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Background and purpose: Anatomical changes induce differences between planned and delivered dose.
Adaptive radiotherapy (ART) may reduce these differences but the optimal implementation is insuffi-
ciently clear. The aims of this study were to quantify the difference between planned and delivered dose
in HNC patients, assess the consequential difference in normal tissue complication probability (DNTCP)
and to explore the value of DNTCP as an objective selection strategy for ART.
Materials and methods: For 52 patients, daily doses were accumulated to estimate the delivered dose. The
difference from planned dose was analyzed for CTVs and 9 organs-at-risk (OAR). DNTCP was calculated
for xerostomia, dysphagia, parotid gland dysfunction and tube feeding dependency at 6 months. ART was
deemed necessary if DNTCP was >5%. The positive predicted value (PPV) was calculated for identification
of ART-patients by clinical judgement, and DNTCP at fraction 10 and 15.
Results: DNTCP >5% was seen five times for dysphagia and twice for the other toxicities. Only 5/9 patients
with any DNTCP >5% clinically received ART, although ART had been done for 13/52 patients (PPV: 0.38).
PPV was 0.86 and 0.75 for accumulated dose at fraction 10 and 15, respectively, using a DNTCP cut-off for
the allocation of ART of 5%. Using other DNTCP cut-offs did not substantially improve PPV. With this cut-
off the negative predictive value was 0.93 for DNTCP method of fraction 10 and fraction 15, and 0.90 for
clinical judgement.
Conclusion: To identify patients accurately for ART, NTCP calculations based on the dose differences
between planned and delivered dose at fraction 10 are superior to clinical judgement.

� 2019 Published by Elsevier B.V. Radiotherapy and Oncology 142 (2020) 100–106
Head and neck image-guided radiotherapy studies have demon-
strated considerable geometric uncertainties, such as setup errors,
posture changes, weight-loss and tumor shrinkage during fraction-
ated radiotherapy [1,2]. These geometrical changes impact the
dose distribution such that the actual delivered dose is different
from the planned dose [3,4], impacting organs-at-risk (OAR) dose
(s) to clinically meaningful degrees.

In adaptive radiotherapy (ART), one or more new radiotherapy
plans are designed during the course of treatment in order to
account for anatomical changes and thereby improve target
coverage, spare OAR and minimize toxicity. To date, at some
facilities, patient selection for ART initiation is predicated on an
individual decision by the treating physician to replan the patient,
using expert opinion after visual inspection of one or more repeat
images. Consequently, the physician determination is often based
on heuristic, rather than quantitative indicators of improved dose
distribution, resulting in an ART decision subject to inter-
observer variability. Alternatively, many centers replan all patients
at a fixed time-point, typically mid-therapy, to account for the lar-
ger part of anatomical changes, which are known to occur during
the first half of treatment [5,6]. However, prospective data suggest
that, while a majority of patients on trial did not have significant
improvement from being replanned on a fixed schedule, a subset
had substantive and clinically meaningful alteration [7]. Selection
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based on differences between delivered dose and planned dose to
targets and OARs afford systematic ‘‘triggers” of plan adaptation,
and are more objective and robust (or, at least, quantifiable, and
thus iteratively modifiable), precluding observer-dependent
‘‘guesses” as to the need for replanning and preventing inefficient
resource overutilization embodied in ‘‘one-size-fits-all” strategies.
Potentially the incorporation of the consequential difference in
normal tissue complication probability (DNTCP) represents an
improved method to select patients for ART, but objective data
are lacking. Therefore, the specific aims of this study were to:

1) quantify the difference between the planned and delivered
radiotherapy dose in head and neck cancer patients based
on serial CT-on-rails imaging.

2) characterize organ-at-risk (OAR) delivered and planned
radiotherapy dose discrepancies to assess potential conse-
quential differences in NTCP.

3) determine positive predictive value (PPV) for ART based
upon clinical judgement during treatment vs. a novel metric,
namely DNTCPF10–F15.

