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/Abstract

Background: Monitoring the motion of the patient and the patient’s internal organs during radiation treatment is of paramount
importance for the evaluation of the treatment setup margins and the treatment accuracy. In radical treatment of prostate
cancer patients, the inter-fractional and intra-fractional prostate motion was evaluated, and the appropriate setup margins were
determined.

~

Patients and Methods: Nine radically treated patients with prostate carcinoma were included in the study. They were all treated
using Volumetric Modulated Arc Therapy (VMAT) coupled with image guidance (IGRT). All the patients had three fiducial
markers implanted into the prostate prior to the treatment, which were used for prostate localization on the Electronic Portal
Imaging Device (EPID). Verification and correction of treatment position by analysis of orthogonal portal images was performed
on a weekly basis. All translational movements were evaluated in Anterior-Posterior (AP), Medio-Lateral (ML) and Superior-
Inferior (SI) directions of patient and implanted fiducal markers. Based on daily imaging before and after treatment, systematic
(£) and random (o) errors of patient’s position were calculated, and the appropriate safety margins were calculated using the van
Herk formula.

Results: Based on bony landmark alignment, inter-fractional displacements were more pronounced in the AP and ML directions,
while based on fiducial markers alignment, the displacements in the AP and SI directions prevailed. Overall, larger inter-fraction
displacements were found when aligning to fiducial markers. Based on fiducial marker alignment, the average inter-fraction
displacements and the standard deviations were -0.11 + 1.79 mm, -1.07 £ 1.65 mm, and -0.65 £ 1.56 mm in AP, SI and ML
directions, while when aligning to bony landmarks, the average inter-fraction displacements and the standard deviations were
-0.91 £ 1.33 mm, -0.01 £ 1.39 mm and -0.32 + 1.46 mm in AP, SI and ML directions. The size of the safety margin according to
van Herk’s formula on implanted fiducal markers are 3.13 mm, 3.44 mm and 3.23 mm in AP, SI and ML directions.

The results of the study show that a 3 mm safety margin from the Clinical Target Volume (CTV) to the Planning Target
Volume (PTV) assures that in 90% of all treatment fractions, CTV receives 95% or more of the prescribed cumulative dose.

Keywords: Intra-Fraction and Inter-Fraction Motion; Prostate 1480 new patients per year [1]. As it is the case throughout the

Cancer; Radiotherapy; Safety Margins world, the incidence of prostate cancer in Slovenia is increasing,
. which can be attributed to aging of the population and particularly
Introduction to programs for early diagnosis with the determination of Prostate

Specific Antigen (PSA) [2]. Nowadays, more demanding and
more precise irradiation techniques allow for greater precision of
irradiation and thus the use of higher total doses per target volume

In Slovenia prostate cancer represents most common cancer
in men with 19% new cancer cases every year. In the period from
2010-2014, the average incidence in Slovenia was approximately
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with lower radiation burden on adjacent healthy tissues [3]. In the
case of radical irradiation of prostate cancer, high total irradiation
doses are used, which can exceed the tolerances of adjacent
healthy tissues, especially the rectum and urethra. For this reason,
it is very important to accurately adjust the irradiation fields to the
target volume, and this can ensure optimal protection of organs
at risk [4-6]. During verification process which can provide more
precise irradiation of the target volumes the process of Image-
Guided Radiotherapy (IGRT) is used. It includes daily monitoring
and tracking of the patient’s or tumor’s settings and allows
appropriate adjustment based on deviations from the planned
irradiation treatment plan [7,8]. With the use of IGRT we compare
Electronic Portal Images (EPI) of patients on treatment machine
with reference images (digitally reconstructed radiograph-DRR)
recorded in the planning process and preparation for irradiation on
the simulator (Figure 1).

Figure 1: Registration matching process between EPI and DRR image in
PortalVision program.

The development of Three-Dimensional Conformal
Radiotherapy (3D-CRT) and Intensity-Modulated Radiotherapy
(IMRT) has enabled delivery of escalated doses to the tumor target
with sparing of the Organs at Risk (OAR).

