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 Abstract 
 Radiotherapy (RT) always requires a compromise between tumor control and normal tissue side-effects. Technical innova-
tion in radiation therapy (RT), such as three dimensional RT, is now established. Concerning prostate cancer (PC), it is 
reasonable to assume that RT of PC will increase in the future. The combination of small margins, a movable target (pros-
tate), few fractions and high doses will probably demand dynamically positioning systems and in real time. This is called 
four dimensional radiotherapy (4DRT). Moreover, biological factors must be included in new treatments such as hypo-
fractionation schedules. This new era is called fi ve dimensional radiotherapy, 5DRT. In this paper we discuss new concepts 
in RT in respect to PC.   
 Radiotherapy (RT) always demands a compromise 
between tumor control and side-effects. Undesir-
able side-effects are the result of dose delivered to 
non-tumor tissue or healthy organs, and can be 
reduced if the irradiated volume is minimized. 
However, due to different errors in the radiotherapy 
chain, and tumor movements, dose to healthy tissue/
organs cannot be totally avoided. Radiotherapy will 
therefore always be associated with some degree of 
side-effects [1]. 

 Radiotherapy is and will be an important modality 
in the treatment of PC. There are several randomized 
studies showing a clear survival benefi t of RT in the 
treatment of PC and RT shall be considered alone 
or adjuvant to surgery and hormone therapy [2 – 4]. 

 The goal of developments in radiation therapy is 
twofold: (1) improve tumor control and/ or (2) 
decrease side-effects. Suit 2002 [5] has listed up 20 
major contributions or steps in the development of 
radiotherapy from the development of the gantry to 
computer tomography based dose planning and three 
dimensional radiotherapy (3DRT). 

 3DRT became available in the beginning of 
the 1990s. The Nordic collaboration in the CART 
program (computer aid in radiotherapy) was an 
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important contribution to this development, see 
Figure 1 [6]. In these systems the anatomy of the 
target could be more complex and the margin sur-
rounding the tumor viewed in three dimensions. 
Compensation for dose absorption in surrounding 
organs/ tissue (such as the pelvis) became better. 
Possibly, 3DRT is one of the greatest single improve-
ments in radiation therapy. 

 Even if 3DRT can account for a more complex 
anatomy, it is still diffi cult in clinical practice to mod-
ulate the beam in the axial direction. Wedges can 
compensate for some inhomogeneous contours, but 
 “ banana-shaped ”  or concave targets remain diffi cult 
to treat with appropriate dose distributions. 

 The introduction of Intensity modulated radio-
therapy (IMRT), or later developments VMAT (volu-
metric modulated arc therapy) or Rapid Arc, made 
it possible to treat banana-shaped targets (lymph node 
volumes, prostate with seminal vesicles). Proton beams 
have used since the 1940s, but the accessibility has 
been low. In recent years, however, the number of 
facilities increased, and thus possibilities to treat 
more patients. Because of limitations of space, and 
the complexity of these techniques, the interested 
reader is referred to books such as  “ The Technical 
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  Figure 1.     The Nordic CART (Computer Aid in RadioTherapy) programme (with permission from Hans Dahlin). The drawing summarises 
3DRT as we know it today.  
Basis of Radiation Therapy, 4 th  ed. ” . Springer  – Verlag, 
2006. 

 It has always been important to be aware of and 
control movements of the target and patient. In the 
use of IMRT and protons this is even more impor-
tant. Displacement errors during IMRT treatments 
can signifi cantly change the outcome of treatment. 
Considering that the treatment time for IMRT is two 
to three times longer then that for conventional 
3DRT and the steep dose gradient in protons, the 
need for improved and continuous patient/ target 
positioning is obvious. 

 With better positioning of the target and smaller 
margins this problem can possibly be reduced. Posi-
tioning problems associated with 3DRT and IMRT 
has led to the development of Image Guided Radio-
therapy (IGRT). This development has accelerated 
during recent years and IGRT has initiated a new era 
in radiation therapy, namely  “ four-dimensional radi-
ation therapy ”  (4DRT). 

