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Abstract

Background. Physiologic changes quantified by diffusion and perfusion MRI have shown utility in predicting treat-
ment response in glioblastoma (GBM) patients treated with cytotoxic therapies. We aimed to investigate whether
quantitative changes in diffusion and perfusion after treatment by immune checkpoint inhibitors (ICls) would de-
termine 6-month progression-free survival (PFS6) in patients with recurrent GBM.

Methods. Inclusion criteria for this retrospective study were: (i) diagnosis of recurrent GBM treated with ICls and
(ii) availability of diffusion and perfusion in pre and post IClI MRI (iii) at >6 months follow-up from treatment.
After co-registration, mean values of the relative apparent diffusion coefficient (rADC), Kt2"s (volume transfer con-
stant), Ve (extravascular extracellular space volume) and Vp (plasma volume), and relative cerebral blood volume
(rCBV) were calculated from a volume-of-interest of the enhancing tumor. Final assignment of stable/improved
versus progressive disease was determined on 6-month follow-up using modified Response Assessment in Neuro-
Oncology criteria.

Results. Out of 19 patients who met inclusion criteria and follow-up (mean = SD: 7.8 = 1.4 mo), 12 were determined
to have tumor progression, while 7 had treatment response after 6 months of ICl treatment. Only interval change
of rADC was suggestive of treatment response. Patients with treatment response (6/7: 86%) had interval increased
rADC, while 11/12 (92%) with tumor progression had decreased rADC (P = 0.001). Interval change in rCBYV, K'ans, Vp,
and Ve were not indicative of treatment response within 6 months.

Conclusions. In patients with recurrent GBM, interval change in rADC is promising in assessing treatment re-
sponse versus progression within the first 6 months following ICI treatment.

Key Points
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Importance of the Study

Immunotherapy is increasingly used in patients with re-
current GBM, but the interpretation of treatment response
versus progression within the first 6 months of treatment
is challenging on conventional MR imaging. This study
aims to find potential quantitative imaging parameters
from MR diffusion and perfusion that can help radiologists

Glioblastoma (GBM) is the most common malignant pri-
mary brain tumor and is associated with poor prognosis
and median survival of 18 months." The current standard
treatment regime for primary GBM includes a combina-
tion of surgical resection, radiotherapy, and chemotherapy
including temozolomide (TMZ).2 Due to the aggressive na-
ture, almost all GBMs recur after initial therapy. Currently
the treatment strategy for recurrent GBM remains difficult,
since the majority of patients with recurrent GBM do not
survive beyond 8 months after diagnosis of recurrent dis-
ease.®* While bevacizumab received FDA approval for re-
current GBM, multiple phase |l studies did not confirm an
overall survival benefit in these patients and therefore other
types of treatment are being explored for recurrent GBM.®

Most recently, immune checkpoint inhibitors (ICls) such
as programmed cell death 1 (PD-1) inhibitors are being
used to treat various solid tumors, including melanoma
and non-small-cell lung cancer.8” More recently, the use
of ICl in clinical trials for GBM revealed mixed results.8"
Treatment with ICls can lead to T-cell proliferation and
production of cytokines with an associated inflammatory
response. This inflammatory response can change the
blood-brain barrier permeability and result in contrast ex-
travasation and be a major diagnostic challenge on con-
ventional MRI, mimicking imaging appearance of tumor
progression with increased enhancement and T2/fluid at-
tenuated inversion recovery (FLAIR) changes, commonly
referred to as pseudoprogression.'? The ambiguities re-
lated to interpretation of brain tumor imaging with im-
munotherapy on conventional brain MRI within the first
6 months of treatment has been acknowledged and re-
flected in recently updated modified Response Assessment
in Neuro-Oncology (RANO) criteria.’®

In the setting of cytotoxic treatment, advanced MR im-
aging has been used successfully for early detection of
posttreatment changes of pseudoprogression from pro-
gressive disease due to pathophysiological differences that
can be targeted by use of diffusion and perfusion MRI re-
spectively.'*'® For example, by probing microscopic mo-
tion of water using MR diffusion, diffusion-derived apparent
diffusion coefficient (ADC) values inversely correlate with
tumor cellular density and can be used for differentiation
of treatment-related changes from recurrent tumor.'#®
Cerebral blood volume (CBV) derived from dynamic-
susceptibility contrast-enhanced (DSC) perfusion provide
information on neoangiogenesis and microvascular density
and can be used for assessment of treatment response.’®'7
Permeability measures such as K@ (volume transfer con-
stant), Ve (extravascular extracellular space volume), and Vp

and clinicians recognize and identify treatment-related
changes in the early window of post immunotherapy.
Early recognition and differentiation of treatment-related
response versus progression would be critical in helping
neuro-oncologists manage immunotherapy regimens and
in determining PFS6 in patients with recurrent GBM.

