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Abstract

Background. Adversely prognostic hypercellular and hyperperfused regions of glioblastoma (GBM) predict
progression-free survival, and are a novel target for dose-intensified chemoradiation (chemoRT) recently imple-
mented in a phase Il clinical trial. As a secondary aim, we hypothesized that dose-intensified chemoRT would in-
duce greater mid-treatment response of hypercellular/hyperperfused tumor regions vs standard chemoradiation,
and that early response would improve overall survival (OS).

Methods. Forty-nine patients with newly diagnosed GBM underwent prospective, multiparametric high b value
diffusion-weighted MRI (DW-MRI) and perfusion dynamic contrast-enhanced MRI (DCE-MRI) pre-RT and 3-4 weeks
into RT. The hypercellular tumor volume (TV,,.,, mean contralateral normal brain + 2SD) and hyperperfused tumor
volume (TV,,, contralateral normal frontal gray matter + 1SD) were generated using automated thresholding.
Twenty-six patients were enrolled on a dose-escalation trial targeting TV ,.,/TV g, with 75 Gy in 30 fractions, and
23 non-trial patients comprised the control group. OS was estimated using the Kaplan-Meier method and com-
pared using the log-rank test. The effect of TV, /TV g, and Gd-enhanced tumor volume on OS was assessed using
multivariable Cox proportional-hazard regression.

Results. Most patients had gross total (47%) or subtotal resection (37%), 25% were MGMT-methylated. Patients
treated on the dose-escalation trial had significantly greater reduction inTV,,.,/TV g, (41% reduction, IQR 17%-75%)
vs non-trial patients (6% reduction, IQR 6%-22%, P =.002). An increase in TV, /TV g, during chemoRT was asso-
ciated with worse OS (adjusted hazard ratio [aHR] 1.2, 95%CI 1.0-1.4, P = .02), while pre-treatment tumor volumes
(P> .5) and changes in Gd-enhanced volume (P = .9) were not.

Conclusions. Multiparametric MRI permits identification of therapeutic resistance during chemoRT and supports
adaptive strategies in future trials.

Key Points
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Importance of the Study

Adversely prognostic hypercellular and hyperperfused
tumor regions in glioblastoma identified using high b
value diffusion-weighted MRI and dynamic contrast-
enhanced perfusion MRI have been implemented as a
novel target for radiation dose-intensification in a re-
cent phase Il clinical trial. In this study, we demonstrate
the dose-response of this imaging signature during
the course of radiation therapy, and the association of
the mid-treatment hypercellular/hyperperfused tumor

With few advancements in the treatment of glioblastoma
(GBM) overthe last 2 decades, a persistent limitation remains
the lack of biologically informed imaging that can specifi-
cally detect response or progression during standard ther-
apies.The perennial difficulty of assessing tumor status after
chemoradiation (chemoRT) using conventional T1-weighted
gadolinium-enhanced (T1-Gd) and fluid-attenuated inver
sion recovery (FLAIR) MRI has prompted numerous studies
incorporating advanced metabolic and physiologic imaging
techniques to more reliably assess tumor status after com-
pletion of radiation therapy.'? However, few efforts have
been devoted to discovering whether tumor changes during
the course of chemoradiation can be detected using conven-
tional or advanced imaging techniques, and whether such
changes are correlated with patient outcome. Such a non-
invasive biomarker would permit early potential adaptation
or intensification of radiation or combined therapies to help
overcome treatment resistance.

In an effort to develop and implement an imaging tech-
nique with potential to elucidate persistent and devel-
oping regions of treatment resistance before and during
radiation and to feasibly perform as a routine imaging
protocol, we reported on a multiparametric MR imaging
signature incorporating high b value diffusion-weighted
(DW) MRI and dynamic contrast-enhanced (DCE) MRI
for patients with newly diagnosed GBM.3#* Using this ad-
vanced MRI technique to detect hypercellular (TV,,.,) and
hyperperfused (TV,,) tumor regions (Figure 1) after sur
gical resection, we demonstrated that this combined im-
aging phenotype identified tumor regions highly likely to
progress after standard chemoradiation, its association
with progression-free survival (PFS), and its spatial cor
relation with eventual tumor recurrence (Supplementary
Figure 1).34 Moreover, because 40% of the tumor identified
with this technique was non-enhancing, the hypercellular/
hyperperfused tumor regions were often excluded from the
radiation boost volume defined using conventional MRI. In
a phase Il clinical trial (NCT02805179) reported separately,®
we investigated whether targeting the residual, postoper-
ative hypercellular/hyperperfused TV, /TV,, identified
prior to radiation with dose-intensified chemoRT to 75 Gy
improved outcomes in patients with GBM (Supplementary
Figure 2).

