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Comparison of Volumetric and 2D Measurements and
Longitudinal Trajectories in the Response Assessment of
BRAF V600E-Mutant Pediatric Gliomas in the Pacific
Pediatric Neuro-Oncology Consortium Clinical Trial

Divya Ramakrishnan, Sarah C. Briningk,

Anahita Fathi Kazerooni, “ Ali Nabavizadeh,

ABSTRACT

Marc von Reppert, Fatima Memon, Nazanin Maleki,
MingDe Lin, Khaled Bousabarah, Annette Molinaro, Theodore Nicolaides,

Sanjay Aneja,

Michael Prados, “ Sabine Mueller, and ““’Mariam S. Aboian

BACKGROUND AND PURPOSE: Response on imaging is widely used to evaluate treatment efficacy in clinical trials of pediatric gliomas.
While conventional criteria rely on 2D measurements, volumetric analysis may provide a more comprehensive response assessment.
There is sparse research on the role of volumetrics in pediatric gliomas. Our purpose was to compare 2D and volumetric analysis with
the assessment of neuroradiologists using the Brain Tumor Reporting and Data System (BT-RADS) in BRAF V600E-mutant pediatric gliomas.

MATERIALS AND METHODS: Manual volumetric segmentations of whole and solid tumors were compared with 2D measurements
in 31 participants (292 follow-up studies) in the Pacific Pediatric Neuro-Oncology Consortium 002 trial (NCT01748149). Two neurora-
diologists evaluated responses using BT-RADS. Receiver operating characteristic analysis compared classification performance of 2D
and volumetrics for partial response. Agreement between volumetric and 2D mathematically modeled longitudinal trajectories for
25 participants was determined using the model-estimated time to best response.

RESULTS: Of 31 participants, 20 had partial responses according to BT-RADS criteria. Receiver operating characteristic curves for the classifi-
cation of partial responders at the time of first detection (median = 2 months) yielded an area under the curve of 0.84 (95% Cl, 0.69-0.99)
for 2D area, 0.91 (95% Cl, 0.80-1.00) for whole-volume, and 0.92 (95% Cl, 0.82-1.00) for solid volume change. There was no significant differ-
ence in the area under the curve between 2D and solid (P=.34) or whole volume (P=39). There was no significant correlation in model-
estimated time to best response (p = 0.39, P >.05) between 2D and whole-volume trajectories. Eight of the 25 participants had a differ-
ence of =90 days in transition from partial response to stable disease between their 2D and whole-volume modeled trajectories.
CONCLUSIONS: Although there was no overall difference between volumetrics and 2D in classifying partial response assessment
using BT-RADS, further prospective studies will be critical to elucidate how the observed differences in tumor 2D and volumetric
trajectories affect clinical decision-making and outcomes in some individuals.

ABBREVIATIONS: AUC = area under the curve; BT-RADS = Brain Tumor Reporting and Data System; MinR = minor response; nRMSE = normalized root
mean squared error; PD = progressive disease; PNOC = Pacific Pediatric Neuro-Oncology Consortium; PR = partial response; RAPNO = Response Assessment

in Pediatric Neuro-Oncology; ROC = receiver operating characteristic; SD = stable disease

liomas make up 53% of all primary brain and CNS tumors
in children. While the most common glioma subtype is
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up a heterogeneous class of tumors with prognosis depending
on tumor location, histology/grade, and age at diagnosis. The
10-year progression-free survival of patients with low-grade
gliomas is 96%, while those with glioblastomas have a progres-
sion-free survival below 20%." While surgery, chemotherapy,
and radiation therapy are currently the standard treatments
for pediatric glioma, therapies targeted to specific genetic
mutations can also be used to prevent disease progression.”
Although the BRAF V600E mutation confers a poor prognosis
in pediatric gliomas, studies have shown that treatment with a
BRAF inhibitor, such as vemurafenib or dabrafenib, can lead
to disease stabilization or response. Despite these promising
results, disease re-progression has been observed after discon-
tinuation of the BRAF inhibitor, and pediatric high-grade glio-
mas do not have a response that is as sustainable as low-grade
gliomas.® Pediatric glioma response assessment is largely based on
imaging changes. However, the complex appearance of these
tumors on imaging makes it challenging to accurately assess treat-
ment response or failure.*

