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Abstract

Background. Diffuse intrinsic pontine glioma (DIPG) is a fatal childhood central nervous system tumor. Diagnosis
and monitoring of tumor response to therapy is based on magnetic resonance imaging (MRI). MRI-based analyses
of tumor volume and appearance may aid in the prediction of patient overall survival (OS).

Methods. Contrast-enhancedT1- and FLAIR/T2-weighted MR images were retrospectively collected from children
with classical DIPG diagnosed by imaging (n=43 patients). MRI features were evaluated at diagnosis (n=43
patients) and post-radiation (n =40 patients) to determine OS outcome predictors. Features included 3D tumor
volume (T ), contrast-enhancing tumor core volume (T ), T_relative to T, (T/T ), andT_ relative to whole brain
volume. Support vector machine (SVM) learning was used to identify feature combinations that predicted OS out-
come (defined as OS shorter or longer than 12 months from diagnosis).

Results. Features associated with poor OS outcome included the presence of contrast-enhancing tumor at diag-
nosis, >15%T /T post-radiation therapy (RT), and >20% ATc/T,, post-RT. Consistently, SVM learning identified T /
T, at diagnosis (prediction accuracy of 74%) and AT /T, at <2 months post-RT (accuracy = 75%) as primary fea-
tures of poor survival.

Conclusions. This study demonstrates that tumor imaging features at diagnosis and within 4 months of RT can
predict differential OS outcomes in DIPG. These findings provide a framework for incorporating tumor volume-
based predictive analyses into the clinical setting, with the potential for treatment customization based on tumor
risk characteristics and future applications of machine-learning-based analysis.

Key Points

e T/T,, ratio predicts survival outcomes in patients with diffuse intrinsic pontine glioma
(DIPG).

e ChangeinT /T ratio pre-post radiation therapy is a predictor of survival outcomes in
DIPG.

e T, change provides limited information about DIPG outcomes.
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Importance of the Study

Diffuse intrinsic pontine glioma (DIPG), a diffuse midline
glioma, is a fatal childhood central nervous system tumor
with a median overall survival of less than one year from
diagnosis. MRl is used to diagnose and monitor tumor
response to therapy. However, the potential application
of tumor imaging features for the prediction of patient
survival outcomes remains incompletely recognized.
This study utilized manual volume segmentation and

Diffuse intrinsic pontine gliomas (DIPGs), classified as dif-
fuse midline glioma (DMGs) with or without H3K27M mu-
tations based on WHO guidelines, are highly aggressive
infiltrative tumors of the pons that are most often diag-
nosed in children (median age of diagnosis between 6.5
and 10 years of age) and have a median overall survival
(OS) outcome of approximately 1 year from the time of di-
agnosis.”® Magnetic resonance imaging (MRI) is the gold
standard for DIPG diagnosis and monitoring of tumor re-
sponse to therapy. MRI features of DIPG have been shown
to be important for diagnosis and prognosis and could be
an important tool for identifying higher-risk cases early on
and adapting therapy strategies accordingly for children
diagnosed with DIPG and other CNS tumors.*® Diagnostic
tumor MRI features, including the presence of T1 contrast
enhancement within the tumor and differences in T2 ap-
pearance or texture (ie, heterogeneity or homogeneity),
have shown promise for predicting patient progression-
free® and overall survival (OS) outcomes in children diag-
nosed with DIPG.'%-'2 Post-treatment MR scans have been
evaluated to further characterize tumor behavior.”® MRI
data including metabolic ratios, perfusion metrics, and
signal intensity has been evaluated for associations with
0OS and treatment response.' '8 More recent studies have
proposed risk stratifications for DMG based on MRI fea-
tures,'®'® highlighting the future potential of MRls as a less
invasive means of classifying patients with newly diag-
nosed DMG. Despite these recent studies, the predictive
value of analyzing MR images obtained at upfront diag-
nosis and longitudinally post-treatment for children diag-
nosed with DIPG remains incompletely defined.

Studies have shown that the evaluation of tumor 3D volu-
metric measurements provides a more accurate quantifica-
tion of tumor size when compared to 2D cross-products.?°
For example, changes in whole tumor volume following
standard-of-care radiation therapy (RT) can be indicative of
tumor response to treatment and used to predict the onset
of disease progression in children with DIPG.2" Similarly,
in adult glioblastoma (GBM), baseline and post-treatment
enhancing tumor volume, percent change in enhancing
tumor volume, and post-treatment whole tumor volume,
have been associated with survival outcomes.??