As a secondary aim reported herein, we assessed the re-
sponsiveness of hypercellular/hyperperfused GBM tumor
regions during the radiation treatment course and its cor-
relation with survival. We hypothesized that in contrast

volume with survival and tumor recurrence. These find-
ings suggest that a multiparametric MR imaging tech-
nique to identify hypercellular and hyperperfused tumor
regions during the course of radiation may potentially
be used for early response assessment and adaptive
treatment strategies that selectively target persistent
and developing regions of treatment resistance in fu-
ture studies.

to standard chemoradiation, dose-intensified chemoRT
would induce greater reduction or response of adversely
prognostic hypercellular/hyperperfused tumor regions,
and that early response would translate into improved
overall survival (OS). These findings would then inform
future trials incorporating this imaging signature for
adaptive treatment modification during the course of ra-
diation therapy to overcome treatment resistance and im-
prove outcomes in GBM.

Methods
Patient Cohorts

Forty-nine patients with pathologically confirmed, newly
diagnosed GBM underwent multiparametric MRI scans
on prospective, IRB-approved protocols (NCT02805179
and NCT01988675) following maximal surgical resec-
tion. All patients underwent multiparametric MRI prior to
chemoradiation, and again during the 3rd-4th weeks of
chemoradiation. Twenty-six patients were enrolled on a
dose-escalation phase Il trial (NCT02805179) targeting the
hypercellular/hyperperfused tumor regions identified by
multiparametric MRI. The remaining 23 patients comprised
a similar population to the dose-escalation trial cohort, and
were enrolled on a corollary imaging study (NCT01988675)
and treated per institutional standard of care based on con-
ventional MRI (T1-weighted gadolinium-enhanced and T2/
FLAIR), without specific regard to advanced MR imaging
(hereafter referred to as the non-trial cohort).

Chemoradiation Treatment

All patients were treated using intensity-modulated or
volumetric-modulated arc therapy to the surgical cavity and
residual T1-weighted gadolinium-enhanced abnormality
(TVgq), which was expanded by approximately 1.7 cm to
create a clinical target volume (CTV) and 0.3 cm for planning
target volume (PTV) (a total of 2-cm margin, analogous to the
approach used by the European Organisation for Research
andTreatment of Cancer [EORTC]).6The PTV was most com-
monly prescribed 60 Gy in 30 fractions, andT2-FLAIR was not
specifically targeted to 60 Gy unless bulky non-enhancing
disease was identified (<5% of cases). Patients treated on
the phase Il dose-escalation trial were likewise treated to 60
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Fig. 1

In the top row, representative images from Patient 1 demonstrate hyperperfused tumor (red arrow, first column) identified with dynamic

contrast-enhanced MRI, and hypercellular tumor (blue volume, second column) identified with high b value diffusion-weighted MRI. Both vol-
umes are overlayed on the T1-weighted gadolinium-enhanced MRI (third column), and the non-enhancing hypercellular tumor extends across
the splenium. In the middle row, the left temporal lobe tumor from Patient 2 demonstrates residual, non-enhancing hypercellular tumor posterior
to the surgical cavity (blue volume, second column) without corresponding hyperperfusion. This non-enhancing tumor region is significantly
smaller than the nonspecific FLAIR hyperintensity surrounding the cavity (last column). In the bottom row, representative images from Patient 3
demonstrate both hyperperfused (red arrow, first column) and hypercellular (blue volume, second column) tumor in the left posterior frontal lobe
that was non-enhancing and superior to the surgical cavity. Abbreviations: CBV, cerebral blood volume; DW-MRI, diffusion-weighted magnetic
resonance image; FLAIR, fluid-attenuated inversion recovery; T1-Gd, gadolinium-enhanced T1-weighted MRI.

