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1.1 External beam radiotherapy and brachytherapy 

Radiation therapy is applied in the treatment of cancer, either as a single modality treat-
ment or in combination with surgery. It can also be combined with systemic treatments 
such as hormonal or chemotherapy. It deploys ionizing radiation to kill cancerous tissue 
with a prescribed amount of radiation within the target volume, expressed as the radi-
ation dose (Gy). Some tumours are more sensitive to radiation than normal, healthy 
tissue. Treatment of such tumours is associated with a wide therapeutic window, offer-
ing the possibility to irradiate and eradicate cancerous tissue while sparing normal tissue 
and surrounding organs at risk (OARs). 

With external beam radiotherapy (EBRT), normally a high energy photon beam is aimed 
at the tumour, depositing part of the radiation dose along the way through the body by 
indirect ionization of the tissue. Ionizing radiation inflicts lethal damage to cancerous 
cells and sublethal damage, which the cell itself can still repair. By increasing the dose, a 
smaller fraction of the cells will survive. Already in 1911, professor Regaud (France) was 
one of the first to suggest the benefit of a fractionated treatment. His experiments with 
x-ray irradiation on the testes of rams showed that the scrotum could not be sterilized 
without substantial damage to the skin. If the same amount of dose was delivered in 
fractions during a longer period of time, the reaction of the skin tissue was less severe 
[1]. This demonstrated that side-effects can be reduced by delivering the radiation dose 
in fractions, instead of applying a single fraction of high dose. 

During the last century, understanding of biological effects on ionizing radiation, i.e. 
radiobiology, has greatly developed. Many factors play a role in determining the toler-
ance of tissues to irradiation, among which that repair mechanisms in cancer cells are 
usually less efficient than in healthy tissue. Fractionating the dose can therefore further 
increase the therapeutic window, by giving healthy cells the opportunity to repair them-
selves in between fractions.

Originally applied to irradiate deep-seated tumours more efficiently [1], brachytherapy 
is a form of radiation therapy that irradiates the tumour cells from within the body. 
In contrast to EBRT, the sources of ionizing radiation are placed in the vicinity of or 
inside the tumour. In brachytherapy, radiation sources producing gamma rays are used 
to deposit the dose inside the target volume making it a very local treatment. The name 
brachytherapy stems from the Greek word for short-distance (βραχυς). An example of an 
external beam treatment and a brachytherapy treatment is shown in Figure 1. 

1.2 History of brachytherapy

Shortly after the discovery of radium (226Ra) by Marie and Pierre Curie (1898, Paris), 
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Figure 1: Cross-section of a prostate cancer patient showing a planned dose distribution on a CT scan (left) 

for two types of treatment: A 5-beam intensity-modulated radiation therapy (IMRT) dose distribution 

(middle) and a brachytherapy dose distribution (right). The color wash is scaled from 0% to 107% of the 

prescribed dose, since 107% is equal to the maximum dose in the EBRT plan.

brachytherapy was successfully applied in the treatment of skin carcinoma in St. 
Petersburg (1903) by local application of a sealed radium source [2]. In France, 
brachytherapy is still referred to as curiethérapie.

Radium therapy showed promising results in the treatment of skin cancer, but the out-
come for less accessible tumour sites was not so conclusive [3]. Accurate positioning of 
large, rigid radium needles was difficult. Furthermore, personnel had to work quickly to 
avoid excessive exposure, since all sources were prepared and placed manually. Even 
though the principle of ‘afterloading’ had already been discussed in the beginning of 
the 20th century, the first remote afterloading device was introduced in the early 1960s 
[4,5]. With a remotely controlled afterloader, the radioactive source is transported from 
a shielded safe to its treatment position in the implanted catheters or applicators, reduc-
ing exposure to the personnel.

The use of brachytherapy had declined due to its impracticalities and progress in exter-
nal therapy using high energetic (MeV) photon beams, generated with linear accelera-
tors. After the invention of the cyclotron (1929) and the nuclear reactor (1932) artificial 
(radio-) isotopes started to become available, such as cesium-137, cobalt-60 en irid-
ium-192. These sources of radioactivity have a high specific activity, i.e. activity per unit 
mass. Due to their relatively long half-life, replacement is necessary only once every few 
months (192Ir) or only after years (137Cs, 60Co). The gamma rays of 192Ir with a mean energy 
of 380 keV have a small penetration depth and can be shielded easily with 1-3 centime-
tres of lead. From 1958 onwards, iridium wires were widely used, at first often manually 
afterloaded inside needles or catheters. 192Ir is still the most commonly used radionu-
clide. These developments in sources and delivery led to a revival of brachytherapy. 
Furthermore, physicians, physicists and radiation biologists had gained much insight 
into the biological response to radiation. Better methods to calculate the deposited 
dose were developed. Most brachytherapy treatments nowadays use only one single, 
small, high-intensity, radioactive source that is directed into the target volume through 
an applicator device temporarily placed inside the body. The source is sent to pre-pro-
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grammed positions inside the applicator for a specified amount of time, hence the name 
‘stepping-source’ brachytherapy. 

We distinguish stepping source brachytherapy (or temporary implant brachytherapy) 
and permanent implant brachytherapy. Permanent brachytherapy involves placement 
of small radioactive iodine or palladium sources (125I or 103Pd), called seeds. Permanent 
implantation of 125I seeds is commonly applied in the treatment of low-risk prostate 
cancer [6,7]. Composed of 40-100 seeds, the implant initially emits radiation at a dose 
rate of typically 7 cGy / h in the prostate. The intensity of the implant decreases over 
time, with a half-life of 60 days. Besides permanent implant prostate brachytherapy, 
this treatment is also often referred to as low-dose rate (LDR) prostate brachytherapy. 

Brachytherapy is often categorized according to the location of the source placement. 
Interstitial brachytherapy refers to one or multiple sources placed inside the tumour 
volume via implanted needles or catheters (prostate, bladder, brain, head and neck). 
Intracavitary brachytherapy, on the other hand, refers to source placement inside a body 
cavity near the tumour volume, such as the vagina or cervix, using a specially designed 
applicator. Other types are surface (using moulds), intraluminal (trachea, oesophagus), 
and intravascular brachytherapy (in the treatment of e.g. coronary artery disease).

1.3 Stepping source brachytherapy

As stated above, in stepping source brachytherapy, a single, small (1 mm diameter), 
high-activity source that is attached to a steel wire, is directed from the afterloader into 
the implanted catheters. The source is remotely controlled by the afterloading device. 
It steps through the catheters to predefined positions (dwell positions) and remains in 
these dwell positions for a precalculated amount of time (dwell time). After delivery 
of the prescribed dose, the radioactive source is retracted back into the shielded safe. 

In contrast to LDR brachytherapy, high-dose rate brachytherapy is always delivered 
using a single stepping source that is temporarily placed in or nearby the tumour. An 
important dosimetric advantage of a stepping source brachytherapy treatment is the 
possibility to optimize the dose distribution using different times in the dwell posi-
tions. High-dose rate (HDR) brachytherapy employs a high activity 192Ir source (initial 
activity of around 10 Ci, or 370 GBq), allowing for much shorter treatment times. HDR 
brachytherapy can be delivered as a boost treatment after EBRT in a single ten minute 
session. If given as monotherapy, the treatment is delivered in 2-6 fractions. This allows 
for normal tissue repair between fractions, as is done in standard fractionated EBRT.

In pulsed-dose rate brachytherapy (PDR), the dose is delivered in a large number of small 
pulses, or fractions. The 192Ir source has a lower activity than what is typically used for 
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HDR brachytherapy (0.5-2 Ci, or 18.5-74 GBq). A pulse is given every one or two hours, 
to deliver a dose of around 0.5-1 Gy per pulse to the tumour. This means that the total 
treatment can last up to several days. PDR brachytherapy was developed to mimic the 
radiobiological effectiveness of a continuous LDR treatment, while improving radiation 
safety and patient care, and increasing the flexibility for treatment planning [8-11]. 

At the Academic Medical Center in Amsterdam (AMC), PDR was introduced after years 
of experience using low-dose rate at other tumour sites [12-14]. With the availability 
of an afterloader, the choice of a pulsed dose schedule was based on radiobiological 
considerations. Continuous low-dose rate treatment could be simulated by low-dose 
fractions with a time interval of 1 or 2 hours [9-11,15,16]. The low-dose rate irradiation 
offers improved sparing of late reacting normal tissues by allowing for time for repair 
of sublethal damage.

1.4 Radiobiological considerations

In 1974, the unit gray (Gy = J / kg) was universally adopted to define the amount of radia-
tion delivered in tissue, replacing the older unit rad. Dose-effect relationships were stud-
ied, showing that the relation between dose (in Gy) and effect (cell death, tumour con-
trol, complications to normal tissue) was non-linear. The relationships seemed to follow 
an S-shaped curve, in which at low doses, the effect was small, but steeply increased at 
a certain level of dose [17]. From the late 1970s onwards, it became clear that this effect 
originated from DNA damage inflicted by the irradiation, and the ability of cells to repair 
this damage [18]. This explained the fractionation effect. The relationship between 
(fractionated) dose and cell damage is usually described with the linear-quadratic (LQ) 
model. The basic formula in the LQ model gives the probability of cell survival after n 
amount of fractions with fractionation dose d and consists of a linear component and 
a quadratic component: Surviving fraction = exp-n(αd + βd2) [19]. The parameters of 
this model are the α (parameter in the linear component) and the β (parameter in the 
quadratic component). One possible mechanistic interpretation of these parameters is 
that cell deaths are caused by single track hits (corresponding to the linear component) 
and two track events (corresponding to the quadratic component) [20]. The values of α 
and β are different for all cell types. Knowing the values of α and β of a tumour can help 
to predict the survival fraction of a given fractionated treatment scheme. 

Acquisition of the exact values of α and β is complicated. These values have to be 
obtained from in vitro experiments, in-vivo studies in mammals, and from large datasets 
of patient treatments and their outcome data. Besides the α- and β-values, other mech-
anisms influence sensitivity to irradiation and thus cell death as well. The most dominant 
mechanisms are referred to as the 4 Rs of radiobiology: cell repair, as discussed above, 
redistribution, repopulation and reoxygenation [20]. Redistribution of cells refers to the 
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ability to redistribute the cells into specific cell cycles during the interval between dose 
fractions. Repopulation restricts the overall treatment time and the number of fractions. 
In tumours that slowly proliferate or have a long onset time of repopulation, repopula-
tion does not have major influence. Other tumours may show accelerated repopulation 
rates at the end of the irradiation scheme, which increases the rationale for accelerated 
(hypofractionated) treatments [21]. Cells inside solid tumours may become poorly oxy-
genated which results in less sensitivity to ionizing radiation. In between fractions, reox-
ygenation of the tumour can take place, improving the therapeutic effect of subsequent 
fractions. These effects are cell specific and depend on the dose rate of the irradiation 
[22,23], making it difficult to quantify them in a real-life treatment setting. The values for 
α and β have been determined from large patient populations, by fitting dose-response 
curves and finding the best corresponding α and β parameters. 

The parameters α and β are often combined to form the α/β ratio. Generally speaking, 
tissues with high α/β ratios are associated with early-responding tissue. These show 
mainly a linear response to fraction dose and are therefore not greatly influenced by 
fractionation. Low α/β ratios on the other hand represent late-responding tissue, with a 
relatively large quadratic part in the dose response. The dose-effect therefore depends 
greatly on the fractionation.

The value of the α/β, as well as repopulation factors and dose rate effects all influence 
the efficacy and thus the choice of a particular treatment type and fractionation scheme. 
Low-dose rate  irradiation can be applied to slowly proliferating tumours, possibly with 
an onset time of repopulation. With such a treatment, late-responding normal tissue 
benefits from a large amount of sublethal damage repair, reducing normal tissue 
damage and treatment complications [24]. For aggressive, fast proliferating tumours, 
a long treatment duration plays a detrimental role [25]. Permanent low-dose rate treat-
ment might therefore be less suitable for treating tumours with short doubling times, 
especially when the repopulation onset time is also short. Most tumours are classified 
as early-responding tissue due to the higher α/β ratio. Presumably, many tumours also 
have shorter recovery half-lives. For these tumours, increasing the dose rate (or dose 
per fraction) will not improve tumour control without losing the sparing effect of low 
fraction doses [26]. Tumours with lower α/β ratios on the other hand, such as prostate 
cancer, might benefit from fractionation and higher dose rates [27,28], although LDR 
brachytherapy has been proven to be very effective as well.

1.5 Prostate cancer

Prostate cancer is the most common cancer in men in Europe, with approximately 
382,000 new cases in 2008. In that same year, around 89,000 died of this disease, 
making it the third cause of death for men, after lung and colorectal cancer [29]. In the 
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Netherlands, the incidence in 2011 was 11,421 new cases, with 2,500 deaths during that 
year [30]. 

The incidence of prostate cancer has increased notably during the last 20 years [31]. This 
increase can be explained by aging of the population, public awareness and the availa-
bility of the PSA (prostate specific antigen) as biomarker for the detection of prostate 
cancer [32]. Earlier detection of prostate cancer leads to a generally younger patient 
population with lower stage disease, which in turn improves treatment results in terms 
of disease free survival. A recent study demonstrated a substantial reduction in prostate 
cancer mortality attributable to PSA testing [33]. 

Several effective treatments have been established for prostate cancer. The treatment 
choice depends on patient characteristics and preferences. Treatments differ in terms 
of dosimetry, costs, logistics, and burden for the patient. Outcome in terms of local 
control and overall survival are generally comparable between existing treatments, but 
toxicity scores do vary. Different risk groups have been defined. Prostate cancer can be 
categorized as low, intermediate, high, or very high risk according to disease character-
istics (clinical stage, Gleason score, PSA value) [34]. These risk stratifications are used to 
decide on the most appropriate treatment options [35].

For low-risk prostate cancer, radical prostatectomy is a common treatment, especially in 
patients younger than 50. In higher age groups, an increasingly large portion of patients 
receives permanent implantation of radioactive seeds [36]. Both treatments result in a 
recurrence free survival after 5 years of more than 90% [37]. Because of the slow pro-
gression rate of the tumour, active surveillance is also a viable option [38,39]. 

For intermediate-risk prostate cancer patients, the main treatment options are radiation 
therapy and radical prostatectomy. Both can be combined with androgen deprivation 
therapy (ADT), which is usually started before or at the start of radiation treatment. 
Radiation treatment can be delivered by EBRT, possibly combined with a brachytherapy 
boost, or by brachytherapy alone. In the Netherlands, more patients are treated with 
radiation therapy at higher age, as in the low-risk group [32,36,40]. For patients older 
than 75 or when life expectancy is short, an observational policy such as watchful wait-
ing, is adopted more often.

High-risk patients receive radiation treatment (EBRT or EBRT+BT), which is most likely 
combined with ADT, or undergo a prostatectomy including pelvic lymph node dissection 
[34]. In the Netherlands, patients with high-risk disease underwent radiation therapy 
more often than surgery (45% vs 25%) [36]. 

For the treatment of intermediate- to high-risk prostate cancer, the addition of a 
brachytherapy boost has gained popularity in the last decade. Biochemical control in 
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prostate cancer has been shown to benefit from dose escalation [41-43]. The increase of 
total delivered dose without increasing morbidity can be done safely by delivering part 
of the total dose with a temporary or permanent implant brachytherapy boost [44-46]. 
The preliminary results of a multi-institutional phase-II trial, designed to test the safety 
of EBRT with an HDR boost, showed limited adverse events in the first 18 months [47]. 
A few randomised trials exist, which compare EBRT and HDR or PDR brachytherapy. A 
phase-III randomised trial compared EBRT and a combined treatment of EBRT plus an 
HDR boost for intermediate- and high-risk prostate cancer patients [48]. The results of 
this trial demonstrated improved biochemical control for the combined treatment with-
out increasing early and late toxicity, proving that dose escalation for the prostate could 
safely be done with an HDR brachytherapy boost in a combined modality approach.

Prostate PDR Brachytherapy at the AMC
Since 2002, intermediate and high-risk prostate cancer patients treated at the AMC 
have the option to be treated with EBRT with a PDR brachytherapy boost [49-51]. This 
treatment consists of 23 x 2 Gy fractions of EBRT, followed by 24 pulses of 1.2 Gy PDR 
brachytherapy, delivered over 48 hours. The week after finishing 5 weeks of external 
beam radiotherapy, the implantation procedure is scheduled at the operating room. The 
patient receives full anaesthetics while the catheters are implanted into the prostate, 
under transrectal ultrasound (TRUS) guidance. After the implantation of around 12 to 
14 needles, CT or MR images of the pelvic area are obtained that are used for catheter 
reconstruction and organ delineation. 

Cranio-caudal displacement of the implanted catheters during the treatment or between 
HDR fractions is often reported and can have large effects on the dosimetry [52-54]. 
Strategies to deal with this issue are re-planning the dose distribution before starting 
the next fraction [53] or readjustment of the catheter positions using CT or Cone Beam 
CT [55-57]. For the 48 hour prostate PDR brachytherapy treatment at the AMC, special 
catheters were designed containing a self-anchoring mechanism [49]. This mechanism 
consists of an umbrella-like feature at the catheter tip that can be opened after the 
catheter is positioned correctly inside the prostate (Figure 2). An earlier study by Pieters 
et al. showed that the catheter tip displacement in cranio-caudal direction was indeed 

Figure 2: Self-anchoring catheter [49]
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minimal, proving their safety and feasibility [49].

The clinical outcome of this treatment of intermediate- to high-risk prostate cancer 
was reported in two studies [50,51]. With a 5 year biochemical non-evidence of disease 
(bNED) of 90% and overall survival of 96%, the results were comparable to what is being 
reported in the literature [58-60]. It was shown that the treatment was well tolerable in 
terms of complications. Similar toxicity data was reported by another group using PDR 
in a dose escalation phase-II trial [60]. In that trial, biochemical control was achieved in 
88% of patients and they reported an overall survival of 86%. 

1.6 Treatment planning

As explained, stepping source brachytherapy has the advantage of optimizing the dose 
distribution before the start of the treatment. Prior to optimization of a brachytherapy 
dose distribution, images of the patient with the catheters in place are acquired and 
loaded into a dedicated treatment planning system (TPS). In the treatment planning 
software, showing the 3-D representation of the patient, the user delineates the target 
volume with the surrounding organ volumes and reconstructs catheter positions, i.e. all 
items necessary for optimization. Calculation and optimization of the dose distribution, 
and evaluation of the treatment plan is also done in this system. To calculate the dose 
distribution from specified sources in a standardized way, a task group (TG-43) estab-
lished the TG-43 formalism for dose calculation as international standard [61].

Imaging is a vital aspect in brachytherapy treatment planning. Where a dose distribu-
tion used to be based on orthogonal radiographs or even calculated by hand, nowadays 
the majority of brachytherapy dose calculations are based on 3-D imaging, showing 
both the implanted catheters or applicator and the tumour with surrounding OARs. 
Accurate catheter reconstruction and delineation of the PTV are the most important 
aspects. Catheter reconstruction is best performed using CT. For permanent implants, 
usually consisting of 125I seeds, CT is still the recommended modality [62-64], even 
though metallic seeds may cause streaking artefacts, obscuring the visibility of pros-
tate boundaries. 

The dose distribution is shaped according to the patient’s anatomy, and the geome-
try of the implanted catheters. Dose optimization starts by selecting the optimal dwell 
positions inside the catheters where the source should stop (dwell) and setting dwell 
times for these dwell positions. During the optimization process the dwell positions 
and their weights are adapted while evaluating the resulting dose distribution. The eval-
uation is done by visual inspection of isodose lines, or with dose-volume histograms 
(DVHs) and specific DVH-parameters that are extracted from them. After implantation 
and treatment planning, the optimized dwell times are sent to the afterloading device 
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and the catheters are connected to the afterloader. The fraction or pulse consists of a 
time-pattern of the source stepping through all the implanted catheters one by one. This 
pattern generates the required distribution inside and around the implant. Treatment 
plan optimization developed from geometry-based optimization to anatomy-based 
optimization, in which the dose is optimized to meet the required dose value in every 
voxel inside the regions of interest (ROIs).

Before the era of 3-D imaging, brachytherapists developed catheter templates and 
standard applicators that were used to create known dose distributions. Dose prescrip-
tion was based on equivalent mass of radium. The first dosimetry systems were devel-
oped in the 1930s: the Quimby system and Manchester system [65,66]. These systems 
included rules for source arrangement and dose specification that were applied to pre-
plan an implant. Both systems were based on the use of radium sources and contained 
tables to calculate the amount of radium and the time needed to give a specific dose to 
the surface of the implant.

The Quimby system for single plane, surface implants simply assumes an equally spaced 
array of 226Ra sources of equal linear activity, which leads to a non-uniform dose distri-
bution. The Manchester system for planar implants was designed to deliver a uniform 
dose within ~10% to a plane or volume. The uniform dose is then achieved in parallel 
planes at 5 mm from the implant plane. In the 1960s, the Paris system was developed 
in France for the flexible 192Ir wire implants that were then in use [67]. The implant rules 
specified that the sources should be straight, parallel and equidistant, and preferably of 
equal length and activity. The source separation itself depends on the thickness of the 
implant. Specific reference points (basal dose points) were defined in the central plane 
of the implant and were used to calculate the dose for the entire implant. Today, the 
Paris system still forms the basis for single plane and multi-planar implants and is used 
in breast, bladder and skin.
 
Specifically for gynaecological brachytherapy, another Manchester system was 
designed, which was based on a single catheter in the uterus (the intra-uterine catheter) 
and two vaginal catheters inside the ovoids. For these gynaecological applications spe-
cific loading rules were introduced. Intracavitary treatments were described in terms of 
prescribed amount of radium (using the mg-hour concept), whereas external beam ther-
apy was described in terms of absorbed dose. A new approach was needed to describe 
the combined treatment [68]. To be able to compare the dose between patients, the 
reference points “A-left” and “A-right” were defined. These points “A” were located 2 cm 
from the front side of the ovoids, at 2 cm left en right of the intra-uterine catheter, so 
at a fixed distance from applicator, based on the cervical anatomy. Using this approach, 
the treatment could be described in terms of dose to this point, regardless of applica-
tor and its loading. Prescribing the dose rate on points “A” translated into a dose that 
was more or less reproducible from patient to patient. The principles of the Manchester 
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system are still applied in cervical treatments, to create standardized dose distributions 
and calculate and report the dose in points “A”. The dose is currently mainly prescribed 
to points “A” or to a reference volume. With the introduction of 3-D imaging, more and 
more centres will prescribe to a target volume  [23].

1.7 Dose optimization

Dose optimization is an essential part of treatment planning in radiotherapy in general 
thus also in brachytherapy. Currently, the most clinically used treatment planning meth-
ods for temporary implant prostate brachytherapy are graphical optimization, Inverse 
Planning Simulated Annealing (IPSA) and Hybrid Inverse Planning and Optimization 
(HIPO) [69,70]. Geometrical optimization (GO) is also still widely in use due to its ease 
and availability in many treatment planning systems [71,72].

Many institutes perform graphical optimization of the dose distribution. With graphi-
cal optimization the dose distribution is manually manipulated by performing multiple 
drag-and-drop actions on the isodose lines. Experience and time are required in this 
process [73,74]. Graphical optimization is used either as a full optimization method or 
to fine-tune the results of an inverse automatic method like IPSA or HIPO.

Schedules are usually tight in clinical practice, so automatic inverse optimization algo-
rithms have been developed to speed up the dose optimization process [75-77]. In the 
last decade, several of these automated inverse optimization algorithms have become 
commercially available in treatment planning systems [72,73], and are increasingly used 
in clinical practice [74-76]. Brachytherapy treatment planning is a multi-objective opti-
mization problem, since there are many conflicting objectives. Current commercially 
available inverse algorithms are based on an aggregated penalty function, optimizing 
all objectives at once. A (linear or quadratic) penalty is attributed to all dose points with 
doses outside the range as set by the user. Since planning objectives are often contra-
dicting, the weights that are selected for each planning objective define the priority of 
the contradicting objectives. These are called a priori methods, because the set of dose 
objectives and their weights that will lead to the most clinically suitable plan is unknown 
beforehand. The optimization process often results in a trial-and-error procedure to find 
the desired dose distribution. 

Furthermore, in IPSA and HIPO the objective function is composed of minimum and 
maximum dose levels for all organs involved, and does not contain planning objec-
tives for dose-volume parameters. The DVH parameters that are used to evaluate and 
accept a treatment plan, are not linearly related to the minimum or maximum dose 
inside a volume. Therefore, in order to find the best dose distribution, the user often 
has to employ trial-and-error during the planning process. Every patient case is different 
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regarding the anatomy, i.e. shape of the prostate and surrounding OARs. The implanted 
catheters are also patient specific, i.e. the location of potential dwell positions inside 
the prostate and with respect to the OARs. To reach a given dose level inside the pros-
tate might be easy for one patient and extremely difficult for another, when one has to 
stay below maximum allowed doses for the OARs. To navigate efficiently through the 
possible solutions requires skill and experience. Of course efforts were undertaken to 
limit or mitigate this trial-and-error process. The amount of trial-and-error is limited by 
the development of one or more institute specific class solutions, which is a predefined, 
optimized set of parameters with dose constraints and penalty weights that form the 
objective function [73,78-81]. In practice, using this method is time saving (chapter 6), 
but will not result in the best possible dose distribution for all patients. 

1.8 Plan evaluation

Evaluation of a treatment plan is performed by inspection of the isodose lines and DVHs. 
DVHs are calculated by the TPS and give the relation between volume and dose. This 
can be expressed in a differential DVH or cumulative DVH. Usually the cumulative DVH 
(cDVH) is evaluated. It represents for each dose level the amount of volume in an organ 
or ROI that receives at least this dose. In other words, it represents the volume inside 
an isodose surface. Several DVH parameters, like the volume receiving at least the pre-
scribed dose, are extracted from the cDVH. Spatial information on the location of spe-
cific dose levels is not captured in the DVH. The various DVH parameters have different 
sensitivities to contouring. Furthermore, some DVH parameters are redundant due to 
their strong correlation with others [82,83]. Besides the DVH parameters that are widely 
used, other evaluation indices have been developed that quantify conformity to the 
target volume and homogeneity of the dose [84-87].

Dose reporting is important to derive relationships between dose parameters and clini-
cal outcome parameters such as tumour control and adverse events. Furthermore, using 
the same set of parameters is useful to compare clinical practice between different insti-
tutions. To develop a common language for reporting based on existing concepts, the 
ICRU (International Commission on Radiation Units & Measurements) specified certain 
parameters to be reported, such as treatment volume, prescription dose, time-dose 
pattern, TRAK (total reference air kerma), minimum target dose, homogeneity index, 
high-dose regions, low dose regions, reference volume, irradiated volume [88,89]. Both 
the ABS (American Brachytherapy Society) [90] and the GEC-ESTRO (Groupe Européen 
de Curiethérapie and the European SocieTy for Radiotherapy & Oncology) [91,92] have 
written recommendations on quality control parameters and reporting. The value of 
this comprehensive way of reporting is confirmed by the large number of studies on 
the correlation of dose-volume parameters and clinical outcome revealing relationships 
between dose to a volume and local control [93,94] and toxicity [95-98].
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1.9 Objectives and outline of this thesis

MRI- versus CT-based treatment planning (chapter 2)
A prostate brachytherapy treatment plan is based on computed tomography (CT), mag-
netic resonance imaging (MRI) or transrectal ultrasound (TRUS). These 3D image acqui-
sitions of the pelvic area are needed to define the tumour and surrounding organs. In the 
case of a prostate treatment, usually the entire prostate is defined on the scan by the 
radiation oncologist. The accuracy of the prostate contours depends on the resolutions 
and contrast in the scan. MRI scans have sub-millimetre resolution but usually thicker 
slices. CT and TRUS are more widely available and thus more generally applied than MRI. 
However, MRI has much better soft tissue contrast, improving the visualization of the 
prostate boundaries [99]. In chapter 2, the improvement in target dose coverage when 
using MRI-based delineations for treatment planning was studied, as compared to using 
CT-based delineations.

