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Introduction

RENAL CELL CARCINOMA

Malignancies of the kidney account for 2-3% of all cancers: 90% of these are renal cell
carcinomas (RCC)(1). In the last decade, the incidence of RCC in Europe is increasing, due to
improved imaging techniques and their increased use and accessibility(2). RCC is discovered
incidentally in 60-70% of the cases, when imaging is used to detect other pathology. The
‘incidental'tumors are called incidentaloma’s and are often small renal masses (SRM). SRM are
renal lesions less than 4 cm in largest diameter with contrast enhancement on abdominal
imaging(3). The lesions are either solid or cystic, of which the Bosniak Il or IV classified lesions
are potentially malignant(4). SRM’s are mostly asymptomatic and have a good prognosis if
treated on time(5). Long-term prognosis depends, among other factors, on the stage of the
tumor. Within the group of RCC, only a small group (non-growing tumors < 3 cm) does not
need treatment, and is monitored by active surveillance. If the tumor shows radiographic
signs of growth or exceeds 3 cm in diameter, treatment is indicated(6).

Figure 1: stages of RCC. Hsieh JJ et al. Renal cell carcinoma. Nat Rev Dis Primers 2017 Mar 9;3:17009(6)

CURRENT TREATMENT OF RCC

The current standard treatment of RCC is (partial-) nephrectomy (1). Although in most cases
curative, with a risk of recurrence of up to 4%(7), it is nevertheless an invasive treatment
option including inherent risks like parenchyma bleeding or urine leakage. Over time, less
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Chapter 1

invasive alternative treatment options, such as radio frequency ablation (RFA), cryoablation
(CA), microwave ablation (MWA), and stereotactic body radiotherapy (SBRT) have been
developed, although the gold standard remains surgery. These alternative techniques
effectively induce necrosis and apoptosis of tumor cells, either by heating, freezing, the use
of electromagnetic microwaves or irradiation. The most important complications of RFA, CA
and MWA are bleeding and hematuria. Incomplete treatment of the tumor is also reported,
especially in the larger lesions. The currently used SBRT radiotherapy technique has a low
rate of severe complications (<5% of patients). The most important severe complications
of SBRT are renal function loss, duodenal ulceration and skin toxicity(8). The different
alternative treatment techniques and outcome results are further discussed in chapter 2.
So far, only (minimally) invasive treatment options of RCC have been shown to be curative.
A completely non-invasive curative approach would be desirable. Radiotherapy could be an
eligible non-invasive treatment option for primary RCC.

DEVELOPMENT OF RADIOTHERAPY FOR RCC

Radiotherapy for RCC has been used for decades, with external beam radiotherapy (EBRT) in
the treatment of RCC first reported in 1966. In that report, a study on preoperative palliative
irradiation in large tumors was described (including case series dating since 1935), using
a dosage of 3000 rads (30 Gy) on a 240 kV orthovoltage machine(9). In 1987 it was shown
that preoperative radiotherapy did not change the overall survival or local tumor control
after 5 years(10). Years later, conformal radiotherapy was introduced as a primary treatment,
although still using large fields and relatively low doses. The use of low-dose radiotherapy
led to the assumption that RCC was radioresistant(11). The assumed radioresistance resulted
in the use of EBRT for RCC only in inoperable patients or for treatment of metastatic tumor
localations, and not as a primary treatment modality for operable patients(12).

The use of large radiation fields was required in historical series as conventional radiotherapy
techniques could not compensate for kidney motion, and this motion could not be
visualized before or during treatment. In these large fields, a large volume of healthy kidney
as well as other radiation-sensitive surrounding healthy tissue (such as small bowel) was
irradiated, which limited the radiation dose that could be prescribed to the tumor. The dose
administered for primary kidney tumors was lower than for tumor sites located elsewhere
in the body, and this moderate dose level led to moderate cure rates(12). The former
assumption that RCC is radioresistant may therefore have been incorrect(13). In recent
literature higher biological effective doses with a stereotactic body radiotherapy (SBRT)
approach were used, using conventional linear accelerators (linacs) with on-board cone
beam computed tomography (CBCT)(14-21). RCC is shown to be sensitive to radiotherapy,
when adequate doses are applied.

10
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Introduction

SBRT treatment is currently used mostly for inoperable patients(21). Due to lack of
randomized controlled trials of SBRT versus surgery in operable patients, surgery is still
considered the treatment of choice for operable patients (suspected of) having RCC.

PRESENT-DAY STEREOTACTIC BODY RADIATION THERAPY FOR RCC

SBRT is a high precision radiation technique that, in its modern form, makes use of online
(mostly CBCT) image guidance to deliver the dose precisely at the location of the tumor
with steep dose fall off around the tumor. SBRT treatment enables delivery of a high dose
in one or a few fractions (hypofractionation) and ensures a high biological effective dose
to the tumor compared with previous conventional fractionated radiotherapy schemes.
SBRT treatment for RCC is currently used in trials for inoperable patients or patients refusing
surgery. The doses and fractionation schemes used in the different clinical studies and case
reports are very heterogeneous. An overview of the current limited literature about SBRT,
including the different dose schemes, toxicity and local control rates for inoperable renal
cell carcinoma, is described in chapter 2 of this thesis.

RADIOTHERAPY MARGINS AND KIDNEY MOTION

As the tumor is surrounded by organs at risk (particularly healthy kidney tissue and
small bowel), the targeting of radiotherapy to the gross tumor volume (GTV) should be
very precise. A considerable margin around the kidney is required for SBRT for RCC on
conventional linacs, as the kidney is moving during breathing, particularly in the cranio-
caudal direction. The kidneys can move by up to 2.4 cm in normal breathing and up to 6.6
cm in deep breathing(22).

In previous studies of SBRT for primary RCC, several methods were used for defining radiation
margins(14-21). Pham et al.(15) defined the irradiation margin by means of an internal
target volume (ITV) to take the motion of the tumor throughout the breathing cycle into
account. This TV margin approach is used to make sure the target (tumor) will receive the
prescribed dose, irrespective of the phase of the breathing cycle during irradiation. When
the ITV margin concept is used, a significant amount of normal tissue (both renal cortex and
other surrounding healthy tissues) will be irradiated (23).

Staehler et al.(18) and Ponsky et al.(16) used the Cyberknife system to track the tumor during
breathing. This system uses a motion model and X-ray cameras in combination with fiducial
markers in the kidney to track (follow) the kidney in real-time. The system delivers high
radiation dose, which closely conforms to the shape of the actual target.

1
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Chapter 1

Besides using the ITV margin concept or tracking the tumor, it is also possible to irradiate
during midventilation/mid-position. Compared to the [TV concept, the midventilation
approach leads to a decrease of margins and of healthy tissue irradiated. It is also more
robust than tumor tracking, because there is less chance of error(24). In chapter 7 the first
results of a study conducted at the UMC Utrecht (ARREST-study) on SBRT treatment of
inoperable RCC patients is described, applying a midventilation technique with the use of
fiducial markers.

Fiducial markers can also be used on conventional linacs. The on-board CBCT does not
allow for an adequate soft-tissue contrast and cannot be used during beam-on (irradiation).
The lack of soft tissue contrast is in some studies circumvented by using fiducial markers,
which are visible on CBCT (or electronic portal imaging device (EPID)) to guide radiation
treatment(25). Without these markers, the kidney itself would be hard to visualize before
treatment and targeting the tumor would be challenging and imprecise, requiring larger
PTV margins to account for the inaccuracy.

Although in the last decade large improvements have been made on the SBRT treatment of
RCC, there is still a need for improvement towards more accurate online (during treatment)
imaging and online adaptive radiotherapy in order to reduce the margins around the
tumor. This reduction will reduce toxicity to the surrounding organs at risk and allow for
an increase of the dose to the tumor, with the possibility to also reduce the number of
fractions. The ultimate goal of improving the image-guided SBRT technique would be to
increase recurrence free survival and overall survival with lower (or at least) equal toxicity
rates, compared to the first experiences in SBRT of RCC. MRI-guided radiation therapy has
the potential to achieve state-of-the-art image-guided online adaptive radiotherapy for
RCC, as RCCis clearly visible on MRI.

MRI IN RCC

MRI-sequences dedicated to radiotherapy for RCC are not readily available, as MRI has rarely
been used for radiotherapy purposes in RCC patients. Diagnostic MRI of the kidney however,
was first described in 1984(26). In the last decade, MRI for RCC developed rapidly resulting in
a feasible alternative to CT for imaging and monitoring of RCC(27). Contrast enhanced MRI-
scans are important to differentiate between tissues that give the same contrast-free MR
signal but are histologically different. In diagnostic studies, contrast-enhanced MRl is mainly
used for tumor characterization(28). Although the quality and use of MRI-scans for renal
tumors are rapidly improving, MRI-scans are nowadays most frequently used in radiology to
diagnose RCC in patients not suitable for multiple CT-scans (for example in patients with a
single kidney or Von Hippel Lindau disease).

12
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Introduction

Gold standard in diagnostic imaging of RCC is multi-phasic contrast enhanced CT imaging,
due to a high sensitivity and specificity for characterization and detection of RCC(1).
Although recent literature suggests MRI has a slightly higher sensitivity and specificity
in detecting SRMs(1). In addition to T1 and T2 weighted imaging, contrast enhanced
and diffusion weighted sequences can also be used in MRI for characterization of lesion
vascularity and diffusion restriction. It may discriminate RCC from benign lesions and allow
for classification of RCC subtypes. In particular T2 weighted images have proven to be
successful in differentiating benign pathologies from RCC.

For treatment (radiotherapy) purposes, there are different requirements for the MRI
sequences than for diagnostic purposes. Geometric accuracy is critical. For example, in
radiotherapy, the tumor should be contoured precisely and it is important to differentiate
between tumor, healthy kidney tissue and to visualize the location of the surrounding
healthy organs. Thus when used for radiotherapy, the MRI-sequences should be scanned
with a smaller slice thickness (3 mm instead of 7 mm used in diagnostic scans). Also, the
patients must be scanned in the radiotherapy position with arms up and deformations
should be minimized as much as possible. For diagnostic purposes, the size of the tumor,
stage and differentiation between different pathologies are most important.

In chapter 3, 4, 5 and 6, optimized MRI-sequences dedicated for radiotherapy are used for
various purposes in order to work towards MRI-guided radiotherapy of RCC.

MRI-GUIDED RADIOTHERAPY

Image (CT)-guided SBRT for RCC has dramatically improved treatment outcome with local
control rates comparable to other minimally invasive alternative treatment options. The
next step in image guided SBRT, in order to improve radiotherapy precision and outcome
for RCC, would be MRI-guided radiotherapy. There are different MRI-guided radiotherapy
systems available or in development. The main differences between the systems are in
field strength of the MRI (ranging between 0.35 and 1.5T (Tesla)), and radiation source used
(7 MV linac and Co-60)(29). The UMC Utrecht, in collaboration with Elekta and Philips, has
designed a hybrid diagnostic quality 1.5 T MRl and 7 MV linear accelerator (MRI-linac)(30).
The system provides real-time MRl imaging during radiation delivery and therefore enables
tumor tracking for better targeting precision(31). Better targeting allows for dose escalation
in order to increase cure rates, but it may also reduce the dose to the surrounding healthy
tissues, and therefore decrease the toxicity in the organs at risk (OAR). The MRI-linac has
the potential to offer high precision radiotherapy as a non-invasive treatment of complex
tumor sites and moving targets such as the kidney(32). The MRI-linac shows excellent soft-
tissue visualization during radiation delivery for improved targeting. This enables on-line
treatment optimization for precise radiation delivery (accuracy better than 1 mm). The MRI-

13
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linac makes ‘seeing exactly what you treat’a reality. Seeing the tumor and the surrounding
healthy tissues, at the exact moment of treatment, makes it possible to give the required
dose to the tumor while optimally sparing normal tissues.