Gy in 30 fractions to the PTV, and additionally underwent
simultaneous integrated boost targeting the hypercellular/
hyperperfused tumor volume. A 0.5-cm margin was applied
to the hypercellular/hyperperfused tumor volume to create
aPTV, .. (no CTV margin was applied) and treated to 75 Gy
in 30 fractions.The initial 10 dose-escalation trial patients un-
derwent targeting of theTV,,.,, and the remaining patients to
the combinedTV,,.,/TV g, following analyses demonstrating
the improving prognostic significance of the combination of
imaging techniques.* All patients were treated with concur-
rent (75 mg/m?) and adjuvant (150-200 mg/m? days 1-5 of a
28-day cycle) temozolomide for 6-12 cycles.

After progression, treatment was individualized and
most commonly consisted of nitrosourea-based chemo-
therapy, with a minority of patients undergoing resection
and/or re-irradiation.

Advanced Imaging Protocols

All imaging was acquired on a single 3T scanner (Skyra,
Siemens Healthineers, Erlangen, Germany) using a
20-channel head coil in the Department of Radiation

Oncology at the University of Michigan. For the MRI ac-
quisition protocols, conventional images including 2-di-
mensional (2D) T2-FLAIR, and 3-dimensional (3D) pre- and
post-contrast T1-weighted images were obtained. DW-MR
images were acquired using a 2D echo planar or RESOLVE
pulse sequence with diffusion weighting in 3 orthogonal
directions and b values of 0 and 3000 s/mm?, as previously
published.*® The RESOLVE diffusion pulse sequence re-
duces susceptibility artifacts that cause distortion, com-
pared to conventional diffusion sequences. DCE images
were acquired using a 3D gradient echo pulse sequence
(TWIST) in the sagittal orientation to avoid arterial in-flow
effect and ensure arterial coverage for input function de-
lineation. Acquisition parameters for whole-brain coverage
and T1 quantification have been previously defined.*”
A three-parameter Tofts model was used to quantify the
fractional plasma volume (Vp), transfer constant of contrast
(Ktrans) and the fractional volume of extravascular, extra-
cellular space (v,) with model assumptions as previously
published.*®8 All image processing was performed using
an in-house functional image analysis tool (imFIAT), valid-
ated and benchmarked at the highest level (level 5) by the
NCI Quantitative Imaging Network.®°
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Delineation of Hypercellular and Hyperperfused
Tumor Volumes

The hypercellular tumor volume (TV,) was delineated
on DW images with b = 3000 s/mm?. A fully automated
threshold method was used to generate TV ,,, based on
the mean intensity of contralateral normal brain + 2SD on
a voxel-by-voxel basis.* The hyperperfused tumor volume
(TV¢g,) was defined based on the uptake of contralateral
normal frontal gray matter + 1SD. Due to the inherent dif-
ference in cerebral blood volume (CBV) values of gray
matter and white matter, the normal gray matter of the
contralateral normal frontal lobe (with higher CBV than
white matter) was segmented and used to define the TV,
tumor volume.This method identifiesTV 5, tumor volumes
predictive of PFS and 0S.*

CcBvV

Survival Analysis and Statistical Methods

The primary aim of this study was to determine whether
targeting hypercellular/hyperperfused tumor regions with
dose-intensified RT would induce greater mid-therapy
tumor reduction compared to a non-trial comparison co-
hort, and whether this mid-therapy response was predic-
tive of patient survival. OS was defined as the interval from
the start of RT to death from any cause. For patients who
were not reported to have died at the end of the study, the
last clinical follow-up or last contact date, whichever oc-
curred later, was used as the censoring date. Patients were
generally followed every 8 weeks after chemoradiation
with clinical exam and MRI. PFS was defined as the interval
from the start of RT to progression or death, whichever oc-
curred first, and patients were censored at the time of last
imaging follow-up. Progression was determined by a mul-
tidisciplinary tumor board, and worsened enhancement
within 3 months of chemoradiation was generally man-
aged by repeat imaging to rule out pseudoprogression.
Progression was defined as worsened enhancement out-
side of the radiation field, or within the radiation field if
progression was confirmed pathologically or with serial
confirmatory imaging and clinical evaluation, or by change
in therapy (ie, initiation of next-line chemotherapy), which-
ever occurred first.

