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Background:  Patients with recurrent glioblastoma (GBM) are often treated with antiangiogenic agents, such as bevacizumab
(BEV). Despite therapeutic promise, conventional MRI methods fail to help determine which patients may not benefit from this
treatment.

Purpose:  To use MR spectroscopic imaging (MRSI) with intermediate and short echo time to measure corrected myo-inositol (mI)
normalized by contralateral creatine (hereafter, mI/c-Cir) in participants with recurrent GBM treated with BEV and to investigate
whether such measurements can help predict survivorship before BEV initiation (baseline) and at 1 day, 4 weeks, and 8 weeks
thereafter.

Materials and Methods:  In this prospective longitudinal study (2016-2020), spectroscopic data on mI—a glial marker and osmoregu-
lator within the brain—normalized by contralateral creatine in the intratumoral, contralateral, and peritumoral volumes of patients
with recurrent GBM were evaluated. Area under the receiver operating characteristic curve (AUC) was calculated for all volumes at
baseline and 1 day, 4 weeks, and 8 weeks after treatment to determine the ability of mI/c-Cr to help predict survivorship.

Results: Twenty-one participants (median age = standard deviation, 62 years = 12; 15 men) were evaluated. Lower mI/c-Cr in the
tumor before and during BEV treatment was predictive of poor survivorship, with receiver operating characteristic analyses show-
ing an AUC of 0.75 at baseline, 0.87 at 1 day after treatment, and 1 at 8 weeks after. A similar result was observed in contralateral
normal-appearing tissue and the peritumoral volume, with shorter-term survivors having lower levels of mI/c-Cr. In the contralat-
eral volume, a lower ratio of mI to creatine (hereafter, mI/Cr) predicted shorter-term survival at baseline and all other time points.
Within the peritumoral volume, lower mI/c-Cr levels were predictive of shorter-term survival at baseline (AUC, 0.80), at 1 day
after treatment (AUC, 0.93), and at 4 weeks after treatment (AUC, 0.68).

Conclusion: ~ Lower levels of myo-inositol normalized by contralateral creatine within intratumoral, contralateral, and peritumoral
volumes were predictive of poor survivorship and antiangiogenic treatment failure as early as before bevacizumab treatment.
Adapting MR spectroscopic imaging alongside conventional MRI modalities conveys critical information regarding the biologic
characteristics of tumors to help better treat individuals with recurrent glioblastoma.

Clinical trial registration no. NCT 02843230
©RSNA, 2021
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lioblastoma (GBM) is the most malignant type of
Gprimary central nervous system tumor and has no
cure (1). Despite aggressive treatment, GBM recurrence
is inevitable (1,2). Many patients with recurrence are
treated with antiangiogenic agents such as bevacizumab
(BEV), which has shown promise in prolonging pro-
gression-free survival and improving the quality of life
for a subset of patients (3,4). The impact of BEV on
overall survival of patients with recurrent GBM is still

under debate (5,6).

Treatment with anti—vascular endothelial growth factor
agents reduces enhancement on T1-weighted MRI scans,
making it difficult to distinguish treatment response from
pseudoresponse (7-9). Therefore, relying on T1-weighted
contrast enhancement is not ideal, and there remains a
need to investigate additional markers predictive of BEV
response. MR spectroscopic imaging (MRSI) is a valu-
able tool to convey information regarding tumor micro-
environment during antiangiogenic treatment, as it does
not depend on hemodynamics. Our group has shown that
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Abbreviations

AUC = area under the receiver operating characteristic curve, BEV =
bevacizumab, Cr = creatine, GBM = glioblastoma, Gly = glycine, mI =
myo-inositol, mI/c-Cr = ml normalized by contralateral Cr, MRSI =
MR spectroscopic imaging, TE = echo time, VOI = volume of interest

Summary

Lower levels of intratumoral and contralateral myo-inositol were pre-
dictive of antiangiogenic treatment failure and poor survivorship before
and during bevacizumab therapy.

