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ABSTRACT

ARTICLE HISTORY

Aim: A radio-pathomic machine learning (ML) model has been developed to estimate tumor cell
density, cytoplasm density (Cyt) and extracellular fluid density (ECF) from multimodal MR images
and autopsy pathology. In this multicenter study, we implemented this model to test its ability to
predict survival in patients with recurrent glioblastoma (rGBM) treated with chemotherapy.
Methods: Pre- and post-contrast T,-weighted, FLAIR and ADC images were used to generate radio-
pathomic maps for 51 patients with longitudinal pre- and post-treatment scans. Univariate and
multivariate Cox regression analyses were used to test the influence of contrast-enhancing tumor
volume, total cellularity, mean Cyt and mean ECF at baseline, immediately post-treatment and the
pre- and post-treatment rate of change in volume and cellularity on overall survival (OS).

Results: Smaller Cyt and larger ECF after treatment were significant predictors of OS, independent of
tumor volume and other clinical prognostic factors (HR = 3.23 x 10, p < 0.001 and HR = 2.39 x 107,
p < 0.001, respectively). Both post-treatment volumetric growth rate and the rate of change in
cellularity were significantly correlated with OS (HR = 1.17, p = 0.003 and HR = 1.14, p = 0.01,
respectively).

Conclusion: Changes in histological characteristics estimated from a radio-pathomic ML model are
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a promising tool for evaluating treatment response and predicting outcome in rGBM.

1. Introduction

Glioblastoma (GBM) is a highly aggressive cancer with
a notably poor prognosis and almost all GBMs recur
after initial therapy [1,2]. Standard treatment options
for recurrent glioblastoma (rGBM) are limited [3,4], with
cytotoxic therapies like lomustine used routinely and
new therapies including anti-angiogenic treatments and
immunotherapy being tested in clinical trials. Conse-
quently, the identification of noninvasive biomarkers
for predicting patient responses to new therapies is

imperative. Improved overall survival (OS), radiologic
progression-free survival (PFS) and objective response
rate (ORR) are all considered valid end points in brain
tumor clinical trials [5,6] with the use of the Response
Assessment in Neuro-Oncology (RANO) criteria [7-10],
which is largely dependent on the use of contrast
enhancement on post-contrast T,-weighted images as a
surrogate for tumor burden [11-14]. However, contrast-
enhancing tumor volume may not always reflect the
true disease burden. Pseudo-progression can occur after
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radiotherapy or certain immunotherapies, which can
cause new or progressed contrast enhancement on MR
images due to a local tissue response that includes
inflammation, edema and altered vascular permeabil-
ity [15,16]. On the other hand, anti-angiogenic therapies
can cause pseudo-response, resulting in a rapid decline
in contrast enhancement with a high 6-month PFS,
but has relatively little influence on OS [15]. Hence,
there are inherent limitations in using contrast-enhanced
volumes to determine the actual presence or progression
of tumors and imaging methods that can detect the
underlying pathology more accurately are needed.
Given the challenges associated with obtaining biopsy
samples from brain tumors, non-invasive imaging tech-
nigues that can provide histologic information would
be particularly valuable. Recently, a machine-learning
based radio-pathomic mapping approach was developed
to estimate tumor cell density, cytoplasm (Cyt) and
extracellular fluid density (ECF) by training the algorithm
on anatomic MR images and corresponding post-mortem
autopsy tissue samples from patients with GBM, IDH
mutant gliomas, brain metastases and lymphoma [17-
19]. In the current study, we extend use of this model to
test whether changes in histological characteristics can
be used as a response biomarker for predicting survival
in rtGBM patients treated with cytotoxic chemotherapies.

2. Materials & methods
2.1. Patients

In this retrospective study, we included consecutive
patients with first or second rGBM treated at our institu-
tion between 2004 and 2022. These patients underwent
chemotherapy using lomustine, temozolomide, or carbo-
platin. All patients provided written, informed consent to
be included in our Neuro Oncology Database, which has
received approval from our IRB (IRB-10-0655, reviewed by
UCLA Medical IRB #2). The inclusion criteria for patient
selection were as follows: a minimum of three pre-
treatment scans obtained before initiating the next line
of therapy; recurrence occurring at least 3 months after
the completion of radiation therapy (RT); the earliest pre-
treatment scan conducted at least two weeks post-RT
completion; a baseline scan within 1 month before the
start of second or third line treatment; no anti-angiogenic
therapy administered during the assessment; and no
surgical or therapeutic interventions carried out before
RANO-defined disease progression [8] (Figure 1).