The Response Assessment in Pediatric Neuro-Oncology
(RAPNO) criteria were developed to address the unique chal-
lenges of assessing pediatric gliomas on imaging, including their
diffuse nature, cystic components, irregular borders, and variable
enhancement pattern. RAPNO criteria are based on 2D measure-
ments of tumor on either T1 contrast-enhancing or T2/FLAIR
sequences chosen on the basis of tumor grade and location.”
Given the challenge of applying 2D criteria to heterogeneous
tumors like pediatric gliomas,* volumetrics (ie, an assessment of
the 3D tumor volume) may better characterize a response.’
While the RAPNO criteria provide some recommendations on
volumetric assessment, they are not considered standard prac-
tice.” Moreover, the volume-extrapolated RAPNO thresholds
used in volumetric assessment are derived from the mathematic
extrapolation of 2D thresholds to a perfect sphere, assuming uni-
form tumor growth.” Given the heterogeneous and irregular
growth pattern of pediatric gliomas, further research is needed to
validate the volumetric RAPNO criteria in practice.4 However,
previous research has largely focused on the role of volumetrics
in adult brain tumors.*!'" Additionally, elucidation of the dynam-
ics of tumor response is critical for accurate clinical management
and evaluation of novel therapeutics.

We performed a retrospective analysis of images from the
Pacific Pediatric Neuro-Oncology Consortium (PNOC) 002 clini-
cal trial (NCT01748149) of vemurafenib in BRAF V600E-mutant
pediatric gliomas."” The primary purpose of our study was to
compare volumetric and 2D-based response assessment with a
reference standard, the Brain Tumor Reporting and Data System
(BT-RADS), which is a structured and standardized framework
for neuroradiologists’ visual assessment of response based on sev-
eral factors, including tumor enhancement, nonenhancing tumor
components, and tumor mass effect.'”> We hypothesized that
volumetric assessment would correlate more closely with BT-
RADS than 2D measurements. Because clinical decision-making
is often based on trends observed across time rather than single
timepoints, we also used mathematic modeling to understand
the differences in volumetric and 2D longitudinal posttreatment
trajectories.
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Table 1: Participant demographics

Demographic Characteristic No. (%)

Median age (range) (yr) 9 (3-19)
Sex

Male 19 (61)

Female 12 (39)
Tumor location®

Supratentorial 22 (71)

Suprasellar/optic pathway 5 (16)

Posterior fossa 4 (13)
Tumor pathology

Pilocytic astrocytoma 13 (42)

Ganglioglioma 7 (23)

Astrocytoma (other) 6(19)

Pleomorphic xanthoastrocytoma 2
Anaplastic astrocytoma (grade 3) 1
Fibrillary astrocytoma 1
Diffuse astrocytoma (grade 2) 1
Low-grade astrocytoma (NOS) 1
Malignant glioma

NOS 2
Glioneuronal tumor with desmoplasia 1
Diffuse midline glioma (H3K27M-mutant) 1
Glioblastoma (NOS) 1(3)

Note:—NOS indicates not otherwise specified.
?When >1 lesion is present, location indicates most of the tumor burden.

MATERIALS AND METHODS
Trial Data and Measurements
We conducted a retrospective analysis of 31 participants (292
total follow-up scans) enrolled in the PNOC-002 trial, a phase
I/II study of vemurafenib in BRAF V600E-mutant pediatric
gliomas (Table 1).'* Before trial enrollment, all participants had
recurrence of tumor after surgery and at least one other therapy
(chemo- or radiation therapy) and were not on any other treat-
ment other than vemurafenib during the trial period. A board-
certified neuroradiologist (M.S.A.) unblinded to follow-up scans
performed 2D measurements on the pretreatment sequence
(T2/FLAIR, T1 contrast-enhancing, or T1 pre-contrast) in a
plane that best captured solid tumor, with cystic components
included only if inseparable from solid components. The same
sequence and plane were used to perform 2D measurements
in all subsequent follow-up images to ensure consistency.
T2/FLAIR sequences were used for most participants. However,
in cases in which 2D measurements could not reliably and
consistently capture tumor burden (eg, tumors with irregular
or diffuse borders on T2/FLAIR) or the solid tumor portion
was difficult to clearly visualize on T2/FLAIR, alternative
sequences (ie, T1 or T1 contrast-enhancing) were used accord-
ing to the neuroradiologist’s clinical judgment. The T1 con-
trast-enhancing sequence was only chosen in cases in which
there was consistent tumor enhancement without transient or
variable patterns of change. The Online Supplemental Data
show the 2D measurements performed for each participant
on the pretreatment image. According to RAPNO guidelines,’
the minimal bidimensional length of a lesion was 10 mm.
Lesions that did not meet these criteria were not included in
2D or volumetric measurements.