 One major disadvantage of 3DRT is that all 
treatments are based on the anatomy as defi ned 
by the treatment planning CT prior to the actual 
treatment planning. In an optimal 4DRT system 
positioning information during irradiation is feed-
back to the treatment planning system for online 
corrections. In the clinic this is very complicated 
and maybe unnecessary to compensate for small 
movements. 

 In the case of prostate cancer, and most other 
tumors, the development of the treatment protocol 
involves fi ve critical steps [1,7]. The fi rst step involves 
the diagnostic procedures including determination of 
the spread of the tumor (e.g., prostate only or lymph 
node involvement). Next, what is the best treatment 
for each patient. Third, if radiation therapy is selected, 
the target(s) must be accurately defi ned. Fourth, the 
treatment plan must be optimized (e.g., 3DRT, protons 
or IMRT) and, fi nally, the treatment must compensate 
for inter/intra-treatment variations in position of the 
patient and the prostate (QA, quality assurance). 

 In this article we will discuss the last three steps 
from a 4DRT point of view and discuss necessary 
developments and improvements of radiation ther-
apy in general and radiation therapy of prostate can-
cer in particular for the next dimension in radiation 
therapy  –  namely 4DRT. 

 We will also discuss the concepts of biological 
modeling of the physical dose distribution in 4DRT, 
and this will be referred to as  “ fi ve dimensional radio-
therapy ” , 5DRT. This is the fi rst time the concept of 
radiobiology will be integrated with the physical dose, 
and this is possible because of the exceptional control 
of the dose distribution using 4DRT.  
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 Material and methods 

 The 4DRT and certainly the 5DRT era is in its for-
mative stage In April 2005 there were approximately 
20 references found on on 4D radiotherapy (RT) or 
four-dimensional RT (depending on search items) in 
 “ Pubmed ” . On the Internet there were approximately 
5 000 references and this refl ects the fact that there 
were multiple 4D projects globally. In 2010 there are 
approximately 18 500 Internet hits and approxi-
mately 400 hits on Pubmed, although some are not 
fully appreciable. 

 There are also numerous publications and proj-
ects concerning radiotherapy and movement in the 
3DRT milieu and aspects from selected articles will 
be discussed. Several of these articles could be clas-
sifi ed as a 4DRT-publication, but the awareness of 
the technique has been minimal (that is, the key-
words on certain articles do not necessarily include 
4D, even though the article itself contains 4D infor-
mation). This makes it possible that we might miss 
important contributions in our discussion.   

 Results  &  discussion 

 There is no clear defi nition of 4DRT. 4DRT can be 
considered as the logical progression forward from 
3DRT. 3DRT treatment is often referred to as any 
treatment using a 3D based dose-planning system 
and computer tomography (CT). Since 3DRT is a 
static situation, 4DRT should be considered to be 
any treatment which dynamically compensates for 
target or patient movements during radiotherapy. 
On the other hand 5DRT is a stand alone concept 
merging physical and technical aspects of RT with 
radiobiology. It is of course possible to perform 
3DRT and include biological information, but it is 
impossible to have a defi nition including all combi-
nations. We e suggest that the most advanced tech-
nology is used as part of the defi nition (5DRT �
 4DRT � 3DRT). It is also important to distinguish 
the six geometric dimensions (X,Y,Z and rotation) 
from the different levels (dimensions) of radiother-
apy. Although they are linked they describe different 
aspects of RT. 

 The defi nition of 4DRT does not include treat-
ments were motion has been taken in account by 
merely adding a margin around the tumor. With this 
defi nition in mind, many of current standard treat-
ments cannot be considered as being true 4DRT 
although they have the technical possibilities to do 
online corrections. 

 The fi rst articles in which the term 4DRT is 
found is in the late 1990s [8]. There are also authors 
with a slightly different approach, namely that of 
including time in a biological model, but today 
most authors defi ne the motion of the target and 
its effect on the physical dose distribution as the 
fourth dimension. This is in concordance with the 
4D imaging literature [9]. We suggest that biologi-
cal considerations of the physical dose distribution 
should be defi ned as the fi fth dimension if this is 
applied to the treatment directly (that is not just 
during follow-up), and we will briefl y discuss the 
concept. 