Materials and methods

Retrospective data was collected from consecutive patients
treated for head and neck cancer with (chemo-) radiotherapy at
MD Anderson Cancer Center, treated 2007–2013 with daily CT-
on-Rails IGRT (CToR) (ExaCT, GE Healthcare, Waukesha, WI) [1].
All CToR scans were made for position verification, and anon-
ymized before use in this study, therefore, no additional patient
consent was required. The treatment planning CT was made after
immobilizing patient with thermoplastic head and shoulder mask.
Slice thickness ranged 2.5–3.75 mm. An expert attending head and
neck radiation oncologist contoured all target lesions and OAR on
the planning CT according to institutional head-and-neck contour
guidelines. The margin from clinical to planning target volume
was 3–5 mm. Pinnacle treatment planning system, (version 9.1
Philips Medical Systems, Eindhoven, The Netherlands) was used
for delineation and treatment plan design. All plans were 9 beam
step-and-shoot intensity modulated radiation therapy plans in
adherence to the RTOG treatment guidelines. They were peer-
reviewed [8–10]. For daily position verification, the patient was
aligned to treatment position using skin marks on the linear accel-
erator, then the table turned 180 degrees and CToR scan was made
in treatment position. The plan isocenter was related to the daily
CT imaging using skin marks. This process was estimated to intro-
duce a maximum uncertainty of 1 mm in the plan isocenter local-
ization on daily imaging. The daily CT was automatically registered
to the planning CT using in-house developed software, leading to a
proposed alignment of the two scans, and a corresponding set-up
correction [11]. The radiation therapists reviewed the alignment
and made manual adjustments as they deemed necessary and
per the instructions of the radiation oncologist.

Planned dose was the dose per region of interest (ROI) as
derived from the planning CT with the original plan. To calculate
the delivered dose, the initial treatment plan was recalculated for
each day using the daily CT scan. If the patient position had been
adjusted, the treatment isocenter was moved accordingly before
recalculation of dose. The new dose distribution file was mapped
back to the planning CT using a deformable deformation vector
field (DVF), created with software validated for this purpose
(Admire 1.04, Elekta AB, Stockholm, SE) [12]. In the planning CT,
the original contours were used to calculate the daily dose to that
organ. If there were missing daily CTs, the CTs from the closest two
fractions were used for linear interpolation to generate the missing
fractionated dose. If first or last fractions were missing, nearest
neighbor extrapolation was used.
D1 and D99 were calculated for the primary, high risk and elec-
tive clinical target volume (CTV), the affix ‘_sub’ identified volumes
from which the higher dose levels had been subtracted. To comple-
ment the dataset, additional OAR contours were created using an
atlas based strategy (Admire (Elekta AB, Stockholm, Sweden)) in
which the atlases were based on institutional head-and-neck con-
tour guidelines, and all the generated contours were visually
inspected and corrected by a radiation oncologist [EK] [13].
NTCP models

The absolute dose differences between planned and delivered
dose were calculated for all targets and OAR based on the original
treatment plan. Additionally, NTCP models were used to assess the
difference in expected toxicity for the following end points: patient
reported moderate to severe xerostomia at 6 months, Xer6m [14],
physician rated feeding tube dependency at 6 months, Tube6m
[15], physician rated decreased salivary flow using the mean dose
model [16] and dysphagia i.e., grade 2–4 swallowing dysfunction
according to the RTOG/EORTC Late Radiation Morbidity Scoring
Criteria, physician rated 6 months after treatment (Appendix A)
[17].