Key Results

= In a prospective study of 21 participants with recurrent glioblas-
toma who received bevacizumab-based therapy, six (29%) survived
beyond 9 months (longer-term survivors) and 15 (71%) did not
(shorter-term survivors).

= MR spectroscopy helped predict shorter-term survivorship at base-
line (area under the receiver operating characteristic curve [AUC],
0.75), at 1 day after therapy (AUC, 0.87), and at 8 weeks after
therapy (AUC, 1) by means of measuring lower intratumoral myo-
inositol normalized by contralateral creatine, or mI/c-Cr.

» Shorter-term survivors had lower contralateral mI/c-Cr compared
with longer-term survivors at baseline (P = .04), confirming pre-
diction of survivorship (AUC, 0.72).

changes in N-acetylaspartate, choline, and lactate measured with
use of MRST at an intermediate echo time (TE) of approximately
135 msec can help detect BEV treatment failure (10,11). Prior
research has mainly focused on markers of membrane turnover,
neuronal integrity, and hypoxia (10,12-14), with fewer studies
investigating other metabolites.

Because BEV modulates blood-brain barrier permeability, it
is likely that the osmotic environment surrounding the tumor is
impacted. Myo-inositol (ml), a basic sugar and cellular osmoregu-
lator in the brain that can be detected with use of short TE MRSI,
has been shown to vary in concentration to adapt to changes in ex-
tracellular osmolality (15,16). Its concentration is altered in brain
tumors: low-grade tumors have elevated ml levels due to increased
density of astrocyte-derived cells (15,17), whereas high-grade tu-
mors such as GBM have lower levels. It is believed that disrup-
tions of the blood-brain barrier may cause disturbances of osmotic
equilibrium, leading to lower mI concentrations (18-20). A study
involving 39 patients with recurrent GBM found that higher mI
levels in contralateral normal-appearing brain tissue before BEV
treatment, as well as higher differences in mI concentrations be-
tween control and tumor tissue at 8 weeks after treatment, were
predictive of longer survival (15). Notably, there were no differ-
ences in intratumoral ml between longer-term and shorter-term
survivors (15). However, to our knowledge, no studies have deter-
mined whether a similar phenomenon is observed in the contra-
lateral and intratumoral volumes after correction for glycine (Gly)
contribution with use of short and intermediate TE MRSI.

‘The purpose of this study was to use intermediate and short
TE spectroscopic data to measure corrected ml normalized by
contralateral creatine (hereafter, mI/c-Cr) values in partici-
pants with recurrent GBM treated with BEV and to investigate
whether such measurements can predict survivorship before
BEV initiation and at 1 day, 4 weeks, and 8 weeks thereaf-
ter. We hypothesized that ml/c-Cr may be a marker that helps
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Intervention: MRSI performed (n = 26)

|

Analysis: MRSI analyzed (n = 26)

Excluded (n=5)
¢  Poor quality of MRSI data (n=3)
¢ Lackofdual (30msand 135ms) TE MRSI data (n=2)

Interpretation: MRSl interpreted (n = 21)

Figure 1:
eligibility, of whom three were excluded due to poor quality of MR spectroscopic

Patient consort chart. Twenty-six patients were inifially assessed for

imaging (MRSI) data. Among the remaining 23 patients, two were excluded due
to lack of short and infermediate echo time (TE) data. In total, 21 participants’
MRSI data were analyzed at baseline.

predict antiangiogenic treatment response and distinguish be-
tween shorter- and longer-term survivors.

