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Purpose: Radiation therapy (RT) planning for high-grade glioma (HGG) typically relies on a single postoperative magnetic
resonance image (MRI), assuming stable tumor and brain architecture throughout treatment. Though the gross tumor volume
and surrounding tissues can shift after surgery and throughout RT, its rate of change, predictors of the movement magnitude,
and impact on different dosing strategies are not well understood. This study uses meta-analysis and prospective MRI data to
optimize MRI timing and identify patients who may benefit from adaptive RT (ART).

Methods and Materials: We performed a meta-analysis of 12 studies (405 patients) to quantify postresection brain morphol-
ogy changes. Additionally, we prospectively collected MRIs from 17 newly diagnosed HGG patients who underwent resection
and RT. Nonlinear image registration tracked voxel-wise movement from postsurgery through RT and follow-up. We analyzed
changes in gross tumor volume, clinical target volume (CTV), and non-CTV influx volume (nCIV) across 8 CTV strategies.
Exponential models predicted the magnitude and rate of postresection changes and optimal MRI timing.

Results: Both meta-analysis and prospective data showed that morphological changes followed an exponential decay, with
80% of shifts occurring within ~30 days of resection. The nCIV was strongly predicted by T2-weighted fluid-attenuated inver-
sion recovery volume and CTV margin strategy (86% accuracy for T1-based and 80% for T2-weighted fluid-attenuated inver-
sion recovery-based CTVs). To minimize nCIV in patients starting RT >3 weeks postsurgery, our model suggests acquiring an
additional MRI before RT. Otherwise, RT planning should be adaptive.
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Conclusions: Acquiring a delayed planning MRI or performing ART based on recent MRIs may optimize RT delivery for
patients with larger tumors and specific CTV strategies. We propose a simple, clinically feasible algorithm for selecting patients
and determining optimal MRI timing in prospective clinical trials of HGG ART. © 2025 Elsevier Inc. All rights are reserved, includ-

ing those for text and data mining, Al training, and similar technologies.

Introduction

Adjuvant radiation therapy (RT) planning for newly diag-
nosed high-grade glioma (HGG) relies on a single postoper-
ative magnetic resonance image (MRI) that is acquired
within 48 hours after maximal safe resection." This
approach implicitly assumes that the tumor and surround-
ing brain architecture are static throughout treatment or
that any intracranial movement does not significantly affect
the radiation treatment field. The next MRI usually occurs 4
to 6 weeks post-RT completion to assess treatment
response.

Studies have reported, however, that the gross tumor
volume (GTV) and surrounding tissues can change in
volume”” and position®’ following surgery and through-
out RT. Acquiring an additional MRI after the immediate
postoperative MRI but before the start of RT or acquiring
additional MRIs during RT for adaptive RT (ART) may
help RT targeting if the GTV changes.”'* Although the
acquisition of multiple MRIs was once impractical for
RT planning and the turnaround time for generating radi-
ation treatment plans was long, newer technology now
makes ART feasible,"” with ongoing clinical trials assess-
ing its efficacy.'®"”

Although ART has the potential to improve patient
outcomes, there is limited understanding of which
patient-specific factors predict the effectiveness of ART.
Clinician decisions, such as including peritumoral edema
in the GTV or alternative margin sizes, may impact the
need for additional MRIs. Although a wide range of
radiation dose strategies exist,'* no studies have com-
pared the potential benefit of ART across these methods.
In addition, though some imaging-based studies suggest
that most architectural changes occur during the first 20
fractions in a typical 30-fraction treatment,””'® the tim-
ing of these changes relative to tumor resection and the
optimal time points for additional MRIs, if needed, is
unknown.

We performed a meta-analysis to estimate the time
course of morphological changes due to tumor resection.
We then performed longitudinal imaging of newly diag-
nosed HGG during RT to measure the time course of post-
resection dynamics and to identify factors that predict
which patients may benefit from ART. This study presents a
method (1) to identify patients who have the potential to
benefit from ART and (2) to offer guidance on the optimal
timing of additional MRIs for RT planning following HGG
resection.

Methods and Materials

GTV meta-analysis

We conducted a meta-analysis of the postresection changes
in the GTV over time (Fig. 1) using the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 recommendations (Figs. E1 and E2).'” The review was
not registered, and a protocol was not prepared. Studies
measuring GTV changes over time were identified in March
2025 by searching Google Scholar for (“glioma” OR “glio-
blastoma” OR “GBM”) AND (“radiation” OR “radiother-
apy” OR “adaptive planning”) AND (“postoperative
changes” OR “tumor dynamics” OR “tumor migration” OR
“treatment planning” OR “gross tumor volume” OR “serial
imaging” OR “longitudinal”). The first 200 studies were
screened. Included studies required (1) newly diagnosed
HGG, (2) resection followed by RT, (3) measurements of
the GTV relative to a baseline, (4) the time between surgery
and measured GTV, (5) the radiographic definition of GTV,
and (6) original studies rather than reviews. Two reviewers
(N.C.D. and J].G.), working independently, identified 29
publications that addressed postoperative tumor volume
changes. From these, 10 were excluded for not reporting the
GTV relative to a baseline, and 3 were excluded for not
reporting the time of imaging relative to surgery. Data from
patients with progression before or during RT were
excluded. Other exclusion reasons are shown in Figure E2.
Additional information on the 12 included studies is in
Table El. The primary outcome measures were relative
GTV, times of MRI acquisitions relative to surgery, and
sample sizes. When absolute rather than relative GTV's were
reported, each value was converted to a percentage of the
GTV at the postoperative MRI. Outcomes were extracted
from each study and recorded by N.D. and confirmed by J.
G. Matlab (http://www.mathworks.com) was used to fit an
exponential decay model to the relative GTV as a function
of time. The fit was weighted by the sample size of each
study, and 95% Cls were generated.

Meta-analysis bias assessment and sensitivity
analysis

All included studies were observational and consisted of a
single postoperative group; therefore, standard bias assess-
ments, such as the Risk of Bias 2 Tool,'* do not apply. Nev-
ertheless, we individually assessed each study’s bias.
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Fig. 1.

