
Advances in Radiation Oncology (2021) 6, 100750
Scientific Article
Evidence-Based Planning Target Volume Margin
Reduction for Modern Lung Stereotactic Ablative
Radiation Therapy Using Deformable Registration

Katie Jasper, BSc, MD,a,b Baochang Liu, PhD,c,d Robert Olson, BSc, MSc, MD,b,c and
Quinn Matthews, PhDc,*

aBC Cancer−Vancouver, Vancouver, British Columbia, Canada; bDivision of Radiation Oncology, Department of
Surgery, University of British Columbia, Vancouver, British Columbia, Canada; cBC Cancer−Prince George, Prince
George, British Columbia, Canada; dRadiation Medicine Program, Walker Family Cancer Centre, St. Catharines,

Ontario, Canada

Received October 20, 2020; revised May 20, 2021; accepted June 25, 2021
Abstract
Purpose: Standard planning target volume (PTV) margins for lung stereotactic ablative radiation therapy (SABR) are 5 mm. High-

dose-rate volumetric modulated arc therapy delivered using flattening filter-free (FFF) beams with modern immobilization systems

may allow for PTV margin reduction. This study assesses whether PTV margins can be reduced from 5 to 3 mm.

Methods: Target intrafractional motions derived from pretreatment and posttreatment cone beam computed tomography (CBCT) scans for 33

patients receiving lung SABR treated with 10XFFF energy and 5-mm PTVmargins from 2016 to 2019 were used to calculate the required PTV

margin. Deformable registration of the planning CT scan and internal gross tumor volume (IGTV) contour to posttreatment CBCT scans for 36

consecutive patients with 4 fraction schedules was completed to capture volume changes and intrafractional movement. Plans were replanned

with 3-mmmargins and recalculated on each deformed CT scan to assess deformed IGTV (d-IGTV) coverage and organ-at-risk doses.

Results: Margin analysis showed PTV margins may be reduced to 3 mm. The mean d-IGTV coverage (percentage of the d-IGTV

receiving ≥100% of the prescription dose [V100%] and the minimum dose covering 99.9% of the d-IGTV volume [D99.9%]) over 4

fractions for each patient was >95% with both margins. With 5-mm PTV margins, all 144 fractions had a d-IGTV V100% of >95% and

a D99.9% >95%. With 3-mm PTV margins, the d-IGTV V100% was >95% in 99.3% of fractions (143 of 144) and the D99.9% was

>95% in 98.6% of fractions (142 of 144). With 3-mm PTV margins, significant reductions in body V50%, body V80%, the volume of

the lung receiving ≥20 Gy, and the mean lung dose and chest wall dose to 0.035 cm3 and 30 cm3 were observed (all P < .001). Using

theoretical models, the normal tissue complication probability for radiation pneumonitis decreased by a mean of 0.8% (range, 0.1%-

2.7%), and the mean 2-year tumor control probability was 96.1% and 95.2% with 5-mm and 3-mm PTV margins, respectively.

Conclusion: With modern treatment and immobilization techniques in lung SABR, 3-mm PTV margins maintain acceptable IGTV

coverage, modestly reduce toxicity to organs at risk, and maintain a calculated 2-year local control rate of >95%.
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Introduction
Stereotactic ablative radiation therapy (SABR) is an

effective treatment for early-stage non-small cell lung can-

cer (NSCLC) with excellent local control rates (>90% at
e
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2 years).1-3 It is the treatment of choice for patients with

stage I medically inoperable NSCLC.4,5 Compared with

conventional radiation therapy, SABR uses increased pre-

cision with image guidance, higher conformity with

steeper dose gradients, and a larger dose per fraction in

fewer fractions to deliver higher biologically effective

doses to tumors while minimizing the dose to nearby nor-

mal tissue.6 Specialized planning, immobilization, and

dose-delivery techniques are required to achieve this preci-

sion given that a geographic miss would have considerable

implications.7-9 Components of this include 4-dimensional

computed tomography (4DCT), used to create an internal

gross tumor volume (IGTV)10-12 that accounts for tumor

motion during respiration, as well as linear accelerator

−mounted cone beam computed tomography (CBCT),

used to make precise adjustments to patient set-up before

treatment delivery.9

Using these strategies allows for smaller planning tar-

get volume (PTV) margins than those of conventional

radiation therapy.9,13 The PTV margins are required to

account for intrafractional shifts, random error, and sys-

tematic error encountered during treatment.14 Since the

development of SABR, 5- to 10-mm PTV margins have

been used by many institutions and continue to be a com-

mon standard.1,4,13,15 However, there have been advance-

ments in image guidance, delivery techniques, and

immobilization devices since the inception of SABR.

