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ARTICLE INFO ABSTRACT

Background and purpose: Literature has reported reduced treatment toxicity in head-and-neck radiotherapy
(HNRT) when reducing the planning target volume (PTV) margin from 5 to 3 mm but loco-regional control was
not always preserved. This study used deformable image registration (DIR)-facilitated dose accumulation to
assess clinical target volume (CTV) coverage in the presence of anatomical changes.

Materials and methods: VMAT plans for 12 patients were optimized using 3 or 5mm PTV and planning risk
volume (PRV) margins. The planning computed tomography (pCT) scan was registered to each daily cone beam
CT (CBCT) using DIR. The inverse registration was used to reconstruct and accumulate dose (D%). CTV coverage
was assessed using the dose-volume histogram (DVH) metric Dggs, and by individual voxel analysis. Both ap-
proaches included an uncertainty estimate using the 95% level of confidence.

Results: Dggs, was less than 95% of the prescribed dose DP™* for three cases including only one case where this
was at the 95% level of confidence. However for many patients, the accumulated dose included a substantial
volume of voxels receiving less than 95% DP™‘ independent of margin expansion, which predominantly oc-
curred in the subdermal region. Loss in target coverage was very patient specific but tightness of target volume
coverage at planning was a common factor leading to underdosage.

Conclusion: This study agrees with previous literature that PTV/PRV margin reduction did not significantly
reduce CTV coverage during treatment, but also highlighted that tight coverage of target volumes at planning
increases the risk of clinically unacceptable dose delivery. Patient-specific verification of dose delivery to assess
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the dose delivered to each voxel is recommended.

1. Introduction

The introduction of intensity modulated radiotherapy has enabled
highly conformal dose deliveries which allow dose reduction to organs
at risk (OARs), and result in reduced treatment toxicity [1-3]. These
highly conformal treatments require image-guided radiotherapy (IGRT)
to warrant accurate patient positioning and monitoring of changes in
patient anatomy [4]. Planning target volume (PTV) margins are applied
to target volumes [5] during treatment planning to account for un-
certainties such as patient positioning, geometrical accuracy of the
treatment machine and geometrical uncertainties of target volume de-
finition. The presence of these uncertainties have also prompted a re-
commendation to apply a planning risk volume (PRV) margin to critical
OARs [6]. PTV and PRV margins of 5mm are commonly applied in
head-and-neck radiotherapy (HNRT) [7-9]. However, PTV margin re-
cipes [10,11] do not account for non-rigid anatomy changes (i.e.,
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changes in patient pose, weight loss, tumor response, OAR shift and
shrinkage) which are commonly observed in HNRT [12-14]. Never-
theless, two groups have reported favorable toxicity profiles while
maintaining good two-year loco-regional (LR) control rates after redu-
cing the PTV margin from 5 to 3mm [15-17]. More recently, a third
study by Franzese et al. [18] reported a significant difference in the
two-year LR control rates between patients treated with 5 or 3 mm PTV
margins. In the latter study, a 3 mm PTV margin was associated with a
decreased rate of LR control. A retrospective study by van Kranen et al.
[19] found a slight increase in the risk of clinical target volume (CTV)
underdosage when reducing the PTV margin from 5 to 3 mm while a
similar study by Wu et al [20] concluded that the coverage of the CTVs
at the end of treatment was not affected by a PTV margin reduction.
Considering these differing results, further investigation of risk factors
that could jeopardize a patient’s CTV coverage and/or critical OAR
avoidance in a reduced margin setting is warranted.
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Structure-specific average and range for the planned, accumulated and A doses. HD = high-dose. ID = intermediate-dose. LD = low-dose. CTV = clinical target
volume. PTV = planning target volume. SC = spinal cord. BS = brainstem. PRV = planning risk volume. PG = parotid gland. SMG = submandibular gland.
Ips. = ipsilateral. Contra. = contralateral. DP®" = planned dose. D** = accumulated dose. AD = change in dose = D - DP1", Dggy, = dose to 99% of volume. Dogo,
= dose to 98% of volume. Dy ;cc = minimum dose to 0.1 cm® of the volume receiving the highest dose. Dyean = mean dose. y = number of cases where AD was
outside the 95% level of confidence. § = number of cases where Dgs; was less than 95% of the prescribed dose at the 95% level of confidence. *Indicates a

statistically significant difference.

