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Abstract

Background. Diffusion MRI estimates of the apparent diffusion coefficient (ADC) have been shown to be useful
in predicting treatment response in patients with glioblastoma (GBM), with ADC elevations indicating tumor cell
death. We aimed to investigate whether the ADC values measured before and after treatment with immune check-
point inhibitors (ICls) and the changes in these ADC values could predict overall survival (OS) in patients with re-
current IDH wild-type GBM.

Methods. Forty-four patients who met the following inclusion criteria were included in this retrospective study: (i)
diagnosed with recurrent IDH wild-type GBM and treated with either pembrolizumab or nivolumab and (ii) availa-
bility of diffusion data on pre- and post-ICI MRI. Tumor volume and the median relative ADC (rADC) with respect to
the normal-appearing white matter within the enhancing tumor were calculated.

Results. Median OS among all patients was 8.1 months (range, 1.0-22.5 months). Log-rank test revealed that
higher post-treatment rADC was associated with a significantly longer OS (median, 10.3 months for rADC > 1.63
versus 6.1 months for rADC < 1.63; P=.02), whereas tumor volume, pretreatment rADC, and changes in rADC after
treatment were not significantly associated with OS. Cox regression analysis revealed that post-treatment rADC
significantly influenced OS (P = .02, univariate analysis), even after controlling for age and sex (P=.01, multivariate
analysis), and additionally controlling for surgery after ICl treatment (P = .045, multivariate analysis).

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
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Conclusions. Elevated post-treatment rADC may be an early imaging biomarker for OS benefits in GBM

patients receiving ICl treatment.

¢ |n recurrent IDH wild-type GBM treated with ICls, post-treatment rADC was

associated with OS.

e This association was significant even after controlling for clinical factors.

Importance of the Study

Although immunotherapies are considered promising
therapeutic approaches for GBM, immune checkpoint
inhibitors (ICls) such as pembrolizumab and nivolumab
have not demonstrated an 0S benefit in patients with
GBM, highlighting the need for noninvasive biomarkers

Despite advances in pharmacotherapy, radiation, and
surgery, the prognosis of patients with isocitrate dehy-
drogenase (IDH) wild-type glioblastoma (GBM) remains
dismal, with median survival intervals of approximately
10-15 months.” Due to its aggressive nature, almost all
GBMs recur after initial therapy. Immunotherapy is a prom-
ising approach for GBM because of its potential to overcome
the intrinsic immunosuppressive effects of the disease and
those induced by the current standard-of-care treatments,
ultimately promoting an antitumor immune response.?
However, randomized clinical trials of immune checkpoint
inhibitors (ICls), including pembrolizumab and nivolumab,
have not demonstrated an overall survival (OS) benefit in
patients with recurrent GBM.3#Thus, there is an urgent need
to identify noninvasive biomarkers to predict patient re-
sponse to ICls and further develop combination therapies to
improve patient outcomes.

MRI with and without injection of a contrast agent is
the current gold standard for determining the burden of
disease in brain tumors®’; however, pseudoprogression
is more common after immunotherapy, with reports
describing frequent contrast enhancement due to the in-
creased permeability of the blood-brain barrier as a result
of the direct and/or indirect effects of immunotherapy.®
Moreover, prior to a delayed treatment effect, an initial
increase in tumor volume due to immune cell infiltration
and true progression have been reported in immuno-
therapy, further complicating evaluations of the treatment
effect.? Immunotherapy Response Assessment in Neuro-
Oncology (iRANO) criteria have recommended that con-
firmation of progression should occur 6 months after
initiation of immunotherapy®'; however, many recurrent
GBM patients (~60%) do not survive more than 6 months
from initiation of therapy to confirm progression and
iRANO-defined progression-free survival (PFS) has not
been shown to be valuable for predicting OS." Thus, there
remains an unmet clinical need for a noninvasive imaging
technique to identify early response to immunotherapies
and potentially further our understanding of the biological

to assess treatment response. Results from the current
study suggest diffusion MRI may be a valuable early
imaging biomarker for recurrent IDH wild-type GBM
treated with ICls, as elevated water diffusivity after
treatment was found to be predictive of survival.

mechanisms that underly both response and resistance to
immunotherapies.

