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General introduction

General introduction

Breast cancer

Breast cancer is the most common type of cancer worldwide [1]. The incidence is estimated
to be almost 60 per 100.000 person-years. In the Netherlands, more than 17.000 persons
were diagnosed with in-situ or invasive breast cancer in 2019 [2]. The vast majority of
patients are female and 50 years of age or older. About 1 in every 7 females will get breast
cancer at some time during her lifetime.

In many countries, there is a population screening program for breast cancer, and most
cases are diagnosed at an early stage. In the United States for example, 63% of all breast cancer
patients is diagnosed at a local stage without any regional or distant dissemination [3].

The current standard for the treatment of early-stage breast cancer is breast conserving
surgery followed by adjuvant radiotherapy and, in selected cases, systemic therapy. With
this treatment, the prognosis of early-stage breast cancer patients is excellent. The 5-year
disease-specific survival is 99% [2, 3]. It is practically impossible to improve this substantially.
Thus, the focus of clinical research has shifted from decreasing recurrence rates to reducing
treatment-induced toxicity and improving quality of life.

Standard radiotherapy treatment

Following major randomized clinical trials in the 90's establishing the value of adjuvant
radiotherapy, the standard adjuvant treatment for early-stage breast cancer has been
whole breast irradiation (WBI) to a dose of 50 Gy in 25 fractions of 2 Gy for many years [4].
More recently, trials have investigated moderate hypofractionation, including the START
and the Ontario hypofractionation trials [5-8]. They showed that a treatment schedule
of 15 to 16 fractions of 2.66 Gy in 3 weeks was equally effective as 25 fractions of 2 Gy in
5 weeks and resulted in similar or less breast toxicity. Because of these favorable results
and the increased convenience for both patients and radiotherapy facilities, these schedules
were adopted worldwide. Advances in knowledge about the radiobiology of breast cancer
and healthy breast tissue from these trials led to the start of other trials investigating even
shorter treatment schedules for WBI [9, 10].

In parallel to decreasing the number of fractions, the volume to be irradiated has also
been reduced. The idea for partial breast irradiation (PBI) originated from the fact that
most ipsilateral breast recurrences occurred close to the original tumor bed [11, 12].
For selected low-risk patients, it is sufficient to irradiate the tumor bed area with a small
margin of 10 — 20 mm. Because of the volume reduction, the number of fractions could be
also reduced, leading to accelerated partial breast irradiation (APBI). Several large randomized
clinical trials have confirmed the efficacy and safety of external beam APBI [13-16]. The most
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common treatment schedules for external beam APBI is 10 fractions of 3.85 Gy delivered
in one week, and more recently 5 fractions of 5.2 to 6 Gy.

Long-term toxicities after external beam radiotherapy for breast cancer
The long-term toxicity of radiotherapy is related to the dose received by the surrounding
healthy tissues. In the case of breast cancer treatment, it includes the heart, lungs, skin,
and the healthy non-target breast tissue. Thus, the most concerning toxicities include
cardiovascular diseases, radiation-induced cancers, telangiectasia, and breast fibrosis.

The incidence of cardiovascular disease is proportional to the mean dose to the heart [17].
Every Gy mean heart dose causes a relative increase in the incidence of major cardiovascular
events of 74%. Recent technological advances such as more conformal treatment planning
and deep inspiration breath hold reduced the mean heart dose [18-20]. The introduction
of APBI is also predicted to lead to lower mean heart doses, thus reducing the cardiovascular
toxicity [21, 22]. It is important to notice that the absolute increase depends on the baseline
risk of the individual patient. Independent factors such as age, comorbidity and smoking
are just as important as the mean heart dose.

The occurrence of breast fibrosis and telangiectasia are associated with worse cosmetic
outcomes, which in turn impact the quality of life of breast cancer survivors. Severe fibrosis
can also impact the mobility of the arm or cause chronic pain, leading to functional
impairment. Several normal tissue complication probability (NTCP) models have been
proposed to predict the risk of breast fibrosis [23-25]. In these models, the risk of fibrosis
depends mainly on the high dose region within the breast. This means that it is more
important to reduce the high-dose volume than the low-dose volume within the breast.

The comparative risks of breast fibrosis and adverse cosmesis of external beam APBI
compared to WBI is not yet established. The two large multicenter randomized trials,
RAPID and NSABP B-39/RTOG 0413, presented conflicting results while using the same
treatment schedule of 10 fractions of 3.85 Gy twice daily [13, 14, 26]. In the RAPID trial,
adverse cosmesis was more common in the patients treated with APBI than in the patients
treated with WBI. This difference was statistically significant [14]. In the NSABP B-39/RTOG
1403 trial, there was no significant difference in toxicity at all. It is important to notice that
the standard arm differed between those trials: the RAPID used the Ontario hypofraction-
ation regimen, 42.5 Gy in 16 fractions, while the NSABP B39/RTOG 1403 used the old
standard of 50 Gy in 25 fractions. This led some to hypothesize that the old standard might
have been slightly more toxic than the hypofractionated regimen and that this would
erase the difference. Additionally, a smaller randomized trial found an improvement in
cosmesis after APBI using a once-daily fractionation schedule compared to WBI [27]. A
proposed explanation is the interval between two subsequent fractions [28]. The interval
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had to be at least 6 hours in RAPID and NSABP B-39 / RTG 0413, which might be too short
for the healthy breast tissue to fully recover. Trials investigating APBI with 5 fractions
once-daily over one week are ongoing [29, 30].

The risk of inducing secondary cancers by radiation has been acknowledged for a long
time. The challenge of the research in this field is first the very long delay to develop a
secondary cancer and second the scarcity of exposure data. In addition, most of the
research done on the relation between the secondary cancer risk and the magnitude of
radiation dose is based on the Japanese atomic bomb survivors and on diagnostic
radiation exposures [31]. Both patient groups received relatively low dose exposures. As a
result, there is still debate about the dose-response relationship at higher dose levels, such
as used for radiotherapy treatment [32, 33]. There are several epidemiological studies
published on secondary cancer induction after breast radiotherapy published [34-38].
These studies show that there is a significantly higher risk of cancer for breast cancer
patients treated with radiotherapy. An important limitation of these studies is the limited
length of follow-up. It is known that the incidence of secondary cancers starts at least 5
years after treatment and increases for 20 to 30 years [31]. The longer the median follow-up
of a study, the higher the number of secondary cancers that can be detected and the
higher the chance of finding significant differences. Very long-term follow-up is difficult to
attain and often limited in detail. In most studies, there is no information on the dose
received by various tissues so dose-response relationships cannot be calculated. A
challenge is that radiation techniques used a long time ago are vastly different than the
ones used today. Finally, patients are diagnosed at an earlier stage nowadays due to
population screening. Thus, it is difficult to use the data of these epidemiological studies
to predict the secondary cancer risk of a patient treated today.

Several quantitative models are published that can be used to predict and compare
secondary cancer risks after radiotherapy [31, 39, 40]. Itis important to take into account the
uncertainties of these models as discussed above, i.e. the limited evidence for the effect of
high doses and differences in investigated populations. These uncertainties mean that these
models are less accurate at predicting a secondary cancer risk for an individual patient, but
suitable for the relative comparison of different treatment techniques [33].

In this thesis, ways to reduce the risk of radiation-induced toxicity after adjuvant breast
radiotherapy will be discussed focusing on the risk of secondary cancer induction.
Secondary cancers can increase mortality, depending on the length of follow-up and the
life expectancy of the breast cancer patients after treatment. Patients diagnosed today
are diagnosed earlier in their life and at an earlier stage, due to the generalization of
mammography screening. They are hence at higher risk of developing a secondary cancer.
The reduction of cardiac toxicity has received a lot of attention in the recent literature.
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In contrast, the induction of secondary cancer has received less attention, probably because
cardiac toxicity occurs at shorter intervals after radiotherapy. This thesis aims to improve
overall survival and quality of life of breast cancer patients by reducing the risks of
secondary cancer and other treatment-induced toxicities.

Reducing dose to non-target tissues

Radiation dose in tissues outside of the treatment target must be minimized, as it has no
benefit to the patient and can lead to toxicity. In the radiation oncology community, this
is called "as low as reasonably achievable”, or the ALARA principle. Reducing the dose to
non-target tissue will reduce the risks of secondary cancer and other treatment-induced
toxicities. There are several ways to achieve this.

The first option is to reduce the irradiated volume. The volume to be treated is called the
clinical target volume (CTV) [41]. A safety margin is applied to this volume to compensate
for uncertainties during treatment preparation and delivery. The expansion of the CTV
with this margin results in the planning target volume (PTV). The smaller the margin, the
smaller the PTV and the smaller the dose to surrounding healthy tissues will be. On the
other hand, reducing the margin could lead to a higher risk of geographical miss and thus
to a higher local recurrence risk. It is crucial to quantify the geometric uncertainties of
treatment preparation and delivery to calculate the minimum margin needed to
adequately treat the patient group. After quantification, the second step is to reduce the
uncertainties and thus reduce the required PTV margin. Different aspects contribute to
the total geometric uncertainty: the motion occurring between simulation and treatment
fractions (interfraction motion), the motion occurring during treatment delivery
(intrafraction motion), and the uncertainty in the delineation of the target.

The second option to reduce dose to non-target tissue is to optimize the dose distribution
that can vary significantly between treatment techniques. There are large differences in
non-target doses between brachytherapy, intra-operative irradiation and external beam
(EB) APBI. Also, among the external beam techniques large differences exist [42, 43]. For
example, the use of intensity modulation has a clear impact, just as whether it is a
step-and-shoot or continuous arc delivery [43]. The use of breath hold can reduce the
dose to heart and lungs [18]. The number of beams and the angles of the gantry, collimator
and couch can dramatically influence the dose to a specific organ. Shifting the dose away
from one organ will often lead to a higher dose in another organ. For partial breast
radiotherapy, this trade-off is most pronounced for non-target breast tissue versus heart
and lungs. Choices on this trade-off are made continuously in the clinical routine, but little
is known about the long-term consequences. There is a lack of planning comparison
studies that calculate normal tissue complication probabilities for the dose distributions of
different treatment techniques.




General introduction

Aims and outline of this thesis

This thesis aims to improve overall survival and quality of life of breast cancer patients by
reducing the risks of secondary cancer and other treatment-induced toxicities. Methods
are being investigated to reduce the risk of radiation-induced toxicity after adjuvant breast
radiotherapy, focusing on the secondary cancer risk. These methods comprise of strategies
improving treatment planning, geometric accuracy, and delineation.

The first part of this thesis focuses on assessing the magnitude of the risk of secondary
cancers. Chapter 2 describes a phantom study assessing the secondary cancer risks in
various organs for different whole and partial breast irradiation techniques. In this chapter,
we conclude that most secondary cancers arise in the lungs. Future efforts to reduce the
overall secondary cancer risk of breast radiotherapy should be aimed at reducing the lung
dose. In Chapter 3 we describe the trade-off between reducing the secondary lung
cancer risk and increasing the toxicity risk in other tissues using optimized treatment
planning for external-beam APBI.

The second part of this thesis focuses on the geometric accuracy of EB-APBI delivery.
Increasing the geometric accuracy will lead to smaller irradiated volumes, lower doses to
non-target tissues, and lower toxicity risks. Chapter 4 describes our results on the
intrafraction motion during APBI treatment delivery. The motion due to breathing and
due to the target drifting away during treatment are described separately. Chapter 5
reports on the interfraction motion of fiducials relative to the tumor bed and incorporates
this motion into a comprehensive PTV margin for geometric uncertainties in EB-APBI. In
chapter 6 we present a study on improving the delineation consistency of the tumor bed
using a hydrogel marker.

At the end of this thesis in chapter 7, our conclusions are presented and discussed in
a broader context. Our findings are summarized in chapter 8 in English and in Chapter 9
in Dutch.
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Abstract

Introduction — For early-stage breast cancer patients, non-breast cancer mortality
including secondary cancers and cardiac events can overshadow the benefit of adjuvant
radiotherapy. This study evaluates the excess risk of secondary cancer for new breast
radiotherapy techniques including accelerated partial breast irradiation (APBI).

Methods - Secondary cancers Lifetime Attributable Risks (LAR) were calculated using a
modified BEIR-VII formalism to account for the specific survival of breast cancer patients.
Those survivals were extracted from the SEER database. Doses scattered to various organs
were measured into a Rando phantom with custom-made breast phantoms. Treatments
delivered typical doses of brachytherapy APBI (34 Gy in 10 fractions), external beam APBI
(38.5 Gy in 10 fractions) using 3D-conformal, Cyberknife stereotactic (CK), or VMAT, as well
as whole breast irradiation (WBI) delivering 42.5 Gy in 16 fractions.

Results - WBI resulted in the highest total LAR, with 4.3% excess risk of secondary cancer
for a patient treated at age 50 years. Lung cancers accounted for 75% to 97% of secondary
malignancies. For a typical early-stage patient irradiated at age 50, the risks of secondary
lung cancer were 1.1% for multicatheter HDR, between 2.2% to 2.5% for 3D-CRT or CK,
3.59% for VMAT APBI, and 3.8% for WBI.

Conclusions — APBI reduces the risk of secondary cancer 2 to 4 fold compared to WABI.
These techniques are well suited for long-living early-stage breast cancer patients. HDR
brachytherapy and 3D-conformal APBI achieve mean lung doses between 1 and 1.5 Gy,
which could serve as reference.

20
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Introduction

Today breast cancer is frequently diagnosed at an early stage and has an excellent prognosis.
SEER data show that 60% of the patients are diagnosed at a localized stage, without
extension to the regional nodes, and the 5-year cancer specific survival for those patients is
98.9% [1]. Standard treatment includes limited surgery followed by whole breast irradiation
(WBI). Long-term follow-up of large randomized trials comparing lumpectomy with or
without adjuvant radiotherapy has shown that the benefit of radiotherapy is eclipsed by
non-breast cancer mortality [2, 3]. The most common causes of non-breast cancer mortality
include major cardiac events and secondary cancers [4-6]. To reduce cardiac toxicity,
the radiation oncology community has massively adopted preventive measures like
breath-hold [7, 8]. The issue of secondary cancer has not yet lead to changes regarding
the breast irradiation technique.

Accelerated partial breast irradiation (APBI) has been recently proposed for selected
patients with favorable characteristics, and results of the few randomized trials suggest
non-inferiority in local control compared to WBI [9-12]. Introducing new irradiation
technigues may result in differences in the amount of dose to the whole body and thus to
differences in the risk of radiation-induced secondary cancer [6, 13]. Scarce comparisons of
secondary cancer risks for different techniques have been published [14-16]. They focused
either exclusively on whole breast radiotherapy techniques or evaluated the scatter dose
theoretically using Monte Carlo simulation. Currently there is no thorough comparison
between whole breast radiotherapy and APBI.

The aim of this study is to evaluate the risk of secondary cancer of whole breast radiotherapy
and several APBI techniques, using a modified BEIR VIl formalism accounting for the
specific survival of a breast cancer population, and experimentally measure the scatter
dose to various organs for these breast radiotherapy techniques.

Materials and Methods

Calculation of Lifetime Attributable Risks (LARs)

LARs were calculated using the BEIR VIl formalism [17]. This model includes empirical and
in vitro data to calculate secondary cancer risks for specific organs depending on sex, age
at exposure and attained age. For the esophagus, we used the organ specific parameters
from the study by Berrington de Gonzalez [18]. We selected age at exposure of 40 years
and older, since this age corresponds to the lower threshold of the “cautionary group” of
the ASTRO guidelines and the “intermediate-risk group” of the GEGESTRO guidelines [19-21].
We used the probability of survival for the general population from the U.S. Decennial Life

21
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Tables for 1999 — 2001 [22]. We corrected the probability of survival for breast cancer patients
using the probability of survival after localized breast cancer from the SEER database [23].
The SEER database provides survival data up to 40 years after diagnosis. For the period
after this, we extrapolated the linear trend in the survival probability. We used the baseline
cancer risks for the general population from the SEER database [24]. To put the risks into
perspective, we calculated the lifetime Relative Risk (RR) of secondary cancer per organ.

Radiotherapy planning and phantom treatments

Measurements of the scatter dose for various breast radiotherapy techniques were
performed using a Rando-Alderson phantom (Radiology Support Devices, Inc, Long Beach,
CA, USA) with custom-made tissue equivalent breast phantoms adapted from Ruschin
et al. [25]. Five surgical clips were inserted in the upper outer quadrant of the right breast
at typical places found on patients treated in our institutions, and creating a virtual seroma
of about 3 cm in diameter.

Planning CT-scans of the realistic breast phantom were made according to our institutional
protocol. The whole breast clinical target volume (CTV) was delineated up to the chest
wall and excluded the first 5 mm below the surface. The whole breast CTV expanded by
a 5 mm margin and limited 5 mm under the surface corresponded to the planning target
volume (PTV) for whole breast radiotherapy. The tumor bed was delineated using the
surgical clips. It was expanded with a margin of 15 mm to create the CTV for the APBI
treatments following the NSABP B-39/RTOG 0413 protocol [26]. The PTV margin was 10 mm
for the external beam APBI techniques and zero mm for the HDR techniques [26].

Whole breast radiotherapy used an hypofractionated regimen of 42.5 Gy in 16 fractions
mixing 6 and 10 MV tangent beams. Beam angles were optimized to limit the contralateral
breast and lung dose. Dynamic wedges were used to improve the dose distribution and
the treatment was delivered using an Elekta Synergy S linear accelerator.

The technique described by Baglan et al. was used to plan the 3D-conformal (3D-CRT)
APBI treatment [27]. The prescribed dose was 38.5 Gy in 10 fractions. The plan fulfilled the
dose constraints of the NSABP B-39/RTOG 0413 protocol [26]. VMAT APBI was delivered
using a single 6 MV arc ranging from 190° to 20° The plan was optimized for breast
conformality, minimizing the heart and lung dose according to the NSABP B-39/RTOG
0413 constraints [26]. The prescribed dose was 38.5 Gy in 10 fractions. Cyberknife plans
were created in Multiplan version 5.3.0 (Accuray Inc., Sunnyvale, USA) with an inverse plan
optimization. Plans used either the Iris (CK-Iris) or the MLC (CK-MLC) collimators. Beams
were not allowed to enter through the contralateral breast or heart. The prescribed dose,
margins and dose constraints applied were identical to the other external beam APBI
techniques.
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For HDR multicatheter APBI, 8 catheters were inserted in the breast phantom in 2 planes
using a free hand implantation technique. A post-implant CT-scan was acquired, and the
images were transferred to the Oncentra brachytherapy dose planning system version
4.5.1 (Elekta). The prescribed dose was 34 Gy in 10 fractions. Dwell times were optimized
to ensure that coverage and dose homogeneity were optimized following the constraints
of the NSABP B-39 protocol [26]. To mimic a balloon for HDR balloon-based APBI, a single
catheter was inserted in the breast phantom. On the planning CT-scan, a sphere of 3.5 cm
diameter was delineated around the catheter to represent the balloon. A dose of 34 Gy in
10 fractions was delivered to a point 1 cm away from the balloon surface. The plan also
satisfied the constraints from the NSABP B-39/RTOG 0413 protocol for balloon-based HDR
[26]. Both HDR APBI techniques were delivered using a 192-Ir Flexitron Remote Afterloading
system (Elekta).

Dose measurement

Dose was measured in the lungs, contralateral breast, thyroid, esophagus, colon, ovaries
and the uterus. Those organs were chosen because of elevated risks of radiation-induced
cancers reported in these organs [5, 28-30]. Doses were measured using 34 ThermolLumi-
nescent dosimeters (TLDs) distributed uniformly over the organs and Gafchromic film for
the lungs (Ashland Advanced Materials, Bridgewater, USA). The LiF 700 powder TLDs were
read out using the Pitman 654 TLD-reader and annealed with the Pitman 622/B annealing
facility using a standard of 400°C for 1.5 hours and 80°C for 16 hours, with subsequent
natural cooling down to room temperature. TLDs were calibrated for doses of 1 cGy to
10 Gy. Gafchromic EBT3 films were used next to TLDs to measure the scatter dose in the
lungs in the presence of steep dose gradients. The films were analyzed after 24 h storage
in the dark at room temperature using the dose-density curve for each batch of films.

For each technique a single dose of 10 to 12 Gy was delivered to the PTV, to ensure that
the TLDs and films received a dose within its accuracy range. Measured doses were
rescaled to the total dose that would be delivered per technique. Mean organ doses were
calculated weighing the dose from each TLD or film for the percentage of the organ it
represented. Each measurement was repeated 3 times.