DpPlan[Gy] D [Gy] AD [Gy]
Metric  Structure n PTV/PRV expansion = Median Range p-value Median ~ Range p-value Median  Range p-value y 8
Dogos HD-CTV 11 3mm 65.1 63.6-65.7  0.66 65.0 62.7-65.9  0.24 -0.3 —1.7 t0 0.6 0.04* 9 1
5mm 65.0 63.7-65.9 65.4 62.0-66.3 0.3 -22t00.7 10 0
ID-CTV 4 3mm 60.1 59.0-60.4 0.91 60.2 58.9-60.4 0.37 0.1 —0.3t00.2 0.44 3 0
5mm 60.0 59.6-60.2 60.2 59.8-60.6 0.4 —0.4t0 0.6 4 0
LD-CTV 12 3mm 53.5 52.3-54.1  0.08 53.3 52.0-54.4 <0.01* -0.1 -1.0t0 0.3 0.01* 9 0
5mm 53.7 52.5-54.6 54.1 52.4-55.1 0.2 —0.8t00.6 10 0
Dogos HD-PTV 11 3mm 63.5 62.7-64.2  0.23 62.0 59.8-63.3  0.66 —-1.4 —31to —0.4 0.08 11
5mm 63.4 62.8-63.6 62.5 59.8-63.2 -0.9 —3.0to —0.3 11
ID-PTV 4 3mm 57.6 57.1-58.2  0.53 56.3 55.5-56.8  0.12 -1.4 -1.8to —0.9 0.03* 4
5mm 57.6 57.2-57.7 56.7 56.3-56.9 -0.8 —1.2to —0.7 4
LD-PTV 12 3mm 51.7 51.3-53.4 0.11 50.2 49.0-52.0  0.05* -15 —29to —0.5 0.14 12
5mm 52.0 51.4-53.5 50.6 50.0-52.0 -1.3 -2.2to —0.7 12
Do.1ce SC 12 3mm 341 19.4-43.4  0.63 345 19.9-42.5 0.54 -0.1 -1.0t0 1.0 0.33 6
5mm 36.0 23.5-42.3 36.1 24.1-41.8 0.1 —0.8t01.2 3
BS 12 3mm 37.1 30.0-51.9 0.63 37.7 30.1-51.5 0.58 0.2 -21t01.7 0.41 5
5mm 35.6 27.1-52.4 35.4 26.5-52.3 0.1 —-14tol.1 2
Do.1ce SC PRV 12 3mm 38.7 21.1-45.2  0.03* 38.7 21.4-43.9  0.04* -0.7 —1.6to 1.0 0.83 10
5mm 42.1 26.6-47.4 41.3 26.7-47.9 -0.3 —2.71t0 0.5 7
BS PRV 12 3mm 41.5 33.7-52.9  0.02* 41.3 32.6-52.7 <0.01* 0.3 -1.1t0 23 0.60 2
5mm 45.3 36.5-60.7 45.5 35.8-61.1 -0.4 —-0.91to0 2.6 1
Dmean Ips. PG 14 3mm 28.0 14.1-43.6 < 0.01* 28.8 14.1-43.0 <0.01* 0.4 —0.7to 2.1 0.57 5
5mm 31.9 16.8-50.0 33.4 16.7-49.4 0.4 —0.6 to 2.1 5
Contra. PG 10 3mm 17.1 4.5-32.8 < 0.01* 17.9 4.6-32.2 <0.01* 0.1 —0.6to 1.2 0.71 7
5mm 21.8 5.2-37.2 22.7 5.3-36.7 0.2 —-09to 1.3 6
Dimean Ips. SMG 13 3mm 63.5 1.1-65.8 0.01 62.8 1.2-66.0 <0.01* 0.0 -1.7t0 0.7 0.17 6
5mm 64.1 1.5-66.1 64.0 1.6-66.2 0.1 -1.8t00.7 7
Contra. SMG 9 3mm 50.7 0.7-55.5 0.04* 50.5 0.7-55.9 0.03* 0.0 —1.1to1.3 0.74 6
5mm 51.3 0.9-56.0 50.8 0.9-56.2 0.0 —0.7t0 0.8 6

This study utilized deformable image registration (DIR) facilitated
dose accumulation to objectively assess the adequacy of target cov-
erage, critical OAR avoidance and non-critical OAR sparing when either
5 or 3mm PTV and PRV margins were applied. In addition, the oc-
currence, location and trends where CTV coverage and critical OAR
avoidance could be at risk was investigated. This study contributes to
the scarce body of literature regarding the robustness of treatment plans
for anatomical changes during HNRT when margins are reduced. While
used retrospectively in this study, the presented dose accumulation
analysis is primarily intended for prospective clinical application.

