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Abstract

Purpose—Test the feasibility of a planned phase | study of image-guided adaptive radiotherapy
in locally advanced lung cancer.

Methods and Materials—Weekly 4D FBCTs of ten lung cancer patients undergoing
concurrent radiochemotherapy were used to simulate adaptive radiotherapy: After an initial IMRT
plan (0-30 Gy/2 Gy), adaptive replanning was performed on week 2 (30 to 50 Gy/2 Gy) and week
4 scans (50 to 66 Gy/2 Gy) to adjust for volume and shape changes of primary tumors and lymph
nodes. Week 2 and 4 clinical target volumes (CTV) were deformably warped from the initial
planning scan to adjust for anatomical changes. On week 4 scan a simultaneous integrated
volume-adapted boost was created to the shrunken PT with dose increases in five 0.4 Gy steps
from 66 Gy to 82 Gy in two scenarios: Plan A. lung isotoxicity and B. normal tissue tolerance.
Cumulative dose was assessed by deformably mapping and accumulating biologically equivalent
dose normalized to 2 Gy-fractions (EQD?2).

Results—The 82 Gy level was achieved in 1/10 patients in scenario A resulting in a 13.4 Gy
EQD?2 increase and a 22.1% increase in tumor control probability (TCP) compared to the 66 Gy
plan. In scenario B, 2 patients reached the 82 Gy level with a 13.9 Gy EQD2 and 23.4% TCP
increase.

Conclusions—The tested IGART strategy enabled relevant increases in EQD2 and TCP.
Normal tissue was often dose limiting, indicating a need to modify the present study design prior
to clinical implementation.

Introduction

Local tumor control affects overall survival in locally advanced non small-cell lung cancer
(LA-NSCLC) (1). The ability to increase tumor control by delivering higher dose is limited
by normal tissue toxicity and variations in tumor geometry.
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The development of image-guided adaptive radiation therapy (IGART) promises improved
tumor targeting with smaller margins, allowing for the safe delivery of higher doses than
currently feasible. With a limited number of lung IGART trials open for accrual, clinical
strategies are not well established, but should likely include reimaging (2), respiration
management, adaptive replanning (3) and deformable dose summation. Relevant increases
of tumor dose and/or reduction of lung doses were reported from planning studies using
during treatment PET (4, 5) and repeated CT imaging (6). The goal of the present plan
simulation is to test the feasibility of a planned phase | IGART dose escalation study in LA-
NSCLC. The planned study differs from existing literature in the following aspects:

» Delivery of a hypofractionated simultaneous integrated boost to the decreased
primary tumor volume only without extending treatment time.

»  Warping of the clinical target volume (CTV) for safe coverage of microscopic
disease.

* IMRT planning for high dose conformality and plan optimization using relevant
normal tissue tolerances.

Materials and Methods

Patient information

On an IRB-approved prospective image acquisition protocol, ten patients with LA-NSCLC
underwent weekly 4D fan beam computed tomography (4D FBCT) with audiovisual
biofeedback (7), while concomitant radiochemotherapy was delivered per institutional
standard of care. Table 1 summarizes patient-specific information.

Image acquisition and image registration

4D FBCTs were obtained on a 16-slice helical CT scanner (Brilliance Big Bore, Philips
Medical Systems, Andover, MA) as respiration-correlated CTs with 10 breathing phases (0
to 90%, phase-based binning) and 3 mm slice thickness. Using hormalized cross correlation
(Syntegra, Pinnacle 9.1, Philips Medical Systems, Fitchburg, WI), the mid-ventilation phase
(30%) from the weekly 4D FBCT was rigidly registered to the corresponding phase on the
planning 4D FBCT to align bony anatomy. The registered images were visually inspected
and, if necessary, manually adjusted.

Volumes and deformable CTV propagation

The initial planning scan (week 0), week 2 and week 4 4D FBCTs were manually contoured.
Normal tissue structures were defined on the mid-ventilation phase. The gross tumor volume
(GTV) consisted of primary tumor (PT) and lymph nodes (LN) (positive according to biopsy
or PET) that were contoured on all 10 phases to generate internal target volumes (ITVs). On
the initial scan, clinical target volumes (CTVs) were defined as 6 mm and 3 mm expansions
of the PT and LN ITVs, respectively. Assuming daily soft tissue-based image guidance, the
planning target volume (PTV) was obtained by expansion of both the CTV PT and CTV LN
by 5 mm.

