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Abstract

Background
Autopsy-based radio-pathomic maps of glioma pathology have shown substantial promise inidentifying
areas of non-enhancing tumor presence, which may be able to differentiate subsets of patients that
respond favorably to treatments such as bevacizumab that have shown mixed e�cacy evidence. We
tested the hypthesis that phenotypes of non-enhancing tumor fronts can distinguish between
glioblastoma patients that will respond favorably to bevacizumab and will visually capture treatment
response.

Methods
T1, T1C, FLAIR, and ADC images were used to generate radio-pathomic maps of tumor characteristics for
79 pre-treatment patients with a primary GBM or high-grade IDH1-mutant astrocytoma for this study.
Novel phenotyping (hypercellular, hypocellular, hybrid, or well-circumscribed front) of the non-enhancing
tumor front was performed on each case. Kaplan Meier analyses were then used to assess differences in
survival and bevacizumab e�cacy between phenotypes. Phenotype compartment segmentations
generated longitudinally for a subset of 26 patients over the course of bevacizumab treatment, where a
mixed effect model was used to detect longitudinal changes.

Results
Well-Circumscribed patients showed signi�cant/trending increases in survival compared to Hypercellular
Front (HR = 2.0, p = 0.05), Hypocellular Front (HR = 2.02, p = 0.03), and Hybrid Front tumors (HR = 1.75, p = 
0.09). Only patients with hypocellular or hybrid fronts showed signi�cant survival bene�ts from
bevacizumab treatment (HR = 2.35, p = 0.02; and HR = 2.45, p = 0.03, respectively). Hypocellular volumes
decreased by an average 50.52 mm3 per day of bevacizumab treatment (p = 0.002).

Conclusion
Patients with a hypocellular tumor front identi�ed by radio-pathomic maps showed improved treatment
e�cacy when treated with bevacizumab, and reducing hypocellular volumes over the course of treatment
may indicate treatment response.

1. Introduction
Glioblastoma (GBM) is an aggressive, heterogenous, diffuse glioma with one- and �ve-year survival rates
of 41% and 5%, respectively[1, 2]. Clinical standard of care for glioblastoma patients begins with maximal
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safe resection of the primary tumor mass, followed by radiation and concomitant temozolomide[3, 4].
Once the tumor recurs, treatment paths deviate based on clinical monitoring of the disease and patient-
related factors. At recurrence, salvage therapy can include angiogenic drugs[5, 6], immunotherapy[7–9],
tumor treating �elds[10, 11], and repeat surgery or radiation[12, 13]. Bevacizumab (Bev) is the most
common form of anti-angiogenic agent in the United States, which acts by binding to and inhibiting
vascular endothelial growth factor A (VEGF-A) and thus hindering the development of tumor
vasculature[14]. Clinical trials have been inconclusive for suggesting an overall survival improvement
related to bevacizumab use, thus it is more commonly prescribed to improve quality of life for patients in
later stages of the disease[14–16].

Further complicating the use of bevacizumab is the effect of angiogenic agents on traditional imaging
signatures for tumor presence and treatment response. Contrast-enhanced T1-weighted images (T1C) are
used to de�ne the primary tumor mass for both surgical resection and treatment-response monitoring,
which capitalizes on leaky tumor vessel formation to selectively highlight the tumor mass[17]. However, it
is known that glial tumor invasion occurs well-beyond the contrast-enhancing margin, particularly in later
stages of the disease[18, 19]. Anti-angiogenic agents compound this issue by preventing the tumor from
forming new vasculature, often creating the appearance of halting tumor growth but potentially failing to
address non-enhancing tumor progression[20–22]. Other imaging signatures such as T2-weighted �uid
attenuated inversion recovery (FLAIR) hyperintensity and low apparent diffusion coe�cient (ADC)
calculated from diffusion-weighted imaging can be used to inform clinicians about potential tumor
invasion and edemic tissue in the areas surrounding the primary tumor mass, but these signatures show
less pronounced relationships with pathological tumor presence in heterogenous, high-grade tumors such
as GBMs[23–25]. Therefore, improvements in non-invasive tumor tracking are critical to monitoring the
presence of non-enhancing tumor and identifying treatment response, particularly in later stages of
disease where radiation treatment effects and anti-angiogenic agents cloud traditional MRI interpretation.

