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Chapter1

Introduction




INTRODUCTION

Rectal cancer epidemiology

Worldwide, the incidence of colorectal cancer has increased in the last decade, especially in Western
countries. This increase in incidence may be explained by modifiable lifestyle factors, such as
smoking, alcohol intake, physical inactivity, obesity, low consumption of fruits and vegetables and high
consumption of red meat and processed meat [1]. In addition, the introduction of population screening
has contributed to an increased incidence. In the Netherlands, the incidence of colorectal cancer is one
of the highest of all cancer types, with 15.306 new cases in 2016, of which 4461 were diagnosed as
rectal cancer [2]. Since the early nineties, the incidence of rectal cancer has doubled and the 5-year

survival has increased from 53% to 67% in recent years.

Survival of rectal cancer patients is mainly dependent on the disease stage at the time of diagnosis, with a
better prognosis for early diagnosed patients. Unfortunately, most patients are unaware of their disease
until clinical symptoms occur, with an already advanced stage as a result. In order to improve survival for
colorectal cancer patients, population screening was introduced in the Netherlands in 2014. This has
led to an increased incidence, leading to more early stage colorectal cancer patients at diagnosis. Apart
from possibly less aggressive treatment in some patients, improved overall survival of colorectal cancer

patients has been anticipated [3].

Treatment

Surgery

Treatment advances in the last decades have led to improved local control and overall survival of
rectal cancer patients. Surgery is the mainstay of treatment and a major step in surgical quality was
made with the introduction of standardized total mesorectal excision (TME) surgery by Heald [4]. In a
TME procedure, the entire mesorectal compartment is excised along anatomical planes. The specimen
includes the rectum, surrounding mesorectum and perirectal lymph nodes, enclosed by the mesorectal
fascia (MRF). The introduction of this standardized technique reduced local recurrence rates from over
25% to approximately 10% [4-6].

Generally, two approaches of TME surgery are used. An abdominoperineal resection (APR) is generally
used in patients with low lying tumors and involves removal of the anus, rectum and part of the sigmoid
colon along with the complete mesorectum. Due to the removal of the anal sphincter complex, an APR
always results in a permanent stoma. A low anterior resection (LAR) involves removal of the part of the
rectum in which the tumor is located along with the surrounding mesorectum. An anastomosis is then
performed to attach the colon to the remaining part of the rectum. To reduce the risk of anastomotic

leakage, patients may have a temporary stoma, which can be reverted later on [7].
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For early stage rectal cancer patients with TINO, an alternative to TME surgery might be a local excision.
In this procedure, the tumor is locally excised through the anus using transanal endoscopic microsurgery
(TEM), thereby saving the rectum and sphincter complex. Local excision surgery is associated with lower
morbidity and mortality rates compared to TME surgery [8]. However, TEM has an increased risk of
a non-radical resection [9] as well as a risk of leaving involved lymph nodes behind. As a result, local

recurrence rates are substantially higher after TEM compared to TME [10].

(Chemo)radiotherapy

For more advanced cases, the addition of (chemo)radiotherapy to TME surgery further reduced local
recurrence rates to 5-8% [11-14]. Two general treatment schedules are used as a neoadjuvant treatment.
For intermediate risk patients, i.e. cT1-3N1 or cT3NO with >5 mm extramural invasion and no involved
mesorectal fascia (MRF), short-course radiotherapy (SC-RT) is given with 25 Gy in 5 fractions within

one week in northern European countries.

The MRF is the resection plane of a TME resection and involvement of the MRF leads to positive
circumferential resection margins (CRM)inalarge number of patients. Several studies have demonstrated
anincreased local and distant recurrence risk after resections with a positive CRM [15]. If the distance of
the primary tumor or involved lymph node to the MRF is smaller than or equal to 1Tmm, it is considered an
involved MRF and the patient is not eligible for direct TME surgery. For high risk patients, being cT4, cT'3
with involved MRF, and/or cN2 or extramesorectal pathological nodes, long-course chemoradiotherapy
(LC-CRT) is given with 45-50 Gy in fractions of 1.8-2 Gy.