The first technical prototype of the MRI-linac was developed and installed at the UMC
Utrecht and has been used to develop, evaluate and validate clinical procedures. An
international MRI-linac consortium (The Atlantic Consortium) has been formed in order to
ensure the clinical introduction of the MRI-linac(33). All consortium sites installed clinical
prototypes of the MRI-linac. The first clinical prototype has been installed in Utrecht and has
been used for First-in-Man treatments in patients with bone metastases. The treatment was
successfully conducted and is the first treatment on the MRI-linac worldwide(34).
Treatment protocols for many different tumor sites are currently being developed within
the Atlantic Consortium and will be introduced within the upcoming years (including
treatment of RCC).

MRI-GUIDED RADIOTHERAPY IN RCC

Previous research showed that MRI, from a technical point of view, is suitable for MRI-guided
radiation of RCC(35,36). However, the studies performed were mainly a proof of concept
on the technical part of the development of MRI in irradiation of RCC and further clinical
development of the procedures and protocols is warranted.

As described above, the clinical introduction of image-guided radiotherapy initiated a
paradigm shift in the treatment of RCC, from highly fractionated treatment series, using
large fields and suboptimal doses, towards a more ablative approach, using small fields
in a few fractions. The MRI-linac is anticipated to deliver an online adaptive, ablative and
truly non-invasive radiation treatment of RCC, without the need for fiducial markers. RCC is
particularly suitable for treatment on a MRI-linac, considering it is a high-amplitude moving
tumor, surrounded by soft tissue organs at risk. The MRI-linac is capable to track this motion
and to treat RCC with smaller margins, higher dose on the tumor, lower dose to the healthy
surrounding tissues, and a reduction of number of fractions, ideally to a single fraction. While
a more precise dose delivery is anticipated than in CBCT-guided SBRT, the MRI-linac has the
potential to have equal oncologic outcomes but with fewer complications compared to
invasive treatments like (partial-) nephrectomy, which could lead towards better quality
of life. MRI-guidance also makes a better evaluation of the treatment of RCC possible
(both the technical aspects to review the delivered dose, as well as studies in prediction of
tumor control by acquiring functional imaging) as imaging prior to and during treatment is
available. In the end, the goal is to move from a CT-based approach towards a MRI-guided
clinical radiotherapy treatment for RCC.

The ultimate goal is to develop a non-invasive treatment option for operable and inoperable
patients with RCC with minimal toxicity and local control rates comparable to surgery.

14
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RATIONALE AND OUTLINE OF THIS THESIS

The present thesis focuses on the necessary developments towards MRI-guided
radiotherapy of RCC. Ranging from clarifying the position of curative radiotherapy for the
treatment of RCC, optimization of MRI-sequences for radiotherapy, optimization of the
contouring, optimization of the techniques necessary and gaining experience in treating
RCC with radiotherapy in the Netherlands.

Chapter 2 reviews all recent studies on alternative (nephron sparing) treatment modalities
in primary T1 RCC, other than the gold standard (partial-) nephrectomy. The efficacy, safety,
and outcome for each treatment modality are summarized and discussed, including
radiotherapy. It describes the demand for a truly non-invasive treatment option and the
benefits and disadvantages of SBRT for RCC compared to the other alternative treatment
modalities.

Despite local treatment for primary RCC, occasionally metastatic disease can be found
during or after initial presentation of RCC. Chapter 3 describes the differences in MRI-based
and CT-based contouring for bone metastases of RCC. The benefit of the use of MRI for
contouring of the metastatic lesion is discussed. It seems that MRI has a clear benefit over
CTin delineations of RCC bone metastases. [t may be possible that the local control rates of
SBRT treatment of RCC bone metastases can be optimized when using MRI for contouring.

Development and evaluation of MRI-based delineation for MRI-only radiotherapy for RCC
are described in chapter 4. The main topic of this chapter is the contouring agreement
of MRI-only delineation of primary RCC lesions between different observers. This chapter
includes a recommendation for MRI-sequences to be used and proposes how to introduce
MRI-only contouring for RCC.

A challenging part of accomplishing MRI-only radiotherapy is to encompass motion
of the kidney during treatment. Different suggestions in literature have been made to
handle interfraction motion, based on CT or CBCT only, and a few studies describe the
intrafraction motion. The 3D drift during actual treatment time has not been characterized
yet. In chapter 5, the intrafraction motion based on respiratory movement and drift of the
tumor during actual treatment time were simulated, to be taken into account in future
MRI-only treatments. Also, a recommendation for the PTV margin based on the simulated
intrafraction motion and treatment technique is decribed.

15
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Chapter 6 describes the development of a dual purpose MRI-sequence that combines the
DCE and 4D-MRI acquisitions. The reconstructions can potentially provide complementary
information for tumor characterization, accurate delineations and mid position volume
generation. These are all key elements in the development of MRI-only radiotherapy of RCC.

In order to successfully develop a MRI-only treatment it is essential to gain experience in the
current CBCT guided SBRT technique of radiation treatment of RCC, which is already used
in several institutes, for example in Toronto and Melbourne(14,21). Chapter 7 describes
the study protocol and the first clinical experience of a clinical phase 1-2 trial at the UMC
Utrecht to treat inoperable patients with primary RCC. Additional MRI scans are performed
in order to prepare for future MRI-only treatment of RCC and to study MRI-based response
prediction and evaluation.

16
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RCC alternative treatment options: a systematic review

Records identified through
database searching (n = 2806)

X Pubmed (n=991)

x Embase (n =1787)

x Cochrane (n = 28)

Removal of duplicates

— (n=272)
! Articles were excluded if the title/abstract did not report
] primary treatment with AS, RFA, MWA, CA, SBRT in patients
Artl(_:les screened on with primary RCC/SRM or if it was not an original article (i.e.
title/ abstract review,abstract, commentary, case report, animal studief)
(n=2534) or not in English or Dutch
(n=2420
A4
FulHext articlesassessed Fultext articles excluded with the following reasons (AL¥
for eligibility X (n = 2)overlapping series
(n=114 x (n =9) different techniques described, not specific outcomg
X (n =6) not requested outcome
X (n =2) poor quality

A 4

Studies included
(n=73)

AS RFA CA MWA SBRT
(n =8) (n=27) (n =22 (n=10) (n =6)

Figure 1. PRISMA flow chart of the systematic review.
PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analysis.

Active surveillance (AS)

Active surveillance (AS) involves monitoring tumor size by different imaging techniques
over a period of time. In case progression occurs, delayed intervention will be performed(1).
The goal of AS is to prevent unnecessary treatment-related morbidity and monitor the
tumor progression in such manner that timely intervention with curative intent is assured.
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Chapter 2

Asisshownintable 2,the level of evidence in all studies is 2b, the studies are all retrospective
or prospective cohort studies. AS is mainly used for small renal masses, i.e. renal masses <
4 cm. The mean and median tumor diameters in these studies varied between 1.8 and 2.8
cm with a mean tumor growth between 0.11 and 0.7 cm/year. Although the range of tumor
growth is not wide, evidence concerning the relationship between tumor size and tumor
growth was inconclusive. One study did not report any association between tumor size
and growth rate(4). Three studies reported an association with an increased growth rate for
larger tumors(7-9). Manson and colleagues reported that larger tumors (=2.45 cm) grow
faster than smaller lesions(7). However, all studies concluded that a faster growth rate was
related to worse outcome, and a higher risk of developing metastatic disease.

Based on the growth rate, delayed intervention can be necessary in patients on AS(8,9).
Delayed intervention varied between 5% to 26%. Indeed, fast growth rate was the major
indication to start invasive treatment, most often surgery(4,7,9-13). Even so, two studies
showed delayed intervention with RFA or CA as well(10,13). The goal of delayed intervention
is to assure local control and prevent metastatic disease, which occurred in 0% - 3.2% of the
AS population(4,7-13). Patel and colleagues did not observe any metastatic progression in
tumors showing negative or zero tumor growth during follow-up(FU)(8). Moreover, they
proposed to intervene if SRM's are >3.5 cm in size or show mean tumor growth of >0.5cm/
year(8).

Interestingly, only a small proportion of patients in FU for active surveillance underwent
a biopsy either at the start or during FU. As such, the percentage of biopsy proven RCC
in these studies of the total number of patients varied from 8.5-50%. Therefore the results
presented are possibly not an accurate reflection of the actual study population, i.e. patients
with RCC proven SRM (table 2: biopsy proven RCC). In groups with delayed intervention,
more often a biopsy was performed shown to be positive for RCC; patients with benign or
unknown pathology were more likely to be scheduled for AS(10-12).

Several outcome measures have been used in the aforementioned studies. Cancer specific
survival (CSS) varied from 97 % - 100% in a median FU period between 25 and 92 months
(range 6-208). Nevertheless, in most studies, AS was mainly considered for the elderly,
patients with comorbidities preventing an invasive treatment approach or patients refusing
surgery(4,7-13).

In conclusion, a small proportion of patients will need to undergo delayed intervention
during AS. AS is considered a safe treatment option for patients with SRMs. However, as

there is no curative treatment for metastatic disease, developing metastatic disease during
surveillance remains a rare but nonetheless potential risk.

26
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Chapter 2

Radio frequency ablation (RFA)

The first study describing the treatment of renal cell carcinoma by RFA was published in 1997
by Zlotta and colleagues(14). Radiofrequency energy can be used to create heat causing
necrosis of tumor cells. The local effects are obtained by implanting single or clustered
needles in the tumor tissue through which the radiofrequency energy is applied. Operating
temperatures range from 50°C-100°C. Placement of these needles can be achieved both
laparoscopically or via a percutaneous approach(1).

Percutaneous treatment is most frequently used, usually ultrasound (US) or CT-guided,
under general anesthesia or intravenous (IV) sedation(15,16).

Table 3 summarizes the studies reviewed on RFA. The level of evidence in all studies
varied between 2b and 4. The described techniques of RFA were either percutaneous or
laparoscopic, both US- or CT-guided. Most tumors treated by RFA were classified as T1a
or TT1b tumors. RCC was 100% proven in 13 studies, in the other 15 studies RCC was partly
biopsy proven benign or suspected for RCC on CT or MRI.

Tumor diameter is an important predictor for success in RFA treatment. In the reviewed
studies, tumor diameter ranged between 2.1-5.1 cm (range 0.5-7.6). Zagoria and colleagues
concluded that for RCCs less than 4 cm long-term tumor control can be achieved since no
recurrences were reported for lesions < 4 cm(17). lannuccilli and colleagues reported an
increased risk of residual tumor for lesions > 3.5 cm(18). In US-guided percutaneous RFA
of tumors >4 cm, 40% showed incomplete ablation, whereas in CT-guided percutaneous
RFA there was an incomplete ablation of 16.7%(19). Each centimeter increase in tumor
diameters greater than 3.6 cm, appeared to be associated with a decreased disease free
survival by a factor of 2.19(17). In accordance with other studies, it was concluded that for
RCC >4 cm other treatment options should be considered(17). Or, as McClure at al stated,
smaller lesions may require a single ablation (median size 2.1 cm), but larger lesions (3.6 cm)
need more than one ablation (20).

Another independent predictor of successful RFA is the location of the tumor. An exophytic
localization is considered beneficial, with a decrease in risk of residual disease (20-23).
Larger diameter and central localizations were associated with an increased risk of major
complications(16), and a risk of incomplete ablation(20,24). Therefore a laparoscopic RFA
approach has been proposed as the treatment of preference when the renal tumor is in the
proximity of critical structures(25). Beside tumor location, clear cell subtype and maximum
treatment temperature <70°C were factors related to an increased risk of residual lesions(23).
Several complications have been reported after RFA treatment. Complication rates varied
between 5.1% and 37% in different studies. Most of these complications were minor, i.e.
Clavien Dindo grade I-IIl. Minor complications included perirenal hematoma(16,18-21,26-31),
postoperative  fever (19,27,32,33), gross hematuria(19,26,29,34),  asymptomatic
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pneumothoraxes(16,17,21,28,34), paresthesias(16,18,19,21,27,33), thermal injury in skin,
psoas muscle and liver(16,21,26,33), and arterial hypertension(16,18). Major complications
(Clavien Dindo grade llI-IV) included fistula in the abdominal tract (with or without urinoma
and infection)(16,21,25,28), bowel injury (which required diverting ileostoma) or duodenal
perforation(16,26,35), abscess(16,21,24,29), acute kidney failure and dialysis(16,20,21,33),
urethral stenosis, stricture, obstruction or urine leak(16,18,20,21,24,25,27,30,33).