Materials and Methods

Participant Recruitment

All participants were recruited between 2016 and 2020 in collabo-
ration with their neuro-oncologist, and written informed consent
was obtained as approved by the institutional review board. This
study was registered at ClinicalTrials.gov (NCT02843230). All
participants had histologically confirmed GBM, underwent resec-
tion followed by chemoradiation, and had evidence of possible
tumor progression as determined by a multidisciplinary tumor
board based on increasing tumor size at follow-up imaging and/or
clinical decline. All participants were antiangiogenic therapy—na-
ive before enrollment. Participants were treated according to the
Stupp protocol (21), with involved-field radiation therapy delivery
consisting of 60 Gy over 30 fractions to the enhancing tumor,
fluid-attenuated inversion-recovery hyperintensity regions, and
a 1-2-cm margin around the tumor border. The treatment plan
included BEV monotherapy or combination therapy with temo-
zolomide (dosing regimen varied; participants either received 50
mg/m? daily or 150-200 mg/m? for 5-28 days), pembrolizumab
(2 mg/kg every 3 wecks), or lomustine (90 mg/m? every 6 weeks).
Eligible participants were 18 years of age or older and had a base-
line Karnofsky performance score of 50 or higher.

Among the 26 participants in the study, three were excluded
due to poor quality MRSI data and two due to lack of short TE
(30 msec) MRSI data. Our group previously reported N-acetylas-
partate, lactate, choline, and creatine (Cr) measured with use of
intermediate TE MRSI for all 26 participants in this scudy (11).
'The short TE analyses reported in this present study have not been
previously analyzed. Participants underwent serial MRI/MRST ex-
amination with the baseline scan performed within 1 month prior
to treatment with BEV. Other time points included 1-2 days, 4
weeks, and 6—8 weeks after BEV treatment, which hereafter will
be referenced as 1 day, 4 weeks, and 8 weeks, respectively. The final
data set included 21 participants for serial data analysis (Fig 1).
The number of participants at each time point were 21 at baseline,
seven at 1 day, 16 at 4 weeks, and nine at 8 weeks.

an
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Figure 2: MRSI voxel selection. Based on T1-weighted postcontrast

MR, intratumoral (orange), peritumoral (blue), and contralateral (green)
voxels were selected for further analysis. The surrounding white box rep-
resents the excitation volume, and the yellow box denotes the field of view.

Volume of Interest Selection

The MRSI data were overlaid on T1-weighted postcontrast
imagesforspectral classification. Voxelswere classified ascontrast-
enhancing tumor (intratumoral), nonenhancing peritumoral
parenchyma (peritumoral), and normal white-matter tissue in
the contralateral hemisphere to the tumor (contralateral) (Fig
2). Notably, voxels were labeled as intratumoral when more
than 50% of the voxel showed enhancement. Voxel shifting
was applied as needed to better overlay baseline scans with
follow-up scans (10,11).

MRI/ MRSI Acquisition

Participants underwent two-dimensional MRSI with a 1.5-T
Signa HDx and HDxt MRI scanner (GE) or three-dimensional
MRSI with a 3.0-T Magnetom Prisma or Magnetom Skyra
scanner (Siemens). Participants were scanned with either GE or
Siemens scanners throughout the study to minimize interscan-
ner variability effects. The non—-MR spectroscopy imaging pa-
rameters are described elsewhere (11).

On the Siemens scanners, three-dimensional MRSI data were
obtained by means of localization by adiabatic selective refocus-
ing, or LASER, MRSI using spiral k-space readout as described
previously (22). Acquisition parameters included TE, 30 msec and
135 msec; repetition time, 1700 msec; resolution, 1 cm?; acquisi-
tion time, 2 X 7 minutes; acquisition matrix, 160 X 160 X 80
mm; field of view, 160 X 160 X 80 mm; and slab thickness, 40
mm. Water suppression was achieved with use of a water-suppres-

sion technique called WET (water suppression enhanced through
T1 effects).

412

On the GE scanners, MRSI data were obtained by means
of product point-resolved spectroscopy, or PRESS, with phase
encoding. Acquisition parameters included TE, 30 msec and
135 msec; repetition time, 1500 msec; resolution, 1.44 cm?; ac-
quisition time, 2 X 8 minutes; acquisition matrix, 180 X 180
mm; section thickness, 10 mm; and field of view, 220 mm. Wa-
ter suppression was achieved with use of chemical shift selective

methods, or CHESS.

