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Abstract

Purpose: Isocitrate-dehydrogenase-mutant (IDH-mt) gliomas are incurable primary brain tumors
characterized by a slow-growing phase over several years followed by a rapid-growing malignant
phase. We hypothesized that tumor volume growth rate (TVGR) on magnetic resonance imaging
may act as an earlier measure of clinical benefit during the active surveillance period.

Experimental Design: We integrated 3-dimensional volumetric measurements with clinical,
radiological, and molecular data in a retrospective cohort of IDH-mt gliomas that were observed
after surgical resection in order to understand tumor growth kinetics and the impact of molecular
genetics.
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Results: Using log-linear mixed modeling, the entire cohort (n=128) had a continuous %TVGR
per 6 months of 10.46% (95% ClI: [9.11%, 11.83%]) and a doubling time of 3.5 years (95%

Cl: [3.10-3.98]). High molecular grade IDH-mt gliomas, defined by the presence of homozygous
deletion of CDKN2A/B, had %TVGR per 6 months of 19.17% (95% CI: [15.57%, 22.89%])
which was significantly different from low molecular grade IDH-mt gliomas with a growth rate
per 6 months of 9.54% (95% CI: [7.32%, 11.80%]) (£ < 0.0001). Using joint modeling to co-
model the longitudinal course of TVGR and overall survival, we found each one natural logarithm
tumor volume increase resulted in more than a 3-fold increase in risk of death (HR=3.83, 95% CI:
[2.32-6.30], A< 0.0001).

Conclusions: TVGR may be used as an earlier measure of clinical benefit and correlates well
with the WHO 2021 molecular classification of gliomas and survival. Incorporation of TVGR
as a surrogate endpoint into future prospective studies of IDH-mt gliomas may accelerate drug
development.

Keywords
neuro-oncology; genomics; glioma; tumor volume; surrogate endpoint

Introduction

Isocitrate dehydrogenase-mutant low-grade gliomas (IDH-mt LGGs) are rare, eventually
fatal malignant brain tumors found primarily in young adults (1-3). After maximal safe
resection, IDH-mt LGGs are often characterized by a slow-growing phase lasting several
years, followed by a rapid-growing, malignant phase (1,2,4). Optimal timing to initiate
radiation and chemotherapy for resected IDH-mt LGGs during the slow-growing phase

is controversial amongst oncologists (4,5) due to significant treatment-related morbidity
associated with chemoradiation (6), and has resulted in some oncologists favoring a “watch
and wait” strategy (7,8). This period of watchful waiting, or active surveillance, is a prime
opportunity to introduce less morbid, novel, targeted therapies that might prolong the time
before chemoradiation; however, this will require development of surrogate endpoints for
monitoring of disease progression.

Radiographic endpoints have historically relied on 2-dimensional (2D) measurements on
magnetic resonance imaging (MRI), but 2D measurements do not reliably reflect the
biology during the slow-growing phase. Furthermore, reliance on traditional endpoints such
as overall or progression-free survival in clinical trials are not realistic since previous
studies have taken several years to determine a clinical benefit (9-12). 2D measurements of
tumor size carry significant limitations due to subtle signal changes on T2/fluid attenuated
inversion recovery (FLAIR) images, irregular shapes and growth in different directions,
residual glial scarring, heterogeneous acquisition tilt, and Wallerian degeneration (9).
Previous studies that have focused on 2D measurements or volume of diametric expansion
(VDE) report that untreated LGGs grow at a rate of about 3-5 mm in tumor diameter

per year (13,14). While these important data have also correlated with overall survival

in large retrospective studies (15-17), limitations in 2D measurements have hampered
implementation into clinical practice.
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More recently, investigators explored volumetric (3D) analysis of IDH-mt LGGs as a

novel surrogate endpoint to overcome barriers of 2D measurements. One retrospective
study on a limited number of scans at various time points during the untreated disease
course demonstrated differences in tumor volume growth rate (TVGR) between 1p19q
codeleted and 1p19q intact gliomas (18). Additionally, a recent study demonstrated 3D
measurements were superior compared to 2D measurements in hon-enhancing IDH-mutant
LGGs with higher inter-reader agreement and lower growth rate variability with 3D
measures (19). However, while volumetric analyses are encouraging, foundational work that
links comprehensive molecular profiling, with tumor growth rates, clinical variables, and
radiological characteristics are needed.

