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Abstract

Background: Magnetic Resonance Image-guided Rasliaply (MRIgRT) has the potential to improve outcenfer
glioblastoma (GBM) by adapting to tumor changesirduiRT. This study quantifies inter-fraction dynasi(tumor size,
position, and geometry) based on sequential MRiaiioéd during standard 6 week chemoradiation (CRT).

Methods: Sixty-one patients were prospectively iathgith gadolinium-enhanced T1 (T1c) and T2/FLAMRaasequences
at planning (Fx0), fraction 10 (Fx10), fraction @Xx20), and one-month post CRT (P1M). Gross tunubumes (GTV) and
clinical target volumes (CTV) were contoured attatie points. Target dynamics were quantified bgalite volume (V),
volume relative to Fx0 (¥), and the migration distance{ga. the linear displacement of the GTV or CTV relatio Fx0).
Temporal changes were assessed using a linear eiifeed model.

Results: Median V at Fx0, Fx10, Fx20, and at P1Mlie GTV were 18.4 ci{range: 1.1-110.5 ¢ty 14.7 cni (range: 0.9-
115.1 cn), 13.7 cni (range: 0.6-174.2 cthand 13.0 crh(range: 0.9-76.3 ¢t respectively, with corresponding median V-
et Of 0.88, 0.77 and 0.71 at Fx10, Fx20 and P1M tjkeato FxO0, p < 0.001 for all), respectively. T Vdpigrate and
CTVdnigateat Fx10, Fx20 and P1M, were greater than 5 mm %/88%, 50%/58%, and 52%/57% of patients, respdgtive
Dynamic tumour morphological changes were obsewiéid 40% of patients exhibiting a decreased GTVunod (Ve < 1)
with a dnigrate > 5 mm during CRT.

Conclusions: Clinically meaningful tumor dynamicere observed during CRT for GBM, supporting evatuirabf daily

MRIgRT and treatment plan adaptation.

Keywords
Glioblastoma multiforme, tumor dynamics, magnetiesanance image-guided radiotherapy, intensity-natedl

radiotherapy, adaptive replanning



Target dynamics during chemoradiation for glioblastoma Page 2

Ethics Statement: This trial is approved by local institutional Resch Ethics Board. Project Identification Numbeax-
XXXX
Introduction

Treatment for glioblastoma (GBM) remains challeiggwmith 5-year overall survival (OS) rates remainatg~5%
despite aggressive therapy [1]. The standard & frareligible patients following maximal surgigalsection consists of 30
fractions of radiotherapy (RT) concurrent with teralomide (TMZ), followed by maintenance monthly TMa 6 months
[1]. While MRI is the gold standard for definingthdarget and organ-at-risk (OAR) structures attiime of RT planning [2,
3], the next clinical MRl is typically performed@weeks following RT completion. Image-based manitp of a patient’s
tumor during RT is not a standard of care. Althotlygre are limited studies evaluating inter-fracthdRI during a course of
RT, they have typically been limited to a singleaging time point during the six weeks, and evalddtes predictive
potential of functional imaging sequences withaudrfifying structural changes in tumor volumes [4-6

Daily cone-beam CT (CBCT) linear accelerator imggedance allows for bony anatomy matching to ensure
precision of delivery, but does not permit sofstis tumor visualization. With the advent of on-lbstRI linear accelerators
(MRL) [7, 8], the treatment paradigm is changingdiily tumor visualization. Our center has focuseddeveloping a
treatment protocol [9] for GBM with a 1.5T MRL (K& Unity, Elekta AB, Stockholm, Sweden). Our hypegis was that
significant inter-fraction changes in GBM tumor woie occur during a 6-week course of CRT, and tmatassumption of
modest geometric target changes may not hold frbe.goal of this investigation was to quantify &rgolume changes
during a 6-week standard fractionated RT courseebagoon a prospective sequential MRI research gobtdSuch
information is critical to inform techniques desighto improve the therapeutic ratio, such as smalkrgins to account for
uncertainty in delivery and the surrounding tisstigisk of microscopic disease extension [10-12kelescalation [6, 13],
and treatment adaptation to anatomical tumor volahaages [4, 14].
Methodsand Materials
Patient characteristics and imaging