PFS and OS were calculated using the Kaplan-Meier
method and subgroups were compared using the log-
rank test. Wilcox signed-rank test was used to com-
pare anatomic MRI-defined tumor volumes (based on
T1-weighted gadolinium-enhanced and T2/FLAIR imaging),
and advanced MRI-defined tumor volumes between dose-
escalation trial and non-trial patients. Univariable Cox pro-
portional hazards models were used to correlate PFS and
OS with age, gender, Eastern Cooperative Oncology Group
(ECOG) performance status (0 vs 1 vs 2), RT dose coverage
of imaging volume (>95% vs <95%, and continuous), extent
of surgery (gross total resection vs subtotal resection vs
biopsy alone), O%-methylguanine-DNA methyltransferase
(MGMT) methylation (methylated, unmethylated, un-
known), baseline anatomic (TVy,, TV ,g) and advanced
MRI (TVoys TV gy cOmbined TV, /TV g, ) tumor volumes
and their mid-radiation changes. Multivariable Cox pro-
portional hazards models were generated to assess the

effect of anatomic and advanced MRI tumor volumes and
their mid-radiation changes on PFS and OS, adjusting for
age, MGMT methylation status, and extent of residual
contrast-enhancing tumor.

Statistical analyses were performed using R (version
3.6.1). For all analyses, two-sided P values of <.05 were
considered statistically significant, and values <.1 were
considered a marginal association. Confidence intervals
(Cl) estimates were two-sided and set at 95%.

Results
Clinical Patient and Treatment Characteristics

Forty-nine patients with newly diagnosed GBM treated be-
tween October 2012 and December 2018 were included in
this analysis.The median age was 58 years old (IQR 54-65).
The majority (88%) of patients were of ECOG performance
status 0-1 and underwent gross total resection (47%) or
subtotal resection (37%). Only 6% of patients had IDH1 mu-
tation. Patients enrolled on the Phase Il dose-escalation
trial were of older median age than the non-trial cohort (62
vs 55 years old, P =.02) and had a greater percentage of
MGMT-unmethylated patients (73% vs 39%, P = .002), al-
though 35% of patients treated in the non-trial cohort were
lacking MGMT status due to the slightly earlier era of treat-
ment before routine acquisition of this assay (Table 1).

Comparison of Anatomic and Advanced MRI
Tumor Volumes

Among all patients, 35% (range 0%-91%) of the com-
bined hypercellular/hyperperfused tumor volume was
non-enhancing and extended outside of the conventional
contrast-enhancing region (TV ) prior to radiation therapy,
which did not significantly differ between the dose-
escalation trial and non-trial cohorts (35% for both). A sig-
nificantly greater reduction in the combined hypercellular/
hyperperfused (TV,,,/TVg,) tumor volume was observed
among patients treated in the dose-escalation trial cohort
(3 cc reduction, IQR 2-5, or 41% reduction) vs the non-trial
cohort (1 cc reduction, IQR 1-3, or 6% reduction, P = .002)
(Figure 2, Panel A). However, even with dose-escalated ra-
diotherapy at 2.5 Gy per fraction (75 Gy in 30 fractions),
a subset of patients experienced less pronounced tumor
reduction or even growth of the TV, /TV g, tumor volume
during treatment (Figure 2, Panel A). The hypercellular
tumor component (TV,,., ), of specific utility in identifying
non-enhancing tumor regions potentially missed by con-
ventional MRI, was markedly reduced with dose-escalated
radiation compared to standard treatment (71% reduction
[1QR 34%-90%] vs 5% increase [IQR -23% to 17%], P<.001)
(Table 2). The hyperperfused TV g, demonstrated greater
heterogeneity of response, although overall reduction was
observed among patients receiving dose-escalated RT (9%
reduction, Table 2). Like the advanced MR-identified tumor
volumes, the anatomic enhancing tumor volume TV, (ex-
cluding surgical cavity) was also significantly reduced in
the dose-escalation trial cohort compared to the non-trial
cohort (40% reduction vs 16% reduction, Table 2).
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Table1 Patients Characteristics
Dose- Non-Trial
EscalationTrial Cohort
Cohort
Count
N 26 23
Age
Median (IQR) 62 (56, 67) 55 (52, 59) .02
Gender
Female 10 (38.5) 7 (30.4)
Male 16 (61.5) 16 (69.6) .76
ECOG
0 6(23.1) 8(34.8)
1 18 (69.2) 11 (47.8)
2 2(7.7) 4(17.4) .35
Physical dose
Median (IQR) 75 (75, 75) 60 (60, 72) <.001
Extent of surgery
Biopsy 3(11.6) 4(174)
Subtotal resection 8(30.8) 9(39.1)
Gross total resection 15 (57.7) 10 (43.5) .67
MGMT methylation
Positive 6(23.1) 6(26.1)
Negative 19 (73.1) 9(39.1)
Unknown 1(3.8) 8(34.8) .002
IDH status
Mutant 1(3.8) 2(8.7)
Wild-type 24 (92.3) 17 (73.9)
Unknown 1(3.8) 4(17.4) .22

