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SUMMARY

The impact of anatomy changes on delivered dose was investigated in H&N cancer patients as
function of the applied safety margins. Margin reduction reduced organ-at-risk exposure on
average by 1 Gy/mm at the expense of target underdosage >2 Gy in 32% of patients. Patient
at risk for underdosage could be identified using dose accumulation and underdosage could be
mitigated in 83% of patients by adaptive intervention using an average anatomy model after 10
fractions.

Abstract
Purpose We set out to investigate loss of target coverage from anatomy changes in head-and-neck
cancer (HNC) patients as function of applied safety margins and to verify a cone beam computed
tomography (CBCT) based adaptive strategy with an average patient anatomy to overcome possible
target underdosage.
Methods and Materials

For 19 oropharyngeal cancer patients, volumetric modulated arc
therapy treatments plans (2 arcs, simultaneous integrated boost, 70/54.25 Gy, 35 fractions) were
automatically optimized with uniform clinical target volume (CTV)-to-planning target volume margins
of 5, 3 and 0 mm. We applied b-spline CBCT-to-computed tomography (CT) deformable registration to
allow recalculating of the dose on modified CT scans (planning CT deformed to daily CBCT following
online positioning) and dose accumulation in the planning CT. Patients with deviations in primary or
elective CTV-coverage >2 Gy were identified as candidates for adaptive replanning. For these patients, a
single adaptive intervention was simulated with an average anatomy from the first 10 fractions.

Results Margin reduction from 5 mm to 3 mm to 0 mm generally led to organ-at-risk (OAR) mean

dose (Dmean) sparing of approximately 1 Gy/mm. CTV shrinkage was mainly seen in the elective volumes
(up to 10%), likely related to weight- loss. Despite online repositioning, substantial systematic errors
were present (>3 mm) in lymph-node CTV, the parotid glands and the larynx. Nevertheless, the average
increase in OAR dose was small: maximum of 1.2 Gy (parotid glands, Dmean) for all applied margins. Loss
of CTV-coverage >2 Gy was found in 1, 3 and 7 of 73 CTVs respectively. Adaptive intervention in 0 mm
plans substantially improved coverage: in 5 of 7 CTVs (in 6 patients) to < 2 Gy of initially planned.

Conclusion Volumetric modulated arc therapy HNC treatment plans with 5 mm margins are robust
for anatomy changes and show modest increase in OAR dose. Margin reduction improves OAR sparing
with approximately 1 Gy/mm at the expense of target coverage in a subgroup of patients. Patients at risk
of CTV-underdosage >2 Gy in 0 mm plans may be identified early in treatment using dose accumulation.
A single intervention with an average anatomy derived from CBCT effectively mitigates discrepancies.
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Introduction
Current planning and delivery techniques for
head and neck cancer (HNC), such as intensity
modulated radiation therapy and volumetric
modulated arc therapy (VMAT), offer dose
distributions conformal to the tumor with steep
dose gradients, with superior sparing of organs
at risk (OARs) (1). During treatment planning,
safety margins around the targets are applied
to account for geometric uncertainties such as
delineation errors, uncorrected setup errors,
and/or anatomy changes during treatment (2).
With large margins, robust plans are created
that ensure correct target dosage in case of large
errors; however, substantial amounts of normal
tissue may be irradiated. A reduction in geometric
uncertainties would allow smaller safety margins
and thereby increase the therapeutic window.
Image guided radiation therapy reduces
geometric uncertainties. In-room imaging (eg,
cone beam computed tomography [CBCT])
allows one to visualize (a surrogate of) the target
volume in relation to OARs and derive a couch
correction for alignment of the target volume
or volumes with the treatment beams. In offline
protocols, the systematic component of target
positioning errors is estimated and corrected.
Online protocols allow for near perfect
correction of errors (3).
To further reduce uncertainties arising from
nonrigid setup errors and anatomy changes
(deformations), adaptive radiation therapy (ART)
can be considered (4). Commonly, ART for HNC
is based on a second computed tomography
(CT) scan and used to address ad hoc observed
treatment response (tumor regression, weight
loss) (5, 6). Recently, however, ART based on
an average anatomy model derived from CBCT
has been proposed to reduce the impact of
systematic deformations (7).
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To improve the therapeutic ratio, we propose
to use small margins, evaluate delivered dose
with CBCT, and use adaptive strategies in case
of target underdosage when needed. To test the
feasibility of such an approach, we investigated
(1) changes in dose to clinical target volumes
(CTVs) and OARs from deformations in HNC
patients as a function of applied safety margins;
and (2) a CBCT-based adaptive strategy with
an average anatomy model to overcome loss of
coverage in selected patients.

