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A B S T R A C T

Background and purpose: Reduced toxicity while maintaining loco-regional control rates have been reported after
reducing planning target volume (PTV) margins for head-and-neck radiotherapy (HNRT). In this context,
quantifying anatomical changes to monitor patient treatment is preferred. This retrospective feasibility study
investigated the application of deformable image registration (DIR) and Exponentially Weighted Moving
Average (EWMA) Statistical Process Control (SPC) charts for this purpose.
Materials and methods: DIR between the computed tomography for treatment planning (pCT) images of twelve
patients and their daily on-treatment cone beam computed tomography (CBCT) images quantified anatomical
changes during treatment. EWMA charts investigated corresponding trends. Uncertainty analysis provided 90%
confidence limits which were used to confirm whether a trend previously breached a threshold.
Results: Trends in patient positioning reproducibility occurred before the end of treatment week four in 54% of
cases. Using SPC process limits, only 24% of these were confirmed at a 90% confidence level before the end of
treatment. Using an a priori clinical limit of 2 mm, absolute changes in patient pose were detected in 39% of
cases, of which 82% were confirmed. Soft tissue trends outside SPC process limits occurring before the end of
treatment week four were confirmed in 90% of cases.
Conclusion: Structure specific action thresholds enabled detection of systematic anatomical changes during the
first four weeks of treatment. Investigation of the dosimetric impact of the observed deviations is needed to show
the efficacy of SPC to timely indicate required treatment adaptation and provide a safety net for PTV margin
reduction.

1. Introduction

The introduction of intensity modulated radiotherapy has enabled
highly conformal dose deliveries which allows dose reduction to organs
at risk (OAR) and reduced treatment toxicity [1–3]. These highly con-
formal treatments require image-guided radiotherapy (IGRT) to war-
rant accurate patient positioning and monitoring of changes in patient
anatomy [4]. Planning target volume (PTV) margins of 5mm are
commonly applied to establish target coverage [5,6]. PTV margins and
IGRT do not standardly account for non-rigid anatomy changes which
are commonly observed in head-and-neck radiotherapy (HNRT) [7].
Nevertheless, two retrospective studies have suggested that 3mm
planning target volume (PTV) margins are sufficient if daily IGRT is
used to correct for rigid patient position variations [8,9]. The group of
Chen et al. has also clinically implemented reduced PTV margins from

5mm to 3mm and reported a reduction in late toxicity side-effects
while maintaining equivalent two- and three-year loco-regional control
rates [9–11]. However, these results may have been confounded by the
application of adaptive radiotherapy (ART) for selected patients [12]. A
recent study by Navran et al. also reported on favorable toxicity profiles
for reduced 3mm PTV margins while maintaining good tumor control
rates [13]. The latter study applied an IGRT protocol that accounted for
non-rigid patient positioning deviations as well as ART for selected
patients. As we considered whether it was possible to implement re-
duced 3mm PTV margins after achieving a large improvement in pa-
tient positioning in our department [14], it was recognized that many
other aspects of HNRT including accuracy of target delineation, ro-
bustness of the planning solution for anatomical changes influence
treatment outcomes [15] and should all be considered when the PTV
margins are reduced. In addition, objective and generally applicable
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guidelines to select patients who will benefit from treatment adaptation
are lacking [4,16], and most studies on ART apply subjective criteria to
select patients for treatment adaptation [12,17–19]. In an effort to
create a safety net for patients who exhibit large non-rigid deformations
and objectively select patients who would benefit from treatment
adaptation in the context of PTV margin reduction, this feasibility study
investigated the first step to build such a framework. Specifically, the
suitability of deformable image registration (DIR) and exponentially
weighted moving average (EWMA) statistical process control (SPC)
charts to objectively quantify and monitor individual patients’ de-
formation, i.e., non-rigid changes in both pose and anatomy of the
patient during treatment were investigated.

2. Materials and methods

2.1. Patient group

This retrospective study included twelve patients with cancers of the
head-and-neck (HN) region that were treated radically. Comprehensive
information regarding the patient cohort can be found in
Supplementary Data A. The patients included in this retrospective study
provided written consent to use their data in clinical audits.