Abbreviations: ECOG, Eastern Cooperative Oncology Group;
IDH, isocitrate dehydrogenase; IQR, interquartile range; MGMT,
08-methylguanine-DNA methyltransferase.

No difference in mid-RT anatomic tumor volumes (TV,,
TV ar P> -3 for both), and no difference in mid-RT advanced
TV,o/TV gy tumor volumes (P = .29) was appreciated be-
tween MGMT-methylated vs -unmethylated patients.

Survival Outcomes Predicted by Hypercellular/
Hyperperfused Tumor Response

The median follow-up time was 38 months (95% CI
27-50 months). Among all patients, median OS was
19 months (95% CI 16-28) and PFS was 11 months (95% CI
8-19). Trial patients treated with dose-escalated radiation
targeting hypercellular/hyperperfused tumor regions had
a median OS of 20 months (95% CI 18-not reached [NR]),
and median PFS of 12 months (95% CI 10-17 months)."
Patients with a larger reduction in the hypercellular/
hyperperfused tumor volume during the radiation course
had a substantially improved OS of 28 months (95% CI
18-NR) vs 16 months (95% CI 8-23 months) (P =.04) (Figure
2, Panel B).

Univariable analysis demonstrated that MGMT promoter
methylation was associated with improved PFS (hazard
ratio [HR] 0.33, 95% CI 0.13-0.83, P = .02). Increasing age
(per year, HR 1.06, 95% CI 1.01-1.11, P = .01) and increase
in the hyperperfused tumor volume (TV, ) during radia-
tion (per 10% increase, HR 1.07, 95% CI 1.02-1.13, P = .01)
were associated with worse OS. A trend to worse OS was
observed with increasing TV ,,/TV s, during radiation (per
10% increase, HR 1.12, 95% CI 0.99-1.27, P=.08).

In a multivariable analysis adjusting for known prog-
nostic factors including age, MGMT methylation status,
and the volume of postoperative residual enhancing
tumor, an increase in the hypercellular/hyperperfused
tumor volume (TV.,/TV,,) during radiation was asso-
ciated with worse PFS (HR 1.16, 95% Cl 1.01-1.32, P = .03)
and worse OS (HR 1.21, 95% CI 1.04-1.41, P = .02) (Table
3) (Supplementary Figure 3). In contrast, the anatomic
change in the mid-radiation volume of enhancement was
not associated with survival (P=.87).

Correlation of Tumor Recurrence With Mid-

Radiation TV, .../TV

HCV CBV

All patients with measurable, mid-radiation TV,,.,/TVg,
demonstrated spatial overlap of the mid-radiation TV,.,/
TVg, and eventual, enhancing tumor recurrence (Figure
3). In response to dose-escalated RT, one patient with an
MGMT-methylated, IDH unknown tumor demonstrated
complete response of the TV, /TV.,, by mid-radiation,
with durable control of the index site but eventual tumor
recurrence 2 years after treatment that was remote from
the initial site.

Among the dose-escalation trial cohort, the mean per-
sistent TV,,,/TV.g, (overlap of the pre-radiation and
mid-radiation TV,,.,/TV,,) was 3.7 cc (IQR 0.8-5.1) and
comprised approximately 40% of the total mid-radiation
TV,o/TV¢gy- The remainder of the TV, /TV g, that was
developing during the course of radiation (extending
outside of the initial TV, /TVg,) was 4.7 cc (IQR 1.2-6.0).
Approximately 30% (IQR 8%-64%) of the mid-radiation
TVheo/TV gy extended outside of the 75 Gy boost dose
region by mid-treatment, although no measurable TV /
TV, extended outside of the 95% (60 Gy) isodose line
among patients undergoing dose-escalated targeting of
the hypercellular/hyperperfused tumor from the start of
treatment.