Methods and Materials
Patient group

We retrospectively selected 19 patients with
oropharyngeal cancers that were treated with
curative intent. Patient data were accessed
according to institutional guidelines. The T
category distribution was T1 in 2 patients, T2 in
7, T3 in 8, and T4 in 2. Three patients did not
have nodal involvement. The planning computed
tomography (pCT) scan (Somatom Sensation
Open; Siemens, Erlangen, Germany) had a voxel
size of 1 x 1 x 3 mm3. Daily CBCT scans (Elekta
Synergy; Elekta Oncology Systems, Crawley,
UK) were acquired (1- mm3 voxel size). Patients
were immobilized with a 5-point thermoplastic
mask and positioned with a knee support and
head rest (Civco Medical Solutions, Kalona, IA).

Simulation of treatment and dose
accumulation

For all patients, 3 treatment plans with 5-, 3-,
and 0-mm CTV-to-planning target volume
(PTV) margins (dual-arc VMAT, simultaneous
integrated boost [SIB]) were optimized in
Pinnacle v9.6 (Philips Medical Systems,
Eindhoven, The Netherlands). A boost PTV
was defined from the CTV of the primary tumor
(CTVboost) and positive lymph nodes (CTVlnboost)
and prescribed to 70 Gy. An elective PTV was
defined from the CTV of suspected lymph nodes
(CTVln) and a ring around the CTVboost (CTV)

Chapter 4

546442-L-sub01-bw-Vrieze
Processed on: 4-8-2020

PDF page: 50

and prescribed to 54.25 Gy (Supplement A).
Definitions of CTVs and OARs were taken from
clinical treatment plans. To achieve reproducible
plans free from planner bias and variation, a
previously developed automatic optimization
strategy was used (8). Minimal requirements for
the PTVs after optimization were: dose to 99%
of the volume (D99%)>95% and D1%<107% of
prescribed dose (Supplement B). Dose calculation
in the first 4 mm from the external contour was
considered unreliable and ignored during plan
optimization and analysis.
Online patient positioning resulted from
alignment of bony anatomy close to the tumor
in the CBCT scan. The CBCT scan was shifted
accordingly to obtain representative online scans.
Deformable image registration (DIR) was used to
map anatomy in the CBCT scan of each fraction
to the pCT scan. We used a b-spline deformation
model (Supplement C) that was previously
validated and showed typical 3-dimensional
fiducial registration errors (vector length) of 0.8
mm for bony anatomy, 1.9 mm for normal tissue
(including anatomically defined CTV borders),
and 3.3 mm for the tumor (7, 9). The registered
region was limited to the field of view of the
CBCT scan.
To capture the treatment intent of irradiating the
original tumor volume in the presence of tumor
regression, we penalized deformations of the
CTVboost and CTVlnboost that were not driven by
contrast differences by limiting the curvature of
the deformation vector fields (DVFs) in these
regions (10). We compared resulting target
volumes with and without this regularization.
The DVFs were used to map the pCT scan to
the CBCT scan (11, 12) to obtain the correct
Hounsfield units in the anatomy of the day for
dose recalculation. The reconstructed CBCT field
of view was always smaller than the pCT scan,

approximately 25 cm in the craniocaudal direction,
but always encompassed all PTVs following
isocenter placement in the center of mass of these
PTVs. Treatment beams seldom passed through
anatomy outside the CBCT scan. Nevertheless, a
continuous anatomy in the unregistered parts of
the CT scan was obtained by smoothly reducing
deformations outside the CBCT scan to zero over
a length of 5 cm. Subsequently, dose was mapped
back to the pCT scan for accumulation. Dose
recalculation and accumulation were performed
for all available CBCT scans. Because of
maintenance, 14 treatment fractions in 5 patients
were delivered without CBCT. In these cases the
accumulated dose was normalized to 35 fractions.