As novel IDH-targeted therapies are evaluated in clinical trials (20-23), there is a need

to refine current radiographic evaluation of IDH-mt LGGs to more accurately predict
tumor growth trajectories and capture the biology of IDH-mt LGG (24). As a first

step in developing surrogate endpoints of disease progression during the watch and wait
active surveillance period, we analyzed a large cohort of patients with resected IDH-mt
LGGs that received no upfront chemoradiation; an important group that (1) is historically
considered “low-risk”, (2) has no natural history data, and (3) is the target population of
future therapeutic clinical trials. We integrated 3D volumetric segmentation with clinical,
radiological, and molecular data to establish the relationship between tumor size and tumor
growth kinetics with molecular genetics.

Patient Selection

This retrospective study was granted a waiver of informed consent by the local institutional
review board and was performed in compliance with Health Insurance Portability and
Accountability Act regulations as well as the Declaration of Helsinki. We identified

128 consecutive adult patients with WHO 2016 Grade 2 IDH-mutant astrocytoma or
oligodendroglioma evaluated at Memorial Sloan Kettering Cancer Center (MSKCC)
between 1997 and 2019 that met our inclusion/exclusion criteria (Figure 1). Inclusion
criteria were (1) age = 18 years, (2) histopathologic diagnosis of IDH-mutant WHO Grade
2 glioma, (3) MRI of the brain with and without contrast performed at least twice six
months apart after diagnostic biopsy or resection, and (4) underwent active surveillance after
diagnostic biopsy or resection. Patients were excluded if (1) they received postoperative
treatment with radiation and/or chemotherapy, (2) they had higher grade histology (Grade 3
or 4), (3) they had any amount of enhancement on postoperative post-contrast T1 imaging
made at least one month from surgery to minimize measuring post-operative changes and/or
conversion to higher grade tumor, or (4) MRI artifact precluded imaging analysis. Clinical
data included age at diagnosis, sex, presenting neurological symptoms (seizure, headache,
cognitive dysfunction, motor or sensory symptoms, dizziness, word finding difficulty), and
dates of surgery, radiation, and chemotherapy (summarized in Table 1). Study data were
collected and managed using Research Electronic Data Capture (REDCap) tools hosted at
MSKCC (25,26).
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MRI Acquisition

MRI was performed on 1.5T or 3T systems (mostly 750w/450w, GE Healthcare, Milwaukee,
WI1). As most of the study period predated the consensus brain tumor imaging protocol
recommendations,(10) conventional MRI was acquired using variable parameters but
including pre- and post-contrast images (including either 2D or 3D T2-weighted [T2w]
and/or T2w fluid attenuated inversion recovery [FLAIR] images, as well as contrast-
enhanced T1-weighted images). MRI slice thickness was no more than 5 mm with an
interslice gap of no more than 1.5 mm.

