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SUMMARY

Accurate patient positioning and routine computed tomography (CT) scans are criticad components of
proton therapy. Cone-beam CT (CBCT) has recently become available as an alternative to verification

CT. This study describes the first clinical investigation of CBCT and deformable registration in adaptive
lung proton therapy.



ABSTRACT

Purpose: An adaptive proton therapy workflow using conerhezomputed tomography (CBCT) is
proposed. It consists of an online evaluation dast range-corrected dose distribution based on a
virtual CT (vCT). This may be followed by more acate offline dose recalculation on the vCT

which may trigger a rescan CT (rCT) for replanning.

Methods and M aterials: The workflow was tested retrospectively on twertipsecutive lung cancer
patients. A diffeomorphic Morphons algorithm wagdido generate the lung vCT, by deforming the
average planning CT (pCT) onto the CBCT. An adddiccorrection step was applied to account for
anatomical modifications that cannot be modeledéfprmation alone. A set of clinical indicators for
replanning were generated based on water equivdteckness (WET) and dose statistics, and
compared to those obtained on a rCT. The fast dppeoximation consisted of warping the initial
planned dose onto the vCT based on changes in \W&Ential under/over-ranges were assessed as

variation in WET at the target’s distal surface.

Results: The range-corrected dose from the vCT reprodugedas clinical indicators as the rCT.

The workflow performed well under different clinicacenarios: atelectasis, lung reinflation and
different types of tumor response. Between vCT r& we found a difference in the measured 95%
percentile of the over-ranges distribution of 3.448m. The limitations of the technique consisted of
inherent uncertainties of deformable registratioad arawbacks of CBCT imaging. The correction
step was adequate when gross errors occurred bild oot recover subtle anatomical or density

changes in tumors with complex topology.

Conclusions: A proton therapy workflow based on CBCT providedikr clinical indicators as rCT

on lung patients with considerable anatomical ckang



1. INTRODUCTION

Lung cancer is the leading cause of cancer-reld¢ath in the United States and worldwide. Modern
radiotherapy techniques allow dose escalafiand reduced injuries to normal tisstiesProton
therapy offers better dose localization than ttwieved by conventional photon therdgy.Proton
dose distribution, however, is highly sensitive doanges in patient geometry, especially in the
lungs?? For example, interfractional tumor enlargement@relopment of atelectasis increase density
along the beam path and shorten beam penetrati@uider-ranging can potentially reduce target
coverage. Conversely, tumor regression reducesitdesiong the beam path and increases beam
penetration. The over-ranging may result in unpt@hdose to otherwise spared organs distal to the
tumor volume. Therefore, accurate patient positigrand regular evaluation computed tomography
(CT) scans are critical components of proton thefaReplanning will be required if the new dose

distribution based on evaluation CTs compromisegetacoverage and/or exceeds tissue tolerance.

Volumetric imaging afforded by on-board cone-beam (CBCT) is an alternative to routine CT
imaging and may play an important role in adaptagiation therapy (ART). The advantages of on-
board CBCT are threefold: (1) it offers highly ate patient positioning in three dimensidh¥:(2)

it enables daily monitoring of the patient in tlleatment position; and (3) and it facilitates rapid

assessment of the “dose of the d4y®

We propose an ART workflow using on-board CBCT veheeplanning is triggered after three
decision-points (Fig. 1). First, a fast range-ccied dose distribution based on water equivalent
thickness (WET) is calculated on a virtual CT (v@®rived from the CBCT When significant
dosimetric changes are observed, treatment maynoent normal tissue dose limits are not exceeded
and after consultation with a physician. Howevanr, ddfline review is triggered for a full dose
recalculation on the vCT. If the dosimetric impescstill evaluated as significant, a rescan CT (T
scheduled. If dosimetric changes are confirmedhenr€T, a replan is triggered. We retrospectively
evaluated this workflow for twenty consecutive luancer patients summarizing common radiation-
induced changes in the lung and critically assesisedvorkflow. The rCT was used as the gold-
standard to gauge the accuracy of the vCT. To aowledge, this study is the first clinical