2.2. MR data acquisition

MR images were obtained on 1.5- or 3-T scanners at our
institution or external institutions (Siemens Healthcare,

Erlangen, Germany; GE HealthCare, Waukesha, United
States; Phillips Healthcare, Best, Netherlands; Toshiba
Medical, Tokyo, Japan). Patients received pre- and
post-contrast T,-weighted, FLAIR and diffusion
weighted images. Detailed parameters are shown in
the Supplementary Table S1.

2.3. Radio-pathomic mapping

A previously developed radio-pathomic mapping algo-
rithm trained and tested on imaging and histology
acquired at the Medical College of Wisconsin was applied
to MRI data acquired at University of California, Los
Angeles. Pre- and post-contrast enhanced T,;-weighted,
FLAIR and ADC images were fed into the algorithm,
which then generated whole brain images of cell density,
Cyt and ECF (Figure 2). The details of the algorithm,
including training and testing, are described in detail
elsewhere [17].

2.4. Feature extraction

Contrast enhancing tumor volume was estimated NS-
HGlio v.2.0 deep learning algorithm (Neosoma Inc,
MA, United States) [20], supplemented by manual
adjustments as needed. For timepoints in which
this method was unsuccessful, semi-automated
segmentation of enhancing tumor were performed using
Analysis of Functional Neuroimages software (AFNI,
https://afni.nimh.nih.gov) [21] by manually identifying
the relative tumor region and determining thresholds on
the subtraction maps, which were created by subtracting
pre-contrast T,-weighted images from post-contrast
T,-weighted images as described previously [22]. These
segmentations were then edited by a neuroradiologist
(S.0., with 11-year-experience in neuroradiology). Total
tumor cellularity was estimated by summing the cell
density per voxel on radio-pathomic maps across the
entirety of the enhancing tumor volume. Additionally,
mean Cyt and ECF within the contrast-enhanced tumor
lesions were calculated and used for subsequent analyses.

2.5. Statistical analysis

First, the prognostic value of various imaging features at
baseline along with the immediate post-treatment scan
(2 weeks—2 months after treatment start) were evaluated.
We conducted univariate Cox regression analysis to assess
the effect of tumor volume, total cellularity, mean Cyt and
mean ECF on OS from the start of chemotherapy. We also
performed multivariate Cox regression analysis to adjust
for age, sex, MGMT promoter methylation status, number
of recurrences, concomitant RT and MRI parameters (echo
time [TE] for T,-weighted FLAIR images, whether above
or below 100 ms and whether T;-weighted images were


https://afni.nimh.nih.gov

CNS ONCOLOGY 3

¢ Informed consent obtained
N=1,274

¢ Histologically confirmed IDHWT GBM patients with 1st or 2nd recurrence

Excluded

Not treated with a cytotoxic agent (Lomustine, Temozolomide, Carboplatin)

Less than 3 scans with post-contrast T1-weighted images prior to next treatment initiation
Recurrence within 12 weeks after completion of RT

Earliest pre-treatment scan < 2 weeks after completion of RT

Baseline scan >30 days prior to start of 2nd or 3rd line cytotoxic treatment

No adequate post-treatment scans to evaluate PFS6

Any anti-angiogenic therapy during evaluation

Surgery or treatment change before RANO 2.0-defined progression (w/ confirmation of PD)

Final study cohort: N = 57

Figure 1. CONSORT diagram.

PFS: Progression free survival; RANO: Response assessment in neuro-oncology; RT: Radiation therapy; PD: Progressive disease.

acquired with inversion recovery [IR], details provided
in the following section). For total cellularity, ECF and
Cyt, tumor volume at baseline or 1st post-treatment scan
was included as an additional covariate to evaluate their
added prognostic value. Log-rank comparison of Kaplan-
Meier curves of patients stratified based on the optimal
threshold value of different imaging features were also
performed. The optimal threshold of tumor volume, total
cellularity, mean Cyt and mean ECF were determined
by calculating the log-rank Mantel-Haenszel hazard ratio
(HR) and p-values at all possible thresholds, similar to
previous approaches [23].