2. Materials and methods
2.1. Treatment immobilization, planning and on-treatment imaging

Twelve patients with cancers in the head-and-neck region that were
previously treated radically were selected for this study. The patients’
characteristics are summarized in Supplementary Material A. The
planning computed tomography (pCT) scans (Brilliance Big Bore; Phi-
lips Medical Systems, Eindhoven, The Netherlands) had a voxel size of
1.3 X 1.3 X 3.0mm>. Patients were immobilized using a 2.4 mm Re-
loadable Head and Shoulder S-Frame Kevlar Mask (Q-Fix, Avondale PA,
USA) and an individual head and shoulder support vacuum bag (Klarity
Medical Products, Newark OH, USA).

Each patient’s pCT was used to generate two volumetric modulated
arc therapy (VMAT) plans (Eclipse Treatment Planning, Varian Medical
Systems, Palo Alto CA, USA) using either 5 or 3mm PTV and PRV
margin expansions from the CTVs and critical OARs (i.e., brainstem and
spinal cord), respectively. Plan optimization was carried out using the
protocol in Supplementary Material B, using a dose calculation grid size
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of 2.5 x 2.5 x 3.0mm?>. For eleven patients, a 5mm expansion of the
gross tumor volume (GTV) was used to generate the high-risk CTV with
a prescribed dose of 66 Gy in all but one case where a compartmenta-
lization approach [21] was used. For one patient with a benign tumor,
the prescribed dose to the target volume was 54 Gy and the CTV was
created by a 3 mm expansion of the GTV (see Supplementary Material A
and C). For four patients, an intermediate-risk CTV was defined with a
prescribed dose of 60 Gy to include anatomical structures with a high
probability of infiltration based on positron-emission tomography
(PET) imaging and experience of the radiation oncologist. The low-risk
CTV included structures as per intergroup consensus guidelines [22]
and was planned to 54 Gy. All plans used two full arcs to create a highly
conformal dose distribution around the 54 Gy low-risk CTV and si-
multaneous integrated boost volumes to 60 and 66 Gy in 30 fractions.
To achieve similar plans in terms of conformity and avoid a bias in the
plan comparison, the first author (NL) generated each patient’s 3 and
5 mm plan in immediate succession. All plans fulfilled the departmental
criteria for treatment plan acceptance which are based on the studies of
Doornaert et al. [23] and Verbakel et al. [24] and adhere to ICRU
guidelines [25]. Plans were reviewed by a senior clinician involved in
HNRT and a senior medical physicist who deemed the plans clinically
acceptable. In a small number of cases where a CTV was located su-
perficially within 3 mm of the external contour without the use of bolus,
that CTV was cropped 3 mm from the external contour for plan eva-
luation and dose accumulation analysis with “virtual bolus” being ap-
plied during plan optimization to moderate the fluence in the skin re-
gion [26]. In those cases, the treating radiation oncologist omitted the
use of bolus to reduce the risk of severe skin toxicity. PTVs that were
located within 3 mm of the external contour were cropped back 3 mm
from the skin for plan evaluation after optimization.
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Fig. 1. Dose-volume histograms (DVHs) of DPi"and D¢ for the high-dose
clinical target volume (CTV) of patient 8 (a) and patient 10 (b). In contrast to
(a), a CTV underdosage is observed for case (b) when utilizing 3 and 5mm
planning target volume (PTV) margin plans at the 95% level of confidence (b).
DPlan = planned dose. D% = accumulated dose. Dggy, = dose to 99% of vo-
lume. DP"*¢ = prescribed dose.

Daily (n = 30) cone beam computed tomography (CBCT) scans
were acquired to verify patients’ treatment position. The CBCT scans
with a voxel size of 0.5 x 0.5 x 2mm? were acquired prior to treat-
ment using a Varian Truebeam (v2.0 or v2.5; Varian Medical Systems,
Palo Alto CA, USA). For a minority of treatment fractions, CBCT scans
were acquired on a Varian Clinac (v2.1) with a voxel size of
0.7 x 0.7 x 2.5mm?>. All patients consented to their data being used
for retrospective audits which conforms to the guidelines of the local
ethics committee.

