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Abstract

This study aims to evaluate inter-fractional set-up errors in patients treated with distinct immobi-
lization equipment (thermoplastic mask, knee-fix and feet-fix, wing board and vac-lok) for four
anatomical regions including brain, head and neck (HN), thorax and pelvis. Data of randomly se-
lected 140 patients who were treated for four anatomical regions were obtained using Hi-Art Hel-
ical Tomotherapy (HT) system. Pre-treatment planning was based on automatic registration
readings of computed tomography (CT) and mega-voltage computed tomography (MVCT) on a
daily basis. Distinct immobilization equipment was used for varying anatomical regions. Individu-
al mean set-up error (M), systematic error (X), and random error (o) values were calculated
through daily translational and rotational deviation values. The size of translational, systematic
and random error was 1.31 - 4.93 mm for brain, 2.28 - 4.88 mm for HN, 4.04 - 9.90 mm for thorax,
and 6.34 - 14.68 mm for pelvis. Rotational values were as follows: 0.06° - 0.73° for brain, 0.42° - 0.6°
for HN, 0.48° - 1.14° for thorax and 0.65° - 1.05° for pelvis. The highest translational, systematic and
random error value was obtained from the pelvic regional. The highest standard and random er-
ror value in pitch and roll was produced in the rotational direction of the pelvis (0.05° and 0.71°),
while the highest error value in yaw was (1.14°) produced from thorax. Inter-fractional set-up er-
rors were most commonly produced in the pelvis, followed by thorax. Our study results suggest
that the highest systematic and random errors are found for thorax and pelvis. Distinct immobili-
zation equipment was important in these results. Safety margins around the clinical target volume
(CTV) are changeable for different anatomical regions. A future work could be developed to new
equipment for immobilization because of the reduced margins CTV.
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Translational Variation

1. Introduction

Radiation therapy (RT) is the treatment modality using beams of X-rays, electrons or protons to treat cancer
cells. After surgery, RT is the next most important method of curing cancer. There are two major considerations
in RT: 1) providing a more homogenous dose distribution for the tumor and its surrounding; 2) preserving more
healthy tissues. Inappropriate positioning causes both reduced dose for the target volume and radiating to
healthy tissues. Side effects and local injuries resulting from healthy tissue radiation are also associated with po-
sition errors [1] [2]. In addition, set-up errors are inevitable during RT. These errors can be divided into two
groups, including random and systematic errors [3] [4]. Systematic errors are defined as the limit differences
between the simulation position and treatment position [5]. Random errors, on the other hand, consisted of posi-
tional errors such as immobilization, respiration, anatomical changes and other related problems [6]. RT is a
complex treatment modality which requires quality assurance. Currently, two-dimensional conventional RT has
been replaced by three-dimensional conformal RT and intensity-modulated radiotherapy (IMRT). The latter of-
fers a wide conformality for the dose distribution, reducing organs at risk (OAR) dose and toxicity [7]. Com-
pared to conventional treatment modalities, geometric uncertainties are more critical, and also detection and re-
duction of set-up errors are more invaluable in IMRT [8]. However, set-up errors may convert these advantages
to disadvantages [9]. Therefore, appropriate IMRT use is based on minimizing set-up errors to provide true
safety margins around CTV [10].

With the introduction of technological improvements, image-guided radiotherapy (IGRT) system has been
developed to reduce possible set-up errors and increase target localization [11]. This system can improve the
ability to accurately deliver highly conformal dose distributions in applications where set-up uncertainty or or-
gan motion is high [12]-[14]. Systems in use in people for image guidance include port films, electronic portal
imaging, fluoroscopic imaging, ultrasound, implanted fiducial-based tracking systems, and helical and cone-
beam computed tomography [12] [15].