investigation of CBCT in adaptive lung proton thmra
2.METHODSAND MATERIALS

2.1. Patient selection and data acquisition



Data from twenty consecutive patients treated fangl malignancies were included in this
retrospective study. All patients underwent passeattering proton therapy (PSPT) using two
treatment fields with a median dose of 66.3Gy[CGEinge:40-66.6Gy[CGE]) in a median of
1.8Gyl/fraction (range:1.5-4Gyl/fraction). The patieohort included a variety of tumor sizes,
locations and anatomical changes that occurreduginaut the treatment course (Table 1). The
imaging protocol consisted of a 4D PET/CT for treemt planning, CBCT and rescan 4D CT
acquired in treatment position for verification ithgr the course of treatment. The proton-gantry
mounted CBCT system (lon Beam Applications SA, @diegs-Louvain-la-Neuve, BE) has a source-
to-axis distance of 288.4cm, detector-to-axis dis¢aof 58.6cm and a maximum field-of-view (FoV)
of 34cm; the images were acquired in half-scan nmaid&10kVp and 1142mAs. The CBCTs were
reconstructed with a resolution of 1.33x1.33x2.5nusing the open-source Reconstruction Toolkit
(RTK).*° The average phase of the 4D CT was used for ddeelations. One pair of CBCT and rCT
at mid-treatment was selected for evaluation fahgaatient. The chosen rCT and CBCT scans were

acquired on the same day for 17 patients; for § there acquired within 2 days of each other.

2.2. Virtual CT and image correction

The CBCT was rigidly aligned to the planning CT {pCand the diffeomorphic Morphons
deformable image registration (DIR) algorithm aable in the open-source REGGUI package was
subsequently applied to register the pCT to the TBThis method was previously validated for

head and neck cancer patieffty.

Some anatomical changes in the thorax cannot beslexbdy deformation alone. The situations are
diverse, but include changes within the lung (sashatelectasis and pleural effusion) and different
tumor responses to treatment (such as regressiafilfating tumors and erosidf). Therefore, a
semi-automatic correction step was applied to {0& for these anatomical modifications. This step
consists of a watershed-cuts algoritiffi combined with an exclusive OR logical operator and

classifief>%

to identify regions showing significant intensiyismatch between vCT and CBCT.
When appropriate, the vCT intensities were repldmgdhe bulk value of lung or tissue based on
thresholding of the CBCT intensities. This algaritivas validated in-hou$e technical details of the

implementation can be found as supplementary nadteri

2.3. Clinical indicators: WET and dose war ping

A complementary set of clinical indicators, based WET and dose, that support the replanning

decision-making, were used to estimate the implahatomical changes on the treatment objectives.



Variation in WET on the distal surface of the tdrggea good surrogate for potential under/over-
ranges. Changes in range were estimated by congpthigndifference between the WET from the pCT
and vCT (i.e. WEJc>WET,cr corresponds to over-ranging and WERWET,cr to under-ranging).

In PSPT compensator smearing is used to ensurettaoyerage in presence of errors in patient
positioning and motio® Therefore, potential under-ranges are partialkenainto account by the
compensator; thus, for under-ranges a morphologdidtion using the same radius as the
compensator is applied on the pCT-based WET maprde&iomputing the difference with the vCT-
based WET map to identify under-ranges not accdufatein smearing. Quantitative measurements
of the 2D WET difference maps at the PTV distaffaee (per beam) for the pCT and vCT were
calculated as clinical indicators, which include ftercentage of pixels with under/over-ranges farge
than 3mm (WETgersambWE T Tover-amn) @nd the 95% percentile of the under/over-rangridution
(WETunder-056 WE Tover-95%9) -

Complementary to the WET analysis, it is necesgamvaluate the dosimetric impact of under/over-
ranging, particularly for OAR. Online dose revieequires a fast dose recalculation tool; thus we
validated in-house a fast range-corrected doseoajppation methotf by warping the original dose
onto the vCT based on changes in the 3D WET mapsebka the vCT and pCT. Doses were
recalculated using Eclipse version 11.0 (Varian ia&dSystems, Palo Alto, CA). The following
abbreviations are used to identify the differendeto pCT dose (f2r), vCT warped dose (Rr-wer),
VvCT recalculated dose (&) and rCT recalculated dose . DVHs and dosimetric statistics
representative of target coverage and OAR tolesansed in-house to trigger replanning were chosen
as dose indicators. These were for PTV and iCTW#ie, and \hgy, respectively, with a threshold of
3% change in the rCT. For OARs the dose toleransesl were: for heart, R=72Gy, Vi55,<35%
and  V56<50%; for esophagus, &=70Gy and Vss<30%; for cord (and cord+5mm),
Dmax=50Gy(65Gy); and for brachialplexus, fr66Gy. The ICTV/PTV contours were rigidly
propagated while the OARs were propagated using DIR

3.RESULTS

3.1 Case studies of different anatomical changes

3.1.1 Lung changes

Atelectasis is the collapse of lung that is somesimeversible. PT#1 developed partial atelectdsis a
the upper left lobe during week two (Fig. 2) reisgitin increased WET along the beam paths and
subsequent under-ranging (WdEr.050710.4/12.3mm for LP@LPO, field). Tumor coverage was
compromised and a higher dose was delivered tesbphagus (R from 50Gy to 71/71/68Gy for



Dvctwer/Duet/Dict) Which triggered immediate replanning. The vCTdicted similar dosimetric

indicators as the rCT.