Anatomical variations and implant stability (chapters 3 and 4)
With treatment planning, or dose optimization, we assume stability of the catheters 
inside the tumour and stability of the organs’ position and shape. However, bowel move-
ment and changes in bladder filling may change the location and shape of these OARs, 
with respect to the prostate [100,101]. Furthermore, the prostate may change shape, 
due to these external influences, or due to oedema caused by needle insertion [102-105]. 
The influence of changes in patient geometry during treatment on the dose distribution 
is analysed in chapter 3. The stability of the implant geometry, i.e. possible catheter 
deformation and accompanying changes in prostate volume, are studied in chapter 4.

Treatment plan optimization (chapters 5 and 6)
As a user-friendly alternative to graphical optimization, a new planning approach 
was developed and tested. This approach contains an enhanced version of the tradi-
tional geometrical optimization and an inverse treatment planning tool. Enhanced 
Geometrical Optimization (EGO) is used to create a dose distribution that is as homo-
geneous as possible. Subsequently, the user applies Interactive Inverse Planning (IIP) 
to shape the dose distribution to the patient specific anatomy. With intuitive, real-time 
user interaction, dose distributions are produced that are equally good or better than the 
dose distributions that are currently created in our clinical practice, using graphical opti-
mization. In chapter 5, EGO and IIP are described. As a proof-of-principle, the results are 
presented of both an inexperienced and an experienced planner, who created prostate 
PDR brachytherapy treatment plans using these tools. In chapter 6, EGO-IIP, graphical 
optimization and two inverse algorithms (IPSA and HIPO) are compared to establish the 
optimal method for brachytherapy treatment planning.
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2.1 Abstract

Background: Due to improved visibility on MRI, contouring of the prostate is improved 
compared to CT. The aim of this study was to quantify the benefits of using MRI for 
treatment planning as compared to CT-based planning for temporary implant prostate 
brachytherapy. 

Methods: CT and MRI image data of 13 patients were used to delineate the prostate and 
organs at risk (OARs) and to reconstruct the implanted catheters (typically 12). An expe-
rienced treatment planner created plans on the CT-based structure sets (CT-plan) and 
on the MRI-based structure sets (MRI-plan). Then, active dwell-positions and weights 
of the CT-plans were transferred to the MRI-based structure sets (CT-planMRI-contours) and 
resulting dosimetric parameters and tumour control probabilities (TCPs) were studied. 

Results: For the CT-planMRI-contours a statistically significant lower target coverage was 
detected: mean V100 was 95.1% as opposed to 98.3% for the original plans (p < 0.01). 
Planning on CT caused cold-spots that influence the TCP. MRI-based planning improved 
the TCPs by 6–10%, depending on the parameters of the radiobiological model used for 
TCP calculation. Basing the treatment plan on either CT- or MRI-delineations does not 
influence plan quality. 

Conclusions: Evaluation of CT-based treatment planning by transferring the plan to MRI 
reveals underdosage of the prostate, especially at the base side. Planning on MRI can 
prevent cold-spots in the tumour and improves the TCP.

Keywords: Prostate Cancer, HDR/PDR Brachytherapy, Treatment Planning, Magnetic 
Resonance Imaging, Tumour Control Probability
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2.2 Background

Dose escalation improves biochemical control for intermediate- to high-risk prostate 
cancer [1]. External beam radiotherapy (EBRT) can be combined with an additional 
brachytherapy boost to achieve a high dose to the prostate [2]. Stepping source 
brachytherapy (PDR or HDR) benefits from a steep dose gradient. By adjusting the 
source dwell times, the treatment plan can be optimised to obtain a conformal high 
dose in the prostate gland, while sparing the organs at risk (OARs) as much as possible.

Interstitial brachytherapy requires accurate image-based delineation of the boundaries 
of the prostate and OARs to be able to create treatment plans truly conformal to the 
target. Accuracy of delineation depends on image quality. It is known that contouring 
of the prostate on CT images is hampered by lack of soft tissue contrast [3], resulting in 
suboptimal conformality of the dose distribution to the actual prostate gland. Incorrect 
delineation of the target volume can result in underdosing the actual target and unnec-
essary dose to normal tissue. A study by Gao et al. of CT-based prostate contours of six 
observers showed that despite common overestimation of the prostate, mean over-
lap was only 84% with their gold standard (high-resolution photographic anatomical 
images) [4]. It showed that no observer was able to delineate the prostate correctly. MRI 
overcomes these limitations of CT-based target definition because of better soft tissue 
differentiation. Visibility of the prostatic apex and prostate boundaries is improved [5] 
resulting in a reduced inter- and intraobserver variability and the ability to differentiate 
the seminal vesicles from the dorsal side of the basal edge of the prostate [3,6].

Nowadays CT is still the main modality for treatment planning in stepping source 
brachytherapy because of existing treatment protocols, availability at the department, 
lower costs and faster image acquisition. On the other hand, MRI provides superior ana-
tomic information [3,5]. A quantification of the actual dosimetric benefits of MRI-based 
treatment planning for temporary implant brachytherapy, indicating if there is a clinical 
rationale is not yet available.

We investigated treatment plans based on CT- or MRI-contouring and superimposed 
the CT-based treatment plans onto the MRI-based delineations to assess the conform-
ity and coverage of dose to the target delineated on MRI. The aim was to investigate 
whether the use of MRI leads to a significant improvement of the treatment, including 
the tumour control probability (TCP).

2.3 Methods

In this planning study 13 patients were included who underwent imaging on two modal-
ities: CT and MRI. On both scans the target and OARs were delineated and catheters 
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were reconstructed for treatment planning. For every patient a CT-based treatment plan 
and a MRI-based treatment plan were created, hereafter referred to as CT-plan and MRI-
plan respectively. The CT-plans were projected on the MRI-datasets, CT-planMRI-contours, by 
taking active dwell positions and dwell times from the CT-plans and recalculating the 
dose on the MRI-based structure set.

Patients and implantation procedure
The 13 patients underwent pulsed-dose rate (PDR) prostate brachytherapy as a boost 
following EBRT between May 2009 and August 2010. Patients with adverse prog-
nostic factors, such as an initial PSA > 10 ng/ml, Gleasonscore ≥ 7, or T2c–T3a, were 
selected for this treatment, as in our previous studies [7,8]. EBRT (46 Gy/23 fractions) 
and brachytherapy (28.8 Gy/24 fractions of 1.2 Gy with a period time of 2 hours) was 
prescribed on the periphery of the prostate.

The implantation procedure is described in an earlier study [8]. In brief, 12 flexible 6F 
catheters (ELLA-CS, Hradec Kralove, Czech Republic) were implanted under ultrasound 
(US) guidance, according to a preplan. Preplanning was performed intraoperatively with 
a planning system (Oncentra Prostate, Nucletron, Veenendaal, the Netherlands). The 
plastic catheters were fixed into the prostate by a self-anchoring mechanism. A tran-
surethral balloon-catheter was introduced into the bladder. Also, three markers, two at 
the base and one at the apex, were placed to help with the delineation of the prostate 
boundaries.

Imaging
Within a few hours after implantation, imaging was performed in supine position. A 120 
kV helical CT scan (Lightspeed 16 Pro, General Electric, Buc, France) was made with 2.5 
mm slices without spacing and an in-plane resolution of 1.17 mm. The reconstruction 
field of view (FOV) was 60 × 60 cm2 with a matrix size of 512 × 512 pixels. During CT 
acquisition, patients were given knee support as standard practice at our department 
for EBRT to represent treatment position. Three orthogonal T2 TSE MRI scans (Avanto 
Syngo, Siemens, Erlangen, Germany) were acquired with 4 mm slices without interslice 
gap. Here, spatial resolution was 0.59 mm (30 × 30 cm2 FOV, matrix 512 × 512). During 
MRI acquisition patients did not receive knee support, since this was not standard prac-
tice at the radiology department.

Contouring and treatment planning
Images were loaded into the workstation (Oncentra Brachy vs. 3.2, Nucletron), on which 
delineation, catheter reconstruction and treatment planning was performed. One expe-
rienced radiation oncologist (B.P.) contoured the prostate and base of the seminal vesi-
cles on both the CT and MR images. The prostate and seminal vesicles were considered 
as the Planning Target Volume (PTV), i.e. without adding a margin. There was no differ-
ence in prostate volumes between CT and MRI (Table 1, p = 0.39). These volumes also 
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did not differ significantly from the pre-implantation volume on US (Table 1, p = 0.3). The 
urethra was defined by drawing a circle with 3 mm diameter around the urinary catheter. 
Rectum and urethra were contoured two slices beyond the PTV in the cranial and in the 
caudal direction to encompass at least the 80% isodose volumes for calculation of the 
(high dose) DVH parameters. The bladder was delineated up to 1 cm cranial of the border 
of the PTV. The catheters were reconstructed on both modalities.

Dose objectives for planning were to cover at least 95% of the PTV with the prescribed 
dose (PD = 1.2 Gy/pulse and 28.8 Gy in total), i.e. V100 ≥ 95% while restricting urethral 
dose to 140% of the PD (Ur-D0.01 cm3 < 140%) and rectal dose to 80% (Re-D2 cm3 < 
80%). A dose higher than the PD was accepted for at most 2 cm3 of the bladder (Bl-D2 
cm3 < 100%).

Treatment plan evaluation
A set of three treatment plans was created for every patient: 1) CT-plan; 2) MRI-plan; and 
3) CT-planMRI-contours. For all plans we recorded the prostate V100 and the other important 
DVH parameters for the target, i.e. prostate V150, V200, D90 and D100.

Patient US CT MRI

1 27.2 52.4 30.2

2 49.4 40.1 50.2

3 N/A 48.1 52.5

4 N/A 20.7 18.9

5 52.0 44.4 57.1

6 41.1 47.3 36.7

7 36.5 41.7 37.4

8 N/A 36.4 26.5

9 34.9 35.7 28.9

10 30.5 46.0 33.1

11 39.5 44.4 38.6

12 33.4 27.4 37.9

13 38.2 41.4 45.8

Mean 38.3 40.4 38.0

SD 7.8 8.7 11.0

Table 1. Prostate volumes (cm3) as measured on US (during implantation), CT and MRI.

N/A, Not available in the pre-planning software.
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Since the CT- and MRI-based treatment plans were based on different volumes but opti-
mised with the same dwell positions available, we wanted to compare the plan quality 
of optimised implants. We therefore calculated three quality indices: the conformation 
number (CN) [9], the natural dose ratio (NDR) and the quality index (QI) [10]. These 
indices together define the quality of an optimised implant. The CN is calculated as:  
CN = V100,t / PTV • V100,t / V100   [9], where V100,t represents the target volume receiving at 
least the prescribed dose. These two multiplied ratios should preferably be close to one 
to obtain a conformal dose distribution with: 1) the smallest possible volume inside the 
target that is underdosed; and 2) the smallest possible volume outside the target volume 
that is overdosed. The NDR and QI were extracted from the natural dose-volume histo-
gram (NDVH) [10,11]. The NDR is calculated as the ratio of the natural prescription dose 
(NPD) to the prescribed dose, with the NPD being the optimal PD according to the dose 
distribution. The NPD is the isodose encompassing the implanted volume. Within this 
volume lies the peak dose area of the implant. The NDR indicates if the PD is chosen in 
accordance to the NPD and should therefore be close to one. The QI is a measure of the 
homogeneity of the dose distribution [10].

To assess whether the dose coverage and high dose volumes were different for the 
caudal and cranial part of the prostate, the delineated PTVs were divided into subvol-
umes, creating two new regions of interest (ROIs) for both imaging modalities. The divi-
sion was based on the most central slice in the CT-based PTV. Then the MRI-based PTV 
was split at the same position relative to the catheters. These new ROIs and their DVHs 
were further analysed.

To study the radiobiological impact of dosimetric differences between the MRI-plans 
and CT-plansMRI-contours, TCPs were calculated for these plans. The linear-quadratic 
model for incomplete monoexponential sublethal cell damage repair (LQ model) 
was applied [12], as elaborated in the appendix (Supplementary material online at  
http://informahealthcare.com/doi/abs/10.3109/0284186X.2012.744875). We did not 
take tumour repopulation into account, since prostatic tumours are slowly proliferat-
ing [13]. Negligible repopulation occurs if an onset time of repopulation of 34 days is 
assumed [14], which is close to our total treatment time of six weeks. Since the actual 
radiobiological parameters for the prostate are unknown, different combinations of 
common parameter values were used [15–17]. For the half-time of repair of sublethal 
damage T1/2 an intermediate value of 1.5 hours was selected. The values for α (for single 
track lethality, linear dose response) were 0.03, 0.1, 0.15 and 0.3 [Gy-1] and for β (double 
track lethality, quadratic dose response) 0.05 and 0.1 [Gy-2] were selected in order to 
obtain α/β ratios of 0.3, 1, 1.5, 2, 3 and 6 [Gy]. Since much debate is going on and some 
argue that dose heterogeneity or hypoxia or modelling artefacts could have caused the 
low values for the α/β ratio, we also incorporated an intermediate value of 6 [18,19]. By 
using the clonogenic density ρ as scaling factor, average TCP for the CT-plansMRI-contours 
was set at 90%, representing the five-year biochemical non-evidence of disease (bNED) 
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in our clinical practice [7]. The same parameter set was then applied to the MRI-plans. 
Inhomogeneity of the dose distribution was taken into account by calculating the TCP 
for every volumetric unit receiving a certain dose, using the differential DVHs. Since this 
is a planning study for the effect of the imaging modality on PDR brachytherapy treat-
ment planning, the dose for EBRT (that was delivered by 3D-conformal radiotherapy) 
was assumed to be homogeneous throughout the target volume.

Statistics
To compare DVH parameters of the different plans, we used paired samples t-tests. The 
target coverage V100, quality indices (NDR, CN and QI) and TCPs were compared with a 
non-parametric Wilcoxon signed-rank test. All statistical analyses were performed with 
a statistical package (IBM SPSS Statistics 19, Chicago, IL, USA).

2.4 Results

CT-plans vs. MRI-plans
Despite the fact that the two different volumes had to be optimised with the same 
set of catheters, all planning objectives could be met and the differences in dosimet-
ric parameters between CT- and MRI-plans (Figures 1 and 2) were not statistically sig-
nificant. Target coverage V100 was always higher than 95% (CT: mean 98% with 95% CI 
97.8–98.9%; MRI: mean 98% with 95% CI 97.3–98.8%) and the high dose volumes were 
similar and acceptable (V150< 45% and V200< 20%). Between the two modalities, there 
was no difference in dose coverage between the two subvolumes of the prostate (mean 
apical V100 was 99% and mean basal V100 was 98%). Irrespective of imaging modality, the 
quality indices QI and CN gave comparable results for CT- and MRI-plan (p > 0.05) (Table 
2). The NDR was slightly improved for the MRI-plans (p < 0.05).

CT-plansMRI-contours

Evaluating the CT-plans on MRI contours reduced the coverage. Mean V100 of CT-plansMRI-

contours was lower than was planned on CT: 95% (95% CI 92.8–97.4%) instead of 98% (p 
= 0.005). The V100 for all patients is shown in Figure 1. The difference in PTV coverage 
was mainly located at the base part of the prostate, decreasing from 98% to 95% (p = 
0.007, 95% CI 91.8–98%). D90 and D100 for the PTV and the two subvolumes are shown 
in Figure 2.

Differences in rectum and bladder dose of the CT-plans and CT-plansMRI-contours were not 
statistically significant. The dose to urethra volume from the CT-plans increased when 
evaluated on MRI-contours (p = 0.048). Mean dose to 0.01 cm3 of the urethra was 2.4 Gy 
higher, which is almost certainly caused by small variations in contouring in combination 
with the large dose gradient around the urethra.
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Figure 2: Dose parameters for the PTV and its two subvolumes (apical and basal part) of the different 

plans. Bars marked with a * give a statistically significant different result from the original CT-plans (p < 

0.05). Error bars show 95% confidence intervals.

CT-plans
MRI-plans
CT-plansMRI-contours

Figure 1: PTV coverage (V100) for all patients of the different plans.

CT-plans
MRI-plans
CT-plansMRI-contours
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The quality indices of CT-plansMRI-contours and CT-plans were based on the same dose distri-
butions. As the NDR and QI are quality indices of the plans without consideration of the 
target contour, they are the same. The CN showed a statistically significant deterioration 
for CT-plansMRI-contours (p < 0.05, Table 2).

For all combinations of radiobiological parameters the mean TCP for the CT-plansMRI-

contours was scaled at 90%, corresponding to our standard clinical practice. Deviations 
from 0.90 in mean TCP for CT-planMRI-contours were due to rounding. Average TCP for the 
MRI-plans was 6–10% higher, depending on the parameters used (Table 3). For the larg-
est values for α and β the differences in TCP were most pronounced. An example of the 
TCPs for the different plans is shown in Figure 3.

NDR QI CN

 Median IQR Median IQR Median IQR

CT-plans 1.10 1.08–1.10 1.50 1.46–1.5 0.58 0.58–0.59

MRI-plans 1.05 1.0–1.05 1.58 1.47–1.57 0.53 0.46–0.53

CT-plansMRI-contours as CT  as CT  0.50 0.39–0.50

Table 2. Median and IQR (interquartile range) of the quality indices for the different plans.

For parameters in bold, the difference to the original CT-plans is statistically significant (p < 0.05).

Figure 3: Example of TCPs as a function of V100 for one parameter set (α = 0.15 Gy-1, and β = 0.1 Gy-2). For 

this set, mean TCP improved 10% for MRI-plans, compared to CT-plansMRI-contours.
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2.5 Discussion

Taking MRI-based target delineation as our gold standard, evaluating CT-based treat-
ment plans on MRI-contours showed that sufficient dose coverage of the target is not 
guaranteed when using the CT-based plan. MRI-based treatment planning resulted in 
improved prescription dose coverage of the actual target. We showed that MRI-based 
treatment planning can improve the TCP from 90% bNED at five-years to 95–99% (by 
6–10%), depending on the radiobiological parameters.

The crucial difference between basing the treatment on contours created on MRI or CT 
is the definition of the target volume, which is more accurate when defined using MRI. 
Improved accuracy of target delineation will lead to improved dose coverage. Whether 
the use of MRI will lead to an actual improvement of tumour control remains to be estab-
lished from clinical studies.

CT-plans vs. MRI-plans
Our results showed that plan quality of MRI-based dose distributions was as good as 
that of CT-based dose distributions. All dose objectives were met, showing that with the 
available dwell positions from the 12 implanted catheters, there are sufficient degrees 
of freedom to satisfy the constraints. No differences between the quality indices from 
the CT- and MRI-plans were found, only the NDR of the MRI-plans was better than 
the NDR of the CT-plans. The catheters were implanted into the target volume under 
US-guidance. Since MRI displays closer correspondence of prostate contouring to US 
than CT [6,20], it is likely that the implanted volume matches the target volume defined 
on MRI better.

Prostate volumes
A possible limitation of this study is the subjective nature of prostate delineation. 
Defining the prostate on CT is hampered by the lack of visibility of internal structures 
and characterised by large inter- and intraobserver variability [3,5,6,20,21]. MRI displays 
smaller variability, but is still subject to variation in interpretation of the observer, of 
what to include as prostate contour [22]. However, we chose not to include a second 
observer in this study. In our clinical practice, the physician delineating the prostate 
uses the information from the US-imaging and the implantation procedure. Another 
observer would introduce a more random variation in the delineated volumes, not nec-
essarily corresponding to the clinical procedure. Our physician was influenced by: 1) the 
knowledge of common overestimation on CT [6,23,24]; 2) US-imaging during implanta-
tion; and 3) the implant itself (visible catheters), including the implanted fiducial mark-
ers. Compensation of known overestimation has been reported by others [21,25,26], 
as well as the tendency to delineate the implant rather than the prostate [26–29]. This 
explains the small variations in prostate volume between the different modalities. Both 
seeds and catheters are difficult to place in the basal side of the prostate. The absence of 
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seeds or catheters is misinterpreted as non-prostatic tissue. Instead of just overestimat-
ing the CT-based volume (as occurs in EBRT), the observer is misled by the implant. Our 
results reflect the differences between CT- and MRI-based treatment planning, conform 
clinical practice. Performing the same study at another institute can lead to different 
results. Although no studies exist comparing MRI to a true gold standard, there are indi-
cations that accuracy will always increase with MRI, due to smaller observer variation 
and uncertainties [3,5,21,26].

CT-plansMRI-contours

Despite the small differences in prostate volume between CT and MRI, our CT-plans 
evaluated on the MRI-contours showed decreased dose coverage: V100 and D90 of the 
MRI-based PTV were statistically significantly lower than originally planned on the 
CT-based PTV. These parameters can be used as predictors of biochemical failure 
[30,31]. In our patient group, main decrease in coverage was located at the base part of 
the prostate, whereas most tumours are predominantly located in the peripheral zone 
[32]. The implications of dose coverage loss may therefore be limited. Due to the multi-
focal and multizonal nature of prostate carcinoma however, eradication still depends on 
treatment of the entire gland [32,33]. D’Amico et al. even found a significant increase in 
the contribution of tumour foci located in the anterior base for higher risk groups [34]. 
Thus far, the clinical significance of underdosage in any particular region of the prostate 
remains unproven.

Due to standard clinical practice for CT- and MRI-acquisition, there was a difference in 
patient positioning, which can affect the anatomy. However, the main effect of using 
knee-support is that the spacing between the prostate and the rectum is increased. The 
impact on PTV shape is assumed to be limited [35].

Radiobiological evaluation: TCPs
In our clinical practice, we have a five-year bNED of 90% with CT-based planning. We 
calculated the DVHs of CT-plansMRI-contours and scaled the average TCPs to 90% by varying 
the clonogenic density ρ. Since exact values of radiobiological parameters (α, β, ρ, T1/2) 
are unknown, a spectrum of parameter values was applied (α/β: 0.3, 1, 1.5, 2, 3 and 6) 
[15–17]. The T1/2 was set at a fixed value of 1.5 h. The impact of decreased dose coverage 
proved largely dependent on the values chosen for α and β.

This can be explained from a radiobiological point of view. Larger α/β ratios have a 
stronger dose-effect (steeper sigmoid curve), making the sensitivity to cold-spots larger. 
The difference arising from the different values for β can be explained by the quad-
ratic nature of this term, magnifying the impact of differences between low and high 
doses. When the α/β ratio is lower, the delineation errors that might be made (by using 
CT-based planning) may have less impact on the TCP.
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Radiobiological evaluation: Dose and patient heterogeneity
In this study, TCPs were studied as a function of inhomogeneous dose [36]. Using an 
equivalent uniform dose (EUD) or other similar parameters would not suffice, since the 
aim was to study the impact of this heterogeneity on the TCP, as was done by others 
[36,37]. The tumour density was considered as homogeneous. While using a range of 
radiobiological parameters, as suggested by Carlone et al. [19], we did not incorporate 
the uncertainty of these parameters into our model, or inter-patient variation. The sen-
sitivity of radiobiological parameters is increased when heterogeneous dose is taken 
into account [36].

2.6 Conclusions

With MRI-based treatment planning for stepping source prostate brachytherapy the 
chance of treatment mismatch is decreased and the TCP will be improved. Evaluating 
CT-plans in combination with MRI-contouring resulted not only in decreased dose con-
formality, but also in decreased target coverage compared to the planned coverage. This 
coverage loss was mainly located at the base of the prostate. Our current clinical results 
could improve by using MRI-based planning, considering the higher TCPs achieved with 
the MRI-plans. The impact of improved target delineation depends on the actual radio-
biological parameters of the prostate, which are yet unknown. However, as long as the 
distribution of the clonogens in the target is unknown, the sensitivity of TCPs to cold-
spots stresses the importance of adequate dose coverage to the entire target volume.
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2.7 Appendix

Supplementary material for Dinkla A. M. et al. Improved tumour control probability with 
MRI-based prostate brachytherapy treatment planning. 
Acta Oncologica, 2013;52:658–665 TCP calculation

TCP calculation
For EBRT the biologically effective dose (BED) was assumed to be homogeneous over 
the entire PTV volume: BEDEBRT = Nd (1 + d / [α/β] ), with N number of fractions and d dose 
per fraction. For the brachytherapy boost the inhomogeneity of the dose distribution 
was taken into account, by calculating BED for all subvolumes receiving a certain dose, 
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according to the differential DVH of the prostate: 

where di is the pulse dose to the subvolume for which the BED is calculated, n is the 
number of pulses, μ is the rate constant for repair of sublethal damage: μ = ln(2)/T1/2, 
and Fp the factor for intermediate repair between fractions [13]. Our clinical protocol 
contains a period time tperiod of 2 hours and we took an intermediate value of 15 minutes 
for the pulse duration tpulse.

We combine the two values for BED (without taking repopulation into account):
BEDi,combined = BEDi,PDR + BEDEBRT. 

TCP can then be calculated by multiplying the TCPs for all subvolumes using the formula: 
TCP = Πi exp(-ρ vi exp[-α BEDi,combined]), where ρ is the clonogenic cell density (cm-3), vi is 
the subvolume of BEDi. We chose to use the density ρ as scaling factor, to simulate realis-
tic TCP values for the CT-plans that match our clinical practice. With our CT-based treat-
ment we have obtained 90% bNED (biochemical nonevidence of disease) at 5 years [7].
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3.1 Abstract

Background: To determine the uncertainties in planned dose associated with catheter 
and organ movement during 48 hours of stepping source prostate brachytherapy.

Methods: Pulsed-dose rate (PDR) prostate brachytherapy as a boost is given in 24 pulses 
every 2 hours, making the total treatment last 48 hours. The entire treatment is based 
on one plan, created on the planning CT (CT1). Two follow-up CTs (CT2 and CT3) were 
acquired; halfway through the treatment and at the end of treatment. On these repeat 
scans the catheters were reconstructed and PTV and OARs were delineated. The original 
treatment plan was calculated on the repeat CTs. Target coverage V100%, D90, dose to 2 
cm3 (D2cm3) of the rectum and bladder and dose to 0.1 cm3 of the urethra were recorded 
from the recalculated DVHs.

Results: On the two repeat CTs the V100% decreased -1.5% and -2.3% as compared to 
the planning CT. For the rectum D2cm3, the average increase was 14.8% (CT1–CT2) 
and 17.3% (CT1–CT3). Increase in bladder D2cm3 was on average 23.1% (CT1–CT2) and 
24.8% (CT1–CT3). For the urethra D0.1cm3 an average decrease of -2% (CT1–CT2) and 
-3.2% (CT2–CT3) was observed.

Conclusions: Changes in target coverage during treatment were small and considered 
clinically irrelevant. However, an overall increase in dose to the OARs was found as 
compared to the planned dose, which should be taken into account during treatment 
planning.

Keywords: Prostate cancer, Brachytherapy, Pulsed-dose rate, High-dose rate, 
Uncertainties, Dose variation
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3.2 Background

For intermediate- to high-risk prostate cancer, external beam radiotherapy (EBRT) with 
a boost to the prostate is a commonly used treatment allowing a higher dose to the 
prostate while sparing the organs at risk (OARs) as much as possible [1]. This boost can 
be delivered with brachytherapy, which is a local treatment characterised by its steep 
dose gradient. Brachytherapy dose distributions generally display large heterogeneity, 
making them very sensitive to a change in the source locations. Therefore, the validity 
of the planned dose throughout the treatment depends on both stable catheters and 
anatomy. Deviations from the planned dose cause a risk of underexposure of the target 
and overexposure of the OARs.

At our institute, the boost is delivered using pulsed-dose rate (PDR) brachytherapy, 
applying 24 low-dose pulses during 48 hours. This treatment type results in good clinical 
outcome [2-4] and can be used as an alternative to a high-dose rate (HDR) treatment 
due to comparable biological effectiveness [5].

Both gastrointestinal and gastrourinary toxicities are known to be associated with 
dose [6,7]. Dose is represented by dose–volume histogram (DVH) parameters, which 
are extracted from the treatment plan. The treatment is based on initial imaging, such 
as a planning CT, representing the situation a few hours after implantation. However, 
during treatment, geometric changes will occur. Rectum and bladder filling influence 
their shape, volume and position with respect to the prostate [8,9]. Changes in patient 
positioning can also cause deviations between the planned dose and the actual dose 
delivered [10].