Modern volumetric modulated arc therapy (VMAT)

using flattening-filter-free (FFF) beams allows for much

higher dose rates than intensity modulated radiation ther-

apy (IMRT) with flattened beams.16 Higher dose rates

result in reduced treatment times, potentially leading to

decreased intrafractional motion.9,17 These factors may

allow for reductions in PTV margin sizes while maintain-

ing efficacy. This study had 2 purposes. The first was to

evaluate the current PTV margin size and assess whether

this can be reduced. The second was to analyze the

dosimetry of 5-mm PTV margins compared with the cal-

culated 3-mm PTV margins.
Methods
Posttreatment CBCT intrafractional shift data from 33

patients with early-stage NSCLC treated with 4- or 8-

fractionation lung SABR from 2016 to 2019 were ana-

lyzed to determine a PTV margin with a probability of

IGTV coverage of ≥95% of the prescription dose in 90%

and 99% of patients. The mean displacements of the

IGTV in longitudinal, vertical, and lateral directions were

analyzed in a total of 173 posttreatment CBCT scans.

The PTV setup margin (MPTV) for lung SABR was then

calculated using the van Herk formula as follows:

MPTV ¼ aSþ bðs2 þ s2
pÞ1=2 � bsp; ð1Þ
where a is 2.5 when 90% of patients receive a minimum

of 95% of the dose to the IGTV and 3.36 when 99% of

patients receive a minimum of 95% of the dose to the

IGTV, S is the standard deviation (SD) of the systematic

error calculated using the mean displacements of intra-

fractional shifts of each patient, s is the SD of the random

error calculated using the SD of the shifts of each patient,

b is 0.84 for an approximate prescription isodose level of

80% for a minimum of 95% of the PTV, and sp is

0.64 cm to accommodate for lung penumbra.14,15,18

To validate 3-mm PTV margins, 36 consecutive

patients with early-stage NSCLC treated with lung

SABR using 48 Gy in 4 fractions, 10XFFF energy (maxi-

mum dose rate, 2400 MU/min), and 5-mm PTV margins

from 2016 to 2019 were included. For tumors superior to

the carina, immobilization was accomplished with a long

thermoplastic shell, no abdominal compression, and

shoulder retractors (Combifix, CIVCO Radiotherapy,

Orange City, Iowa). Immobilization for tumors below the

carina used a vacuum mold and either arms up with a

pneumatic belt for abdominal compression or arms down

and a bridge and respiratory plate for abdominal com-

pression (Body Pro-Lok, CIVCO Radiotherapy). Plans

were created on the mean intensity projection data set

from all 10 phases of a full-lung 4DCT cine scan, which

was reviewed and approved by a physicist before plan-

ning. All patients were treated with coplanar VMAT with

2 or 3 partial (200˚) arcs, with pretreatment and posttreat-

ment CBCT scans.

A graphical overview of our margin analysis workflow

is shown in Figure 1. Deformable registration of the origi-

nal planning CT (mean intensity projection from 4DCT)

and IGTV contour to the posttreatment CBCT scan was

completed for each fraction using the SmartAdapt, ver-

sion 13, deformable registration algorithm (Varian Medi-

cal Systems, Palo Alto, California). This simultaneously

captures the intrafraction translation and rotation of the

IGTV and any volume changes. The volume of interest

for deformation was set to enclose the original PTV plus

a 1- to 2-cm margin to encompass tissues surrounding the

PTV but exclude (and therefore preserve the integrity of)

the external body contour. The CBCT scan and initial

IGTV contour were used as references to review each

deformed IGTV (d-IGTV) to ensure a high-quality regis-

tration and minimize deformation errors. Each d-IGTV

contour was independently reviewed by a clinician and

medical physicist.