To account for shape and volume changes caused by tumor regression, CTV PTs on week 2
and 4 scans were deformably propagated from the initial planning scan using the
displacement fields from deformable registration. Deformable image registration was
performed using a small deformation, inverse-consistent, linear-elastic algorithm (8) which
has previously been benchmarked for co-registering thoracic FBCT images for the purpose
of mapping the CTV from one image to another (9). Each weekly mid-ventilation phase was
non-rigidly registered to the corresponding phase of the planning 4D FBCT. The fused
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images, displacement fields, and deformed CTV contours were visually inspected for
agreement. PTVs on week 2 and 4 scans were created by 5 mm expansion of the warped
CTVs. A boost PTV was created on the week 4 scan defined as the week 4 ITV PT
surrounded by a 3 mm margin.

Treatment planning and deformable dose summation

Intensity-modulated radiotherapy (IMRT) planning with coplanar fixed fields was
performed on the 30% phase of the initial, week 2 and week 4 4D FBCT (Pinnacle 9.1,
Philips Medical Systems, Fitchburg, WI) with the goal to deliver a dose of 66 Gy in 33
fractions to 95% of the PTV volume (Dgse,= 66 Gy) using multiple normal tissue constraints
(Table 2). The comprehensive IGART plan had the following dose components: 0-30 Gy/15
fractions to initial PTV, 30-50 Gy/10 fractions to week 2 PTV and 50-66 Gy/8 fractions to
week 4 PTV. In addition, a simultaneous integrated volume-adapted boost (SIVAB) to the
boost PTV was delivered integrated in the 8 fractions of the week 4 adaptation. Dose-per-
fraction of SIVAB was increased in five 0.4 Gy dose steps between 0 Gy (= no boost) and 2
Gy, resulting in comprehensive IGART doses between 66 and 82 Gy. The boost dose was
planned as volumetric-modulated arc therapy (VMAT). Representative dose distributions
are shown in Figure 1.

The details of cumulative dose calculation are included in Appendix A. Biologically
equivalent doses normalized to 2 Gy fractions (EQD2) were calculated for PT, LN and
normal tissue. Table 2 lists a/p-values for normal tissue structures with no repopulation
assumed.

Two adaptive planning scenarios were considered:

Plan A: IGART with SIVAB at lung isotoxicity: Dose escalation was performed until
the normalized mean lung dose (nMLD) of the adapted 66 Gy plan was exceeded by
more than 1 Gy.

Plan B: IGART with SIVAB at normal tissue tolerance: Dose escalation was performed
until any of the limiting normal tissue EQD2s was reached.

In addition to adaptive planning, accumulated EQD2 was calculated for the non-adaptive
scenario, presuming delivery of the initial plan for all fractions (= unadapted 66 Gy plan).

Data analysis

Statistics

The principal goal of this study was to analyze the resulting composite plans for their ability
to increase SIVAB dose at the specified dose levels for Plan A and B scenarios. First, tumor
regression characteristics of the PT, LN and CTV PT were evaluated. Second, to analyze the
effect of adaptation itself without dose change, differences in EQD2 and tumor control
probability (TCP) between unadapted and adapted 66 Gy plans were evaluated. Third, the
maximum tolerated doses were recorded for Plan A and B and EQD2s of ITV and CTV PT
and LN analyzed. For both Plan A and B, achievable doses were compared for lung only as
dose limiting structure and for any normal tissue structure being dose limiting. TCPs for PT
and LN were calculated according to Appendix B.

Differences in EQD2s and TCPs between the planning scenarios, and differences of PT and
LN volume reduction were analyzed for significance using a Wilcoxon signed rank test
assuming significance for p < 0.05.
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Results

Tumor regression

The PT / LN volumes on week 0 scan measured, on average, 65 cm3 (range 7 — 312 cm3) / 5
cm3 (range 1 — 8 cm3). In week 4 these volumes were reduced to on average 52 cm3 (3-304
cm3) / 2 cm3 (range 1 — 6 cm3) resulting in a mean reduction by 39% and 51% (p=0.09). The
mean week 0 CTV was comparable to the warped week 4 CTV (179 cm?3 (range 33 — 694
cm3) versus 184 cm?3 (range 35 — 745 cm?3)), see Table 1. The mean respiration-related
motion of the PT centroid measured on the initial planning CT was 3 mm (range 0 — 9 mm).