Diffusion-weighted imaging (DWI) measures of the ap-
parent diffusion coefficient (ADC), a metric related to the
mobility of water within the tissue microenvironment and
inversely proportional to tumor cellularity,'>'* has shown
promise as a predictive and prognostic biomarker in GBM
under a variety of therapeutic scenarios and may provide
an early indicator of successful immunotherapy. For ex-
ample, elevated ADC after standard chemoradiotherapy
and anti-angiogenic therapy was associated with better
PFS and 0OS,'>'® and similarly, Song et al. recently showed
a promising association between ADC and PFS at 6 months
after ICl treatment in patients with recurrent GBM.20
Therefore, we hypothesized that an increase in ADC and/or
an elevated ADC following immunotherapy would indicate
successful tumor destruction and a more favorable OS.The
goal of the current study was to investigate the potential
utility of diffusion MRI as an early indicator of favorable
OS in patients with recurrent IDH wild-type GBM treated
with ICls.

I
Materials and Methods

Patient Selection

Patients included in this retrospective study were diag-
nosed with recurrent IDH wild-type GBM, either by eval-
uation of surgical pathology before or after the initiation
of ICIs or by meeting the definition of recurrent disease
using RANO criteria,” at least 6 months after the last con-
current treatment with temozolomide and radiotherapy,
and were treated with ICls between April 2014 and July
2021.We included cases with diffusion MRI data before and
after standard-dose ICl treatment, if they were not treated
with bevacizumab between 3 months prior to the pre-
ICI MRI scan and the date of post-ICI MRI scan, because
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bevacizumab is known to affect ADC values.?’ Only one
pre-ICl and one post-ICI MRI data closest to the date of the
initiation of ICl were selected and analyzed for each pa-
tient. The treatment included nivolumab administration
every 2 weeks and pembrolizumab administration every 3
weeks. The exclusion criteria were as follows: (1) debulking
surgery between pre- and post-ICI diffusion MRI and (2) se-
vere MRI artifacts on brain scans. PFS was defined as the
time period between the date of initiation of the ICI therapy
and the date that tumor recurrence was confirmed using
MRI or clinical symptoms as defined by RANO criteria,’
or censor date. OS was defined as the time period be-
tween the date of initiation of the ICI therapy and the date
of death for any reason or censor date. This retrospective
study was approved by the Institutional Review Board, and
the requirement for informed consent was waived.

MR Acquisition

All patients underwent T1-weighted imaging before and
after administration of gadolinium-based contrast agent
and DWI or diffusion tensor imaging (DTI) at 1.5 T or 3
T with b values of 0 and 1000 s/mm? as part of standard
of care either at our institution or external institutions.
T1-weighted imaging was performed with 2D axial turbo
spin echo with a 5-mm slice thickness and 1-1.5 mm gap
or a 3-mm slice thickness and no interslice gap or using
a 3D inversion-prepared gradient echo with a 1-1.5-mm
isotropic voxel size. At 1.5T, DWI using a single-shot echo-
planar sequence was performed with the following param-
eters: TE/TR = 74-109/5800-10 000 ms, pixel size = 0.94 mm
x 0.94 mm-1.88 mm x 1.88 mm, slice thickness = 3-5 mm
with an interslice gap of 0-1 mm. At 3T, DWI using a single-
shot echo-planar sequence or DTl along 64 motion-probing
gradients was performed with the following parameters:
TE/TR = 66-100/4000-11 500 ms, pixel size =2 mm x 2 mm,
slice thickness = 2-4 mm with no interslice gap for DTI;
TE/TR = 73-112/5700-10 000 ms, pixel size = 0.94 mm x
0.94 mm-2 mm x 2 mm, slice thickness = 2-3 mm with an
interslice gap of 0-1 mm for DWI. ADC maps were calcu-
lated from the DWI and DTl data.

Postprocessing of MRI Data

All MRI images were registered to the postcontrast en-
hanced T1-weighted images using a six-degree-of-freedom
rigid transformation and a mutual information cost
function using FSL software (flirt; Functional Magnetic
Resonance Imaging of the Brain Software Library; Oxford,
England) for subsequent analyses.