The models were chosen based on provisory national consensus
from the Dutch head and neck radiation oncology committee, and
are NTCP models currently implemented for therapeutic selection
of patients for proton-therapy [18]. Appendix B states how was
dealt with missing input parameters for NTCP models.
Statistical analyses

Differences in either parameters of the accumulated dose or
NTCP based on delivered dose were tested for statistical signifi-
cance for all patients, using Wilcoxon signed rank test, correspond-
ing p-values are for 2-tailed significance, unless specified
otherwise. A Bonferroni correction was done regarding the number
of volumes/organs at risk that were tested; a p-value < (0.05/10)
was considered statistically significant for the OAR, for the CTVs
this was a p-value < (0.05/5). Calculations were done using IBM
SPSS statistics v22 or JMP v13 (SAS Institute, Cary, NC, USA). To
predict DNTCP at the end of treatment using the dose difference
until fraction 10 (F10) and 15 (F15), the accumulated dose on that
day was scaled to the full dose prior to the NTCP calculation. Cur-
rently, the Dutch Society for Radiation Oncology has set the DNTCP
threshold for allocation to proton treatment at 10% and 5% for
grade II and III complications respectively. ART is less costly than
proton treatment. It was predetermined at a consensus investiga-
tor meeting that patients should be treated with ART more readily
than with proton therapy. Therefore, a 5% threshold for DNTCP at
the end of treatment was determined to be clinically relevant in
this study. The positive predictive value, negative predictive value,
sensitivity and specificity for identifying these patients were calcu-
lated for clinical judgement and DNTCP based on dose differences
at F10 or F15. Different thresholds for DNTCP at those time points
were assessed for their predictive accuracy). For the purposes of
this study, a true-positive represented a scenario in which replan-
ning was performed and >5% DNTCP was observed at end-
treatment; a false-positive indicated a ‘‘wasted replan” wherein
ART was performed, but no DNTCP >5% was observed; a true-
negative indicated a non-replanned case where DNTCP <5%; and
false-negative denoted an unaltered plan with end-therapy DNTCP
>5%. The positive predictive value was considered the most impor-
tant for patient allocation to ART.

In order to determine the relative efficacy of a specific replan-
ning regimen receiver operator characteristic curve (ROC) analysis
was performed. A method was deemed better than another if the
asymptotic significance of the difference between the area-
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under-the-curve (AUC) was statistically different by the Mann-
Whitney U test. For chance an AUC of 0.5 was used.

Results

Eighty-seven patients with daily intra-treatment image guided
CToR were identified, of whom fifty-two were eligible for inclusion.
The most common reason for exclusion was missing isocenter shift
information. Demographics and dose prescriptions were tabulated
(Supplementary Table 1 and 2 respectively). 13 patients clinically
received ART. There were no standardized criteria for when ART
was performed. Typically, the treating physician would adapt the
treatment plan if any of the following occurred: weight loss
>10%, tumor shrinkage, contour alterations within the treatment
mask or deteriorated mask fitting. The earliest ART was after 8
fractions, the last was after 23 fractions (Supplementary Table 2).

For the whole cohort, the D99 and D95 were statistically
different for all measured CTVs, with a wide range of observed
differences; nonetheless, median CTVplanned–CTVdelivered dose
difference did not exceed ±5% of prescription dose for any patient
(Fig. 1, Supplementary Table 3). Maximum dose to the CTVs was
not statistically significantly different for delivered compared to
planned dose. On an individual basis, large differences (>15%)
between planned and delivered dose were occasionally seen: for
example there were four patients for whom the D99 of the deliv-
ered dose to the primary tumor was more than 15% less than
planned (Fig. 1; Supplementary Table 2: patient 9, 12, 22 and 38).

The difference between planned and delivered dose was
calculated for mean and maximum dose in nine OARs. Additional
atlas-based contours were used for nine OAR (Table 1). There
was a significant difference between mean planned and delivered
dose to the larynx (p = 0.006) and mandible (p = 0.001), with small
median differences: 0.84 Gy and �0.53 Gy respectively. The
Fig. 1.
delivered maximum dose was significantly different from the
planned dose for brainstem (p < 0.001) and spinal cord
(p = <0.001). Median DD1 for these OAR was 1.03 Gy and 0.96 Gy
respectively. D1 was also significantly lower for planned than
delivered dose to the mandible, contralateral and ipsilateral paro-
tid gland, with median dose differences <0.5 Gy.