A few studies also reported on kidney function pre- and post-procedural. Most find no
significant decrease in eGFR(19,28,36,37), or an increase in creatinine(35,38). Three studies
reported a better preservation of renal function after a RFA procedure, compared to a partial
nephrectomy(22,29,39). Impaired baseline kidney function tended to deteriorate after
RFA(22).

Median FU varied between 15 and 79 months (range 1 — 131 months); only four studies
reported results aftera median FU time > 60 months(15,23,37,40). In most studies recurrence
was defined as contrast enhancement of >10 Hounsfield units (HU)(17,25,27),>15HU(15,16),
>20 HU(26,41), based on a CT-scan, a >15% increase of the signal on MRI(17,21)(21,26), or
presence of viable tumor cells(26). FU was set at 1, 3, 6 months and biannually thereafter
for all studies.

Tumor recurrence was usually seen within the first 2 years after treatment(18,23). Recurrence
free survival between 67.6% and 100% was reported at a median FU between 15 and 79
months (range 1 - 131 months). A higher tumor stage correlated with a decreased RFS and
disease free survival (DFS) in patients treated with RFA(15,17). Stage T1a tumor was a positive
predictor for overall and cancer specific survival(24). In addition to tumor size, the technical
success and RFS are dependent on the experience of the operator, and more experienced
physicians can achieve RFS rates up to 100%(21). In case incomplete ablation or recurrence
occurred, patients were considered candidates for a second RFA treatment(20,24).

Median survival and overall survival rates were higher for tumors < 3 cm than for tumors >3
cm(16,23). Tumor size diameter over 4 cm was also mentioned as being the only risk factor
associated with residual tumor or recurrence of the tumor(16,19). Indeed, in T1b tumors
a significantly higher risk of residual disease was reported compared to T1a lesions(15). In
Veltri and colleagues T1a is mentioned as a positive predictor for complete ablation(24).
Balageas and colleagues reported a relative risk of recurrence or residual disease for each
centimeter increase of 9.35(16).

In conclusion, RFA is considered to be an effective treatment option in small renal
tumors <4cm with a beneficial localization and is mostly used in poor surgical
candidates(17,25,29,31,35,36), although a few studies do report the possibility in healthy
patients in T1a tumors(22,27,37,40). In the last few years studies with longer FU are
presented and therefore RFA can also be considered as an alternative treatment for durable
local control(15).
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Cryoablation (CA)

In 1995, Uchida and colleagues were the first to report on percutaneous renal
cryoablation(42). Both laparoscopic (LCA) and percutaneous cryoablation (PCA) are used
in clinical practice. Patients with a localized SRM (< 4 cm) are selected for treatment by
CA based on operator preference, presence of multiple masses, previous renal surgery and
medical comorbidity(43-46). PCA is most often used in clinical practice and is preferred
in posterior and lateral tumors, with a clear window for probe placement(47). Aron and
colleagues suggested to use the PCA for posterior and posteromedial tumors ; for anterior
and lateral tumors they prefer LCA, although it is a more invasive approach(48). LCA is
preferred if bowel or solid organs are close to the tumor(49). The exact mechanism of
cryotherapy is not entirely known, but it relies on the assumption that temperatures <-20°C
induce cell death(45,49). A nitrogen-based liquid is guided through the tip of the cryoprobe
in order to create an ice-ball extending 1 cm beyond the margins of the tumor. There is a
rapid freeze at the tip with working temperatures between -185°C and -195°C.

In table 4 the reviewed studies on CA are summarized. The level of evidence in all studies is
2b. The mean tumor diameter varied between 2.1 and 4.8 cm. Although most tumor sizes
were rather small, treatment failure was significantly associated in tumor size > 4 cm as was
reported by Kim and colleagues. Even so, two studies reported no association between
tumor size and complication rate(50,51). In all studies the majority of tumors within the
study group were pathologically proven RCC, varying between 49% and 100%.

The cause of treatment failures mentioned in the different studies were divers. One technical
failure occurred during treatment of a 4.3 cm large centrally situated RCC(52,53). A broad
based contact with the renal sinus led to a clinical treatment failure in seven out of eight
patients (53). Ice-ball formation under 6 mm around the tumor was related to incomplete
local control(45,54). An increased skin to tumor distance was also mentioned as a risk factor
of treatment failure(50). Location of the tumor also plays an important role in treatment
success, where central location of the tumor was associated with an increased risk in
treatment failure(52-54).

Renal clamping in surgical treatment is necessary, but causes a period of ischemia and
therefore it influences renal function post-operatively. Ischemia is not used in ablative
procedures, which is a potential benefit of ablative therapies(49,55). Most studies reported
on kidney function after treatment. The results were heterogeneous. Most studies showed
no difference in serum creatinine levels and eGFR, pre-and post-ablation(43,45-48,51,55-59),
while others showed a minimal impact (44,48,57). It is even stated that CA has superior
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outcomes compared to surgery in regard to preserving renal function, especially in single
kidneys(45,49). Interestingly, Tanagho and colleagues stated that a smaller tumor size and
hilar location contributes to improved renal function outcomes after CA(44).

The complication rates in the different studies varied from 0%-23%. The occurrence of major
complications appeared to be associated with tumor size(50,52,60). Atwell and colleagues
reported a significant higher complication rate in higher T-stages, in which they advise that
CA for >T1b is technically feasible, although complications are more frequent(60). Bleeding
was also significantly increased in TTb tumors(59). Breen and colleagues reported that
upper pole location was a predictive factor for complications(52).

Most reported minor complications (Clavien grade I-ll) were perirenal hematoma
(44,45,50,52,57,59,61), pneumothorax (48,50,52,55,62), pneumonia (48,55,62), hematuria
(54,59), and persistent flank pain (45,52,60,62).

Most reported major complications (Clavien grade Ill-IV) were cardiopulmonary
decompensationand myocardial infarct (44,47,48,60,62), ureteropelvic junction obstruction/
injury(47,52,55,60,63), post-procedural bleeding (47,48,52,57,60,64), and blood transfusion
(52,59,62,63). One of the causes of bleeding during CA treatment was ice ball fracture,
especially in treatment with larger tumor diameter (52).

The recurrence free survival (RFS) varied between 81% and 99%, with a median FU period
between 12.7 and 97.9 months. Recurrence free survival was defined as no evidence of
radiographic recurrence or increasing tumor size> 6 months after the procedure(43,50),
although the definition of recurrence in the reviewed studies is not always clear. Four
studies reported a FU of 10 years(48,57,63,64), in which Johnson and colleagues described
an average time to recurrence of 39.9 months, Larcher and colleagues reported a median
time to recurrence of 18 months, and Caputo and colleagues reported a time to recurrence
of 27.6 months with the latest recurrence after 53.3 months. The cancer specific survival
(CSS) varied between 92% and 100%, although it was not reported in nine studies. Even
so, several short FU studies show adequate oncological control and limited morbidity
indicating that the use of CA in renal tumors is acceptable. However, more recent results
on ablative treatment of T1 lesions in long-term studies suggested that CA is possibly
associated with poorer outcomes, such as reduced overall, cancer-specific and disease
free survival(48,60,62). However, CA may be safely used in patients groups not suitable for
surgical treatment(45,46,57).

In conclusion cryoablation is considered a safe and effective treatment for patients with small
renal masses who are poor surgical candidates due to significant comorbidities(51,52,60,65).
The RFS and CSS are favorable on the short term. Whether results in the long term are
acceptable is up for debate, since several studies suggest a poorer outcome(48,60,62),
whereas other studies do show a beneficial outcome in a longer FU period (48,57,63,64).
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Microwave ablation (MWA)

MWA is a thermal ablation technique, which uses electromagnetic microwaves through one
or multiple antennas placed in the tumor. Tumor cells are damaged by the mechanism of
creating a thermal field by rotation of dipole water molecules, producing heat and causing
tissue necrosis in solid tumors(66). The electrodes function as an antenna to concentrate
the energy and are placed by a percutaneous (67-74) laparoscopic (67,75,76)or open
approach(76) under general anesthesia. The number of antennas used depends on size
and location of the tumor. The penetration depth of the energy can be adjusted by the
frequency of the energy source. The different energies used vary between 1-100W, with a
frequency of 915MHz or 2450MHz, depending on the system used.

Table 5 shows the reviewed studies on MWA. The level of evidence varied between 2b
and 4. A few studies mention a potential benefit over RFA. A potential benefit can be that
MWA is less effected by the heat-sink effect, as a result of less dependence on the electrical
conductivity of tissue, higher thermal efficiency, thereby reaching higher intratumoral
temperatures and thereby less ablation time(69,70,72,73,76). As such, possibly larger tumors
can be ablated(69,70,76).

The mean diameter varied between 2.4 cm and 3.7 cm (range 0.6-8.4 cm). The size of the
tumor is important. Gao and colleagues reported a significantly better ablation success in
tumors <4 cm (100% success), compared to >4 cm (75% success)(72). Guan and colleagues
stated that only exophitic low grade tumors with a diameter <4 cm should be considered
for treatment with MWA(76). A maximum diameter of 4 cm was recommended in most
studies(68-70). However, several authors suggested that MWA can also be performed in
tumors near the renal sinus (72), or in the collecting system(67); a clear benefit over other
ablative techniques.

As opposed to surgical techniques renal clamping is not necessary in MWA procedures (75).
A few studies in MWA reported on post-procedural renal functions. In some studies, the
eGFR and post-procedural creatinine levels(70-72,74)did not significantly decrease (69). In
other studies a small decline in kidney function had been seen(73,76). In patients with pre-
existent chronic kidney disease function remained stable.(72,76).

The complication rate varied between 0% and 60%. Most complications were low grade
complications (Clavien grade I-ll): hematuria(67,72,73,76), numbness(67,76), flank pain
(67,76), thermal injury (67,73), urine fistula(70-72), and subcapsular renal hemorrhage(69,74).
High grade complications (Clavien Ill-IV) were also reported: urinoma (67), retrained foreign
body(67), urine leakage and abscess formation requiring drainage(72,76), hydrothorax in
two patients(73), pleural effusion(74) and bowel injury(73). Two studies did not mention
any complications (68,75).
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The RFS varied between 62% and 100% in a median FU between 8 and 32 months (range 1
- 93.2 months). Castle and colleagues reported the highest recurrence (38%, median FU of
18 months) (67). Wells and colleagues reported a RFS of 100%, but recurrence to metastatic
disease in one patient(71). Gao and colleagues reported a median time to recurrence of
34.1 months(72). In a few studies a second ablation session was necessary, due to residual
tumor (68,70,71,74,76). The RFS ratios were reflected in a favorable CSS ratios (92% - 100%)).
In all studies RCC was biopsy proven in the largest part of the cohort. In Dong and colleagues
a part of the studygroup was not pathologically proven due to the inability to take biopsies
due to comorbidities(73). In Guan and colleagues 14 out of 38 treated tumors were
benign(76). This raises the question whether not all SRM's should be biopsied in advance of
ablative treatment, as was the case in most other studies(68-72,74,75).

In conclusion, MWA appears to be a safe and effective treatment option especially for tumors
<4 cm, in elderly with associated comorbid diseases, and in poor surgical candidates(70,71).
It is also a suitable treatment option in tumors near the renal sinus or in the collecting
system(67,72); a clear benefit over other ablative modalities. Although these results are
promising, the groups were relatively small and only short-time FU is available. MWA has
a few theoretically advantages over other ablative techniques, but oncological control has
to be proven during the long term FU. More and larger studies are required to more safely
implement this technique.