2.2. Dose accumulation and uncertainty estimation

The total delivered dose at each successive fraction was calculated
according to the DIR-facilitated dose accumulation workflow previously
described [27]. In summary, first a 6 degree of freedom rigid bony
anatomy registration of the CBCT and the pCT was performed. Second,
the pCT was deformed to match the anatomy of each daily CBCT using
Varian’s demons DIR implementation in SmartAdapt (SA) (v.13.6,
Varian Medical Systems, Palo Alto CA, USA), which produced a de-
formed pCT (dCT) and a ‘forward’ deformation vector field (DVF).
Third, the original treatment plan was recalculated on the dCT using the
beam arrangement, monitor units and fluence maps from the original
treatment plan. The resulting dose distribution was mapped back to the
PCT space according to the true inverse DVF, producing the fraction-
specific reconstructed dose. Fourth, the reconstructed dose distributions
of successive fractions were accumulated. The true inverse DVF calcu-
lation and dose accumulation of the individual fraction reconstructed
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doses was carried out using 3D Slicer (v4.8) which is available as
freeware [28,29].

The uncertainty in the dose accumulation procedure was assessed in
a previous study [27] by comparing DIR-facilitated dose accumulation
using SA with the results of an in silico model based on clinically ob-
served deformations as ground truth. These differences were separately
calculated for inverse consistent and inverse inconsistent voxels. The
distinction between those voxels was made by successive application of
the forward DVF and inverse DVF and classifying the net shifts larger
than one dose calculation voxel as inverse inconsistent. These results
from the previous study were subsequently used in the current study to
calculate the dose reconstruction uncertainties of inverse consistent u,
and inverse inconsistent u; voxels. The 95% level of confidence of the
accumulated dose for a single voxel within structure S at fraction f, uAf
is:

f ro2 P .
2o, (D w) uStif inverse consistent
UASt %] = N Zuim - W7 x 100%u ={ °
! Df uS*if inverse inconsistent
(1a)
[ f r 2 S—ip s .
_ v i D w u;"if inverse consistent
UA?T[%] = Y= X 100%u =
! Dy uSTif inverse inconsistent

(1b)

where D;" are the reconstructed doses of each fraction and Dy is the
accumulated dose for fraction f. The 95% level of confidence for each
dose bin in the (cumulative) DVH of the accumulated dose was calcu-
lated by averaging uAy of all voxels with Df equal to or larger than that
dose level.

2.3. Dose analysis

The accumulated dose at the end of treatment, D*“was analyzed for
target volumes and OARs as detailed in Supplementary Material C for
both 5 and 3 mm margin expansion plans. The difference between the
planned dose DP"* and D% was defined as the change in dose, AD.
From this point onward, DVH dose metrics of DP'¢", D% and AD will be
expressed using subscripts. For example, Dgs, refers to the minimum
accumulated dose delivered to 99% of the volume. Target coverage of
the PTV was assessed using Dggo, to be consistent with both our de-
partment protocol and existing literature [25,30]. The CTV coverage
was quantified using Dgg, to enable direct comparison of our results
with those reported by van Kranen et al. [19]. However, DVH metrics
inherently lack spatial information regarding the dose distribution
within a volume of interest [31] and specifically for large target vo-
lumes, a clinically relevant loss in sub-volume coverage may not be
detected. Therefore, CTV coverage was also assessed by recording the
number of voxels where DP!*" and D% were less than 95% of DP™* at
the 95% level of confidence. In addition, a more in-depth investigation
was conducted to quantitatively assess coverage near the skin con-
sidering that target coverage was often already tight during treatment
planning in this region. Specifically, the dependence of target coverage
both during planning and treatment on the minimum distance between
the CTV and skin was investigated. For that purpose, local volumes of
approximately 0.5 cm® were defined at the point of minimum distance
between the high-dose (HD) CTV and skin. A detailed methodology how
the local volumes were constructed is provided in Supplementary
Material D.

2.4. Statistical analyses

The normality of the distributions of the DVH parameters DP/*" Dac«
and the difference AD between these metrics for the two margin ex-
pansions’ structures were tested using Q-Q plots and Shapiro-Wilk tests
as detailed in Supplementary Material E. Unless stated otherwise, two-
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Target coverage for individual patients’ high-dose (HD) and intermediate-dose (ID) clinical target volume (CTV). DP'*" = planned dose. D** = accumulated dose.