(plasma volume) derived from dynamic contrast-enhanced
(DCE) perfusion have been correlated with microvascular
leakiness and vascular density and used to differentiate
treatment response with some success.'81°

There are, however, limited studies examining the po-
tential diagnostic role of MR diffusion and perfusion in
recurrent GBM patients treated with ICIs.2%2" In this study
we aimed to identify whether early quantitative changes in
diffusion and perfusion MRI before and after ICls can deter-
mine radiographic response at 6 months in patients with
recurrent GBM. In particular, we assessed whether interval
changes of rADC, rCBV, Kta"s, \/e, and Vp obtained from pre-
ICI MRI and first post-IClI MRI can be used for early detec-
tion of radiographic response or progression at 6 months
via modified RANO criteria.

Materials and Methods
Patients

This retrospective study was approved by an institutional
review board and informed consent was waived. Patients
with initial diagnosis of GBM who underwent standard
treatment (surgery, fractionated radiotherapy with concur-
rent and adjuvant TMZ) between July 2014 and July 2018
were reviewed. Patients were then included if (i) they had
recurrent GBM (by surgical pathology or by meeting the
definition of recurrent disease using RANO criteria) and
were treated with ICls, (ii) had MR diffusion and perfusion
before and after ICl treatment, and (iii) had follow-up MRI
at 6 months (or beyond) from the ICl treatment for determi-
nation of radiographic response.

Treatment

Patients underwent treatment with ICls using the standard
dose (240 mg of nivolumab every 2 weeks or 200 mg of
pembrolizumab every 3 weeks). The number of treat-
ment cycles between pre- and posttreatment MRI was re-
corded for each patient. Five patients were treated with
bevacizumab before the start of ICls and remained on it
throughout the entire period of study follow-up.

Image Acquisition

All studies were performed on a 3.0T 60 cm bore MR
scanner (Discovery MR750, GE Healthcare) using an
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8-channel head coil for signal reception. The imaging pro-
tocol included a transverse T1-weighted image (repeti-
tion time/echo time [TR/TE], 600/82; flip angle [FA], 180°),
a T2-weighted image (TR/TE, 7000/100; FA, 180°), and
FLAIR (TR/TE, 9000/81; inversion time, 2500 ms), gradient-
recalled echo (TR/TE, 870/20; FA, 20°), diffusion, and DCE
and DSC perfusion imaging.

Diffusion MR was acquired using single-shot spin-echo
echo planar imaging (TR/TE, 4025/82) with b values of 0
and 1000 s/mm?2. DCE perfusion was performed using a
3D spoiled gradient recalled echo (GRE) sequence (TR/TE,
4.1/1.8; FA, 10°) with temporal resolution of 7 seconds over
a 3.5-minute acquisition time. T1-weighted images with
similar acquisition parameters and differing FAs (eg, FAs
of 2°, 5°, and 12°) were used for the creation of T1 maps.?
DSC perfusion was performed using a single-shot gradient-
echo echo planar imaging sequence (TR/TE/FA, 1650/30/
FA) over a 90-second acquisition time. A single total dose
of gadobenate dimeglumine contrast medium (0.1 mmol/
kg of body weight) was used for both DCE and DSC per-
fusion imaging, with 40% of the contrast volume used for
DCE imaging and the remaining 60% of contrast volume
injected for DSC perfusion. During an 8-minute interval be-
tween DCE and DSC, axial T2-weighted and T1-weighted
contrast-enhanced images were obtained. The DCE con-
trast injection was used as a preload for DSC imaging.?
All injections were performed using an electronic power
injector at 5 mL/s, and each contrast injection was flushed
with 20 mL of normal saline administered at the same rate.

Image Analysis

Three MRIs for each patient were included in the study,
including (i) pre-ICl treatment (baseline), (ii) post-ICl
treatment scan, and (iii) last available follow-up MRI at
6 months (or beyond) from the date of treatment.

All perfusion analyses were performed using commer
cially available FDA approved software (Olea Sphere, vSP
3.6). Pre-contrast T1 maps were estimated using multiple
FA images using previously described methods.?2 DCE per-
fusion data were post-processed using the extended Tofts
model?* in conjunction with pre-contrastT1 maps to estimate
Ktrans (volume transfer constant), Ve (extravascular extracel-
lular space volume), and Vp (plasma volume) generated.