Meta-analysis for the time course for GTV reduction following high-grade glioma resection. The size of each bubble

is proportional to the patient sample size of the study. The curve estimate (solid line) and 95% CI (shaded regions) were
weighted by study sample sizes. The 3 red data points correspond to the mean T1-GTV at the pre-RT MRI (MR, the mid-
RT MRI (MRy,;a), and at the 1-month follow-up (MRg,) relative to MRy, for the current study data, along with the corre-
sponding curve fit. The vertical lines tsgo, tgos, and tose, correlate to the times at which 50%, 80%, and 95% of the total GTV
reduction had occurred, respectively. Abbreviations: GTV = gross tumor volume; MRI = magnetic resonance imaging.

Selection bias was considered low, as all studies included
patients with newly diagnosed grade 3 or 4 gliomas (one
study’ had 4 grade 2 gliomas, which were excluded from the
meta-analysis), thus yielding a relatively homogenous HGG
data set. The risk of missing data was considered low for all
studies, given that no study reported any loss to follow-up
during the observation period, and dropout during stan-
dard-of-care RT for glioma is rare. One source of measure-
ment bias is the inclusion of patients with early tumor
progression (ie, prior to or during RT). When possible, we
excluded data from these patients (eg, Bernchou et al,
Kraus et al,'”” and Végvary et al’’). An assessment of each
study’s measurement bias is noted in Table E2. Another
source of measurement error is the definition of the GTV
— some studies defined GTV based on a contrast-enhanced
T1-weighted MRI, while others used T2-weighted fluid-
attenuated inversion recovery (T2-FLAIR). To address this,
we conducted a subgroup analysis with the T1-based GTVs
and T2-FLAIR-based GTVs separately. We also performed
a sensitivity analysis in which the exponential fit was esti-
mated using a leave-one-out procedure. Finally, we con-
ducted a small-study effects analysis by estimating the
exponential rate constant for each individual study and plot-
ting the rate constant as a function of sample size.

Patient selection for prospective study

We prospectively collected MRI studies on 17 consecutive
patients with newly diagnosed, pathology-proven HGG after
surgical resection while undergoing RT and concurrent
temozolomide from 2015 to 2017 (8 patients) and 2024 (9

patients). All patients included in the study provided con-
sent as part of an institutional review board-approved study
protocol. The median age at the time of surgery was 54 years
(range, 28-74), with 10 men and 7 women. Ten patients had
gross total resections (GTRs), and 7 had subtotal resections
(STRs) that were considered “near-GTRs” because there was
contrast enhancement located around the resection margins,
which was indistinguishable from reactive enhancement due
to surgical trauma. Additional diagnostic information on
each patient is shown in Table E3.

Image acquisition

All patients obtained a postoperative MRI within 48 hours
after surgery (MRy,n), including T1-weighted precontrast,
T1-weighted postcontrast, and T2-FLAIR. The median time
from the MR, to the start of RT was 27 days (range [SD],
13-50 [8.6]). Additional T1-weighted noncontrast images
were acquired immediately before beginning RT (MR.)
and 3 weeks into RT (MR,;q) for all patients. Ten patients
had additional images acquired before and after each week
of RT (totaling 7 MRIs during RT). Follow-up images after
completion of RT (MRg,) included the same sequences as
the postoperative images. The median time from the end of
RT to the MRy, was 28 days (range [SD], 23-42 [5.9]). The
imaging parameters are listed in Table E4.

Processing of image data

All imaging data was analyzed using the Functional Mag-
netic Resonance Imaging of the Brain (FMRIB) Software
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Library (FSL). For each patient, structural images had all
nonbrain voxels removed, were bias field (radio-frequency
field inhomogeneity) corrected, and spatially coregistered to
their respective MR,j,, T1-weighted precontrast sequence
using a linear, rigid body transform with 6 degrees of free-
dom and a correlation ratio cost function with FSL’s Linear
Image Registration Tool.”' Nonlinear registration was then
performed using FSL’s Nonlinear Image Registration Tool
to create warp fields, which describe the voxel-wise displace-
ment of tissue from one time point to the next (Fig. 2A;
additional examples in Fig. E3). This analysis assumes a 1-
to-1 correspondence between images, meaning that any
observed displacement is attributed solely to structural
deformation rather than the emergence of new morphologi-
cal features. Specifically, this approach does not account for
potential changes such as the appearance of new contrast
enhancement or new T2-FLAIR hyperintensities. Two
physicians independently confirmed that no new contrast
enhancement or T2-FLAIR hyperintensities were visible for
any patients at MRg,.

Radiation target delineation

GTVs were contoured on high-resolution MR,y structural
images. T1-GTV was defined as the resection cavity and any
residual contrast enhancement based on the European Soci-
eTy for Radiotherapy and Oncology (ESTRO)-European
Association of Neuro-Oncology (EANO) protocol.”” T2-
FLAIR-GTV was defined as the resection cavity and sur-
rounding regions of T2-FLAIR hyperintensity based on the
NRG protocol.”” Eight unique clinical target volumes
(CTVs) were generated by isotropically expanding each
GTV by 5, 10, 15, or 20 mm and excluding all nonbrain vox-
els.

Measures of morphological changes

Each warp field was applied to each GTV and CTV, gen-
erating updated targets at each subsequent time point.
The new targets represent the new location of the origi-
nal target after accounting for tissue movement, which
can be compared with the target in the planning volume
(ie, MRpp,,) to assess volumetric changes over time.
Three variables were measured. The non-CTV influx vol-
ume (nCIV) was defined at each time point as the vol-
ume of those voxels that began outside but migrated
into the CTV (depicted in Fig. 2B and Fig. E3). The
Dice coefficient, which provides a measure of overlap
between the planning CTV and the updated CTV, was
defined as follows:

2. ‘CTVplanning N CTVupdated|
|CTVplanning ‘ + |CTVupdated |

Dice =

where |CTV planning| and [CTV ypdated| are the number of vox-
els in the original and updated CTVs, respectively.

Time course analysis

To measure the time course of tumor dynamics, the nCIV,
Dice coefficient, and GTV size were fit to exponential decay
models. The nCIV was fit to the following equation, where
nCIV,,,. represents the horizontal asymptote, ¢ represents
the number of days since surgery, and k represents the time
constant:

nClv(t) = nCIVmax(l . e*’“)

The Dice coefficients and GTV size were fit to the rising
exponentials where Dice,,;,, and GTV,,;, represent the hori-
zontal asymptotes:

Dice(t) = Dicepin + (1 — Dicepmin)e

GTVyi(t) = GTVipip + (1 — GTVmin>e_kt

To determine the time required for X percent of the max-
imum change to occur, t, was isolated:

_In(1 =)

~ 100

tx = X

For the nCIV and Dice coefficients, each patient’s indi-
vidual data were fit to a curve, and the resulting parameters
A and k were averaged across patients to generate mean
curves for each CTV. For the GTV meta-analysis, each
study’s reported relative GTV size was plotted against the
time since surgery, and the fit was weighted by the sample
size of each study.