The addition of preoperative SC-RT in stage I-lll patients has been investigated in the TME trial and the
MRC CRO7 trial. In the TME trial, patients with resectable rectal cancer were randomized between SC-
RT followed by immediate surgery or surgery alone [11]. In the MRC CRO7 trial, patients with resectable
rectal cancer were randomized between SC-RT with direct TME surgery or TME surgery with selective
adjuvant chemoradiotherapy [14]. In both trials, a significant reduction in local recurrence rate was
observed in patients with a negative CRM after TME in the radiotherapy group compared to the TME
alone group. Because of the short interval between radiotherapy and TME surgery, no downstaging was
observed [16].

The addition of chemotherapy to radiotherapy was investigated in the FFCD 9203 and EORTC 22921
trials. Inthe EORTC 22921 trial, patients with resectable, T3-T4 rectal cancer were randomized between
preoperative long-course radiotherapy with or without fluorouracil based chemotherapy. In addition,
the role of adjuvant chemotherapy was investigated, resulting in a 2x2 design [12]. In the FFCD 9203
trial, patients with resectable T3-4 rectal cancer were randomized between preoperative long-course
radiotherapy with or without concomitant chemotherapy [17]. Time between (chemo)radiotherapy and
surgery was 3-10 weeks. In both trials, the addition of chemotherapy resulted in lower local recurrence

rates compared to long-course radiotherapy only. Ten year local recurrence was 22.4% vs 11.8% in the
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EORTC 22921 trial and 5-year local recurrence was 16.5% vs 8.1% in the FFCD 9203 trial. In addition,

more tumor downstaging was observed in the chemoradiotherapy group.

The Stockholm Ill trial investigated the optimal fractionation of neoadjuvant radiotherapy and timing
to surgery by randomizing patients with resectable rectal cancer between short-course radiotherapy
with immediate surgery, short-course radiotherapy with delayed surgery and chemoradiotherapy with
delayed surgery. Interim analyses showed that patients in the SC-RT with delayed surgery group had a
greater degree of tumor regression and a higher pathological complete response rate compared to the
SC-RT with immediate surgery group [18,19]. After a follow-up of a minimum of 2 years, no differences
inlocal recurrences, distal recurrences and overall survival were observed. In addition, the risk of surgical

complications was lower in the delayed surgery groups. Preoperative toxicity was however higher.

Frail patients that are considered unfit for surgery are usually also unfit for chemotherapy. For these
patients, definitive radiotherapy can be offered. Literature describes varying schedules and techniques,

including external beam radiotherapy (EBRT), contact therapy and brachytherapy [20].

Toxicity and complications

The introduction of standardized TME surgery led to a substantial reduction in local recurrence rates.
However, after TME surgery a permanent stoma is required in about 10-20% of cases and a temporary
stoma is required in 60-70% of cases of which many are not reversed [21,22]. In addition, TME surgery
can result in substantial morbidity, including bowel leaks (16%), urinary incontinence or retention (25-
34%), sexual dysfunction, and daily symptoms of urgency, incomplete emptying and stool frequency
(30-40%) [23-27]. Thirty-days operative mortality is around 3-6% for patients <75 years of age and
around 10-14% for patients >75 years of age [28].

While pre-operative (chemo)radiotherapy reduced local recurrence rates, it is also associated with an
increased risk of side effects such as bowel and sexual dysfunction [29]. In the TME trial, 10-year local
recurrence rates were lower in the radiotherapy group (5% vs 11%, p<0.0001), but no benefit in overall
survival was observed (48% vs 49%). In a subgroup analysis, a benefit in overall survival was observed
in the radiotherapy group in TNM stage Ill patients (50% vs 40%) with negative CRM. However, in TNM
stage | and Il patients, overall survival was lower in the radiotherapy group (65 vs 72% for stage | and
51 vs 57% for stage II) [11]. Although one has to be careful with interpretation of unplanned subgroup
analyses, these results seem to suggest that EBRT can cause a systemic effect. It has to be noted that
patients in the TME trial were treated with a box technique with conventional 2D treatment planning,
which may have contributed to the systemic effect. The results also show that patient selection based
on disease stage could be useful, as overall survival was lower in stage I-Il rectal cancer patients in the
SC-RT group. In addition, reducing the integral dose and/or the dose to the organs at risk may reduce the

side-effects associated with radiotherapy.
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Reducing treatment related toxicity and morbidity

Improvements in the treatment of rectal cancer patients have led to increased survival. As a result, long-
term outcome has become an increasingly important factor. In addition, the introduction of population
screening will lead to earlier detection of the disease with probably improved survival as a result [3]. Both
preoperative (chemo)radiotherapy and TME surgery are associated with toxicity and complications. As a
result, research for rectal cancer treatment has focused on the reduction of radiation dose to (healthy)

tissue and less extensive surgery or omission of surgery in selected patients.

