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Simple Summary: In order to compare responses to different therapies among clinical trials and
to differentiate between therapy-induced changes and true tumor progression, reliable response
parameters are crucial. With the advent of targeted and immunologic treatments, several assessment
tools have been proposed. In this post hoc analysis we compared assessment criteria according to
MacDonald, RANO, mRANO, iRANO as well as Vol-RANO and Vol-mRANO in patients with newly
diagnosed glioblastoma treated with standard of care (SOC) ± tumor lysate-charged autologous
dendritic cells (Audencel). We found that the best correlation between progression-free survival (PFS)
and overall survival (OS) was seen for mRANO and Vol-mRANO. Interestingly, iRANO was not
superior for predicting OS in patients treated with Audencel.

Abstract: Introduction: In this post hoc analysis we compared various response-assessment criteria in
newly diagnosed glioblastoma (GB) patients treated with tumor lysate-charged autologous dendritic
cells (Audencel) and determined the differences in prediction of progression-free survival (PFS) and
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overall survival (OS). Methods: 76 patients enrolled in a multicenter phase II trial receiving standard of
care (SOC, n = 40) or SOC + Audencel vaccine (n = 36) were included. MRI scans were evaluated using
MacDonald, RANO, Vol-RANO, mRANO, Vol-mRANO and iRANO criteria. Tumor volumes (T1
contrast-enhancing as well as T2/FLAIR volumes) were calculated by semiautomatic segmentation.
The Kruskal-Wallis-test was used to detect differences in PFS among the assessment criteria; for
correlation analysis the Spearman test was used. Results: There was a significant difference in
median PFS between mRANO (8.6 months) and Vol-mRANO (8.6 months) compared to MacDonald
(4.0 months), RANO (4.2 months) and Vol-RANO (5.4 months). For the vaccination arm, median PFS
by iRANO was 6.2 months. There was no difference in PFS between SOC and SOC + Audencel. The
best correlation between PFS/OS was detected for mRANO (r = 0.65) and Vol-mRANO (r = 0.69,
each p < 0.001). A total of 16/76 patients developed a pure T2/FLAIR progressing disease, and
4/36 patients treated with Audencel developed pseudoprogression. Conclusion: When comparing
different response-assessment criteria in GB patients treated with dendritic cell-based immunotherapy,
the best correlation between PFS and OS was observed for mRANO and Vol-mRANO. Interestingly,
iRANO was not superior for predicting OS in patients treated with Audencel.

Keywords: radiologic response criteria; immunotherapy; glioblastoma; iRANO; mRANO; volumetric
measurements

1. Introduction

Glioblastoma (GB) is the most frequent primary brain tumor in adults [1,2]. De-
spite multimodal treatment, life expectancy is still poor [3–5]. Considering the enormous
progress in cancer immunotherapy during the past few years, a number of new immuno-
logic treatment approaches, including personalized cell vaccines, are currently under
investigation for GB. Unfortunately, no significant improvement in overall survival (OS) or
progression-free survival (PFS) has been observed so far [6–14]. To compare the treatment
responses between different therapies among clinical trials and to differentiate between
therapy-induced changes and true tumor progression, reliable response parameters are
crucial. Magnetic resonance imaging (MRI) is the gold standard for evaluating response and
progression during treatment. However, different treatments, in particular radiotherapy
combined with temozolomide chemotherapy as well as immunologic strategies, challenge
the current imaging response criteria. Pseudoprogression (PsP), a subacute treatment-
related phenomenon, results from a disruption of the blood–brain barrier and presents
an increased contrast enhancement on MRI, mimicking tumor progression [15]. PsP was
reported in up to 10–30% of GB patients following radiochemotherapy [16,17]. Other
than that, patients treated with antiangiogenic therapies often show a decrease in contrast
enhancement but without a true tumor response, also referred to as a pseudoresponse (PrP).
Frequently, progression is only observable as a non-enhancing abnormality in T2-weighted
or fluid-attenuated inversion recovery (FLAIR) image sequences in those patients [18].

In recent years, several radiologic assessment tools have been proposed [19]. In 1990
the MacDonald criteria were introduced, using two-dimensional tumor measurements,
as well as corticosteroid use and the clinical performance of the patient for response as-
sessment [20]. Twenty years later, the Response Assessment in Neuro-Oncology (RANO)
criteria were proposed [21], utilizing T2-weighted or FLAIR image sequences to account
for non-enhancing tumor components and therapy-induced MRI changes such as PsP and
PrP [21,22]. To better account for the phenomenon of PsP, the modified RANO (mRANO)
criteria were proposed in 2017, which require a confirmation scan to better capture the
occurrence of true tumor progression or PsP in GB patients [23]. With the advent of
immunotherapies, unique patterns of responses were observed during the treatment of
systemic cancer. Especially within the first weeks after starting immunotherapy the appear-
ance of new local or distant lesions or an increase in existing lesions may simply reflect
an immune-mediated phenomenon rather than true tumor progression [24]. In consid-
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eration of such PsP during immunotherapy of GB, the Immunotherapy RANO (iRANO)
criteria [25] were developed. Interestingly, the iRANO criteria were developed before the
true incidence of PsP during immunotherapy was established, which in consecutive studies
was found to range between 10–15% [26,27]. So far, only a few studies [28,29] exist, which
directly compare and evaluate currently available response criteria.