More recently, machine learning has demonstrated utility
in MR image volumetric analysis and subsequent charac-
terization of tumor features.?3-26 Different machine learning
algorithms have been proposed to use certain MR features
for tumor volume segmentation,?”?® monitoring treatment
progression,?® and predicting clinical outcomes.?%%! In

machine-learning analysis of contrast-enhanced T1
and FLAIR/T2-weighted MRI images to identify imaging
risk factors associated with poor survival outcomes in
children diagnosed with DIPG. Our findings provide an
opportunity to incorporate volumetric analysis of MRIs
into DIPG management, to identify patients with vari-
able overall survival and inform treatment strategies.

adult patients with GBM, subdividing tumor volumes into
different regions (eg, based on high versus low cellularity)
improved machine learning-based prediction of survival
outcomes for recurrent GBM, highlighting the prognostic
value of quantifying tumor imaging features including het-
erogeneity.?>32 Machine learning algorithms for adult brain
tumors have also been analyzed for their transferability
to the pediatric population, increasing the application of
these algorithms for patients with DMGs.33-3%

Utilization of multi-pronged approaches can provide
practitioners with a more comprehensive set of tools
to provide the most optimal care for patients with DIPG.
Both manual and machine-based segmentation techniques
have shown the potential to identify tumor characteris-
tics of low- and high-risk patients, enabling more precise
care, which may lead to prolonged survival outcomes. In
this study, contrast-enhanced T1 and FLAIR/T2-weighted
MR images were obtained from children and young adults
diagnosed with DIPG. Utilizing these images, this study
aims to identify tumor volumetric features that may be pre-
dictive of survival outcomes in pediatric populations.

Materials and Methods
Collection of Patient Clinical and Imaging Data

Prior to data collection, patients either consented to the
Children’s National Hospital Institutional Review Board-
approved study Pro00001339 (Pl Dr. Nazarian) or the ex-
empt protocol Pro00003792 (Pl Dr. Linguraru). Pediatric
and adolescent patients (n=46) treated for DIPG between
2010 and 2019 at Children’s National Hospital were identi-
fied retrospectively for the study. All patients had a classic
(“typical”) DIPG based on radiological imaging defined as
T1-hypointense and T2-hyperintense diffusely infiltrative tu-
mors that arise from the pons and involve at least 50% of
the pons by cross-sectional area.®® Of all the patients,56%
(n=24), underwent biopsy at the time of diagnosis. Three
patients were excluded from analysis for insufficient clin-
ical/survival or imaging data (ie, no contrast given, poor im-
aging quality, no clinical data available). Contrast-enhanced
T1 and FLAIR/T2-weighted MR images were obtained at
diagnosis from the remaining (n = 43) pediatric and adoles-
cent patients (Table 1, Supplementary Table 1). Additionally,
images were obtained at the first available timepoint fol-
lowing initial standard of care RT between 1 day and 2
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Table 1. Demographics and Clinical Characteristics of Diffuse
Intrinsic Pontine Glioma Patients Included in the Analysis

Patient cohort (n=43)
Age (years)

Median 6.1

Range 3.2-25.9
Gender

Male 19 (44%)

Female 24 (55%)
H3K27 status

H3.1K27M 3(7%)

H3.3K27M 20 (47%)

H3WT 1(2%)

N/A 19 (44%)
TP53 status

Mutant 12 (28%)

WT 3(7%)

N/A 28 (65%)
0OS (months)

Median 1.7

Range 3.3-43.1
Radiation treatment

Diagnosis 43 (100%)

Repeat RT 10 (23%)
Additional treatment received

Chemotherapy 12 (28%)

Molecular or epigenetic + chemotherapy 18 (42%)

Immunotherapy + molecular or chemotherapy 8(19%)

Avastin 2 (4%)

RT only 3(7%)

months post-RT (<2 mos post-RT, n= 37 patients with im-
aging data available at this time point), and at a second
follow-up timepoint between 2 to 4 months post-RT (2-4
mos post-RT; n=37 patients; Supplementary Table 1). One
patient passed away during RT, and 2 additional patients did
not have a post-RT MRI prior to 6 months after treatment,
and thus were excluded from the post-RT analysis. All other
patients (n=40) had at least one post-RT MRI.