Optimal adaptive MRI analysis

To determine the percentage of nCIV prevented with adap-
tive planning, we calculated the area under a representative
nCIV curve from the start to the end of RT 6 weeks later,
with the floor set as the value of nCIV(t) at the most recent
MRI. This simulates adjusting the CTV to not include any
tissue that was not originally in it based on the most recently
acquired MRI. The percent reduction in cumulative nCIV
exposure with additional imaging relative to without addi-
tional imaging was reported, as shown in Figure E4.

Statistical analysis

Statistical analyses and curve-fitting for nCIV, Dice coeffi-
cients, and GTV size were conducted using the MATLAB
R2024b (The MathWorks, Inc.) Statistics and Machine
Learning Toolbox, with statistical significance set at P < .05.
Paired 2-tailed Student’s ¢ tests were used to compare time
constants (k) and nCIV asymptotes (ie, nCIV,,,,,) across dif-
ferent CTV strategies (within-subject) with the Bonferroni
correction for multiple comparisons. To assess whether
resection cavity or T2-FLAIR hyperintensity volume influ-
enced the time course, linear regression analyses were
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independently performed for each of the 8 CTV strategies
tested using tgge, a log-transformed time constant k which
represents the time required for 80% of the change to occur.
The effect of resection cavity volume on the magnitude (ie,
nCIV,,,.) of nCIV was also examined using linear regres-
sions in a similar manner. Surface plots of nCIV as a func-
tion of GTV size and CTV margin were created based on a
second-degree polynomial function.

Results

Meta-analysis of the time course of
postresection dynamics

To estimate the time course of postresection architectural
changes, we performed a meta-analysis of 12 previous stud-
fes,t > 11019202025 consisting of a total of 405 patients
(Figs. E1 and E2; Table E1), that have measured the GTV
size relative to a planning MRI. The data were combined
and fit to an exponential decay model, showing a fit with a
tgoo Of 30.2 &= 5.9 days (rate constant = 0.053 [0.045, 0.066],
R*=0.69,p=9.8 x 107°) (Fig. 1).

Selection bias and missing data bias were considered low
for all studies (see Methods). A greater concern was mea-
surement bias; most studies (n = 9) did not specify whether
any patients showed tumor progression prior to or during
RT. Since patients who underwent STRs are more likely to
progress than those undergoing GTRs, we consider that at
least some of the patients in our meta-analysis may have
progressed during RT, which would reduce the rate of expo-
nential decay. A second potential source of measurement
bias was whether the GTV included T2-FLAIR hyperinten-
sities. There were 7 studies (n = 272) that used T1-weighted
MRI and 5 studies (n = 133) that used T2-FLAIR to define
the GTV. We repeated an exponential fit with these 2 sub-
groups and found no significant difference (T1-based rate
constant = 0.048 [0.037, 0.067] and T2-FLAIR-based rate
constant = 0.043 [0.027, 0.104], p = .76). A sensitivity analy-
sis using a leave-one-out approach found that the exclusion
of only one study” caused a change in the exponential rate,
decreasing from 0.053 [0.045, 0.066] to 0.042 [0.035, 0.054].
Finally, to test for small-study effects, we estimated the rate
constant for each individual study and found that the rate
constant was uncorrelated to sample size (p = .28).

Prospectively collected time course of
postresection dynamics

Using our prospective data, we first tested whether the post-
resection architectural changes resulted in the GTV receiv-
ing less than the maximal dose of RT. The volume of tissue
that began within the GTV and exited the CTV during RT
was found to be small: with a 5 mm margin, T1-GTV move-
ment caused 0.045%, 0.19%, and 0.90% of the GTV to be
outside of the CTV at MR, MR,,4, and MRg,, respectively,

while T2-FLAIR-GTV movement caused 0.033%, 0.11%,
and 0.72% at the same time points, respectively. With a
10 mm margin or greater, no GTV voxels were outside of
the CTV at any time (Fig. E5).

To characterize the rate of change in morphology, we
overlaid the average T1-GTV size from our prospective
study with the meta-analysis, which showed consistent
results with a tgge, of 27.0 days (Fig. 1). We then measured
the nCIV or the volume of surrounding tissue that enters
the CTV over time. An example of the nonlinear registra-
tion with corresponding displacement vectors is shown in
Figure 2A. Representative examples of morphological
changes over time and the resulting nCIV accumulation are
shown in Figure 2B and Figure E3. We tested 8 unique CTV
configurations derived from 2 GTVs (T1-GTV and T2-
FLAIR-GTV), each with 4 isotropic margin sizes (5, 10, 15,
and 20 mm), as illustrated in Figure 3A. nCIV curves repre-
senting the group means are shown in Figure 3B. Exponen-
tial fits to each patient’s nCIV are shown in Figure E6;
across all fits, the median R was 0.91 (IQR [0.88, 0.98]).
The tgoo, was 26.4 £ 3.2 days for the T1-GTV strategies and
29.7 % 3.5 for the T2-FLAIR-GTYV strategies. No significant
differences in tggy, were found across different GTVs or
margins (P > .05; paired ¢ tests), and tggo, showed no associ-
ation with GTV size in any of the 8 CTV strategies (maxi-
mum R? = 0.05, minimum P = .37). To further validate the
time course, we fit curves to the Dice coefficients (Fig. E7),
which demonstrated a tgoo, of 26.6 £ 3.0 days for T1-GTV
strategies and 30.0 £ 4.2 days for T2-FLAIR-GTV strate-
gies, with a median R? of 0.92 (IQR [0.90, 0.98]) across all
fits.