DP'®¢ = prescribed dose. Dggy, = minimum dose received by 99% of volume.

CTV Patient Volume [cm®]" Margin expansion Nyoxels < 95% DPrese Dogos [Gy] (95% level of confidence)
pplan puacc pelan pace
HD-CTV 95% D™ = 62.7 Gy 1 88.0 3mm 6% 64.8 64.5 (—0.13; +0.15)
5mm 15* 17* 64.3 64.1 (—0.13; +0.15)
3 57.1 3mm 4% 64.7 65.3 (—0.13; +0.15)
5mm 65.0 65.7 (—=0.13; +0.15)
4 43.6 3 mm 65.2 64.8 (—0.13; +0.15)
5mm 65.2 65.6 (—0.13; +0.15)
5 56.1 3 mm 65.1 65.5 (—0.13; +0.15)
5mm 65.1 65.7 (—=0.13; +0.15)
6 42.4 3mm 65.7 65.3 (—0.13; +0.15)
5mm 65.1 65.4 (—0.13; +0.15)
7 112.4 3mm 58* 64.6 63.9 (-0.13; +0.15)
5mm 36* 64.6 64.9 (—0.13; +0.15)
8 46.4 3mm 65.4 65.6 (—0.13; +0.15)
5mm 65.8 66.0 (—0.13; +0.15)
9 88.5 3 mm 65.5 65.9 (—-0.13; +0.16)
5mm 64.6 65.1 (—0.13; +0.15)
10 57.2 3mm 19* 127* 64.4 62.7 (—0.13; +0.15) *
5mm 35* 175* 64.2 62.0 (—0.13; +0.15)*
11 219.3 3 mm 71%* 77% 65.2 65.0 (—0.13; +0.15)
5mm 12* 27* 65.9 66.3 (—0.14; +0.16)
12 66.1 3mm 58* 99* 63.6 62.8 (—0.13; +0.15)*
5mm 37* 86* 63.7 63.0 (—0.13; +0.15)
ID-CTV 95% DP™** = 57.0 Gy 6 78.3 3mm 4% 60.0 60.3 (—0.16; +0.11)
5mm 59.6 60.0 (—=0.16; +0.11)
9 211.3 3 mm 4 9% 60.2 60.4 (—0.16; +0.11)
5mm 60.0 60.4 (—0.16; +0.11)
10 171.1 3mm 13* 60.4 60.1 (—=0.16; +0.11)
5mm 2% 60.0 60.6 (—0.16; +0.11)
12 113.8 3 mm 4 13* 59.0 58.9 (—0.16; +0.11)
5mm 2% 60.2 59.8 (—0.16; +0.11)

™1 em® includes 189 voxels.
*Dose less than 95% D™ at the 95% level of confidence.
* Dose less than 95% D™ but not at the 95% level of confidence.

tailed paired Student’s t-tests at a 5% level of significance were con-
ducted for normally distributed metrics. The number of cases where AD
was outside the 95% level of confidence, i.e., when the 95% CI of D"
did not include DP%"  was defined as y. The number of cases where a
CTV Dgyy, was less than 95% of DP"¢ at the 95% level of confidence was
defined as 4.

3. Results
3.1. Target volumes

No significant difference was observed between the coverage of
target volumes for the two margin expansions at planning (Table 1) due
to the minimum requirement for Dgpglf,i" of the PTVs in the applied
planning protocol (Supplementary Material B). There was also no sig-
nificant difference between the observed D%“ during treatment for the
two margin expansions, except for the low-dose (LD) target volumes
LD-CTV and LD-PTV (Table 1). The average loss in target volume
coverage during treatment relative to DP!", AD, over all patients was
significantly different between 5 and 3 mm margin expansions for the
HD-CTV (p = 0.04), LD-CTV (p = 0.01) and intermediate-dose (ID) PTV
(p = 0.03), although these differences were small. Example cases where
the HD-CTV coverage during treatment was either well preserved or not
are presented in Fig. 1a and b, respectively. A loss in coverage at the
95% level of confidence (i.e., y) was observed for at least 75% of all
CTVs. However for only three cases, Dgs; was less than 95% of the
prescribed dose DP™¢. For only one case (i.e., §), this dose difference
was at the 95% level of confidence.