Sixty-one patients with GBM participated in thisogpective research ethics board approved imagiaf All
patients had undergone maximal surgical resectidrsiapsy, and planned for a 6 week course of caratichemoradiation
(CRT).
For clinical treatment, the gross tumor volume (GTWas defined as the surgical resection cavity oy residual

enhancing tumor. The clinical target volume (CTVasmefined as a 1.5 cm isotropic expansion of th® @specting
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anatomical barriers with the planning target volufR@V) added as a 4 mm isotropic expansion to th¥.CGAll patients
were treated with either 60 Gy (51/61) or 54 Gy/61Q in 30 fractions delivered to the PTV. The inmagprotocol included
axial gadolinium enhanced T1-weighted (T1lc) andFLAIR volumetric MRIs at four time points: RT plaimg (FxO0),
fractions 10 (Fx10) and 20 (Fx20) during CRT, ame-ononth post the last RT fraction (P1M). Patidmracteristics are
summarized in Table 1. The Fx0 MRI was acquired atedian of 19.5 days after surgery (range: 6-34)l&2/61 (85%)
patients had their FxO MRI between 10-20 days falhgy surgery. The Fx10 MRI was acquired a media@bflays after
Fx0 (range: 15-29 days).

Thirteen of the 61 (21%) patients were imaged vétiBT Philips Achieva scanner (Philips HealthcarestB
Netherlands) using post-Gadolinium T1-weighted (MRE 9.5/2.3 ms; 0.49x0.49x1.50 mm voxels) and T2IR (TR/TE
= 9000/125 ms; 0.43x0.43x5.00 mm voxels) sequendes.remaining 48 patients (79%) were imaged with5 Philips
Ingenia system, again with a volumetric axial TIRATE = 6.2/4.7 ms; 0.50x0.50x1.00 mm voxels) aR¢FLAIR (TR/TE
= 4800/291 ms; 0.56x0.56x2.00 mm voxels) sequenides field strength of the second scanner (1.5Tiches that of the
MRL currently treating patients at our institutifferror! Reference source not found.5]. All 61 patients completed the first
three imaging sessions (Fx0, Fx10, and Fx20), &15(89%) went on to complete imaging at P1M. Pid imaging
time point does not explicitly capture inter-fractitarget dynamics; it serves to put changes itexomf a typical treatment
response assessment scan.

Target definitions

At each time point, all target volumes were dafina T1c images using the Pinnacle treatment phansystem (v.
9.8.0; Philips Medical Systems, Fitchburg, WiscapsIn keeping with our institutional protocol atfte recommendations
of the MR-Linac International Consortium Researcbhup [16], the GTV was contoured as the surgics¢cton cavity plus
any residual enhancing tumor. The CTV was definedd.5 cm isotropic expansion of the GTV respgctinatomical
barriers. All volumes were independently reviewgdalsenior radiation oncologist (xx) to ensure ¢steacy, and imported
into the Monaco treatment planning system (Monaesdarch v. 5.10; Elekta AB, Stockholm, Swedenpfalyses.

Tumor dynamics assessment

Target dynamics were quantified using the GTV &id&/ contours from the Fx10, Fx20, and P1M imageslets,
all of which were rigidly co-registered to theispective Fx0 image. The following metrics were aastd:

1) Absolute (V) and relative (M) GTV and CTV: \, is defined as the absolute volume of the targetah time

point relative to the respective Fx0 volume,, tecreases if ¥ is< 1, and increases if¥(is > 1.
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2) Target migration distance {gad: As outlined in Figure 1, gy is the maximum linear distance in any
direction that the target departs from its respectx0 volume. The migration of the target volumasw
considered minor if fgae Was< 5 mm and major if @gae Was > 5 mm. Eleven patients with presence of
multifocal/multicentric disease foci at any timepioivere excluded from this calculation, leaving 50, and 44
patients for analysis at Fx10, Fx20, and P1M, resyey. Combining the dgae and Ve yields four distinct
combinations or morphologic changes that are iastl in Figure 1(b).
The concept of ggraee Was used to put into context morphological taafetnges relative to our margin concepts in
RT. A 5 mm threshold was chosen to reflect intéomatly accepted planning target volume (PTV) exgiams [17-18] to
account for target motion and setup margin. In @alti a 5 mm gligrae for the GTV mirrors the intent to reduce margins
within the academic community, as recently repotigch small margin phase 1/2 trial [12], and isimted to inform the
design of our future protocol using the MRL.
Satistical Analysis