Furthermore, HT (Tomotherapy, Madison, WI) is a volumetric image-guided, intensity-modulated radiation
therapy delivery system [16]. It exerts its effects at most when used in combination with on board MVCT, which
provides set-up verification [17] [18]. This system offers an opportunity to tailor treatment and compare and
match the MVCT images on a daily basis and CT scans. Therefore, set-up excellence is able to be obtained be-
fore treatment [19]-[21]. Moreover, HT system has three modes of rigid image registration: one based on bony
anatomy, one based on soft tissue, or using both, depending on the threshold applied to the Hounsfield numbers
[22]. It is able to determine the positional offsets in translational directions and rotation directions (left-right,
anterior-posterior and superior-inferior, pitch, roll and yaw) [23]. Translational variations about lateral (x), lon-
gitudinal (y), vertical (z) and rotational variations about the superior-inferior SI axis (roll), anterior-posterior AP
axis (yaw), and medial-lateral ML axis (pitch) are also recorded by the software. Roll variations are automati-
cally corrected by the gantry at the time of treatment, whereas pitch and yaw corrections must be made manual-
ly. Pitch and yaw cannot be corrected because the couch does not move in this direction. However, Tomothera-
py treats in a helical fashion, and roll can be adjusted [11] [24]. The MVCT images in the computer display of
the treatment console during registration and CT images obtained from the CT simulator are overlapped using
directional and rotational switches [24]. All patients are, then, treated when positioning is fully optimized. Thus,
a number of set-up errors can be automatically detected and corrected by IGRT. In this study, we aimed to eva-
luate inter-fractional set-up errors in patients treated with distinct immobilization equipment for four anatomical
regions, including brain, HN, thorax, and pelvis using the automatic registration values of pre-treatment plan-
ning CT images and daily MVCT images.

2. Materials and Methods

Between 2011 and 2015, data of randomly selected 140 patients (57 brain, 27 HN, 20 thorax and 36 pelvis) who
were treated for four anatomical regions were obtained using Hi-Art HT system. Before RT, CT images using
CT simulation was obtained for treatment planning. Brain and HN patients were immobilized in supine position
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via three-clamp “head” and “head and neck” thermoplastic mask, thorax patients were immobilized in supine
position with wing board; T-Grip and CIVCO “knee-fix and feet-fix” and pelvis patients were immobilized su-
pine position with hip and pelvic Vac-Lok and CIVCO “knee-fix and “feet-fix”. All patients were scanned with
a2 - 3 mm slice thickness in CT.

In Tomotherapy MVCT, the slice thickness options are 2 mm, 4 mm, and 6 mm with “fine”, “normal”, and
“coarse” modes. Normal acquisition mode was selected for HN and brain, while normal or coarse acquisition
modes were used for thorax and pelvis. Duration for a gantry period was 10 sec to obtain an image. The table
speed for each gantry rotation was 4 mm in fine mode, 8 mm in normal mode, and 12 mm in coarse mode. The
mean nominal amount of energy was 3.5 MV in the imaging mode. Imaging took 2 to 4 min. Scanned area was
selected using the least PTV. Higher tumor volume required larger scanning.

An automatic “bone” and “bone and tissue” registration modes were used in all patients. Translational (lateral
(X), longitudinal (Y), and vertical (Z)) and rotational (pitch, yaw, roll) deviation values were estimated by To-
motherapy software (Figure 1). Daily records of translational and rotational deviation values were utilized
(Figure 2). Inter-fractional variations, which show daily set-up variations, include set-up alterations and changes
based on organ movements. Statistical analysis was performed using automatic registration values of 140 pa-
tients to detect pre-treatment inter-fractional variations, excluding intra-fractional variations. Each patient had an
individual treatment plan and fraction numbers. 2520 translational and rotational deviation values obtained from
the baseline, mid-term, and end of the treatment were used considering the individual fraction values. Systematic
errors and random errors were estimated. Calculations were based on the methods performed by Bijhold ef al., Van
Herk and Royal College of Radiologists. Statistical analysis was performed using ANOVA test with Tukey
post-hoc methods, and multiple comparison studies (SPSS, v16.0, SPSS Inc., Chicago, IL, USA).
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Figure 2. Diagram illustrating the positioning vectors of translational and rotational directions in Helical Tomotherapy sys-
tem. Vectors of translational direction are lateral (x), longitudinal (y), vertical (z). Pitch is an up-down rotation, yaw is a
left-right rotation, and roll is a rotation along this line.