Stereotactic body radiation therapy (SBRT)

The use of external beam radiotherapy (EBRT) has been limited before the last decade
due to assumed radioresistance of RCC dating back to the time that conventional (too)
low dosed fractionated radiotherapy for RCC was standard of care. Developments in SBRT
within the last decade have allowed for precise delivery of high dose hypofractionated
radiotherapy. Recent studies have shown that RCC is actually radiosensitive(77).
Stereotactic body radiation therapy is a high precision radiation technique that enables
delivery of a high radiation dose in one or a few fractions, making use of on-line image
guidance. An additional advantage relative to conventional EBRT is a steep dose fall off from
the planned target volume (PTV) to surrounding tissues and a high biological dose can be
delivered with small margins surrounding the tumor volume and therefore low associated
toxicity rates. The last few years there has been an improvement in imaging and therefore
the margins are smaller and the dosage can be delivered even more precise(78). Another
advantage is that this treatment is either non-invasive (without fiducial markers)(77,79), or
minimal invasive (when fiducial markers are placed in the tumor or in the near parenchymal
tissue)(78,80-82).
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Chapter 3

ABSTRACT

Background. In metastatic renal cell carcinoma (mRCC) there has been a treatment
shift towards targeted therapy, which has resulted in improved overall survival.
Therefore, there is a need for better local control of the tumor and its metastases.
Image-guided stereotactic body radiotherapy (SBRT) in bone metastases provides
improved symptom palliation and local control. With the use of SBRT there is a
need for accurate target delineation. The hypothesis is that MRI allows for better
visualization of the extend of bone metastases in mMRCC and will optimize the
accuracy of tumor delineation for stereotactic radiotherapy purposes, compared
with CT only.

Methods. From 2013 to 2016, patients who underwent SBRT for RCC bone metastases
were included. A planning CT and MRI were performed in radiotherapy treatment
position. Gross tumor volumes (GTV) in both CT and MRI were delineated. Contouring
was performed by a radiation oncologist specialized in bone metastases and verified
by a radiologist, based on local consensus contouring guidelines. In both CT and
MRI, the GTV volumes, conformity index (Cl) and distance between the centers of
mass (dCOM) were compared.

Results. Nine patients with 11 RCC bone metastases were included. The GTV volume
as defined on MRI was in all cases larger or at least as large as the GTV volume on CT.
The median GTV volume on MRl was 33.4 mL (range 0.2-247.6 mL), compared to 18.1
mL on CT (range 0.1 = 195.9) (p=0.013).

Conclusions. Contouring of RCC bone metastases on MRI resulted in clinically relevant
and statistically significant larger lesions (mean increase 41%) compared with CT. MRI
seems to represent the extend of the GTV in RCC bone metastases more accurately.
Contouring based on CT-only could result in an underestimation of the actual tumor
volume, which may cause underdosage of the GTV in SBRT treatment plans.
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Chapter 5

ABSTRACT

Introduction. One of the major challenges in stereotactic body radiotherapy (SBRT)
of renal cell carcinoma (RCC) is internal motion during treatment. Previous literature
has aimed on mitigating the effects of motion by expansion of treatment margins
or respiratory tracking, using fluoroscopy of implanted fiducials. The arrival of online
MR-guided radiotherapy has the potential to further improve the treatment of RCC
as it will enable direct visualization of the tumor during treatment. The flexibility
of online MR imaging allows for both tumor tracking as well as tumor trailing.
However, the optimal strategy in RCC patients is unknown. In this paper we assess
the efficacy of two motion management techniques: tumor trailing and respiratory
tracking. Dedicated MRI scan sessions, which simulated single-fraction MRI-based
SBRT treatments, were performed on patients suspected of RCC to quantify the
different sources of intrafraction motion and assess the efficacy of the different
motion management strategies.

Methods. Fifteen patients were included in this motion study. At the beginning and
end of the scanning protocol two cine-MRI scans were acquired to assess cyclic
respiratory motion. In addition to the cine scans, 3D spoiled gradient echo (SPGR)
scans were acquired at four different time points to assess the slow drifts over a
period of 25 minutes. The systematic and random errors due to intrafraction drift
(et and Oprer respectively) were calculated as well as the random error induced
by respiratory motion (0,...)
respiratory tracking and compared to the margin when no motion compensation

would be performed to assess the relative efficacy of each technique.

. Motion margins were calculated for tumor trailing and

Results. The largest respiratory tumor motion was observed along the caudo-
cranial (CC) direction with a median 95% maximum amplitude of approximately
]2 mm. ZDRIFT’ ODR\FT’ RESP
Without mechanical immobilization intrafraction drift accounted for 75% of the total

intrafraction motion margin for online mid-position based SBRT treatments.

and o._.. were determined to be 1.0 mm 1.8 mm and 3.8 mm.

Conclusion. Due to the systematic nature of intrafraction drift the contribution to
the total internal motion margin is much larger than periodic respiratory motion in
the patient group investigated. This makes tumor trailing a viable option to consider
on the MR-linac as it would allow 3D MRI acquisitions during beam delivery, which
simplifies the introduction of new techniques like dose accumulation and online
intrafraction replanning.

78

15060_prins_layout.indd 78 04/05/2018 08:56
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INTRODUCTION

Although surgery has been considered the gold standard for the treatment of primary
renal cell carcinoma (RCC)(1), the demand for non-invasive treatment options of RCC has
increased(2). The feasibility of stereotactic body radiotherapy (SBRT) for primary RCC has
been investigated in several clinical trials(3,4). Recently, a consensus statement by the
international radiosurgery oncology consortium for RCC has been published that covers
aspects of patient selection and follow-up(5). However, detailed guidelines on motion
management strategies are still lacking. Previously reported strategies included expansion
of the treatment margins, mechanical immobilization and robotic tracking with fiducials,
but MR-guidance has not yet been explored. Online MR-guided radiotherapy has the
potential to further improve the quality of RCC SBRT as it will enable direct visualization of
the tumor during treatment.

Once an online plan based on the daily anatomy is generated, the internal motion of the
tumor can be monitored by continuous MR acquisition during beam delivery. The flexibility
of online MR imaging allows for both tumor tracking as well as tumor trailing. In tumor
trailing the beam delivery only tracks the slow systematic trends, whereas the “fast” cyclic
motion is accounted for by motion-robust treatment planning(6). The choice of motion
management strategy is directly linked to the type of imaging that is performed during the
treatment. Whereas respiratory tracking requires the acquisition of a fast 2D imaging slice
covering the tumor, the reduced demands in terms of temporal resolution can be used to
extent the spatial coverage allowing one to not only visualize the tumor, but also nearby
organs at risk. It is therefore important to determine whether tumor trailing is feasible for
SBRT of RCC on the MR-linac.

In the past, various studies have investigated kidney motion, but the quantification of the
intrafraction motion has primarily focused on periodic respiratory motion. Intrafraction drift
has largely been neglected(7-9). Stemkens et al. demonstrated when simulating the dose
deposition during free breathing, slow intrafraction drift can result in local dose differences
of up to 40% in some patients(10), but included only five patients. Sonier et al.(11) included
an assessment on the intrafraction drift over all fractions in 15 patients based on pre-, and
post-treatment cone-beam CT (CBCT), but their findings are specific for a setup with belly
press and vacuum cushion immobilization and are not applicable to a free-breathing setup
that is envisioned for a MRI-linac.

In this paper a MRI-guided single-fraction SBRT treatment was simulated in 15 patients.
Over a period of 25 minutes several dedicated motion assessment scans were acquired,
which allowed decoupling of the systematic trends due to intrafraction drifts and periodic
respiratory motion. The relative contribution to the total motion margin of both components
of motion were determined to assess the maximum achievable margin reduction when
using either tumor trailing or respiratory tracking.
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METHODS

Patient inclusion

The patients signed informed consent and were included in the MRI-RCC study, which was
approved by our local institutional review board. All patients with a solid tumor suspected
of RCC or a cystic tumor with a Bosniak classification of Il or IV were selected for this study.
Patients underwent a single free-breathing MRI exam, positioned on a flat table top, with
arms down, without the use of any immobilization devices (only a knee-cushion was used).
The MRI scan was performed prior to their treatment, i.e. surgery, radiofrequency ablation
(RFA) or active surveillance (AS). Patient characteristics are shown in Table 1.

Table 1. Patient characteristics

Characteristic N
Patients 15
Age (median, range) 60 (38-83)
Gender male/female (%) 60/40
Diameter of tumor in mm (median, range) 36 (19-90)
Treatment

- Surgery 1

- RFA 1

- AS 3
Pathology

- RCC 9

- Benign 3

- Unknown 3
Metastases 0

Image acquisition protocol

MRIscanningwas performedona 1.5T MRI-RT scanner (Ingenia, Philips, Best, the Netherlands),
using a 16-channel anterior and 12-channel posterior coil array. An end-expiration
respiratory gated T2-weighted Turbo Spin Echo (T2-TSE) scan was performed at the start,
which served as a reference scan at T=0. 2D coronal and sagittal balanced steady-state free
precession (bSSFP) cine-MRI time series were acquired sequentially at the beginning (t,q
=150 sec) and end of the MRl exam (tacq = 50 sec) to assess respiratory-induced periodic
motion. The sagittal and coronal imaging planes were positioned through the center of the
tumor. The coronal slice was angulated along the principal axis of kidney motion, following
the anatomic contour. The imaging parameters are listed in Table 2. In addition to the 2D
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time series acquisition, end-expiration respiratory gated transversal 3D spoiled gradient
echo (SPGR) scans were acquired at four different time points (t=200, t=500, t=700 and
t=1400 seconds) in order to assess intrafraction drifts within the time estimated for a single-
fraction MRI-guided treatment. The estimated time was approximately 25 minutes, based
on an IMRT approach with a dosage of 5x7 Gy. The timing of the various scans within the

protocol is shown graphically in Figure 1.

Table 2. MR imaging parameters and MRI sequences.

Name T2 bSSFP-cine Gated SPGR
Sequence type Multi-slice T2-TSE 2D bSSFP 3D SPGR
Orientation Transversal Sagittal/Coronal Transversal
Contrast T2 T2/T T1

TR/TE (ms) 1500%/80 3.0/15 4.3/20
Field of view (mm) 400x 311 x 151 450 x 394 375x375x176
Slice thickness (mm) 3 8 -

Voxel size (mm) 15%x15 234x234 197x197%x20
Flip angle (°) 90 50 10
Acquisition matrix 268 x 208 192 x 168 192 x 190
Number of slices 46 1 88
SENSE acceleration factor 2 1 3
Acquisition time (s) 138 150/50 22.2
Tdyn (ms) 5:00 504 -

TR=repetition time, TE= echo time, Tdyn = time to acquire one dynamic (i.e,, a single slice in the time-series). In all 15 patients,
the imaging parameters were the same, except in one patient, where a field-of-view (FOV) of 375x375x150 mm?* was used in
the gated 3D scans. *The TR listed for the T2-TSE specifies the minimum TR. The actual TR is dependent on the respiration rate.

Respiratory motion analysis

Respiratory-induced tumor motion was assessed on all four (two time points and two
orientations) cine-MRI time series. To quantify the motion, a 2D optical flow algorithm was
used, which registered all MR images to a reference dynamic for each time series(12). The
reference dynamic was set to the 10" dynamic. The first four time points were excluded from
analysis to ensure steady-state in all analyzed cine-MR images. Right-left (RL) and caudo-
cranial (CC) motion was extracted from the coronal images, while anterior-posterior (AP)
and CC motion was calculated on the sagittal images. After a detrend of the motion signal,
both the maximum and 95" percentile amplitude were calculated for all directions. The
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random error, introduced by the respiratory-induced periodic motion (o,..,), was calculated
by the root mean square of the standard deviation (SD) of the respiratory displacements
over all patients.

cauds cranial icerenal

saude-cranial {coranal)

& tim (ses}

2x 50 sec

0 100 200 300 400 500 600 700 80O 900 1000 1100 1200 1300 1400 1500 1600
25 min

Figure 1. visualization of the scan protocol, with a cine-MRI at 230 sec and 1500 sec shown by the respiratory amplitude in the

two images above the curve. At 4 time-points a 3D-SPGR scan was acquired: 200 sec, 500 sec, 700 sec, and 1400 sec, shown by
the images below the curve.