When tumors regress, the previously blocked aireay reopen and reinflate the collapsed lung
(PT#3, Fig. 3). Lung reinflation reduced the WEDrgj the beam path, and caused beam over-
ranging (WETyer-050741.4/44.2mm for RPO/PA field). The change in ddstribution compromised
tumor coverage (ICT\AV gg0=-27/-27/-13% for [t.wer/Dyvet/Dict), Which triggered replanning. The
predicted loss of coverage was higher in the vGntm rCT, which can be attributed to the partial
truncation of the CBCT at the beam entrance (se#ogse3.1.3).

3.1.2: Tumor changes

Different tumor response scenarios were identiéied detailed below.

Infiltrating tumors

For PT#14, the GTV decreased from 4.1 to 2.7cmiamdter after four weeks of treatment (Fig. 3).

The uncorrected vCT resulted in DIR errors of thagltissue between the tumor and chest wall. After
applying the correction algorithm, the clinical icators were nearly identical between vCT and rCT
(ICTV AVggy=-5/-7/-6% for Dcr-wet/Dvct/Drcr)-

Tumor regression

When tumors regress, the topological changes mapabandled by DIR alone. In PT#2 a 22.3mm
cavity appeared within the original tumor volumdg(F2). Its size and location were accurately
identified and accounted for by the vCT correctstep. The reduction in WET along the beam path
resulted in beam over-ranging to the heart (\WEJ§s:24.6/25.2mm for RPERPG, field, Figs. 4
and 5). Dosimetric indicators between vCT and rCdrewsimilar (Fig. 4), i.e., decreased iCTV
coverage (ICTVAVggy=-7/-6/-8% at Qcr-wer/Dyct/Dict), @and increased dose to the cord.{Irom

45 to 52/52/49Gy for Rr.wer/Dvcr/Dicr) and the heart (Mgy from 25% to 31/31/35% for Jor.

WET/ DVCT/ DrCT) .

Changes in tumor density

PT#20 had both regression and changes in tumoitgetie average intensity of the GTV decreased
from 30 to -110HU between pCT/NCT and rCT, corregfog to a local WET variation of

approximately 7mm. The vCT retained the HUs frora gCT and underestimated the change in



proton range, i.e., WEJer-am=27.0/40.7% for vCT/rCT (RP{field). Regardless of the differences

in WET between the vCT and rCT, identical reducfiodose coverage was detected in the DVHSs.

Moderate shrinkage/enlargement

Moderate tumor regression was here defined asualiysapparent change in tumor volume less than
25% of its original GTV. An example is PT#11, whashfocal shrinkage resulting in modest beam
over-ranging (WEJer-95058.5/7.5mm for AP/RPO field), and an increase isedto the cord (i«
from 30 to 36/37/37Gy for Rr.wet/Dyct/Dict). PT#16 was the only case of tumor enlargement
during radiation treatment; the diameter increas&dim along the beam path. Because of the
complex organ geometry at the mediastinum, bottmbaader/over-ranging were observed (i.e.,
WETnder-o50571.1mm and WEJ,er-9505=3.6mm for RPO field), resulting in increased dase¢he cord
(Dmax from 35 to 46/47/40Gy for 21.wer/Dvc1/Dict), and a right shift of iCTV/PTV DVH curves. In

these two cases the vCT and rCT offered similaiicai indicators with DIR alone.

3.1.3: Other factors affecting clinical indicators

In addition to DIR errors, setup variations andaidnces in the respiratory pattern between CBCT
and rCT scans can result in differences betwegn dg+/D.cr and Dcr. This implies that different
clinical indicators are being extracted, and caeydfore, create false positive/negative triggers f
offline review. Our online workflow was less robust patients in whom the magnitude of dose
differences arising from setup variations was cawiple to those arising from internal anatomical
change. For PT#13, tumor shrinkage was well reea/éy DIR; however the position of the main
bronchi was shifted superiorly in rCT in comparigorthe CBCT (Fig. 3). The movement of the main
airway cause different predictions of target cogera(iCTV AVggy=+3/+1/-4% for DQecr.
wet/Dvet/Dier). WET difference maps were also affected: the ntada of WETer-o50cwas small but
the 2D WET maps gave different indicators (W& Lsmmwas 18.8/46.6% for vCT/rCT for PT#19
RPO field, see Fig. 5). Clinically, none of thesgignts required replanning as the dosimetric cesing

were generally small and the effects averaged wngl the course of treatment.