2.2. pCT contouring

Nine bony anatomy (BA) structures were delineated on each pa-
tient’s computed tomography for treatment planning (pCT) scan: C1-
C3, C3-C5, C5-C7, mandible, maxilla, base of skull, hyoid, occipital and
larynx. A pre-defined neck volumeV neck was defined as all tissue within
the volume bounded by axial planes at the base of C3 at the anterior
cortical boundary and base of C4 at the anterior cortical boundary
(Fig. 1). The original parotid gland (PG) contours were reviewed by a
radiation oncologist and corrected where necessary to minimize the
uncertainty of the DIR results.

2.3. Deformable image registration

The pCT of each patient was deformed to match the anatomy of
each daily cone beam computed tomography (CBCT) using SmartAdapt
v.13 (Varian Medical Systems, Palo Alto CA, USA), resulting in 30 de-
formed CTs (dCT). The deformed structures of the dCT as well as the
non-deformed structures of the pCT were propagated to the

corresponding CBCTs. These data sets were exported in Digital Imaging
and Communications in Medicine (DICOM) format for subsequent
analysis with in-house developed software (MATLAB 2016b version
9.1, The MathWorks Inc.).

2.4. Quantifying non-rigid deformations

The exported contours were used to quantify the non-rigid de-
formations: BA positioning reproducibility, centroid shifts of the PGs,
volume changes of the PGs (V )PG and V neck changes. The BA positioning
reproducibility was quantified by first calculating the change T in
centroid position C of all BA structures with respect to its pCT position
for each direction k=x, y, z, and each fraction f:
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Subsequently, the 3D-deviations of all BA structures were calculated
relative to the reference structure C1-C3, using:
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Similarly, the 3D-shifts of the PGs were calculated relative to C1-C3
according to Eq. (2).

To assist with readability, the 3D-deviation of BA structure X re-
lative to C1-C3 will be referred to as “deviation of X” from here on-
wards.

2.5. Statistical process control

The trends of the metrics f
BA, f

PG, V f
neck , Vf

PG over time were mon-
itored using EWMA charts [20]. The values Ef of the EWMA statistic
were calculated using:

= +E X E(1 )f f f 1 (3)

where λ is a constant defined as <0 1 that determines the depth of
memory (smoothing) of the EWMA and Xf is the metric of interest for
fraction f. As shown in Fig. 2, E0 is the average metric of interest during
the EWMA reference period. The first week of treatment (i.e. fractions
1–5) is used as the EWMA reference period, assuming that prospective
monitoring of EWMA statistics would be conducted from fraction six
onwards in a clinical scenario, with EWMA statistics for fractions 1–5
analyzed retrospectively.

The lower and upper process limits LPL and UPL, which indicate a
statistically significant difference from the reference period, were cal-
culated using:

= ±µ LLPL, UPL
2

[1 (1 ) ]f
0

2
(4)

The initial deviation µ0 and variation were calculated as the mean
and SD for the reference period, and L is a factor determining the width
of the process limits. Considering that Q-Q plots indicated the metrics of
interest were not always normally distributed, λ and L were set to
λ=0.05 and L=2.492 to obtain similar type I and type II error
probabilities as for normally distributed data [21].

PGs were grouped according to mean dose at planning: high-
(≤26 Gy, n=7) and low-dose (> 26 Gy, n=17) consistent with the
different impact of radiation dose predicted below or above this cut-off
point by normal tissue complication probability (NTCP) models
[22,23]. In cases where the superior or inferior extents of the CBCT did
not contain a specific BA structure, that structure was excluded from
the analysis for that patient.

The fraction numbers at which the EWMA statistics went outside the
corresponding process limits were recorded. Where possible, EWMA
trends that were obtained using DIR were compared with results ob-
tained using an alternative manual method. f

BA results obtained using
DIR were compared with results obtained using a manual method of
registration (MMR) as described by various authors [14,24]. The MMR

Fig. 1. Definition of bony anatomy (BA) structures and neck volume Vneck in
the central sagittal plane. The superior end of the occipital bone contour was
defined as to just include the external occipital protuberance.
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used rigid image registrations (translations only; no rotations) of the
individual structures to assess the shift of the structure centroids re-
lative to the pCT. DIR results for V f

neck trends were compared with the
change of a single axial slice volume at the base of C2 that was
manually contoured for all CBCTs as well as changes in patient weight.
Considering that a change in patient weight may occur at any location
of the patient’s body, V f

neck trends were expected to describe volume
change of the treatment region more appropriately than a simple
weight metric.

