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ABSTRACT

Background: Dose-guided adaptive radiation therapy (DGART) is the systematic evaluation and adap-
tation of the dose delivery during treatment for an individual patient. The aim of this study is to define
quantitative action levels for DGART by evaluating changes in 3D dose metrics in breast cancer and
correlate them with clinical expert evaluation.

Material and methods: Twenty-three breast cancer treatment plans were evaluated, that were clinic-
ally adapted based on institutional IGRT guidelines. Reasons for adaptation were variation in seroma,
hematoma, edema, positioning or problems using voluntary deep inspiration breath hold. Sixteen
patients received a uniform dose to the breast (clinical target volume 1; CTV1). Six patients were
treated with a simultaneous integrated boost to CTV2. The original plan was copied to the CT during
treatment (re-CT) or to the stitched cone-beam CT (CBCT). Clinical expert evaluation of the re-calcu-
lated dose distribution and extraction of dose-volume histogram (DVH) parameters were performed.
The extreme scenarios were evaluated, assuming all treatment fractions were given to the original
planning CT (pCT), re-CT or CBCT. Reported results are mean = SD.

Results: DVH results showed a mean dose (Dmean) difference between pCT and re-CT of -0.4 + 1.4%
(CTV1) and —1.4+2.1% (CTV2). The difference in V95% was —2.6 +4.4% (CTV1) and —9.8£8.3% (CTV2).
Clinical evaluation and DVH evaluation resulted in a recommended adaptation in 17/23 or 16/23 plans,
respectively. Applying thresholds on the DVH parameters: Dpyean CTV, V95% CTV, Dyax mean lung
dose, volume exceeding 107% (uniform dose) or 90% (SIB) of the prescribed dose enabled the identifi-
cation of patients with an assumed clinically relevant dose difference, with a sensitivity of 0.89 and
specificity of 1.0. Re-calculation on CBCT imaging identified the same plans for adaptation as re-CT
imaging.

Conclusions: Clinical expert evaluation can be related to quantitative DVH parameters on re-CT or
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CBCT imaging to select patients for DGART.

Introduction

Radiotherapy to the chest wall or breast improves the out-
come after mastectomy and breast conserving surgery for
breast cancer [1-3]. An important aspect of radiotherapy is
to verify patient positioning during treatment to ensure
accurate dose deposition. In general, Electronic Portal Images
(EPIs) are used to verify positioning during breast irradiation,
by matching anatomical structures or markers to digitally
reconstructed radiographs [4]. Additionally cone-beam com-
puted tomography (CBCT) can be integrated in clinical prac-
tice to evaluate 3D patient anatomy and positioning during
treatment. Both methods can be used to select patients for
adaptive radiation therapy based on image guidance (IGRT).
This selection is based on pre-defined clinical action levels
for changes in patient anatomy or positioning [5,6].

Changes in patient anatomy or positioning, however, do
not directly translate into differences in dose deposition
[7-9], which is the main factor influencing tumor control or

side-effects after radiotherapy. Dose-guided radiation therapy
(DGRT) is the systematic evaluation of the dose delivery dur-
ing treatment for an individual patient with the aim to adapt
the treatment if needed. Preferably, adaptation is only per-
formed if there is a dosimetric impact of the radiotherapy
treatment on the target volume or organs at risk, translating
into an impact on local control or toxicity. In breast radio-
therapy, an important aim is to limit the dose to the heart.
The heart dose can be affected by breathing motion, there-
fore, breath hold techniques are frequently applied when
treating the left breast to limit anatomical shifts [10,11].
Recalculation of the dose during treatment can be per-
formed on a new CT (re-CT) or by using the imaging informa-
tion of the CBCT during treatment. For lung cancer patients
the use of CBCT for treatment evaluation was already per-
formed [12]. In this study, we will investigate the ability to
use a re-CT or CBCT imaging for dose guidance in breast can-
cer patients, with the aim to define quantitative action levels
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based on dose or volume measures that relate to clinical
expert evaluation.