Volume changes and systematic
deformations

The DVFs were used to quantify volume changes
and calculate systematic deformations: for each
structure, the average DVF over the whole course
of treatment was used to quantify the fraction of
volume with residual systematic deformations >3
mm.

Dose to target volumes and OARs

In total, 73 CTVs were available for analysis
because in 3 patients no CTVlnboost was present.
First, we quantified typical sparing of OARs
that is achievable with margin reduction. Next,
we analyzed accumulated dose to CTVs and
OARs. Supplement B describes all dose-volume
histogram parameters evaluated.

Adaptive replanning

Retrospectively, patients with a D99% of the CTV in
the accumulated dose >2 Gy lower than the D99%
of the CTV in the planned dose were considered
candidates for ART. D99% was used as a practical
surrogate for the minimum dose as described in
conventional margin recipes (2). We chose 2 Gy
to represent a substantial discrepancy with the
planned dose-dequivalent to a single fraction to
the primary tumor (3% of the total dose) and
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large enough to represent a serious deviation
with respect to dose calculation and mapping
uncertainties. ART to avoid extra OAR dose was
not considered. In practice, patients eligible for
ART should be identified early in treatment.
We tested various thresholds and intervention
moments (N ) to select the candidate patients.
Adaptive replanning was performed on a
modified pCT scan, representative of the average
anatomy of the first N fractions. Therefore,
we averaged the first N DVFs (DVFmean, each
DVF describes how tissue elements in the pCT
scan are displaced in the CBCT scan). With
progressive changes (weight loss, gland or
tumor shrinkage), the most recent CBCT scans
are more representative than earlier scans. This
was reflected in a weighting factor proportional
to the fraction number (7). The DVFmean was
used to create an updated CT scan and to transfer
the original contours. Plans were reoptimized in
the updated pCT scan, and treatment was again
simulated as described previously starting at
fraction Nþ+1. Recalculated dose was mapped
to the initial pCT scan to be added to the dose of
the first N fractions.

Results
For the 19 selected patients, plans with 5-, 3-,
and 0-mm margins were generated that fulfilled
minimal requirements Supplement B. A total
of 651 CBCT scans underwent deformable
registration to the corresponding pCT scans, and
DVFs were visually inspected.

Volume changes and systematic
deformations

The primary target (CTVboost) and its elective
region (CTV) showed small volume changes
(Fig. 1), whereas the lymph nodes (CTVlnboost
and CTVln) clearly showed volume reduction up
to 10% in week 5. The influence of the additional
regularization of the tumor and involved
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lymph nodes on assessed volume changes was
limited: at the end of treatment, CTV regression
would sometimes be underestimated to 1
to 2 percentage points (data not shown). As
expected, trends were present in parotid gland
(PG) volume, with a 4% reduction per week.
Remarkably, a small increase in constrictor
muscle volume during treatment was found
(4%).
Large systematic deformations were quantified
by the relative volume with residual systematic
errors >3 mm (V3 mm ; Supplement D). The
largest deformations in target volumes occurred
with the CTVln (median V3 mm , 19.7%; range,
1.4%-63.3%), often because of weight loss and
subsequent volume reduction (described earlier)
or shoulder movement (visual inspection). In
contrast, CTVboost and CTV showed relatively
small systematic deformations: 0.4% and 0.7%,
respectively. Apart from the PGs, the larynx
showed substantial systematic deformations
(17.7%), in line with reported systematic shifts
and rotations of the whole organ (13, 14).

Dose to target volumes and OARs

Evaluation of the planned dose to OARs
showed better sparing with smaller margins:
approximately 1 Gy mean dose per millimeter
margin reduction (Fig. 2). The largest
differences between accumulated and planned
dose (Fig. 3) were present in the ipsilateral PGs:
on average, 1.2 Gy higher than planned. In 4
patients the ipsilateral PG Dmean increased >2
Gy (5-mm plans); in 2 of these patients, margin
reduction made no difference. For 13 patients,
the accumulated OAR dose was always within 2
Gy of planned, irrespective of margins.
In Supplement E as an example, CTVboost
coverage is presented in detail. Table 1 reports
target coverage for all 73 target areas. Target
underdosage (D99%<95% isodose) occurred
1 time, 2 times, and 20 times (27%) in 5-, 3-,
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Figure 1: Trends in relative volume during treatment (weekly averages, 19 patients) derived with
deformable registration. Error-bars, shown for upper and lower curve, indicate variation among patients
(1standard deviation (SD)). Marker size is proportional to the SD. Because CTV is an expansion of
CTVboost, trend lines nearly coincide. All differences between week 1 and 7 were statistically different
(p<0.05, Wilcoxon signed-rank-test for paired samples). Abbreviations: CTVln = elective CTV of
lymph nodes; CTVlnboost = CTV of involved lymph nodes.