Intrafraction drift analysis

The 3D SPGR acquisitions, acquired at four time-points throughout the scan session,
were used to analyze slow varying motion, such as drifts, over a longer time-period. Each
3D volume was registered to the T2-TSE reference scan. A local rigid tumor registration
(translations only), based on mutual information, was performed within a region-of-interest
(RO that was placed around the ipsilateral kidney. The translations found at these four time-
points were used as a measure for motion drifts over an entire MRI-linac SBRT treatment.
In between the sampled time-points the intrafraction drift was assumed to change linearly
over time(13,14). The systematic error, due to intrafraction drift (ZDW) was calculated by
taking the SD over the temporal mean of each drift time-course, whereas the random error

due to drift (o) was calculated by the root mean square of the standard deviations of the
time-courses.
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Motion margins

To assess the effect of the various motion management strategies, the intrafraction motion
margins (M) were calculated by the nonlinear margin recipe by van Herk et al. for the 80%
dose level(15):

M=25% +0.84</02+05—0p) (1)

Where ¥ and o denote the quadratic sum of the SD of the systematic and random errors and
o, (3.2 mm) the SD that describes the width of the penumbra in water. It is worth noting
that systematic and random errors are calculated differently for the online daily adaptive
treatment strategy of a MRI-linac compared to conventional radiotherapy. In conventional,
fractionated radiotherapy the systematic errors are thought of as localization errors in
planning imaging, whereas random errors are thought of as localization errors during
treatment delivery(16). However, on a MRI-linac the treatment will be based on a daily
mid-position scan. All simulations assume that setup is performed on the mid-position(16).
Hence, uncertainty due to baseline variation is reduced to zero and the periodic respiratory
motion only contributes to the random error. The intrafraction drift, on the other hand,
contributes to both the random as well as the systematic error. Following this reasoning,
> and o were calculated as > = T and 0 = \/[Ozomq + OZRESP], where the subscript DRIFT
refers to slow interfraction drift measured by the 3D SPGR acquisitions and RESP refers to
the periodic respiratory motion measured by the 2D time series measurements. Based on
these standard deviations, the motion margin required for three scenarios are calculated:
static simulates an online planned treatment without active motion compensation; trailing
involves slow moving aperture updates during treatment delivery to follow the mid-position
of the tumor; respiratory tracking simulates tracked delivery in which the aperture perfectly
follows the entire respiratory motion, including the (slower) tumor drift. To restrict our
simulation to motion uncertainties only, delineation uncertainty and setup uncertainties
(i.e, machine alignment) were not included.

RESULTS

Respiratory motion analysis

The respiratory movement along RL, AP, and CC direction was measured in both sagittal
and coronal imaging at two different time points for each patient. The largest motion
was observed along the CC direction showing a median 95% maximum amplitude of
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approximately 12 mm. The median 95% maximum amplitude represents 95% of the
bandwidth of all data points, and is therefore a more robust measure. The amplitudes along
RL and AP were 1.9 mm and 4.7 mm, respectively (Table 3). The measurements on the
amplitude of the tumor motion show no significant difference in all directions. The other
directions did not show a significant difference between the different time-points (T___and

start

T_.)- A visual example of the motion of one patient in three different directions at T__is

en

displayed in Figure 2.

Table 3. respiratory movement along RP, AP and CC direction

Tstart Tend P
Median 95% (SD) in mm RLc 1.8(0.48) 2.0(0.82) 0.05
APs 4.7 (2.68) 4.7 (2.70) 0.50
CCc 123 (545) 11.5(3.83) 0.73
CCs 11.6 (5.14) 12.0 (4.03) 0.53

p<0.05, Wilcoxon signed rank test. RLc: left-right coronal, APs: anterior-posterior sagittal, CCc: caudo-cranial coronal, CCs: caudo-
cranial sagittal.

caudo-cranial (coronal) right-left (coronal)

Al‘lln.llll‘l“lnunml‘kl
wnvunnuyvv-v1vw'vu"
50 00 150

amplitude (mm)
amplitude (mm)
o
T

-5 time (sec)
caudo-cranial (sagittal) anterior-posterior (sagittal)

5+ 54
$ ol , £ o ANV
3 ! ' ' 4 ! . ! 3 M T T 1
z " s0 100 150 = 50 100 150
& g

-5 time (sec) -5 time (sec)

Figure 2. Raw unprocessed data sets of the motion of one patient (without detrend performed) in CCc (caudo-cranial coronal),
RLc (right-left coronal), CCs (caudo-cranial sagittal) , and APs (anterior-posterior sagittal), direction at Tstart.
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Intrafraction drift analysis

Figure 3 shows the rigid body translations along RL, AP, and CC direction over a 25 min
period for each patient. Figure 3 shows that the drift is not linear like usually is assumed.
Some patients demonstrate a considerable drift during the first three minutes after which
the position stabilizes (e.g., Fig 3¢, P11) whereas others even return to baseline (Fig 3¢, P3).
These plots also demonstrate that quite often the drift is not unidirectional over a period
of 25 minutes. Finally, P8 shows an extreme amount of drift of up to 24 mm along CC.
This patient was therefore considered as an outlier and was excluded from further group
statistics. The mean systematic drift (i.e, mean of the means) of all patients was 0.6 mm
along RL, 0.8 mm along AP, and 1.2 mm along CC.

Figure 3. motion related to drift in right-left (RL), anterior-posterior (AP) and caudo-cranial (CC) direction of all 15 patients.
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Intrafraction motion margins

Table 4 shows the contributions of the systematic and random errors in each of the
three scenarios: static, tumor trailing, and respiratory tracking for online mid-position SBRT
treatments. Without active motion compensation (i.e., static) contributions from > et O
and o, all need to be accounted for by the motion margin. When tumor trailing is applied
only Opesp contributes to the required motion margin (Table 4; column 2) as 2 T and Opger
are actively compensated for. Respiratory tracking compensates for both intrafraction drift
and respiratory motion (Table 4; column 3). Using Eq. 1 we find that a motion margin of 6.1
mm would be required for the static scenario. Tumor trailing greatly reduces this margin
to 1.5 mm (assuming perfect tumor trailing). Tumor tracking only mitigates the 1.5 mm

motion margin introduced by o ..

Table 4.Contributions of respiratory motion and intrafraction drift to the motion margin for three
simulated motion management strategies on the MR-Linac: 1) static (i.e, without any active motion
compensation), 2) tumor trailing, and 3) tumor tracking. Only caudo-cranial motion statistics and
margins are given. Note that perfect tumor trailing and respiratory tracking is assumed and the table
is confined to motion margins only. Delineation, setup, and registration errors are not included here.

Static Tumor trailing Respiratory tracking
z c z c z o
Respiratory (periodic) motion (mm) - 38 - 38 - -
Intrafraction drift (mm) 18 1.0 - - - -

DISCUSSION

In the present study a single-faction MRI-guided SBRT treatment was simulated in 15
patients to decouple and quantify the different components of intrafraction motion and
their relative contribution to the total motion margin that is required for various motion
management strategies. The goal was to assess the efficacy of tumor trailing and respiratory
tracking, as this choice directly influences the type of imaging that is required during beam
delivery.

Although RCC motion has been assessed before(7-9,11), most of the existing work has
focused either on periodic respiratory motion only, or included specific immobilization
techniques that are not representative for future use on a MRI-linac. One of the strengths
of hybrid MRI-linac systems is the ability to continuously perform imaging and visualize the
tumor during the treatment, which allows treatment under free-breathing conditions. MRI-
guided motion compensation discards the need for immobilization devices like abdominal
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compression or implantation of fiducials, which considerably increases patient comfort. To
mimic the intended treatment setup on a MRI-linac, the experiments in this study were
performed on patients without the use of mechanical immobilization devices. Consequently,
the results described in the present paper are only generalizable to treatment strategies
that also employ similar patient positioning strategies or that use minimal immobilization.

The intrafraction motion was carefully assessed over a period of 25 minutes, which is
representative of a single-fraction MRI-guided SBRT treatment. We found that the systematic
nature of intrafraction drift results in a much larger effect on the motion margin than periodic
respiratory motion, which confirms preliminary findings by Stemkens et al.(11). Following
this, drift compensation (tumor trailing) would be able to reduce the motion margin by up
to 75%, (6.1 mm to 1.5 mm assuming perfect tumor trailing). Additional compensation of
the periodic motion by means of respiratory tracking further mitigates this margin, but is
technically more demanding and requires the acquisition of fast 2D imaging with minimal
latency during beam delivery(17). Tumor trailing allows one to trade-off temporal resolution
for spatial extent enabling the acquisition of 3D volumetric data during beam delivery. This
allows simultaneous visualization of both the tumor and organs at risk and facilitates the
introduction of online intrafraction re-planning (18) and online 3D dose accumulation
method(19,20).

CONCLUSION

Periodic respiratory motion and intrafraction drift were assessed by MR imaging in 15
patients suspected of having RCC, using realistic single-fraction SBRT treatment times. It
was found that

intrafraction drift is considerable and not linear over time when no mechanical
immobilization is used. Due to the systematic nature of intrafraction drift, the contribution
to the motion margin is large and makes up 75% of the total motion margin for online mid-
position based SBRT treatments. This makes tumor trailing an interesting option to consider
on the MR-linac as it would allow 3D volumetric MR imaging during beam delivery enabling
the option to visualize both the tumor as well as the surrounding organs at risk.
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MRI acquisition to combine 4D-MRI and DCE imaging for SBRT planning

DCE time series reconstruction
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Figure 2. Example of the DCE time series reconstruction of the same patient for the pre-contrast, arterial, venous, and late
enhancement phase in the transversal, coronal and sagittal plane. Temporal resolutionis 3.6 seconds/volume, corresponding
to an acceleration factor of K 10.5.

3.4 CE-4D-MRI

Figure 4a shows an example of the 4D-MRI reconstruction from the continuous DCE
acquisition, alongside the separately acquired bSSFP 4D-MRI reconstruction in panel b. The
end-exhale and -inhale are shown as well as the mid-position reconstruction. Although the
contrast is different, the relatively small motion is captured in both reconstructions. The
tumor (black arrow) has hyper-intense contrast in both reconstructions, while the renal
cyst (white arrow) displays a hypo-intense signal in the CE-4D-MRI reconstruction and a
hyper-intense signal in the bSSFP 4D-MRI encumbering the distinction between both
structures.

3.5. Motion analysis

Figure 5 displays the cranio-caudal GTV motion extracted from the 5D-MRI, CE-4D-
MRI (both reconstructed from the DCE acquisition), 4D-MRI, and 2D cine images for
all patients. The 5D reconstruction consists of only 5 respiratory phases, since a limited
amount of data was available for respiratory sorting. Moreover, amplitude binning was
used, while for the other reconstructions phase binning was used. Motion in the 5D
reconstruction was smaller than the motion in the CE-4D-MRI (0.3, 0.6, and 1.8 mm in
LR, AP and CC, respectively), despite the fact that they were reconstructed from the same
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acquisition. CE-4D-MRI showed similar GTV motion as the bSSFP 4D-MRI (5.8 + 1.1 mm

vs 59+ 0.8 mm), which was approximately 10% smaller than the motion in the 2D cine
images (6.5+ 0.9 mm).

5D reconstruction example

Arterial phase Late enhancement
Exhale Inhale Registered Exhale Inhale

Registered

Transversal

Coronal

Sagittal

Figure 3. Example of the 5D-DCE reconstruction. The exhale and inhale phase are shown for all planes in the arterial and
late enhancement phase. The third and sixth column display the registered volumes for both arterial and late-enhanced

phase, showing sharp and clear contrast-enhanced volumes. For each volume 16 projections are used, corresponding to
an acceleration factor of 13.75.

4D-MRI reconstruction comparison
CE-4D-MRI 4D-MRI
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Figure 4. 4D-MRI reconstructed from a) the proposed dual-purpose acquisition (T1 - weighted) and b) from the separately
acquired 4D-MRI (T2 /T1 contrast weighting). The exhale, inhale and mid-pos volumes are shown in the transversal, coronal

and sagittal orientation. The yellow arrow pinpoints the tumor, while the white arrow shows a renal cysts. The white dotted
line is plotted as visual aid.
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Chapter 8

Chapter 4. Development and evaluation of a MRI based delineation guideline for renal
cell carcinoma

With the clinical introduction of MRI-guided radiotherapy, the (conebeam)CT-scan is
expected to be omitted to plan and guide radiotherapy treatment. For that purpose, a
guideline for MRI based delineation was developed in chapter 4. Based on T2 weighted

MR imaging, with help of contrast enhanced T1 weighted imaging and diffusion weighted
imaging (DWI), a delineation guideline for RCC on MRI was developed and evaluated. The
inter-observer delineation variations were small. The recommendations and guideline
described in this study can be used for the introduction of MRI-guided radiotherapy for
primary RCC in the clinic.