With accurately positioning the patient, the proper settings of
image control and implementation of appropriate movements, we
can ensure proper and best matching of the planning target volume
during irradiation. The systematic implementation of IGRT reduces
the geometric abnormalities that occur in the patient's changes in
setting between each fraction and the anatomical changes due to
normal organ movements or as the consequence of the treatment
itself. An error may occur between the individual irradiation
fractions as inter-fractional displacement or at the time of single
fraction as intra-fractional shift [9,10].

Inter-fractional shifts represent movements between the
individual fractions of irradiation and reflect the daily deviations
between the position of the isocentre on the medical linear
accelerator and the defined isocentre of the irradiation plan. Inter-
fractional shift is the difference between the position of patient or
the tumor derived from EPID during the irradiation fraction and

the corresponding alignment relative to the reference DRR image
representing the irradiation plan [11]. The most common causes
for inter-fractional shifts are changes in the geometric settings
of the patient on the irradiation table, changed target volumes
(increase or decrease in the body weight of the patient, increase or
decrease in the mass of tumor), and deviations in the daily settings
of fixation aids for patient installation [12]. With the on-line IGRT
process, we can reduce the values of inter-factional movements
(systematic and random errors) to a minimum level [13].

Movements that occur within a single irradiation fraction are
called intra-fractional movements. They represent the displacement
of bone structures or organs according to the position of the
isocentre with a previously known position prior to irradiation in
a single treatment fraction. They are divided into external set-up
variations and internal organ motion [12]. The extent of movement
of a patient or organs within one fraction can significantly affect
the design of the safety margins in irradiation. In the case of major
intra-fractional movements, larger safety margins should be used,
which in turn results in a higher OAR volumes and their higher
dosage load, which can lead to more frequent undesirable side
effects of irradiation [14]. The causes affecting the intra-fractional
movements are divided into the movements of the patient due to
the uncomfortable forced position during the irradiation process
and the movements of the organs in the patient, such as movement
of the diaphragm during respiration [15], or in the case of prostate
cancer patients’ irradiation differences in daily filling of bladder
and rectum [16,17].

Patients and Methods

Nine prostate cancer patients with implanted fiducial markers
treated with radical intent between October 2014 and August 2015
were enrolled in this study. Patients setup was carried out on a
Computer Tomography (CT) simulator. Patients were ordered to
first empty urinary bladder and then drink 0.5 to 1 litre of water
30 minutes to 1 hour prior to the setup session. Patients were
informed that this procedure needs to be repeated before every
treatment fraction in order to assure similar urinary bladder volume
compared to the one during the setup session.

CIVCO Combifix™ immobilizing devices (Civco Medical
Solutions, Kalona, IA, USA) - Kneefix and Feetfix - were used at
setup for immobilizing patients in supine position. The reference
isocenter was chosen to match one of the fiducial markers previ-
ously implanted into the prostate, and the position of the anterior
and lateral laser cross-hairs were tattooed for a reproducible patient
setup during treatment. All the patients were treated on a linear ac-
celerator Varian Unique Performance Edition (Varian Medical Sys-
tems, Palo Alto, CA, USA) using Volumetric Modulated Arc Ther-
apy (VMAT) coupled with on-line image guidance, allowing for
patient imaging and repositioning prior to every treatment fraction.
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At every treatment fraction, patient was set up in an
anatomically identical position during patient setup and positioned
into the reference isocenter using in-room lasers. Before every
treatment, two orthogonal portal images (AP and lateral) were
taken using EPID, and after 2D/2D alignment of portal images
with the DRR’s patient’s position was refined. The translational
shifts needed to align the portal images with DRR’s images, were
recorded as inter-fractional positional errors. The patient was then
irradiated and after treatment, two additional orthogonal portal
images were taken after every second treatment fraction. The
translational shifts needed to align the pair of portal images taken
prior to the treatment with those taken after the treatment were
recorded as intra-fractional positional errors.