3D segmentations of whole tumor (ie, including solid and
cystic components) on FLAIR and cystic tumor on T2 were per-
formed by a fourth-year medical student (D.R.) and corrected by



Table 2: Response-assessment criteria

Criteria PR MinR SD PD
BT-RADS Ta (PR) 1b, 2, 33, 3b (SD) 3¢, 4 (PD)
RAPNO =50% Decrease =25% but <50% Decrease <25% Decrease =25% increase or appearance

Volume-extrapolated =65% Decrease

RAPNO

=35% but <65% Decrease

of new lesion
=40% increase or
appearance of new lesion

or <25% increase
<35% Decrease
or <40% increase

the same board-certified neuroradiologist who performed the 2D
measurements (M.S.A.). Segmentations were performed on a
PACS-integrated annotation platform whereby a volumetric tool
automatically extrapolated manual segmentations performed at
the outermost tumor borders."* These extrapolated segmenta-
tions were then manually adjusted slice by slice. Solid tumor vol-
ume was calculated by subtracting the cystic volume on T2 from
the whole volume on FLAIR.

Comparison of 2D and Volumetrics with the Visual
Assessment of Neuroradiologists
We compared 2D and volumetric RAPNO assessments with a
reference standard, which we defined as the consensus score
between 2 neuroradiologists’ visual assessments of the tumor
response using the BT-RADS criteria.'”” This comparison was
performed for all participants at the end of treatment or last avail-
able on-treatment scan (for participants still on therapy at the time
of analysis). BT-RADS is used in several clinical neuroradiology
practices and represents the clinical interpretation of imaging find-
ings with scores corresponding to definitive recommendations in
clinical monitoring frequency and management."” Standard and
volume-extrapolated RAPNO criteria (Table 2) were applied to
percentage change from pretreatment in the 2D area (sum of the
product of maximal bidimensional diameters of all lesions) and
whole volume, respectively. We used the pretreatment scan, which
was also postsurgical, as the baseline.> BT-RADS scores from a
pretreatment baseline were assigned to each follow-up scan on the
basis of mutual consensus between 2 board-certified neuroradiol-
ogists (M.S.A. and F.M.). We classified a BT-RADS score of 1a as
partial response (PR), 1b to 3b as stable disease (SD), and 3c to 4
as progressive disease (PD) (Table 2). Paired log-rank tests were
used to compare the time to the first response (confirmed on a
consecutive scan at least 4 weeks later) between BT-RADS and
each of the following criteria: 2D area change using the RAPNO
minor response (MinR) threshold and whole and solid volume
change using the volume-extrapolated RAPNO MinR threshold.
Empirical receiver operating characteristic (ROC) curves were
plotted to compare the performance of 2D, solid-volume, and
whole-volume change in classifying participants as having BT-
RADS PR at 2 time points: 1) the end of treatment or last avail-
able on-treatment follow-up scan, and 2) the time of the BT-RADS
first-confirmed response or first follow-up scan if no response. The
DeLong test from the pROC" package in R (https://www.
rdocumentation.org/packages/pROC/versions/1.18.5) was used
to compare whether the area under the curve (AUC) values
were statistically different between measurement methods at
both time points. A 95% confidence interval for the AUC was
computed using 2000 stratified bootstrap replicates. All statistical
analyses were performed in R studio, Version 2022.12.0 + 353
(http://rstudio.org/download/desktop).