Studies looking to expand the treatable margin for tumors have turned to advanced imaging techniques
to address gaps in conventional imaging. Novel acquisitions such as MR spectroscopy[26, 27] and amide
proton transfer-weighted chemical exchange saturation transfer (APT-CEST) imaging[28, 29] have
targeted changes in cellular metabolism that predate angiogenesis, allowing for earlier detection of
cancer development. Machine learning and deep learning studies using biopsy tissue as ground truth
have exploited the increased computational e�ciency of modern hardware to extract deep textural
features from conventional imaging to improve the detection of occult tumor invasion, though these
studies are limited to the scope and magnitude of surgically resectable tissue[30, 31]. In recent studies,
large format autopsy tissue from glioma patients have been aligned to MR images to develop a radio-
pathomic mapping tool that allows for non-invasive detection of cell density, extracellular �uid density,
cytoplasm density, and tumor probability[23, 32]. By using a pathologically rich, post-treatment ground
truth sampled beyond the presence of traditional imaging signatures, this model can detect previously
invisible areas of invasion and distinguishes between areas of tumor and treatment effect. Furthermore,
by using traditionally acquired MR images (T1, T1C, FLAIR, ADC), the model can detect non-enhancing
tumor presence without extending scan time beyond traditionally acquired images, and it can be
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retrospectively applied to nearly any imaging session for recent patients treated with brain tumors, which
allows for mapping of non-angiogenic tumor development across timepoints.

This study sought to use radio-pathomic maps of tumor cell density to develop a phenotyping system for
patterns of non-enhancing tumor presence. These phenotypes were then used to assess differences in
both prognosis and bevacizumab treatment response, identifying a subset of patients that selectively
respond to angiogenic therapy. This tumor front pattern was then assessed longitudinally to determine if
treatment response could be visualized using the radio-pathomic maps. Together, this study tested the
hypothesis that radio-pathomic mapping phenotypes of non-enhancing tumor pathology predict and
depict bevacizumab treatment response.

2. Methods

2.1 Patient Population
This study was approved by the Institutional Review board of Medical College of Wisconsin. The primary
dataset for this study consisted of a total of 79 patients (age = 61.51 ± 13.05, 40 male, 39 female),
diagnosed with a primary glioblastoma or IDH1-mutant astrocytoma with histological glioblastoma
features, in accordance with the 2021 WHO brain tumor classi�cation standards[33]. A supplemental
dataset of 26 patients diagnosed with a primary glioblastoma with longitudinal imaging during Bev
treatment was also used to assess volumetric changes in tumor compartments in response to Bev use.

2.2 MR Imaging Acquisition and Preprocessing
Clinical imaging was collected from each patient’s pre-surgical MRI for inclusion in this study. Pre and
post-contrast T1-weighted images (T1, T1 + C), T2-weighted �uid attenuated inversion recovery (FLAIR)
images, and apparent diffusion images calculated from diffusion weighted imaging acted as the input
for radio-pathomic map generation. Images were preprocessed following the standard used for model
generation, which involved alignment of all images to the FLAIR image by using SPM12’s co-registration
tools[34, 35], as well as intensity normalization by dividing each voxel by the whole brain intensity
standard deviation for each non-quantitative image (T1, T1 + C, FLAIR). For the longitudinal dataset,
images were acquired from each patient near the start and end of Bev treatment, as well as
approximately every six months during treatment when available. Each patient’s FLAIR image was then
aligned to the pre-Bev scan, and cross-sectional alignment and normalization were conducted using the
same methodology as the pre-surgical scans.