Altogether, 3336 translational shifts on 684 portal images
were analyzed. PortalVision™ aS1000 imager (Varian Medical
System, Palo Alto, USA) was used for obtaining electronic portal
images (1024x768 pixels). In the accompanying PortalVision
application, all the translational shifts in the AP, SI and ML
directions were calculated. Negative values refer to shifts in the
posterior, inferior and left directions, while positive to the shifts in
the anterior, superior and right directions.

Prior to the start of the treatment, each patient signed an
informed consent form notifying that he has agreed with the
purpose of the study and its protocol. The study was approved by
the Republic of Slovenia National Medical Ethics Committee at

the Ministry of Health (no. 80-07-14, dated September 19, 2014).

Statistical Analysis

The optimal values of safety margins were calculated
using the van Herk formula. To assure that in 90% of all cases,
the Clinical Target Volume (CTV) receives 95% or more of the
prescribed cumulative dose, van Herk formula sets the safety
margin width to 2.5 X+ 0.7 o, i.e., 2.5 times the standard deviation
of the systematic error plus 0.7 times the value of the random
error [18,19]. Pearson correlation coefficient (rxy) was used to
determine the strength of the linear dependence between inter-
and intra-fraction translational shifts in each direction, or between
translational shifts obtained by using either bony landmarks or
fiducial markers for image registration. Microsoft Office Excel
2010 (Microsoft, Redmond, USA) and GNU R (R Core Team,
Vienna, Austria) was used for statistical processing and graphing.
Values of p < 0.05 were considered as statistically significant.

Results

Evaluation of Inter-Fractional Shifts

Table 1 shows inter-fractional shifts in the AP, SI and
ML directions when registering either bony anatomy or fiducial
markers, averaged over the group of 9 patients. M_denotes the
group systematic error or the overall mean, ¥ denotes standard
deviation of group systematic error, o, denotes the random error.

Interfractional shifts
Bony anatomy Fiducial markers
Direction [mm] AP SI ML AP SI ML
Average shift (Mp) -1.06 0.18 1.62 -2.58 4.12 1.57
Average standard deviation (SDp) 2.4 1.52 1.96 3.05 1.98 2.07
Systematic error (Xp) 3.09 2.23 1.72 3.29 5.11 2.69
Random error (op) 2.46 1.55 2.45 3.12 2.03 2.54

AP - Anterior-Posterior direction, SI - Superior-Inferior direction, ML - Medial-Lateral direction, M - average population shifts, SD - average
standard deviation, Xp - population systematic error, op - population random error.

Table 1: Interfractional position shifts.
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When registering fiducial markers, 68.95% of all inter- Evaluation of Intra-Fractional Shifts
fractional shifts in the AP direction were in the posterior direction,
23.74% were in the anterior direction, and in 7.31% of all cases, no
shift was necessary. In the SI direction, 72.15% of all shifts were in
the superior direction, 20.09% were in the inferior direction, and in
7.76%ofallcases,noshiftwasnecessary. IntheMLdirection, 60.27%
of all shifts were towards patient’s right, 24.20% were towards
patient’s left, and in 15.53% of all cases, no shift was necessary.

Table 2 shows intra-fractional shifts in the AP, SI and
ML directions when registering either bony anatomy or fiducial
markers, averaged over the group of 9 patients. M denotes the
group systematic error or the overall mean, Zp denotes standard
deviation of group systematic error, 6 denotes the random error.

Intrafractional shifts
Bony anatomy Fiducial markers
Direction [mm] AP SI ML AP SI ML
Average shift (Mp) -0.91 -0.01 -0.32 -0.11 -1.07 -0.65
Average standard deviation (SDp) 1.33 1.39 1.46 1.79 1.65 1.56
Systematic error (Xp) 0.36 0.59 0.76 0.59 0.82 0.81
Random error (op) 1.38 1.44 1.55 1.87 1.75 1.67
AP - Anterior-Posterior direction, SI - Superior-Inferior direction, ML - Medial-Lateral direction, M - average population shifts, SD - average
standard deviation, Xp - population systematic error, op - population random error.

Table 2: Results of intra-fractional shifts based on evaluating either bony anatomy or fiducial marker registration.