Linear mixed models were used to determine theioakship between target dynamics (GTV/CTV volumes a
migration distances) and time, where time was clamsd as both a categorical and continuous varidiiee was also
modelled as a fixed effect with random interceptsiailed for each patient to account for repeatedsmements. Normality
of the outcome measures were assessed using thedWélk test and, as a result of failing thistteég and Ghigrae for both
the CTV and GTV were first log-transformed for sliabtion. Linear mixed models were fit using thed4 package (v1.1-
21) and p-values were generated using the Satteitthwnethod with the ImerTest package (v3.1-1)hHe R statistical
platform (v3.6.2). Logit-linked general linear mikenodels were used to determine whether the priopoof patients with
major thigrate (>5 mm) for each target changed over time as egosical variable. Multinomial mixed logistic regsgon
(Stata v15.1) was used to determine whether pati@mtaverage transitioned between the distinct hadogic categories
(Figure 1(b)) over time. All linear mixed model pareter estimation was carried out with the maxilikalihood method. A
p-value of 0.05 was used for statistical signifimanNoa priori sample number was calculated given this is anoeafury
prospective study.
Results
Absolute and relative target volumes

As summarized in Figure 2(a), the median V for BV at Fx0 was 18.4 cirange: 1.1-110.5 cininterquartile

range (IQR): 27.6 cfy and decreased to 14.7 (range: 0.9-115.3, t@R: 30.7 cm), 13.7 (range: 0.6-174.2 émQR: 27.6
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cm’®), and 13.0 (range: 0.9-76.3 £niQR: 24.5 cm) at Fx10, Fx20, and P1M, respectively. The me@alV V., were 0.88
(range: 0.34-1.40), 0.77 (range: 0.09-2.13) and (xange: 0.17-3.80) at Fx10, Fx20, and P1M, respeyg. The GTV was
observed to decrease for most patients at eachgome as indicated in Figure 2(a): 44 (72%), 49%8, and 44 (81%)
patients had a M < 1 at Fx10, Fx20, and P1M, respectively. Relatov&x0, this decrease was statistically significarnall
three time points (p<0.001). Similarly, the deceeds V was statistically significant from Fx10 t@th Fx20 and P1M
(p=0.013 and p=0.002, respectively), but not frax@d~to P1M (p=0.46).

The median V for the CTV also decreased over tifisedetailed in Figure 2(b), the specific valuesav&14.6 crh
(range: 33.9-374.1 cinlQR: 76.8 cm), 106.7 (range: 29.9-370.5 8mQR: 108.2 cm), 99.3 (range: 27.5-401.2 émQR:
100.5 cni), and 101.7 (range: 30.3-376.0%1QR: 87.3 cm) at Fx0, Fx10, Fx20, and P1M, respectively. The medTV
V,es Were 0.96 (range: 0.59-1.37), 0.88 (range: 0.4B)].and 0.86 (range: 0.39-2.38) at Fx10, Fx20, R, respectively.
Again, this decrease, relative to Fx0, was stat#lii significant at all time points (p=0.027, p&001, and p<0.0001,
respectively). The CTV volume decrease was alsiisgtally significant from Fx10 to both Fx20 and ¥ (p=0.023 and

p=0.008, respectively), but not from Fx20 to P1M$51).

Target migration

The dhigrare for the GTV and CTV are summarized for all patgeint Figure 3. For the GTV, 23 (46%), 25 (50%),
and 23 (52%) patients had a majgf,de (> 5 mm) at Fx10, Fx20, and P1M, respectively. Tiegnitude of the migration
distance was particularly striking at the indivitlpatient level; GTV @igrareWas > 10 mm in 10 (20%), 8 (16%), and 8 (18%)
and > 15 mm in 2 (4%), 3 (6%), and 4 (9%) patiettEx10, Fx20, and P1M, respectively, and reachedxdmum value of
17.3, 21.2, and 31.5 mm at the same time poingpewtively. The gg.ae for the CTV showed similar trends with 27 (54%),
29 (58%), and 25 (57%) patients having.a&e> 5 mm at Fx10, Fx20, and P1M, respectively. TA& @yigrate Was > 10
mm in 9 (18%), 6 (12%), and 8 (18%) and > 15 mi8 {i6%), 1 (2%), and 4 (9%) of patients with maximuatues of 16.2,
22.8, and 31.7 mm at Fx10, Fx20, and P1M, respagtiNo statistically significant changes in thg-wansformed ggrate
with respect to time were observed for both the Gamnl CTV (p=0.32 and p=0.13, respectively). Retatto FxO0,
consequential inter-fraction migration distances @bserved across the patient cohort. For exarapleutlined in the right
side plots of Figure 3, 58% and 66% of patients &a@lqae > 5 mm for the GTV and CTV, respectively, at eithal10 or