Modeling 2D and Volumetric Longitudinal Treatment
Response
We describe tumor growth mechanistically as the action and
counteraction between treatment response and the onset of therapy
resistance to parameterize the obtained tumor growth curves.'®"”
This model uses 3 patient-specific parameters characterizing the
tumor growth rate (A ), treatment-induced tumor shrinkage (y,),
and therapy resistance (€). The tumor volume V is approximated
as an exponential function in time at rate A. In contrast, systemic
therapy with vemurafenib is modeled to lead to an exponential
reduction in tumor volume at rate y:
D ‘fi—‘t’ AV — YOV

Given the onset of therapy resistance, we, in turn, describe the
treatment efficacy as time-dependent with an exponential decay
atrate e:

2) -

The analytical solution to this system of ordinary differential
equations is

3) V() = Voe"”%(eie(t*%)*l),
where 7, indicates the initial condition at therapy initiation at
time t,. V) is the tumor volume (or 2D area) assessed at the first
scan. Patient data in either 2D or whole-volume tumor growth
curves were fitted to Equation 3 using the python Imfit library
(https://Imfit.github.io/lmfit-py/) in a bootstrap approach in
which each data point was resampled # =500 times from a nor-
mal distribution around the observed value (mean) with a 10%
standard deviation as an estimate of random error stemming from
contouring uncertainty. Given the choice of 3 patient-specific
model parameters, only growth trajectories comprising at least 3
data points (ie, 2 follow-up scans) were included in this analysis.

Assessing Agreement between 2D and Volumetric
Response Curves

From the model-obtained parametrizations, the estimated time
to best response, ie, the minimal tumor volume (ty,,,;,), was used
for further analysis as a notion of the overall trend in the data:

1
4) tymin = — ll’l(%) + fp.

€

We assigned data points preceding V,,; (including a 10%
uncertainty window) as PR, those around (within a 10% uncer-
tainty window) V,,;, as SD, and those beyond V,,,;, as PD. We
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FIG 1. Comparison of response criteria. A, Sankey plot comparing the response classification for 31 participants at the end of treatment or last
available follow-up scan based on 2D area percentage change with RAPNO thresholds, BT-RADS, and whole-volume percentage change with
volume-extrapolated RAPNO thresholds. B, Time-to-response curves for 31 participants using BT-RADS, 2D area percentage change with the
RAPNO MinR threshold, and solid/whole-volume percentage change with a volume-extrapolated RAPNO MinR threshold. Response had to be

confirmed on a consecutive scan at least 4 weeks later.

quantified the correlation between ty,,;,, obtained from 2D and
volumetric fits using the Spearman rank correlation coefficient p.
The time to transition between response categories (ie, PR to SD
or SD to PD) was also compared for all patients in whom such
transitions were observed. RAPNO criteria require confirmation
of response assessment on 2 consecutive scans,” and the median
time interval between 2 consecutive scans in this data set was
90 days. Therefore, we defined “transition agreement” as a differ-
ence in the time to transition between response categories of
<90 days. We used the Wilcoxon rank-sum test to compare the
following quantitative features between participants with agree-
ment and disagreement in 2D-versus-whole-tumor trends:
FLAIR sequence slice thickness, spacing, pretreatment whole and
cystic volume, and the relative model fit performance of 2D-ver-
sus-whole-tumor curves quantified by normalized root mean
squared error (NRMSE). The latter was interpreted as a proxy for
uncertainty in measurement/segmentation. All statistical tests
were performed using the scipy stats module in python (https://
docs.scipy.org/doc/scipy/tutorial/stats.html).

RESULTS

Comparing 2D and Volumetrics Using RAPNO and BT-
RADS Criteria

Of 31 participants, 26 completed treatment while 5 were still on
treatment at the time of analysis. The end of treatment (n = 26)
and last available on-treatment scans (n =5) had a median fol-
low-up time from the pretreatment baseline scan of 21 months
(range, 2-69 months). BT-RADS criteria classified 17 participants
as having PR, 11 as SD, and 3 as PD. Of the 17 participants with
BT-RADS PR, 11 (65%) were classified as having either PR or
MinR by both 2D area and whole volume using standard and
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volume-extrapolated RAPNO thresholds, respectively. The
remaining 6 of 17 BT-RADS PR participants were classified as
having SD by both methods. While most participants were
classified as having PR by BT-RADS (n =17), most were classi-
fied as having SD by both 2D area (n=17) and whole volume
(n=16) (Fig 1A).

Time-to-response curves were plotted using different response
criteria (Fig 1B). Of 31 participants, 20 (65%) had a response
(median time to response = 3.6 months) with BT-RADS criteria,
19 (61%) (median time to response = 4.0 months) with 2D area
using the MinR RAPNO threshold, and 10 (32%) with both
whole and solid volume using the volume-extrapolated MinR
RAPNO threshold. Paired log-rank tests revealed a significant dif-
ference in response time between BT-RADS and solid (P=.02)
and whole (P=.04) volume. However, there was no significant
difference between BT-RADS and 2D area (P = .40).