In addition to baseline and immediate post-treatment
exams, the time rate of change in these parameters before
and after the start of treatment were also evaluated. Pre-
treatment rates of change were estimated from mea-
surements obtained prior to treatment initiation, while
post-treatment rates were estimated from data available
post-treatment within the first 6 months after treatment,
similar to procedures described previously [24]. The
change in the rate of these variables were determined by
calculating the difference in rates between pre- and post-
treatment time points. Univariate Cox regression analysis
was performed to assess the effect on OS for continuous
values of pre-treatment rates of change, post-treatment
rates of change and the change in rates after treatment
for measures of tumor volume, total cellularity, mean
Cyt and mean ECF. Multivariate Cox regression analysis
was performed to adjust for age, sex, MGMT methylation
status, number of recurrences, RT and the baseline value
of the metric of interest. For log-rank analysis, patients
were divided based on the optimal threshold value of
pre-treatment rates of change, post-treatment rates of
change and the change in these rates after treatment
for both tumor volume and total cellularity. The Kaplan-
Meier survival curves of the stratified patient groups were
compared using a log-rank test.

Lastly, we evaluated the effect of acquisition parame-
ter heterogeneity on the resulting radio-pathomic maps
by performing quality assessments via visual inspection
of the resulting maps. We observed that the appearance
of radio-pathomic maps derived from FLAIR and T;-
weighted images acquired with significantly different
parameters showed variation across different timepoints
(Supplementary Figure S1). To mitigate bias caused by
the acquisition heterogeneity, we included TE of FLAIR
acquisition (> = 100 ms or <100 ms) and T,-weighted
images acquisition sequence (with or without IR) as
additional covariates in the cross-sectional multivariate
Cox regression analyses. For analysis involving the time
rate of change, we further performed a supplementary
analysis of the derived radio-pathomic maps with a
more homogeneous dataset by excluding timepoints
classified as a smaller subset based on FLAIR and T,-
weighted images acquisition parameters for each subject,
in addition to the main analysis using all timepoints
from all subjects. This analysis was only performed with
sufficient timepoints remained after the exclusion.

p-value below 0.05 was considered as statistically
significant. We performed statistical analyses using
Prism (v8.2.0; GraphPad Software, CA, USA) and MATLAB
(release 2019b, Mathworks, Inc., MA, USA). The time
interval between the start of therapy and the date
of death from any cause was used to calculate OS.
Otherwise, OS was censored at the last clinical follow-up
date.

3. Results

A total of 51 patients met the inclusion criteria out
of 1,274 rGBM patients available (age, 60.9 + 9.2
[mean =+ standard deviation]; 30 males). Among them, 4
patients had their first and second recurrences evaluated.
As a result, 55 datasets were processed, comprising
42 cases following the first progression and 13 cases
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Figure 2. Overview of the methods of this study. (A) Pre- and post-contrast T,-weighted, FLAIR and ADC images were used to train a
“radiopathomic” machine learning (ML) model to predict histological characteristics using post-mortem brain tissue. (B) This model
was then applied to an independent cohort of patients to testimate cellularity, cytoplasm volume fraction (Cyt) and extracellular

volume fraction (ECF) before and after cytotoxic therapy.

following the second recurrence. The range of OS was
42-2085 days from the start of treatment, with a median
of 479.3 days. Figure 3 shows representative cases of
tumors that responded and those that did not respond
to chemotherapy. Cellularity maps showed clear hyper-
cellularity within contrast-enhancing tumor areas, but
importantly areas of hypercellularity were also observed
beyond areas of contrast enhancement in some cases
(Supplementary Figure S2). Additional patient character-
istics are described in Table 1.

3.1. Cross-sectional evaluation

A total of 54 datasets were available to evaluate the
influence of baseline characteristics and 50 datasets
were available to evaluate the characteristics at the 1st
post-treatment time point. Univariate Cox regression
revealed that baseline enhancing tumor volume and total
cellularity at both baseline and the 1st follow-up after
treatment were associated longer OS (Table 2, volume at
baseline: p < 0.001, HR = 1.08, 95% Cl 1.04-1.13; volume
at 1st post-treatment: p < 0.001, HR = 1.07, 95% CI 1.04-
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‘Responder”
Post-treatment

Enhancing volume
Day-126 Day-42

Enhancing tumor
volume
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Figure 3. Representative cases: (A) A 68-year-old female IDH wild-type glioblastoma patient who responded to chemotherapy as
evidenced by a reduction in enhancing tumor volume and cellularity after the initiation of chemotherapy. (B) A 64-year-old female IDH
wild-type glioblastoma patient who did not respond to chemotherapy and had increasing volume of enhancing tumor and cellularity

after treatment.