The values for tsgy, tsou, and tose, as well as the corre-
sponding time constants for the nCIV curves, Dice curves,
and GTV meta-analysis, are summarized in Figure 4A,
which demonstrates consistent values across all measures.
We calculated the percentage of cumulative nCIV that can
be avoided with a single additional MRI (compared with
using only a postoperative planning MRI) as a function of
the start day of RT and the timing of the additional MRI
(Fig. 4B). The model predicted that for patients beginning
RT within 3 weeks of surgery, the optimal time for an addi-
tional MRI is during RT (depicted in Fig. 4B), but for those
that start after 3 weeks, the optimal time is immediately pre-
ceding RT initiation. The predicted optimal times for 2, 3,
and 4 additional MRIs are shown in Figure E8. The percent-
age of nCIV avoided with optimal timing for each number
of MRIs is shown in Figure 4C, with a greater marginal ben-
efit for additional MRIs in patients who start RT earlier
rather than later.

Patient selection for additional imaging

Because the radiation plan can vary widely across hospitals,
clinicians, and patients, we assessed how the GTV size and
CTV strategy affect the magnitude of nCIV. Larger T2-
FLAIR volumes were associated with higher nCIV (Fig. 5A).
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Using nonlinear image registration to serially track postoperative architectural changes. (A) Nonlinear warping from

planning magnetic resonance image (MRI) (MR,,,) to the follow-up MRI (MRg,) for a 56-year-old male patient with GBM
with associated displacement vectors for the region noted (green box) and displacement magnitude maps. (B) Serial changes in
sample planning clinical target volumes (red; gross tumor volume [GTV] with 10 mm margins) for the same patient when
they are warped to T1-GTV at the pre-RT MRI (MRy,.) (pink), the mid-RT MRI (MR,;g,)(purple), and at the 1-month fol-
low-up (MRg,) (blue) time points. The nonclinical target volume influx volume (nCIV) at MRg, is shaded in red. Abbreviations:
3D = 3 dimensional; T2-FLAIR = T2-weighted fluid-attenuated inversion recovery.

Notably, the T2-FLAIR volume better predicted the nCIV
(mean R? = 0.72) than the resection cavity volume (mean
R? = 0.49). Surfaces of nCIV were fit as a function of T2-
FLAIR volume and CTV margin, with R* = 0.86 for T1-
GTV strategies and R” = 0.80 for T2-FLAIR-GTYV strategies
(Fig. 5B). Larger margins were associated with a higher
nCIV when using a T1-GTV (Fig. 5B, top) but a lower
nCIV when using a T2-FLAIR-GTV (Fig. 5B, bottom). The
effect of margin appeared to be greatest with larger tumors.
The relationship between CTV margin, resection cavity
volume, and nCIV can be simplified into 2 clinically feasible
algorithms to determine whether a patient would likely ben-
efit from additional MRIs (Fig. 6A, B). Patients with a pre-
dicted nCIV > 35 cm® (the 70th percentile for our data)

would acquire further imaging. A third algorithm is used to
determine the optimal timing of the MRIs based on the start
time of RT and the number of MRIs that will be acquired
(Fig. 6C).

Discussion

Surgical resection of a newly diagnosed HGG can result in
reliable displacements of brain morphology that continue
throughout adjuvant RT. Our study is the first to (1) mea-
sure the rate of change of these morphological changes and
(2) quantify the volume of tissue that migrates into the CTV
following resection (ie, the nCIV). Our results culminate in
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Quantifying nonclinical target volume (CTV) influx volume (nCIV) over time. The upper row shows data for

T1-gross tumor volume (GTV) plans; the lower row shows data for T2-weighted fluid-attenuated inversion recovery
(T2-FLAIR)-GTV plans. (A) All sample CTVs tested with the corresponding GTVs are outlined in turquoise. CTVs were
made with 5, 10, 15, and 20 mm margins, corresponding to red, red-orange, orange, and yellow outlines, respectively.
(B) Exponential fits for the volume of nCIV entering each CTV over time following resection. The dotted vertical line and
shaded regions correspond to the tggy, (Which represents the time required for 80% of the change to occur) and its 95% CI,
respectively. *Denotes statistically significant (P < .05) difference in nCIV asymptotes (nCIV,,,,) by paired ¢ tests.

a proposed algorithm that may help clinicians decide when
additional imaging is necessary to minimize the nCIV
(Fig. 6A, B) and determine the optimal timing for those
MRIs (Fig. 6C). The purpose of this algorithm is to assist in
the design of future HGG ART prospective clinical trials.

Meta-analysis and time course

It has been previously shown that resection initiates rapid
morphological changes that slow as the surgical cavity sta-
bilizes and the edema resolves. Stewart et al’ found that
most target changes took place between fractions 10 and 20,
while Bernchou et al® observed that the GTV size at fraction
10 correlated with follow-up values. Additionally, Cao et
al'® suggested that fraction 10 is the optimal time point for
ART, as most changes have occurred by then compared

with fraction 20. Kim and Lim® reported that after GTR, the
resection cavity shrank more before RT than during RT.
Our study is the first to characterize these changes using a
mathematical model with data from the literature and our
own longitudinal data collection.

Our meta-analysis summarized data over 12 studies com-
prising 405 patients (Fig. 1). The results were highly robust
to outliers, the risk of selection bias was low, and there were
no identifiable small-study effects. We also judge that there
was a low risk of measurement error due to the definition of
GTV because all studies used consistent definitions for
within-subject, and we found no significant difference in the
time course of morphological changes when comparing
across differently defined GTV subgroups. However, this
meta-analysis includes patients who underwent partial
resections or biopsies only (ie, patients more likely to have
tumor growth before and during RT that contributes to
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A
t50,(days) g0, (days) t950,(days) Time constant (k)
nClv (T1-GTV) 114414 26432 49.1 6.0 0.061 [0.054 0.069]
nCIV (T2-FLAIR-GTV) 12815 29.7 435 55.3 6.5 0.054[0.048 0.061]
Dice coefficient (T1-GTV) 11413 266 +3.0 495456 0.061 [0.054 0.068]
Dice coefficient (T2-FLAIR-GTV) 133418 31.0 4.2 57.6 7.9 0.052 [0.045 0.060]
GTV (meta-analysis) 13.0425 30.2+5.9 56.2£10.9 0.053 [0.045 0.066]
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Fig. 4. Optimal additional magnetic resonance imaging (MRI) timing. (A) Summary of the time course of postresection tumor
dynamics. (B) Percentage of nonclinical target volume influx volume (nCIV) that can be prevented with a single additional MRI
scan as a function of the start day of radiation therapy (RT) and the timing of the additional MRI. The red curve corresponds to the
optimal timing of the additional MRI that yields the maximum reduction in nCIV for the given RT start day. (C) The percentage of
nCIV that can be prevented with 1, 2, 3, or 4 optimally timed additional MRIs as a function of the start day of RT. Abbreviations:
GTV = gross tumor volume; T2-FLAIR = T2-weighted fluid-attenuated inversion recovery; t50%, t80%, and t95% correlate to the
times at which 50%, 80%, and 95% of the total GTV reduction had occurred, respectively.