Prostate volume is influenced by oedema caused by catheter insertion injury and bleed-
ing. For permanent seed implants, the main increase in prostate volume (10–30%) occurs 
during the first 24 hours after implantation, and resolves in the next weeks [11,12]. 
Prostate oedema can influence V100% and dose to the prostate (D90), which are shown 
to correlate with local control [13]. Additionally, for temporary implants, displacement 
of the catheters can affect target coverage, especially at the basal side of the pros-
tate, ranging from minor coverage loss [14] to more severe loss (13–20%) [15-17]. With 
self-anchoring catheters displacement is minimal [18].

In brachytherapy, the PTV is in general identical to the CTV since the implant moves 
with the target volume [19]. However, within the brachytherapy community, interest 
has grown in the use of margins to compensate for uncertainties in target coverage. But 
since applying a planning margin to the CTV without modifying catheter locations may 
result in higher doses within the target volume [20], the solution would be to extend the 
implanted volume. This study addresses this question of whether or not to use margins. 
Our results hold for a PDR brachytherapy treatment using self-anchoring needles, but in 



52

3

general can also be applied for HDR when multiple fractions are given with one implant, 
which is often the case [21].

The aim is to quantify the dosimetric effect of geometrical changes during 48 hours of 
stepping source prostate brachytherapy, by evaluating dose delivery on repeat CT scans.

3.3 Methods

External beam radiation therapy
Data were used from 31 patients, treated between May 2003 and March 2005 with 
conformal EBRT, followed by a PDR boost. These patients were treated according to a 
study protocol investigating displacement of anchoring catheters. The Medical Ethics 
Committee approved this study and written informed consent was obtained from all 
patients. The CTV for EBRT consisted of the lower pelvic lymph nodes, the prostate and 
base of the seminal vesicles. A dose of 23 × 2 Gy to at least 95% of the PTV was given 
using a conformal box technique.

PDR brachytherapy
Catheter implantation was performed one week after the end of EBRT according to a 
preplan. This procedure is described in detail elsewhere [18]. During implantation a tran-
surethral balloon-catheter was introduced into the bladder. Also, three fiducial markers 
were placed in the prostate, two at the base and one at the apex, to help with the rec-
ognition of these structures on the CT-scans. Positioning of the markers was done under 
ultrasound guidance.

After implantation a planning CT (CT1) was made with 2 mm slice thickness, on which 
the prostate and OARs were delineated. The PTV was defined as the prostate without 
margin. After delineation, dwell-times were optimised using manual graphical optimisa-
tion to cover at least 95% of the PTV with the prescribed dose (PD). The treatment plan 
was created in PLATO BPS v14 (Nucletron, Veenendaal, The Netherlands).

When we started the procedure in 2003 the total dose delivered by PDR was 24.96 Gy 
given in 1.04 Gy pulses, given every 2.2 hours. When the technique was proven feasible 
[2] it was decided to escalate the dose to 1.2 Gy per fraction with a period time of 2 
hours, making the total treatment approximately 48 hours. For this study, the prescrip-
tion dose of all treatment plans was changed to 1.2 Gy/pulse, in order to investigate 
whether the changes in dose during treatment affect the dose according to our current 
planning constraints.

Planning constraints for 2 cm3 of the rectum were Re-D2cm3 < 80% of PD (96 cGy/pulse) 
and for 2 cm3 of the bladder Bl-D2cm3 < 120% of PD (144 cGy/pulse). These constraints 
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are based on maximum tolerance doses to the highest exposed D2cm3 of the OARs 
(applying an α/β-ratio of 3 Gy): 70 Gy EQD2 for the rectum and 90 Gy EQD2 for the blad-
der. The planning constraint for the urethra was Ur-D0.1cm3 < 140% of PD (168 cGy/
pulse).

Repeat CT-scans
For all 31 patients a planning CT was acquired immediately following implantation (plan-
ning CT or CT1). They received a second CT-scan on the day after the implantation (CT2) 
and 25 patients received a third scan on the second day (after approximately 48 hours), 
right before the end of treatment (CT3).

All follow-up CT-scans were loaded in our treatment planning system (Oncentra Brachy, 
Nucletron, Veenendaal, The Netherlands), that had replaced PLATO BPS v14. One phy-
sician (P.M.) delineated the prostate and OARs, supported by the delineation of the 
planning CT and the fiducial markers. A second observer (B.P.) reviewed the contours. 
Disagreements in contouring were discussed and adapted on the basis of consensus. The 
catheters were again reconstructed on all repeat CTs after which the original treatment 
plan was recalculated on these datasets by transferring the loading pattern (active dwell 
positions and their weights). DVH parameters of the newly delineated organs on the 
repeat CTs were compared with the originally planned parameters on CT1.

PTV and dose coverage
We have previously reported minimal displacement using our self-anchoring catheters 
[18]. However, in that earlier study we had not reconstructed the catheters on the repeat 
CTs, neither did we take shape variation of PTV and OARs into account by again delin-
eating the structures on the repeat CTs. DVH parameters were recorded from the two 
repeat CTs to determine the deviations from the planned dose: target volume, target 
V100% and minimal dose to 90% of the prostate volume D90.

OAR dose and rectum position
On all scans the distance between rectum and prostate was measured. Since the mini-
mum distance was often zero, this measure was not a good representation of the pros-
tate-rectum distance. We divided the prostate in three sections in the longitudinal direc-
tion: apex, base and mid-plane section. For each section the minimum and maximum 
distance between the surfaces of the prostate and the rectum was measured (midway 
between the left and the right of the prostate surface). Final prostate-rectum distance 
was represented by the average of these six measures.

To quantify the variation during treatment, bladder and rectum D2cm3 (Bl-D2cm3 and 
Re-D2cm3) were recorded, as well as the Re-V80% (rectal volume receiving ≥ 80% of the 
PD). For the urethra, dose to 0.1 cm3 (Ur-D0.1cm3) was analysed.
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Statistics
The DVH parameters acquired from the repeat CTs were compared to those from the 
treatment plan using Student’s t-test. Because of the non-normality of these param-
eters, V100% and PTV were tested with a Wilcoxon signed-rank test. All tests were two-
sided and a p-value < 0.05 was considered statistically significant. To test if rectum dose 
correlated to rectal volume and prostate-rectum distance, Pearson’s correlation test was 
performed. Statistical analysis was performed with the Statistical Package for the Social 
Sciences (IBM SPSS Statistics 19, Chicago, IL, USA).

3.4 Results

PTV and dose coverage
Variation in volume of the PTV was small (Table 1), with a maximum volume change 
of -14% PTV for both CT2 and CT3. Dose coverage (V100% and D90) as a function of scan 
number is shown in Figure 1 (a and b). V100% changed during treatment, although mean 
difference was only -2.3% for CT1–CT3 with a largest decrease in V100% of -10%. Despite 
the small decrease, the planning constraint V100% > 95% was not achieved for 65% (20/31) 
of the patients on CT2 and for 72% (18/25) on CT3 (Figure 1a). D90 showed largest varia-
tion with respect to the original plan. However, D90 remained higher than the prescribed 
dose for most patients; for 94% of the patients on CT1, for 90% on CT2 and for 88% on 
CT3 (Figure 1b).

OAR dose and rectum position
Rectal dose increased during treatment. Mean Re-V80% was 0.27 cm3 (range: 0–1.06 
cm3) during planning, but increased to 1.14 cm3 (range: 0–7.4 cm3) and 1.34 cm3 (range: 
0–5.23 cm3) for CT2 and CT3, respectively.

The average prostate-rectum distance measured on the CT1 for all patients was 7.1 mm 
and had decreased 1.2 mm after 24 hours, as measured on CT2 (Table 2). After 48 hours, 
the distance was smallest (5.3 mm). The difference between CT1–CT2 was statistically 
significant (p = 0.027), but the decrease between CT2–CT3 was not (p = 0.12).

Re-D2cm3 generally increased during treatment (Figure 1c). On CT1, Re-D2cm3 never 
exceeded the tolerance dose. On CT2 the dose was above the tolerance dose in 7 of 31 
patients (23%). One patient out of these seven did not receive a third CT, but for five 
of the remaining six the dose exceeded the tolerance dose at CT3. Mean increase was 
13.3% between CT1 and CT2 and 17.3% between CT1 and CT3 (Table 3). The increase 
in Re-D2cm3 on CT2 as compared to the planning CT was statistically significant (p = 
0.001), but the difference between CT2 and CT3 was not (p = 0.42).



Deviations from the planned dose

55

3

Table 1. Differences in DVH parameters of the target. All changes are expressed as relative values (%) 

as compared to the planned value (CT1). 

Planned (CT1) CT2 (%) CT3 (%)
PTV Mean 34.2 cm3 0.03 0.18

Median 32.6 cm3 0.64 0.00

SD 8.8 cm3 3.90 4.36

V100% Mean 95.7% -1.52 -2.32

Median 95.9% -1.44 -2.84

SD 3.1% -2.96 3.53

D90 Mean 132.1 cGy -3.23 -4.17

Median 132.4 cGy -3.88 -5.65

SD 7.0 cGy 4.71 5.34

 Parameters in bold are statistically significantly different from CT1.

Figure 1: Box plots showing (a) target coverage V100% variation during treatment, (b) target dose (D90), 

(c) rectum dose (Re-D2cm3) and (d) bladder dose (Bl-D2cm3). The dashed lines represent the planning 

objectives and the dots represent the observations of the individual patients (jittered for visualisation).
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Table 3. Differences in DVH parameters of the OARs. All changes are expressed as relative values (%) as 

compared to the planned value (CT1).

Planned
(cGy/pulse)

CT2 (%) CT3 (%)

Re-D2cm3 Mean 72.70 13.3 17.3

Median 74.0 13.2 17.4

SD 8.7 19.5 18.2

Bl-D2cm3 Mean 75.70 25.4 24.8

Median 71.7 24.5 21.3

SD 13.7 28.1 30.4

Ur-D0.1cm3 Mean 154.7 -2.0 -3.2

Median 153.1 -3.1 -3.9

SD 9.7 4.2 4.4

Parameters in bold are statistically significantly different from CT1.

Table 2. Prostate-rectum distances measured in three sections of the prostate (apex, midplane and 

base). 

Apex Midplane Base Average

Min Max Min Max Min Max

CT1

Mean (mm) 4.1 10.1 3.2 7.1 5.8 11.9 7.1

Median (mm) 4.0 10.0 3.0 6.0 4.0 10.0 6.8

SD (mm) 1.8 3.4 1.4 3.9 4.5 6.9 2.7

CT2

Mean (mm) 3.8 8.4 2.5 6.0 4.6 10.0   5.9 1

Median (mm) 4.0 7.0 2.5 6.0 4.0 8.5 5.7

SD (mm) 2.0 3.3 1.1 2.5 2.9 5.4 2.1

CT3

Mean (mm) 3.7 9.0 1.9 5.4 3.6 8.2   5.3 2

Median (mm) 3.0 8.5 2.0 5.0 3.0 8.0 5.4

SD (mm) 1.8 3.5 0.9 2.0 2.1 3.6 1.6

1 CT1–CT2: p = 0.027.
2 CT2–CT3: p = 0.12.

The increase in Re-D2cm3 correlated with the variation in the average prostate-rectum 
distance (R2 = 0.6, p < 0.05) and with the change in rectal volume (R2 = 0.4, p < 0.05).

Bl-D2cm3 was generally higher on the repeat CTs as compared to the planning CT. 
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Measured on CT2 Bl-D2cm3 was never higher than the tolerance dose and on CT3 only 
in 1 of 25 cases (4%) (Figure 1d). The mean increase was 25.4% for CT1–CT2, and 24.8% 
for CT1–CT3 (Table 3). These changes were statistically significantly different from CT1 
(p < 0.001), but not from each other (CT2–CT3, p = 0.64).

Urethral dose was slightly lower on the repeat CTs as compared to the planning CT. 
Mean Ur-D0.1cm3 was 154.7 cGy per pulse (128.9% of PD) with a mean decrease of 
-2.0% measured for CT1–CT2, and -3.2% for CT1–CT3 (Table 3). This led to a decrease 
in the number of patients for which the dose constraint (Ur-D0.1 <140% of PD) was 
exceeded; On CT1 this was the case for 5 patients, whereas only for 2 patients the con-
straint was not met on their repeat CT(s).

3.5 Discussion

This study shows that the decrease in target coverage is small during 48 hours of tem-
porary brachytherapy, provided that catheter displacement is minimal. Thus there is no 
rationale for applying planning margins to the target volume to compensate for volume 
changes of the prostate. OAR dose was found to increase during treatment, as com-
pared to planning. Special attention should be given to rectum dose, which showed an 
increasing trend due to decreasing prostate-rectum distance.

A possible limitation in this study was the use of only three scans per patient to evaluate 
changes in a time period of 48 hours. With three ‘snapshots’ of the rectum and bladder, 
which are subject to variation, we acquire a brief indication of what happens during 
the entire treatment. However, to study changes in prostate volume and catheter loca-
tions, these three scans are enough to draw valid conclusions. If oedema is present after 
implantation, it is observed to resolve slowly with a half-time of at least 4 days [11,12].

The patient cohort used for this study was treated seven to nine years ago. Due to the 
learning curve associated with the implantation procedure, the number of patients for 
which target coverage was below the constraint was higher than in current clinical prac-
tice. However, since the treatment technique has remained the same, we expect our 
results to be also valid for patients currently treated.

PTV and dose coverage
The mean variation in V100% during treatment was only -1.5% and -2.3% between the 
planning CT and CT2 and CT3, respectively. The displacement of our self-anchoring cath-
eters for this patient cohort has been reported previously; mean absolute displacement 
was around 1 mm [18]. Compared to other studies that report mean losses in dose cov-
erage of 3.5% after ≥6 hours up to 17% the following day [14-16], our decrease in target 
coverage was small. It must be noted however, that the planning constraint of V100% > 
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95% was not achieved in the majority of the patients. This was caused by the relatively 
low target coverage during planning of these patients, who were the first to be treated 
at our department. The value for D90 remained above the prescription dose for most of 
the patients. Although clinical outcome so far is good [2], longer follow-up is needed to 
conclude on the impact of coverage loss.

In this study, besides catheter reconstruction, also target delineation was performed on 
the repeat CTs. Prostate delineation suffers from interobserver variation, which is about 
15% for the CT-based prostate [22,23]. The contours of CT2 and CT3 were reviewed by 
the observer who delineated the planning CTs. In this way, contouring variability was 
kept at a minimum, to be comparable to intraobserver variation (which is about 5%) [22].

The CT scans had a small slice thickness of 2 mm and contained fiducial markers for 
added reference. However, detecting prostate boundaries and localisation of the pros-
tatic apex are hampered by lack of contrast on CT; the latter affecting the number of 
slices incorporated in the PTV. Whether prostate delineation inaccuracy should be 
accounted for by a margin, remains to be studied.

Prostate volume was expected to increase after implantation due to oedema, as 
observed in permanent implant prostate brachytherapy [11,12]. For these treatments, 
implantation and planning is usually based on ensuring sufficient target coverage at 
the time of maximum oedema. Groups performing high-dose rate brachytherapy that 
used the post-implant CT scan as a reference did not find a volume increase[24,25]. 
It is therefore likely that oedema occurs within the first few hours after implantation. 
Alternatively, the differences in the development of oedema can be explained by the dif-
ferences in treatment modality. For temporary implant brachytherapy, catheters remain 
in place during treatment, for permanent implant brachytherapy they are removed after 
seed implantation. Furthermore, the amount of catheters is usually lower in temporary 
implants. Of course, the well-known difficulties in detecting the prostate boundaries 
on CT also hamper the volume evaluation. Kim et al. found larger variations in prostate 
volume of up to 17% between 2 HDR fractions, but concluded that the dosimetric impact 
of less than 5% was clinically insignificant [25].

Since the differences in prostate volume and target coverage were small, we did not 
compare the prostate volumes slice-by-slice. In addition, shape variation would be dif-
ficult to distinguish from delineation uncertainty. The deformation is expected to be 
small, although data on prostate deformation during temporary implant brachytherapy 
are currently not available.

The small changes in prostate volume and target coverage do not indicate the neces-
sity of an additional prostate margin for our PDR boost treatment. Also an adaptive 
and/or corrective procedure is not considered necessary with the use of self-anchoring 
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catheters; a replanning on the repeat CTs was therefore not performed in this study. In 
other studies on HDR, a margin is often applied to the prostate contour mainly to cover 
extracapsular/microscopic extension [14,16,26]. Some also apply a PTV margin to com-
pensate for (caudal) displacement of the catheters [27,28]. For instance, Yoshioka et al. 
apply a 1 cm PTV margin to the basal edge of the prostate, but did not report the actual 
catheter displacements [27]. Damore et al., who studied catheter displacements prior 
to 4 boost HDR fractions also applied a 1 cm craniocaudal margin to the target volume 
to ensure adequate dose coverage after catheter displacements of 1 cm [28]. Another 
strategy would be to readjust the catheters, or perform a replanning [14-16,26,28]. For 
displacements larger than 1 cm, Damore et al. performed and recommend repositioning 
of the catheters. Kovalchuk et al. performed re-adjustments of the catheters and replan-
ning, hereby ensuring adequate target coverage. Without replanning, the 3.5 mm mean 
catheter displacements would result in a decrease in V100% (of 97–93%) [14]. Foster et al. 
found a decrease in V100% of the prostate gland (from 93.8% to 76.2%) due to a mean 
interfraction displacement of 5.1 mm [15]. Their dosimetry was improved after replan-
ning, which was therefore considered feasible. Simnor et al. measured a 4–5% decrease 
in target coverage after re-adjustment of the catheters before each fraction [16]. These 
re-adjustments also reduced the differences in planned versus delivered dose to the 
OARs. Barkati et al. perform pretreatment fluoroscopic imaging to check catheter dis-
placement [26], but did not report actual displacements. A simulation study showed that 
displacements of 3 mm or greater have significant impact not only on target coverage, 
but also on dose to the OARs [29]. The authors therefore advise readjustment of the 
catheters rather than applying a margin.

OAR dose and rectum position
A general increase in rectum dose over the time of treatment was observed, i.e. 13% 
and 17% between the planning CT and the two repeat CTs. We detected a clear trend, 
although the rectum is a dynamic organ and a complete representation of the variation 
during 48 hours cannot be obtained by using three scans. The measured increase in 
rectal dose was related to a decrease in distance between rectum and prostate that was 
observed on the follow-up CTs. Other groups studying changes during HDR brachyther-
apy reported a comparable increase, although they ascribed this to random variations 
in rectum shape [15] or to a combination of factors including catheter displacement 
[14,16]. Rectal dose generally seems to increase with caudally displaced catheters, 
making the solution to add a margin to the prostate to compensate for this not optimal 
[29].

We did observe a higher incidence of gas pockets inside the rectum on the follow-up 
CTs, which could partly explain the increase in rectal volume and the decrease in pros-
tate-rectum distance in our data. In some patients we observed disappearance of gas 
pockets, but a relation between the disappearance of gas pockets and decrease in rectal 
dose could not be established. This could be explained by the fact that in these cases the 
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planned dose was already tightly optimised around the rectum.

The decrease in distance could be compensated for by applying a small margin to the 
rectum. After the first 24 hours, the rectum was on average 1 mm closer to the prostate, 
which could be sufficient to use as margin. An alternative strategy would be to apply 
a worst-case scenario by delineating the rectum adjacent to the prostate. However, a 
planning study would have to prove whether this is feasible without compromising on 
target coverage.

We observed an increase in bladder dose of around 25% between CT1 and follow-up CTs. 
Despite this increase, only in one case the tolerance dose of 144 cGy per pulse (120% 
of the PD) was exceeded. Foster reported a nonsignificant decrease in bladder dose on 
day two, which is probably due to caudal displacement of catheters [15], as reported 
by others [29]. The increase found in our data was unexpected. Since all patients had a 
transurethral catheter in place, we have not analysed bladder volumes and the distance 
between prostate and bladder surfaces. Besides, the interface between bladder and 
prostate is difficult to visualise on CT [22,23], making dosimetry less reliable. Variations 
in bladder dose can be attributed to intra-observer differences in bladder delineation. It 
is therefore uncertain if there was an actual increase in bladder dose during the 48 hour 
treatment. Because of this delineation variability and lack of consistency in bladder fill-
ing throughout regular (EBRT) treatments, (planning) DVH parameters do not represent 
the actually delivered doses well. This explains why only a few publications exist in which 
a dose–effect relationship could be established [30-32]. The clinical implications of any 
possible increase in dose to the bladder are therefore unknown.

The originally planned urethral dose was slightly lower on the repeat CTs, which led to a 
decrease in patients exceeding the tolerance dose. Others reported an increase in ure-
thral dose [16,17,29], whereas Foster did not observe a significant difference in a group 
of 15 patients [15]. Kovalchuk et al. observed no change but an increasing range of dose 
to the urethra after 6 hours (with the improvement after replanning being insignificant) 
[14]. Although our decrease was statistically significant, it must be noted that the dose 
to 0.1 cm3 of the urethra is sensitive to minor changes in delineation and catheter recon-
struction, due to the large dose gradients in the centre of the target volume.

3.6 Conclusions

During the 48 hours after implantation, in which PDR brachytherapy treatment takes 
place, target coverage (V100%) and dose to the prostate (D90) do not show large devia-
tions from the planned values. However, bladder and rectum doses are subject to var-
iation and were generally lower during planning than on the repeat CTs. Especially for 
the rectum, an increase in the dose during treatment should therefore be taken into 
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account during treatment planning, if possible by adding a margin or taking the worst-
case scenario.
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4.1 Abstract

Background: In pulsed-dose rate prostate brachytherapy the dose is delivered during 48 
hours after implantation, making the treatment sensitive to oedematic effects possibly 
affecting dose delivery. The aim was to study changes in prostate volume during treat-
ment by analysing catheter configurations on three subsequent scans.

Methods: Prostate expansion was determined for 19 patients from the change in spatial 
distribution of the implanted catheters, using three CT-scans: a planning CT (CT1) and 
two CTs after 24 and 48 hours (CT2, CT3). An additional 4 patients only received one 
repeat CT (after 24 hours). The mean radial distance (MRD) of all dwell positions to the 
geometric centre of all dwell positions used was calculated to evaluate volume changes. 
From three implanted markers changes in inter-marker distances were assessed. The 
relative shifts of all dwell positions were determined using catheter- and marker-based 
registrations. Wilcoxon signed-rank tests were performed to compare the results from 
the different time points.

Results: The MRDs measured on the two repeat CTs were significantly different from 
CT1. The mean prostate volume change derived from the difference in MRD was +4.3% 
(range -9.3% to +15.6%) for CT1-CT2 (p < 0.05) and +4.4% (range -7.5% to +16.3%) for 
CT1-CT3 (p < 0.05). These values represented a mean increase of 1.2 cm3 in the first 
24 hours and 1.5 cm3 in the subsequent 24 hours. There was no clear sign of prostate 
expansion from the change in inter-marker distance (CT1-CT2: 0.2 ± 1.8 mm; CT1-CT3: 
0.6 ± 2.2 mm). Catheter configuration remained stable; shifts in catheter positions were 
largest in the C-C direction: 0 ± 1.8 mm for CT1-CT2 and 0 ± 1.4 mm for CT2-CT3.

Conclusions: The volume changes derived from catheter displacements were small and 
therefore considered clinically insignificant. Implant configuration remains stable during 
2 days of treatment, confirming the safety of this technique.

Keywords: Prostate cancer, Brachytherapy, HDR, PDR, Catheter displacement, Oedema
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4.2 Background

High-dose rate (HDR) brachytherapy combined with external beam radiotherapy (EBRT) 
is an effective method to achieve dose escalation in the treatment of localised prostate 
cancer. It results in increased biochemical relapse-free survival and reduced acute mor-
bidity, compared with EBRT alone [1]. An alternative to HDR is pulsed-dose rate (PDR) 
brachytherapy, which also exploits the characteristics of local treatment to achieve a 
conformal high dose to the prostate [2-4]. The accuracy of dose delivery is an important 
part of a brachytherapy treatment. Inconsistencies or changes in patient and implant 
geometry between treatment planning and treatment delivery should be well docu-
mented and eliminated if possible [5].

In low-dose rate (LDR) permanent brachytherapy prostate swelling and accompanying 
seed movement caused by oedema plays a major role in the dosimetry. Authors have 
measured 20-30% [6-8] up to 50% increase in prostate volume [9]. Oedema arises in 
the first 24 hours after implantation after which it slowly resolves [8,9]. If an HDR treat-
ment is delivered in multiple fractions, volume changes may occur between these frac-
tions. A PDR prostate treatment is usually delivered in two days [2,3]. Therefore, PDR 
and fractionated HDR treatments are potentially sensitive to the effects of oedema. 
Preplanning is done intraoperatively, but the final dose distribution is planned a few 
hours after implantation. Volume changes during implantation therefore do not affect 
treatment, but volume changes during the treatment can affect dose delivery.

In HDR treatments, the dose is generally assumed to be minimally affected by volume 
changes because the fraction dose can be delivered in 15 to 20 minutes after treatment 
planning [10-12]. Applying more fractions with the same implant, increases the risk 
of changes in dosimetry. Data on prostate volume changes in the first 48 hours after 
implantation for HDR or PDR brachytherapy that support this assumption are sparse. 
One study reported data of only 4 patients [13]. Another study found a large spread in 
prostate volume changes one week after HDR treatment, using CT-based prostate delin-
eations with 5 mm slices [14]. Martinez et al. observed the largest volume change in the 
first two scans and negligible change during the next 32 hours of HDR treatment [12]. 
Their measurements were based on delineations in axial transrectal ultrasound (TRUS) 
images. CT- and TRUS-based delineations however suffer from contouring uncertainty 
of around 2 mm [15]. Kim et al. found a mean volume increase of 8% 20 hours after 
implantation using catheter positions from 3 axial CT slices [16]. Finally, Kovalchuk et 
al. measured in 24 patients the prostate volume change between the first two fractions 
(separated by >6 hours) based on CT delineations, which resulted in a mean absolute 
change in inter-fractional volume change of 3.9 cm3 (range -17.7 cm3 to 17.1 cm3) [17]. 
The main goal of their study was to measure inter-fractional needle displacement, which 
is another factor that can affect dose coverage. Before delivery of each fraction, they 
performed needle adjustment to maintain target coverage. Catheter displacement, usu-
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ally in craniocaudal direction, is commonly observed [18,19]. Huang et al. found that 
30% of the catheters needed adjustment to prevent an 8.4% (SD 9.4%) decrease in 
D90% [18]. Whitaker et al. found a median measured displacement of 7.5 mm, with shifts 
greater than or equal to 5 mm occurring in 67% of their implants, which was corrected 
for by advancing the source further into the catheters [19]. Milickovic et al. reported (in 
all but one case) a maximum needle movement of less than 1.5 mm [20], which led to a 
limited decrease in target coverage. At our institute, self-anchoring catheters are used 
to prevent large displacements.

For the PDR prostate patients, the aim was to implant a minimum number of 12 flexible 
plastic catheters for the 48 hour pulsed treatment. A previously published study on dose 
variation during these 48 hours showed only a small decrease in target coverage as com-
pared to the planning situation: the mean difference in V100% between the planning CT 
and the scan acquired at the end of the treatment was only -2.3% with a largest decrease 
of 10% [21]. Furthermore, no significant changes in absolute volume of the delineated 
prostates were found. However, prostate delineations suffer from considerable contour-
ing uncertainty, especially with CT [15,22]. For treatment planning, both CT, MRI and 
TRUS can be used [23-25]. The main advantage of MRI is improved soft-tissue contrast 
for prostate boundary detection. With TRUS-based planning, moving the patient and 
catheter displacements are minimized [23,24]. CT is widely available and offers clear 
visibility of the catheters. We therefore use the configuration of the catheters measured 
on CT as a reliable surrogate for volumetric changes. The use of self-anchoring catheters 
is to ensure positional stability in the craniocaudal direction. 