Adapted versus unadapted 66 Gy plans

The difference between mean EQD2; for Dgse, of ITV and CTV of PT and LN, and for

normal tissue for unadapted and adapted 66 Gy plans was less than 1 Gy (Table 3 and 4).
Patient 3 (PT volume 312 cm3) was excluded from dose escalation, as a 66 Gy plan could
not be achieved without exceeding lung tolerance.

Dose escalation with lung isotoxicity

At lung isotoxicity, the following dose steps were reached: 82 Gy in 4, 72.4 Gy in 1, 69.2
Gy in 3, 66 Gy in 1 patient. While keeping lung isotoxicity the following tolerances were
exceeded: Heart in three patients (2x72.4 Gy, 1x75.6 Gy), esophagus in one patient at 69.2
Gy, aorta in 1 patient at 72.4 Gy, airways in 4 patients (3x72.4 Gy, 1x75.6 Gy). Only one
patient reached the 82 Gy dose step without exceeding any normal tissue tolerance at lung
isotoxicity.

Average EQD21 of ITV and CTV PT were significantly increased by 17.7 Gy (range 7.7-
27.3 Gy) and 10.1 Gy (range 2.4-17.4 Gy), whereas ITV and CTV LN showed no relevant
change compared to the adapted 66 Gy plan (Table 5). Adding dose via SIVAB required
downscaling of the monitor units of the adapted 66 Gy plan to keep the required lung
isotoxicity. This resulted in slightly reduced dose to CTV LN. Respecting all normal tissue
limitations reduced the achievable mean ITV PT dose increase to 13.4 Gy (range 0-27.3
Gy). Dose escalation resulted in a significantly improved mean TCP of the ITV PT by
absolute 22.1% (range 0-39.2%). Mean TCP change was less than 1% for CTV PT and LN,
and 1.2% increase for ITV LN (Table 4).

Dose escalation to normal tissue tolerance

Six patients reached the 82 Gy dose step without exceeding lung tolerance alone. However,
heart tolerance was exceeded in 2 patients at 72.4 Gy and 75.6 Gy dose level, esophagus
tolerance in 1 patient for all dose steps, aorta tolerance in two patients (72.4 Gy and 78.8
Gy) and airways in 4 patients (3x72.4 Gy, 1x75.6 Gy). The 82 Gy dose step was reached in
only 2 patients without exceeding any normal tissue tolerance. Both patients had peripheral
PT location. EQD21g of ITV PT and CTV PT increased by 17.9 Gy and 11.8 Gy with
keeping lung tolerance alone. When keeping any normal tissue tolerance, significant mean
EQD2,q increases of ITV PT by 13.9 Gy (range 0-23.4 Gy) and CTV PT by 9.1 Gy (range
0-18.7 Gy) were achieved (Table 5). The increased dose resulted in a mean absolute TCP
improvement of the ITV PT by 23.4% (range 0-43.6%) compared to the 66 Gy plan. Mean
TCP change was less than 1% for CTV PT and LN, and 3.9% increase for ITV LN (Table
4).

Discussion

Image-guided adaptive radiotherapy presents a promising methodology to improve the
therapeutic ratio through more accurate tumor targeting and improved normal tissue sparing.
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During treatment PET/CT has been used in 2 studies for boost definition using conventional
fractionation and 3D conformal planning (4, 5). During-treatment adaptation allowed dose
escalation by 30-102 Gy in the study by Feng et al. using lung isotoxicity (4). A smaller
increase from 66 Gy to a mean dose of 74 Gy was observed by Gillham et al. at normal
tissue tolerance (5).

Guckenberger et al. (6) simulated normofractionated dose escalation using 3D conformal
radiotherapy, adaptation to geometrical tumor changes, and deformable image and dose
registration. The present study used a similar framework, but included repeated assessment
of tumor motion, as well as macroscopic and microscopic tumor volume changes, and used
IMRT planning with SIVAB.

In Guckenberger’s study a mean 7 Gy GTV dose increase was achieved with two CT-based
adaptations without exceeding lung and spinal cord isotoxicity, whereas with the present
methodology PT EQD24 was increased by an average 13 Gy taking into account multiple
normal tissue dose limitations. At higher radiation doses structures such as airways and
esophagus become a concern (12, 13), which were accounted for in the present study.