1.10; total cellularity at baseline: p < 0.001, HR = 1.005,
95% Cl 1.002-1.007; total cellularity at 1st post-treatment:
p < 0.001, HR = 1.004, 95% Cl 1.002-1.005). Additionally,
larger ECF and smaller Cyt at the 1st post-treatment time
point were also associated with longer OS (ECF: p = 0.001,
HR =2.43 x 10°,95% Cl 3.94 x 10%-0.02; Cyt: p = 0.001,
HR =3.01 x 10% 95% Cl 61.23-1.48 x 107).

After adjusting for MGMT methylation, number
of previous recurrences and use of concomitant RT,
tumor volume at both the baseline and the 1st post-
treatment time point negatively impacted OS (baseline:

p=0.01,HR=1.07,95% Cl 1.01-1.14; 1st post-treatment:
p <0.001,HR=1.07,95% Cl 1.03-1.11). Additionally, both
larger ECF and smaller Cyt at the 1st post-treatment time
point were also associated with longer OS (ECF: p < 0.001,
HR=3.23 x 10°,95% C12.91 x 10°-0.004; Cyt: p < 0.001,
HR = 2.39 x 10°,95% Cl 275.09-2.08 x 108).

Log-rank analyses applied to optimized thresholds
suggested enhancing tumors <5.5 cc at baseline
(Figure 4A, Log-Rank test; p = 0.001, median OS = 470.5
vs 314 days) and enhancing tumors <19 cc at the 1st
post-treatment follow-up were associated with a longer
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Table 1. Patient characteristics.

n=>51?
Age, y (mean £ SD) 60.9+9.2
Sex (M/F) 30/21
MGMT promoter 24/22/5
(methylated/unmethylated/unknown)
Number of recurrences (1st/2nd) 42/13
Treatment
Lomustine 18
Temozolomide 18
Carboplatin 2
Lomustine + RT 6
Temozolomide + RT 8
Carboplatin + RT 1
Carboplatin + pembrolizumab 1

2Four patients were analyzed for both 1st and 2nd recurrences.
RT: Radiation therapy; SD: Standard deviation.

OS (Figure 4C, p < 0.001, median OS = 470.5 vs 171 days).
Additionally, cellularity <1.7 x 10° cells at baseline
(Figure 4B, p < 0.001, median OS = 467 vs 250 days) and
cellularity <2.0 x 10° cells at the 1st post-treatment scan
were associated with longer OS (Figure 4D, p < 0.001,
median OS = 508 vs 222 days). Mean ECF >24.9% at the
first 1st post-treatment time point (Figure 4E, p < 0.001,
median OS = 805 vs 336.5 days) and mean Cyt <73.5% at
the 1st post- treatment time point were also associated
with longer OS (Figure 4F, p < 0.001, median OS = 632.5
vs 307 days).

3.2. Rate of change in enhancing volume & mean
cellularity

A total of 52 datasets were available for investigation into
the impact of the rate of change in enhancing volume
and cellularity on survival. Univariate analysis indicated
that lower pre-treatment enhancing tumor growth rate,
lower post-treatment enhancing tumor growth rateand a
larger decrease in volumetric growth rate after treatment
were associated with longer OS (Table 3, pre-treatment
growth rate: p < 0.001, HR = 3209.3, 95% Cl 36.38-
2.83 x 10°; post-treatment growth rate: p < 0.001,
HR = 26.16, 95% Cl 5.31-128.79; change in growth rate:
p < 0.001, HR = 16.27, 95% Cl 3.54-74.77). Similarly,
the pre-treatment rate of change, post-treatment rate
of change and difference in the rate of change in total
tumor cellularity within the enhancing tumor after treat-
ment were associated with prolonged OS (pre-treatment
growth rate: p < 0.001, HR = 1.70, 95% Cl 1.29-2.25; post-
treatment growth rate: p < 0.001, HR=1.22,95% Cl 1.11-
1.34; change in growth rate: p = 0.006, HR = 1.17, 95% ClI
1.05-1.31).