All plans were retrospectively replanned with 3-mm

PTV margins using identical optimization and calculation

parameters (Varian Eclipse Progressive Resolution Opti-

mizer and Anisotropic Analytical Algorithm, version 11,

with dose grid resolution of 2.5 mm) and normalized to

match the coverage of the original plan (percentage of

the PTV receiving ≥100% of the prescription dose

[V100%] = 95%). Dose was recalculated on each

deformed CT to assess d-IGTV coverage for both 5-mm



Fig. 1 A stepwise overview to margin analysis using deformable registration. The planning computed tomography (CT) internal

gross tumor volume (IGTV) contour (A) for each case was deformed onto the posttreatment cone beam CT for every fraction (B). The

deformed IGTVs (d-IGTVs) were reviewed and edited if necessary to ensure consistency (C). The initial planning CT planning target

volume (PTV) expansion (A) was changed from 5 mm to 3 mm (D), and the case was replanned (E). The 5-mm and 3-mm PTV plans

were both recalculated on the deformed planning CT scans (F). Coverage of the d-IGTV contour was analyzed for every fraction (F).
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and 3-mm PTV plans. The percentage of the d-IGTV

receiving ≥100% of the prescription dose (V100%) and

the minimum dose covering 99.9% of the d-IGTV vol-

ume (D99.9%) were used to assess d-IGTV coverage.

To study the difference in normal tissue treated, several

metrics were compared between the 5-mm and 3-mm PTV

plans calculated on the original (nondeformed) CT sets.

The volume of the body receiving ≥50% and ≥80% of the

prescription dose (V50% and V80%) was determined. For

analysis of organs at risk (OARs), the volume of the lung

receiving ≥20 Gy (V20Gy) and the mean lung dose (MLD)

were calculated, and for those patients with any overlap of

the 5-mm PTV with the chest wall (22 patients), the dose to

0.035 cm3 (D0.035cc) and 30 cm3 (D30cc) of chest wall

(including ribs) was determined.

To analyze normal-tissue complication probability

(NTCP) for radiation pneumonitis, the MLD was con-

verted to MLD(3Gy) using the following equation calcu-

lated by Borst et al (derived from the linear quadratic

model):

MLD 3Gyð Þ ¼ MLD� 1:8; ð2Þ
where a/b = 3 and the slope of the line of best fit (regres-

sion coefficient of 0.92) for SABR treatments of 12 Gy

per fraction was 1.8.19 The NTCP for radiation pneumo-

nitis was then calculated using the following equation:
NTCP ¼ 1ffiffiffiffiffiffi
2p

p
Z t

�1
e
�x2

2 dx; ð3Þ

where t ¼ MLDð3GyÞ�TD50

m�TD50 , TD50 = 20.8 Gy (the dose for a

50% NTCP), and m = 0.45 (steepness parameter in the

Lyman model).19,20

Tumor control probability (TCP), used to predict 2-

year local control, was determined by using the mean d-

IGTV D99.9% from each patient’s 5-mm and 3-mm plan

to calculate the size-adjusted biological equivalent dose

(sBED):

sBED ¼ BED10 � c� L; ð4Þ
where BED10 is the biologically effective SABR dose using

mean d-IGTV D99.9% and an a/b of 10 Gy, c is a constant

(10 Gy/cm), and L is the tumor diameter (calculated assum-

ing a spherical IGTV, ie, L ¼ 2� 3IGTV½ volume

4p�1=3 ), then by

using the following formula validated by Ohri et al:

TCP ¼ e sBED�TCD50½ �=k= 1þ e sBED�TCD50½ �=k
� �

; ð5Þ

where TCD50 and k are parameters that define the shape

of the TCP curve.21 Size-adjusted BED was used owing

to the approximate linear reduction in effective dose with

increasing tumor diameter, consistent with reported local

control rates decreasing with tumor size.21



Table 1 d-IGTV V100% by PTV margin size*

PTV margin

5 mm 3 mm

d-IGTV V100%, % Per fraction Average over

all fractions

Per fraction Average over

all fractions

99.5-100 143 36 139 34

99.0-99.4 1 0 2 1

98.0-98.9 0 0 1 1

97.0-97.9 0 0 1 0

94.0-96.9 0 0 0 0

93.0-93.9 0 0 1 0

< 93.0 0 0 0 0

Abbreviations: d-IGTV = deformed internal gross tumor volume, PTV = planning target volume; V100% = percent of the d-IGTV receiving at least

100% of the prescription dose.