Tumor Volume Segmentation

The open-source ITK-SNAP software (itksnap.org®’)
was used to segment and obtain measurements of total
tumor volume using 2D FLAIR/T2-weighted images and
of contrast-enhancing tissue using 2D contrast-enhanced
T1-weighted images. Since FLAIR images were obtained
most frequently, these were preferred for analysis of tumor
volume (n=49 FLAIR, n=48 FLAIR plus gadolinium). In
cases where FLAIR images were not available, other types
of T2-weighted images were used including T2-weighted
fast-spin echo (T2FSE) (n=6 images), T2-weighted

propeller (n=3), and T2-weighted (n=11) sequences. T1
post-gadolinium images were used for T, segmentation.
Segmentations were generated using axial plane images
(Figure 1A). Slice thickness was between 3 and 5 mm for
all images. AllT  and T, segmentations were conducted
by trained laboratory personnel (ERB and KB) and were
reviewed by a neuro-oncologist (MB). A representative
subset of segmentations were then jointly reviewed by a
Neuro-radiologist (GV) and neuro-oncologist (MB) to en-
sure the adequacy of the segmentation technique and the
accuracy of the data. Following segmentation, the propor-
tion of T relative to T, volume (T/T, ) was calculated. To
account for nonspecific artifacts in the MRIs, patients were
defined as T, “positive” (‘T +') if T/T, was greater than
1% (ie, T, volume comprised more than 1% of total tumor
volume). Total T, volume percent change from baseline
was calculated as: (T, T )T, x 100%.

wv post-RT— * wv baseline’” " wv baseline

Machine Learning Classification

Tumor features were extracted as defined by tumor seg-
mentations. Two different analyses were performed, the first
analysis including data from diagnostic MRIs, and a second
analysis including single timepoint and comparison features
between the diagnosis and <2 months post-RT. Features that
were calculated at each timepoint are described below:

1. Volumetric features diagnosis only (8): T /T seg ratio,
T, seg absolute volume, T, seg volume relative to whole
brain volume (WBV), difference of T to T, seg volume
relative to WBYV, difference of T, toT_seg volume, T, seg
volume relative to WBV, WBV, T seg absolute volume.

2. Volumetric features diagnosis and <2 months post-RT
(24): T/T,, ratio change (diagnosis to <2 months
post-RT), T /Twv ratio (<2 months post-RT), T, seg abso-
lute volume (<2 months post-RT), T seg volume relative
to WBV (<2 months post-RT), T, seg volume relative to
WBV change (diagnosis to <2 months post RT), T, seg
volume change (<2 months post-RT to diagnosis), T, seg
absolute volume (diagnosis), T, seg absolute volume
relative to WBV change (<2 months post-RT to diagnosis),
T/T,, ratio (diagnosis), T, seg absolute volume relative
to WBV (<2 months post-RT to diagnosis), T, seg abso-
lute volume relative to WBV (diagnosis), T, seg absolute
volume (<2 months post-RT), difference of T, andT_ seg
volume relative to WBV change (diagnosis to <2 months
post-RT), T, seg absolute volume change (diagnosis to
<2 months post-RT), difference of T, andT_ seg absolute
volume (<2 months post-RT), difference of T, andT_ seg
volume relative to WBV (<2 months post-RT), difference
of T, and T, seg absolute volume change (diagnosis to
<2 months post-RT), WBV (diagnosis), WBV (<2 months
post-RT), WBV change (diagnosis to <2 months post-RT),
T2 seg volume relative to WBV (diagnosis), difference of
T, and T_ seg volume relative to WBV (diagnosis), T,
seg absolute volume (diagnosis), difference of T, and T,
seg absolute volume (diagnosis).

3. Included demographic features at both timepoints (2):
patient age and gender.

To calculate whole brain volume (WBV), images were pre-
processed with an automated tool, FeTS (https:/fets-ai.
github.io/Front-End/). The preprocessing includes rigid
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Figure 1. Diagnostic tumor MRI volume is predictive of survival outcomes (A) Representative axial MRI from one patient showing overlaying

T,, and T_tumor volume segmentations. (B) T, relative to whole brain volume (WBV) between shorter (n = 22) versus longer (n = 21 with avail-
able WBV data) survivors. Mann-Whitney test, P=.622. (C) Left: Survival comparison of patients with contrast-enhancing tumor on T1 imaging
(T_+) (n = 23) versus those without contrast-enhancing tumor on T1imaging (T_-) (n = 20), Log-rank test, P = .010. Right: Survival comparison of
patients with T /T >25% (n = 3) vs. those with T /T < 25% (n = 40) at diagnosis, Log-rank test, P=.009. (D) Comparison of T/T, (%) between
shorter (0S < 12 months, n = 22) versus longer survivors (0S > 12 months, n = 21), Mann-Whitney test, P = .0255.

registration of T1 and T2 images to the SRI-24 Atlas®® and
a skull-stripping,®® which separates brain tissue from non-
brain tissue. The whole brain volume was then calculated
using PyRadiomics (https://pyradiomics.readthedocs.io/en/
latest/#) based on the skull-stripped brain mask.