20. Similarly, 26%/24% and 8%/8% of patients hat},g.. greater than 10 and 15 mm, respectively, for thi&' Gnd CTV.
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Correlation of target volumes and migration

The correlation between target volume changegtamdigration distance for the GTV and CTV are swaniged in
Figure 4. The plots are segmented according to mmragor dngae and increasing/decreasingeVas outlined in the
schematic of Figure 1(b). A considerable numbgratfents had a major GTV migration{gae > 5 mm) even in the context
of a decreasing GTV volume {¥< 1). Specifically, 10 (21%), 16 (33%), and 14 (3484jients had both ¥ < 1 and gigrate
>5 mm at Fx10, Fx20, and P1M, respectively. Dribgrthese GTV dynamics, the CTV showed a similandr 16 (32%),
19 (38%), and 16 (36%) of patients had a major Q). With a decreasing CTV M at Fx10, Fx20, and P1M,
respectively. There were no statistically significahanges in the number of patients in, nor irssoeer between, the four
guadrants of Figure 4.

lllustrative representative relationships betwdenGTV Vg and GTV G,grae fOr five individual patients are shown
in Figure 5:
(a) The sole patient at any time point with an incnegséTV Vi and minor @igrae (Vrel = 1.01 and gigrae = 4.5
mm at Fx10).
(b) The smallest ) for any patient at any time point as per a df 0.09 at Fx20. Though the non-Fx0 GTVs are
entirely within the boundary of the Fx0 GTV on tthepicted slice, the non-Fx0 GTV extends outsideRk@
on other slices. As a result,gac Was non-zero at each time point.
(c) Alarge GTV ghigratein the presence of a decreasing GTV volumg £0.85 and @ligraee = 17.2 mm at Fx20).
(d) The largest absolute and relative GTV volume olesim this patent cohort with a Vjyof 115.1 criy1.40
and 174.2 crif2.13 at Fx10 and Fx20, respectively. This GTVhi$ fpatient also had the largest Fx2Q¢e at
21.2 mm.
(e) The largest GTV migration distance observed at FxitB a dhigrate Of 17.3 mm.
Discussion

The concept of radiation target volumes for GBM taares to evolve with improved understanding of dum
biology and patterns of treatment failure, alongsatlvances in imaging modalities and radiationvdgji systems. As a
result, treatment volumes have shifted from whobroradiotherapy, to partial brain radiotherapyl@RT-based conformal
techniques or fractionated stereotactic radiotherdpis shift is predicated on the re-evaluationtled CTV based upon
treatment failure analysis [19-22], treatment edatoxicity [23-25] and improved understanding loé {peritumoral at risk

volume [13, 26-29].
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These insights motivate a re-evaluation of the PTMe geometric construct which accounts for tumor
motion/changes as well as margin for potential petad image-verification error. Landmark studiesleating radiation
therapy outcomes from the European OrganizationRlesearch and Treatment of Cancer (EORTC) and ttbaion
Therapy Oncology Group (RTOG) defined their treaitneolume in a single or 2-phase fashion as GT\6 @u2-3 cm
expansion to field edge [1, 30], while more contemapy treatment protocols typically define a PTVtaims of a CTV
expanded by a 3-5 mm margin [17-18]. Recent consensntouring recommendations from the MR-Lina@inational
Consortium Research Group suggest a 1.5 cm expapnsidsTV to define the CTV [16]. In addition to atenent of the
peritumoral region at risk, these large volumegnpansions likely account for the majority of infraction tumor dynamic
changes. However, with the trend towards decreasiegCTV and PTV, there may be an unintended negdtipact on
target coverage based upon unrecognized tumoryadyitamics in the absence of on-treatment MRI.IA&sRTV is a fixed
planning objective, this study aimed to identifydaquantify these cavity dynamic changes to bettfarin margin selection
and design for adaptive RT strategies.