The present study concept increased boost dose only to the PT, which is the location at the
highest risk of tumor recurrence (14). RTOG 9410 showed that primary tumors are at a near
3-fold risk for first recurrence compared to lymph nodes (15). Also, prolonged treatment
times originating from higher dose application with conventional fractionation were avoided
using SIVAB, hereby compensating for accelerated repopulation (16). Adaptive treatment
strategies carry the risk of underdosing microscopic disease by adjusting treatment fields to
shrinking tumors and ignoring the potentially continuing presence of tumor cells in their
position relative to the initial anatomy (11, 17). As has been demonstrated by Hugo et al.
(9), the volume and position of assumed microscopic disease vary during radiotherapy,
although to a lesser degree than the macroscopic tumor. In the current study, the initial CTV
volume was preserved through warping, ensuring the prescribed dose coverage even in the
presence of shape and volume changes of the macroscopic tumor.

Variations in the daily range of respiratory motion are usually small and were assessed in the
repeated CTs in this study. Using biofeedback and comparing the ITV motion envelopes to
the daily CBCT information will limit excessive variations during daily set-up. Higher
frequency of adaptive replanning is expected to allow even larger dose increase, however, in
the clinical setting would require additional technical development with automation of
several processes including contouring, deformable registration, replanning and quality
assurance of all steps.

The present study, performed on a representative set of locally advanced lung cancer
patients, demonstrated overall appropriateness of the planned IGART trial. Simulation of the
planned study allowed us to test new technical aspects of deformable image registration and
dose summation including CTV warping in a clinical scenario. Also, this simulation study
enabled assessment of achievable dose increase with tumor shrinkage and identification of
potential normal tissue risks. Estimation of required patient numbers for the clinical trial
through determination of the expected outcome benefit became feasible.

Conclusion

The present study indicates a significant potential for dose increase with IGART.
Limitations were identified suggesting modifications in patient selection and achievable
dose intensification prior to opening the planned phase | study.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Example for adapted 66 Gy and 82 Gy boost plans.

The replanning steps and the cumulative dose distribution are shown for a 66 Gy plan (no
boost) on the left and for 82 Gy with SIVAB (16 Gy boost) on the right. A 66 Gy plan was
created on each CT scan with the cumulative plan consisting of a) 15 fractions based on the
initial CT, b) 10 fractions of week 2 CT, and c) 8 fractions of the week 4 CT simultaneous
integrated volume-adapted boost plan, adding up to a total dose between 66 Gy (no boost)
and 82 Gy (16 Gy boost).
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Colorwash red: planning target volume (PTV) based on the respective initial, week 2 and

week 4 CT scan, colorwash blue: PTV boost, colorwash purple: planning organ at risk
volume (PRV) esophagus, colorwash green: PRV spinal cord.
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Table 2
EQD?2 values for normal tissue tolerance
Structure Physical ~ Acceptable a/B(Gy) EQD2
Dose (Gy) Volume

Esophagus PRV 60 30% 3 57.6
Esophagus PRV 34 50% 3 274
Esophagus PRV 74 0% 3 74

Spinal cord PRV 50 0% 2 44

Heart 40 100% 3 33.7

Heart 45 65% 3 39.3

Heart 60 35% 3 57.6

Heart 74 0% 3 74
Lungs minus ITV 19 nMLD 4 14.5
Brachial plexus 66 0% 2 66

Aorta 74 0% 3 74

Trachea and main stem bronchus 80 0% 3 80

ITV: internal target volume; nMLD: normalized mean lung dose; EQD2: dose equivalent to 2 Gy dose; PRV: planning organ at risk volume.
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Comparison of mean EQD2 for tumor and selected normal tissues of unadapted and adapted 66 Gy plans.

Unadapted 66 Gy (SD) Adapted 66 Gy (SD)  p-values
Desyo CTV PT 53.5 (1.1) 543 (1.1) p<0.01
Dsy ITV PT 53.7 (1.5) 54.3 (1.3) p>0.05
Dgsy, CTVLN  53.4(L.3) 53.3(2.2) p>0.05
Dosy ITV LN 53.7 (1.8) 54.1 (1.6) p>0.05
Lungs mean 12.6 (2.6) 12.6 (2.7) p>0.05
Heart mean 5.7 (6.8) 5.7 (6.8) p>0.05
Esophagus mean  14.7 (6.3) 15.0(6.1) p>0.05
Spinal cord max  16.3 (4.2) 16.5(3.2) p>0.05
Aorta max 67.2 (3.6) 67.4 (4.1) p>0.05
Airways max 71.0(2.4) 716 (2.2) p>0.05

CTV: clinical target volume; D950y dose in 95% of the volume; ITV: internal target volume; NTD: EQD2: dose equivalent to 2 Gy dose.
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