Material and methods
Patients

In 2016, three percent (N=24) of our breast cancer plans
(N=2882) were adapted, after visual assessment of the anat-
omy according to institutional IGRT guidelines. In short, breast
cancer patients are positioned on EPI using a surgical clip
match [13]. Surgical clips are delineated and expanded with a
margin of 2mm. On EPI the clips should fit within the
expanded clip structures or only one of the clips is allowed to
have shifted within 5mm. If this situation is correct, the pos-
ition of sternum, clavicular and rib arch are evaluated, these
should be within 8 mm. In addition the rotation of the patient
should be within three degrees and skin contour has to be
within an 8 mm margin. If these criteria are not met, the
patient is re-positioned and re-evaluation takes place. If there
is still a disagreement further actions are taken, i.e., the match
procedure is performed on CBCT and consultation of radio-
therapist oncologist and/or medical physicist is advised.

One plan was excluded from the analysis, due to an adapta-
tion in positioning support materials for re-CT imaging and fur-
ther treatment. Therefore, we reevaluated 23 treatment plans
of 22 breast cancer patients. Reasons to adapt the radiotherapy
treatment were changes in seroma (N=18), hematoma (N=1),
edema (N=1), voluntary moderately deep inspiration breath
hold (VMDIB; N=2) or positioning (N=1). In one patient,
adaptation was performed twice, due to repeated changes in
seroma. Patient characteristics are shown in Table 1.

Radiation treatment

Treatment planning was performed using forward IMRT-plan-
ning as described by Peulen et al. [14], In short, treatment
planning was started with classic tangential beams and opti-
mization was performed by adding segments to the tangen-
tial beams before adding beams at other angles to achieve a
uniform dose to the breast. In case of a simultaneous inte-
grated boost (SIB), Volumetric Arc Therapy (VMAT) was used
in addition. Dose calculation was performed using the analyt-
ical anisotropic algorithm (AAA) implemented in Eclipse (ver-
sion 10.0, Varian Medical systems, Palo Alto, CA, USA).
Patients were treated with either a uniform dose to the clin-
ical target volume (CTV1) of 16 fractions of 2.66Gy (Total
dose: 42.6 Gy; N=16) or a SIB technique, irradiating the CTV1
to a total dose of 45.6Gy in 21 fractions (N=5) or 46.7 Gy in
23 fractions (N=2) while simultaneously treating the CTV
tumourbed (CTV2) to a total dose of respectively 55.9, 58.0
or 61.2Gy. Adaptation was performed after 2 to 12 fractions
for the patients treated with a homogeneous dose, and after
1 to 17 fractions for patients receiving a SIB technique.

CT imaging

An original planning CT (pCT) and re-CT was available for all
adapted treatment plans. In eleven cases a CBCT was

Table 1. Patient characteristics.

Clinical indication for adaptation N
Seroma 18
Hematoma 1
Edema 1
VMDIBH 2
Positioning 1
Breast
Left 9
Right 13
Surgical Treatment
Primary
Lumpectomy 1"
Mastectomy 10
None (unknown primary) 1
Lymph nodes
Sentinel Node 12
Lymph node dissection 10

Clinical target volume
Breast or chest wall only 9
Incl. axilla level 1+ 2 4
Incl. axilla level 3+ 4 7
Incl. axilla level 3 4+4 and mammaria interna chain 1
Axilla level 1+ 2 only 1

Radiotherapy
Free breathing 14
vmDIBH 8
Radiotherapy dose
[\
16x2.66 = 42.56 Gy 16
21x2.17 =45.57 Gy 4
23x2.03 = 46.69 Gy 2
cTv2
21x2.66 = 55.86 Gy 4
23x2.52 =57.96 Gy 1
23x2.66 =61.18 Gy 1

available within a maximum time interval of one day to the re-
CT. CT images were acquired using a Siemens Somatom
Sensation Open (Siemens Healthcare, Erlangen, Germany), using
three mm slice thickness. CBCT imaging was performed with
the Varian TrueBeam on-board imaging (Varian Medical
Systems, Palo Alto, CA, USA), using the low-dose thorax CBCT
protocol (half-fan bowtie filter, 360°, 125kV, 20mA). To secure
equivalency between CT and CBCT a Hounsfield Unit calibration
with the Catphan® 504 phantom (The Phantom Laboratory,
Salem, NY) was performed on all on-board imaging systems
every six months, according to the standard Varian procedure
(TrueBeam STx 1.5 Technical Reference Guide, Volume 2 -
Imaging, September 2010, Varian medical systems)[12].