2.6. Detection of trends

In this study two methods to detect trends were investigated:

2.6.1. SPC limits for trend detection
A detailed uncertainty analysis was carried out to assess whether

DIR and EWMA charts can accurately monitor non-rigid deformation
trends of individual patients, and detect changes in patient positioning
or anatomy in a timely manner. In these analyses including both the
DIR and manual results, the uncertainty was calculated as per the Guide
to the Expression of Uncertainty in Measurement (GUM) [25] (see
Supplementary data B). The results of the uncertainty analyses were
used to quantify the accuracy of trends as the average 90% level of
confidence interval of the EWMA statistics for each metric over all
treatment fractions. The sensitivity to detect a trend (i.e., the minimal
detectable trend magnitude) with 90% confidence with respect to the
reference period (i.e., E0 set to zero) was defined as the difference be-
tween the 90% level of confidence of the upper EWMA process limit
and the EWMA center line at the last treatment fraction. Differences
between the sensitivity and accuracy of the two methods over all pa-
tients were assessed using paired t-tests at the 0.05 level of significance.
The robustness of trend detection using SPC limits was quantified as the
proportion of cases where the accuracy interval of the trend exceeded
the 90% level of confidence of the process limits before the end of
treatment relative to the number of cases where the EWMA statistic
itself exceeded a process limit before the end of the fourth week of
treatment.

2.6.2. Clinical limit for trend detection
Preliminary SPC trend results highlighted sub-mm process limits for

specific structures which would likely not provide an efficient threshold
for clinically relevant process changes. Also the exact moment that a BA

deviation trend exceeded the control limits within a certain statistical
confidence level was not easily defined, in particular for shallow trends
in combination with narrow process limits of a structure. The EWMA
trend analysis was therefore also carried out using an a priori 2mm
clinical limit as detection threshold for absolute BA deviations. The
robustness of trend detection using a 2mm clinical limit (including the
observed E0) was defined as the proportion of cases where the accuracy
interval of the EWMA statistic exceeded this limit relative to the
number of cases where the EWMA statistic itself exceeded this clinical
limit before the end of the fourth week of treatment.

3. Results

3.1. SPC trends

Overall, 31% of the trends describing BA positioning reproducibility
acquired with DIR remained within the EWMA process limits during
treatment, while 54% and 15% of the trends exceeded a process limit
before and after the end of the fourth week of treatment (i.e., fraction
20), respectively (Supplementary Data C). Fig. 3a shows the deviation
of the mandible for patient three exceeding the upper DIR process limit
at fraction 18.

3.1.1. SPC limits for trend detection
Both the average accuracy and sensitivity calculated over all pa-

tients were smaller than 1mm for BA deviations. Table 1 summarizes
the average accuracy and sensitivity recorded for the various structures
and compares the results obtained for DIR and MMR. Except for the
deviation of the occipital bone calculated with DIR, the average ac-
curacies were smaller than the corresponding average sensitivities in-
dicating that the minimal detectable trend with a 90% level of con-
fidence was generally equal to the observed sensitivity. Statistically
significant differences between DIR and MMR accuracies were observed
for all BA structures except deviation of the maxilla. Conversely, only
the sensitivity to detect a C5-C7 deviation was significantly different
between the two methods.

The robustness to detect a statistically significant change relative to
the reference period for each trend is summarized in Table 2 (individual
patient results available in Supplementary Data D). For BA deviations,
the overall robustness of trend detection was 24% (95% CI: 11–38%),
with none of the potential trends for occipital, base of skull, maxilla and
larynx deviations confirmed to be an actual trend at a 90% level of

Fig. 2. Workflow detailing the exponentially weighted moving average (EWMA) statistics monitoring procedure based on DIR. (a) The planning CT (pCT) is deformed
to match the anatomical configurations of each cone beam CT (CBCT) of treatment week 1; (b) Deformed pCT contours propagated to the CBCTs are used to calculate
metrics of interest Xf for fractions 1–5. The average metric of interest is defined as E0 and used to calculate the EWMA statistics E1… E5 as per Eq. (3); (c-d) At the
beginning of treatment week two, propagation of deformed contours and EWMA calculations are conducted on a fraction-by-fraction basis.
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confidence. In contrast, the robustness of trend detection for soft tissue
trends was 90% (95% CI: 80–99%), due to steeper gradients of these
trends.