After the above features were calculated, they were stand-
ardized by removing the mean and scaling to unit vari-
ance. Feature ranking with recursive feature elimination
(scikit-learn.org) was performed with a linear support vector
machine (SVM) estimator to select the most nimportant fea-
tures for OS classification. To avoid overfitting the model to
the training data, the nwas capped to be <10% of the number
of patients. Classification results using the n selected fea-
tures and the same SVM classifier were reported.

Statistical Analyses

Mann-Whitney tests were used to compare imaging fea-
tures (eg, T, volume) between OS groups (shorter vs. longer
than 12 months survival). Log-rank (Mantel-Cox) tests
were used to compare OS outcomes between comparison
groups. Wilcoxon signed-rank test with Bonferroni multiple

testing correction was used to compare T/T  values be-
tween pre- and post-RT at <2 and 2-4 months post-RT
(paired comparisons). Time-dependent univariable cox pro-
portional hazards were calculated utilizing variables (contin-
uous and categorical) associated with SVM classification to
assess the relationship of factors related to progression-free
survival (PFS), or tumor progression (defined by T, change
of >25% as per RANO criteria*>#'). Variables were only in-
cluded if they had <10% missing data and outcomes with
greater than 10 events. Statistical analyses and plot gener-
ation were performed using R Studio (Rstudio Team, 2020).
Statistical tests were reviewed with a biostatistician (HGD).

Results

Effect of Patient Demographics and Therapy on
Overall Survival

In total, 43 children and young adults diagnosed with DIPG
were included in the study (male, 44%, n = 19; female, 56%,
n=24,Table 1). Subjects were diagnosed at a median age
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of 6.1 years and experienced a median overall survival
(OS) time of 11.7 months from diagnosis (range 3.3-43.1
months), consistent with the typical outcome for this pa-
tient population.’44#2 All patients who underwent a tumor
biopsy had H3K27M mutation testing performed (n=24),
and a majority also had TP53 mutation testing (n = 15). Of
these patients, 96% (n=23/24) harbored histone H3K27M
mutation (H3.1K27M, n=3; H3.3K27M, n=20; H3.1/
H3.3WT, n=1) and 80% (n=12/15) harbored mutant TP53,
consistent with previous publications’*3 (Table 1).

All patients received at least a single course of standard-
of-care RT, with 23% (n = 10) of patients receiving 2 or more
courses of RT (Table 1). Most patients were enrolled in
or treated as per a clinical trial (88%, n = 38/43), with the
primary treatment agent being categorized as molecular-
targeted therapy (42%), chemotherapy (28%), or immuno-
therapy (19%; Table 1). Three patients received RT alone
(n=1 repeat RT) and 2 patients received RT with Avastin
(n=1 repeat RT). Most patients were not on therapy (26/37,
70%) at the time of the first MRI (SupplementaryTable 1). In
contrast, by the second MRI, the majority of patients were
on therapy (28/37, 76%; Supplementary Table 1).

Patient age at diagnosis and sex did not influence OS
outcomes (Supplementary Figure 1A-1C). Subjects that
underwent repeat RT experienced longer median OS com-
pared to those that received a single course of radiation
(P=.029; Supplementary Figure 1D), though this may be
due to increased eligibility for repeat RT in patients who al-
ready have had longer survival. Treatment type did not af-
fect OS outcomes among the cohort (P> .9, Supplementary
Figure 1E).

While previous studies have shown a difference in OS
outcome based on H3K27 and TP53 mutation status,’424
among this cohort there was no significant impact of mu-
tation status on survival. However, many of the patients in-
cluded in this study were diagnosed before biopsy/tissue
analysis became a common practice, particularly for clinical
trial enrollment, which limited this analysis as many patients
did not have molecular data available (44% with unknown
H3K27 status and 65% with unknownTP53 status).