Image Segmentation, Volumetrics, and Feature Description

All qualified MRI studies performed during the period of active surveillance underwent
manual volumetric segmentation of the T2/FLAIR abnormality using iNtuition 4.4.13
(Tera Recon) performed by a trained operator and/or neuroradiologist (R.M., with > 5
years of experience) followed by a secondary review and verification by an experienced
neuroradiologist (R.J.Y, with > 20 years of experience). A modified VASARI (Visually
AcceSAble Rembrandt Images) MRI feature set was also used to describe features on

the preoperative imaging when available. Features included the T2-FLAIR mismatch

sign (T2 bright, FLAIR dark), which has been described as having high specificity for
identifying IDH mutant 1p19q intact astrocytomas due to the microcystic changes in
protoplastic astrocytomas (27-29). Feature assignment was performed by a board-certified
neuroradiologist (R.M.) and verified by an experienced neuroradiologist (R.J.Y.). Image
segmentation was performed sequentially on all MRIs available during the period of
active surveillance. The segmented contour was drawn to exclude nontumor regions such
as hemorrhage, surgical cavity, or postoperative changes as determined with the help of
the other sequences. The T2/FLAIR volume (in cubic centimeters) was calculated by
multiplying the total pixel counts with pixel volume. Volumes were then automatically
extracted from TeraRecon and transferred into REDCap using a custom-built in-house
application programming interface (API). To further investigate the impact of growth rates
on molecular genetics, patients were stratified into slow growth, intermediate growth,

and fast growth, which were defined by the bottom quartile, middle 50%, and top

quartile, respectively, using the distribution of the individually-modeled growth rates, further
described below in the statistical analysis section.

Neuropathologic and Molecular Analysis

Tumor material obtained from neurosurgical initial biopsy or resection was reviewed

by an experienced molecular neuropathologist (T.B.) and an integrated diagnosis, in
keeping with WHO 2016/2021 molecular classification criteria (30), was rendered as
follows: All patients were verified to be IDH-mutant by immunohistochemistry and/or
next-generation sequencing. When tissue from initial diagnostic surgery was available for
further sequencing, genomic DNA was extracted from formalin-fixed paraffin-embedded
samples and mutational analysis performed using Memorial Sloan Kettering-Integrated
Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT), a targeted hybrid
capture next-generation sequencing-based DNA sequencing panel of 468 cancer genes
with a corresponding matched or pooled normal sample. Samples with pooled normals
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were manually reviewed to ensure the accuracy of the variants that were called and to
exclude potential germline variants. MSK-IMPACT covers protein-coding exons of cancer-
associated genes, as described previously (31,32) and detect somatic single nucleotide
variants, insertions, deletions, copy number alterations, and certain gene fusions and
structural variants. To further analyze the impact of molecular sequencing beyond IDH

and 1p19q status on TVGRs, each molecular profile was reviewed by a molecular
neuropathologist (T.B.) and classified as “molecular grade- low, intermediate, or high.”
“Molecular grade-high” was defined by detection of homozygous deletion of CDKN2A/2B,
which denotes WHO grade 4 tumors in the 2021 WHO classification of CNS Tumors

(33). “Molecular grade-intermediate” was defined by alterations previously suggested to be
associated with aggressive behavior in some studies, but not yet included among established
grading criteria under current guidelines. “Molecular grade-intermediate” molecular profiles
in 1p19q intact tumors were those (1) containing focal amplification of genes including
MYCN, cyclic dependent kinase (CDK) genes (including CDK4) or receptor tyrosine kinase
(RTK) including genes (including PDGFRA), (2) high levels of copy number variations
(CNV) defined by > 3 broad chromosomal gains/losses. “Molecular grade-intermediate”
molecular profiles in 1p19q codeleted tumors were those (1) mutations in the PIK3R1

and PIK3CA, (2) > 3 broad chromosomal gains/losses (in addition to 1p19q loss), or (3)
TP53 mutations. “Molecular grade-low” profiles were defined by the absence of “high” and
“intermediate” grade molecular features, as described above (34-39).

Next intervention-free survival (NIFS) was defined as the date of the initial diagnostic
biopsy or resection to the first date of re-resection, initiation of radiation or chemotherapy, or
death for those with an event or, for those who were censored, until last follow-up. Overall
survival (OS) was defined as the date of the initial diagnostic biopsy or resection to the date
of death for those who had an event or until the date of last follow-up for those who were
censored.