* Acceptable d-IGTV coverage was defined as V100% ≥ 95%.
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This study was approved by the University of British

Columbia - BC Cancer Research Ethics Board (REB

number H19-02195).
Results
Analysis of intrafractional shifts from 173 posttreat-

ment CBCT scans from 33 patients using Equation 1

showed a PTV margin requirement of 2.3 mm to achieve

≥95% of the prescription dose delivered to the IGTV in

90% of patients (2.21 mm anterior-posterior, 1.60 mm

superior-inferior, and 1.05 mm left-right). For the same
Fig. 2 The minimum percentage of the prescription dose covering 99

each fraction with 5 mm versus 3 mm planning target volume margins

ing 99.9% of the d-IGTV volume ≥95% of the prescribed dose.
coverage in 99% of patients, a PTV margin of 3.0 mm

was found sufficient (2.95 mm anterior-posterior,

2.14 mm superior-inferior, and 1.40 mm left-right).

Dosimetric analysis included 144 fractions from 36

consecutively treated patients receiving lung SABR. The

median time from the initial CBCT scan to the posttreat-

ment CBCT scan was 7.48 min (interquartile range, 6.72-

8.84 min; mean, 7.9 § 1.9 min). The mean IGTV volume

was 8.97 cm3 (range, 0.17-52.2 cm3). With 5-mm PTV

margins, all 144 fractions had a d-IGTV V100% of

>95% (Table 1) and a D99.9% of >95% (Fig 2). With

3-mm PTV margins, the d-IGTV V100% was >95% in

99.3% of fractions (143 of 144). Only 3 of 144 fractions
.9% of the deformed internal gross tumor volume (d-IGTV) for

. Acceptable coverage was defined as the minimum dose cover-



Table 2 Organ-at-risk parameters by PTV margin size

PTV margin

5 mm 3 mm

Parameter Median (range) Median (range) P value

Body V50%, cm3 93 (31-348) 65 (20-268) <.0001
Body V80%, cm3 33 (11-147) 24 (7-117) <.0001
Lung V20Gy, % 2.5 (0.5-9.3) 1.9 (0.3-7.9) <.0001
MLD, Gy 2.5 (0.7-5.9) 2.1 (0.5-5.2) <.0001
NTCPMLD(3Gy), % 4.2 (1.8-13.8) 3.5 (1.7-11.1) <.0001
Chest wallD0.035cc, Gy* 51.4 (46.2-54.4) 51.0 (38.4-52.6) <.001
Chest wallD30cc, Gy* 24.9 (15.7-35.5) 21.8 (13.0-32.1) <.0001

Abbreviations: V50% and V80% = volume of the body receiving at least 50% or 80% of the prescription dose; D0.035cc = dose to 0.035 cm3 of the

chest wall (including ribs); D30cc = dose to 30 cm3 of the chest wall (including ribs); V20Gy = percentage of lung receiving at least 20 Gy;

MLD = mean lung dose; NTCPMLD(3Gy) = normal tissue complication probability for radiation pneumonitis, calculated using the mean lung dose in

2-Gy equivalents with an a/b of 3; PTV = planning target volume.

* Only the 22 patients for whom the 5-mm margin PTV overlapped with the chest wall were included.
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had a d-IGTV V100% of <99% (98.9%, 97.9%, and

93.8%, respectively). With 3-mm PTV margins, the d-

IGTV D99.9% was >95% in 98.6% of fractions (142 of

144). The mean d-IGTV coverage (V100% and D99.9%)

over all 4 fractions for each patient was >95% for all

patients with both margins. Although Wilcoxon signed

rank tests revealed statistical differences in both the d-

IGTV V100% and the D99.9% between the PTV margins

(P < .05), for 3-mm PTV margins, both metrics achieved

clinically acceptable coverage in >98% of all fractions and

100% of patients (averaged over 4 fractions), thus surpass-

ing generally accepted criteria for PTV margin size.14

Body V50% and V80% data by PTV margin size are

shown in Figure E1 and Table 2. For each patient’s treat-

ment course, the decrease in body V50% and V80% with

3-mm PTV margins was calculated. The mean volume

reduction for the study population was 28 cm3 and 12

cm3, with a mean relative reduction of 28% and 31%,

respectively. Using paired t tests, significant reductions

in total lung V20Gy and MLD over patients’ treatment

courses with 3-mm PTV margins were also observed.

