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Abstract

Introduction. Internal organ motion and deformations may cause dose degradations in proton therapy
(PT) that are challenging to resolve using conventional image-guidance strategies. This study aimed to
investigate the potential of range guidance using water-equivalent path length (WEPL) calculations to
detect dose degradations occurring in PT. Materials and methods. Proton ranges were estimated using
WEPL calculations. Field-specific isodose surfaces in the planning CT (pCT), from robustly optimised
five-field proton plans (opposing lateral and three posterior/posterior oblique beams) for locally
advanced prostate cancer patients, were used as starting points. WEPLs to each point on the field-
specificisodoses in the pCT were calculated. The corresponding range for each point was found in the
repeat CTs (rCTs). The spatial agreement between the resulting surfaces in the rCT's (hereafter referred
to as iso-WEPLs) and the isodoses re-calculated in rCT's was evaluated for different dose levels and
Hausdorff thresholds (2-5 mm). Finally, the sensitivity and specificity of detecting target dose
degradation (V95% < 95%) using spatial agreement measures between the iso-WEPLs and isodoses in
the pCT was evaluated. Results. The spatial agreement between the iso-WEPLs and isodoses in the
rCTs depended on the Hausdorff threshold. The agreement was 65%—-88% for a 2 mm threshold,
83%—-96% for 3 mm, 90%—99% for 4 mm, and 94%—99% for 5 mm, across all fields and isodose levels.
Minor differences were observed between the different isodose levels investigated. Target dose
degradations were detected with 82%—-100% sensitivity and 75%—-80% specificity usinga 2 mm
Hausdorff threshold for the lateral fields. Conclusion. Iso-WEPLs were comparable to isodoses re-
calculated in the rCTs. The proposed strategy could detect target dose degradations occurring in the
rCTsand could be an alternative to a fully-fledged dose re-calculation to detect anatomical variations
severely influencing the proton range.

Introduction

The development of optimal image-guidance strategies
in proton therapy (PT) to account for anatomical
changes and secure target coverage is challenged by the
increased sensitivity of protons to density changes along
the beam path, compared to conventional radiotherapy
[1, 2]. Conventional image guidance in PT uses kV
planar x-ray images or cone-beam CTs (CBCT) to align

the patient on bony or soft tissue anatomy. Patient set-
up variations, internal organ motion, and density
changes along the proton beam paths should be
addressed before fraction delivery to secure target
coverage and reduce the dose to normal tissues. Various
online daily image guidance and plan adaptation
strategies have been investigated [3], such as restoring
or re-optimising the treatment plan or the use of dose-
guided PT, where daily patient positioning is selected

© 2022 The Author(s). Published by IOP Publishing Ltd
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based on the most optimal dose distribution [4-7].
These methods rely on the re-delineation of targets or
normal tissues. However, water-equivalent path length
(WEPL) calculations could potentially estimate if ana-
tomical variations have influenced the proton range
without the need for re-delineations. This method,
performed on volumetric images acquired before a
treatment fraction, could detect if target dose degrada-
tions will occur and indicate the need for plan
adaptations.

WEPL calculations have been investigated pre-
viously, e.g. to identify robust PT beam orientations
for various tumour sites [8—11]. Other studies have
exploited the speed and simplicity of WEPL calcula-
tions to investigate changes in proton ranges during
treatment [12, 13]. Santiago et al concluded that fast
online analysis of WEPL variations could be combined
with image guidance in PT for lung cancer to detect
anatomical changes [12]. Kim et al investigated the use
of WEPL calculations to the distal end of the target for
head and neck cancer patients. They showed that dose
variations due to anatomical changes and patient set-
up could be determined using WEPL to measure range
variations [13]. However, this method does not scale
well with large volumes. Furthermore, standard
WEPL calculations are hard to visualise, and the
impact on dose distributions are difficult to estimate.
Meanwhile, the alternative of fully-fledged dose re-
calculations, even with fast dose calculation engines,
requires re-delineation and time-consuming quality
assurance.

Therefore, our study aimed to investigate if range/
WEPL variations away from the planned isodose dis-
tributions, thereby eliminating the need for target re-
delineation, can be used to indicate organ motion-
induced dose degradations requiring modifications
before treatment in PT.