Results

The mean organ doses per technique are shown in Table 1. The lungs had the highest
mean doses, ranging from 50 to 200 cGy depending on the breast radiotherapy technique.
The mean doses to the other organs varied a lot, but they generally remained well below
70 cGy. The only exception was the esophagus which received more than 100 cGy with
the 3D-CRT APBI. The mean doses to the ovaries and uterus were very low, ranging from
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1 to 8 cGy. Comparing the various techniques, whole breast radiotherapy delivered the
highest doses overall. Conversely, all APBI techniques resulted in lower doses to the lungs
and contralateral breast. The two Cyberknife techniques showed a slightly higher dose
to the abdominal organs compared to other APBI techniques, which is due to the
non-coplanar technigue.

Table 1 Mean dose per organ for various breast radiotherapy techniques.

8 o
I [a)
) % :g V]
= < &5 £ & £ =
S Q = 3 = s -
Thyroid 176 104 16 15.5 206 9.0 143
Breast 455 6.6 149 174 24.2 188 30.2
Lung 202.1 114.6 182.1 584 93.7 1295 1326
Esophagus 33.0 116.3 484 418 63.5 40.5 258
Colon 218 3.7 0.5 124 196 59.0 32.7
Ovary 33 13 06 25 35 7.7 8.1
Uterus 26 1.1 0.5 18 24 56 6.0

Mean organ doses in cGy. WBI: Whole Breast Irradiation, 3D-APBI: 3D conformal Accelerated Partial Breast
Irradiation, VMAT: Volumetric Modulated Arc partial breast radiotherapy, Multicath HDR: Multicatheter High
Dose Rate brachytherapy, Balloon HDR: Balloon-based High Dose Rate brachytherapy, CK-Iris: Cyberknife
stereotactic partial breast irradiation with Iris collimator, CK-MLC: Cyberknife stereotactic partial breast
irradiation with multileaf collimator.

Table 2 shows the LARs for the individual organs and the total LARs per technique for ages at
exposure of 40, 50, 60 and 80 years using the BEIR VII formalism. The results are presented
graphically in Figure 1 for age at exposure of 50 years, which corresponds to the ASTRO
“suitable group” and the GEGESTRO “low-risk group” [19-21]. As the secondary cancer risks
are proportional to the mean organ doses, the comparison of the various techniques in
terms of LAR yields the same findings as the comparison of the various techniques in
terms of dose since the technique with the highest organ doses results in the highest
LARs. The LAR values are highly variable between the organs. The lungs carry the highest
LAR, with a 3.8% lifetime risk of a secondary lung malignancy for whole breast radiotherapy
at age 50 years. In our calculations, lung tumors accounted for 75 to 97% of all secondary
cancers. Conversely the LARs for the uterus were lower than 1/1000th of the LARs of
the lungs.

24



Assessment of secondary cancer risks

Table 2 Lifetime Attributable Risks for various breast radiotherapy techniques.

Age

40  Thyroid
Breast
Lung
Esophagus
Colon
Ovary
Uterus
Total

50  Thyroid
Breast
Lung
Esophagus
Colon
Ovary
Uterus
Total

60  Thyroid
Breast
Lung
Esophagus
Colon
Ovary
Uterus
Total

80  Thyroid
Breast
Lung
Esophagus
Colon
Ovary
Uterus
Total

148

4429

283
3847
20
142

4314

132
3668
17
124

3952
0

16
1580
6

47

1

0
1652

3D-APBI

~N N
[©)NNC,]

2091

71

25

2292

41
2181

24

2328

19
2080

928

VMAT

3594

43
3305

MulticathHDR

w
[e2]

1065
26
84

1419
12
108
1112
25

81

1344

51
1060

499

Balloon HDR

w
o

277
1709
39
133

2219
16
151
1784
39
127

2124

70
1700

797

CK-lris

402

3048

117
2465
25
383
14

3016

55
2350
21
336
11

2779

1012

128
3

1
1159

CK-MLC

2972

88
2406

186
12

2713
0

11
1037
5

71

3

1
1128

Lifetime Attributable Risks for a woman exposed at age 40, 50, 60 and 80 years. Excess cases per 100,000
exposed persons. WBI Whole Breast Irradiation, 3D-APBI 3D conformal accelerated partial breast radiotherapy,
VMAT Volumetric Modulated Arc partial breast radiotherapy, Multicath HDR Multicatheter High Dose rate
brachytherapy, Balloon HDR Balloon-based High Dose Rate brachytherapy, CK-Iris Cyberknife with Iris
collimator, CK-MLC Cyberknife with multileaf collimator.

25



Chapter 2

W Uterus

M Ovary

M Thyroid

M Esophagus
M Colon

M Breast

M Lung

Secondary cancer cases (%)

WBI 3D-CRT  VMAT Multicath Balloon  CK-lris  CK-MLC

Figure 1 Lifetime attributable risk of secondary cancer per organ for the various breast radiotherapy
techniques. Number of cases per 100,000 persons receiving adjuvant breast radiotherapy at age 50 years.

We calculated the RRs for women exposed at age 40, 50, 60 and 80 years as compared to
non-irradiated breast cancer patients of the same age (Table 3). Selecting a threshold of
50% RR increase as being clinically significant, only the WBI and the VMAT technique are
significantly increasing the risk of secondary lung cancer, which remains dominant in
absolute numbers. Selecting a threshold of 10% as being clinically significant, there was
an increased risk for lung cancer for all techniques at all ages. At this 10% threshold, there
was also an increased risk for esophagus cancers, but the absolute numbers remain small.
The risks for secondary malignancies of the thyroid, contralateral breast, ovaries and uterus
were close to the baseline risks and may not be to detectable in population-based studies.
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Table 3 Relative risks per organ for various breast radiotherapy techniques.

o
g &
- = T

g e S s 2 2

v = < = = 2 3 =

2 S 3 S 2 3 S S
40  Thyroid 1.046 1.027 1.004 1.040 1.054 1.023 1.037
Breast 1.050 1.007 1.016 1.019 1.026 1.021 1.033
Lung 1.753 1427 1.678  1.217 1.349 1482 1494
Esophagus 1114 1.401 1.167 1.144 1.219 1.140 1.089
Colon 1.040 1.007 1.001 1.023 1.036 1.108 1.060
Ovary 1.007 1.003 1.001 1.005 1.007 1.015 1.016
Uterus 1.001 1.001 1.000 1.001 1.001 1.003 1.003
50  Thyroid 1.018 1.011 1.002 1.016 1.021 1.009 1.015
Breast 1.028 1.004 1.009 1.0M 1.015 1.012 1.019
Lung 1.724 1410 1.652  1.209 1.336 1.464 1475
Esophagus 1.104 1.366 1.152 1.132 1.200 1.128 1.081
Colon 1.036 1.006 1.001 1.020 1.032 1.097 1.054
Ovary 1.006 1.002 1.001 1.004 1.006 1.014 1.014
Uterus 1.001 1.000 1.000 1.001 1.001 1.003 1.003
60  Thyroid 1.007 1.004 1.001 1.006 1.008 1.004 1.006
Breast 1.015 1.002 1.005 1.006 1.008 1.006 1.010
Lung 1.679 1385 1.612 1.196 1.315 1435 1.446
Esophagus 1.090 1316 1.132 1.114 1.173 1.110 1.070
Colon 1.032 1.005 1.001 1.018 1.029 1.086 1.048
Ovary 1.005 1.002 1.001 1.004 1.005 1.012 1.013
Uterus 1.001 1.000 1.000 1.001 1.001 1.002 1.002
80  Thyroid 1.000 1.000 1.000 1.000 1.001 1.000 1.000
Breast 1.005 1.001 1.001 1.002 1.002 1.002 1.003
Lung 1.598  1.339 1.539 1.173 1.277 1.383 1.392
Esophagus 1.048 1.169 1.070 1.061 1.092 1.059 1.038
Colon 1.017 1.003 1.000 1.010 1.015 1.046 1.025
Ovary 1.003 1.001 1.001 1.002 1.003 1.007 1.007
Uterus 1.001 1.000 1.000 1.000 1.001 1.001 1.001

Relative risks for a woman exposed at age 40, 50, 60 and 80 years, as compared to a non-irradiated localized
breast cancer patient. Relative risks larger than 1.5 are shown in bold. WBI Whole Breast Irradiation, 3D-APBI
3D conformal accelerated partial breast radiotherapy, VMAT Volumetric Modulated Arc partial breast
radiotherapy, Multicath HDR Multicatheter High Dose rate brachytherapy, Balloon HDR Balloon-based High
Dose Rate brachytherapy, CK-Iris Cyberknife with Iris collimator, CK-MLC Cyberknife with multileaf collimator.
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Discussion

Our study shows that all APBI techniques produce less scatter dose compared to whole
breast radiotherapy, which translates into a lower secondary cancer risk. The use of APBI
could eventually halve the lifetime secondary cancer risk. In our calculations, the lifetime
risks are high, up to 4.3% for a woman treated at 50 years old. This strongly supports the
generalization of partial breast irradiation as standard for early stage breast cancers or
DCIS instead of whole breast radiotherapy.

Importantly our study also shows that the vast majority, between 75 and 97%, of the
calculated secondary cancers involve the lungs. We calculated an absolute lifetime excess
risk of lung cancer of 3.7% for patients treated with whole breast radiotherapy at age 60
years. The SEER database shows that the lifetime risk of lung cancer for a 60-year old
female from the general population is 5.75% and the lifetime risk of dying from lung
cancer is 4.66% [31]. This means that about 80% of lung cancer patients will die from their
disease. Translated to our result, this means that whole breast radiotherapy could result in
a 2.9% excess mortality due to secondary lung cancer.

One limitation of the present study is the use of a single phantom with average size
breasts. Different patient geometries, for example larger breast volumes, may increase or
decrease the mean lung dose for respectively brachytherapy or WBI [32]. However, those
variations are relatively limited compared to the differences in techniques we tested. Also,
the goal of this study was precisely to compare those techniques one with each other,
which means we had to keep the patient’s characteristics strictly identical between
techniques, which is ideally performed using a phantom studly.

Another limitation of the present study is the use of the BEIR-VII model for higher doses
than intended in the report, where low doses were defined up to 0.1 Gy. Also, this model
assumes a proportionality relationship that is not seen at doses above 3 or 4 Gy where a
saturation effect has been demonstrated with a plateau between 10 and 20 Gy [33].
On the other hand, our predictions for lung cancer compare well with other studies.
We calculated a lung cancer RR of 1.68 for patients receiving whole breast radiotherapy at
age 60 years. This number is in good agreement with a meta-analysis of patients treated
with whole breast radiotherapy between 1935 and 2007 at a median age of 56 years
where the standardized incidence ratio for lung cancer after 15 years was 1.91 [5]. The
mean lung doses were not reported in this meta-analysis, but they were likely higher
compared to our phantom study as modern radiation machines have a reduced scatter
dose compared to older ones. For example, we used a virtual wedge technique while
patients treated between 1935 and 2007 in the Grantzau cohort had probably much more
often treatment with physical wedges which generate a much higher scatter dose [32].
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Figure 2 Time occurrence of secondary lung cancers for a person exposed at age 50.

Similarly, in the 2017 EBCTCG meta-analysis, which included 40,781 patients treated
between 1972 and 1997 in randomized trials comparing the use of adjuvant radiotherapy
or not, the RR of lung cancer at 10 years or more after irradiation was 2.1 [34]. This
meta-analysis emphasized the large increased risk, about 10 times higher, for smokers
versus non-smokers to develop secondary lung cancer applying the increased incidence
probability to a population of non-smokers from the American Cancer Society Cancer
Prevention Study Il [35] and a population of smokers from the Million Women Study in the
United Kingdom [36].

The calculated lifetime risk of secondary lung cancer mortality is high and is in the
same order of magnitude as the survival benefit of radiotherapy. In the 2011 EBCTCG
meta-analysis node negative patients had a 3.3% reduction of breast cancer related
mortality at 15 years [37]. On the other hand Darby et al. calculated that a 50-year old
woman would have a risk of death from ischemic heart disease of 0.5% before the age of
80 for a patient without pre-existing cardiac risk factors, and of 0.7% in case of one or more
additional risk factors [4]. Such excess in cardiac mortality has encouraged the widespread
implementation of preventive techniques, including deep inspiration breath-hold. Our
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calculations showed an absolute increase in lung cancer mortality before age 80 of 2.4%
for a 50-year old woman treated with WBI, which is about 4 times as high as the reported
cardiac mortality. The excess of lung cancer mortality has not yet encouraged clinicians to
actively adopt measures reducing the mean lung dose. It is noteworthy that cardiac
events occur much earlier than secondary cancers. In the Darby study 44% of cardiac
events occurred in the first 10 years after treatment [4]. The risk of secondary lung cancer
is increased after a latency period of at least 5 years, and continued to increase up to
15 years [5]. In our calculations, 93% of all secondary lung cancers occurred after 10 years
(Fig. 2). This latency may explain why earlier meta-analysis including trials with limited
follow-up primarily stressed the cardiac morbidity and did not fully capture the risk of lung
cancer mortality.

With this in mind, and in the context of the improved outcomes of early stage breast
cancer, it is important to select radiotherapy techniques generating the lowest scatter
dose possible. In this study the lowest mean lung dose was obtained using brachytherapy
or 3D-conformal radiotherapy, both leading to doses between 1and 1.5 Gy. Following the
ALARA (As Low As Reasonably Achievable) principle [37], it is reasonable to recommend
keeping the mean lung dose below this achievable level. For patients with more aggressive
disease requiring loco-regional radiotherapy and who have a poorer prognosis, a higher
value for the constraint on the mean lung dose may be acceptable, especially when
regional nodes must be treated.

In conclusion, the present study finds an excess of lung cancer mortality due to irradiation
that appears larger than the excess of cardiac mortality for early stage breast cancer
patients having a very long survival. This risk can be greatly reduced using partial breast
irradiation techniques minimizing the mean dose to the lung in addition to smoking
prevention.
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Chapter 3

Abstract

Purpose Adjuvant accelerated partial breast irradiation (APBI) results in low local
recurrence risks. However, the survival benefit of adjuvant radiotherapy APBI for low-risk
breast cancer might partially be offset by the risk of radiation-induced lung cancer.
Reducing the lung dose mitigates this risk, but this could result in higher doses to the
ipsilateral breast. Different external beam APBI techniques are equally conformal and
homogenous, but the intermediate to low dose distribution differs. Thus, the risk of
toxicity is different. The purpose of this study is to quantify the trade-off between
secondary lung cancer risk and breast dose in treatment planning and to compare an
optimal coplanar and non-coplanar technique.

Methods A total of 440 APBI treatment plans were generated using automated treatment
planning for a coplanar VMAT beam-setup and a non-coplanar robotic stereotactic
radiotherapy beam-setup. This enabled an unbiased comparison of two times 11
Pareto-optimal plans for 20 patients, gradually shifting priority from maximum lung
sparing to maximum ipsilateral breast sparing. The excess absolute risks of developing
lung cancer and breast fibrosis were calculated using the Schneider model for lung cancer
and the Avanzo model for breast fibrosis.

Results Prioritizing lung sparing reduced the mean lung dose from 2.2 Gy to as low as 0.3
Gy for the non-coplanar technique and from 1.9 Gy to 0.4 Gy for the coplanar technique,
corresponding to a seven-fold and four-fold median reduction of secondary lung cancer
risk respectively compared to prioritizing breast sparing. The increase in breast dose
resulted in a negligible 0.4% increase in fibrosis risk. The use of non-coplanar beams
resulted in lower secondary cancer and fibrosis risks (p<0.001). Lung sparing also reduced
the mean heart dose for both techniques.

Conclusions The risk of secondary lung cancer of external beam APBI can be dramatically
reduced by prioritizing lung sparing during treatment planning. The associated increase
in breast dose did not lead to a relevant increase in fibrosis risk. The use of non-coplanar
beams systematically resulted in the lowest risks of secondary lung cancer and fibrosis.
Prioritizing lung sparing during treatment planning could increase the overall survival of
early-stage breast cancer patients by reducing mortality due to secondary lung cancer
and cardiovascular toxicity.
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Introduction

The prognosis of early-stage breast cancer patients is excellent, with a cancer-specific
survival of almost 99% at 5 years [1]. However, the mortality from radiation induced
secondary cancers, especially lung cancers, may offset the survival benefit for certain
subgroups [2, 3]. There are several models that quantitatively relate dose to the lungs to
the risk of secondary lung cancer [4, 5]. Thus, reducing the amount of radiation to the
lungs during treatment planning could reduce the long-term overall mortality of early
stage breast cancer patients.

One option is the use of accelerated partial breast irradiation (APBI) instead of whole
breast irradiation (WBI) for early stage breast cancer patients that are eligible according to
international guidelines [6-11]. Long-term results of randomized trials indicate that local
control and survival are non-inferior to whole breast radiotherapy [12-17]. Dose comparison
studies have shown that the dose to the lungs is significantly lower with APBI compared
to WBI but varies greatly depending on the APBI technique used [3, 18-23]. The conformality
and homogeneity of the different contemporary APBI techniques were similar [21-23].
This means that the differences between the external beam APBI techniques are not in
the high dose region but in the intermediate and low dose regions where radiation
induced malignancies occur. The protocols used in these studies accepted a high lung
dose constraint without recommendation to minimize the lung dose well below this
constraint. It is unknown to what extent the lung dose can be reduced if highly prioritized
during treatment planning and how this impacts the dose to other organs. In the case of
APBI, reducing the dose to the lungs mainly results in a higher dose to the ipsilateral non-
target breast tissue. For example, this might result in more breast toxicity including fibrosis.

The aim of this study was twofold: First, we explored the trade-off between reduction of
the mean lung dose as a surrogate of secondary cancer risk and the ipsilateral breast dose
distribution as a surrogate of the breast fibrosis risk. Second, we compared coplanar and
non-coplanar external beam APBI treatment techniques, using two state-of-the-art
techniques, VMAT APBI and stereotactic CyberKnife APBI (CK APBI).

Materials and Methods

Patients and CT-scans

Anonymized CT data of twenty female early-stage breast cancer patients treated at
Erasmus MC were included. We randomly selected patients that were previously treated
with WBI after breast conserving surgery at our institution. Ethical approval for this
retrospective study was not required according to Dutch legislation and the Central
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Committee on Research Involving Human Subjects. All patients were eligible for APBI
according to the 2017 ASTRO selection guidelines [9] and institutional guidelines, meaning
they were at least 50 years of age and had a Tis or T1 tumor of less than 2.5 cm. At Erasmus
MC APBI is not used if the ratio of the PTV to the ipsilateral breast volume is more than
30%. A dose of 28.5 Gy in five daily fractions is prescribed.

All patients had a free breathing planning CT-scan in supine position with both arms
raised. The tumor bed was delineated as the volume encompassing the seroma, the
postoperative changes and the surgical clips. It was expanded with a uniform margin of
10 mm to create the CTV, excluding the thoracic wall and the skin. The skin was defined as
the first 5 mm within the patient contour. Accounting for daily image guidance, a CTV to
PTV expansion of 5 mm was used.

The delineated organs at risk (OARs) included the ipsilateral and contralateral lungs and
breasts, the non-target breast tissue, defined as the ipsilateral breast minus PTV, and heart.

Treatment planning

We created coplanar VMAT and non-coplanar CyberKnife stereotactic APBI plans using
Erasmus-iCycle [24]. For both techniques, the 28.5 Gy isodose line had to encompass at
least 95% of the PTV volume. The maximum allowed dose over all voxels was 33 Gy.
Planning constraints are summarized in Table 1.

Table 1 Planning constraints

Structure Clinical constraints

PTV coverage 28.5 Gy in at least 95%
Ipsilateral breast Vo6 < 20%, Vi5 gy < 40%
Contralateral breast Maximum dose to 2 cc of 1 Gy
Ipsilateral lung Vo gy < 15%

Contralateral lung Visgy < 15%

Heart Right-sided lesions: V; 5 ¢, < 5%

Left-sided lesions: V; 5 , < 40%

Erasmus-iCycle is an optimizer for multi-criterial beam-profile optimization and optional
beam-angle selection applicable to coplanar and non-coplanar IMRT, VMAT and stereotactic RT.
It uses a wish-list, including planning constraints and prioritized objectives. Details and
validation of the algorithm have been described elsewhere [24, 25]. Plans created by
Erasmus-iCycle are Pareto-optimal, which means that it is not possible to improve one
objective without deteriorating another one. The primary endpoint of this study was the
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dose distribution in the intermediate and low dose regions. As these regions are outside
the actual target and include different densities such as lung, there may be a loss of
electronic equilibrium. A Monte-Carlo based dose engine accurately accounts for these
situations. We used the dose engine called GRUMCD [26].

The APBI wish-list for this study included constraints on the maximum dose to the PTV,
heart and contralateral breast as well as constraints on conformality. The first objective
was to ensure a PTV coverage of at least 95% of the volume with a minimum of 28.5 Gy.
The second objective was to minimize the dose to the lungs and the ipsilateral breast.
The clinical constraints are detailed in Table 1 and were derived from constraints used
in clinical trials on external beam APBI, and more specifically stereotactic APBI using a five
fraction regimen [27-29]. Left- and right-sided cases were optimized using separate
wish-lists with different heart constraints.