The Presence and Proportion of T1 Contrast-
Enhancing Tumor at Diagnosis Predicts Survival
Outcome

Patients were stratified into “short survivors” (0OS <12
months from diagnosis, n=22) and “long survivors”
(OS > 12 months from diagnosis, n=21), based on this
study cohort’s median OS of 11.7 months, which is con-
sistent with the published median survival for patients
with DIPG in literature."?T_ and T, tumor volumes were
calculated using manual segmentation for all patients
at diagnosis (Figure 1A). We first calculated total tumor
volume relative to whole brain volume as a single fea-
ture using T, images and found no difference between
the short and long survivors (Figure 1B). In contrast, the
presence of a contrast-enhancing tumor (Tc+) at diagnosis
predicted a significantly shorter OS outcome (Log-rank
Mantel-Cox test, P=.010, Figure 1C, left). Consistently,
short survivors exhibit a significantly higherT /T ratio (T /
T, (%)) at diagnosis (Mann-Whitney test, P=.0255, Figure

1D). This difference was not influenced by patient age or
gender (Supplementary Figure 2A and 2B). We explored
different thresholds of T /T, ratio that could be most pre-
dictive of survival outcomes and found that patients with
>25%T /T, (n=3) had significantly lower OS than patients
withT /T, <25% (n=40) (median survival 6 vs 11 months;
P=.009; Figure 1C, right).

Collectively, diagnostic MRI analyses showed that the
presence of contrast-enhancing tumors onT1 images and
a high proportion (>25%) of T relative to T, volume inde-
pendently predicted poor OS outcomes in children diag-
nosed with DIPG (Figure 3F).

Increase in T1-Contrast-Enhancing Tumor
Following RT Informs OS Outcome

MRIs collected following the completion of RT were then
evaluated to identify post-treatment imaging features pre-
dictive of OS outcome. The initial focus was on images
obtained at an early timepoint following completion of
RT, within 1 day to 2 months post-treatment (n=37 pa-
tients with available <2 mos post-RT imaging data). This
timepoint was prioritized given the clinical relevance of
identifying early predictors of OS outcome, and the lower
number of patients receiving treatment that could poten-
tially influence the results. The Tc/T,, ratio significantly
increased from the diagnostic to the <2 months post-RT
MR image, suggesting increased contrast uptake in the
tumor in response to RT (Wilcoxon signed rank test, cor-
rected P=.0007; Figure 2A). In the second follow-up MRI
scan obtained 2-4 months post-RT, the mean T /T ratio
was not significantly different than the initial follow-up MRI
(P=.475), but still significantly higher than at diagnosis
(Wilcoxon signed rank test, corrected P=.0001; Figure 2A).

At <2 months post-RT, the binary presence-absence of
T, no longer predicted OS outcome (Supplementary Figure
3A) in contrast to the diagnostic MRI (Figure 1C; left).
However, the T /T ratio significantly differed between
short and long survivor groups (Figure 2B), with short
survivors exhibiting higher T /T ratios (Mann-Whitney
test, P=.0242). Similar to the analysis at diagnosis, T/T,
thresholds were explored and patients with >15%T /T ex-
hibited a shorter OS than patients with <16%Tc/T,,, post-RT
(P=.03, Figure 2C). Comparing different T /T , thresholds
revealed that OS outcomes were most significantly dif-
ferent as the threshold increased, with the most significant
threshold of T/T,, seen at 30% (P=.004, Supplementary
Figure 3B).

Given the observed large increase inT /T between diag-
nostic and post-RT MRIs (Figure 2A), survival implications
of AT /T, following radiotherapy were considered. Shorter
survivors had a significantly larger AT /T (increase)
when compared to longer survivors (Mann-Whitney test,
P=.0132, Figure 2D). Patients who experienced the lar-
gest increase in T /T from baseline to the first follow-up
scan (AT /T, in the top 25% of all patients, range 19.2% to
49.9%; median 25% change) had a significantly shorter OS
when compared to those with the smallest change (AT /
T, in the bottom 25%, range -1.6% to 0.2%; median 0%
change; P=.023; Figure 2E). In summary, the most signifi-
cant predictors of poor survival based onT /T, ratio at <2
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Figure 2. T /T following radiation therapy predicts survival outcomes. (A) Comparison of T/T,  at initial diagnosis (‘Pre-RT’; n = 43) and fol-
lowing RT at <2 months (n = 37; Wilcoxon signed rank, corrected P =.0007) and 2—4 months post-RT (n = 37; Wilcoxon signed rank, corrected
P =.0001). There was no significant difference in the T /T, ratios between the <2 months and 2-4 months MRI timepoints (P = .475) (B) Difference
in T/T . at <2 mo post-RT between shorter (n =19) and longer (n = 18) survivors, Mann-Whitney test, P=.0242. (C) Survival comparison be-
tween patients with >15% T /T (n = 19) and those with <15% T./T,, (n = 18) at <2 months post-RT, Log-rank test, P=.03. (D) Difference in AT /T,
from diagnosis to <2 mo post-RT between shorter (n = 19) and longer (n = 18) survivors, Mann—Whitney test, P = .0132. (E) Survival comparison at
the <2 months post-RT timepoint between patients with a large AT /T increase (n=9; AT /T, > 19%, top 25% of all patients) and patients within
the bottom 25% (n=9; A T /T, between -1.6% and 0.15%), Log-rank test, P = .023.