3. Results

Of 140 patients, translational and rotational deviation values for four anatomical regions are shown in Figure 3
and Figure 4. The patients were designated numbers based on the anatomical region (0 - 57 brain; 58 - 84 HN;
85 - 104 thorax; 105 - 140 pelvis). Table 1 shows the mean value (M), standard deviation (X), and random error
(o) data of X, Y, Z directions in all anatomical groups. Table 2 shows the mean value (M), standard deviation
(%), and random error (o) data of rotational pitch, roll, and yaw values. The major systematic error occurred in X
and Y directions in the pelvis (7.35 mm; 14.68 mm), the highest standard error at Z direction was in thorax (9.11
mm). Of three directions, the highest random error values were produced in the pelvis region (6.33 mm, 12.54
mm, 10.40 mm, respectively). Systematic and random error values were similar in the translation directions of
brain and HN and lower than of pelvis and thorax. In the rotational directions, however, the highest systematic
error values for pitch, roll, and yaw were obtained from pelvis (0.798°, 0.65° and 0.988°, respectively). The
highest random error values for pitch and roll were obtained from pelvis (1.045°, 0.714°, respectively), whereas
the highest random error value for yaw was produced from thorax (1.14%). A total of 99.8% of the rotational
variation (pitch, roll, and yaw) values was £3° in all anatomical regions. Figure 5 shows total systematic and
random error for translational direction in all anatomical regions. Figure 6 illustrates total systematic and ran-
dom error for rotational direction in all anatomical regions. Table 3 lists the inter-fractional set-up uncertainties
for one site versus the rest using an ANOVA test with Tukey post-hoc methods. Statistical analysis revealed a
very minor variation in the set-up alterations between brain and HN, compared to thorax and pelvis. There was a
statistically significant difference in the lateral (X) direction between thorax and pelvis (p < 0.05 [0.044]) and in
the vertical (X) direction between brain and thorax (p < 0.01 [0.006]), and thorax and pelvis (p < 0.05 [0.023]).
In addition, there was a significant difference between brain and pelvis in the roll (p < 0.01 [0.0002]) and brain
and thorax in yaw (p < 0.01 [0.0008]). No significant difference in other directions was found.

4. Discussion

In the present study, we used automatic matching results of daily MVCT and planning CT images. These results
were used to evaluate the inter-fractional set-up variations among the patients. We found similar but lower sys-
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Figure 3. Translational deviation values for four anatomical regions on a daily MVCT/KVCT registration basis.
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Figure 4. Rotational deviation values for four anatomical regions on a daily MVCT/KVCT registration basis.
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Table 1. The mean value (M), standard deviation (X), and random error (o) data of X, Y, Z directions in all anatomical

groups.
Site #.of X(mm) Y(mm) Z(mm)
patients M z 4 M X c M P2 4
Brain 57 -1.21 4.25 1.31 —0.24 3.59 3.69 4.54 4.93 2.24
HN 27 -3.65 3.46 2.36 —-0.39 4.88 3.03 5.79 436 2.21
Thorax 20 —0.11 5.45 4.04 —1.89 8.73 9.89 9.90 991 6.28
Pelvis 36 —4.00 7.35 6.34 —0.31 14.68 12.54 491 7.17 10.40

HN: Head and neck.

Table 2. The mean value (M), standard deviation (X), and random error (o) data of rotational pitch, roll, and yaw values in
all anatomical groups.

Site # of Pitch(®) Roll(°) Yaw()
patients M z o M z o M z 4

Brain 57 —0.14 0.44 0.56 —0.06 0.38 0.49 0.16 0.73 0.55

HN 27 —-0.01 0.42 0.59 0.32 0.59 0.57 -0.09 0.46 0.55

Thorax 20 —0.06 0.67 0.59 0.29 0.55 0.48 0.50 0.81 1.14

Pelvis 36 —-0.16 0.79 1.04 0.47 0.65 0.71 0.18 0.99 0.92

HN: Head and neck.

Table 3. Significance (p <0.05) of site-dependent inter-fractional set-up errors.