In order to identify the best response assessment for GB patients treated by im-
munotherapy in addition to standard of care, we performed a post hoc MRI analysis
of a multicenter phase II clinical trial of newly diagnosed GB patients treated with tumor
lysate-charged autologous dendritic cells (Audencel) [14]. Under the hypothesis to detect
differences in prediction of PFS and OS, we compared the imaging data sets according
to the various response-assessment criteria currently in clinical use (MacDonald, RANO,
Vol-RANO, mRANO, Vol-mRANO, iRANO). In addition, we evaluated the number of
patients showing a pure T2/FLAIR progressing disease as well as the number of patients
with PsP using these different response-assessment tools.

2. Materials and Methods
2.1. Patients

We retrospectively analyzed imaging data from patients with newly diagnosed GB
WHO 4. All patients were enrolled in a national randomized multicenter open-label phase
II glioblastoma dendritic-cell vaccine (Audencel) trial [14] and were treated with either
standard of care (SOC) or SOC + Audencel dendritic-cell (DC) vaccine. SOC treatment
included maximal safe surgical resection followed by radiochemotherapy according to
the “Stupp protocol” [3]. The clinical data of the trial as well as the manufacturing of the
dendritic cells were published previously [14]. In summary, the Audencel DC vaccine is
a personalized cell-based immunotherapy, using pulsed dendritic cells cultivated from
peripheral blood mononuclear cells from each individual patient and co-incubated with
autologous tumor lysates, harbored from surgically resected tumor samples. Further,
Audencel DC vaccine therapy was started in week seven with three boosting doses weekly
followed by a monthly interval. All patients gave written informed consent before trial
entry and were observed until death or for at least 12 months. The study was reviewed and
approved by the local independent ethics committee and institutional review board.

2.2. Magnetic Resonance Imaging

Owing to the multicenter design of the trial, multiple MRI systems were used, all oper-
ating at a 1.5T field strength. A 3D T1-weighted imaging protocol including magnetization-
prepared rapid acquisition with gradient echo (MP-RAGE) MRI sequences or T1-weighted
spin-echo (SE) images with contrast enhancement (0.1 mmol/kg gadopentetate dimeg-
lumine) was performed at each center, resulting in images of similar resolution, with a
slice thickness of at least 1.5 mm. All patients underwent axial T2- or FLAIR-weighted
imaging with a slice thickness of at least 2 mm. Baseline MRI was carried out before
surgery and within 48 h after surgery. The first follow-up imaging was carried out
10 weeks ± two weeks after the start of radiochemotherapy, followed by a neuroradio-
logical examination every three months ± two weeks. In this post hoc analysis, imaging
data was analyzed until death/loss to follow-up of each patient, or until the end of trial in
June 2015.

2.3. Radiologic Response Assessment

Response assessment was performed by two neuroradiologists (M.G., S.M.), who
were blinded to the patients’ clinical information and outcome and reviewed all MRI scans
independently from each other. In case of disagreement during consensus reading, expert
opinion from a third neuroradiologist was obtained. For radiologic response assessment,
two-dimensional (2D) and recently also three-dimensional (3D) assessment criteria are
suggested in guidelines [20,21,23,25]. In this analysis we also included 3D assessment
criteria to evaluate whether these methods are more precise in predicting OS compared to
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the more widely used 2D criteria. For two-dimensional (2D) response-assessment criteria
MacDonald [20], RANO [21], mRANO [23] and iRANO [25], and for three-dimensional (3D)
assessment methods Vol-mRANO [23] and Vol-RANO [30], were applied to each available
MRI scan obtained from each patient (postoperative and follow-up MRI). For each of the
2D response-assessment criteria, axial slices of postgadolinium isovoxel T1-weighted MRI
scans were used to evaluate the cross-section area of the contrast-enhancing tumor mass.
The cross-section area was calculated as the product of the largest measurable diameter
and the perpendicular diameter of the enhancing tumor in the same axial slice [20,21,23,25].
Measurable disease was defined as both diameters ≥1 cm [21]. Additionally, for RANO
and iRANO criteria, axial slices of T2/FLAIR MRI sequences were analyzed [21,25]. A
summary of the different assessment criteria is displayed in Table 1. Each patient was
classified as either complete response (CR), partial response (PR), stable disease (SD) or
progressive disease (PD) according to the six different assessment criteria (MacDonald,
RANO, Vol-RANO, mRANO, Vol-mRANO, iRANO) at every available follow-up MRI
scan. Figure 1 illustrates the different time points of progression by different response-
assessment criteria in a representative patient (VAX_0083, Audencel-arm). The date of the
first follow-up scan showing PD (confirmed PD for mRANO and Vol-mRANO) was used
as date of progression. If the patient showed SD at the last scan obtained, the patient was
censored by using the date of the last scan as date of progression. If a re-resection was
carried out, the last scan prior to re-resection was used as the date of PD if the patient was
not diagnosed with PD earlier. PFS was calculated from the date of pre-surgery MRI (date
of diagnosis) to the date of disease progression, and OS was calculated from the date of
pre-surgery MRI (date of diagnosis) to time of death/loss to follow-up. Ten patients who
were lost for follow-up were censored using the date of last visit as time of death. Two
patients who were still alive at the end of the trial were censored by using the date of study
closure (1 June 2015).