months and 2-4 months after RT include T /T, ratio >15%
and change inT /T ratio after RT >25% (Figure 3F).

Total Tumor Volume (T ) Provides Limited
Predictive Insight into OS Outcome

When consideringT  volume percent change from baseline,
a broad range of volumetric changes were observed, ran-
ging from extremes of —81% to +124% of the baseline diag-
nostic T, volume at <2 months post-RT (median = -13.4%)
and -77% to +208% of the baseline diagnostic T, volume
at 2-4 months post-RT (median = 8%; Figure 3A). There was
no significant difference inT , volume change between the
<2 months and 2-4 months post-RT timepoints (P=.598,
Figure 3A). When comparing T, percent change between
shorter and longer survivors, there was a trend toward in-
creased T, change at <2 months post-RT in shorter sur-
vivors, but this was not significant (P=.105, Figure 3B).
Patients with any level of increase in T, volume after RT

prior to 2 months; however, had a worse survival outcome
when compared to those with a decrease (P=.025, Figure
3C). This finding was no longer present at the 2 to 4-month
post-RT timepoint (P=.2).

To better understand the clinical implications of this wide
range of T volumetric changes, patients were stratified
into 3 groups based on <2 months post-RT imaging results:
non-responders, responders, and stable patients, using
25% as the cutoff based on published RANO criteria.*°These
groups were defined respectively as those experiencing: A
volumetric increase >25% of the initial T volume, aT , de-
crease >25% from diagnosis, and aT,, (increase or decrease)
change between 0% and 25%. There was no significant OS
difference between these 3 groups, but responders showed
a slightly longer median OS (13.05 months) when com-
pared to non-responders (10.88 months) and stable (11.19
months) patients (Figure 3D). Moreover, when grouping
patients into ‘extreme’ responders and nonresponders, de-
fined as those with a decrease (responders) or an increase
(nonresponders) of >50% of the baseline T, volume, there
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Figure 3.  Whole tumor volume changes post-radiation provide limited insight into patient survival outcomes. (A) Change in T from baseline to
<2 months RT and baseline to 2-4 months post-RT (n = 37 patients for each timepoint). There was no difference in T, volume change between the
2 timepoints (Wilcoxon matched-pairs signed rank test, P=.598). (B) T , percent change at <2 months post-RT between shorter and longer sur-
vivors. Mann-Whitney test, P =.105. (C) Survival comparison between patients who experienced a decrease (n = 21) versus an increase (n = 16)
in T, volume from diagnosis to <2 months post-RT, Log-rank test, P=.025. (D) OS outcome of patients who experienced a T percentincrease
greater than 25% of the initial diagnosis volume (“non-responders”) (n = 10), decrease greater than 25% (‘responders’) (n = 13), or a T, percent
change less than 25% (“stable”) (n = 14). Log-rank test, P=.5. (E) OS outcome of patients who experienced a T  percentincrease greater than
50% of the initial diagnosis volume (extreme “non-responders”) (n = 9), decrease greater than 50% (extreme ‘responders’) (n=4),ora T per-
cent change less than 50% (“stable”)(n = 24). Log-rank test, P = 2. (F) Summary of MRI volume features at each timepoint that are independently

predictive of 0S.

was still no significant difference between groups (Figure
3E). However, despite no difference in median OS, most of
the extreme nonresponders had a survival of <12 months,
and none had an overall survival greater than 18 months,
suggesting that these patients have a shorter lifespan fol-
lowing diagnosis.