MRSI Analysis

Spectroscopic data were processed using LCModel 6.3 software
(23) to quantify mland Cr. Beforeanalyses, all spectrawere visually
inspected for quality by one author (E.M.R., with 18 years of ex-
perience in MRI and MR spectroscopy). Voxels with poor fitting,
low signal-to-noise ratio, inadequate water suppression, and/or
necrosis were excluded. Specifically, spectra with full width at
half maximum greater than 15 Hz and signal-to-noise ratio less
than 2 were excluded from the analyses. The signal-to-noise ratio
is defined by LCModel as the highest peak divided by the stan-
dard deviation of the noise of the residual between the spectrum
and the fit. Of note, LCModel has been shown to systematically
underestimate the true signal-to-noise ratio calculated from a
recent MRSI consensus article (24).

Gly Contribution to ml Signal at Short TE

The mlI and Gly signals both appear at 3.56 parts per million at
short TE, making their separation difficult. To verify that our re-
sults were not driven by a large Gly contribution, we used short
and intermediate echo data during the same scanning session to
isolate ml and Gly contributions with use of a weighted differ-
ence approach, as described by Hattingen et al (Fig 3A, 3B) (25).
The median contribution of Gly was approximately 20% of the
short TE intensity in all volumes of interest (VOIs). We calcu-
lated adjusted values of ml/c-Cr (ie, without Gly contribution)
and illustrate the spectra for a representative intratumoral voxel
where ml and Gly contributions to the overall short TE intensity
were 76% and 24%, respectively (Fig 3C). For each participant
at each visit, we calculated the average corrected ml signal within
each VOL. These were normalized by the contralateral Cr to gen-
erate separate values of Gly/c-Cr and ml/c-Cr.

Statistical Analyses

We investigated whether intracumoral, peritumoral, and
contralateral ml/c-Cr can help distinguish between longer-
term survivors (=9 months) and shorter-term survivors (<9
months) at baseline. We chose 9-month overall survivorship
for classification because few participants in our study sample
survived to 1 year (11). Receiver operating characteristic curves
for mI/c-Cr in each region were generated at every time point
for survivorship. The Student 7 test was used if the underly-
ing assumption of a normal distribution was satisfied using the
Shapiro-Wilk test; if not, the Wilcoxon rank-sum exact test was
used. All Wilcoxon rank-sum exact tests, two-tailed Student
¢ tests, likelihood ratio tests, area under the receiver operat-
ing characteristic curves (AUCs), and 95% Cls were estimated
using JMP Pro 15 (SAS Institute). The ml/c-Cr was consid-
ered effective in classifying outcome if the lower bound of the
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Figure 3:

Differentiating between glycine (Gly) and myo-inositol (ml) signal intensities at short echo time (TE). (A, B) For a sample infratumoral voxel, we used multiecho

MR spectroscopic imaging data and performed a weighted calculation to distinguish between ml and Gly contributions to short TE signal intensities. Graphs show these
results, with peaks indicated for ml plus Gly (or Gly alone), choline (Cho), creatine (Cr), N-acetylaspartate (NAA), and lipids plus lactate (in A only). The real part of the
frequency-domain data is plotted as a thin curve. The thick red curve is the LCModel fit o this data. Also plotted as a thin curve is the baseline. ppm = parts per million.

(€) Bar graph shows the contribution of ml and Gly to the full signal. In this example, the true ml contribution is 76% of the signal.

95% CI of the AUC was greater than 0.50. All demographic
categorial variables such as sex, race, isocitrate dehydrogenase
1 and O-6-methylguanine-DNA methyltransferase statuses,
and treatment regimen underwent x? testing for significance.
Demographic numeric variables, such as age and Karnofsky
performance score, were assessed for significance by using the
Mood median test. P < .05 was considered indicative of statis-
tically significant difference.