and 0-mm plans, respectively, demonstrating
that margin reduction reduces coverage mainly
in 0-mm plans. Discrepancies >2 Gy occurred in
1, 3, and 7 targets, respectively, mainly within
the elective CTVs. Discrepancies with both
D99%<95% isodose and DD99%>2 Gy occurred
1, 2, and 3 times, respectively. Furthermore,
most underdosage occurred at the elective
lymph node CTVs (CTVln). We regarded the 7
cases with underdosage >2 Gy in 0-mm plans as
opportunities to improve treatment with ART.

Adaptive replanning

The 7 CTVs with a dose discrepancy >2 Gy in 0-mm
plans were found in 6 patients. Supplement F
shows the true- and false-positive rate to select
these patients early in treatment as a function of
threshold. On the basis of these results, fraction
10 (2 weeks), with a corresponding threshold
at -0.6 Gy, was chosen as a practical time point
for intervention. Updated pCT scans were
generated using the first 10 CBCT scans. Plans
were automatically reoptimized, and simulated
treatment continued from fraction 11.
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Table 1: CTV-coverage in planned and accumulated dose (D99%, 19 patients). The prescription dose
(D0) was 70Gy for the PTV of the primary tumor and involved lymph-nodes, 54.25Gy for elective
regions. CTV-coverage was considered at risk when D99<95% of D0. CTVs with ∆D99%<-2Gy were
considered of interest for ART.
Planned
D99%, Gy
plan

5mm

3mm

0mm

AccumulatedPlanned
∆D99%, Gy
∆D99<-2Gy
D99
&
∆D99 <95%
<-2Gy of D0 D99<95%
of D0

Mean

SD

Mean

SD

Mean

CTVboost

69.0

(0.5)

69.6

(0.6)

0.7*

(0.4)

1.01

0

0

0

CTVlnboost

68.7

(0.7)

69.0

(1.1)

0.3

(0.6)

1.00

0

0

0

CTV

66.7

(1.9)

66.7

(2.1)

0.0

(0.9)

1.00

0

0

0

CTVln

53.2

(0.7)

53.2

(1.4)

0.0

(1.1)

1.00

1

1

1

CTVboost

68.9

(0.4)

69.4

(0.5)

0.5*

(0.3)

1.01

0

0

0

CTVlnboost

68.6

(0.6)

68.5

(1.3)

-0.1

(1.1)

1.00

1

1

1

CTV

64.0

(2.0)

63.8

(2.1)

-0.2

(1.2)

1.00

1

0

0

CTVln

53.0

(0.6)

52.4

(2.3)

-0.6

(2.0)

0.99

1

1

1

CTVboost

67.4

(0.3)

67.0

(0.7)

-0.4

(0.7)

0.99

0

5

0

CTVlnboost

67.0

(0.3)

66.2

(2.1)

-0.8*

(2.0)

0.99

1

5

1

CTV

58.7

(1.8)

58.2

(2.5)

-0.6

(1.9)

0.99

3

0

0

(3.1)

0.97

3

10

2

52.4

(0.6)

50.7

(3.3)

-1.7

*

SD

<ratio>
acc/
plan

target

CTVln
*

Accumulated
D99%, Gy

) p-value<0.05 with the Wilcoxon signed-rank-test for paired samples . Abbreviations: CTV = clinical target volume; CTVboost

= CTV of primary tumor; CTVln = elective CTV of lymph nodes; CTVlnboost = CTV of involved nodes; D0 = prescription dose;
D99% = dose to 99% of volume.

Figure 4 shows the effect of ART on minimum
dose to the CTV. In all patients except one, ART
improved D99% with at least 3 Gy. In 2 patients the
final accumulated dose after ART still differed by
>2 Gy from the initial plan, indicating possible
progressive changes requiring additional adaptive
intervention.