Table 2 further details the number of voxels with less than 95% of
Drree for the HD-CTVs and ID-CTVs in conjunction with the observed
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CTV Dgyq, for individual patients. It shows that for a majority of pa-
tients, either one or both margin expansion plans included voxels that
received less than 95% D¢ during treatment, and that this already
occurred during treatment planning for many cases. In four patients,
the voxels in the HD-CTV that received less than 95% D¢ at the 95%
confidence level were located in the subdermal region (Patients 1,
10-12). For these cases, both the PTV and the CTV were not fully
covered by the 95% isodose at planning except for one case (patient
one; 3mm plan) where the CTV was covered at planning. For patient
three, progressive anatomical changes during treatment resulted in a
small number of voxels (n = 4) at the superior side of an involved node
(level 2a) receiving less than 95% DP". For patient seven, voxels in the
HD-CTV receiving less than 95% D" were located in the posterior soft
palate where target volume coverage was already tight during planning
(95% DP"™¢ jsodose situated midway between the PTV and CTV). For
the ID-CTV, voxels receiving less than 95% DP"™* for patients nine, ten
and twelve were located in the subdermal region. For patient six, this
underdosage was present at the left posterior aspect of the mandible
where target volume coverage was tight during planning as well.
Further investigation of the relation between target coverage at the
end of treatment and coverage at treatment planning showed that there
was no obvious correlation between the HD-CTV Dgs;and the HD-PTV
D&l (Fig. 2a). There appeared to be a correlation between the HD-CTV
Dg and HD-CTV D& which were approximately equal for cases
where DE%" was larger than 98% DP* (Fig. 2b). For the two patients
where D" was smaller than 98% DP"*¢, both margin expansion plans
exhibited a larger drop in coverage during treatment in the superficial
region. There was no obvious correlation between the planned and
received dose for individual voxels (Fig. 3). This was further illustrated
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D*¢ = accumulated dose. DP"*** = prescribed dose.

by the analysis of the local target coverage near the skin. Fig. 4 shows
that overall, a lower DE™" was obtained for the local CTVs that were
closer to the skin. In addition, less superficial CTVs generally showed a
slight increase in target coverage whereas the local CTVs more proximal
to the skin displayed either preservation or a considerable drop in local
coverage during treatment. These trends were very similar for both
margin expansions and were independent of the magnitude of the
contour change.
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and skin. Dy is plotted as a function of the minimum distance between the CTV
and skin, and the local shift of the skin at the end of treatment to indicate

observed anatomical changes.

3.2. OARs

Application of reduced PTV/PRV margins had a beneficial impact
on the dosimetry for OARs (Table 1). A significantly different D&% was
achieved for the spinal cord (SC) PRV and brainstem (BS) PRV with
3mm margin expansions. In addition, a compromise between target
coverage and maximum dose to the BS PRV due to their proximity
could be avoided for one patient by using 3 mm margin expansions,
whereas a higher dose than the tolerance for the BS PRV had to be
accepted to obtain sufficient target coverage both for the clinical plan
and for the 5mm plan in this study. More detail on the change in do-
simetry of OARs during treatment for individual cases is provided in
Supplementary Material F. A significantly different DF%" could be ob-
tained using 3mm margin expansions for all salivary glands. The
commonly used cut-off point in normal tissue complication probability
(NTCP) models [32,33] stating that the PG D" should be preferably
less than 26 Gy was achieved in 8 and 14 cases (Supplementary
Material A) for 5 and 3mm margin expansions, respectively. The
change in PG mean dose during treatment was generally less than 1 Gy
and not significantly different for the two margin expansions (Fig. E.1;
Supplementary Material F).

4. Discussion

The current study used DIR-facilitated dose accumulation to assess
the actually delivered dose in the presence of anatomical changes, and
the impact of a reduced PTV margin on the robustness of target cov-
erage for anatomical changes. The CTV coverage Dgs5 was found to be
similar for both margin expansions and for only one case, this was less
than 95% of the prescribed dose DP™ at the 95% level of confidence.
However for many cases, the accumulated dose included a substantial
volume of voxels receiving less than 95% DP"¢ independent of margin
expansion. This predominantly occurred in the subdermal region.