Table 1. Summary of response-assessment criteria.

Response
Criteria Complete Response Partial Response Stable Disease Progressive Disease

MacDonald [20] disappearance of all
enhancing tumor

≥50% decrease in
cross-section area of
measurable disease

not qualified
for other

≥25% increase in cross-section area;
new lesion

Vol-RANO [30],
RANO [21]

disappearance of
measurable and

nonmeasurable disease;
no new lesion;

stable/improved
non-enhancing

T2/FLAIR abnormalities

≥50% decrease in
cross-section area of
measurable disease;

no progress of
nonmeasurable disease;

stable/improved
T2/FLAIR abnormalities

not qualified
for other;

stable
T2/FLAIR

abnormalities;
best response
for patients

with nonmea-
surable disease

at baseline

≥25% increase in cross-section area/≥40%
increase in total volume;

new lesion;
significant increase or ≥100% increase in

volume of T2/FLAIR abnormalities

Vol-mRANO,
mRANO [23]

1. MRI: Preliminary CR
disappearance of all

measurable and
nonmeasurable disease

2. MRI (4–8 weeks later):
if continuous

disappearance: durable
CR;

if measurable disease:
preliminary PD/
pseudoresponse

1. MRI Preliminary PR.
≥50% decrease in

cross-section area/≥65%
decrease in total volume

of measurable disease
2. MRI (4–8 weeks later):
if SD, PR or CR: durable

PR;
if PD: preliminary PD/

pseudoresponse

not qualified
for other;

best response
for patients

with nonmea-
surable disease

at baseline

1. MRI: Preliminary PD
new measurable lesion;

≥25% increase in cross-section area/≥40%
increase in total volume
2. MRI (4–8 weeks later):

if subsequent ≥25% in cross-section
area/≥40% increase in total volume:

confirmed PD;
if SD or PR/CR: pseudoprogression
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Table 1. Cont.

Response
Criteria Complete Response Partial Response Stable Disease Progressive Disease

iRANO [25]

disappearance of
measurable and

nonmeasurable disease;
no new lesion;

stable/improved
non-enhancing

T2/FLAIR abnormalities

≥50% decrease in
cross-section area of
measurable disease;

no progress of
nonmeasurable disease;

stable/improved
T2/FLAIR abnormalities

not qualified
for other;

stable
T2/FLAIR

abnormalities;
best response
for patients

with nonmea-
surable disease

at baseline

1. MRI within 6 months of treatment start:
≥25% increase in cross-section area;

new lesion;
significant increase in non-enhancing

T2/FLAIR abnormalities
additional 2. MRI in ≥3 months:

if RANO for PD met: PD;
if RANO for SD, PD, CR met:

pseudoprogression
MRI after 6 months of treatment start:
≥25% increase in cross-section area;

new lesion;
significant increase in non-enhancing

T2/FLAIR abnormalities

RANO: Response Assessment in Neuro-Oncology, mRANO: modified Response Assessment in Neuro-Oncology,
iRANO: Immunotherapy Response Assessment in Neuro-Oncology, CR: complete response, PR: partial response,
SD: stable disease, PD: progressive disease.
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Figure 1. Post-OP and follow-up MRI scans of patient VAX_0083 (Audencel-arm): T2- (b,d,f,h,j,l) and
postgadolinium T1-weighted MRI sequences (a,c,e,g,i,k) are displayed. This figure illustrates the
different time points of progression by different response assessments. At the first follow-up scan (c,d),
a new contrast-enhancing lesion is seen on postgadolinium T1-weighted MRI sequences (c) and a
significant increase or ≥100% increase in volume of non-enhancing abnormalities (d) compared to
the post-OP scan (baseline, (b)) is seen. Progressive disease (PD) by MacDonald, RANO, Vol-RANO,
while preliminary progressive disease (pPD) by mRANO, Vol-mRANO is diagnosed. Because the first
follow-up MRI (c,d) is within the first six weeks of immunotherapy-treatment start, pPD by iRANO
is defined. In the second follow-up MRI (e,f) this patient is diagnosed with pseudoprogression (PsP)
because no further ≥25% increase in the cross-section area or ≥40% increase in total volume of the
contrast-enhancing tumor mass is seen (e) compared to the first follow-up MRI (c). In the third
follow-up MRI (g,h) the contrast-enhancing tumor mass does not increase in size (g) compared to the
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second follow-up MRI (e), hence stable disease (SD) by mRANO and Vol-mRANO is defined. In the
fourth follow-up MRI (i,j), confirmed progressive disease (cPD) by iRANO is defined, as a significant
increase in non-enhancing abnormalities (j) compared to the post-OP scan (baseline, (b)) is seen and
this scan (i,j) is ≥3 months after the first follow-up MRI (c,d), where pPD by iRANO was diagnosed.
In the fifth follow-up MRI (k,l) a ≥25% increase in the cross-section area or ≥40% increase in total
volume of the contrast-enhancing tumor mass (k) compared to the second follow-up MRI (e) is seen
and PD by mRANO and Vol-mRANO is diagnosed.