Results

Participant Demographics

Twenty-one participants with recurrent GBM (median
age * standard deviation, 62 years * 12; 15 men) were in-
cluded in our study. One participant was Asian, three were
Black, one was Hispanic, and 16 were White (Table 1). Our
x? tests indicated no differences in sex (x?[1] = 0.092; P =
.76), race (x*[3] = 1.43; P = .70), isocitrate dehydrognase 1
mutation status (x*[2] = 1.43; P = .49), O-6-methylguanine-
DNA methyltransferase status (x*[2] = 0.092; P = .95), or
treatment regimen (x*[3] = 1.18; P = .76) between longer-
and shorter-term survivors. Furthermore, we found no evi-
dence of group differences with regards to age (median, 64
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years and 61 years for longer- and shorter-term survivors,
respectively; P = .28) or baseline Karnofsky performance
score (median, 80 years for both longer- and shorter-term
survivors; P = .25) (Table 1).

The ml/c-Cr Ratios at Baseline across VOIs

The ml/c-Cr ratios of all participants were compared across intra-
tumoral, peritumoral, and contralateral VOIs at baseline (Fig 4).
Intratumoral, peritumoral, and contralateral VOIs had an
average ml/c-Cr = standard deviation of 0.41 * 0.21, 0.53 =
0.17, and 0.87 = 0.16, respectively. There were differences in
mean ml/c-Cr between VOIs (P < .001, Wilcoxon rank-sum
exact test). The post hoc Student 7 test revealed that intracumoral
and peritumoral ml/c-Cr were each lower than contralateral
ml/c-Cr (P < .001). Although mlI/c-Cr levels were lower in the
intratumoral volume compared with the peritumoral volume,
this did not reach the threshold for significance after Bonferroni
correction (uncorrected P = .04; Bonferroni-corrected P = .12).

Contralateral ml/c-Cr as a Predictor of Survivorship

Based on the findings reported by Steidl et al (15) within the
contralateral tissue at baseline, we investigated in our study
sample whether shorter-term survivors had a lower ratio of

413
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Table 1: Participant Demographics
Characteristic Longer-term Survivors (7= 6)  Shorter-term Survivors (7 = 15) All Participants (7 = 21) P Value
Age (y)* 64 £ 8 (54-78) 61 *+ 12 (28-71) 62 * 12 (28-78) .28
Sex .76
M 4 (67) 11 (73) 15 (71)
F 2 (33) 4(27) 6 (29)
Race .70
Asian 0 1 1
Black 1 2 3
Hispanic 0 1 1
White 5 11 16
Baseline Karnofsky 80 * 6.32 (70-90) 80 * 6.33 (70-90) 80 * 6.39 (70-90) .25
performance score*
Isocitrate dehydrogenase 1 status 49
Mutant 0 1 1
Wild type 6 13 19
Unknown 0 1 1
O-6-methylguanine-DNA .95
methyltransferase status
Methylated 1 2 3
Unmethylated 4 11 15
Unknown 1 2 3
Treatment type .76
Bevacizumab monotherapy 2 3 5
Bevacizumab + lomustine 3 7 10
Bevacizumab + temozolomide 1 4 5
Bevacizumab + pembrolizumab 0 1 1
Note.—Unless otherwise specified, data are numbers of participants, with percentages in parentheses (if applicable).
* Data are medians * standard deviations, with ranges in parentheses.

Kok ok

1.2

1.0
P

0.6

ml/c-Cr

1

respectively; P = .04) (Table 2). Furthermore, con-
tralateral ml/c-Cr was predictive of survivorship
at baseline, with an AUC of 0.72 (95% CI: 0.57,
0.87) (Table 2). Additionally, we did not observe
any longitudinal differences in contralateral ml/Cr
across the various treatment groups (Appendix E1
[online]).