Chapter 5. Intrafraction motion management of RCC with MRI-guided SBRT

One of the major challenges in SBRT of RCC is motion of the kidney during treatment,
especially breathing motion, which is complex and changes over time at an individual level.
In this chapter we focus on the intrafraction motion occurring during treatment time. To
deliver MRI-guided radiotherapy for RCC it is necessary to simulate the motion and drift of
the kidney over a time period as long as a treatment fraction takes, in order to realistically
simulate what happens during treatment. The intrafraction motion is required to determine
(and if possible reduce) the planned target volume (PTV) margin. The contributions of both
high amplitude respiratory motion and slow drifts led to establish a realistic determination
of the PTV margin required. The present results show that with the motion management
techniques used, drift compensation (tumor trailing) would be able to reduce the motion
margin by up to 75%. This makes tumor trailing an interesting option to consider in future
treatment of primary RCC with MRI-guided radiotherapy.

Chapter 6. Dual-purpose MRI acquisition to combine 4D-MRI and dynamic contrast
enhanced (DCE) imagingfor abdominal SBRT planning

In general, SBRT treatments benefit from accurate imaging for precise contouring,
localization and image guidance of the tumors and organs at risk (OARs) before and during
treatment. In addition to a CT scan, anatomical (T1, T2) and functional (for example DCE,
DWI) MRI sequences, can provide supplementary value to delineate the tumor. DCE-MRI is
used to enhance contrast between tumor, healthy kidney and other OARs. Furthermore it
is used to characterize tumor specific contrast agent uptake values and quantify perfusion
parameters. 4D-MRI, on the other hand, can be used to calculate the mid-position of the
tumor. Unfortunately, both DCE-MRI and 4D-MRI are lengthy acquisitions. The present study
demonstrates a dual-purpose MRI acquisition that combines DCE and 4D-MRI to generate
high-spatio-temporal DCE volumes for contrast enhancement characterization and tumor
delineation, and characterize motion precisely using an additional 4D-MRI reconstruction.
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Summary

With this combination, a separate 4D-MRI is not necessary, while patient comfort and
reproducibility for the DCE acquisition is increased, since no breath holds are required. An
additional 5D reconstruction proved mainly useful for minimization of respiratory-induced
blurring for a sharper tumor edge. The combination of three different reconstructions is
unigue and valuable in the context of MR-guided radiotherapy, for tumor characterization,
accurate delineation, and mid-position volume generation.

Chapter 7. Ablative tReatment of inoperable REnal cell carcinoma using STereotactic
body radiotherapy (ARREST-study): study protocol and rst clinical experience
Before we can safely treat patients with RCC on the MRI-linac, we first need to gain more
experience in treating RCC with SBRT and prepare for the integration of MRl in the treatment
workflow of RCC. In the ARREST-study protocol, a fiducial marker cone-beam CT based SBRT
treatment is described for inoperable patients with RCC. The ARREST study is a phase Il safety
and feasibility study. In addition to previous studies on SBRT for RCC, an abdominal corset
to diminish motion will be used, as well as a mid-ventilation based PTV margin calculation,
MRI-based motion characterization, MRI- (and CT-)based tumor delineation. Based on the
ARREST study results, MRI-based response prediction and evaluation will be developed. The
study protocol and first clinical results are described in chapter 7. Up till now, two patients
have completed treatment, and the study is open for inclusion. The ARREST-study is a
precursor study for the full MRI-based approach for SBRT of RCC, which will be introduced
within the coming years on the MRI-linac.
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General discussion and future perspectives

The present thesis focuses on the preparation of MRI-guided radiotherapy of renal cell
carcinoma (RCC). Surgery is the current standard treatment for RCC. Other alternative
treatment modalities such as radiofrequency ablation (RFA), cryoablation (CA), microwave
ablation (MWA) and stereotactic body radiotherapy (SBRT) with use of fiducial markers
are minimally/less invasive. A non-invasive treatment modality is desirable. Current CBCT-
guided stereotactic body radiotherapy (SBRT) has good outcome in terms of local control
and limited toxicity, but can be further improved by online MRI-guidance of the treatment
instead of using CT. The chapters of the thesis describe the different steps necessary to
prepare for MRI-guided radiotherapy for RCC. Remaining obstacles to overcome will be
described, as well as a perspective on the future of MRI-guided radiotherapy of RCC.

IMAGE-GUIDED SBRT: AN EMERGING TREATMENT MODALITY FOR
RCC

The first treatments of RCC were conducted with external beam radiotherapy (EBRT), with
conventional fractionation schemes, low biological effective doses and large radiation fields.
The disappointing results led to an assumed radioresistance of RCC, which partly explains
the former limited role. Nonetheless, over the past decade, radiotherapy has emerged in
the treatment of RCC. In primary RCC the transition has been made towards SBRT, including
a steep dose fall off from the planned target volume (PTV) to surrounding tissues and a
precise delivery of hypofractionated radiotherapy(1). Recent studies using these adequate
radiation doses showed that RCC is radiosensitive(2-4). As a result various studies for primary
RCC have been conducted, and in several clinics the treatment is implemented as standard
of care for inoperable patients(2).

Chapter 2 describes the modalities of alternative minimal invasive treatment options
in the last decade, including SBRT(5). The SBRT studies are all cone beam computed
tomography(CBCT)-guided using different devices and different dosages for treatment.
Despite the different approaches used, these studies showed an increased use of SBRT in
RCC over time. Although the dosage varied largely between the different institutes, the
toxicities resulting from SBRT treatment remained acceptable. Limited toxicities between
30-60% have been reported, in which fatigue was the most commonly reported symptom,
followed by dermatitis, chest wall pain, and nausea. Severe toxicities were reported in less
than 5% of patients. Local control rates vary between 85 - 100%, with a follow-up of up to
5-years, and a cancer specific survival of 100%(5). Last year the phase Il study of Siva et al.
was presented with similar results(6).

RFA and CA are treatment modalities more commonly used than SBRT for RCC, although
the treatment results are comparable for recurrence free survival and cancer specific
survival. However, there are a few distinct benefits of SBRT compared to the other minimally
invasive techniques. First of all SBRT is not limited to a maximum tumor size, enabling
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Chapter 9

a larger group of patients to be treated in a non-invasive manner. Secondly, if no gold-
fiducials are used SBRT is completely non-invasive, increasing comfort for the patient and
reducing the change of possible complications. Most of all, SBRT seems to be a comparable
technique to RFA and CA, with minimal severe toxicity, and might (when further improving
the technique) become a better treatment option in the future.

The findings in the summary of chapter 2 are confirmed by a recently published extensive
overview of primary treatment of RCC with SBRT(3), and a consensus statement of a
worldwide RCC consortium(IROCK)(2). Both groups conclude that SBRT is an emerging
treatment modality for patients with inoperable primary RCC. The IROCK-group also
suggests to prospectively compare RFA/CA with SBRT in the inoperable setting. These
recommendations are all based on research in CT-guided radiotherapy. However, MRI-
guided radiotherapy of RCC is believed to enhance the results for patients even further.
Potential benefits are improved visibility of the tumor, real time tracking, reducing the
margins and therefore establishing lower toxicity, delivering higher dosages in less fractions
(possibly a single fraction). MRI-guided radiotherapy could be a totally non-invasive
alternative for RCC patients. The future perspective is that in 5-10 years the SBRT treatment
approach (CT and/or MRI based) will be the standard of care for inoperable primary RCC.

TECHNICAL DEVELOPMENTS TOWARDS MRI-GUIDED SBRT FOR RCC

A major topic of the present thesis is the use of MRI for radiotherapy, especially the
improvement of the different sequences to be used for MRI-guided radiotherapy for RCC.
The optimization includes development of a dedicated T1 and T2 weighted and functional
MR imaging.

Motion management

One of the major challenges of SBRT of RCC is motion of the kidney during treatment.
Breathing motion is complex and may change over time at an individual level. In order
to ensure that the tumor receives an adequate dose, while sparing the surrounding
tissues as much as possible, different planned target volume (PTV) margins, margin
recipes and immobilization techniques have been applied in different centers. Motion
management is conducted differently over centers worldwide. In order to reduce the
motion various immobilization devices are used, like abdominal compression(7), or vacuum
immobilization(8). To improve visualization of the tumor motion before or during treatment,
in some institutions gold fiducials are inserted in the tumor(7,9,10). Image guidance of
kidney tumors when using online 3D CBCT-techniques can be challenging without the use
of fiducial markers or contrast agents(11). For example, when using a Cyberknife approach,
the motion of the tumor can be tracked, but fiducial markers remain necessary.
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General discussion and future perspectives

Interfraction motion managementis usually 4DCT-guided and an internal target volume(ITV)
principle is used to define the tumor throughout the different breathing phases (2). A mid-
ventilation approach is also possible, although not widely used in the treatment of RCC(12).
A few studies report respiratory motion management of the kidney based on cine-MRI
images, instead of the widely used 4DCT guided approach(13,14). Stam et al. observed the
largest movement of the kidney in free breathing in the cranio-caudal direction(14). Kidney
movement in the left-right (LR) and anterior-posterior (AP) direction was smaller. Besides
respiratory movement, motion drift is another problem that should be taken into account.
As seen in preliminary work, some patients show drift which could have a significantimpact
on dose coverage(15,16).

Determination of the PTV margin

There is a large variation in the PTV margin used in CT-guided SBRT. The PTV margin of RCC
varied between 1 and 10 mm (with PTV coverage goals of 95-100%) amongst the different
centers. The center using a Cyberknife (Accuray Inc. Sunnyvale, CA) approach used a PTV
margin of 0 mm(2). Although a topic of interest, so far the rationale behind the difference in
PTV margins used is unknown.

In this thesis further developments have been made to the rationale behind the PTV
margin. Firstly, in chapter 5, the motion characterization with cine-MRI and gated 3D
spoiled gradient echo (SPGR) acquisitions were shown, in order to determine the high
amplitude breathing motion as well as the drift of the tumor. In this study the imaging has
been done within the expected actual treatment times, which ensured that the simulation
of motion was representative for future treatment of MRI-guided radiotherapy of RCC.
Secondly, based on calculations made on respiratory motion (amplitude) and motion drift
(trailing) it is possible to reduce the motion margin by up to 75% (6.1 to 1.5 mm, assuming
perfect tumor trailing). When all motion management techniques are used to correct for
the amplitude and drift (including tracking) it may even be possible to set a future PTV
margin at 0 mm. Nevertheless, tracking on MRI-guided radiotherapy devices is not possible
yet. However, the clinical introduction of the MRI-linac for RCC could be accelerated when
trailing is used, since trailing contributes to the largest difference in PTV margin.

The calculations made in chapter 5 raised the question if one can determine a PTV
margin from only the motion characterization. The PTV margin is often used as a margin
to determine that the prescribed dose is actually delivered to the GTV. It should take into
account all the uncertainties in planning, patient positioning and beam positioning (17).

In order to go towards a fully non-invasive approach, taking into account the respiratory
motion and drift, an MRI-guided approach would be desirable in order to bring the PTV
margin close to 0 mm.
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Chapter 9

Improvement of radiotherapy technique

Chapter 6 shows the improvements in 4D-MRI and dynamic contrast enhanced (DCE)
imaging. A shift from breath-hold towards free-breathing has been made for DCE imaging,
as well as simultaneously acquiring a 4D-MRI and increasing the reproducibility of the
DCE scan. The combination of these scans could result in a shorter acquisition time and
more accurate images in the planning phase when used for the MRI-linac. A fast 4D-MRI is
necessary in order to improve a midposition approach for the treatment.

In the end we want to move towards tracking the tumor, but improvement of the 4DMRI
is a necessary step to achieve this. A consensus has not yet been reached if a gating or
tracking approach (reducing the PTV margin to 0) would be desirable in the future.