Setup errors should not be confused with systenafitft of tumor position through the treatment
course. For PT#5, the primary tumor shifted initiferior direction, and this was consistent between
the CBCT and rCT. DIR accurately described the ghan tumor position, but the modest change in

WET had minimal effect on target coverage or doSBAR.

Due to FoV limitations, a minority of CBCTs did nehcompass the entire exterior of the patient

body at the beam entrance (Fig. 2 and 3). For PI¥4CBCT truncation resulted in overestimation



of over-ranging of the RPO field (WE.E.954=19.1/11.0mm for rCT/vCT), but the overall changes
range and dosimetry were small (Fig. 4). Never®lancorrected truncation may in some cases lead

to inaccurate clinical indicators (PT#3: iICTAW ggo=-27/-27/-13% and, PT#17: iCTXV gg¢, =0/0/-
5% for Dicr.wer/Dyvct/Dicr).

3.2 General results

Eighteen of the twenty patients exhibited tumorresgion resulting in over-ranging of the proton
beams; two showed considerable under-ranging. Tivese cases of atelectasis (PT#1) and tumor
enlargement (PT#16). For all patients, the aveedig®lute difference in WEJer-950sand WE Tyersamm
between vCT and rCT were 3.4+2.7mm and 12+12% eadsely. Figure 5 shows examples of WET
and WET difference maps. WET difference maps idiextithe same regions of under/over-ranging
for all patients with large anatomical changess™aas true even for PT#8 and PT#20, in spite of the
full magnitude of the over-ranging not being fulgcovered due to limitations of the corrected v@T t
reproduce complex shrinkage and/or density chaffggs 5). In cases of smaller changes or setup
variations, the WET difference maps were less umifdn general, values of WEE:.o50, N€€ded to
exceed 15mm before significant dosimetric changesdcbe detected. The most common issues that
could lead to a replan were loss of tumor volumeecage, increase in maximum dose to the cord,

and over-ranging of dose into the heart.

4. DISCUSSION

In proton therapy, accurate Hounsfield units areguirement to make clinical decisions for ART.
CBCT plays an important role in image-guided thgramd vCTs is one step in that direction and

may play a complementary role to rCT.

In terms of WET information, although the vCT mayt neproduce identical WET maps, it identifies
the same trends as the rCT regarding the effeittecofWET changes. 90% of the fields with WE{..

os0d WE Tover.0500 larger than 10mm were properly identified as sinom the vCT. The dose warping
method reproduced similar clinical indicators fatipnts with considerable changes that may trigger
a replan. The most common issue was loss of tagetrage of the iICTV. For PT#1, PT#2 and
PT#14, the impact to OARs was detected (esophagast/cord and cord respectively). For PT#8, the
changes in OAR dose were not properly detectedlevibir PT#20 an increase in cord dose was
incorrectly detected. When smaller changes occud#éférences in OAR dose were also detected
(PT#11, PT#12 and PT#16), but some false positiegstives occurred for loss of target coverage
(PT#13, PT#15 and PT#17). Variations in setup cesult in overestimation (PT#9) and

underestimation (PT#19) of over-ranging, but witimimal dosimetric impact. In general, OAR doses



were maintained within tolerance; however, specgak should be given to fields that point towards
an OAR, such as lateral oblique fields that maygeaout at the heart (PT#2, PT#7 and PT#12).

An important conclusion taken from this retrospeetinvestigation was the necessity to evaluate
multiple parameters during the ART decision-malngcess: changes in WET, qualitative review of
images and dose distributions, DVHs and correspgndiose-statistics. Flags raised by a single
indicator should be backed by additional eviderieer example, iCTV-Vy, Statistic was quite
sensitive even when the DVHSs did not reflect majuanges. In cases where the anatomical changes
are small the decision to replan should not be daseindividual scans, but rather on continued

monitoring. Smaller changes can in fact be compearabsetup errors and may average out.