2.4. Volumetric Measurement

For 3D response assessment, total contrast-enhancing tumor volume (excluding dura,
blood vessels, the resection cavity and/or central necrotic area) was calculated on post-
gadolinium isovoxel T1-weighted MRI sequences. T2/FLAIR enhancing abnormalities
(excluding the contrast-enhancing area as well as the necrotic area of the tumor mass) were
calculated on T2-/FLAIR-weighted images. In case of more than one lesion, each volume
was summed up in order to calculate one total tumor volume [23]. Measurable disease
was defined as a tumor volume ≥1 cm3 [30]. Tumor segmentation was performed using a
semiautomated active contour method (ITK-SNAP 3.8.0), which demonstrated excellent
reliability and high efficiency of 3D segmentation [31].

2.5. Statistical Analysis

Results of OS, PFS and postprogression survival (PPS) are reported as median with
95% confidence intervals (CIs). Distribution of OS, PFS and PPS were calculated by the
Kolmogorov–Smirnov test. We calculated PPS, the survival time after progression (time
between date of tumor progression and date of death/loss to follow-up) in order to evaluate
which assessment criteria is superior in predicting OS. We assumed, if PPS is short, the
time point of progression assessed by MRI is a reliable surrogate endpoint. Differences in
PFS and PPS among the assessment criteria were calculated by the Kruskal–Wallis test and
results were corrected for multiple comparison (Bonferroni’s adjustment). For correlation
analysis between PFS and OS, the Spearman test was used. Median PFS and PPS was
calculated for all patients included in the trial (n = 76) and for the Audencel subgroup,
comprised only of patients included in the SOC + Audencel arm (n = 36).

Landmark analysis was carried out to detect whether progression within a 4- or
8-months interval has an influence on survival. Patients who had died prior to these
specific landmarks were excluded from analysis. At the landmark time of 4 and 8 months,
response (PD or SD) according to each assessment criteria was computed for each patient
and residual survival time was calculated (date of 4- or 8-months after pre-surgery MRI to
date of death/loss to follow-up/end of study).

To evaluate whether there were differences between the response criteria in predicting
OS, Cox proportional hazard models were used to calculate hazard ratios (HRs) and their
corresponding 95% CIs. The Audencel subgroup was too small for further statistical
analysis. Statistical analysis was performed using SPSS Statistics v27.0 (IBM).

3. Results
3.1. Patient Characteristics

In total, 105 patients were enrolled in the Audencel trial. The required inclusion
criteria for this analysis were met for 76 (27 female, 49 male) patients, while 40 patients
were treated with SOC, 36 patients received SOC + Audencel vaccine. All patients had
histologically confirmed primary GB. In Table 2, clinical and demographic information of
patients included in the Audencel trial is displayed. Patients had undergone a median of
eight follow-up MRI scans (range 2–15), with a median time interval of 2.7 months [2.4–2.8]
between each MRI scan.
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Table 2. Clinical and demographic information of the study population.

Characteristics Audencel Group Control Group

Number of patients 36 40

Sex, n (%)
male 20 (55.6) 29 (72.5)

female 16 (44.4) 11 (27.5)

Median age at diagnosis, years (95% CI) 59.4 (53.6–61.5) 54.4 (50.5–57.0)

Median overall survival, months (95% CI) 18.7 (17.7–27.0) 19.3 (16.5–23.4)

Survival at trial end, n (%)
death 30 (83.3) 31 (77.5)
alive 4 (11.1) 6 (15)

unknown 2 (5.6) 3 (7.5)

ECOG at baseline, n (%)
0 11 (30.6) 15 (37.5)
1 25 (69.4) 20 (50)
2 0 (0) 5 (12.5)

MGMT promoter, n (%) samples measured 20 17
methylated 7/20 (35) 6/17 (35.3)

unmethylated 13/20 (65) 11/17 (64.7)

IDH 1 mutation, n (%) yes 0 (0) 0 (0)
no 36 (100) 40 (100)

Side of tumor bulk, n (%)
left 16 (44.4) 22 (55)

right 18 (50) 18 (45)
central/bilateral 2 (5.6) 0 (0)

Tumor location, n (%)

frontal 10 (27.8) 17 (42.5)
temporal 4 (11.1) 5 (12.5)
parietal 8 (22.2) 8 (20)
occipital 14 (38.9) 10 (25)

ECOG: Eastern Cooperative Oncology Group, MGMT: O-6-methylguanine-DNA methyltransferase, IDH 1:
isocitrate dehydrogenase 1, n: number of patients.