Discussion
In this study the potential of ART for anatomy
changes during radiation therapy (RT) of HNC
was assessed based on accumulated dose in daily
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CBCT scans. For 73 CTVs in 19 patients, VMAT
treatment plans with 5-mm safety margins were
adequate in all but 1 CTV. When margins were
reduced, loss of target coverage (D99%<95%
prescribed dose) increased to 27% of all CTVs (at
0-mm margins) but discrepancies with planned
dose were small. Margin reduction led to sparing
of approximately 1 Gy/mm in investigated OARs
(PGs, constrictor muscle, oral cavity, larynx). For
two-thirds of patients, accumulated OAR dose
differed by <2 Gy from planned for all margins
evaluated. The simulated CBCT-based adaptive
workflow in plans with 0-mm margins, with a
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Figure 2: Effect of margin reduction on planned and accumulated organs at risk (OAR) dose (averaged
for 19 patients). Maximum dose to brainstem and spinal cord was never critical. Error-bars, shown for
upper and lower curve, indicate variation among patients (1SD). Marker size is proportional to the SD.

single intervention at fraction 10, was found to
effectively select candidate ART patients and
showed improvements of at least 3 Gy in 6 of 7
target volumes.
With observed residual systematic deformations
in excess of 3 mm, mainly for elective lymph
node CTVs (Supplement D), safety margins of
5 mm could be considered too small according
to classical margin recipes (2). Yet treatment
plans with 5-mm or even smaller margins were
surprisingly robust for these errors. In plans with
5-, 3-, and 0-mm margins, only 1, 2, and 3 target
volumes, respectively, were present with an
accumulated D99%<95% isodose and a difference

from planned dose >2 Gy. Several factors
may explain this robustness against geometric
uncertainties: (1) With multiple CTVs, or with
concaveshaped target volumes, deformations
could shift a CTV surface outside the PTV but
inside another/opposite PTV. Currently, margin
recipes do not take such effects into account; (2)
For the high-dose CTVs, the surrounding elective
dose acts as background dose: in case of residual
misalignments, minimum dose will reduce to
elective levels. McKenzie et al (15) showed that
because of background dose, the margin for
random errors, typically approximately 20% of the
total margin, can be reduced; (3) In case of tumor
regression and/or weight loss, CTV borders
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Figure 3: Boxplot of accumulated versus planned organs at risk (OAR) dose (19 patients).
*
)p-value<0.05 with Wilcoxon signed-rank-test for paired samples.

Figure 4: Improvements in minimum dose (D99%) from a single adaptive intervention (fraction 10)
where CTV-coverage was at risk (0mm plans). Adaptive interventions restored (ART) discrepancies
to <2Gy in 5 of 7 CTVs (6 patients (P)).
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may move into the high-dose region. Therefore,
during treatment, next to a somewhat higher
delivered dose than planned (Supplement E),
the distance between CTVs and the 95% isodose
surface increases. This effectively allows for
larger errors before coverage is lost; (4) The
planned dose distribution does not perfectly
conform with the PTV. Consequently, the
treated volume (volume within the 95% isodose
surface) is typically larger than the PTV, allowing
for larger setup errors. Visual inspection showed
that distances of 2 to 3 mm were frequently
present between the PTVs and corresponding
treated volumes. For 6 patients, clinical SIB plans
(5-mm margins) were available that had similar
discrepancies, showing that loss of conformity
was not introduced by the automatic planning
algorithm. This additional dosimetric margin
around a PTV was described by Gordon et al (16)
for RT of prostate cancer.
In this study, the D99% of the PTV and CTV was
used for planning and evaluation, respectively.
However, for superficial tumors, CTV-to-PTV
expansions might extend to the buildup region
or even to air and challenge treatment plan
optimization and the shift invariant assumption
underlying the PTV concept (17). Essentially, the
minimum dose and D99% are surrogates for the
tumor control probability and were adopted as
such in this article. Ideally, more accurate tumor
control probability models would be used to
select patients for replanning that might be less
sensitive to setup errors and anatomic changes.
Routine adaptive interventions to avoid excess
dose to OARs are questionable. Some studies
(18-21) have reported considerable PG mean
dose discrepancies (∆Dmean = +3.7, +3.6, +2.8,
and +2.7 Gy) and advise adaptive interventions.
Ahn et al (22) correlated anatomy changes
with dosimetric effects, searching for surrogate
intervention criteria. They reported a wide variety
of changes with different dosimetric effects.