Neoadjuvant radiotherapy

The target volume for neoadjuvant radiotherapy for rectal cancer typically encompasses the primary
tumor, with elective irradiation of the whole mesorectum and presacral and internal iliac nodes, with the
cranial border around the level of the sacral promontory and the caudal border at least 2 cm below the
primary tumor. The most important organs at risk are the small bowel and the sphincter complex. Due to
the large target volume and the proximity of these organs at risk to the target volume, dose is deposited
in these organs at risk which causes part of the radiotherapy treatment related toxicity. In addition, dose

deposition in nerves located in the pelvis may attribute to decreased functional outcome.

Reduction of dose to healthy tissue can be achieved by decreasing treatment margins, or by using an
alternative treatment technique. Research on the interfraction displacement of the CTV resulted in
guidelines on required margins for rectal cancer radiotherapy. These required margins reduced the PTV
volumes on average with 16% (SC-RT) and 24% (LC-CRT) compared to previous standard practice [30].

EBRT is currently the standard treatment modality for neoadjuvant radiotherapy for rectal cancer. With
EBRT, the patientis irradiated using an external beam, in which radiation dose is deposited in the healthy
tissue surrounding the target volume before it reaches the target volume. An attractive alternative
treatment technique is intracavitary irradiation, that offers the advantage of delivering a high dose to the
tumor from the inside while sparing surrounding organs at risk due to a steep dose gradient. Intracavitary
irradiation for rectal cancer is an experimental and specialized treatment technique that is not widely
available. It can be applied using either contact therapy or brachytherapy. Contact therapy is performed
using a 50 kV handheld tube under direct visual control of the tumor [31]. Due to the low energy and
therefore a steep dose fall-off, a very localized treatment can be applied. Brachytherapy can be given
endoluminally, with an applicator inserted in the rectum. A number of different rectal applicators are
available, ranging from single channel rigid applicators to flexible multichannel applicators [32]. With
an afterloading system, an irradiation source can be guided through the channels in order to irradiate
the region of interest. The multichannel flexible applicator is often used for high-dose rate endorectal
brachytherapy (HDREBT) and has the advantage that the eight channels are placed circumferential
near the edge of the applicator, which allows conformal treatment planning by using the channels that
are located near the tumor. Although HDREBT is an invasive procedure as opposed to EBRT, it is well

tolerated by most patients [33].

Introduction | 11



Compared to the target volume in neoadjuvant EBRT, brachytherapy reduces the irradiated volume
considerably, leading to less dose to normal tissue. In addition, the dose in the tumor itself is significantly
higher. However, potential positive lymph nodes that are further away from the tumor are not irradiated
orreceive alower dose compared to EBRT. Nonetheless, the role of HDREBT as a neoadjuvant treatment
was demonstrated by the group of Vuong et al. In a single center study, neoadjuvant HDREBT (4x 6.5
Gy) was given for mainly T3 tumors (88.8%) with 34% of patients having N+. A final pathologic stage
of TONO-2 was reached in 27% and 5-year local control was 95% [34]. In a recent retrospective chart
review that compared HDREBT to EBRT (mainly chemoradiotherapy), pathological complete response
rates were similar (18.8% inthe HDREBT group vs 17.1% in the EBRT group) and T-stage downstaging was
significantly higher in the HDREBT group (59.4% vs 28.5%, p<0.01) [35]. Hesselager et al. performed
a matched comparison of 318 patients treated with preoperative HDREBT (4x 6.5 Gy, TME after 4-8
weeks), preoperative SC-RT (5x5 Gy, direct TME) and TME only [36]. Less perioperative bleeding was
reported in the HDREBT group compared to the SC-RT and TME only group (380 mL, 947 mL and 919
mL, respectively). In addition, less re-interventions were performed in the HDREBT group than in the
SC-RT and TME only group (4.1%, 14.2% and 12.3%, respectively). Although it was not the primary
endpoint of the study, a pathological complete response rate of 23.6% was reported after HDREBT.