morphological changes). With 3 exceptions,”'”*’ most

studies did not report whether patients experienced detect-
able progression (novel contrast enhancement or edema)
during RT. If we assume that at least some patients in the
meta-analysis had unreported progression, then our esti-
mated rate of change is likely to be slower than the unbiased
estimate. As such, we assess the rate constant from the
meta-analysis to be a lower bound and the true rate constant
for patients without significant progression before or during
RT to be higher, indicating more rapid tissue morphology
changes.

Despite these biases, the rate of change in our GTV vol-
ume changes following resection closely matched the meta-
analysis (Fig. 1), as well as the rates determined using the
nCIV and the Dice coefficients (Fig. 4A), suggesting a robust
final estimate. Interestingly, the rate of change was not

associated with GTV size, indicating that other factors, such
as cavity relaxation, resolution of T2-FLAIR hyperintensity/
edema, cerebrospinal fluid production and ventricular
expansion, ischemic changes, and scar tissue formation,
may play significant roles.

The time course of postresection morphological changes
has certain implications. Based on our model, acquiring a
delayed planning MRI or obtaining adaptive MRIs during
RT may assist with radiation treatment planning. The opti-
mal RT start time after resection is unclear; however, some
studies suggest that initiating RT at least 4 to 6 weeks after
surgery may lead to the best outcomes for overall sur-
vival.”*® Our results suggest that for patients with large
resections who start RT at least 3 weeks after surgery,
acquiring an additional MRI immediately before RT may
reduce radiation delivered to surrounding tissue outside the
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Fig. 5. T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) volume and clinical target volume (CTV) margin strat-
egy predict non-CTV influx volume (nCIV) magnitude. The upper row shows data for T1-gross tumor volume (GTV) plans;
the lower row shows data for T2-FLAIR-GTV plans. (A) Linear regressions on the effect of T2-FLAIR size on nCIV. Each fit
corresponds to a different CTV margin strategy, with 5, 10, 15, and 20 mm margins corresponding to red, red-orange, orange,
and yellow outlines, respectively. (B) Surface fit for the volume of nCIV as a function of T2-FLAIR volume and CTV margin.

original CTV, while those who start RT earlier would benefit
from adaptive imaging during RT (Fig. 4 and Fig. S6).

Patient selection for adaptive imaging

Obtaining an additional MRI after the immediate postoper-
ative MRI for RT planning or performing ART may allow
dose escalation to the target volume and reduce radiation
dose outside the treatment volume. For example, Yang et al’
reported that replanning radiation fields at the end of RT
reduced the dose to organs at risk in 11 patients with glio-
mas, noting a larger difference with larger initial GTVs. A
retrospective study by Kim and Lim® reported a reduction
in normal brain irradiation when using an updated boost
volume at week 5. Matsuyama et al'’ prospectively analyzed
adaptive boost plans for 61 patients with GBM, demonstrat-
ing reduced radiation to organs at risk when using a mid-
RT boost plan among patients who received a GTR.

A recent phase 2 trial demonstrated no increase in mar-
ginal failure rates when using a 5 mm CTV margin while
acquiring weekly adaptive MRIs, demonstrating the safety
and feasibility of adaptive planning."” Nonetheless, it has
not been known which patients would benefit most from
additional MRIs before RT or adaptive MRIs during RT.
Our study introduces a new variable, nCIV, which repre-
sents brain tissue outside the original planning CTV that
receives maximal radiation due to tissue movement. We
found that nCIV is primarily predicted by the T2-FLAIR
volume (Fig. 5A), consistent with Yang et al.” However, it is
also affected by the CTV definition. For T1-based GTVs (eg,
the ESTRO-EANO protocol),” increasing the CTV margins
leads to an increase in nCIV, suggesting a potential benefit
for additional MRIs. Conversely, for T2-FLAIR-based GTV's
(eg, the NRG protocol),”” increasing the margin decreases
the nCIV, indicating a smaller impact of ART. Using the
resection cavity volume and CTV margin strategy, we cre-
ated a model to predict nCIV, which is able to explain 86%
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Proposed algorithm for planning and adaptive magnetic resonance image (MRI) selections for newly diagnosed high-

grade glioma radiation therapy (RT). Suggestions for selecting patients with high-grade glioma to receive additional MRIs
based on (A) T1-based gross tumor volume (GTV) plans and (B) T2-weighted fluid-attenuated inversion recovery
(T2-FLAIR)-based GTV plans. Note: both (A) and (B) use the T2-FLAIR volume for selecting patients. (C) Suggested timing
for additional MRIs, including a delayed planning MRI or adaptive imaging. Abbreviation: CTV = clinical target volume.

of nCIV variance for T1-GTVs and 80% for T2-FLAIR-
GTVs (Fig. 5B).

Our findings suggest that certain patients with newly
diagnosed HGGs may benefit from additional imaging and
that this depends on their resection cavity size and CTV
contouring. This is an important consideration for future
prospective HGG ART trials because the inclusion of
patients who have little or no postsurgical architectural
changes would reduce the likelihood of finding positive clin-
ical outcomes for ART. We offer a simple algorithm to
determine whether a patient may benefit from further imag-
ing based on these factors (Fig. 6A, B). Though a clinically
meaningful cutoff for nCIV values is not known, we decided
to use the 70th percentile of our data, which corresponds to
an nCIV of 35 cm’ and represents the mean volume of a
newly diagnosed GBM.”” Further, Figure 6C provides rec-
ommendations for timing the RT planning MRI and adap-
tive MRIs, if they are to be acquired. Together, these
recommendations can be used to optimize inclusion criteria
and MRI timing for future prospective HGG ART trials.