Routine adaptive replanning was beneficial for
two-thirds of all patients. Hunter et al (23) found
a median increase of 2.2 Gy in PG dose but could
not demonstrate a significant difference in saliva
flow and questioned the effect of interventions. In
our patient group, extra OAR dose was generally
small (maximum of 1.2 Gy, ipsilateral PG) and
discrepancies >2 Gy were limited to one-third of
patients. To limit clinical workload, decisions on
adaptive interventions should be individualized
and based on assessment of accumulated dose.
Close monitoring of delivered dose and accurate
prediction of the expected final dose to CTVs
and OARs are required to identify candidate
patients for adaptive intervention. Nie et al (24)
monitored OARs and targets during treatment
with DIR and applied principal component
analysis and least squares regression to predict
future organ geometries for dose estimation.
After 3 weeks, the final dose distribution could
be predicted to within 2.5% (SD). Focusing on
accumulated dose for the PGs, Hunter et al (23)
found that the dose difference from the planned
dose on the first treatment day was highly
correlated (r=.92) with the final difference.
We were able to select candidate patients with
a simple intervention threshold at fraction
10 without false positives. This suggests that
dose differences were present from the start of
treatment and therefore were more likely related
to systematic local misalignments (rotational
errors, neck flex, shoulder misplacement)
than to progressive changes (eg, regression or
weight loss). Half of all target underdosage
occurred at the elective regions, which deformed
(among others) from shoulder movement
(visually inspected). Our simulated online
positioning strategy focuses on alignment
of the primary tumor; however, alternative
positioning strategies can trade tumor alignment
for improved positioning of elective regions
(14). Proper intervention-selection protocols,
balancing accurate predictions of delivered dose
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versus early detection of discrepancies, still have
to be developed.
DIR quality is important for correct mapping of the
CBCT anatomy in the pCT scan, as well as accurate
dose mapping for accumulation and adaptive
interventions. To deal with the reduced tissueto-tissue correspondence in tumor tissue because
of regression and lack of contrast with normal
tissue (9), we applied a regularization term for
the tumor regions. To transfer the CBCT anatomy
into the pCT scan for dose recalculation, accurate
tissue-to-tissue mapping is less important: the
pCT scan should only be modified to reflect the
correct Hounsfield units (tissue type). For dose
mapping, accurate tissue-to-tissue mapping is
most important at dose gradients: in a uniform
dose distribution, the mapped dose is insensitive
to registration errors (25). For adaptive purposes,
the regularization was also in line with our clinical
ART protocol that allows CTV adjustments only
for obvious changes (26). We therefore expect
that the larger target registration error in tumor
tissue will have had a limited impact on the results
of this study. Nonetheless, other registration
techniques should be investigated to improve
registration of the tumor (27).
A comparable margin reduction study by Wu et
al (19) in intensity modulated radiation therapy
SIB plans (5-, 3-, and 0-mm margins) showed
increased sparing of OARs in 11 patients. PG
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dose, evaluated in 6 weekly repeat helical CT
scans, significantly increased (+10%), but no
CTV underdosage was seen. Routine weekly
interventions could prevent extra PG dose. Our
study used VMAT as the delivery technique
and daily CBCT as the basis for analysis, patient
selection, and intervention. Remarkably, both
studies showed substantial robustness of
treatment plans for deformations. In contrast, we
did not find the same extra dose to PGs (+3%).

