor and surrounding tissue.
In this study, we used 3D MRSI to assess changes in me-
tabolism between NAWM, anatomic, and metabolic
lesions during RT and demonstrated that parameters,
which described these changes, could be used to
predict PFS and OS.

Radiation is one of the standard treatments for pa-
tients with GBM. Normal tissue that surrounds the
tumor lesion has a limited tolerance to radiation but is
unavoidably subjected to this treatment. Reduced
NAA/Cr and Cho/Cr have been reported in normal
brain that has been irradiated.’>*? In this study, we
took this into account by using the median peak height
in the NAWM to calculate the normalized peak
height in the lesions. However, the local field inhomoge-
neities in the lesion caused by necrosis and/or hemor-
rhage may broaden the linewidths of metabolite peaks
differently from patient to patient. Treatment-induced
necrosis could also be present in the tumor lesion. The
presence of Lip within the lesion immediately after the
completion of radiation may reflect treatment-induced
necrosis. The fact that the portion of the lesion being
considered also had elevated Cho relative to NAA
indicates that it comprised a combination of tumor
and necrosis. Another factor that influences radiation
sensitivity is the hypoxic environment that ensues due
to tumor cells outgrowing their blood supply and poten-
tially becoming more resistant than normal cells. MRSI
is able to assess the levels of Lac in the tumor that are as-
sociated with reduced oxygenation.
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Table 2. Significant metabolic predictors for OS (*P < .01; **P < .001) after controlling for age and field strength for all data (upper

values) and for Lac-edited data alone (below)

Time ROI n Cox Regression Parameter Stepwise Output
Parameter P HR
Baseline  T2L 52 Sum nLL* Sum nLL .0025 1.1017
CNI2 64  SumnLL Sum nLL .0137 1.0561
CNI2T 49  SumnLL Sum nLL .0344 1.0799
CNI3 61 SumnlLL Sum nLL .0159 1.0673
Volume 64 T2ALL T2ALL vol .0201 1.0163
F2mo T2L 44 Max exCr,* max nCr,* max/median*/sum nLL Median nLL ~ .0398 1.9338*
Max nCr .0956 2.2613
CNI2 53  Median Cho/NAA,* max*/median/sum** nLL Max nLL .0028 4.5151
CNI2T 40  Max CNI, max exCho, max exCr, max nCr, max** /median* /sum nLL ~ Max nLL .0004 6.8927
CNI3 47  Median Cho/NAA, max exCho, max*/median/sum** nLL Max nLL .0038 4.6228
Vol 53 T2ALL,* T2L,* CNI2, CNI2T,* CNI3 CNI2T vol .0036 1.0442
Delta CNI3 42 Median CNI, max*/sum nLL Max nLL .0084 3.8105
Volume 48  CNI2T* CNI2T vol .0034 1.0755
Baseline  T2L 24 Sum nlLac Sum nlLac .0294 1.1634
CNI2 28  Max/sum nlLac Max nlac .0225 1.6600*
CNI3 26 Max/median/sum nlLac, sum nLip Sum nlLac 0112 1.1473
F2mo T2L 15 Max/sum nLac Sum nlLac .0467 1.1137
CNI2 17 Max/sum* nlLac, sum nLip Sum nlLac .0098 1.1708
CNI2T 15 Max/sum nLac Max nlLac .0228 1.8158*
CNI3 15 Max/sum nLac Max nLac .0166 1.7394*
Delta CNI2 17 Max/sum nLac Sum nLac .0195 1.6136
CNI2T 13 Max nlLac Max nlLac 03091 2.2599*
CNI3 15 Max/sum nLac, sum nLip Max nlac .0888 2.0651"
Sum nlac .0958 1.6146
Sum nLip .0967 1.6361

Parameters in column 5 (“Parameter” under “Stepwise Output”) were selected from the stepwise procedure within each ROI. Metabolite
parameters in bold are the outcomes of the stepwise analyses from the significant variables across all ROls at each time point. HR values

with * stand for the amount of increased hazard per 0.1 unit.

Fig. 5. 3D (Lac-edited) MRSI acquired from a patient with PFS of 2 mo
and OS of 11 mo at F2mo. Spectral array corresponded to (A) summed
and (B) difference of the Lac-edited spectra. Voxels having Lac or Lip
with signal-to-noise ratio > 5.0 are labeled, and voxels within the T2
lesion within the PRESS volume (T2L) are outlined in black thick line.