Since the reports on the occurrence of oedema during HDR treatment vary [12-14,16] 
and no studies have been done for PDR treatments using self-anchoring catheters, our 
goal was to study volume changes of the prostate during PDR brachytherapy by ana-
lysing catheter configurations of subsequent scans acquired throughout the treatment.

4.3 Methods

Patients and treatment
Thirty-one prostate cancer patients have been included in a study to assess the usa-
bility of self-anchoring catheters, of which 23 were eligible for this study. This group of 
intermediate- and high-risk patients was treated with EBRT (23×2 Gy), followed by a 
PDR boost of 24.96 Gy [2,26]. The total PDR treatment consisted of 24 pulses, 2.2 hours 
apart.

Catheter implantation was performed one week after the end of EBRT according to a 
pre-plan based on ultrasound images. For all patients 12 flexible plastic 6F self-anchor-
ing catheters were implanted, except for 3 patients, for which 11 catheters were used. 
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The catheters were placed on the periphery of the prostate to achieve a high peripheral 
dose (an example of the implant geometry can be seen in Figure 1). The number of 
catheters was independent of prostate volume, which covered a wide range (21 cm3 to 
56 cm3). The implantation procedure and treatment planning were described previously 
[22,26]. No additional fixation of the catheters to the perineum was applied. During 
implantation three fiducial markers were placed in the prostate, two at the base and one 
at the apex, to help with the delineation of these structures on the CT scans. Placement 
of the markers was done under ultrasound guidance. The size of the cylindrical markers 
was 1 mm in diameter with 5 mm length.

The patient was lying in bed throughout the treatment. To acquire the follow-up CTs, 
the patients’ bed was transported from the treatment room to the CT room. There the 
patient was lifted on the scan table with care to avoid implant displacement. Three CT 
scans were made for this study. The first CT, which was used for planning, was acquired 
after implantation (CT1, after 1–2 hours), the second CT after 24 hours (CT2) and the 
third CT was made after 48 hours, right before the removal of the catheters (CT3). All 
scans were acquired with a resolution of 1 by 1 mm2 pixels and 2 mm slice thickness. For 
the first eight patients that received implantation with self-anchoring catheters, metal 
wires had been inserted in the catheters, which obscured the visibility of the implanted 
markers. For this reason these patients were excluded from this analysis. Of the 23 eval-
uable patients, 4 did not receive a third scan.

The catheters were reconstructed manually on all scans in Oncentra Brachy treat-
ment planning system (Nucletron, Veenendaal, the Netherlands) by an experienced 

Figure 1: Example of a transversal prostate image after implantation (CT1, left) and after 48 hours (CT33, 

right). With the purple dots on the left image the centre of the catheters are demarcated. A small radial 

expansion of the catheters can be observed on the right image, illustrated by the projection of the same 

dots on this image. The dots were projected by taking the same slice and overlaying the two slices by 

matching the urethra and catheters as good as possible.
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brachytherapist. Catheter reconstruction was based on defining 4 to 6 catheter describ-
ing points. The same person also manually defined the position of the markers on all 
scans.

Measurement of prostate expansion
Prostate expansion was assessed from the dwell positions coordinates within the cath-
eters reconstructed on CT1, CT2 and CT3. The coordinates of dwell positions inside the 
catheters are automatically defined by the software, spaced 5 mm apart. These coordi-
nates were used as a spatial representation of the catheters, because of the one-to-one 
correspondence between these points on subsequent scans. All dwell positions inside 
the prostate plus a 5 mm margin were used. Then all coordinates of these dwell posi-
tions were captured and the centre of mass was calculated by taking the mean x and z 
coordinates (xCOM, zCOM) where x represents the left-right (L-R) direction and z the dor-
so-ventral (D-V) direction. We excluded the y (caudo-cranial, C-C) direction because any 
displacement of dwell positions in this direction represents a catheter shift unrelated 
to changes in volume. This is unlike in permanent seed implantation, where the seed 
can move in three directions. Then movement either in cranial or caudal direction can 
represent prostate expansion along this dimension [9].

Subsequently, from the absolute distance between the centre of mass and every dwell 
position the mean radial distance (MRD) was calculated by:  

with n the number of dwell positions. This calculation was based on the method of 
Waterman et al. who assessed volume changes during permanent implant brachyther-
apy from seed positions [9]. Waterman et al. calculated the displacements in all three 
directions, whereas we excluded the C-C direction, as was also done by Kim et al. [16]. 
For every patient, MRDs were calculated for all three time points, represented by the 
three different CT scans. The relative volume change DV(%) was estimated from the 
relative change in MRD e.g. between CT1 and CT2 according to the method described 
by Kim et al. [16]: DV(%)=100*[ (MRD2

3 - MRD1
3) / MRD1

3].

We estimate the uncertainty in the MRD as follows by first choosing σ = 1 mm for the 
uncertainty of the distance between a dwell position (xi,zi) and the centre of mass 
(xcom,zcom). The estimated standard uncertainty in the MRD depends on the number of 
dwell positions: σMRD = σ/√n. The number of dwells is on average 80, making σMRD = 1 
mm/√80 = 0.1 mm. The propagated uncertainty for the relative volume change DV(%) 
is calculated according to:   

For an MRD1 ≈ MRD2 of 15 mm the resulting σDV% is 3% (1 SD).
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Inter-marker distances
An increase in inter-marker distance between the different scans indicates the possi-
ble presence of oedema. Coordinates of the three implanted markers were recorded 
for all CT scans. For each scan, the distance between the three individual markers was 
calculated. The three marker pairs resulted in 3 distances per scan. Since each prostate 
contained only 3 markers, we did not evaluate the change per patient. The mean, SD 
and box-plots of the change in inter-marker distance (absolute and in the three separate 
directions) were calculated for all marker pairs combined.

Dwell position displacement: catheter-based registration
A registration of the catheters reconstructed on subsequent scans was performed to 
evaluate changes in the catheter configuration. Also here the catheters were repre-
sented by all dwell positions inside the prostate. Displacement of the catheters was 
measured after aligning the catheters from subsequent scans, using a rigid registra-
tion of the dwell positions. The corresponding points were matched using the itera-
tive closest point (ICP) algorithm [27] as implemented in Matlab (Mathworks, Natick, 
Massachusetts). ICP takes two point clouds as input and returns the rigid transformation 
(rotation matrix and translation vector) that best aligns the point clouds. ICP minimizes 
the sum of square errors, which is the sum of squared distances between matched paired 
points.

This ICP registration of reconstructed catheters was applied to test if the catheter 
configuration remained stable, i.e. whether deformation of the implant had occurred. 
Measured shifts between CT1-CT2 represented implant changes in the first 24 hours 
after implantation. The shifts between CT2-CT3 represented changes between 24 and 
48 hours. The total shift between CT1-CT3 was also measured.

To estimate the accuracy of the ICP-based registration, two CT scans of a fixed 5-cath-
eter configuration inside a phantom were acquired to register the reconstructed cathe-
ters. The phantom was not rotated or shifted but a second scan was acquired. The cath-
eters on the two scans were reconstructed by the same person. Five feature landmarks 
inside the phantom were used as marker surrogates.

Dwell position displacement: marker-based registration
The implanted markers were also used for implant displacement evaluation, since the 
catheter-based registration described above is not able to detect entire implant shifts. 
For this purpose, a marker-based registration was performed. Because only three mark-
ers were implanted, a quaternion-based method implemented in Matlab was used for 
this marker-based registration [28], finding the rotation and translation that best maps 
both sets of marker coordinates in a least squares sense. This rotation and translation 
was then applied to the catheters to calculate the dwell position shifts.
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The same phantom with fixed catheter configuration that was used to determine the 
accuracy of the catheter-based registration was also used to estimate the accuracy of 
the marker-based method.

The marker coordinates have an uncertainty related to the voxel size. An uncertainty 
analysis was performed to quantify the effect of this uncertainty on the accuracy of 
marker-based registration of the catheters. A random noise term was added to the 
marker coordinates of ten patients. The coordinates were displaced 100 times with 
normally distributed deviations with SDs of 0.5 mm in the D-V and L-R direction and 
1 mm SD in the C-C direction. These coordinates were registered as above and these 
marker-based registrations were applied on the dwell positions. The mean of all relative 
displacements resulted in the uncertainty that can be attributed to the uncertainty in 
marker coordinates.

Statistical analysis
The differences in MRDs of subsequent scans as well as the prostate volumes resulting 
from these differences were tested for statistical significance using a Wilcoxon signed-
rank test. P-values below 0.05 were considered statistically significant. The inter-marker 
distances measured on the different scans were also compared using the Wilcoxon 
signed-rank test.

Of the calculated dwell position shifts from the catheter- and marker-based registrations 
we calculated for each patient the mean (δ) ± 1 standard deviation (SD), denoting the 
random variation per patient (σpat). The overall mean Δ and the mean standard deviation 
(Σ) were calculated. The root-mean-square (RMS) of the σpat from the 23 patients was 
calculated to estimate σ, the overall random variation over all patients. We created box-
plots containing the interquartile range, median and minimum and maximum values 
over all dwell positions and patients for CT1-CT2 (23 patients), CT2-CT3 and CT1-CT3 
(19 patients). Absolute distances, as well as shifts in all three directions were assessed.

4.4 Results

Measurement of prostate expansion
The MRDs resulted in a statistically significant difference for MRD1-MRD2 and MRD1-
MRD3 (p < 0.05). The relative volume change derived from the change in MRD was +4.3% 
± 6.4% (range -9.3% to +15.6%) between CT1-CT2 (Figure 2), which was a statistically 
significant increase (p < 0.05). Although statistically significant, this represented a lim-
ited mean volume difference of 1.2 cm3 ± 2.3 cm3 (range -5.2 cm3 to +5 cm3). Taking 
the absolute value, the volume change was 6.2% ± 4.4%. Only for 4 (of 23) patients 
an increase larger than 10% was observed. For CT1-CT3, mean volume difference was 
+4.4% ± 7.5% (range -7.5% to +16.3%) (p < .05) (Figure 2). Between CT2-CT3, this was 



Prostate volume and implant configuration 

73

4

Figure 2: Relative volume change (%) between CT1-CT2 and between CT1-CT3. For patient 5, 11, 16 and 

19, no CT3 was available. CT2-CT3 was omitted, since this information can easily be extrapolated from 

the other two bars.

+0.6% ± 3.7% (range -9.9% to +8.3%) (p > 0.05). This represented a mean volume differ-
ence of 1.5 cm3 ± 2.8 cm3 (range -4.2 cm3 to 6.2 cm3). In absolute terms, the mean volume 
change was 6.7% ± 5.4%. For CT2-CT3 it was 2.7% ± 2.6%.

Inter-marker distances
The mean change in inter-marker distance was small in all three directions (Figure 3). 
Mean absolute difference was 0.2 ± 1.8 mm (1 SD) between CT1-CT2 and 0.6 ± 2.2 mm 
between CT1-CT3. For CT2-CT3, this was 0.4 ± 1.1 mm. Largest changes were observed 
in the C-C direction, with an average increase of 0.6 ± 3.0 mm between CT1-CT3.

The relative change in absolute distance between two marker pairs was 1.1% ± 7.6% 
(mean ± 1 SD) between CT1-CT2 (p > 0.05), 2.8% ± 9.5% between CT1-CT3 (p < 0.05) and 
1.5% ± 4.9% between CT2-CT3 (p < 0.05). So there was a systematic increase in inter-
marker distance of 1.1%-2.8% with a random difference of around 5%-10%.

Dwell position displacement: catheter-based registration
ICP was first applied to match the catheters inside the phantom. This catheter regis-
tration resulted in a mean difference between dwell positions of 0.26 ± 0.1 mm (1 SD).

The relative displacement measured by catheter-based registration averaged over all 
dwell positions inside the catheters of all patients was 1.7 ± 1.2 mm for CT1-CT2 and 
1.2 ± 0.9 mm for CT2-CT3. For CT1-CT3 this was 1.6 ± 1 mm. Shifts in the L-R and D-V 
directions were small. Catheter shifts in C-C direction were the largest source of dwell 
position displacement (Figure 4a).
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In Table 1 the mean dwell position shifts are shown, averaged over all patients. The larg-
est mean systematic shift was -0.22 ± 0.2 mm between CT1-CT3 for the C-C direction. 
Random variation, represented by the RMS of all standard deviations from all patients 
was in most cases smaller than 1 mm and largest in the C-C direction.

Dwell position displacement: marker-based registration
The registration of the markers coordinates inside the phantom on two scans resulted 
in a residual difference in marker position after registration of 0.1 ± 0.06 mm (1 SD). 
The difference in the dwell positions of the catheters that were subsequently matched 
according to the marker-based registration amounted to 0.7 mm ± 0.2 mm (1 SD). The 
accuracy of registration was therefore better than the catheter and marker position 
accuracy.

A separate analysis was performed to quantify the uncertainty of the measured catheter 
displacement due to the uncertainty in marker position. This resulted in an uncertainty 
of -0.01 ± 1.1 mm in L-R direction, 0.03 ± 1.4 mm in the C-C direction and 0.02 ± 1.1 mm 
in D-V direction.

Figure 3: Boxplots of the change in inter-marker distance. For CT1-CT2, CT2-CT3 and CT1-CT3 the differ-

ences in absolute vector length are shown, as well as for the three separate directions (L-R, C-C and D-V). 

The dashed horizontal line represents the line of no change in distance between marker pairs. The boxes 

itself represent the first and third quartile (lower and upper edge), where the horizontal line inside the 

box represents the second quartile, i.e. the median. The crosses represent outliers.
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The relative displacement of all dwell positions measured by marker-based registration 
(mean ± 1 SD) was 2.5 ± 1.5 mm for CT1-CT2 and 1.9 ± 1.3 mm for CT2-CT3 (Figure 4b). 
For CT1-CT3 this was 2.4 ± 1.2 mm.

In Table 1 the mean dwell position shifts are shown, averaged over all patients. The larg-
est mean systematic shift was -0.35 ± 0.45 mm (1 SD) between CT1-CT2 for the L-R 
direction. Random variation, represented by the RMS of all standard deviations from all 
patients was around 1 mm and up to 1.8 mm in the y (C-C) direction.

Figure 4: Boxplots of displacements of the dwell positions from catheter-based registration (a) and from 

marker-based registration (b). The shifts are shown as absolute vector lengths (abs) and for the three 

separate directions (L-R, C-C and D-V). For C-C, a positive value indicates a caudal shift; for D-V, a pos-

itive value indicates a ventral shift. The dotted horizontal line represents no displacement. The crosses 

represent outliers.
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Table 1. Residual distance between dwell positions after catheter-based and marker-based registration, 

averaged over all patients.

Catheter-based registration Marker-based registration 

Mean 
(mm)

1 SD 
(mm)

RMS of 
σpat

Mean 
(mm)

1 SD 
(mm)

RMS of 
σpat

Δ Σ σ Δ Σ σ
CT1-CT2

Absolute 1.67 0.58 1.07 2.46 0.70 1.28

L-R 0.00 0.06 0.64 -0.35 0.45 1.01

 C-C* -0.11 0.19 1.72 0.22 1.44 1.83

   D-V** -0.01 0.09 0.75 0.01 0.62 1.05

CT1-CT3

Absolute 1.63 0.47 0.94 2.39 0.70 0.95

L-R 0.01 0.04 0.67 -0.15 0.65 0.97

 C-C* -0.22 0.20 1.61 -0.05 1.20 1.63

   D-V** -0.02 0.06 0.76 0.02 0.71 1.12

CT2-CT3

Absolute 1.21 0.37 0.83 1.91 0.74 1.02

L-R 0.00 0.02 0.46 0.17 0.45 0.72

 C-C* -0.05 0.46 1.27 -0.19 1.18 1.46

   D-V** -0.01 0.04 0.53 0.05 0.49 0.87

Δ = Overall mean (mean of all δ)            

Σ = Standard deviation of the means          

σ = Root-mean-square, quadratic mean of all standard deviations from all patients    

Data shown in absolute shifts and in the 3 separate directions     

* Positive values in C-C indicate a caudal shift        

** Positive values in D-V indicate a ventral shift

4.5 Discussion

This study revealed limited effect of oedema during 48 hours of temporary prostate 
brachytherapy, with a maximum increase in prostate volume of 16.3%. We used cathe-
ter positions to quantify volume changes to eliminate the possible effect of delineation 
uncertainties. The catheters are clearly visible, whereas prostate gland contour deline-
ations on CT are subject to variation [15,22]. The change in mean radial distance (MRD) 
between the dwell positions and the centre of mass of the implant resulted in a mean 
relative volume change of +4.3% for the first 24 hours and +4.4% for the first 48 hours. 
With these results the safety of these techniques can be confirmed. Our data supports 
the conclusion that with PDR and HDR the uncertainties related to prostate volume 
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changes are small [10,11]. If there was any oedematic effect from catheter insertion 
inside the prostate, it took place in the first 1.5 hours after implantation.

The mean volume increase in the first 24 hours was smaller than the 7.8% increase found 
by Kim et al. measured on CT after 20 hours [16]. They considered this clinically insig-
nificant, due to the small change in prostate radius and the limited reduction in target 
coverage of around 3%. From their data no relationship between volume increase (or 
decrease) and target coverage decrease (or increase) could be established. An earlier 
dosimetric analysis of our own patient group showed only a small decrease in target 
coverage [21]. Only one patient showed a large decrease of 7% in V100% on the second 
CT-scan and 10% on the third CT-scan. Kim et al. evaluated CT-based catheter positions 
in the L-R and D-V directions, but looked at the catheter coordinates in just three axial 
planes.

The measured volume changes were much smaller than those reported in LDR series, 
where expansions of around 30% was measured [6-8]. In LDR treatments, more nee-
dles are usually implanted and the pre-implant volume is usually also considered. 
Furthermore, an LDR treatment has a much longer duration. Waterman et al. found 
a mean increase of even 50% using the mean radial distance of seeds to the geomet-
ric centre of the implant [9]. In our series, some individual cases showed a volumetric 
increase of more than 10%, derived from the MRD. The largest increase in MRD was 0.8 
mm, representing an increase in diameter of 1.6 mm, which could be considered as a 
substantial increase. On the other hand, an example of a patient whose initial prostate 
volume was 42 cm3, with a 0.7 mm increase in MRD, is shown in Figure 1. After the 
derived 14.7% volume increase the prostate volume would be 48.2 cm3. In line with Kim 
et al. [16], it is our conviction that such small expansions can be considered clinically 
irrelevant, despite the mean volume increase throughout the treatment being statisti-
cally significant, due to the limited effect on target coverage.

In this study, isotropic expansion of the prostate was assumed, although spatial aniso-
tropy of the oedema has been reported, with average expansions of ~ 10% in the D-V 
and C-C directions and ~ 0% in the L-R direction [8]. In this study, the C-C direction was 
excluded, and the D-V and L-R directions were assumed equal. Furthermore, in contrast 
to Kim et al., we did not consider the expansion in several planes separately to establish 
whether or not the prostate expanded isotropically at the base, middle and apex section 
of the prostate. They measured a small but not statistically significant increase of degree 
of volume change from apex to base.

Other studies reporting prostate volume changes for temporary brachytherapy treat-
ments are listed in Table 2. Kiffer et al. [13] studied changes in implant geometry 
between the first and last HDR fraction. By estimating the cylindrical volume change 
from D-V and L-R implant coordinates, they found no change in volume in this period, 
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but only considered 4 patients. Cury et al. [14] analysed prostate volumes of a larger 
patient group (31 patients) one week after implantation. They observed a large spread 
in volumetric changes. However, the determination of these volumes could be impaired 
by the relatively large slice thickness in combination with the delineation uncertainty 
on CT. In a prospective study on HDR monotherapy Martinez et al. reported that the 
volume increase took place during or shortly after needle placement [12]. During the 
subsequent 32–36 hours very little change in prostate volume occurred, resulting in a 
mean D90% decrease of 4%. In our study we used CT instead of axial ultrasound planes 
and catheter positions instead of delineations. No CT was made prior to implantation, 
but the evaluated time span was longer.

A previous study on our data showed that the prostate volumes of the CT-based prostate 
delineations did not vary significantly (Table 2) [21]. The same subset of 23 patients as 
in the present study had a median change of +0.6% (range -7.8% to +3.2%) for CT1-CT2 
and 0.0% (range, -7.6% to 9.2%) for CT1-CT3. No statistically significant correlation was 
found between the volume changes in that study and the volume changes derived from 
the MRDs. However, those PTVs were based on CT scans on which the visibility of the 
prostate boundaries is hampered. Furthermore, the delineations on the repeat CTs were 
supported by the delineation of the planning CT and the fiducial markers. As reported in 
the present paper, the distance between the markers can change up to 7–8 mm, making 
them less reliable as landmarks.

The mean inter-marker distances did not change substantially between subsequent 
scans. A systematic increase of 1.1%-2.8% was measured, corresponding to an increase 
of 0.6 mm. Even though this could indicate a trend of prostate expansion, the larg-
est marker displacements were observed in the C-C direction. Marker motion in that 
direction can more likely be explained by instability of the markers. The markers are 
implanted through a needle, creating the possibility to move along the track left by the 
needle, before fixating in the gland. Changes in inter-marker distance were statistically 
significant for CT2-CT3 and CT1-CT3, whereas for the MRD the changes were statisti-
cally significant for CT1-CT2 and CT1-CT3. To calculate the MRD, catheter displacements 
of around 80 points in L-R and D-V direction were used. Inter-marker distances were 
based on absolute (3D) vectors between three marker pairs. The uncertainty in marker 
position has a much larger effect on this measurement. Besides the difficulty in defin-
ing the centre of the cylindrically shaped 5 mm markers (1 mm diameter), rotational 
motion could not be taken into account. Finally, it is unknown if positional changes of the 
markers are truly caused by changes in prostate volume or whether another mechanism 
causes them to displace.

The average displacements of the dwell positions measured by catheter-based registra-
tion were small, especially in the L-R and D-V directions, where the mean shift was 0 mm 
with a maximum SD of 0.8 mm. We conclude that the catheter configuration remained 
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stable throughout the treatment. The C-C direction showed the largest displacements, 
with a mean shift of 0 mm ±1.9 mm in the first 24 hours. In the catheter-based regis-
tration, the two reconstructed catheter sets were aligned as good as possible, thereby 
possibly compensating for total implant displacement. This also explained why the 
measured catheters displacement between CT1-CT3 were slightly smaller than the sum 
of CT1-CT2 and CT2-CT3.

With an average number of 80 dwell positions, the catheter-based registrations are rel-
atively stable. However, since that method is not able to detect entire implant shifts, 
a marker-based registration was performed as well. The marker-based registration 
revealed slightly larger displacements than the catheter-based registration, also in the 
C-C direction. This was partly due to inaccuracy in the marker coordinates (1 mm SD). 
The marker-based registration of the phantom images also resulted in slightly larger 
shifts than with the catheter-based registration. Furthermore, the changes in inter-
marker distance revealed instability of the markers, which also decreases the accuracy 
of marker-based registration. Despite the data being slightly more skewed to caudal 
displacements, interpretation of the direction of catheter displacement was therefore 
somewhat hampered. Note that craniocaudal displacements are unrelated to changes in 
the prostate volume itself, but could be caused by tissue oedema between the prostatic 
apex and the perineum [29]. Peri-prostatic oedema and oedema in the prostate lateral 
to the catheters could not be evaluated with our methods. But since the catheters were 
placed on the periphery of the prostate (Figure 1), we expect to cover the entire prostate 
volume by analysing volume changes within the catheter space.

Damore et al. studied catheter and marker displacements in the C-C direction on pelvic 
radiographs [30]. They also note instability of the markers, with a mean displacement of 
3.6 mm. Because of the use of a template, their catheters shifted as a whole. Catheter 
displacements between the first two fractions relative to the pubic symphysis (mean 
8.3 mm) were larger than relative to the markers (mean 6.8 mm), which was explained 
by part of the motion of the markers and catheters being in the same direction. The 
displacement of their needles was larger than ours, due to the use of a template and 
smooth stainless steel needles, as compared to our self-anchoring needles. However, 
they reported that the displacement was partly overestimated by the use of anterior 
films that magnify the displacement. Taking two CT-scans spaced 20 hours apart, Kim 
et al. found an average magnitude of caudal catheter displacement of 2.7 mm (range 
-6.0 to 13.5 mm) after bone registration and 5.4 mm (range -3.75 to 18.0 mm) for their 
marker-based method [31]. They did not report on the uncertainty of the marker-based 
method, but considered the marker-based method to be more accurate as the prostate 
can move relative to the bony anatomy. Foster et al. found comparable craniocaudal dis-
placement (mean 5.1 mm) after marker-based registration between day 1 and day 2 [32].

A previous study on the feasibility of our self-anchoring catheters showed that the crani-
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ocaudal displacement of the tips was minimal [26]: a mean absolute tip displacement 
of 1.0 mm (range 0–6 mm) was measured after marker-based landmark registration of 
the two scans. Only the C-C direction was taken into account. In the current analysis the 
complete implant configuration in all three directions was evaluated in order to study 
volumetric changes of the prostate; however, the majority of the displacement could 
still be attributed to displacements in the C-C direction. The mean absolute displace-
ments were slightly larger than the previously measured displacements [26]. Compared 
to other studies, the craniocaudal displacements of the self-anchoring catheters were 
modest [30-32].

Although we consider our method to be accurate, the accuracy of our method was 
limited by the accuracy in catheter reconstruction. The reported accuracy of catheter 
reconstruction is 1 mm ± 0.5 mm (1 SD) [33], which was larger than the mean differ-
ences between dwell positions after catheter-based registration. Reconstruction was 
performed manually on the axial slices and checked on the reconstructed sagittal view. 
The diameter of the catheters was 2 mm and CT pixel size was 0.94 × 0.94 mm2 with a 
slice thickness of 2 mm. We use plastic, flexible self-anchoring catheters with a diameter 
of 2 mm. The catheters are usually reconstructed by defining 4 points on axial planes 
through the catheters. Others focussed on the precision of source positioning inside the 
catheter, resulting in a standard deviation for source-positioning offset of ±1.1 mm for 
PDR afterloaders [34], adding another small uncertainty to the dose delivery.

In this study we have not studied the effect of changes in implant geometry on dosim-
etry. Our results showed no significant motion in L-R or D-V direction larger than the 
reconstruction uncertainty. A study by Pantelis et al. showed that uncertainties in cath-
eter reconstruction up to 2 mm and uncertainties in source position of the order of 1.5 
mm along the catheter have no significant impact (less than 3%) on the dose-volume 
histogram (DVH) [35]. We can therefore expect that the dwell position shifts found in 
this study also have minor effect on the dose distribution. Pantelis et al. also concluded 
that a 4 mm caudal displacement of all catheters resulted in a D90% decrease of -24%, 
showing that if the entire implant shifts the dose coverage is compromised. Considering 
that the base of the prostate is often delineated too small on CT [22], caudal displace-
ments of the catheters are of added concern when it comes to sufficient dose coverage 
in the base of the prostate. However, in an earlier study [21] we demonstrated that in our 
patient group the mean deviation in prostate V100% was -3%, making an entire implant 
shift unlikely when self-anchoring catheters are used.

4.6 Conclusions

Applying four different methods to investigate catheter geometry changes inside the 
prostate revealed that both in the first 24 hours and in the second 24 hours of the tem-
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porary prostate brachytherapy treatment no clinically relevant volume changes occur 
that can have significant impact on dose delivery. Apart from some craniocaudal dis-
placement, the catheters remain stable during these 2 days of treatment, confirming 
the safety of this technique.
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5.1 Abstract

Background: Dose optimization for stepping source brachytherapy can nowadays be 
performed using automated inverse algorithms. Although much quicker than graphi-
cal optimization, an experienced treatment planner is required for both methods. With 
automated inverse algorithms the procedure to achieve the desired dose distribution is 
often based on trial-and-error. 

Methods: A new approach for stepping source prostate brachytherapy treatment plan-
ning was developed as a quick and user-friendly alternative. This approach consists of 
the combined use of two novel tools: Enhanced Geometrical Optimization (EGO) and 
Interactive Inverse Planning (IIP). EGO is an extended version of the common geomet-
rical optimization method (GO), and is applied to create a dose distribution as homo-
geneous as possible. With the second tool, Interactive Inverse Planning (IIP), this dose 
distribution is tailored to a specific patient anatomy by interactively changing the high-
est and lowest dose on the contours.