To achieve a fully non-invasive treatment, and still have a comparable or increased dose
without extra toxicity to the OAR, the current SBRT treatment of RCC needs to switch to a
MRI-only approach. Currently, various MRI-guided radiotherapy systems are available or in
development throughout the world. The main differences between these systems are in
field strength of the MRI (between 0.35 and 1.5 Tesla), and in the radiation source used (7
MV linac and Co-60)(18), although recently all manufacturers transferred to a 6 or 7 MV linac
radiation source. MRI-guided tracking or gating would be necessary to precisely treat the
GTV with a high dose, without any PTV margin, and with a lower toxicity. Results of MRI-
guided SBRT for primary RCC have not been published to this date.

CLINICAL DEVELOPMENTS TOWARDS MRI-GUIDED SBRT FOR RCC

Besides technical improvements, clinical developments have also been described in the
present thesis. Developments in MRI-based contouring and first clinical experience in SBRT
of RCC in the UMC Utrecht will be discussed below.

Delineation

The introduction of MRI-guided radiotherapy allows and requires MRI-based tumor and
OAR delineation. As MRI has the benefit of improved soft tissue imaging compared to
CT, MRI may have the advantage of better visualization of the extent of primary RCC and
RCC (bone) metastases. Adequate contouring for RCC and metastases of RCC is crucial for
optimal targeting of the tumor for radiotherapy. However, the MRI sequences used for RCC
and metastatic RCC (mRCC) are currently only used in a diagnostic setting and have not
been optimized for radiotherapy purposes.
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General discussion and future perspectives

A review by experts in diagnostic imaging of RCC suggests the use of T2 weighted imaging,
as a feasible alternative to CT imaging of RCC(19). Recent evidence also shows that MRI
might be better to differentiate between renal lesions, which remained inconclusive at first
on CTimaging, leading to further utility of renal MRI(20). Diffusion-weighted and perfusion-
weighted imaging are also more often used to diagnose renal tumors(21).

Sequence optimization for radiotherapy has been performed before for other abdominal
tumor sites(22,23). In pancreas for example, MRI sequences have been optimized and a
contrast enhanced T1 weighted MRI based delineation guideline has been developed(22).
On healthy subjects abdominal organs at risk (OAR) have been delineated on T2 weighted
imaging(23). Chapter 3 and chapter 4 describe the optimized MRI sequences used for
mRCC and RCC, suitable for delineation and radiotherapy treatment purposes. Chapter
3 shows a clinically relevant and statistically significant superior target delineation of MRI
compared to CT of mRCC. In chapter 4, a MRI-only delineation guideline is developed
for primary RCC. In contrast to contouring of mRCC bone metastases (performed on T1
weighted TSE), the suggested contouring in primary RCC should be performed on T2
images, aided by T1 and diffusion weighted imaging (DWI) sequences.

In mRCC delineation as well as in primary RCC delineation optimized sequences have been
developed. However, it is still debatable whether the target volume delineated on MRI
represents the actual target volume. No pathological validation of MRI target volumes has
been performed, either in local studies or reported in the literature, as it is not considered
to be practically achievable.

The ARREST study

In chapter 7 the study protocol and preliminary results of an ongoing single arm prospective
phase Il trial (ARREST study) have been shown. The ARREST study is specifically designed
for inoperable patients or patients refusing surgery. The SBRT treatment is delivered using
fiducial markers and an abdominal corset. Furthermore, for the first time for RCC SBRT a
mid-ventilation approach was used to ensure good target coverage while sparing the
OAR(12). In the ARREST-study, additional MRIs were performed in order to develop a MRI-
only approach. MRI was used in delineation and motion simulation. The multiparametric
MRI (mpMRI) was also used for response assessment and for response monitoring.

Upon completion, the ARREST study will provide more information on survival, assessment
of the toxicity and quality of life (QoL). These results are expected to be in line with the
findings of completed primary RCC SBRT studies, as described in chapter 2 and a recent
review of Siva et al.(3). One question remains unresolved in the SBRT trials performed; Do
the histological variants of RCC respond differently to radiotherapy? The most common
subtype is clearcell RCC, followed by papillary (type I and Il) and a chromophobe subtype.
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Chapter 9

It would be interesting to determine whether the different subtypes respond differently to
radiotherapy. If this is the case, adjusting radiotherapy treatment schemes to pathological
subtype may be beneficial in future studies in order to enhance tumor response(3).

FUTURE PERSPECTIVES

Before SBRT can be implemented as routine clinical care for operable RCC patients, more
patients and longer follow-up will be necessary(24). Improvements in image guided
radiotherapy for RCC are expected in the next few years, when instead of CT-guided SBRT, a
non-invasive (without fiducial markers) MRI-guided radiotherapy will become more widely
available. This will allow for even more accurately targeted radiotherapy facilitating higher
tumor doses, and lower doses to the surrounding healthy tissues(18).

How can an improved radiotherapy technique lead to improved outcome for RCC

patients?

In chapter 3, 4, 5 and 6 improvements in imaging for delineation, margins and motion
purposes have been shown. With all these improvements it is possible to deliver the
radiotherapy dose more accurately and thus with smaller margins. A suggestion for future
research is to validate the sequences with pathological validation, in order to determine the
real tumor in vivo and on MR imaging, although it is questionable whether this would be
practically achievable.

The most important change will be the transition from a midposition acquisition to a
treatment in which the tumor will be fully tracked. By tracking the tumor the margins can
be reduced even further, possibly to no margins at all. More accurate targeting of the tumor
could eventually result in a higher dose to the GTV and reduced toxicity to the surrounding
OAR. With a higher dose given to the tumor, future treatment may lead to better local
control and probably better survival in RCC patients.

Another advantage of MRI-guided radiotherapy of RCC is the possibility to treat in one
fraction, although the potential superiority of a one-fraction approach above for instance
five fractions (like the ARREST study protocol) should first be studied. The potential benefit
of a one fraction (non-invasive and within one hour) treatment will be minimizing the
burden to the patient. It will be important to precisely establish the position of the tumor
during treatment, to prevent underdosing the GTV and overdosing the OAR, leading to
toxicity. Current motion management seems at an acceptable level, however it is not clear
yet which specific moments in treatment are the most adequate to track, as well as the
specific timeframe of this tracking. If the tracking problem is solved it is technically possible
to switch safely towards a one fraction treatment, also for larger tumors.
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General discussion and future perspectives

In summary, an improved radiotherapy technique could lead to improved outcomes for
RCC patients. A one-day outpatient treatment could reduce the number of hospital visits,
as well as improving local control and minimizing toxicity. This will plausibly have a positive
effect on the QoL in RCC patients.

Could functional imaging play a role in assessment of radiotherapy response?

In the ARREST-study, MRI-scanning is incorporated in the treatment protocol. MpMRI is used
for delineation, motion assessment, response prediction and evaluation. The scan on the
day of the second fraction aims to visualize changes in the mpMRI, which might correspond
with an improved outcome. It will be possible to adjust the dose in later fractions based
on changes measured on mpMRI. If the outcome can be predicted with the mpMRI at
the second fraction this might influence the dose prescription, with higher doses for non-
responders after two fractions. With the aid of functional imaging, like DCE and DWI, the
response might be predicted already during treatment, although these results will not be
available until the ARREST study has been finished. Response prediction is for example
previously successfully conducted in radiotherapy of rectal and esophageal tumors(25-28).
Current follow-up after radiotherapy of RCC is CT-based according to the RECIST criteria(29).
Future follow-up may be MRI-based. As a precursor for this future assessment, in the ARREST
study the follow-up after treatment is performed with mpMRI (in addition to routine
follow-up by CT). The main goal of follow-up is to visualize the response of the tumor after
treatment and to detect residual/recurrent tumor tissue. Up to a year after radiotherapy it
can be difficult to distinguish between residual tumor or radiotherapy effect when a lesion
still shows contrast differences, as the response of kidney tumors to radiotherapy occurs
relatively late, similar to prostate cancer.

Nowadays, the RECIST criteria are used for the clinical evaluation of the radiotherapy response.
The RECIST criteria do not specify whether there is residual tumor or effect of radiotherapy
treatment. Within the RECIST criteria, an increase in volume of 20% is considered as disease
progression. RCC are known to grow slowly over time(9), and when a tumor progresses, it
might take years before the 20% cutoff point will be reached. Within the RECIST working
group the question has also been raised whether there should be a shift from volumetric to
functional assessment, for example by mpMRI(29). In the present thesis, in chapter 4, 5 and
6, multiple improvements in functional imaging for RCC have been shown. As described
earlier, further developments are necessary to increase our knowledge and validate the
different functional imaging parameters in the follow-up of RCC after radiotherapy
treatment. In other tumor sites, FDG-PET-CT imaging is also developed thoroughly in order
to monitor treatment response. However, RCC is not clearly visible on PET-CT, especially the
most common RCC subtype, clearcell carcinoma(19).
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Otheroptionsforfunctionalimaging are the use of PSMA-PET-CT to detect recurrent RCC(30).
PSMA uptake is more intense than FDG-PET in RCC. Recently a study has been conducted
for PSMA-PET imaging for metastatic RCC, in which RCC was more visible. Moreover, the
PSMA-PET has the ability to detect more metastases than FDG-PET or CT imaging(30). Thus
besides mpMRI, in the future PSMA-PET may also play a role in the distinction between
residual/recurrent RCC or radiotherapy effect.

In order to validate all thoroughly developed functional imaging sequences, a pathological
validation of MRl and PSMA-PET should be considered in future research.

Shared decision making

Currently, SBRT for primary RCCis most suitable for fragile, inoperable, mostly elderly patients
as is described in chapter 2 and 7. It is an equally important treatment option as RFA, CA
and MWA, as is described in chapter 2. The expectation is, within the next few years, SBRT
for primary RCC will also be considered as a treatment option for operable RCC patients, as
it is expected to have a comparable cancer specific survival and limited toxicity. However,
SBRT of RCC still has to be proven at least equally good to surgery with comparable or less
toxicity to make this treatment option available for all patients. Nonetheless, shared decision
making between patient and the different professions involved is paramount, as recently
advised for prostate cancer patients(31). For localized prostate cancer, radiotherapy, surgery
and active surveillance are options with comparable prostate cancer specific mortality rates
over 10 years(32). The difference between the treatment modalities is not in oncological
outcome but in side-effects. In the treatment of localized prostate cancer, patients and
physicians decide together whether surgery or radiotherapy will be the treatment of choice.
This approach should also be conducted in the treatment of primary RCC.

Moreover, to successfully implement SBRT of RCC treatment, it will be essential to have a
multidisciplinary approach. Physicians in the fields of Urology, Radiotherapy and Radiology
should work efficiently together to determine the best treatment option for each individual
patient. Ideally RCC care would be implemented in a combined Urology-Radiotherapy
outpatient department. A combined consultation assures the most extensive patient
information and could prevent patients getting inaccurate ideas about the different
treatment options, as noted in a recent study on prostate cancer(33). Implementing this
treatment for primary RCC within a multidisciplinary framework could lead to a general
improvement in shared decision making and care of RCC patients.
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CONCLUSION

We can now conclude that SBRT of primary RCC is an upcoming treatment modality and
the results are comparable to other minimally invasive alternative treatment options like RFA
and CA. Image guided SBRT can be further improved by the implementation of MRI-guided
SBRT (for example with the MRI-linac), leading to a fully non-invasive curative treatment
option, with minimal burden to the patient.

MRI-guided SBRT for RCC will be more widely available in the coming years, delivering
higher radiation doses (in less fractions) to increase local control, diminishing toxicity and
improving the QoL for patients. To successfully implement SBRT in primary RCC treatment,
inevitably a multidisciplinary approach will be required. Physicians in the field of Urology,
Radiotherapy and Radiology should collaborate with each other and with the patient to
determine the best treatment option.
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DANKWOORD

Dit proefschrift en de projecten rondom het proefschrift zijn tot stand gekomen door de
hulp en steun van vele mensen. ledereen die zich heeft ingezet wil ik daarom ook hartelijk
bedanken! In de eerste plaats de patiénten die hebben meegewerkt in de MRI-RCC en de
ARREST studie. Dankzij u hoop ik een bijdrage te kunnen leveren aan het ontwikkelen van
een nieuwe behandeling voor patiénten met nierceltumoren. Daarnaast zijn er nog een
aantal mensen die ik in het bijzonder wil bedanken.