2.3 Cell density and extracellular �uid mapping
Processed MR images for each patient at each timepoint were then used to generate radio-pathomic
maps of cell density and extracellular �uid using a previously developed algorithm[23, 32]. Brie�y, large
format autopsy samples were collected from areas of suspected tumor and non-tumor and aligned to
clinical MRI near death[23, 36–38]. Bagging forest algorithms were used to predict computed features of
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the pathology including cell density (in cells/mm2), ECF density, and cytoplasm density using 5 by 5 voxel
tiles from the T1, T1 + C, FLAIR, and ADC images as input, providing voxel-wise maps of tissue
characteristics previously only available via biopsy. These maps were trained on 43 patients and tested
on 22 held-out patients, showing high accuracy on internal test data and impressive generalizability to
external data. The maps were further converted to tumor probability maps via an additional algorithm in
the prior manuscript[32], but for this current study only cell density and ECF maps are used. Radio-
pathomic maps were generated for each imaging acquisition included in this study using this pre-trained
model using a local Matlab toolbox, producing both maps in approximately 10 minutes per session. Each
map was visually inspected to ensure su�cient quality predictions for qualitative annotation and
segmentations.

2.4 Phenotyping
An overview of the tumor phenotyping process is presented in Fig. 1. Subjects were grouped into
phenotypes based on their non-enhancing tumor presence on cell density and ECF maps. Phenotyping
was manually conducted, blinded to all information besides the patient’s clinical imaging and radio-
pathomic maps. The phenotypes analyzed were selected to characterize non-enhancing pathology
surrounding the primary tumor mass, and included: 1) Hypercellular Front, characterized by the presence
of high cell density and low ECF presence beyond the contrast-enhancing margin, 2) hypocellular front,
characterized by the presence of low cell density and high ECF presence beyond contrast-enhancement
(hypothesized to denote areas of edema/necrosis), 3) hybrid front, where areas of both hypercellular and
hypocellular fronts coexist within the same patient, and 4) well-circumscribed, which denotes patients
with no abnormal pathology beyond the contrast-enhancing region.

2.5 Assessment of Bevacizumab Response
A Kaplan Meier analysis was used to determine differences in overall survival between phenotypes.
Additional Kaplan Meier analyses were used to differentiate phenotypes that showed signi�cant survival
bene�t in the pre-surgical dataset. Models were �t separately for each phenotype, testing the effect of
bevacizumab treatment on overall patient survival within each group. As all patients in the dataset
succumbed to the disease, no datapoints were censored for analysis.

2.6 Longitudinal Compartmental Assessment
To visualize the effects of Bev treatment on tumor front components, manual annotations were drawn for
hypercellular and hypocellular areas on the cell density and ECF maps for the longitudinally imaged
dataset. Areas of both high cell density and low ECF outside of contrast enhancement were included for
hypercellular annotations, and areas of both low cell density and high ECF outside of contrast
enhancement were included for the hypocellular annotations. The volume of each region of interest was
then computed for each time point. A mixed effect model was used to measure the change in volumes
over the course of treatment, including subject as a random effect to account for repeated measures. For
all statistical analyses, an alpha of 0.05 was used to determine signi�cance.
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3. Results
3.1 Assessment of bevacizumab response

Figure 2 shows an example of a hybrid front subject from our autopsy dataset with corresponding
autopsy pathology, con�rming that areas of predicted hypercellular and hypocellular front correspond to
their expected pathological features on histological tissue samples. Areas of hypercellular front show
increased nuclear density on histology, areas of hypocellular front show reduced nuclear density and
increased ECF presence, and both fronts are readily distinguishable from normal appearing tissue from
beyond the tumor front. Figure 3 shows examples of each tumor phenotype, along with their respective
Kaplan-Meier survival curves. Well-circumscribed patients showed trending-to-longer survival times
compared to other phenotypes (hypocellular front: HR=2.02, p=0.03; hypercellular front: HR=2.0, p=0.06;
hybrid front: HR=1.75, p=0.09), with hypocellular front tumors showing the shortest overall survival times.
Kaplan Meier curves for patients who have and have not received bevacizumab therapy, split by
phenotype, are presented in Figure 4. No survival bene�t was seen for bevacizumab therapy within the
hypercellular front group (HR=1.16, p=0.77) or well-circumscribed group (HR=1.81, p=0.15). Survival
bene�t was however observed for both the hypocellular front group (HR=2.35, p=0.024) and the hybrid
front group (HR=2.45, p=0.032), both phenotypes containing hypocellular presence. 