Results: The combined use of EGO-IIP was evaluated on 24 prostate cancer patients, by 
having an inexperienced user create treatment plans, compliant to clinical dose objec-
tives. This user was able to create dose plans of 24 patients in an average time of 4.4 
minutes per patient. An experienced treatment planner without extensive training in 
EGO-IIP also created 24 plans. The resulting DVH parameters were comparable to the 
clinical plans and showed high conformance to clinical standards. 

Conclusions: Even for an inexperienced user, treatment planning with EGO-IIP for step-
ping source prostate brachytherapy is feasible as an alternative to current optimization 
algorithms, offering speed, simplicity for the user and local control of the dose levels.

Keywords: Interstitial Brachytherapy, Prostate neoplasms, computer assisted radiother-
apy planning, optimization, EGO-IIP
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5.2 Background

Stepping source brachytherapy is an effective way to treat intermediate and high risk 
prostate cancer [1]. It is often applied as a boost treatment, after external beam radio-
therapy (EBRT). Radiation is delivered by a radioactive stepping source for pulsed-dose 
or high-dose rate (PDR or HDR) brachytherapy, which is directed through catheters 
temporarily implanted in the prostate. Dose optimization takes place in the treatment 
planning software, based on transrectal ultrasound, CT, or MR images, acquired after 
transperineal implantation of the catheters. The dose distribution can be optimized by 
modifying the positions where the source is (dwell positions) and the duration of its stay 
(dwell times).

Treatment planning is a multi-objective optimization problem. Current commercially 
available automatic optimization algorithms apply a heuristic minimization of a single 
linear penalty function in which the different weighted objectives are combined [2-4]. 
The objectives are set by the user choosing the desired dose range for all organs. Doses 
outside these ranges attribute to the weighted sum of the penalty: the penalty increases 
linearly with doses further from the desired range.

In clinical practice, planning objectives are usually expressed as dose-volume parame-
ters, extracted from cumulative dose-volume histograms (DVHs). As clinical demands 
can only be indirectly incorporated in the objective function, steering the solution 
towards the clinical objectives is difficult. A weak relation has been reported between 
the penalty value and the resulting DVH parameters as well as the relation to the expert 
opinion in the literature [5,6]. To acquire the most appropriate clinical solution for each 
individual patient is therefore often a trial-and-error procedure [6-8].

Graphical optimization is a manual method to shape the dose distribution by drag-and-
drop of the isodose lines. The benefit of a graphical approach is that the user is in full con-
trol by changing the dose distribution locally while evaluating the dose distribution and 
the DVH parameters in real-time. However, it is time consuming and requires an experi-
enced user [9]. A novel method is desired that combines the time efficiency of automatic 
inverse optimization with the local control of graphical optimization. Furthermore, such 
a new approach should be easy and intuitive to use.

This paper describes two tools for stepping source brachytherapy treatment planning, 
combining 1) a forward method, Enhanced Geometrical Optimization (EGO), to obtain a 
dose distribution that is as homogeneous as possible and 2) interactive inverse planning 
(IIP), an inverse optimization tool to interactively shape the dose distribution locally 
according to the target and organs at risk (OARs) by entering dose limits that are used 
clinically. IIP can be used on its own or used to fine-tune any other optimization. The 
method was tested by one experienced and one inexperienced user who both created 
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prostate brachytherapy treatment plans with the combined use of EGO-IIP. The aim 
was to show a proof of concept of our novel optimization method, which enables both 
experienced and inexperienced users to create treatment plans that are compliant to 
clinical standards, in a short time span.

5.3 Methods

Planning procedure: EGO-IIP
Two tools were developed for the new approach: Enhanced Geometrical Optimization 
(EGO) and Interactive Inverse Planning (IIP). The general workflow in this study is that 
EGO is applied to generate a starting dose distribution with maximized homogeneity. 
Next, the user applies IIP to shape the dose according to the specific patient anatomy 
and to find the most desirable compromise between conflicting DVH parameters. This 
is done by interactively changing the dose limits to each organ, thereby fine-tuning the 
dose distribution.

EGO
Enhanced Geometrical Optimization (EGO) is an extended version of the common 
geometrical optimization method (GO). With traditional GO, the distances between 
the dwell positions themselves are used to determine dwell weights [10,11]. The dwell 
weights are initially set to 1, after which the dwell weight wi of a dwell position i is set 
inversely proportional to the sum of the dose contribution from all other dwell positions 
j to that dwell position i, so  

where M is the total number of (activated) dwell positions within the implant and Di,j is 
the dose contribution from dwell position j to dwell position i. Before the introduction 
of anatomy- or image-based optimization, GO was commonly used in dwell-time opti-
mization to obtain an optimized dose distribution from a fixed catheter configuration 
[11-13].

The homogeneity of a dose distribution obtained by traditional GO is not always opti-
mal, especially when catheters are diverging [11]. For this reason EGO was developed. 
EGO modifies the dwell weight wi obtained by GO, by increasing its difference from 
weight 1. The strength of enhancement is a user-defined factor, the volume strength 
sEGO, ranging between 0-1:  w’i = wi - sEGO(1- wi), with additional constraint w’i ≥ 0. Here 
wi is the current dwell weight as calculated by GO and w’i the ‘enhanced’ dwell weight. 
When GO is applied on a volume (“GO on volume” method), usually the dose contribu-
tions from all dwell positions in the same catheter are excluded to increase the influence 
of catheter configuration inside the implanted volume, thereby ‘filling in’ cold spots 
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between the catheters [10]. In EGO, the flexibility is increased by a second parameter, 
the Volume Range rEGO, which can be chosen to set the “radius of exclusion”. Dwell posi-
tions in the same catheter within range rEGO of the current dwell position are excluded. 
When rEGO is zero, no dwell positions are excluded.

Finding optimal settings for the two parameters sEGO and rEGO is not straightforward. 
Changing rEGO requires the re-evaluation of the full range of sEGO values. Therefore, the 
option Auto-EGO was developed, which uses a binary search algorithm to find the values 
of the parameters that give the highest value for the dose homogeneity as defined by 
the Quality Index QI [12]. The quality index QI, is derived from the Natural DVH (NDVH) 
[14,15]. A more homogeneous dose distribution over the implant results in a larger QI.

IIP
After applying an implant-based method like EGO there will usually be the need for 
corrective (interactive) optimization [16,17]. Interactive Inverse Planning (IIP) is a tool 
to steer the distribution of dwell weights by changing the upper and lower dose limits 
on the surface of a region of interest (ROI). IIP can be used on its own, after applying 
EGO, or after any other (automated) optimization method. With IIP, the current lowest 
or highest doses on the surface of a ROI can be changed to adapt the dose distribution 
(Figure 1), which is done in an interactive manner. This way the user can shape the dose 
distribution locally and optimize the treatment plan to clinical needs. Because the inter-
action with the dose distribution is real-time, the possibilities and trade-offs for each 
patient are explored and evaluated efficiently. To restrict IIP to a specific region, the 
control of the dose distribution is further increased by the possibility to select individual 
transversal planes. An angle interval can be specified within these planes by setting the 
Start and Stop angle. Then the dose limits can be set in only the selected (parts of the) 
contours. Every ROI surface is approximated by placing points on the contours, deline-
ated in the different slices of the image data set. Points are placed on the contours, by 
default 4 mm apart, in which the dose is calculated. 

IIP: Decreasing the maximum dose or increasing the minimum dose on a ROI
The flowchart in Figure 2a shows how the highest dose on a ROI surface is decreased 
using IIP. The user enters a value in the corresponding Upper limit box. IIP iteratively 
searches for the contour point currently receiving the highest dose and then decreases 
the weight of the dwell position nearest to that point with 5% of its value. This is repeated 
in the next iteration. The iteration stops when the highest dose found on the contours is 
equal to or lower than the user-defined upper limit. A similar iteration is performed when 
the user wants to increase the lowest dose on a ROI contour.

IIP: Increasing the maximum dose or decreasing the minimum dose on a ROI
To increase the highest dose, or decrease the lowest dose on a ROI surface, the iterative 
approach as described above would not give the desired effect. With that approach only 
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one dwell position per iteration is affected, the one nearest to the current maximum or 
minimum dose found on the contour. In this case the same principle as used in graphical 
optimization is applied, which is commonly used in brachytherapy treatment planning 
systems to drag-and-drop an isodose line. A flowchart shows this principle for use in IIP 
(Figure 2b). When the users enters a lower minimum dose (or higher maximum dose), IIP 
will first search for the lowest (or highest) dose currently on the contour points. First all 
dwell weights within a sphere around this contour point containing the lowest (or high-
est) dose are slightly changed; the closer the dwell position the larger the change. Then 
the dose value in this dose limit point is recalculated using all dwell positions. Finally, the 
difference between the new limit value and the old one is used to determine the factor 
with which the changed dwell weights must be multiplied in order to get the required 
dose limit. The pseudo-code of this procedure is described in the appendix.

Numerical evaluation
An inexperienced user (User 1) created treatment plans of 24 prostate patients, based 
on the set of clinical dose objectives in use (Table 1). User 1 was a bachelor student in 
biomedical engineering with no previous experience in radiotherapy or brachytherapy. 

Figure 1: The IIP dialog, showing the current dose limits on all organs. A set of dose-volume parameters 

is shown for evaluation purposes. An “Outside PTV” surface at 5 mm distance from the target volume is 

used to control the dose outside the target volume.
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Figure 2: IIP flow diagram to reduce the highest dose on the surface of a ROI. The same principle is used 

to increase the lowest dose (a). IIP flow diagram to increase the highest dose on a ROI surface. The same 

principle is applied to decrease the lowest dose (b).

After a four weeks general introduction into radiotherapy, brachytherapy and the con-
cepts of EGO-IIP, he was asked to create plans with the software containing EGO-IIP. 
A second user was an experienced treatment planner (User 2). After receiving a short 
demonstration, User 2 also created plans using EGO-IIP.

The PTV was defined as the prostate without margin. All plans were created by applying 
Auto-EGO on all dwell positions inside the prostate plus a margin of 2.5 mm. In the cra-
nial direction, this dwell positions activation margin was set to 5 mm. After Auto-EGO, 
IIP was applied to shape the dose to achieve clinical standards. In general, the lower 
limit of the PTV was increased first, in order to increase the coverage of the prescribed 
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dose (PD) on the PTV, after which the dose to the outside PTV contour was reduced by 
lowering the upper limit. After this, the upper limits of the OARs were adjusted in order 
to meet the objectives. Finally, the PTV dose was increased by increasing the lower limit 
and a compromise between target coverage and OAR dose was found. In general, to 
explore the trade-offs, all ROIs were adjusted at least once. 

Relevant DVH parameters as well as planning time were recorded. Objective values for 
these parameters are displayed in Table 1. We also evaluated the conformity, by calcu-
lating the conformation number CN [18], which is defined as the product of the coverage 
index (CI) and ‘coverage outside’-index (CO). The formulas are defined in Table 1.

To evaluate the quality of the plans created by User 1 and User 2, they were compared 
to each other and to the clinical benchmark, which were the plans as used in the clinic. 
These had been created by different planners using graphical optimization. No other 
planning algorithms were considered in this proof of concept. We recorded multiple 
DVH parameters of the prostate (V100%, V150%, V200% and D90%), the urethra D1.0cm3, 
rectum D2cm3, bladder D2cm3, CI, CO and CN. The D1.0cm3 and D2cm3 represent the 
minimum dose to the highest exposed 1 and 2 cm3 of an organ. The V100%, V150% and V200% 
represent the percentage of target volume receiving at least 100%, 150% and 200% of 
the PD, respectively. The D90% is the lowest percentage of the PD that is at least achieved 
in the highest exposed 90% of the target volume.

These DVH parameters were compared using a Student’s t-test. A p value <0.02 was 
considered statistically significant. To correct for performing three comparisons simul-
taneously, the commonly used value of 0.05 was lowered using a Bonferroni correction 
(0.05/3).

5.4 Results and discussion

The resulting DVH parameters of the EGO-IIP plans were comparable to the clinical 
plans (Table 1). The average target coverage (V100%) was well above 95%. Compared to 
the clinical plans, the V100% and D90% were slightly higher with EGO-IIP, although not sta-
tistically significant (p > 0.02). This did lead to relatively large V150% and V200%. Although 
the V150% of User 1 was higher than the V150% of the clinical plans (p < 0.02), in the majority 
of patients the V150% (58%) and V200% (75%) were still lower than the objective value. The 
mean values for the D1cm3 and D2cm3 of the OARs were also lower than the dose objec-
tives. The largest compromise between target dose and OAR dose was visible at the ure-
thral dose. Although the urethral D1cm3 was on average lower than the objective value, 
this dose objective was achieved by User 1 and 2 only for 11 and 13 patients respectively. 
In the plans used clinically, this value was also difficult to achieve (N=11). User 2 achieved 
a better balance between a high target dose (V100% and D90%) and high dose volumes 
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(lower V150% and V200%) than User 1. This also resulted in lower urethral dose. However, 
it appears that it is at the cost of a slightly higher bladder and rectum dose (p < 0.02). 
Furthermore, the conformity was lowest for User 2. User 1 created EGO-IIP plans with 
the highest conformity. No planning objective has been established for the conform-

Table 1. DVH parameters of the clinical plans and plans created with EGO-IIP, expressed as mean value 

± 1 standard deviation (SD) in % of the total prescribed dose. N describes how often the dose objective 

was met (out of 24 plans). 

Clinical EGO-IIP
User 1

EGO-IIP   
User 2

Post- 
hoc

anal-
ysis*

Ob-
jective 
Value

Mean              
± 1 SD (%)

N Mean            
± 1 SD (%)

N Mean            
± 1 SD (%)

N

Prostate

V100% >95% 94.9 ± 4.8 15 96.4 ± 1.1 22 96.9 ± 1.4 20 -

V150% <50% 43.6 ± 7.8 18 49.3 ± 5.2 14 47.0 ±5.7 19 1

V200% <20% 16.5 ± 3.6 20 19.0 ± 4.3 18 16.9 ± 3.6 20 3

D90% >110% 110.7 ± 9.8 17 113.1 ± 2.3 21 115.1 ± 3.6 22 3

OARs

Urethra 

D1cm3

<120% 112.3 ± 18.2 11 111.3 ± 19.6 11 111.0 ± 17.4 13 -

Rectum 

D2cm3

<81% 61.35 ± 14.61 22 60.3 ± 13.4 23 64.8 ± 12.1 22 2,3

Bladder 

D2cm3

<121% 72.5 ± 12.3 24 71.8 ± 11.0 24 80.0 ± 12.7 24 2,3

Conformity 

index

Formula

CI V100%,t /

PTV

0.95 ± 0.05 0.96 ± 0.01 0.97 ± 0.01 -

CO V100%,t /

V100%,i

0.61 ± 0.07 0.65 ± 0.05 0.57 ± 0.06 1,2,3

CN CI * CO 0.58 ± 0.07 0.63 ± 0.05 0.56 ± 0.06 1,3

*A statistically significant difference (p < 0.02), according to the Student’s t-test, between the follow-

ing pairs: Clinical - User 1 (1); Clinical - User 2 (2); User 1 - User 2 (3)
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ity, which could explain these differences. The conformity values presented here were 
comparable or lower than those found in other publications [9,19]. This could be a con-
sequence of the high target dose (D90%), but it could also be related to the peripheral 
geometry of our implanted catheters as well as the number of catheters [20], which is 
relatively low at our institution.

EGO-IIP did not result in a dosimetric benefit, as compared to the clinical plans created 
with graphical optimization. The clinical plans were already of high quality, making it 
difficult to improve the DVH parameters. Improving plan quality was not the main goal, 
however, but improving the ease and time needed for planning, without compromising 
on dosimetry.

Mean planning time with EGO-IIP was 4.4 minutes ±1.1 min standard deviation (SD) 
for User 1. User 2, who had been given less time to get acquainted with the program, 
needed more time: 9.0 minutes ±3.6 min SD. Planning times of our clinical plans had not 
been recorded, so no direct comparison could be made, but we estimate it to be around 
30-45 minutes. In the literature, planning times for graphical optimization of up to two 
hours have been reported [9]. So while maintaining the benefit of the full control that 
is available in graphical optimization, treatment planning is more time efficient with 
EGO-IIP, with planning times similar to automated inverse methods.

The resemblance of EGO-IIP plans to graphically optimized plans is also reflected by the 
dwell time distribution. Peak heights and number of active dwell positions (with nonzero 
dwell time) are comparable between the two methods. Dwell time gradients (mean 
difference between all neighbouring dwell positions per patient) were not significantly 
different between the graphically optimized plans and EGO-IIP plans of User 2 (p = 0.4).

With the feature Auto-EGO one can easily reach a good starting position for optimiza-
tion. To run Auto-EGO usually takes about one minute. In this study, this starting point 
was used for optimization with IIP. Applying EGO is not mandatory; one can choose to 
set all activated dwell weights equal and immediately start shaping the dose with IIP. 
Like graphical optimization, IIP can be used to fine-tune the dose distribution from any 
other inverse planning algorithm. For instance, IIP can be applied after running a stand-
ard class solution of an automated inverse algorithm that might need some adjusting 
to the physician’s wishes. Within IIP, increasing the maximum dose or decreasing the 
minimum dose on a ROI, will be done less often than increasing the minimum dose and 
decreasing the maximum dose, but can be applied to lower the minimum dose on the 
urethra to the prescription dose level, or to lower the minimum dose to the PTV bound-
ary. Although the dose can also be lowered by decreasing the maximum dose, lowering 
dose to the PTV via the minimum dose, could prove a more effective way to improve 
target conformity than lowering the maximum dose to the target. 
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The differences in DVH parameters found between the experienced and inexperienced 
user can be reduced by making clear agreements or by creating a fixed protocol. IIP 
is suited for protocolled treatment planning, meaning that all steps during treatment 
planning can be executed according to a protocol, or even executed automatically. This 
is currently under development to improve the efficiency of steering towards the right 
dose distribution and to potentially reduce user-dependence.

With IIP we do not offer an automatic optimization method, but an interactive way 
to shape the dose distribution. Automated algorithms may be even faster and easier 
in their first attempt. However, they often require trial-and-error by adaptation of the 
penalty function to obtain optimal DVH parameters. IIP does not optimize directly on 
DVH parameters either, but on dose limits that are related to the volume receiving at 
least a given dose. Nevertheless, the relationship between these volumes and the min-
imum and maximum doses on the organ’s surface is clear to interpret. In the latest ver-
sion of IIP, one can enter a volume that should receive at least a certain dose, so direct 
optimization based on DVH parameters. IIP then iterates on its own, until this volume 
is reached. This feature was not yet available during this study. IIP has no mechanism to 
optimize conflicting dose objectives simultaneously. Interacting with the dose distribu-
tion is essential to explore the trade-offs for a specific patient. Since all IIP actions are 
real-time, the user can efficiently visualize and understand the possibilities. 

A comparison with other optimization methods was beyond the scope of this report. 
Another study comparing EGO-IIP to three other methods showed that all of them could 
reach the same level of compliance to clinical dose objectives [21]. User preference and 
expert opinion of the physician play a determinant role in the choice of optimization 
method.

Lastly, IIP can change the dose locally, without degrading the overall dose distribution, 
whereas the automated methods are global methods, i.e. they optimize the entire dose 
distribution at once. With an automated inverse algorithm, changing the penalty func-
tion will result in a different overall dose distribution. Therefore, an attempt to modify 
the local dose, e.g. to spare an OAR, often yields undesired and unpredictable side-ef-
fects on the dose distribution in other regions. The local interaction and control within IIP 
makes it a straightforward, easy method that is suitable for less experienced users. Yet, 
some treatment planning experience is desirable for efficient and reasonable navigation 
through possible dose distributions.
 

5.5 Conclusions

This proof of concept showed that with the combined use of EGO-IIP, stepping source 
prostate brachytherapy treatment plans can be created easily and in a short amount of 
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time. Optimized plans were created by an inexperienced user within 5 minutes with the 
combined use of EGO-IIP, with comparable plan quality to the clinical benchmark. As 
an easy and intuitive method, plans can be created even without long experience with 
manual treatment planning.

Conflicts of interest: Nucletron has filed a patent application for EGO and IIP.
Dr. Pieters is a non-salary consultant for Elekta Brachytherapy.

Acknowledgements: This project was sponsored in part by Elekta Brachytherapy.

5.6 Appendix

Pseudo-code of IIP (Increasing the maximum dose or decreasing the 
minimum dose on a ROI)
 This is based on the implementation of graphical optimization in Oncentra Brachy 
(Nucletron, Veenendaal, the Netherlands). In the case of decreasing the lower limit, 
the nearest dwell positions around this contour point with the lowest dose, Pmin, are 
searched. The nearest dwell position is at distance dmin from point Pmin. Next all dwell 
positions within distance fwidth * dmin are determined, where the default value of fwidth is 
10. All dwell weights wi of dwell positions i within this distance from Pmin are increased 
by adding a factor: w´i = wi + (dmin/di)

p, with di the distance between the dwell position 
i and Pmin. The exponent p is also set to 10. The values for fwidth and p have been deter-
mined empirically but can be adapted to the users’ preferences. Then the updated dose 
contribution from all sources in point Pmin, DPmin, is calculated. From that contribution, 
the factor f is calculated for the weights within distance dmin to obtain the desired dose 
in Pmin: f = (Lnew- Lold/DPmin- Lold), where Lold is the current minimum dose on the organ and 
Lnew is the dose set by the user as the desired minimum dose. Finally the correct weight 
factor to each dwell weight i within distance fwidth * dmin from Pmin is applied: w´i = wi + (dmin/
di)

p (f - 1). If one wants to increase the maximum dose, the formula to calculate f changes 
to: f = (Lold- Lnew/DPmax- Lnew), in order to keep the factor f positive. 
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6.1 Abstract

Background: Graphical optimization (GrO) is a common method for high-dose rate/
pulsed-dose rate (PDR) prostate brachytherapy treatment planning. New methods 
performing inverse optimization of the dose distribution have been developed over 
the past years. The purpose is to compare GrO and two established inverse methods, 
inverse planning simulated annealing (IPSA) and hybrid inverse treatment planning and 
optimization (HIPO), and one new method, enhanced geometric optimization–interac-
tive inverse planning (EGO–IIP), in terms of speed and dose–volume histogram (DVH) 
parameters.

Methods: For 26 prostate cancer patients treated with a PDR brachytherapy boost, an 
experienced treatment planner optimized the dose distributions using four different 
methods: GrO, IPSA, HIPO, and EGO–IIP. Relevant DVH parameters (prostate- V100%, 
D90%, V150%; urethra- D0.1cm3 and D1.0cm3; rectum- D0.1cm3 and D2.0cm3; blad-
der-D2.0cm3) were evaluated and their compliance to the constraints. Treatment plan-
ning time was also recorded.

Results: All inverse methods resulted in shorter planning time (mean, 4–6.7 min), as 
compared with GrO (mean, 7.6 min). In terms of DVH parameters, none of the inverse 
methods outperformed the others. However, all inverse methods improved on compli-
ance to the planning constraints as compared with GrO. On average, EGO–IIP and GrO 
resulted in highest D90%, and the IPSA plans resulted in lowest bladder D2.0cm3 and 
urethra D1.0cm3.

Conclusions: Inverse planning methods decrease planning time as compared with GrO 
for PDR/high-dose rate prostate brachytherapy. DVH parameters are comparable for 
all methods.

Keywords: Prostate neoplasms, Brachytherapy, Inverse planning, IPSA, HIPO, EGO–IIP
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6.2 Background

High-dose rate and pulsed-dose rate (PDR) prostate brachytherapy are widely applied 
modalities in the treatment of prostate cancer [1-3]. Dose optimization is either per-
formed intraoperatively or postoperatively, based on the target contoured on transrec-
tal ultrasound, CT, or MRI. Graphical optimization (GrO) is a commonly used method 
for dose optimization at institutes performing stepping source prostate brachytherapy. 
With GrO, the treatment planner applies multiple drag-and-drop actions to the isodose 
lines [4]. This procedure requires an experienced user and is time consuming, taking up 
to 1 or 2 h [4-5]. Several inverse planning methods have been developed to speed up 
this process and improve the dose distribution. They optimize the plan by searching 
for the lowest value of a cost function based on a predefined set of dose objectives. 
Current commercially available inverse methods are inverse planning simulated anneal-
ing (IPSA) [6,7] and hybrid inverse treatment planning and optimization (HIPO) [8-10]. 
Both methods perform the optimization through minimization of an aggregated penalty 
function, meaning that all dose objectives are combined into one weighted function. The 
user defines a range of acceptable doses for each organ. Dose outside this range is given 
a linear penalty; the further outside this range, the larger the penalty. The weighted 
penalty function is then minimized by the simulated annealing (IPSA) [11] or the limited 
memory Broyden–Fletcher–Goldfarb–Shanno algorithm (HIPO) [12].

An optimized set of parameters with dose constraints and penalty weights forming the 
objective function, generating the desired result, is commonly called a class solution 
and can be used as a starting point for every patient [7]. Optimization with IPSA and 
HIPO starts with a general class solution, after which the objectives can be adapted for 
each patient to create a plan tailored to the specific implant and anatomy. Several class 
solutions for IPSA have been published [7,13,14]. IPSA showed superior dose–volume 
histogram (DVH) parameters compared with at that time conventional methods like 
geometric optimization (GO) and dose point optimization, which did not incorporate 
any anatomical information [15-17]. Positive experiences with IPSA [18] and clinical 
results [19] were published. Alterovitz et al. [7] showed that solutions generated by the 
current version of IPSA were clinically equivalent to the mathematically optimal solu-
tions obtained using linear programming. The number of publications on HIPO were 
less numerous. Karabis et al. [20] demonstrated the similarity of DVH parameters of the 
planning target volume (PTV) between HIPO and the linear programming equivalent. 
Pokharel et al. [21] evaluated HIPO for real-time intraoperative planning, and in that 
context it included evaluation of optimization of catheter positions.

IPSA and HIPO are called a priori methods because the set of dose objectives that will 
lead to the most clinically suitable plan is unknown beforehand. The downside of such a 
method is that optimization becomes a trial-and-error process to find the optimal com-
bination of weights and dose objectives because the effect of changing one parameter 
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in the objective function on all other objectives is unknown. The correlation between 
DVH parameters that are used to evaluate a plan and the objective function is not always 
evident [22,23].

Other optimization methods have been developed as well. Siauw et al. [24] and Gorissen 
et al. (23) formulated the problem as a mixed integer program. However, these algo-
rithms lead to either infeasible solutions or unacceptably long computation time [22-
24]. Siauw et al. therefore implemented a heuristic method for computing feasible solu-
tions. Gorissen et al. [23] suggested to stop the solver as soon as the value of V100% is 
satisfactory. They reported that the solution time was reduced by changing the solver 
parameters. Holm et al. [22] therefore proposed a model in which dosimetric indices are 
substituted by the so-called conditional values-at-risk. They chose to constrain dosim-
etric indices while optimizing dose homogeneity. Because their constraints have to be 
satisfied, that is, they are hard constraints, the user has to first find the set of compatible 
constraints that results in a feasible solution.

Another method was developed recently [25,26] as an alternative to GrO to decrease 
planning time and increase ease of planning. It contains a direct relation between the 
dose specified for an organ at risk (OAR) and the resulting dose distribution with the cor-
responding DVH parameters and therefore offers a straightforward alternative to IPSA 
and HIPO. This approach combines two new methods, enhanced geometric optimiza-
tion (EGO) and interactive inverse planning (IIP). EGO is based on traditional GO [27,28], 
creating a homogeneous starting point. It flattens the dose distribution over the volume 
containing the activated dwell positions, much stronger than the traditional GO. To sub-
sequently shape this dose distribution according to the patient’s specific anatomy, IIP 
was developed. Alternative to GrO, IIP is an inverse planning tool to locally adapt the 
dose distribution around the target and OARs.

In this article, we evaluate the dwell time optimization of existing catheter sets of 26 
patients by four different methods: (1) GrO, (2) IPSA, (3) HIPO, and (4) EGO–IIP. These 
methods were compared to identify the method of choice for dose optimization in the 
clinic.