Toxicity of Dose-Escalation Trial Cohort

All patients were followed until last follow-up or death for
late neurologic toxicity (median follow-up time 26 months
(95% CI 19-NR). Dose-escalated chemoradiation to 75
Gy was well tolerated in the trial cohort, with only 2 pa-
tients experiencing irreversible, late grade 3 neurologic
toxicity.™ The first patient had an MGMT-unmethylated
tumor and experienced worsening seizures without corre-
sponding radiographic changes 10 months’ post-radiation,
requiring titration of anti-seizure medications and initi-
ation of bevacizumab. The second patient had an MGMT-
methylated tumor, and experienced radiographic changes
and biopsy-confirmed radiation necrosis with hemiparesis,
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Fig.2 (Panel A) Box plot of percentage change in combined TV, /TV, tumor volume among patients in dose-escalation vs standard treatment
cohorts. When treated with dose-escalated radiation therapy, a significantly greater reduction in the combined TV, /TV ., tumor volumes was
observed compared to standard treatment. Solid horizontal line = median. Solid vertical line = range. (Panel B) Kaplan-Meier curves of overall
survival. Superior overall survival rates among patients in whom a significant reduction in the combined TV, /TV, tumor volume greater than

median was achieved, compared to patients with suboptimal (<median) tumor reduction. Abbreviations: TV

hyperperfused tumor volume.

gait- and word-finding difficulty 17 months’ post-radiation,
requiring bevacizumab. No late grade 4-5 neurologic
events occurred, suggesting further potential to improve
the therapeutic ratio.

Discussion

In this study, we demonstrated that targeting an aggres-
sive hypercellular/hyperperfused imaging phenotype* with
higher radiation dose yielded greater mid-therapy tumor
reduction that was associated with superior survival in
patients with GBM. Importantly, insufficient response of
the hyperperfused/hypercellular tumor volume by mid-
radiation was associated with significantly worse PFS and
0S, independent of age, extent of residual enhancing dis-
ease, and MGMT methylation. These findings support the
potential importance of intensifying radiation dose against
these tumor regions from the start of treatment, and pro-
vide an avenue to further improve the therapeutic index by
identifying persistent and developing regions of treatment
resistance during radiation that would benefit from further,
selective dose-intensification for the remainder of therapy.

Typically, anatomic MR imaging is acquired after resec-
tion for radiation treatment planning and is not repeated
until 1 month after completion of radiation. For centers
that employ a sequential boost, an interim MRI may be
repeated during the course of chemoradiation for boost
planning. Because increases in enhancement that occur
during treatment may be due to the nonspecific effects
of radiation and chemotherapy,’> and in limited studies
have not demonstrated significant association with PFS
or OS in brain tumor patients, interim conventional MRI
during chemoradiation is not standardly acquired for
tumor assessment or early prognostication. In our study,

hypercellular tumor volume; TV,

HCV” CBV”

no association was demonstrated between quantitative
changes in anatomic enhancing tumor volume and patient
outcome.