During (CB)CT imaging, patients were positioned in supine
position, on a flat tabletop using a laser alignment system
with the arms above the head in an arm support. The
vmDIBH technique was performed as described by Brouwers
et al. [15]. CBCT images were stitched to the planning CT to
extend the field of view in longitudinal direction, using
home-made software. Re-CT and CBCT images were rigidly
registered to pCT to allow propagation of treatment plans
and contours.

Contouring

For all patients, target volumes and organs at risk were con-
toured on both the pCT and re-CT by two experienced radi-
ation oncologists in consensus according to the ESTRO atlas
[16]. After rigid registration, the contours of the re-CT were



copied to the stitched CBCT. Since the CTV of the breast/
chest wall was defined at five mm under skin surface for pCT
and re-CT, the copied CTV on CBCT was adapted accordingly.
All other contoured structures on CBCT were accepted after
rigid registration.

Analysis

The original treatment plan was calculated on the pCT, re-CT
and stitched CBCT to evaluate the effect of anatomical
changes on the dose distribution. In addition, the adapted
treatment plan was calculated on the re-CT to evaluate the
optimal dose distribution available for the new anatomy.

Clinical expert evaluation of the dose distribution of the
original treatment plan on the re-CT was performed by a
radiation oncologist and clinical physicist to estimate the
clinical relevance of the performed plan adaptation. A visual
evaluation of the isodose lines was performed within the
planning system (Eclipse, Varian Medical systems, Palo Alto,
CA, USA). The target volume coverage (V95%) and potential
over dosage in the body (V107%, V90%) were evaluated, in
addition the dose to organs at risk was assessed.

In addition, DVH parameters were evaluated for the plans
calculated on the pCT, re-CT and stitched CBCT images. For
the CTVs, the evaluated DVH parameters were the mean
dose (Dmean) and volume receiving at least 95% of the pre-
scribed dose (V95%). Also, the mean dose to the heart (MHD)
and lungs (MLD) were calculated. For patients receiving a
uniform dose to the breast, the maximum dose (D,,.,) in the
body and the volume exceeding 107% of prescribed homo-
geneous dose (V107%) were defined. In case of a SIB tech-
nique, the D, was defined in the body structure excluding
the planned boost volume (PTV2) with an additional margin
of 1.5cm (HELP-SIB volume). This HELP-SIB volume was also
used to evaluate the volume exceeding 90% of the pre-
scribed boost dose (V90%) in the elective part. The extreme
scenarios were evaluated, assuming all treatment fractions
were given to pCT, re-CT or CBCT.

DVH parameters for the CBCT and the re-CT were com-
pared to investigate if the CBCT can be used as a surrogate
for the re-CT imaging.

Dose distribution changes were considered significant when:

Dmean in CTV1 or CTV2 decreased with more than 2%.
V95% in CTV1 or CTV2 decreased with more than 5%
Dmax in Body or Help-SIB increased with more than 2%
V107% in Body or V90% in Help-SIB increased with more
than 20 cm?

MLD increased with more than 0.5 Gy

MHD increased with more than 0.5 Gy

Finally, the relationship between clinical expert evaluation
and the use of objective DVH criteria was studied.

Statistics

Reported are mean +standard deviation and the range of the
analyzed DVH parameters. A Pearson’s correlation coefficient
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was calculated between changes in CTV1 volume and DVH
parameters. A Wilcoxon signed rank test was used to evaluate
dose differences between reCT and CBCT imaging. Last, the
sensitivity and specificity of DVH thresholds on re-CT or CBCT
imaging were evaluated in comparison to expert evaluation.