Starting from a single personalized plan that equally weighted lung and ipsilateral breast
tissue dose, we varied the priorities in ten incremental steps. This resulted in 11 plans per
patient and per technique, ranging from maximally sparing the lung to maximally sparing
the ipsilateral breast tissue. During this phase, the dose and coverage of the PTV and the
doses to the other OARs were kept constrained to their already obtained values. The
prioritization weights varied from a maximum reduction of dose to the breast tissue to a
maximum reduction of the lung dose, in nine incremental steps in between. This resulted
for each patient in 11 Pareto-optimal plans per technique, covering the full range of lung
and breast dose sparing possible.

Coplanar VMAT was planned using 27 coplanar beams with 10° separation to create an arc
of 260 degrees. For left-sided cases, the arc ranged from 280° to 180° and for right-sided
cases from 80° to 180° The non-coplanar CyberKnife technique used a multi-leaf collimator
and a set of 41 nodes typically used clinically. For both techniques the energy was 6 MV.
The planning optimization for the two techniques used the same wish-list, to ensure that
trade-offs between PTV coverage, conformality and organ at risk sparing were identical
between the coplanar and non-coplanar plans.

Analysis

For all plans, we collected an identical set of dose parameters including PTV coverage and
mean doses to the lungs, the entire ipsilateral breast, the non-target ipsilateral breast
tissue, and the heart.

We calculated the risk of ipsilateral breast fibrosis using the model of Avanzo et al. with complete
repair, since the fractionation was once daily [30]. The parameters used were BEUD50 =
107.2 Gy, volume parameter n = 0.06, slope of dose response m = 0.22 and a/f3 ratio = 3 Gy.
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We calculated the risk of secondary lung cancer for all scenarios using the model of
Schneider et al. [5]. This model calculates the excess absolute risk (EAR) of secondary
cancer for an organ at a specified age a and with a radiation exposure at age x. It takes into
account the effects of dose fractionation, repair and repopulation and is based on the full
dose distribution within an organ. The parameters used were 3 = 8.0, ye = 0.002, ya = 4.23,
agea = 70 years, agex = 50 years, R = 0.83, a = 0.042 Gy-1,and o/ = 3 Gy.

We compared coplanar and non-coplanar plans with the Wilcoxon signed rank test.
We compared the left-sided and right-sided cases with the non-parametric unrelated samples
Mann-Whitney U test. A p-value of 0.05 or less was considered significant. All statistical
analyses were done in SPSS Statistics version 25.

Results

Of the twenty early stage breast cancer patients included in this study, 11 cases were
right-sided and 9 were left-sided and the median volume of the delineated tumor bed
was 11.0 cc (range 1.6 to 51.7 cc). The median volume of the PTV was 92.2 cc (range 58.6 —
246.9 cc). The median ratio PTV/ipsilateral breast volume was 15.1% (range 7.2 — 22.3%).

Figure 1 shows an example of the dose distributions of coplanar and non-coplanar
plans with different priorities. When giving more priority to lung sparing, the low dose
isodose lines shift from a more opposing configuration to a more tangent one. The average
DVHs over 20 patients is shown in Figure 2 for the coplanar and non-coplanar plans for
maximum lung sparing and maximum breast sparing.

For 2 out of 20 patients, the coplanar treatment plans did not fulfil the clinical heart
constraint. In one left-sided case, the heart was very close to the PTV. The V, 56, was 59%
with a mean heart dose of 4.6 Gy. The other case was a very medial right-sided tumor.
The V, 5, for this case was 22% and the mean heart dose 1.6 Gy. The PTV coverage and
the other OAR constraints were not violated. Conversely, all non-coplanar plans fulfilled
all the constraints.

The dose parameters, secondary lung cancer risks and fibrosis risks are summarized in
Table 2. The median reduction in EAR for secondary lung cancer between the plans with
maximum lung sparing and the plans with maximum breast sparing was five-fold, ranging
from 1.1 to 14.8 folds. Comparing VMAT with CK ABPI, the median absolute difference was
11.6 cases per 10,000 patient years for the non-coplanar CK technique and 8.1 cases per
10,000 patient years for the coplanar VMAT technique. The reduction in mean lung dose
when prioritizing lung sparing among all patients ranged from 0.21 Gy to 2.06 Gy for
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Coplanar VMAT Non-coplanar CK

Maximum breast sparing Maximum breast sparing

Figure 1 Dose distributions for an example case. The dose distributions on the left show coplanar
VMAT plans, on the right non-coplanar CyberKnife (CK) plans. The upper dose distributions are plans
with maximum priority to sparing of the breast tissue, and the lower dose distributions are plans
with maximum sparing of the lungs. The middle dose distributions are plans with equal priorities to
the sparing of lung and breast tissue.

the coplanar technique and from 0.69 Gy to 3.37 Gy for the non-coplanar technique.
The median reduction of the dose to the ipsilateral breast in the breast sparing plans
compared with the lung sparing plans was 3.5 Gy for the coplanar technique (range 0.41
- 473 Gy) and 5.1 Gy for the non-coplanar technique (range 2.21 — 6.55 Gy). This dose
difference resulted in only a very small increase in fibrosis risk of 0.4% and 0.5% respectively.
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Average DVH of coplanar treatment plans
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Figure 2 Average DVHs for the different treatment plans. Coplanar VMAT plans are shown in [A],
non-coplanar CyberKnife (CK) plans are shown in [B]. The solid lines show the results for the plan
that fully prioritizes lung sparing. The dashed lines show the result of the treatment plan that fully
prioritizes breast sparing.
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Figure 3 Pareto fronts of the mean doses to the ipsilateral breast and lungs. Non-coplanar Cyber-
Knife (CK) plans are shown in blue circles, coplanar VMAT plans are shown in red squares. The thick
line shows the mean per technique.

Table 3 Comparison of coplanar and non-coplanar techniques

Coplanar  Non- Wilcoxon signed

coplanar rank test
PTV coverage (%) 95.9 95.6 p <0.001
Lungs mean dose (Gy) 13 09 p < 0.001
Ipsilateral breast mean dose (Gy) 9.0 83 p < 0.001
Non-target breast tissue mean dose (Gy) 56 4.7 p < 0.001
Heart mean dose (Gy) 0.65 0.63 p <0.001
EAR secondary lung cancer 83 6.3 p < 0.001
Breast fibrosis risk (%) 8.0 7.7 p < 0.001

Median values over all plans for all cases per technique. EAR Excess Absolute Risk per 10,000 patient years

Figure 3 shows the Pareto-fronts of all patients of the trade-off between mean lung dose
and mean ipsilateral breast dose. The non-coplanar plans systematically resulted in lower
doses to both lungs and ipsilateral breast tissue (Table 3, Wilcoxon signed rank test p < 0.001).
The Pareto-fronts did not cross for any patient, meaning that for a given dose to one
organ, the dose to the other organ was higher in the coplanar treatment plan in all cases.
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In Table 4, the dose parameters are reported for the left-sided and right-sided case
separately. Using the unrelated samples Mann-Whitney U test, there were no significant
differences between the two groups except for the mean heart dose. The mean heart
dose was higher for the left-sided cases for both techniques and for both the lung sparing
plan and the breast sparing plan.

Figure 4 details the comparison of the breast sparing plan on the x-axis and the lung
sparing plan on the y-axis per individual patient. A point below the unity line means that
the lung sparing plan had a lower value than the breast sparing plan. The coplanar plans
are shown as circles and the non-coplanar plans as squares. Figure 4(a) shows that the
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Figure 4 Scatterplots of the maximum breast sparing plans versus the maximum lung sparing plans.
Figure A shows the secondary lung cancer risk, figure B the breast fibrosis risk and figure C the mean
heart dose. Non-coplanar CyberKnife (CK) plans are shown in blue circles, coplanar VMAT plans are
shown in red squares. Data points below the unity line indicate an advantage for the dose plan on
the vertical axis.
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absolute secondary lung cancer risks were lower for the non-coplanar technique than for
the coplanar technique. The fact that the squares are at a larger distance from the unity
line suggests that the differences between the lung sparing and breast sparing plans were
larger for the non-coplanar technique. The breast fibrosis risks (Figure 4(b)) are close to the
unity line for both techniques.

The dose to the heart was also reduced in the lung sparing plans without any specific
constraint to do so. The difference in mean heart dose for the left-sided cases was 1.7 Gy
and 1.2 Gy for the non-coplanar and coplanar techniques respectively. For the right-
sided cases, the difference in mean heart dose was 0.5 Gy and 0.2 Gy respectively.
The comparison is shown in Figure 4(c).

Discussion

This study shows that it is possible to dramatically reduce the mean lung dose and hence
the risk of secondary lung cancer for APBI by giving a higher priority to lung sparing. The
median risk reduction was five-fold, with a range of 1.1 to 14.8 folds. This translates into a
median absolute risk reduction of 11.6 cases per 10,000 patient years for the non-coplanar
technique and 8.1 for the coplanar technique, which is highly clinically relevant, as these
patients are expected to survive several decades. The mortality of lung cancer is about
80% [31]. Multiplying the absolute risk reduction by 0.8 shows that minimizing the lung
dose could theoretically reduce the overall mortality of early-stage breast cancer patients
with 9.3 persons per 10,000 patient years for the non-coplanar technique and with 6.5
persons per 10,000 patient years for the coplanar technique.

Shifting the dose away from the lungs resulted in a higher dose to the ipsilateral non-target
breast tissue. However, the increase in mean breast dose of 3.5 and 5.1 Gy translated into a
small increase in the risk of breast fibrosis of 0.5 and 0.4%-point for the coplanar and
non-coplanar technique, which is not clinically relevant. The limited increase in the
calculated fibrosis risk could be explained by the NTCP model used, and notably the n
parameter of 0.06 used in the model of Avanzo et al. [30]. This value means that the risk of
fibrosis is defined primarily by the high dose volume. The planning constraints that affect
the high dose volume are the PTV constraints. These constraints were kept constant for
the plans with different priorities in our study. This resulted in plans with very small
differences in the dose to the PTV and consequently in the risk of fibrosis. The differences
between the plans with the different priorities were in the intermediate and low dose
regions, and these regions have a very limited effect in the fibrosis model.
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The Avanzo model for breast fibrosis is the only published model addressing APBI. One
weakness of this model is the limited data on which it is based as well as the lack of
external validation. However, other models of fibrosis for WBI also found that this risk
mainly depends on the high dose region [32, 33]. Using the WBI fibrosis model of Mukesh
et al. resulted in absolute fibrosis risks of about 17%, but the differences between the
breast sparing plans and the lung sparing plans remained very small [32].

An important finding of this study is that the use of non-coplanar beams always resulted
in a more favorable dose distribution, as shown in Figure 2. In this study we used CyberKnife
stereotactic radiotherapy, which provides more degrees of freedom in treatment planning
than coplanar VMAT. The Pareto fronts of the two techniques did not cross for any patient,
and the non-coplanar technique always had the lowest doses and lowest risks of
secondary lung cancer and breast fibrosis. The non-coplanar technique also had a wider
front, showing a larger dynamic range for sparing of specific organs. The difference
between the techniques was statistically significant, as is shown in Table 3. The PTV
coverage was slightly closer to 95% for the non-coplanar technique. The aim of our
automated planning technigue was to get a coverage of 95%, but not higher. This means
that a coverage closer to 95% is in fact a better result than a higher coverage. The
non-coplanar technique has more freedom to get a coverage that is close to the requested
value and to reduce doses to other organs.

Incidentally, we found that optimizing lung sparing also resulted in lower doses to the
heart. The mean heart dose in the lung sparing plans for the left-sided cases was on
average 1.7 and 1.2 Gy lower than in the breast sparing plan for the non-coplanar
and coplanar techniques respectively. This is clinically significant following the model
published by Darby et al. who reported a linear dose-response relationship between
mean heart dose and cardiovascular events without a threshold. This means that
optimizing lung sparing would also result in a lower risk of cardiovascular events [34-36].

There are some limitations in the present study. We did not compare all possible external
beam APBI techniques. For example, 3D-conformal APBI is often used, but we have chosen
to use only the coplanar and non-coplanar techniques with the highest conformality.
3D-conformal APBI would have resulted in an artificially increased dose to the ipsilateral
non-target breast tissue. Intuitively there are concerns that the lung dose might be higher
with VMAT compared to 3D-conformal RT. However, Essers et al. showed that the lung
dose would be lower with VMAT when using partial arcs [37]. In our study, the optimizer
was free to select from all available beam angles, and it chose only partial arcs for the lung
sparing plans and not for the breast sparing plans. This is in agreement with the conclusion
of Essers et al.
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We have chosen to use Erasmus-iCycle because it can generate true bias-free comparisons
using exactly the same wish-list for all plans without any human interference. Treatment
plans created in Erasmus-iCycle are based on fluence map optimization. They need to be
converted into segmented dose plans before the plan is deliverable to a real patient. With
the right algorithm, the difference between fluence map optimized plans and segmented
plansis small [38]. The VMAT and CK would need to be converted using different treatment
planning software with different dose calculation algorithms. This could influence the
results. The dose parameters for our plans with equal priorities are comparable to the dose
levels reported in literature [23].

We used the full model of Schneider et al. for the calculation of the secondary lung cancer
risk [5]. This model takes into account cell killing and fractionation effects and uses the full
dose distribution in the organ. It is specifically created for radiotherapy patients, but it is
based on limited epidemiological data. The BEIR VIl model is based on more extensive
epidemiological data, but this model is made for radiation protection purposes and
intended for use in low dose exposures only [4]. Using this model would result in the same
conclusion, that prioritizing lung sparing reduces the secondary cancer risk. For this
model, the reduction for non-coplanar CK is 8.9-fold and for coplanar VMAT 3.9-fold,
compared to 6.5-fold and 3.5-fold respectively for the Schneider model.

In conclusion, the risk of secondary lung cancer of external beam APBI can be greatly
reduced by prioritizing lung sparing during treatment planning. The associated increase
in breast dose did not lead to a relevant increase in fibrosis risk. Lung sparing also resulted
in a lower mean heart dose. Thus, prioritizing lung sparing could increase the overall
survival of early-stage breast cancer patients by reducing mortality due to secondary lung
cancer and cardiovascular toxicity. The use of non-coplanar beams resulted in both a
lower secondary lung cancer risk and a lower fibrosis risk which suggests that it should be
favored for breast APBI.
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Chapter 4

Abstract

Introduction — As the prognosis of early-stage breast cancer patients is excellent,
prevention of radiation-induced toxicity has become crucial. Reduction of margins
compensating for intrafraction motion reduces non-target dose. We assessed motion of
the tumor bed throughout APBI treatment fractions and calculated CTV-PTV margins for
breathing and drift.

Methods — This prospective clinical trial included patients treated with APBI on a Cyberknife
with fiducial tracking. Paired orthogonal kV images made throughout the entire fraction
were used to extract the tumor bed position. The images used for breathing modelling
were used to calculate breathing amplitudes. The margins needed to compensate for
breathing and drift were calculated according to Engelsman and Van Herk respectively.
Results — Twenty-two patients, 110 fractions and 5087 image pairs were analyzed.
The margins needed for breathing were 0.3 - 0.6 mm. The margin for drift increased with
time after the first imaging for positioning. For a total fraction duration up to 8 min,
a margin of 1.0 mm is sufficient. For a fraction of 32 min, 2.5 mm is needed. Techniques
that account for breathing motion can reduce the margin by 0.1 mm. There was a
systematic trend in the drift in the caudal, medial and posterior direction. To compensate
for this, 0.7 mm could be added to the margins.

Conclusions — The margin needed to compensate for intrafraction motion increased
with longer fraction duration due to drifting of the target. It doubled for a fraction of
24 min compared to 8 min. Breathing motion has a limited effect.
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Introduction

Accelerated partial breast irradiation (APBI) is an alternative to whole breast irradiation
after lumpectomy for low risk breast cancer patients selected according to several
international guidelines [1-6]. There is a tendency to reduce the number of treatment
fractions for APBI from ten to five, or even down to single fraction treatments [7-14]. Hy-
pofractionation has the advantage of convenience both for the patient and the
radiotherapy facility, but could create challenges for the treatment delivery. Due to the
reduced number of fractions, there is a possibly larger impact of a geographical miss of
the target, with hence a potential increase in the risk of local recurrence. Most current hy-
pofractionated external beam APBI (EB-APBI) protocols use daily online positioning
verification and correction based on cone beam CT or kV imaging, or more recently MR
imaging [13, 15-17]. The motion that occurs after this setup and during the treatment
delivery is often not considered. It is currently unclear what the magnitude of intrafraction
motion is, and thus which safety margins should be used to compensate for intrafraction
motion during EB-APBI. This safety margin is used to expand the clinical target volume
(CTV) and create the planning target volume (PTV) according to the ICRU report 50 [18]. In
short, it is called the PTV margin.

When treating small volumes like in APBI, every additional millimeter expansion of the PTV
leads to a large increase in the volume irradiated, and to a higher dose in the surrounding
healthy tissues. This increases the risk of toxicity and radiation-induced mortality, partially
offsetting its survival benefit [19-21]. This is especially relevant for early-stage breast cancer
patients, because of their excellent long-term breast-cancer specific survival. Using a PTV
margin that is as small as possible is important to reduce radiation induced mortality. On
the other hand, if the PTV margin used is too small, the consequence could be a higher risk
of local recurrence and eventually a higher breast-cancer mortality.

The intrafraction motion of the breast can be complex, as it is a non-rigid organ and it is
affected by breathing motion as well as slight changes in arm position and patient’s
muscular relaxation. There are some studies comparing pretreatment and post treatment
imaging, but these analyses do not give information on the motion during treatment
delivery [22-24]. Other studies only investigated breathing motion [24-26]. There are also
studies that use a superficial surrogate for the motion of the tumor bed, using surface
scanning techniques or LEDs on the skin of the patient [27, 28]. These studies provide
information on the motion during treatment delivery, but only of these surrogates and
not of the actual target, which is the tumor bed. Acharya et al. reported on MR imaging of
the tumor bed during APBI delivery [29]. The cine MR imaging is 2D, which means that
there is no information about the left-right motion. The calculated margins are based on
the total treatment times for their patient group, and they do not provide a method to
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adapt the margins for a possible difference in treatment time. Treatment time influences
intrafraction motion and varies substantially between techniques (e.g. flattening filter free
VMAT versus pencil beam scanning protons).

In this prospective clinical study, we assessed the intrafraction motion of the tumor bed
during EB-APBI, based on fiducials inside or very close to the tumor bed and using kV
imaging throughout the entire fraction. To this end, we analyzed clinical data of a cohort
of patients treated with Cyberknife APBI. We calculated treatment time-dependent PTV
marginsin 3 dimensions based on the Van Herk margin recipe and distinguished breathing
motion from drift [30].

Materials and Methods

Twenty-two patients treated with APBI at Erasmus MC, Rotterdam the Netherlands, were
included in this study, as part of a prospective clinical trial registered in the Netherlands
Trial Register under NL6802. All patients provided written informed consent and were
treated with 5 daily fractions of 5.7 Gy on a Cyberknife. Eligible patients were at least
50 years of age, had a pTis, pT1 or pT2 tumor of less than 3 cm, were pNO for invasive
disease and were treated with lumpectomy with negative margins (negative at ink for
invasive disease, at least 2 mm for DCIS). Patients had at least three surgical clips placed in
the tumor bed made of tantalum (any size) or titanium (at least 1 cm). Exclusion criteria
were lobular carcinoma, presence of lympho-vascular infiltration, extensive intraductal
component, multifocal or multicentric disease, neoadjuvant chemotherapy, distant
metastasis or prior thoracic radiotherapy. In addition, all patients had three gold fiducial
markers of 3 mm length placed inside the breast tissue at approximately 2 cm from the
tumor bed under ultrasound guidance.

Patients were positioned supine in a vacuum mattress with the ipsilateral arm raised
above the head. A planning CT scan was made with 1-1.5 mm slice thickness. The tumor
bed was delineated using the seroma, postoperative changes, surgical clips and
preoperative information. The CTV was created applying a uniform expansion of 10 to 15
mm to the tumor bed, excluding the thoracic wall and skin. An expansion of 5 mm was
used to create the PTV. Treatment plans were made following our local clinical protocol,
including digitally reconstructed radiographs (DRRs) for patient positioning. Patients were
treated using the Synchrony® real-time motion synchronization technology (Accuray Inc.,,
Sunnyvale USA). The details of this imaging protocol have been published previously [31].
In brief, two orthogonal kV images are acquired to reconstruct the 3D position of fiducials.
The position of the target is calculated based on the position of the fiducials. In this study,
either the surgical clips or the interstitial gold markers were used. The Synchrony system
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tracks breathing motion using three optical markers placed on the abdomen of the
patient. These markers are the termination of optical fibers that transmit the signal of
LEDs. A stereo camera system measures the 3D position of the markers continuously.
The Synchrony system creates a correlation model between the motion of the optical
markers and the motion of the fiducials based on kV images that sample the entire
breathing cycle. Throughout the entire treatment fraction, the model is updated with sets
of 3 pairs of kV images at regular intervals. The imaging interval can be adapted by the
RTTs during treatment delivery based on observed patient’s motion and their clinical
expertise. The most common interval used was 150 seconds, with the three kV images
made one second apart.