Limitations

This study has several limitations, including a relatively small
sample size, which may limit the identification of additional
predictors for nCIV. For example, tumor location, such as
the involvement of the corpus callosum, may influence GTV
reduction and could improve our nCIV predictions.”
Although our within-subject comparisons reliably measured
exponential decay rates and were consistent across subjects,
different volumetric measures, and previous studies, our find-
ings will need to be validated in a larger prospective study.
Another limitation is that we did not account for planning
target volume margins, which range from 3 to 5 mm depend-
ing on the type of image guidance available and institutional
preferences. Further, we only included patients who under-
went GTR or near-GTR, where the main driver of changes is
tissue removal and edema reduction rather than tumor pro-
gression. In patients undergoing STRs or biopsy only, the
time course of changes could be driven by tumor growth,
which may not follow an exponential decay.
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Conclusions

Our study measures the time course of postresection mor-
phological changes in patients with newly diagnosed HGGs,
demonstrating that tissue migration may occur early and
stabilize over time, consistent with a meta-analysis of 405
patients. Resection cavity volume and CTV margins are the
most predictive factors in identifying who may benefit most
from ART or additional planning MRIs. Optimal MRI tim-
ing, particularly acquiring an additional MRI immediately
before RT for HGG patients with delayed treatment initia-
tion, may improve radiation treatment planning. We pro-
vide a methodological framework for future prospective
clinical trials using ART.
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Data items 10a | List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in each study were | Methods, para 1
sought (e.g. for all measures, time points, analyses), and if not, the methods used to decide which results to collect.
10b | List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe any Methods, para 1
assumptions made about any missing or unclear information.
Study risk of 11 | Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed each study Methods, para 2
bias and whether they worked independently, and if applicable, details of automation tools used in the process.
assessment
Effect 12 | Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in the synthesis or presentation of results. Methods, para 1
measures
Synthesis 13a | Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention characteristics and Methods, para 1
methods comparing against the planned groups for each synthesis (item #5)).
13b | Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics, or data conversions. Methods, para 2
13c | Describe any methods used to tabulate or visually display results of individual studies and syntheses. N/A
13d | Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the model(s), Methods, para 2
method(s) to identify the presence and extent of statistical heterogeneity, and software package(s) used.
13e | Describe any methods used to explore possible causes of heterogeneity among study results (e.g. subgroup analysis, meta-regression). Methods, para 2
13f | Describe any sensitivity analyses conducted to assess robustness of the synthesized results. Methods, para 2
Reporting bias 14 | Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases). Methods, para 2
assessment
Certainty 15 | Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome. Methods, para 2
assessment
RESULTS
Study selection 16a | Describe the results of the search and selection process, from the number of records identified in the search to the number of studies included in the Flow diagram
review, ideally using a flow diagram.
16b | Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were excluded. Table $1
Study 17 | Cite each included study and present its characteristics. Table $1




Section and

Checklist item

Location where

Topic item is reported

characteristics

Risk of bias in 18 | Present assessments of risk of bias for each included study. Table $1

studies

Results of 19 | For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an effect estimate and its precision (e.g. Fig 1

individual confidence/credible interval), ideally using structured tables or plots.

studies

Results of 20a | For each synthesis, briefly summarise the characteristics and risk of bias among contributing studies. Results, para 2

syntheses 20b | Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the summary estimate and its precision (e.g. Results, para 1

confidence/credible interval) and measures of statistical heterogeneity. If comparing groups, describe the direction of the effect.

20c | Present results of all investigations of possible causes of heterogeneity among study results. Results, para 2
20d | Present results of all sensitivity analyses conducted to assess the robustness of the synthesized results. Results, para 2

Reporting 21 | Present assessments of risk of bias due to missing results (arising from reporting biases) for each synthesis assessed. N/A

biases

Certainty of 22 | Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed. Results, para 1,2

evidence

DISCUSSION

Discussion 23a | Provide a general interpretation of the results in the context of other evidence. Disc, para 2-5
23b | Discuss any limitations of the evidence included in the review. Disc, para 2-5
23c | Discuss any limitations of the review processes used. Disc, para 2-5
23d | Discuss implications of the results for practice, policy, and future research. Disc, para 8

OTHER INFORMATION

Registration 24a | Provide registration information for the review, including register name and registration number, or state that the review was not registered. Methods, para 1

and protocol 24b | Indicate where the review protocol can be accessed, or state that a protocol was not prepared. Methods, para 1
24c | Describe and explain any amendments to information provided at registration or in the protocol. N/A

Support 25 | Describe sources of financial or non-financial support for the review, and the role of the funders or sponsors in the review. Acknowledgeme

nts

Competing 26 | Declare any competing interests of review authors. Conflicts

interests

Availability of 27 | Report which of the following are publicly available and where they can be found: template data collection forms; data extracted from included studies; Available upon

data, code and
other materials

data used for all analyses; analytic code; any other materials used in the review.

request

Figure S1. 2020 Prisma checklist.
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Study Year | Subjects | Tumors | GTV definition | Time points used GTYV (relative to
included | included (days after resection) | baseline)

Bernchou etal | 2021 10 GBM Tlw 27,48, 62,76, 102 0.72, 0.60, 0.56, 0.47,

0.48

Cao et al 2021 10 HGG Tlw 31, 38, 45,52 0.69, 0.57, 0.54, 0.55

Champ et al 2012 | 24 HGG T2-FLAIR 17 0.78

Dejonckheere 2023 | 28 HGG T2-FLAIR 20 0.68

et al

Kim et al 2013 | 19 GBM Tlw 21, 56 0.71, 0.44

Kraus et al 2022 | 50 GBM T2-FLAIR 26 0.64

Ong et al 2024 | 129 GBM Tlw 19, 26, 33,91 0.73, 0.62, 0.58, 0.57

Senkesenetal | 2022 | 24 GBM T2-FLAIR 15, 44 0.72,0.61

Stewart et al 2021 | 61 GBM Tlw 20, 41, 48, 106 0.71, 0.63, 0.55, 0.50

Tsien et al 2005 | 19 GBM Tlw 22 0.81

Vegvary et al 2020 | 24 GBM Tlw 20, 53 0.72,0.54

Yang et al 2016 |7 HGG T2-FLAIR 73 0.38

Table S1. Studies reporting GTV change relative to date of surgery.