Multivariable Cox regression controlling for MGMT
methylation, number of recurrences, use of RT and base-
line measurements confirmed that lower post-treatment
growth rate and larger decrease in enhancing vol-

umetric growth rate was associated with longer OS
(post-treatment growth rate: p < 0.001, HR = 16.91,
95% Cl 3.41-83.81; change in growth rate: p = 0.002,
HR = 12.00, 95% Cl 2.49-57.90). Additionally, a lower
post-treatment rate of change in total tumor cellularity
and larger decrease in the rate of change in cellularity
with respect to pre-treatment rates were associated with
a significant survival advantage (post-treatment growth
rate: p = 0.003, HR = 1.17, 95% Cl 1.05-1.30; change
in growth rate: p = 0.01, HR = 1.14, 95% Cl 1.03-1.27).
Of note, pre-treatment enhancing tumor growth rate
and pre-treatment rates of change in total tumor cell
density were not statistically significant after accounting
covariates (p = 0.25).

Log-rank analyses applied at the optimal thresh-
olds show survival advantages in patients with a pre-
treatment enhancing tumor volumetric growth rate
<0.03 cc/day (Figure 5A; p = 0.005; median OS = 467
vs 297 days), post-treatment growth rates <0.15 cc/day
(p < 0.001, median OS = 470.5 vs 161.5 days) and
decrease in growth rate <+0.1 cc/day (p < 0.001, median
OS = 467 vs 167 days). Similarly, log-rank analyses
applied at the optimal thresholds confirmed that pre-
treatment rate of change in tumor cellularity <4.9 x 107
cells/day (Figure 5B; p = 0.003, median OS = 470.5
vs 317 days), post-treatment rate of change in tumor
cellularity <3.0 x 107 cells/day (p < 0.001, median
OS = 464 vs 156 days) and change in the cellularity
growth rate <+1.7 x 107 cells/day (p = 0.004, median
OS = 442.5 vs 180 days) were significantly associated with
a significant survival advantage.

During quality control evaluation of the resulting
radio-pathomic maps, we noticed that some time points
appeared to show erroneously high cell density through-
out the brain. After investigation, this appeared to be
related to variability in the TE of the FLAIR images
and use of IR of the T,-weighted images. Therefore,
we conducted a sub-analysis on cases using only the
time points with homogeneous acquisition parameters.
After removing problematic time points, 40 datasets
were available to estimate pre-treatment growth rate
parameters, 47 datasets were available for evaluation of
post-treatment growth rate parameters and 39 datasets
had both pre- and post-treatment data available for eval-
uation of growth rate changes. Results of this sub-analysis
were similar to multivariate Cox regression and log-rank
analyses applied to the entire dataset (Supplementary
Figure S3 & Supplementary Table S3).

4. Discussion

Identification of the early treatment response and the
time of treatment failure continues to be important
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Univariate analysis

Multivariate analysis

Hazard ratio (95% Cl) p-value Hazard ratio (95% Cl) p-value

Volume (per 1 cc)

Baseline scan 1.08 (1.04-1.13) <0.0071*** 1.07 (1.01-1.14) 0.01*

1st post-treatment scan 1.07 (1.04-1.10) <0.007*** 1.07 (1.03-1.11) <0.007***
Total cellularity (per 107 cells)

Baseline scan 1.005 (1.002-1.007) <0.001*** 1.005 (0.998-1.01) 0.14

1st post-treatment scan 1.004 (1.002-1.005) <0.007*** 1.003 (0.995-1.01) 0.44
Mean ECF (per 1 unit)

Baseline scan 0.10 (0.0004-27.55) 0.42 0.09 (8.01 x 10°-112.29) 0.51

1st post-treatment scan 2.43 x 107 (3.94 x 108-0.02) 0.007%** 3.23 x 10 (2.91 x 10°-0.004) <0.001***
Mean Cyt (per 1 unit)

Baseline scan 1.37(0.26-7.26) 0.71 0.81(0.10-6.67) 0.84

1st post-treatment scan 3.01 x 10% (61.23-1.48 x 107) 0.007%** 2.39 x 10° (275.09-2.08 x 108) <0.007%**

Adjusting for age, sex, MGMT methylation, number of recurrences, radiat
acquisition sequence (with or without inversion recovery).

ion therapy, TE of FLAIR acquisition (> = 100 ms or <100 ms) and T,-weighted

For Total cellularity, ECF and Cyt, baseline (or 1st post-Tx) tumor volume was also included as a covariate.