Statistical Analysis

Descriptive statistics such as proportions, medians, and interquartile ranges (IQR), were
used to characterize the cohort. Demographics and clinical characteristics were compared
across 1p19q status and separately across simple/complex status using Chi-squared and
Fisher’s exact tests as appropriate for categorical variables and the Wilcoxon two-sample
test for continuous variables. Tumor volume growth was modeled using a 1) linear and a
2) log-linear mixed-effects model weighted by follow up time per patient. The adjusted r?
value was compared between models and the log-linear mixed-effects model was chosen
for subsequent data analysis. Thus, TVGR was modeled as a constant exponential growth
rate per six-month periods. To describe the distribution of growth rates, individual patient
trajectories were modeled. To characterize the growth rate of the cohort in general, all
patient trajectories were modeled together and weighted by the maximum follow-up time per
patient. Interaction terms were modeled to compare TVGR across categories of interest. In
order to evaluate the association between longitudinal MRI volume and survival (NIFS and
OS separately) data, a joint model was fit. All statistical tests were two-sided with an alpha
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level of statistical significance < 0.05. All analyses were performed using SAS version 9.4
(Statistical Analysis System, RRID:SCR_008567).

Data Availability

The data generated in this study are available for download in Synapse (https://
www.synapse.org/#!Synapse:syn52658621/files/) and for visualization in cBioPortal (https://
chioportal.org/study/summary?id=difg_msk_2023).

Results

Clinical Characteristics

A total of 128 IDH-mutant Grade 2 (based on WHO 2016 criteria) glioma patients were
included in the study, with 69 (53.9%) 1p19q codeleted and 59 (46.1%) 1p19q intact patients
(Figure 1, Table 1). There were no significant differences in sex, presenting neurological
symptoms, number of MRI scans, or follow up by 1p19q status. During the postoperative
period after diagnostic surgery or the active surveillance period, there was a statistically
significant difference in age by 1p19q status; 1p19q codeleted patients were significantly
older with a median age at diagnosis of 41.3 years (IQR, 35.2 — 50.4) vs 1p19q intact
patients at 32.8 years (IQR, 26.2 — 39.3). The most common presenting neurological
symptoms were seizures in 80 (62.5%) patients, headaches in 19 (14.8%) patients, and
cognitive changes in 11 (8.6%) patients. IDH status was verified for the entire cohort (n =
128) by IDH immunohistochemistry (n = 120 or 93.8%) and/or next-generation sequencing
(n =73 or 57%). The median number of MRI scans available for analysis during the
postoperative period after diagnostic surgery was 8 (range, 2-28) for the entire cohort. The
median follow up was 6.3 years (range, 0.5-23.1) in all patients.

Modeling Tumor Volume Growth

After plotting tumor volume growth on MRI per patient over time in the postoperative phase,
we observed that some tumor growth appeared linear whereas some tumor growth appeared
exponential (Figure 2A). We fit two separate models where the growth for each patient was
individualized either linearly or exponentially (log-linear). Consistent with prior literature,
the adjusted r2 value for the mixed effects exponential model was slightly better at a value of
0.9864 compared to that of the linear model which also fit the data well but at a lower value
of 0.9556. We proceeded to use the log-linear mixed effects modelling framework for tumor
volume growth in subsequent analyses, presenting TVGRs per 6-month intervals.

TVGR Change during Active Surveillance

Using log-linear mixed modeling, the entire cohort (n = 128) had an overall % TVGR

per 6 months of 10.46% (95% CI: [9.11%, 11.83%]) during the postoperative period after
diagnostic surgery prior to any chemotherapy and radiation (Table 2). The 25! percentile
TVGR % per 6 months was 6.73% (95% CI: [4.54%, 7.89%]), 50t percentile TVGR per 6
months was 10.62% (95% CI: [9.61%, 13.43%]), and 75! percentile TVGR per 6 months
was 19.92% (95% ClI: [15.22%, 22.89%]) (Figure 2B). When evaluating 1p19q status, there
were no significant differences in % TVGR per 6 months in the postoperative phase with
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1p19q intact tumors growing at 11.73% (95% ClI: [9.11%, 14.41%]) compared with 1p19q
codeleted tumors growing at 9.62% (95% CI: [8.26%, 10.99%]) (P = 0.16) (Table 2).