DSC perfusion estimates of CBV were subsequently
post-processed using the Bayesian probabilistic method.?®
For DSC-derived CBYV, in addition to contrast preloading,
leakage correction was also performed by gamma-variate
curve fitting.?6 Parameter maps of ADC, CBV, Kians, Ve,
and Vp for each patient were co-registered with enhanced
T1-weighted images by use of a transformation of 6 de-
grees of freedom and a mutual information cost function.

A volume of interest (VOI) from the enhancing lesion
on contrast-enhanced T1-weighted images was generated
using a voxel-based signal intensity threshold method
subsuming the entire region of enhancement using Olea
software. Using co-registered images, mean values of the
ADC, Ktranrs, \/p, Ve, and CBV were calculated from the VOI
of the enhancing tumor in pre-ICl and first post-ICl scans.
The CBV and ADC values were normalized to a region of in-
terest placed in normal appearing white matter in the con-
tralateral centrum semiovale (rCBV and rADC).

Radiographic Response Assessment Using
Modified RANO

In patients who were able to tolerate treatment and had
available imaging data, radiographic response at 6 months
was evaluated according to the updated modified RANO
criteria.’”® Lesions were categorized by a board-certified
neuroradiologist and a board-certified neuro-oncologist
using imaging and clinical information in conjunction after
6 months from the initial treatment, allowing any possible
immune-related progressive enhancement to subside.
Interval increase of >40% in the volume of enhancing lesion
on the last MRI (=6 mo), development of new lesions, or sub-
stantial clinical decline were considered as progressive dis-
ease. Lesions that regressed in size or remained stable on
last MRI (in comparison to baseline scan) were categorized
as treatment response. Pseudoprogression was defined as
interval increase in size of enhancing tumor on post-ICl MRI
(in comparison to pre-ICl scan) and subsequent decrease to
or below baseline size on the follow-up final scan.

Statistical Analysis

The quantitative values of ADC, CBV, K'a"s, \Vp, and Ve com-
puted across voxels for each enhancing tumor were pre-
sented as mean (SD) for normal distribution and as median
(interquartile range) for data with non-gaussian distribution.
Demographic characteristics and neuroimaging variables,
including pre- and post-ICl treatment values of rADC, Ktans,
Vp, Ve, and rCBV were compared between subjects with
treatment response and progressive disease using univar-
iate analysis including Fisher’s exact test for categorical vari-
ables and the unpaired two-tailed t-test or Mann-Whitney
U-test for continuous variables when appropriate. Multiple
comparisonTukey adjusted P-values were reported.

In addition, the mean values of rADC, K'2"s, Vp, Ve, and
rCBV on pre- and post-ICl scans were scored to assess the
fit with expected treatment response pattern using an in-
terval change >1 SD.?” The following designation was
applied:

1. For rADC, an interval decrease of greater than or equal
to 1 SD was considered an unfavorable pattern (sugges-
tive of progression). Any other pattern was considered
favorable and suggestive of relative stability.

2. For K'ans, \/p Ve, and rCBV: an interval increase of >1 SD
was considered an unfavorable pattern (suggestive of
progression). Any other pattern was considered favor-
able and suggestive of relative stability. The patterns of
interval change of these imaging variables between pre-
and post-ICl scans were assessed for diagnostic cor-
relation using Fisher’s exact test among patients with
treatment response and progressive disease. P < 0.05
was used to indicate statistical significance.

Results

Among 38 patients eligible for this study, a total of 19 (12M,
7F, mean age 61.4 = 10.4) met inclusion criteria. Nineteen
patients were excluded due to lack of perfusion and
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permeability in pre- or posttreatment MRIs (n =12) or lack
of at least 6 months follow-up (n =7) (Fig. 1). The mean in-
terval time between the pre- and post-ICI MRI studies was
2.7 £ 1.0 months. In 4 patients (21%), the second MRIs (post-
ICl) with inclusion of perfusion and permeability imaging
were obtained between 3 and 4 months following the treat-
ment date. The number of treatment cycles between first
and second MRIs were 3, 2-4 (median, interquartile range).
The total follow-up time calculated as the time interval be-
tween baseline MRI and the last MRI was 7.8 + 1.4 months
(mean + SD).The means + SDs of enhancing tumor volume
were 8.1+ 14.7 mL and 8.2+ 9 mL in pre- and post-ICl scans
and 11.6 £ 12.3 mL in final 6-months follow-up MRI.