When registering to bony anatomy, 45.13% of all intra-fractional shifts in the AP direction were in the posterior direction, 33.63%
in the anterior direction, and in 21.24% of all cases, no shift was necessary. In the SI direction, 61.06% of all shifts were in the inferior
direction, 18.58% in the superior direction, and in 20.35% of cases, no shift was required. In the ML direction, 50.44% of shifts were
towards the patient’s left, 27.43% to the right, and in 22.12%, no shift was required. Registration on fiducial markers yields qualitatively
similar results.

Determining Safety Margins for Inter-Fractional Shifts

Table 3 shows safety margins derived from inter-fractional shifts according to van Herk formula. When registering to bony
anatomy, the margins in the AP, SI and ML directions are 9.44 mm, 6.65 mm and 6.02 mm, respectively.

Safety margins calclulated from inter-fractional shifts

Bony anatomy Fiducial markers
Direction [mm] AP SI ML AP SI ML
PTV - CTV margin 9.4 6.7 6 10.4 14.19 8.5

AP - Anterior-Posterior direction, SI - Superior-Inferior direction, ML - Medial-Lateral direction.

Table 3: Safety margins derived from inter-fractional shifts according to van Herk formula.

When registering to fiducial markers, safety margins in the AP, SI and ML directions are 10.41 mm, 14.19 mm and 8.50 mm,
respectively.
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Determining Safety Margins for Intra-Fractional Shifts

1. Table 4 shows safety margins derived from intra-fractional shifts according to van Herk formula. When registering to bony anatomy,
the margins in the AP, ST and ML directions are 1.88 mm, 2.47 mm and 3.00 mm, respectively. When registering to fiducal markers
in prostate, the margins in the AP, SI and ML directions are 2.79 mm, 3.27 mm and 3.19 mm, respectively.

Safety margins calculated from intra-fractional shifts

Bony anatomy

Fiducial markers

Direction [mm] AP SI

ML AP SI ML

Safety margin 1.9 2.5

3 2.8 3.27 32

AP - Anterior-Posterior direction, SI - Superior-Inferior direction, ML - Medial-Lateral direction.

Table 4: Safety margins derived from intra-fractional shifts according to van Herk formula.

Correlation factor between inter-fractional and intra-fractional
movements of bone structures and fiducial markers

Direction [mm] AP SI ML
Correlation of inter-fractional movement between bony structures
and fiducial markers 0,67 (p <0.005) 0,61 (p <0.005) 0,94 (p <0.005)
Correlation of intra-fractional movement between bony structures _
and fiducial markers 0,06 (p = 0.420) 0,30 (p <0.005) 0,66 (p <0.005)

AP - Anterior-Posterior Direction, SI - Superior-Inferior direction, ML - Medial-Lateral direction, rxy - correlation factor.

Table 5: Total values of correlation factors between inter-fractional and intra-fractional movements of bone structures and fiducial markers.

From the Table 5 we can see that correlation factors
comparing between inter-fraction motion of bony anatomy and
fiducial markers show the mean correlation (r=0.40-0.69) in AP
and SI directions, while the correlation factor in ML direction is
r=0.94 and represents a strong positive correlation.

The values of p show statistically significant correlation in
intra-fractional movements in SI (p <0.001) and ML (p <0.001)
directions, whereas for the movements in the AP direction
differences were not statistically significant (p = 0.42).

Discussion

In an IGRT setup values for safety margins can be obtained
by applying van Herk formula to the intra-fractional positional
shifts based on registration of bony anatomy and fiducial markers.
Systematic and random errors due to inter-fractional motion is
minimised by daily imaging and patient repositioning. The usage of
the on-line correction method allows us the reduction of the overall
setup error (systematic and random) down to approximately 1 mm
[13]. Inter-fractional motion enters the estimate for safety margins
in the case when on-line patient imaging and repositioning is not
used. The estimate for safety margins can be further improved by

including the uncertainty in contouring of the target and the OARs.
It has been shown that other uncertainties, e.g. the uncertainties
in contouring the fiducial markers and the movement of fiducial
markers inside the prostate are less important than the errors in
patient setup and the prostate motion [20]. It is known that the
prostate position with respect to the bony anatomy can vary [21].