 Most radiotherapy publications refer to 4DRT in 
relation to moving targets due to respiratory move-
ment (lung, liver and breast) and prostate cancer is 
only briefl y discussed [9]. The development follows 
the evolution of the computer tomography [10,11]. 
However, the concerns about positioning and mov-
ing targets is as old as that of radiotherapy. It is also 
notable that most of the problems discussed in the 
literature today, were outlined by the Nordic CART 
project in the 1970s (Figure 1). This relates to the 
fact that the development of modern radiotherapy is 
closely linked to the development of computers and 
imaging devices  –  4DRT could hardly be done using 
laser beams and skin marks. 

 Two publications worth mention are the entire 
issue of Seminars in Radiation Oncology [11] deal-
ing with moving targets and 4DRT and a recent 
review by Bucci et al. [12]. These articles present 
state of the art procedures compensating for moving 
targets during radiotherapy. 

 For the clinically oriented reader, literature about 
moving targets and techniques for dealing with the 
problem is sometimes confusing for two basic rea-
sons. First, techniques like 3DRT, IMRT, IGRT and 
4DRT are used as if they were independent tech-
niques. In clinical practice 3DRT and 4DRT are the 
level of treatment precision required, and IMRT, 
IGRT and are the techniques used to achieve that 
precision. Second, frequently, positioning only refers 
to the fi nal step in the treatment chain, but in reality, 
the 4DRT concept includes all steps from dose plan-
ning to the last moment of the treatment.  

 4D computer tomography (4DCT) and 
treatment planning 

 Motion of the target during the dose planning CT 
can change the shape of the target signifi cantly 
(Seminars), and this is summarized in Figure 2. Two 
targets (A and B) are scanned with fi ve CT-slices 
(1-5). Below are the two resulting 3D images based 
on the scans. Due to different motion pattern two 
totally different shapes of the target will be stored in 
the treatment planning system (A1-5 and B1-5). If 
we use a high precision RT technique with small 
margins, this error alone can drastically effect the 
treatment and it is important to monitor target and 
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  Figure 2.     A schematic view of the result of movements during the 
dose planning CT. The target A and B is due to movements 
displayed as A1-5 and B1-5 respectively due to movements. For 
details, see text.  
patient position throughout the whole radiotherapy 
chain [13]. 

 If we assume that the movement is  � /− 2cm (a 
most common margin) and we divide it in steps of 
5 mm, we have nine separate locations of the struc-
tures. If the treatment plan has three portals the 
number of combinations in this very simple example 
is 9 � 9 � 9  �  729. It is not possible to produce 
different dose plans for all these combinations. This 
emphasizes the fact that in clinical practice it is not 
and it will not be possible to perform ultimate 4DRT, 
because the number of combinations is to great and 
probably are not clinically relevant 

 Four dimensional imaging devices are today well 
established and as conventional CTs were a major 
step forward for RT, 4DCTs will be important for 
RT in the future. This also stresses the importance 
of a nomenclature and standards for 4DRT in order 
to stimulate technical development [10 – 12]. 

 An interesting new fi eld of avoiding dose to 
OAR is the introductions of spacers separating the 
OAR from the target area, thus reducing the dose 
to the OAR [13]. These must of course be used on 
the CT and can possible also reduce the motion of 
the prostate.   
 Prostate motion 

 The prostate can move relative to the beam as a part 
of a patient movement or internally. With laser posi-
tioning, displacement errors of several centimeters 
can be noted [14]. Figure 3 refers to a 20 minute 
recording of prostate movements, using an electro-
magnetic positioning implant (Raypilot, Micropos 
Medicial). The maximum error in this example is 
approximately 14 mm. Usually, prostate movements 
are minimal (millimeters), but large errors can occur 
and this is important with fewer fractions and/or long 
treatment times.   

 Electronic portal imaging (EPI), cone computer 
tomography (cone CT) and IGRT 

 EPI is probably the most commonly used motion 
detecting device in clinical practice and is the basis 
of IGRT. Contrast in an EPI image can be enhanced 
by using markers [15]. Markers in the target-volume 
(tumor) will also increase the resolution, since EPI 
does not visualize soft tissue. EPIs are easy to use 
and give an x-ray verifi cation of the treatment. It is 
possible to monitor the motion continuously, but this 
requires manual inspection (although automatic sys-
tems have been developed). The quality of EPI in 
high voltage therapy is sometimes very poor for all 
portals. EPIs cannot detect movements axial to the 
beam, but this is seldom a problem for a treatment 
fi eld. An additional disadvantage of the EPI is that 
personnel must leave the room during positioning of 
the patient. 