Materials and methods

Water-equivalent path length calculations

Proton ranges were estimated by an in-house devel-
oped method for WEPL calculations using isodose
structures as the starting point. Initially, dose distribu-
tions were calculated using a proton convolution
superposition algorithm (Version 13.7.21) from the
Eclipse treatment planning system (TPS) (Version
13.7, Varian Medical Systems, Palo Alto, CA, USA).
WEPLs were subsequently calculated from each point
at the distal surface of the isodose structures in the field
direction in the planning CT (pCT) until the edge of
the pCT image. They were computed as line integrals
through the CT image in the direction of the respective
treatment fields. I.e. as a sum of stopping-power values
translated from the Hounsfield unit (HU) values
applying the look-up table used clinically at the Danish
Centre for Particle Therapy (Suppl. Mat. A). After-
wards, the reverse line integrals were calculated into
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the repeat CT's (rCTs) from the edge of the image until
the corresponding WEPL values were reached. This
method produces a corresponding isodose-based
WEPL contour (hereafter referred to as iso-WEPL) in
the rCTs. Only the distal points were considered in the
iso-WEPL analysis (Suppl. Mat. B).

The above method was implemented in C™ as an
integral part of a more extensive open-source application
[14, 15]. At each step through the CT images, the values
were extracted by linear interpolation, with a step size of
0.1 mm. As the application loaded the images through
the Insight Toolkit (ITK) [16], the built-in ITK methods
were used for convenience. The implementation was
mainly optimised by vectorisation and pre-calculating
values before looping to avoid more expensive opera-
tions in the inner loops. There is thus still room for opti-
mising the algorithm further, e.g., by parallelisation.

Patient cohort

Eight locally advanced prostate cancer patients originally
treated with radiotherapy (RT) at Haukeland University
Hospital, Norway, during 2007 were included in this
study. The patients were part of a clinical study approved
by the relevant ethics committee [17]. Each patient had a
pCT and 8-10 rCTs (2-3 mm slice thickness) [18]. Seven
patients had bladder contrast in the pCT that was
overwritten to the mean HU of the bladder in each
patient’s first rCT.

Two experienced radiation oncologists contoured
the targets and relevant organs at risk (OARs) on pCT's
and rCTs using the Eclipse TPS. The lymph node target
and bowel contouring are described in Busch et al [19].
Additional details are described by Thornqvist eral [18].

Treatment planning

Five-field intensity-modulated proton therapy (IMPT)
plans using multi-field worst-case optimisation were
created for each patient using the Eclipse TPS. Two
lateral opposed fields at 90 and 270 degrees targeted the
prostate and seminal vesicles. Additionally, three pos-
terior/posterior-oblique fields at 150, 180 and 210
degrees targeted the lymph nodes [20]. For the robust
optimisation, an isocenter shift of 5 mm and a range
uncertainty of 3.5% were used on the CTVs. The
prescribed dose was 78 Gy (RBE) for the prostate CTV
(p-CTV) and 56 Gy (RBE) for the lymph node and
seminal vesicle CTV (In/sv-CTV), delivered in 39
fractions. A relative biological effectiveness of 1.1 was
assumed for all doses presented in this paper. When
approving the plans, the in-house photon-based clinical
protocols were used for the OARs (suppl. Mat. C).
Additionally, D95% > 98% were used for the CTVs
and the uncertainty scenarios instead of the PTV
constraints. A senior clinical medical physicist approved
all plans. The plans were re-calculated on the rCTs after
a bony-anatomy based rigid registration. Changes in
bony-anatomy have previously been identified as a
significant cause of dose deterioration [6, 10].
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Figure 1. Estimated mean spatial agreement and 95% confidence interval between the iso-WEPLs and isodoses in the rCTs for a
Hausdorff threshold of 2, 3, 4 and 5 mm and three iso-levels for the fields at 90 degrees across all patients and rCTs.
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Analysis of water-equivalent path length and dose
changes

Iso-WEPLs were calculated for each field using dose
levels that corresponded roughly to the contribution
from each field to the total dose. For the posterior/
posterior-oblique fields, iso-WEPLs were calculated
using 15%, 20% and 25% of the 78 Gy prescription
dose level for the primary target, along with 25%, 30%
and 35% for each of the laterally opposed beams.
These levels were chosen by examining the individual
fields to find the approximate relative contributions.
The original isodoses in the pCT and rCTs were
calculated for each field using the CERR platform in
MATLAB (The MathWorks Inc., Natick, MA, USA)
based on a dose distribution from Eclipse TPS.