Individualized plan adaptation has the potentiaintprove outcomes. Such an approach has been dirbigethe
need to image during RT with MRI which has not bpeactical to date. Dedicated MRIgRT systems haeemtly emerged
into practice [7, 8, 31-33]; their application florain tumors has been considered by our group asemof development.
Before clinical implementation, several predicatedses were designed to evaluate this technology3f9. Whereas the
predicate studies focused on technology evaluattos,present study was clinically focused, aimedraterstanding the
temporal tumor dynamics during CRT, which havelmesn well characterized in the literature. The gméesrial represents a
comprehensive prospective series looking at se@leviRI at multiple timepoints during CRT with meitis specifically
designed to evaluate GBM target dynamics as thmgmyi endpoint. Our results suggest that dynamimtuohanges are
highly variable across a patient cohort, and suibistamorphological changes occur even in the presef target volume
regression. Across the cohort, GTV and CTV migraiavere greater than 5mm, 10mm, and 15mm in 58%, 24d 8% of
patients, respectively at some point during CRTgrsliion distances could not be robustly predictgddrget volumes;
approximately a third of patients at each time pbed major GTV or CTV migration, even in the pmse of a decreasing
Ve These combined results imply that the implicatiéor margin reduction are significant, and suppater-fraction MR
imaging to ensure consistent target coverage.

Our results are consistent with the evidence te danluating tumor dynamics based upon a singletreatment

MRI for patients receiving CRT for GBM. Comparedinihe pre-treatment MRI of 25 patients with nediggnosed GBM,
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Manon et al. observed that 80% of target volumdiseited on the mid-treatment scan would have hgebgraphic miss on
the subsequent boost plan if it was assumed tleatumor volume does not change. Moreover, 27% weoged as a
complete miss when defined as the portion of tubeyond 2 cm of the initial GTV definition. Similgrl Tsien et al [6]
performed an MRI at week 3 of CRT in 21 patientgh\indings that support the observations of therent study that an
overall decrease/stability in the GTV is seen dy@RT. However, 25% of their cases showed an iser@athe size of the
GTV which dosimetrically would have led to a mediamder-dosing by the V95% by 10.8%. This grouphertevaluated
functional diffusion maps and conventional radiddogesponse in a similar cohort, with MR imaginghdat weeks 1 and 3
during treatment [35]. Kim and Lim [4] reported ithdynamics study according to a CT at week 5 offGR 19 patients.
Again, a trend towards a decrease in size of twobrime was noted, with potential geographic missuaior in 26.3% of
cases. Furthermore, these results are broadlyréeagent with Mehta et al who in a preliminary cdhafr4 patients treated
on the Viewray system (Oakwood Village, OH, USAgported a general trend of cavity volume reductidaosing
radiotherapy with an increase in edema observem@of the four patients [36]. Collectively, thetalauggest the potential
for individualized tumor monitoring and treatmetdrpadaptation as an area to pursue. Our studyasulagly contributes to
the existing body of literature by including anaysof a comprehensive cohort of patients, withnarfisampling of MR
imaging time points to deepen our understandindguafor dynamics. We note that the underlying medrancausing
changes in dgaee is multivariable; resolution of the surgical cgyitumor progression (whether true or pseudo-piszion),
and normal central nervous system motion all pabytplay a role. Future work as outcome data megtuvill evaluate
these factors.

The clinical implications of these imaging findingse compelling. First, our observation that 58% &8% of
patients had a.fyae > 5mm for the GTV and CTV (Figure 3) suggests thih a trend towards a decrease in GTV/CTV
volume, an isotropic volumetric margin of 3 to 5 nfor PTV is insufficient if to accommodate inteaétion tumor
dynamics. A significant proportion of patients wibltle potentially under-covered by the therapeuliaBse, supporting the
importance of inter-fraction plan adaptation to foye the accuracy of radiation delivery. Our daiafcm that if we are to
reduce the CTV, then it is critical to monitor thgsatients with MRIgRT during the 6 weeks of CRTetsure target volume
coverage. Recently, a 5 mm CTV with no PTV was iggplo GBM patients in a Phasel/2 study for pasieateiving a 5
fraction treatment course [12], with results indilcg promise both in clinical outcome and patieobwenience. However,
the short course of the investigated RT regimed,rasted volume changes seen between radiationiptpuamd fraction 10