We extracted the 3D position of the target center of mass at each kV image pair for all
patients and all fractions. The magnitude of breathing motion was calculated from the
minimum and maximum center of mass position of the images that were used for the
breathing correlation model, as the system ensures that it samples the entire breathing
cycle during the modelling phase. The method by Engelsman et al., which is based on the
Van Herk margin recipe, was used to calculate the margin needed to compensate for
breathing motion:

Margin =0.7 * o, with o = 0.4 * amplitude [30, 32].

To apply this method to a population instead of an individual patient, we first calculated
the random error ¢ of breathing per patient, which is 0.4 * amplitude, and then calculated
the root mean squared of all the errors for the population. This value was multiplied by 0.7
to calculate the margin.

The next step was to calculate the drift of the tumor bed during the entire treatment
fraction. The mean center of mass position of the breathing model was used as the
reference to calculate any displacement during the treatment fraction. The images were
binned into 2 minute intervals, starting at the first image pair used for the breathing
model. We calculated the mean and standard deviations of the center of mass
displacements of all image pairs per patient and per bin. We used this to calculate the
mean of means (M), systematic error (%) and random error (o). Using the Van Herk formula,
we calculated the margins needed to compensate for systematic and random intrafraction
motion [30]. This resulted in a margin for each time bin separately. To obtain a margin that
was valid for a given fraction duration as a whole, we calculated the cumulative running
average for all bins up to and including the given time bin.

The ¥ and o are used in the margin calculation, whereas M is not. We analyzed M and its
standard error separately. This metric would show a trend in the drift in one direction. To
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calculate the standard error, we divided the standard deviation by the number of fractions
with data in each bin. We did not use the number of image pairs per bin, as the
measurements within one fraction are strongly correlated.

The Synchrony algorithm ensures that the entire breathing cycle is sampled throughout
the fraction. This means that breathing motion is included in our analysis of the drift.
We subtracted the breathing motion error from the combined error to estimate the
margin for drift only. This margin would apply to techniques that account for breathing
motion but not for drift, e.g. breath hold or gating techniques. We used the Van Herk
formula for the combination of different random errors, which means that the different
random errors were subtracted quadratically [30].

All margin calculations were done for a target surrounded by breast tissue and a
prescription isodose level of 95%.

Data extraction and calculations were done in Python version 3.5 (Python Software
Foundation, Beaverton, USA) with the use of the packages Numpy and Pandas.

Results

Twenty-two patients were included in this study. Table 1 shows the patient characteristics.
All patients were treated with APBI in 5 fractions to a total of 28.5 Gy. For one patient,
the data of one fraction was missing. For another patient, a fraction was delivered in 2
subfractions over 2 days. Thus, there were 110 fractions available for analysis.

The mean duration of a treatment fraction, starting from the first images, was 26 min and
the median was 25 min (range 11 — 47 min, 5t percentile 16 min, 95th percentile 36 min).
In 15 fractions, the breathing model had to be rebuild at least once, due to patient
movement or technical issues. The length of time that a breathing model was in use was
on average 22 min with a median of 23 min (range 3 - 35 min). In total, 5039 image pairs
were made, giving an average of 46 images pairs per fraction.

The average amplitude of the breathing motion of the tumor bed is shown in Table 2.
The breathing amplitudes of the individual patients for each fraction are available in
supplementary material table S1. The breathing motion was smallest in the lateromedial
direction and of similar magnitude in the craniocaudal and anteroposterior directions.
Margins between 0.3 and 0.6 mm are required to compensate for breathing motion.
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Table 1 Patient characteristics.

Range or percentage

Age (years) Mean 63 50-84
Body mass index Mean 27.7 22.3-40
Breast cup size

A 1 4

B 7 27

C 5 19

D 5 19

E or more 4 15
Tumor laterality

Left 9 41

Right 13 59
Affected quadrant

Upper outer 13 59

Lower outer 1 5 4

Upper inner 6 27

Lower inner 0 0

Multiple quadrants 2 9
Tracking method

Surgical clips 16 73

Interstitial markers 6 27

Table 2 Breathing amplitudes and required margins in craniocaudal, lateromedial
and anteroposterior directions.

Breathing amplitude (mm) Margin (mm)
Median Interquartile range
Craniocaudal 14 1.0-20 06
Lateromedial 0.6 04-10 03
Anteroposterior 1.5 1.0-22 0.6

Figure 1 shows the mean deviation M (fig. 1a), systematic error 3 (fig. 1b) and random error
o (fig. 10) of the motion of the center of mass per time bin. This analysis includes all
intrafraction motion, so both drift and breathing motion. Interestingly, the values increased
with the time elapsed since the start of the fraction, mainly for M and . After more than
30 min of treatment, there was limited data, which is also reflected by the increased error
bars. The margin needed to compensate for intrafraction motion, calculated per time bin,
also increased with fraction duration (fig. 2). The values of M, ¥, ¢ and the calculated
margins per time bin can also be found in the table in supplementary material table S2.
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Figure 1 Mean of means M (@), systematic error ¥ (b) and random error o (c) of the intrafraction
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Figure 1 Continued.

In clinical practice, the PTV margin is defined for the entire fraction instead of being
variable over time. The single PTV margin is shown in figure 3. It is the cumulative running
average of the margins per bin up to and including the given fraction duration. The margin
increases with time, from 1.0 mm if the fraction is delivered in 8 min, to 2.0 mm for a
fraction of 24 min and to more than 2.5 for a fraction of 32 min or more.

Figure 3 also shows that the margin is very similar for the craniocaudal and anteroposterior
direction, but smaller for the lateromedial direction. The margin in the lateromedial direction
is about half as large as the margin in the other directions.

The systematic and random errors are translated into the required PTV margin, but the
overall mean M is not used in this calculation. Taking a closer look at M, figure 1a shows
that there was a significant deviation from the zero position in all directions. On average,
patients drifted 0.7 mm in the caudal direction, 0.7 mm in the medial direction and
0.8 mm in the posterior direction during treatment. This drift could be included by
the addition of 0.7 mm in the caudal and medial direction and 0.8 min in the posterior
direction. That would result in asymmetric margins. For example, for a treatment of 20 min
the margin would be 1.8 mm cranially, 2.5 mm caudally, 1.5 mm laterally, 2.2 medially,
1.7 mm anteriorly and 2.5 mm posteriorly.
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The average margin from Figure 3 includes the compensation for breathing motion.
Some radiotherapy techniques already account for breathing motion, including breath-
hold irradiation and gating, but not for drift. In these situations, the breathing error can be
subtracted from the total random error using the Van Herk rules for combining different
random errors [30]. The results for the cumulative running average of the required margins
are shown in figure 4. The margin excluding breathing motion is on average only 0.1 mm
smaller than the margin including breathing motion, with a maximum of 0.16 mm for the
longest treatment times in the anteroposterior direction.
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Figure 4 Margin required per total fraction duration to compensate for intrafraction motion.
CC = craniocaudal, LM = lateromedial, AP = anteroposterior.

Discussion

This study showed that the margin accounting for intrafraction motion during EB-APBI is
highly dependent on treatment time. The shorter the time interval between imaging and
the end of irradiation, the smaller the margin required. For a fraction of up to 8 min, a PTV
margin of 1.0 mm is sufficient, whereas a fraction of 32 min or more requires a margin of
2.5 mm. This is an additional reason to keep the fraction duration as short as possible, next
to patient comfort and logistical reasons.
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The duration of a fraction is mainly based on two aspects, the set-up time and the
treatment delivery time. The set-up time includes the time for imaging, the evaluation of
the images, and the application of the calculated corrections. It depends on the protocol
used, for example kV imaging or CBCT and offline or online matching. Using a less
sophisticated protocol can save time, but one needs to keep in mind that it could result in
a lower accuracy. The margin for interfraction motion might increase, mitigating the
benefit of a reduced time for positioning. The solution could be an automated set-up
calculation and correction, as this should be both accurate and fast.

The treatment delivery time depends on the planning technique and the treatment
machine. Regarding the choice for a technique, there is also a trade-off to keep in mind.
A more sophisticated dose plan might result in lower doses to non-target tissues. For APBI,
it has been shown that a non-coplanar beam setup resulted in lower doses to surrounding
organs than a coplanar beam setup [33]. On the other hand, a more sophisticated dose
plan often has a longer beam-on time and a longer gantry or couch movement time.
The treatment machine also has an important effect on the treatment delivery time.
Pencil-beam scanning proton therapy has a relatively long treatment time, but very low
doses to organs-at-risk. A conventional linac is faster with flattening filter free dose delivery
than without. To combine speed with conformity, the use of non-coplanar arcs or even
hyperarcs could be of great benefit. The Cyberknife has a long treatment time, due to the
large number of non-coplanar beams and the robot travelling time. As the Cyberknife can
track and trail the target during treatment delivery, the increased drift is continuously
corrected and the prolonged treatment time does not require a larger margin.

To the best of our knowledge, our study is the first to show the increase in drift over time
during treatment for breast cancer patients. Lovelock et al. investigated intrafraction
motion in prostate cancer patients and found an increase in margin of 2 mm per 5 min,
starting from the time of the imaging procedure [34]. Wang et al. report a time-dependent
increase in 3D-vector for intracranial treatments [35]. Hoogeman et al. published on both
intracranial treatments and spine treatments [36]. They concluded that the systematic
error of intrafraction motion depended on the time between localizations. For breast
cancer patients, no other time-resolved analysis has been published.

We found a systematic drift in the caudal, medial and posterior directions. This mean
deviation M is not addressed in the margin recipe as proposed by Van Herk. He assumed
that M would be zero. The best way to deal with such a systematic drift would be to
change the isocenter of the treatment to the new target location. Certain techniques like
the CyberKnife and the MRIridian are able to track and trail the target. For techniques that
cannot track the target, an additional marginis necessary. We calculated that this additional
margin should be 0.7 mm in the caudal and medial direction and 0.8 mm in the posterior
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direction. It is unclear why this drift occurs, but it is evident that the human body is not
rigid over time. During treatment delivery, patients might slide downwards in the vacuum
mattress, breathe differently, relax muscles or shift the ipsilateral arm which is raised above
the head. This could all influence the position of the tumor bed.

Our results do also apply to other treatments than APBI. The motion patterns will probably
be the same for whole breast irradiation with a tumor bed boost. The fields or arcs of a
simultaneous boost are often given after the whole breast fields, which means that the
time since start of treatment is longest. Also, protons treatments are increasingly used for
complex cases, often requiring whole breast irradiation, nodal irradiation and a boost on
the tumor bed. The total treatment time with pencil-beam scanning is long. The margins
for the PTV of the boost should take the intrafraction motion into account.

The margins reported in this study are small with differences in PTV margins in the order
of one millimeter. It is unsure whether a clinical benefit could be expected from such small
differences. For example, the IMPORT LOW trial, which uses a very crude way to deliver
partial breast irradiation, reports good cosmetic outcomes [37]. Thus, it is unclear whether
a small margin reduction for a highly conformal technique could lead to a measurable
benefit in a clinical trial. In the setting of a clinical trial, the number of patients and the
length of follow-up are limited, so the absolute numbers of patients with long-term
toxicity within a trial will be very small. After widespread adoption of APBI for this patient
group with a long life expectancy, the absolute numbers will increase, making minor
benefits also relevant. It is also important to see the small difference in margin in the light
of the small volumes treated in APBI. For example, for a 2 cm sphere, a millimeter margin
leads to a 33% volume increase in the PTV. Treating this much larger PTV will result in
higher doses to the healthy tissues surrounding the target and in higher risks of long term
toxicity. This may become clinically important with the more accelerated dose fractionations
used in recent trials, even down to a single fraction treatment [9-14]. Moreover, following
the ALARA principle (“as low as reasonably achievable”), one should aim to reduce the
not-target dose as much as possible.

Acharya et al. reported a study on cine MR imaging during APBI delivery [29]. They found
that a margin of 0.7 mm was required to cover 90% of the cavity volume for 90% of the
time. This value was an average over 30 patients. The mean treatment time in their cohort
was 12.7 min. We found a margin of 1.4 mm for a treatment time of 12 to 14 min. The
difference might be explained by a difference in margin definition. We used the formula
by Van Herk, which requires at least 90% of the patients to receive at least 95% of the
prescribed dose in the CTV [30]. Both the required volume and the proportion of the
population are higher in our analysis than the values used by Acharya et al., namely 95%
versus 90% and 90% versus 50% respectively. The average margin of 0.7 mm of Acharya et
al. would result in only half of the patients meeting a minimum coverage of 90%.
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Our analysis is based on the motion of fiducials that are in the tumor bed. There is a lot
of debate on the accuracy of the delineation of the tumor bed. This is especially true in
the case of full thickness closure. The use of MR for delineation did not improve the
interobserver agreement [38]. The study by Acharya et al. defined the tumor bed motion
on 2D cine MRI, while our study is an analysis of the motion of the fiducial markers in three
dimensions [29]. The 3D position of the fiducials can be calculated with high accuracy.
Assuming that they are good surrogates for the tumor bed within a single fraction,
this results in an accurate measurement of tumor bed motion. Our study does not focus
on tumor bed definition, only on its motion. A drawback of our method is that there
can be motion of the fiducials relative to the tumor bed. This has been shown for the
interval between simulation and the first fraction, and the magnitude of this motion is
related to the length of the interval [23, 39]. For the very short time scale of intrafraction
motion, the displacement of fiducials with respect to the tumor bed is expected to be
negligible. The analysis is done relative to the position at the start of treatment after the
initial alignment. Because the patient is not repositioned during treatment, there is no
influence of repositioning or interfraction motion in our analysis. To calculate a margin
that compensates for both intrafraction and interfraction motion, a linear combination
of these margins would result in an overestimation. The systematic and random errors
of each component should be combined quadratically in the van Herk formula. The
systematic and random errors for each time bin in this study are provided in the
supplementary materials.

In our study, patients were positioned in a vacuum mattress. Another option for patient
positioning is the use of a chest board. The magnitude of drift can differ between different
positioning devices. Hubie et al. found the accuracy of a vacuum mattress to be better
than that of a chest board, but the differences were not statistically significant [40]. Thus,
a definitive conclusion cannot be drawn at this point.

The median breathing amplitude in this study was small, 1.4 mm in craniocaudal direction,
0.6 mm in lateromedial direction and 1.5 mm in anteroposterior direction. This is similar to
the results of other studies [25, 26, 28]. These studies do not report a margin for breathing
motion. Applying the calculation as published by Engelsman, the margins in these studies
would be similar to our results [32].

Another interesting finding of our study was that the margin for techniques that already
account for breathing motion, e.g. breath hold and gating, is only 0.1 mm smaller than for
techniques that do not account for breathing. The random error of breathing motion was
subtracted quadratically from the total error according to the Van Herk formula, resulting
in a very small difference [30]. This indicates that efforts trying to reduce intrafraction
motion would better be aimed at reducing drift than at accounting for breathing motion.
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Still, the use of deep inspiration breath hold has other advantages than reducing breathing
motion, such as a lower dose to heart and lungs.

The required margin does not linearly depend on treatment time, as can be seen in Figure
2 and 3. After an initial steep increase, the dependence flattens. This might be explained
by the patients tending to relax and settle down on the treatment couch. The time spent
on the couch before the first imaging might influence the drift. This time is not included
inour analysis. In 15 out of 110 fractions, the breathing model was rebuilt during treatment
delivery. In some cases, the patient was repositioned and therefore we expect no difference
with motion after the initial setup. In other cases, the patient was not repositioned, which
could lead to a smaller drift after the model rebuild. Overall, this could lead to a slightly
smaller drift calculated for the entire patient population.

The use of kV images throughout the fraction warrants a consideration of the associated
imaging dose. The imaging dose of an orthogonal kV image pair is about 0.01 cGy [41].
With an average number of image pairs per fraction of 46, the total imaging dose is below
0.5 cGy. With a prescription dose of 5.7 Gy per fraction, the imaging dose contribution is
only 0.01%. Also, a decrease in margin will result in lower doses in surrounding tissues, and
the benefit is expected to be much larger than the additional imaging dose. The steepness
of the drift is highest in the first part of treatment and quite stable in the second part.
It would be most efficient to use a slightly shorter imaging interval in the first part of
treatment, but imaging throughout the fraction will remain necessary.

Conclusion

For APBI, the CTV to PTV margin is strongly influenced by the target drifting over time.
The margin required to compensate for intrafraction motion increases from 1.0 mm for a
fraction of 8 min, to more than 2.5 mm for a fraction of 32 min. We recommend to keep
the time between set-up and end of treatment as short as possible to avoid geographical
miss. If a short treatment time is not feasible, the margin should be increased or the
drifting should be corrected for. Therefore, it is important to consider treatment time
when developing and implementing more conformal irradiation techniques. Breathing
motion has a limited influence on the intrafraction motion.
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Chapter 5

Abstract

Introduction — With the introduction of accelerated partial breast irradiation (APBI) and
the trend of reducing the number of fractions, the geometric accuracy of treatment
delivery becomes critical. APBI patient setup is often based on fiducials, as the seroma is
frequently not visible on pretreatment imaging. We assessed the motion of fiducials
relative to the tumor bed between planning CT and treatment, and calculated margins to
compensate for this motion.

Methods - cohort of seventy patients treated with APBI on a Cyberknife was included.
Planning and in-room pretreatment CT scans were registered on the tumor bed. Residual
motion of the centers of mass of surgical clips and interstitial gold markers was calculated.
We calculated the margins required per desired percentage of patients with 100% CTV
coverage, and the systematic and random errors for fiducial motion.

Results - For a single fraction treatment, a margin of 1.8 mm would ensure 100% CTV
coverage in 90% of patients when using surgical clips for patient set-up. When using
interstitial markers, the margin should be 2.2 mm. The systematic and random errors were
0.46 mm for surgical clip motion and 0.60 mm for interstitial marker motion. No clinical
factors were found predictive for fiducial motion.

Conclusions - Fiducial motion relative to the tumor bed between planning CT and APBI
treatment is non-negligible and should be included in the PTV margin calculation to
prevent geographical miss. Systematic and random errors of fiducial motion were
combined with other geometric uncertainties to calculate comprehensive PTV margins
for different treatment techniques.
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Introduction

Adjuvant radiotherapy remains a cornerstone in the treatment of early-stage breast
cancer, reducing the local recurrence risk and increasing the overall survival [1]. Hypofrac-
tionated treatment schedules result in similar local recurrence risks for early-stage breast
cancer as conventional fractionation [2, 3]. The reduced number of hospital visits and the
shorter overall treatment time are more convenient for patients and radiotherapy
institutions. The trend towards even more ultra-hypofractionated regimens is still ongoing,
with trials currently investigating treatment schedules for accelerated partial breast
irradiation (APBI) with a single fraction [4-8]. The first examples of single-fraction APBI
(SF-APBI) techniques in clinical use were intraoperative radiotherapy and permanent seed
implants [9-12]. These techniques require specialized equipment and training. External
beam radiotherapy techniques have the advantage of being non-invasive and more
widely available. However, the major concern with external beam SF-APBI is the accurate
localization of the target during treatment. Missing the target could result in an increased
risk of local recurrence, because the random errors between fractions are not averaged,
but contribute to the systematic error in a single fraction treatment. Therefore, a high
geometric accuracy combined with the use of an adequate margin from clinical target
volume (CTV) to planning target volume (PTV) is essential.

Another challenge for the use of SF-APBI for early-stage breast cancer is the use of full
thickness closure after breast-conserving surgery. While suturing the glandular tissue after
tumor removal leads to a smaller seroma cavity and lower risk of complications, the smaller
seroma is often not visible on the images used for patient setup and target localization for
radiotherapy [13, 14]. Radiopaque fiducial markers inserted in or close to the tumor bed
are often used instead. However, little is known about the possibility of motion between
the fiducials and the tumor bed. To avoid a geographical miss and an increased risk of
local recurrence, the motion of the fiducials relative to the tumor bed should be quantified
and included in the PTV margin calculation.

The choice of a CTV to PTV margin for use in clinical practice is a trade-off between the risk
of a geographical miss and the doses to surrounding healthy tissues. The balance depends
on the prognosis of the treated patient group and the toxicity profile of the treatment.
With the current highly conformal APBI techniques, dose to surrounding tissues is reduced
and local recurrence risks are low [15-18]. Therefore, it would be interesting to see the
effect of varying the PTV margin on the probability of geographical miss.