3.2. Progression-Free Survival and Postprogression Survival

All patients had undergone gross total tumor resection. No measurable tumor mass
was detected on postsurgery MRI, so the best possible response for every patient was SD.

PFS differed significantly between the individual response-assessment criteria. Overall,
there was a significant difference in median PFS between mRANO (8.6 months) and Vol-
mRANO (8.6 months) compared to MacDonald (4.0 months), RANO (4.2 months) and
Vol-RANO (5.4 months). In the Audencel subgroup, there was a significant difference in
median PFS between mRANO (8.1 months) and Vol-mRANO (8.6 months) compared to
MacDonald (4.2 months). In Table 3, the specific p-values and median PFS with CI for all
assessment criteria are listed. Interestingly, there was no difference in PFS between SOC
and SOC + Audencel using the different response-assessment criteria.

The difference in PPS between the response-assessment criteria was also statisti-
cally different. In the entire cohort, there was a significant difference in median PPS
between mRANO (8.8 months) and Vol-mRANO (8.7 months) compared to MacDonald
(12.0 months), RANO (11.4 months) and Vol-RANO (10.8 months). In the Audencel sub-
group, there was a significant difference in median PPS between Vol-mRANO (6.2 months)
and mRANO (7.3 months) compared to MacDonald (15.2 months). Median PPS by Vol-
mRANO (6.2 months) was also significantly shorter compared to RANO (12.3 months),
Vol-RANO (12.1 months) and iRANO (13.0 months). In Table 4, the specific p-values and
median PPS with CI for all assessment criteria are listed.

3.3. Progression-Free Survival and Correlation with Overall survival

The best correlation between PFS and OS was detected for Vol-mRANO (r = 0.69) and
mRANO (r = 0.65, Spearman test, p < 0.0001) followed by MacDonald (r = 0.44), RANO
(r = 0.45), Vol-RANO (r = 0.46) and iRANO (r = 0.50, Spearman test, p < 0.0001).
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Table 3. Median progression-free survival with the corresponding confidence interval for the different
assessment criteria. Calculated p-values (Kruskal–Wallis test) and corrected for multiple testing
(Bonferroni’s adjustment) for difference in PFS between assessment criteria.

Response
Criteria

Median PFS,
Months

95% CI
Difference of PFS (p-Value)

MacDonald RANO Vol-RANO mRANO Vol-mRANO iRANO

SOC and SOC + Audencel Patients (n = 76)

MacDonald 4.0 5.2–8.8 - 1.000 1.000 0.001 0.000 -
RANO 4.2 5.3–8.6 1.000 - 1.000 0.003 0.001 -

Vol-RANO 5.4 5.4–8.2 1.000 1.000 - 0.022 0.008 -
mRANO 8.6 9.1–14.0 0.001 0.003 0.022 - 1.000 -

Vol-mRANO 8.6 9.7–14.9 0.000 1.000 0.008 1.000 - -

SOC + Audencel patients (n = 36)

MacDonald 4.2 4.2–10.3 - 1.000 1.000 0.034 0.020 1.000
RANO 4.7 4.6–10.6 1.000 - 1.000 0.105 0.066 1.000

Vol-RANO 5.4 4.5–9.0 1.000 1.000 - 0.154 0.095 1.000
mRANO 8.1 8.6–17.8 0.034 0.105 0.154 - 1.000 1.000

Vol-mRANO 8.6 9.4–19.1 0.020 0.066 0.154 1.000 - 1.000
iRANO 6.2 5.7–11.7 1.000 1.000 1.000 1.000 1.000 -

PFS: progression-free survival, CI: confidence interval, SOC: standard of care, n: number of patients. Significant
p-values are marked with bold characters.

Table 4. Median postprogression survival with the corresponding confidence interval for the different
assessment criteria. Calculated p-values (Kruskal–Wallis test) and corrected for multiple testing
(Bonferroni’s adjustment) for difference in PPS between assessment criteria.

Response
Criteria

Median PPS,
Months

95% CI
Difference of PPS (p-Value)

MacDonald RANO Vol-RANO mRANO Vol-mRANO iRANO

SOC and SOC + Audencel Patients (n = 76)

MacDonald 12.0 11.8–15.8 - 1.000 1.000 0.013 0.001 -
RANO 11.4 11.8–15.9 1.000 - 1.000 0.019 0.002 -

Vol-RANO 10.8 11.7–16.2 1.000 1.000 - 0.046 0.005 -
mRANO 8.8 7.8–11.2 0.013 0.019 0.046 - 1.000 -

Vol-mRANO 8.7 7.1–10.4 0.001 0.002 0.005 1.000 - -

SOC + Audencel patients (n = 36)

MacDonald 15.2 11.9–17.2 - 1.000 1.000 0.030 0.002 1.000
RANO 12.3 11.4–17.0 1.000 - 1.000 0.104 0.011 1.000

Vol-RANO 12.1 11.4–18.8 1.000 1.000 - 0.137 0.015 1.000
mRANO 7.3 6.6–11.6 0.030 0.104 0.137 - 1.000 0.351

Vol-mRANO 6.2 5.6–10.5 0.002 0.011 0.015 1.000 - 0.048
iRANO 13.0 10.6–16.2 1.000 1.000 1.000 0.351 0.048 -

PPS: postprogression survival, CI: confidence interval, SOC: standard of care, n: Number of patients. Significant
p-values are marked with bold characters.