3.2 Longitudinal compartmental assessment

The mixed effect model assessing hypocellular volumes over time found a decrease in size over the
course of bevacizumab treatment (B=-50.51 mm3/day, p=0.002). No change was observed for
hypercellular volumes over the course of treatment (p=0.357). Figure 5 shows a representative example
subject that exhibits the reduction in hypocellular volume observed statistically. Prior to bevacizumab
administration, the patient shows a large portion of hypocellular front presence beyond contrast
enhancement, which is severely reduced in size on follow-up imaging occurring post-bevacizumab
administration.

Discussion
This study used radio-pathomic maps of cell and extra-cellular �uid density to distinguish between non-
enhancing tumor front phenotypes that predict bevacizumab treatment response. This system of
phenotypes included well-circumscribed patients who showed the longest overall survival estimates and
did not respond to bevacizumab treatment, hypercellular front patients who also did not respond to
bevacizumab treatment, hypocellular front patients who showed bevacizumab response and shorter
overall survival estimates, and hybrid front patients who show signs of both hyper- and hypocellular
fronts and showed bevacizumab treatment response. Additionally, we found that hypocellular
components of the tumor decrease in volume in response to treatment, with no similar trend observed for
hypercellular components, suggesting the treatment may selectively impact these regions. These results
suggest that non-invasive radio-pathomic maps of tumor pathology can track non-enhancing tumor
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activity over the course of bevacizumab treatment and can identify patients that may selectively respond
to therapy.

GBM is a pathologically diverse and heterogenous diagnosis, with several molecular and genetic features
known to drive differences in patient outcomes. With each prognostic factor comes an angle of tumor
biology that can be exploited for treatment development, as well as the potential to identify a group that
selectively responds to a known therapy. MGMT methylation status, for example, is known to directly
affect the therapeutic bene�t from temozolomide therapy and is thus used as a marker to drive clinical
decision-making[39, 40]. The phenotypes in this study provide a �rst-use case for radio-pathomic maps
as a tool for selective treatment response identi�cation. Due to their ability to non-invasively identify
macroscopic patterns of tumor in�ltration beyond traditional imaging signatures, they can elucidate
tumoral heterogeneity di�cult to capture both with contrast-weighted imaging and sampling-restricted
pathological markers. This technique could therefore be used as a screening tool during clinical decision
making, particularly post-recurrence where previously administered radiotherapy is known to cloud
traditional MRI interpretation. Future research is warranted into the stability of these phenotypes across a
patient’s clinical history, particularly following critical points of tumor development such as recurrence.
Additionally, studies examining how other standard-of-care treatments affect hypercellular and
hypocellular tumor components may reveal how these non-enhancing tumor patterns react to different
interventions and provide a more well-rounded perspective on the full breadth of treatment response. 

In the development of new therapeutic approaches for GBM and other diffuse gliomas, it is critical to
monitor the pathological response of the tumor to treatment. Particularly with anti-angiogenic agents and
other treatments known to impact the appearance tumor on imaging, this becomes challenging as the
amount of tumor visible using traditional contrast-enhancing volumes does not capture areas of non-
angiogenic tumor growth and FLAIR hyperintense regions fail to distinguish between tumor and edema.
This in part has likely led to mixed response data in clinical trials and makes it di�cult to assess the
therapeutic bene�t of such treatments. These maps, in addition to identifying a subpopulation that
selectively respond to treatment, have also demonstrated e�cacy at expanding treatment response to
non-enhancing portions of the tumor. In this study, heterogenous front components for hyper- and
hypocellular regions of tumor responded differently to bevacizumab treatment, indicating that speci�c
expressions of GBM pathology can be used identi�ed to more precisely observe treatment response
characteristics. 