However, it is difficult to draw firm conclusions based on these non-randomized trials.

Organ preservation

The reported negative effects of rectal cancer surgery led to increased interest for organ preservation,
in which surgery might be omitted if the patient experiences a complete response after neoadjuvant
therapy. In these patients, a ‘watch and wait’ strategy with omission of surgery and a strict follow-up
protocol seems to be a safe alternative to surgery [37]. Surgery and the related morbidy and mortality

are then avoided.

A pathological complete response (pCR) is observed in 15-25% of patients after standard
chemoradiotherapy [38,39]. Complete response rates up to 50% are observed in centers with a
dedicated watch and wait protocol, probably due to better patient selection [40,41]. Complete
response rates might be increased by delivering a higher dose to the tumor [42,43]. This may therefore
be beneficial in organ preservation strategies in order to increase the chance of a complete response.

Tumor dose can be increased by applying a boost using EBRT or intracavitary irradiation.

A randomized trial comparing 13x3 Gy radiotherapy with or without an endocavitary boost using X-ray
contact therapy (85 Gy in 3 fractions) reported an improved clinical complete response rate (24% vs
2%) in the boost group [44]. No difference in local relapse and acute or postoperative toxicity were
reported and 2-year overall survival was similar. Another randomized trial compared LC-CRT (28 x 1.8
Gy) with- or without HDREBT boost (2 x 5 Gy) in resectable T3 and T4 rectal cancer patients [45].
The RO resection rate was higher in the boost group (99% vs 90%) as was the major response rate

defined as tumor regression grade 1and 2 (44% vs 29%). No difference was found in toxicity or surgical
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complications. Unfortunately, no difference in pCR rate was reported. The HERBERT trial was a dose
escalation trial in which a HDREBT boost in 3 weekly fraction of 5-8 Gy was applied after 13 x 3 Gy EBRT
in inoperable and elderly patients [46]. The maximum tolerated dose was determined at 7 Gy. Overall, a
CR rate of 60% was observed. However, the treatment came with substantial risk of toxicity, with 40%

grade =3 proctitis.

In order to facilitate organ preservation in early stage rectal cancer patients, (chemo)radiotherapy has
to be given in order to control the tumor. This group of patients would normally not receive neoadjuvant
treatment as the standard of care for these patients is TME surgery. The risk of pelvic lymph node
involvementor distal mesorectal nodalinvolvementisvery low in early rectal cancer patients. Therefore, it
is doubtful whether the typically used large target volumes are required for these patients and reduction
of the target volume to only include the peritumoral region of the primary tumor and mesorectum
seems reasonable. The significant volume reduction might lead to decreased treatment-related toxicity
without compromising oncological outcome. This is currently being investigated in the STAR-TReC
trial, which assesses the feasibility of short-course radiotherapy or long-course chemoradiotherapy
with subsequent two-stage response assessment as an alternative to TME surgery. Patients with T1-
3bNOMO rectal cancer are randomized between TME, organ preservation utilizing LC-CRT and organ

preservation utilizing SC-RT. The radiotherapy target volume only includes the mesorectum [47].

Treatment delivery techniques

In order to deliver radiotherapy safely, a target volume needs to be defined to steer the treatment
planning. In general, three target volumes are defined: the gross tumor volume (GTV), the clinical target
volume (CTV) and the planning target volume (PTV). The GTV is defined as macroscopic tumor tissue
which can be seen, palpated or imaged. The CTV is defined as the GTV plus the volume that is expected
to contain any microscopic tumor deposits. Since microscopic tumor deposits in the tissue surrounding
the tumor cannot be imaged, guidelines have been developed for delineation of the CTV for rectal cancer

based on local recurrence patterns in the pelvis [48].

