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Purpose: Image guided radiotherapy (IGRT) strategies allow detecting and monitoring anatomical changes during
external beam radiotherapy (EBRT). However, assessing the dosimetric impact of anatomical changes is not
straightforward. In current IGRT strategies dose volume histograms (DVH) are not available due to lack of
contours and dose recalculations on the cone-beam CT (CBCT) scan. This study investigates the feasibility of
using automatically calculated DVH parameters in CBCTs using an independent dose calculation engine and
propagated contours.
Method: A prospective study (NCT03385031) of thirty-one breast cancer patients who received additional CBCT
imaging (N = 70) was performed. Manual and automatically propagated contours were generated for all CBCTs
and an automatic dose recalculation was performed. Differences between planned and CBCT-derived DVH pa
rameters (mean and maximum dose to targets, 95% volume coverage to targets and mean heart dose (MHD))
were calculated using the dose verification system with manual and propagated contours and, in both cases,
benchmarked against DVH differences quantified in the TPS using manually contoured CBCTs.
Results: Differences in DVH parameters between the TPS and dose verification system with propagated contours
were − 1.3% to 0.7% (95% CI) for mean dose to the target volume, − 0.3 to 0.2 Gy (95% CI) in MHD and − 3.9%
to 2.9% (95% CI) in target volume coverage.
Conclusion: The use of an independent fully automatic dose verification system with contour propagation showed
to be feasible and sufficiently reliable to recalculate CBCT based DVHs during breast EBRT. Volume coverage
parameters, i.e. V95%, proved to be especially sensitive to contouring differences.

Introduction
Radiotherapy effectively decreases tumor recurrence and cancer
death in breast cancer patients [1–5]. To reduce long-term toxicities
associated to breast radiotherapy the dose to organs at risk (OAR) should
be as low as possible [1,6]. Inter-fraction differences, such as set-up
errors, changes in anatomy and breathing motion, may occur during
external beam radiotherapy (EBRT) of breast cancer. For instance,
anatomical variations in breast tissue after breast conserving surgery
(BCS) are common [7], especially volume reduction in the postoperative
seroma volume [8]. Image guided radiotherapy (IGRT) strategies are
used for imaging in the treatment room to: improve patient set-up,
monitor anatomical changes and minimize uncertainties [8–10]. The
latest development in IGRT technologies and automation of radio
therapy workflow are enabling adaptive radiotherapy [9]. Nevertheless,

the lack of a straightforward relationship between anatomical and
dosimetric changes could result in suboptimal information when
deciding on adaptation [11].
Dose volume histograms (DVH) are commonly used to assess the
impact of anatomical changes in treatment outcome and the benefit of
adaptation. Still, the re-calculation of DVHs during the course of the
treatment is cumbersome, as it entails manual re-delineation of the
updated anatomy and dose recalculation. In this regard, automation has
been referred as essential for the successful integration of a dose veri
fication system [12].
We hypothesize that an automatic DVH-based dose verification
system with automatically propagated contours is feasible, and that the
accuracy is sufficient to decide regarding adaptive radiotherapy. The
dose verification system aims to assist specialists with updated clinical
information at minimal extra workload. The verification system uses an
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independent in-house developed dose calculation engine to calculate the
DVHs from cone beam CT (CBCT) imaging acquired during the treat
ment course and propagated structures, and computes differences be
tween planned and recalculated DVH parameters. The system is
evaluated for adaptive radiotherapy of breast cancer patients where we
assess the differences in DVH parameters derived from either the dose
verification system or the TPS, with both manually and automatically
propagated contours.

Treatment plans consisted of tangential modulated beams, com
plemented by an arc segment in the SIB cases.
In total Seventy CBCT scans were included in this work. Sixty-two of
these CBCTs were acquired as part of this prospective study, which
required their acquisition at the first and last treatment fraction, in order
to monitor anatomical variations during the course of the treatment and
investigate the need of decision-making systems and suitable thresholds
for adaptation. Besides the mandatory CBCTs for the prospective trial, 8
additional CBCTs were acquired during standard clinical practice for
various reasons mainly due to difficulties in patient positioning.
CBCT scans were stitched to their corresponding pCTs in the cra
niocaudal direction, i.e. pCT slides were used to compensate for the
limited CBCT field of view (FOV) information. A dedicated Hounsfield
unit to electron density curve for CBCT was used to minimize the impact
of the intrinsic differences between CBCT and CT in dose calculation
[14].
All pCT and CBCT scans were manually contoured by clinical experts
following ESTRO guidelines [15]. In addition, manual contours on pCTs,
including targets and OAR, were automatically propagated to the 70
available CBCTs using a deformable registration software package
(Mirada Workflow Box version 2.0, Mirada Medical Ltd, Oxford, UK).