The volume of interest of the enhancing tumor was de-
fined on contrast-enhanced T1-weighted images by digital
subtraction maps using a semi-automated thresholding
method?? with the Analysis of Functional Neurolmages
software (NIMH Scientific and Statistical Computing Core).
Signal intensity of the contrast-enhanced and noncontrast-
enhanced T1-weighted images were normalized before
subtraction, so the enhancement showed voxel value of
more than 0.1. First, the general enhancing regions of the
tumor on postcontrastT1-weighted images were manually
defined. Then, T1-weighted subtraction map images were

thresholded at 0.1 to best define the extent of abnormality.
Finally, the resulting masks were edited manually by a
neuroradiologist with more than 10 years of experience
(AH) to exclude large vessels and any obvious non-tumor
regions, which typically occupied only minor fractions
of the entire region of interest. Because ADC is known to
show variability across scanners,?® relative ADC (rADC)
was calculated by normalizing ADC maps by the mean
value of normal-appearing white matter in the contralat-
eral hemisphere to reduce variability induced by scanner
differences.??* Three spherical volumes of interest, each
5 mm in diameter, were put in the central semiovale in the
anterior, middle, and posterior area around 3 mm above
the upper end of the lateral ventricles contralateral to the
tumor by AH using ITK-SNAP? and these three volumes
ions of interest were treated as a single region of in-
terest to extract the mean normal-appearing white matter
value (Figure 1). Another investigator (NSC, with 6 years
of experience in neuroimaging analysis) independently
performed the same procedure for putting volumes of in-
terest on normal-appearing white matter to estimate the
interobserver reproducibility of rADC measurement in the
tumor. The median rADC was extracted from enhancing
tumor volume of interest for further analyses. Notably, al-
though both 1.5T and 3T were used in this study, theoreti-
cally, ADC is not affected by field strengths.?®

Statistical Analysis

The intraclass correlation coefficient for median rADC
values in the tumor and its 95% confidence interval (Cl)
were calculated between two observers using a two-way
random absolute single measures model. A paired t-test
was used to evaluate the differences in tumor volumes,
ADC, and rADC before and after ICI treatment. Log-rank
tests stratified by median values and univariate Cox re-
gression analysis were performed to assess the effect
of tumor volume, ADC, and rADC (pretreatment, post-
treatment, and percentage change) as risk factors for PFS
and OS. For metrics that showed statistical significance,
we optimized the thresholds for differentiating patients
with better and worse survival by performing log-rank
tests at each incremental point of the metric. The optimal
threshold was set such that the P value was the lowest.?’
Additional multivariate Cox regression analysis was per-
formed for OS by including age and sex in the regression
model. We also included whether the patient underwent
debulking surgery after the initiation of ICl treatment in the
model, as this has been shown to significantly alter sur-
vival.?® Statistical significance was set at P < .05. Statistical
analyses were performed using MATLAB software (version
R2018a, Mathworks, Inc.).

Results

Among the 49 patients who met the inclusion criteria, one
patient with severe motion artifacts on MRI and four who
underwent debulking surgeries between pre- and post-ICI
MRI were excluded. Thus, a total of 44 patients (21 males
and 23 females) with a mean age of 53.9 + 12.2 years were
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(A-B) Fluid-attenuated inversion recovery (FLAIR) images and ADC maps of two representative patients with GBM who were treated with

ICls. Volumes of interest in the normal-appearing white matter are outlined in white. These are the post-ICI MRI of the same subjects as shown
in Figure 2. Three spherical volumes of interest, 5 mm in diameter, were put in the central semiovale in the anterior, middle, and posterior area
around 3 mm above the upper end of the lateral ventricles contralateral to the tumor. (B) because this patient had white matter abnormality in the
contralateral central semiovale, volumes-of-interest were put to avoid the abnormality.

included and analyzed. The mean + standard deviation of
the time interval between the pre- and post-ICl MRI studies
and between treatment initiation and post-ICI MRI studies
were 1.6 £ 1.6 and 0.7 = 0.5 months, respectively. The me-
dian number and range of treatment cycles between pre-
ICl and post-IClI MRl were 1 (range, 1-2) for Pembrolizumab
and 2 (range, 1-4) for Nivolumab. Additional patient dem-
ographics are presented in Supplementary Table 1. The
intraclass correlation coefficient between two observers
for rADC values in the tumor was 0.97 (95% Cl, 0.96-0.98),
indicating excellent reproducibility of the measurement.

The median PFS and OS from the start of ICl treatment
were 2.7 months (range, 0.6-8.7 months) and 8.1 months
(range, 1.0-22.5 months), respectively. Enhancing tumor
volume in the post-ICl scan was significantly higher than
that in the pre-ICl scan (mean * standard deviation; 25.4
21.2 mL and 13.9 £ 13.2mL, respectively; P<.001). However,
ADC in the pre- and post-ICl scans did not show significant
differences (mean + standard deviation; 1262 + 280 x 106
mm?/s and 1275 + 221 x 10-® mm?/s, respectively; P = .73).
rADC in the pre- and post-ICl scans did not show signifi-
cant differences either (mean + standard deviation; 1.72 =
0.34 and 1.68 = 0.35, respectively; P = .37). Figure 2 shows
two representative cases demonstrating an increase and
decrease in tumor volume and rADC after ICl treatment.