Initial Tumor Size and Extent of Resection with TVGR during Active Surveillance

In the postoperative active surveillance phase, extent of resection was defined into groups
based on remaining residual disease. There were no significant differences between
postoperative tumor size with smaller tumors <25 cm3 growing at 10.55% (95% Cl: [8.94,
12.19%]) vs larger tumors with =25 cm? residual disease growing at 10.06% (95% ClI:
[8.37%, 11.78%] (P = 0.68). Further evaluation using recently published consensus data
defining extent of resection as near total resection (0.1 cm3 to 5 cm3), subtotal resection (>5
cm3 to <25.0 cm?3), or partial resection (=25 cm3)(40) did not demonstrate any significant
differences in TVGR between any subgroups based on 1p19q status or extent of resection (P
>0.20) (Table 2).

Doubling Time During Active Surveillance

The doubling time during the postoperative phase, calculated in 12-month or yearly periods,
was 3.5 years (95% CI: [3.10-3.98]). Further delineation based on 1p19q status revealed
similar doubling times (Table 3) with 1p19q codeleted tumors doubling in 3.8 years (95%
Cl: [3.32-4.37]) and 1p19q intact tumors doubling in 3.1 years (95% CI: [2.57-3.98]).

TVGR and Next Generation Molecular Sequencing

Seventy-three IDH-mt LGG patients underwent next-generation sequencing using MSK-
IMPACT. Samples were separated into two groups based on their 1p19q status: codeleted
(oligodendroglioma) and intact (astrocytoma). The genetic profiles in the entire cohort
were typical for IDH-mutant gliomas, and the TVGRSs varied per patient (top row)
(Supplementary Figure S1). The most common genomic alterations in the 1p19q codeleted
group were TERT promoter mutations (100%), CIC (42%) and FUBP1 (24%), consistent
with previous studies. Conversely, in the 1p19q intact group the most frequently altered
genes were TP53 (94%) and ATRX (77%).

TVGR was first examined from the perspective of molecular grading using specific criteria
based on previously published literature described above in the Methods section. Forty-eight
patients met criteria for molecular grade-low, 21 patients for molecular grade-intermediate,
and 4 patients for molecular grade-high (Table 4). Molecular grade-high IDH-mt gliomas,
characterized by the presence of CDKN2A/2B homozygous deletion, grew significantly
faster at 19.17% (95% ClI: [15.57%, 22.89%]) compared with molecular grade-intermediate
(9.09%, 95% CI: [6.76%, 11.46%]) and molecular grade-low (9.54%, 95% CI: [7.32%,
11.80%]) (Figure 2C). Representative neuroimaging of each molecular grade is shown with
patient examples in Figure 2D. Specific alterations in molecular grade-high group are shown
in Supplementary Table S1. In a post-hoc analysis, low plus intermediate molecular grade
groups were combined demonstrating a TVGR% of 9.37% (95% CI: [7.72%-11.05%]), still
significantly different from the molecular grade high group TVGR% of 19.17% (95%Cl:
15.57%-22.89%).
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We then examined molecular grading from the perspective of tumor volumetrics by
stratifying patients with slow, intermediate, and fast growing IDH-mt gliomas (also defined
in methodology based on distribution of TVGRS). These attempts to characterize molecular
genetics based on TVGRs using slow, intermediate, and fast criteria (as defined in
methodology) demonstrated no significant differences (Supplementary Figure S2A, S2B).
Lastly, tumor mutational burden and fraction genome alterations in the entire cohort
demonstrated no differences between slow, intermediate, and fast TVGRs. (Supplementary
Figure S2C).