For all patients combined, there was no statistical significant
difference between the NTCP for planned and delivered dose
regarding dysphagia (p = 0.12), xer6m (p = 0.26) or parotid gland
dysfunction (p = 0.88). For tube6m there was a statistical signifi-
cant difference (p = 0.028), but with low clinical impact, as the
median absolute DNTCP was 0.13%. (Fig. 2).

However, large individual DNTCP were observed. At end treat-
ment, a clinically relevant DNTCP (>5%) was found 11 times for
all models combined (five times for dysphagia, twice for each of
the other toxicities), in nine patients (17%). DDose by OARs is sum-
marized in Table 1.

Only 5/9 patients with any DNTCP >5% at the end of treatment
clinically received ART, although ART had been done for 13/52
patients (PPV: 0.38). PPV was higher for our models: 0.86 and
0.75 at F10 and F15 respectively using a DNTCP threshold at that
time of 5% (Table 2). For F15, using a 4% DNTCP slightly improved
PPV, but it was best at F10 with the 5% DNTCP threshold (Table 2).
True positive at F10 at 5% threshold not only identified the correct
patients, but also the correct toxicity (data not shown). For 1
patient DNTCP at F10 was >5% in two models, of which only one
had DNTCP at last fraction of >5%. At the 5% threshold the negative
predictive value was 0.93 for F10 and F15, and 0.90 for clinical
judgement. In other words, of the 13 patients that received ART
based on clinical judgement, only 5 actually benefitted (true-
positive), whilst 4 patients who had a DNTCP >+5% were missed
(false-negative). If F10 would have been used to allocate patients
to ART with a threshold of >5%DNTCP, six true positives would



Table 1
Delta (delivered – planned) dose to OAR. The parotid with the highest mean planned dose was referred to as ipsilateral. The ipsilateral submandibular gland was named according
to the parotid gland. Manually contoured OARs were supplemented by automatic contours when possible. It could not be done for chiasm. PW p-values fromWilcoxon signed rank
test for two dependent samples, 2-tailed significance. A Bonferroni corrected p-value <0.005 was considered statistically significant.

Delta dose; (delivered – planned dose)

Delta mean dose (Gy) Delta D1 (Gy)

Structure N
(Manual)

Median Range PW Median Range PW

Brainstem 52 (50) 0.25 �3.92
�3.78

0.14 1.03 �4.72
�0.59

<0.001

Chiasm 31 (31) 0.62 �12.67
�5.72

0.95 1.07 �8.20
�8.67

0.71

Esophagus 52 (7) 0.00 �4.90
�4.44

0.29 0.00 �8.25
�6.29

0.85

Larynx 50 (12) 0.84 �8.14
�10.93

0.006 0.10
�21.79
�9.94

0.36

Mandible 51 (18) �0.53 �6.24
�2.93

0.001 �0.49 �8.26
�6.28

0.001

Parotid Gland Contralateral 52 (49) �0.21 �5.42
�7.05

0.31 �0.47 �11.52
�4.21

0.04

Parotid Gland Ipsilateral 50 (43) 0.01 �6.90
�5.63

0.82 �0.44 �5.91
�4.09

0.01

Spinal_cord 51 (51) 0.71 �1.52
�4.08

<0.001 0.96 �3.20
�8.09

<0.001

Submandibular Gland Contralateral 52 (15) �0.010 �5.38
�5.15

0.68 �0.14 �13.29
�8.05

0.15

Submandibular Gland Ipsilateral 52 (6) �0.003 �4.78
�7.37

0.99 �0.25 �18.45
�7.72

0.14

Fig. 2.
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Table 2
Prediction of final NTCP using NTCP at F10 or F15 using various DNTCP thresholds. The percentages indicate the decision to adapt treatment for every patient that has a predicted
DNTCP of x% or higher in any of the four NTCP models, based on the dose difference at Fx, scaled to a full-treatment length.