Using the last MRI at 6 months (or beyond) and clinical
information, 12 patients (63.2 %) were determined to have
progression and 7 patients (36.8 %) remained stable or
showed decrease in final tumor volume. Five out of 7 pa-
tients who had eventual treatment response at 6 months
demonstrated pseudoprogression on post-ICI MRI (de-
fined as interval increase in volume of enhancing mass
following treatment in comparison to pre-ICl scan and in-
terval decrease volume in the final follow-up imaging).The
quantitative values of imaging biomarkers including rADC,
Ktrans '\/p, Ve, and rCBV in pre- and post-ICI MRI scans are
summarized in Table 1. Among all imaging parameters as-
sessed, only posttreatment rADC values were significantly
higher (P = 0.004) in the treatment response group com-
pared with group with progressive disease (Table 1).

In the assessment of interval change in imaging param-
eters, only interval change of rADC was suggestive of
treatment response (P = 0.001). Eleven out of 12 (92%) pa-
tients with final diagnosis of progression had unfavorable
pattern of rADC change (defined as interval decrease of
>1 SD) between pre- and post-ICI scans, while 6/7 patients
(86%) with final diagnosis of treatment response had favor-
able pattern of rADC change following ICI treatment. Due

to potential confounding effect of bevacizumab on ADC
values, we performed a subset analysis after removing the
5 patients (who received bevacizumab) and redid Fisher’s
exact test among the remaining 14 patients. In this subset
analysis, 6/7 patients with treatment response had a favor-
able ADC pattern and 6/7 with progression had an unfavor-
able pattern of ADC change, resulting in a P-value of 0.029.

Figure 2 shows the plots of percent interval change of
rADC and tumor volume over time. Interval change in rCBV
and permeability measures, including Ka"s, Vp, and Ve,
were not suggestive of treatment response (Table 2). In pa-
tients with pseudoprogression (n =5), interval increase of
rADC (ie, favorable response) was noted in 4/5 (80%), in-
terval decrease in rCBV (ie, favorable response) was noted
in 3/5 (60%), interval decrease in K" was noted in 4/5
(80%), interval decrease in Ve was noted in 3/5 (60%), and
interval decrease in Vp was noted in 4/5 (80%). Figures 3
and 4 show examples of treatment response and progres-
sive disease respectively.

Discussion

Ongoing advances in cancer immunotherapy challenge
physicians and radiologists in image interpretation of
treatment response or progression beyond their conven-
tional approach used for cytotoxic cancer therapy. PD-1 in-
hibitors are one of the currently approved immunotherapy
agents that are being explored for treatment of patients
with GBM.?8-32 By disrupting the PD-1 pathway, they can
incite cytotoxic T cell-mediated tumor destruction®® and
produce significant treatment-related autoimmune and
inflammatory reaction within the tumoral bed that can be
misinterpreted as disease progression leading to prema-
ture termination of therapy.'? For standard treatment of

Eligible for inclusion

(n=238)
Inadequate advanced imaging
> (n=12)
Inadequate follow-up
» (n=7)
A 4

Analyzed patients
(n=19)

v

v

Progressive disease
(n=12)

Treatment response
(n=7)

Fig. 1

Study flow diagram showing numbers of included and excluded patients.
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Table 1

Progressive Disease (n=12)

Clinical and imaging data in patients with treatment response and progressive disease at 6 months

Treatment Response (n=7) Univariate Analysis (P-value)

Age, y 63.4 (9.9)

Sex 6F/6M

Lesion volume, mL Pre-Tx 8.96 (17.56)
Post-Tx 750 (9.41)

rADC Pre-Tx 1.87 (0.42)
Post-Tx 1.65 (0.33)

rCBV Pre-Tx 2.16 (0.93)
Post-Tx 2.20 (1.62)

*Ktrans mjn=1 Pre-Tx 0.08 (0.05-0.13)
Post-Tx 0.06 (0.04-0.10)

Ve Pre-Tx 0.26 (0.11)
Post-Tx 0.24 (0.16)

*Vp Pre-Tx 0.05 (0.04-0.08)
Post-Tx 0.04 (0.03-0.08)

57.8 (11.1) 0.81
1F/6M 0.12
6.72 (8.72) 0.44
9.54 (8.73) 0.76
1.77 (0.29) 0.37
2.28(0.92) 0.004
1.67 (0.40) 0.25
1.90 (0.65) 0.89
0.10 (0.07-0.13) 0.73
0.08 (0.06-0.16) 0.18
0.32(0.18) 0.44
0.32 (0.15) 0.31
0.06 (0.05-0.09) 0.52
0.04 (0.04-0.13) 0.47

Abbreviation: Tx, treatment. Unless otherwise indicated, data are given as mean (SD).
* Due to non-gaussian distribution, K""s and Vp values are presented as median with interquartile range.