Results

This study retrospectively analyzed the dosimetric impact of
clinical changes in anatomy or positioning for 23 treatment
plans of 22 breast cancer patients. PlanID 1-17 were plans
with a homogeneous dose to CTV1, PlanID 18-23 included a
SIB.

Clinical expert evaluation resulted in a recommended plan
adaptation in 17/23 treatment plans. In one additional plan
repeated imaging was advised to monitor changes. The main
reason for adaptation was a decrease in coverage of the
CTV1 or CTV2 in 7/17 treatment plans. In 9/17 cases, the rea-
son for adaptation was an overdosage, mainly described as
the volume exceeding 107% and in 1/17 cases an increased
mean lung dose occurred, exceeding the institutional con-
straint for lung.

The evaluated DVH parameters for the original plan on
the pCT and re-CT, including the dosimetric differences are
summarized in Figure 1 and Table 2. An example of the eval-
uated dose distributions is visualized in Figure 2. There was a
moderate negative correlation between the CTV1 volume
change and the change in Dyean CTV1 (R=—0.7) or change
in CTV1 V95% (R=—0.5).

In 10 out of 11 available CBCT the CTV1 was not totally
within field of view in longitudinal direction. In one patient
the field of view of the CBCT was too small in the transverse
plane to visualize the full body contour of the patient.
Nevertheless, all CBCT scans were used for evaluation.

Figure 3 provides an example of the re-calculation of the
original plan on re-CT or CBCT imaging. The differences in
DVH parameters between re-calculation on the stitched CBCT
versus re-CT analysis were on average 0.4+0.7% (Dmean
CTV1), 1.5+£05% (Dmean CTV2), 09£1.9 (V95% CTV1),
2.3+3.3% (V95% CTV2), 0.0+0.1Gy (MHD), 0.0+0.1Gy (MLD),
—0.1£1.3% (Dmax Body), —02£1.0% (Dmax Help-SIB),
42+33cm®  (V107%) and  —05+28cm’®  (V90%;
Supplementary Table 1).

Figure 4 shows that only small differences in DVH parame-
ters were observed when comparing treatment plans based
on the re-CT or on the CBCT. Wilcoxon signed rank test
showed that the dose difference after re-calculation on re-CT
or CBCT imaging was not significantly different for all eval-
uated DVH parameters; ADmean CTV1 (p=.12), ADpmean CTV2
(p=.07), AV95% CTV1 (p=.10), AV95% CTV2 (p=.11),
ADmax Body (p=.87), ADmax Help-SIB (p=.72), AV107%
Body (p=.55), AV90% Help-SIB (p=1.0), AMLD (p=.32),
AMHD (p=1.0).

Evaluating the relationship between expert evaluation and
DVH thresholds we observed that for:

Coverage: Using the DVH thresholds for Dyean and V95%
in the CTV it was found that 7/23 plans would have required
adaptation of which five included a SIB. A disagreement
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Figure 1. Box plots show the lower, upper quartile and the median line of the differences in dose metrics between the original plan on pCT and recalculation on

the re-CT. The mean is indicated with ‘x’.

Table 2. The evaluated DVH parameters for the original plan on the pCT or re-CT, including the dosimetric differences.

Original plan pCT

Original plan re-CT

Difference

CTV1 (N=23)
Volume 818+ 382cm> (21-1560 cm>)
Dinean 445 + 2.4 Gy (41.9-49.4 Gy)
V95 99.2+0.6% (97.7-100%)
CTV2 (N=6)
Volume 49+39cm® (4-99 cm®)
Dinean 57.6+2.2 Gy (55.7-61.7 Gy)
V95 100+ 0% (100-100%)
Lung (N=23)
Dinean 5.1+2.1Gy (2.3-10.8 Gy)
Heart (N =23)
Drmean 1.6+ 2.4 Gy (0.3-12.2Gy)
Body (N=17)
Drnax 45.5+0.5 Gy (43.9-46.4 Gy)
V107% 2.8+83cm’ (0-34.1cm’)
HELP-SIB (N =6)
Drnax 56.0 +3.6 Gy (51.9-60.6 Gy)
V90% 31.0+33.4cm? (0.2-90.2 cm°)