NTCP whole treatment Clinical F10
1%

F10
2%

F10
3%

F10
4%

F10
5%

F10
6%

F10
7%

F10
8%

F10
9%

F10
10%

F10
11%

F10
12%

ART for # patients 9 13 26 19 15 9 7 5 5 4 4 4 3 2
True positive 5 8 8 8 7 6 4 4 3 3 3 2 2
False positive 8 18 11 7 2 1 1 1 1 1 1 1 0
True negative 35 25 32 36 41 42 42 42 42 42 42 42 43
False negative 4 1 1 1 2 3 5 5 6 6 6 7 7

Sensitivity 0.56 0.89 0.89 0.89 0.78 0.67 0.44 0.44 0.33 0.33 0.33 0.22 0.22
Specificity 0.81 0.58 0.74 0.84 0.95 0.98 0.98 0.98 0.98 0.98 0.98 0.98 1.00
PPV 0.38 0.31 0.42 0.53 0.78 0.86 0.80 0.80 0.75 0.75 0.75 0.67 1.00
NPV 0.90 0.96 0.97 0.97 0.95 0.93 0.89 0.89 0.88 0.88 0.88 0.86 0.86

F15
1%

F15
2%

F15
3%

F15
4%

F15
5%

F15
6%

F15
7%

F15
8%

F15
9%

F15
10%

F15
11%

F15
12%

ART for # patients 29 21 12 10 8 7 6 4 4 4 2 1
True positive 9 9 8 8 6 5 4 3 3 3 2 1
False positive 20 12 4 2 2 2 2 1 1 1 0 0
True negative 23 31 39 41 41 41 41 42 42 42 43 43
False negative 0 0 1 1 3 4 5 6 6 6 7 8

Sensitivity 1.00 1.00 0.89 0.89 0.67 0.56 0.44 0.33 0.33 0.33 0.22 0.11
Specificity 0.53 0.72 0.91 0.95 0.95 0.95 0.95 0.98 0.98 0.98 1.00 1.00
PPV 0.31 0.43 0.67 0.80 0.75 0.71 0.67 0.75 0.75 0.75 1.00 1.00
NPV 1.00 1.00 0.98 0.98 0.93 0.91 0.89 0.88 0.88 0.88 0.86 0.84

Abbreviations: ART: adaptive radiotherapy; F: fraction; NPV: negative predictive value; NTCP: normal tissue complication probability; PPV: positive predictive power; #:
number of.

Fig. 3.
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have been identified, ‘unnecessary’ ART would have been done for
one rather than eight patients, and only three false negatives
would have occurred.

ROC analysis (Fig. 3) demonstrated substantively improved dis-
crimination of cases by our model compared to chance. Both F10
and F15 had AUCs >0.85, they were not statistically different from
each other.
Discussion

This study describes a uniquely large retrospective cohort of
patients treated with image guided radiotherapy based on CT-on-
Rails. The big advantage of CT-on-Rails is that dose reconstruction
can be done directly and does not involve an additional computa-
tional step, which is required for recalculations based on cone-
beam-CT. Furthermore, the image quality of CT-on-Rails is superior
to that of CBCT. The drawback is that the sample size does not
allow internal validation and that there is no global reference data-
set available for external validation. The patient selection for treat-
ment on this limited capacity device may pose a bias towards
patients with expected anatomical changes and thus larger NTCP
differences between calculations based on planned and delivered
dose, but ART was done in 25% of the cases, which is not extra-
ordinary. For all CTVs the D95 of delivered dose was significantly
lower than the planned dose. However, the relative median differ-
ence in dose was always �2%. This is in agreement with a study by
Graff et al. [4], who showed a difference in D95 with delivered dose
generally less than 5% different from planned dose. In a group of 11
patients with ART, Duma et al. also showed the PTV was covered by
the prescribed dose for all patients, even prior to ART [20].