Relatively few studies have evaluated advanced imaging
changes during chemoradiation in patients with GBM, and
their association with patient outcome. These studies have
demonstrated detectable and quantifiable tumor and mi-
croenvironmental changes 3-4 weeks into radiation using
advanced MRI techniques compared to pre-treatment that
correlate with early progression and even OS. In a study
of 18 patients™ with newly diagnosed GBM undergoing
pre-RT and third week 3D-MR proton spectroscopic im-
aging, a voxel-by-voxel analysis assessing for abnormal
activity (choline/N-acetyl aspartate ratio, or Cho/NAA) > 2
demonstrated that decreased or stable mean or median
Cho/NAA values had lower risk of progression. In contrast,
an increase in mean or median Cho/NAA values by week 3
of RT had significantly greater chance of early progression
(both P < .01, HR 2.72 (95% CI 1.10-6.71, P = .03). Despite
receiving standard ~60 Gy radiation dose to this metabolic
abnormality, most recurrences occurred in this region, and
dose-escalation against these tumor regions is the subject
of an ongoing study.'®'* Other studies have utilized func-
tional imaging techniques to assess whether changes in
tumor vasculature and perfusion characteristics during ra-
diation are associated with OS. In a study of 22 patients
with GBM,"® a greater mid-RT reduction in K'@"s values was
observed among responders vs non-responders (P = .04),
possibly due to early reduction in vascular leakiness
leading to enhanced oxygenation and therapeutic efficacy.
Subsequent studies have more specifically evaluated re-
gional changes in elevated CBV within heterogeneous
glioma subregions as a metric of tumor response during
treatment. In a prior series of 23 patients'® with newly diag-
nosed high-grade gliomas, we found that a decrease in the
fractional high CBV tumor regions during week 3 vs week
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Table3 Cox Proportional Hazards Models for Progression-Free Survival and Overall Survival

HR (95% ClI) PValue

Progression-free survival
MGMT-methylated (positive vs negative)

Baseline TV, volume (per 10 cc)

Mid-radiation change in combined TV ., /TV g, volume (per 10%)

Overall survival
Age (per 5 years)
MGMT-methylated (positive vs negative)

Mid-radiation change in combined TV ., /TV g, volume (per 10%)

0.25 (0.08-0.76) .015
0.86 (0.67-1.11) 250
1.16 (1.01-1.32) .032
1.43 (1.04-1.96) .027
0.44 (0.17-1.16) .098
1.21 (1.04-1.41) .015

Abbreviations: Cl, confidence intervals; HR, hazard ratio; MGMT, 0°-methylguanine-DNA methyltransferase; TV, hyperperfused tumor volume;
TV, gadolinium-enhancing tumor volume; TV, hypercellular tumor volume.

Significant Pvalues are depicted in bold text.

High B-value
CBV Map DW-MRI

> g
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N

Fig. 3 Correlation between persistent and developing mid-radiation hyperperfused and hypercellular tumor volumes and tumor recurrence.
A hyperperfused region of tumor (red volume, far left column) extending outside of the enhancing target (third column, upper panel) demonstrates
resolution laterally but persistence medially by mid-RT. A geographically distinct but also non-enhancing hypercellular region of tumor (blue
volume, second column) demonstrates persistent but also newly developing regions of tumor further medially by mid-RT, while the enhancing
target regresses (third column, bottom panel). Both persistent and developing hyperperfused and hypercellular tumor volumes detected mid-
radiation correspond to the eventual tumor recurrence (green volume, far right panel) 8 months after chemoradiation. Abbreviations: CBV, ce-
rebral blood volume; DW-MRI, diffusion-weighted magnetic resonance image; FLAIR, fluid-attenuated inversion recovery; RT, radiation; T1-Gd,

gadolinium-enhanced T1-weighted MRI.

1 of radiation was independently associated with better
survival, and could potentially serve as a metric of early
tumor response or therapeutic resistance. Another study
of 45 high-grade glioma patients'” incorporating perfu-
sion as well as diffusion MRI demonstrated that regional
decreases in rCBV and increases in apparent diffusion co-
efficient (ADC) assessed by parametric response method
in the first 3 weeks of treatment correlated with survival.
Similar to our prior findings,® additional series'® suggest
that the predictive value of diffusion MRI in assessing early
changes correlated with later tumor response is enhanced
with high b value DW-MRI (b = 3000-4000 s/mm?) com-
pared to conventional ADC maps.

Advanced positron emission tomography (PET) tracers
have similarly been used to noninvasively interrogate the

heterogeneous biology of malignant gliomas,! although
comparative studies assessing advanced PET imaging vs
advanced MRI techniques in identifying biologically rel-
evant tumor or predicting outcome are lacking. Studies
of post-chemoradiation response of metabolic tumor
volumes identified 2-3 months after treatment using
"C-methionine PET'"20 and O-(2-'8F-fluoroethyl)-L-tyrosine
("8F-FET) PET?' demonstrate improved PFS in newly diag-
nosed and recurrent GBM. However, whether evolving re-
sponse or treatment resistance may be identified earlier,
even during the course of radiation, using advanced PET
techniques has not been evaluated.