The main goal of this study is to determine adequate CTV to PTV margins for external
beam APBI. The motion of surgical clips and interstitial gold markers relative to the tumor
bed was measured in a large cohort of patients using in-room diagnostic quality CT scans.
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Next, we calculated the PTV margin needed to compensate for this motion in a single
fraction treatment as a function of the risk of geographical miss. In addition, we generalized
our results to comprehensive PTV margins for different APBI techniques to be used in
clinical practice.

Materials and Methods

Patients and procedures

Patients treated with APBI on a CyberKnife at Erasmus MC between November 2018 and
March 2021 were included. Patients with at least 3 titanium surgical clips in the tumor bed
were eligible for this study. The insertion of surgical clips in the walls of the tumor bed
during lumpectomy is a standard procedure for all patients undergoing breast conserving
surgery. The aim of the use of surgical clips is to increase the accuracy and reproducibility
of the tumor bed delineation for radiotherapy. The standard surgical procedure was a
closed-cavity technique. Patients were treated with 5 fractions of 5.2 to 5.7 Gy in one
week. All patients had 2 to 3 gold markers inserted postoperatively into the breast around
the tumor bed under ultrasound guidance. We refer to these as interstitial markers. The
local Medical Ethics Committee of Erasmus MC, Rotterdam the Netherlands approved the
exempt of ethics review and informed consent for this analysis of anonymized patient
data (MEC2020-0415).

Patients were positioned on a vacuum mattress with the ipsilateral arm raised. According
to our clinical protocol, all patients had both a planning CT scan (Siemens Somatom
Confidence) and a diagnostic-quality in-room CT scan (Siemens Somatom Definition AS)
in treatment position before the first fraction. The in-room CT scan was acquired with a
CT-on-rails scanner integrated with a CyberKnife [19]. The robotic treatment couch is
shared between the CT scanner and the CyberKnife system, so that the patient can remain
in treatment position on the treatment coach between image acquisition and the
treatment. The obtained CT scan can be used to offset the treatment center to align with
soft tissue targets, to perform online adaptive treatments, or to verify the position of
implanted markers relative to e.g. the tumor bed, as done in this study. Identical acquisition
parameters were used for the planning and in-room CT scans. The slice thickness was 1 -
1.5 mm. All CT scans were acquired during voluntary exhalation to decrease variation due
to breathing motion. The tumor bed was delineated by the treating radiation oncologist
bearing in mind all preoperative and postoperative information and physical examination,
paying careful attention to the surgical clip positions and the postoperative changes on
the planning CT scan. The tumor bed was expanded with a 10 to 15 mm uniform margin
to create the CTV, depending on the resection margins.
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CT analysis

The planning CT scan and the in-room CT scan were registered based on the delineation
of the tumor bed using MIM software (version 6€.9.3). A 5 mm isotropic margin was added
to create the registration volume. All automated registrations were checked visually by a
single trained observer. There were sufficient anatomical landmarks visible within this area
to perform an accurate registration, including but not limited to seroma, postoperative
changes and glandular tissue. In case of a suboptimal registration, the two CT scans were
first registered on the PTV or CTV and then on the registration volume. This was repeated
until an adequate registration was obtained. As quality assurance, the registration
procedure was repeated with an isotropic expansion of 4 and 6 mm in a random sample
of 10 patients. For this random sample, the registration procedure was repeated by a
different observer using the default 5 mm expansion to quantify interobserver variation.
Finally, we selected the patients with the 10% highest fiducial motion errors in the default
analysis and repeated the registration procedure for these cases to test the intraobserver
variability in the worst case scenario.

The fiducials were manually delineated by the observer who also performed the
registrations, using a lower threshold of 400 HU. In the tumor bed aligned CT scans, we
determined the distance between the fiducials in the planning CT and the in-room CT
scan for each of the 3 main directions separately. Next, we calculated for each patient the
residual distance of the center of mass (CoM) of all surgical clips and of all interstitial
markers together. This distance is the error in patient setup for the tumor bed when it is
based either on the CoM of the surgical clips or interstitial markers.

CTV to PTV margin calculation for fiducial-based patient set-up

The percentage of patients without any loss of coverage, i.e. without any deviation from
the prescribed dose, was calculated as a function of the PTV margin, simulating a
patient-setup based on the CoM of the surgical clips or the interstitial markers. The margin
was defined as a uniform three-dimensional expansion of the CTV. Here, we calculated
the margins required for the setup errors in the CoM of the surgical clips and interstitial
markers relative to the tumor bed only. The common approach is to calculate the standard
deviation of the error distributions and to use for example the Van Herk margin recipe,
which provides a margin for adequate treatment in 90% of the patients [20]. Because the
underlying assumption of a Gaussian distribution was not fully satisfied in this study and
because we wanted to calculate the margin as a function of the percentage of patients
without coverage loss, we used sampling of the error distributions instead. Bootstrapping
with replacement was used to reduce bias in the calculation of the margins. For each
percentage of patients without coverage loss, the average margin over the bootstrap
samples was calculated.
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Comprehensive CTV to PTV margin calculation

Next, we generalized the margin calculation by also including other error sources
and calculating the single-fraction margin for two commonly used APBI techniques:
1) VMAT-APBI on a conventional radiation treatment unit with patient-setup based on
surgical clips using cone beam CT and 2) CyberKnife-APBI with real-time respiratory
tracking based on interstitial markers. As the real-time tracking algorithm does not reliably
track most types of surgical clips, interstitial gold markers are used in our and other
institutions [21-24]. To calculate the single-fraction margins for these two techniques,
technique-specific systematic and random errors, expressed as 1 standard deviation of a
Gaussian distribution, were taken from literature. For VMAT-APB, these are beam isocenter
accuracy, couch accuracy, and intrafraction motion (Table 1) [25-29]. For CyberKnife-APBI,
this is the CyberKnife total system error, which combines imaging and beam adjustment
errors. If only tolerance values were available, half the tolerance value was taken as
standard deviation of the error distribution. In case the error has been separated in a
random and systematic component, both errors were combined by adding the standard
deviations in quadrature for the single-fraction treatment margin. This is in accordance
with the methodology presented by de Boer et al. to convert systematic and random
errors for conventionally fractionated treatments to hypofractionated schedules [30].
To calculate the systematic margin for VMAT-APBI, the drift, beam and couch error
distributions and the systematic breathing error distribution were sampled together with
the error distribution of the surgical-clip-based patient setup and summed. Next, we
calculated the random margin to account for intrafraction breathing motion by multiplying
the random breathing error with 0.7. This describes the dose blurring by breathing motion.
Following the methodology of Van Herk this random margin was added linearly to
the systematic margin to calculate the total margin [20]. For CyberKnife-ABPI, a similar
procedure was followed to calculate the systematic margin, but as CyberKnife compensates
for breathing motion by real-time tracking, this random error was not added.

Finally, we generalized our margin calculation to fractionated treatments. Although the
underlying assumption of a Gaussian distribution was not fully satisfied in this study,
we calculated the systematic error (2) and of the random error (o) for both fiducial-based
patient-setup methods. As our results are based on a single fraction per patient, we had
to estimate the contribution of systematic and random errors. We assumed an equal
magnitude of systematic and random errors based on literature, so > = o [31]. Next, we
converted the single fraction errors into errors of fractionated treatment using the method
proposed by De Boer et al. [30].

Factors predictive for fiducial motion
We compared the distributions of the residual errors of the surgical clips and interstitial
markers with the two-sample Kolmogorov Smirnov test. To assess whether there are clinical
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Table 1 Overview of systematic and random errors for various geometric uncertainties
of external beam APBI.

Geometric uncertainty Systematic  Random
error X (mm) error ¢ (mm)
Intrafraction motion  Breathing motion [25] 0.7% 0.7
Drift [25] 049 0.28
Beam accuracy Conventional treatment unit [26, 27] 0.5 -
Couch accuracy Conventional treatment couch [26,27] 0.5 0.5

Total system error Cyberknife fiducial tracking [28, 29] 0.23 -

Reported values are for conventionally fractionated treatments.
* Applicable for the situation of a free breathing planning CT scan with a scanning time much shorter than
the breathing cycle time.

or treatment factors associated with the magnitude of the fiducial motion, we tested
a possible correlation with breast size, tumor bed size and the interval between planning
CT and first fraction. To this end, the Pearson correlation coefficient was calculated,
after visual inspection of scatterplots to exclude other types of correlation than a linear
correlation. All analyses were done with Python version 3.5. A p-value of < 0.01 was
considered significant because of multiple testing.

Results

In total, 70 patients were included in this study. Patient characteristics are shown in Table 2.
Thirty-nine patients had a left-sided breast cancer and 31 patients had a right-sided tumor.
The median interval between planning CT scan and first fraction CT scan was 14.5 days
(IQR 11 = 17 days). For three patients, the anatomical changes noticed on the first fraction
in-room CT images were so large that a new treatment plan was requested. The in-room
CT images were used or this new plan and these three patients were treated with a delay
of 3, 3 and 10 days. For each of those 3 patients, an additional in-room CT scan was
acquired at the delivery of the first fraction. We used the first and second in-room CT scan
for the analysis.

The median number of surgical clips was five (range 3 — 8). All but two patients had three
interstitial gold markers inserted in the breast around the surgical cavity and the other
two patients had 2 markers.

77



Chapter 5

Table 2 Characteristics of included patients and their treatments.

Number or median Percentage or range

Laterality

Left-sided 39 56%

Right-sided 31 44%
Interval planning — first fraction (days) 14.5 3-24
Number of surgical clips

-3 2 3%

4 13 19%

5 49 70%

6 3 4%

7 1 1%

8 2 3%
Number of interstitial markers

2 2 3%

3 68 97%
Ipsilateral breast volume (cc) 873 166 — 2743
Tumor bed volume (cc) 95 09-41.1

The distributions of the displacements of all individual fiducials are shown in Figure 1.
Both the one-dimensional displacements per fiducial and the combined three-dimensional
displacements for the CoM per fiducial type are shown. The distributions of the 3D-
displacements were statistically significantly different for the surgical clips and the interstitial
markers (2-sample Kolmogorov Smirnov test p < 0.001). The quality assurance of the CT
registration procedure showed good intraobserver and interobserver reproducibility
(supplementary material Table S1). The absolute differences between the means and
standard deviations of the original and quality assurance data were always smaller than 0.2
mm, and the large majority of differences was below 0.1 mm.

We calculated the PTV margin required for each percentage of patients without any CTV
coverage loss based on the CoM motion of either the surgical clips or the interstitial
markers (Figure 2). To fully cover the CTV of 90% of patients, a margin of 1.8 mm was
required when using surgical clips for patient positioning, and a margin of 2.2 mm when
interstitial markers were used. Increasing this percentage to 95% of patients resulted in a
margin of 2.4 mm for the surgical clips and of 2.6 mm for the interstitial markers.

We calculated comprehensive PTV margins for the two SF-APBI treatment techniques,
VMAT-APBI and CyberKnife-APBI. In Figure 3, the required PTV margins as a function of
coverage are shown including all relevant geometric errors for both SF-APBI techniques.
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Figure 1 Histograms of the surgical clips (top row) and interstitial markers (bottom row) center of
mass displacements. Positive values for the one-dimensional displacements indicate motion in the
lateral, posterior and cranial directions.

To ensure full coverage in 90% of patients, the margin for CyberKnife SF-APBI should be 2.3
mm and for VMAT SF-APBI 4.0 mm.

To calculate PTV margins for fractionated treatments, the systematic error > and random
error o of fiducial motion were calculated. For the surgical clips, > and o for a conventionally
fractionated treatment were 046 mm. The interstitial markers had larger ¥ and o of
0.60 mm. The PTV margin accounting for fiducial motion only was calculated according
to Van Herk, ensuring at least 95% CTV coverage in 90% of patients [20]. The margin should
be 1.6 mm when using surgical clips and 2.1 mm when using the interstitial markers for a
single-fraction treatment. These margins are slightly smaller than the margins calculated
for 100% CTV coverage in 90% of patients in our single fraction analysis, which were 1.8 mm
for the surgical clips and 2.2 mm for the interstitial markers (Figure 2).

Using this calculation method, the comprehensive PTV margins for single-fraction
treatment should be 3.9 mm for VMAT-APBI and 2.2 mm with CyberKnife-APBI. For a
5-fraction treatment schedule, the margins should be 3.8 mm for VMAT-APBI and 2.1 mm
with CyberKnife-APBI.
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Figure 2 Percentage of patients with 100% CTV coverage per uniform CTV to PTV margin, accounting
for fiducial motion of surgical clips or interstitial markers center of mass.

There was a statistically significant but weak correlation between the distance of an
individual fiducial to the tumor bed CoM and its displacement. For the surgical clips, the
Pearson correlation coefficient r was 0.27 (p < 0.001) and for the interstitial markers, it was
0.34 (p < 0.001). There was also a significant but weak correlation between the length of
the time interval between planning CT scan and treatment and the 3D error for the CoM
of surgical clips (Pearson’s r = 0.32, p = 0.007), but not for the interstitial markers. Conversely,
there was a statistically significant correlation between ipsilateral breast volume and the
3D error of the interstitial markers (Pearson’s r = 046, p < 0.001), but not for the surgical
clips. The tumor bed volume and the 3D CoM error were not correlated for either of the
two types of fiducials.

Discussion

This study showed that there is significant motion of fiducials relative to the tumor bed
between the planning CT and the treatment fraction. As the seroma is frequently not
visible on patient or target setup imaging and the fiducials are used as a surrogate of
target localization, this motion should be included in the calculation of the PTV margins
to reduce the risk of geographical miss.
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To generalize our results to fractionated treatment schedules, we propose a value of 0.46
mm for the systematic and random error for positioning based on surgical clips. For the
interstitial markers, this value is 0.60 mm. The motion of fiducials relative to the tumor bed
is only one source of uncertainty in the delivery of external beam APBI. Comparing our
calculated values for fiducial motion with the other relevant uncertainties from Table 1
shows that for VMAT-APBI the surgical clip motion error is of the same magnitude as the
other errors and thus should not be ignored. The interstitial marker motion is much larger
than the total system error of CyberKnife-APBI and will dominate the PTV margin
calculation for CyberKnife-APBI.

The values of the systematic and random errors for geometric uncertainties as shown in
Table 1 and calculated in this analysis allow for the calculation of the required PTV margin
for a large variety of techniques and fractionation schedules. An institution can select the
uncertainties present in their treatment technique and sum them quadratically to calculate
a comprehensive PTV margin. It is important to keep in mind that these values may differ
between institutions and depend for example on the quality assurance program. Table 1
serves as an indication of the likely magnitude of the various errors based on literature.

The reported systematic and random errors can also be used to calculate the PTV margin
for a sequentially delivered tumor bed boost if the alignment is based on fiducials. If the
boost is delivered as a simultaneous integrated boost (SIB), the patient positioning is often
performed on the thoracic wall or breast contour instead of on fiducials. An additional
geometrical uncertainty should be included to account for the motion of the tumor bed
relative to the thoracic wall or breast contour. In a review on setup using cone-beam CT,
large variations are shown for the registration errors using different registration methods
and different patient positioning devices [31]. The systematic error for thoracic wall and/or
soft tissue registration ranged from 1.3 to 5.7 mm. For the random error, the range was 2.2
to 4.1 mm. These values are much larger than the values reported in Table 1 for the other
uncertainties and will dominate the PTV margin calculation. Using a value of 3 mm for
both the systematic and random error results in a required PTV margin of 10 mm for the
tumor bed in a conventionally fractionated SIB treatment.

The range of fiducial motion in our patient cohort was large. The motion of the surgical
clips CoM ranged from 0.1 to 2.9 mm. For most patients, an additional margin of 1 mm is
sufficient to account for fiducial motion, while for 5% of them a margin larger than 2.5 mm
is required. This suggests that the use of individualized PTV margins is warranted.
Importantly, we did not find strong predictive factors for a larger CoM motion. There were
some significant correlations, for the ipsilateral breast volume, the interval between
simulation and treatment, and the distance between the fiducial and the tumor bed, but
the predictive power was low. This means that, based on our results, it is not possible to
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define an individualized PTV margin for a given patient at the time of treatment planning.
However, like the plan-of-the-day concept recommended for cervical and bladder cancer,
a solution could be the creation of a library of plans with different PTV margins [32].
At time of treatment, the fiducial motion could be assessed based on 3D imaging for
setup, and the plan with the smallest adequate PTV margin could be chosen for delivery.

If such individualized PTV margins are not practically feasible, it is necessary to define the
required proportion of patients with 100% CTV coverage. In the commonly used Van Herk
formula, this percentage is chosen at 90% [20]. For contemporary APBI techniques, it is
important to reconsider the trade-off between the proportion of patients with 100% CTV
coverage and the doses to surrounding healthy tissues. On one hand, the rate of local
recurrences after APBI is low but not negligible at around 4% at 10 years [17, 18, 33]. The
dose to surrounding tissues is dramatically reduced compared to whole breast irradiation.
A millimetric increase of margins may not result in a clinically detectable increase in
toxicity but could reduce the local recurrence rate. On the other hand, patients treated
with APBI have a very long life expectancy and the risk of late treatment-induced mortality
has become more important [34, 35]. There are good salvage treatments for patients
experiencing a local breast cancer recurrence, but not for radiation-induced lung cancer.
Allowing for a lower percentage of patients with 100% CTV coverage might result in less
treatment-related deaths. Our results enable the selection of a PTV margin for every
desired percentage of patients with 100% CTV coverage. The trade-off between the
percentage of patients with 100% CTV coverage and the CTV to PTV expansion is visualized
in Figure 3.

Our study shows that interstitial gold markers present a larger motion than surgical clips.
The reason for this difference is unclear. The interstitial markers were inserted just outside
the tumor bed, while the surgical clips are inside the tumor bed. This larger distance to the
tumor bed CoM may partially explain the large difference, as there is a weak correlation
between distance and the magnitude of the motion. Another possibility is that the
surgical clips might be more firmly anchored in the tissue, as they are mechanically stapled
into the walls of the lumpectomy cavity. Conversely, interstitial markers are inserted into
fatty tissue through a needle and not firmly attached to the tissue. The surgical clips were
per definition situated within the tumor bed and thus in the area used for the registration
of the planning CT and in-room CT. The impact of these clips on the registration was
probably small. Every registration was visually inspected for the correct alignment of the
tumor bed. Also, the surgical clips represented only a small volume relative to the total
reqgistration area.
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Figure 3 Percentage of patients with 100% CTV coverage per uniform CTV to PTV margin, including
all geometric uncertainties of two treatment techniques: VMAT SF-APBI on a conventional linac with
positioning based on the surgical clips on cone beam CT, and CyberKnife SF-APBI with real-time
tracking based on interstitial markers.

In conclusion, our study showed that the motion of fiducials relative to the tumor bed
occurring between planning CT and treatment is clinically significant and should be
included in the PTV margin calculation. The comprehensive PTV margin for a single-frac-
tion treatment including fiducial motion is 2.3 mm for CyberKnife-APBI and 4 mm for
VMAT-APBI.
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Abstract

Background and purpose - During oncoplastic breast-conserving surgery (BCS), the
surgical cavity is closed to reduce seroma formation. This makes the radiotherapy target
definition using clips challenging, leading to poor inter-observer agreement and
potentially geographical misses. We hypothesize that injecting a radiopaque hydrogel in
the lumpectomy cavity before closure improves radiotherapy target definition and
agreement between observers.

Materials and methods — Women undergoing BCS in a single university hospital were
prospectively accrued in the study. Three to 9 ml of iodined PolyEthylene Glycol (PEG)
hydrogel and clips were inserted in the lumpectomy cavity. A CT-scan was performed at
4 to 6 weeks. CTimages of BCS patients with standard clips only were used as control
group, matched on age, specimen weight, and distance between clips. Six radiation
oncologists delineated the tumor bed volumes and rated the cavity visualization score
(CVS). The primary endpoint was the agreement between observers measured using a
Conformity Index (Cx).

Results - Forty-two patients were included, 21 hydrogel procedures and 21 control,
resulting in 315 observer pairs. The feasibility of the intervention was 100%. The median Cx
was higher in the intervention group (Cx=0.70, IQR [0.54-0.79]) than in the control group
(Cx=0.54, QR [0.42-0.66]), p<0.001, as were the CVS (3.5 [2.5-4.5] versus 2.5 [2-3.5], p<0.001).
The rate of surgical site infections was similar to literature.