 Cone CT was fi rst discussed in isotope applica-
tions in the 1980 – 1990s. Today it is used for RT and 
the principle is to use the whole detecting area of 
the EPI (not just a small pencil beam such as that 
in a standard CT). One can use the treatment beam, 
but it is also possible to improve the image quality 
by using standard x-ray tubes mounted on the treat-
ment gantry (e.g., Electa Synergy). Cone CTs are 
closely linked to IMRT and the development of 
VMAT and Rapid Arc but do not solve the problem 
shown in Figure 3. It is possible to visualize the 
body, bone and target, but it is not possible in clin-
ical practice toperform 4DRT. The largest disadvan-
tage with cone CT is that it cannot detect motion 
during treatment.   

 Respiration and gating 

 Most of the work on 4DRT is on motion due to 
respiration (lung, liver and breast). In this fi eld the 
problem of Figure 2 is obvious. If one assume that a 
certain fi lling of the lung is proportional to the posi-
tion of the target, it is possible to monitor the respi-
ration and use the fl ow of air as a surrogate for target 
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  Figure 3.      In-vivo  prostate movements during 20 minutes. The maximum deviation in 3D is 14 millimeters.  
position. Once the position is known you can treat 
in two principle different ways, see Figure 3. Either 
you follow the tumor and treat continuously or you 
can treat only in well defi ned periods of the respira-
tion cycle. The latter will be more time consuming, 
but is probably easier to plan and perform. However, 
it is important to notice that the accelerator must 
have the possibility to start and stop irradiating with 
small time intervals.   

 IMRT, VMAT, Rapid Arc and 4DRT 

 As mentioned above, IMRT made it possible to treat 
banana-shaped targets such as lymph node volumes 
and prostate with seminal vesicles. One problem with 
IMRT is the larger volume of healthy tissue receiving 
low dose irradiation. Hall and Wuu (2003) have esti-
mated that this increased volume of normal tissue 
irradiation, will almost double the incidence of sec-
ond malignancies [17]. VMAT and Rapid Arc can be 
considered as IMRT with an infi nite number of por-
tals. The low-dose volume using VMAT and Rapid 
Arc seems to lower and treatment time is shorter. 
Possible advantages in different tumors are currently 
being investigated [16]. 

 The major step in dose escalation and side-effect 
reduction is to reduce the Planning Target Volume 
(PTV), and IMRT, Rapid Arc and VMAT makes it 
possible to have a uniformly small margin around 
any shaped target. On the other hand  –  small margins 
stress the importance of continuous positioning 
monitoring and management of the deviation of the 
position.   

 Real time radiotherapy 

 In order to perform real time corrections in clinical 
practice, the positioning device must determine the 
position of the target without human interference. 
This can be done by using continuous diagnostic 
x-rays with auto-detection of the target or marker, 
optical systems (only surface), implanted isotopes, or 
by using electromagnetic positioning devices (EMP). 
These techniques have their advantages and disad-
vantages, but EMP is the only technique which can 
determine a target position in the body, such as the 
prostate, without adding more ionizing radiation to 
the patient. 

 There are two EMP systems available, Calypso 
Medical and Micropos Medical [18]. Figure 4 
describes one EMP system. A transmitter is implanted 
near the target and an external antenna (in the treat-
ment table) tracks the signal and thus the position of 
the target can be determined at sub-millimeter levels. 
EMP is non-ionizing and the system can therefore 
be used with personnel in the room. 