The iso-WEPLs were initially compared to the iso-
dose surfaces from a fully-fledged dose re-calculation in
the rCTs. The spatial agreement was evaluated as the
percentage of points below certain Hausdorff distances,
2, 3, 4 and 5 mm. The distances were calculated between
the iso-WEPLs and the isodoses. A linear mixed-effect
model was used to estimate the mean spatial agreement
and 95% confidence interval (95%CI) of the percentage
of points below a certain Hausdorft threshold across
patients and rCTs. Normality was assessed from a quan-
tile-quantile plot of the residuals.

The relation between target dose degradation and the
difference between the iso-WEPLs in the rCTs and the
isodoses in the pCT were investigated to explore the use
of range variations as an indicator for target dose degra-
dations caused by inter-fractional organ motion. Target
dose degradations were defined as cases where the target
volume received less than 95% of the prescribed dose
(V95%) for the p-CTV and In/sv-CTV. Iso-WEPL clas-
sification potential was evaluated and assessed by calcu-
lating the sensitivity (true positive rate), specificity (true
negative rate), positive predictive values (PPV) as well as
negative predictive values (NPV) with a threshold of 95%

for V95% and an investigation based threshold of 90%
for the spatial agreement between the iso-WEPL and iso-
doses in the pCTs.

Results

The spatial agreement between the iso-WEPLs and the
isodoses from the calculated dose distributions in the
rCTs mainly correlated with the Hausdorff threshold
explored. In contrast, the different iso-levels had a minor
impact (within 1%) (figures 1 and 2). For a Hausdorff
threshold of 2 mm, the highest estimated mean spatial
agreement was 88% (95%CIL: 86%-91%), i.e., on
average, 88% of the points in the iso-WEPLs were less
than 2 mm away from a point in the distal surface of the
rCT isodose, across all patients and rCTs; this was for a
25% iso-level and the field at 90 degrees (figure 1). For
this iso-level and field direction, the mean spatial
agreement measure increased to 96% (95%CI: 96%—
97%) for a 3 mm threshold and 99% for both 4 mm and
5mm thresholds (95%CIs were 98%—-99% and 99%—
100% respectively). Similar results were seen for the field
at 270 degrees (Suppl. Mat. D).

The lowest estimated mean spatial agreement of 65%
(95%CI: 58%—72%) occurred for a threshold of 2 mm
and a 25% iso-level for the left posterior oblique field at
150 degrees (figure 2). For this iso-level and field direc-
tion, the estimated mean spatial agreement was 83%
(95%CI: 79%—87%) for a 3 mm threshold, 90% (95%CI:
87%-93%) for a 4 mm threshold and 94% (95%CI:
91%—-97%) for a 5 mm threshold. These lower median
values were caused mainly by small displacements of the
pCT and rCT isodoses (Suppl. Mat. E). Comparatively,
the lateral field results were affected less due to the direc-
tion of the displacement. The same trend was observed
for the fields at 180 and 210 degrees (Suppl. Mat. D).
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Figure 2. Estimated mean spatial agreement and 95% confidence
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Figure 3. V95% for the p-CTV in the rCTs against the spatial agreement with Hausdorff thresholds of 2, 3,4 and 5 mm for the field at
270 degrees. The spatial agreement is calculated between the iso-WEPLs and the isodoses in the pCT at three iso-levels.

Range variations as an indicator for dose
deterioration

We were able to detect dose degradation in the p-CTV
through range variations between the iso-WEPLs and the
isodoses in the pCT, particularly when using a 2-3 mm
Hausdorff threshold (figure 3). E.g. for the field at 270
degrees, using a 2 mm Hausdorff threshold and a 25%

iso-level resulted in 82% sensitivity, 80% specificity, and
96% NPV, yeta PPV of only 41%. For a 5 mm Hausdorff
threshold, the sensitivity was 18%. However, the specifi-
city was 100%, PPV was 100%, and the NPV was 88%.
As for comparing the iso-WEPLs and isodoses in the
pCTs, the differences between the iso-levels were minor,
resulting in similar values for the sensitivity, specificity,
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PPV and NPV. True positives were also captured using a
2 mm Hausdorff threshold for the field at 90 degrees,
resulting in 100% sensitivity, 75% specificity, 41% PPV
and 100% NPV for a 25% iso-level. However, the
sensitivity decreased to 0%—18% when the Hausdorff
threshold increased. For a 25% iso-level using a 5 mm
threshold, the specificity was 100%, and the NPV was
85%. Here, it was not possible to calculate the PPV
because no true or false positives were detected. Similar
to the field at 270 degrees, minor variations were
observed between iso-levels (Suppl. Mat. F). The most
considerable dose degradation for the p-CTV was
observed in one patient with air present in the rectum in
the pCT, which was not present in the rCT's (figure 5).