Prof. dr. JJW. Lagendijk en prof. dr. CH.J. Terhaard, mijn promotoren. Beste Jan, halverwege
mijn onderzoek ben je betrokken geraakt, desalniettemin was je meteen enthousiast over dit
project. Bedankt voor de enthousiaste begeleiding en voor je kritische houding en blik ten
aanzien van het onderzoek. Dank voor de rust en het vertrouwen dat je me hebt gegeven
dat alles wel goed ging komen. Beste Chris, als laatste aangesloten bij het promotieteam,
bedankt voor het meedenken en meewerken in de afronding van het project.

Dr. LGW. Kerkmeijer en dr. M.M. Barendrecht, mijn co-promotoren. Beste Linda, vanaf het
eerste moment ben je betrokken geweest bij mijn onderzoek. Deze betrokkenheid heeft
geresulteerd in een erg goede samenwerking. De afgelopen 3 jaar heb ik veel van je mogen
leren. Dank voor je altijd kritische blik en vragen, jaloersmakende nauwkeurigheid van
werken en punctualiteit. Dank voor je enthousiasme over het project en de begeleiding
van mij op persoonlijk vlak. Door jou ben ik gegroeid en is mijn wetenschappelijke blik
verbreed. Door jouw enthousiasme over de radiotherapie heb je me bijna van gedachten
doen veranderen. Ik ben blij dat je in het laatste half jaar precies op tijd terug was voor
het afronden van het project. Beste Maurits, nog voor het promotietraject begon was je al
betrokken bij dit project. Dank voor je hulp bij het creéren van de mogelijkheid om deze
onderzoekslijn op te zetten. Dank voor je enthousiasme, het out-of-the-box denken en de
sturing in de focus op de klinische lijn in dit project. Ik heb veel van je mogen leren en ben
blij dat we de samenwerking in de kliniek kunnen voortzetten. Linda en Maurits, dank voor
de afgelopen jaren, ik ben er trots op jullie eerste promovendus te mogen zijn, opdat er nog
een stuk of honderd mogen volgen!

Dr. RH.N. Tijssen, dr. M. Intven, mijn surrogaat co-promotoren/motoren. Beste Rob,
halverwege mijn promotie ben je ingesprongen voor de klinisch-fysische en technische
kant van het verhaal. Bedankt voor je intensieve begeleiding, vriendelijkheid, geduld
en uitgebreide uitleg over de MR-fysica (aan een promovendus zonder natuurkundige
achtergrond). Hoe dit is gelukt naast je drukke werkzaamheden is mij een raadsel, maar
ik ben je er erg dankbaar voor. Jij hebt ervoor gezorgd dat mijn proefschrift vorm begon
te krijgen en de lastige fysische vraagstukken opgelost werden. Beste Martijn, het laatste
jaar van mijn promotie ben je van onmisbare hulp geweest voor klinische lijn van mijn
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proefschrift. Bedankt voor de tijd die je erin gestoken hebt naast je drukke klinische
werkzaamheden. Dus, Rob en Martijn, bedankt voor de sturing en begeleiding die jullie
hebben gegeven in het laatste jaar, hierdoor had ik de mogelijkheid mijn promotietraject te
continueren en goed af te ronden.

Prof. dr. LH.M. Borel Rinkes, Prof. dr. BJ. Slotman, Prof. dr. BW. Raaymakers, Dr. H.G. van der
Poel, Prof. dr. J. Hendrikse, leden van de beoordelingscommissie. Hartelijk dank voor het
lezen en beoordelen van mijn proefschrift.

Prof. dr. M. van Vulpen. Beste Marco, bedankt voor het enthousiasme en vertrouwen dat je
in me gesteld hebt voor het opstarten van klinische studies op het gebied van de nier en
het creéren van een plek die dat mogelijk heeft gemaakt. Helaas hebben we dit traject niet
samen kunnen afronden.

Dr.W.Chu. DearWilliam, thanks for lending me the opportunity to come and visit Sunnybrook
Hospital to learn the details of treating renal cell carcinoma with radiotherapy. Thank you
for your time to share knowledge and experience. It was a great pleasure to spend time in
Toronto, and | am looking forward towards future collaboration.

Alle medewerkers van de afdeling radiotherapie, bedankt dat ik hier de afgelopen 3 jaar heb
mogen werken, een betere plek om onderzoek te doen had ik me niet kunnen wensen. Een
aantal mensen wil ik hierbij nog in het bijzonder noemen.

Het secretariaat, lieve Leonie, Judith, Yvette en Therese. Jullie zijn fantastisch! Een onmisbare
kracht op de afdeling. Dank voor alle hulp die jullie mij geboden hebben en het luisterende
oor op zijn tijd.

De laboranten en in het bijzonder Jochem Hes. Dank voor je uitgebreide hulp bij het maken
van bestralingsplannen voor de ARREST studie, dank voor het op de (laboranten)kaart
zetten van het bestraling van nierceltumoren in Nederland. De MRI-laboranten en in het
bijzonder Tuan en Ellart, dank voor jullie hulp bij het uitvoeren van de MRI-RCC en later de
ARREST studie. Door jullie meewerken en meedenken hebben we deze projecten tot een
succes kunnen maken.

Alexis en Gijs, dank voor het meewerken in de verschillende studies, het last-minute doen
van analyses en jullie geduld mij hierover (bij herhaling) uitleg te geven.

Het trialbureau enin het bijzonder Saskia: je bent absoluut onmisbaar geweest voor de twee
METC aanvragen die we hebben gedaan en zijn goedgekeurd. Bedankt voor je kritische
blik, nauwkeurig werken en gezelligheid. Hierdoor is de samenwerking soepel verlopen en
hebben we het binnen afzienbare tijd goed kunnen regelen.
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De mannen van de ICT en in het bijzonder Erwin. Bedankt dat ik je voor alle “er is iets met
mijn computer” problemen altijd kon storen en dat je altijd snel en vriendelijk met een
goede oplossing bent gekomen. Dat maakt het leven van een promovendus een stuk
gelukkiger.

De radiotherapeuten, het uro-radiotherapie-team en in het bijzonder Jochem en Wietse.
Tijdens mijn semi-artsstage heb ik jullie leren kennen en daarmee is de samenwerking
meteen begonnen. Dank voor jullie enthousiasme over de nierprojecten, kritische houding
ten aanzien van de studie opzet en includeren van patiénten. Bedankt dat ik met vragen
altijd bij jullie terecht kon.

Simon, thank you so much for proofreading my introduction and discussion in order to
make this thesis grammatically and linguistically correct.

Alle fysica onderzoekers en in het bijzonder Markus, Bjorn en Charis. Since 2 out of 3 are
not Dutch I'll continue in English. Thank you so much for the collaboration in the kidney
projects (most of the times with last-minute requests), and helping me understand the
basics in MR-physics.

Alle mede-auteurs, bedankt voor jullie inzet en betrokkenheid bij de verschillende
onderzoeken. In het bijzonder wil ik hierbij nog bedanken dr. E.PA. Vonken. Beste Evert-
Jan, bedankt voor je radiologische blik op de verschillende projecten, de tijd die je hebt
vrijgemaakt om verschillende scans te herbeoordelen en mij er extra uitleg over te geven.
Het enthousiasme waarmee je deelneemt aan de ARREST studie waardeer ik zeer. Zeker het
moment waarop we de nieuwe goudmakers in gebruik hebben genomen, een memorabel
staaltje onderzoek. Tevens een woord van dank aan dr. A. Bex. Beste Axel, bedankt voor de
extra tijd die je in het review hebt gestoken om het tot een succes te maken.

Lieve arts-onderzoekers, partners in crime, lotgenoten. We zijn een bijzondere groep waar ik
me vanaf het begin erg in thuis heb gevoeld, ook al zijn we in de loop van de jaren al geheel
van samenstelling gewisseld. Op onderzoeksvlak heb ik veel van jullie kunnen leren, maar
ook op sociaal vlak hebben jullie een onuitwisbare indruk gemaakt. Wat heb ik een mooie
tijd met jullie gehad, in de Baai van het Goede, op congressen, met de vrijdagmiddagborrels
(die niet echt van de grond kwamen), biertjes gedronken, maar nog veel meer koffie
gedronken en taart gegeten. Hoogtepunten gevierd en om dieptepunten samen gehuild.
Een turbulente 3 jaar achter de rug, maar dankzij jullie waren die 3 jaar fantastisch, bedankt!

Sieske en Marieke, lieve kamergenoten. Ik wil jullie bedanken voor de steun die jullie mij
gegeven hebben, de afleiding wanneer het nodig was en de rust om hard door te werken.
Dank voor jullie hulp met mijn proefschrift en de voorbereiding naar de dag van mijn
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verdediging. Wat ben ik blij dat jullie mijn paranimfen zijn, onrust zal niet snel ontstaan met
twee nuchtere Rotterdammers aan mijn zijde. In de toekomst hoop ik jullie, naast in het
sociale leven, ook op de werkvloer nog vaak tegen te mogen komen: zie jullie op de OK!

Lieve vrienden en vriendinnen, jullie maken het leven zo veel leuker! Dank jullie wel voor
alle leuke momenten, samen borrelen, sporten, feesten, dansen, kletsen, koken, vakantie
vieren, maar ook dank voor jullie steun en begrip in de afrondende fase van mijn promotie.
Jullie helpen me herinneren dat we werken om te leven en niet leven om te werken. Op
naar een heerlijke zomer met meer tijd samen!

Lieve Anne-To en Ernst, bij het starten van mijn promotietraject waren jullie meteen
enthousiast en aanmoedigend om deze kans te nemen. Bedankt voor de oprechte interesse
in, kritische vragen en enthousiasme over mijn onderzoek. Dank voor jullie liefde en steun
de afgelopen jaren.

Lieve Eefije en Gemma, wat fijn om zulke mooie mensen mijn liefste zussen te mogen
noemen. We werken alle drie in een totaal andere wereld en parallellen zijn soms ver te
zoeken, maar desalniettemin zijn de adviezen die daaruit voorvloeien soms de beste. Fijn
dat jullie zo hebben meegeleefd met mijn onderzoek en afronding ervan, dank voor jullie
steun en betrokkenheid, maar met name jullie liefde en gezelligheid.

Lieve Pap en Mam, lieve Henk en Babs, dank voor jullie onvoorwaardelijke liefde en steun.
Jullie hebben mij gezegend met doorzettingsvermogen (zo'n koppige Prins), kracht,
interesse, aandacht voor je medemens en liefde, wat ervoor heeft gezorgd dat ik nu hier sta.
Dank voor jullie aandacht en ondersteuning in de afgelopen periode. Ik ben trots te mogen
zeggen dat jullie mijn ouders zijn.

Lieve Rogier, liefde van mijn leven, mijn steun en toeverlaat. Zonder jou was dit proefschrift
er nooit geweest. Dank voor je liefde, geduld en onvoorwaardelijke steun. Dank voor de
ruimte die je me hebt gegeven om tot in de late uren door te werken, dat je ondanks mijn
ongeduld en frustratie me bent blijven helpen en ondersteunen. Het is een voorrecht om
mijn leven met zo'n bijzondere man te mogen delen. Ik kijk uit naar een gelukkig leven
samen.

Fieke
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part of her final year was a collaboration between the Urology and Radiation Oncology
department of the UMCU. Following this research project, she started working as a PhD-
candidate in April 2015, focusing on radiotherapy for renal cell carcinoma. In October 2015

she visited Sunnybrook Hospital in Toronto, Canada to gain experience in treating patients
with radiotherapy for kidney cancer. She combined her final year as a PhD-candidate with a
part-time position as urological resident not in training (ANIOS) at the Antonius Hospital in
Nieuwegein. Since December 2017 she has been working full-time as a urological resident
not in training (ANIOS) at the Tergooi Hospital in Blaricum.

Fieke currently lives in Utrecht and loves to spend her free time playing cello, enjoying
different kinds of sports (indoor climbing, running, field hockey), reading, and traveling.

161

15060_prins_layout.indd 161 04/05/2018 08:56