3.4. Landmark Analysis

Response status (SD or PD) was determined for each patient at the 4- and 8-month
landmark time. In total, at the 4-month landmark 75 (98.7%) patients and at the 8-month
landmark 71 (93.4%) patients were included. For iRANO (n = 36), at 4 months, 35 (97.2%)
patients were included; and at 8 months, 32 (88.9%) patients were included.

By using Cox proportional hazard models, a correlation between progression status
(PD or SD) at the specific landmark time and OS was detected. HR, p-values and their
corresponding 95% CIs for the 4- and 8-month landmark time are summarized in Table 5.
The highest HR for PD was observed for mRANO (HR = 2.57, p < 0.001) and Vol-mRANO
(HR = 2.79, p < 0.001) at the 8-month landmark time; however, the difference between each
HR for all response-assessment criteria was not significant (p = 0.46).
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Table 5. Hazard ratios with corresponding confidence interval for patients with progressive disease
at the 4- and 8-month landmark time.

Response
Criteria 4-Month Landmark 8-Month Landmark

HR 95% CI p-Value HR 95% CI p-Value

MacDonald 1.30 0.79–2.13 0.310 2.29 1.34–3.91 0.002
RANO 1.41 0.86–2.33 0.175 2.04 1.18–3.55 0.011

Vol-RANO 1.30 0.78–2.15 0.312 1.81 1.06–3.10 0.031
mRANO 1.69 0.96–2.96 0.068 2.57 1.48–4.46 0.001

Vol-
mRANO 1.82 1.01–3.27 0.045 2.79 1.59–4.89 0.001

iRANO 2.07 0.98–4.37 0.057 1.20 0.88–4.53 0.098
HR: hazard ratio, CI: confidence interval. Significant p-values are marked with bold characters.

The impact of SD or PD on median OS at the 4- and 8-month landmark was calculated
and listed in Table 6. There was no significant difference between median OS, for patients
with PD or SD, assessed by different response-assessment criteria. However, at the 4-month
landmark time the impact of progressive disease on median OS was most distinct for
mRANO, Vol-mRANO and iRANO, and at the 8-month landmark time for mRANO and
Vol-mRANO. For those criteria, the greatest difference in OS between SD and PD at the
specific landmark time was observed.

Table 6. Impact of stable disease or progressive disease on median overall survival at 4- and 8-month
landmark time with corresponding confidence interval.

Response
Criteria Median OS, Months (95% CI)

4-Month Landmark 8-Month Landmark
SD PD SD PD

MacDonald 20.5 (18.5–26.9) 18.6 (15.8–22.8) 23.7 (21.4–30.7) 18.0 (15.5–20.9)
RANO 21.5 (19.6–27.7) 15.0 (14.8–21.8) 24.1 (22.5–33.7) 18.1 (15.9–21.0)

Vol-RANO 20.7 (19.3–27.1) 15.0 (14.6–21.8) 23.5 (21.8–31.4) 17.9 (16.1–22.4)
mRANO 20.4 (19.0–25.4) 13.6 (12.5–22.0) 22.8 (21.4–28.6) 13.7 (13.1–19.0)

Vol-mRANO 20.6 (19.1–25.4) 12.8 (11.2–21.5) 23.1 (22.1–29.3) 12.0 (12.5–17.9)
iRANO 21.7 (19.1–31.0) 12.7 (11.0–20.9) 23.4 (19.2–40.5) 17.3 (15.0–22.7)

SD: stable disease, PD: progressive disease, OS: overall survival.

3.5. Non-Enhancing Abnormalities

In 16 patients (21.1%) volumetric T2/FLAIR changes (Vol-RANO), and in 13 patients
(17.1%) a significant increase in T2/FLAIR changes (RANO), were seen prior to detection of
a contrast-enhancing lesion on postgadolinium T1-weighted MRI scans. In those patients,
T2/FLAIR changes appeared for Vol-RANO 10.5 months (median, range 1.4–39.3 months)
and for RANO 9.8 months (median, range 2.0–32.6 months) prior to the T1 contrast-
enhancing lesion. Moreover, 11/16 (Vol-RANO) and 8/13 (RANO) patients showed a
disease progression on postgadolinium T1-weighted MRI scans later in the disease course.

In Figure 2, five follow-up MRI scans of a representative patient (VAX_0066, Audencel-
arm) are displayed. In this patient, tumor progression was observed only as a non-
enhancing abnormality, thus the addition of T2-weighted sequences was beneficial in
this case.