For OAR, a significant difference was only seen between mean
planned and delivered dose to the larynx (p = 0.007) and mandible
(p = 0.001), although the median differences were small and pre-
sumably of no clinical consequence. Changes in dose to the mand-
ible are more likely be due to rotational errors than to true
anatomical changes [21,22]. For the other OAR, including the par-
otids, no difference in mean dose was found. These results are
more optimistic than those in the review by Brouwer et al. [23],
who found an average delta dose for the parotids of 2.2 Gy ± 2.7 Gy.
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An alternative hypothesis is that the weekly images that are used
in most studies transform random errors into systemic errors by
recalculating them for several fractions, thereby overestimating
their effect on the final delivered dose. To our knowledge, there
are no studies available with daily CT to compare our results to.
There are a few smaller studies which also show small differences
between planned and delivered dose to the OAR, so our results are
not unique [20]. Duma et al. found an average delta Dmean larynx
of 1.3% higher than planned dose in a group of 10 patients, similar
to our results [24]. With small differences in dose to the OAR, it is
logical that at group level DNTCP is negligible. However, similar to
the Schwartz study, individual changes can be substantial [7].
Moreover, our study showed NTCP modelling at F10 or F15 is sig-
nificantly better than chance at predicting the need for ART. There-
fore, NTCP calculations provide a valuable tool to aid physicians in
the future to test the probable gain of ART based on the OAR and
NTCP. The difference in predictive accuracy for F10 and F15 are
similar in our study, but this may be due to limitations in sample
size. Analogue to our clinical decisions, Muller et al. performed a
dose summation and replanning study in which they conclude that
for photon based treatment, OAR are more important to decide for
ART than the target volumes, as coverage stays good over the
course of treatment [25]. Although at group level, the same can
be said for the current study, Fig. 1 also shows large incidental indi-
vidual differences between planned and delivered dose to targets,
which could very well justify ART. Meaningful use of ART improves
quality of life and seems most effective early in treatment, as most
anatomical changes occur then [5,6,22,24,25], which is especially
true for centers where ART efforts are labor intensive and time
consuming.

To our knowledge, this study has the largest cohort of HNC
patients with daily CT images available to assess changes in anat-
omy over treatment, as opposed to the often-used conebeam CT
(CBCT). CT has advantage over CBCT since it suffers less from scat-
ter, hence producing a higher contrast-to-noise ratio and reliable
Hounsfield units. Thus in our study, the consequential differences
between planned and delivered dose could be assessed with high
granularity. Moreover, only few earlier publications have reported
on these dosimetric differences and NTCP [23].

Possible limitations of this study include the heterogeneity of
the patient cohort, its retrospective nature and associated potential
bias of the patient selection. The DNTCP incidences reported in this
paper might therefore not be representative for other institutes.
Because of insufficient power for subgroup analyzes, dose differ-
ences between planned and delivered dose were not analyzed for
their correlation with pathology, primary site, tumor stage, concur-
rent treatment or HPV status. Although we did not have all param-
eters of every NTCP model available, the results were considered
reliable, based on our calculations comparing different substitute
values (Appendix). It is debatable whether NTCP models designed
for planned dose are applicable for delivered dose, but they are
the best available. A refit of NTCP models based on delivered dose
rather than planned is not expected to substantially impact NTCP,
as the absolute dose differences we found were small. One of the
few studies addressing this subject was done by Hunter et al.,
who investigated planned and delivered dose in their ability to
predict a decrease in measured salivary flow post treatment and
found their predictive power was not significantly different [26].
In this work we used a scaling of the accumulated dose early in
treatment to estimate the delivered dose at the end of treatment.
Such an approach would underestimate the impact of anatomical
changes if the anatomy progressively changes over the whole
course of treatment as the changes that continue after the initial
estimate are not accounted for. Usually, however, they are more
pronounced in the initial stage of the treatment [5,6,26]. Using
the simple scaling approach, our model already has a good positive
predictive value of 0.86 at fraction 10. More refined extrapolation
method of the initial accumulated dose to the end of treatment
might improve the model.

In short, our study illustrates NTCP calculations are superior to
clinical judgement in patient selection for ART. Further research
should be directed at identification of patients who might benefit
from ART based on normal tissue toxicity probability in addition
to clinical judgement.
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