Conclusions - The use of radiopaque PEG enables to identify the lumpectomy cavity,
resulting in a high inter-observer agreement for radiotherapy target definition. This
intervention is easy to perform and blends well into current practice.
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Introduction

For localized cancers, breast-conserving therapy (BCT), including limited surgery and
adjuvant whole breast radiotherapy, is equivalent to mastectomy in regard to oncologic
outcomes while enabling breast preservation [2]. Oncoplastic techniques have been
increasingly used worldwide to improve cosmesis [3-5]. Those techniques involve, at
minimum, a simple volume displacement (level 1 oncoplastic technique), as the breast
parenchyma is approximated to close the lumpectomy cavity [6]. In so doing, the seroma
is limited in size, and it often becomes invisible on a CT-scan. Eventually this technique
creates challenges for tumor bed delineation at the time of adjuvant radiotherapy
planning [7]. Accurate tumor bed delineation to target breast radiotherapy is particularly
critical for accelerated partial breast irradiation (APBI) or when a boost dose is required.
During APBI, only the part of the breast immediately surrounding the tumor bed is
irradiated [8-12]. Also, young or high-risk patients are benefiting from a boost dose to the
tumor bed after or during whole breast radiotherapy [13].

Inaccurate target definition carries the risk of a radiation geographical miss, which, in turn,
might lead to an increased risk of local recurrence, especially for APBI. Furthermore, if the
tumor bed delineation is enlarged due to uncertainties, there is an increased risk of toxicity
[14-16]. Finally, if the target cannot be appropriately defined, some patients may be
declined for patient-friendly APBI techniques [16-20]. Traditionally, surgical clips are placed
at the time of surgery to guide the tumor bed delineation. However, a recent study by den
Hartogh shows that radiotherapy target definition using clips has poor inter-observer
agreement in patients following oncoplastic surgery [7]. Thus, the attempt to improve
surgical outcome by performing oncoplastic techniques might impair radiotherapy
treatment outcomes.

A recent development in radiation oncology is the use of temporary injectable hydrogels.
Among others, polyethylene glycol (PEG) radiopaque hydrogel is successfully used as a
spacer to remove critical structures from the high dose area, such as the rectum in prostate
radiotherapy [21]. Also, PEG hydrogel has been proposed as a tissue marker [22].

Ciernik et al. tested a PEG hydrogel marker to visualize the cavity after lumpectomy and
suggested a high level of inter-observer agreement for target delineation [23]. The marker
contains PEG with less than 1% iodine, and this material has a high imaging contrast on CT,
MRI and, to a lesser extent, on ultrasound up to 3 months. Reabsorption and clearance
takes place approximately 7 months after implantation.
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We report a prospective clinical cohort study testing the radiopaque hydrogel to improve
radiotherapy target definition following oncoplastic breast conserving surgery. Our aim
was to assess if the injection in the lumpectomy cavity before closure was safe, feasible,
and increased inter-observer agreement for the radiotherapy target definition.

Patients and methods

Study population

The study design was a prospective intervention cohort study with a matched control
group. The study was approved by the Erasmus MC research ethic board and registered at
the Netherlands Trial Register (NTR-6610).

Eligible patients included women with a diagnosis of breast cancer or DCIS planned for
breast-conserving surgery, with full-thickness closure corresponding to level 1 oncoplastic
breast surgery, and adjuvant radiotherapy. Patients with oncoplastic surgery of level 2 or
more (volume replacement), pre-operative indication for adjuvant chemotherapy, or an
allergy for PEG or iodine were excluded. Selected patients were included after written
informed consent was obtained.

Treatments

Surgical procedures were performed in a single large secondary teaching hospital in
Rotterdam, the Netherlands (Franciscus Gasthuis and Vlietland). After tumor resection and
hemostasis were achieved, five surgical clips were placed, according to standard protocol,
to define the cavity walls: including one positioned deep toward the fascia pectoralis and
four in each radial direction [24]. Subsequently, any undermining of the fibroglandular
tissue from the pectoralis muscle and/or skin was performed. Then, 3 to 9 ml of radiopaque
PEG hydrogel (TracelT©, Augmenix Inc, Bedford, MA) was instilled in the cavity and coated
onto the tumor cavity walls with the fingertips. The cavity was closed following oncoplastic
protocol with the suture of at least one deep, glandular, layer and closure of the most
superficial layer and the skin. The amount of product used was recorded and ease of use
scored using the System Usability Scale (SUS) [25]. This 10 question 5-point scale is a
simple and reliable tool to measure usability of new technology or products, and has
been used in medical research[26]. After referral to radiation oncology, a standard
CT-simulation for radiotherapy planning purpose was acquired with images of 2.5 mm
thickness and a resolution of T x 1 mm? at 120 kilovoltpeak (kVp). The surgical scar and the
glandular tissue were marked on the skin with a CT compatible wire.

Patients treated with the hydrogel were matched 1:1 with a cohort of patients treated by
the same team of surgeons also performing a level 1 oncoplastic surgery with placement
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of five surgical clips [24], but without instillation of the hydrogel. Matching was performed
on factors known to influence interobserver variability of target definition and/or cavity
visibility, ensuring similar resected specimen weight and maximum distance between
clips (as predictors of target volume)[27-30], and age (below or above 70 years) as surrogate
for breast composition[30].

Target volume delineation

Anonymized CT image sets of both group of patients were transferred to a MIM Symphony
6.6 imaging station (MIM Software Inc, Cleveland,OH). Six experienced and senior radiation
oncologists delineated the target volumes in a random sequence and were blinded for
each other’s contours, by making the sets of CT-images available to each radiation
oncologist separately (Fig. 1). Each patient’s pre-operative information and imaging,
surgical report and pathology report were available.

Figure 1a and 1b Example of tumor bed delineation on CT with (a) and without (b) hydrogel.

For the patients in the intervention group, the radiation oncologists were asked to contour
the tumor bed with the following instruction: “Please contour the tumor bed volume as
usual, using information of the CT density (including the hydrogel) and the clips”. For the
control group, the radiation oncologists were asked to delineate using the following
instruction: “Please contour the tumor bed volume as usual, using information of the CT density and
the clips”. Additionally, all six radiation oncologists were asked to rate the cavity visualization
score (CVS) [27, 31]and record the time needed for contouring per patient. The CVS is a
metric assessing the visibility of the lumpectomy cavity on CT on a 5-point scale ranging
from "no cavity visible” (CVS 1) to "homogeneous cavity with clearly identified margins”
(CVS5) (fg. 2). It is commonly used in studies on target definition [7, 32].
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CLOSED CAVITY

Cvs1 Cvs2 Cvs3 Ccvs4 CVs5
No cavity Heterogeneous Heterogeneous Mildly Homogeneous
cavity with cavity with heterogeneous cavity with
indistinct some indistinct cavity with mostly clearly identified
margins margins distinct margins margins

Figure 2 Cavity Visualisation Score. All example CT-images are captured from patients in the control
group of this study.

Analysis

The primary outcome measure was the Conformity Index (Cx), defined by the ratio
between the volume of agreement of the defined target volumes divided by the
encompassing volume for each observer pair [7]. Secondary outcome measures included
the distance between the center of mass of the target volumes (dCOM), the target volumes
in cc, the CVS[27, 31], the feasibility of hydrogel injection, adverse events, and ease of use.

A sample size of 21 patients times 6 observers was calculated, leading to 315 observer
pairs in both the intervention and control group. Based on an expected SD in Cx of 0.19 [7,
33], alpha=0.05 and beta =0.2, this sample size would make it possible to detect an effect
size of 0.044 of the primary outcome (Cx) with 95% confidence. Even for a subgroup
analysis (alpha=0.025) on CVS<3 with an expected number of n=10 patients in each group
the detectable effect size would be 0.068, which was deemed acceptable.

For the primary outcome measure, we reported median values and accompanying
interquartile ranges (IQRs) and, as Shapiro-Wilk normality tests showed this variable was
not normally distributed, assessed significance using a Mann-Whitney U-test.

Descriptive statistics were used for the analysis of secondary endpoints, assuming
independency of groups. Differences between groups were also assessed using a Mann-
Whitney U-test. Multiple linear regression analysis testing the factors influencing the Cx
included the following independent variables: group (intervention versus control),
mean target volume, CVS per observer pair, and the matching factors as described above.
The effect modification was modelled as an interaction effect of group (intervention
versus control) times target volume. The feasibility of the hydrogel marker injection and
adverse events were described as percentages. IBMM SPSS Statistics version 24 was used
with two-sided p-values below 0.05 considered statistically significant.
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Results

Twenty-four patients were included in the interventional group. Three patients were
excluded because they had positive margins on the pathology report and they had a
second surgery for re-excision. In these three cases , during re-excision the hydrogel was
clearly identifiable, being solid in the surgical cavity and easy to remove. In the control
group we randomly matched 21 patients out of 100 possible controls. Patient characteristics
are detailed in Table 1. The groups were well balanced in regard to tumor diameter,
histology, resected specimen weight, and maximum distance between clips. In the
intervention group, patients were 5 years younger, leading to potentially more dense
breasts.

Table 1 Patient characteristics between groups.

Age, years

Microscopic tumor diameter
inmm

Resected specimen weight
in grams

Histology

Laterality

Interval between surgery
and CT-simulation in days

Maximum distance between
surgical clips on CT in mm

Intervention group

(hydrogel+clips) n=21

57 [50-64]
14.5[12-18]

42 [28-66]

19 ductal carcinoma
1 DCIS
1 mucinous carcinoma

5 Left
16 Right
39 [31-46]

46 [39-52]

Control group
(clips only) n=21
62 [50-65]
15[9.5-21]

45 [35-61]

15 ductal carcinoma
4 DCIS

1 lobular carcinoma

1 apocrine carcinoma

9 Left
12 Right

36 [24-55]

45 [31-55]

Data are presented as median values, and inter-quartile ranges within brackets.

The use of hydrogel was technically feasible in all patients. The product was easy to use,
with a median SUS score of 100 (IQR [96-100]). Two patients (9.5%) in the intervention
group developed a superficial surgical site infection, and two patients (9.5%%) had
clinically apparent seroma formation, all being grade 1-2 out of 5 according to the Clavien
Dindo classification [34].
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Patients in the intervention group had their CT-simulation performed at a median of
39 days post-surgery (IQR [31-46]). For most patients, the hydrogel was easily identified in
the surgical cavity on the radiotherapy planning CT. The occurrence of seroma in some
cases caused dilution of the hydrogel or, in other cases, formation of a level of hydrogel,
not completely filling up the cavity (Fig. 3).

hydrogel

Figure 3 Example of case without natural seroma (a) and a case with natural seroma (b), showing
some dilution and formation of a level of hydrogel, not completely filling up the cavity (shown in
red) and the resulting six contours for both cases (c and d).

The median conformity index was higher in the intervention group, with a Cx of 0.70 (IQR
[0.54-0.79]), compared to the control group, with a Cx of 0.54 (IQR [0.42-0.66]), suggesting
that the target delineation was less variable in the presence of hydrogel (p<0.001). On the
other-hand, contouring in the presence of hydrogel took slightly more time - 5 minutes
instead of 4 (p<0.001) — and also led to target volumes two and a half times larger being
contoured - 26.2 cc instead of 10.2cc (p<0.001).

Multiple linear regression analysis showed that the adjusted Beta coefficient was 0.09 (95% Cl
[0.05 - 0.17]) for group and 0.002 (95% CI [0.001 - 0.004]) for mean target volume, meaning
that both the presence of hydrogel and of a large target volume were significantly
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Table 2 Results for various radiotherapy target delineation metrics.

Intervention group Control group P-value*

(hydrogel + clips) (clips only)

n=315%* n=315%*
Cx 0.70[0.54-0.79] 0.54 [0.42-0.66] <0.001
CVS 3.5[25-4.5] 2.5[2-3.5] <0.001
dCOM in mm 2.0[1.1-4.3] 3.1[1.6-5.3] <0.001
Target volume in cc 26.2 [15.1-43.8)) 10.2 [5.8-22.9] <0.001
Time needed for 5[4-7] 4 [3-5] <0.007.

delineation in minutes

Data are presented as median values with inter-quartile ranges within brackets. * Mann-Whitney-U-test,
** n= number of observer pairs.

associated with a better Cx. Adding the interaction term of intervention times target
volume to the model showed that the increase in Cx per unit volume is larger in the
presence of gel (@djusted Beta coefficient was 0.005 (95% CI [0.004 - 0.006]). meaning that
with every 2cc larger volume, the presence of gel, leads to an extra 0.01 increase of Cx.
Mean CVS per observer pair was eventually excluded from the model as variable group is
positively correlated with a CVS (Spearman’s correlation coefficient 0.326, p<0.001). This is
logical since the intervention is intended to increase the seroma visibility.

The effect of the intervention was strongest in the matched group of patients with a CVS
<3 in the control group (median Cx 0.67 with hydrogel and clips versus 0.49 with clips
alone, p<0.001), meaning in the group of patients where the seroma was difficult to
identify, compared to the group of patients with a CVS>3 in the control group (median Cx
0.74 versus 0.68, p<0.001).

Discussion

This study demonstrates that using a hydrogel loaded with iodine during lumpectomy
cavity closure, reduces the variability of target contouring in a population of well trained
and highly specialized radiation oncologists.

We report on a simple surgical intervention adding to other solutions to improve
radiotherapy target definition for breast cancer patients, including the use of clips, 3D
ultrasound or MR image fusion or simulation. Since inter-observer variability is indicative
of the difficulty to accurately define the treatment target volumes among practitioners,

95



Chapter 6

those studies examining these options have used the conformity index (Cx) as a measure
of accuracy in defining the target volume[29]. Our results compare well with other studies
using standardized contouring protocols and surgical clips, which is the current gold
standard in radiotherapy [16]. Previous studies evaluating the interobserver agreement for
delineation with clips found comparable Cx to the one we reported here for the control
group, between 0.56 to 0.61 [28, 29, 35]. Another study reports a higher agreement using
gold fiducial markers, with a Cx of 0.70[32]. However, none of these studies were performed
in a context of a level 1 oncoplastic intervention. A study by Den Hartogh showed that
radiotherapy target definition using clips alone for patients with full thickness closure
(FTC) has a much poorer inter-observer agreement, with a median Cx of 0.44 [7].

The significantly higher Cx in our intervention group than in our control group can
probably be explained by the also significantly higher CVS (3.5 versus 2.5 respectively). The
median CVS score of 2.5 (heterogeneous cavity with no to minimal distinct margins) in our
control group seems intuitively higher than expected. However, a median CVS score of 3
was found in the study by den Hartogh et al. after FTC [7]. This means that a FTC not
always translates into a loss of cavity. In several cases in our study the full-thickness closure
was limited to a single suture, which could be the explanation of the existence of a visible
seroma. The high conformity index found in our intervention group, where all patients
had oncoplastic intervention, should be considered as a good result for improving
the quality of the radiation treatment. The larger median target volume found in the
intervention group (26.2 versus 10.2cc) did not alone explain the difference in Cx, since
the regression analysis adjusting for target volume showed that the use of hydrogel was
an independent factor of improved Cx. The hydrogel itself accounted for a 9% increase in
Cx on average, which is clinically relevant. Interestingly, although the hydrogel itself adds
some volume (3 to 9cc in this study) which may preserve part of the seroma, the median
target volume in our intervention group, 26.2cc, is comparable to the 23cc found in the
study by den Hartogh[7]. In those cases with a relatively large seroma, the visualization
was however facilitated by the presence of radio-opaque gel on the border of the seroma.
Finally, the effect of hydrogel on mean target volumes and consequent planned target
volumes (PTVs) could be more formally concluded in a randomized controlled trial or a
comparison within the same patient.

The hydrogel injection intervention was found feasible, safe and easy to perform. The rate
of infection (9.5%) and the formation of a clinically apparent seroma (9.5%) after injection
of hydrogel was comparable to the literature for breast-conserving surgery [36-39].

A higher Cx results in a lower risk of geographical miss of the administered radiotherapy,
which, in turn, may result in a better outcome in term of local control. Additionally, with
less inter-observer variability, smaller margins accounting for delineation variation could
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be used. This could reduce radiotherapy related toxicity, such as skin effects and breast
fibrosis, and compensate for the possibly larger volume delineated when using a hydrogel
injection. Also, as shown in figure 1, some observers have smaller volume contoured
compared to other. This would mean a lower volume treated using APBI and potentially
an improvement of the treatment tolerance. Furthermore, by helping target definition in
patients with low CVS, more patients may be eligible for more patient friendly APBI
techniques as patients with a poorly defined cavity are generally excluded [16-18, 40, 41].
A gel with good MRI visibility could also be very useful in an era when new machines,
including the MR-linac, are used for improved image guided radiotherapy (IGRT)[42].

Animportant caveat in breast radiotherapy target definition is the fact that the tumor bed
needs treatment and does not necessarily match the lumpectomy cavity. The discussion
about the volume to be treated lead the GEGESTRO to develop complex contouring
guidelines and recommends using the exact microscopic surgical margins in all directions
to realize the volume expansion from seroma to clinical target volume (CTV). The hydrogel
helps to better define the lumpectomy cavity, but still the contouring guidelines should
be followed.

A limitation of the intra-operative injection of the hydrogel is that in 9 out of 21 cases the
seroma as defined by the gel showed some leveling with fluid or dilution resulting in
imprecise contours. Since the CT scan was performed on average 5.5 weeks after the
surgery, we assume that post-operative healing, inflammation and fluid production may
have deteriorated the visibility of the gel. In such cases the observers have unanimously
incorporated the diluted cavity into the target volume.

In our study, patients with a CVS <3 had the most benefit from the hydrogel. To better
select patients with a low CVS, that could benefit from a hydrogel injection, a future
direction would be to change the timing of the intervention to the moment of radiotherapy
planning when the healing process is largely completed. This would also partly resolve
some of the limitations caused by dilution of the gel as described above.

In conclusion, this study shows that the use of a radiopaque hydrogel during BCS enables
breast surgeons to clearly demarcate the lumpectomy cavity, resulting in a high inter-
observer agreement of radiotherapy target definition. This intervention is easy to perform
and can easily blend into standard practice.
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Introduction

The optimal treatment for cancer patients is a delicate balance between the probability of
cure and the risk of treatment-induced toxicities. Using very intensive treatments,
the chance on cure can be improved, but this comes at the price of increased toxicity.
The best way to improve treatment for a specific type or stage of cancer depends on the
current risks of cancer-related death and severe toxicity. For the treatment of locally
advanced pancreas carcinoma for example, overall survival is low and toxicity is high [1].
It is therefore warranted to find ways to safely intensify treatment. On the other hand,
the chance of cure is very high for early-stage breast cancer patients [2, 3]. In this situation,
treatment de-escalation would result in less toxicity for all patients, with only a small
increase in the number of recurrences. It is even possible that de-escalating treatment
would lead to an increased overall survival for early stage-breast cancer patients, because
some of the toxicities are potentially lethal. This thesis focusses on adjuvant breast
radiotherapy. The two most important and potentially lethal long-term toxicities of
adjuvant breast radiotherapy are cardiovascular disease and the induction of secondary
cancers [4].

In this thesis, our results on reducing the secondary cancer risks by optimized treatment
planning and increasing the accuracy of treatment are discussed.

Secondary cancer risk after breast radiotherapy

To reduce the secondary cancer risk, it is important to know the magnitude of this risk.
Several epidemiological studies have been published on the secondary cancer risk after
adjuvant breast radiotherapy [4-7]. These studies show that there is indeed a higher risk for
breast cancer patients to experience a new malignancy compared to the normal
population. There are multiple possible explanations for this increased risk. It could be
treatment-related, due to shared risk factors, or due to genetic susceptibility.

A large meta-analysis by Grantzau and Overgaard showed that both irradiated and
non-irradiated breast cancer patients had an excess risk of second non-breast cancer
compared to the general female population [5]. The risk for irradiated patients was larger
than for non-irradiated patients, with a standardized incidence ratio (SIR) of 1.23 for the
irradiated patients and 1.08 for the non-irradiated patients. Especially the risk of a new
cancer occurring in organs adjacent to the treatment area was increased for the irradiated
patients. The SIRs at > 15 years after treatment were 1.91 for lung, 2.71 for esophagus and
3.15 for thyroid. This suggests that radiation is causing the increase in secondary cancer
risks. The SIRs increased progressively over time after treatment for the irradiated patients,
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but not for the non-irradiated patients. For lung cancer, the SIR was not significantly higher
than 1 in the analysis of all studies regardless of length of follow-up. When applying a
latency of > 5 years after treatment, the SIR for lung cancer was 1.21 and significantly
increased. After > 10 years, the SIR was 1.58 and after > 15 years it was 1.91.

These results are in line with the results of our phantom experiment as described in
chapter 2. We showed that the largest part of the total secondary cancer risk after
adjuvant breast radiotherapy was due to secondary lung cancer induction. The relative
risk for a patient treated with whole breast radiotherapy at age 60 years in our analysis was
1.68, which is slightly lower than the SIR of 1.91 after 15 years from Grantzau et al. for
patients with a median age of 56 years [5]. This could be due to improvements in radiation
technigue. In the Grantzau meta-analysis, patients were treated between 1935 and 2007.
With the techniques available at that time, their lung mean lung dose was probably higher
than in our phantom treated with a linear accelerator using 3D treatment planning and a
multi-leaf collimator.