Conclusions
In this study, the potential of ART for anatomy
changes during RT of HNC was assessed based
on accumulated dose in daily CBCT scans. For 73
target volumes in 19 patients, VMAT treatment
plans with 5-mm safety margins were adequate
in all but 1 target volume. Modest extra OAR
dose was present. Margin reduction led to an
improvement in OAR dose of approximately
1 Gy/mm. With 3- and 0-mm margins, dose
to 2 targets and 20 targets, respectively, was
compromised, although large discrepancies (>2
Gy) were limited to 6 patients. ART protocols are
therefore advised. Care should be taken to include
all sources of uncertainty in margin design. A
CBCT-based ART workflow in plans with 0-mm
margins was found feasible to select candidate
patients for ART and substantially restore target
coverage.
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Supplementary material
Supplement A: Target definition, dose prescription and margins
The primary tumor and involved lymph nodes are delineated as GTV and N+, lymph node regions
suspect to contain tumor cells as N0. The GTV and N+ are expanded with 10 mm to CTVboost and
CTVlnboost, which are regarded the primary CTVs. Ln stands for lymph node. As elective CTVs we
directly use the delineated lymph node regions (N0) as CTVln and a region obtained by expanding
the CTVboost with 5mm: CTV. To account for errors in target definition, setup errors, deformations and
other sources of geometric uncertainty, the CTVs are expanded to PTVs with a safety margin [A1, A2].
The PTVboost is prescribed 70Gy and the elective PTV 54.25 Gy, over 35 fractions. See figure A1 for a
graphical overview.

[A1] International Commission on Radiation Units and Measurements. ICRU Report 62. Prescribing, Recording, and Reporting Photon
Beam Therapy (Supplement to ICRU Report 50). J ICRU 1999:Ix +52.
[A2] International Commission on Radiation Units and Measurements. ICRU Report 50. Prescribing, Recording, and Reporting Photon
Beam Therapy. J ICRU 1993.

Supplement B: Planning objectives and evaluation parameters
Table B1 contains the objectives for automatic SIB VMAT plan optimization. Objectives for PTVs, spinal
cord and brainstem had to be fulfilled for an acceptable plan. For all OAR-objectives, dose was reduced
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as much as reasonably achievable, without compromising on target coverage. Objective weights were
set according to the dose distribution after the first iteration (of 4) on PTV coverage only, parotid glands
were thereby favored over other OARs. For target dose, the CTV dose was evaluated while for OAR
dose the same objective parameters were evaluated.
Table B1: Constraints & objectives for plan optimization with evaluation parameters for accumulated dose.
Structure

parameter

Dose (Gy)

D99% >

66.5

i.e. 95% * 70Gy

D1% <

74.9

i.e. 107% * 70Gy

D99% >

51.54

i.e. 95% * 54.25 Gy

D1% <

58.05

i.e. 107% * 54.25 Gy

spinal cord

NTD max <

50

(α/β =2 Gy)

brainstem

NTD max <

54

(α/β =2 Gy)

parotid gland

Dmean <

26

constrictor muscle

Dmean <

45

oral cavity

Dmean <

26

base of tongue

Dmean <

45

larynx

Dmean <

45

Objective
PTVboost
PTV

Evaluation
CTVboost

D99%

CTVlnboost

D99%

D1%
D1%
CTV

D99%

CTVln

D99%

D1%
D1%

62

spinal cord

NTD max

(α/β =2 Gy)

brainstem

NTD max

(α/β =2 Gy)

parotid gland (ipsi-lateral)

Dmean

parotid gland (contra-lat)

Dmean

constrictor muscle

Dmean

oral cavity

Dmean

base of tongue

Dmean

larynx

Dmean
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Supplement C: b-spline registration parameters
Table C1: b-spline deformable registration parameters
Deformation model
model

b-spline 3rd order

final b-spline control point spacing

1 cm

Image intensity mapping
b-spline interpolation

3th order

metric

correlation ratio [C1]

# bins

100

Similarity

Regularization (weights) [klein/staring]
global smoothness

0.02

local rigidity segmented bony anatomy

0.5

local smoothness primary tumor

0.01

optimization method

gradient descent
with feedback step size adjustment

Optimizer

Multiresolution
# levels

3

image pyramid

Gaussian

b-spline control point spacing (cm)

2/2/1

Miscellaneous
ignore air in pCT
histogram remapping emphasizing soft tissue
[C1]

Roche A, Pennec X, Ayache N. The correlation ratio as a new similarity measure for multimodal
image registration. MICCAI ’98 Proc. First Int. Conf. Med. Image Comput. Comput. Interv.,
Springer Verlag; 1998, p. 1115–24.
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Supplement D: Systematic deformations
Systematic deformations in the selected volumes are derived from the average deformations over all
fractions. Table D1 shows the portion of volume with local systematic deformations larger than 3mm
(V3mm) for clinical target volumes and organs at risk for 19 patients (expressed in median, range and
amount of patients with V3mm >20%).
Table D1: Systematic volume changes over a course of radiotherapy for 19 patients
structure

median V3mm (%)