Pre- and post-ICl tumor volume, ADC, and rADC, and
percentage change in tumor volume, ADC, and rADC were
not significantly associated with PFS using log-rank tests
stratifying patients by median measurements.

Patients with a post-ICl rADC value more than 1.63 had
a significantly longer OS than those showing smaller
rADC values (Figure 3; log-rank, P=.02, HR = 0.41; median
0S, 10.3 vs. 6.1 months). Pre- and post-ICI tumor volume
and ADC, pre-IClI rADC, and percentage change in tumor

volume, ADC, and rADC were not significantly associated
with OS using log-rank tests stratifying patients by the me-
dian measurement. When we looped through the rADC
values with increment of 0.1, thresholding with rADC value
of 1.04-1.80 all resulted in significant results, with variable
number of patients in groups with better and worse sur-
vival.The lowest Pvalue of 1.8 x 105 was achieved at rADC
1.43-1.46, grouping 10 patients with worse OS and 34 pa-
tients with better OS (Figure 4).

Pre- and post-ICl tumor volume, ADC, and rADC, and
percentage change in tumor volume, ADC, and rADC did
not show a significant association with PFS using univar-
iate Cox regression analysis (Table 1). Univariate analysis
demonstrated a significant association between post-ICI
ADC or rADC and OS (Table 2; P=.02, HR = 0.998, 95% ClI
0.996-1.000 and P =.006, HR = 0.22, 95% Cl 0.07-0.64, re-
spectively), and pre-ICI ADC or rADC was also associated
with OS (Table 2; P = .04, HR = 0.999, 95% CI 0.997-1.000
and P=.01, HR = 0.22, 95% CI 0.07-0.70, respectively), but
other metrics were not found to be associated with OS.
Age was significantly associated with OS (Supplementary
Table 2; P= .04, HR = 1.028, 95% CI 1.001-1.055), whereas
sex and whether the patient underwent debulking surgery
after the initiation of ICI treatment were not associated
with OS (SupplementaryTable 2).

When controlling for age and sex, post-ICI ADC, post-
ICI rADC, and pre-ICl rADC were significantly associated
with OS (Table 2; P = .03, HR = 0.998, 95% Cl 0.996-1.000
for post-IClI ADC; P = .01, HR = 0.24, 95% CI 0.07-0.75 for
post-ICI rADC; and P = .04, HR = 0.26, 95% CI 0.07-0.91 for
pre-IClI rADC). Moreover, post-ICI rADC was significantly
associated with OS even after additionally controlling for
whether debulking surgery was performed sometime after
ICl treatment (Table 2; P=.045, HR = 0.29, 95% CI 0.08-0.98),
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Fig. 2 Postcontrast T1-weighted images and rADC maps of two representative patients with GBM who were treated with ICls. Contrast-
enhancing tumor volumes of interest are outlined in white. (A—C) The (A) pre- and (B) postscans of a 51-year-old male patient who showed an
increase in both tumor volume and median rADC after ICl treatment (+73.2% and +8.9%, respectively; rADC histograms are shown in (C)). Although
the tumor volume increased after treatment, the patient’s post-treatment rADC was relatively high (1.81) and OS was long (22.5 months). (D-F)
The (D) pre- and (E) postscans of a 65-year-old male patient who showed a decrease in both tumor volume and median rADC after ICI treatment
(-37.6% and -38.2%, respectively; rADC histograms are shown in (F)). Although the tumor volume decreased after treatment, the patient’s post-
treatment rADC was relatively low (1.01) and OS was short (1.0 month).
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Fig.3 Comparison of OS between groups stratified by median values of post-ICI rADC. Kaplan—-Meier plot shows higher OS in GBM with post-
treatment rADC > 1.63 (C, log-rank, P=.02). Other comparisons did not show a statistically significant difference.
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Fig. 4

(A) Level of significance (Pvalues) for 0S differences for different rADC thresholds at post-ICl time point investigated with log-rank anal-

ysis. The lowest Pvalue of 1.8 x 10-° was achieved at rADC 1.43-1.46. (B) Hazard ratios (HRs, lower rADC as reference, solid black line) and 95%
confidence intervals (dashed lines) for OS in recurrent GBM for different rADC thresholds. (C) Kaplan—Meier plot shows higher 0S in GBM with

post-treatment rADC > 1.45.