3.1.2. Clinical limit for trend detection
The absolute BA deviations exceeded the 2mm clinical limit in 33/

84 (39%) of the available cases (Table 3) (individual patient results
available in Supplementary Data E). Fig. 3c provides an example of this
analysis where the deviation of the mandible for patient 3 acquired
using DIR did not exceed the 2mm clinical limit during the treatment

period. In the majority of cases (29/33) these deviations were already
larger than 2mm from the start of treatment in particular for the hyoid
and larynx, indicative of the high mobility of these structures (see also
Supplementary Data F). The overall robustness of trend detection for BA
deviations larger than 2mm was 82% (95% CI: 67–96%).

3.1.3. Trends returning to control
EWMA trends for BA deviations did not move back within either the

process limits or clinical limits in any of the cases after previously ex-
ceeding control at the 90% level of confidence. In 2–3% of cases a prior

Fig. 3. Example of the exponentially weighted
moving average (EWMA) charts used in this study of
the mandible deviation for patient three. EWMA
trends derived from deformable image registration
(DIR) or the manual method of registration (MMR),
are shown in orange and blue, respectively. Trends
are plotted either as deviations relative to the SPC
reference period (panels a and b) or absolute de-
viations including E0 (panel c). (a) DIR derived
EWMA chart including uncertainty analysis and
corrected for initial deformation E0; (b) comparison
of DIR and MMR derived EWMA charts; (c) DIR and
MMR derived EWMA charts including observed E0
for the purpose of comparing the trends with a 2mm
clinical limit.
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confirmation of a trend was negated as the lower boundary of the
trend’s accuracy interval moved back either within the upper process
limit’s 90% level of confidence or the clinical limit.

3.2. Soft tissue analysis

For eight patients (73%), the trend describing a volume change of
V f

neck exceeded a process limit before the end of the fourth week of
treatment, and for one patient (9%), this occurred during the final two
weeks of treatment. These trends usually represented a decrease of the
neck volume, however for two of these nine patients, an increase in
V f

neck was observed.
A strong correlation (r2=0.87; p < 0.01) was found between the

changes in V f
neck and patient weight. A slightly lower correlation

(r2=0.76; p < 0.01) was found between the changes in V f
neck and

those of the single axial slice volume at the base of C2. The 90% con-
fidence intervals of the EWMA trends of the latter two metrics over-
lapped in 91% of cases.

Ninety-four percent of the 48 trends describing shift or shrinkage of
a PG exceeded a process limit during HNRT treatment. EWMA trends
describing shrinkage of high and low mean dose PG groups exceeded a
process limit before the end of the fourth week of treatment in 94% and
86% of the cases, respectively. A decrease in volume was observed for
all parotid glands. EWMA trends describing PG shift exceeded a process
limit before the end of the fourth week of treatment in 76% and 71% of
the cases, respectively. Supplementary Data G shows EWMA trends of
average volume and shift for both PG groups.

The average volume change of the PGs from planning to end of

treatment was not significantly different (p=0.20) for the high dose
PGs (-5.9 cm3; range −3.3 to −10.0 cm3) and the low dose PGs
(−4.8 cm3; range: −3.5 to −9.4 cm3). Similarly, the average shift
during treatment was not significantly different (p= 0.38) for the high
dose PGs (2.1 mm; range 1.1–3.1mm) and the low dose PGs (1.1mm;
range 1.1–3.3mm).

4. Discussion

This study investigated the suitability of DIR and EWMA SPC to
quantify and monitor individual patients’ changes in pose and anatomy
during HNRT. This method facilitates a standardized approach to
quantify patient deformations with an estimated robustness derived
from comprehensive uncertainty analyses. It is a first step in developing
a safety net for PTV margin reduction in HNRT as well as objective
guidelines to select patient for treatment adaptation. Considering that
loss in target coverage during treatment might occur more often and
might become more relevant with reduced mm PTV margins, EWMA-
facilitated detection of non-rigid changes in pose and anatomy during
treatment of an individual patient could allow for early treatment
adaption.