The limitations of the proposed workflow were id&atl through an evaluation using a diverse cohort
of patients. DIR has inherent uncertainties ane@aged errors, and traditional algorithms are not
adequate when tissue appears/disappears (suclelestais). If unaccounted for, such situations
result in significant errors in WET/range estimatioThe correction step works well for gross
registration errors, but cannot recover complexngka in tumor topology. When applying the
method prospectively and if the correction stepdsadequate, manual adjustments to the vCT may
be necessary during the second decision-makingt gio@n, offline review of vCT). Using CBCT
directly for dose recalculation is a viable altéiveato remove the errors associated with DIR. [tesp
the vast work on directly using CBCT in conventiophoton therapy*°and/or to improve CBCT
image quality** its usability is still limited in proton therafy**and therefore the corrected vCT is a
good interim solution. For smaller registrationoest we identified two common patterns of failure:
first, the interface of lung-tissue-bone at theteier rib wall due scatter artifacts, and secahe,
positioning of the scapula (which can often moveand out of the path of lateral oblique fields).
From a clinical perspective, two scenarios are iptessvith DIR errors. The first is a false positive
trigger, i.e., the dose calculated on the vCT iatdid a change in dosimetry when there is none. The
outcome is an unnecessary CT scan to confirm tiaenigs. The other is a false negative trigger, i.e.
the dose calculated on the vCT failed to detectcttenge in dosimetry. While this scenario poses a
bigger risk it is unlikely to occur. Higher DIR ers are associated with larger anatomical changes,

and in such cases variations in dosimetry are lyssil predicted even if with a different magnite.

The use of CBCT instead of rCT has its own assediahallenges. First, subtle changes in density of
lung tissues between planning and verification @)#vere undetectable on CBCT but apparent on
rCT. Second, the limited FoV and artifacts causgthle couch may result in incomplete information
of the external contour. This was problematic fome lateral oblique fields (10% of fields);

regardless, it can be avoided by closely matcHiegpiatient geometry near the beam entrance during



image acquisition. This is not a limitation of theposed workflow for CBCT systems with larger
FoVs.

We established that a vCT is comparable to rCT;nidnet step is to test the workflow on a larger
cohort and transition the workflow to clinical roné. The clinical indicators investigated here were
empirically sensible; yet further investigationse atequired for defining the appropriate action
threshold for replanning. On the technical sidgyriosvement of the workflow to minimize its current
limitations is a priority, which includes investtigay lung-specialized DIR algorithni$,automatic
segmentation validatioli,improvement of CBCT image qualifyand integration with TPS or using

more accurate dose calculations.

5. CONCLUSIONS

We retrospectively evaluated a novel workflow ta@uaitatively assess WET and dose distributions
using CBCT for proton therapy. This workflow wasosm to provide similar clinical indicators as

rCT on patients with considerable interfractionatmmical changes.

FIGURE LEGENDS

Table 1- Patient characteristics.

Figure 1- Workflow for ART. A corrected vCT was ated using pCT-to-CBCT DIR, and the
variation in WET between vCT and pCT was used ngeacorrect the planned dose. This process can

be performed online to trigger an in-depth offlregiew of the vCT (and rCT) if deemed necessary.

Figure 2- Images used and generated by the workfmwPT#1 (atelectasis), PT#2 (large tumor
shrinkage) and PT#4 (small tumor shrinkage). A test soft tissue window level was used for CT
datasets (except the CBCT). For PT#1 and PT#2/@ieneeded the correction step (region defined
by the red contour). For PT#4, DIR alone recovdted changes well; however, CBCT truncation

affected the similarity between vCT and rCT.

Figure 3- Images used and generated by the workidow? T#3 (lung reinflation), PT#14 (regression
of infiltrating tumor) and PT#13 (shrinkage and mp@s in breathing pattern). A consistent soft g#ssu
window level was used for CT datasets (except tBET). For PT#3 and PT#14, correction of the
vCT was necessary (region defined by the red contéior PT#13, DIR was able to recover the
tumor shrinkage; however, visible differences itupeoccur between vCT and rCT, particularly in the

position of the main airways (yellow arrow).



Figure 4- (A) Color overlay of the CTs and corresginog dose distributions and (B) DVHs for PT#1,
PT#2 and PT#4. For PT#1 the appearance of ateledtaseased the WET, resulting in under-
ranging and loss of iCTV coverage. For PT#2 thénkhge of the GTV resulted in decreased WET,
and thus in over-ranging and increase in dose @@li/to the heart and cord. For PT#4 the changes in

WET were small in spite of CBCT truncation, resagtin similar dose distributions and DVH curves.

Figure 5- WET and WET difference maps for PT#2 (RR€d), PT#8 (PA field) and PT#19 (RPO
field).
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