The calculated lifetime risk of secondary lung cancer mortality is high. For an early-stage
breast cancer patient treated at age 50 years, we found a 2.4% absolute increase in lung
cancer mortality up to the age of 80 years. This is higher than published risks on
cardiovascular mortality. For example, Darby et al. calculated a 0.5% absolute excess risk of
cardiovascular mortality up to the age of 80 years for the similar 50-year old patient
without pre-existing cardiac risk factors [8]. In case of one or more pre-existing cardiac risk
factors, for example diabetes or smoking, the cardiovascular risk of death increased to
0.7%, which is still 4 times lower than the calculated risk of secondary lung cancer mortality.
In their meta-analysis, Taylor et al. found that for smoking patients receiving adjuvant
breast radiotherapy, the risk of cardiovascular disease was 3-fold increased [4]. The increase
in risk of secondary lung cancer was more pronounced with a 10-fold increase.

The long latency found in our study and the meta-analysis by Grantzau et al. might explain
why the risk of secondary cancers has received less attention than the risk of cardiovascular
disease. In our calculations, the incidence of secondary lung cancers started at least 5
years after treatment and continued to increase. The peak incidence in our analysis was
found at 25 years after treatment. Darby et al. found that 44% of all major cardiovascular
events occurred within 10 years after treatment [8]. Conversely, in our analysis only 7% of
all secondary lung cancers occurred within 10 years. Since most clinical trials are losing
power after about 10 years of follow-up and never reach 25 years of follow-up, neither
those trials nor meta-analyses of those trials could capture accurately the importance of
secondary lung cancer mortality over cardiac mortality.
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We indeed showed that the incidence rate of secondary lung cancers continues to
increase up to 25 years after treatment (Chapter 2, figure 2). If more patients with a longer
follow-up would be included in the clinical trials, the number of secondary lung cancer
cases per women-years would increase sharply. We calculated the life-time risk of
secondary cancer instead of the risk up to age 80 years. With the increasing life expectancy
of the entire population and the very favorable prognosis after contemporary treatment
techniques, it is likely that the majority of females with early stage breast cancer will live
beyond 80 years. Therefore, the incidence of secondary lung cancers after the age of 80
years has become of interest.

When predicting the risk of secondary lung cancer for a patient treated today, it is
important to take into the account the limitations of the data from clinical trials and
registry studies. Next to the bias linked to patient selection, the dramatic reduction in lung
doses and the lower rates of smoking in the population will have a major impact on this
risk. A consequence of the long latency of secondary cancerinduction is that it is practically
infeasible to conduct a randomized clinical trial on reducing the secondary cancer risk.
First, the number of included patients would need to be very high, as the event rate is low,
and the follow-up would need to be at least 30 years. Second, by that time, the techniques
investigated are outdated. The use of models to calculate risks of new techniques is the
only way to predict the associated reductions in secondary cancer risks. The main
advantage of using a model is that it enables a comparison of different treatment
techniques knowing the lung dose distributions for the same patients. On the other hand,
these models bear various uncertainties and the calculated absolute excess risks of
secondary lung cancer must be interpreted with caution. These uncertainties have very
limited impact on the relative comparison of different treatment techniques.

For a patient group with such an excellent prognosis as the early-stage breast cancer
patients, itis very important to apply the ALARA principle (as low as reasonably achievable)
and to reduce the dose to healthy tissues as much as possible. One way to do this is to
optimize the treatment planning technique, as is discussed in chapter 3. Another way is
to reduce the volume treated, by increasing the accuracy of treatment preparation and
delivery. This is discussed in chapters 4, 5, and 6.
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Reducing the secondary lung cancer risk by
optimized treatment planning

An example of a comparison of different treatment techniques aiming to reduce the
secondary lung cancer risk is reported in chapter 3. For this comparison, we generated
treatment plans for early-stage breast cancer patients using the Erasmus-iCycle treatment
planning software. Erasmus-iCycle is a fully automated multicriteria prioritized optimizer
which generates plans of consistent and high quality. As there is no subjective human
involvement in the planning, this system is highly suited for unbiased comparisons
between treatment techniques. We compared treatment plans varying the priority given
to two opposite planning aims, reducing either the dose to the lungs or the dose to the
ipsilateral non-target breast tissue (NTBT). When prioritizing sparing of the lungs, an
average 5-fold decrease in secondary lung cancer risk was found compared to prioritizing
NTBT sparing. As expected, there was an increased dose to the breast with prioritizing
lung sparing, but this would correspond to an absolute increase in breast fibrosis risk of
only 0.5%. The use of a non-coplanar beam setup resulted in lower doses to both the
lungs and NTBT than the use of a coplanar beam setup. This translated into lower risks of
secondary lung cancer and breast fibrosis for the non-coplanar beam setup.

Prioritizing lung sparing during treatment planning is easy to implement and is feasible for
every external-beam APBI treatment technique, coming at no additional costs for the
treating institution. The use of a non-coplanar beam setup could reduce the secondary
lung cancer risk even further. This requires additional resources, but is still a relatively easy
method that could increase the overall survival of early-stage breast cancer patients.

These findings represent a paradigm shift in the planning of adjuvant breast radiotherapy
and especially APBI. The current goal is mainly dose distribution conformity, assuming this
leads to lower doses to all surrounding organs. Prioritizing lung sparing requires degrading
treatment conformity specifically in the direction of the breast tissue, which can be done
using the current high-precision treatment techniques. It is important to prevent excess
toxicity in the breast, as breast fibrosis does not lead to mortality but can have a detrimental
impact on the quality of life. Care should be given to limit the maximum breast dose, as
this is the main factor predicting the risk of breast fibrosis [9, 10].

106



Discussion

Geometric accuracy of external-beam APBI

An important step in reducing the dose to healthy tissues for early-stage breast cancer
patients was the introduction of accelerated partial breast irradiation (APBI). The rationale
for this treatment was the fact that the majority of all local recurrences occur near the
surgical tumor bed [11, 12]. Several large randomized trials have demonstrated the safety
and efficacy of limiting the treated volume to the tumor bed plus 1to 2 cm margin [13-16].
The volume to be treated with radiation is called the clinical target volume (CTV) [17, 18].
As this margin from tumor bed to CTV is quite small, a major challenge in external-beam
APBI is the geometric accuracy. A geographical miss could lead to a higher risk of local
recurrence, as there are few fractions to compensate for this error. This is increasingly
important in the context of a further reduction of the number of fractions, even down to
a single fraction treatment.

The CTV is expanded with a safety margin to account for the geometric uncertainties of
treatment preparation and delivery. This expansion results in the planning target volume
(PTV). The choice of a CTV to PTV margin is a trade-off between the risk of a geographical
miss and dose to surrounding healthy tissues. The margin is used in three dimensions,
meaning it follows a cubic law, so every millimeter CTV expansion has a major impact on
the treated volume. The smaller the CTV size, the greater the relative increase in treated
volume. Thus, it is important to carefully consider the PTV margin used for external-beam
APBI.

With respect to timing, the geometric uncertainties included in the PTV margin calculation
are classically divided into interfraction and intrafraction errors. Interfraction motion mainly
corresponds to errors related to patient set-up on the couch as well as possible anatomical
changes, and the intrafraction error corresponds to motion during the treatment. To
appropriately calculate a PTV margin, first the error distributions of the systematic and
random components must be quantified. Next, the PTV margin is calculated using an
appropriate algorithm, for example following the formula by van Herk [19].

The intrafraction motion during the delivery of an APBI fraction is quantified in chapter 4.
We analyzed 110 fractions of 22 patients treated with Cyberknife APBI. Two types of motion
were distinguished, i.e. breathing motion and the slow drift of the patient during the
treatment fraction. The breathing motion was small and a margin of 0.3 — 0.6 mm is
sufficient to compensate for it. We showed that the magnitude of the drift depended on
the duration of the treatment. For a fraction of up to 8 minutes after the first imaging for
patient positioning, a PTV margin of 1 mm is sufficient to compensate for intrafraction
motion. For a fraction duration up to 24 minutes, 2 mm margin is required. For fractions of
more than 32 minutes, a margin exceeding 2.5 mm is needed. Interestingly, we found a
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systematic trend in the direction of the drift. Patients moved on average to the posterior,
caudal and medial directions, probably because patients tend to relax on the couch
during treatment. Such a trend is not accounted for in the margin as calculated according
to the recipe of by van Herk [19], and since it is larger than the breathing motion, it should
be included. Asymmetric margins could be used, expanding the target with an additional
0.7 mm in the caudal and medial direction and 0.8 mm in the posterior direction. An
alternative without increasing the treated volume is to enable the beam isocenter to track
and trail the target, as can be done for example with the Cyberknife technology using
fiducial tracking.

The results presented in chapter 4 are the first time-resolved analysis of intrafraction
motion in breast cancer published and show that it is more important to focus on reducing
fraction duration and drift than breathing motion. The finding of intrafraction motion
increase with the fraction duration is an additional reason, next to patient comfort and
logistical reasons, to keep the fraction as short as possible. This duration includes the time
used for patient setup after the first imaging and the dose delivery time. Both of these
elements could be optimized. One should keep in mind not to compromise on accuracy
or dose conformity when reducing treatment time, as this would offset the benefit of a
shorter fraction duration.

Next to the motion occurring during a fraction, there is also interfraction motion, which is
addressed in chapter 5. The main goal of this study was to determine adequate CTV to
PTV margins for external-beam APBI. To this end, the motion of surgical clips and interstitial
gold markers relative to the tumor bed was measured in a large cohort of 70 patients
using in-room diagnostic quality CT scans. Next, we calculated the PTV margin needed to
compensate for this motion as a function of the risk of geographical miss for a single
fraction treatment. A margin of 1.7 mm is required to ensure 100% CTV coverage in 90%
of patients when using surgical clips for patient set-up. With a slightly larger margin of 2.3
mm, 95% of patients would have their CTVs fully covered.

The comprehensive PTV margin for a APBI treatment depends on the technique used,
since other sources of geometric uncertainty play a role during treatment preparation and
delivery. The comprehensive PTV margin for VMAT single-fraction APBI on a conventional
linear accelerator with patient setup based on surgical clips and cone beam CT was
calculated at 4.0 mm to ensure 100% CTV coverage in 90% of patients. For a Cyberknife
single-fraction APBI using real-time tracking and the interstitial markers, it was 2.3 mm.
These results were generalized to fractionated treatment schedules, using the calculated
systematic and random errors of 046 mm for surgical clip motion and 0.60 mm for
interstitial marker motion. A 3.8 mm margin is required for a 5-fraction schedule of VMAT
APBI and a 2.1 mm margin for 5 fractions of Cyberknife APBI, which are slightly smaller
values than for the single fraction treatments. The main reason for the smaller margin of
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Cyberknife APBI compared to VMAT APBI is the use of real-time tracking for compensation
of drift and breathing. Using real-time tracking on a conventional linear accelerator, for
example using MLC tracking, would result in similar margins for the two treatment
machines. The Cyberknife has a better machine accuracy, but the tracking based on
interstitial markers has a slightly lower accuracy than tracking on the surgical clips, as is
usually done on a conventional linear accelerator. The accuracy of the new real-time
tracking technique on a conventional linear accelerator would need to be defined to
exactly calculate the required PTV margin, but the difference compared to Cyberknife
APBI will probably be small.

The choice for a PTV margin is a trade-off between the risk of geographical miss and the
dose to surrounding healthy tissues. Using our results, PTV margins can be calculated
varying the risk of geographical miss, defined as a CTV coverage of less than 100%. Since
the current APBI techniques are highly conformal, the dose to healthy tissue is greatly
reduced compared to whole breast irradiation. A small increase in PTV margin is unlikely
to lead to a measurable increase in toxicity, but could lead to a lower local recurrence risk.
On the other hand, it is important to keep in mind that a local recurrence after breast
conserving surgery (BCS) has a good prognosis as effective salvage treatments exist [20].
Conversely, the prognosis of a radiation-induced lung cancer is poor. According to this
reasoning, it would be logical to reduce the PTV margin and accept a higher risk of local
recurrence. The challenge in this discussion is the absence of clinical data. The rate of local
recurrences for early-stage breast cancer is so low and the occurrence of secondary lung
cancer is so delayed that a clinical trial aiming at quantifying the effects of PTV margin
sizes would need a very large number of patients followed for a very long follow-up time,
which is practically infeasible. Our results are based on modeling and enable visualizing
the trade-off between PTV margin and local recurrence, which could aid in the choice of
PTV margin.

Our analyses of the interfraction and intrafraction motion could be performed because
the treatment protocol included the acquisition of diagnostic-quality in-room CT scans
and real-time tracking with a Cyberknife. This means that for these patients, the
intrafraction motion was accounted for and the calculated margin for intrafraction motion
was not relevant. However, most institutions use APBI treatment techniques without
real-time tracking. We believe that it is important to generalize our data and to enable all
institutions to accurately compensate for motion uncertainties in APBI. Based on the data
presented in chapter 5, the required PTV margin can be calculated for all external-beam
APBI techniques.
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Delineation of the tumor bed

The target definition for APBI is done delineating the tumor bed on the planning CT scan
images. It is known that this process has high interobserver variability, especially after full
thickness closure [21]. This uncertainty can lead to a high risk of geographical miss and
hence risk of local recurrence. Using a larger PTV margin would compensate for this
uncertainty, but it also leads to a higher dose to healthy tissue. Another drawback of
increasing the PTV is that it could make some patients ineligible for APBI, as there are
maximum PTV volume constraints in most APBI protocols [22-25].

In chapter 6, an intervention to decrease the interobserver variability of tumor bed
delineation is reported. Aniodined hydrogel was injected into the lumpectomy cavity just
before full thickness closure. Six experienced radiation oncologists delineated the tumor
bed on the planning CTs of 21 patients with hydrogel and 21 historical matched controls
without hydrogel. Contours were compared using the conformity index (Cx), which is the
ratio between the volume of agreement divided by the total volume contoured by
observers. We showed an increased Cx in the intervention group of 0.70 compared to the
control group (Cx = 0.54, p < 0.001). Also, the cavity visualization score (CVS) was higher in
the intervention group. The CVS is a score ranging from 1 to 5 with 5 representing the best
visibility of the surgical cavity. The median CVS was 3.5 in the intervention group and 2.5
in the control group (p < 0.001). The injection of the hydrogel was feasible in all patients
and easy to perform. There was no increase in postoperative infections.

The use of the hydrogel lead to a larger delineated volume, 26.2 cc in the intervention
group versus 10.2 cc in the control group. This could only partially explain the increase in
Cx, as the multivariate analysis showed an independent significant association of both
volume and intervention with Cx. The difference in Cx between the intervention and
control groups was largest when comparing the group of control patients with a CVS < 3
and their matched controls. For control patients with a CVS > 4, the Cx was high at 0.68.
This indicates that the use of hydrogel is most efficient for patients with a low CVS.
Selecting only patients with a low CVS is not possible at time of surgery. The planning CT
could serve as a selection tool for the use of the hydrogel. In that situation, only patients
with a CVS < 3 would be referred for an injection of the hydrogel under ultrasound
guidance by an experienced operator, to ensure the accurate localization of the injection
within the lumpectomy cavity.

The holy grail of target definition would be to exactly localize the tumor bed during
patient setup, just before treatment delivery. In a previous study it was shown that while
MR imaging has superior soft tissue contrast compared to CT, the Cx of tumor bed
delineation was not improved by the use of MR [21]. An intervention to make the tumor
bed visible is still required. The ideal intervention would make the tumor bed clearly
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visible on both the planning and pretreatment imaging, without generating artefacts.
Currently, surgical clips are used to guide both delineation and patient setup. As shown in
chapter 5, these clips can move relative to the tumor bed. Also, these clips can generate
artefacts in the planning CT. The severity of the artefacts depends on the type of material
(the denser, the more profound are the artefacts) and on the size of the clips (the larger,
the more profound are the artefacts). Conversely, less dense and small clips are not
visualized on 2D kV imaging, such as used for Cyberknife APBI. An ideal marker would
completely fill the lumpectomy cavity, such that it's center of mass cannot move relative
to the tumor bed. It should have a density and volume such that there is enough contrast
in the 2D images without generating artefacts in the planning CT. A hydrogel containing
dense particles such as iodine or gold microparticles might serve this purpose, depending
on the concentration of the particles.

The future of accelerated partial breast irradiation

Since the start of the research reported in this thesis, some important studies have been
published that shed a new light on the future of APBI.

The FAST and FAST-Forward trials are in fact not investigating APBI, but they are very
important for the future of all breast radiotherapy regimens [26, 271. In the FAST trial, 915
women with early-stage breast cancer were randomly assigned to whole breast irradiation
(WBI) to a dose of 50 Gy in 25 fractions or 30 Gy or 28.5 Gy in 5 fractions [26]. At 10 years,
the normal tissue side effects were not significantly different between the 50 Gy in 25
fractions and the 28.5 Gy in 5 fractions schedules. The 30 Gy in 5 fractions schedule
resulted in worse normal tissue side effects. This trial was not powered to compare tumor
control, but the rates of ipsilateral breast cancer events appeared similar.

The FAST-Forward trial on whole breast irradiation randomized more than 4000 women
over three treatment arms; 40 Gy in 15 fractions over 3 weeks, 26 Gy in 5 fractions over 1
week or 27 Gy in 5 fractions over 1 week [27]. The 26 Gy in 1 week regimen was non-inferior
to the three-week schedule regarding local tumor control and normal tissue side effects
at 5years. The 27 Gy in 5 fractions schedule had a higher risk of normal tissue side effects.
The results of this trial were published in April 2020, at the beginning of the COVID-19
pandemic. The pandemic stimulated a fast adoption of the 26 Gy in 5 fractions schedule
in order to reduce the number of hospital visits for breast cancer patients [28]. Institutions
started to use this schedule for both WBI and APBI, even though there was no data on the
safety and efficacy of this schedule for APBI [28].
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The FAST and FAST-Forward trials provided new insights in the radiobiology of normal
tissue sensitivity in breast radiotherapy [26, 27]. The findings support the ongoing
reduction in the number of fractions for both WBI and APBI. APBI trials are starting to
investigate single-fraction regimens [29-33]. The use of only one fraction would be more
convenient for the patients and the institutions. It could also increase the use of breast
conserving surgery, as patients sometimes opt for mastectomy because of the burden of
protracted radiotherapy treatments. The challenge of single-fraction techniques is to
ensure accuracy and precision of treatment delivery to prevent an increase in local
recurrence risk.

Regarding health economics and logistics, the optimal technique for the delivery of APBI
should be low-cost and widely available for large numbers of patients, because of the
high incidence of early-stage breast cancer. Good early results on the local control and
toxicity of proton APBI have been published [34]. However, the availability of protons is
limited and the costs are substantially higher compared to photon treatments. It remains
to be seen whether the higher costs translate into substantial long-term benefit.
Brachytherapy has been extensively used for the delivery of APBI. The results are excellent,
both for interstitial brachytherapy and permanent breast seed implants [35-38]. Yet, these
techniques require specific skills and equipment, next to a large time commitment of the
radiation oncologist. The number of patients that can be treated with brachytherapy
might not be sufficient to treat all eligible cases. On the other hand, external-beam
techniques are widely available and will probably be the mainstream APBI technique used
in the majority of patients.

When deciding to use external-beam for APBI delivery, the next step is to define the
optimal treatment planning technique. As shown in chapter 3, the use of a non-coplanar
beam setup for external-beam APBI can reduce the dose to the lungs and heart, and thus
the risk of radiation-induced mortality. Non-coplanar VMAT APBI would combine the
advantages of the non-coplanar beam setup with the fast irradiation times of VMAT. The
use of hyperarcs with simultaneous motion of the couch and gantry might lead to even
lower doses to healthy tissues without increasing treatment time. Hyperarcs are available
for cranial treatments but not yet for APBI [39, 40]. The Cyberknife is designed to use
multiple non-coplanar beams for treatment delivery. The step-and-shoot delivery has the
drawback of relatively long treatment times. If the Cyberknife could use arc delivery,
treatment times would be greatly reduced. The advantage of the Cyberknife is that it can
real-time track and trail the target during irradiation, mitigating patient drift. As shown in
chapter 4 and 5, this technique requires smaller PTV margins than techniques without
real-time motion tracking. From a technical point of view, Cyberknife with arc delivery and
real-time tracking would be the optimal external-beam APBI technique. However, few
radiotherapy institutions have access to a Cyberknife. The other way around would be to
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include real-time tracking and trailing into non-coplanar VMAT. There are currently no
linear accelerators capable of combining these technologies.