Cl: Confidence interval; Cyt: Cytoplasm fraction; ECF: Extracellular fraction

.*P < 0.05; **P < 0.01; ***P < 0.001

Cross-sectional evaluation of baseline and 1st follow-up
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Figure 4. Kaplan-Meier curves for overall survival at baseline and
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first post-treatment follow-up. Patients with smaller enhancing tumor

volume and total cellularity at baseline (A & B) and 1st post-treatment scans (C & D), as well as those with smaller Cyt and larger ECF at
the 1st post-treatment scan (E & F), demonstrated significantly longer OS.

factors for drug development and clinical care in glioblas-
toma. While anatomic MRI parameters have been used for
decades to describe response to a variety of therapies, MR
characteristics can be non-specific and lead to ambiguity
in the interpretation of the underlying biological or
structural changes. To overcome these issues, a radio-
pathomic machine learning model was developed to
relate MRI characteristics with the underlying cellular
characteristics based on post-mortem human tissue
and in vivo MRI scans prior to death?®. Recent multi-

institutional data using stereotactic biopsies have verified
that these radio-pathomic maps accurately estimate
cellularity within various areas of tumor [18], suggesting
this approach might provide the much needed clarity into
the true biologic changes in the tumor associated with
therapeutic perturbation.

We chose to evaluate the use of cytotoxic chemother-
apies with or without radiotherapy in recurrent glioblas-
toma using radio-pathomic maps to benchmark perfor-
mance of this biomarker in a well-characterized class of
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Table 3. Results of cox regression analysis in growth rate study.

Univariate analysis Multivariate analysis

Hazard ratio (95% Cl) p-value Hazard ratio (95% Cl) p-value
Volume (cc/day)
Pre-treatment growth rate 3209.3 (36.38-2.83 x 10°) <0.0071*** 8993.3(0.11-7.56 x 10°) 0.12
Post-treatment growth rate 26.16 (5.31-128.79) <0.007*** 16.91 (3.41-83.81) <0.007***
Change in growth rate 16.27 (3.54-74.77) <0.007*** 12.00 (2.49-57.90) 0.002**
Total cellularity (107 cells/day)
Pre-treatment growth rate 1.70(1.29-2.25) <0.007*** 1.48 (0.76-2.87) 0.25
Post-treatment growth rate 1.22(1.11-1.34) <0.007*** 1.17 (1.05-1.30) 0.003**
Change in growth rate 1.17 (1.05-1.31) 0.005** 1.14 (1.03-1.27) 0.01*
Total cellularity after excluding timepoints with
different MR parameters (107 cells/day)
Pre-treatment growth rate 1.15(0.81-1.62) 0.43 0.78 (0.48-1. 26) 0.31
Post-treatment growth rate 1.30(1.15-1.46) <0.007*** 1.21(1.07-1.38) 0.002**
Change in growth rate 1.27 (1.11-1.44) <0.007*** 1.20(1.06-1.37) 0.005**

Adjusting for age, sex, MGMT methylation, number of recurrences, radiation therapy and baseline values.
Cl: Confidence interval. *P < 0.05; **P < 0.01; ***P < 0.001.

Enhancing tumor growth rate & cellular rate of change

® Pre-treatment growth rate Post-treatment growth rate © Change in growth rate
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2 £ 2
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Figure 5. Kaplan-Meier curves for overall survival stratified by volumetric growth rate or the rate of change in cellularity. Patients with
smaller pre-treatment (A & D) growth or cellular rates of change, (B & E) post-treatment growth or cellular rate of change, or (C & F) a

larger decrease in growth rate or cellular rate of change had significantly longer OS.

therapies often used as a reference or control arm in
clinical trials. As theorized, both the volume of contrast
enhancing tumor and the total cellularity defined as
the summation of cell density across the entirety of
the enhancing tumor at baseline and the Tst post-
treatment time point were prognostic for survival. This is
consistent with previous data demonstrating the contrast
enhancing tumor contains the most cellular and dense
regions of the tumor [25] and consistent with the over-
whelming data suggesting contrast enhancing tumor is,

for the most part, a strong surrogate underlying tumor
burden [24,26]. However, it should be noted that anti-
angiogenic therapies, immunotherapies and other novel
treatments may not induce the same changes in cell den-
sity as cytotoxic agents, as the mechanism of action for
cytotoxic agents directly impacts TPM parameters such as
cellularity and ECF. Future studies should investigate the
utility of TPM across various therapeutic approaches to
assess its broader applicability as a predictive biomarker.
This will be essential to determining whether the radio-



pathomic model can be generalized beyond traditional
cytotoxic regimens and used to evaluate responses to
newer, targeted therapies.