Table1 Univariate Cox Regression Analysis of PFS
PFS (Univariate)
Pvalue
Volume
Pre-ICls .90
Post-ICls .87
Percentage change .40
ADC
Pre-ICls .68
Post-ICls .31
Percentage change .93
rADC
Pre-ICls .06
Post-ICls .16
Percentage change .60

whereas post-IClI ADC and pre-ICl rADC were not signifi-
cantly associated with OS (Table 2; P=.07, HR = 0.998, 95%
Cl1 0.996-1.000 for post-ICI ADC; and P= .07, HR = 0.30, 95%
Cl 0.08-1.08 for pre-ICI rADC).

Discussion

Selection of optimal therapies for GBM patients and
identifying early treatment response or failure remains
some of the most challenging issues in clinical neuro-
oncology. Identifying successful response and early failure
to immunotherapies, in particular, remains puzzling and
problematic. The results of the present study appear to
suggest that diffusion MRI may be a valuable imaging ap-
proach for understanding treatment response to immuno-
therapies in GBM. In particular, results suggest elevated
rADC within the enhancing tumor after ICI treatment is a

z-score HR (95%CI)

-0.13 0.999 (0.979-1.019)
0.16 1.001 (0.988-1.015)

-0.84 1.000 (0.999-1.000)
-0.42 1.000 (0.998-1.001)
-1.01 0.999 (0.998-1.001)
-0.09 0.999 (0.999-1.000)
-1.88 0.34 (0.11-1.04)
-1.41 0.54 (0.23-1.27)
0.52 1.003 (0.990-1.018)

significant predictor of OS benefit in GBM. Even after con-
trolling for known clinical prognostic factors, rADC within
the enhancing tumor after ICl treatment remained a strong
predictor of OS in GBM. Together, this suggests diffusion
MRI may serve as an early noninvasive biomarker for pre-
diction of successful ICI therapy in GBM. Notably, tumor
volume was not significantly associated with OS, while
rADC was associated with OS. This may exemplify the po-
tential implication of inclusion of advanced MR imaging
technique such as DWI into the RANO criteria in the future.

In contrast to the findings of a previous study examining
GBM response to ICI therapy,?® we did not observe a sig-
nificant association between diffusion MRl measurements
and PFS. This may be due to the fact that the previous
study utilized the iRANO criteria for determination of PFS,
whereas in the current study we used the conventional
RANO criteria, as many patients died before reaching the
6 month confirmation time point. Nonetheless, our study
does support the hypothesis that diffusion MRI changes
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Table2 Univariate and Multivariate Cox Regression Analysis of 0S

OS (Univariate)

0OS (Multivariate)

Pvalue z-score

0OS (Multivariate)

HR (95%Cl) Pvalue zscore HR (95%Cl)

Pvalue z-score HR (95%ClI)

Volume

Pre-ICls 47 0.72 1.008 .84
(0.986-1.032)

Post-ICls 17 1.38 1.012 .29
(0.995-1.029)

Percentage .99 -0.01 1.000 74

change (1.000-1.000)

ADC

Pre-ICls .04* -2.01 0.999 (0.997-1.000) .08

Post-ICls .02* -2.26 0.998 (0.996-1.000) .03*

Percentage .24 1.16 1.009 (0.994-1.024) .31

change

rADC

Pre-ICls .01* -2.57 0.22 .04*
(0.07-0.70)

Post-ICls .006** -2.75 0.22 o=
(0.07-0.64)

Percentage .20 1.30 1.014 .22

change (0.993-1.036)

aControlling for age and sex.

0.21 1.002 41 0.83 1.010
(0.979-1.026) (0.986-1.036)
1.06 1.009 Al 1.53 1.014
(0.992-1.027) (0.996-1.031)
0.34 1.000 .b1 0.66 1.000
(1.000-1.000) (1.000-1.001)
-1.75 0.999 (0.997-1.000) .1 -1.60 0.999 (0.997-1.000)
—2.15 0.998 (0.996-1.000) .07 —1.81 0.998 (0.996-1.000)
1.02 1.009 (0.992-1.025) .23 1.20 1.010 (0.994-1.027)
-2.1 0.26 .07 -1.84 0.30
(0.07-0.91) (0.08-1.08)
-2.44 0.24 .045*  -2.00 0.29
(0.07-0.75) (0.08-0.98)
1.23 1.015 .15 1.43 1.016
(0.992-1.038) (0.994-1.038)

bControlling for age, sex, and whether a patient underwent surgery after the initiation of ICls treatment. *P < 0.05, **P < .01.

after ICI treatment may be early predictors of successful
therapy in GBM.