846 + 324 cm® (20-1438 cm®)
44.4+2 .4 Gy (42.0-49.3 Gy)
96.6 + 4.4% (79.8-99.8%)

45+ 37 cm® (4-100 cm?®)
56.7 + 1.8 Gy (54.9-59.0 Gy)
90.2 +8.3% (81.5-100%)
49+2.1Gy (2.2-10.4Gy)
1.5+2.5Gy (0.2-12.5Gy)

46.5+0.9 Gy (44.6-48.5 Gy)
32.4+41.8cm? (0-148.3 cm’)

56.7 + 2.0 Gy (54.0-60.0 Gy)
38.4+36.0cm? (0.6-84.5 cm?)

10+31% (—36-85%)
—0.4+1.4% (—3.2-1.8%)
—2.6£4.4% (—19.9-0.6%)

5+40% (—43-78%)
—1.4%2.1% (—4.3-1%)
—9.8+8.3% (—18.5-0%)
—0.1+0.4Gy (—0.8-0.6 Gy)
0.0+0.2 Gy (—0.5-0.3 Gy)

2.0+ 1.4% (0.3-6.3%)
29.6+36.8cm’® (0-114.2cm?)

1.4+3.8% (—4.6-6.1%)
7.5+15.7cm® (—5.7-37.6 cm’)

Shown are mean +SD and the range.

Original plan and pCT

CTV Dmean
CTV V95%
Body Dmax
Body V107%

New plan and reCT

Original plan and reCT

102 cm?

Figure 2. Example of a patient (PlanID 4) treated with a homogeneous dose to the right breast (16 x 2.66Gy) after surgical lumpectomy. Visualized are the original
plan on the pCT, the adapted (new) plan on the re-CT and a re-calculation of the dose using the original plan on the re-CT, respectively. Notice the reduction in
seroma on re-CT imaging, which was the reason for re-planning.



Original plan and pCT

CTV Dmean
CTV V95%
Body Dax
Body V107%

Original plan and reCT

148.3 cm?
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Original plan and CBCT

43.7 Gy
98.0%
47.6 Gy

989 %
47.8 Gy
167.6 em?

Figure 3. Example of a patient (PlanID 13) treated with a homogeneous dose to the left breast and axilla level 3 +4 (16 x 2.66Gy) after lymph node dissection of
an unknown primary lesion. Visualized are the original plan on the pCT, the re-calculation of the dose on the re-CT and stitched CBCT, respectively.

between clinical evaluation and selected thresholds was
PlanID 20 which fails the selected thresholds (ADmean CTV2:
—2.1%, AV95% CTV2: —18.2%), but was clinically recom-
mended for follow-up. Another mismatch was observed for
PlanID 12, which did not exceed the selected criteria (ADmean
CTV1: -1.5%, AV95% CTV1: —2.8%) however, on clinical judg-
ment required adaptation due to a decreased coverage.

Overdose: Using the DVH thresholds for D, V107% or
V90% we were able to select 8/9 cases for adaptation based
on clinical judgment. One plan (PlanID 11) did not exceed
the DVH criteria (ADmax Body: 1.2%; AV107 Body: 11 cmd),
however was on clinical judgment selected for adaptation.

Lung dose: The DVH threshold of >0.5Gy MLD difference
was exceeded for two PlanID, of which one was also reported
by clinical evaluation. The other plan was clinically already
selected for adaptation based on over dosage in the body.

Overall, using the combination of all the DVH criteria
16/23 plans would require a plan adaptation. In relationship to
clinical expert evaluation, assuming that the plan selected for
treatment monitoring on clinical evaluation should exceed the
DVH thresholds, we observed a sensitivity and specificity of
0.89 and 1.0, respectively. Applying the predefined DVH
thresholds to the CBCT, would have led to recommendation
of plan adaption in the same 8/11 plans, as applying the
thresholds to the re-CT. Results are summarized in Table 3.
One can appreciate that not all plans that were clinically
adapted based on IGRT guidelines provided a dosimetrically
significant difference. In Table 3 is shown that PlanID 2, 8, 9,
10 or 17 were in clinical practice adapted, however on both
clinical expert re-evaluation of the dose distribution and using
the DVH thresholds, this adaptation was not relevant.