Tumor Volume Change during active surveillance as a predictor of NIFS and OS

Using joint modeling to co-model the longitudinal course of MRI-based tumor volume
growth and NIFS, we found for each one natural logarithm tumor volume increase, risk of
next intervention or death increased 61% (HR = 1.61, 95% CI: [1.33-1.95], A< 0.0001).
For each 10% increase in MRI-based tumor volume, there was a 5% increase in risk of
next intervention or death (95% CI: [3%-7%]). Using similar analysis for OS, we found for
each one natural logarithm tumor volume increase, risk of death increased more than 3-fold
(HR=3.83, 95% ClI: [2.32-6.30], A< 0.0001). For each 10% increase in MRI-based tumor
volume, there was a 14% increase in risk of death (95% CI: [8%-19%]). Tumor volume
change was statistically significantly associated with both NIFS and OS. NIFS and OS data
are plotted in Supplementary Figure S3.

Preoperative Clinical and Radiological Characteristics

Preoperative MRIs were analyzed for VASARI features when available. Preoperative and
postoperative tumor volumes were not significantly different between 1p19q codeleted and
1p19q intact tumors (Supplementary Table S2). The T2-FLAIR mismatch sign was present
in 21 (38.9%) 1p19q intact patients and absent in 63 (96.9%) of 1p19q codeleted patients
(P<0.0001). T2 heterogeneity was present more frequently in 1p19q codeleted tumors

vs 1p19q intact tumors (53.7% vs 27.3%, respectively, £=0.003). Necrotic and/or cystic
features were present significantly more in 1p19q codeleted tumors than 1p19q intact tumors
(29 (43.3%) patients vs 14 (24.6%) patients, respectively, = 0.03). Diffusion characteristics
were also significantly different by 1p19q status (£ = 0.004) with mixed diffusion occurring
in 27 (45%) 1p19q codeleted tumors compared with 9 (18%) 1p19q intact tumors. Other
radiological characteristics such as side, FLAIR extension, eloguent area, enhancement,
margins, hemorrhage, deep white matter, peritumoral edema, or intratumoral vessels, were
not significantly different by 1p19q status.

Preoperative radiological characteristics were analyzed with respect to molecular
complexity. The T2/FLAIR mismatch sign was statistically significantly more present in
molecular high grade (100%) compared with molecular low (13.5%) and intermediate
(14.3%) grade IDH-mt gliomas (P = 0.008). There were no other statistically significant
differences between radiological characteristics and genetic profiles (Supplementary Table
S3). Finally, preoperative clinical characteristics were examined with respect to TVGR and
no significant differences were found (Supplementary Table S4).
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Discussion

Treatment advances in diffuse gliomas will depend on novel surrogate endpoints of disease
progression. This has become particularly evident in IDH-mt gliomas where novel therapies
entering later phase clinical trials require a radiographic surrogate endpoint during the
period of active surveillance. Advanced neuroimaging using 3D volumetric analysis has
been proposed in recent retrospective studies; however, a fundamental understanding of
TVGR is needed with regards to the behavior of gliomas during active surveillance and

any potential influence from clinical or molecular factors (19,41). In this retrospective
study of a large cohort of molecularly characterized IDH-mt LGGs, we integrated

clinical, radiological, and genomic features with tumor volume growth kinetics. This study
demonstrates that IDH-mt LGGs grew continuously at a rate of about 10% per 6-month
interval. This 10% growth rate was consistently demonstrated during the observational
period regardless of initial tumor size or extent of resection. However, IDH-mt, 1p19q
intact gliomas with aggressive molecular alterations such as CDKN2A/2B deletions had
significantly faster TVGRs. Additionally, changes in growth rates over time were associated
with worse prognosis. A 10% increase in tumor volume increased the risk of death 14%.
Taken together, these results are a first step in implementing TVGR as a surrogate endpoint
in IDH-mt gliomas during active surveillance.