0.4

We did not find any significant group differ-

ences at later time points. However, based on re-

all;

0.2

ceiver operating characteristic analyses, contralat-
eral ml/c-Cr was predictive of survivorship at 1

day (AUC, 0.83; 95% CI: 0.63, 1), 4 weeks (AUC,

0.0

Contralateral Peritumoral

Figure 4:  Myo-inositol normalized by contralateral creatine (ml/c-Cr) at baseline in intra-
tumoral, peritumoral, and contralateral volumes of interest. Box plots indicate the 25th and 7 5th

Intratumoral

0.69; 95% CI: 0.53, 0.87), and 8 weeks (AUC,
0.80; 95% ClI: 0.63, 0.97). A summary of these
statistical analyses is displayed in Table 2.

percentiles. The whiskers represent the maximum and minimum values, and the midlines indicate the

median (50th percentile). Intratumoral voxels had the lowest median ml/c-Cr, whereas contralat-

eral voxels had the highest ml/c-Cr values. #** = P < 001.

contralateral mI to Cr levels (hereafter, mI/Cr) and whether
that was predictive of antiangiogenic treatment failure. We
confirmed the findings of Steidl et al: shorter-term survi-
vors had significantly lower contralateral ml/c-Cr at baseline
(mean, 0.85 and 0.98 for shorter- and longer-term survivors,

414

Intratumoral ml/ c-Cr as a Predictor of Survivorship
We investigated whether the previous finding—that
shorter-term survivors have lower ml/c-Cr—was
applicable to intratumoral ml/c-Cr at baseline. The
mean ml/c-Cr was lower in shorter-term survivors compared
with longer-term survivors (mean, 0.35 and 0.59 for shorter-
and longer-term survivors, respectively; P = .02) (Fig 5). Intra-
tumoral ml/c-Cr was predictive of survivorship at baseline, with

an AUC of 0.75 (95% CI: 0.60, 0.89).

radiology.rsna.org = Radiology: Volume 302: Number 2—February 2022
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Table 2: Statistical Summary of Contralateral ml/Cr

Time Point Longer-term Survivors Shorter-term Survivors P Value AUC

Baseline 0.98 + 0.21 0.85 = 0.05 .04* 0.72 (0.57, 0.87)F
One day 0.91 £ 0.07 0.85 * 0.05 13 0.83 (0.63, 1)°
Four weeks 0.96 + 0.12 0.87 = 0.14 12 0.69 (0.53, 0.87)"
Eight weeks 0.99 = 0.12 0.75 £0.12 .08 0.80 (0.63, 0.97)"

Note.—Unless otherwise specified, data are means = standard deviations. Data in parentheses are 95% Cls. Mean contralateral myo-
inositol to creatine ratio (mlI/Cr) in longer- and shorter term-survivors with # test results is shown for all time points. Area under the
receiver operating characteristic curves (AUCs) with 95% Cls for survivorship prediction are included.

* Statistically significant P value.

¥ Myo-inositol normalized by contralateral creatine effective in classifying outcome.

Longer-Term
* Survivor
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+
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Figure 5:

aw aw

Visit

Infratumoral myo-inositol normalized by contralateral creatine (ml/c-Cr) at baseline (BL) and follow-up scans

stratified according to longer- (gray) and shorter-term survivorship (white). Longer-term survivors had statistically significantly
higher mean infratumoral ml/c-Cr at baseline and the 8-week timepoint. Error bars represent standard error of the mean.

*=P<.05.N=no,Y =yes.
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Figure 6:  Kaplan-Meier curves sirafified according to increased and de-

creased infratumoral myo-inositol normalized by contralateral creatine (ml/c-Cr)
for participants with infratumoral ml /c-Cr greater than 0.38 at baseline (mean
survival ime, 288 days) compared with those with ml/c-Cr less than 0.38 (mean
survival ime, 160 days). The Wilcoxon rank-sum exact test demonstrated evidence
of difference in survival rates within the two groups (P < .001).
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Subsequent exploratory analyses showed that at the 8-week
time point, a similar effect was present, with shorter-term sur-
vivors having lower mI/c-Cr (mean, 0.29 and 0.82 for shorter-
and longer-term survivors, respectively; P = .006) (Fig 5).
Intracumoral ml/c-Cr was predictive of survivorship at 1 day
(AUC, 0.87; 95% CI: 0.68, 1) and 8 weeks (AUC, 1; 95% CI:
1, 1). This was not the case at the 4-week time point (AUC,
0.65; 95% CI: 0.49, 0.85). We did not observe any longitu-
dinal differences in intratumoral ml/c-Cr across the various
treatment groups (Appendix E1 [online]).