Methods
Patient data and treatment strategies
31 Breast cancer patients were recruited in a clinical prospective trial
(NCT03385031) and included in this study.
Treatments included adjuvant breast and thoracic wall RT without
regional nodal irradiation. Nineteen patients were prescribed 15 frac
tions of 2.67 Gy to the clinical target volume (CTV-1). The remaining
twelve patients were prescribed a simultaneous integrated boost (SIB) of
either 20x2.67 Gy or 22x2.67 Gy to the tumor bed (CTV-2) while
maintaining a constant biologically effective dose to the CTV-1 (i.e.
20x2.18 Gy and 22x2.03 Gy). Voluntary (v)mDIBH was prescribed to
left-sided breast cancer patients in order to decrease the radiation dose
to the heart [13].
Ten out-of-31 patients presented with seroma of at least 3 cm in
diameter on the pCT, and all but one followed the non-SIB strategy.

System evaluation, dose comparison metrics and quantification
of uncertainties
The clinically approved treatment plans were used to recalculate the

Fig. 1. Diagram presenting the input data used to calculate the DHV parameters and the ΔDVHs used in this study. DVH parameters used to generate each delta were
calculated with the same dose engine to minimize inter-method differences.
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Contour comparison metrics

dose on every pCT and CBCT scan in the TPS (Acuros XB, ECLIPSE,
Varian Medical System, Palo Alto, CA, USA). Manual contours were used
to recalculate DVHs on the planning CT and follow-up CBCT, resulting in
planning DVH and follow-up DVH respectively. The differences between
planning and follow-up DVH parameters calculated in the TPS (ΔTPS)
were used as reference (Fig. 1).
Similarly, dose distributions were also recalculated on every pCT and
CBCT scan using an in-house independent Monte Carlo based dose
calculation system (called dose-guided radiotherapy (DGRT)), which
was previously validated [16–18]. Differences in DVH parameters be
tween pCT and CBCT were calculated using manual contours with the
independent dose calculation algorithm and referred to as
ΔDGRTmanual. Also, differences in DVH parameters using automati
cally propagated contours, from the pCT to the CBCT scans were
computed and referred to as ΔDGRTprop (Fig. 1).
ΔTPS values were compared with ΔDGRTmanual to evaluate the
consistency between both dose calculation algorithms. Furthermore,
ΔTPS was compared with ΔDGRTprop to analyze the impact of propa
gated contours in DVH parameter. For simplicity, ΔDGRTmanual and
ΔDGRTprop are commonly referred to as ΔDGRT.
The DVH parameters evaluated were the mean dose to the primary
target lesion (CTV-1: Dmean), and to the boost volume when present
(CTV-2: Dmean), the volume covered by 95% of the dose prescribed to
the target (CTV-1: V95%) and boost (CTV-2: V95%), the mean heart
dose (HEART: Dmean) and the maximum dose to the patient (PATIENT:
Dmax). Clinical target volumes (CTV) were chosen for treatment veri
fication for being purely anatomical volumes that need to be ultimately
irradiated.

Dice similarity coefficient (DSC) [19], and Hausdorff distances (HD)
[20,21] were used to compute volume similarities between manual and
automatic contours. Specifically, in this study distances between con
tours were computed using the mean slice-wise HD.
Furthermore, the relationship between contour dissimilarity and
differences in DVH parameters was investigated: Contour comparison
metrics between manual and propagated follow-up contours were
correlated with differences in DVH parameters (ΔDGRTmanual minus
ΔDGRTprop).
Statistical analysis of DVH parameters
To quantify differences between TPS and the dose verification sys
tem, the mean and standard deviation of the differences in DVH pa
rameters were calculated, and the 95% confidence interval presented.
Where appropriate Pearson’s correlation coefficients are calculated
[22].
Graphically, the relationship between differences in DVH parameters
was represented via scatter plots with identity lines, and bar plots with
probability distribution estimations.
Results
Fig. 2 shows the correlation between differences in DVH parameters
calculated with the TPS (ΔTPS) and with the independent dose verifi
cation methods (ΔDGRT) for every available CBCT.
Pearson’s correlation of DVH differences calculated using both