GBM = glioblastoma

HGG = high-grade glioma




Study Sample | Percent of | Percent of | Percent of Does the study Overall
size patients patients patients separate patients | assessment of
who who who with early measurement bias
underwent | underwent | underwent growth?
GTR STR biopsy
Bernchou et al | 29 45 31 24 Yes Low
Cao et al 10 60 40 0 No Low
Champ et al 24 17 79 4 No Medium
Dejonckheere 28 Unreported | Unreported | Unreported No High
et al
Kim et al 19 100 0 0 No Low
Kraus et al 50 36 64* 64* Yes Low
Ong et al** 129 29 55 15 No Medium
Senkesen etal | 24 58 25 17 No Low
Stewart et al 61 30 57 13 No Medium
Tsien et al 19 0 43 57 No High
Vegvary et al 43 21 63 16 Yes Low
Yang et al 7 43 57 0 No Medium

Table S2. Summary of measurement bias.

*Kraus et al combined STR and biopsy into a single group.

GTR = gross total resection, STR = subtotal resection. Sample size
refers to the entire study’s sample size, even if only a subset of data was used for the meta-analysis. Measurement
bias assessment was based on the relative proportions of GTR, STR, and biopsy. The high-risk studies either did not
report the relative proportions or had a majority of biopsy-only. The medium-risk studies had a majority of STRs
while the low-risk studies had a majority of GTRs or separated patients with early growth.

**Ong et al had a single subject not undergo any resection, however, given the large sample size (n = 129), it was
concluded that this was unlikely to have any meaningful impact on the meta-analysis.




Patient | Ageat | Sex Diagnosis Tumor location Time Time T1-GTV T2- Surgical
ID surgery from from end (em®) FLAIR- | outcome
MRI,, to | of RT to GTV
start of MRIy, (em®)
RT (days) (days)
1 59 M GBM R temporal 15 33 20.3 58.4 STR
2 74 F GBM L temporal 13 41 53 33.1 GTR
3 70 M GBM R temporal 23 32 28.5 88.4 GTR
4 28 M GBM L temporal 25 38 19.6 39.7 GTR
5 45 M GBM L frontal 25 28 10.0 58.0 STR
6 49 M GBM L parietal 20 23 9.1 39.4 GTR
7 54 M GBM L temporal 25 28 51.1 149.7 STR
8 68 F GBM L parietal 13 42 4.0 15.0 STR
9 56 M GBM L frontal 50 30 29.6 141.6 GTR
10 68 F GBM L frontal 30 27 6.5 20.0 STR
11 45 M Astrocytoma, R frontal 29 28 37.7 50.1 GTR
grade 111,
IDH-mutant
12 41 F GBM R 27 27 17.9 57.8 GTR
parietooccipital
13 31 M Astrocytoma, R frontal 30 24 16.5 23.8 GTR
grade IV,
IDH-
wildtype
14 50 F GBM R frontal 29 25 32.0 70.9 GTR
15 60 F GBM L 28 30 8.6 8.6 STR
temporooccipital
16 59 M GBM R frontal 30 NA 5.1 71.5 GTR
17 42 F GBM R 30 NA 3.6 28.1 STR
temporoparietal
Median 54 27 31 16.5 48.9

Table S3: Patient demographic and tumor characteristics. GBM = glioblastoma; IDH = isocitrate
dehydrogenase; GTR = gross total resection; STR = subtotal resection. Note: All STRs were near-total resections

and were labeled STR because contrast-enhancement at the resection margins were indistinguishable from reactive
enhancement due to surgical trauma.




Time Sequence | Subject Acquisition Rows Columns | Slice TR Flip TE Manufacturer Model Field
point Type Thickness (ms) Angl (ms) Strength
(mm) e ()
1 120 512 1.40 9 13 4 GE Signa HDxt 3.0
2 120 512 1.40 9 13 4 GE Signa HDxt 3.0
3 128 512 1.40 9 13 4 GE Signa HDxt 3.0
4 288 512 1.20 8 12 3 GE Signa HDxt 3.0
5 114 512 1.40 10 13 4 GE Signa HDxt 1.5
6 248 512 1.20 8 12 3 GE Signa HDxt 3.0
7 114 512 1.40 9 13 4 GE Signa HDxt 1.5
@ 8 120 512 1.40 9 13 4 GE Signa HDxt 3.0
= 9 3D 328 512 1.00 8 13 3 GE Signa HDxt 1.5
= 10 160 512 1.00 7 13 3 GE SIGNA Premier 3.0
11 168 1024 0.25 6 13 3 GE SIGNA Premier 3.0
12 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
13 512 512 1.00 6 13 3 GE SIGNA Premier 3.0
14 512 512 2.00 8 13 3 GE Signa HDxt 1.5
15 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
16 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
17 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
1 120 512 1.40 9 13 4 GE Signa HDxt 3.0
2 120 512 1.40 9 13 4 GE Signa HDxt 3.0
3 128 512 1.40 9 13 4 GE Signa HDxt 3.0
4 288 512 1.20 8 12 3 GE Signa HDxt 3.0
— 5 114 512 1.40 10 13 4 GE Signa HDxt 1.5
o 6 248 512 1.20 8 12 3 GE Signa HDxt 3.0
= 7 114 512 1.40 9 13 4 GE Signa HDxt 1.5
) 2 8 120 512 1.40 9 13 4 GE Signa HDxt 3.0
= = 9 3D 328 512 1.00 8 13 3 GE Signa HDxt 1.5
2 = 10 160 512 1.00 7 13 3 GE SIGNA Premier 3.0
g 11 168 1024 0.25 6 13 3 GE SIGNA Premier 3.0
f:‘ 12 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
13 512 512 1.00 6 13 3 GE SIGNA Premier 3.0
14 512 512 2.00 8 13 3 GE Signa HDxt 1.5
15 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
16 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
17 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
1 512 512 5.00 9502 90 125 GE Signa HDxt 3.0
2 512 512 5.00 9502 90 122 GE Signa HDxt 3.0
3 512 512 5.00 9000 90 123 GE Signa HDxt 3.0
4 512 512 5.00 9000 90 135 GE Signa HDxt 3.0
5 256 256 5.00 8800 90 121 GE Signa HDxt 1.5
6 512 512 5.00 9000 90 132 GE Signa HDxt 3.0
~ 7 512 512 4.00 8800 90 128 GE Signa HDxt 1.5
= 8 512 512 5.00 9502 90 124 GE Signa HDxt 3.0
= 9 2D 256 256 3.00 9150 90 108 GE Signa HDxt 1.5
& 10 512 512 3.00 8300 160 88 GE SIGNA Premier 3.0
& 11 1024 1024 3.00 11000 160 92 GE SIGNA Premier 3.0
12 640 640 6.50 10000 90 105 Toshiba Titan 1.5
13 1024 1024 3.00 9000 160 92 GE SIGNA Premier 3.0
14 256 256 3.00 8800 90 109 GE Signa HDxt 1.5
15 1024 1024 3.00 9000 160 93 GE SIGNA Premier 3.0
16 512 512 4.00 9000 160 91 GE SIGNA Premier 3.0
17 512 512 4.00 9000 160 89 GE SIGNA Premier 3.0
1-8 128 128 2.00 4.33 8 2 Philips Medical | Achieva 3.0
i _ Systems
E E @
S E 3D
% 5 = 9-17 512 512 0.50 65 13 26 GE SIGNA Premier 3.0
=2
z
1 108 512 0.50 9 13 4 GE Signa HDxt 1.5
2 150 512 0.50 18 30 2 Philips Medical | Achieva 3.0
Systems
3 155 512 0.50 22 30 6 Philips  Medical | Intera 1.5
Systems
4 160 256 1.00 8 12 3 GE Signa HDxt 1.5
5 114 512 0.50 9 13 4 GE Signa HDxt 1.5
E 6 160 256 1.00 8 12 3 GE Signa HDxt 1.5
= 7 120 512 0.50 8 8 3 Philips  Medical | Intera 1.5
E ° Systems
= 5 8 3D 150 512 0.50 18 30 2 Philips Medical | Achieva 3.0
o = Systems
; 9 154 826 0.25 6 13 2 GE SIGNA Premier 3.0
= 10 168 1024 1.25 6 13 2 GE SIGNA Premier 3.0
< 11 168 1024 0.25 6 13 2 GE SIGNA Premier 3.0
12 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
13 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
14 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
15 512 512 1.00 6 13 2
GE SIGNA Premier 3.0