Fig. 6. Box plots of median Cho/NAA in the regions that had CNI
value >2 (CNI2), median exCho in the regions that had CNI value
>3 (CNI3), maximum nCr in the T2 lesion within the PRESS volume
(T2L) or maximum excess creatine (exCr) in the intersection of T2L
and CNI2 (CNI2T) at F2mo in 3 groups of patients, who died within
a year, between 1 and 2 years, and lived longer than 2 years. N
represents the number of patients. Patients who had elevated
metabolic values had relatively shorter OS.
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Fig. 7. Postcontrast T1-weighted FLAIR images and 3D (non-Lac-edited) MRSI from 2 patients (A, B) with GBM at F2mo. Voxels with
Cho-to-NAA index (CNI) >3.0 are highlighted in dark grey, voxels in light grey had CNI between 2 and 3, and voxels in the T2 lesion
within the PRESS volume (T2L) were outlined in black thick line. Numbers in the spectral array represent values of normalized creatine
(nCr). Patient A had a short OS of 11 mo and patient B died at 61 mo.

Table 3. Combined anatomic, diffusion, and perfusion imaging”' and spectroscopic imaging predictors

oS PFS/PFS6
Baseline MRI T2ALL vol, NEL vol T2ALL median nPH* /nCBV/nRF
NEL median nPH/nCBV/nRF
MRSI T2L*/CNI2/CNI2T/CNI3 sum nLL CNI3 median NAA/Cho
F2mo MRI T2ALL vol,* NEL vol,* CEL vol* T2ALL/NEL median nCBV
MRSI T2L median nLL (+ max nCr), CNI2 vol
CNI2* /CNI2T** /CNI3* max nLL, CNI2 max CNI
CNI2T vol* CNI2T/CNI3 median CNI
T2L median NAA/Cho
Delta MRI None T2ALL/NEL 90th nRF
MRSI CNI3 max nLL,* CNI2T vol* None

Abbreviations: NEL, non-enhancing lesion; nPH, normalized peak height; nCBV, normalized cerebral blood volumes; nRF, normalized
recirculation factor. *P < .01; **P < .001. All the tests were adjusted by age and field strength. Italics represent the parameters that had

HR or OR < 1.

The assessment of treatment response is further com-
plicated by pseudoprogression, which can result from an
RT-induced increase in vascular permeability.> Of the
32 patients in this study who progressed within 6
months after completion of concomitant RT and chemo-
therapy, 50% were confirmed as having true progression
by reoperation. For the patients who did not get a resec-
tion, the assessment of progression was based upon
longer-term clinical and imaging follow-up, which min-
imized any confounding effects associated with pseudo-
progression. Although the patients have been followed
by serial MRI/MRSI for maximally 1 year, the OS anal-
ysis was carried out for more than 5 years after the first
enrollment, leaving relatively few censored observations.

Multivoxel 3D MRSI provides an assessment of the
spatial distribution of metabolic lesions in patients
with glioma. The data provide parameters reflecting cel-
lular metabolism, and CNI has been shown to be more
sensitive in differentiating tumor from nontumor than
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have levels of individual metabolites.>*** ROIs in this
study included the morphological abnormality that
was covered by the PRESS box (T2L), the metabolic ab-
normality (CNI2 and CNI3), and regions containing
both anatomic and metabolic abnormalities (CNI2T).
Due to the limited spatial resolution of 3D MRSI,
regions within the smaller contrast-enhancing lesions
were not evaluated separately in this study. Even
though data acquisition did not always cover the
entire spatial extent of the lesion, it has been shown
here and in previous studies that the number of voxels
within the metabolic abnormality could be used to
predict 08151718

A previously published analysis of anatomic imaging
in the same population reported that larger volumes of
the T2 lesion and non-enhancing lesion at pre-RT and
increased anatomic volumes at post-RT were signifi-
cantly correlated with worse OS but not worse PFS.*?
In this study, we were interested in assessing the



metabolic changes that may assist in predicting outcome
in a prospective group of patients. A large number of 3D
MRSI exams were acquired from patients with GBM,
with an average coverage of the T2 lesion by 3D MRSI
of 73%. Metabolic heterogeneity within the T2 lesion
and metabolic abnormalities outside anatomic lesions
were observed. The number of voxels within the T2
and metabolic lesions were significantly correlated
with both PFS6 and OS.'%2%2! At the F2mo scan, the
number of voxels with elevated CNI within the T2
hyperintensity played the most important role in predict-
ing OS compared with the other volumetric parameters
based on the stepwise regression model. This implies
that the CNI lesion may be a more reliable measure of
tumor burden.