The mean absolute reduction in lung V20Gy was 0.7%

(range, 0.2%-1.4%), whereas the mean relative reduction

was 25% (range, 14%-42%). The mean MLD over

patients’ treatment courses was reduced by an absolute

0.2 to 0.7 Gy (mean relative reduction, 12%-25%). The

NTCP for MLD(3Gy), calculated using Equations 2 and

3 (with a TD50 of 20.8 Gy and m of 0.45), showed a

0.8% mean decrease in radiation pneumonitis risk with 3-

mm PTV margins (range, 0.1%-2.7%) (Fig 3). For the

subset of patients with overlap of the chest wall and the

5-mm margin PTV, use of a 3-mm PTV margin signifi-

cantly reduced both the median D0.035cc and median

D30cc of the chest wall (Table 2).

Using our average d-IGTV D99.9% values with Equa-

tions 4 and 5, the mean TCP with 5-mm PTV margins

was 96.1%, with a mean sBED of 104.5 Gy (range 63.1-
138.7 Gy) (Fig 4). For 3-mm PTV margins, the mean

TCP was 95.2%, with a mean sBED of 95.5 Gy (range,

63.0-120.4 Gy). We estimated the uncertainty in these

TCP calculations to be comparable to the standard devia-

tions of the mean D99.9% values we obtained for each

margin size: 7% and 5% for 5-mm and 3-mm PTV mar-

gins, respectively.
Discussion
Innovations in image guidance, planning, immobiliza-

tion, and delivery techniques have allowed SABR to

become an excellent treatment option in early-stage lung

cancer. Success relies on adequate target coverage and

avoidance of geometric misses. PTV margins of 5 mm

are generally accepted as the current standard for lung

SABR and are being used in modern trial design.4 To our

knowledge, this study is the first to validate PTV margin

reduction to 3 mm. The most significant difference com-

pared with prior studies was the reduction in treatment

time, which can primarily be attributed to the use of

VMAT and FFF beams.13,16 Wierzbicki et al calculated

that a 5-mm PTV margin covered ≥95% of the target vol-

ume ≥95% of the time; however, their mean treatment

time was 17.8 minutes.13 Grills et al showed that 5-mm

PTV margins were required to adequately account for

intrafractional drift observed with treatment times (not

reported) required by 6X noncoplanar IMRT.8 Purdie

et al showed that mean intrafractional movement was sig-

nificantly decreased when the interval between localiza-

tion and repeat CBCT scans was shorter, with a mean

time between localization and repeat CBCT scan of 34

minutes.9 However, a subsequent study did not reproduce

this result, with a mean time of 25.9 minutes.15 Vloet

et al investigated 6X noncoplanar VMAT versus 6X non-

coplanar IMRT for potential margin reduction and



Fig. 3 Normal-tissue complication probability reduction for radiation pneumonitis when planning target volume margins were

reduced from 5-mm to 3-mm compared with the internal gross tumor volume. MLD(3Gy) is the mean lung dose in 2 Gy equivalents

calculated using an a/b ratio of 3 Gy. The dotted line represents the linear best fit line, with R2 representing the regression coefficient.
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reported a mean treatment time of 22 § 6 minutes for the

VMAT cohort.17 They recommended a 3-mm PTV mar-

gin only if a midtreatment CBCT scan and repositioning

could be performed.17 Although the current evidence for
Fig. 4 Two-year tumor-control probability, calculated from the mean

99.9% of the d-IGTV that was achieved with 5-mm and 3-mm plan

adjusted biological equivalent dose (sBED). The sBED is defined as th

in cm (using the linear quadratic model with an a/b ratio of 10 Gy). P

lines, with r2 representing the regression coefficient.
correlating intrafraction motion and treatment time is still

inconclusive, we hypothesize that our significantly

shorter mean treatment time of 7.9 minutes allows for

acceptable IGTV coverage with 3-mm PTV margins
deformed internal gross tumor volume (d-IGTV) dose covering

ning target volume (PTV) margins versus the prescribed size-

e biological equivalent dose minus 10 times the tumor diameter

ower trendlines for each PTV margin are represented by dotted
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(V100% > 95% in 99.3% of fractions) without the

requirement for repeat imaging and repositioning, which

would increase overall treatment time.