in our study (relative to planning, GTV volume chanof 59% - 137%), highlight the importance of didsue targeting
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verification early in the fractionation scheduléhem small treatment margins are utilized. Our péghclinical protocol is to
apply a 5 mm CTV; however, in context of a 6 weelkirse of CRT, with daily MRIgRT to an appropriateWPwith plan
adaptation as changes in volume and migrationrissare observed.

Second, as GTV and CTV dynamics are co-relatediesiies to adapt to changes in GTV morphology duRi
will translate to improved coverage of the CTV. &ivthat the predominant pattern of volume changeauwaduction in the
GTV and CTV volumes (Figure 2) and the majority esence a decreasing Vrel with a minafigde. (Figure 4), the
therapeutic impact of adaptive radiotherapy as@m¥ shrinks will translate to a reduction in thdwme of brain irradiated.
As recently evaluated in a randomized trial [2idespective of the definition of CTV, the majority clinical failures are
seen within the 95% treatment isodose volume. Aiglhoanalysis was limited by the absence of repartelicular features,
using a smaller treatment volume approach resuttesignificant improvements in PFS and OS and stteélly superior
quality of life outcomes. This study raises a sggiquestion as to the deleterious effect of raafiath large volume therapy.
Therefore, we surmise the potential to improve GBaient outcomes by incorporating MRIgRT and ad&pRT to allow
for safe reduction in treatment volumes. It is imipnt to be mindful that a common pattern of volueme migration change
was an increase in .Y with a major gigae (Figure 4); in this worst-case clinical scenatiere is potential to improve
outcomes in these patients with MRIgRT adaptiveaRThe dosimetric implications of small margin raafaptive RT would
likely be significant.

Third, from Figure 2, the volume regression datartdified in this study suggests that the majorityanget changes
occur between Fx0 and Fx10, with no statisticaigpngicant change between Fx20 and P1M. BetweerFtt@eand Fx10,
absolute Tlc GTV changed by a range of -33.2 to.2-88%. Similarly, the GTV and CTV migration distance chad as
high as 17.3 and 16.2 mm, respectively. These wvhsens may be related to evolving post-operatind &T related
changes dominant earlier in the course, as opptsedmor related cellular changes likely more reffiee of the later
dynamics observed between Fx10 to Fx20. An injtiadentified driver of inter-fraction changes isetlextent of surgical
resection. A preliminary analysis of surgical externth respect to target dynamics suggests thaemtat who underwent
subtotal resection or biopsy had larger GTV volumeplanning, and highery/and ggae during CRT (data not shown).
This relationship, and other clinical and biologgctors which may influence cavity dynamics will babject to further
evaluation. In addition, the prognostic implicasoof the observed tumor dynamics at each time paihbe reported as the
outcome data mature to better inform these hypethed/e chose to image at Fx20 as our second tirime fu allow

sufficient time for potential observed volume chesgo manifest, but also to provide significant dirto allow for
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meaningful plan adaptation. Ultimately, the ideade points for imaging will be better clarified as&e analyze our daily
MRIgRT with the MRL.

The central limitation of this study is the numlmérimaging time points; our observations will bdigdated and
refined with daily images acquired on the MRL. Rertlimitations include the lack of dosimetric avation associated with
these observed changes in context with known pratgneonolecular features and treatment failure aislywhich is a
specific future study direction of this patient odh While this study focused on T1lc MRI to infofATV margins, future
direction with this patient cohort involve the igiltion of multiparametric sequences, including roloal exchange
saturation transfer (CEST) [37], magnetization ¢fan (MT) [38] and apparent diffusion coefficierA¥C) [27, 28], to
inform the peritumoral CTV as opposed to a standatdmetric expansion. Online MR guided radiothgrafso enables the
possibility of rapidly responding to high-risk tumeolumes identified by on-treatment functional giray.