 In the treatment of prostate cancer, the combina-
tion of small margins, a moving target, few fractions 
and high doses requires very high precision, and 
probably demands more than one positioning sys-
tem. At a minimum, one of these systems should be 
real time and continuously monitoring.   
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 Figure 4A. The treatment table  “ listen ”  to the signal from the 
non-permanent implant and the prostate is localised with sub-
millimetre accuracy. The positioning is done continuously with 
adding more ionisation to the patient (with permission from 
Micropos Medical, Gothenburg, Sweden). B An implant in the 
target volume (to the left).  
 Biological models and 5DRT 

 The era of Radiobiology started at Radiumhem-
met, Karolinska Hospital, by Magnus Strandquist 
which combined time and fractionation in the 
 “ Stradquist diagram ”  [19]. Today the most com-
mon calculation is the Linear Quadratic (LQ) and 
BED (Biological Effective Dose) formula intro-
duced by John Fowler [20] using the alfa/beta value. 
One disadvantage of this particular formula is that 
it is not suited for heterogeneous dose distributions. 
Lennern ä s et al. have further developed the LQ/
BED formula to incorporate heterogeneous dose 
distributions, making the it suitable for 4DRT. This 
formula is called the Dose Volume Inhomogenity –
 BED (DVIC-BED). 

 Five dimensional radiotherapy (5DRT) is defi ned 
as any biological parameter (i.e., sensitivity to RT, drug 
interactions or r é sistance to RT) that can alter the 
outcome of radiotherapy. The 5DRT concept is impor-
tant to consider in high dose treatments of PC such 
as high dose rate brachytherapy or hypofractionation. 
The aim of 5DRT is to, in the clinic, to integrate 
biological factors and the physical dose distribution 
over time (fractionation). Five dimensional radio-
therapy, is also essential for understanding side-
effects of radiotherapy. For PC better understanding 
of the nature of PC in individual patients will also 
improve the selection of patients for curative treat-
ments or watchful waiting [21]. 

 For PC, 5DRT is important due to the biological 
nature of PC and all the possible radiation treat-
ments with different fractionation and doses avail-
able. However, if 4DRT has recently been established 
the era of 5DRT has, possibly, just begun. For exam-
ple, PC is considered to be a slowly proliferating 
cancer during treatment [22]. However, recently 
Thames et al. showed a 6% decrease in biochemical 
control if the treatment time was extended by one 
week [23]. 

 During the last decade IMRT in a 3DRT milieu 
has become very common. One of the goals 
for QUANTEC (Quantitative Analyses of Normal 
Tissue Effects in the Clinic) is to summarize 3D 
dose volume data into constraint parameters to 
improve IMRT dose planning [24]. However, as 
pointed out by QUANTEC, data collected from 
3DRT is not optimal for the judgment of individual 
dose plans, since NTCP (Normal Tissue Complica-
tion Probability) data extracted from 3DRT are 
population-based estimates based on a single plan-
ning CT with no account for anatomic variation 
(compared to 4DRT) [25]. 

 The QUANTEC group outlines several other 
problems which can relate to 5DRT, such as drug 
interactions, comorbidity and individual radiosen-
sitivity. Methodological problems with side-effect 
sensoring and determination of the delivered dose to 
the OAR or target in fractionated RT is also high-
lighted [24]. 

 The group identifi ed research priorities refl ecting 
the shortcomings of 3DRT data and summarizes that 
clinical judgment should not be replaced by NTCP 
or other constraint parameters for the individual 
patient [27]. It is also notable that the parametres 
are extracted from 3DRT 1.8 – 2Gy/fraction and other 
fractions schedules such as hypofractionation, should 
be adjusted to conventional fractionation [26]. How-
ever, it is not self evident that the Linear Quadratic 
(LQ) formula which contains no volume parameter 
is optimal for this conversion for OAR with a non-
homogeneous dose distribution.    

 Conclusion 

 Radiotherapy is an important modality in the treat-
ment of PC. It can be used either alone with or with-
out dose escalation, or in combination with surgery 
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or hormone therapy. It is reasonable to assume that 
RT of PC will increase in the future. The develop-
ment of techniques for 4DRT are important tech-
niques for optimizing RT for PC and to improve 
constraints for IMRT. Furthermore, the combination 
of small margins, a moving target, few fractions and 
high doses will probably require more than one posi-
tioning system and at least one of these should be 
real time. The development and research in 5DRT 
should be accelerated in order to improve risk assess-
ment for an individual patient. It is important to 
evaluate new technologies in respect to excising 
guidelines, but it is equally important it is that new 
technologies are investigated and also easier used in 
the clinic if found to be of advantageous for  individual 
patient [28]. 
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