In a study of the influence of inter-fractional motion of
prostate by Kupelian et al. [16], the authors found out that daily
variations in the rectum and bladder volume result in significant
variation in dose distribution during the treatment. By implanting
fiducial markers into the prostate and using Electronic Portal
Imaging (EPI) system we can assure that the treatment field does
not miss the target [4]. Analyses of fiducial marker movement
within the prostate have shown that this movement is insignificant,
in the sub- millimetre range [22,23].

In our study, mean values M) and Standard Deviations (SD)
of inter-fractional motion in AP, SI and ML directions were -1.06
+2.4 mm, 0.18 £ 1,52 mm and 1.69 £ 1.96 mm, respectively. This
is consistent with the M values in the AP direction in the study by
Nedervan et al. [24], although the values for the systematic and
random error in this study are smaller in all directions. The values
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obtained for inter-fractional motion with reference to the bony
anatomy are also consistent with the results obtained by Ikeda et al.
[25], who obtained -2.0 mm for the Mp value in the AP direction. The
values of X obtained in this study are in all directions comparable
with the values, obtained in a study which examined the impact of
the no-action-level (NAL) protocol for reducing systematic error
[26]. The values of 2p obtained in this study in the AP (3.09 mm),
SI (2.23 mm) in ML (1.72 mm) directions are consistent with the
results of other studies using the same patient positioning system
(reference points and isocentric lines) [24,27]. The magnitude of
the inter-fractional prostate motion in the AP direction is important,
as shifts in the posterior direction can induce an increase in rectal
toxicity. The shifts in AP direction obtained in this study are also
comparable with the studies in which the patients were positioned
in prone position, and in which a thermoplastic mask was used for
patient fixation [24,25]. Analysing inter-fractional motion, using
fiducial markers as reference, yields larger values for Mp than
using bony anatomy as reference [28,29]. The largest difference
between the values for inter-fractional motion based on bony
anatomy and fiducial markers is in the SI direction (Mp=0.18 mm
VS. Mp=4.12 mm), which is consistent with other studies [28].

Using an on-line image-guided setup correction protocol is
the only way to reduce both the systematic and the random inter-
fraction setup error resulting from the motion of prostate and bony
structures. The magnitude of the safety margin is related to the
frequency of the IGRT procedure [29,30]. Based on the results of
this study, employing daily imaging and setup correction would
significantly reduce inter-fractional shifts which arise due to
irreproducibility of the exact patient setup.

Inter-fractional shifts are mostly influenced by the variation
in bladder and rectum volume during the treatment course. The
impact is most pronounced in prostate shifts in AP and SI directions,
as has been shown by Magnetic Resonance Imaging (MRI) [16].
A standardised procedure for consuming a given amount of liquid
before each treatment session has an important role in assuring
a reproducible bladder volume, as it reduces the displacement of
target and organs at risk from their position during the initial set-
up. Employing such a protocol reduces large inter-fractional shifts,
but does not eliminate prostate motion completely [31].

Mean values (Mp) and Standard Deviations (SD) of inter-
fractional shifts based on fiducial markers show an agreement
with the results obtained by Schallenkamp et al., [32] as do the
results of SD of intra-fractional fiducial marker displacement, the
largest being in the AP direction (+1.79 mm), being followed by SI
(x1.65 mm) and MLdirections (£1.56 mm) [5]. The values obtained
for z of intra-fractional displacement in SI and AP directions are
also comparable with the published values [5,33]. The smallest and
the largest values of ¢ for intra-fractional displacement were found
in the ML and AP directions, respectively, which is consistent with
a study in which they used an endo-rectal balloon [34]. Overall,

intra-fractional displacements of fiducial markers were found
to be smaller than the inter-fractional displacements, which is
in agreement with the published results [15,35], even though an
ultrasound system for prostate localization was used in the first study.

The values of X _obtained in this study are comparable with
the published values for intra-fractional shift in the AP direction,
while the random errors obtained are smaller than those reported in
similar studies [5,29]. A study of intra-fractional motion of prostate
fiducial markers employing fluoroscopic imaging before and after
each treatment session found out that the most pronounced motion
M is in the SI direction, which is in agreement with our findings
[36]. Smaller values of SD and random errors also result in a
smaller value for the safety margin.