Disease progression in this study was determined
from the size of the contrast-enhancing lesion in con-
junction with neurologic function and corticosteroid
use.” Patients who progressed by 6 months had a signifi-
cantly shorter median survival time than those who did
not, P =.001. As previously reported, PFS6 has been
proposed as an alternative endpoint for evaluating pa-
tients with GBM receiving temozolomide.?’ The consis-
tent metabolite observations for predicting PFS6 in our
study were changes in the relative levels of NAA and
Cho in the metabolic lesions. Correlated with early
PFS6 were decreased median NAA/Cho in CNI3 at
baseline, lower median NAA/Cho in T2L, and higher
median/maximum CNI in CNI2/CNI2T/CNI3 at
F2mo. This suggests that increased tumor cellularity
and decreased neuronal function promote tumor pro-
gression. Incorporating what we reported previously
(see Table 3), the presence of regions with elevated
blood volumes within the T2 lesion at the pre-RT and
post-RT time points were also associated with shorter
PFS.?® These results suggest that high tumor cellularity
causes regional hypoxia and promotes the formation of
new blood vessels.’®>” As a result, patients with a
large volume of residual tumor cells and increased
blood volume were more likely to resist RT and progress
at an early time point.

The regions with elevated levels of Lac and Lip were
the best predictors for poor OS in this study. Results
from the Lac-edited data, which were consistent with
the previous findings,”**! indicate that this was mostly
due to increased Lac. As the end product of anaerobic
respiration, increased Lac may indicate tumor hypoxia
or unregulated tumor growth. Higher Lip peak within
the metabolic abnormalities, the region with elevated
CNI (>2), could arise from tumor necrosis and/or
treatment-induced necrosis (post-RT), along with in-
creased tumor cells. Another interesting finding was
that increased nCr in T2L was significantly correlated
with worse OS by the end of radiation (F2mo). This res-
onance corresponds to a combination of Cr and phos-
phocreatine. The latter serves as a short-term energy
reserve in the brain. Changes in total Cr are possibly as-
sociated with altered synthesis in Cr because astroglial
cells of the normal brain are able to synthesize Cr.>®
Increased nCr levels may reveal the infiltrative
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characteristics of the tumor cells and thus could
explain the relationship to tumor progression. Increased
Cr was also found in a grade II astrocytoma,’” and glio-
matosis® and was reported to have prognostic implication
on malignant transformation in low-grade glioma.*’
Another interpretation is that the elevation of nCr in
T2L is associated with decreased Cr in NAWM due to
the effect of RT.

Although a previous study has shown that nCho at
the post-RT follow-up scan was correlated with PFS
and OS in a group of 26 patients with high-grade
glioma using single-slice multivoxel MRS with a
nominal voxel size of 1.0 x 1.1 x 2.0 cm,>?? it was
not found to be a significant predictor in our study.
The nominal spatial resolution in our study was 1 cm?,
and we achieved more extensive coverage of the lesion
for a larger patient population. Besides evaluating me-
tabolite ratios and peak heights normalized relative to
NAWM, we also evaluated 2 parameters that we have
termed exCho and exCr.?" These parameters took into
account the differences in Cho or Cr relative to their
levels in NAWM. They were found to be significantly
correlated with OS and were retained in the stepwise re-
gression analysis.

Overall, our study examined the potential predictive
value of the pre-RT and post-RT in vivo 3D MRSI for
PFS6 and OS in patients with newly diagnosed primary
GBM being treated with radiation and concurrent che-
motherapy. It was observed that the metabolic abnor-
mality frequently extends beyond that of the anatomic
lesions. Relative to conventional and diffusion- and
perfusion-weighted MRI, in which only the volumes of
the anatomic lesions are predictors of OS,*"*%*! in-
creased CNI in the metabolic lesions were observed in
patients who progressed earlier, and elevated nLac and
nLip levels were associated with worse OS. This suggests
that 3D MRSI may be a more reliable measure for tumor
burden in predicting OS. The majority (81%) of patients
in this study received temozolomide and radiation,
which is the current standard of care for patients
with GBM. Future studies will use similar analytical
methods for 3D MRSI to follow patients participating
in clinical trials that include novel treatment strategies,
such as inhibiting angiogenesis or blocking cell
proliferation.*' =*3
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