6.3 Methods

Patients and treatment
Twenty-six consecutive patients treated with PDR brachytherapy for intermediate- 
or high-risk prostate cancer were selected for this study. Patients selected for PDR 
brachytherapy have adverse prognostic factors, such as an initial prostate-specific anti-
gen >10 ng/mL, Gleason score ≥7, or T2c–T3a. Prostate volume defined on ultrasound 
should be <55 cm3. The PDR treatment consisted of 24 pulses with a prescribed dose of 
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1.2 Gy/pulse, delivered a week after external beam radiotherapy of 23 × 2 Gy. All patients 
underwent image-guided implantation using transrectal ultrasound.

Implantation was performed in the operating room under general anesthesia. A median 
number of 14 MR-compatible flexible catheters were placed (range, 12–17), according 
to a preplan [29]. After implantation, a pelvic T2-weighted turbo spin echo MRI data set 
with 3-mm slice thickness was obtained for definitive treatment planning. These images 
were loaded into the Oncentra Brachy TPS (Elekta Brachytherapy, Stockholm, Sweden) 
and used for contouring of the organs and reconstruction of the catheters. Visibility of 
the urethra was enhanced by a transurethral catheter with a bladder balloon, placed in 
the operating room. The average volume of the delineated prostates was 34 cm3 (range, 
17.5–60 cm3). The PTV equals the delineated prostate volume.

Treatment planning
For this study, a single experienced treatment planner created new treatment plans in 
random order for each patient for each of the four optimization methods: GrO, IPSA, 
HIPO, and EGO–IIP. To record the time needed for planning of GrO, we chose not to use 
the plans by which the patients had been treated. Furthermore, the clinical situation 
in which the physician may have compromised target dose for specific patients is diffi-
cult to reproduce. For all methods, the dwell positions were activated inside the target 
volume plus a margin of 5 mm. Creating the treatment plans with GrO started with the 
activation of dwell positions and a normalization of the prescribed dose on target con-
tour points. No other method was applied to create a starting point.

Both for IPSA and HIPO, a class solution was developed and used as a starting point 
for optimization (Table 1). After running the optimization with the class solution, the 
weights of the dose objectives were modified for patient-specific optimization where 
necessary. Concerns have been raised about high peaks in the dwell times and large dif-
ferences in neighboring dwell times when using linear penalties for inverse optimization 
[30-32]. We therefore used the modulation restriction parameters available in the latest 
versions of IPSA and HIPO. The dwell time deviation constraint (DTDC) in IPSA was set 
to 0.3, which was the largest value possible without compromising in plan quality. The 
dwell time gradient (DTG) restriction in HIPO was set to 0.2, which was also based on 
our own experience and corresponded well with the value used in the literature [32].

The weights that were used to obtain the final plans of IPSA and HIPO were retrospec-
tively recorded for all patients to analyze whether our starting class solutions of IPSA 
and HIPO could be further improved. By calculating the median and range of the weight-
ing parameters, we can evaluate the correctness of the class solution for these patients. 
If there is limited variation in the applied weighting values, there is potential to improve 
the class solution and further decrease planning time.
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The fourth set of treatment plans was obtained with the combined use of EGO and 
IIP. Optimization started with applying Auto-EGO on all activated dwell positions (see 
Appendix 1 for more information) [25,26]. The dose was subsequently shaped according 
to the patients’ anatomy by increasing the minimum dose to the target and decreasing 
the maximum doses to the OARs. This was done by interactively entering dose limits 
into the software. A dose limit can be the maximum dose allowed to an organ surface or 
the minimum dose on the target surface. A section of the PTV and surrounding OARs can 
be selected, allowing for local adjustments. No class solution or fixed protocol was used. 

No fine-tuning of the dose distribution using GrO was allowed after any of the planning 
methods.

Planning objectives
We aimed to create clinically acceptable plans. The dose distribution was therefore opti-
mized according to the clinical dose objectives (Table 2). Target coverage was the main 
objective during treatment planning. D90% was only increased when the constraints on 
the OARs allowed for it. The requirement for D90% > 110% is often achievable with our 
implant geometry, which is higher than the more common constraint of >100% [2]. The 
constraints for rectum and bladder are similar to the Groupe Européen de Curiethérapie 
and European Society for Radiotherapy & Oncology (GEC-ESTRO) gynaecological rec-
ommendations [33], which advise a maximum equivalent dose in 2 Gy fractions (EQD2) 

Table 1. Class solutions used for IPSA and HIPO to create the initial treatment plan

Optimization 
method

Organ Minimum 
dose (%)

Weight Maximum 
dose (%)

Weight

IPSA PTV (surface) 100 100 150 10

PTV (volume) 100 100 150 5

Urethra (surface) 100 10

Rectum (surface) 67 5

Bladder (surface) 50 5

HIPO PTV 100 100 200 10

Urethra 125 5

Rectum 83 5

Bladder 94 1

Normal tissue 120 5

IPSA = inverse planning simulated annealing; HIPO = hybrid inverse treatment planning and optimiza-

tion; PTV = planning target volume.

The class solutions consist of the user-defined minimum and maximum doses (in percentage of 

prescribed dose) and accompanying weights for each organ. In the IPSA class solution, a distinction is 

made between surface and volume dose points. In the HIPO class solution, a normal tissue objective 

has to be set.
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of 70 Gy for the rectum and a maximum EQD2 of 90 Gy for the bladder. These equiva-
lent doses are calculated using an α/β ratio of 3 Gy and a half time for repair of 1.5 h. 
Compared with the dosimetric specifications of the Radiation Therapy Oncology Group 
0321 [34], our institute allows higher doses to the bladder but is more strict on urethral 
dose.

Plan analysis
The time needed for optimization was recorded for each plan. Plan evaluation was done 
with our in-house developed software that also contains the EGO–IIP planning tools. 
The dose was calculated in 300,000 randomly placed points, inside a box around the 
implant (10 mm around the activated dwell positions). Using these points, DVHs could 
be calculated, from which the relevant DVH parameters were extracted for all plans. 
For each method, the number of patients for which each constraint was achieved was 
also evaluated.

To evaluate the differences in dwell time distributions between the planning methods, 
we recorded the number of active dwell positions, along with the mean and maximum 
dwell times. The source strength was fixed, making it possible to compare absolute dwell 
times. To analyze the difference in neighboring dwell weights, we calculated the mean 
DTG (in seconds), that is the mean of the absolute difference in dwell time between sub-
sequent dwell positions within all catheters. This measure can easily distinguish between 
plans with a large variation in dwell times and plans with more homogeneously distrib-
uted dwell times. We also recorded the total dwell time, which is in direct proportion to 
the total energy deposited.

Table 2. Planning constraints for all relevant DVH parameters and how often they were met (out of 26 

patients)

ROI Dosimetric 
parameter

Constraint (%) GrO IPSA HIPO EGO–IIP

PTV  V100% >95 19 17 20 24

 V150% <50 23 26 25 25

 V200% <20 24 26 26 25

 D90% >110 14 12 12 19

Urethra  D0.1cm3 <130 6 12 16 10

 D1.0cm3 <120 18 23 23 23

Rectum  D0.1cm3 <110 24 25 26 24

 D2.0cm3 <81 25 25 26 25

Bladder  D2.0cm3 <121 26 26 26 26

ROI = Region of Interest; DVH = dose–volume histogram; GrO = graphical optimization; IPSA = inverse 

planning simulated annealing; HIPO = hybrid inverse treatment planning and optimization; EGO–IIP = 

enhanced geometric optimization–interactive inverse planning; PTV = planning target volume.
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Statistical analysis
To test if the evaluation parameters were statistically different between the different 
paired groups, a Friedman test was performed, which is the nonparametric alternative 
to the one-way analysis of variance with repeated measures. If the hypothesis of equal 
groups was rejected (p < 0.05), post hoc analysis was performed to compare differences 
between groups using a nonparametric exact Wilcoxon signed rank test. For this test, 
a level of significance α = 0.02 was used, instead of the usual value of 0.05, to limit the 
number of Type I errors.

6.4 Results

The resulting DVH parameters of the target (Figure 1) and OARs (Figure 2) for the differ-
ent methods are displayed. Only minor differences in V100% were found. However, with 
GrO and EGO–IIP, a higher prostate D90% was obtained than with IPSA and HIPO. This 
higher D90% was statistically significant only for EGO–IIP. As a consequence, the V150% was 
also higher for GrO and EGO–IIP (p < 0.02). No differences in V200% were found. Despite 
the lower D90%, IPSA showed a small increase in V300% as compared with the other meth-
ods (p < 0.02). 

A higher dose inside the prostate also resulted in a higher urethral dose for GrO and 
EGO–IIP (Figure 2). The urethra D1.0cm3 for GrO and EGO–IIP was significantly higher 
than HIPO (p < 0.02). EGO–IIP showed the largest spread in urethra D0.1 cm3. The values 
for the rectum and bladder were very similar, but the IPSA plans resulted in lowest blad-
der dose (p < 0.02). The complete (mean) DVHs for all methods are shown in Appendix 2.

With respect to compliance to the constraints (Table 2), all inverse methods appeared 
to perform better than GrO. IPSA resulted in improved compliance for the urethral con-
straints and equal compliance for all target parameters except V150%, which was improved 
to 100% compliance. HIPO improved on all the constraints, except the constraint for 
D90%, which was achieved less often than with GrO. On the other hand, HIPO showed 
best compliance to the urethral dose constraints of all methods. EGO also improved on 
all constraints except the rectal dose constraints, which were met as often as with GrO. 
EGO–IIP had the largest compliance to D90%, which led to a compromise on meeting 
the constraint for urethra D0.1cm3. Although not visible from the compliance to the 
constraints, for all methods, a clear trade-off was observed between a high target dose 
(D90%) and dose to the urethra. The differences were small for the rectum. The bladder 
constraint was always achieved.

Mean planning times were shortest with HIPO (4.0 ±1.5 min) and IPSA (4.3 ±1.3 min). 
This difference between HIPO and IPSA was not statistically significant. Planning with 
EGO–IIP or GrO took a few minutes longer: 6.7 ±2.8 min and 7.6 ±2.5 min, respectively.
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From analyzing the weights used to create the final plans of IPSA and HIPO, the starting 
class solutions for HIPO and IPSA can be adapted by taking the median value for each 
parameter that was used in the optimization. For IPSA, the median weight on the mini-
mal PTV dose on the surface was 180 (range, 100–200) and 150 (range, 10–200) for the 
volume. The weight for maximum dose to PTV was never adapted and neither was the 
maximum bladder dose. For the rectum, the weight was only changed for 6 patients. 
The median weight on the maximum urethral dose was 15 (range, 5–50) vs. 10 in the 
class solution. With HIPO, the weight on the minimum PTV dose was never adapted 
with respect to the starting class solution. The weights for the maximum PTV dose and 
maximum urethral dose were regularly adapted, ranging from 1 to 20 (PTV) and 2–17 
(urethra). Bladder, rectum, and normal tissue weights were only changed in two, three, 
and four cases, respectively.

Figure 1: The DVH parameters for the target: (a) V100%, V150%, and V200% and (b) D90%. The box plots extend 

over the IQR. The whiskers extend over the entire range (without the outliers, which are defined as points 

further than 1.5 × IQR from the median). The dots represent individual patient points, and line segments 

between bars indicate a statistically significant difference. An asterisk (*) indicates that the correspond-

ing p-value lies between 0.01 and 0.02; otherwise, p < 0.01. GrO = graphical optimization; IPSA = inverse 

planning simulated annealing; HIPO = hybrid inverse treatment planning and optimization; EGO–IIP = 

enhanced geometric optimization–interactive inverse planning; DVH = dose–volume histogram; PD = 

prescribed dose; IQR = interquartile range.

a                  b
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Dwell time distribution
The number of dwell positions with a nonzero dwell time was largest with HIPO (Table 
3). Mean and maximum dwell times and DTG were therefore lowest with HIPO (p < 
0.02). With IPSA, the lowest number of dwell positions was used, which led to larger 
dwell times and a larger DTG. Even when correcting for differences in total dwell time 
between the methods, the mean dwell time and DTG were highest for IPSA (p < 0.02). 
Large maximum dwell times were also observed for EGO–IIP.

6.5 Discussion

Dwell time optimization using an inverse method decreased planning time as compared 
with GrO but did not lead to overall significantly better treatment plans. However, com-

Figure 2: Box plots of the DVH parameters for the organs at risk (box plots defined as in Figure 1). The dots 

represent individual patient points, and line segments between bars indicate a statistically significant dif-

ference. An asterisk (*) indicates that the corresponding p-value lies between 0.01 and 0.02; otherwise, p 

< 0.01. GrO = graphical optimization; IPSA = inverse planning simulated annealing; HIPO = hybrid inverse 

treatment planning and optimization; EGO–IIP = enhanced geometric optimization–interactive inverse 

planning; DVH = dose–volume histogram; PD = prescribed dose.
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ods resulted in some differences in DVH parameters. EGO–IIP gave the smallest benefit 
in planning time and resulted in DVH parameters most similar to GrO. The main differ-
ence between IPSA and the other methods was the number of dwell positions used, 
which was smallest for IPSA.

This is the first study comparing a comprehensive set of planning methods. IPSA and 
HIPO are the main available methods for a large group of users. To avoid the trial-and-er-
ror procedure that is associated with IPSA and HIPO and/or to maintain the local control 
over the dose distribution, some institutes prefer GrO. EGO–IIP was developed as an 
option for these users to improve the ease in planning and reduce the time needed to 
realize a plan meeting the clinical objectives. EGO–IIP is therefore added to this set as 
an alternative to GrO. This study did not compare all existing methods. Recently devel-
oped methods like Inverse Planning by Integer Program (IPIP) [24], the method pre-
sented by Holm et al. [22] and that of Gorissen et al. [23], were not included. This choice 
was based on availability of and experience with the current restricted set of methods. 
Furthermore, dwell weights of existing implants were optimized in this study, and no 
catheter position optimization methods were compared.

IIP was developed as a computerized form of GrO. The main advantages of the combined 
use of EGO–IIP are that the user immediately obtains the dose limit he or she enters into 
the software, and local adaptation of the dose distribution is possible. Being able to 

Table 3. Dwell time analysis of all patients (mean ± 1 standard deviation)

Parameter GrO IPSA HIPO EGO–IIP Post hoc 
analysis

Active dwell 

positions

154 ± 35 105 ± 36 168 ± 41 145 ± 40 1, 2, 3, 4, 5, 6

Mean dwell time 

(s)

1.3 ± 0.3 2.0 ± 0.7 1.2 ± 0.4 1.4 ± 0.3 1, 2, 3, 4, 5, 6

Maximum dwell 

time (s)

9.5 ± 3.3 9.2 ± 3.8 6.6 ± 3.2 13.5 ± 7.0 2, 3, 4, 5, 6

Total dwell time 

(s)

194.7 ± 41.7 189.5 ± 39.6 189.3 ± 38.6 196.7 ± 42.4 1, 2, 5, 6

DTG 0.5 ± 0.1 0.9 ± 0.3 0.3 ± 0.2 0.5 ± 0.2 2, 3, 4, 5, 6

GrO = graphical optimization; IPSA = inverse planning simulated annealing; HIPO = hybrid inverse 

treatment planning and optimization; EGO–IIP = enhanced geometric optimization–interactive inverse 

planning; DTG = dwell time gradient.

GrO–IPSA (1); GrO–HIPO (2); GrO–EGO–IIP (3); IPSA–HIPO (4); IPSA–EGO–IIP (5); HIPO–EGO–IIP (6).

The column post hoc analysis indicates the pair for which the difference is statistically significant (p < 

0.02).
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interactively enter dose limits as used in the clinic makes EGO–IIP an intuitive package. 
This study showed that compared with GrO the planning time is only slightly reduced 
by EGO–IIP and that DVH parameters were comparable. The overall appearance of the 
GrO and EGO–IIP plans in terms of isodose pattern was very similar. With EGO–IIP, all 
dose constraints were met equally (rectum and bladder) or more often (PTV and urethra) 
than with GrO, proving that EGO–IIP is a suitable and valid alternative for GrO users. 
Because of the ease of real-time interaction, it does not depend on the development 
of a class solution. Ruotsalainen et al. [35] also emphasized the benefits of interactive 
optimization. They performed interactive multiobjective optimization of brachytherapy 
cervix treatments with dosimetric indices as input. On the other hand, planning time 
might be reduced by the implementation of a class solution, which is currently under 
development.

No quality indices are presented in this study because the differences in conformity and 
other quality indices were marginal. The conformation number (36) was slightly better 
with IPSA (0.65 ± 0.05) and HIPO (0.64 ± 0.06) than with GrO (0.60 ± 0.06) and EGO–IIP 
(0.59 ± 0.05). With these latter methods, more dwell positions at the cranial and caudal 
sides of the prostate are used, which probably caused a small but statistically significant 
difference. These conformity values were comparable or lower than those found in other 
publications [4,37], which could be a consequence of a high D90% in our study or the 
smaller number of implanted catheters [38]. The relatively low conformity could also be 
related to the peripheral geometry of our implanted catheters.

We aimed to create clinically suitable plans, allowing us to compare the different meth-
ods in the clinical setting, instead of applying just one fixed class solution for all patients. 
That would not give results usable in the clinic and would not allow the comparison of 
planning times. Our approach does result in some degree of subjectivity in the plan-
ning process. For instance, the treatment planner may choose to increase prostate V100% 
and D90% at the cost of a higher urethral dose and vice versa. For another treatment 
plan, a lower rectal dose may be preferred. Part of the planning process is a matter of 
preference and/or choice. This was confirmed by our results that irrespective of plan-
ning method, the main trade-off is that between a higher D90% (and V150%) and higher 
dose to the urethra. It should be noted that performing this study with other planning 
objectives, the results may be different. However, the current results suggest that these 
four methods are equally capable of achieving the objectives, provided that good class 
solutions are available. We also did not study the performance of these methods on 
patient-specific adjustments of existing plans, which would give different results, also 
in terms of planning times. IPSA and HIPO may be less suited for this purpose; in clinical 
practice, fine-tuning an existing plan is usually accomplished with GrO [5,21] and [23]. 
IIP may be a suitable alternative for this.

Although GrO is the clinical standard at our department, we did not use the clinical 
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plans. All patients were graphically reoptimized for this study to enable an unbiased 
comparison in terms of planning time and DVH parameters. Treatment planning using 
GrO was faster than the 1–2 h reported by earlier articles [4,5]. In clinical practice, the 
plan can still be adapted according to the physician’s wishes after the treatment plan-
ner has finished. In this study, such possible patient-specific preferences of the physi-
cian were eliminated. Nevertheless, the plans created in this study were of high clinical 
standard and presented the best possible trade-off the treatment planner could find. 
Because of the long experience in GrO, the time needed to create a plan was 14 min at 
most, which may be different at other institutes. It must be noted that IPSA and HIPO 
were extensively tested to acquire the class solutions. Therefore, although planning 
times might be different at other institutes, we feel that the comparison was not biased 
by limited experience with one of the methods.

Although all methods resulted in high-quality dose distributions, the distributions of 
the dwell weights were different. It was found that the IPSA plans used the smallest 
number of nonzero dwell weights, despite the use of the DTDC, which obviously resulted 
in higher mean dwell times and larger variation (described by the DTG). No clinical evi-
dence has been reported of the importance of homogeneity of dwell times, but large 
dwell times could lead to hot spots of volumes receiving a high dose around these spe-
cific dwell positions [32,39]. These volumes are generally avoided if possible [32,40]. 
This is supported by the American Brachytherapy Society and the Radiation Therapy 
Oncology Group 0321 study, stating that a minimum number of 14 catheters is required 
to avoid unnecessary hot spots [34,41]. A DTDC of 0.3 was applied for IPSA and a DTG 
restriction of 0.2 for HIPO. The choice for these numbers was based on experience. A 
larger value for the DTDC may generate smoother dwell times, but imposing larger 
restrictions leads to clinically unacceptable solutions [32,42]. The larger DTGs did not 
result in large volumes of the prostate receiving at least 150% of the dose. The V150% 
of IPSA and HIPO was significantly lower than of GrO and EGO–IIP. For the volumes 
receiving a very high dose, it was the other way around: V300% of IPSA was larger than the 
V300% of the other three methods. The clinical relevance of volumes with such high doses 
is still unknown. In the study by Baltas et al. [32], the use of a modulation restriction in 
HIPO slightly increased the V150%, whereas decreasing the D90% and V100%, as compared 
with their unrestricted plans. This was not observed in our study, where the lower V150% 
for IPSA and HIPO can probably be explained by the lower D90% of these methods.

The use of less dwell positions can partly be explained by the selection of catheters that 
are used to create a dose distribution. With IPSA, in 35% of the cases, one or two cath-
eters were not used. For GrO, in 23% of the cases, one or two catheters were not used. 
With EGO–IIP, there was only one case (4%) in which a catheter was omitted during 
planning. With HIPO, no catheters were fully deactivated. The use of less needles might 
be beneficial in terms of implantation time, cost, and possibly reduce trauma-related 
morbidity [43]. On the other hand, using a very limited amount of catheters is associ-
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ated with a high urethral dose and can lead to increased acute urinary toxicity [44]. In 
addition, the use of more catheters improves homogeneity and conformity of the dose 
distribution (38).

The class solutions used in this study were in-house developed and therefore differ from 
class solutions reported in the literature [7,13,14]. The choice of a class solution is usu-
ally specific to an institute, their method of implantation, and possibly even prostate 
volume. The class solutions of IPSA and HIPO were not the same, partly because of the 
differences in formulation of the dose objectives. With IPSA, separate dose objectives 
can be assigned to surface and volume points of a structure, whereas with HIPO, one 
dose range per organ is defined. To obtain sufficient dose coverage with HIPO, the max-
imum dose for the PTV was set to 200%, making HIPO less strict on high doses than 
IPSA, where the maximum PTV dose was set to 150%, albeit with a relatively lower 
weight. Nevertheless, it did not result in a higher V150% than IPSA. The analysis of the final 
objective functions used to create the plans showed that the initial class solutions had 
been chosen well. For IPSA, the initial weight on the minimum dose to the PTV could be 
higher and the weight on the maximum urethral dose. However, the spread of the values 
was too large for it to result in a decrease in planning time. For HIPO, the weight on the 
maximum urethral dose should be slightly higher. However, also here, no reduction in 
planning time can be expected.

6.6 Conclusions

For the 26 prostate cases from our institute, high-quality treatment plans could be 
obtained with all treatment planning methods (GrO, IPSA, HIPO, and EGO–IIP). All 
methods were comparable in terms of DVH parameters. The choice of planning method 
therefore remains one of user preference. The results may be different for other implant 
geometries and a different number of catheters implanted in the prostate.

Acknowledgments: This work was supported in part by a grant from Elekta Brachytherapy.

6.7 Appendix

Appendix 1. Enhanced geometric optimization–interactive inverse 
planning
In this article, the combined use of EGO and IIP was applied for treatment planning. The 
planning concept is straightforward: we start with EGO, creating a dose distribution as 
homogeneous as possible, then use IIP to shape this dose according to the patients’ 
anatomy.



A comparison of inverse optimization algorithms 

117

6

EGO is an enhanced form of the classical GO. It increases the difference between the 
weight as calculated by GO and the normalized weight of 1 with a strength factor, SEGO. 
A second range parameter, REGO, is related to the classical GO algorithm, providing a 
continuous transition between GO for volume and distance implants. To find the highest 
possible dose homogeneity in the implanted volume, an implementation of EGO was 
applied that uses a binary search algorithm over different values of the SEGO and REGO 
parameters to find the dose distribution with the highest quality index (45). This auto-
mated step (Auto-EGO) was applied on all dwell positions within the target surface plus a 
given margin of 5 mm. Because EGO is not anatomy based, IIP was used after Auto-EGO 
to shape the dose distribution according to the existing patient’s anatomy.

In IIP, the lowest and highest doses found on the contours of all regions of interest (ROIs) 
are displayed in the user interface, as well as the corresponding volumes of each ROI 
receiving at least a given percentage of the prescription dose. The treatment planner 
changes the current limits for the lowest and highest doses found on the ROI contours 
to dose limits used clinically. After each change, the volumes for given dose values inside 
the ROIs are updated.

IIP lowers the highest dose found on an ROI to a preferred value as follows. It (1) searches 
for the highest dose on the contours of the ROI and then (2) reduces the dwell weights 
in the most nearby dwell position(s) with a few percent. IIP repeats (1) and (2) until the 
highest dose on the ROI is below or equal to the user-defined maximum dose. These 
steps that are executed after changing a dose limit are practically real time, and the user 
can immediately evaluate the new dose distribution. Planning with IIP is therefore an 
inverse interactive process. It is also possible to directly enter the desired volume receiv-
ing at least a certain dose (Vxx%) or the maximum dose to a certain volume (Dxxcm3). 
IIP then iterates by itself until this value is obtained, after which the user evaluates the 
effect on the entire dose distribution.
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Figure Appendix 2: Mean DVHs for the PTV, rectum, urethra, and bladder, shown for the four different 

methods. The lower error bars represent the first quartile (25th percentile), and the upper error bars rep-

resent the third quartile (75th percentile). The data points on the x-axis are slightly jittered to improve 

visualization.

Appendix 2. DVHs of PTV, rectum, urethra, and bladder
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This thesis describes several aspects of stepping source prostate brachytherapy. First, 
the benefit of MRI-based treatment planning is demonstrated in chapter 2. Then the 
stability of the implant configuration, patient anatomy and dose distribution during the 
48 hour treatment is evaluated in chapters 3 and 4. Lastly, two newly developed tools 
for treatment planning and optimization are presented and compared to other optimi-
zation methods in chapters 5 and 6. This chapter starts with a general discussion on the 
studies presented in chapters 2 – 6, divided into three sections: Imaging (7.1), Implant 
stability (7.2) and treatment plan optimization (7.3). In the second part of this chap-
ter (7.4), (technical) developments and future directions that are linked to the subjects 
described in chapters 2-6 are discussed.

7.1 Imaging and target volume definition

MRI- versus CT-based treatment planning (chapter 2)
The aim of chapter 2 was to establish the benefit of using MRI-based delineation and 
treatment planning. Often, a CT scan is acquired after implantation for the delineation 
of the prostate and organs at risk (OARs). However, prostate boundaries are difficult to 
distinguish on CT, especially at the interface between bladder and at the posterior base. 
The lack of soft tissue contrast leads to large uncertainty in determining the prostate 
volume. Due to these uncertainties, large variations are observed between observers or 
even within different observers [1-3].

Due to its better soft tissue contrast, most efforts to decrease delineation uncertainty 
involve the implementation of MRI, because the MRI-based delineated target volume 
is more representative of the actual prostate volume than the CT-based volume [1,4,5]. 
Not all institutes have direct and unlimited access to an MR scanner, but frequent eval-
uation of pelvic MR images will be useful in the delineation of the prostate on CT. The 
addition of MRI reduces the contouring variability found when CT images are used [6,7].

It must be noted that also with MRI-based target contouring, variability is found between 
different observers [8,9]. So obtaining the correct target volume for treatment planning 
is not guaranteed. Part of the interobserver variability on MRI results from lack of knowl-
edge or consensus, and can be reduced with education [10]. This is also the case for CT, 
but though education can help in CT-based prostate delineation, some boundaries will 
remain hard to identify.

Several studies show that prostate volume is overestimated on CT [1,11]. This implies 
that smaller volumes can be treated when using MRI. However, in the study described 
in chapter 2, the volumes of CT- and MRI-based prostates were comparable. Unlike in 
external beam radiotherapy (EBRT), in brachytherapy the radiation oncologist is influ-
enced by the implanted catheters. The tendency to delineate the implant (seeds or cath-
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eters) rather than the actual prostate when using CT has been observed frequently [6,12-
14]. Furthermore, the same person had already visualized the prostate with ultrasound 
during the implantation procedure. These factors have possibly contributed to a smaller 
volume on CT and therefore to the small absolute differences in measured volume.