1 108 512 0.50 9 13 4 GE Signa HDxt L5
2 150 512 0.50 18 30 2 Philips Achieva 3.0
3 155 512 0.50 22 30 6 Philips Intera L5
4 160 256 1.00 8 12 3 GE Signa HDxt L5
5 114 512 0.50 9 13 4 GE Signa HDxt L5
6 160 256 1.00 8 12 3 GE Signa HDxt L5
‘g 7 120 512 0.50 8 8 3 Philips Intera 1.5
= 8 3D 150 512 0.50 18 30 2 Philips Achieva 3.0
= 9 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
10 168 1024 0.25 6 13 2 GE SIGNA Premier 3.0
11 168 1024 0.25 6 13 2 GE SIGNA Premier 3.0
12 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
13 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
14 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
15 512 512 1.00 6 13 2 GE SIGNA Premier 3.0
1 256 256 5.00 8800 90 128 GE SignaHDxt 1.5
2 560 560 5.00 11000 90 125 Philips Achieva 3.0
3 1024 1024 5.00 8000 90 120 Philips Intera L5
4 512 512 5.00 8800 90 125 GE Signa HDxt L5
5 256 256 5.00 8800 90 126 GE Signa HDxt 1.5
~ 6 512 512 5.00 8800 90 124 GE Signa HDxt L5
= 7 512 512 4.00 8000 90 102 Philips Intera L5
é 8 2D 560 560 5.00 11000 90 125 Philips Achieva 3.0
& 9 1024 1024 3.00 9000 160 91 GE SIGNA Premier 3.0
a 10 1024 1024 3.00 9000 160 89 GE SIGNA Premier 3.0
11 1024 1024 3.00 7200 160 92 GE SIGNA Premier 3.0
12 1024 1024 3.00 9000 160 93 GE SIGNA Premier 3.0
13 1024 1024 3.00 9000 160 92 GE SIGNA Premier 3.0
14 1024 1024 3.00 9000 160 93 GE SIGNA Premier 3.0
15 1024 1024 3.00 9000 160 92 GE SIGNA Premier 3.0

Table S4: Image acquisition parameters.




T2-FLAIR-GTV

T1-GTV

T2-FLAIR-GTV

Figure S3. Additional examples of serially tracking post-operative architectural changes. Serial changes in
sample planning CTVs (red; GTV with 10 mm CTV margins) when they are warped to MR, (pink), MR g
(purple), and MRy, (blue) timepoints. The nCIV at MRy, is shaded in red. (A) 70-year-old male with GBM and (B)
59-year-old male with GBM.
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Figure S4. Sample scenarios for calculating percentage of cumulative nCIV avoided with additional MRIs. A
sample nCIV curve is shown in each scenario demonstrating the time course. (A) The red shaded area indicates the
cumulative nCIV volume and time spent in the CTV during radiation without any additional MRIs beyond the post-
operative scan. The purple areas represent the cumulative nCIV if additional MRIs are taken (B) one week prior to
the start of RT, (C) at the midpoint of RT, (D) one week prior to the start and at the midpoint of RT. The percentage
reduction from the red (no additional imaging) to the purple (additional imaging) is calculated. All samples show RT
beginning on post-operative day 21.
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Figure SS. GTV coverage is nearly complete with 5 mm CTV margins and complete with 10 mm CTV
margins or greater. The percent of GTV that migrates outside of the CTV with various margins is shown. The top
row shows T1-GTV strategies while the bottom row shows T2-FLAIR-GTV strategies. The columns from left to
right show each time point (MR e, MRpig, and MRg,).
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Figure S6. Individual GBM patient and composite nCIV curves for eight CTVs tested. Left column is 4 CTVs
based on the T1-GTV; right column is 4 CTVs based on T2-FLAIR-GTV. Each color corresponds to a single
patient. Each patient’s time constant and asymptote were averaged to generate composite curves (black lines) and
95% confidence intervals (shaded regions).
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Figure S7. Change in Dice coefficient over time. Dotted vertical lines represent the tgg, with its associated 95%
confidence interval.
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Figure S8. Suggested MRI timing for one (A), two (B), three (C), and four (D) additional MRIs for nCIV
reduction. The initial planning MRI is as close to the start of RT as possible. Optimal MRIs for ART are at regular
intervals after the start of RT.
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