Brain HN Thorax
HN Thorax Pelvis Thorax Pelvis Pelvis
Lateral(x) NS NS NS NS NS p<0.05
Longitudinal (y) NS NS NS NS NS NS
Vertical (z) NS p<0.05 NS NS NS p<0.05
Pitch NS NS NS NS NS NS
Roll NS NS p<0.05 NS NS NS
Yaw NS p<0.05 NS NS NS NS
NS: non-significant. HN: Head and neck.
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Figure 5. Total random (R) and systemic (S) errors for translational direction in all anatomical groups.
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Figure 6. Total random (R) and systemic (S) errors for rotational direction in all anatomical groups.

tematic and random error values of brain and HN than thorax and pelvis. Similarly, Leah et al. reported lower
systematic and random error values in the translational directions for brain and HN than for thorax and pelvis.
There are several studies reporting lower set-up variation values for brain and HN compared to other anatomical
regions [2] [12] [16] [28]. Brain and HN patients were immobilized in supine position via three-clamp ‘head’
and ‘head and neck’ thermoplastic mask. Thermoplastic masks and rigid anatomy offer a good immobilization;
however. they are unable to fully eliminate translational and rotational errors [12]. Neck movements during
set-up as well as inappropriate pillow use may result in such errors.

Although immobilization is of utmost importance for pelvis and thorax, some factors increase the translational
and rotational error rates. In particular, major systematic and random errors, inappropriate positioning, careless
handling of immobilization set on to the table and couch sag for overweight patients in the head feed position
due to the lower localization of tumor may increase such errors. Another reason for increased set-up errors for
pelvis is the full or empty status of rectum and bladder [12] [29]. In our study, inter-fractional set-up errors were
most commonly produced in the pelvis, followed by thorax. Zhau et al. demonstrated that abdominal and pul-
monary set-up uncertainties were more common than HN and brain probably due to the respiratory cycle. In ad-
dition, there are several studies showing that the highest set-up variation rate was located in the lungs due to the
respiratory cycle [16]. Furthermore, wing board, an immobilization tool used for thoracic irradiation. as well as
position errors in the T-Grip may lead to an increased set-up error rate. In this present study, we observed higher
systematic and random error rates in the Z direction for thorax.

Despite higher translational systematic and random error rates in our study, we showed lower rotational sys-
tematic and random errors. Similarly, some studies reported lower rotational error rates [11] [12] [28]. A total of
99.8% of the rotational variation (pitch, roll, and yaw) values was £3° in all anatomical regions. The rate of rota-
tional variation was 94% in the study carried out by Kaiser and Schulthesis.

According to the position of the patient during simulation, different movements are typically present in the
machine and these movements can be repeated every time. In addition, immobilization tools should be appro-
priately utilized to reduce intra-fractional variations during therapy [30]. The technician should work carefully
throughout the treatment and the patient should be successfully immobilized to minimize random errors [11].
However, alterations in the irradiated area during the respiratory cycle and physical appearance (i.e. weight loss
or gain), which are deemed as random errors, cannot be excluded. Such alterations are insignificant when they
are within the range of tolerance. Furthermore, systematic errors should be minimized. Such errors can be re-
duced by checking the simulation and therapy tools on a daily, weekly, monthly and annually basis. Also, sys-
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tematic and random error rates may be increased by using different modes and lengths of MVCT imaging on
different time points.

Furthermore, systematic and random error rates may play an important role in determining a safety CTV mar-
gin in RT planning. It is evident that possible set-up errors are considerably critical in the treatment with a low
tumor range, such as IMRT. Therefore, possible causes of systematic and random errors should be identified and
minimized. With the advent technology, IGRT system can reduce set-up errors and offer safer treatment of
choice for the patients.

5. Conclusion

In conclusion, systematic and random set-up errors were most commonly produced in the pelvis, followed by
thorax. We also found similar but lower systematic and random error values of brain and HN than thorax and
pelvis. Our study results suggest that set-up error values vary in patients treated with distinct immobilization
equipment for varying anatomical regions. Using various immobilization devices in different anatomical struc-
tures appears to influence on varying set-up error rates. In spite of modern techniques in RT, it is still impossible
to reduce set-up errors to zero. Safety margins around the CTV are changeable for different anatomical region.
CTV margins for these different anatomical groups in planning process must be evaluated more detailedly. A
future work could be developed to new equipment for immobilization because of the reduced margins CTV.
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