GBM with concurrent radiation and cytotoxic treatment
(TMZ), RANO criteria have been used for determination
of treatment response assessment. Progressive enhance-
ment within the tumoral bed should not be assigned as
progressive disease within the first 3 months following
completion of cytotoxic treatment as it may represent
pseudoprogression according to RANO criteria.

Immunotherapy-related pseudoprogression and
treatment-response patterns can be delayed in comparison
to cytotoxic treatment, and sometimes reduction in tumor
burden may take up to 6 months in patients with proper
treatment response.®*3®> Recognizing these complexities,
immunotherapy RANO criteria have expanded the window
of pseudoprogression to 6 months, justified by the pre-
dictable delay for the stimulation of an immune response
suggesting close observation with serial imaging within
the first 6 months following immunotherapy to properly
identify treatment response.3 After 6 months, new or con-
tinued worsening should be deemed tumor progression.

Similar to cytotoxic treatment, imaging of patients with
GBM following immunotherapy can be confusing, and
conventional imaging has shown mixed results for pre-
diction of treatment-related changes in a series of recently
published reports.®’-3% Advanced MR imaging such as MR
diffusion and perfusion has been successfully used to de-
termine treatment response in patients with GBM treated
with cytotoxic treatment and radiation.'*4%-44There is, how-
ever, a paucity of data on the use of MR diffusion and per-
fusion for assessment of treatment response following
immunotherapy.20.21.87

In our study, we found that interval change in rCBV
values before and after ICl treatment was not indicative
of treatment response. A total of 7 of 12 patients showed
expected interval increase of CBV following treatment,
while only 3/7 who have responded to treatment showed
expected interval decrease in rCBV. This is in contrast to

results of cytotoxic treatment, where interval decrease in
CBV as a biomarker of neoangiogenesis and microvascular
density has been shown to be associated with cytotoxic
treatment response.’4344 Interestingly among 5 patients
who had imaging definition of pseudoprogression, 4
showed interval decrease in rCBV following ICI treatment
despite having an increase in enhancing tumor size. This
is consistent with prior reports indicating that rCBV in
contrast-enhancing lesion is usually higher in patients
with tumor progression in comparison to patients with
immunotherapy-related pseudoprogression.202!

Similarly, we found that interval change in permeability
measures including K@, Vp, and Ve before and after ICI
treatment were not suggestive of treatment response.
This finding is also in contrast to results reported in the
literature for successful use of permeability measures as
a function of vascular density in determination of cyto-
toxic treatment response.*'#445We hypothesize that unlike
the cytotoxic effect of TMZ which can reduce the vascular
density, neoangiogenesis, and permeability of tumors,
immune-related response induced by PD-1 inhibition does
not impact the tumoral vascular bed in a similar fashion or
to the degree that it can be measured by perfusion and per-
meability imaging.

In our study we found that similar to cytotoxic treatment,
treatment response following ICls can be depicted by in-
terval increase in ADC values. In fact, ADC was the only im-
aging parameter that changed favorably in 6/7 patients and
unfavorably (interval decrease) in 11/12 patients following
ICI treatment. MR diffusion can assess microscopic mo-
tion of water, and diffusion-derived ADC values inversely
correlated with tissue structure and cellularity. Interval
increase in ADC therefore has been shown to correlate
with treatment response following cytotoxic treatment and
radiation.'*4%-42 Qur results are similar to those of a prior
study by Vrabec et al that showed ADC values are lower
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Fig.2 Plots demonstrating interval change (%) of rADC and tumor volume over time in patients with treatment response (n = 7) and patients with
progression (n = 12). *Patients who were treated with bevacizumab during the course of the study. ePatients who didn‘t show expected interval

change of rADC

Table2 Sequential rADC, rCBV, K'"a"s, \ie, and Vp pattern matched with number of lesions in treatment response versus progressive disease at
6 months posttreatment with ICls