Finally, the option to use no radiotherapy at all needs to be considered. It has been shown
that in older low-risk patients (over age 65 or 70 years) using adjuvant endocrine therapy,
adjuvant radiotherapy can be omitted, as this omission resulted in a very small increase in
local recurrence risk [41,42]. It is important to note that the adherence rate to the endocrine
therapy is less strict outside clinical trials [43]. The actual local recurrence rates after the
omission of adjuvant radiotherapy might be higher than reported in clinical trials. Also, in
some countries, such as the Netherlands, the national protocol does not advise endocrine
therapy for this group of low-risk breast cancer patients [44]. There is limited evidence on
the comparison of endocrine therapy alone versus radiotherapy alone. A popula-
tion-based registry study reported 5-year local recurrence rates of 1.5% for whole breast
radiotherapy alone and 4.2% for endocrine therapy alone, compared to 0.8% for combined
treatment and 12% for no adjuvant treatment [45]. Endocrine therapy is associated with
substantial short-term and long-term toxicity. Radiotherapy alone can be a very suitable
option for these elderly low-risk patients, especially if APBI is used.

Conclusion

The excellent prognosis of early-stage breast cancer patients poses new challenges to the
radiotherapy community. There is an urgent need to focus on reducing long-term
toxicities and mortalities, even though these risks are difficult to quantify. Some changes
are simple to implement, such as prioritizing lung sparing during treatment planning, and
can have an impact on the overall survival of this group of patients.
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Summary

Breast cancer is the most common female malignancy worldwide and mainly affects
woman over the age of 50 years. After the implementation of public screening programs
in developed countries in the 1980s and 1990s, most breast cancers are diagnosed at an
early stage. The prognosis of early-stage breast cancer is excellent, with a cancer specific
survival of 99% at 5 years after diagnosis. Thus, the focus of improving breast cancer care
has shifted from increasing survival to decreasing treatment-related side effects.

The two most important long-term toxicities of radiotherapy after breast conserving
surgery are cardiovascular toxicity and the induction of secondary cancers. Both can lead
to treatment-induced mortality. The aim of this thesis was to assess the magnitude of the
secondary cancer risks of adjuvant breast radiotherapy and to investigate methods to
reduce this risk.

Our first step was the assessment of the secondary cancer risks of various organs for
several whole and partial breast irradiation techniques, based on dose measurements in
an anthropomorphic phantom. Chapter 2 details the experiment and the calculation of
the secondary cancer risks based on the measured doses. We found that whole breast
irradiation leads to the highest overall secondary cancer risk and that the use of partial
breast irradiation (PBI) can reduce this risk to about a half. Brachytherapy PBI resulted in the
lowest risks and VMAT PBI in the highest risks of the PBI techniques. Another striking result
was that the large majority of all the secondary cancers were lung cancers, regardless of
the technique used. For example, whole breast irradiation resulted in a 3.8% lifetime risk of
secondary lung cancer, which was 89% of the total secondary cancer risk. As lung cancer
has a mortality of about 80%, the secondary lung cancer risk translates into an excess 3%
life-time mortality. This toxicity occurs at a long time interval after treatment. It starts after
5 years and continues for the remainder of life of the treated patients. The peak incidence
rate in our analysis was found around 25 years after treatment. This latency is much longer
than the latency of radiation-induced cardiovascular disease, which might explain why
the prevention of secondary lung cancer after radiotherapy has received less attention
than cardiovascular disease prevention.

The next step was to explore the possibility of reducing dose to the lungs during treatment
planning, as well as the price to pay for this reduction. This is discussed in chapter 3. For
20 breast cancer patients, we created treatment plans using Erasmus-iCycle. Erasmus-iCycle
is software creating consistent high-quality treatment plans through fully automated
multicriteria prioritized optimization. The technique is hence objective and free of human
biases. We generated plans that prioritized sparing of lung tissue versus sparing of healthy
non-target breast tissue. The resulting dose distributions were converted into the risks of
secondary lung cancer induction and the risks of breast fibrosis per treatment plan. We
found on average a five-fold reduction in the risk of secondary lung cancer achieved by
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prioritizing lung sparing. The price to pay is a small increase in the long-term breast fibrosis
risk of about 0.5 %point. The use of non-coplanar beams lowered both the secondary
cancer risks and breast fibrosis risks compared to a coplanar beam set-up. Prioritizing lung
sparing also resulted in a lower mean heart dose, and thus may lead to a lower risk of
cardiovascular toxicity. Based on these results, we recommended to prioritize lung sparing
during treatment planning and the use of a non-coplanar beam set-up. This could improve
the long-term overall survival of early-stage breast cancer patients.

The second part of this thesis focusses on the geometric accuracy of accelerated partial
breast irradiation (APBI). The volume to be treated with radiation is called the clinical target
volume (CTV). A safety margin is applied to this volume to compensate for geometric
uncertainties that are present during the preparation and delivery of a radiation treatment.
The expansion of the CTV with this margin results in the planning target volume (PTV).
The selection of a PTV margin is a trade-off. The expansion needs to be sufficiently large
to prevent geographical miss for most treated patients. On the other hand, a larger margin
leads to a larger volume to be treated and to higher doses to surrounding healthy tissues.
The margin should be as small as possible to decrease the toxicity risks of these healthy
tissues. The first step towards an optimal PTV margin is the assessment of the magnitude
of all geometric uncertainties of a specific radiation treatment technique. Next, the
required PTV margin can be calculated using established methods. Also, an assessment of
all errors shows which factors can be optimized to reduce the required PTV margin.

In chapter 4, our results on the motion of the tumor bed occurring during APBI delivery
are shown. Based on the intrafraction motion during 110 fractions of 22 patients, we
concluded that the PTV margin required to compensate for breathing is only 0.3 - 0.6 mm.
A different type of intrafraction motion is drift, a gradual change in patient position due to
for example sliding down or relaxing. The magnitude of patient drift increased with
increasing fraction duration. A margin of 1.0 mm is sufficient for a total fraction duration
up to 8 minutes after the first imaging for patient set-up. For a fraction of 32 minutes, 2.5
mm is needed. Techniques that account for breathing motion but not for drift, e.g.
breath-hold or gating, can reduce these margins by 0.1 mm. There was a systematic trend
in the drift in the dorsal, caudal and medial direction. This trend is not taken into account
in the standard PTV margin calculation methods. To compensate for these trends, an
asymmetric margin could be used with an additional 0.7 mm expansion in these directions.
The most important factors to minimize the intrafraction motion margin are reducing
treatment duration and drift.

In addition to the motion occurring during the fraction, the motion between subsequent
fractions is another geometric uncertainty that should be included in the PTV margin
calculation. This interfraction motion is discussed in chapter 5. As the tumor bed is often
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not visible on the pre-treatment imaging used for patient positioning, fiducials are used
instead. For a cohort of 70 patients, we calculated the motion of the fiducials relative to
the tumor bed that occurred between planning CT and the first fraction. A margin of 1.7
mm was required to ensure 100% CTV coverage in 90% of patients when using surgical
clips for patient set-up, while 2.3 mm resulted in 100% CTV coverage in 95% of patients.
The range of motion among patients was large, 0.1 — 2.9 mm for the center of mass of the
surgical clips. These findings strongly support the use of individualized PTV margins. Our
analysis showed no clear predictive factors for personalized margins based on clinical
parameters known at the time of treatment planning. Individualized PTV margins could
be implemented using a library of plans with different PTV margins. At the time of
treatment, fiducial motion could be assessed and the plan with the optimal margin would
be selected for delivery.

The different geometric uncertainties need to be combined into one comprehensive PTV
margin for the use in clinical practice. As the different contributions are not correlated, this
is done quadratically summing up all the systematic and random errors and use these
values in calculations such as the van Herk formula. In the discussion section of chapter 5,
examples are shown of realistic values of the systematic and random errors for external
beam APBI. Based on these values, a comprehensive PTV margin for VMAT APBI on a
conventional linac would be 4.0 mm for a 5-fraction schedule. Using a Cyberknife with
fiducial tracking, this margin would be 2.2 mm.

Finally, the definition of the tumor bed on a CT scan is challenging, especially after
lumpectomy with full thickness closure. In such cases, the interobserver variability in the
delineation of the tumor bed is high. This could lead to geographical misses during APBI
and eventually a higher risk of local recurrence. In chapter 6, a study on the use of a
radiopaque hydrogel for improved target definition is presented. In 21 breast cancer
patients, 3 = 9 ml of iodined hydrogel were inserted into the lumpectomy cavity just
before full thickness closure. Another 21 breast cancer patients were included as matched
controls. The tumor bed was delineated on the planning CT scan by six experienced
radiation oncologists. After the hydrogel injection, the median conformity index (Cx)
between the delineations of the different radiation oncologists was higher (intervention
group Cx 0.70, control group Cx 0.54, p< 0.001). Also, the cavity visualization score was
higher in the intervention group than in the control group (median 3.5 versus 2.5
respectively, p < 0.001)). The feasibility of the procedure was 100% and the rate of surgical
site infections was not different from literature. The use of a radiopaque hydrogel is a
feasible and practical option to improve the target definition for APBI.

In chapter 7, the results and conclusions of this thesis are discussed in a broader context.
The main conclusion is that secondary lung cancer induction partially offsets the survival
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benefit of adjuvant breast radiotherapy. Prioritizing lung sparing during planning reduces
this risk and is easy to implement at no additional costs. The use of a non-coplanar beam
set-up and intrafraction motion tracking could reduce the secondary cancer risk even
more.
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Borstkanker is het type kanker dat het meest voorkomt wereldwijd. Het komt met name
voor bij vrouwen boven de 50 jaar. Sinds de invoering van programma’s voor preventief
bevolkingsonderzoek in de jaren tachtig en negentig van de vorige eeuw worden de
meeste patiénten gediagnosticeerdin eenvroeg stadium. De prognose van vroeg-stadium
borstkanker is uitstekend, met een kankerspecifieke overleving van 99% na 5 jaar. De focus
in het verbeteren van de behandeling van borstkanker is daarom verschoven van het
verbeteren van de overleving naar het verminderen van de bijwerkingen van de behandeling.

De twee belangrijkste bijwerkingen op lange termijn van radiotherapie na borstsparende
chirurgie zijn cardiovasculaire ziekten en de inductie van secundaire tumoren. Beiden
kunnen ze leiden tot behandelingsgerelateerde mortaliteit. Het doel van dit proefschrift
was het kwantificeren van de risico’s op secundaire tumoren na adjuvante borstbestraling
en het onderzoeken van manieren om dit risico te verminderen.

Onze eerste stap was het kwantificeren van het risico op secundaire tumoren in
verschillende organen. We vergeleken meerdere technieken voor gehele of partiéle borst-
bestraling door het meten van bestralingsdosis in een fantoom lijkend op een mens.
Hoofdstuk 2 beschrijft dit experiment en van de berekening van de secundaire tumor
risico’s op basis van de metingen. Uit onze resultaten bleek dat gehele borstbestraling
leidt tot het hoogste totale risico op secundaire tumoren en dat partiéle borstbestraling
(PBI) het risico ongeveer kan halveren. Brachytherapie PBI leidde tot de laagste risico’s en
VMAT PBI tot de hoogste van de PBI technieken. Een andere opvallende bevinding was dat
het overgrote deel van alle secundaire tumoren longtumoren betrof. Voor bijvoorbeeld
de gehele borstbestraling was het totale levenslange risico op secundaire tumoren 3.8%,
dat was 89% van alle secundaire tumoren. Ongeveer 80% van de longkanker patiénten
overlijdt aan de ziekte, waardoor het risico op secundaire longtumoren van gehele borst-
bestraling zich vertaalt in een risico van 3% om te overlijden aan een bestralingsgeindu-
ceerde longtumor in de rest van het leven van bestraalde borstkanker patiénten.
Secundaire tumoren ontstaan na een lang interval na de bestraling. De eerste secundaire
tumoren ontstaan na 5 jaar en dit risico blijft bestaan voor de rest van het leven van de
patiént. In onze analyse lag de piek in incidentie van secundaire tumoren rond de 25 jaar
na behandeling. Dit zou kunnen verklaren waarom er in de laatste jaren meer aandacht is
geweest voor de preventie van cardiovasculaire bijwerking dan voor het voorkomen van
secundaire tumoren.

De volgende stap was het onderzoeken van manieren om de bestralingsdosis van de
longen te verlagen. Belangrijk daarbij was de prijs voor deze verlaging. Dit onderzoek
wordt besproken in hoofdstuk 3. Voor 20 borstkanker patiénten werden er behandel-
plannen gemaakt met Erasmus iCycle. Erasmus iCycle is software die via volledig geauto-
matiseerde optimalisatie behandelplannen kan maken van een consistent hoge kwaliteit.
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We hebben plannen gegenereerd die volledige voorrang gaven aan het sparen van de
longen of juist het sparen van het gezonde borstweefsel buiten het doelgebied. Op basis
van de resulterende dosisverdelingen werden de risico’s op secundaire longtumoren en
borstfibrose per behandelplan berekend. Er was gemiddeld een vijfvoudige reductie in
het risico op secundaire longtumoren voor het plan dat de longen spaarde vergeleken
met het plan dat de borst spaarde. De prijs hiervoor was een verhoging van het risico op
borstfibrose van 0.5 procentpunt. Het gebruik van een niet-coplanaire bundelopzet
resulteerde in lagere risico’s op zowel secundaire longtumoren als borstfibrose. Opvallend
was dat het prioriteren van longsparing ook tot een lagere hartdosis leidde voor zowel
linkszijdige als rechtszijdige behandelingen, en dus tot een lager risico op cardiovasculaire
ziekten. Op basis van deze resultaten raadden wij aan om tijdens het maken van het
behandelplan prioriteit te geven aan het sparen van de longen en om een niet-coplanaire
bundelopzet te gebruiken. Dit kan mogelijk de overleving op de lange termijn van
patiénten met vroeg-stadium borstkanker verhogen.

Het tweede deel van dit proefschrift gaat over de geometrische nauwkeurigheid van
geaccelereerde partiéle borstbestraling (APBI). Het volume dat behandeld moet worden
met bestraling wordt het ‘clinical target volume’ (CTV) genoemd. Rond dit volume wordt
een marge toegepast om te compenseren voor geometrische onnauwkeurigheden
tijdens de voorbereiding en uitvoering van de bestraling. De toevoeging van de marge
aan het CTV resulteert in het “planning target volume”, PTV. De keuze voor een bepaalde
PTV marge is een afweging tussen 2 aspecten. Aan de ene kant moet de PTV marge
voldoende ruim zijn om de kans op het missen van het doelgebied zo klein mogelijk te
houden. Aan de andere kant leidt een grotere PTV marge tot een groter bestraald volume
en tot hogere dosissen voor de omliggende gezonde weefsels. De marge moet dus zo
klein mogelijk zijn om de kans op bijwerkingen te verlagen. De eerste stap om te komen
tot een optimale PTV marge is het bepalen van de grootte van alle geometrische on-
nauwkeurigheden in het proces van bestralingsvoorbereiding en —uitvoering. Daarna kan
de benodigde PTV marge berekend worden aan de hand van erkende methodieken. Een
inventarisatie van alle onnauwkeurigheden laat ook zien welke factoren verbeterd kunnen
worden om tot een kleinere PTV marge te komen.

In hoofdstuk 4 worden de resultaten van de analyse van de beweging van het tumor bed
tijdens een APBI behandeling besproken. Op basis van de intrafractie beweging tijdens
110 fracties van 22 patiénten concludeerden we dat de PTV marge die nodig is om adem-
halingsbeweging te compenseren slechts 0.3 tot 0.6 mm is. Een andere beweging tijdens
een fractie is drift, het langzaam veranderen van de houding zoals wegglijden of inzakken.
De grootte van de drift nam toe met de duur van de behandeling. 1.0 mm marge was
voldoende voor een fractieduur tot 8 minuten na de eerste opnames voor het positioneren
van de patiént. Voor een fractie van 32 minuten of meer was een marge van 2.5 mm
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nodig. Technieken die compenseren voor de ademhaling maar niet voor drift, zoals
bijvoorbeeld 'breath-hold’ en ‘gating’, kunnen deze marge met 0.1 mm verkleinen. Er was
een systematisch trend in de richting van de drift in de dorsale, caudale en mediale
richting. Om voor deze trend te compenseren zou een asymmetrische marge gebruikt
kunnen worden met een extra expansie van 0.7 mm in deze richtingen. De belangrijkste
factoren om de marge voor intrafractie beweging te kunnen verkleinen zijn de duur van
de behandeling en de drift.

Naast beweging tijdens een behandelfractie is er ook een verschil in ligging van de patiént
en het doelgebied tussen verschillende fracties. Deze interfractie onnauwkeurigheid
dient meegenomen te worden in de PTV marge en wordt besproken in hoofdstuk 5.
Omdat het tumor bed vaak niet goed zichtbaar is met de afbeeldingstechnieken die
gebruikt worden voor het positioneren van de patiént, wordt er vaak gebruikt gemaakt
van fiducials. Dit zijn kleine metalen markeringen in of nabij het te bestralen gebied. Voor
een cohort van 70 patiénten hebben we de beweging berekend die optrad tussen de
planningsCT en de behandeling voor de fiducials ten opzichte van het tumor bed. Een
marge van 1.7 mm is nodig om er voor te zorgen dat bij 90% van de patiénten het CTV
voor 100% de voorgeschreven dosis krijgt. Dit geldt als er operatieclips gebruikt worden
als fiducials tijdens het positioneren van de patiént. Met een marge van 2.3 mm stijgt dit
tot 95% van de patiénten. De spreiding in de beweging was groot, van 0.1 mm tot 29 mm
voor het centrum van de operatieclips. Dit pleit voor het gebruik van geindividualiseerde
PTV marges. Onze analysis toonde geen sterke voorspellende factoren aan die ten tijde
van de planning bekend zijn. Toch zouden geindividualiseerde PTV marges ingevoerd
kunnen worden door het maken van meerdere plannen met verschillende PTV marges
per patiént. Ten tijde van de behandeling kan de beweging van de fiducials worden
gemeten waarop het plan met de juiste PTV marge kan worden geselecteerd voor de
behandeling.

De verschillende geometrische onnauwkeurigheden moeten worden gecombineerd tot
één gezamenlijke PTV marge voor gebruik in de klinische praktijk. Omdat de verschillende
onnauwkeurigheden ongecorreleerd zijn, kunnen de systematische en random fouten
kwadratisch opgeteld worden. Hierna kunnen de totale fouten worden gebruikt in een
berekening zoals die van van Herk. In de discussie van hoofdstuk 5 worden voorbeelden
getoond van realistische waardes voor de systematische en random fouten tijdens
uitwendige APBI. Op basis van deze waardes is de benodigde marge voor VMAT-APBI met
een conventionele versneller 4.0 mm voor een behandelschema met 5 fracties. Indien er
behandeld wordt op een Cyberknife met fiducial tracking is 2.2 mm marge nodig.

Het laatste aspect dat behandeld wordt in dit proefschrift is de nauwkeurigheid en
betrouwbaarheid van de intekening van het tumorbed op de planningsCT scan. Vooral na
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het volledig sluiten van het klierweefsel na lumpectomie (“full thickness closure”) is de
variatie in intekening tussen verschillende personen hoog. Dit kan leiden tot het missen
van het werkelijke doelgebied tijdens APBI en tot een verhoogd risico op een lokaal
recidief. In hoofdstuk 6 wordt een studie besproken naar het gebruik van een radiopaque
hydrogel om de intekening van het tumorbed te verbeteren. Bij 21 borstkanker patiénten
werd 3 tot 9 ml jodium bevattende hydrogel aangebracht in de lumpectomieholte
voordat het klierweefsel werd gesloten. 21 andere borstkanker patiénten werden
geincludeerd als vergelijkbare controle patiénten. Het tumor bed werd ingetekend op de
planningsCT door 6 ervaren radiotherapeut-oncologen. De mediane conformiteitsindex
(Cx) was hoger in de groep met de hydrogel dan in de controle groep (interventie groep
Cx 0.70, controle groep Cx 0.54, p < 0.001). Ook de score voor de zichtbaarheid van de
lumpectomieholte was hoger in de interventiegroep dan in de controle groep (mediaan
3.5 versus 2.5, p < 0.001). De haalbaarheid van de interventie was 100% en de kans op
wondinfecties was vergelijkbaar met gepubliceerde kansen na lumpectomie. Het gebruik
van een radiopaque hydrogel is eenvoudig uit te voeren en kan de nauwkeurigheid van
het bepalen van het tumorbed voor adjuvante radiotherapie verbeteren.

In hoofdstuk 7 worden de resultaten en conclusies van dit proefschrift besproken in een
bredere context. De eindconclusie is dat de inductie van secundaire long tumoren de
overlevingswinst van adjuvante radiotherapie gedeeltelijk teniet doet. Het prioriteren van
het sparen van de longen tijdens het maken van het behandelplan kan het risico op
secundaire long tumoren verkleinen en is eenvoudig te implementeren zonder extra
kosten. Het gebruik van een niet-coplanaire bundelopzet en het gebruik van methoden
die de intrafractie beweging volgen kunnen het risico op secundaire long tumoren verder
verlagen.
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