[min, max]

#pts V3mm>20%

CTVboost

0.4

[0.0,61.3]

2

CTVlnboost

3.7

[0.0,65.8]

5

CTVln

19.7

[1.4,63.3]

10

CTV

0.7

[0.0,55.5]

2

spinal cord

0.9

[0.0,67.9]

4

brainstem

0.0

[0.0,82.5]

3

parotid gland_(ipsi-lateral)

13.1

[0.0,76.2]

8

parotid gland (contra-lateral)

14.4

[0.0,89.5]

9

oral cavity

2.0

[0.0,77.6]

4

base of tongue

9.7

[0.0,65.1]

6

constrictor muscle

5.3

[0.0,94.4]

6

larynx

17.7

[0.0,85.2]

9

V3mm is the relative volume with systematic deformations > 3 mm (vector length)
ln = lymph nodes. CTVs with subscript boost are proven to contain tumor cells.
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Supplement E: CTVboost coverage during treatment in detail
Figure E1 shows the CTVboost coverage during treatment. With 5 and 3mm plans, minimum CTVboost dose
was well above the planned PTV minimum dose criterion (D99%>95% isodose, i.e. 66.5Gy). However,
since CTV and PTV surface coincide at 0mm, and the minimum dose is typically found at the surface of
the PTV, the minimum dose to the CTV is, on average, 1.5Gy lower than with a margin. Accumulation
of dose (over all available fractions, without interventions) showed in general a small increase in
minimum dose at 5 and 3mm margins (0.7±0.4Gy and 0.5±0.3Gy), whereas at 0mm, the minimum
dose decreased -0.4±0.7Gy. Nonetheless, this variation is comparable to the variation in accumulated
CTVboost-D99 between patients (0.6/0.5/0.7Gy, 1 SD). For 5 patients, at 0mm plans, accumulated
D99% is below 66.5Gy, but differences between planned and accumulated dose >2Gy in the CTVboost did
not occur.

Figure E1. Example dose analysis: difference between planned and accumulated minimum dose (D99%) to CTVboost
(19 patients, with 5/3/0mm margins. *) p-values< 0.05 with Wilcoxon signed-rank-test for paired samples.

Supplement F: Timing and thresholds for patient selection for adaptive interventions
In retrospect 7 target areas in 6 patients showed a difference in an accumulated dose to the CTV larger
than 2Gy with planned (D99% in 0mm plans). These patients, were considered candidates for adaptive
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intervention. In practice these patients should be identified based on a selection threshold during
a regular course of treatment. To study the feasibility of patient selection at an earlier moment, say
fraction f, we performed a Receiver-Operator-Characteristic (ROC) analysis: patients with a final dose
difference of 2Gy in one of the CTVs were defined as the gold standard. Next, the difference between
accumulated and planned dose at fraction f was tested against a range of thresholds. For each threshold
we scored the correctly and incorrectly selected patients (true and false positives), from which we
derived the true positive rate (sensitivity) and false positive rate (1-specificity). From the corresponding
ROC curve we calculated the area under the curve (AUC) as a direct measure of how efficient candidates
for ART could be selected. This was repeated for various fractions f. ROC analysis on intervention
thresholds showed that the AUC (see figure F1) ranged from 0.73 to 1.00. Errorbars were calculated
according to Hanley and McNeil [F1]. After 8 fractions all candidates for adaptive intervention were
detectable without false positives. However, for simulation of treatment with an adaptive intervention,
we used fraction 10, representing end of week 2.
Figure F1: ROC analysis of intervention thresholds to detect CTV underdosage >2 Gy (∆D99%).
The intervention thershold curve and area represent threshold values on accumulated dose were all
candidates for adaptive intervention were selected (no false negatives) with the least false positives.
From fraction 8, areas under the curve of 1 were found (no false positives).

[F1] Hanley JA, McNeil BJ., The meaning and use of the area under a receiver operating characteristic
(ROC) curve. Radiology. 1982;143:29–36.
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