Previous studies investigated the application of SPC charts to
monitor the reproducibility of patient positioning based on MMR [14].
However, MMR is very labour and time intensive; hampering clinical
implementation. The application of DIR and SPC to quantify and
monitor individual patient deformations during treatment can largely
be automated and is therefore attractive from an economic and effi-
ciency perspective. Considering that a change in treatment is usually
not feasible in the final weeks of treatment due to the time required for
re-scanning the patient, contouring and re-planning, this study assumed
that clinically relevant changes in pose and anatomy should be detected
before the end of treatment week four.

Over all patients, DIR EWMA trends exceeded a process limit before
the end of treatment week 4 in 54%, 73% and 83% of cases for BA
deviations, volume changes of V f

neck and PG changes, respectively
(Supplementary Data C). However, these process limits represent the
boundaries of the variation expected for a ‘process’ based on the ob-
served variation during the reference period. The SPC limits therefore
ignore the offset E0 during the reference period relative to the desired
patient position as defined during CT-planning which can be several
mm’s in case of highly mobile structures. Therefore, deformation trends
exceeding an SPC process limit itself is not indicative for the clinical
relevance of an observed BA deviation and would require additional
interpretation rules. In addition, potential trends occurring during the
reference period add to the uncertainty of the SPC limits. Furthermore,
the exact moment that the trend of a BA structure deviation relative to
the initial value during the reference period exceeded an SPC process
limit was not easily defined due to the shallow trends that were ob-
served, in spite of the sub-mm accuracies of the EWMA statistic and
process limits. The latter problem is exemplified in Fig. 3a where the
EWMA statistic exceeds the upper process limit at fraction 18, but the
90% level of confidence interval of the EWMA statistic does not cross

Table 1
Average sensitivity S and accuracy A of exponentially weighted moving average
(EWMA) charts established from deformable image registration (DIR) and
manually acquired raw data (MMR). Δ represents the difference between DIR
and MMR results. Accuracy A=average 90% level of confidence interval over
all treatment fractions. Sensitivity S=half the EWMA process limit 90% level
of confidence at the last treatment fraction. *Indicates a statistically significant
difference.

DIR MMR Δ

Structure A S A S A S

Occipital bone [mm] 0.3 0.3 0.2 0.3 0.1* 0.0
Base of skull [mm] 0.2 0.3 0.2 0.3 0.0* 0.0
Maxilla [mm] 0.2 0.3 0.2 0.4 0.0 −0.1
C3-C5 [mm] 0.1 0.3 0.2 0.3 −0.1* 0.0
C5-C7 [mm] 0.1 0.4 0.2 0.5 −0.1* −0.1*

Hyoid [mm] 0.2 0.7 0.3 0.7 −0.1* 0.0
Larynx [mm] 0.2 0.8 0.3 0.8 −0.1* 0.0
Mandible [mm] 0.2 0.4 0.2 0.4 0.0* 0.0
High dose PG dev. [mm] 0.1 0.3 – – – –
Low dose PG dev. [mm] 0.1 0.3 – – – –
High dose PG vol. [cm3] 0.3 0.5 – – – –
Low dose PG vol. [cm3] 0.3 0.5 – – – –
Vf

neck [cm3] 2.0 3.9 – – – –

Table 2
Median and range of the fraction number where the exponentially weighted moving average (EWMA) statistic exceeded an SPC process limit before the end of
treatment week 4, and the proportion of cases where the existence of a trend was confirmed by the accuracy interval of the trend exceeding the process limits 90%
level of confidence before the end of treatment. This proportion is also expressed as percentage representing the robustness of the trend detection with the corre-
sponding 95% confidence interval. EWMA parameters were established from deformable image registration (DIR) raw data. (PG=parotid gland; BOS= base of
skull; Occ= occipital; Max=maxilla; Mand=mandible).