Whether or not a PTV margin reduction is safe depends on many
department-specific factors and can ultimately only be established by
reviewing clinical results. Chen et al. [15,16] reported a 78% and 80%
three-year LR control rate for the patient groups treated with 5 and
3mm PTV margins, respectively (p = 0.75). Similarly, Navran et al.
[17] reported that the two-year LR control rates equal to 79.2% and
79.9% for patients treated with 5 and 3 mm PTV margins, respectively,
were not significantly different (p = 1.0). In contrast to the previous
two groups, Franzese et al. [18] found a significant difference
(p = 0.045) in LR control rates which were 87.8% and 72.6% for pa-
tients treated with 5 and 3mm PTV margins at two-year follow-up,
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respectively. Unfortunately, the above clinical results studies did not
have a common approach to GTV to CTV margins, treatment adapta-
tion, and treatment plan acceptance criteria. It is therefore not possible
to conclude what caused the mixed clinical results and whether a PTV
margin reduction is generally safe remains equivocal. The retrospective
DIR-based dose accumulation studies by van Kranen et al. [19] and Wu
et al [20] investigated the impact of anatomical changes to the dose
delivery during modulated HNRT for different PTV margin expansions.
Both studies used DVH metrics to assess the planned and delivered dose
and, well aligned with the results of the current study, both studies
reported a reduction in OAR dose with reduced margin expansions and
a limited change in target coverage as indicated by DVH metrics. The
study by van Kranen et al. [19] which used dose accumulation based on
DIR of daily CBCT images reported a CTV Dy, less than 95% of DPre¢
for only 1/19 and 2/19 cases for 5 and 3 mm PTV margin expansions,
respectively. The study by Wu et al. [20] used dose accumulation based
on weekly re-CTs included eleven patients. This study concluded that
the coverage of the CTVs at the end of treatment was not affected by
anatomical changes based on the ratio of multiple DVH metrics relative
to the corresponding planning metrics. It should be noted that the
current study and those by van Kranen et al. [19] and Wu et al. [20]
may be restricted by limitations of DIR in the presence of mass and
density changes [34-39]. The impact of this limitation is partially in-
cluded in the dose accumulation uncertainty estimate that was used in
the current study [27]. In addition, the current study and similar ret-
rospective studies [19,20] only evaluated the plan robustness for ana-
tomical changes during treatment. A full PTV margin estimate should
include all geometrical uncertainties as sufficiently described in lit-
erature [5,10,11]. Due to the absence of a gold standard for delineation
accuracy and limited knowledge on microscopic tumor spread for dif-
ferent tumor types [40-42], the only way to fully assess the validity of
applied treatment margins is by pattern of failure studies or a review of
clinical results as exemplified in refs [15-18] which must include
consistent volume definitions [21,43]. However, we recommend that
more comprehensive information is provided in review of clinical re-
sults studies including a voxel-based analysis of the actually delivered
dose.

The initial analysis of target coverage based on DVH metrics in the
current study suggested that 5 and 3 mm PTV margin plans have similar
target coverage with only one 5 mm treatment plan where the HD-CTV
target coverage was below the rejection criterion Dgg;, < 95\%DP"™* at
the 95% level of confidence (Table 1). However, a full analysis of the
dose delivered to each voxel (Table 2) highlighted potentially clinically
significant underdosage in many cases both for 3 mm and 5 mm margin
expansions. DVH metrics inherently lack spatial information regarding
the dose distribution within a volume of interest [31] and commonly
refer to percentages instead of absolute volumes. Specifically for larger
target volumes, underdosage of the high- and intermediate-risk target
volumes may not be detected by using DVH metrics as criterion.
Therefore, a voxel-specific analysis of the entire target volume as is
presented in the current study is preferred.

For the majority of cases with voxels receiving less than 95% DP"¢,
these voxels were located in the dermal region. Pattern of failure studies
in literature that did explicitly document the locations of marginal loco-
regional recurrence (LRR) indicated that these occur relatively fre-
quently in the subcutaneous/dermal region. Specifically, subcutaneous/
dermal recurrences constituted 45% (4/9) [15], 60% (3/5) [44], 100%
(1/1) [45] and 22% (2/9) [46] of the marginal LRRs in these reports.
No dermal recurrences were observed for the patients included in the
current study (median follow up 32 months, range 7-44 months). Fur-
ther retrospective review of the study cases by the most senior clinician
of our department involved in HNRT revealed that in some cases the
observed underdosage of specific voxels in this study could potentially
be clinically relevant. However, in most cases the CTV contour near the
skin might have been slightly too generous with contour extension
beyond the platysma and the observed underdosage of specific voxels in
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this study might not be clinically relevant for those cases. It should be
noted that a slightly less generous CTV contour would also have re-
sulted in a different treatment plan with likely one or more locations
presenting a compromise in target coverage. As per the current de-
partmental procedure, this study applied “virtual bolus” during plan
optimization when CTVs extended into the dermal region [26] to
moderate the fluence in the skin region and reduce the risk of severe
skin toxicity. This approach commonly results in tight target coverage
near the skin but is generally accepted by the treating clinician as
compromise rather than using bolus on treatment unless the skin itself
is at risk.