BT-RADS Classification Performance of 2D versus
Volumetric Change

The ROC curve for classification of BT-RADS PR versus non-PR
(SD/PD) at the end of treatment (n=26) or last available on-
treatment scans (n = 5) had an AUC of 0.92 (95% CI, 0.80-1.00)
for 2D area change and 0.99 (95% CI, 0.97-1.00) for both whole-
and solid-volume change (Fig 2A). DeLong tests revealed no sig-
nificant difference in the AUC between 2D area and solid
(P=.17) or whole (P=.17) volume. Of 31 participants, 20 expe-
rienced a confirmed BT-RADS PR during treatment, while the
remaining 11 did not have confirmed BT-RADS PR. The ROC
curve for differentiation of BT-RADS PR and non-PR at the time
of first confirmed BT-RADS PR or first available follow-up (me-
dian follow-up time of scans = 2 months) yielded an AUC of 0.84
(95% CI, 0.69-0.99) for 2D area, 0.91 (95% CI, 0.80-1.00) for
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whole volume, and 0.92 (95% CI, 0.82-1.00) for solid volume
(Fig 2B). DeLong tests again revealed no statistically significant
difference in the AUC between the 2D area and solid (P = .34) or
whole volume (P =.39) (Fig 2B).

Longitudinal Response Assessment of 2D and Volumetric
Change

Longitudinal model fits were performed for 25 of the 31 partici-
pants. Model fits could not be performed for the remaining 6 par-
ticipants because 5 of them had only 2 timepoints and 1
(participant 16) had a tumor growth pattern that did not comply
with model-intended dynamics (Online Supplemental Data).
Figure 3 shows 2D-versus-whole-volume growth trajectories

BT-RADS PR Classification
(End of Treatment)

from 2 participants with relevant model fits, fit confidence inter-
vals, and model-based label assignments (line color). Plots for all
other participants are provided in the Online Supplemental Data.
Figure 4 summarizes the model-estimated time to best response
for 2D-versus-whole volume. There was no significant correlation
between the values of 2D and whole-volume time to best
response (p= 0.39, P=.054), with notable deviations in these
trajectories indicated by deviation from the diagonal line in Fig 4.
Given the many partially responding participants in this cohort
and the associated limitations in fitting tumor regrowth, there
were large uncertainties in the assessment of time to best
response from model fits, demonstrated by the wide confidence
intervals in Fig 4.
The Online Supplemental Data sum-
marize model agreement and imaging

BT-RADS PR Classification
(at first PR detection)

protocol parameters for all participants

—— 3D Solid Vol: 0.92 (0.82-1.00)
— = 3D Whole Vol: 0.91 (0.80-1.00)
2D Area: 0.84 (0.69-0.99)

with model fits. The difference in
model-assigned time to transition from
PR to SD between 2D and whole-vol-
ume trajectories was = 90days in 8 of
25 participants. Of the 8 participants,
2D showed a later PR-to-SD transition
in 4 participants and an earlier transition
AUC (95% CI) in 1 participant. Three participants
showed tumor remission on 2D but a

stable trajectory in whole-tumor vol-
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FIG 2. ROC curves comparing the performance of 2D area and whole- and solid-volume percent-
age change in classifying BT-RADS PR versus non-PR (SD/PD) for 31 participants at the end of
treatment or last available scan (A) and time of BT-RADS first-confirmed response or first follow-

up scan if no response (B). Vol indicates volume.
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FIG 3. Examples of agreement (A) and disagreement (B) in 2D and whole-tumor volume trajectories of 2 participants based on model-deter-
mined time to best response. 2D measurements and segmentations on 1 representative slice of the whole tumor are shown. Line colors indicate
the model-based assignment to either PR (blue), SD (yellow), or PD (red), and background colors reflect BT-RADS labels relative to the pretreat-
ment scan at each follow-up. Model fits are shown with 95% confidence intervals, and the obtained distribution for minimal tumor volume, as

medians with 95% confidence intervals are given in the legend.
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FIG 4. Correlation in model-determined median time to best
response with 95% confidence intervals between 2D and whole-tumor
volume trajectories for 25 participants. We observed a nonsignificant
correlation of the estimated time to best response between 2D and
whole-tumor assessments (Spearman rank correlation coefficient = 0.39,
P value = .054).

transition of =90 days in 2D or whole-tumor trajectories. Of these,
2D showed a transition from SD to PD, while the whole volume
did not show a transition in 5 participants. Two participants
showed a later SD-to-PD transition in 2D.