We demonstrate that the basal part of the prostate is larger on MRI. When taking this 
into account during treatment planning, improved target coverage can be achieved. 
However, the values of the differences in prostate target coverage (V100% and D90%) may 
be different for other observers and at other institutes. Besides prostate contouring, 
implantation and treatment planning at other institutes may differ from our clinical 
practice. Interobserver variability on MRI can be reduced with education [10], which is 
less the case for CT. Physicians can benefit from the addition of MRI in their own clini-
cal practice to improve target definition [6,7]. To conclude, MRI-based treatment plan-
ning, or the addition of MRI, improves conformity and coverage of the actually intended 
target.

7.2 Anatomical variations and implant stability

Deviations due to anatomical variations (chapter 3)
Three CT-scans, originally acquired for the first 31 prostate cancer patients treated 
with pulsed-dose rate (PDR) brachytherapy at the AMC, form the basis of chapter 3 
and 4: the regular planning CT and two repeat CTs, obtained 24 and 48 hours after the 
implantation. 

An increase in rectum dose was observed on the repeat CTs, which was mainly caused by 
changes in rectal filling, visible on the CT scans. The increase in dose did not correlate to 
delineated rectum volume, but to the distance between prostate and rectal wall. Taking 
rectal motion into account during treatment planning by adding a margin or delineating 
a worst-case scenario can reduce the risk of overdosing the rectum but may compro-
mise target coverage. When rectal dose is high, leading to severe rates of rectal toxicity, 
applying rectal spacers may be a better approach. Materials such as injectable hydrogel 
can be applied to increase spacing between rectal wall and prostate [15,16]. The result-
ing rectal dose reduction may decrease the risk of rectal complications, which could be 
of particular importance in salvage brachytherapy. Incidence of rectal complications 
in patients who have not received prior radiation, is relatively low for brachytherapy 
[17,18]. In previously irradiated patients however, the risk of bowel complications is 
significantly increased [19,20].

It is impossible to establish how much the dose was affected by each of the factors sep-
arately. Possible causes are catheter displacement, changes in the size and/or shape of 
the prostate, and changes in rectum and bladder position with respect to the prostate. 
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Furthermore, the CT scans only capture the patient and implant geometry at a given 
moment. Nevertheless, the changes observed in target coverage during treatment were 
limited, so dose to the prostate appeared to be stable throughout the treatment.

Organ delineation
Some remarks should be made on the findings presented in chapter 3. All measurements 
in this study depended on accurate (CT-based) delineations and catheter reconstruc-
tions. Delineation accuracy is limited by the lack of contrast on the CT scans (chapter 
7.1). Furthermore, in brachytherapy, prostate contouring is often biased by available 
landmarks such as catheters (or seeds) and implanted markers [6,12-14] often resulting 
in an overestimation of dosimetric quality. This bias may have been present in this study 
as well. The markers that were implanted in these patients at the apex and base of the 
prostate may also have resulted in a false appearance of certainty. In chapter 4 we see 
that these markers have migrated over the course of treatment, especially after the 
first 24 hours. Therefore, one should be careful using them to indicate the outermost 
apical and outermost basal slice. The catheters may appear to have shifted relative to 
the prostate, when in fact the markers are shifted, resulting in an incorrect measure 
of change in target dose. Although an experienced physician reviewed all contours to 
minimize these problems, higher contrast images, preferably acquired using MRI, are 
needed to verify our findings.

Prostate oedema and implant stability (chapter 4)
In the study described in chapter 4, the same set of CT-scans was used to study pros-
tate deformation. Catheter insertion causes trauma that could give rise to swelling of 
the gland [21,22]. Swelling of the prostate caused by oedema and the accompanying 
catheter displacement potentially decrease target coverage and conformity of the dose 
distribution. This is an important issue in the timing of dosimetry in low-dose rate (LDR) 
permanent brachytherapy. Prostate volume enlargements of 20% to even 50% have 
been reported [21,23-25]. The swelling develops in the first 24 hours after implantation 
after which it slowly resolves [21,25].

From the data presented in chapter 3, no conclusions can be drawn about changes in 
prostate volume during treatment, or about possible expansion of the prostate that 
could arise due to the trauma of catheter insertion. The delineations of the prostate 
by the physician did not show any volume changes during treatment. However, delin-
eations are not sufficiently reliable to investigate deformation of the prostate gland 
during treatment. The available catheter positions are the best surrogate for prostate 
gland deformation. In chapter 4, we therefore attribute the change in the position of the 
catheters to deformations inside the prostate gland.

The analysis of catheter positions resulted in the majority of cases in an increase of 
implant diameter, although limited. Some individuals show a volumetric increase of 
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more than 10%. The apparent substantial increase of 10%, however, originates from 
small diameter changes (range -1 to 1.6 mm) and result in volume changes of a few cubic 
centimetres. Taking the 1 mm accuracy in catheter reconstruction into account, such 
volume changes can still be considered negligible. 

Drawbacks of registration methods
The residual difference after matching the catheters was attributed to displacement. 
Displacement of the entire implant however, is corrected for by the matching procedure 
and therefore not detected as such. The catheters can exhibit caudal migration relative 
to the prostate gland. A possible explanation of this caudal displacement of catheters 
is the development of periprostatic oedema. This periprostatic oedema appears pre-
dominantly in the perineal region near the apex of the gland and is assumed to develop 
in 12–18 hours after implantation, so may play a role in the 48 hour PDR treatment. 
Unfortunately, the presence of periprostatic oedema is not detectable by analysing dis-
placements of catheters, since these are located inside the prostate.

A marker-based registration of the catheter positions was applied to visualise entire 
implant displacements as well. Unfortunately, this match is less robust than the cathe-
ter-based registration, since only three markers were available. Furthermore, the mark-
ers appeared to display migration, since the distance between markers increased on 
average 0.6 mm between the first and last CT scan. This indicates that these markers 
are not sufficiently stable to use for reliable matching and hampered the evaluation of 
displacements of the entire implant.

Concluding remarks on oedema
From the resulting catheter displacements we established that there is limited effect of 
oedema between planning CT and delivery of treatment. It could be that any effect of 
oedema from catheter insertion took place in the time between implantation and the 
first scan, but this hypothesis cannot be confirmed with our data, since no CT-scan was 
acquired prior to the implantation procedure.

7.3 Treatment plan optimization

EGO and IIP (chapter 5)
Treatment planning for prostate brachytherapy is normally performed with graphical 
optimization or an automated inverse optimization method. The two most common 
commercially available automated methods are Inverse Planning Simulated Annealing 
(IPSA) [26] and Hybrid Inverse Planning and Optimization (HIPO) [27]. Some institutes 
start with geometrical optimization [28,29], followed by fine-tuning with graphical opti-
mization. Two novel treatment planning methods, Enhanced Geometrical Optimization 
(EGO) and Inverse Interactive Planning (IIP) are presented in chapter 5. In this chapter, 
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these two methods were combined to demonstrate the feasibility of performing EGO, 
followed by IIP for stepping source prostate brachytherapy treatment planning. Below, 
the value of these methods will be discussed. 

EGO and dose homogeneity
EGO was developed as an enhanced version of the traditional geometrical optimization 
[28,29], and offers a dose distribution that is as homogeneous as possible throughout 
the implanted volume. The goal of the traditional geometric optimization (GO) is to 
improve dose-homogeneity across the implanted volume, but it offers no opportunity 
to increase or decrease its flattening effect on the dose distribution, even though this 
is desirable in the case of an irregular implant to avoid cold- or hotspots. With EGO 
we aimed to improve the homogeneity as compared to other geometric optimization 
methods. A common index to measure the homogeneity is the dose homogeneity index 
defined as DHI = 1 - V150% / V100%, which is extracted from the target dose-volume histo-
gram (DVH) [30]. EGO flattens the dose distribution by aiming at the same dose level 
in the areas midway between the catheters,  but by doing that, increases the fraction 
of the target volume that receives 150% of the prescription dose, and decreases the 
fraction of the target volume with much higher doses. Applying EGO therefore does not 
improve the homogeneity index [30]. Other measures might better distinguish between 
different types of dose distributions. Such measures should have clinical relevance, but 
at present, not enough is known about the relationship between homogeneity of a dose 
distribution and clinical outcome.

IIP, as alternative to graphical optimization
After EGO, or an automatic inverse optimization method such as IPSA or HIPO, has 
created a dose distribution, manually fine-tuning the dose to adapt to patient specific 
requirements will usually be desired. IIP was developed to serve as a user-friendly alter-
native to graphical optimization, aiming at improving the ease of planning and reducing 
treatment planning duration. Graphical optimization, although widely used, is generally 
time consuming and requires considerable experience [31,32].

IIP maintains the benefits of graphical optimization, i.e. the user interaction and local 
control of the dose distribution, but instead of performing multiple drag-and-drop 
actions on the isodose lines, the highest or lowest dose to a ROI is adapted. The result 
is immediately visualized and evaluated by the user. This real-time user interaction is 
essential to quickly understand and visualize the available trade-offs. We therefore 
believe that IIP has added value in the daily clinical practice of (prostate) brachytherapy 
treatment planning, by making it possible for the physician to interact with the dose 
distribution and translate patient specific clinical goals to the dosimetry.

IIP, as alternative to other algorithms
With IIP, adaptation of the dose can be done locally when part of the dose distribution 
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is already satisfactory, while automatic inverse algorithms perform optimization of the 
entire dose distribution at once. Because this is a non-linear, multi-objective optimiza-
tion problem, finding the optimal settings to obtain the most desirable dose distribution 
involves trial-and-error. A small improvement of one dosimetric index may result in a 
large deterioration of another dosimetric index, or vice versa. IIP immediately displays 
the values of these indices, which is useful when navigating through possible dose dis-
tributions. The strength of IIP is that the user can explore the trade-offs within the dose 
distribution for a given patient using real-time interaction, to understand the possibili-
ties and impossibilities. 

In addition, the highest dose to a ROI is directly related to the resulting DVH parameters, 
making steering towards the desired solution straightforward. In the latest version of 
IIP, not only lowest and highest doses can be adapted, but one can also enter a volume 
that should receive at least a certain dose, so the dose can be directly optimized on DVH 
parameters. 

A comparison of inverse optimization algorithms (chapter 6)
Comparing different methods
Four treatment planning methods for PDR (or high-dose rate, HDR) prostate brachyther-
apy were compared (Table 1): Graphical Optimization (GrO), IPSA, HIPO and EGO-IIP. 
These methods were used to create treatment plans according to clinical standards. 

All methods were equally capable of creating high quality treatment plans. The study 
resulted in patient cases for which the dose distributions were different, even though 
the same level of compliance to clinical constraints was achieved. Because of the large 
number of scoring items that must be taken into account, comparing the performance 
of these optimization methods is not trivial. A compromise between target coverage 
and dose to the OARs has to be made. In terms of DVH parameters, especially the trade-
off between prostate D90% and urethra D1cm3 is clearly visible. Although most radiation 
oncologists also evaluate the dose distribution by assessing the isodose patterns, the 
isodose lines were not compared in this study. An expert opinion could be added to the 
analysis, for instance by rating the different plans from 1 to 4. The comparison of the 
four treatment planning methods was carried out in our clinical setting with specific DVH 
criteria. A multi-institutional study should be performed to determine the influence of 
applying different clinical standards.

Dose homogeneity
With the addition of EGO we aimed to improve the homogeneity of the dose distribu-
tions. No differences in homogeneity were found between the four methods. From the 
previous chapter we already know that EGO does not lower the V150%. In addition, for 
IPSA and HIPO, a modulation restriction parameter was applied to limit large variations 
in dwell times, which may also have limited the difference between methods. Only for 
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very high doses, e.g. V300%, we observe smaller volumes with these high doses for EGO-
IIP. Further analysis, using fixed values for D90% and V100%, is needed to compare the dose 
homogeneity of the different methods. In addition, performing the optimization with 
and without applying the modulation parameters for IPSA and HIPO would demon-
strate their effect. From the current data, no judgements can be made on this, since all 
IPSA and HIPO plans were created with modulation restriction. Others reported indeed 
a decrease in maximum dwell times from using the modulation restriction. In terms 
of DVH parameters, its effect was small, resulting in a slight overall decrease in dose 
[33,34].

Dwell time analysis
Holm et al. demonstrated that the linear penalties that are used in the objective func-
tions of IPSA and HIPO give rise to dwell time patterns composed of a limited number 
of dwell positions [35]. When many dwell positions remain unused, relatively long dwell 
times arise for the remainder of dwell positions with nonzero dwell time. To smooth 
the distribution of dwell times over dwell positions, a dwell time deviation constraint 
was developed for IPSA and a dwell time gradient restriction for HIPO [33,34]. The use 
of this dwell time ‘smoothing’ has been reported in the literature to improve homoge-
neity, decrease hot-spots and increase plan robustness [36]. In chapter 6 it is shown 

Table 1. Overview of optimization methods 

Optimization 
Method

Abbreviated 
Name

Type Description

Graphical 

Optimization

GrO Manual 

method

Drag-and-drop of isodose lines

Inverse Planning 

Simulated Annealing

IPSA [26] Automatic 

inverse 

method

Set class solution of minimum + 

maximum dose to surface and 

volume of ROIs, including the weight 

of each objective

Hybrid Inverse 

Planning and 

Optimization

HIPO [27] Automatic 

inverse 

method

Set class solution of minimum 

+ maximum dose to volume of 

ROIs, including the weight of each 

objective

Enhanced 

Geometrical 

Optimization – 

Interactive Inverse 

Planning

EGO-IIP 

(Chapter 5)

Two step 

method 

with manual 

interaction 

using IIP

Interactively set minimum and maxi-

mum dose to surface of ROIs
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that despite the use of the dwell time deviation constraint for IPSA and HIPO, IPSA still 
results in solutions using the least number of dwell positions. 

In brachytherapy, a treatment plan should be robust against uncertainties in location of 
dwell positions and catheter displacements [36]. However, no studies were found that 
test the hypothesis of linking dose homogeneity and homogeneity of dwell times to 
plan robustness. Currently, robustness evaluations are not available in brachytherapy 
treatment planning software and therefore not routinely performed for PDR and HDR.

7.4 Future directions

Imaging and image guided focal treatments
Multiparametric MRI
As mentioned, MRI is often adopted for improved target definition. Additional informa-
tion on for instance the location of the dominant intraprostatic lesion or the presence of 
extracapsular extension can be retrieved from several image modalities. With multipar-
ametric MRI a combination of anatomical and functional images is used to detect and 
locate such features [37]. In addition to the standard anatomical T2 weighted MRI, func-
tional techniques are diffusion weighted imaging (DWI), dynamic contrast enhanced 
(DCE) imaging and magnetic resonance spectroscopy. Which combination of functional 
techniques to use, including image sequences and other specifications like the use of 
an endorectal or body coil, is not yet clear [38]. For instance, the combination of T2 and 
DWI is insufficiently sensitive for small foci and has limited specificity [39]. In general, 
multiparametric MRI has a higher sensitivity in higher risk prostate cancer lesions [40]. 

Focal therapy
Primary prostatic lesions can be defined using modern imaging techniques like multipar-
ametric MRI, contrast-enhanced ultrasound (CEUS) and PET imaging. These imaging 
techniques are potentially applied in brachytherapy for sub-boosting of the dominant 
lesion, as demonstrated in treatment planning studies [41-46]. For instance, with con-
trast-enhanced ultrasound potentially a very high agreement with histology can be 
reached in the detection of intraprostatic lesions [47]. CEUS is easily integrated in the 
ultrasound-guided prostate implantation procedure. By using CEUS to localize the pri-
mary lesions, the dose distribution can be adapted to include a higher dose to these 
lesions [45]. 

These imaging techniques may be used to enhance tumour control while still relying on 
the treatment of the entire gland. Due to the multifocal character of prostate cancer, 
this is a relatively safe strategy, when doses to the OARs are kept low [48]. Future trials 
should demonstrate the clinical benefit of such image-guided dose escalation. A rand-
omized trial in the Netherlands is set up to measure the benefit in biochemical control 
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for an additional integrated focal microboost during EBRT [49].

Many techniques to deliver focal therapy exist [50]: brachytherapy, cryotherapy, high-in-
tensity focused ultrasound (HIFU) [51,52], electroporation [53], laser ablation [54,55] and 
photodynamic therapy [53,56]. Even though the reliability of the imaging techniques is 
still limited, experimental clinical studies are carried out to perform focal therapy, where 
the treatment is based on the primary lesion(s) instead of the entire gland [57-59]. Focal 
therapy is more appealing to men with clinically significant prostate cancer than active 
surveillance [60], although concerns have been raised on the overtreatment of low-risk 
prostate cancer [50]. Focal treatment potentially reduces damage to the surrounding 
normal tissue, such as external urinary sphincter, bladder neck, neuro-vascular bundles 
and rectal mucosa, thereby reducing complications as compared to whole gland treat-
ments. Currently a feasibility trial is being performed in the Netherlands using MRI-
guided focal HDR brachytherapy for localized prostate cancer, which aims to limit gas-
tro-intestinal and urogenital toxicity [61].

It is not clear whether the benefit of primary focal therapy over radical therapy can 
be demonstrated. Radiobiological modelling, including patient specific tumour biology 
and clinical data is needed to establish whether focal treatment results in non-infe-
rior tumour control, as compared to whole gland treatments. Equally important is to 
improve current imaging techniques and their correlation to histopathology. 

A likely endpoint in clinical trials is toxicity, but quality of life after treatment and costs 
of treatment plus follow-up also play a large role. Also recurrences and the availabil-
ity of subsequent treatment options are important issues. Taking all parameters into 
account, to answer these questions and to establish an improvement or even non-in-
feriority in a (randomized) trial is a challenge [62]. A first step to establish the role of 
prostate brachytherapy in focal therapy is undertaken at Memorial Sloan-Kettering 
Cancer Center with a non-randomized phase II study with the tolerance profile of focal 
brachytherapy as primary endpoint [59].

Implant stability: Deformations and dose delivery
Two chapters (3 and 4) discuss possible deformations during the PDR brachytherapy 
treatment. There are different options to deal with resulting variations or decrease 
uncertainties in the delivered dose. For instance, to avoid unnecessary patient transpor-
tation, mobile imaging modalities such as TRUS or in-room cone-beam CT are adopted 
[63]. The uncertainty in delivered versus planned dose can also be minimized when the 
dose is given in a single high dose fraction [64]. HDR is characterized by short treatment 
times when a high dose is given in a single fraction [65,66]. Time and cost-efficiency of 
HDR can be improved by reducing the number of fractions to an ultra-hypofractionated 
schedule. The remainder of this section is used to discuss developments in hypofraction-
ated treatments, delivered by HDR brachytherapy or external beam modalities.
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Hypofractionation with HDR brachytherapy 
Some uncertainties exist in the underlying radiobiology of prostate cancer. Theoretical 
radiobiological effects influence the potential differences between PDR and HDR and 
the choice of (hypo-)fractionation schedule. Due to the apparent low α/β value of the 
prostate, interest in hypofractionated treatments is growing and the first clinical data 
from HDR as monotherapy are becoming available [67-73]. A high biological effective 
dose can be achieved inside the prostate, which appears to be confirmed by the first 
clinical results on local control. Potential extra-capsular extension is usually not treated 
with brachytherapy when given as monotherapy, but in a recent publication on HDR as 
monotherapy the PTV was extended to cover extra-capsular disease, so this perspec-
tive may change in the future [70]. The high doses decrease the opportunity for normal 
tissue repair and therefore increase the risk of late urinary complaints [74]. Thus far, 
the short duration of the treatment and especially the dose conformity appear to keep 
toxicity low, but follow-up is relatively short.

To demonstrate long-term safety and efficacy of hypofractionation in the primary treat-
ment of prostate cancer, longer follow-up is needed. The safety compared with standard 
fractionation should be established, as well as non-inferiority for clinical effectiveness. 
Extreme hypofractionation may have greater toxicity and therefore requires reporting 
of randomized data prior to application outside of a clinical protocol [75]. 

Hypofractionation with alternative treatment modalities: SBRT and proton therapy
External irradiation techniques like stereotactic body radiotherapy (SBRT) and proton 
therapy are increasingly competing with temporary implant brachytherapy as a (hypof-
ractionated) treatment for prostate cancer. 

With standard SBRT using a standard linear accelerator, 30-40 Gy is delivered ultra-hy-
pofractionated in 4 or 5 fractions. A special modality for stereotactic radiotherapy is 
image-guided robotic radiosurgery, e.g. the Cyberknife unit, in which gold fiducal mark-
ers are used for real-time tumour tracking. With the Cyberknife, the dose distribution of 
HDR brachytherapy can partly be reproduced [76]. However, brachytherapy is charac-
terized by very high doses near the catheters and superior dose gradients outside the 
target. Lastly, with brachytherapy the total patient volume receiving a low dose is rela-
tively small. Non-robotic SBRT is more readily applicable than Cyberknife treatments, 
but intrafractional motion has to be taken into account and appropriate margins need 
to be applied [77,78].

With modern proton therapy, using pencil beam scanning delivery, highly conformal 
dose distributions can be obtained, due to the physical properties of protons. Protons 
exhibit limited scatter and penetrate the body to a finite depth based on the energy 
of the beam. However, due to the steep gradients in the dose distribution, it is highly 
sensitive to uncertainties along the beam path (range uncertainties) and organ position. 
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These uncertainties can affect target coverage significantly, and cause unnecessary dose 
to OARs [79]. Performing robust optimization can minimize the influence of potential 
perturbations in the dose distribution. Usually one needs to find a balance in trading 
conformity for robustness against these uncertainties [80].

Although results from prospective studies are promising [81,82], no clinical benefit for 
prostate cancer with proton beam therapy as compared to photon beam therapy has 
been established thus far [83,84]. Future data on 3D image guided proton therapy using 
pencil beam delivery will show whether proton therapy can be improved both in clinical 
and in cost efficiency. 

Even with the latest delivery techniques and robust treatment planning, image guid-
ance is much more important with external irradiation than with brachytherapy. 
With brachytherapy there is less concern on tumour motion, as the implant will move 
together with the prostate [85,86]. Target coverage is maintained throughout the entire 
treatment, provided that no significant catheter displacements occur (chapters 3 and 4). 
In addition, the high costs involved in proton therapy are likely to result in better cost-ef-
fectiveness for brachytherapy. Finally, of all modalities stepping source brachytherapy 
still creates the most conformal dose distribution [87-91].

Treatment plan optimization
Future directions for EGO
In this thesis, EGO is applied to prostate cases, after which IIP is used for subsequent 
dose shaping. In implant configurations with peripheral catheter placement, the effect 
of EGO will be limited. Catheters in a prostate implant are often placed non-uniformly 
or peripherally. Such implants may not always be ideal for geometrical optimization. 
The subsequent use of IIP will always reduce the ‘flattening’ of the dose distribution. 

Further evaluations are needed to quantify the gain that can be achieved with EGO. 
Institutes where the traditional geometrical optimization is extensively used will benefit 
from EGO. To improve EGO, it should be tested at different institutes to establish the 
added value for the different implant geometries, including the number of catheters 
used. 

Instead of for prostate implants, EGO is perhaps even more useful for template-based 
implants. It should therefore be evaluated for other brachytherapy applications as well, 
like breast, floor of mouth or other head and neck implants.

Future directions for IIP
The real-time interactive nature of IIP is suitable for shaping the dose distribution. The 
optimality of a solution might not be essential. What is more important is the possi-
bility for the treatment planner to easily and quickly obtain and visualize suggested 
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dose distributions that are equally compliant to the constraints, as is done with IIP. The 
suggested solutions then reveal the trade-offs between the different conflicting objec-
tives, which the user can choose from. IIP has to be tested at more institutions and for 
other treatment sites to firmly establish its role in brachytherapy treatment planning. 
Further research is needed to improve the ease of planning with EGO-IIP. Furthermore, 
IIP-protocols should be developed to decrease the user dependence. 

Within IIP, the user has the option to optimize directly on dose-volume parameters. This 
was not yet included in the methodology of chapters 5 and 6, but this has great poten-
tial due to the direct correspondence between input- and clinical output parameters. 
Future work is needed to test the updated version of IIP in which direct DVH-parameter 
optimization is possible.

In IIP, the conversion of dose to the common radiobiological equivalent of dose (EQD2), 
is also implemented, which allows for optimization directly on EQD2 values. Conversion 
of physical doses to EQD2 values will ease the comparison between institutes with dif-
ferent fractionation schedules and different DVH criteria. This will improve objectivity 
when comparing treatment plans, which will lead to the foundation of clinically rele-
vant EQD2 values. EQD2-based optimization is also effective in multi-centre trials, when 
the fractionation schedule is not fixed, but EQD2 prescription and dose constraints are 
specified. 

Finally, institute-specific and treatment-site specific protocols should be developed for 
IIP. With a protocol, manually executed by a user, fixed steps are followed to obtain a 
single or several treatment plan suggestions. The required level of automation is still to 
be determined. This will lead to less user-dependent and more reproducible treatment 
plans. Agreement between physicians on values and priorities for a set of distinct DVH 
parameters is desirable. Consensus on values of a prioritized set of DVH parameters will 
lead to standardized protocols for treatment planning. 

Not much is known about the qualification of a ‘good’ plan. This is generally a subjective 
measure and its definition differs between physicians. More studies are needed corre-
lating clinical results to dosimetry. Until then, in clinical practice, the choice between 
different treatment planning methods will be based on other metrics as well. These 
metrics include the duration of treatment planning and the ease of treatment planning, 
which is partly determined by the agreement between input parameters and resulting 
dose distribution.
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8.1 Summary

Chapter 1 introduces the main topics of this thesis. It starts with the history and appli-
cation of radiotherapy, and more specifically brachytherapy. Brachytherapy, or internal 
radiotherapy, is an effective way to treat tumours locally and conformally, by placing 
a radiation source inside or near cancerous tissue. This modality is widely used in the 
treatment of prostate cancer and is characterised by its steep dose gradient outside the 
treated volume. At the Academic Medical Centre, pulsed-dose rate (PDR) brachyther-
apy is applied, a 48 hour treatment, in which part of the total dose is delivered every 
two hours using a stepping radioactive source. Stepping source brachytherapy (PDR or 
High-Dose Rate) allows the adjustment of the source dwell times. With this, a treatment 
plan can be optimised to a conformal high dose in the prostate gland, while sparing the 
surrounding organs at risk as much as possible. 

Prior to the treatment, a CT or MRI scan is acquired, which is used to pre-calculate the 
dose distribution that should be delivered. In chapter 2 the differences are described 
between the dose distributions based on CT and those based on MRI. The prostate 
boundaries are more difficult to distinguish on CT than on MRI, influencing the volume 
delineated by the radiation oncologist. The MRI-based delineated prostate is assumed 
to be more accurate. Early 2010, thirteen prostate cancer patients treated with PDR 
brachytherapy underwent both CT and MRI after the implantation procedure. The differ-
ences were established between planning of the treatment on the CT-based delineated 
prostate volume and the MRI-based delineated prostate volume. The use of MRI led 
to a mean increase of 3% in dose coverage of the target volume. Although this seems 
limited, in some cases the use of MRI resulted in an increase in target coverage of 5% 
up to even 10%. Using a radiobiological model to predict tumour control based on the 
dose to the prostate, it was estimated that the use of MRI results in a 6%-10% higher 
tumour control.

Chapter 3 covers the deviations from the planned dose, during the treatment. Three 
CT scans were available per patient: the regular planning CT (CT1) and two repeat CTs 
(CT2 and CT3). The repeat CTs were obtained 24 and 48 hours after the implantation 
procedure. A single radiation oncologist delineated the prostate on CT2 and CT3, using 
CT1 as well as three fiducial markers implanted into the prostate as a reference. An 
experienced brachytherapist reconstructed the catheters on all three scans. The dwell 
positions defined on the planning CT, were copied to the repeat CTs. By recalculating 
the dose-volume histograms, the effect of anatomy changes and/or catheter displace-
ments could be established. A mean decrease of about 2% ± 3.5% (1 standard deviation) 
in target coverage was measured. Possible causes are (caudal) catheter displacements 
and differences in the delineated prostate volume. The latter can partly be explained 
by the delineation uncertainties. Rectum dose increased by 17.3% on average, during 
the treatment. For the bladder, a mean increase of 24.8% was observed. This observa-
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tion led to the conclusion that a possible significant increase in dose to the surrounding 
organs should be taken into account during treatment planning.