This study meticulously incorporated volumetrics from every single MRI time point
performed during the untreated disease course as opposed to prior volumetric studies
which selected a few representative time points from which analyses were based on

(18). Therefore, we consider the calculated ~10% TVGR every 6 months in the entire
cohort as an accurate reflection of growth during this pre-chemoradiation slow growing
phase, as opposed to ~27% growth in 6 months reported in a previous study, possibly an
overestimation of growth due to fewer and later time points analyzed as well as lack of
depth in genomic evaluation. Several of the initial landmark studies led by Johan Pallud
et al. focusing on the growth rate in Grade 2 IDH-mutant tumors calculated tumor volume
using an ellipsoid approximation based on manual measurements in the 3 largest tumor
diameters, which was then used to calculate mean tumor diameter as the growth measure
(15,16,42-44). This method is simpler and faster, but may overestimate tumor volume since
gliomas grow in unpredictable non-ellipsoid shapes. Importantly though, this early work
demonstrated a strong statistical relationship on individual tumor growth on survival and
prognosis. However, no prior study to our knowledge has incorporated next-generation
sequencing and radiological features as done in this study, which is necessary prior to
integrating into clinical trials in the molecular era.

Our data examined the impact of the genomic features on growth kinetics in IDH-mt

LGG. During the active surveillance period after maximal safe resection, IDH-mt gliomas
that harbored CDKN2A/2B homozygous deletion grew significantly faster as % TVGR/6
months than IDH-mt gliomas without this molecular alteration. This finding aligns with
recent changes to the WHO 2021 classification, which now defines IDH-mt, 1p19q intact
gliomas with CDKN2A/2B deletion as Grade 4 IDH-mt gliomas. Additionally, this further
supports the implementation of TVGR into future clinical trials as a surrogate endpoint that
is consistent with integrated molecular grading. The fact that statistical significance was not
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found during this observational phase based on 1p19q status raises the possibility that the
survival benefit in 1p19q codeleted gliomas may be secondary to their chemosensitivity, and
not necessarily inherent to their natural growth trajectory prior to treatment. This is the first
study to our knowledge that studied molecular genetics on growth rates, and therefore, future
studies with larger sample sizes and longer follow up will clarify these results.

In addition to volumetrics, we also examined multiple preoperative radiological
characteristics of low-grade IDH-mutant gliomas. Our data are consistent with several
recent meta-analyses and reviews that have shown the T2-FLAIR mismatch sign is highly
specific but variably sensitive for predicting IDH mutant, 1p19q intact status in lower grade
astrocytomas (27-29). Furthermore, the T2/FLAIR mismatch sign correlates with higher
molecular-grade IDH-mt gliomas. To our knowledge, this is a novel finding that has not
been reported in previous studies and should be explored further as a possible predictive
biomarker of higher molecular grade.

Our study has several potential limitations. This was a retrospective, single-center study
which limits broader application of its findings. Tumor volume segmentation was performed
by trained operators and overseen by an expert neuroradiologist. These investigators were
blinded to the clinical history, mutation status, and outcomes of each patient; however,

there is the possibility that edema or post-surgical changes were segmented instead of
tumor as these may be indistinguishable on MRI. Technical factors such as slice thickness,
interslice gap, and MRI type could affect volume measurements. The scan parameters were
relatively consistent. However, for patients scanned on older imaging protocols (i.e., when
thicker slices and interslice gaps were the standard of care), the same scan parameters

were retained at follow up, in order to mitigate any potential inaccuracies as we examined
volumes over time. Future work including advanced MRI and PET may improve delineation
of tumor volume and improvements in tumor volume measurements that can be achieved by
utilizing standardized brain tumor imaging protocol guidelines (10), which were published
after most of the scans in our retrospective cohort. The potential future impact of rapidly
advancing artificial intelligence (Al) and other automated segmentation algorithms cannot
be overlooked, however, their current emphasis has been on analyzing treatment-naive
tumors and rather than resected or partially resected tumors (45,46).