We theorize the association between higher ADC and
better survival may be related to higher rates of tumor cell
death, because ADC has been shown to be inversely correl-
ated with tumor cell density in a number of studies.?-14:29.30
However, the biological implications of ADC in the context
of immunotherapy may have additional significance, since
response to immunotherapy can be delayed compared to
conventional chemoradiotherapy.® In a recent study, the
mean value of the lower peak of the ADC histogram in
GBM was revealed to be positively correlated with the ex-
pression of decorin, a small proteoglycan belonging to the
small leucine-rich proteoglycan family that alters the vis-
cosity of the extracellular matrix.3' Decorin softens the ex-
tracellular matrix by binding with various macromolecules
and activating specific matrix metalloproteinases,®? which
may partly explain the relationship between increased
decorin expression and increased ADC, a measure of water
mobility (or viscosity) within tissues. Extracellular matrix
remodeling has recently been revealed to play a crucial
role in immune cell activation and trafficking and immu-
nological synapse formation.3® Moreover, in addition to
decorin, other molecules in the small leucine-rich proteo-
glycan family are capable of binding to toll-like receptors,
complement C1q, and tumor necrosis factor-alpha, leading
to regulation of innate immunity and inflammation.3*Thus,
studies aimed at identifying causal associations between
ADC, efficacy of immunotherapy, and molecular mechan-
isms are still warranted.

In this study, post-ICI rADC was significantly associ-
ated with OS by log-rank test and Cox regression analysis

after controlling for age, sex, and whether the patient un-
derwent debulking surgery after the initiation of ICI treat-
ment, whereas raw ADC was not significantly associated
with OS with the same analyses. Only a handful of studies
have compared the utility of rADC and ADC in high-grade
gliomas. Elson et al.?® and Gutierrez et al.’¢ showed ben-
efit of rADC over ADC in predicting survival and treatment
response, respectively, whereas Qin et al.3’ did not find
obvious difference between rADC and ADC in their asso-
ciation with 15-month OS after surgery. Our study has fur-
ther demonstrated the advantage of rADC over ADC.

The current study has some limitations that should be
addressed. First, because of the retrospective nature of this
study, the timing and acquisition protocol for pre-and post-
treatment imaging was not well controlled. We decided
to analyze the first post-ICl scan data rather than setting
a certain timing criterion because some patients under-
went debulking surgery right after the first post-ICl scan.
Future, prospective studies that control for these technical
and logistical factors should be performed to confirm our
findings in a larger cohort of patients. We mitigated these
issues partially by normalizing tumor measurements with
contralateral normal-appearing white matter, but this may
not be sufficient. Second, we did not investigate temporal
trends in ADC and tumor volumes after the initiation of ICI
treatment in this study. Further studies should examine
temporal trends in ADC and volumetric changes to see if
they provide additional insights into their associations with
survival. Third, even though we investigated the patients
treated with pembrolizumab and nivolumab, some cases
were treated concurrently with other treatments, including
immunotherapies such as ipilimumab and tasadenotureyv,
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between pre-ICl and post-ICI MRI time points. These
treatments may have affected ADC values, though we al-
ready excluded patients treated concurrently or recently
with bevacizumab, which is widely known to affect ADC
values.?' Even though the results of the current study may
be potentially applicable to other immunotherapies, this
should be investigated in the future. Lastly, even though
pseudoprogression typically occurs within 6 months after
concurrent temozolomide and radiotherapy, it could occur
even after 6 months and radiation necrosis may occur sev-
eral years after treatment,®® and these possibilities were
not fully excluded in our cohort upon inclusion in the cur-
rent study.

Conclusions

Results from the current study suggest that elevated ADC
within the enhancing tumor predicts favorable survival in
GBM patients treated with immune checkpoint inhibitors.
Results support the hypothesis that diffusion MRI may be a
valuable early imaging biomarker for successful immuno-
therapy in GBM.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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