Fig. 2. Overall correlation between ΔTPS and ΔDGRT for all DVH parameters. Above, DVH differences calculated using manual contours for the follow-up DVHs (i.e.
ΔTPS versus ΔDGRTmanual). Below, DVH differences calculated using propagated contours for the follow-up DVHs (i.e. ΔTPS versus ΔDGRTprop). Differences are
given in percentage to the TPS values and zoomed insets are shown on the right.
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manual and propagated contours for the follow-up DVHs was high
(0.987, p < 0.00001 and 0.947, p < 0.00001, respectively).
Using the same contours for both calculation methods represents the
differences between dose calculation algorithm (upper Fig. 2), which
showed a maximum standard deviation of 1.5%, with the exception of
mean heart dose (3.4%). Differences between ΔTPS and ΔDGRTprop
increased compared to the manual contours. These differences are most
pronounced for the V95% of the targets (CTV-1 and CTV-2) with stan
dard deviations of 1.7% and 3.6% respectively. Differences in maximum
dose between ΔTPS and ΔDGRTprop (lower Fig. 2), and ΔTPS and
ΔDGRTmanual (upper Fig. 2) are identical, as the maximum dose
location was inside both contours.
The comparison between propagated and manually delineated con
tours, resulted in Dice similarity coefficients of 0.92 ± 0.027 for CTV-1,
0.77 ± 0.056 for CTV-2 and 0.92 ± 0.017 for heart; and mean slice-wise
HD of 0.96 ± 0.29 for CTV-1, 1.10 ± 0.26 for CTV-2 and 1.36 ± 0.28 for
heart. Scatter plots relating contour dissimilarities to DVH parameter
differences showed no strong correlations and are provided in the sup
plementary material.
Fig. 3 and Fig. 4 show the distribution of differences between ΔTPS
and ΔDGRT for CTV-1 mean dose, and V95%. Differences in mean dose
to CTV-1 are − 0.9% to 0.7% (95% CI) for manual contours and − 1.3% to
0.7% (95% CI) for propagated contours. Differences in 95% volume
coverage of CTV-1 are − 2.1% to 1.9% (95% CI) for manual contours and
− 3.9% to 2.9% (95% CI) for propagated contours.
The distribution plots for the other DVH parameters (i.e. CTV-2:
Dmean, CTV-2: V95%, HEART: Dmean and PATIENT: Dmax) are pro
vided in the supplementary material.
Table 1 presents the mean and standard deviations for the DVH pa
rameters of CTV-1: Dmean, CTV-2: Dmean, CTV-1: V95%, CTV-2: V95%,
HEART: Dmean, PATIENT: Dmax, in relative values, showing consis
tency between dose calculation methods with standard deviations of a
maximum of 1% for mean dose to the targets.
Table 1 shows that the introduction of propagated contours to
calculate the follow-up DVH, ΔDGRTprop, increased the differences
with the ΔTPS, with respect to ΔDGRTmanual, for all DVH parameters.
Nevertheless, the accuracy (95% CI) for the mean dose values remained
high, − 1.3% to 0.7% for CTV-1: Dmean, − 2.3% to 1.7% for CTV-2:
Dmean and − 0.28 Gy to 0.2 Gy for HEART: Dmean. Volume coverage
parameters (V95%) showed a lower accuracy (95% CI) when using
propagated contours, i.e. − 3.9% to 2.9% for CTV-1 and − 7.9% to 6.5%
for CTV-2.
While relative differences in mean heart dose are high (− 4% to 9.6%
for the 95% CI for ΔDGRTmanual) and sensitive to the usage of propa
gated contours (− 20.9% to 15.5% for the 95% CI for ΔDGRTprop).
Absolute differences in mean heart dose showed less variation for both
ΔDGRTmanual (− 0.05 Gy to 0.11 Gy for the 95% CI) and ΔDGRTprop