Another area for further discussion is our molecular grade stratification. We formed
molecular grade groupings with high grade defined only by CDKN2A/B deletions,
aligning with the recent changes to the WHO 2021 classification of gliomas. CDKN2A/B
homozygous deletion in Grade 2 IDH-mutant astrocytomas is indeed rare, with some
conflicting evidence as to its prognostic significance, despite the clear WHO criteria
designating the tumor as Grade 4 (38,47,48). Our high molecular-grade group (n=4) is

a small number and therefore may impact the precision of our results for this subgroup,
yet given the rarity and statistical significance of this finding, we do feel it is clinically
meaningful. Additionally, an argument could be made to include other alterations in the
high molecular grade group such as PDGFRA amplifications, CDK4 amplifications, and
PI3K mutations, in view of previously reported associations with poor prognosis and
shorter survival among patients with IDH-mutant astrocytic gliomas (35,36,49,50). Since
these alterations require additional investigation and have not yet risen to the level of

Clin Cancer Res. Author manuscript; available in PMC 2024 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhatia et al.

Page 11

evidence for incorporation into WHO grading, we incorporated them into an intermediate
molecular grade group. Importantly, we demonstrated that this intermediate molecular grade
group did not grow significantly faster than the low molecular grade group. Future studies
could explore the impact of alterations at the whole genome level, protein level, and/or
posttranslational modifications.

The optimal management of IDH-mt LGGs remains nebulous with heterogeneous treatment
practices mostly due to incomplete understanding of the natural history of disease. As

novel targeted therapies enter later-stage clinical trials, there is an urgent need for surrogate
endpoints to more effectively measure outcomes. Further prospective validation studies of
MRI TVGRs will be helpful to determine the utility of volumetrics as a novel surrogate
endpoint for drug development in IDH-mt LGGs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Gliomas that carry mutations in isocitrate-dehydrogenase genes (IDH-mt) comprise a
group of primary brain tumors with distinct clinical and radiographic behavior, governed
by prognostically powerful molecular markers. Since IDH-mt gliomas demonstrate slow
growth with relatively long survival periods, there is an urgent need for intermediate
endpoints of disease progression. We hypothesized that tumor volumetric growth rates
(TVGR) during observation correlate with key molecular signatures as well as next
intervention-free and overall survival. Using log-linear mixed modeling, IDH-mt gliomas
under observation after resection grew continuously with a %TVGR per 6 months around
~10% with a doubling time of 3.5 years. TVGR were significantly faster in gliomas
harboring higher molecular grading such as homozygous deletion of CDKN2A/B.
Longitudinal course of TVGR correlated with next intervention-free and overall survival.
As novel IDH-targeted therapies enter clinical trials, development of surrogate endpoints
through integration of radiological and molecular features of glioma will accelerate drug
discovery.
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Clinical Data
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Clinical data, neuroimaging, and genomic data were acquired using MSKCC’s Institutional
Database leading to an integrated molecular diagnosis. IDH-mt gliomas were subsequently
analyzed in a multi-dimensional approach involving neuroimaging, volumetrics, and growth

curve modeling.
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Figure 2. Tumor Volume Growth Rates and Molecular Grading.
A) Individual patient growth trajectories in the entire cohort for IDH-mutant low-grade

gliomas with representative linear (red) and exponential (blue) growth models. B) The
distribution of tumor volume growth rates per 6 months in the IDH-mutant glioma cohort.
C) Low, intermediate, and high molecular grade IDH-mt gliomas are plotted with associated
exponential model-based trajectories. D) Representative neuroimaging of an individual
patient with low, intermediate, and high molecular grade growth.
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