As shown, patients withT /T, >15% exhibited a shorter
OS than patients with <15% Tc/T,, post-RT. Consistent
with the aboveT_andT,, data, while there was an average
increase in T, values of 220% between baseline and the
<2 months follow-up scan, the T values had an average
change of -2.872%. This suggests that the increased T/
T, at the post-RT MRI is primarily related to changes in
T, rather than T . Collectively, these findings reveal that
while patients withT, increase from baseline to <2 months
had worse overall survival (Figure 3C and 3F), changes
alone provide only limited insight into tumor response and
OS outcomes in children diagnosed with DIPG.

Machine Learning Identifies Combinations
of Diagnostic and Longitudinal MRI Features
Predictive of Survival Outcome

Tumor volume and demographic features were combined
(n=10 for diagnosis alone, and n =26 for diagnosis and
<2 mos post-RT, see Methods), and SVM learning was
applied to identify feature combinations most predictive
of OS outcome (OS <12 months vs. OS > 12 months).
Characteristics of the features used for SVM learning
can be found in Supplementary File 1. When using only
diagnostic features (this applied to 43 patients), SVM
learning identified one feature, T /T, ratio at diagnosis,
as the most significant predictor of OS outcome (Table
2). Classification using this feature resulted in overall
survival prediction accuracy of 74% (sensitivity =73%,
specificity = 76%). When combining both diagnostic
and post-RT images (this applied to 36 patients), SVM
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learning also identified one feature, AT /T, from diag-
nosis to <2 months post-RT, as the most significant pre-
dictor of OS outcome (Table 2). Classification using this
feature resulted in overall survival prediction accuracy
of 756% (sensitivity = 84%, specificity = 65%). Our experi-
ments suggested using more features would not improve
classification performance for the above 2 scenarios.

Taking SVM features that were determined to be im-
portant for survival, a time-dependent cox-proportional
hazard analysis was performed to show the relationship
of these variables to PFS, to identify patients who are
at greatest risk for tumor progression early in their dis-
ease course. For this analysis, PFS was defined as the
absence of T increases greater than 25% at the 2 MRI
follow-up timepoints (<2 mos and 2-4 mos post-RT). T /
T, ratio greater than 15% and an increase inT /T ratio
after RT (AT /T, ratio) were both associated with risk
for early progression (shorter PFS; Table 3). Age, gender,
study type, and binary presence of contrast enhance-
ment alone were not shown to be associated with PFS
(Table 3).

Table 2. Imaging Features Based on Support Vector Machine That
Predict Patient Overall Survival Outcomes at Diagnosis and Between
Diagnosis to <2 Months Post-Radiation Therapy

0OS > 12 months P-value
(mean £ SD)

0.04 +0.08 .026
0.06 +0.09 .0n

Feature 0OS < 12 months

(mean £ SD)
0.10 +0.12
0.16 £ 0.14

T /T . (Diagnosis)

c wv
AT /T, (Diag-
nosis—<2 months)

Abbreviations: 0S = overall survival.

Discussion

This study revealed radiographic volume features that sig-
nificantly predicted patient OS outcomes in children and
young adults diagnosed with DIPG. These features prima-
rily focused on the ratio of contrast-enhancing tumor (T )
compared to the total tumor volume (T, ) at individual
timepoints, and in response to RT. At diagnosis, the pres-
ence of T1 enhancing tissue and T /T ratio >25% are inde-
pendently predictive of shorter overall survival (<12 months;
Figures 1C and 3F). After completion of RT, T/T  ratio
>15% and AT /Twv >25% were predictive of shorter overall
survival at both the <2 months and 2-4 months post-RT
timepoints (Figures 2C and E and 3F). Change in the tumor
volume (AT, ) had prective value only if increased within 2
months of completion of RT (Figure 3C and F). Combined,
these findings demonstrate thatT /T ratio and AT /T in
response to RT as independent features likely have the best
predictive value for short survival in patients with DIPG, a
finding that was confirmed through SVM learning. This is
consistent with previous studies that have also shown the
presence of T -enhancing tissue in DIPGs is associated with
poor progression-free and overall survival.®*® However, by
quantitating the T /T, ratio at different clinical timepoints
that are most associated with OS, and by determining
the change inT /T from initial diagnosis to post-RT (AT /
T,.). this study provides more sensitive metrics for under-
standing thresholds of T /T, ratio associated with poor sur-
vival outcomes, allowing for better clinical translation.
While the results of this study provide a foundation
for using volume changes in T and T, at diagnosis and
in response to therapy as an indicative feature for out-
comes, further investigation into the predictive value of
the tumor characteristics and trajectory, and incorpo-
ration of these features into tumor response criteria is