In our study, we assessed the significance of mid-therapy
changes in an advanced MR biomarker identifying an ad-
versely prognostic®* hypercellular and hyperperfused



Kim et al. Multiparametric MR during radiation predicts survival in GBM

imaging phenotype that is unique in that it may be feasibly
and justifiably targeted® with precision, dose-escalated
radiotherapy. GBM tumor evolution is a spatially and
temporally dynamic process potentially accelerated by
temozolomide and radiation. Preclinical and clinical ev-
idence support that radiation therapy and temozolomide
contribute to evolving mutation patterns, the presence
and clonality of driver mutations, and subpopulation evo-
lution.?22% Sequencing of matched primary-recurrent GBM
samples from patients receiving standard chemoradiation
therapy demonstrate GBM driver instability,?? and under-
score the importance of identifying a noninvasive method
of assessing spatiotemporal tumor evolution. Our find-
ings correlating suboptimal response of hypercellular and
hyperperfused tumor regions with worse survival sug-
gest that this technique may identify treatment-resistant
tumor regions early during treatment. These tumor re-
gions were often spatially disparate, and the hypercellular
tumor regions were often not hyperperfused. Whether
these hypercellular tumor regions contain more hypoxic
and potentially radioresistant tumor niches will require
further study. A next logical step is determining whether
persistent or developing regions of treatment resistance
identified mid-radiation using this imaging technique
may be targeted with adaptive re-planning, selectively
intensifying dose against these tumor regions to improve
outcomes with acceptable safety. In our prior work, we
have demonstrated that this advanced imaging signature
may be feasibly integrated into the clinical workflow for
patient care,® and implemented for tumor targeting using
precision radiotherapy techniques in a recently com-
pleted phase Il trial that demonstrated early promising
outcomes when the hypercellular/hyperperfused tumor
regions are identified prior to radiation and targeted with
dose-escalated radiation therapy." In the present analysis,
we demonstrated particularly favorable outcomes among
the subset of identifiable patients with an early response
of this imaging signature after radiation therapy com-
menced, but during the radiation course. Additionally, the
mid-therapy hypercellular/hyperperfused tumor volumes
demonstrated spatial concordance with regions of even-
tual tumor recurrence, suggesting its potential to identify
relevant regions of evolving treatment resistance during
radiation therapy. Approximately 30% of the mid-therapy
hypercellular/hyperperfused tumor volume developing
during the course of treatment extended outside of the
75 Gy boost region by mid-therapy, and would be poten-
tially targetable with an adaptive re-planning strategy.
Ongoing and future directions include patient-specific ad-
aptation with dose-intensified RT using this imaging bio-
marker to identify treatment resistance during radiation
that would benefit from even higher, but more targeted
dose, and characterization of the molecular signatures
corresponding to the hypercellular and hyperperfused im-
aging phenotypes to inform adjuvant treatment strategies
and select patients who may benefit from this treatment
approach.

Limitations of this study include the non-randomized
comparison and sample size. Validation of the signifi-
cance of the persistent and developing tumor regions

identified with this multiparametric MR imaging tech-
nique will require definitive assessment in the setting of a
multicenter randomized trial. Additionally, while radiation
dose-escalation using conventional imaging techniques
has yet to demonstrate survival benefit, with recent neg-
ative outcomes in the photon cohort of the ongoing NRG
BNOO1 trial, the potential benefit of implementing biolog-
ically informed imaging techniques to adequately target
even non-enhancing tumor regions with intensified local
therapy potentially adapted during the radiation course
remains an unanswered question to be addressed in fu-
ture studies.

In conclusion, we demonstrate the importance of a
dose-intensification strategy against adversely prognostic
hypercellular and hyperperfused tumor regions, whose
persistence and development during radiation is inde-
pendently associated with survival, correlated with even-
tual tumor recurrence, and may potentially be targeted
with adaptive, individualized radiation therapy using an
advanced imaging strategy to detect therapeutic resist-
ance. Given the variability of response that we observed,
early patient characterization using both molecular and ad-
vanced imaging techniques is needed to identify patients
in whom a dose-intensification strategy is likely to achieve
long-term tumor control and to significantly enhance
survival.

Supplementary Material

Supplementary material is available at

Neuro-Oncology online.
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