f
Occ

f
BOS

f
Max

f
C3 C5

f
C5 C7

f
Hyoid

f
Larynx

f
Mand

f
PGhigh

f
PGlow Vf

PGhigh Vf
PGlow Vf

neck

Median 13 15 11 14 14 14 19 15 14 9 10 12 13
Range 12–19 9–20 8–15 10–18 12–19 11–17 14–20 8–18 9–20 7–18 8–20 9–20 9–18
Proportion confirmed 0/4 0/6 0/5 3/7 3/5 2/7 0/4 3/7 12/13 4/5 14/16 6/6 7/8
Robustness 0% 0% 0% 43% 60% 29% 0% 43% 92% 80% 88% 100% 88%
95% CI 0–13% 0–8% 0–10% 0–87% 7–100% 0–69% 0–13% 0% −87% 74–100% 35–100% 68–100% 92–100% 58–100%
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the 90% level of confidence of the upper process limit during the
treatment course. Similar behavior was observed for MMR derived
EWMA charts (Fig. 3b). At the 90% level of confidence, BA deviation
trends where the EWMA statistic exceeded the process limits during the
first four weeks of treatment were only confirmed in 24% of the cases.
For these reasons, it is more efficient to apply a clinical limit to detect
BA deviations that could potentially have a clinical impact during
treatment. This study showed that EWMA statistics representing BA
deviation trends exceeding a generic a priori 2mm clinical limit before
the end of treatment week four were detected in 82% of cases at the
90% level of confidence. However, this clinical limit should be in-
dividually set for each BA structures’ deviations based on expected
impact to target coverage and/or OAR sparing, which is subject to fu-
ture investigations. Alternatively, the robustness of SPC limits can
possibly be improved by also considering the rate of the changes during
the treatment to define SPC control limits.

In contrast to the observations for BA deviations, SPC process limits
were useful to detect soft tissue trends that exceeded the process limits
before the end of treatment week four which could be confirmed in 90%
of cases.

DIR precision is important for correct anatomical mapping of the
pCT to daily CBCTs. In the absence of a golden standard, trends ac-
quired using DIR were compared with results obtained using an alter-
native manual method where possible in combination with an un-
certainty analyses were conducted. Overall at the 90% level of
confidence, BA deviation trends acquired with DIR and MMR over-
lapped in 77% of cases. This was slightly lower than expected (0.92) and
may be caused by the assumption that various factors in the uncertainty
analyses were normally distributed. Differences in E0 between DIR and
MMR ranged from −1.5 to 1.5mm (Supplementary Data D). Further
investigation into the differences between the two methods revealed
two main causes: 1) Large deviations of mobile structures such as
mandible could not always be recovered by DIR; 2) BA structures ap-
peared to have expanded (‘creep’) after DIR due to structure boundaries
not coinciding with anatomical boundaries such as the superior end of
the occipital bone, and due to differences in pCT and CBCT Hounsfield
Unit (HU) calibration. For the DIR algorithm used in this study, appli-
cation of local rigidity constraints to the delineated BA may reduce the
impact of ‘creep’ [26,27].

Precision of PG propagation using DIR was evaluated by comparing
these results against independent radiation oncologist CBCT re-contours
(Supplementary Data H) and were found to be in excellent agreement
with values reported in literature [28–30]. Well aligned to literature
[16], the PGs included in this study demonstrated an average volume
decrease of 21% and an average medial shift of 2.6 mm during HNRT.

Considering the high correlation between these metrics, there was
no indication that V f

neck provides a more accurate metric to assess
changes of the treatment volume than overall changes in patient
weight.

Dosimetric analysis establishing the clinical relevance of the ob-
served non-rigid changes in pose and anatomy is required to define
objective decision rules and appropriate thresholds that can be applied

in a safety net for patients who exhibit larger non-rigid deformations in
the context of PTV margin reduction. We are therefore currently in-
vestigating these aspects in concert with the most efficient treatment
adaptation approach for anatomical changes.

In conclusion, this study assessed the potential to quantify and
monitor an individual patient’s deformation, i.e., non-rigid changes in
pose and anatomy during HNRT using DIR in combination with SPC. BA
deviation trends occurring before the end of treatment week four could
only be confirmed in 24% of cases when SPC process limits were used,
whereas absolute BA deviations could be confirmed in 82% of cases
when an a priori 2mm clinical limit was used. SPC process limits were
useful to detect soft tissue trends occurring before the end of treatment
week four which could be confirmed in 90% of cases. The approach
proposed in this study could facilitate timely treatment adaption
through detection of problematic patient positioning reproducibility
and anatomy changes for individual patients.
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