The In/sv-CTV showed good target coverage in
most rCTs, resulting in a low number of true positives
and false negatives (figure 4). Across all Hausdorff
thresholds and iso-levels, the PPV was 0%—-5%, but
the NPV was 98%-100% for the field at 150 degrees.
The sensitivity was 100%, except for at the 25% iso-
level using a 3—5 mm Hausdorff threshold where the
sensitivity was 0% because of no true positives. The
specificity varied between Hausdorff thresholds and
iso-levels with a range of 14%—-97%, as the number of
false positives varied. The same trend was observed for
the other posterior/posterior-oblique fields (Suppl.
Mat. F).

Discussion

This study investigated if range variations based on
WEPL calculations can detect organ motion-induced
dose degradation. The WEPL-based isodoses agreed
well spatially with the isodoses in the rCTs. This
agreement indicates that WEPL calculations can be an
alternative to a fully-fledged dose re-calculation. Dose
degradations were identified by comparing the WEPL-
based isodoses with the isodoses in the pCTs.

When comparing iso-WEPLs with isodoses in the
rCTs, the spatial agreement increased as expected with
the Hausdorff threshold, reaching almost 100% for a
5 mm threshold. At the same time, the iso-levels were
found to have a more negligible impact on the spatial
agreement. However, target dose deterioration was
detected for Hausdorff thresholds of 2-3 mm.

The optimal Hausdorff threshold depended on
both the gantry angles and target dose constraints
selected, influencing the sensitivity, specificity, PPV
and NPV results. It will therefore be necessary to
investigate various Hausdorff thresholds for different
tumour sites properly. Finding the optimal Hausdorff
threshold is a balance between capturing all cases
where dose deterioration occurs (high sensitivity) and
having a high specificity method. A high sensitivity
target will most likely result in a higher number of false
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F: Total dose pCT (509
B: pCT

25% of the prescription dose.

Figure 5. Comparison of pCT (left) and rCT (right) doses and iso-contours. The total dose is shown as a colour wash overlaid with the
prostate (red) and rectum (green) structures as well as the pCT isodose (purple) and the iso-WEPL (blue). The top and bottom row is
the axial and sagittal views, respectively. Patient 3 is shown with the third rCT; iso-contours are for a field of 270-degree gantry angle at

positives. In contrast, a high specificity target may
result in a higher number of false negatives. In addi-
tion, the plan optimisation method may also influence
the results. It should be pointed out that the plans in
this study were made to be as close to clinical practice
as possible, focusing on plan robustness. The multi-
field optimisation used in this study makes it difficult
to select iso-levels to explore since the field-specific
dose distributions are inhomogeneous. Although,
when combined, they cover the target [21].

Opverall a lower agreement was observed for the iso-
contours with a large surface (the oblique fields), which
may cause the WEPL approximation to become more
inaccurate. Minor displacements between the pCT and
rCT isodoses also caused the iso-WEPLs to differ from
those in the rCT's (See Suppl. Mat. E). This displacement
was possibly caused by forced dose matrix or isodose
alignment with the CT grid in either Eclipse, CERR or
both. With a slice-thickness of 3 mm, thiscanadd up to a
significant error for large structures. In addition, WEPL
calculations do not account for any scatter or lateral
spread of the beam. WEPL is a directional measure calcu-
lating the range along a specific line.

Furthermore, range guidance based on WEPL calcu-
lations handles each field individually, not accounting for
inhomogeneous field-specific dose distributions. The
individual fields have a different spot weight distribution
and a different contribution to the total dose, which is not
accounted for in our method. This difference is also why
the results between range and dose degradation varied
between the fields. This study used the distal surface of
isodoses of different levels as the starting points for the
WEPL calculations as a simplified approach. However, to
account for inhomogeneous field doses, a cost function

could be implemented that weighs the importance of
range variations for different positions for each field-spe-
cific dose distribution based on the contribution to the
total dose.