While the delineation of tumor phenotypes that selectively respond to bevacizumab treatment is a
promising and useful result, future research remains necessary to better understand hypocell density as a
signature for treatment response. While hypercell density has an intuitive relationship with tumor
presence, where higher cell density likely indicates actively mitotic cellular proliferation, the relationship
between hypocell density and active tumor presence remains less immediately interpretable. These areas
could indicate tumor-related necrosis following either tumor progression or pre-angiogenic tumor-induced
hypoxia, as histological necrosis was seen in samples where hypocellular areas overlapped with sampled
autopsy tissue. However, this limited sample could be expounded upon in both basic science research,
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where whole-brain resection is more feasible, as well as in autopsy-based clinical research using immuno-
histochemical and genetic characterization to better elucidate the pathological pro�le of these areas.
Additionally, further pathological and genetic probing may reveal speci�c mechanisms sensitive to anti-
angiogenic therapy that could explain the bevacizumab treatment bene�t observed in the results of this
study.

Limitations 

While the radio-pathomic maps used to develop our system of phenotypes for this study have shown
great promise in identifying non-enhancing tumor areas, the time between imaging and tissue collection
at autopsy remains a source of potential error in these predictions. While limited pathological
con�rmation at surgery has shown promise in identifying tumor presence in untreated GBMs prior to
surgery, future research improving upon these models may provide tighter control over the temporal
window of the predictive maps. Tissue distortion and shrinking also occurs during the formalin �xation
process leading up to autopsy, which can cause distortions between imaging and histology. We control
for this during model development by using a non-linear transform-based registration on samples
collected using 3D printed apparatuses to ensure structural stability during slicing and �xation, though it
is possible that distortions still occur beyond our control. Additionally, the categorical phenotypes were
classi�ed via a single rater blinded to all clinical information besides the imaging; therefore, future
research is required to assess the stability between these phenotypes both within raters and over time to
ensure reliability.

Conclusions
Radio-pathomic maps of glioblastoma pathology identify phenotypes of supramarginal tumor invasion
that distinguish patients who will respond favorably to bevacizumab treatment, with the identi�ed
hypocellular tumor front component seeing a decrease in volume over the course of treatment. This
technique shows promise in aiding clinical decision making regarding late-stage anti-angiogenic agents
and improving non-invasive disease tracking and pathological characterization using conventional
imaging alone.
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Figures

Figure 1

Overview of the study methodology. T1, T1+C, FLAIR, and ADC images were used to generate radio-
pathomic maps of cell density (in cells/mm2) and extracellular �uid density (ECF, ranging from 0 to 1).
These maps were then graded based on the presence of pathological abnormalities occurring outside the
contrast enhancing region where hypercellular front patients exhibited high cell density and low ECF
outside contrast, hypocellular front patients exhibited low cell density and high ECF outside contrast,
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hybrid front patients showed both hypercellular and hypocellular front regions (as seen in this example),
and well-circumscribed patients showed no abnormal pathology beyond contrast enhancement.

Figure 2

Example imaging and radio-pathomic maps for a hybrid front primary glioblastoma with aligned
histology from each front component region. Histological analysis con�rmed that each region indicated
true areas of hyper- and hypocellularity, respectively, indicating that these phenotypes represent true non-
enhancing pathological tumor invasion.
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Figure 3

(left) Examples of each phenotype observed in the presurgical dataset. (right) Kaplan-Meier curves for
overall survival within each phenotype. Well-circumscribed patients showed trending-to-signi�cant longer
overall survival than hypercellular (HR=2.0, p=0.06), hypocellular, (HR=2.02, p=0.03), and hybrid (HR=1.75,
p=0.09) phenotypes.
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Figure 4

Survival differences between patients who have and have not received bevacizumab within each
phenotype. Only patients with a hypocellular component to their tumor front demonstrated an overall
survival bene�t (hypocellular front HR=2.35, p=0.024), hybrid front HR=2.45, 0.032).
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Figure 5

Example imaging and radio-pathomic maps for a hybrid front primary glioblastoma patient before and
after bevacizumab treatment, showing a near total reduction in hypocellular component volume over the
course of treatment.