To ensure full coverage of the CTV by the prescribed dose, geometrical deviations of the treatment
processshould be takeninto account. These deviations for example include CTV delineation errors, setup
errors of the patient with respect to the treatment machine, and inter- and intrafraction CTV motion.
Geometrical deviations are separated into two components: treatment preparation (systematic errors)
and treatment execution (random errors). Systematic errors result in a shift of the dose distribution with
respect to the target volume, while random errors result in blurring of the dose distribution [49]. The
geometrical deviations are taken into account by adding a PTV margin to the CTV. Increasing the margin
size will increase the chance that the CTV receives full coverage by the prescribed dose. However, with

increasing margin size, more healthy tissue will be irradiated with risk of side-effects.
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Image-guided external beam radiotherapy

EBRT delivery techniques have evolved in the past decades to deliver radiation doses with increasing
conformality. During the mid-nineties, a box technique was commonly used. It utilizes multiple (e.g.
3 or 4) rectangular beams, aimed at the target at any angle in the transverse plane. Each beam was
homogeneous in terms of intensity. This technique was replaced by 3D conformal radiotherapy. Using a
multileaf collimator, the shape of each beam could be adapted to the shape of the PTV. A more conformal
approach is intensity-modulated radiotherapy (IMRT), in which each beam is divided into segments.
The beam intensity can be varied individually for each segment, resulting in more conformal treatment
plans with a more homogeneous dose distribution within the PTV compared to the more conventional
delivery techniques [50,51]. IMRT can also be delivered with a rotating gantry, in which rotation speed
and beam intensity can be modulated, called volumetric arc therapy. Each improvement in radiotherapy
delivery technique led to more conformal treatment plans, with higher dose gradients at the edges of the
target volume. As a result, the treatment plans will be less forgiving in terms of geometrical deviations.
Small deviations can lead to underdosage of the target volume if insufficient margins are used as the

target volume will move out of the high dose region.

Inimage-guided radiotherapy (IGRT), corrections are applied based on measurements of the geometrical
deviations. The imaging devices that are used to measure the geometrical deviations have evolved in the
past years. In the nineties, an electronic portal imaging device (EPID) was used to acquire 2D projection
images by measuring the exit dose [52]. The bony anatomy of the patient could be visualized and the
position of the bony anatomy with respect to the treatment field could be corrected to match that of

the treatment plan, if necessary.

New imaging modalities that could be used for setup correction were introduced in the last decade,
including in-room CT, kV-CBCT on a linear accelerator and MV-CT on a helical radiotherapy unit. All
these modalities have in common that they could perform three-dimensional (3D) imaging of the patient
on the treatment table. However, the soft tissue contrast of these modalities is limited, which makes
setup correction based on any other tissue than bony anatomy challenging [53]. In a GTV boost setting,
setup correction can therefore not be performed on the GTV itself. As an alternative, fiducial markers
could be used as a surrogate for the GTV. Fiducials have been used for setup correction of the target
volume in prostate cancer and esophageal cancer [54,55]. The most recent advancement in onboard
imaging is the MR-guided radiotherapy system [56]. With the superior soft tissue contrast of MRI,
setup correction could be performed based on a direct visualization of the GTV. However, MR-guided

radiotherapy systems are not widely available yet.

With increased interest for organ preservation and GTV dose escalation, improvements aimed at boost
delivery for rectal cancer are timely. Although extensive research has been performed on the inter- and
intrafraction displacement of the CTV relative to the bony anatomy, limited research was performed on

the inter- and intrafraction displacement of the GTV relative to bony anatomy to determine margins for
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a GTV boost [57-59]. As a result, a wide range of clinically used PTV margins of 7-30 mm is described
in literature [60-64].

Setup correction could potentially be performed based on the fiducials instead of bony anatomy. To
do so, the fiducials need to be representative of the GTV and the fiducials should be visible on MRI to
accurately determine the fiducial-GTV spatial relationship. Literature on the use of fiducials in rectal
cancer patients focuses on insertion technique, retention rate and complications [65,66]. The stability
of fiducials with respect to the GTV has not been investigated. MRI visibility of fiducials has been

evaluated in phantoms, but no in-vivo analysis has been reported [67,68].

Image-guided brachytherapy

The HDREBT procedure using the flexible multichannel applicator has been described first by Vuong
et al. [69]. During endoscopy, the length and size of the tumor is assessed and endoluminal clips are
attached to the rectal wall near the tumor to be able to visualize the tumor extent on radiographs for
position verification. The target volume and endoluminal clips are delineated on a planning CT scan
with applicator in situ and the applicator is reconstructed, which means that the position of the eight
catheter channels in the applicator are denoted on the CT scan. Before irradiation, position verification
of the applicator is performed. Dummy catheters containing tungsten markers that can be visualized
on a radiograph are inserted into three channels of the applicator. Subsequently, anterior-posterior and
lateral radiographs are acquired of the patient with applicator in situ. The position of the endoluminal
clips and tungsten markers are used to check the insertion depth and rotation of the applicator. If the

applicator is positioned correctly, irradiation is initiated.