Progressive Disease (n=12) Treatment Response (n=7) Fisher’s ExactTest

rADC Interval increase 112 6/7 P=0.001

Interval decrease 11/12 1/7
[EEnS Interval increase 3/12 2/7 P=0.90

Interval decrease 9/12 5/7
rCBV Interval increase 5/12 a/7 P=0.32

Interval decrease 7112 317
Ve Interval increase 3/12 477 P=0.32

Interval decrease 9/12 317
Vp Interval increase 3/12 2/7 P=0.88

Interval decrease 9/12 5/7
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Fig. 3 A 44-year-old man with recurrent GBM was treated with ICls. Axial post contrast T1, ADC, CBV, and K""S maps are shown from pre (top
row, A to D) and post (bottom row, E to H)-treatment MRI scans which were obtained 2.4 months apart. There is significant increase in the size
of enhancing tissue within and surrounding the tumoral bed on posttreatment MRI. Quantitative analysis of ADC, CBV, and K" from the VOI
encompassing the enhancing lesion showed: rADC of 2.1/4.3; rCBV of 1.3/1.1 and K2 of 0.06/0.1 in pre and posttreatment scans respectively. (l)
Axial post contrast T1 image from the follow-up MRI obtained 6 months after the initial treatment date shows significant reduction in enhancing
tumor burden in this patient who remained clinically stable throughout the course of follow-up.

Fig. 4 A 74-year-old man with recurrent GBM was treated with ICls. Axial post contrast T1, ADC, CBV, and K"S maps are shown from pre (top
row, A to D) and post (bottom row, E to H)-treatment MRI scans which were obtained 2.3 months apart. There is significant increase in the size
of enhancing tissue within and surrounding the tumoral bed on the immediate posttreatment scan. Quantitative analysis of ADC, CBV, and Kans
from the VOI encompassing the enhancing lesion showed: rADC of 2.4/1.5; rCBV of 3.4/5.6 and K@ of 0.1/0.07 in pre and posttreatment MRIs re-
spectively. (I) Axial post contrast T1image from the follow-up MRI obtained 6 months after the initial treatment date shows significant increase in
enhancing tumor burden in this patient who demonstrated progression throughout the course of follow-up.

in tumor progression compared with stable disease fol-
lowing immunotherapy.?'

Our study has several limitations. This is a retrospective
study, which could introduce unknown bias. Although our
study encompasses one of the largest series of patients
with recurrent GBM who had pre and post immunotherapy
advanced MR imaging, our sample size is still small and a
larger study is needed to generalize our imaging findings.

Also since our goal was to assess the role of advanced MRI
in determination of PFS6 following immunotherapy, we
only included patients who had at least 6 months of fol-
low-up. Therefore, there is a selection bias toward patients
who did better and survived longer. The effect and potential
diagnostic role of advanced MRI in a group with more ag-
gressive recurrence or less favorable response to immuno-
therapy is not adequately evaluated with this study. There
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is some variability in terms of imaging follow-up in our co-
hort, which was beyond our control due to retrospective
nature. While post-ICI MRIs were obtained approximately 8
weeks following ICl treatment in most patients, in 4 patients
MRI with adequate sequences for this study (including per
fusion and permeability) were obtained later on. Another
limitation of our study is that our analysis does not account
for intratumoral heterogeneity. We have no information
on PD-ligand 1 (PD-L1) expression in our cohort. There is a
wide range of PD-L1 expression in GBM tumors, ranging
from 2.8% to 88%.4647 This may affect the imaging findings
following treatment and the rate of pseudoprogression and
progression, although studies in other types of cancer have
not always found correlation between PD-L1 expression and
response to treatment.*64® Five patients were treated with
bevacizumab, which could have a confounding effect on
quantitative analysis of our imaging biomarkers. However,
bevacizumab was started before the immunotherapy in all
of these patients (before baseline MR imaging) and there-
fore the interval change of quantitative imaging parameters
should be a reflection of immunotherapy effect.

Conclusions

In summary, interpretation of treatment response versus
progression in recurrent GBM is challenging following im-
munotherapy. Radiologists should become familiar with
potential effects of immunotherapy and recognize dif-
ferent patterns and the wide range of treatment response
in these patients as immunotherapy is more widely used
in GBM patients. Our study shows that interval change in
rADC may prove to be a useful imaging biomarker within
the early window of post immunotherapy to recognize and
identify treatment-related changes. If its potential is real-
ized, by using interval change in rADC, radiologists could
play a critical role in successful management of immune-
related toxic effects by differentiating treatment-related
response versus progression to reassure both patients
and neuro-oncologists to continue with ongoing immuno-
therapy regimens.
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