Given Bonferroni multiple testing correction (number of tests
= 7) and the comparably small sample size, the Wilcoxon rank-
sum test showed no statistically significant difference in any of
the assessed imaging or goodness-of-fit features. The lowest P
value was observed for the ratio of the 2D and whole-volume
nRMSE between participants with agreement (median 2D/whole-
volume nRMSE = 4.2; full range, 1.1-12.6) and disagreement
(median 2D/whole-volume nRMSE = 7.4; full range, 4.7-12.4) in
the PR-to-SD transition (P =.01). Participants with disagreement
in 2D and whole-volume trajectories had a larger observed error in
2D compared with whole-tumor model fits. The best-performing
imaging feature was the mean slice thickness (P = .04 for PR-SD
agreement), indicating a trend in which a larger slice thickness
may lead to disagreeing trends (median FLAIR slice thickness
in agreement group = 4.0 with full range, 1.0-5.0; median in
disagreement group = 4.3 with full range, 4.0-4.9).

DISCUSSION
The main findings of this study are the following: 1) a moderate
congruence between BT-RADS and both 2D and whole-volume
assessments using standard and volume-extrapolated RAPNO
thresholds, respectively; 2) a significant difference in the time to
response between BT-RADS and volumetrics using volume-
extrapolated RAPNO thresholds; 3) no significant difference in
the AUC between 2D and volumetric ROC curves for BT-RADS
PR classification; and 4) a strong variation in model-based esti-
mation of the time to best response between 2D and whole-volume
trajectories. Among a subset of 25 participants, 32% had a dif-
ference in time to transition from PR to SD of =90days
between 2D and whole-volume trajectories and 50% had a dif-
ference of =90 days in the time to transition from SD to PD.
The results contrast with our hypothesis in that volumetrics
did not perform significantly better than 2D in the classification
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of response based on BT-RADS, our predefined reference stand-
ard in this study. One reason may be insufficient statistical power
to detect a significant difference, given our limited sample size.
Another reason may be that 2D measurements were performed
on the sequence/plane that best represented tumor burden after a
multiplanar assessment of tumor response. Subtle changes in
growth dynamics on multiple planes may be better represented in
a carefully chosen 2D plane, whereas the nature of 3D might
introduce volume averaging of subtle findings that diminish sen-
sitivity. On the other hand, selecting a 2D plane that represents
subtle changes well relies on the precision of the radiologist.
Moreover, the heterogeneity of tumors in the participant cohort,
which included both low- and high-grade gliomas, may have
contributed to the lack of a significant difference seen among
volumetrics and 2D in detecting a partial response. Further
investigation into the role of volumetrics based on tumor imag-
ing characteristics, location, and subtype may reveal differences
among response methods. Volumetric segmentation accuracy
may have been affected by thicker image slices because isotropic
1-mm slice imaging protocols for several participants were
unavailable. Given the low number of participants who had PD
according to BT-RADS criteria, we could not assess the relative
performance of 2D versus volumetrics in classifying PD.

Longitudinal modeling showed different trajectories in 2D
and whole volume in several participants based on the model-
estimated time to best response. While visualization provides a
qualitative motivation for this observation, we quantified this
agreement in terms of the agreement to transition in labels, either
PR to SD (32% disagreement) or SD to PD (50% disagreement).
Four participants had a stable whole-volume trajectory through-
out treatment, while 2D showed changes in response labels in
these same 4 participants. Three other participants showed tumor
response followed by SD in both whole and 2D trajectories.
However, these same 3 participants showed tumor regrowth fol-
lowing SD in 2D but not whole-volume trajectories. These find-
ings are consistent with those from Ellingson et al'' showing that
volumetrics had more stable growth rates than 2D measurements
in adult low-grade gliomas. Furthermore, we found that partici-
pants with disagreement in 2D-versus-whole-volume trajectories
had a higher error in 2D than in the volumetric model fit, which
was taken as a proxy for measurement uncertainty.