The value for the CTV-PTV safety margin based on the
inter-fraction motion of bony anatomy are comparable with the
results of Litzenberg et al. [27] who suggest the values of 8.2 mm
(ML), 12.5 mm (SI), and 5.7 mm (AP). In our study, the values
obtained for the safety margin in the ML and SI directions are
slightly smaller, while a slightly larger safety margin is needed in
the AP direction. A study by Beltran et al. [37] which suggests the
values of 7.3 mm (ML), 8.1 mm (SI) and 10.5 mm (AP) matches
our results in the SI and ML directions even better.

Using intra-fractional motion of bony anatomy as the basis
for the CTV-PTV safety margin yields the values of 1.88 mm (AP),
2.47 mm (SI) and 3.0 mm (ML). Similar studies which examined
the clinical implications of intra-fractional prostate motion
recommend a 3 mm safety margin [5,15,27]. The analysis of the
intra-fractional motion based on fiducial markers in this study
confirms that a 3 mm safety margin is safe for the clinical practice.
Melancon et al. [38] have also concluded that the value of 3 mm
is sufficient to compensate for the intra-fractional prostate motion,
while other studies [27,32] suggest the values of 3.4 mm (AP and
SI), and 2.7 mm (ML), which is similar to the results we obtained.

The values of correlation factors between inter- and intra-
fraction motion in a given direction obtained in this study show
a low correlation (r = 0.20-0.39) between inter- and intra-fraction
motion of bony anatomy in the AP and ML directions and negligible
correlation (r = 0.01-0.19) in all other cases, indicating that
generally there is no correlation between inter- and intra-fraction
motion of bony structures. In a similar study [35] the authors found
still negligible (0.191) yet statistically significant correlation
between inter- and intra-fraction motion in SI-direction, and even
lower and statistically insignificant values in other directions. The
correlation between inter-fraction motion of bony anatomy and
fiducial markers in this study was found to be medium (r = 0.40-
0.69) and statistically significant in the AP and ML directions and
very high (r = 0.94) and statistically significant in the SI direction.
The latter is comparable with the results of another study [37], in
which the authors found high positive correlation (r = 0.79).
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Evaluation of geometric errors during the treatment process, in
particularlymonitoringpatientpositionandpatient’sorganpositions,
represents a necessary part of the radiotherapy practice. Both factors
influence the accuracy of dose delivery, which is limited by the target
motion, body inhomogeneity, beam geometry and set-up errors.

Applying the van Herk formula on the results of the intra-
fraction motion of fiducial markers, we obtained the following
values for CTV-PTV safety margin: 2.8 mm (AP), 3.3 mm (SI)
and 3.2 mm (ML), which can be approximated by isotropic margin
of 3 mm. When using the intra-fraction motion of bony anatomy
as the basis, we arrive at somewhat smaller values: 1.9 mm (AP),
2.5 mm (SI) and 3.0 mm (ML). This indicates that an independent
intra-fraction prostate motion relative to the bony anatomy exists,
but using exclusively bony anatomy as a reference is not sufficient,
as has been noted before. The analysis of intra-fraction motion of
fiducial markers can serve as a basis of safety margin reduction
when employing an on-line IGRT protocol.

The results are based on a population-wide statistics of the
studied cohort and assuming that daily on-line IGRT protocol for
patient set-up is used. Using IGRT allows reducing the systematic
and random set-up errors of both prostate and bony anatomy to a
minimal level. These results are in agreement with other published
recommendations which suggest a 3 mm CTV-PTV safety margin
to compensate for the intra-fraction motion of bony anatomy and
fiducial markers. Van Herk formula assures a minimum CTV
coverage of 95% of the prescribed dose at least 90% of the time.
Reducing safety margin to this minimal value allows reducing of
OAR toxicity and less side effects of radiotherapy treatment.

Disclosure: No potential conflicts of interest were disclosed.
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