Survivorship Analyses

Contingency analyses at baseline revealed that an intratumoral
ml/c-Cr value of 0.38 yielded the most robust AUC (0.75; 95%
CIL: 0.60, 0.89). After performing Kaplan-Meier survival analysis,
we found that participants with a baseline intratumoral ml/c-Cr
greater than 0.38 had a mean overall survivorship of 288 days,
compared with 160 days for participants with decreased ml/c-Cr
(Fig 6). The Wilcoxon rank-sum exact test revealed that there was
a difference in survivorship between both groups (2 < .001).

415
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Discussion

Despite the use of bevacizumab (BEV) in treating patients with
recurrent glioblastoma, its impact on overall survivorship is
unclear. Therefore, there is an unmet clinical need to identify
BEV nonresponders, as they may be candidates for other forms
of salvage therapy. We used MR spectroscopic imaging to evalu-
ate myo-inositol normalized by contralateral creatine (hereafter,
ml/c-Cr) as a potential marker of survivorship and BEV re-
sponse. We found that shorter-term survivors had lower ml/c-Cr
compared with longer-term survivors in normal-appearing white
matter contralateral to the tumor (P = .04), the intratumoral
volume (2 =.02), and the peritumoral volume (P = .04) as early
as at baseline. This was predictive of shorter-term survivorship,
with receiver operating characteristic analyses generating an area
under the receiver operating characteristic curve of 0.72 in the
contralateral volume, 0.75 in the intratumoral volume, and 0.80
in the peritumoral volume at baseline.

Although ml/c-Cr was lowest within the tumor VOI, intra-
tumoral differences between longer- and shorter-term survivors
may be partly explained by dysregulation of osmotic equilib-
rium (15,20). More aggressive tumors express higher levels of
vascular endothelial growth factor to form new blood vessels
(26). However, these vessels have abnormal functionality and
morphologic characteristics, with variable permeability and
irregular cellular structure (25,26). More infiltrative tumors are
susceptible to vasogenic brain edema and increased intracranial
pressure that result in further damage to the blood-brain bar-
rier (26,27). Therefore, more aggressive infiltrative tumors have
leakier blood-brain barriers, which results in a decreased ability
for osmoregulation in the tumor microenvironment, and subse-
quently lower levels of ml. This may also explain our findings in
the contralateral hemisphere, as autopsy studies have indicated
elevated Ki-67 staining and vascular endothelial growth factor
expression in astrocytes located outside of the tumor, as far away
as the contralateral hemisphere (28,29). Therefore, more aggres-
sively migrating tumors may have elevated vascular endothelial
growth factor on the contralateral side, resulting in a more per-
meable blood-brain barrier and less need for mI production to
maintain osmoregulation.

Another explanation could be ml contribution to the
biosynthesis of phosphatidylinositol (18,30). This com-
pound is broken down to form diacylglycerol and inositol
1,4,5-triphosphate. Diacylglycerol is essential for the acti-
vation of protein kinase C, which activates metalloprote-
ases that function in enhancing the invasiveness of tumors
(18). Considering this, our finding that shorter-term survi-
vors have lower levels of mI/c-Cr may be due to increased
conversion of ml to downstream targets such as phosphati-
dylinositol, leading to more aggressive tumor growth. Pre-
vious work in a human-derived xenograft mouse model of
glioblastoma revealed that oral dosing with a protein kinase
C inhibitor suppressed angiogenesis and had an antitumor
effect by suppressing proliferation, supporting the viability
of this hypothesis (31).