Previous studies using range calculations to study
the effect of anatomical variations have calculated
WEPL differences for fixed points and then analysed,
e.g. the average or root-mean-square deviation across
the points [9, 11-13]. We found that such a method
would not capture the differences in range with suffi-
cient sensitivity when scaling to larger volumes (such
as the lymph nodes). When defining the present study,
we also explored different methods of comparing iso-
doses to the WEPL re-calculations, including the Dice
similarity coefficient. We found that the Dice coeffi-
cient was strongly biased by volume changes, unlike
the target dose. Instead, we calculated the Hausdorff
distances to all points in the iso-contours and the distal
part in the iso-contours. We approached the data in
multiple ways and found that the distance to the distal
part had a stronger association with target dose degra-
dation. We, therefore, decided to use a distance
threshold and investigate the percentage of points
within this threshold. This method makes it easier to
judge if the range differences are within the uncer-
tainty included in the planning, e.g. robustness set-
tings and margins.

Our study showed that it was possible to detect tar-
get dose degradation based on range variations esti-
mated from our WEPL calculations. WEPL changes
might not directly capture the internal motion of the
CTV. However, range variations based on WEPL-cal-
culations can indirectly catch CTV-movement based
errors, typically caused by anatomical changes, e.g. air
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in the rectum, thereby altering the density in the beam
path (figure 5). In clinical practice, rectal air may be
overridden to tissue density during optimisation to
make the plan more robust. The dose degradation in
the p-CTV dose could be lesser in that case, although it
would not account for the displacement of the target.
Kim et al also found that differences in WEPL varia-
tions could reasonably capture the calculated dose/
volume endpoints [13]. However, they explored it
using the distal surface of the target volume. In con-
trast, our approach removed the need for the re-deli-
neation of structures.

Automated segmentation of structures could
enable the alternative of using direct dose calculations.
However, this automation is still under development,
with some TPSs offering experimental support. Most
approaches to automated segmentation use a variant
of machine learning (ML) [22, 23]. While ML-based
methods are efficient, they can only be as good as the
input data [24, 25]. ML-based segmentation is con-
sidered chiefly a black-box solution and will therefore
require quality assurance and manual corrections [26].

The benefits of using WEPL calculations as an indi-
cator for potential dose deterioration instead of a fully-
fledged dose re-calculation are its simplicity and the
speed of the calculation, in the order of milliseconds, and
still highly parallelisable. These benefits make the range-
guidance methods attractive for a busy clinical workflow.
Although newer approaches to dose calculation improve
on the required time [27, 28], fast dose re-calculation is
not yet widely available. However, WEPL should not
replace dose calculation but rather be used as a tool to
indicate if dose re-calculation or re-planning might be
needed. This tool must be sensitive, i.e. dose degrada-
tions are indeed flagged. Comparatively, the specificity is
less important, although both high sensitivity and speci-
ficity would be preferred if possible. A WEPL-based
method like the one we have introduced here also opens
possibilities for more advanced range-guidance techni-
ques. These techniques include robustness analysis
[9, 10, 29], adaptive strategies and plan re-optimisation
[30], or even adjusting patient positioning based on a
dose re-calculation to account for anatomical changes
[6, 7]. The clinical implementation of online daily adap-
tation in PT is essential to consider inter-fractional organ
motion properly [3].

Incorporating range guidance into a clinical set-
ting requires a volumetric image scan of the patient
before treatment, e.g. a CBCT. However, CBCTs may
contain inaccurate HUs, primarily due to scattered
radiation. Multiple studies have explored different
methods using either deformable image registration,
making it possible to create a virtual CT or using a
scatter-correction method with a priori information
[31-33]. A scatter-corrected CBCT makes it possible
to explore range guidance before treatment and assess
the impact of inter-fractional organ motion on dose
distribution. In future work, we will explore scatter-
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corrected CBCT for evaluating daily dose delivery with
range guidance. The methods presented here should
apply to any tumour site. However, each site with its
respective beam configurations may see different cor-
relation strengths between dose and range differences,
so each site should be evaluated accordingly. A nation-
wide randomised clinical photon versus proton trial
for locally advanced prostate cancer is currently being
planned in Denmark, designed to investigate if PT
reduces normal tissue toxicity compared to conven-
tional photon-based RT. The WEPL-based evaluation
method studied here will be further investigated
within the frame of this trial.

Conclusion

This study investigated range guidance using WEPL
calculations to detect target dose degradations in PT
originating from internal organ motion. The iso-WEPLs
were comparable to a dose re-calculation based on
isodoses in the rCTs. In addition, target dose degrada-
tions were detected based on range guidance without the
need for any re-delineation. Range guidance based on
WEPL calculations could be an alternative to a fully-
fledged dose re-calculation to detect severe anatomical
variations and has the potential for further investigation
asan indicator for adaptive PT strategies.
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