The original van Herk formalism assumes an infinite

fraction number and a nondeformed target and therefore

is applicable for conventional nonhypofractionated

schedules.14 The robustness of the formalism has been

experimentally validated for scenarios with a large frac-

tion number and nondeformed target.22 The modified for-

malism we used for our lung SABR PTV margin

calculation (Eq 1) has been validated for lung SABR

fractionation.15,18 However, for very small fraction num-

bers, the formalism may underestimate the required mar-

gin.23 Furthermore, no current margin calculation

formalisms account for deformation or growth of the tar-

get lesion. As such, our use of deformable registration to

144 posttreatment CBCT scans provides a robust valida-

tion of 3-mm PTV margins while accounting for small

fraction numbers and growth or deformation of the target

lesion.

Smaller PTV margins may not be suitable for every

patient. For single-fraction treatment, geographic accu-

racy has higher stakes.7 Using fractionated schedules

allows for modest forgiveness in this stringency.7 The

mean d-IGTV coverage with 3-mm PTV margins

(V100% and D99.9%) was >95% for all patients over 4

fractions; however, 1 fraction for 1 patient did not meet

both of these targets. This patient had a challenging body

habitus that required plan modifications including an

additional arc. When determining which patients can be

planned with 3-mm PTV margins, consideration should

be taken as to whether any alterations to the standard

planning protocol were required, because these variables

may intrinsically affect setup, immobilization, or tumor

movement. Mitigation strategies could include increased

CBCT milliampere-seconds (mAs) to improve image

quality for patients with a challenging body habitus, and/

or performing a midtreatment CBCT scan for repeat posi-

tioning if the treatment duration is expected to exceed

standard times owing to planning modifications. Other

parameters such as IGTV volume and tumor location did

not appear to influence d-IGTV coverage and should not

be regarded as contraindications to 3-mm PTV margins

in fractionated SABR regimens.

Lung SABR has been associated with serious toxicity,

such as radiation pneumonitis, bronchial stricture, esoph-

ageal fistula, or pulmonary hemorrhage.24-28 Smaller

PTV volumes have been associated with reduced risk of

radiation pneumonitis.29 A correlation between lung

V20Gy and radiation pneumonitis risk in lung SABR has

been identified in multiple studies.29,30 Barriger et al

observed a 4.3% risk of grade 2 to 4 radiation pneumoni-

tis when lung V20Gy was ≤4% versus 16.4% when

V20Gy was >4%.30 Matsuo et al found a 15% risk of

symptomatic radiation pneumonitis when V20Gy was

<5.8% and a 42.9% risk when V20Gy was ≥5.8%.29 In
this study’s patient population, with the original 5-mm

PTV margins, the median lung V20Gy was 2.5%. Of 8

patients with V20Gy of >4% and 3 patients with V20Gy

of ≥5.8%, 4 and 2 patients, respectively, met the corre-

sponding cutoff when planned with 3-mm PTV margins.

The 4 patients who did not meet the lung constraint of

V20Gy of ≤4% with 3-mm PTV margins had larger

IGTV volumes than the mean of 8.97 cm3 in the study,

and 3 of these patients had the largest IGTV volumes in

our study population (23.7, 37.9, and 52.2 cm3, respec-

tively). The patients with IGTV volumes ranging from

9.96 to 17.7 cm3 were the patients who met the lung

V20Gy constraint after the margin reduction. When the

NTCP for radiation pneumonitis was analyzed, it showed

that the larger the IGTV, the greater the radiation pneu-

monitis risk reduction when PTV margins were reduced

to 3 mm (regression coefficient, 0.724). These data all

indicate that with smaller PTV margins, lower toxicity

rates can be expected for patients with large IGTV vol-

umes. However, it must be noted that these NTCP predic-

tions are subject to significant uncertainties resulting

from contouring variability, daily patient setup, linear

accelerator output, patient-specific factors, and the NTCP

model itself. As such, it is unlikely that the 0.8% mean

reduction in NTCP reported here will translate into clini-

cally significant reductions in lung toxicity rates for most

patients receiving lung SABR.