Discussion

This study was initiated to define quantitative action levels
for breast cancer patients based on dosimetric information
which relate to clinical expert evaluation, to be able to
objectively select patients for adaptive radiotherapy. The
adaptive strategy aims to improve the radiation treatment by
re-optimizing the treatment plan using systematic feedback
during treatment [6]. It was shown in 23 breast cancer plans,

selected for adaptation based on IGRT that the use of dosi-
metric, quantitative action levels can be used to assure sys-
tematic feedback, which is correlated to ‘subjective’ clinical
expert evaluation.

Re-calculation of the 3D dose of the original plan was per-
formed on the re-CT with anatomical change. A clinical
expert evaluation of the dose distribution and a quantitative
analysis of selected DVH parameters were performed. We
showed that not all anatomical changes need an adaptive
treatment, 17/23 plans would require adaptation based on
clinical evaluation, while this was the case for 16/23 plans
using the DVH thresholds. Note that, although anatomical
changes appeared to be large; i.e., the clinical target volume
changed with —36% to 85%, the dosimetric impact was lim-
ited. This is due to the used treatment technique, which is
based on tangential fields and the used margins. The CTV1
mean dose difference ranged from —3.2 to 1.8%, assuming
the worst case scenario. The additional value of DGART was
already reported for lung cancer patients, showing that only
half of the patients with an observed clinical change actually
needed an adaptive treatment [9,17]. In this study we con-
firm that dosimetric information has also additional value to
image guided radiotherapy for breast cancer patients.
However, it should be realized that although dose volume
parameters have a better clinical relevance than geographic
set-up parameters, a next step should be to estimate the
effect of the difference in DVH parameters on local control or
on normal tissue complications, to determine the actual clin-
ical relevance [18].

The incidence of adaptation is highly dependent on the
defined dosimetric criteria. The chosen DVH thresholds pro-
vide a good agreement between clinical expert and DVH
evaluation. The same decision was proposed for 21 out of 23
treatment plans. However, using the threshold DVH values,
patients will be more objectively selected for DGART. In add-
ition, it provides opportunities to automate the decision pro-
cess. In a next step, we could use 2D or 3D portal dosimetry
to detect the assumed clinical relevant dose differences.
Previously Nijsten et al. [19] showed for 20 breast cancer
patients that changes in the mean PTV dose larger than 5%
and changes in V95% larger than 10% could be accurately
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Figure 4. Visualized are the dose differences in DVH parameters. (i) Between the original plan on pCT and recalculation on the re-CT and (ii) between the original
plan on pCT and re-calculation on the stitched CBCT, respectively. DVH thresholds for adaptation are marked in red. Dose differences are similar between reCT and

CBCT imaging; the Wilcoxon signed rank test was non-significant for all parameters.

predicted by a 2D portal dosimetry method combined with
2D gamma functions. The current results show that clinically
one would like to detect smaller differences in DVH parame-
ters so probably a 3D method is needed for this.

Remarkably, the anatomical changes had only a minor influ-
ence on MHD and MLD which, in the worst case, increased
with 0.3 Gy and 0.6 Gy, respectively. The observed difference in
MHD was acceptable and in the same range as observed dur-
ing a course of breath hold breast cancer radiotherapy, which
was <0.5Gy as reported by Dunkerley et al. [20]. In the current

study, the increased MLD was the decisive factor for adapta-
tion in one plan only.