Taken together, our findings suggest that variability and
uncertainty in 2D measurements may contribute to more fluctu-
ations in 2D trajectories compared with volumetrics. This find-
ing may lead to unwarranted changes in clinical management,
making it essential to confirm 2D changes with volumetric ones.
On the basis of preliminary observations from our study data,
we hypothesize that fluctuations observed in 2D but not volu-
metric trajectories may be due to the following reasons: 1)
Nonuniform tumor changes may not be fully captured by 2D
measurements, leading to falsely classifying a tumor as having a
response or progression based on a single plane; 2) variation in
slice thickness between follow-up images may lead to inconsis-
tency in the location of 2D measurement planes; and 3) in
tumors with diffuse borders, 2D measurements may be more
prone to measurement fluctuations than volumetrics. Thus, we
recommend the use of volumetrics, particularly in pediatric



gliomas with diffuse borders or nonuniform changes occurring
on multiple planes.

Our study has several strengths. While previous studies on vol-
umetric assessment of gliomas™'" have compared 2D and volumet-
rics using existing literature thresholds, our study compared 2D
and volumetric change with the visual assessment of the response
of neuroradiologists based on the structured BT-RADS criteria,
which are closely correlated with clinical management. We found
that most participants had a partial response when assessed by BT-
RADS but SD based on 2D and volumetric RAPNO criteria.
Furthermore, while there have been other studies that tracked
2D-versus-volumetric longitudinal treatment response in adult

and pediatric low-grade gliomas,'"'®

our study used a mathematic
model that accounts for both treatment response and resistance'®
when tracking 2D and volumetric changes. We also investigated
how imaging protocols and measurement uncertainty are related to
agreement between 2D and volumetric trajectories. The choice of
2D or volumetrics in clinical practice may depend on tumor charac-
teristics such as heterogeneity and shape, which can affect the reli-
ability of 2D and volumetric trajectories, and both trajectories
should be considered in decision-making.

Our study also had limitations. The main ones were the small
participant sample size and inherent interrater variability associ-
ated with manual volumetric segmentation,"” for which we tried
to account by assuming a 10% contouring uncertainty in our lon-
gitudinal models. Interrater differences in 2D measurements, par-
ticularly for more irregularly shaped and multifocal tumors, may
also affect the comparison of 2D and volumetrics. A second limi-
tation was the unavailability of functional treatment outcomes to
correlate with radiographic response assessment. Instead, we
used the best reference standard we had available (ie, neuroradi-
ologist assessment based on BT-RADS) to compare 2D and volu-
metric methods, though this falls short of the criterion standard
of clinical outcomes. BT-RADS criteria are holistic and struc-
tured, with scores corresponding to recommendations for clinical
monitoring and management, which can be more useful than
RAPNO criteria in the clinical setting.

Finally, we assigned a BT-RADS score at each timepoint com-
pared with the pretreatment image. A future avenue of research
would be to correlate longitudinal 2D and volumetric trends to
trends in BT-RADS scores, which are assigned at each timepoint
compared with the most recent prior scans instead of the pre-
treatment image alone. Future research could also aim to quantify
interrater variability in volumetric measurements, which can be
incorporated into longitudinal volumetric trajectories. With the
advent of pediatric glioma-segmentation algorithms, volumetrics
may be more efficiently incorporated into clinical practice and
research.”” Finally, prospective research in larger pediatric glioma
cohorts is necessary to determine whether volumetrics or 2D bet-
ter predicts clinical outcomes.

CONCLUSIONS

Our study compared the 2D and volumetric response assessment
with the reference standard of neuroradiologists’ visual assess-
ments using BT-RADS in BRAF V600E-mutant pediatric gliomas
from the PNOC-002 trial. While our study did not detect a signif-
icant difference between 2D and whole-volume change in

classifying the BT-RADS partial response either at the end of
treatment or at the first timepoint of BT-RADS partial
response detection, we found a significant difference in the
time to first response between BT-RADS and volumetrics
using volume-extrapolated RAPNO criteria. Moreover, we did
not find a significant correlation in the time to best response
between longitudinal models of 2D and volumetric trajecto-
ries, suggesting that trends in individual participant responses
may greatly differ between 2D and volumetrics. Because sev-
eral participants had large differences in the time to transition
between response classifications based on 2D and volumetric
trajectories, we suggest that volumetrics be incorporated into
clinical practice because the additional information provided
may influence treatment monitoring and management.
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