Additionally, our data demonstrate that both the rate
of change in total enhancing tumor size as well as
total estimated cellularity after treatment, in addition
to the rate of change in volume and cellularity, are
strong predictors of survival in patients with recurrent
glioblastoma treated with cytotoxic treatments. While
we previously showed a decrease in enhancing tumor
volumetric growth rates after treatment were associated
with a prolonged survival in an overlapping patient
cohort [24], the current results including radio-pathomic
map data appears to suggest this may be due to the
enhancing tumor reflecting the majority of cellularity in
recurrent glioblastoma.

Importantly and consistent with previous observa-
tions [17], some radio-pathomic maps showed regions of
hypercellularity outside the areas of contrast enhance-
ment likely representing non-enhancing tumor. While
non-enhancing tumor volume of GBM can impact OS [27],
overwhelming data suggests the enhancing tumor has
the highest density and current response criteria rec-
ommend ignoring areas of suspected tumor outside of
contrast enhancement due to difficulty distinguishing
tumor from other mechanisms that influence T,/FLAIR
signal in gliobastoma including post-radiation changes,
post-surgical changes, vasogenic edema [7]. Regardless,
further investigation into the added value of including
cellularity within the T, hyperintense regions is war-
ranted.

The present study has several limitations. First, not
every case in our dataset had the IDH mutation status
confirmed because a large number of cases occurred
before the IDH mutant subtype was identified. However,
all patients were pathologically confirmed as WHO grade
IV at the time of diagnosis, which included histologic
features of traditional glioblastoma including vascular
proliferation, high mitotic index and pseudopalisading
necrosis. Nevertheless, itis possible that some IDH mutant
gliomas were present and that they had an effect on both
OS and imaging response. The diverse image acquisition
protocol presents another limitation. Data included in
the current study dated back to 2004, before the current
acquisition recommendations [5,11], so this may have
led to under-estimation of the model’s performance
and erroneous results. Importantly, we noticed systemic
differences in cellularity that were dependent on the
acquisition parameters and characteristics of the T,-
weighted FLAIR images that were used at each time point.
However, this variability better represents a more “real
world” scenario of use in the neuro-oncology community
and therefore confirms the robustness of this approach.
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Additionally, while our study demonstrates that post-
treatment tumor cellularity and ECF are significantly
associated with OS, we acknowledge that these mea-
surements may not fully capture all biological processes
influencing long-term treatment durability. Other fac-
tors such as the chemistry of the tumor microenvi-
ronment, metabolic behavior, immune modulation and
adaptive resistance mechanisms likely play critical roles,
particularly in the context of newer therapies such as
immunotherapy or targeted treatments. Lastly, our study
didn’t compare the radio-pathomic model results with
other advanced imaging techniques for depicting the
pathologic features of GBM, such as perfusion MRI, pH-
weighted chemical exchange saturation transfer echo-
planar imaging, or amino acid PET. Future studies will
be necessary to either compare or integrate the current
radio-pathomic model with these techniques.

5. Conclusion

The current study utilized a radio-pathomic machine
learning algorithm trained to map MRI characteristics
to histological features to evaluate the response charac-
teristics of recurrent glioblastoma patients treated with
cytotoxic therapies. Results suggest smaller initial tumor
volume, reduction in growth rate, smaller total cellularity,
reduction in the rate of change in cellularity over time, as
well as post-treatment cytoplasm and extracellular fluid
density are predictive of survival.

Article highlights

« A ‘radio-pathomic” machine learning model was previously
developed to estimate tumor cell density, cytoplasm density and
extracellular fluid density from patient-specific MRl images and
matching pathology at autopsy. However, it has not been
evaluated as a tool for serial monitoring glioblastoma patients
during treatment active treatment.

- This study revealed that smaller cytoplasm density and larger
extracellular fluid density after treatment were associated with
better survival, independent of tumor volume and other clinical
factors, in patients with recurrent glioblastoma treated with
cytotoxic chemotherapy with or without radiation.

« Post-treatment volumetric contrast enhancing growth rate on MRI
and the rate of change in cellularity on radio-pathomic maps were
independently associated with survival, suggesting this model
may be a valuable tool for evaluating treatment response and
predicting outcome in recurrent glioblastoma.
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