The change in prostate volume could not accurately be established from the CT data, 
due to the delineation uncertainty on CT. In chapter 4 the catheter positions are used to 
derive volume changes. The implantation procedure may lead to swelling of the pros-
tate, from the trauma of catheter insertion. We assume that if the prostate expands, 
the distance between the catheters will increase. Using this assumption, the change in 
distance between the catheters was used to derive a mean increase of 4% in prostate 
volume, ranging from -10% to +16%. Even though some of the implants showed an 
absolute difference of more than 10%, the calculated changes in prostate volume were 
considered limited, considering that this was still much smaller than the expansions 
measured on permanent implants using iodine-125 sources. The differences found in 
chapter 4 were therefore not considered clinically relevant. These measurements reaf-
firm the stability of the prostate implants used for the PDR treatments, which guaran-
tees safe and reliable delivery of the planned dose. 

Chapter 5 describes two novel tools for treatment plan optimization of temporary 
implant (PDR or HDR) brachytherapy. The first, enhanced geometrical optimization, 
EGO, creates a dose distribution that is as homogeneous as possible across the implant. 
With the second tool, interactive inverse planning, IIP, the user subsequently shapes the 
dose distribution according to the patient’s anatomy by (local) adaptations of the dose 
in specific regions of interest. All interactions with the dose distribution are in real-time. 
Two users, one inexperienced and one experienced treatment planner, each optimized 
the dose distribution for 24 prostate cases using our software. This resulted in treatment 
plans with comparable quality to the clinically used treatment plans, and comparable 
compliance to the clinical dose objectives.

In chapter 6, four methods for PDR/HDR brachytherapy treatment planning are com-
pared using 26 prostate implants. A single experienced treatment planner optimized the 
dose distributions using graphical optimization, two automated inverse methods (IPSA 
and HIPO) and the combined use of EGO-IIP. Between the resulting dose distributions 
no apparent difference in quality was observed. Relevant parameters extracted from 
the dose-volume histograms (DVHs) were evaluated, as well as compliance to the con-
straints and planning time. Differences in DVH parameters were small, but the inverse 
methods, including EGO-IIP, showed a slight advantage as compared to graphical opti-
mization. Planning time was shortest with the automated inverse methods. Like graph-
ical optimization, but unlike the automated methods, EGO-IIP offers the possibility of 
local adjustments to the dose distribution. Despite the use of a dwell time modulation 
restriction function in the inverse methods, one of these methods (IPSA) distributes 
the total dwell time over a limited number of dwell positions, leaving multiple dwell 
positions unused.
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Chapter 7 consists of a general discussion of the studies presented in this thesis. Future 
directions for further research are described. This includes imaging techniques for 
improved visualization of the prostate, and specifically the actual tumour volumes. These 
images are used for focal irradiation of the tumour within the prostate. Finally, EGO and 
IIP will be developed further to improve and simplify the treatment planning process of 
prostate brachytherapy, but also for other tumour sites. In addition to standard dose 
optimization, IIP already allows the optimization of radiobiological dose. However, more 
knowledge is required on the required physical and radiobiological characteristics of a 
clinically optimal dose distribution.
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8.2 Samenvatting
 
In hoofdstuk 1 worden de belangrijkste thema’s van dit proefschrift geïntroduceerd. 
Allereerst wordt de functie en geschiedenis van radiotherapie, en met name de brac-
hytherapie toegelicht. Brachytherapie is een vorm van inwendige bestraling met de 
bron(nen) in, of op korte afstand van het doelgebied. Het is een veel toegepaste moda-
liteit voor behandeling van het prostaatcarcinoom. Dankzij het lokale karakter van deze 
behandeling kan een hoge dosis in de prostaat worden gegeven terwijl de dosis op de 
omliggende organen laag kan worden gehouden. De dosis wordt toegediend met een 
stappende radioactieve bron, waarmee de dosisverdeling kan worden geoptimaliseerd. 
Op het AMC wordt de pulsed-dose rate (PDR) vorm van brachytherapie toegepast, een 
48 uur durende behandeling, waarbij elke twee uur een dosisafgifte plaatsvindt. 

Voorafgaand aan de bestraling wordt een CT of MRI scan gemaakt om de behandeling 
op te baseren. In hoofdstuk 2 worden de verschillen beschreven tussen de dosisver-
delingen die op basis van CT of MRI gepland zijn. De afbeelding van de prostaat op CT 
beelden is namelijk anders dan op MRI beelden. In het voorjaar van 2010 ondergingen 
dertien patiënten voor de behandeling met PDR brachytherapie zowel een CT- als een 
MRI-scan na implantatie van de prostaat. Met deze data kon worden bepaald welke 
veranderingen er optreden wanneer, in plaats van CT, MRI scans worden gebruikt om de 
prostaat aan te geven. Algemeen wordt aangenomen dat de zichtbaarheid van de pros-
taat op MRI beter is dan op CT, waardoor het intekenen van het prostaatvolume nauw-
keuriger wordt. Gemiddeld nam de dekking van de prostaat met de voorgeschreven 
dosis met 3% toe bij gebruik van MRI. Dit lijkt beperkt, maar voor sommige patiënten 
resulteerde het gebruik van MRI in een toename van de dekkingsgraad van 5% tot 10%. 
Aan de hand van een model waarmee tumorcontrole wordt voorspeld met de berekende 
dosis in de prostaat, werd de toename in tumorcontrole geschat op gemiddeld 6%-10%. 

In hoofdstuk 3 worden de veranderingen in dosis besproken die optreden gedurende 
de behandeling. Hiervoor waren 3 CT scans per patiënt beschikbaar: de plannings-CT 
(CT1), waarop de dosis voor de behandeling is bepaald, en twee scans verkregen hal-
verwege (CT2) en aan het eind van de behandeling (CT3). Eén radiotherapeut bepaalde 
de contouren van de prostaat op CT2 en CT3, gebruik makend van de intekeningen op 
CT1 en 3 markers, geïmplanteerd in de prostaat. Digitalisatie van de katheters werd op 
alle CT scans uitgevoerd door een ervaren brachylaborant. Door het bestralingsplan te 
kopiëren naar de situatie ten tijde van CT2 en CT3, kon het effect worden bepaald van 
veranderingen in anatomie en/of verplaatsing van de katheters. De dekking van de pros-
taat met de voorgeschreven dosis nam in de loop van de behandeling af met gemiddeld 
ruim 2% ± 3,5% (1 standaard deviatie). Mogelijke oorzaken van deze afnamen zijn (cau-
dale) verplaatsing van de katheters en verschillen in de intekening van de prostaat zelf. 
Dit laatste kan deels worden verklaard door de onnauwkeurigheid van het intekenen. 
De dosis in het rectum en in de blaas nam gemiddeld toe met respectievelijk 17,3% en 
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24,8%. Tijdens het bepalen van de geplande dosis op de prostaat moet rekening worden 
gehouden met mogelijk een forse toename van de dosis op de omliggende organen.

Aangezien in het voorgaande hoofdstuk de verandering in prostaatvolume niet nauw-
keurig kon worden bepaald op basis van de CT scans, worden in hoofdstuk 4 mogelijke 
volumeveranderingen bestudeerd aan de hand van de katheterposities. Het implante-
ren van katheters kan oedeemvorming veroorzaken in de prostaat. Mocht het prostaat-
volume toenemen, dan is de aanname dat de katheters op grotere afstand van elkaar 
zouden komen te liggen. Zo werd een gemiddelde toename van ruim 4% gemeten, 
variërend van -10% tot +16%. Ondanks enkele uitschieters wordt dit nog steeds als een 
beperkte variatie in prostaatvolume gezien, kleiner dan toenames gemeten bij perma-
nente implantatie van de prostaat met jodium-125 bronnen. Aan een maximale expansie 
van 16% worden geen klinische consequenties verbonden. In het algemeen is de stabi-
liteit van de katheters uitstekend, wat een betrouwbare dosisafgifte en veiligheid van 
de behandeling waarborgt.

Hoofdstuk 5 beschrijft twee nieuwe functies voor de optimalisatie van de te geven dosis 
voor een tijdelijk (PDR of HDR) prostaat implantaat. De eerste, enhanced geometrical 
optimization, EGO, zorgt voor een dosisverdeling die zo homogeen mogelijk is in het 
geïmplanteerde gebied. Met de tweede functie, interactive inverse planning, IIP, kan de 
gebruiker de dosisverdeling vervolgens aanpassen aan de specifieke anatomie van de 
patiënt. Dit gaat op een interactieve manier, waarbij ook lokale aanpassingen kunnen 
worden gedaan, zodat de gebruiker totale invloed heeft op de dosisverdeling. Twee 
gebruikers, één zonder ervaring en één met ervaring, waren in staat om in korte tijd de 
dosisverdeling te optimaliseren van 24 patiënten. De geplande verdelingen waren ver-
gelijkbaar aan de dosisverdelingen die klinisch waren toegepast en voldeden in dezelfde 
mate aan de klinische doelstellingen.

Hoofdstuk 6 bestaat uit een vergelijking van vier verschillende methoden voor optima-
lisatie van de dosisverdeling voor een prostaatbehandeling. Deze methoden zijn grafi-
sche optimalisatie, de (toenmalige) klinische standaard op het AMC, twee geautomati-
seerde inverse methoden IPSA en HIPO, en de combinatie van EGO en IIP. Een ervaren 
gebruiker heeft alle vier methoden toegepast voor het optimaliseren van de dosis van 
26 prostaatimplantaten. Uit de resulterende dosisverdelingen bleek geen duidelijk ver-
schil in kwaliteit. De verschillen in het behalen van de vereiste waarden van de DVH 
parameters waren klein. Een klein voordeel kon worden aangetoond voor de inverse 
methoden, inclusief EGO-IIP, ten opzichte van grafische optimalisatie. Met de automa-
tische methoden kon de planning in de kortste tijd worden gerealiseerd. Met EGO-IIP 
was het mogelijk om op een eenvoudige wijze plaatselijk de dekking van het doelgebied 
aan te passen, bijvoorbeeld aan een uiteinde van de prostaat. Ondanks het gebruik van 
een functie die de variatie in brontijden moet beperken voor de automatische inverse 
methoden, werden bij één van deze methoden (IPSA) desondanks niet alle mogelijke 
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bronposities benut.

Hoofdstuk 7 bestaat uit een algemene discussie waarin de verschillende onderzoeken 
in dit proefschrift worden besproken. Er volgt een uiteenzetting van toekomstige rich-
tingen voor onderzoek en ontwikkelingen binnen de ontwerpen behandeld in dit proef-
schrift. Deze omvatten onder andere de verbetering van de beeldvormende technieken 
ten behoeve van visualisatie van het doelgebied en het specifiek (focaal) bestralen van 
de tumor binnen het prostaatvolume. Tot slot zullen EGO en IIP verder worden ont-
wikkeld om het planningsproces te verbeteren en vereenvoudigen, ook voor andere 
doelgebieden dan de prostaat. Verder staat IIP het gebruik toe van radiobiologische in 
plaats van fysische dosiswaarden. Meer kennis van de belangrijkste fysische en radio-
biologische kenmerken waaraan een dosisverdeling moet voldoen is hierbij van belang.
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List of Abbreviations

ADT   Androgen Deprivation Therapy

BED   Biologically Effective Dose

bNED   Biochemical Non-Evidence of Disease 

C-C   Craniocaudal

CEUS   Contrast-Enhanced Ultrasound 

CI   Confidence Interval

CN   Conformation Number

CT   Computed Tomography

CTV   Clinical Target Volume

D2cm3  Dose delivered to the highest exposed 2 cm3 of a volume

D90%  Minimal dose achieved in 90% of the volume

D100%  Minimal dose delivered to 100% of a volume

DHI   Dose Homogeneity Index 

DTDC   Dwell Time Deviation Constraint

DTGR   Dwell Time Gradient Restriction 

D-V  Dorsoventral

DVH  Dose-Volume Histogram 

DCE   Dynamic Contrast Enhanced (Imaging)

DWI   Diffusion Weighted Imaging

EBRT  External Beam Radiotherapy 

EGO   Enhanced Geometrical Optimization

EQD2   Equivalent Dose in 2 Gy fractions

FOV   Field Of View

GEC-ESTRO Groupe Européen de Curiethérapie – European society for radiotherapy and  

  oncology

GO  Geometrical Optimization

GTV   Gross Tumour Volume

Gy   Gray (J / kg)

HDR  High-Dose Rate

HIFU   High-Intensity Focused Ultrasound 

HIPO   Hybrid Inverse Planning and Optimization

ICP   Iterative Closest Point

IIP   Interactive Inverse Planning

IMRT   Intensity-Modulated Radiation Therapy

IPSA   Inverse Planning Simulated Annealing

LDR  Low-Dose Rate 

L-R  Left-Right 

LQ  Linear Quadratic

MRD  Mean Radial Distance

MRI   Magnetic Resonance Imaging
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NCCN   National Comprehensive Cancer Network

NDR   Natural Dose Ratio

NDVH   Natural Dose-Volume Histogram

NPD   Natural Prescription Dose 

NTCP   Normal Tissue Complication Probability

OAR   Organ at Risk

PD   Prescribed Dose

PDR  Pulsed-Dose Rate 

PET   Position Emission Tomography

PSA   Prostate Specific Antigen

PTV   Planning Target Volume

QI   Quality Index

RMS  Root Mean Square

ROI   Region of Interest

SBRT   Stereotactic Body Radiotherapy 

SD  Standard Deviation

TCP   Tumour Control Probability

TPS   Treatment Planning System

TRAK   Total Reference Air Kerma

TRUS  Transrectal Ultrasound 

TSE   Turbo Spin Echo

V100%  Volume receiving at least 100% of the prescribed dose
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PhD Portfolio & CV

Summary of PhD training, teaching and parameters of esteem

Name PhD student: Anna Dinkla
AMC Department: Radiation Oncology
Research school: AMC Graduate School for Medical Sciences
PhD period: February 2010 - March 2015
Promotor: Professor Coen Rasch
Supervisors: dr. Arjan Bel, dr. Rob van der Laarse and dr. Bradley Pieters

1 ECTS = 28 hours

1. PhD training
Year Workload 

(ECTS)

General courses

• AMC world of science
• Clinical Data Management in Microsoft Access 
• Scientific Writing
• Basic course Reference Manager
• Practical Biostatistics
• Project management (UvA)
• Oral Presentation in English
• Statistical Computing in R
• Communication and presentation of your PhD (UvA)
• Educational Skills

2010
2010
2010
2010
2011
2011
2011
2011
2013
2014

0.7
0.2
1.5
0.1
1.1
0.6
0.8
0.4
0.3
0.2

Specific courses

• Basic clinical radiobiology course (ESTRO) 2010 1.5

Seminars, workshops and master classes

• Masterclass: “Preparing reports for publication”
• Masterclass: “How to write high impact papers"
• Workshop Career Orientation

2011
2013
2013

0.1
0.3
0.2
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Year Workload 
(ECTS)

Presentations

• “A comparison of the natural dose ratio of CT- and MRI-
based treatment plans in prostate PDR brachytherapy”, 
Poster Presentation at ESTRO 29 Barcelona, Spain

• “Optimization and evaluation of stepping source 
brachytherapy treatment plans”, at dept. of BME and 
Physics

• “CT-based prostate brachytherapy treatment plans show 
lower target coverage when evaluated on MRI anatomy”, 
Nucletron User meeting Benelux, Breda

• “CT-based prostate brachytherapy treatment plans show 
lower target coverage when evaluated on MRI anatomy”, 
Poster Presentation at ESTRO Anniversary, London, UK

• “Image-guided prostate brachytherapy”, at dept. of BME 
and Physics

• “Dose variation during PDR Brachytherapy”, at 
Radiotherapy Physics dept.

• “Dosimetric consequences of anatomical variations and 
catheter displacement during PDR prostate brachyther-
apy”, Projectendag Radiotherapie en Klinische Fyscia, 
VUMC

• “Prostate deformation during PDR brachyherapy”, at 
Radiation Oncology dept.

• “Demo Optimization in Oncentra Brachy and in QRT 
Brachy”, at Radiotherapy Physics dept.

• “Improved tumour control probability with MRI-based 
PDR prostate brachytherapy treatment planning”, 
Wetenschappelijke vergadering NVRO, Amersfoort

• “Potential benefit of adaptive treatment planning for PDR 
prostate brachytherapy”, Poster Presentation  at WCB 
World Congress of Brachytherapy, Barcelona, Spain

• “Prostaatvervorming tijdens PDR brachytherapie en 
gevolgen voor dosisverdeling”, RKF themamiddag pros-
taat brachytherapie, Daniel Den Hoed, Rotterdam

• “Two novel tools for brachytherapy treatment planning: 
EGO and IIP”, at Radiotherapy Physics dept.

• “Two novel tools for brachytherapy treatment planning: 
EGO and IIP”, at Nucletron B.V.

2010

2011 

2011

2011

2012

2012

2012

2012

2012

2012

2012

2013

2013

2013

0.5

0.5

0.5

0.5

0.5

0.5

0.5
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Year Workload 
(ECTS)

Presentations (continued)

• “A quick, user-friendly and interactive approach for HDR 
and PDR brachytherapy treatment planning: EGO-IIP”, 
Poster Discussion at ABS Annual meeting, New Orleans

• “Two novel tools for brachytherapy treatment plan-
ning: EGO and IIP; validated on 22 prostate patients”, at 
Radiation Oncology dept.

• “Novel tools for prostate and GYN stepping source 
brachytherapy treatment planning: Enhanced 
Geometrical Optimization and Interactive Inverse 
Planning”, at Nucletron B.V.

• “Novel tools for stepping source brachytherapy treat-
ment planning: enhanced geometrical optimization and 
interactive inverse planning”, Wetenschappelijke kringdag 
Radiotherapie en Klinische Fyscia, UMCU

•  “Validation of a novel and user-friendly inverse optimi-
zation method for stepping source prostate brachyther-
apy treatment planning”, Poster Presentation at ASTRO 
Annual meeting, San Francisco

2013

2014

2014

2014

2014

0.5

0.5

0.5

2. Teaching

Lecturing

• Optimization in Brachytherapy, radiation oncologists in 
training

• Optimization in Brachytherapy, radiation oncologists in 
training

Supervising

• R. Schmidt, Master student applied physics at technical 
university of Delft

• T. Koopman, bachelor student ‘Medische natuurweten-
schappen’ at VU University

2012

2014

2012

2013

3

1
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3. Parameters of Esteem

Awards and Prizes

• Awarded Best Poster price, category Brachytherapy (WCB World Congress of 
Brachytherapy, 2012, Barcelona)

4. Publications

Peer reviewed, this thesis

• Improved tumour control probability with MRI-based prostate brachytherapy 
treatment planning. Acta Oncol 2013;52:658-665.

• Deviations from the planned dose during 48 hours of stepping source 
prostate brachytherapy caused by anatomical variations. Radiother Oncol 
2013;107:106-111.

• Prostate volume and implant configuration during 48 hours of temporary pros-
tate brachytherapy: limited effect of edema. Radiat Oncol 2014; 9:272.

• Novel tools for stepping source brachytherapy treatment planning: Enhanced 
Geometrical Optimization and Interactive Inverse Planning. Med Phys 2015; 
42:348-353.

• A Comparison of inverse optimization algorithms for HDR/PDR prostate 
brachytherapy treatment planning. Brachytherapy 2015 (in press).

Other
• Stappende bron brachytherapie bij prostaatkanker. MT Integraal 2013;2.

CV

Anna Dinkla was born on 9th of April 1984 in Groningen. She attended the Praedinius 
Gymnasium in Groningen and received her diploma in 2006. After secondary school, 
she stayed in Groningen to study applied physics at the RUG. During the bachelor 
programme, she decided to do a minor in biomedical engineering, for which she per-
formed a bachelor project at the radiology department of the University Medical Centre 
in Groningen. This thesis was about MR-guided breast interventions for taking biop-
sies, which involved a literature study and the testing of several commercially avail-
able biopsy systems. The bachelor program allowed admission to a Master program 
in Biomedical Engineering. During this program, Anna returned to the department of 
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Radiology to study the quantification of calcium in coronary arteries measured with 
multi-segment CT. She did an internship at Siemens (Forchheim, Germany) studying 
tracking of coronary arteries using dual source CT. At the first of February in 2010 Anna 
started her PhD project at the department of Radiation Oncology at the AMC. This PhD 
thesis is the result of her research there.

Anna Dinkla werd op 9 april 1984 geboren in Groningen. In 2006 behaalde ze haar mid-
delbare school diploma op het Praedinius gymnasium. Ze bleef in Groningen om techni-
sche natuurkunde te studeren aan de RUG. Nog tijdens de bachelorfase koos ze voor de 
richting biomedische technologie en voerde haar bacheloronderzoek uit bij de afdeling 
radiologie in het UMCG. Dit onderzoek ging over MR-geleide borst interventies voor 
het nemen van biopten, en omvatte naast een literatuuronderzoek het testen van ver-
schillende voor dit doeleinde commercieel beschikbare apparaten. Aan het einde van de 
masteropleiding Biomedische Technologie koos Anna opnieuw voor de afdeling radio-
logie voor haar afstudeeronderzoek, met als onderwerp de kwantificatie van calcium 
in coronaire vaten gemeten met multi-segment CT. Na het afstudeeronderzoek heeft 
ze voor een stage drie maanden bij Siemens (Forchheim, Duitsland) gewerkt aan het 
traceren van bewegende hartvaten met behulp van dual source CT. Op 1 februari 2010 
begon Anna op de afdeling radiotherapie in het AMC met haar promotieonderzoek dat 
heeft geleid tot dit proefschrift. 
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Dankwoord

Op deze plek wil ik graag alle mensen bedanken zonder wie dit proefschrift er niet was 
geweest. Bij het schrijven van een dankwoord realiseer je je pas hoeveel mensen er 
betrokken zijn geweest bij je onderzoek. Ook al lijkt (en is) promoveren soms een een-
zame bezigheid, eigenlijk hoef je maar een deur of een gang verder te lopen om erachter 
te komen dat dit niet zo hoeft te zijn.

Ik begin bij het bedanken van Caro Koning en Arjan Bel, die vertrouwen in dit project 
hebben gesteld. Caro, bedankt voor het meelezen in de beginperiode van mijn onder-
zoek, en je blijvende interesse in de voortgang. Arjan, met de wekelijkse bespreking 
heb je altijd gestuurd richting zelfstandigheid en publiceerbaarheid van het onderzoek. 
Zeker naar het einde toe was dit erg prettig. Je hielp me wanneer ik twijfelde over de 
richting die het project op moest. Jouw tips en correcties bij het beantwoorden aan de 
reviewers waren ook altijd nuttig. Coen, bedankt dat je het promotorschap op je wilde 
nemen. Dankzij jouw kritische blik werd de discussie een stuk beter en is het proefschrift 
geworden wat het is.

Rob, de initiator en drijvende kracht achter dit project, ben ik veel dank verschuldigd. 
Gedurende het hele PhD traject bleef jouw enthousiasme en onvermoeibare werklust 
overeind. Je nam alle tijd om mij alles te leren wat er te leren valt op het gebied  van 
brachytherapie, maar ook om advies te geven over andere, al dan niet aanverwante, 
zaken. Niet alleen kon ik dankzij jou dit onderzoek doen, ook heb ik mij dankzij jou 
kunnen ontwikkelen tot een beginnend brachy-expert.

De projectgroep die werd samengesteld ten behoeve van mijn project, was een luxe die 
je niet op veel plekken terugziet. Bradley, Niek, Hans en Kees, bedankt voor het mee-
denken en het lezen van alle revisies. Kees, jouw herhaalde schrijfadviezen zullen altijd 
in mijn achterhoofd blijven. Van de beginselen van de brachytherapie tot de klinische 
praktijk, Hans bedankt voor je vele lessen. Niek, ik hoop voor jou dat je de skibaan niet 
bent gaan associëren met het becommentariëren van mijn stukken! Tot slot kon ik altijd 
terecht bij Bradley, die als co-promotor en betrokken brachy-arts met ideeën kwam over 
welk tijdschrift ik nu eens zou proberen.

Alle brachylaboranten: Emmie, Eylem, Emmy, Nicole en Jennifer, fijn dat ik altijd mee 
kon kijken en met vragen bij jullie terecht kon. Emmie, jij maakt altijd tijd om planningen 
te maken en denkt altijd actief mee. Bedankt daarvoor, het AMC heeft het erg getroffen 
met zo’n actieve brachylaborante.

Mijn mede-onderzoekers en kamergenoten hebben mij wegwijs gemaakt toen ik als 
groentje op de afdeling kwam: Petra, Irma, Gjenna, Martijn, Xiangfei en Dominique. 
Dominique en Xiangfei, bedankt dat ik jullie paranimf mocht zijn. We wonen niet meer 
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zo bij elkaar in de buurt, maar de gedeelde herinnering aan die bijzondere dagen blijft! 
Irma, ook in de aanloop naar jouw promotie kon ik mij vast een beetje voorbereiden op 
wat me te wachten stond met regelstress. Ik hoop dat ik net als jij nog lang op de ‘grote 
dag’ kan teren.

In de loop van de tijd is de onderzoeksgroep enorm uitgebreid: Edmond, Silvia, Stijn, 
Lotte, Astrid, Eelco, Caspar, Gerben, Akke, Laura, Kleopatra, Peng, Pouya en Sophie, 
bedankt voor jullie gezelligheid! En dan heb ik de AIOSsen, studenten en onderzoe-
kers bij aanverwante afdelingen nog niet eens genoemd. Het maakt het leven van een 
PhD student een stuk leuker en draaglijker wanneer je je gezamenlijk leed en succes 
met elkaar kunt delen. Daarnaast had ik het geluk dat ik het grootste gedeelte van de 
tijd op het AMC een kamer deelde met post-docs Silvia en Astrid; jullie waren perfecte 
kamergenoten en ik heb veel van jullie geleerd. Lotte en Astrid, heel fijn ook dat jullie 
mijn paranimfen willen zijn. Jaap, dankzij onze gedeelde werkplek heb ik geleerd mijn 
bureau opgeruimd te houden! Nu hou ik het qua rommel bij het digitale bureaublad…

Pim en Ernst, jullie zijn onmisbaar op de afdeling. Pim met name bij het volleybal, ik ben 
benieuwd hoe het het AMC zal vergaan op de RAVOTten van de toekomst. Waarvoor 
overigens grote dank aan Louis en Bart voor de organisatie, en aan alle teamgenoten 
(Pim, Erik, Mark, Sander, Hedy, Judith, Henriette, Yvonne, Akke, Jeroen en Katinka)! De 
klifio’s van de laatste jaren: Zdenko, Anette, Mieke, Lia. Jullie aanstekelijk enthousiasme 
en interesse waren altijd fijn om in de buurt te hebben. Tot slot mijn dank aan alle colle-
ga’s die het werken op deze afdeling extra prettig maakten: Jorrit, Jan W, Atilla, Karel, 
Sima, Yvonne, buurmannen Paul, Jaap, Willem, Chris en Richard, Gerard, Jim, Jan S, Rob, 
Erik, Sabine, Hans, Rianne, Martijn, Tanja, Gita, Inge, Jeanne, Judith en alle anderen. Ook 
op congressen was het fijn om onderdeel te zijn van een AMC-clubje.

Tot slot, mijn vriendinnen, die ik vooral in het laatste jaar behoorlijk heb verwaarloosd, 
hopelijk zijn jullie te niet zeer teleurgesteld dat ik jullie niet bij naam noem, maar jullie 
weten over wie ik het heb. Een weekendrelatie, PhD project en familie en vrienden in een 
andere stad zijn niet de beste combinatie. Gelukkig heb ik bij het volleybal in Amsterdam 
ook veel fijne mensen leren kennen. Pap en mam, voor jullie was het ook raar dat ik 
ineens in Amsterdam zat, blij dat jullie de bezoekjes aan de grote stad ook konden waar-
deren. En Tomas, jij zei het al eens, wij halen onze tijd nog wel in!
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