Our study is in line with a previous report (15); however,
that report did not isolate the contribution of Gly to the short
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TE intensity at 3.56 parts per million, making it difficult to
ascertain whether those results were mainly driven by ml as
opposed to a combinatorial effect of ml and Gly. In our study,
we used a weighted-differences approach to calculate the Gly
contribution on a voxel-wise basis and generated corrected
ml/c-Cr across all volumes. To detect Gly with higher reliabil-
ity, future studies should consider using higher magnetic field
strengths (7 T) with single spin-echo excitation schemes, which
have been shown to be successful in decoupling the ml signal
from the Gly singlet, allowing for the high fidelity quantification
of the latter (32).

Our study had limitations. First, our study had a relatively
small sample size; to validate whether mI/c-Cr can be a clini-
cally useful marker, it is imperative to confirm these results in
a larger data set.

Second, we acknowledge that there is considerable techni-
cal expertise required to implement the methods, to extract rel-
evant data, and to analyze it such that it can be implemented
within the clinic. Furthermore, acquiring intermediate and short
TE MRSI data in a clinical setting may be difficult due to time
and technical limitations. To overcome these issues, our group,
in collaboration with several sites across the United States and
Europe, is working on providing a turnkey package of advanced
MRSI technology for end users for multisite and/or vendor trials
and routine clinical use (Siemens, GE Healthcare, and Philips
3.0-T platforms) (33).

Third, given that MRSI data in our cohort were obtained
from scanners with differing magnetic field strengths, the possi-
bility for interscanner variability in the measurements of ml/c-Cr
exist. However, for our study participants, there is no evidence
of difference in mI/c-Cr across Siemens and GE scanners (Table
E6 [online]). Furthermore, there is no evidence that scanner type
was an important predictor of survivorship in our model (Table
E7 [online]). This is in line with a previous report that showed
when compared to 1.5-T, 3.0-T '"H MR spectroscopy improved
signal-to-noise ratio but did not result in significant difference in
metabolite ratios (34).

Fourth, when correcting for Gly contribution, MRSI data
acquisition was performed using different platforms than those
described by Hattingen et al (25) and were not validated by
a phantom study. This underscores the need for multicenter
trials to quantitatively validate these results through phan-
tom studies and clinically acquired scans. To that end, our
group is working on performing phantom studies across the
different platforms to validate our methods. Nonetheless, we
have shown that the adapted method for Gly correction was
not driving our results and that lower levels of uncorrected
ml across all VOIs still predict shorter-term survival (Tables
E3-E5 [online]).

Fifth, all patients received involved-field radiation therapy
to the enhancing tumor region and its surrounding border. In
instances where the tumor was close to the midline, the con-
tralateral hemisphere inevitably received low-dose radiation,
which may theoretically impact its ml levels. To minimize the
effects of radiation on ml levels, we selected contralateral voxels
in regions that likely received little to no radiation, although
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further studies are required to validate the effect of radiother-
apy on ml levels in the brain.

Sixth, because GBM is one of the most heterogeneous tumor
types, the contribution of partial volume effects was likely. Partial
volume effects are of little concern in contralateral voxels, which
are homogeneous in nature and independent from the enhanc-
ing regions. Furthermore, our findings were comparable across
voxel types. Despite these limitations, the MR spectroscopy
marker ml/c-Cr helped predict 9-month overall survivorship.

Based on our results, myo-inositol normalized by contralat-
eral creatine (ml/c-Cr) holds promise to be a marker that helps
predict short-term survivors of antiangiogenic therapy. Our
preliminary analyses suggest that patients with lower levels of
ml/c-Cr are less likely to respond to bevacizumab and become
longer-term survivors. Most important, ml/c-Cr in the tumor,
periphery, and contralateral side can help predict nonresponders
to antiangiogenic therapy before treatment initiation. Predicted
shorter-term survivors may be suitable candidates for different
salvage therapies. Furthermore, we have shown that there may
be utility in incorporating both short and intermediate echo
time MR spectroscopic imaging scan sequences within clinical
MRI protocols to facilitate treatment of patients with recurrent
glioblastoma.
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