3.6. Pseudoprogression

By applying mRANO and Vol-mRANO criteria 19 (25.0%) and 23 (30.3%) patients
had confirmed PsP, respectively. When iRANO was applied to patients treated with
SOC + Audencel, 4 (11.1%) patients had confirmed PsP. The median OS for patients with
confirmed PsP by mRANO was 23.4 months (95% CI, 19.0–31.1), for Vol-mRANO 21.2 months
(95% CI, 18.1–28.7), and for patients without PsP 17.9 months (95% CI, 16.2–22.8). No
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significant difference in median OS between patients with confirmed PsP (mRANO and
Vol-mRANO) and patients without PsP was seen.
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Figure 2. Post-OP and follow-up MRI scans of patient VAX_0066 (Audencel-arm): T2- (b,d,f,h,j,l)
and postgadolinium T1-weighted MRI sequences (a,c,e,g,i,k) are displayed. This figure illustrates
the progression of non-enhancing abnormalities. At the first follow-up MRI (c,d) non-enhancing
abnormalities are decreased and no contrast-enhancing tumor mass is seen compared to post-OP
(a,b) where no measurable disease is seen. Hence, the patient is defined as stable disease (SD) by all
assessment criteria.Therefore, the first follow-up MRI (c,d) is used as baseline MRI, as it shows the
best response. The second follow-up MRI (e,f) still shows SD compared to baseline (c,d). At the third
follow-up MRI (g,h) an increase in non-enhancing abnormalities (corpus callosum, (h)) compared to
T2-weighted sequence of the first follow-up (d) is seen. On the fourth- (i,j) and fifth follow-up scans
(k,l), T2-changes are further increased (j,l). On T1-weighted MRI scans from first to fifth follow-up
(c,e,g,i,k), no measurable contrast-enhancing tumor mass is seen, including the last T1-weighted
follow-up MRI scan (k).

4. Discussion

Over the last decades, several response-assessment criteria have been proposed,
in order to more precisely define the time point of disease progression in malignant
glioma [20,21,23,25]. In this post hoc analysis, we evaluated the different response-assessment
criteria and their ability to predict OS in patients with newly diagnosed glioblastoma treated
with SOC and SOC + tumor lysate-charged autologous dendritic cells in a multicenter
phase II clinical trial. The best correlation between PFS and OS was observed for mRANO
and Vol-mRANO. No difference in PFS between SOC and SOC + Audencel was seen using
the different response criteria. Interestingly, iRANO was not superior in predicting PFS for
patients in the Audencel arm.

Reliable study endpoints are crucial in order to evaluate tumor progression and
determine the effectiveness of new treatments. Although the main goal of new cancer
treatment approaches is an improvement in OS, the estimation of surrogate endpoints
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might also show some advantages [32–34]. For instance, PFS plays an important role
in neuro-oncologic trials, as it can be assessed earlier and is independent of subsequent
post-progression treatment [34]. Consequently, response-assessment methods that evaluate
PFS must be reliable, as therapy should only be changed or discontinued if progression is
confirmed. In most cases, MRI provides a valuable first approach to evaluate the tumor-
response status. In selected cases, however, O-(2-[18F] fluoroethyl)-L-tyrosine-positron
emission tomography (18F-FET-PET) imaging or even tumor biopsy are used to confirm or
exclude tumor progression [35].

Several studies already compared various response-assessment criteria in neuro-
oncology with different results. In a cohort of 102 patients with recurrent GB treated
with a combination of bevacizumab and irinotecan, 1-dimensional and 2-dimensional
criteria (Macdonald, RECIST, RANO and RECIST + F criteria) were compared [36]. In
this retrospective analysis, no difference in median PFS between those criteria could be
demonstrated. Radiologic data of 163 patients with recurrent GB treated with irinotecan
combined with bevacizumab from the randomized phase II BRAIN (AVF3708g) trial were
evaluated for pure T2/FLAIR progression by comparing RANO and MacDonald crite-
ria [28]. It was shown that the median PFS assessed by RANO was shorter compared to
the median PFS assessed by MacDonald criteria. A total of 35% of those patients only
progressed as defined by RANO and had a T2/FLAIR progression. Recently, the response
assessment criteria mRANO, iRANO and RANO were compared by Ellingson et al. [29]
in 47 patients with recurrent GB, who were treated with the IL4R-targeted immunotoxin
MDNA55. Again, median PFS by RANO was significantly shorter compared to median
PFS assessed by mRANO or iRANO. Additionally, a correlation between OS and mRANO
PFS was detected.

We could reproduce these findings by showing that median PFS was shorter for
MacDonald, RANO and Vol-RANO compared to mRANO and Vol-mRANO in a cohort
of 76 patients. Furthermore, we also detected a strong correlation between OS and PFS
assessed by Vol-mRANO and mRANO. In our landmark analysis, the HR for patients
with a confirmed PD was highest when assessed by mRANO and Vol-mRANO, and
the impact of PD at a specific landmark time on OS was best shown by mRANO and
Vol-mRANO. Interestingly, in the subgroup of Audencel-treated patients, iRANO was
not superior in predicting OS. Our study results could indicate that mRANO and Vol-
mRANO may represent the most valid response-assessment criteria in GB patients treated
with SOC or additional dendritic-cell-vaccine therapy. However, in order to draw more
reliable conclusions on the value of iRANO, larger patient cohorts treated by different
immunotherapy approaches need to be investigated.