(− 0.28 Gy to 0.2 Gy for the 95% CI).
Discussion
We developed a fully automatic dose verification system based on
the recalculation of DVH parameters for breast EBRT and presented the
analysis of uncertainties of DVH parameters derived from dose verifi
cation with manual and automatically propagated contours.
The results of this study show that differences in DVH values between
the TPS and our dose verification system are consistent when using the
same manual contours in both systems. These differences increased
moderately when introducing automatically propagated contours to our
dose verification system. Depending on the specific organ at risk or
target volume, different uncertainties are to be expected. This should be
known before implementing alternative or automatic dose recalculation
algorithms in clinical routine.
Despite the fact that several commercial solutions for automatic (re-)
contouring have become available in the last years, the validity of
propagated contours still needs to be investigated on a case-by-case basis
[23]. Automatic contour propagation may be hampered when adjacent
tissues have similar densities and borders are not clearly visible, which is
often the case for soft tissues and targets.
In our study we observed a high DSC (>0.9) and low mean slice-wise
HD (around 1 mm), which suggest an agreement between manual and
automatically propagated contours for the target volume, i.e. CTV-1,
and the heart. However, for the tumor bed (CTV-2) a lower DSC was
observed, probably as a result of its smaller mean size (63 cm3)
compared to CTV-1 (688.5 cm3) and heart (746.5 cm3). Also, the lack of
clear visual boundaries has been reported as challenging in manual
delineation [24] even in the use of delineation guidelines [25] or by
visual guidance of surgical clips [26]. In our study the uncertainty of
CTV-2 Dmean increased only slightly from a standard deviation of 0.8%
to 1%. The limited effect on dose parameters is partially due to adequate
PTV margins and lack of substantial anatomical changes.
During the design and execution of the study, the maximum dose
value was used for reporting. The current agreement in maximum dose
differences suggests that this metric could be included in decisionmaking under the presented methodology. However, the maximum
dose is influenced by the dose engine and image artifacts. Monte Carlo
dose engines are known to be affected by statistical noise, which may
artificially increase the maximum dose to a single pixel. The use of doses
to small volumes, e.g. a D0.03 cc or a D1cc, is recommended instead of
single pixel values for future works.
Volume coverage parameters, i.e. V95%, showed a relatively lower
consistency between ΔTPS and ΔDGRTprop. Volumes receiving a
certain dose are highly sensitive to variations in dose distributions,
which makes them attractive for decision-making but sensitive to noise.

Fig. 3. Correlation between ΔTPS and ΔDGRT values for the mean dose to the CTV-1 (left) and the CTV-1 vol covered by 95% of its prescription dose (right).
Extracted from Fig. 2.
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Fig. 4. Distribution of differences between dose calculation methods for the mean dose to the CTV-1 (top) and the CTV-1 vol covered by 95% of its prescription dose
(bottom). On the left, distribution of differences for manual contours. On the right, distribution of differences for automatically propagated contours. Notice the
difference in X-axes between mean dose (top) and V95% (bottom).

comparing CBCT versus re-CT imaging in breast cancer patients [27]. 3)
The craniocaudally stitching of the CBCT in the CT may influence the
dose calculation, affecting especially OAR that may not be contained to
the CBCT FOV.
To conclude, a fully automatic dose verification system based on
differences in DVH parameters has been presented. The verification
system, which does not require extra clinical workload, aims to assist
clinical specialists in decision-making for breast cancer treatment
adaptation. Careful manual review of dose distributions and propagated
contours on CBCT scans is recommended when significant DVH changes
are reported.

Table 1
Statistical quantification of the distributions between ΔTPS and ΔDGRT for the
analyzed DVH parameters. Values are given as mean ± standard deviation with
respect to ΔTPS.
DVH Parameter

ΔTPS versus ΔDGRTmanual

ΔTPS versus ΔDGRTprop

CTV-1: Dmean (%)
CTV-1: V95%
CTV-2: Dmean (%)
CTV-2: V95%
HEART: Dmean (%)
PATIENT: Dmax (%)

− 0.1 ± 0.4
− 0.1 ± 1.0
− 0.2 ± 0.8
− 0.1 ± 1.5
2.8 ± 3.4
− 0.3 ± 0.9

−
−
−
−
−
−

0.3
0.5
0.3
0.7
2.7
0.3

±
±
±
±
±
±

0.5
1.7
1.0
3.6
9.1
0.9

Disclosure statement

Unfortunately, our data suggests that their accuracy may not be suffi
cient for some decision-making applications, resulting in 95% CI of
− 3.9% to 2.9% for CTV-1: V95% and − 7.9% to 6.5% for CTV-2: V95%.
Limitations of this study are that 1) none of the patients included in
the prospective study were adapted due to anatomical variations, which
may be due to the relative low incidence of adaptions in breast cancer
(3% in 2016 at our clinic [27]) compared to our sample size of 31 pa
tients. A wider cohort including patients with more obvious anatomical
differences would increase the reliability of these results as the contour
propagation system would have been exposed to more significant
anatomical changes and the differences between dose distributions
could have arisen higher deviations. 2) The intrinsic differences between
CT and CBCT images and their impact in the dose calculation. These
differences, which are outside the scope of this work, can vary notably
between vendors [14], but had limited impact in our previous work

MAASTRO has research agreements with Varian Medical Systems.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ejmp.2022.03.017.
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