For 3D-conformal radiation treatments, the accuracy of the accu-
mulated skin dose is limited by the uncertainty in the calculated dose in
the buildup region [47]. However for VMAT treatments in this study,
the dose to skin could be regarded as exit dose because the majority of
dose to the skin was delivered through medial beam angles. Using the
methodology previously developed for time-resolved point dose QC to
assess the TPS calculated dose per control point [48], it could be de-
monstrated that ~80% of the dose delivered to 40 superficial HD-CTV
points with D*¢ < 95% DP'¢ was deposited at beam angles where the
effective depth was larger than or equal to 4 mm. More detail on this
analysis is provided in Supplementary Material G. In general, full
scatter conditions can simply be achieved by immobilization devices
such as radiation masks ‘behind’ the patient. Therefore, the exit dose
follows the normal percentage depth dose curve and can be accurately
calculated [47,49,50]. The accuracy of the skin dose calculation could
also be limited by uncertainty in the Hounsfield units (HUs) of the most
superficial voxels within the body contour [51]. Supplementary
Material H details the results of planning simulations using an HU
override equal to the average HU value = 100 for these voxels. The HD-
CTV doses were assessed for both HU values and the largest resulting
95% percentile range of the difference was ~1% DP"™**. It is therefore
reasonable to assume that any uncertainty in the HU of superficial re-
gions has minimal impact on the observed values of HD-CTV D%,
which were as low as ~85% DP™*¢ (Fig. 3).

In the current study, loss in CTV coverage was very patient specific
and appeared to be independent of margin expansion. Specifically for
superficial HD-CTVs, the loss in local target coverage occurred more
frequently in regions near the skin, but appeared not to be correlated
with the magnitude of anatomical changes. In general, multiple me-
chanisms play a role in target coverage differences between planning
and treatment. The interplay between local fluence, dose delivered per
gantry angle, contribution of scatter and anatomical changes prohibited
a clear identification of risk factors for individual patients that may be
prone to a loss in target coverage during treatment. Nevertheless, it was
clear that target coverage at treatment planning was an important
factor considering that changes in patient anatomy on treatment are
more likely to result in a decrease in target coverage when it was al-
ready marginal or compromised during the treatment preparation
stage. It is recommended to assess target coverage using a voxel-based
approach and not exclusively rely on DVH metrics. In principle this is
not different from a slice-by-slice review of the 3D dose distribution
before acceptance at treatment preparation by the treating radiation
oncologist. However, manual review of the delivered dose after each
fraction would be very laborious and automated processing of results
using a voxel based analysis would be preferable for efficiency reasons.

In addition to increased sparing of salivary glands as described by
many other studies [19,20,52], this study also highlighted the increased
avoidance of the critical OARs with reduced PTV margins. As the
minimum distance between the HD-CTV and BS decreased, a higher
DE" to the local PTV was generally achievable with 3 than with 5mm
margins (Fig. E.2a; Supplementary Material F). Comparably, as the
minimum distance between the HD-CTV and BS decreased a lower D2"
to the local PRV was generally achievable with 3 mm margins (Fig. E.2c;
Supplementary Material F). The compromise to the local BS PRV DJ/%"
as required for the 5 mm margin plan for patient ten was not necessary
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for the 3 mm plan.

In summary, a PTV/PRV margin reduction from 5 to 3 mm itself did
not change the plan robustness for anatomical changes during treat-
ment. However, a considerable loss in CTV coverage was observed for
some patients irrespective of the margin expansion. Although this was
very patient specific, it was specifically observed when target coverage
at treatment planning was already tight. Patient-specific verification of
dose delivery during treatment is therefore recommended, for instance
using the DIR-facilitated dose accumulation analysis presented in the
current study.
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