The difference in PFS can in part be explained by the definition of the criteria, as
mRANO and iRANO require a confirmatory scan after the first appearance of progression or
regression of the enhancing tumor mass [23]. iRANO criteria also require the confirmation
of progression by an additional MRI scan at least 3 months after the first appearance of a
new enhancing lesion or the increase in size of a tumor lesion [25].

The differentiation of PsP from true progression can further challenge the treatment of
patients with GB [37], and in particular, patients treated with immunotherapy can show
unique patterns of PsP [24,25]. In our analysis, 25.0% and 30.3% (mRANO and Vol-mRANO,
respectively) of our patients showed signs of PsP. Patients who received the dendritic-cell
vaccine showed PsP by iRANO in only 11.1%. OS was identical for patients with PsP
compared to those patients without PsP. This is in line with results from the cohort of
Ellingson et al. [29] where 45.2% (mRANO) and 9.5% (iRANO) of patients treated with an
IL4R-targeted immunotoxin had confirmed PsP.

The challenge to interpret the appearance of pure non-enhancing abnormalities before
or even without development of a contrast-enhancing tumor mass was first recognized
during bevacizumab therapy [38,39]. By using RANO assessment criteria we observed
that 21.1% of our patients had T2/FLAIR changes prior to or without progression on the
postgadolinium T1-weighted MRI sequences, which is comparable to other studies [28,40].
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As most of the patients included in the Audencel trial did also receive bevacizumab therapy
during disease progression, it is difficult to determine whether antiangiogenic therapy or
multifactorial effects are responsible for these findings.

Because GB frequently shows an inhomogeneous and complex growth pattern, several
studies already evaluated whether volumetric-measurement approaches show better perfor-
mance in assessing progression compared to 1D (the overall largest diameter measured on
axial slices) and/or 2D measurement approaches [41–45]. Gahrmann et al. [42] compared
2D RANO criteria to four different volumetric approaches based on enhancement, subtrac-
tion and T2/FLAIR abnormalities, but they were not able to demonstrate an improvement
in predicting OS by using those volumetric approaches. Similarly, in our study, there was no
difference in median PFS between RANO and Vol-RANO, as well as between mRANO and
Vol-mRANO. Although semiautomatic volumetric-measurement techniques are available
nowadays for more precise tumor-volume assessment, this seems to be of limited clinical
utility in this context. In addition, these techniques are also time-consuming and more
complex than 2D measurement approaches. Moreover, tumor volumes can vary between
different MRI scans because of different angulations and slice thicknesses. Recently, artificial
intelligence (AI) advanced the field of volumetric measurements. Kickingereder et al. [30]
and Chang et al. [46] investigated methods to automatically assess tumor response using
deep-learning approaches and artificial neural networks with promising results. Tumor
volumes measured by AI were superior in predicting OS compared to radiologic-response
assessment by RANO performed by a radiologist [30]. Despite great advances reported
with AI, caution has to be taken in generalizing these models, due to lack of standardization
for data acquisition, feature extraction and analysis methods used [47–49].

There are some limitations to consider in this post hoc analysis. In general, it is
a retrospective evaluation of radiologic data generated in a national multicenter study.
Only radiologic data was used for response assessment, as information about clinical
appearance and steroid dosage was barely available. Hence, the purpose of our post
hoc analysis is a validation of imaging parameters for response assessment in neuro-
oncology, while neurologic function and patient quality of life have been validated in other
studies (e.g., Ung et al. [50]). Imaging acquisition was not standardized, and only in some
patients were MP-RAGE MRI sequences available, while for others only T1-weighted SE
images were carried out. In this trial, MacDonald criteria were initially used for response
assessment, and MRI scans were not carried out in close proximity to the end of radiation
therapy. Consequently, we used postsurgery MRI as baseline for all response-assessment
criteria in order to facilitate a better comparison between the different criteria. Furthermore,
only half of the patients included in this trial were treated with an autologous dendritic-cell
vaccine. Therefore, we were only able to apply iRANO on a small number of patients.
To allow a more reliable conclusion, whether iRANO is better for response assessment
compared to other assessment methods in the context of immunotherapy, larger patient
cohorts and inclusion of different immunotherapy treatment strategies will be needed.

5. Conclusions

We conclude that mRANO criteria are superior to MacDonald and RANO for pre-
dicting progression in patients with newly diagnosed GB treated with SOC ± additional
Audencel-based immunotherapy. Moreover, the best correlation between PFS and OS was
seen for mRANO and Vol-mRANO. Between the two treatment arms, no difference in
PFS and OS was seen and iRANO was not superior for predicting OS in patients treated
with Audencel. These findings, however, need to be confirmed in a larger patient cohort
including different immunotherapy approaches.
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