Conclusion

Clinically meaningful tumor dynamics were obsenduting chemoradiation for glioblastoma, which magvé
significant implications on appropriate treatmeotwne margins, and support the adoption of MR-gulidediotherapy.
Ultimately, by incorporating and adapting to fupcil information and inter-fraction structural cges, patient-specific
target definition and accuracy can be increaseé. flndamental challenge is how to utilize thesegimg and adaptation

processes to improve the therapeutic ratio by dewed) techniques based on margin reduction or lgptibnation.
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Figure Captions

Fig 1: (a) Schematic illustration of the migratidistance (figratd. The migration distance is the maximum lineatatise (in
three-dimensions) the target — either the GTV oW CTeviates from its original Fx0 volume. In tHigtration, the GTV at
planning (FxO; unfilled circle) and the GTV at ddatimepoint (FxX; shaded ellipse) are depictdx). Gombining minor
(dmigrate < 5 mm) and major (gyrae > 5 mMm) migration distances with decreasing,(¥ 1) and increasing (M > 1) relative

target volumes yields four distinct combinationsllastrated.

Fig 2: Summary of GTV (a) and CTV (b) absolute @nd relative (V) changes. The violin plot at each time point intea
subfigure delineates individual patient volumesaftsr points), probability density estimate (shadegion), mean (white

line), and median (black line). The labelled outigedepicted in detail in Figure 5(d).

Fig 3: GTV (a) and CTV (b) migration distancenfghe analysis. Eleven patients with 2 or more disdaseat any time
point were excluded, leaving n = 50, 50, and 4&xit0, Fx20, and P1M. Left column: The violin pldtemach time point
delineates @qrate for each patient (scatter points), symmetricalbpimlity density estimate (shaded region), meanit@vh
line), and median (black line). The outlier pateenf the labelled scatter points are depicted imibden Figure 5. Right

column: Cumulative proportion of patients with thi@en dgae during radiotherapy; only Fx10 and Fx20 are ineliido
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emphasize inter-fraction effects. For example, 58% 66% of patients in this study had.q,ge> 5 mm for the GTV and

CTV, respectively, at Fx10 and/or Fx20.

Fig 4: Relationship between the GTV (a) and CTV rfbyration distance (g9 and respective relative volume Y at

Fx10 (left column), Fx20 (middle column), and P1Nglit column). Individual points delineate the najon distance and
relative volume of a single patient. Eleven pasentth 2 or more disease foci at any time pointevexcluded, leaving a
total of n = 50, 50, and 44 at Fx10, Fx20, and Piddpectively. The labelled outliers are illustcabe further detail in the

respective subfigure of Figure 5.

Fig 5: Axial slices of five patients at Fx0, Fx1x20 and P1M illustrating patient-specific serial\Gchanges. The Fx0
GTV is denoted in white; this contour is also ipt@ated post-registration to non-planning (Fx102®xand P1M) images
for comparison purposes (due to this interpolattbis contour may appear slightly different on ti@n-planning images).

The GTV at Fx10, Fx20, and P1M is shown in red.



Table 1: Patient Characteristics

Variable N=61
Median Agein Y ears (Range) 56 (19-69)
Sex
Mae 38 (62%)
Femae 23 (38%)
Resection Type
Gross Total 18 (30%)
Subtotal 35 (57%)
Biopsy 8 (13%)
Tumor Location
Frontal 17 (28%)
Parietal 11 (18%)
Tempord 24 (39%)
Occipital 3 (5%)
Thalamus 5 (8%)
Cerebellum 1 (2%)
MGMT (O6-methylguanine-DNA methyl-transferase) status
Methylated 24 (39%)
Unmethylated 27  (44%)
Unknown 10 (16%)
IDH-1 (Isocitrate dehydrogenase 1) Status
Mutant 3 (5%)
Wild-Type 57 (93%)
Unknown 1 (2%)
Median Days from Surgery to Pre-Treatment (Fx0) MRI (Range) | 19.5 (6-34)
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Figure 1: Schematic illustration of the migration distance (dmigrate)-
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Figure 2: GTV and CTV Absolute and Relative V olume Changes
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Figure 3: GTV and CTV Migration Distance (dmigrate) ANalysis
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Figure 4: Relationship Between the GTV and CTV Migration Distance Relative Volume at Each Timepoint.
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Figure 5: Illustrative Patient-Specific Serial GTV Changes
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