The results of this study are dependent on the treatment
technique. Our results show that the use of two tangential
fields including segments to treat the breast/chest wall
(CTV1) is quite robust to clinical changes. However, the boost
volume (CTV2) was treated with VMAT, with a CTV to PTV
margin of 0.5cm and therefore more sensitive to changes in
anatomy or positioning. Note that all target volumes were
re-delineated by radiation oncologists on re-CT imaging. It is



Table 3. Overview of the clinical and DVH evaluation for adaptive treatment.
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Clinical DVH Clinical DVH Clinical DVH Clinical DVH
A V107% or
Recommended AV90% CTV1 or CTV2 CTV1 or CTV2
adaptation Over ADias > 2% >20cm3 Decreased  pp < 2%  AVIS%<-5% U9 A MLD >05Gy
dosage coverage dose _—
Re-CT CBCT Re-CT CBCT Re-CT CBCT Re-CT CBCT Re-CT CBCT Re-CT CBCT
1 Yes Yes Yes X X X X X
2 No No
3 Yes Yes X X X X
4 Yes Yes X X X
5 Yes Yes Yes X X X X X
6 Yes Yes Yes X X X X
7 Yes Yes X X
8 No No No
9 No No
10 No No
1 Yes No No X
12 Yes No No X
13 Yes Yes Yes X X X X X
14 Yes Yes X X X
15 Yes Yes X X X
16 Yes Yes X X X
17 No No
18 Yes Yes Yes X X X
19 Yes Yes Yes X X X X X X
20 Monitor Yes X X X X
21 Yes Yes Yes X X X X X X X
22 Yes Yes Yes X X X X X X
23 Yes Yes X X X X
17/23 16/23 8/11

DVH parameters are based on re-calculation of the original plan on re-CT or CBCT imaging. “x” means that the thresholds were exceeded.

known from previous studies that target delineation of the
boost volume is highly affected by inter-observer variability
[21]. This inter-observer variability in the target volume delin-
eation on pCT and re-CT could have affected the evaluated
dose parameters.

In clinical practice re-CT imaging is not standard available.
Therefore, the use of CBCT imaging as a surrogate for re-CT
imaging was evaluated. Note that the usability of CBCT scans
for dosimetry will depend on Hounsfield Unit calibration,
CBCT image quality and delineation accuracy [12,22]. We
observed average differences between recalculation on re-CT
and CBCT imaging <1% for CTV1 Dmean, V95% and Dynax in
the Body or HELP-SIB. Larger differences were observed for
the boost volume, nevertheless also for CTV2 the difference
for Dmean Was <2% and for V95% <3%. These results are in
the same range as the dose differences previously reported
in lung cancer patients [12]. Most importantly, this accuracy
was proven sufficient to select breast cancer patients for
adaptation on CBCT imaging using the previously described
DVH criteria.

There are some limitations of this study. First, we per-
formed a rigid registration of the re-CT or CBCT to the pCT.
Using this method we analyzed the most optimal match,
omitting variable changes in patient positioning. In clinical
practice the EPI are used to match patient positioning. A pre-
vious study of Topolnjak et al. [23] showed that setup uncer-
tainties are larger using EPID position verification in
comparison to CBCT. On the other hand, Batumalai et al. [24]
showed recently that there is in general no significant differ-
ence between EPI and CBCT setup. Second, we used a sub-
jective measurement as a gold standard for adaptation,
namely, the clinical interpretation of a radiation oncologist

and clinical physicist in consensus. However, this is current
clinical practice. The ability to relate this subjective decision
to objective DVH thresholds provides the possibility to attach
guidelines for DGART. Third, the patient group selected for
this study was very heterogeneous i.e. regarding target vol-
ume, prescribed dose and breath hold technique.
Nevertheless, since our dosimetric thresholds were defined as
a difference between pCT and re-CT, instead of absolute
dose values, its seems reasonable to apply the same thresh-
olds for the whole population. Last, the field of view (FOV) of
the CBCT images was limited. Due to relative large target vol-
umes the CTV was not always fully present in the FOV of the
CBCT. By stitching the CBCT to the pCT assumptions are
made regarding the dose distribution. However, as results
show, this method still enables to detect reliably patients
sensitive to clinically relevant dose changes.

To conclude, not all IGRT observed changes provide a clin-
ically significant variation in the evaluated DVH parameters.
Dosimetric differences are larger for the CTV receiving a SIB.
It is possible to relate clinical expert evaluation to quantita-
tive DVH parameters on re-CT or CBCT imaging. This can be
used to systematically and more accurately select patients for
DGART.
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