The chest wall is rarely a dose-limiting structure for

lung SABR; however, rib fractures and chest wall pain

are clinically relevant toxicities for patients with lesions

in close proximity to, or invading, the chest wall.31,32

Chest wall toxicity can be mitigated by reducing the max-

imum dose and the dose to absolute volumes.31,32 In our

subset analysis of 22 patients who had chest wall overlap

with the original 5-mm-margin PTV, reducing PTV mar-

gins to 3 mm significantly reduced both the D0.035cc

and D30cc to the chest wall. In our institution, PTV cov-

erage is prioritized over chest wall dose. For the current

study population with 5-mm PTV margins, 18 patients

exceeded our constraint of a D0.035cc of <50 Gy, and 1

patient exceeded our constraint of a D30cc of <34
Gy.31,32 With 3-mm PTV margins, the number of patients

exceeding D0.035cc and D30cc constraints was reduced

to 14 and 0, respectively.

When using Ohri et al’s TCP model with our achieved

mean d-IGTV D99.9% values, we anticipate excellent 2-

year local control rates with both margins (96.1% and

95.2% with 5-mm and 3-mm PTV margins, respectively).21

To use this model, we assumed tumor volumes to be spheri-

cal, which introduced a margin of error into this calculation.

Furthermore, the SDs on the mean d-IGTV D99.9% values

we obtained for each margin size were approximately 5%

to 7%. We suspect the TCP difference between margins

was therefore unlikely to be clinically significant owing to

its small magnitude and the aforementioned sources of

uncertainty; however, additional data and analysis would be
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required to support this suspicion. Conduits of actuarial 2-

year local control in lung SABR have been published in

multiple studies including one by Ricardi et al, who

observed a 2-year local progression-free survival rate of

92.7% using 45 Gy in 3 fractions.33 Haasbeek et al observed

a 2-year local control rate of 94.3% using multiple fraction-

ation schemes (60 Gy in 3 fractions, 60 Gy in 5 fractions, or

60 Gy in 8 fractions).34 Timmerman et al observed a 3-year

primary tumor control rate of 97.6% using 54 Gy in 3 frac-

tions.1 Timmerman et al’s higher observed local control

rate may be in part secondary to the higher BED10 of their

prescribed dose (151 Gy BED10 for 54 Gy in 3 fractions vs

106 Gy BED10 for 48 Gy in 4 fractions).
35 When OAR con-

straints dictate use of less hypofractionated schedules,

reduced PTV margins may allow for improved ability to

meet OAR constraints and consequently allow for increased

BED10 delivery to the tumor.36 This may in turn result in

improved outcomes for these patients, as increased BED10

correlates with improved 2-year local control.21,35

The current study population was treated at a single

institution, which allowed for control of certain variables

such as treatment energy and delivery as well as immobi-

lization types; however, this limited the sample size and

may have selected for a less diverse population. In addi-

tion, not all centers complete posttreatment CBCT scans

because these scans only provide retrospective informa-

tion on patient setup and are not a standard of practice,

regardless of margin size. Posttreatment CBCT scans

were integral to this study, which further limited the sam-

ple size. In general, posttreatment CBCT scans are felt to

be representative of the worst-case intrafractional motion,

but we acknowledge that using them to assess target cov-

erage also introduces uncertainty because, as in reality,

tumor motion and actual treatment position are more

dynamic.

Using deformable registration comes with additional

limitations, some of which are innate to this software,

such as inaccuracy owing to tissue homogeneity or mass

variation.37 Because of our volume of data, each d-IGTV

was independently reviewed by 1 clinician and 1 medical

physicist with respect to the CBCT scan and the original

IGTV, but residual deformation errors cannot be

excluded from the study. Deformable registration was

completed for the region around the PTV, as it was not

possible to complete it for the entire body contour on

each fraction owing to CBCT field-of-view limitations.

This should be noted when interpreting this study’s body

V50% and V80% and OAR data, which represent the

planned doses, not the actual doses received, accounting

for setup and intrafraction motion.
Conclusion
By analyzing posttreatment CBCT scans for 36

patients receiving lung SABR, we have shown that with
modern treatment delivery and immobilization techni-

ques, 3-mm PTV margins maintain acceptable IGTV

coverage. Margin reduction treats less normal tissue,

modestly lowering the risk of toxicity such as radiation

pneumonitis. We anticipate that a 2-year TCP of >95%
would be maintained. Future research directions include

analyzing the benefit of margin reduction on the fraction-

ation required as well as the dose reduction for other lung

SABR OARs. In addition, with the increasing use of

SABR for oligometastases, the benefit from margin

reduction for patients with multiple lesions is an interest-

ing topic for future research.
Supplementary materials
Supplementary material associated with this article

can be found, in the online version, at doi:10.1016/j.
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