Due to the steep dose gradient of HDREBT, interfractional anatomical variations of millimetres can
have a substantial impact on dose to the target volume or organs at risk. Most publications on the
use of HDREBT describe oncological outcomes, but do not report on the technical aspects of the
brachytherapy procedure [70-72]. Initial publications describe a procedure using a single planning CT
scan for all subsequent fractions [69,73]. More recent publications describe a more adaptive approach,
acquiring a planning CT scan at each fraction [74,75]. So far, the possible dosimetric benefit of using an

adaptive approach has not been reported.

HDREBT treatment planning is currently performed using a planning CT, on which accurate localization
of the tumor is difficult due to limited soft tissue contrast. MRI could be used to accurately determine
the tumor location due to its superior soft tissue contrast [76]. Given that the endoluminal clips that
are used for position verification create large artifacts on MRI [77], alternative MRI-compatible fiducial
markers may be used. However, similar to the potential application of fiducial markers in an EBRT boost,

the visibility on MRI and the stability with respect to the GTV has not been investigated.
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A further improvement in the HDREBT procedure would be to omit the planning CT scan and perform
delineation and treatment planning on MRI only. MRI-only brachytherapy is already the standard for
brachytherapy of cervical cancer [78]. Reconstruction of the rigid applicator is performed by rigidly
registering a model of the applicator to the applicator on the MRI scan. However, such an approach is
not available for the flexible rectum applicator. In addition, the applicator causes a signal void on the
currently used anatomical sequences and the individual channels cannot be identified. Therefore, the

challenge in MRI-only HDREBT lies in the reconstruction of the flexible applicator on MRI.

Thesis outline

As described, both TME surgery and radiotherapy are associated with increased risk of side-effects.
As a result, research is focused on increasing the dose to the tumor to achieve higher response rates
for possible organ preservation and on the reduction of irradiated (healthy) tissue. The purpose of this
thesis is to reduce uncertainties in image-guided radiotherapy of rectal cancer to increase the accuracy

of external beam radiotherapy boosting and high-dose rate endorectal brachytherapy.

Initial publications on HDREBT for rectal cancer describe the use of a single planning CT for all
subsequent fractions, while more recent literature describes a procedure using a planning CT at each
fraction. However, a dosimetric comparison between the two approaches has not been performed to
date. The question is whether the increased patient burden of a planning CT scan at each fraction is
justified by any dosimetric improvement in terms of target volume coverage and dose to organs at risk.
Chapter 2 describes the difference between the two approaches in terms of target volume coverage and

dose to the organs at risk.

MRI-compatible fiducial markers can be used for HDREBT as an alternative to the endoluminal clips.
This would allow the use of MRI for treatment planning for HDREBT. For EBRT, setup correction based
on fiducial markers could potentially increase the accuracy of a GTV boost compared to setup correction
on bony anatomy. To accomplish this, the fiducial markers need to be visible on MRI to determine the
spatial relationship between fiducials markers and the GTV. Chapter 3 evaluates the MRl visibility of four

different gold fiducial markers.

To enable MRI-only planning for HDREBT, the applicator and the individual channels need to be visible
on MRI. However, the applicator creates a signal void on currently used anatomical MRI sequences.
Chapter 4 investigates whether an ultrashort echo time sequence can be used to visualize the individual

channels within the applicator and reports on the geometric fidelity.

To use fiducials as a surrogate for the GTV, the stability of the fiducials with respect to the GTV needs
to be determined. In Chapter 5, the stability of implanted gold fiducial markers relative to the GTV is
determined. Furthermore, the inter- and intrafraction displacement of the GTV is characterized and

required margins for different setup correction scenariosin a EBRT GTV boost setting are suggested.
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Inthe STAR-TReC trial, a novel target volume is used which includes only the mesorectum. Mesorectum
only planning is intended for early stage rectal cancer with the aim of reducing the CTV and thereby
reducing dose to the healthy tissue while maintaining local control. Chapter 6 describes the results of a

quality assurance program for mesorectum only planning.
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