Table 3. Time-Dependent Univariable Cox Proportional Hazards Based on SVM-Related Features and Progression-Free Survival

Characteristics N HR
Gender 92

Female 1.00

Male 1.19
Age years (continuous) 92 0.94
Tow 92 1.00
T, 92 1.00
T, status 92

T, 1.00

T+ 1.83
ATJT,,, 92 25.9
T, (156%) enhancing 92

T, 215 1.00

T, <15 0.41

Abbreviations: SVM = support vector machine
2 False discovery rate correction for multiple testing.

95% Cl P-value g-Value
0.52,2.73 .68 0.69
0.85, 1.04 .23 0.32
1.00, 1.00 .69 0.69
1.00, 1.00 .051 0.12
0.75, 4.48 .19 0.32
1.43, 469 .028 0.12
0.18, 0.95 .036 0.12
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warranted. In adults, and many pediatric trials, response
to therapy is commonly defined by the RANO (Response
Assessment in Neuro-Oncology) criteria for low- and high-
grade gliomas.*%4! This incorporates changes in contrast
enhancement and FLAIR/T2 2D volume when determining
tumor response, with a cutoff of >25% increase or >560%
decrease in product of perpendicular diameter defining
progression and response, respectively. Our findings show
that a ratio of T1-contrast-enhancing tissue to FLAIR/T2
tumor volume has the best prediction of overall survival in
patients. As volumetric analysis of tumors becomes more
common, it is possible that single measurements may
not be the best measure of tumor response to therapy,
and other features or ratios could be considered in re-
sponse criteria. In addition, as more volume segmentation
studies are performed looking at the response to therapy,
the tumor volume cutoffs may need to be altered as 3D
measurements can provide a more sensitive measure of
response.®

In adult GBM, machine learning has been shown to pre-
dict major mutation subtypes including IDH mutation*” and
1p/19q co-deletion status*® using radiographic imaging
features. Imaging features, including radiographic re-
sponse to RT, may similarly correlate to molecular features,
as seen in a recent publication that used H3K27M muta-
tion subtype and transcriptomic profiles along with radio-
graphic features post-RT to identify subgroups of DIPG.#°
Associations between tumor mutation status (H3K27M,
TP53 mutations, see Table 1) and tumor MRI volumetric
features, with a particular focus on tumors with T1 en-
hancement, were not found in this study. However, this is
likely due to the lack of available molecular data for many
patients included in this retrospective study. Given this
limitation, future prospective studies are warranted to dis-
sect the contribution of tumor genomic alterations to radi-
ographic signatures in children with DIPG.

There are several limitations to this study. Since this
was a retrospective study, only images that were avail-
able could be included in the analysis, and therefore the
MRI images were not the same across all timepoints for
all patients. We attempted to use the same MRI technique
for each patient for comparison, but there were some pa-
tients where this was not possible (Supplementary Table
1). However, since these patients were the minority, we
do not feel that this significantly impacted the results of
our analysis. This study included 43 patients and 117 MRls
over 3 timepoints, which is a significant number given the
rare diagnosis of DIPGs but could be expanded. Although
shown to not be significant based on treatment type, the
impact of non-RT associated therapy onT 6 and T, was
also not well defined in this study given the small num-
bers of patients and a large variety of treatment types.
Since this study focused on radiographic features alone,
without biological correlative tissue analysis, the relation-
ship between biological changes and increased T, change
remains unknown. Finally, this study focused on inde-
pendent risk factors, and therefore the combined effect of
multiple risk factors on outcomes is not known. A future
prospective study using consistent imaging techniques
and a larger number of patients who are all receiving the
same treatment would be helpful to confirm the findings
in this study.

The results of this study provide a foundation for using
volume changes in T  relative to T at diagnosis and in
response to therapy as a predictive feature for outcomes
in children with DIPG. Although enhanced through ma-
chine learning and automated segmentation, the T /T,
volumetric analysis can be performed in nearly all envir-
onments using manual segmentation. Therefore, this type
of analysis would facilitate the incorporation of tumor vol-
umetric properties into prognostic stratification and re-
sponse monitoring for children diagnosed with DIPG in
multiple clinical settings.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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